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Ahstract- In this paper, a gearless hydraulic wind energy 
harvesting and transfer system is mathematically modeled and 
verified by experimental results. The energy is harvested by a 
low speed-high torque wind turbine connected to a high 
displacement hydraulic pump, which is connected to hydraulic 
motors. The quality of transferred power from the wind 
turbine to the generator is important to maintaining the 
systems power balance, and frequency droop control in grid
connected applications, and to ensure that the maximum output 
power is obtained. The gearless wind power transfer 
technology may replace the current energy harvesting system to 
reduce the cost of operation and increase the reliability of wind 
power generation. 

I. INTRODUCTION 

Wind is the fastest growing and most widely used form of 

the emerging renewable energy technologies in the 

generation of electricity. Due to the many advances in wind 

generation technology, the potential for wind as a power 

source is immense [1]. For a traditional wind power 

generation system to harvest wind energy and produce 

electric power, the required components include a wind 

turbine, gearbox, and a generator. These components, the 

gearbox specifically, are expensive, bulky, and require 

regular maintenance, which makes the wind energy 

production expensive. By eliminating the gearbox and 

coupling the wind turbine to a hydraulic transmission 

system, the capital and the operation cost of the wind power 

plant could be reduced considerably. The hydraulic 

transmission system also allows for the integration of 

multiple wind turbines to one central generation unit, unlike 

the traditional wind power generation. 

A Hydraulic Transmission System (HTS) can be defined 

as a 'pump-controlled motor'. In general, it consists of a 

displacement pump driven by the prime-mover and one or 

more either fixed or variable-displacement motors. The 

hydraulic transmission uses the pump to convert the input 

mechanical energy into pressurized fluid, hydraulic hoses to 

deliver and distribute the potential energy to the energy 

consumers, and the motor(s) to convert the potential energy 

back to mechanical energy [2]. A HTS is identified as an 

exceptional means of power transmission when variable 

output velocity is required in engineering applications in the 

fields of manufacturing, automation, and heavy duty 

vehicles[3]. They offer fast response times, maintain precise 

velocity under varying loads [4], including high durability 

and the ability to produce large forces at high speeds[5]. It 

also offers a more decoupled dynamic allowing for multiple 

input/multiple output configurations not permitted by its 

electrical counterpart but has had a slow transition into the 

powering of wind turbines due to lower energy efficiency, 

leakage, and noise[6]. 

To examine power transfer efficiency in a hydraulic 

transmission system, the gearbox has been eliminated and 

replaced with a fixed displacement hydraulic pump coupled 

to two fixed displacement hydraulic motors and generators 

by way of high pressure hydraulic piping. The wind turbine 

is of variable speed which offers increased efficiency in 

capturing the energy from the wind over a wider range of 

wind speeds along with better power quality and the ability 

to regulate the power factor, by either consuming or 

producing reactive power [1]. The power transferred from 

the wind turbine to the generator is important to maintaining 

the systems active, power balance, or droop frequency 

control, when connected to a network and to ensure that the 

maximum [7, 8] output power is obtained for a certain wind 

speed. 

When there is a change present in the real power demand 

at a point in the network, it is reflected throughout the 

system by a fluctuation in frequency. If a drop in frequency 

occurs the generator will decelerate at a rate determined by 

the moment of inertia plus all the masses connected to its 

shaft. This results in the conversion of kinetic energy of the 

generator to electrical energy thus giving a power surge. If 

there is an increase in the system frequency, the inverse is 

true [9]. System inertia plays an extremely important role as 

it determines the sensitivity of system frequency to supply 

demand imbalances. The lower the system inertia, the faster 

the frequency will change if a variation in load or generation 

occurs [1]. 

A mathematical model of the system is therefore required 

to consider the system dynamics and be used in control 

system development. With the mathematical model of this 

system, an enhanced understanding of the HTS through 

analysis can be gained. It can be determined which factors 

are of greater importance in the system and how different 

parts of the system are related. The quantitative results 

obtained from the mathematical model can then be compared 

to experimental data to identifY the strengths and weaknesses 

of the model. 
This paper investigates a gearless hydraulic wind energy 

harvesting system that is mathematically modeled and 
compared to a model designed using the SimHydraulics 
toolbox available by Matlab/Simulink. The results produced 
by both simulations are then verified by experimental data to 
demonstrate the quality of power transfer from a high 
torque/low speed wind turbine to a main and auxiliary high
speed generator. The efficiency of the system is derived 
from experimental data. In Section II, the mathematical 
model of the hydraulic transmission system is designed. The 
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mathematical model is compared to the model built with the 
SimHydraulics toolbox in Section III. Section IV verifies the 
both simulations with experimental data. Conclusions are 
presented in Section V. 

II. MATHEMATICAL MODEL OF POWER TRANSFER 

To mathematically model the gearless energy transfer 
system we will create a hydraulic circuit and obtain the 
expression of individual components. The model and 
simulation results obtained from this energy transfer system 
will be verified through experimental data. 

A schematic diagram of the hydraulic transmission system 

considered for this work is given in Figure 1. The fixed 

displacement pump, driven by a wind turbine, is coupled to 

two fixed displacement hydraulic motors to which it supplies 

hydraulic power. A pressure relief valve is used to protect 

the system from excessive pressure. The components of the 

hydraulic power transfer circuit and their governing 

equations are illustrated below. 

a) Fixed Displacement Pump 
In the hydraulic transmission, shown in Figure 1, the 

output shaft velocity of the hydraulic motors is controlled by 
the flow rate of the hydraulic fluid, which is supplied from 
the hydraulic pump [2]. As mentioned earlier, the pump is 
driven by a wind turbine. In this model, the flow rate is being 
controlled by varying the shaft velocity of the fixed 
displacement pump. 
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Fig. 1. Hydraulic Transmission System Block Diagram 

The flow that a fixed displacement pump generates is 
modeled as a function of pump displacement, shaft velocity, 
and the leakage coefficient [10] as 

Qp = DpOJp -k/eakP 

k'eak = kHP 
vp 

k - DOJnom(1-1JJVnomP 
HP - , 

Pnom 

(1) 

(2) 

(3) 

where Qp is the pump flow rate, Dp is the pump displacement, 

wp is the angular velocity of the pump, k/eak is the leakage 
coefficient, P is the system pressure, and kHl, is the Hagen
Poiseuille coefficient which is calculated using the following 
parameters: nominal angular velocity (wnom), nominal fluid 
kinematic viscosity (vnom), nominal pressure (Pnom), fluid 
density (P), and as volumetric efficiency (11v). 

b) Pressure Relieve Valve 
The pressure relieve valve is modeled as a close/open valve 

energized at a preset pressure value. The valve is open if the 
pressure exceeds the preset value, and for pressures below 
this value, the valve is closed. The following two equations 
are given for passing flow rate through the pressure relieve 
valve: 

Q, = kzb(P -�) 

Q, = O 

if P>� 

if Ps� , 

(4) 

(5) 

where Qv is the flow rate through the valve, kzb is the flow 
discharge coefficient, and Pb is the valve preset pressure 
setting. 

c) Fluid Compressibility 
In connecting the wind turbine to the motors in our 

prototype, we have used flexible hoses. The dynamics of 

these pressurized hoses are modeled as volume with a fixed 

bulk modulus. The fluid compressibility [4, 11] relation can 

be illustrated as 

(6) 

where fJ is the fluid bulk modulus and V is the fluid volume 
subjected to pressure effect. 

This equation also provides the resultant pressure at a 

given flow rate. It is assumed that pressure drop in the 

hydraulic hose is negligible . 

d) Hydraulic Motor and Load 
Like hydraulic pumps, the governing equation of motors is 

a function of displacement factor, leakage coefficient, and 
flow rate and is expressed as [12] 

Qm = DmOJm + k'ea� , (7) 

where Qm is the pump flow rate, Dm is the pump 
displacement, and Wm is the angular velocity of the motor. 

The motor's moment of inertia, damping coefficient, and 
the load connected to the motor's shaft determine the torque 
dynamics, and can be expressed as 

Tm = 1m OJm+ BmOJm + T; , (8) 

T = DmP 
m 27r 

(9) 

where Tm is the torque produced by the motor, 1m is the 
inertia moment of motor, Bm is the damping coefficient of 

motor, and T/ is the load torque. 
The output shaft velocity of the motor under loading 

condition (speed drop due to loading) in the mathematical 
modeling of the system can be determined using equation (8) 
as 

1m OJm = Tm -BmOJm -T; , (10) 

(11) 
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e) Hydraulic Transmission System 
The overall hydraulic transmission system (HTS) 

comprises of a combination of the mathematical model of the 
system components mentioned above. Mathematical 
expression of the overall system can be obtained from the 
block diagram shown in Figure 2. Equations (6) and (11) are 
the structure for which the mathematical model of the HTS 
system is built. We have used Matlab/Simulink to carry out 
the simulation results and to solve these nonlinear equations. 
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Fig. 2. Mathematical Model and Block Diagram of Hydraulic 
Power Transfer System. 

III. SIMULATION RESULTS 

As verification to our mathematical modeling, the HTS 
was also simulated using SimHydraulics, a hydraulics 
toolbox provided by Matlab and Simulink®, and compared 
to the mathematical model obtained in Figure 2. The 
following assumptions were considered to develop the model 
[12]: 

1. The hydraulic fluid is assumed incompressible. 

2. No loading is considered on pump and motor shafts (i.e. 

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 in3/ 
provides hydraulic fluid to a /rev 

main motor (Motor A) and auxiliary motor (Motor B) with 

.3/ .3/ 
displacements of 0.097 In/rev and 0.065 In/rev' Input 

signals, with varying velocities ranging from 283 RPM to 
580 RPM, are applied to the shaft of the pump. 

The torque and velocity of Motor A and Motor B were 
measured and compared to the torque and velocity output of 
the mathematical model obtained in this paper. The 
accuracy of the mathematical model is confirmed by 
comparing the mathematical model to the SimHydraulic 
model and later on with experimental data. 
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Fig. 3. Wind Turbine Input Velocity (Experimental Data) 
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Fig. 4. Motor A Velocity Comparison of Mathematical Model and 
SimHydraulic Model 
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Fig. 5. Motor B Velocity Comparison of Mathematical Model and 

SimHydraulic Model 

The output velocity for Motor A and Motor B for both the 
mathematical model and the simulated HTS illustrate that 
there is minimal variation in the final value; however, the 
dynamics of the speed variation and specifically the 
overshoot is not shown in the mathematical model. 

IV. EXPERIMENTAL DATA 

After completing simulations on the mathematical model 
and SimHydraulics Matlab model, experimental testing was 
performed on the gearless hydraulic power transfer system 
shown in Figure 6. Velocities of 293 to 580 RPM were 
applied to the pump shaft over period of 8 seconds to supply 
hydraulic fluid to Motor A and Motor B. The output velocity 
of Motor A and Motor B was then recorded and compared to 
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the output velocities of Motor A and Motor B produced 
during simulations. 

Fig. 6. Experimental Setup of Gearless Power Transfer System 

The experiment performed applied a step velocity change 
at the input shaft of the hydraulic pump so that the system 
response in the velocities of motors A and B could be 
observed. The velocity measured at Motor A during testing 
yielded results of a final output of 2222 RPM, while Motor B 
yielded results of a final output of 680 RPM. 
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Fig. 7. Velocity Comparison of Mathematical Model and 
Experimental System for Motor A 
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Fig. 8. Velocity Comparison of Mathematical Model and 
Experimental System for Motor B 

V. CONCLUSION 

In this paper an energy transmission system being operated 
by a wind turbine was mathematically modeled with one 
fixed displacement pump and two hydraulic motors. The 
obtained mathematical model was compared to a model 
designed using the SimHydraulic toolbox In 

Matlab/Simulink and with the experimental results obtained 
from a prototype of the hydraulic system. The simulation 
and experimental results show that the mathematical model 
is equivalent to the model built using the SimHydraulics 
toolbox in Matlab. The experimental data illustrated that the 
gearless hydraulic power transfer system built behaves as the 
simulated models. 
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