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Abstract— Hydraulic circuits can transfer remarkable amount of 
energy in the desired direction without taking large space. To 
implement this technology for harvesting energy of wind 
appropriately, models of the system are required. Hydraulic 
wind power technology has benefits of eliminating expensive and 
bulky variable ratio gearbox and its costly maintenance while 
enabling the integration of multiple wind turbines. In this paper, 
the dynamics of different hydraulic elements are studied, 
nonlinearities are taken into account, pressure dynamics in 
different parts of the system are studied, and the motor load 
effects are considered. Ultimately, a non-linear state space 
representation of the system is introduced. Results of the 
mathematical model and the Matlab SimHydraulics model are 
compared to verify of the proposed model. The comparison 
demonstrates that the mathematical model captures major 
functions of the hydraulic circuit and can model the system 
behavior under different operating conditions.  

I. INTRODUCTION 

Renewable energies and specifically wind energy will have 
greater portion in energy market than now in the coming 
decades [1]. Current wind turbine technologies use variable 
ratio gearbox to provide energy for rotating the shaft which 
drives a generator. Because of relatively low wind speeds and 
large variations in wind speeds, wind turbines are designed to 
generate high torque at low speeds. 

Hence to drive high speed generators a variable ratio 
gearbox is needed. This adds a bulky, expensive, and hard to 
maintain piece of equipment in the drivetrain [2]. An 
alternative energy transfer technology, hydraulic power can be 
a promising avenue to wind power industries [3-5,7,8]. Some 
of typical hydraulic applications are in construction, mining 
and material forming industries which need high power. These 
applications utilize the ability of hydraulic components to 
provide huge amount of power in a compact space. However, 
utilization of hydraulic systems to harvest renewable energies 
like wind has not been well studied. Recently, emerging 
advanced hydraulic systems has enabled us to develop new 
generation of wind power plants.  

In this paper, an extended model of hydraulic wind power 
transfer system is introduced with more detailed analysis of 
pump and motor flows and torques. States of pressure in the 
system investigated carefully to develop an extended state 

space model that can predict performance of the system more 
accurately. Based on this model, an accurate controller for an 
integrated multiple wind turbine system can be designed. 
Moreover the effect of load torque on both primary and 
auxiliary motor are considered. In the new model, wind 
turbine is a prime mover for a hydraulic pump. The pump 
operates under working pressure of the system and provides 
flow to the primary and the auxiliary hydraulic motors. The 
primary motor drives a generator and the auxiliary motor 
stores excess energy into batteries through an electric 
generator or in hydraulic accumulators [7]. Previous studies 
[3,6] investigated simpler models of a hydraulic transfer 
system but in this paper a more realistic hydraulic system 
usable for wind turbine is proposed. Nonlinear behavior of the 
proportional control valve is accounted for in the hydraulic 
circuitry. Mathematical model of the system is obtained and is 
compared with that of MATLAB SimHydraulics.  

II. WIND POWER TRASNFER SYSTEM CONFIGURATION 

Wind power is harvested using a high-torque low speed 
turbine. Intermittent wind speed introduces hydraulic flow 
fluctuations from the prime mover that eventually changes the 
electric power flow in the system [7].  

Steady electric power generation requires steady flow of 
pressurized hydraulic medium to the main hydraulic motor. 
Proportional valves are used to regulate and control the 
hydraulic flow to manage the electric power generation.   

Wind power drives a fixed displacement pump. The pump 
provides fluid under any working pressure of the system. The 
flow is passed to a proportional valve which distributes it to 
two hydraulic motors, the primary motor and the auxiliary 
motor. The primary motor is connected directly to the shaft of 
the generator while the auxiliary motor is driven by excess 
flow to store it as hydraulic energy in an accumulator or as 
electrical energy in batteries [7]. In reality, there are other 
hydraulic components designated for safety like pressure relief 
valve that does not allow the system pressure exceed the preset 
pressure and check valves which ensures the flow only in the 
desired direction. Hydraulic components that affect dynamics 
of the circuit need to be models. These components are listed 
in the following. 
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A. Pump 

A fixed positive displacement pump is used to flow high 
pressure fluid in the system. In a conventional hydraulic 
system a variable displacement pump is more efficient since 
changing the displacement allows the adjustment of the 
amount of flow and manage the bypassed flow to the tank. 
Since an auxiliary motor can be used to capture the excess 
wind energy, using a fixed displacement is a smart because its 
price and maintenance costs are less than those of variable 
displacement pump. Each pump has a theoretical displacement 
but based on its geometry and working pressure, a portion of 
the flow leaks back to the inlet port. The governing equation of 
a pump flow rate is described as follows [9,10]: 

S p
p p p p

C D
Q D P


  ,        (1) 

where, Qp is the actual delivered flow rate, Dp, p and Pp are 

the pump displacement, angular velocity and the differential 
pressure across the pump respectively. Cs and  are the 
slippage coefficient and absolute viscosity. Cs is a constant 
term provided that the internal structure of a pump does not 
change [11]. Therefore, (1) can be re-written using the pump 
slippage coefficient psK as follows: 

S p
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.              (2) 

B. Hydraulic Motor 

Since the flow to each motor is controlled by the 
proportional valve, both motors can operate with more 
efficient fixed displacement type hydraulic machines. This 
feature is especially important for the primary motor since it is 
connected to a synchronous generator that needs to be run at 
constant speed. The governing equation for the motor flow is 
similar to the pump’s flow equation but with the motor 
leakage flow msK as the additive term [9, 10]: 

ms mm m m K PQ D    ,            (3) 

whereas all of terms are similar to those of pump flow 
equation.  Pm is the pressure differential across the motor. 
Besides for each motor the torque equation can be written 
based on driving torque and resistive torques applied to a 
hydraulic motor. Additional resistive terms are not considered 
in the following formulation [10] because their values are 
typically much less than the viscous term [9,10]: 

m
m m m v m m l

d
I D P C D T

dt


    ,          (4) 

where, Im, Pm and Dm are motor inertia, differential pressure 
across the motor and the motor displacement respectively. 

,vC   and LoadT  are viscous drag coefficient, absolute 

viscosity and load torque applied on the motor shaft 
respectively. A lumped coefficient can be used to replace the 

terms that multiplies to the motor velocity as the viscous 
damping coefficient and

v v
B C D  . Re-writing the complete 

torque balance for both the primary motor (A) and the auxiliary 
motor (B), yields: 

 mA
mA mA mA mA mA lmA

d
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dt


    (5) 

 mB
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d
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dt


    ,         (6) 

where subscripts A and B refer to parameters of the primary 
motor and motor B refers to the auxiliary motor, respectively. 

C. Proportional Valve 

A proportional valve is designated to regulate the outlet 
flow from the pump. These valves impose resistance against 
the entering flow and thus the flow rate changes at the outlet. 
When the power is taken from a wind turbine to run a 
synchronous generator, the speed needs to be maintained 
regardless of the load and input power fluctuations. Therefore 
a proportional valve is placed between the pump and the 
motors to control the flow of the primary motor. In a 
conventional hydraulic system using a proportional valve 
when inlet flow exceeds the rated flow to the controlled outlet 
the upstream pressure increases and the surpass flow is 
bypassed to the tank through a pressure relief valve. To avoid 
from such energy wasting, a proportional valve with two 
outlets can be used so that the excess energy is directed to an 
auxiliary motor. This motor runs to charge a battery or store 
the energy in a hydraulic accumulator.  

Flow from a proportional valve is controlled by its orifice 
area. Since the valve splits the flow between two outlets, the 
orifice areas of the outlets are complementary. It means that 
when one area opens the other one closes. The flow out of an 
orifice in a proportional valve is calculated using below 
formula [9,10]: 

2
D

P
Q C A




 ,     (7) 

where CD is the discharge coefficient, A is the orifice area, ∆  
is the pressure difference across the orifice and  is the fluid 
density. Since the area of the orifice for each outlet is 
proportional to the valve spool position, the area of each outlet 
orifice can be expressed as a linear function of the spool 
displacement, thus  equation (8) can be obtained for the 
control flow to the primary motor (motor A) and the excess 
flow to the auxiliary motor(motor B) : 
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where _ 	is the flow out of the proportional valve to 
primary motor and _  is the flow to the auxiliary motor, 
Amax  is the maximum area of the outlet port of the valve and 
has the same value for both ports, hi  is the spool displacement 
and hmax is maximum spool displacement. 

D. Compressibility (hose dynamics) 

Although fluids are considered incompressible in macro scale, 
they have very small compressibility which needs to be 
considered in the dynamics of pressure at any segment of a 
hydraulic system. The fluid compressibility model gives us 
the relationship between pressure changes and the amount of 
compressed flow in a segment. This relationship is expressed 
as [21]: 

 Comp in out
dP

Q Q Q
dt V V

 
   ,   (9) 

where P is the pressure present at the hydraulic circuit 
segment,   is the constant fluid bulk modulus, inQ  and 

outQ are the flows entering and exiting the segment and the 

flow exits the segment respectively. This equation represents 
the dynamics of the fluid carrier (i.e. hose or pipe) and the 
hydraulic fluid. Based on the principles of conservation of 
mass and the definition of bulk modulus, the fluid 
compressibility within the system boundaries is written. The 
compressibility equation must be written for each continuous 
segment of the system separately. This means, in case of 
pressure discontinuity (sudden pressure rise or drop) caused 
by a valve, a motor, or a pump, compressibility flow equations 
for both upstream and downstream branches must be 
separately considered. 

Figure 1, illustrates three segments that each starts from a 
hydraulic component and ends to another component. The 
return flow from each hydraulic motor is assumed to have 
almost zero gauge pressure; thus, the compressibility flow for 
that section is negligible. Therefore, three compressibility 
equations must be written for the three indicated sections.   

 
Figure 1. Schematic of three piping parts of the circuit on which 
compressibility equations were used.  

The circuit consists of three hose segments connecting the 
major hydraulic component . The return flow from each 
hydraulic motor is assumed to have almost zero gauge 
pressure, thus the compressibility flow for that section is 

negligible. Therefore, the fluid compressibility for these 
segments can be written as follows:  
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where .PV AQ  is the proportional valve flow rate exiting to 

motor A,  .PV BQ  is the proportional valve flow rate exiting to 

motor B, (.)V is the volume of fluid in the respective segment, 

and P(.)  is the pressure of the respective segment.   

E. Other components: 

The hydraulic circuit, as mentioned earlier, has other safety 
components such as pressure relief valves and check valves 
which are not active in normal operations. In the hydraulic 
wind power transfer system configuration, considering the 
normal operation, the effect of these elements can be 
neglected. 

The hydraulic wind power transfer system consists of three 
inputs:  the pump angular velocity (ω ), the proportional 
valve spool displacement (hi), and the load on motor A (

m A
T ). 

The pump speed is a function of wind speed which can also be 
considered as a disturbance. The proportional valve position 
(displacement of spool) is a control parameter to compensate 
for the pump velocity variations and the load torque 
fluctuations to achieve the desired generator frequency profile.    

III. HYDRAULIC SYSTEM STATE SPACE MODEL  

The models obtained at the component level can be used to 
express the overall system dynamics. Nonlinear presentation 
of the system model with energy storing state variables 
defined in vector x can be obtained as follows: 

T

p mA mB mA mBx P P P      , (11) 

where the state variables are  pump pressure, the primary 
motor inlet pressure and the auxiliary motor inlet pressure, 
and primary motor and auxiliary motor speeds respectively.  

Considering  
T

p i mAU h T     as a vector with the 

pump speed, valve position and the load on motor A as inputs, 
the state space model the system can be represented as:   

( )

( ) ( )
,

y h x

x f x g x U



 


 

 (12) 

where the functions f(x) and g(x) can be found as the follows: 

Pump 
Primary 
motor 

Auxiliary 
motor 

V1 V2 V3Proportional 
Valve 
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IV. SIMULATION RESULTS 

To verify the mathematical model represented in the set of 
equations (10)-(14), the hydraulic wind power transfer system 
was modeled in SimHydraulics toolbox of MATLAB. The 
parameters used in the model are listed in Table I.  Pump 
speed is proportional to wind turbine speed; therefore, to 
evaluate the effect of wind turbine speed variation the same 
pump speed interval was applied to both models 
(mathematical model and SimHydraulics). The point to point 
pressures of the system, motor speeds, and hydraulic flows are 
compared. Figure 2 shows the pump speed interval with 
several step changes from 400 to 600 and to 500 rpm, to 
investigate the models.  

TABLE 1  
HYDRAULIC CIRCUIT PARAMETERS 

Symbol QUANTITY Value Unit 

Dp Pump Displacement 24.91 cm3/rev 

DmA Primary Motor Displacement 8.47 cm3/rev 

DmB Auxiliary Motor Displacement 2.82 cm3/rev 

ImA Primary Motor Inertia 0.0028 kg.  

ImB Auxiliary Motor Inertia 0.0014 kg.  

BmA Primary Motor viscous  
Damping 

0.00045 N.m/rpm 
 

BmB Auxiliary motor Damping 0.0007 N.m/rpm 
 

KL,p Pump Leakage Coefficient 21.385 cm3/bar

KL,mA Primary Motor Leakage 
Coefficient 

15.92 cm3/bar

KL,mB Auxiliary Motor Leakage 
Coefficient 

8.79 cm3/bar

total Pump/Motor Total Efficiency 0.92 dimensionless 

vol Pump/Motor Volumetric 
Efficiency 

0.88 dimensionless 

β Fluid Bulk Modulus 12670 bar 

ρ Fluid Density 844 kg/m3

υ Fluid Viscosity 32 cSt 

AM   Load torque on primary motor 11.3 N.m 

BM  Load torque on auxiliary 
motor 

2.825 N.m 

 
Figure 2. Pump velocity steps applied to both mathematical and 
SimHydraulics models.. 

Figures 3 and 4 illustrate the pumps velocity variations as a 
result of wind speed variation. Simulation results from that of 
the non-linear model and the SimHydraulics model match 
well at steady state, and follows the same trend as that of the 
SimHydraulics. The transient responses are slightly different 
because SimHydraulics does not include conservation of mass 
in the modeling of the pump and motor.  

Figures 5-7 demonstrate the pump gauge pressure, primary 
motor pressure, and auxiliary motor pressure respectively.  As 
the figures demonstrate, the results of SimHydraulics 
simulations completely match with the nonlinear 
mathematical model developed in this paper. The pressure 
difference generated in hydraulic system is the result of load 
the hydraulic motors.  The pressure differences in the 
simulations are created by retarding viscous damping torque 
applied on the motor/pump shafts.   Since the SimHydraulics 
simulations do not consider compressibility, the pressure 
transients are slightly different than what was obtained from 
mathematical models.  

Flow rate of the motors are shown in Figures 8 and 9. As 
the figures demonstrate, the steady state flows are in close 
agreement with the steady state operation of the system. 
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However, as the hydraulic motor velocity is directly correlated 
with the hydraulic flow rate, the transient response of the flow 
and the velocity for each motor show the same transient 
behavior discrepancy.   

 
Figure 3. Primary motor velocity profile as a result of wind speed step 
changes.  

 
Figure 4. Auxiliary motor velocity profile as a result of wind speed step 
changes 

 
Figure 5. Pump outlet pressure profile as a result of viscous damping and 
wind speed step changes.  

 
Figure 6. Primary motor pressure profile as a result of viscous damping and 
wind speed step changes.  

 
Figure 7. Auxiliary motor pressure profile as a result of viscous damping and 
wind speed step changes. 

 
Figure 8. Primary motor flow rate as a result of wind speed step changes 

 
Figure 9. Auxiliary motor flow rate as a result of wind speed step changes.  
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V. CONCLUSION 

A non-linear model of hydraulic wind power transfer 
system was developed in this paper. The nonlinear model 
made significant improvement in considering three states of 
pressure in the hydraulic circuit segments (Fig. 1) to model 
pressure discontinuity. A comparison of the simulation results 
obtained from the mathematical model with that of the Matlab 
SimHydraulics, demonstrated a close agreement in steady 
state operations. The steady state values of state variables such 
as pressures, velocities, and hydraulic flows matched with that 
of the toolbox. Transient behaviors were slightly different as 
the toolbox does not consider compressibility of flow. The 
effect of load on the pressure of hydraulic motors was 
modeled.    
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