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Hydraulic Wind Power Plants: A Nonlinear Model
of Low Wind Speed Operation

Masoud Vaezi, Majid Deldar, and Afshin Izadian, Senior Member, IEEE

Abstract— The structure of hydraulic wind power plants
involves one or several high-pressure hydraulic pumps and a
central power generation unit to combine the energy from wind
turbines. As the wind speed drops, the energy generation may
not be significant enough to run the main generator. Therefore,
an auxiliary generator generates power for the storage devices.
The system operation at low wind speed is highly nonlinear,
as the power generation is not significant. This paper introduces
a nonlinear model of hydraulic elements and offers the nonlinear
dynamics of system operation at low speed. Nonlinear state-space
representation of the hydraulic wind energy transfer is presented
and validated by experimental implementations.

Index Terms— Hydraulic wind power, low-speed operation,
nonlinear model.

I. INTRODUCTION

W IND energy generation systems, including towers,
generators, and foundation, have been improved over

the last decade to [1] to withstand the gravity forces applied
by the weight of the turbine, gearbox, and generator, and
horizontal wind forces. Gearboxes with a lifespan of 20 years
require an overhaul in five to seven years of operation,
and a replacement could cost approximately 10% of the
entire turbine [2], [3]. Recent developments in the hydraulic
wind power transfer technology offer several advantages over
the conventional wind energy transfer technologies [4]–[7].
Hydraulic technology provides a platform for lightweight and
efficient power generation and transfer systems [5]. Fig. 1
illustrates a hydraulic wind power transfer technology where a
pump coupled with the wind turbine is used to generate high-
pressure hydraulic fluid to transfer the power. The pressurized
fluid, created by hydraulic pumps, is directed to run the
generators on ground level [5], [8].

By distributing the flow between the hydraulic motor
generators, the energy transfer system performance can be
controlled [9], [10]. Fig. 1 illustrates the hydraulic circuitry of
a single-turbine wind power transfer system. Nonlinearities in
such systems result from nonlinear components such as check
valves, directional valves, and proportional valves. These
nonlinearities are the functions of operating conditions and
cause behavioral changes and variations in the system as the
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Fig. 1. Schematic of the high-pressure hydraulic power transfer system. The
hydraulic pump is a distance from the central generation unit.

wind speed varies. The intermittent nature of the wind affects
the prime mover characteristics by causing fluctuations in fluid
circulation, system pressure, and the generated power [11].
To control the characteristics of the generated power (e.g., the
generated power and frequency) at high wind speed, different
control techniques can be applied [12]–[14]. At high wind
speeds, the amount of generated power exceeds the system
losses and is enough to maintain the fixed speed of the main
generator. The auxiliary generator is used to absorb the excess
power. Thus, the rated speed of the generators and the high
pressure of the system keep the damping coefficients and
viscous losses of the hydraulic wind energy transfer system
constant. As the wind speed drops, the auxiliary motor is used
to control the speed and the generated power by maintaining
the fluid rate and the pressure at the main generator. As the
storage connected to the auxiliary generator is exhausted,
the system can no longer maintain the power to the main
generator. Thus, the main generator is shut down, and the
auxiliary generator is used to capture the energy of the low-
speed wind. If the wind turbine’s cut-in speed is decreased,
the system operation at low revolutions per minute suggests
a boost in the capacity factor of the power plant. However,
in low wind speed, the pump shaft speed drops, such that the
viscosity losses and damping coefficients become dependent
on the rotational speeds. This issue has not been studied
in [3], [8], [24], and [25].

This paper is focused on understanding the operation and
modeling of the hydraulic wind power transfer dynamics in
low-wind conditions. The damping of a hydraulic motor is
considered a nonlinear function of the motor speed to show
the power loss increase when the rotational speed drops.
Experimental results are provided to validate the nonlinear
model and to demonstrate the mathematical expression of the
power generation.
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This paper is organized as follows. Section II explains the
concept of the hydraulic wind energy transfer system with
a schematic of the high-pressure hydraulic power transfer
system. The governing equations of the hydraulic components
in an integrated configuration are introduced in Section III.
Section IV describes the considerations for low wind speed
operation. The nonlinear state-space representation of the
system is derived from the dynamic equations for a single wind
turbine system in Section V. Section VI verifies the derived
equations by experimental diagrams. Finally, Section VII
presents the conclusion.

II. HYDRAULIC WIND ENERGY TRANSFER

The hydraulic wind power transfer system comprises vari-
ous parts, such as hydraulic pumps and motors, proportional
valves, check valves, pressure relief valves, and so on. This
configuration uses a fixed displacement pump driven by the
prime mover (wind turbine) and one or more fixed displace-
ment hydraulic motors to transmit the power. The hydraulic
pump converts the mechanical input energy into pressurized
fluid and hydraulic hoses, and steel pipes are used to transfer
the harvested energy to the hydraulic motors [5], [15].

A schematic of a wind energy hydraulic transmission system
is illustrated in Fig. 1. As demonstrated in Fig. 1, 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 large displacement hydraulic pump is required to flow a large
volume of the 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 [4].

In this configuration, pressure relief valves are considered
to protect the system components from the destructive impact
of localized high-pressure fluids. In addition, check valves
force the hydraulic flow to be unidirectional. Finally, the
proportional valve distributes a controlled amount of flow
to each hydraulic motor to be converted into the electrical
power by the generators. Section III introduces the governing
equations of the hydraulic circuit.

III. NONLINEAR MODEL OF HYDRAULIC

CIRCUIT COMPONENTS

To derive the state-space representation of the system, the
integrated configuration of the hydraulic components must be
considered. This section introduces the governing equations
of the hydraulic components to obtain the dynamic model
of the hydraulic system. Consequently, the flow and the
torque values [16] in the closed loop hydraulic system can
be obtained.

A. Fixed Displacement Pump
Hydraulic pumps deliver a constant flow [17], [18]

determined by

Q p = DPωP − Ks,p Pp (1)

where Q p is the actual delivered flow and Dp , ωp , Ks,p,
and Pp are the pump displacement, the angular velocity, pump
slippage coefficient, and the differential pressure, respectively.
The pump slippage coefficient can be written as

Ks,p = Cs Dp/μ (2)

where Cs and μ are the slippage constant and absolute
viscosity (dynamic viscosity). As shown in (1), the actual
flow is less than the theoretical flow, since the fluid slightly
slips from high-pressure chamber to low-pressure chamber
within a pump. The slippage constant is determined by the
architecture of the pump and has a correlation with the
clearance of the moving parts. The coefficient is obtained
experimentally and is proportional to cube of the moving parts’
clearance [19]. Therefore, hydraulic manufacturers design the
internal mechanism of pumps and motors with the minimum
clearance of the moving parts and suggest certain operating
regions, e.g., high rotational speeds. The torque delivered from
a pump can be calculated [17] as

Tp = Dp Pp/ηmech,p (3)

where ηmech,p is the pump mechanical efficiency expressed
as a function of volumetric ηvol,p , and the total efficiency
ηtotal,p is

ηmech,p = ηtotal,p/ηvol,p. (4)

B. Fixed Displacement Motor

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

Qm = Dmωm + CS Dm

μ
Pm (5)

where Dm , Cs , and μ are the motor displacement, slippage
constant, and absolute viscosity. Qm and ωm are the actual
flow passing the motor and the motor velocity, and Pm is the
differential pressure from inlet to outlet. Finally, torque at the
motor driving shaft is obtained by

Tm = Dm Pmηmech,m (6)

where ηmech,m is the mechanical efficiency of the motor and
is expressed as

ηmech,m = ηtotal,m/ηvol,m . (7)

The total torque produced in the hydraulic motor is
expressed as the sum of the torques from the motor loads
and is given as [17]

Im
dωm

dt
= Tm − Tvf − Tcf − TmC − TL (8)

where Tc f , Tvf , TmC , and TL are the Coulomb friction torque,
viscous friction torque, the breakaway torque, and the external
load torque, respectively. This equation can be rewritten as

Im
dωm

dt
= Dm Pm − Cmv Dmμωm − Cm f Dm Pm − TmC − TL

(9)
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where Cmv and Cm f are the viscous drag coefficient and the
mechanical friction (Coulomb friction) coefficients. In (9),
all the possible retarding torques are considered. Cm f , Cmv,
and TmC are the related coefficients to these retarding torques,
which are calculated experimentally. In particular, Cmv is
a function of the inverse of the clearance between moving
parts [19]. For simplicity, the retarding torque elements are
lumped into one element represented as a function of motor
speed. Hence, (9) can be rewritten as

Im
dωm

dt
= Dm Pm − Bmωm − TL (10)

where Bm is the lumped coefficient that includes all retarding
torque coefficients.

C. Hose Dynamics

The fluid compressibility model for a constant fluid bulk
modulus is expressed in [20]. The compressibility equa-
tion represents the dynamics of the hydraulic hose and the
hydraulic fluid. Based on the principles of mass conservation
and the definition of bulk modulus, the fluid compressibility
within the system boundaries can be written as [17]

Qc = (V/β)(d P/dt) (11)

where V is the fluid volume subjected to the pressure effect,
β is the fixed fluid bulk modulus, P is the system pressure, and
Qc is the flow rate of the fluid compressibility expressed as

Qc = Qe − Qb (12)

where Qb and Qe are the flow rates at the beginning and at
the end of the hose, respectively. Hence, the pressure variation
can be expressed as

d P

dt
= (Qe − Qb)

β

V
. (13)

D. Pressure Relief Valve

Pressure relief valves are used for limiting the maximum
pressure in the hydraulic power transmission. A dynamic
model for a pressure relief valve is presented in [21], which
leads to a simplified model to determine the flow rate passing
through the pressure relief valve in the opening and closing
states [17]. This is obtained by

Qprv =
{

kv(P − Pv), P > Pv

0, P < Pv
(14)

where Kv is the valve slope coefficient, P is the system
pressure, and Pv is the valve’s preset opening pressure.

E. Check Valve

The purpose of the check valve is to permit flow in one
direction and prevent back flows. The unsatisfactory function
of the check valves may result in high system vibrations
and high-pressure peaks [22]. For a spring-preload check
valve [23], the flow rate can be obtained by

Qcv =
⎧⎨
⎩Clb

(P − Pv)Adisk

ks
, P > Pv

0, P ≤ Pv

(15)

where Qcv is the flow rate through the check valve, C is the
flow coefficient, lb is the hydraulic perimeter of the valve disk,
P is the system pressure, Pv is the valve opening pressure,
Adisk is the area in which the fluid acts on the valve disk, and
Ks is the stiffness of the spring. The dynamics of the pressure
relief valves and check valves are not included in the model,
as their effects are negligible.

F. Proportional Valve

Directional valves are mainly employed to distribute the
flow between the rotary hydraulic components. The dynamic
model of a directional valve is categorized into two divi-
sions, namely, the control device and the power stage. The
control device adjusts the position of the valve’s moving
membrane, while the power stage controls the hydraulic fluid
flow rate [19].

A directional valve model is represented in [17] by spec-
ifying the valve orifice maximum area and opening. The
hydraulic flow through the orifice Qpv is calculated as

Q PV = Cd A

√
2

ρ
|P| sgn(P) (16)

where Cd represents the flow discharge coefficient, ρ is the
hydraulic fluid density, P indicates the differential pressure
across the orifice, and A is the orifice area expressed as

A = Amax

hmax
h (17)

where Amax represents the maximum orifice area, hmax denotes
the maximum orifice opening, and h indicates the orifice
opening and is obtained from

hi = hi−1 + �hi (18)

where hi−1 is the previous orifice opening and �hi denotes
the variations to the valve orifice opening.

IV. LOW-SPEED OPERATION OF WIND TURBINES

At a low-speed operation of the hydraulic wind power
transfer, the rotational speed of the hydraulic pumps and
motors decreases, such that their internal characteristics allow
for more fluid slippage and viscous loss. This effect is more
observed in external-gear motors and influences the lumped
retarding torque coefficient Bm (10). Although the piston pump
or swash plate pumps may be used for high-power wind
turbines, a smaller scale of wind turbines may use external-
gear motors that operate at higher rotational speeds. In this
type of rotary hydraulic machines, the clearance between the
moving parts increases below certain shaft speeds. Therefore,
the lumped retarding torque coefficient, which is a function
of the clearance of the moving parts, changes with respect to
pump/motor speed [17]–[19]. Describing the dynamic aspects
of a transmissive component, the resistance against a straight
motion of an energy medium is expressed by a damping
force TB , which is linearly dependent on the velocity of
motion. The damping force [17] is obtained as

TB = Bmωm (19)
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Fig. 2. Schematic of a hydraulic wind energy harvesting model.

where Bm and ωm are the damping coefficient and the motor
speed, respectively. Considering all the torques on the motor
shaft with no-load torque on the main generator at the steady-
state condition, the Dalembert equation can be written as
follows:

Bmωm − Dm Pm � 0. (20)

Hence, the lumped retarding torque coefficient can be
considered as a function of the motor speed

Bm = Dm .Pm

ωm
. (21)

The moving part clearance and the gear mechanism of the
hydraulic machines change the system dynamics by making
the damping coefficient variable. A second-order system has
been used to model losses in [27]. Experimental data recorded
from a hydraulic wind power prototype at the Energy Systems
and Power Electronics Laboratory at the Purdue School of
Engineering and Technology, Indianapolis, demonstrated the
dependence of damping coefficients of hydraulic motors as
exponential terms, shown as follows:
Bm A = 0.07901e−0.001886ωm A + 0.026e−0.0001706ωm A (22)

Bm B = 0.1365e−0.003759ωm B + 0.03153e−0.0002663ωm B. (23)

In Section V, the experimental results are compared with
the mathematical modeling of the low wind speed operation
of hydraulic wind power plants. Two cases of fixed and
variable viscous damping coefficients are compared. The over-
all hydraulic system can be connected as modules with the
nonlinear models introduced in this section to represent the
dynamic behavior. Block diagrams of the wind energy transfer
using MATLAB and Simulink are demonstrated in Fig. 2. The
model incorporates the mathematical governing equations of
the individual hydraulic circuit components and their overall
behavior.

V. NONLINEAR STATE-SPACE MODEL

Section IV considered the governing equations of the
hydraulic components to derive the nonlinear state-space rep-
resentation. The key advantages of the state-space represen-
tation comprise a detailed mathematical demonstration of the
system that incorporates the initial conditions into the solution.

Modeling of a single hydraulic wind power system was
achieved in [3] and [24]–[26], where the operating pressure of

Fig. 3. Schematic of a single wind turbine system.

the circuit was considered similar throughout the high-pressure
lines for the simplicity of modeling. However, in this paper, the
pressure in each section of the high-pressure line is separated,
and the stored energy variation is studied. In addition, the
derived nonlinear model is verified by the experimental result
in low wind speed operation using variable viscous damping
coefficients.

Considering the high-pressure line shown in Fig. 3, three
compressibility equations can be written to demonstrate the
energy stored in the line between the pump and the input
port of the valve and the energy stored in each of the valve
outlets and the hydraulic motors. Considering the individual
speed variation of each hydraulic motor, the total state-space
equations reach five and are described as follows. The flow
in each section of the high-pressure line can be extracted
from (1) and (16). In addition, the mass conservation principle
reveals the flow rate difference in each branch of the high-
pressure line (Fig. 3) as follows:

QC p = Q p − Q pv P (24)

QCm A = QpvA − Qm A (25)

QCm B = QpvB − Qm B (26)

where QC p , QCm A , and QCm B are the flow rate differences
between the inlet and outlet of the high-pressure lines that are
pumped to the proportional valve, the proportional valve to
motor A, and the proportional valve to motor B. Accordingly,
the pressure variation in each section of the high-pressure line
can be obtained as follows:

d Pp/dt = (Q p − QpvP)(β/Vp) (27)

d Pm A/dt = (QpvA − Qm A)(β/Vm A) (28)

d Pm B/dt = (QpvB − Qm B)(β/Vm B) (29)

where the flow of the rotary hydraulic components is
obtained by

Q p = DPωP − CS DP

μ
P (30)

Qm A = DPωP + CS DP

μ
P (31)

Qm B = DPωP + CS DP

μ
P. (32)
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Considering negligible compressibility inside the valve, the
flow for the input and output ports of the proportional valve
are

QpvP = Qm A + Qm B (33)

QpvA = Cd
Amax

hmax
hi

√
2

ρ
|Pp − Pm A|sgn(Pp − Pm A) (34)

QpvB = Cd
Amax

hmax
(hmax − hi )

√
2

ρ
|Pp − Pm B |sgn(Pp − Pm B).

(35)

Substituting (20)–(35) into (27)–(29) yields

d Pp/dt =
(

Dp1ωp1 − CpS DP

μ
Pp

−
(
Cd

Amax

hmax
hi

√
2

ρ
|Pp − Pm A|sgn(Pp − Pm A)

)

−
(

Cd
Amax

hmax
(hmax − hi )

√
2

ρ
|Pp − Pm B |

× sgn(Pp − Pm B)

))
(β/Vp) (36)

d Pm A/dt =
((

Cd
Amax

hmax
hi

√
2

ρ
|Pp − Pm A|sgn(Pp − Pm A)

)

−
(

Dm Aωm A + CmS Dm A

μ
Pm A

))
(β/Vm A)

(37)

d Pm B/dt =
((

Cd
Amax

hmax
(hmax − hi )

√
2

ρ
|Pp − Pm B |

×sgn(Pp − Pm B)

)

−
(

Dm Bωm B + Cm BS Dm B

μ
Pm B

))
(β/Vm B).

(38)

Rewriting (10) for the primary and auxiliary motors, the
rotational speed variations can be obtained as

Dm A Pm A − Bm Aωm A − TLm A = Im A(dωm A/dt) (39)

Dm B Pm B − Bm Bωm B − TLm B = Im B(dωm B/dt). (40)

Rephrasing (39), (40) leads to

dωm A/dt = (Dm A Pm A − Bm Aωm A − TLm A)/Im A (41)

dωm B/dt = (Dm B Pm B − Bm Bωm B − TLm B)/Im B . (42)

Consequently, (36)–(38), (41), and (42) represent the nonlin-
ear state-space model. The system and output functions of the
nonlinear system can be obtained from the general nonlinear
model as

ẋ = f (x) + g(x)U

y = h(x) (43)

where x is the state vector, y is the output vector, U is the
input vector, and f (x), g(x), and h(x) are the system function,

TABLE I

SIMULATION PARAMETERS

Fig. 4. Experimental setup of the hydraulic wind power transfer system.

input function, and output function, respectively. These
functions are dependent on the hydraulic pump angular
velocity ωp , the proportional valve position hi , and TLm A and
TLm B the load torques on the motors. The state variable x
includes the pressures and the primary/auxiliary motor angular
velocities. The system functions and variables are illustrated
as (44)–(46), shown at the bottom of the next page.

VI. EXPERIMENTAL VERIFICATION

A prototype with the parameters listed in Table I was
implemented as a test bed for the hydraulic wind power
transfer technology in the Energy Systems and Power Elec-
tronics Laboratory. Fig. 4 demonstrates an overlay of the
experimental setup and the hydraulic circuitry. An electric
motor was used to drive the hydraulic pump through the
pulley and the belt to reduce the pump shaft speed. The
system operating conditions, such as angular velocity and
pressures, are precisely measured by fast prototyping in the



VAEZI et al.: NONLINEAR MODEL OF LOW WIND SPEED OPERATION 1701

dSPACE 1104 hardware. This test bed is used to record the
data and validate the nonlinear modeling. In addition, the
system identification of this experimental prototype is carried
out in [27].

In Sections VI-A–VI-C, the mathematical model developed
for the low-speed operation of the prototype and the exper-
imental data are compared to evaluate the accuracy of the
derived nonlinear model.

A. Design of Experiment

The schematic of the hydraulic wind power transfer and the
circuit configuration are shown in Fig. 1. It should be noted
that the rotational speed of the motors used in the prototype
is higher than the conventionally considered wind turbines.
This speed is used for smaller wind turbines that rotate at
higher revolutions per minute. A proportional valve controls
the amount of flow directed to each hydraulic motor through
a pulsewidth-modulated (PWM) command. This condition is
called forced flow. For the first forced flow experiment, a
PWM signal of 100 Hz with 90% duty cycle was used to
control the proportional valve and to direct the flow toward the
primary motor. The step response of the system was generated
by applying the step voltage to the dc motor to accelerate
the hydraulic pump from 0 to 450 r/min. After reaching the
steady state, a second step was applied to speed up the system
from 450 to 550 r/min, followed by a step-down to 450 r/min

 

Fig. 5. Hydraulic pump angular velocity profile for the first forced flow
experiment.

to analyze the undershoots. The experimental recorded pump
speed profile that was also used in system simulations is shown
in Fig. 5. The pump speed variation resulted in a change in
the output of the main and auxiliary motors.

B. Main Motor Response

Fig. 6 shows the angular velocity of the primary motor
obtained from the mathematical model and the experimental
setup. As shown in Fig. 6, the theoretical and actual velocities

x =

⎡
⎢⎢⎢⎢⎣

Pp

Pm A

Pm B

ωm A

ωm B

⎤
⎥⎥⎥⎥⎦, U =

⎡
⎢⎢⎣

hi

ωp

TLm A

TLm B

⎤
⎥⎥⎦ (44)

f (x) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
−CpS DP

μ
Pp −

(
Cd Amax

√
2

ρ
|Pp − Pm B | sgn(Pp − Pm B)

))(
β/Vp

)

−
(

Dm Aωm A − Cm AS Dm A

μ
Pm A

)
(β/Vm A)((

Cd Amax

√
2

ρ
|Pp − Pm B | sgn

(
Pp − Pm B

)) −
(

Dm Bωm B − Cm BS Dm B

μ
Pm B

))
(β/Vm B)

(Dm A Pm A − Bm Aωm A)/Im A

(Dm B Pm B − Bm Bωm B)/Im B

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(45)

g(x)

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(
−Cd

Amax

hmax

√
2

ρ
|Pp − Pm A| sgn

(
Pp − Pm A

)+Cd
Amax

hmax

√
2

ρ
|Pp − Pm B | sgn

(
Pp − Pm B

))
(β/Vp) Dp

(
β/Vp

)
0 0(

Cd
Amax

hmax

√
2

ρ
|Pp − Pm A| sgn

(
Pp − Pm A

))
(β/Vm A) 0 0 0(

−Cd
Amax

hmax

√
2

ρ
|Pp − Pm B | sgn

(
Pp − Pm B

))
(β/Vm B) 0 0 0

0 0 −1/Im A 0

0 0 0 −1/Im B

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(46)
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Fig. 6. Comparison between the primary hydraulic motor angular velocity
of the mathematical model and the experimental results.

 

Fig. 7. Comparison between the pump-section pressure of the mathematical
model and the experimental results in the first forced flow experiment.

are in good agreement when the damping coefficient of the
system is considered a speed-dependent variable. A slight
difference between the theoretical and actual values was
the result of geometry differences in the prototype and the
mathematical model. In the fixed damping coefficient math-
ematical analysis, a high deviation from the experimental
and mathematical models was observed, suggesting the vari-
able viscous coefficient approach in low angular velocities.
The experimental results verify the accuracy and performance
of the mathematical model obtained for the hydraulic wind
energy transfer system.

The effects of the variable damping coefficient modeling
approach on the pressure estimation of the primary pump and
the main motor are shown in Figs. 7 and 8. The variable
damping approach resulted in much closer system pressure
modeling in each section of the high-pressure line. The error
between the model and the experiment is minimized compared
with the fixed damping coefficient approach. The deviation
between the mathematical model using variable damping and
experimental data is the result of pressure drop in check valves
and pressure relief valves not considered in the mathematical
model.

Fig. 8 demonstrates the accuracy of the pressure modeling
at the primary motor when the variable damping was used

Fig. 8. Comparison of the mathematical and experimental pressure at the
inlet of the main motor.

Fig. 9. Hydraulic pump angular velocity profile used in an auxiliary motor.

in the mathematical model. The fixed damping generated a
large deviation, much higher than the drops in the check
valve, and pressure relieve valve could be introduced. The
variable damping approach, on the other hand, followed the
experimental system pressure variations closely.

C. Auxiliary Motor Response

In the second forced flow experiment, a PWM signal
of 100 Hz with 1% duty cycle was used to control the
proportional valve to direct the flow toward the auxiliary
motor. The same procedure was considered for the pump
by applying step voltage to the dc motor to accelerate the
hydraulic pump from 0 to 400 r/min. After reaching the steady
state, a second step was applied to speed up the system from
400 to 500 r/min, followed by a step-down back to 400 r/min
to analyze the undershoots. The velocities were slightly lower
than the one used in the main motor experiment to prevent
the auxiliary motor excessive acceleration. The velocity profile
shown in Fig. 9 was recorded from the experimental setup and
was used in the mathematical modeling.

Fig. 10 shows the angular velocity of the auxiliary motor
obtained from the experimental setup considering the fixed
and variable damping coefficients in the mathematical model.
The experimental results demonstrated the high accuracy and
the performance of the mathematical model when variable
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Fig. 10. Comparison of the auxiliary hydraulic motor angular velocity
obtained from the experiment and mathematical models.

Fig. 11. Comparison of the pump pressure from the mathematical model
and the experiments.

Fig. 12. Comparison of the auxiliary motor pressure from the mathematical
model and the experiments.

damping was used to model the low-velocity operation of
the hydraulic wind energy transfer system. High deviation
was obtained when the fixed damping coefficient was used
to model the angular velocity.

Similar performance was observed in the pressure of the
auxiliary motor when the variable damping coefficient was
considered. The pressure of the pump and the auxiliary motor,
obtained from the mathematical model and the experimental
setup, is shown in Figs. 11 and 12, respectively.

Fig. 12 illustrates that the variable damping coefficient
at the auxiliary motor resulted in a closer match with the
experimental results. The pressure transients were slightly
different due to the factors such as the effects of check valves,
pressure relief valves, and losses in the prototype system.

VII. CONCLUSION

This paper introduced a nonlinear state-space representation
of a hydraulic wind energy transfer system in low wind speed
conditions. It was proved that the variable damping coefficient
resulted in a better modeling approach. The pressure and
angular velocity dynamics demonstrated close agreement in
both the transient and steady-state conditions. The results of
the mathematical model were verified with those obtained
from the prototype experimental setup. Using the derived
mathematical nonlinear model, the dynamics and operating
conditions of the hydraulic wind power transfer systems can
be studied. Moreover, designing a flawless control system to
meet the desired performance will employ the stability analysis
of the validated mathematical model.
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