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of the system for the developed prototype of CAES system was validated
using results from an experimental workbench with MATLAB/Simulink
R2022b simulation. The modeling and experimental results, shows that the
frequency fluctuation and voltage drop of the developed CAES system during
load variations was governed by the I/P converter using a PID_Compact con-
troller programed in the TIA Portal V17 software and downloaded into PLC
S7 1200. Based on these results, the model can be applied as a basis for the
performance assessment of the compressed air energy storage system so as to
be included in current technology of wind and solar hybrid energy systems.

Keywords

Voltage, Frequency, Compressed Air Energy Storage, Load Variations, PID
Control, I/P Converter Valve

1. Introduction

In many states, shifting power utilities have attracted attention toward more
energy-efficient and renewable power sources. Solar Photovoltaic energy systems
are becoming more common among all renewable energy sources [1]. However,
a proper control algorithm is vital to monitor the Solar Photovoltaic energy sys-
tem for grid or residential applications since the nature of solar irradiance and
load changes rapidly [1] and this affects the amount of power produced on the
system. Most rural areas and small remote islands especially in Africa do not
benefit from power supply from the main grid [2] because of the less transmis-
sion lines. Currently, energy demand for these locations is mainly supplied
through diesel engine generation systems [3] and also some isolated solar and
wind mini grid. However, the applications of diesel generator systems have be-
coming a problem due to rising environmental issues and high running costs [4]
and hence not recommended for many utility companies. Due to this effect, a
hybrid power supply system could be an alternative solution to supply electricity
to most rural and remote off-grid areas. A typical hybrid power system may
contain several renewable energy sources such as wind, solar and other renewa-
ble energy sources [5] that can be integrated to increase power supply. Based on
the availability of energy resources, a proper combination of renewable energy
sources can be exploited to form a hybrid power system [6] that is suitable to a
local area in an off-grid location. Wind power systems are one of the energy
technologies to utilize, and when used appropriately, they may satisfy the rising
need for power in inaccessible locations where the wind is freely available [2].
However, there are various problems accompanied in designing these power
systems [2] and some of them have been highlighted in this research study which
include voltage and frequency control and monitor [7]. In addition to that, a
more detailed study on power quality and synchronization among different com-
ponents and cost-effectiveness of the power systems are areas that need more

research and development [8].
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In energy system comparison, wind turbines need regular maintenance and
are susceptible to damage in strong winds [9] and hence not suitable as isolated
energy supply systems. On the other hand, photovoltaic solar power systems are
dependent on the local weather conditions, seasons of the year, and geographic
location of the place. Due to potential system issues including voltage instability
and substantial frequency variation, the necessity for energy storage for power
stability must be taken into account [10].

Based on the two energy technologies, it has been noted that a hybrid energy
system especially from renewables can significantly decrease the total life cycle
cost of power supplies in many situations while simultaneously providing an ex-
tra and reliable supply of electric power through synchronizing the energy
sources [11] and this idea have been implemented in this research study.

The electrical energy from wind and solar energy sources have been realized
as an alternative energy sources in the production of electric power systems in
the world [12] and especially in the rural and off-grid areas. Their use is re-
stricted by their variability of these resources due to location, time of the day as
well as season of the year and this reduce their reliability [11]. To overcome
these restrictions, the solution to adopt for rural areas and remote locations with
the use as a combination energy system with several renewable energy sources,
such as a wind and solar photovoltaic as hybrid power system that allows
off-setting the intermittent nature of these renewable energy sources [11]. In
these energy supply systems, their cost-effectiveness is reached on the condition
of gaining a high penetration rate and this is possible only by using energy sto-
rage systems to transfer the additional energy during off-peak hours to the peak
hours [13]. In this research, a new and innovative energy storage system of
compressed air energy storage (CAES) have been studied, whose operation is to
use the available electric power during low-demand hours to compress air with a
compressor and store it in a small reservoir based on the principles of thermo-
dynamics, heat/work conversion, and generate electric power during the high
demand hours. In this case the compressed air is heated in a combustion cham-
ber before being released into a pneumatic motor [14] to run the small gas tur-
bine. With this energy storage system, the focus is on the voltage and frequency
regulation of wind-solar photovoltaic hybrid power system using a compressed
air energy storage system (CAES) [15]. Based on modeling and the dynamic
performance of a compressed air energy storage there is an excess energy availa-
ble in the wind-solar photovoltaic hybrid power system during the low demand
that is stored as a compressed air using a compressor. This stored energy is then
released during the high demand of loading [16] and used to generate electric
power when required.

The general significant process in wind-solar photovoltaic hybrid power sys-
tems is to generate electric power based on regular and irregular conditions
since any fault in the system leads to the loss of the system’s stability condition
[11]. Therefore, a wind-solar photovoltaic hybrid needs to generate power based

on the current situation to maintain the system’s stability [11]. The advantage of
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a Compressed Air Energy Storage (CAES) technology is that it balances fluctua-
tions in power generation and power consumption [17] and hence creates a sta-
ble power supply system.

During the implementation of the system under variable load condition, the
load tracking problem arises, which causes the voltage and frequency instabili-
ties [9]. This means that the frequency deviates from its traditional value when-
ever there is instability between active power generation and active power load
demand [8]. Based on the results, the system should be able to keep the fre-
quency in an acceptable operating range and ensure power quality as required of
the system [8]. In the final remark, it was noted that the wind and solar photo-
voltaic hybrid energy system should operate to provide a stable frequency and
voltage for arbitrarily varying loads [13] and an airflow controller should be de-
signed to control the airflow from CEAS to keep the voltage and frequency in an
acceptable range [17]. As, compared to other types of energy storage systems
such as pumped water, battery, hydrogen and capacitors for energy storage,
compressed Air Energy Storage (CAES) is known to be an affordable technology
to use in many energy storage applications [15]. During the off-peak period, the
CAES system stores the air into an underground reservoir by powering the mo-
tor connected to a compressor and during peak periods, the compressed air is
utilized to generate power with the turbine [16].

The main novelties and contributions of this research are as follows:

* The development of a micro-grid frequency regulation and enhance the fre-
quency stability against load unbalances in a micro-grid system, a wind and
solar hybrid energy containing CAES is proposed.

* The frequency of CAES is adaptively controlled using a PID controller that
has been developed in response to load changes. The analog input signal of
this controller is the CAES’ frequency deviation, which are comparable to the
current of 4 to 20 mA. The controller outputs are an analog signal with a
current range of 4 to 20 mA for CAES as shown in Figure 1.

This study develops an accurate causal steady-state input and output model
with an emphasis on airside components for a basic CAES configuration. 2.4 kW
air compressor and 1.2 kW pneumatic vane air motor experimental pilot are
given. The model is then experimentally validated while paying close attention to

each component.

2. CAES Descriptions for Wind-Solar Hybrid Energy
2.1. Compressed Air Energy Storage

For compression and expansion, air energy conversion is considered an iso-
thermal process in which the temperature is constant [18]. The energy conver-
sion process of the proposed system involves three main components: an air
compressor, energy storage tank and pneumatic motor or air turbine coupled
with an electric generator [19]. The energy conversion starts with the air com-

pressor; the excess electrical power from the wind-solar hybrid power system is
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Figure 1. Control system of the CAES during charging and discharging of air into the system, DeKUT Nyeri, Kenya.

converted into mechanical torque for sucking and compressing the air from the
atmosphere and storing it in the tank [19]. When power fluctuation occurs in
load demand, the compressed air transmits the pressurized air from the air tank
to drive the pneumatic motor coupled with an electric generator, which the me-
chanical power converts back to electric power [15]. Then, compressed air is fi-
nally released back into the atmosphere.

With the PID controller in the PLC S7 1200, as applied in this article, the
speed of the motor on the air compressor is controlled through VFD, and the
airflow through the valve is directed using an I/P converter [20]. So, the power
applied to the electric generator is regulated using controlling the speed of the
pneumatic motor [15]. During the load application, the voltage and frequency
become affected, but voltage and frequency regulation is achieved with the PID

controller [15].

2.1.1. Modelling of an Air Compressor
Air compressor is suitable for limited mass flow rate and high-pressure ratio.
That why it was most suitable for CAES system design in this work.

An air compressor is used in CAES to increase the air pressure. The compres-

sion ratio for each stageis r, [17];

r. = —out (1)

where, P represents outlet pressure.

) represents inlet pressure, and P,

out
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The efficiency of air compressor 7, is given by [17];

7, = o.91+r~;'T?.l )

The outlet temperature of the compressoris T, [17];

1 rt
Tout:Tin 1+— I -1 (3)

c

where, T.

n and T, are compressor inlet and outlet temperature, y is adiabatic

index. The power consumption of the compressor is expressed as [15];

1 1
W ==mCT |r7 -1 (4)
c n plin| 'c

where, W is power output, m is mass flow rate of the air. C, is specific heat

capacity of the air.

2.1.2. Modelling of the Pneumatic Motor
A pneumatic motor is used in CAES to expand the air to produce power output.

The expansion ratio for each stage is r [15];

r,=—m (5)

where, P,

and P, are inlet and outlet pressures respectively. The efficiency

17, of pneumatic motor is expressed as [15]

r,-1
=0.9--2 6
T 250 (6)
The outlet temperature of compressoris T, [15]
Ly
Tpout :Tpin 1—77p [l— r 7 ] (7)
where, T, and T, are inlet and outlet temperatures of the pneumatic mo-

tor respectively. The power output W, of the pneumatic motor is expressed as
[15]

Ly
W, =n,mC,T,, [1— r,” J (8)

where, Wp

capacity of the air.

is power output, M is mass flow rate of the air. C is specific heat

2.2. Variable Speed Wind Turbine

In normal operations, the WT operates at the maximum power point tracking
(MPPT) to extract maximum power from the varying wind.
The B, is the electric power output of the machine in the MPPT mode that

is a cubic function of the rotor speed, o, [21]
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Pmppt (a)r ) = koptwf (9)

where K, is the constant controller gain and coefficient of the MPPT curve.

opt
The MPPT operation mode is at the maximum mechanical power extraction,

formulated as follows [21]

P, =%pﬂr2cp(z,ﬁ)v; (10)

-125

116 =2
Cp(l.ﬂ)=0.22(7—0.4ﬂ—5je A (11)
RS S 1)

4 A+0088 B+l
A=t (13)
V,

w

where p, 1, A, and fare the air density, blade radius, tip-speed ratio and the pitch
angle, respectively. The maximum value of mechanical power P, can be ob-
tained by maximizing the function C, (4,B), which is a nonlinear function of
the tip-speed-ratio A and the blade pitch angle B as formulated in Equations
(9)-(13) and illustrated in Figure 2. The maximum mechanical power extraction
is when the pitch angle = 0.

0.5
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Figure 2. Aerodynamic performance of a wind turbine. (a) as a function of A;and S (b) as
a function of Vivand w,when =0 [9].
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2.3. Solar Photovoltaic

The current source |, according to [22], represents the cell photocurrent.

ph
Taking into account Ry, and R,, which stand for the cell’s inherent shunt and
series resistances, respectively Since Ry, and R, typically have very high and
low values, respectively, the analysis can be made simpler by ignoring them. So-
lar PV arrays are made up of parallel-series connections between larger units
made up of solar PV cells known as solar PV modules [22]. The following equa-
tions can be used to mathematically model a photovoltaic module:

Module photo-current is given by [22]:
Ln =[ e +K; (T —298) ]-G/1000 (14)

where |, is the light generated current in a solar PV module (A), Iy, is the
solar PV module short-circuit current at 25°C and 1000 W/m? K, is the
short-circuit current temperature co-efficient at o, = 0.0017 A/°C, T is the
module operating temperature in Kelvin, G is the solar PV module illumination
(W/m?) = 1000 W/m? [23].

Module reverse saturation current, |, is given by [22]:

I = lscr (15)

s |:exp(qV0c/NskAT) _1:|

where ¢ is electron charge = 1.6 x 107 C, Voc is the open circuit voltage, N; is
the number of cells connected in series, kis Boltzmann constant = 1.3805 x 1072
J/K, A = B is an ideality factor = 1.6,

The module saturation current |, varies with the cell temperature, which is

3
T qxEx(1 1
lo=1_|— L= 16
0 rs |:Tr :| exp|: Bk (Tr T ]:| ( )

where T, is the reference temperature = 298 K, | is the solar PV module sa-

given by:

turation current (A), Ego is the band gap for silicon = 1.1 eV [23].
The current output of PV module is:

17
N, AKT (17)

qlv,, +1,R
L =Nyx Iy =N xIyx exp{M -
where N is the number of cells connected in parallel, V, is output voltage
of a PV module (V), 1,

ries resistance of a PV module. Equations (14)-(17) are used to design the solar

., is output current of a PV module (A), R, is the se-

photovoltaic model.

2.4. Design of Air Flow Controller

Figure 3 displays the block diagram for the air control system in the CAES. The
air flow through the I/P converter valve in this study is controlled by a PID con-
troller. So that, by adjusting the speed of the pneumatic motor, the power ap-
plied to the generator is also regulated. During the application of the load, the
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Figure 3. PID control of the airflow in the CAES system.

voltage and frequency get affected. But with PID controller the voltage and fre-
quency stabilities are obtained.

I/P converter converts electrical signals into pneumatic signals by employing
the forces in electromagnetic balance theory [24]. I/P converters typically con-
vert 4 - 20 mA of input current into 4 - 120 psi of output [25].

The input current travels through the coil, producing a force that pulls the
flapper plate toward it [24]. The nozzle is attracted to current signals more
strongly [25]. So, there will also be increased air backpressure. In order to pre-
vent the flapper plate from being affected by shocks or undesired vibrations, the
spring balances the flapper plate [24].

An instrument air pressure of at least 120 psi is applied to the flapper valve of
the I/P converter [24]. It was calibrated for an output of 4 - 20 mA input is 4 -
120 psi [26]. Most I/P converter may typically be configured to function directly
(increasing output pressure as input signal increases). The output signal of an
I/P converter quickly reduces to stall pressure in the case of an electrical signal
breakdown. This makes it simple to find the device’s power failure signal [24].

In several open literatures, the application of a PID controller has been stu-
died [27]. The benefit of a PID controller includes its reliability, simplicity, and
independence from the complex mathematical model of a CAES system [28].
Using if-then sets of relationships between the inputs and outputs of the CAES
system, PID control methods create the controller based on the expert’s under-
standing of the dynamics of a system [25].

The basic operation of a PID controller is to read a sensor, calculate the pro-
portional, integral, and derivative responses, and then sum these three compo-
nents to determine the desired actuator output [26]. Before defining a PID con-
troller’s settings, it is important to understand what a closed loop system is and
some of the terminology used to describe it [24].

For supplementary services, the CAES and wind-solar hybrid energy offer
quick dynamic reactions [28]. In this study, the CAES employs a PID controller
to respond to voltage and frequency events in an adaptive manner [24]. The vol-
tage and frequency responsiveness of the wind-solar hybrid energy is influenced

by the simulated inertial response control [26].

3. Materials and Methods

An overview of the experimental bench work is given at the outset of this section.
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The experimental method and operational parameters are then described, fol-

lowed by a thorough explanation of each component.

Experimental Setup

To design the CAES system suitable for wind-solar hybrid energy, an industrial
pilot unit has been built in SIEMENS Laboratory at the DeKUT Nyeri, Kenya.
The process instrumentation diagram and photograph are shown in Figure 4
and Figure 5. The related characteristics of each component used to design the
CAES system with the loads are described in Table 1.

WSHPS
; Inverter

i DC

W\ AC .

' ‘ Electrical energy supply Load

from WSHPS to the load
VFD AC Filter N
Air in Excess energy from WSHPS Generated electrical

to air compressor during low energy from CAES to

energy demand of the load load during high energy

Air Discharging
from Air Tank
Figure 4. Schematic diagram of a model CAES system. Whereas: WSHPS is wind-solar
hybrid power system, VFD is variable frequency drive, G is an electrical generator, I/PCV
is an I/P converter valve, PM is a pneumatic motor, CO is an air compressor and M is an
electrical motor.

Figure 5. Photograph of the designed CAES system, Siemens Lab_DeKUT, Nyeri, Kenya.
1. Air compressor, 2. AC electrical generator, 3. Step transformer, 4. Air filter, 5. Tacho-
meter RPM speed meter display, 6. IBEST digital frequency meter sensor displays, 7. AC
voltage and frequency display, 8. Different energies synchronizer, 9. Human Interface
Machine (HMI), 10. Lamps (Loads), 11. S7-1200 siemens PLC, 12. Variable Frequency
Drive (VFD), 13. I/P converter valve, and 14. Pneumatic motor.
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Table 1. General specification of the CAES system.

Model: ACS224501-8
Power: 3.2 HP
Voltage: 220 - 240 V
1 Air Compressor Frequency: 50 Hz
Pressure: 8 Bar
Air Capacity: 212 L/min@7bar

Tank: 50 L

Nominal power = 200 W

Line to line Voltage = 24 VAC

2 Electric Generator
Frequency = 50 Hz
Rotor type - Round Rotor
Power = 1.5 hp or 1.2 kW
Speed = 3000 RPM
3 Air Motor
Flow rate = 4.7 m*/min
Pressure = 5 Bar
4 I/P converter Valve 422 P/N AC2400 Signal 4 - 20 mA Out 0.2 - 8 bar
5 User/load 30 W

Experimental uncertainties associated with the measurements have been de-
termined from the manufacturer’s data as described in Table 1.

The main goal of a CAES is to ensure a continuous supply of the required
electrical energy to the load. The initial stage was to design the CAES system that
could work in parallel with the wind and solar hybrid power systems. The CAES
system design process included the determination of the required parameters of
its components, such as the air compressor, air motor, electric generator, and
transformer. To fabricate a complete and satisfactory CAES, off-the-shelf com-
ponents such in GCO Air Compressor, a vane rotary air motor, an electric ge-
nerator and the transformer were selected according to the capacity of the CAES.
The PLC control approach was used to control and protect the CAES by allow-
ing the automatic charging and discharging of the air in the system, hence
enabling the CAES to generate the required electricity according to the deficien-
cy to the load.

The surplus of electrical energy from wind and solar hybrid power is therefore
stored as pressure potential energy of the compressed air in the air reservoir.
When air is extracted from the air reservoir, it is expanded into an air motor
which is coupled to an electric generator. The VFD and I/P converter were con-
trolled by a PLC in order to achieve the optimum extraction and expansion of

air. Finally, a human machine interface (HMI)/SCADA was assembled to enable
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easy monitoring of the functions of CAES.

4. Results and Discussion

4.1. Simulation Results

Simulation results are illustrated in Figures 6-9. The air mass flow rate in the air
compressor and the charge and discharge periods of the air into the CAES sys-
tem during peak and off-peak times are among the characteristics predicted by
the simulation results that have been validated by the experimental findings. The
maximum inaccuracy is calculated to be 13.1% as follows:

Simulated result — Experimental result

error (%) =
(%) Maximum (Simulated result, Experimental result)

Finally, a detailed analysis for the charge and discharge phases was conducted
to study and illustrate the behavior of each component in the CAES system.

The model of the electrical network studied is simulated under the MATLAB/
Simulink R2022b environment with a model of the turbine controlled by a PID
controller. The appearance of Figure 7, illustrates the elimination of the fre-
quency error by the PID controller after the occurrence of a disturbance.

The PID reacts with the three actions to eliminate the error after approx-
imately two minutes. Figure 8 illustrates the shape of the frequency (in Hz).
Frequency deviation is corrected by the PID controller. After a few milliseconds,
the measured value approaches the reference value and the action of the deriva-
tive makes it possible to obtain frequency stability by a few seconds. This allows
the system to participate in primary frequency regulation.

A second simulation is carried out to observe the behavior of the generator
after a primary regulation. A disturbance is associated with the system already in
a state of disequilibrium with the maximum power of the generator. The con-
troller adjusts the maximum generator output to maintain the frequency shown

by Figure 9.

Grid

Solar
" Photovoltaic

‘Wind CAES
Turbine

Figure 6. Integrated hybrid renewable energy with CAES and Load in MATLAB/
Simulink [7].
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4.2. Experimental Results
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Experimental results are illustrated in Figures 10-14. The practical work con-

sisted in carrying out tests on the power control at suction, then on the pressure

control to release the air. An experiment employing a straightforward variable
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load was used to validate the established CAES model. An experiment was con-
ducted under various situations, in order to validate the MATLAB/Simulink
model. Throughout the experiment, the CAES model was put to the test in a va-
riety of settings. These scenarios included changing the loads while maintaining
a constant air pressure, shutting off the loads one at a time while maintaining a
constant air pressure, manually adjusting the air pressure to achieve a setpoint
frequency under no load, manually adjusting the air pressure to maintain a set-
point frequency while changing the loads, and manually adjusting the air pres-
sure to maintain a setpoint frequency while shutting off the loads one at a time.

Scenarios 1: Changing the loads while maintaining a constant air pressure

In Scenario 1, the loads are periodically turned OFF one by one while keeping
the airflow constant. The purpose is to evaluate the sustainability of the power
produced by the CAES system. The performance of CAES system is shown in
Figures 10(a)-(c). In order to achieve optimal airflow in the I/P converter valve,
which receives the instruction from the PID Compact controller programed into
PLC S7 1200 using TIA Portal, it is necessary to choose an appropriate setpoint
frequency that can serve as a reference point during the regulation of air pres-

sure.
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Figure 10. Changing the loads while maintaining a constant air pressure.

DOI: 10.4236/jpee.2023.112001

14 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2023.112001

B. Masenga et al.

An appropriate approach of choosing an airflow controller with a short re-
sponse time is provided by the identification of a setpoint frequency. Regarding
Scenario 3, the PID_Compact controller in TIA Portal is chosen, and its output
is confirmed using a PID controller’s output in the MATLAB/Simulink envi-
ronment. The experiments used loads ranging from 5 to 30 W. As shown in
Figures 11(a)-(c), off peak is represented by 0 W, and peak is between 5 to 30
W while sustaining airflow by maintaining constant air pressure, the frequency
response, rotor speed, and voltage response change from high to low when the
loads were changing.

In order to examine how load fluctuations may impact the frequency response,
the air pressure is kept constant. Understanding how load variations affect fre-
quency response helps determine a setpoint frequency and the importance of the
airflow controller in maintaining a setpoint frequency and ensuring that the
loads receive the same frequency throughout the operation. Figures 10(a)-(c)
illustrate the performance of the CAES system under load variations. Loads A =
5W, B =5W, C=5W, D =5W and E = 10W, are switched OFF at different time
from t = 0.05 sec to t = 1.7 sec. Consider that the power produced by the CAES
system does not exceeds the overall load demand. It is evident that, during peak

load periods, frequency fluctuates at t = 0.35 sec when load A is instantly added
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Figure 11. Shutting off the loads one at a time while maintaining a constant air pressure.
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consider Figure 10(a), where the air flow was constant due to constant air pres-
sure supply. The frequency continues to fluctuate as load demand increases by
adding the loads B, C, D and E at different time. These load variations cause the
rotor speed changes as shown in Figure 10(b) which also cause the voltage re-
sponse to fluctuate Figure 10(c) illustrate. This frequency fluctuation can be
successfully reduced by an air flow controller by adjusting the airflow from the
CAES system. As how is done at time t = 1.7 sec to time t = 2 sec where the air
flow controller regulated the air flow in the system in order to stabilize the fre-
quency response and voltage response by changing the rotor field. The stabilized
frequency response, rotor speed, and stabilized voltage response of the CAES
system are based on load variations. Voltage fluctuation may be seen at time t =
0.35 sec shown in Figure 10(c) hence the rotor field excitation is changed to in-
stantly suppress it.

Scenarios 2: Shutting off the loads one at a time while maintaining a constant
air pressure

In this scenario, the loads are periodically shutting off one by one while main-
taining constant airflow. This is done in order to test the capacity and sustaina-
bility of the power from CAES system. Figures 11(a)-(c) describe the perfor-
mance of the proposed CAES system. Scenario 2 also supports the Scenario 1
that there is a need of setting a suitable setpoint frequency that would be a re-
fence during the regulation of air pressure in order to get an optimal airflow in
the I/P converter valve which get the command from the PID_Compact control-
ler set into PLC S7 1200. Identification of a setpoint frequency led to a proper
selection of controller with a quick response time to the changes. PID_Compact
controller in TIA Portal was selected and their result validated it using a result
from PID controller in MATLAB/Simulink software as illustrated in Scenario 3.
Frequency and Voltage fluctuation under load variations are also shown in Fig-
ure 11(a) and Figure 11(c). Loads A = 5W,B =5W,C=5W,D =5W and E =
10W, are switched OFF at different time from t = 0.05 sec to t = 1.7 sec. Suppose
that the power produced by the CAES system exceeds the overall load demand.
It is evident that, during off-peak load periods, frequency fluctuation starts at t =
0.05 sec as shown in Figure 11(a) caused by high power generation from the
CAES system during the off-peak period especially when load A is instantly
switched OFF and at where the air flow was constant due to the constant air
pressure. The airflow controller worked out this frequency fluctuation by ad-
justing the airflow from the CAES system by regulating the air pressures leading
to change in rotor speed as illustrated in Figure 11(b). During that period, the
compressor is turned “OFF.” The stabilized frequency response, rotor speed
changes, and stabilized voltage response of the CAES system are based on load
variations. Voltage fluctuation may be seen at time t = 0.65 sec, Figure 11(c) il-
lustrate, the rotor field excitation is changed to instantly suppress it. The extra
electrical power from the microgrid in this instance is turned into mechanical
torque and used to draw air from the atmosphere, compress it, and store it in a
CAES reservoir.
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Scenarios 3: Adjusting the air pressure to achieve a setpoint frequency under
off load

The Scenario 3 concern with adjustment the airflow by regulating the air
pressures till the setpoint frequency is reached. The setpoint under off peak is set
to be 50 Hz as shown in Figure 12(a). The setting took some times to make a
clear point of 50 Hz setpoint frequency. The setup was done by setting the set-
point frequency in the PID_Compact controller which is airflow controller in
this case using TIA Portal V17 which after was downloaded into PLC S7 1200 to
provide an automated control of an I/P converter valve. Then I/P converter valve
is used to regulate the air pressures automatically following the order of the set-
point frequency from the PID_Compact controller. The simulation results from
MATLAB/Simulink that demonstrate the successful monitoring of the setpoint
frequency by merely modifying the controller’s parameters are used to validate
Scenario 3. The PID_Compact controller was selected for use with the TIA Por-
tal V17 software because it is compatible with the PID controller in the
MATLAB/Simulink program. Only the Kp, K; and Kp parameters of this PID

controller can be altered until the desired frequency is attained.
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Figure 12. Adjustment of the air pressure to achieve a setpoint frequency during off peak.
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By considering the Figures 12(a)-(c) for the illustration of CAES system for
compensating the power deficiency to the load due to load variations. Consider
that the entire load power does not be greater than the power generated by
CAES system. It is evident that frequency is fluctuating at t = 0.2 sec to t = 1.2
sec caused by high power generation from CAES system during the off-peak pe-
riod. Then volatility is reduced by using an airflow controller to regulate the air-
flow. This frequency fluctuation implies that the stored compressed air from the
CAES system is used to generate the electrical power when the load power is
greater than the microgrid power in order to meet the load requirement.

Figure 12(a), depict the frequency response fluctuation during off peak where
it is suppressed effectively by air flow controller by changing air flow from the
CAES system leading to the change in rotor speed as shown in Figure 12(b).
through this air flow controller, the stabilized frequency response is maintained
from t = 1.25 sec, and stabilized voltage response is also maintained from t =
1.05 sec as shown in Figure 12(c) so as to enable the CAES system to respond to
the load variations.

Scenarios 4: Regulation of the air pressure to maintain a setpoint frequency
while changing the loads

The setpoint frequency of 50 Hz, which it is set under off peak is set, but after
switching ON the loads in sequence, the loads power became greater than the
power from CAES system, hence the frequency response became lower than the
setpoint frequency. Therefore, the new setpoint frequency which can be sus-
tainable during the experiments, was needed to be set. By this point, 46.3 Hz was
the selected as setpoint frequency as Figure 13(a) illustrates. All of the loads
employed in the trials is to be operating at 46.3 Hz, the only regulation is airflow
in order to stabilize the frequency response by controlling the air pressures. The
regulation of air pressure was done by airflow controller so to make sure that
the setpoint frequency is maintained at 46.3 Hz. This scenario is identical to
Scenario 3, which focused on the automatic air pressure adjustment using
PID_Compact controller as airflow controller set in PLC S7 1200 with TIA Por-
tal V17 software in response to variations in loads so as to stabilize the frequency
response. With MATLAB/Simulink software, Scenario 3 was used to clarify and
validate the performance of the airflow controller as shown in Figures 13(a)-(c).

Figures 13(a)-(c) illustrates the performance of the CAES system under load
variations. Loads required to be supplied to the CAES system are A = 5W, B =
5W, C =5W, D = 5W, and E = 10W. These are added in CAES system at differ-
ent time ranging from t = 0.35 sec to t = 1.55 sec. Consider that the entire load
power exceeds the power generated by CAES system. It is evident that frequency
is fluctuating at t = 0.6 sec as shown in Figure 13(a) when the load demand
starts to be high. The volatility is reduced by using an airflow controller to regu-
late the airflow by changing the rotor speed as shown in Figure 13(b) and the
system’s frequency response is stabilized from t = 1.30 sec under load variations.
Rotor speed changes can cause the alteration in the rotor field excitation which
in turn lead to the stabilized voltage response as shown in Figure 13(c) in the
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Figure 13. Adjustment of the air pressure to stabilize the setpoint frequency while changing
the loads.

Voltage (V)

CAES system under load variations. The stored compressed air from the CAES
system is used to generate the electrical power when the load power is greater
than the microgrid power in order to meet the load requirement. In this instance,
compressed air is used to convey air power to drive an electric generator coupled
to a prime mover, which then turns mechanical power back into electrical power.
During this period, the compressor is in “ON” mode throughout that period.

Scenarios 5: Regulation of the air pressure to maintain a setpoint frequency
while shutting off the loads one at a time

The veracity of Scenario 4 is supported by Scenario 5. In Scenario 5, the loads
were periodically shutting off one by one to test whether the setpoint frequency

of 46.3 Hz is sustainable. The frequency obtained up until the point of opera-
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tions is 46.5 Hz as Figure 13(a) illustrate with a 0.2 Hz inaccuracy. This fre-
quency variation is too slight to be problematic.

In order to maintain the setpoint frequency of 46.3 Hz while turning off the
loads in sequence, the air flow controller is needed to be adjusting the air pres-
sure automatically. The adjustment resulted in an inaccuracy of 0.2 Hz can be
caused by machine error or human error making it more challenging to reach
the desired setpoint frequency on schedule. And therefore, the air flower con-
troller preferably PID_Compact controller set in the PLC S7 1200 using TIA
Portal V17 to monitor the I/P converter, as Scenario 3 validated by simulated
results from MATLAB/Simulink software, it is crucial to regulate the I/P con-
verter valve in the experimental setup in order to achieve the ideal air flow to
maintain the setpoint frequency stable under fluctuations in load.

As Figures 14(a)-(c) illustrate. Consider loads A, B, C, D, and E as explained
in Scenario 4. These loads now are switched OFF at different time from t = 0.05
sec to t = 1.6 sec. Consider that the entire load power does not exceeds the power

generated by CAES system. It is evident that frequency is fluctuating at t = 1.2
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Figure 14. Adjustment of the air pressure to stabilize the setpoint frequency while shut-
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ting off the loads one at a time.
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sec to 1.4 sec as shown in Figure 14(a) when the load demand starts to be de-
crease. The volatility is reduced by using an air flow controller to regulate the
airflow by changing the rotor speed as shown in Figure 14(b) and the system’s
frequency response is stabilized from t = 1.45 sec under load variations. Rotor
speed changes can cause the alteration in the rotor field excitation which in turn
lead to the stabilized voltage response shown in Figure 14(c) in the CAES sys-
tem under load variations. The stored compressed air from the CAES system is
used to generate the electrical power when the load power is greater than the
microgrid power in order to meet the load requirement. In this instance, com-
pressed air is used to convey air power to drive an electric generator coupled to a
prime mover, which then turns mechanical power back into electrical power.

During this period, the compressor is in “OFF” mode throughout that period.

4.3. Results Validation

4.3.1. Response Time

As demonstrated in Figures 7-9, the controller responded to the disturbance in
the model simulation in 1 second. However, in the experiments, as shown in
Figure 10 and Figure 11, the controller responded to the disturbance in t = 0.35
seconds while the air pressure was kept constant. The controller required t = 0.2
sec to react to the disturbance during air pressure regulation for the experiment
shown in Figures 12-14. This response time was necessary to produce the ne-

cessary voltage and frequency to the loads.

4.3.2. Stabilization Time

Following the occurrence of the disturbance shown in Figures 7-9, the control-
ler needed one second to stabilize the voltage and frequency to the loads during
the model’s simulation. As shown in Figure 10 and Figure 11, in the experiment
where there was no air pressure regulation, the controller needed t = 1.7 sec to
stabilize the voltage and frequency to the loads when the disturbance was ap-
plied. Nevertheless, as shown in Figures 12-14, the controller during the expe-
riment with the air pressure regulation required t = 1.25 sec to stabilize the vol-

tage and frequency to the loads following the application of the disturbance.

5. Conclusions

Recently, there has been a sharp rise in the requirement for energy storage, and
CAES has a major impact on how this is handled. According to its principles and
benefits, CAES is now developing, and this thesis has predicted that it will con-
tinue to develop into one of the most promising energy storage technologies.
High capacity, high power rating, and long-duration storage are benefits of CAES.
The drawbacks of this technology include low power density, substantial trans-
portation losses, and size and geological site restrictions.

This work has detailed a hybrid energy system that includes solar and wind
energy with variable speeds, as well as a power electronic interface and CAES

system. MATLAB/Simulink was used to carry out computer simulations for hy-

DOI: 10.4236/jpee.2023.112001

21 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2023.112001

B. Masenga et al.

brid energy systems that included solar systems and variable speed wind produc-
tion. The CAES system’s effectiveness is assessed for load variations. AC voltage
varies as a result of changes in load. The balance between the source and the load
is maintained by the CAES system. The performance of the 12 m/s wind system
and the 1000 W/m? solar PV system in the hybrid system has been examined.
The performance of the control system for the developed prototype of CAES
system is validated using the MATLAB/Simulink R2022b simulation, and it has
been found that the frequency fluctuation and voltage drop of the developed
prototype of CAES system during load variations were governed by the I/P con-
verter using a PID_Compact controller programed in the TIA Portal V17 soft-
ware and downloaded into PLC S7 1200.

The possible uses of CAES system have been highlighted by this study, in-
cluding distributed energy and microgrid systems, distributed energy genera-
tion, and cogeneration systems. Scientists have a lot of expertise with and a bet-
ter-defined set of objectives for the mature technology known as CAES system.
Furthermore, it showed promised and is anticipated to be combined with other
technologies in the future, including solid oxide fuel cells, gas turbines, renewa-
ble energy sources, and other systems.

Moreover, based on the review of the current situation, the future research
paths of CAES system are anticipated, including further significant increase in
efficiency, the need to lower the cost of building air reservoirs, and the investiga-

tion of the potential environmental impact.

6. Recommendations

Even though the suggested control system of the CAES system was validated
through simulation, there are still a lot of other areas that could use further re-
search and development before this technology is practical for use in the indus-
trial sector. Increasing efficiency and overall energy yields are the main goals of
the majority of these domains.

A hardware prototype was also built, along with CAES system monitoring.
Owners of CAES system need to be confident that their equipment works well
and will be a good investment.

Failures and flaws must be found and corrected right away, regardless of the
type of control system that is used, including plant systems, individual systems,
and private systems. This could only be accomplished by improving the perfor-

mance of the system and stopping any degeneration in its tracks.
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