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Abstract: This paper presents the research results on a small scale compressed air energy storage (SS-CAES) operated 

at its maximum efficiency value in the discharged phase. This study used two methods to find the maximum efficiency; 

Standard Perturb and Observe (Standard P&O), and Multiple Input Multiple Output Fuzzy Perturb and Observe 

(MIMO Fuzzy P&O). The essential ideas of this study are to operate SS-CAES in its maximum efficiency in specific 

loading power and to improve the performance of standard P&O method in achieving maximum efficiency and reduce 

the oscillation amplitude of the efficiency value as well. To do this, in this study, we use two devices, namely a 

motorized valve to ensure sufficient power required for the load and a boost converter whose duty cycle will be 

adjusted so that the system can operate at its maximum efficiency. The study was conducted using a simulation model 

and compared these two methods performance for the same loading case. The experimental results reveal that the 

addition of the MIMO Fuzzy algorithm can improve the performance of the Standard P&O method in accelerating 

maximum efficiency achievement and reducing oscillations when the system has reached the maximum operating 

points. The performance improvement on the maximum efficiency point tracking (MEPT) in SS-CAES operations, 

evidenced by the increase in the average efficiency value in the given loading scenario of about 1.22%. Besides, the 

application of MIMO Fuzzy P&O also impacts reducing the amplitude of speed oscillations in the steady-state area, 

which is about half of the amplitude of speed oscillations that occur with the application of the standard P&O method. 

This proposed method also shows better performance than the MEPT method used in previous studies in terms of 

accelerating maximum efficiency achievement. 

Keywords: MIMO fuzzy, Energy storage, Small-scale CAES, P&O, MEPT. 

 

 

1. Introduction 

The application of energy storage systems using 

compressed air or compressed air energy storage 

(CAES) for large-scale electricity has become an 

attractive option if it is technically possible to apply 

[1-5]. This attractiveness is indicated by the operation 

of several large-scale CAES facilities in various 

countries such as Morocco with an installed capacity 

of 400 MW, in Korea and Israel each with a capacity 

of 300 MW, in Germany with a capacity of 290 MW 

and the smallest in America with a capacity of 110 

MW [2-4]. Studies to improve large-scale CAES 

systems' performance are also continuously 

developed to find the optimal operating strategy that 

makes this energy storage system even more 

attractive to become a large-scale energy storage 

system [6-9]. 

With the successful implementation of large-

scale CAES it finally brought inspiration to some 

researchers to create a CAES technology with a 

smaller size or commonly known as Small Scale 

Compressed Air Energy Storage (SS-CAES). This 
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technology is an alternative system to overcome 

problems of energy storage, especially in terms of 

land requirements (geological formation), compact-

ness, and portability [10,11]. Furthermore, several 

applications from SS-CAES have been widely 

developed to support the integration of energy 

storage with renewable energy [5,12,13].  

In CAES-related research, both large and small 

scales, several development topics have been 

published including thermodynamic issues [2,14,15], 

modeling [16-18], economic analysis [19,20], and the 

most popular issue is system optimization in the 

discharged phase [10,18,21-23].  

Several attempts were made to improve process 

efficiency in this discharged phase, either by 

combining SS-CAES with other energy storage 

media to develop soft computing methods to operate 

more optimally [10,18,21-27]. 

One of the exciting studies is a research 

conducted to develop Maximum Power Point 

Tracking (MPPT) by V. Kokaew et al. [27]. It 

controls the Duty Cycle (DC) of a Buck converter to 

push and suppress the rotational force of air motor so 

that its air consumption can follow load changes and 

generate power following the MPPT line. The results 

obtained indicate that the system with this setting can 

reach the expected maximum power points. A paper 

has also been disseminated by V. Kokaew, which 

specifically discusses the operation of SS-CAES at its 

point of maximum efficiency (MEPT) [25].  

In both studies, the search algorithm for optimum 

conditions, namely maximum efficiency point 

tracking and maximum power point tracking, was 

performed using Perturb and Observe (P&O) 

methods [28-31]. However, using a combination of 

the buck converter and the P&O algorithm, the 

turbine speed (in this case, the air motor) must be 

high enough so that the generator can produce a high 

enough voltage to make the buck converter having an 

acceptable range of voltage values. The P&O 

algorithm then adjusted this voltage to a particular 

value, so the system as a whole can operate at the 

point of maximum power or maximum efficiency. 

Those two studies also did not determine the value of 

the output voltage of the converter. In other words, 

the value of the voltage can be anything as long as the 

system can transfer its maximum power to the load or 

the operating system with maximum efficiency under 

any conditions of air pressure in the storage tank.  

This study adds another condition to the MEPT 

algorithm. The voltage applied to the existing 

resistive load must be at about 12 volts. For this 

reason, in this study, two control devices are used. 

They are a motorized valve to ensure the sufficient 

power and a boost converter placed at the generator 

output to adjust the system to operate at its maximum 

efficiency. 

The reason for choosing the boost converter in 

this study is that hopefully, this system can search 

maximum efficiency at a reasonably low generator 

speed and still guarantee that it can provide sufficient 

power to the load. A voltage of about 12 volts, which 

is the load's nominal voltage, indicates the adequacy 

of power is at this load. 

Furthermore, to increase the speed of the 

Standard P&O method in finding the maximum 

efficiency operating point and reducing oscillations 

at the maximum efficiency point, a MIMO Fuzzy 

controller is added, which will determine the delta 

duty cycle (DDC) value and starting duty cycle of the 

pulse width modulation (PWM) signal from the boost 

converter. This research is a simulation-based study. 

The component and subsystem models are built based 

on the manufacturer's information and the calculation 

of system components that must be built as needed. 

We arrange the discussion in this paper into 

several sections as follows. Section 2 discusses the 

modeling of the components involved in building this 

SS-CAES. In Section 3 described the P&O Standard 

method and the problems that will be solved with the 

proposed methods. Section 4 explains how a Fuzzy 

MIMO is added to the standard P&O algorithm to 

improve its performance. Furthermore, section 5 

discusses the experimental results, which show that 

this proposed method has successfully corrected the 

MEPT method's weaknesses with standard P&O. 

Finally, in the conclusions section, we summarize the 

results of this study. 

2. System modelling 

To simulate this system, we first need to 

implement the system components into models. This 

section describes how we develop a model of the 

components involved in the small-scale air energy 

storage system developed in this study.  

Fig. 1 shows the SS-CAES configuration, which 

will be modeled and analyzed. The system divided 

into a pneumatic part consisting of a storage tank or  

 

 

Figure 1. System configuration of SS-CAES 
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air tank (ST), air motor (AM), and control 

components such as pressure sensors (pT and pi), 

airflow sensors (AF), and linear motorized valves 

(M) which control the incoming air pressure to AM. 

The next part is the permanent magnet direct current 

generator (PMDC), where the shaft is coupled 

directly to the air motor, which functions as a turbine 

so that the speed of PMDC (ωr) is also the speed of 

AM. 

The generator's output terminal is connected to 

the third part of the system, where a controllable 

dc/dc boost converter is placed to supply power to a 

variable resistive load. 

The final part of the system is a controller which 

receives all sensing signals and generates control 

signals for the dc/dc boost converter and motorized 

valve. The motorized valve signal is a control signal 

to ensure the system provides sufficient power for the 

specified resistive load to operate at a nominal 

voltage of 12 volts. Another control signal given to 

the dc/dc boost converter is to provide the appropriate 

DC for the system to operate in its area of maximum 

efficiency. 

All these parts or systems are modeled and 

simulated using Matlab™ based on the 

characteristics and parameters informed by the 

manufacturer and the characteristic data obtained 

from experiments. 

2.1 Air tank model 

If dry air is assumed to contain about 80% 

Nitrogen (N2), a diatomic gas, the relationships 

between temperature, volume, and pressure are given 

in Eq. (1):  

 
𝑝𝑇𝑉 = 𝑚𝑅𝑇                           (1) 

 
Where R is the specific constant of gas in J/ (kg. K), 

and V, pT, m, and T are respectively, the volume 

occupied by the gas measured in m3, the pressure of 

the gas in Pascal, the mass of the gas in kg and the 

temperature of the gas in Kelvin. 

Air mass flowing out of the tank can be derived 

from Eq. (1) as: 

 

�̇� =
𝑉

𝑅𝑇

𝑑𝑝

𝑑𝑡
 

(2) 

 

In this simulation, air mass flow �̇� obtained from 

the volume flow as the air tank model's output, 

multiplied by a constant 𝜌, which is the density of air. 

The integration of this mass flow rate �̇� enables 

calculations of the air mass flowing out of the storage 

tank and the pressure drop of air in the storage tank, 

as shown in Eqs. (3) and (4). 

 

𝑚𝑠(𝑡) = 𝑚(0) − ∫ �̇�  𝑑𝑡         (3) 

  

𝑝𝑇(𝑡) =
𝑅𝑇

𝑉
𝑚𝑠(𝑡) 

(4) 

2.2 Air motor model 

In this work, the air motor LZB 14 AR034 

(100W) is used [24]. The air motor’s mechanical 

power (𝑃𝑚) equation as a function of air motor speed 
(𝑁𝑟) in inlet pressure (𝑝𝑖) changes as follows:  

 

𝑃𝑚 =


30
𝑇𝑜(𝑝𝑖) [𝑁𝑟 −

𝑁𝑟
2

𝑁𝑜(𝑝𝑖)
] 

            (5) 

 

In Eq. (5), 𝑁𝑜(𝑝𝑖) is the free rotate speed, and 

𝑇𝑜(𝑝𝑖) is the stall torque in each pi value. 

Another essential characteristic of the air motor 

to model is the volume flow (�̇�𝑎)  which can be 

expressed as: 
 

�̇�𝑎 = �̇�𝑚𝑎𝑥 [𝑐𝑎1 − 𝑐𝑎2𝑒
[

𝑁𝑟−𝑐1
𝑐2

]
2

]            (6) 

 

Where �̇�𝑚𝑎𝑥 is the maximum volume of airflow, and 

c1, c2, and c3 are constants obtained from the curve 

fitting process. Fig. 2 shows the plot of mechanical 

power (Pm) and the volume of airflow (�̇�𝑎) of the 

LZB 14 AR034-111 [32]. 

At isentropic condition, the input power to the air 

motor can be calculated as in: 
 

𝑃𝑎𝑚 =


 − 1
𝑝𝑎�̇� [(

𝑝𝑖

𝑝𝑎
)

𝛾−1

1
− 1] 

            (7) 
 

 
Figure. 2 Power and air flow diagram of air motor 
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Figure. 3 Efficiency of LZB-14-AR034-11 

 

Where pa is the air pressure at the outlet of air motor 

and  is isentropic constant.  

The efficiency of the air motor is calculated as: 

 

𝑎𝑚 =
𝑃𝑚

𝑃𝑎𝑚
100% 

                     (8) 

 

Fig. 3 shows the efficiency and maximum 

efficiency line of the air motor LZB-14-AR034-11 

calculated using this air motor's informed 

characteristic. 

2.3 PMDC generator model 

The permanent magnet direct current generator 

(PMDC) combined with a boost converter model is 

shown in Fig. 4. Newton's 2nd law obtains the 

dynamic equation of PMDC generator driven by a 

prime mover (air motor), as 

 

𝑇𝑚 = 𝑇𝑒𝑔 + 𝐵𝑡𝜔𝑟 + 𝐽𝑡

𝑑𝜔𝑟

𝑑𝑡
 

            (9) 

 
Where 𝜔𝑟 is the angular velocity of the air motor and 

the generator as well, 𝐾_𝑒  is the generator’s torque 

constant, 𝐵_𝑡  is the total of the viscous friction 

coefficients of the combined air motor and generator, 

and 𝐽𝑡  is the combined moment inertia of the air 

motor and the generator. Consequently, the shaft of 

the air motor given by:  

 

𝑃𝑚 = 𝑇𝑚𝜔𝑟                                (10) 

 

The back emf of the generator, Eag is given by: 

 

𝐸𝑎𝑔 = 𝐾𝑚𝜔𝑟                                (11) 

 

 
Figure. 4 PMDC and boost converter circuit model 

 
Table 1. Specifications of generator 

Symbol Description Value 

𝑅𝑎𝑔 Armature resistance 0.43  

𝐿𝑎𝑔 Arnature inductance 0.9 mH 

𝐾𝑒 , 𝐾𝑚 Torque and speed constant 0.08 N.m/A 

𝐽𝑡 Total of moment enertia 2.11910-4 kg/m2 

𝐵𝑡 Viscous friction coefficient 2.09410-6 N.m.s 

𝐶 Capacitance of boost 

converter 

0.0051 F 

𝐿 Inductance of boost 

converter 
2.13310-4 H 

 

Where Km is the speed constant of the generator.  

The load torque of coupling shaft is generator’s 

electromagnetic torque, i.e.,  

 

𝑇𝑒𝑔 = 𝐾𝑒𝑖𝑎𝑔                           (12) 

 

Where Ke is the torque constant and iag is the armature 

current of the generator.  

Finally, the terminal voltage generated by the 

generator can be determined using Eq. (7). 

 

𝑉𝑡 = 𝐸𝑎𝑔 − 𝑅𝑎𝑔𝑖𝑎𝑔 − 𝐿𝑎𝑔

𝑑𝑖𝑎𝑔

𝑑𝑡
 

          (13) 

 

The average output of voltage Vo of the boost 

converter depends on the duty cycle (DC) of the 

MOSFET, 

 

𝐷𝐶 = 1 −
𝜂𝐶𝑉𝑡

𝑉𝑜
 

                        (14) 

 

where C is the efficiency of boost converter. 

The parameters of the PMDC generator for the 

PMDC model shown in Table 1. These parameters 

based on the manufacturer's information of MOOG 

C-34-L60-10 brushed permanent magnet direct 

current motor [33].  

2.4 Motorized valve model 

A motorized valve is a pressure regulator valve 

driven by a servo direct current motor. The opening 

of this valve is the integration of all outlets generated  
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Figure. 5 Valve response 

 

by the servo motor rotation. The model of this valve 

can be expressed as a motor transfer function as 

express in Eq. (15). With the inertia value, the inertia 

of the motor and valve is the equivalent inertia, as 

expressed in Eq. (16) [28]. 

 
𝜔𝑠(𝑠)

𝐸𝑎(𝑠)
=

𝐾𝑖𝑠

𝑠2𝐽𝑒𝑞𝐿𝑎𝑠 + 𝑠𝐽𝑒𝑞𝑅𝑎𝑠 + 𝐾𝑖𝑠𝐾𝑏𝑠
 

             (15) 

 

𝐽𝑒𝑞 = 𝐽1 + 𝐾𝑔
2𝐽𝑚               (16) 

 

 

𝐾𝑔  is the gear ratio of motor servo. 𝐽1  and 𝐽𝑚  are 

valve inertia and motor inertia respectively. 

Furthermore, a comparison of the input pressure and 

output of the valve is the ratio or percentage of the 

actual opening to the valve's total openings. 

3. Standard MEPT method 

The SS-CAES system's operation is based on two 

conditions; the adequacy of the power required by the 

load and the operating point that produces the best 

efficiency. Because the load on this system is a 

resistive load, to ensure the adequacy of power at that 

load is by making the output voltage on the dc/dc 

converter about 12 volts, the nominal operating 

voltage of the load. Furthermore, to make this system 

operates at maximum efficiency, the duty cycle (DC) 

of the dc/dc boost converter will be tuned so that the 

combination of the turbine's efficiency, generator, 

and dc/dc boost converter reaches its best value. 

A perturb and observe or P&O algorithm is 

applied to always look for a better efficiency value 

until the best efficiency value is obtained [28, 31, 34, 

35]. Fig. 6 shows a flow chart explaining how this 

method of finding the maximum efficiency value 

works. 

This standard P&O method works to control two  

Figure. 6 Standard MEPT search algorithm 

 

devices; a motorized valve which functions to ensure 

the adequacy of the required load by maintaining the 

load voltage (Vo) of 12 volts, and a dc/dc boost 

converter that works by varying the DC value so that 

the turbine-generator can operate with higher 

efficiency and finally reach the maximum efficiency 

value. The total efficiency (Eff) of the system, namely 

the ratio of load power and air motor input power and 

generator speed (wr), will be used as information to 

guide control with this P&O algorithm. 

We divided the CAES operation into three 

periods; transient period, tracking period or search, 

and the period where the system reaches its best 

efficiency or steady-state period. 

When a transient condition occurs, due to the 

addition or release of the load, to ensure the system 

immediately works at its nominal voltage, which is 

about 12 volts, a PI controller works to regulate the 

motorized valve's opening. [36-39]. 

After the Transient period is over, a tracking or 

searching period begins, where the P&O algorithm 

adjusts the DC value of the dc/dc boost converter to 

achieve maximum efficiency. This tracking period 

runs continuously. 

The main problem with this standard P&O 

method is the oscillations that occur when the system 

reaches the expected optimal conditions. The 

oscillation amplitude magnitude depends on the 

magnitude of the change in the applied DC value 

(delta duty cycle). The greater the value of the delta 

duty cycle (DDC), the greater the oscillation in the 

steady-state area. Conversely, if a small DC value is 

applied, although this will reduce the number of 

oscillations in the steady-state region, it can slow the 

process to achieve maximum efficiency points [32]. 
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Figure. 7 Proposed MEPT search algorithm 

 

Figure. 8 MIMO fuzzy membership functions 

 

4. Proposed MEPT method 

The MEPT method proposed in this study adds 

multiple inputs and multiple outputs fuzzy (MIMO 

Fuzzy) to determine the DDC and starting duty cycle 

(SDC) used in the search period [40-43]. 

DDC adjustment aims to reduce the oscillation 

amplitude in the steady-state period, while SDC 

determination aims to accelerate the search for 

maximum efficiency operating points.  Fig. 7 shows 

the algorithm of MIMO fuzzy P&O. 

The fuzzy controller reads the efficiency (Eff) and 

output power (Po) values at each P&O step and sets 

the SDC and DDC values based on the MIMO fuzzy 

membership function and the rule base. Fig. 8 and Fig. 

9 show the membership function and rule base for the 

MIMO fuzzy controller applied to this system. 

The grouping of output power values and 

efficiency values in input membership sets is 

determined based on an investigation of the previous 

standard M&O method results. Determining the  

 
Figure. 9 MIMO fuzzy rule base 

 

membership sets of SDC and DDC values and the 

rule base is also done by investigating the output of 

standard P&O MEPT. 

In Fig. 8, the membership function of the inputs 

and the outputs, and in Fig. 9, the rule base, the letter 

S means small, M means medium, and B means big. 

For example, SM means power, efficiency, SDC, and 

DDC values with small-medium values, while MB 

means membership with medium-big values. 

5. Results and discussion 

We tested the P&O performance equipped with 

MIMO fuzzy proposed in this study using a loading 

scenario previously used to test the same CAES 

system's performance with a standard P&O method. 

The load used is a resistive load with values, as in 

Table 2. 

5.1 Performance of the MEPT  

Fig. 10 shows the performance of the proposed 

method against the performance of standard P&O. At 

each loading period, it appears that the proposed 

method can reach the maximum efficiency value 

faster than the standard P&O method. This 

acceleration is the effect of applying the starting duty 

cycle value (SDC) as one of MIMO Fuzzy's outputs. 

This method can also reduce the oscillation 

amplitude from the efficiency value when the 

maximum efficiency value has been reached (in the 

steady-state period). 

Fig. 11 is an enlargement of Fig. 10 to show the 

acceleration of achieving the maximum efficiency 

operating area (steady-state period). Moreover, Fig. 

11 also shows the difference in the amplitude of 

oscillation of the efficiency value at steady-state 

conditions. 
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Table 2. Loading scenario of the SS-CAES 

Time Periods 

(second) 

Resistive Load 

(ohm) 

Output Power 

(watt) 

0 – 20 4.17 50 

20 – 40 1.67 20 

40 – 60 1.25 15 

60 – 80 2.25 27 

80 – 100 1.00 12 

100 – 120 1.50 18 

120 – 140 2.50 30 

140 - 160 2.00 24 

 

Figure. 10 Performance of proposed method 

 

Figure. 11 Increase in search performance 

 

 

Table 3. Average efficiency in each loading period 

Time 

Periods 

(second) 

Average Efficiency (%) Increasing 

Efficiency 

(%) 
Standard 

P&O 

Proposed 

Method 

0 – 20 6.28 6.29 0.01 

20 – 40 9.05 9.36 0.31 

40 – 60 10.86 11.02 0.16 

60 – 80 8.09 8.28 0.19 

80 – 100 12.25 12.59 0.35 

100 – 120 9.97 10.08 0.11 

120 – 140 7.98 8.02 0.04 

140 - 160 8.66 8.72 0.06 

 

As a result of accelerating the maximum 

efficiency point's attainment and 

decreasingoscillations in the steady-state area, there 

is also an increase in the average efficiency value in 

each loading period. In loading times from 20 

seconds to 40 seconds, the standard P&O method  

Figure. 12 Duty cycles 

 

Figure. 13 Relation between SDC, DDC and DC 

 

achieves an average efficiency of about 9.05%, while 

using the proposed method, the average efficiency is 

9.36%. It means an increase in efficiency due to the 

accelerated attainment of the maximum efficiency 

point and decreased oscillations in the steady-state 

period, about 0.31%. 

Table 3 shows the average efficiency value at each 

loading period and the increase in average efficiency 

with applying this proposed method. 

5.2 Duty cycle and delta duty cycle 

In both of these methods, DC is a decision from a 

review of several conditions. DC in the standard P&O 

changed by using fixed DDC, while in the proposed 

method, DC changed by using a variety of DDC, 

which is the result of the MIMO fuzzy algorithm 

decision by considering the amount of output power 

and efficiency values at that time, and the value SDC 

is also used to start the search period. 

Fig. 12 shows the variation of all DC values in all 

loading periods, while Fig. 13 magnifies Fig. 12, in a 

certain period, to clarify more the relationship 

between DC, SDC, and DDC of the proposed method. 

Fig. 12 and Fig. 13 also show the variation in the DC 

values of the standard P&O for comparison. 

In Fig. 12, and Fig. 13, DDC values can be 

positive and negative. DDC's algebraic value is the 

product of the algebraic sign of the delta efficiency 

and the delta speed generator at a given time. 

The graph shows that the DDC of the proposed 

method in the steady-state area is smaller than the  
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Figure. 14 Output voltage and speed 

 

Figure. 15 Reducing voltage and speed oscillation 

 

standard P&O DDC, which causes a decrease in the 

oscillation value in that area. 

5.3 The effect of duty cycle to other system 

parameters 

As stated in Eq. (11) and Eq. (13), the generator 

output voltage (Vt) is a quantity that is directly 

proportional to the generator speed (wr), while the 

output voltage of the dc/dc converter (Vo) depends on 

the DC value, as expressed in Eq. 14. However, DC 

changes due to tracking and oscillating activities in 

the steady-state area still result in a motorized valve 

response to maintain a constant voltage at a value of 

about 12 volts. Therefore, the faster the system 

reaches its maximum efficiency operating point, the 

smaller the oscillation generated in this steady-state 

area will minimize power consumption to drive the 

motorized valve. 

Fig. 14 shows a graph of the output voltage and 

speed oscillation resulting from the search for the 

maximum efficiency of these two methods. With the 

magnification depicted in Fig. 15, we can see that the 

proposed method's voltage and speed oscillation are 

smaller than the standard P&O method. 

The power to drive a motorized valve is not 

included in the efficiency calculation in modeling this 

system, but it is clear that to move a motorized valve 

requires power. The greater the opening or closing of 

the valve, and the more often it is done, the greater  

Table 4. Average efficiency in each loading power 

Output 

Power 

(watt) 

Avarage 

Inlet 

Pressure 

(bar) 

Proposed 

Method 

Efficiency 

(%) 

Maximum 

Air motor 

Efficiency 

(%) 

50 5.3 6.29 12.67 

20 3.2 9.36 15.74 

15 2.7 11.02 17.03 

27 3.7 8.28 14.78 

12 2.4 12.59 18.02 

18 3.0 10.08 16.19 

30 3.9 8.02 14.45 

24 3.4 8.72 15.33 

 

the power will require. 

In addition to performance improvements by 

adding the Fuzzy MIMO algorithm to the standard 

P&O in this MEPT process, to clarify the novelty of 

this study, we compare the results of this study with 

the research publications by Kokaew et al. [25,27]. 

These two studies discuss the operation of stand-

alone SS-CAES using the P&O algorithm. The 

fundamental differences between these two studies  

and our research are: (1) Both of these studies used a 

buck converter to regulate the operation of MPPT and 

MEPT on SS-CAES, while we used a boost converter. 

(2) Both of these previous studies did not specify the 

converter's output voltage, while we use 12 volts of 

voltage as an indicator of the adequacy of the power 

required by the load. (3) In these two studies, MPPT 

and MEPT process carried out regarding the pressure 

variations regulated using a pressure regulator, 

whereas, in our study, the output pressure on the 

motorized valve is a response to the result of setting 

the voltage at 12 volts and as a response to the MEPT 

process. 

To compare the proposed method's results in this 

study with the previous two studies, we present Table 

4. This table shows that for loading 50 watts, the 

maximum efficiency of the air motor is 12.67%, 

which is similar to the maximum efficiency results in 

[25] when using the MEPT scenario with load 50 

watts. 

Furthermore, we carried out another comparison 

of results by comparing the pressure required to 

generate 30 watts of power between the proposed 

method and the result of [27]. Table 4 shows that to 

produce 30 watts of power using the proposed 

method requires an average air pressure at the inlet of 

the air motor of 3.9 bars and [27] also uses a similar 

pressure. 

Also, comparing the efficiency graph for the 

MEPT scenario in [25] with the efficiency graph of 

the proposed method in Fig. 10 and Fig. 11, we can 

see an increase in performance using this proposed 
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method. It appears that the proposed method takes 

less time to reach the maximum efficiency value 

compared to the previous method. 

6. Conclusion 

The P&O method enriched with MIMO fuzzy 

algorithm to improve the MEPT process from the SS-

CAES model with the standard P&O algorithm has 

been implemented successfully. This proposed 

method results in an acceleration of the search for 

maximum efficiency operating points and a decrease 

in the efficiency value oscillation in its steady-state 

period.  

In the proposed P&O method, MIMO Fuzzy 

functions to determine the starting duty cycle (SDC) 

value and delta duty cycle (DDC) of PWM signals of 

the boost converter placed at the generator output. 

Testing the proposed method using a loading scenario 

and comparing it with the standard P&O method 

loaded with the same loading scenario increase the 

average efficiency value of 1.22%. 

In addition, increasing the oscillation value by 

selecting the appropriate DDC value reduces the 

amplitude of speed oscillation, which has 

implications for the power consumption used to drive 

the motorized valve. The decrease in the value of the 

oscillation speed in the steady-state area is about 50%, 

which can be interpreted as power saving to move the 

motorized valve. 

Compared with the MEPT method for similar 

systems in [25], this proposed method also shows 

better performance than the MEPT method used in 

previous studies in terms of accelerating maximum 

efficiency. 
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