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Modeling of Hydraulic Wind Power Transfers 

Sina Hamzehlouia, and Mshin Izadian, Senior Member, IEEE 

Abstract- The energy of wind can be transferred to the 

generators by using a gearbox or through an intermediate 
medium such as hydraulic fluids. In this method, a high-pressure 

hydraulic system is utilized to transfer the energy produced from 
a wind turbine to a central generator. In this paper, a gearless 
hydraulic wind energy transfer system is introduced and the 
dynamic model of the system is obtained. A pressure loss model is 

introduced to address transmission efficiency. The dynamic 
model is verified with a detailed model created by using the 
SimHydraulics toolbox of MATLAB. The comparison of the 
simulation results demonstrated successful validation of the 

mathematical model. 

I. INTRODUCTION 

THE �tilizati�n of re�ewable energies as an alternative for 
fossIl fuels IS emergmg fast due to the exhaustion of fuels 
and an increasingly environmental concerns of 

hydrocarbons [1], [2]. While prospective sources of renewable 
energy available around the world can potentially fulfill the 
entire energy and eliminate the negative effects of fossil fuels 
[3], advanced efficient technologies are demanded to 
economically substantiate the energy harvesting processes. 
Recent advancements in wind turbine manufacturing have 
reduced production costs such that wind turbines can now 
become a major source of power for the world's demands [4] 
experiencing an expansion of 30% in recent years [5], [6]. 

Integrated in a nacelle, typical horizontal axis wind turbines 
(HA WT) house a drivetrain consisting of a gearbox and an 
electric generator. The drivetrain components and the gearbox 
specifically are expensive, bulky, and require regular 
maintenance, which makes the wind energy production 
expensive. Furthermore, power electronic converters are 
required to provide reactive power for the generator and to 
provide AC power for the grid. Operation of such system is 
costly and requires sophisticated control systems. Moreover, 
placement of the gearbox and generator at top of the tower 
requires expensive maintenance and replacements. While the 
expected lifetime of a utility wind turbine is 20 years, 
gearboxes typically fail within 5-7 years of operation and this 
replacement cost accounts for approximately 10 percent of the 
turbine installation expenses [7]. 

Conversely, gearless hydraulic wind energy harvesting 
systems provide several advantages over their geared 
counterparts. The focal advantage is the replacement of 
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gearbox with the coupling of wind turbine with a hydraulic 
transmission system. Unlike traditional wind power 
generation, this system offers lower operating and 
maintenance costs and allows for integration of multiple wind 
turbines to one central generation unit. 

The new wind energy harvesting technique incorporates all 
the disseminated power generation equipment on individual 
wind towers in a larger central power generation unit. With the 
introduction of this new approach, the wind tower only 
accommodates a hydraulic pump, which passes the hydraulic 
fluid through high-pressure pipes attached to the hydraulic 
motor coupled to a generator. Moreover, the gearbox is 
eliminated and the generator can be located at the ground 
level. This will result in enhanced reliability, increased life 
span, and reduced maintenance cost of the wind turbine 
towers. Other benefits of this technique include high-energy 
transfer rate achievement and reduction of the size of the 
power electronics. Earlier research has shown the possibility 
of using this type of power transfer technology in a wind 
power plant, even though it is not permitted in its electrical 
counterpart [9-11]. 

This paper introduces a mathematical model of a hydraulic 
wind power transmission system and demonstrates the 
performance of the model within a range of speed ratios. The 
model was developed according to the governing equations of 
hydraulic circuit components namely, wind-driven pumps, 
generator-coupled hydraulic motors, hydraulic safety 
components, and proportional flow control elements. The 
dynamic operation and step response of the system to a speed 
change were modeled and verified with the results being 
obtained by a MATLAB/Simulink ® SimHydraulics 
simulation package. 

This paper is organized as follows: section II explains the 
overall hydraulic power transfer system and its system 
components. Section III presents the dynamic model of the 
hydraulic transmission system. A pressure loss calculation 
model is introduced in section IV. Finally, section V includes 
the mathematical model verification with computer 
simulations. 

II. HYDRAULIC WIND ENERGY TRANSFER SYSTEM 

The hydraulic wind power transfer system consists of a 
fixed displacement pump driven by the prime mover (Wind 
turbine) and one or more fixed displacement hydraulic motors. 
The hydraulic transmission uses the hydraulic pump to convert 
the mechanical input energy into pressurized fluid. Hydraulic 
hoses and steel pipes are used to transfer the harvested energy 
to the hydraulic motors [8]. 

A schematic diagram of a wind energy hydraulic 

transmission system is illustrated in Figure 1. As the figure 



demonstrates, a fixed displacement pump is mechanically 

coupled with the wind turbine and supplies pressurized 
hydraulic fluid to two fixed displacement hydraulic motors. 

The hydraulic motors are coupled with electric generators to 
produce electric power in a central power generation unit. 

Since the wind turbine generates a large amount of torque at a 

relatively low angular velocity, a high displacement hydraulic 
pump is required to flow high-pressure hydraulics to transfer 

the power to the generators. The pump might also be equipped 

with a fixed internal speed-up mechanism. Flexible high
pressure pipes/hoses connect the pump to the piping toward 

the central generation unit. 

Fig. I. Schematic of the high-pressure hydraulic power transfer system. The 
hydraulic pump is in a distance from the central generation unit. 

The hydraulic circuit uses check valves to insure the 

unidirectional flow of the hydraulic flows. A pressure relief 
valve protects the system components from the destructive 

impact of localized high-pressure fluids. The hydraulic circuit 

contains a specific volume of hydraulic fluid, which is 
distributed between hydraulic motors using a proportional 

valve. In the next section, the governing equations of the 

hydraulic circuit are obtained. 

III. MATHEMATICAL MODEL 

The dynamic model of the hydraulic system is obtained by 

using governing equations of the hydraulic components in an 
integrated configuration. The governing equations of hydraulic 

motors and pumps to calculate flow and torque values [9-14] 

are utilized to express the closed loop hydraulic system 

behavior. 

A. Fixed Displacement Pump 

Hydraulic pumps deliver a constant flow determined by 

Qp =D/op -kL,p�' (1) 

where Q is the pump flow delivery, D is the pump 
p p 

displacement, kL,p is the pump leakage coefficient, and Pp is 

the differential pressure across the pump defined as 

Pp = P, - � , (2) 

where p and P are gauge pressures at the pump terminals. I q 

The pump leakage coefficient is a numerical expression of 
the hydraulic component probability to leak and is expressed 
as follows 

kL,p = KHP,p/ pv, (3) 

where p is the hydraulic fluid density and v is the fluid 
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kinematic viscosity. K is the pump Hagen-Poiseuille HP,p 
coefficient and is defined as 

K _ DpOJllom,p(1-17l'ol,p)vllomP �p- , 
P,lOm,p 

(4) 

where (() is the pump's nominal angular velocity, vnom is nom,p 
the nominal fluid kinematic viscosity, p is the pump's nom,p 
nominal pressure, and 17l'ol,p 
efficiency. Finally, torque at 

obtained by 

is the pump's volumetric 

the pump-driving shaft is 

(5) 

where 17mech,p is the pump's mechanical efficiency and is 

expressed as 

17mech,p = 17'olo"p/17vo',p . 

B. Fixed Displacement Motor Dynamics 

(6) 

The flow and torque equations are derived for the hydraulic 
motor using the motor governing equations. The hydraulic 

flow supplied to the hydraulic motor can be obtained by 

(7) 

where Qm is the motor flow delivery, Dm is the motor 

displacement, k is the motor leakage coefficient, and P,,, is L,m 
the differential pressure across the motor 

(8) 

where p" and 11 are gauge pressures at the motor terminals. 

The motor leakage coefficient is a numerical expression of 

the hydraulic component possibility to leak, and is expressed 

as follows 

(9) 

where p is the hydraulic fluid density and v is the fluid 

kinematic viscosity. K HP m is the motor Hagen-Poiseuille 

coefficient and is defined as 

K = DmOJnom,m(l-17vo"m)v"omP , HP,m P nom,m 
(10) 

where OJllom,m is the motor's nominal angular velocity, v"om IS 

the nominal fluid kinematic viscosity, P.om,m is the motor 

nominal pressure, and 17vol,m is the motor's volumetric 

efficiency. Finally, torque at the motor driving shaft is 
obtained by 

T", = DmP',17mech,m ' (11) 

where 77mech,m is the mechanical efficiency of the motor and is 

expressed as 

17mech,m = 17tota"m/17vo"m . (12) 

The total torque produced in the hydraulic motor is 

expressed as the sum of the torques from the motor loads and 
is given as 

(13) 



where Tm is total torque in the motor and 1;, Ts , TL represent 

inertial torque, damping friction torque, and load torque, 
respectively. This equation can be rearranged as 

(14) 

where 1m is the motor inertia, wm is the motor angular 

velocity, and Bm is the motor damping coefficient. 

C. Hose Dynamics 

The fluid compressibility model for a constant fluid bulk 
modulus is expressed in [15]. The compressibility equation 

represents the dynamics of the hydraulic hose and the 

hydraulic fluid. Based on the principles of mass conservation 
and the defmition of bulk modulus, the fluid compressibility 

within the system boundaries can be written as 

Qc = (Vj fJ)(dPjdt), (15) 

where V is the fluid volume subjected to pressure effect, f3 is 

the fixed fluid bulk modulus, P is the system pressure, and 

Qc is the flow rate of fluid compressibility, which is expressed 

as 

Qc = Qp- Q,n' (16) 

Hence, the pressure variation can be expressed as 

dPjdt = (Qp - Qm) {3jV. (17) 

D. Pressure Relief Valve Dynamics 

Pressure relief valves are used for limiting the maximum 

pressure in hydraulic power transmission. A dynamic model 

for a pressure relief valve is presented in [16]. A simplified 

model to determine the flow rate passing through the pressure 

relief valve in opening and closing states [15] is obtained by 

Q 
= {kv(P-P,J,P > P., 

(18) prv 0 ,p�p.,' 
where kv is the slope coefficient of valve static characteristics, 

P is system pressure, and P" is valve opening pressure. 

E. Check Valve Dynamics 

The purpose of the check valve is to permit flow in one 

direction and to prevent back flows. Unsatisfactory 
functionality of check valves may result in high system 

vibrations and high-pressure peaks [17]. For a check valve 

with a spring preload [18], the flow rate passing through the 

check valve can be obtained by {Cl (P-l�,)Adisc ,P>P. 
Qcv = b ks , 

o ,P�P. (19) 

where Qcv is the flow rate through the check valve, C is the 

flow coefficient, lb is the hydraulic perimeter of the valve 

disc, P is the system pressure, P., is the valve opening 

pressure, Adisc is the area in which fluid acts on the valve disc, 

and ks is the stiffness of the spring. 
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Fig. 2. Hydraulic wind energy harvesting model schematic diagram. 

The overall hydraulic system can be connected as modules 

to represent the dynamic behavior. Block diagrams of the 

wind energy transfer using MA TLAB Simulink are 

demonstrated in Figures 2 and 3. The model incorporates the 

mathematical governing equations of individual hydraulic 
circuit components. The bulk modulus unit generates the 

pressure of the system.
,-
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IV. PRESSURE Loss CALCULA nON 

rnA 

The energy in the hydraulic fluid is dissipated due to 
viscosity and friction. Viscosity, as a measure of the resistance 
of a fluid to flow, influences system losses as more-viscous 
fluids require more energy to flow. In addition, energy losses 
occur in pipes as a result of the pipe friction. The pressure loss 
and friction loss can be obtained by continuity and energy 
equations (i.e. Bernoulli's Equation) for individual circuit 
components such as transmission lines, pumps, and motors 
[19]. 

The Reynolds number, which determines the type of fluid in 
the transmission line (laminar or turbulent), can be used as a 
design principle for the system component sizing. The 
Reynolds number is a reference to predict the type of the flow 
in a pipe and can be obtained by 

Re= pvL = vL 
, 

Ji v 
(20) 

where p is the density of the fluid, L is the length of the pipe, 

f-l is the dynamic viscosity of the fluid, v is the kinematic 

viscosity, and v is the average fluid velocity and is expressed 
as 

Q v= -- , 
Apipe (21) 



where Q is the flow in the pipe and A. is the inner area of pIpe 

the pipe. The energy equation is an extension of the 
Bernoulli's equation by considering frictional losses and the 
existence of pumps and motors in the system. The energy 
equation is expressed as 

Z � Vl2 P2 vi I+-+-+H -H -HL=Z2+-+-' (22) 
r 2g p m r 2g 

where z is the elevation head, v is the fluid velocity, P is the 

pressure, g is the acceleration due to gravity, r is the specific 

weight, H p is the pump head pressure, H m is the motor head 

pressure and is calculated by the compressibility equation, and 

H L is the head loss. 

The pipe head loss is calculated by Darcy's Equation, which 
determines loss in pipes experiencing laminar flows by 

L v2 HL = f D 2g , (23) 

where D is the inside pipe diameter, v is the average fluid 

velocity in the pipe, and f is the friction factor and is defined 

for a pipe experiencing laminar flow as 

f= 64. Re (24) 

The energy equation is utilized along with Darcy's equation 
and the compressibility equation to calculate the pressure loss 
at every pipe segment (both horizontal and vertical) and the 
head of each pump in the system. 

V. MODEL VERIFICATION AND DISCUSSION 

The SimHydraulics toolbox of MAT LAB has been used as 
a powerful tool to model and implement hydraulic energy 

transfer for wind power transfer [20]. 

The SimHydraulics toolbox was utilized to create a 
hydraulic system similar to Figure 1. The hydraulic pump and 

motor are governed by identical equations compared to the 
ones implemented in the proposed hydraulic model. Moreover, 

both systems are assumed to contain the same type of 

hydraulic fluid, which translates into similar fluid density, 
fluid bulk modulus, and fluid kinematic viscosity respectively 

denoted by p,p, v respectively. 

The differences between the mathematical model and 

SimHydraulics are in the details of hose dynamics, and 
centralized compressibility model. The geometric 

characteristics of the pipes along with the total volume of fluid 

subjected to pressure effect are assumed similar in both 
models 

In order to validate the proposed hydraulic mathematical 

model with SimHydraulics, and to analyze the impact of 
dissimilarities of the hose dynamics on dynamics of the 

system, a specific pump angular velocity profile was supplied 
to both models, and simulation results were compared under 

identical operating conditions. The following assumptions 

were considered to develop the model [21]: 

1. The hydraulic fluid is assumed incompressible. 
2. No loading is considered on pump and motor shafts (i.e. 
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inertia, friction, spring and etc.). 

3. Leakage inside the pump and motor are assumed to be 
linearly proportional to their respective pressure 

differential [ 13]. 

In simulations, a fixed displacement pump with a 
displacement of 0.517 in31rev supplies hydraulic fluid to a 
primary motor (Motor A) and an auxiliary motor (Motor B) 
both with fixed displacements of 0.097 in3lrev. Figure 4 
depicts the angular velocity profile which is supplied to the 
hydraulic pump as a step inputs from 300rpm to 400rpm, and 
from 400rpm back to 300rpm. 

400 [' 
E 
� 

Pump Angular Velocity 

+-r---'� ----. :; 300 f------' 
'u 
o 

+ 
� 200 "---�--r---+--�--� 
.. 
nI :; � 100 ··--i-----::±===±====±===±= 
< I -- 100 rpm Step Variation 

o· 
o 5 10 15 

Time [5] 

Fig. 4. Hydraulic pump angular velocity profile. 

20 25 30 

Table I Shows the simulation parameters for both 
SimHydraulics and simulation models. 

Symbol 

Dp 
DmA 

DmB 

ImA 
1mB 
EmA 
EmB 
KL,p 
KL.mA 

KL,mB 

17lolal 

171'01 

p 
P 
v 

TABLE I 
SIMULATION PARAMETERS 

QUANTITY Value 

Pump Displacement 0.517 
Primary Motor 0.097 
Displacement 
Auxiliary Motor 0.097 
Displacement 
Primary Motor Inertia 0.0005 
Auxiliary Motor Inertia 0.0005 
Primary Motor Damping 0.0026 
Auxiliary motor Damping 0.0022 
Pump Leakage Coefficient 0.01 
Primary Motor Pump 0.001 
Leakage Coefficient 
Auxiliary Motor Pump 0.001 
Leakage Coefficient 
PumplMotor Total 0.90 
Efficiency 
PumplMotor Volumetric 0.95 
Efficiency 
Fluid Bulk Modulus 183695 

Fluid Density 0.0305 

Fluid Viscosity 7.12831 

Unit 

kg.m2 
kg.m2 
N.m/(radls) 
N.m/(radls) 

psi 
Ib/in3 
cSt 

The comparison between the simulation response of the 
SimHydraulics model and the derived mathematical model to 
the supplied hydraulic pump angular velocity profile are 
shown in Figures (5-12). 
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Fig. 5. Comparison between the hydraulic pump flow of the mathematical 
model and SimHydraulics model. 
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Fig. 6. Comparison between the primary hydraulic motor flow of the 
mathematical model and SimHydraulics model. 
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Fig. 7. Comparison between the auxiliary hydraulic motor flow of the 
mathematical model and SimHydraulics model. 

Figure 5 illustrates pump flow in response to the step change 
in the pump shaft speed. As the figure illustrates the generated 
pump flow in mathematical model matches that of the 
SirnHydraulics toolbox. The transients of the mathematical 
model follow the same pattern as the simulation software and 
reach the same steady state values. This similarity is due to 
negligible dependency of pump flow to pressure variation. 
Although pump flow is a function of terminal pressure, small 
pump leakage coefficient minimizes the effect of pressure 
variation. 

As a result of the step variation in the pump shaft speed, the 
flows generated and distributed in the hydraulic circuit 
primary and auxiliary motors are demonstrated in Figures 6 
and 7. The results show that the simulated motor flows are 
identical. 
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Fig. 8. Comparison between the primary hydraulic motor angular velocity of 
the mathematical model and SimHydraulics model. 
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Fig. 9. Comparison between the auxiliary hydraulic motor angular velocity of 
the mathematical model and SimHydraulics model. 
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Fig. 10, Comparison between the hydraulic pump terminal pressure of the 
mathematical model and SimHydraulics model. 

Figures 8 and 9 depict the angular velocity associated to 
primary motor and auxiliary motor. The velocities generated 
from mathematical models result in similar transient and 
steady state values, however due to some details considered in 
SirnHydraulics model there is a slight deviation between 
motor output angular velocities obtained from mathematical 
model and SirnHydraulics model. Figure 10 illustrates 
hydraulic pump terminal pressure generated from 
mathematical model and from SirnHydraulics. As the figure 
illustrates, the pressures follow similar pattern, and the 
mathematical results shows considerable similarity in both 
transient and steady state response with the SirnHydraulics 
model. The pressure in mathematical model has been obtained 
from a simple compressibility model while the pressure model 
in SirnHydraulics considers complex pipe dynamics. 
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Fig. 11. Comparison between the primary hydraulic motor output torque of 
the mathematical model and SimHydraulics model. 
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Fig. 12. Comparison between the auxiliary hydraulic motor output torque of 
the mathematical model and SimHydraulics model. 

Figures 11 and 12 illustrate the shaft torque of primary 
motor and auxiliary motor. As the figures demonstrate the 
calculated torque from mathematical model and the one 
obtained from SimHydraulics follow the same pattern, and 
result in a close steady state values with accuracy of less than 
2% deviation. 

In summary, this section compared the simulation response 

of the dynamic model to a detailed model built with the 

SimHydraulics toolbox of MATLAB. Two distinct angular 
velocity profiles were supplied to the hydraulic pump in both 

model and the simulation results were compared. The pump 

speed, system pressure, and motor speeds, flows and torques 
obtained from mathematical models were in good agreement 

with the results obtained from software simulation. Some 
deviations were also observed in the simulation results which 

are due to simplified model of compressibility and dynamics 

of transmission lines. The main benefits of the mathematical 
model, besides a close dynamic simulation, is the simplicity of 

the governing equations and achievement of a high-speed 

simulations compared to other software packages. The next 
section verifies the accuracy of the mathematical model and its 

governing equations in experimental setup. 

VI. CONCLUSION 

This paper introduced a mathematical model for a gearless 
hydraulic wind energy transfer system. A model of the 

hydraulic system was created with MATLAB/Simulink. The 

dynamic model was verified with a detailed model created by 
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using the SimHydraulics toolbox of MATLAB. The 

comparison of the simulation demonstrated successful 
validation of the model. The mathematical model could be 

used to scale the system for an industrial level wind power 
plant. 
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