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Abstract—In this paper, Compressed Air Energy Storage
(CAES) as a popular technology for wind energy storage, is
mathematically integrated with a hydraulic wind power system.
Hydraulic machinery as prime-movers is utilized to gain the
benefit of eliminating costly and heavy gearboxes. The goal of this
work is to improve the power delivery performance while
maintaining a stable frequency generation in a 600kW hydraulic
wind power system. Simulation results demonstrate that the
integration of compressed air energy storage has improved the
quality of power delivery such that the maximum power demand
can be delivered while maintaining the frequency under variable
wind speeds.

I. INTRODUCTION

Windenergy, as green and sustainable, has become one of
the most important renewable energy technologies. A
traditional wind power system typically consists of a gearbox
inside the wind turbine nacelle, to transfer from the energy of
wind to mechanical force to rotate the generator [1]. In recent
years, a hydraulic wind power system has been developed, in
which the role of the conversional gearbox is replaced by a
hydraulic pump which has much less weight. The wind energy
is converted to mechanical driving force of a hydraulic motor
which combines with a generator and together they are located
on ground level. During the power transfer, high density fluid
as an intermediate medium transfers energy through high
pressure pipe from the wind turbine to the hydraulic motor [2-
4]. In this system, both the generator and the gearbox are
eliminated from a traditional nacelle. Therefore, the capacity
factor can be increased and this new wind power system
benefits largely from reducing the construction, operating and
maintenance costs [4-7]. However, even with the new
technology the intermittent behavior of the wind power can be
sensed at the load. Energy storage techniques are utilized to
mitigate this problem.

Compressed Air Energy Storage (CAES) has been being
developed and coupled with wind power system for energy
storage. Its capacity has reached large volume and has been
implemented in practical applications [7-10].A typical CAES
used in a wind power system is to store the surplus electrical
energy by means of compressed air inside an air tank during
strong wind periods, and to supply electricity by sending high
pressure air to a gas turbine generator when the wind speed is

low and the power demand is high [11-12]. Normally, when
wind speed changes, the shaft rotational speed and its generated
power and torque also change correspondingly. Thus, as a
consequent, the generator frequency which is determined by the
shaft speed deviates from its reference, 60 Hz in a standalone
operation. When connected to grid, the amount of power
injected to the grid is determined by the power of prime mover.
If no energy storage or backup source is available, to keep the
generator frequency constant (in a standalone mode), the load
demand should be constantly adjusted. Such system transfers
the wind power intermittency directly to the customer and
therefore is less desirable.

In this paper, a 600 kW hydraulic wind power system is
equipped with a CAES. The overall system operation is
mathematically modeled and its operation and effects on power
delivery improvements are studied. Main goal of the control
system is to maintain 60Hz generator frequency while the
integrated hydraulic wind and CAES can deliver the power on
demand. Dynamics of CAES, including status of the mass flow
rate, pressure, charge and discharge profiles along with
respective input and output power are demonstrated. Simulation
results demonstrate the power delivery of the integrated system
and the frequency of generators under variable wind speed and
load demand.

II. HYDRAULIC WIND POWER SYSTEM

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[13].

Steady electric power generation requires a steady flow of
pressurized hydraulic medium to the primary 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 a wide range of working pressure in the
system. Figure 1 shows the overall system configuration. The
flow is passed to a variable displacement motor. This motor is
connected directly to the shaft of the generator and the
compressed air energy storage unit[13]. In reality, there are
other hydraulic components designated for safety like the
pressure relief valve that does not allow the system pressure to
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exceed the preset pressure and the check valve 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:

A. Hydraulic 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 control of
the displacement allows the adjustment of the flow to prevent
the excess flow. 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 a
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 [13-14]:
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Where Q, is the actual delivered flow rate, D), @, and P, are
the pump displacement, angular velocity and the differential
pressure across the pump respectively. Cs and g are the

slippage coefficient and absolute viscosity. Cs is a constant
term provided that the internal structure of a pump does not
change [15]. Therefore, (1) can be re-written using the pump
slippage coefficient K, as follows:
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The leakage is under influence of two mechanisms. The first
mechanism is the laminar leakage due to pressure gradient in
the clearance of the pump. The second mechanism is the flow
loss due to compression and based on these mechanisms,
different leakage models have been investigated in [16].
Laminar leakage exhibits a linear behavior which can also be
experimentally proven [17-19]. This linear model has been
frequently utilized in power transmission [14, 22], wherein
pumps and motors rotate continuously and their speeds are
usually moderate to high.

In trajectory tracking application, the motor’s shaft position
and direction are controlled. The leakage specifically at very
low velocity can exhibit nonlinear behavior so that more
accurate leakage model can be used [23]

B. Variable displacement hydraulic motor

Since the shaft speed of motor is controlled by its
displacement, the motor can be controlled to deliver constant
rotational shaft to the generator at any wind speed. 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 K, as the additive term [13-14]:

where all of terms are similar to those of pump flow equation.
P, is the pressure differential across the motor. Besides for
motor, the torque equation can be written based on driving
torque and braking torques applied to a hydraulic motor.
Additional resistive terms are not considered in the following
formulation [24] because their values are typically much less
than the viscous term [13-14, 25]:

do
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where I, P, and D,, are motor inertia, differential pressure
across the motor and the motor displacement respectively.

C,,u and T, . 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 B =C D u .

III. CAES MATHEMATICAL MODELING

According to the CAES and wind power configuration,
demonstrated in Figure 1, the excess mechanical energy from
the prime mover is converted to compressed air in the tank and
is released in form of mechanical torque on the generator shaft.
In general CAES has three modules. The first module
represents the compression stage, which converts the excess
prime mover’s mechanical energy to the mechanical energy of
compressed air. The second module is the air tank for energy
storage. The third module represents the expansion stage, which
extracts the energy stored in the air to generated mechanical
torque assisting the prime mover in meeting the power
demanded from the generator.

For both the first and the third modules, heat exchangers are
used to decrease the air temperature during the compression
stage because for safety purpose, the air tank needs to keep a
relatively low air temperature and temperature rises after being
compressed by the compressor. On the other hand, after
released from the air tank, to increase the efficiency of power
conversion, heat exchangers are used to increase the air
temperature before going through each expander. As illustrated
in Figure 1, the hydraulic motor, generator and CAES are
connected to the same shatft.
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Fig. 1 Ii;ltegration of hydraulic wind power transfer system with CAES.

A. Compressor model

To compress the air to the level required in the tank, a two
stage compressor was considered. Therefore, the system
consists of two air compressors with 85% efficiency and two
heat exchangers with 70% efficiency in the compression stage.
The compression ratio of the two compressors is 5 and 2.8,
respectively. The temperature of the heat exchanger is set
t0273K. The ambient temperature air is fed to the first stage
compressor and is cooled down through a heat exchanger before
entering the second stage. The air enters the second stage
compressor, after which the highly compressed air is cooled
down again by the second heat exchanger.

The compression process is stopped once the pressure inside
the air tank reaches the maximum value of 200psi (13.79bar).
The output air temperature of compressor and heat exchanger,
the output air pressure of compressor are expressed in equations
(6), (7), (8) and (9) respectively [26-28].
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where Tin, . = 293Kand Tou, ¢, Tin, HX and Tow, HX are the air
temperature entering and leaving compressors and that of heat
exchangers, respectively. B is the compression ratio of each
compressor. n is the polytropic index of the compressor train
and is set as 1.4 and (n-1)/n = 0.2857. pin, c and pou, ¢ are the air
pressure entering and leaving compressors, 1. and nux are the
efficiency of each compressor and heat exchanger, respectively.
Thx is the temperature of the heat exchanger fluid and Pc is the
energy consumed by each of the compressor. m;, is the air
mass flow through compressors and cp is the specific heat at
constant pressure.

B. Storage tank model

The air tank in this model is assumed to be above ground and
without combustion chamber which depletes natural gas or oil.
An important part of CAES is sizing the energy storage which

is based on how much torque it has to provide to the generator’s
prime mover. In this model, the pressure of atmosphere air
entering the compressor is lbar and the leaving air pressure
from the air tank set as 13.79bar, so the maximum air pressure
inside the air tank reachesP,,,,, = 13.79 bar.

The lower limit of the air tank pressure is set to 2bar under
which the discharging mode is stopped. The temperature of the
in-tank air is about 323K after cooled by the second heat
exchanger in the compression stage. To size for the air tank, the
storage capacity of compressed air for the gas turbines to extract
for supplying the torque required by the prime mover is
determined based on the maximum accumulative power
shortage over a continuous period during an one-hour
simulation, by using mean wind speed of 6.5m/s with variance
of3.5m/s. Power demand was also set to at 400kW with
variance of 200kW. The average value of the three simulation
results is taken as the output energy of the gas turbine which
equals to 27.8kWh. Then the storage capacity, mass of air and
volume inside the air tank are sized as in equations (10), (11)
and (12) respectively [27].

sC= Turbzout
n.b (10)
_ 3600 SC
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where ppq is the maximum pressure inside the air tank, SC is
the air tank storage capacity, Turbou. is the gas turbine power in
kWh, 7, is the efficiency of each gas turbine, and T;,, «» and T
are input and output air temperature through the compressor
train. 7y is the storage air temperature inside the tank. V is the
tank volume and R is the air constant.

C. Expander model

The expansion stage of the CAES is composed of two
turbines, i.e. a high pressure turbine (HPT) and a low pressure
turbine (LPT) with efficiency both of 80%, and two heat
exchangers with efficiency both of 70%. The compression
ratios of the turbines are 3 and 4.6, respectively. The
temperature of the heat exchanger is set to 480K. After released
from the air tank, the air temperature is initially increased,
through the first heat exchanger, before entering the HPT. The
same process is performed for the second heat exchanger and
the LPT. The expansion stage is a reverse process of the
compression stage and the air temperature and pressure outputs
of the each turbine, the temperature after each heat exchanger
can be calculated as in equations (13), (14), (15) and (16)
respectively [26-28].
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where f; is the compression ratio of each turbine, #; is the
efficiency of each turbine and m,,; is the air mass flow going
through gas turbines from the air tank. P;is the power generated

by each gas turbine.

IV. SIMULATION RESULTS

The integrated wind power system is simulated for one hour
operation in which the wind speed is changed according to what
is shown in Figure 2 at mean of6.5m/s and a variance of
3.5m/s.Figure3 shows the profile of time varying power
demand of users with a mean of 400kW and a variance of
200kW.
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Fig. 3 Power demand profile with mean of 400kW and variation of 200kW

Figure 4 illustrates the comparison of power insufficiency
with and without the presence of CAES. It can be seen that
when wind speed is low, it is hardly possible for the wind power
system to satisfy the high power demand by itself. Although the
initial air pressure was set to the lowest point of 2bar, it only
takes less than 50 second for CAES before it starts to keep
providing full compensation for power shortage to meet power
demand during the simulation. The simulation result
demonstrates that CAES largely assists in mitigating the power
demand fluctuations under severe wind variations.
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Fig. 4 Comparison of insufficient power with and without the aid of CAES
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Figure 5 shows the time evolution of air pressure inside the
storage tank, which indicated that the tank air pressure
dynamically follows the power balance of the system. It is
maintained within limits of 2bar and 13.79 bar under charge and
discharge modes of CAES.
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Fig. SAir pressure inside of the storage tank

The generator speed profile is shown in Figure 6. This figure
illustrates that the rotating speed of the hydraulic motor is
maintained stable around 900rpm with the presence of CAES
during the simulation, regardless of variable wind speed and
power commands. The stable rotor speed directly contributes to
the continuous supply of 60Hz electricity power by a four-pole
generator which is connected to the common shaft with the
hydraulic motor.

906
E
5 904
=
o
O 902
4]
2 000 MV Al S L AL T A W
w 900
1 5%
<]
e
0 898
=

896

0 600 1200 1800 2400 3000 3600
time (sec)

Fig. 6 Hydraulic motor rotating speed in rpm during the simulation

V. CONCLUSION

In this paper, CAES system has been integrated with a
hydraulic wind power system to assist in torque production



under various wind speeds and power demands. The simulation
results show that CAES is capable of compensating for
insufficient power by transferring compressed air energy to the
power system while keeping the air tank pressure under the
operation range. With the air the CAES, the hydraulic wind
power system is expected to not only meet the power demand
fluctuations, but also it can maintain a constant power delivery
at a stable frequency.
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