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Abstract This study examines the development of the
fluid and control technology of hydraulic wind turbines.
The current state of hydraulic wind turbines as a new
technology is described, and its basic fluid model and
typical control method are expounded by comparing
various study results. Finally, the advantages of hydraulic
wind turbines are enumerated. Hydraulic wind turbines are
expected to become the main development direction of
wind turbines.

Keywords wind turbine, hydraulic system, fluid model,
control technology

1 Introduction

Modern wind turbines typically adopt either a doubly fed
induction generator whose main drive is a step-up gearbox,
or a multi-level permanent-magnet synchronous generator
(PMSQ), which is driven directly without a gear. The self-
excitation characteristic of the multi-level PMSG enables a
system to maintain high efficiency under high power. Thus,
the multi-level PMSG is generally considered the ideal
choice for variable-speed wind power generation [1-9].
However, hydraulic wind turbines present unique advan-
tages in terms of the efficiency and reliability of wind
power. First, hydraulic systems forgo the bulky gearbox
and reduce the difficulty of manufacturing large-scale wind
power generators [10]. Second, the hydraulic systems of
hydraulic wind turbines possess a high power-weight ratio
[11]. Finally, hydraulic systems can adjust the reduction
gear ratio in a timely manner, adopt an electrically excited
synchronous generator, eliminate the rectifier-inverter
device, improve power generation efficiency, and ease
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the maintenance of wind turbines [12]. The research and
development of hydraulic wind turbines has been carried
out in many countries.

2 Development of hydraulic wind turbines

Figure 1 shows the main drive system of a typical
hydraulic wind turbine, which mainly consists of a wind
turbine, a fixed-quantity pump and variable hydraulic
motor system, a synchronous generator, the control system
of the power generator. A wind turbine transforms wind
energy into mechanical energy, which is in turn converted
into hydraulic energy by the movement of the pump. After
the staircase energy is transferred, hydraulic energy is
transferred to the variable motor to create mechanical
energy. The variable motor drives the excited synchronous
generator to convert hydraulic energy into electrical
energy.
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Fig. 1 Diagram of a hydraulic wind turbine

Many companies and research institutions have studied
hydraulic wind turbines with this structure. The ChapDrive
Company in Norway in 2007 and the Eaton Corporation in
the US in 2010 developed hydraulic wind turbines
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equipped with a fixed-quantity pump and wvariable
hydraulic motor system with high power and low power,
respectively. These wind turbines were made of floor-
mounted variable hydraulic motors and excited synchro-
nous generators. High-pressure oil passed through the
pipeline, drove the variable motor to gain a stable speed,
and drove the excited synchronous generator to operate
under a synchronous speed. These turbines satisfied the
frequency requirements of the grid power [13,14]. In 2009,
Artemis Intelligent Power Ltd. in Scotland completed a 1.5
MW hydraulic wind turbine model [13,15] (Fig. 2). The
company adopted a fixed-quantity pump and variable
hydraulic motor system with a piston cylinder valve to
control the flow, and its transmission efficiency can reach
up to 90%, which is approximate to that of the traditional
gearbox [16]. In 2010, RWTH Aachen University in
Germany constructed a hydraulic wind turbine platform
(Fig. 3) and performed comparison analyses of theoretical
simulation and experimental data [17,18]. They found that
the fixed-quantity pump and variable hydraulic motor
system can restrain the effect of wind speed fluctuations
and achieve an average efficiency of up to 85% or higher.
In 2009, Chen and Zhou [19] from Lanzhou, China,
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proposed a strategy for increasing the size of variable
pump between the gearbox and the generators in hydraulic
wind turbines; however, the gearbox mechanism was
retained. In 2012, the team of Professor Kong from
Yanshan University, China, built a hydraulic wind turbine
simulation platform, which verified the speed and power
control theories of hydraulic wind turbines [20-24]. In
summary, several countries have not in the recent past
proposed theories on hydraulic wind turbines, constructed
actual hydraulic wind turbines, built experimental proto-
types, and/or developed initial production. However,
hydraulic wind power development is still at its infancy.

3 Development of hydraulic wind turbine
technology

In 1979, a US patent allowed the wind speed control of
mechanical feedback hydraulic wind turbines [25]; how-
ever, the control accuracy was low. In 2005, a Canadian
patent [26] created turbines that can control displacement
in case of load over speed during start-up; however, the
displacement could be out of control even when the unit
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Fig. 2 Diagram of the hydraulic wind power technology model of Artemis Intelligent Power Ltd. [13]
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Fig. 3 Diagram of the generator test system of RWTH Aachen University [13]
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was working normally. Thus, in 2008, a Norwegian patent
[27] established a power transmission control that
improved the efficiency of power generation systems. In
2010, a Chinese patent [28] proposed a gearless frequency-
stabilization method for hydraulic control; the method used
power box deployment, collectors and other devices,
resulting in a more complex system. In 2007, an energy
equipment company in China introduced a set of hydraulic
wind turbine technologies from Nordwind Company in
Germany, but no report is available. In 2013, Professor
Kong from Yanshan University, China, proposed a speed
control for hydraulic wind turbines, established the
hydraulic wind power equipment control model, and
verified it experimentally [24]. In 2016, Zhang et al. [29]
further optimized the control model and obtained a more
accurate and efficient control system. In 2014, the Energy
Systems and Power Electronics Laboratory of the Indiana
University—Purdue University Indianapolis (IUPUI) in
the US constructed a hydraulic wind power system model
that can resist fluctuations of high and low wind speeds by
adjusting the simplified second-order model parameters
[30]. In 2015, experiments that considered the proportional
valve were verified [31], although it remains in the
theoretical verification stage because of the lack of a
mature product. Therefore, wind power control technology
requires further investigation.

3.1 Wind speed model

Many studies worldwide have explored wind speed
frequency distribution. At present, the Weibull distribution
is considered an appropriate wind speed model. However,
this model only reflects the wind speed distribution for
more than 10 min, which is unsuitable for studying the
coupling of the dynamic characteristics of wind turbines
[32,33]. The von Karman spectrum can accurately
represent wind-tunnel turbulence but not atmospheric
turbulence. The Kaimal spectral model is used to describe
the power spectral density of wind speed turbulence in
wind power research [34-37]. The autoregressive moving
average (ARMA) model combines an autoregressive
model (AR model) and a moving average model (MA
model). However, the AR model is more widely used,
although the ARMA model possesses higher simulation
efficiency, as its simulation speed can be adapted to the
dynamic simulation requirements for power and wind
power systems [38—41].

To describe wind speed accurately, the wind speed
model is simplified into four main components of wind:
Basic wind, gradient wind, gusts, and random wind [42—
45]. The actual wind speed curve in the simulation and in
real short time can be depicted by Fig. 4 [21] by
synthesizing these four components of wind speed. As
shown, the actual wind speed can be successfully
simulated by the mathematical model.

—— Actual data
B Simulated data

Wind speed/(m-s ly

0 10 20 30 40 50 60
Time/s

Fig. 4 Actual wind speed curve [21]

3.2 Fan model

When moving wind passes through the fan, it decreases in
speed. The model is simplified as an air flow tube, as
shown in Fig. 5. The rear segment of the flow tube expands
to accommodate the reduction of air so that the air is not
compressed [46,47]. Kinetic energy drives the rotation of
the turbine. The pressure, and not the wind speed, mutates.
As shown in Fig. 6, the wind speed decreases, the kinetic
energy transforms into mechanical energy, and wind static
pressure remains unchanged. However, the wind kinetic
energy of the turbine does not change before and after the
converted mutation-reduced static pressure into the
mechanical energy of the wind machine. When the
coefficient value induced by axial flow is 1/3, the wind
turbine input power reaches the theoretical maximum, and
the wind energy utilization rate is 8/9 [48,49].
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Under certain wind speeds, the wind turbine achieves
the best speed, and the output power reaches the maximum
value. As the wind speed increases, the wind turbine torque
initially increases subsequently then decreases. Figures 7
and 8 illustrate the wind turbine power characteristic curve
and the starting power characteristic curve under certain
speeds [49-51]. In Figs. 7 and 8, P is the output power of
the wind turbine, 7 'is the output torque of the wind turbine,
and 7 is the rotate speed of the wind turbine.
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Fig. 8 Wind turbine torque curve

The operation of the hydraulic wind turbine is divided
into four phases according to different conditions, as
illustrated in the output power curve in Fig. 9, in which P is
the output power of the wind turbine and v is the speed of
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Fig. 9 Relationship between wind speed and output power

the wind. When the wind speed is below the cut-in speed,
the generator stops working, the turbine remains in
shutdown state, and the output power is zero. When the
wind speed is greater than the cut-in speed but less than the
rated speed, the wind turbine control system operates
normally, and the turbine drives the rotation of the fixed
pump. A constant speed output of the motor can be
achieved by controlling the swash plate angle of the
variable motor, and the output power of the synchronous
generator increases as the wind speed intensifies. When the
wind speed is greater than the rated wind speed but less
than the cut-out wind speed, the wind turbine control
system operates, and the generator outputs rated power.
However, when the wind speed is greater than the cut-out
wind speed, the wind turbine control system stops
functioning and proceeds in a locked state, and the output
power turns zero.

3.3 Main drive system

Figure 10 shows the principle underlying the hydraulic
wind turbine using a fixed-quantity pump and variable
hydraulic motor volume timing circuit as the main
transmission system. Changing the displacement of the
variable motor adjusts the hydraulic transmission ratio,
controls the operation of the generator under synchronous
speed, and facilitates the application of the electrically
excited synchronous generator in wind power generation.
The characteristic curve of the volume timing circuit of the
fixed-quantity pump and variable hydraulic motor system
is shown in Fig. 11. When the output flow and the pressure
in the fixed-quantity pump are constant, the speed is
inversely proportional to the displacement of the variable
motor, the torque is proportional to the displacement of the
hydraulic motor, and the output power is constant.

w -

Fig. 10 Volume timing circuit of the fixed-quantity pump and
variable hydraulic motor system

For hydraulic energy transfer, the Energy Systems and
Power Electronics Laboratory of IUPUI developed a



316 Front. Mech. Eng. 2017, 12(3): 312-320

Qutput
rotation speed

T..P..n & °TMOOT Output power
of motor T

v

Qutput torque
of motor

Motor
displacement

1"1]]

Fig. 11 Characteristic curve of the volume timing circuit of the
fixed-quantity pump and variable hydraulic motor system
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Fig. 12 Schematic of the hydraulic wind power transfer system
built by Energy Systems and Power Electronics Laboratory of
IUPUI [30]

control system for a nonlinear model of a hydraulic wind
power transfer system. The designed controller was
implemented to regulate the flow in the proportional

Driver 0 ‘
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Pump 1
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valve. The schematic of the structure is shown in Fig. 12,
and its experimental setup is shown in Fig. 13 [30].
The mathematical model is established as follows [31]:

3.3.1 Pump

A fixed position displacement pump is used. The
governing equation of the pump flow rate is described as
follows [52,53]:

C.D,
Op = Dy, — " Py, (1)

where @, is the actual delivered flow rate, D, w,, and P,
are the pump displacement, angular velocity, and differ-
ential pressure across the pump, respectively, C and yu are
the slippage coefficient and absolute viscosity, respec-
tively; and C; is a constant term, provided that the internal
structure of the pump does not change [54].

3.3.2 Hydraulic motor

The following governing equation for the motor flow is
similar to the pump’s flow equation, but with the motor
leakage flow, K, as the additive term [52,53]:

Qm = mem + KmsUma (2)

where U, is the pressure differential across the motor
[52,53,55] and the other terms are the same as those of the
pump flow equation.

3.3.3 Proportional flow control valve

A proportional valve can be utilized to control the flow at
the motor inlets. At each outlet of the valve, the passing
flow [52,53] can be calculated as follows:

Fig. 13 Experimental setup of the hydraulic wind power transfer system of the Energy Systems and Power Electronics Laboratory [30]



Maolin CAI et al. Review of hydraulic wind turbines 317

0 - Cut) [, G

where Cjy is the discharge coefficient, 4 is the orifice area,
AU is the pressure difference across the orifice, and p is the
fluid density.

3.3.4 Compressibility (hose dynamics)

The fluid compressibility model elucidates the relationship
between the pressure changes and the amount of
compressed flow in a control volume. This relationship
can be expressed as follows [56,57]:

dU

? = éQcomp = é(Qianout)’ (4)
where U is the pressure present in the hydraulic circuit
segment, fis the constant fluid bulk modulus, and Q;, and
QOout are the flows entering and exiting a control volume,
respectively. For power transmission analysis, the rates of
pressure variations in the pump, motors, and control valves
are necessary, so that the effective control volumes are
those located in between pump, motors and valves. The
circuit and the boundary of the control volumes are shown
in Fig. 14 [31]. In Fig. 14, V' is the volume of the circuit.

Proportional valve

Vi 7 V3

Primary
motor

Auxiliary
motor

Fig. 14 Schematic of the three piping parts of the circuit on
which the compressibility equations are used [31]

By using the established mathematical model and on the
basis of the equations deduced above, Deldar et al. [31]
compared the obtained results with the experimental
results, as shown in Figs. 15 and 16.

As shown in Fig. 15, the primary motor speed is
constant, which agrees with the governing equation.
However, in Fig. 16, when the primary motor speed is
constant, regardless of the pump speed, the excessive flow
due to the high pump speed is directed toward the auxiliary
motor, causing an obvious speed increase.

3.4 Control technology of the simplified model system

As shown in Fig. 1, the hydraulic wind turbine system can
be simplified as a variable-displacement pump and
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Fig. 15 Primary motor velocity profile as a result of wind speed
step changes [31]
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Fig. 16 Auxiliary motor velocity profile as a result of wind speed
step changes [31]

constant-displacement motor system. In valve-controlled
hydraulic systems, overflow loss or damper loss could
occur, resulting in an inadequately high hydraulic drive
efficiency [48]. In comparison, overflow loss does not
occur in a variable-displacement pump and constant-
displacement motor system. The hydraulic wind turbine
system requires a variable speed input and a constant speed
output, and the system includes a constant pressure state
and a constant flow state [22]. The constant working state
of the variable-displacement pump and constant-displace-
ment motor system is the key to the steady-speed control.
Indirect feedback flow can be utilized to realize closed-
loop speed control directly for steady-speed control. On
this basis, the output speed can be adjusted to control the
generated power [24].

Gelazanskas et al. [58] from Lancaster University
recently summarized the controlled use of a hybrid flow
battery as well as thermal and hydro power plant systems
by proposing a hydraulic wind power balancing technique
using thermal power plant (TPP), hydro power plant
(HPP), flow batteries (FB) control strategies. This
technique presented positive results in balancing wind
power. Oppositely charged electrolytes are pumped
through separate compartments, and the reaction occurs
in a special ionic membrane, as shown in Figs. 17 and 18.
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Fig. 17 Configuration of a flow battery [58]

4 Advantages and limitations of hydraulic

wind turbines

4.1 Advantages

The hydraulic wind turbine has been universally recog-
nized as a new-generation wind power generation equip-
ment. Compared with conventional models, the main
transmission systems of hydraulic wind turbines present

the following advantages:

1) A two-blade wind turbine is optional. The rotation
speed is high. Compared with the traditional model, the
hydraulic wind turbine generator has a relatively low load

torque when the output power is equal.

Input energy

2) The system is in the form of hydraulic transmission
systems. The transmission ratio is adjustable in real time.
The system is highly flexible, and its flexible control can
suppress the effect of wind fluctuations on power
efficiency.

3) The system can be applied to electrically excited
synchronous generators in wind turbines. The frequency
inverter device is eliminated, and the shock to the grid is
reduced without harmonics when connected to the grid in
quasi-synchronization mode. The power factor can be
adjusted according to the grid needs with the issued active
and reactive power. The electrically excited synchronous
generator has a strong low-voltage ride-through capability
without additional hardware.

4) The gearbox is eliminated. The power consumption
is reduced, thereby significantly reducing the weight of the
wind turbine. The installation is lower. The system is well-
adapted to the needs of both onshore and offshore wind
turbines.

4.2 Limitations

Leakage is the main problem of hydraulic wind turbine,
even of the entire hydraulic system. The liquid transmis-
sion medium in the hydraulic system is inevitably
susceptible to leakage. Moreover, the hydraulic oil is not
absolutely incompressible, suggesting that the hydraulic
system should not to be used when the transmission ratio
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needs to be precise. To overcome these problems, the
manufacturing precision of the hydraulic components
should be high; however, this results in the high cost of
wind turbines. Decreased power and maintenance difficul-
ties are other limitations that should be addressed.

5 Conclusions

Although many countries worldwide have conducted
theoretical research and prototype experiments on the
main hydraulic transmission control systems of hydraulic
wind turbines, this research area is still in its infancy in
China. The complete introduction of foreign hydraulic
wind turbine technology is extremely costly, and local
users are likely to experience difficulty in mastering core
technologies. Therefore, research on a localized model is
encouraged for the development of a hydraulic transmis-
sion control system for hydraulic wind turbines with
improved efficiency and flexibility. The system can be
connected to the grid by using an electrically excited
synchronous generator. The system can achieve power
generation, optimum power tracking, and low-voltage ride
through. It can eliminate the use of a gearbox and a
rectifier-inverter device, reduce wind turbine weight, and
lower installation cost. Hydraulic wind turbines will be an
emerging development direction of wind turbines.
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