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ABSTRACT

The basic elements of a traditional wind turbine are installed at the top of the turbine tower. The
masses of these elements, together with the forces exerted by wind streams over the turbine
blades, represent a heavy load on the turbine tower and require a high-rigidity tower. One of the
major elements of a traditional wind turbine is a gear box. The rigid gearbox is squeezed due to
turbine rotor driving torque and generator braking torque. The cyclic squeezing process leads to
high failure rates for gear boxes, increased maintenance costs, and consequently, lower system
reliability. Another issue with conventional wind turbines is that the wind speed is variable,
resulting in fluctuating generator rotational speeds. This fluctuation requires a frequency
converter to synchronize the generator speed with the electrical grid requirements. This research
presents a proposed design of the hydraulic power system for wind turbines to eliminate the
above-mentioned problems. The suggested system can seamlessly replace the classical
transmission in traditional wind turbines without lowering the turbine performance or other
satisfaction criteria. This study introduces a mathematical model for the proposed system
components, and a dynamic model is constructed using MATLAB/SIMULINK. The turbine
performance is investigated in different conditions, considering factors such as wind speed
variation, generator load fluctuation, transmission line length, and accumulator size. The results
indicate that the steady-state generator angular speed is almost constant regardless of load or
wind speed variations. Moreover, the length of the high-pressure transmission line and the
accumulator size significantly influence system dynamics.

KEYWORDS: Hydraulic wind turbine, Proportional flow control valve, MATLAB Simulink,
Mathematical model, Hydrostatic transmission
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1. INTRODUCTION

A wind turbine is one of the renewable energy sources. Normally, the kinetic energy of the
wind is harnessed and transformed into diverse energy forms, such as electricity or mechanical
energy. Conventional wind turbines are equipped with a turbine rotor designed to capture wind
energy in the form of torque and rotational. The resulting wind power is then transmitted to an
electric generator through a mechanical gearbox. As the air stream flows over the turbine blades, it
induces rotation in the turbine shaft. To enhance efficiency, a gearbox is utilized to elevate the
rotational speed to a level at which the generator can generate electrical power more effectively.
The generator frequency and the voltage level are adapted so that the power can be integrated with
the power grid. The controller (yaw controller, blade pitch controller) ensures the safe and efficient
operation of the wind turbine [1].

The main challenge for researchers is to find technical solutions that are compatible with free
market economics, i.e., making wind turbines effectively and economically competitive with other
sources of energy.

Besides the development of new technologies in wind turbine manufacture, scientific efforts
have made it more magnetize for energy investors around the world. Transferring power via a
hydrostatic transmission system in a wind turbine is one of these efforts. This system is applicable
to traditional wind turbines with minimal modifications to their existing structures.

The Institute for Fluid Power Drives and Control at Aachen University in Germany (IFAS)
spearheaded the development and testing of a hydrostatic drive train designed for IMW-class wind
turbines [2]. Their 1 MW test bench, operational since 2010, facilitates measurements under
realistic wind turbine conditions, exploring both static and dynamic behaviors and achieving
efficiencies of approximately 85% across a broad power range. A hydraulic wind power transfer
system utilizing a proportional flow control valve has been proposed and modeled by Majid Deldar
et al. [3]. The dynamics of the system components were studied, nonlinearities were taken into
account, and the motor load effect was also studied. The mathematical model of their proposed
system captured the major functions of the system under different operating conditions. Antonio
Jarquin et al. presented an analysis of a dynamic model for fluid power transmission for five
megawatt variable speed wind turbines [4]. The mathematical model for their proposed system was
created in MATLAB-SIMULINK and compared with a traditional geared transmission system.
They observed the impact of system parameters on system response, including high-pressure hose
length and variable displacement motor volumetric efficiency. The results indicated that the
operating oil volume in the hydraulic transmission had an important parameter on the first natural
frequency, and the dynamics of the transmission pipeline became more pertinent for the longest
transmission lines. The results also showed that lowering the hydroulic-motor volumetric efficiency
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caused a pressure fluctuation damping. A hydrostatic wind power transfer system utilizing a
proportional flow control valve with pressure compensator had been proposed and modeled by
Majid Deldar et al [5]. Their model was built by using a mathematical model of the system
components. The mathematical model was compared to experimental data. The Primary motor
parameter behavior, such as pressure and motor speed, was closed to the date that it was obtained
from an experimental setup at different operating conditions. Danop Rajabhandharaks presented a
proposal for a hydrostatic transmission power system for wind turbine [6]. The main objective of
his research was to develop a control strategy that maximized the power capture from wind to the
power produced by a generator. The controlled strategy is based on creating a relationship between
pump displacement and wind speed. On the other hand, the motor displacement controller grants a
constant motor speed under any operating conditions. The results showed that the system efficiency
is mainly affeted by leakage and friction losses in the hydraulic components. The results also
showed that the system had a fast and well-damped response, and its efficiency ranged from 79%
to 84% at steady state . Johannes Schmitz et al, hade analyzed and evaluated four different drive
train concepts [7]. These designs were simulated and investigated at rated power. The results
showed the overall efficiency was nearly the same -about 85%. A closed- loop hydraulic wind
turbine with an energy storage system was proposed by Liejiang Wei. et al [8]. In their proposed
system, the generator angular speed was controlled by controlling the motor displacement to get a
constant generator speed regardless of input wind speed variation. The mathematical model of their
system components was used to build the simulation program in MATLAB SIMULINK. The
dynamic response of the hydraulic wind turbine has been investigated under step-change conditions
such as linear wind speed, turbine rotor angular speed, and generator demand power. Zengguang
Liu et al, presented a storage-type 600 kW wind turbine with a hybrid hydrostatic transmission [9].
Their proposed system was a combination of an open-loop hydrostatic transmission and a closed-
loop one. The dynamic responses of the system under two input step signals, wind speed and wind
rotor speed, were simulated. Their paper presented the effect of these two-step inputs on wind
power, blade tip speed ratio, closed loop motor speed, motor displacement, and energy storage in a
hydraulic accumulator.

2. SYSTEM DESCRIPTION

The proposed hydraulic circuit for the studied wind turbine is a closed circuit. Fig.1.The
proposed concept structure includes components like hydraulic tank to store the sufficient amount
of hydraulic liquid, hydraulic fluid filter to prevent small metal or dust particles to enter into the
system, hydraulic pump to pressurize the operating fluid and send it to the system, primary pump
to make up the operating fluid losses in suction line to avoid cavitation, hydraulic motor to drive
the load, flow control valve represented in proportional flow control valve to control of system flow
rate regardless load pressure variation or supply pressure variation, direction control valve to
control the working fluid path during all process, Non return valve to allow operating fluid to flow
in unidirection and prevent it from flowing in another direction, and finally pressure relief valve to
protect the system from overpressure.

Generally, the available power from wind is extracted by the turbine rotor in the form of
torque and rotational speed .The fixed displacement pump group (P1, P2, P3, and Pp) is coupled to
the turbine rotor at the top of the turbine tower. The pumps are used to convert the captured
mechanical power into hydraulic power in the form of flow and pressure being delivered to the
variable displacement hydro-motor (M) throughout direction control valves (DCV1, DCV2, and
DCV3) and proportional flow control valve (PFCV) passing through hydraulic hoses or pipes. The
motor, in turn, converts the hydraulic power back into mechanical power to drive the electric
generator connected to its shaft end at ground level. The main challenge with these proposed design
is to get constant generator rotational speed to match them to electrical power grid requirements
regardless of wind speed variation and demand power variation. PFCV is achieved these function.
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Using a variable- displacement motor allows coverage with wide varying wind speeds. A hydraulic
accumulator (ACC.) is installed to protect a high-pressure line against pressure shocks.
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Fig.1. Hydraulic circuit schematic

3. HYDRO-MECHANICAL SYSTEM ARCHITECTURE

The requirements of the hydraulic transmission system components are based upon the
selected wind turbine requirements. In order to choose the suitable components (size and ratio
design), the drive system demands must be specified. The performance requirements of a selected
wind turbine are maximum torque, minimum speed, and maximum speed. Hence, the hydro-
mechanical system is limited by maximum torque and maximum power. The maximum generator
torque is limited by the maximum differential pressure across the hydro-motor, while the pump size
(pump displacement) is limited by the maximum turbine velocity and the maximum available wind
kinetic energy. Turbine speed and generator load have varied over a wide range, these variations
are considered for the selection of the system components. The generator should operate normally
at a constant speed of 1500 rpm.

The start point for dimensioning the proposed design was the availability of PFCV
measurements (Duplomatic QDE5-80/10N-D24K1) [10]. Not all selected valve data for a complete
mathematical model was available in manufacturing technical data sheet. Therefore, the missing
data can be obtained from direct measurement, disassembly of the valve, and conducting the
necessary measurements.

From the above analysis, three fixed displacement axial piston pump type of A2FO, size
each 1000cm®/rev, and are directly coupled to the turbine rotor output shaft located above the
turbine tower, as shown in Figure 2. A variable displacement hydro-motor type A6VM is attached
to the generator input shaft at ground level, size 80 cm?/rev.
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Fig.2. Hydro-mechanical system Architecture

4. MATHEMATICAL MODEL
In order to complete the modeling of the proposed system for wind turbines, models for a
hydraulic system components should be built in.

4.1. Pump & Motor Model

Hydraulic pumps serve the purpose of augmenting the energy of the liquid passing through
them, operating to increase its energy level. In contrast, the role of hydraulic motors is the reverse
of that of the pump, hydraulic motors are displacement machines that transform the received
hydraulic power into mechanical output power.
The real pump flow rate is given by:

_ P 1
Qpa_vp-np_R_fp ()
The motor flow rate,
Qm = Vin: My + 22 2)
RLm

Applying the torque balance equation based on hydraulic motor driving torque and braking torque
applied to the hydraulic motor:

dw 3.A
Tm—TL—TV—Imd—tm=o (3.A)
Torque balance equation can be rewritten as following:
Vi - APy dwy, (3)

o Nhm Mmm — TL - Bv Oy — Im T =
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4.2. Valves Model
Flow rate through the direction control valve DCV is:

Qpa=+/(P, — Pya)/Rpa 4)
The flow rate through the pressure relief valve is:
0 P, < P, (5
Qrv :{
QRV(Pp) Pp > Pr

4.2.1 Proportional Flow Control Valve

The selected pressure-compensated proportional flow control valve feature a 3- way function.
Fig.3. [10]. This valve has the ability to control the system flow rate regardless of load pressure
variation or supply pressure variation [11 - 16].The flow rate is controllable by an electrical input
command signal.

f
|
SWQS { '

P

Fig.3. Schematic of the proportional flow control valve

The equations describing the dynamic behavior of the selected element are deduced as
following,
The valve spool, core, and compensator spool move under the action of the spring forces
(Fse, Fss, Fsc), seat reaction forces (Fsrq, Fsra, Fsrs, Fsra)pressure forces (Fpg Fs, Fpc), viscous
friction force (Fef, Fgf, For).and the solenoid force applied to the core (F,), Fig.4.
The dynamic equations of motion are giving by the following equations:

d2x 1
dtze = m_e [Fe - l:"SRl - l:"SR3 - Fef + Fse] (6)
d?xs 1
7@ =~ m [ FostFsratFsre- Fos-Fps- Ft] )
d?X, 1
7 = m Fps TFsrs —Foc —Fsc —Fer] ®)
Xy,
y ) E
K(X.+ X..)
45“‘ ****** -
e x) Ko Fo Fel FalR, )15
______ I
F
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Fig.4. Free body diagram of the valve spool and solenoid core(A), Compensator spool(B)

Solenoid force applied to the core (F.) can be obtained from the following transfer function
[17,18]:

Fo(s)=G * ——21— [(s) )

S2+2{wnS+wp?2

Spring forces acting on the valve spool, compensator, and valve core are given by the following
equations:

Fse = Kse (Xe + Xeo) (10)
Fgs= Kgs (X5 + Xg0) (11)
FSC= Kcs (Xc + XCO) (12)

Seat reaction forces acting on the valve spool, compensator, and valve core are given by the
following equations:

0 Xe < stroke
Fsr1= ax (13)
K|X.] —R dte Xe = stroke
0 Xs=0
Fsro= dx (14)
K |Xs| — Rd—tS Xs<0
0 Xe < Xq
Fsr3= _ (15)
K [Xe — X| + REZeEe) Xe = X
0 Xe=0
Fsre= (16)
dX,
K|X.| = - X <0

Pressure forces acting on the valve spool and compensator are given by the following
equations:

FPs: Ps .As , As= E (Ds) 2 (17)
FbS: Pds .As (18)
Fpe=Ps.Ac,Ac=7 (Do)’ (19)
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Foe=Pac Acc . Acc =" (Dc)’ (20)
Valve spool, compensator, and valve core viscous friction forces are given by the following
equations:

Fyp= £ here f=p22 A = mDL 21

st Tqr , where —MT, ps = MUsLisn ( )
Ferm F2€ ,where f= "B, Apc = DLy, (22)
Fer= f‘%e , where f= u% , Ape = TDLep (23)

Throttling areas are calculated as follows:

The spool and compensator restriction are machined such that the area opened is of a half-
circle shape. Figs. SA and SB. Shows one of four orifices that represent the area Ai and one of eight
orifices that represent the area Ao, respectively. The opened area is deduced as follows:

0

A= mri? o — (= XV — (= Xq)? (24A)
° Xs < Xq

A (24)

1 mr;? (ri—X 5
4[ RTIO .cos™1 ( 1ri s) — (I‘i — Xs) ZriXS — Xs ] Xs > Xd
Xec | l('s
} XC Housing Housing b
—
%i% Spool
N == Throttling Area

y
—» I X
—» °
Fig.5B. Pressure compensator restriction area Fig.SA. valve spool throttling area
A= % — — X ’I‘Z—XZ (25A)
o o - 360 C o C
0 Xc =19

Bo™ Tt 12 X 2 25)
8[§.cos_1(7")—xC ’1‘2—XC ] X, <r1g

The flow rates through the valve areas are given by the following equations:
The operating fluid, which flows from the valve spool restriction to the valve exit through the
intermediate chamber, can be written as follows:

Q;= Ca .Ai /%(Ps - Pi) (26)
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The operating fluid flows from the intermediate chamber to the valve exit through compensator
spool throttling. The flow rate through these restrictions, Qm, is given by the following equation:

Quu= Ca .Ao /% (Pi — Pm) 27)

The spool damping orifice is also a short tube orifice. The flow rate through this orifice is given by
the following equation:
4
Qsa= Jéifsd (Ps — Pas) (28)
The compensator damping orifice is a short tube orifice. Fig.6.The flow rates through the
compensator damping orifice from the inlet chamber to the intermediate chamber and downstream
compensator spring chamber are deduced as follows:

TPi
R!1q
|
R, R:JP:QM3 R,
|
{

Fig. 6. Compensator spool damping holes details

chl chz + ch3 + ch4 (29)
AP =R.Q where, R = b= (30)
Ps — P = R3Qca2 + 2R1Qcq2 + R1Qcds 31
Ps — Pyc = RyQcas + 2R1Qcqz + R1Qcds (32)

Eq. (32) can be rewritten as follows:

Qeaz = 55~ [ (Bs = Pac) = Qeas(R1 + Ry)] (33)
1
By substituting Eq. (33) in eq. (31), the following relation is obtained:
2R; + R,
Ps— B = TR, [ (s — Pac ) — Qeaa(Ry + Ry)] + Ry Qeqs (34A)

In rearrangement Eq. (34A), the following relations are obtained:
2R, 2R,*

M( P) [ (Ps - l:)dc ) - ch4(R1 + R4)] 2R1 ¥R, ch4— (34B)

Qeds = 2R + R, 2N b~ By = (B — Pa)] 34

The leakage flow rate is given by the following equations:

Internal leakage in hydraulic elements is one of the problems resulting from operating at high
pressure levels and the increased clearances due to wear. The leakage flow rate through the
clearance between the spool and valve housing is given by:

Que= 225 (P~ P) (35)
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The leakage flow rate through the clearance between the pressure compensator and valve housing
is given by:
m.Dc C3
Q=15 . (Pdc — Pi) (36)
The continuity equations applied to the valve chambers are given by the following equations:

The continuity equation is applied to the intermediate chamber (I) (Fig. 3) as follows:

=) #[Qi +2Qeaz + Qus + Que = U — Qeaa] (37)

The continuity equation is applied to the downstream spool spring chamber (II) (Fig.3) as follows:
dPgs B dXs
dat (Vbs —As.Xs) [ Qsd - QLs + As-? (38)

The continuity equation is applied to the downstream compensator spring chamber (III) (Fig.3) as

follows:

dPgc B dX,
d? - (Vbc _Ac-Xc) [ ch - QLc + Ac “dt (39)

4.3 Transmission lines for operating fluid

The operating fluid flowing from the pump to the PFCV through the high-pressure
transmission line is moved under the action of fluid inertia, friction, compressibility and pressure
forces. Fig. 7. The mathematical model for the mentioned system is the lumped parameter model
[16]. The four lumped parameter model is closely matched with the behavior of actual flow in

pipes.

R R R R B B B B B B
Q Q Q Q

» R R
QZL Q?L QSL QEL QSL QS

(]

0
0
o

—» | R/ |14 | C/a| R/ | 1/4 | C/a|RM |14 | Cla|RM| 14 | Cla|—p

Portion 2 Portion 3 Portion 4

Fig.7. Four-lump model

The mathematical model for the four-lump model is described by the following equations:

R 128 uL

Pp - l:)11 = ZIQO Where, Rl = T[d% (40)
dQ 4pL

Py — P =10—" where, I} = n‘;% (41)
dPqy, ndfL

Qo — Qu=0C—; where, €= — (42)

Egs. 40, 41, 42 are repeated in the same manner for portions 2, 3, and 4.Where,
dX.
Qs = Qi+Qsq+Qcar +Ac—— (43)

€ dt
When the accumulator is installed in a high pressure line, the last capacitor (C/4) replaced by the
following equation:

Va=Voa-f (Q3, — Qs)dt (44)
Py=Pog (2" (43)
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The recommended accumulator size can be calculated using the following eq. [16]:
2 1/n
n.p.A.L.v,*/2P,]

Voo = — 71 w1 Tt
n—1<P2an _Plan)+n<P1a' 2a _P1an> (46)
Applying the continuity equation between the pump exist and PFCV inlet,
V dPy, (47)
Qpact_Qs _QRV_E T= 0
Applying the continuity equation between PFCV exit and hydraulic motor inlet,
9 Q V.dp 0 (48)
PFCV"Rm —f§ Tqr

5. Results and Discussion

The dynamic behavior of a hydrostatic power transmission system for horizontal axis wind
turbine is described by equations 1 through 48. These equations were used to develop a computer
simulation program using the MATLAB (SIMULINK) package.

The effect of generator braking torque variation on steady-state motor flow rate and electric
generator angular speed at rated motor displacement is represented in Fig.8. The represented curve
1s divided into two zones. In the first one (0 to 180 N.m), a pressure-compensated proportional flow
control valve, implement the function designed for it and maintain the steady-state motor flow rate
almost constant regardless of the continuous rise of generator braking torque. Thus, a constant
motor flow rate provided us with a changeless angular generator speed. The first zone has ended at
the point at which the compensator in the proportional flow control valve is inactive and the valve
is working as a throttling valve. At the mentioned point, the second zone has initiated. In the second
zone range, the motor flow rate is uncontrolled, whereas as the generator load increases, the flow
rate behavior begins to decrease, and then the generator speed subsequently decrease.

1600 ‘ — 100
1400 S SR T S SN S ——— ‘ | %0
S S A N S O '}
— 1200 : : : : : : : : AN : =
£ Generator speed | | | | | | N L[ 70 g
< 1000 = = = = Motor flowrate [* ! ! ] ] ‘\\ | 60 E
] : : : : : : : : : I 8
2 800 : : : : : : : : : 1 — 50 &
‘g ] ] ] ] ] ] ] ] ] ] ] | 40 g
ag-" 600 :o:
@ L 30 ©
S 400 2
L 20
200 - 10
0 - - - - - - - - - - - 0

0 20 40 60 80 100 120 140 160 180 200 220
Generator load (N.m)
Fig.8. Variation generator load with generator speed & motor flow rate

The main control objective of the designed system is to maintain a constant angular speed
for the electric synchronous generator. This control objective can be realized by adjusting the
hydro-motor displacement side by side with proportional flow control valve position to match the
main control objective. As the turbine rotor speed increases, the proportional flow control valve is
magnetized to increase the metering area and hence the metering flow rate. As the metering flow
rate increases, the motor displacement also increases to get the rated constant angular speed (1500
rpm), as shown in fig.9.
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Fig.9. Variation of rotor speed with PFCV input current & motor displacement

Figure 10 presentes and compares the simulated steady-state generator power generation

at different generator loads. The represented curve is deduced by adjusting the PFCV spool position
and hydraulic motor volumetric efficacy to obtain a constant generator angular speed. The required
generator power increases as the generator available load increases, and vice versa. The generation
of generator power is limited by the available turbine rotor speed. At arotor speed of 10.5 rpm, the
extracted generator powers up to 10 kw at 1500 rpm. The extracted generator power can be
increased up to 20 kw and 26 kw at 1500 rpm in the case of available rotor speeds of 23 rpm and
30 rpm, respectively.
The braking generator load is directly proportional to hydraulic motor pressure, whereas as load
pressure increases, the required pressure across the hydraulic motor also increases, as shown in
fig.11. The discussed curve, additionally, fig. 10. also indicates that motor pressure differs with the
same generator load and hence generator power according to the appropriate motor volumetric
efficacy, which is determined according to the available turbine rotor angular speed.
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Fig.10. Variation of generator load with generator power

The transient time required to give the new steady-state generator speed and generator power
as a result of generator load step input is shown in figs. 12A and 12B.The torque pattern presented
(fig. 12A) is applied to the generator at rated condition. Statically, generator speed and generator
power are not affected by load torque variation. A dynamically larger step in torque applied to the
generator is required to take a long time (increase settling time) compared to a small step to reach
the new balance position again, and vice versa, as shown in figs. 12A and 12B. The mentioned figs
also indicated that a larger step in generator torque leads to increased generator speed and generator
power overshoot, and vice versa.
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Fig.11. Variation of generator load with motor pressure

Fig. 13.represents the effect of high pressure line length on the transient response to generator
speed. It shows that increasing the pressure line length between the PFCV and hydraulic motor
means lowering the subsystem stiffness due to oil compressibility. Hence, increase the transient
response, overshoot, and settling time for generator speed, and vice versa. Reduce the transmission
line from 1.5 meter to 1 meters and 0.5 meters, reducing the generator speed over shoot and settling
time from 46% to 33% and 8%, 0.25 sec to 0.15 sec, and 0.06 sec, respectively. Another marked
point is that a long transmission line has a larger volume, hence requiring more filing time then
increasing the dead zone. Therefore, the hydraulic motor should be located as close as possible to
the PFCV.
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Fig.12A. Effect of certain generator load torque on transient response of generator speed
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Fig.13. Effect of high pressure line length on transient response for generator speed

Fig. 14 shows that the length of hose connecting the pump and PFCV is insignificant for
transient response, overshoot, and settling time for generator speed. The existence of the PFCV and
accumulator eliminates the fluctuation in hydraulic generator response. Therefore, the construction
of the pump and PFCV at the top of the turbine tower and ground level, respectively, as proposed

hydro-mechanical system architecture, matches the previous analysis.
1800 ; t

1600 /f\\/f—*--...__

0 005 _ 0.1 0.15
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Fig.14. Effect of high pressure line length on transient response for generator speed
Fig.15. shows the transient response of generator speed in the case of a high-pressure

transmission line between the pump group and proportional flow control valve provided by the
accumulator with capacities of 0.1 lit and 0.7 lit, and also in the case of the mentioned line not
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provided by the accumulator. The presented figure show that the settling times are 1 sec, 0.75 sec,
and 0.06 sec for this transmission line without an accumulator and with an accumulator of 0.1 lit
and 0.7 lit, respectively. The results also indicate an increase in the accumulator size, an increase
in the accumulator capacitance, and a decrease in the system stiffness, thus a more damped
response, which provides an increase in the transmission pipe operating life.
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Fig.15. Effect of Acc. size on transient response for generator speed

Certain turbine rotor velocity pattern shown in fig. 16A. is produced by streaming air flow
over turbine blades. As the turbine rotor speed increases (decreases), the flow rate for the coupled
pump group also increases (decreases). The presence of a proportional flow control valve set in a
suitable position before a hydro-motor grantee controls a constant flow rate and hence a constant
electric generator angular speed, as shown in fig.16.B. regardless of rotor speed variation. The
excess flow rate over rated motor flow passes through the pressure relief valve to the tank.
Statically, turbine rotor speed variation due to varying the air stream speed is not affected on the
electric generator angular speed during the controlled zone. A dynamically turbine rotor speed
variation at rated condition causes slight local oscillation for a very small time to electric generator
angular speed, as shown in fig.16.A.
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Fig.16A. Effect of turbine rotor speed on transient response of generator speed
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6. CONCLUSION

In this research, the classical mechanical drive train in traditional wind turbine systems is replaced
by a hydrostatic power transmission system for wind turbines. The automation studio software is
used to design the proposed hydraulic circuit that meets the system requirements. This paper
introduces a mathematical model for a proposed hydrostatic power transmission system for a
horizontal-axis wind turbine. The static and dynamic behavior at different conditions for the
designed system is investigated using a simulation program developed by the MATLAB
SIMULINK package.The effects of turbine rotor angular speed variation, electric generator load
variation, transmission line length, and accumulator size are studied. The results indicate that the
steady-state generator angular speed is almost constant regardless of load variation or wind speed
variation. An increase in high-pressure transmission line length (between the PFCV and hydraulic
motor) causes an increase in overshoot and settling time in generator speed. On the other hand,the
transmission line length connecting the pump and PFCV is not significant in system dynamics. The
accumulator size is significant for system dynamics. Increasing the accumulator size leads to a
decrease in the system stiffness, thus a more damped response. The results also indicate that the
variation in angular turbine rotor speed does not affect in generator angular speed.
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Viscous friction force for the core

Upstream pressure force applied on the valve spool

Spool friction coefficient

Compensator spring force

Core spring force

Viscous friction force for valve spool

Seat reaction force produced by seating the core in core housing
Seat reaction force produced by seating the valve spool in valve housing
Contact force produced by seating the valve spool on core
Seat reaction force produced by seating the compensator on valve housing
Valve spool spring force

PFCV input current

Transmission line inertia

Motor inertia

Equivalent seat material stiffness

Downstream Compensator spring stiffness

Core spring stiffness

Downstream valve spool spring stiffness

Length of transmission line

Length of compensator damping orifice

Contact distance between compensator and housing
Contact distance between valve core and housing

Length of valve spool damping orifice

Contact distance between valve spool and housing
Compensator mass

Core mass

Valve spool mass

Polytropic exponent

Motor rotating speed

Pump rotating speed

Minimum accumulator pressure

Maximum accumulator pressure

Pressure in downstream Compensator chamber
Downstream pressure applied on valve spool

Pressure in intermediate chamber for valve

Motor differential pressure

Accumulator pre charging pressure

Pump differential pressure

Pressure at DCV exit

PRV cracking pressure

Upstream pressure applied in valve spool

Flow rate through compensator damping orifice

Flow rate through valve spool restriction

Leakage flow rate through clearance between compensator and valve housing
Leakage flow rate through clearance between valve spool and valve housing
Motor Flow rate

Real flow rate for the pump

Flow rate through DCV

Flow rate through PRV

Flow rate through valve spool damping orifice

PFCV Flow rate

Equivalent seat material damping coefficient

Radius of spool orifice area

Transmission line resistance

Motor resistance to internal leakage

Pump resistance to internal leakage

Radius of compensator orifice area

Resistance in DCV

Torque applied on hydraulic motor

Torque produced via hydraulic motor

Torque required to overcome oil viscosity in hydraulic motor
Fluid volume
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V. Accumulator volume m?
Vee  Compensator downstream chamber fluid volume m?
Vs Valve spool downstream chamber fluid volume m?
Vi  Valve intermediate chamber fluid volume m’
Vm  Motor displacement m’/rev
Voa  Volume of charging accumulator gas at initial pressure m?
Vp  Pump displacement m’/rev
X.  Compensator displacement m

Xeo  Initial downstream Compensator spring displacement m
X4 Spool overlap displacement m
Xe  Core displacement m
Xe  Downstream core spring pre-compression displacement m
X Valve spool displacement m

Xso  Downstream valve spring pre-compression displacement m

p Oil density Kg/m?
Wy, Motor angular velocity Rad/sec
n Oil dynamic viscosity coefficient Pas
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