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Abstract 

This manuscript aims to formulate an innovative approach based on Cat 

Mouse Based Optimization (CMBO) integrated with a Hybrid Fast Fuzzy-2-Degree-

of-Freedom Fractional-Order Tilt Integral Derivative Controller (CMBO-HFF-

2DoF-FOTIDC) aimed at enhancing the performance of Grid-Interfaced Solar 

Inverter Systems (GISIS) while reducing total harmonic distortion. The proposed 

solar inverter system comprises several elements, including a photovoltaic array, a 

Relift Luo Converter (RLC), and a 15-Level Switch-Minimized Multilevel Inverter 

(15L-SMMI), alongside the CMBO-HFF-2DoF-FOTIDC controller. The choice of 

the RLC over the others from the category stems from its capability to mitigate 

parasitic capacitance effects, achieve high efficiency, increase power density, reduce 

ripple voltage magnitude, and lower duty cycle requirements. This control strategy 

employs a fuzzy-logic-based, optimized 2DoF fractional-order tilt integral derivative 

controller (2DoF-FOTIDC). The CMBO algorithm optimizes the controller's 

parameters. Comparative analysis of the CMBO-HFF-2DoF-FOTIDC controller 

with other state-of-the-art controllers demonstrates its superior performance and 

effectiveness. Additionally, the manuscript explores the implementation of the 

Random Pulse Position Pulse Width Modulation (RPPPWM) method alongside the 

proposed approach. The proposed GISIS aims to address harmonic distortions 

reduction, alongside improvements in the performance of the solar inverter, 

robustness, stability, and enhanced capabilities to deal with system uncertainties. 

Keywords: CMBO-HFF-2DoF-FOTIDC, CMBO; RLC, robustness; 15L-SMMI, 

RPPPWM. 
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I.    Introduction 

The proposed system incorporates several key components, including the solar 

photovoltaic array, RLC, 15L-SMMI, and CMBO-HFF-2DoF-FOTIDC controller. 

The selection of the RLC instead of conventional boost converters is based on its 

capacity to alleviate the impacts of parasitic capacitance, attain elevated efficacy, 

enhance power compactness, lessen the magnitude of voltage fluctuations, and 

demand a reduced duty cycle. In this setup, Insulated-Gate-Bipolar-Transistors 

(IGBTs) serve as controlled switching devices within the RLC. The CMBO-HFF-

2DoF-FOTIDC controller is designed to provide triggering pulses to these IGBTs, 

facilitating the operation of the RLC. Various techniques for pulse generation have 

been explored in the literature, including the utilization of Artificial Neural Networks 

(ANN), Artificial Neuro-Fuzzy Interface Systems (ANFIS), Hysteresis control, and 

DSP-based controllers, among others [I]. Each of these methods offers unique 

advantages and trade-offs, contributing to the diverse range of approaches available 

for pulse generation in solar inverter systems. The selection of the hybrid fuzzy-based 

fractional order controller stems from its capability to mitigate chaotic behavior in 

scientific models, enhance system stability, and bolster robustness, thus 

demonstrating superior dynamic response [II]. Building upon the Tilt-Integral-

Derivative (TID) controller, the proposed CMBO-HFF-2DoF-FOTIDC addresses the 

limitations of TID, namely its slow response to disturbances and lack of robustness 

[III]. The HFF-2DoF-FOTIDC addresses the limitations of the TID controller. This 

approach is novel, as there are no documented applications that combine fractional-

order calculus, control theory, and fuzzy control methods in this way. Consequently, 

a novel control strategy, the CMBO-HFF-2DoF-FOTIDC, is devised for the GISIS. 

The optimization settings of the CMBO-HFF-2DoF-FOTIDC system are adjusted to 

achieve the best performance through the CMBO technique [1V], which is modeled 

after the interaction dynamics observed between felines and rodents in nature. The 

DC output voltage from the RLC is supplied to the inverter, specifically the 15L-

SMMI. The choice of the 15L-SMMI is deliberate, as below 15 levels, harmonic 

distortions are significant, while beyond 15 levels, switching becomes redundant, 

limiting the scope for improvement. The adoption of the 15L-SMMI provides 

benefits like decreased electrical pressure on parts, removal of the necessity for 

converters, improved electromagnetic coherence, and lowered overall distortion 

caused by harmonics. The 15L-SMMI system is triggered by the Random Pulse 

Position Pulse Width Modulation (RPPPWM) technique [V], which controls the pulse 

width of gating signals for IGBTs in the 15L-SMMI. he examination of stability for 

the suggested system is performed through analyzing its behavior in terms of 

frequency using Bode plots, as mentioned in reference [VI]. Additionally, 

assessments of Total Harmonic Distortion (THD) are carried out in accordance with 

the criteria specified by IEEE-519 standards, as indicated in reference [VII]. The 

distinguishing feature of the proposed GISIS resides in its advancement in stability, 

reinforcement of robustness, elevation in accuracy, superior capability in mitigating 

harmonics, and increased adeptness in managing uncertainties. The recommended 

integration of a single-phase solar inverter system with CMBO-HFF-2DoF-FOTIDC 

contributes significantly to these fundamental aspects, detailed below [VIII]. 
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• A model for GISIS is created using software that simulates conditions to analyse 

its performance. 

• A method for controlling a system, referred to as CMBO-HFF-2DoF-FOTIDC, 

combined with RPPPWM, is devised for the GISIS to enhance its operation and 

decrease distortion in signals. 

• The effectiveness of the proposed GISIS in reducing signal distortion is 

supported by evaluating its performance. 

• The strength and ability to reduce noise and reinforcement of the robustness of 

the CMBO-HFF-2DoF-FOTIDC-based GISIS are improved. 

• The effectiveness of the CMBO-HFF-2DoF-FOTIDC-based GISIS is confirmed 

by comparing it with other established methods. 

The paper is structured in the following manner. In Section 2, the mathematical 

representation of all components of GISIS is presented, along with an examination of 

the proposed GISIS without feedback control. Moving forward, Section 3 elaborates 

on the mathematical representation of the control method under consideration, 

referred to as CMBO-HFF-2DoF-FOTIDC. Section 4 delves into the analysis of 

outcomes and the process of confirming the enhancement in performance and 

robustness. Lastly, Section 5 provides final remarks on the findings of the paper. 

II.    Problem Formulations  

GISIS encompasses 15L-SMMI, solar cell, RPPPWM-based trigger circuitry, 

CMBO-HFF-2DoF-FOTIDC, and RLC. Figure 1(a) illustrates the comprehensive 

GISIS block diagram. The simulation model of the proposed model is presented in 

Figure 1(b). The GISIS is meticulously modeled in the following subsections [IX]. 
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 (b) 

Figure 1 (a) Mathematical prototype of CMBO-HFF-2DoF-FOTIDC tuned GISIS; 

(b) Schematic illustration of  GISIS. 

Figure 1(a) presents the mathematical prototype of the Cat Mouse Based 

Optimization (CMBO)-tuned Hybrid Fractional-Order Fuzzy Two-Degree-of-

Freedom Tilted Integral Derivative Controller (HFF-2DoF-FOTIDC) applied to a 

Grid-Integrated Smart Inverter System (GISIS). The CMBO algorithm optimally 

adjusts the controller parameters to enhance the system's stability, dynamic 

performance, and robustness against grid disturbances. The mathematical model 

outlines the interaction between the CMBO algorithm, fuzzy logic-based hybrid 

tuning, and fractional-order control elements to achieve superior transient and steady-

state responses [X]. 

Figure 1(b) provides a schematic illustration of the GISIS, detailing its essential 

components, including the power electronic inverter, control loops, and grid 

integration framework. This schematic visually represents how the optimized 

controller enhances the system’s ability to regulate voltage, maintain frequency 

stability, and manage power flow efficiently within the smart grid. By leveraging the 

CMBO-tuned HFF-2DoF-FOTIDC, GISIS improves dynamic adaptability, reduces 

voltage fluctuations, and ensures smooth energy exchange between the inverter and 

the power grid [XI]. 

II.i.    Solar Cell 

Solar panels harness energy through a process known as the photovoltaic effect, 

which relies on factors such as solar irradiance ( irr ), the short circuit current             (

IShort
), the no load voltage (Vopen ), and the maximum power point. The equivalent 

setup of a solar panel, which is depicted mathematically, uses Equation (1). The 
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behavior of a solar panel system comprising multiple or individual units is 

represented scientifically through Equation (2) [XII]. 

  
  
   
   

q Vc dtI = I - I exprst photo akT
      (1) 

  

     
     
     
       

R V + R Vleakage seriesdt dtI = I - I exp -1 -rst photoR + R d V Rterseries leakage if leakage

 (2) 

where It , I photo , Irs , T , 1.3dif = ,
 
qc , RSeries

, Rleakage , Vter  , k   , and Vdt
 denotes 

the output current, maximum saturation current in reverse mode, temperature in 0K, 

diode identity factor, electron’s charge, resistance of series arm, resistance of parallel 

arm, terminal voltage, Boltzmann factor, and diode voltage respectively. 

Superlatively I >> IShort Photo
, it is valid as the values of RSeries

are lower than

Rleakage . Solar irradiance and temperature govern the magnitude of I photo ; it is 

mathematically expressed in Equation (3), and the Irs is manifested in Equation (4). 

  

 
 
 
 

R + R irrSeries leakage
I = I + K Tcsctphoto ShortR irrnleakage

      (3) 

                   
 
 

3 q EI + K T cT 1 1bgcsctShort nomI = exp -rs
T d k T TnomV + K T ifopen cvtc

exp -1
d Vterif

   (4) 

Where the factors of short-circuit temperature, voltage-temperature ratio, temperature 

variation in Kelvin, solar nominal irradiation in kilowatts per square meter, band gap 

energy, and nominal temperature are denoted by
sctK , 

vtcK ,
cT ,

nirr , bgE , and 
nomT

respectively. Upon substituting in Equation (1),  the values of I photo and Irs  the 

improved expression for It are depicted by Equation (5) [XIII]. 

     
     
     
       

R V + R Vleakage Seriesdt dtI = I - I exp -1 -rst photoR + R d V RterSeries leakage if leakage

        (5) 

II.ii.   DC-DC Converter 

 In Figure 1(b), there is a depiction of the model for the RLC. This converter is 

favored over the same from categories due to the aforementioned capacity towards 

mitigation of the impact of parasitic capacitance, achieving great efficacy, 

maintaining great compactness, minimizing ripple voltage level, and operating with 

reduced operation ratios. Detailed discussion on the RLC is provided in the 

subsequent subsections [XIV]. 
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II.ii.a.    Design of RLC 

RLC is a category of series RLC, which is developed to overcome the disadvantages 

of the classical boost converter.  Figure 1 (b) contains the model for RLC. An RLC 

consists of four semiconductor switches ( 1IGBT , D , D1 and D2 ), three inductors ( L1 , L2

and L3 ), and four capacitors ( 1C , C , Cout and 2C ). The current from the solar panel is 

represented by Iin . The voltage across the solar panels isV . The current through L1 , L2

, L3 , 1C , C and 2C are represented by 1lI , 2lI , 3lI , IC1 , Ic and IC2  respectively. The 

voltage through L1 , L2 , L3 , 1C , C and 2C are represented by Vl1 ,Vl2 , 3lV , 1cV ,
cV and 2cV  

respectively. The capacitor 1C performs the primary task of lifting the capacitor 

voltage Vc1 to V volts. When the switch is on, the current from the supply side is 

given by Equation (6) [XV]. 

  I = I + I + I + I + Iin C1 C2l1 l2 l3                                                                   (6) 

The inductor L1 , L3 tends to absorb energy from the solar PV panels. The L2  engrosses 

energy as of PV panels and C  respectively. When the switches ( 1IGBT ) are off, then

I = 0in , 1lI flows through 1C  and 3L . Then it flows through the capacitor 2C  and 

diode D to charge the capacitor C . 2lI  flows through outC and R , 1C  ,
 3L and then 

through  2C  and D to keep RLC in continuous conduction mode. Presumptuous 1C as 

well as 2C remain adequately outsized besides the voltage across them 1cV  , and 2cV is 

equal to V in the steady state [XVI].   

During switch-ON 3lV equals to V , change (peak to peak variation) of 3lI is given by 

Equation (7) 

  dT
ΔI =Vl3 L3

                                                                                (7) 

At switched–off condition, the reduction in current is expressed by Equation (8). 

  ( )V 1- d Tl3Δi =l3 l3                                                                                 

(8) 

The voltage drop across 3L  is given by Equation (9). 

  
d×V

V =l3 1- d                                                                                                   
(9) 

During switching, the current 1lI and 2lI are seen to increase during the on-time and 

decrease during switch-off period, so the voltage applied across the capacitor C  can 

be expressed in terms of the voltage developed across 1IGBT . This relationship is 

expressed mathematically by Equation (10-11), respectively.  

  ( )( )1- d V - 2V - Vc IGBT l3
V =IGBT d                                                

(10) 

  
( )

2
V = Vc IGBT1- d

                                                                                                   

(11) 
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The output voltage ( bV ) of RLC is given by Equation (12). 

  2
V = VIGBTb 1- k

                                                                             (12) 

The application of the power balance Equation yields the relationship between the 

supply current and load current. The mathematical dependency is expressed by 

Equation (13). 

  

( )

P = Po in

2
I = Isb 1- d                                                                           

(13) 

The voltage across C decreases when the switch is closed. The charge across 

capacitor C increases when the switch is off period. At a charge-balanced condition, 

the current across all 3 inductors can be expressed with respect to d  and bI . This is 

expressed mathematically by Equation (14-16). 

  d
I = Il1 l21- d

                                                                                             (14) 

  d d
I = I = Iinl1 b1- d 2

                                                                                    (15) 

  1
I = I + I = Il3 l1 l2 b1- d

                                                                                (16) 

During the period when the switch is off, the charge across the capacitor 1C  and 2C

decreases, and 1cI , 2cI  is equal to 21 ll II +  , and is given by Equation (17). 

  1
= = + = II I I I bc1 c2 l1 l2 1- d

                                                               (17) 

During the switch-on period, the average value of currents 1cI and 2cI  are represented 

in Equation (18) 

  I1- d b= = + =I I I I
c1 c2 l1 l2d d       

(18) 

The average value of current from the PV array during the switch-on period is given 

by Equation (19). 

  ( ); ; ;
1- d 2

I = I + I + I + I + I I = 2d I + I 1+ I = Iin in inc1 c2l1 l2 l3 l1 l2 bd 1- d

 
 
 

     (19) 

The peak-to-peak variations of 1lI and 2lI  are given by Equation (20), respectively.  

  ; ; ;
dTV dTV dTVs s sΔi = Δi = Δi =l1 l2 l3L L L1 2 3

                                                 (20) 

Similarly, the peak-to-peak variation across output voltage and across the capacitors (
1C ,

2C

and C ) is represented mathematically by Equation (21).  

  ( ) ( ) ( )
; ; ; ;

21- d dTI 1- d I 1- d IdT Vs s ssΔV = ΔV = ΔV = ΔV =C C1 C2b2C 8C L 2C f 2C fout 2 1 2

           (21) 
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Ripple is defined as the residual periodic variation of the DC voltage bV . The ripple 

formation is attributed to 1lI , 2lI  ,
 3lI , 

1cV , 
cV ,

2cV and bV  respectively. Therefore, it 

is desirable to study the effects of ripple. The value of the supplied voltage from solar 

panels is 22 volts, and the required output voltage is 50 volts. The value of the duty 

cycle d is 0.5669. As the variations in the ripple values of 1lI and 2lI are small so the 

variations of cV are even smaller, and the output voltage  bV  ripple variations are the 

smallest. The circuit delivers a clean DC output voltage bV  with minimal ripple due to 

the resistive load. Component details for this low-ripple solution are provided in 

Table 1. 

Table 1: Parameters of RLC 

f  100KHz 
2C

 
400  F 

1l  0.0931mH 
outC  400  F 

2l  0.0931mH C
 10  F 

3l  
0.0931mH 

1C
 

400  F 

R
 

50 Ω 

Table 1 illustrates the key parameters of an RLC circuit designed for a low-ripple 

solution in a Grid-Integrated Smart Inverter System (GISIS). It highlights the circuit’s 

operating frequency (100 kHz), inductors (0.0931 mH) for current ripple reduction, 

capacitors (400 F, 10 F) for voltage stabilization, and a 50 Ω resistor for damping 

oscillations. This optimized component selection ensures improved power quality, 

reduced voltage fluctuations, and enhanced overall system efficiency. 

II.iii.   15L-SMMI 

This manuscript uses a symmetrical 15-Level Switch-Minimized Multilevel Inverter 

(15L-SMMI). This configuration is illustrated in Figure 1(b). Unlike the cascaded H-

bridge design, there is a significant benefit in its ability to decrease the number of 

controlled switches while maintaining a constant source requirement, thereby 

enhancing system performance. Opting for a 15L-SMMI offers several advantages: it 

lowers components’ voltage stress, transformerless circuitry, increases 

electromagnetic compatibility, and moderates Total Harmonic Distortion (THD) 

[XVII]. 

  Total switch count = 
5

2

Level +
              (22) 

  Total source count  = 
1

2

Level −
                                (23) 

Where Level is the level of the inverter. The equations (22 and 23) establish the 

criteria for the quantity of switches and sources necessary for a multilevel inverter 

with reduced switch count. It is apparent from these equations that for a 15L-SMMI, 

the required number of switches and sources is 10 and 7, respectively. The selection 

of the proposed inverter technique is motivated by the presence of significant 

harmonic distortions below this level, while above this level, the switching method 

encounters challenges with diminished or only marginally enhanced performance. 
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The IGBTs are labeled sequentially IGBT1
to IGBT10

correspond. Similarly, the 

sources are designated as 
1DC   to

7DC , respectively. In the proposed method, each of 

the sources within the reduced switch count multilevel inverter is linked to the RLC. 

II.iii.a.   Harmonic 

The comprehensive assessment of harmonic components inside the current waveform 

is referred to as total harmonic distortion. Electrodynamic contacts are increasingly 

used, leading to the generation of harmonics, commonly represented by iTHD . There 

are various pathways through which harmonics can affect electricity systems. These 

effects include, but are not limited to, inadvertent triggering of Interrupters, reduced power 

factors, elevated thermal output, decreased efficiency, and elevated electromagnetic 

emissions. Maintaining a low value of iTHD  is preferable as it diminishes maximum 

current, enhances power factor, and progresses inclusive efficacy. The IEEE-519 

standard offers guidelines for measuring iTHD [XVIII]. 

 

II.iv.   Random Pulse Position Pulse Width Modulation (RPPPWM) 

 

RPPPWM uses a direct quadrature analysis method to generate the sinusoidal 

reference signal. The carrier wave is generated by using the Random Pulse Position 

Pulse Width Modulation (RPPPWM) technique [XVII, XVIII]. In DQC-RPPPWM, 

the randomized carrier wave, which is a randomized square signal, is compared with 

a sinusoidal reference generated by the direct quadrature analysis method. In the 

RPPPWM technique, the carrier wave is switched at 8,500 Hz. However, the position 

of the gate pulse is randomized within each switching period instead of commencing 

from the beginning of the cycle. In RPPPWM, the pulses of the carrier signal are 

randomly positioned in the individual switching period. The randomized frequency is 

achieved by varying the switching interval of the square wave carrier signal. This is 

further achieved by varying the width of each signal still keeping the pulse centrally 

aligned. The formulation of a triggering strategy based on the mathematical network 

of the CMBO-HFF-2DoF-FOTIDC based GISIS is utilized [XVIII]. gridV & invV

represents the voltage from the grid and 15L-SMMI. While 2i & 1i  
represents the 

current from the grid and 15L-SMMI. The 15L-SMMI and the grid are coupled 

through a conditioning element known as a filter. The resistive element of the filter 

placed on either interface is represented by 
2R and 1R  respectively. The inductive 

element of the filter placed on either interface is represented by 1l and 2l  respectively. 

The system incorporates a capacitance element denoted as
f

C . A unified 

mathematical representation of the grid and inverter's interactive behavior is captured 

in Equations (24-26). 

  cfinv VisLiRV ++= 1111                                                                      (24) 

  gridcf VisLiRV ++= 2222                                 (25) 
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S

V
ii

cf
+= 21                                                                                                    (26) 

The   and   component of invV  is represented by _invV as well as _invV  

individually. The design of the current controller disregards the influence of . 

Transitioning to the frame (Equations 27-28) provides a revised representation of 

Equation (24), offering deeper insights.   

  ( ) ( )  _2121_ gridinv ViLLsiRRV ++++=                                               (27) 

  ( ) ( )  _2121_ gridinv ViLLsiRRV ++++=      (28) 

Equation (29) specifies the values for i and i .  

  
cos

sin

m

m

i I

i I









= 


= 
                                                                       

(29) 

For computational efficiency, Equation (27-28) undergoes a stationary-to-rotating 

reference frame transformation, leading to Equation (30). 

  
_ 1 2 1 2 1 2 _

_ 1 2 1 2 1 2 _

inv d d d d d ff q ff q grid d

inv q q q q q ff d ff d grid q

V R i R i s L i s L i L i L i V

V R i R i s L i s L i L i L i V

 

 

=  +  +   +   −   −   + 


=  +  +   +   −   −   + 

  (30) 

Equation (31) plays a crucial role in understanding the relationship between the grid, 

inverter, and control signals for voltage ( dcV _ and qcV _ ) in the 𝑑𝑞 axis. This 

relationship is governed by the nominal angular frequency ( ff ). 

  






++−=

++−=

qgriddffqcqinv

dgridqffdcdinv

ViLLVV

ViLLVV

_21__

_21__

)(

)(




                                           (31) 

dcV _ and qcV _ are used to calculate di and qi . They are scientifically stated by way of 

Equation (32). 

  
𝑉𝑐_𝑑 = 𝑅1 × 𝑖𝑑 + 𝑅2 × 𝑖𝑑 + 𝑠 × 𝐿1 × 𝑖𝑑 + 𝑠 × 𝐿2 × 𝑖𝑑
𝑉𝑐_𝑞 = 𝑅1 × 𝑖𝑞 + 𝑅2 × 𝑖𝑞 + 𝑠 × 𝐿1 × 𝑖𝑞 + 𝑠 × 𝐿2 × 𝑖𝑞

}                 (32) 

Equation (33) establishes the mathematical equivalence between fictitious currents     

(
*

i and 
*

i ) introduced to aid in the dq −
 
transformation of single-phase systems. 

  
( )

( ) 





=

==

PLLm

PLLm

Ii

IIi









sin

cos

**

***

                                                               (33) 

While Equations (34) and (35) both represent transformations between reference 

frames, Equation (34) specifically handles the conversion from dq − , while 

Equation (35) performs the reverse operation. Interference distorts the original signal 

with a phase shift version.  

  
q

d
.

)cos()sin(

)sin()cos(







 −
=                                                        (34) 
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






.

)cos()sin(

)sin()cos(

−
=

q

d
                                                           (35) 

Equation (36) leverages the dq transformation with a parameter PLL = to formulate 

the two reference currents (
*

i and 
*

i )  for further analysis or control. 

    
𝑖𝑑
∗ = 𝐼𝑚

∗ (𝑐𝑜𝑠2( 𝜃𝑃𝐿𝐿) + 𝑠𝑖𝑛2( 𝜃𝑃𝐿𝐿)) = 𝐼𝑚
∗

𝑖𝑞
∗ = 0.5 × 𝐼𝑚

∗ (−𝑠𝑖𝑛( 2 × 𝜃𝑃𝐿𝐿) + 𝑠𝑖𝑛( 2 × 𝜃𝑃𝐿𝐿)) = 0
}          (36) 

Adding delays can slow down a system's response. This issue is resolved by the use 

of an error signal (
*

i i − ) to create a steady-state error in the frame. We represent 

errors for the direct and quadrature axes as d and q , respectively. Assuming 

steady-state conditions (
*

 ii = ) exist, Equation (37-38) expresses d and q . 

  𝜀𝑑 = 𝑖𝑑
∗ − 𝑖𝑑 = [(𝑖𝛼

∗ − 𝑖𝛼) 𝑐𝑜𝑠(𝜃𝑃𝐿𝐿)]                                                      (37) 

  𝜀𝑞 = 𝑖𝑞
∗ − 𝑖𝑞 = [−(𝑖𝛼

∗ − 𝑖𝛼) 𝑠𝑖𝑛(𝜃𝑃𝐿𝐿)]                                        (38) 

Equations 24-38 define the sinusoidal reference for a modulated pulse signal. This 

reference, compared with a carrier wave, regulates the triggering states of the 

RPPWM-based 15L-SMMI. The moment the reference amplitude ( qV ) surpasses the 

carrier amplitude ( carV ), a positive pulse is generated. Conversely, a negative pulse 

occurs when qV  falls below carV . Equations (39) and (40) define the 15L-SMMI's 

modulation index and output voltage (
invV ). 

  
q

a
car

V
m

V
=                                                                            (39)  

  









= 

=

n

b

on
sinv

T

T
VV

2

1

2


                                                                              (40)                                                                                                                      

15L-SMMI inverter sets the individual pulse width ( onT ) based on its switching 

period. This pattern, depicted in Figure (1), is achieved through the modulation 

strategy outlined in Equations 24-40. 

II.v.   Filter 

Crucial design parameters for the LCL filter, employed to clean the 15L-SMMI 

output, are defined in Equations (41-43). These parameters include base values of 

impedance ( bZ ), capacitance ( bC ), and maximum load current ( maxI ). 

  2 -1z = V pb bn l                                                                     (41) 

  ( )
-1

C = ω zgb b                                                                                   (42) 

  ( )
-1

I = 0.333* P 2 * Vmax f                                                                         (43) 
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Equations (44-45) capture the combined effects of a 10% filter component tolerance 

and a 10% change in inverter inductance ( L1
) on filter voltage ( fV ) and active 

power ( lP ), crucial for robust filter design. 

  
VbL =1 0.6× f × Isw max

                                                                       (44) 

  ΔI =0.10× Imax max   
                                                                                      (45) 

The mathematical relationships governing the inductor ( 2L ) placed interfacing the 

grid and shunt arm capacitor ( C f ) are captured in Equations (46) and (47), which 

incorporate the parameters of switching frequency ( swf ) and DC link voltage ( bV ). 

  
( )

( )

-2k +1a
L =2 2

C × fswf

                                                                                 (46) 

  C = 0.1×Cf b   
                                                                                     (47) 

where ak represents the attenuation factor. The use of resistance ( fR ) alongside C f  

compensates for the ripple effects, electromagnetic interference, and resonance. 

Equation (48) articulates the scientific similarity for fR .   

 ( )
-1

R = ω 3Cresf f                                                                                 (48) 

This set of equations (41-48) defines the filtering approach for the GISIS, relying on 

the resonant frequency (ωres ) and visualized in Figure 1(a). 

II.vi.   Open Loop Response 

The forthcoming subsections meticulously examine the solar inverter system's 

features under a range of operational configurations. 

II.vi.a.  Open Loop RLC 

This work utilizes an IGBT-based converter operating at 30kHz, controlled by a 

simple pulse generator. The converter elevates the voltage of the solar subsystem 

from 24V to 44.48V, displaying a fluctuation ranging from ±2.29% (1.01986) Volts. 

Figure 2(a) illustrates the open-loop output voltage, depicting fluctuations ranging 

from 43.97V to 45V. These variations predominantly arise due to inherent 

nonlinearities present in the system. 
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(a) 

 

  

(b) (c) 

 

 

(d) (e) 

Fig.  2. Open loop parameters of GISIS (a) bV  plot for RLC; (b) invV plot for 15L-

SMMI; (c) invI  plot for 15L-SMMI; (d)  invP  plot for 15L-SMMI; (e) ithd  graph 

Figure 2(a) presents the open-loop response of the RLC circuit, demonstrating how 

the system behaves under uncontrolled conditions. This plot highlights the impact of 

passive components on voltage and current waveforms, emphasizing their role in 

reducing ripple and stabilizing power flow. The behavior of inductors, capacitors, and 

resistors in filtering out high-frequency oscillations and ensuring steady-state 

performance is visually analyzed. 
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Figure 2(b) illustrates the output characteristics of the 15-Level Symmetric Multilevel 

Inverter (15L-SMMI) in an open-loop configuration. It depicts how the inverter 

generates stepped voltage waveforms, which help in reducing harmonic distortion. 

The plot also provides insights into the voltage levels and their transitions, showing 

how multilevel inverters improve the quality of power delivered to the grid. 

Figure 2(c) continues the analysis of 15L-SMMI, focusing on the harmonic content 

and distortion levels present in the output waveform. By examining the frequency 

spectrum, this plot helps evaluate how effectively the inverter minimizes unwanted 

harmonics, ensuring compliance with power quality standards. Lower total harmonic 

distortion (THD) values indicate an efficient design suitable for grid integration. 

Figure 2(d) further explores the dynamic response of the 15L-SMMI, showcasing 

transient characteristics such as overshoot, settling time, and response to input 

variations. The inverter's ability to maintain stable operation during load changes and 

disturbances is examined, validating its reliability for practical applications in smart 

grids and renewable energy systems. 

Figure 2(e) presents a comparative graph summarizing the performance of different 

configurations, including the RLC-based circuit and the 15L-SMMI. This 

visualization highlights improvements in power quality, voltage regulation, and 

efficiency, offering a comprehensive assessment of the system’s overall effectiveness 

in managing energy flow within the Grid-Integrated Smart Inverter System (GISIS). 

II.vi.b.  Open Loop 15L-SMMI  

The multilevel inverter, with reduced switch count, operates at a switching frequency 

of 30 kHz generated by the pulse source. Figure 2(b-d) displays the 15L-SMMI's invV  

at 226 volts, invI  at 1.5 amperes, and apparent power ( invP ) at 340 watts. Figure 2(e) 

reveals a harmonic distortion ( iTHD ) of 1.63%. This open-loop analysis demonstrates 

the need for a control strategy. 

III.     Control Approach  

The subsequent antecedent sections validate the suggested control method 

(CMAES-CMBO-HFF-2DoF-FOTIDC). This approach combines a fast fuzzy system 

with a Tilt Integral Derivative Controller (TIDC). The evaluation comprehensively 

analyzes the effectiveness, precision, and resilience of CMAES-CMBO-HFF-2DoF-

FOTIDC. The effectiveness of this hybrid control technique is confirmed by 

analyzing control performance indices and assessing the harmonic distortion ithd , bV , 

invV , invI  and invP  [9-13]. The integration of Fast Fuzzy (FF) with the 2DoF-FOTIDC 

aims to enhance the controller's response, improve the efficiency of fuzzy systems, 

and reduce data acquisition errors. This fusion results in a robust control method that 

offers superior performance for non-linear systems. Detailed explanations of the 

HFF-2DoF-FOTIDC are provided in the appended sub-sections. 

III.i.    Fast Fuzzy Controller 

The controller must address a substantial initial discrepancy, necessitating a swift 

reaction to mitigate it. This rapid adjustment is achieved by aligning the actuator with 
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the control signal. This concept is integrated into the Fast Fuzzy Controller (FFC), 

which is designed with a logical judgment module coupled with a fuzzy controller 

module. The functioning equation for comparing position error ( Err ) with the error 

threshold ( th ) for the FFC is presented in Equation (49). 

  
1

0
k

Err th
u

Err th


= 


                     (49) 

Initially, the positional deviation exceeds the error limit. The logical assessment 

module detects this, outputs a value of 1, and triggers the actuator to increase speed. 

Conversely, when the output is 0, the FF-TID controller dynamically adjusts the 

control parameters, enhancing accuracy. FF systems involve converting inputs into fuzzy 

values, creating the rule base, applying fuzzy logic, and converting fuzzy values back into 

precise outputs. Inputs and outputs are represented by seven membership functions: NB, NM, 

NS, ZE, PS, PM, and PB, which represent Negative Big, Negative Medium, Negative 

Small, Zero, Positive Small, Positive Medium, and Positive Big. These functions 

form the rule base for the FF system. Figure 3(b) illustrates the error input's 

membership degree, and Figure 3(c) shows the change in error input's membership 

degree. Figure 3(d) represents the outputs ( tK , iK  and dK ) of the FF system. 

Figure 3(e) represents the surface plots for the outputs ( tK , iK  and dK ) with 

respect to error and change in error of the FF system. The rule base, detailed in Table 

2, links input and output membership functions during fuzzy inference. In the 

defuzzification phase, outputs are translated into precise values using the mean of 

maxima technique. 
Table 2: Fuzzy Logic Rule Table 

 
 

Table 2 illustrates the Fuzzy Logic Rule Table, which defines the control strategy for 

the Grid-Integrated Smart Inverter System (GISIS) by mapping input variables to 

appropriate output responses. The table consists of fuzzy linguistic terms such as 

Negative Large (NL), Negative Medium (NM), Negative Small (NS), Zero (Z), 

Positive Small (PS), Positive Medium (PM), and Positive Large (PL) to represent 

variations in system parameters. The fuzzy rules are formulated based on expert 

knowledge, ensuring optimal decision-making for voltage regulation, stability 

enhancement, and ripple minimization. By applying these rules, the fuzzy logic 

controller dynamically adjusts system behavior, improving the efficiency and 

robustness of GISIS under varying operating conditions. 
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III.ii.  2-Degree-of-Freedom Fractional Order Tilt Integral Derivative Controller 

(2DoF-FOTIDC)  

The 2-Degree-of-Freedom Fractional Order Tilt Integral Derivative Controller 

(2DoF-FOTIDC) is a sophisticated control system designed to optimize performance 

by integrating two distinct degrees of freedom. This controller regulates and stabilizes 

systems through effective management of the integral and derivative components 

associated with tilt or angular position. Unlike conventional controllers, the 2DoF-

FOTIDC employs fractional-order dynamics, enabling a more refined and adaptable 

response to system behavior. 

The integral component addresses long-term discrepancies, ensuring steady-state 

precision, while the derivative component responds to the rate of change in the 

system, aiding in damping oscillations and enhancing stability. The fractional-order 

feature introduces a fractional exponent into the mathematical model, allowing for 

tailored tuning of the controller’s response to meet the specific needs of the system. 

In the suggested control method, the system takes the deviation (E) and the rate of 

deviation change (ΔE) as inputs to the fractional-order model. The 2DoF-FOTIDC has two 

inputs and one output ( ( )Controller s ). One input comes from the fractional-order system's 

result, and the other uses a reference value. The system’s output is fed into the 2DoF-

FOTIDC controller, designed similarly to a PID controller. The tilt gain, acting as the 

proportional component, is applied via a tilt function aimed at enhancing system 

stability. The transfer functions of the 2DoF-FOTIDC controller are given in 

Equation (50). 

( )

( ) ( )

( )

( ) ( )

t i
dn

t i
dn

Error s K K s N
TW DW K

Controller s s s Ns

Y s K K s N
K

Controller s s s Ns



 



 

−

−


=  + + 

+


= + +

+

     (50)  

Where TW, DW,
 tK  , Ki , dK , ,n  and  represent tilt gain compensation, 

derivative gain compensation, gain of tilt function, gain of integral function, gain of 

derivative function, tilt coefficient, integral coefficient as well and derivative 

coefficient. The control parameters are optimized using a fitness function, specifically 

ITAE, to reduce system error, as depicted in Equation (51). 

  𝐼𝑇𝐴𝐸 = ∫ 𝑡 × |𝑒𝑟𝑟(𝑡)|
∞

0
𝑑𝑡                    (51) 

where rr| e (t) |  denotes the magnitude of the error signal.  

III.iii.    Fast Fuzzy – Fractional Order Tilt Integral Derivative Controller (HFF-

FOTID) 

Given the superior performance of both FF and TIDC equated with other control 

approaches, their amalgamation is predictable to deliver superior performance. This 

expectation is confirmed in the results and discussion section (Section 4) of the 

manuscript. Figure 3(a) presents the transfer function model of the HFF-2DoF-

FOTIDC. The inputs to the HFF-2DoF-FOTIDC are the outputs from FF, denoted as 

tK , iK  and dK . These inputs are multiplied by the corresponding constraints of 

FOTIDC. The control signal output from the HFF-FOTIDC is referred to as
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( )ControllerU s . Equation (52) represents the overall transfer function ( ( )T s ) for the 

HFF-2DoF-FOTIDC. 

( )

( )

( ) ( )

( )

( ) ( )

t t i i
d dn

Controller

t t i i
d dn

Controller

Error s K K K K s N
TW DW K K

U s s s Ns

Y s K K K K s N
K K

U s s

T

s Ns

s



 



 

−

−

    
=  + +  

+

    
= + +  

+





= 




   (52) 

The control parameters of HFF-2DoF-FOTIDC are optimized using CMAES-CMBO 

to minimize error. This technique is also used to estimate GISIS control parameters 

for enhanced system performance. 

 
(a) 

  

(b) (c) 
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(e) 

Fig. 3. (a) Block diagram of CMBO-HFF-2DoF-FOTIDC; (b) Fast fuzzy input1 (error) with 

respect to it’s degree of membership; (c) Fast fuzzy input2 (rate of change of error) with 

respect to it’s degree of membership; (d) Fast fuzzy outputs ( tK , iK  and dK ) with 

respect to it’s degree of membership; (e) Surface plot for fast fuzzy outputs ( tK , iK  and 

dK ) with respect to inputs. 

III.iv.   Optimization of Control Parameters 

The proposed HFF-2DoF-FOTIDC controller is tuned using two optimization 

techniques, namely CMBO. 

III.iv.a.  Cat and Mouse Optimization Algorithm (CMOA) 

CMOA, inspired by cat and mouse behavior, optimizes solutions. It iteratively 

updates two populations: "cats" searching for promising areas and "mice" escaping 

them. Each individual represents a potential solution in the search space. The 

population is represented by a matrix (Equation (53)). 

  

mNmNdNN

midii

md

mNm

i

XXX

XXX

XXX

X

X

X

X



==

,,1,

,,1,

,1,11,11














                                      (53) 

where N represents the number of members in the population, m represents the 

number of search variables, X represents the population matrix, and diX , represents the 

value of thd the problem variable on the thi search agent. Each member of the 

population has a value for the objective function. The value matrix for the objective 

function is represented by F . It is represented in the vector form by equation (54). 

  

1

1



=

NN

i

F

F

F

F




                                          (54) 

Ni FFF 1 represents the objective function values for the 
st1 , thi  and thN search 

agents, respectively. Members are ranked by objective function, with the best at the 

top. Equation (55) shows the sorted population and objective function matrices.      
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  𝑋𝑠 = |
|

𝑋1
𝑠

⋮
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𝑋𝑚
𝑠

|
|

𝑁×𝑚
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⋮
𝐹𝑖
⋮

𝐹𝑁(𝑚𝑎𝑥())𝑁×1

|

|
               (55) 

 

sX represents the sorted population vector, while the sorted objective function vector 

is represented by sF . 
s
diX ,  represents the sorted value of thd  the problem variable on 

the thi search agent. The population matrix in CMOA, as mentioned earlier, is 

divided into two groups. This division is done as per the values of the objective 

function. The mice are assumed to have better objective function values, while the 

cats are assumed to have lower objective function values. The total population 

members N  is divided amongst cats and mouse as cN and mN  respectively. The 

populations of mice ( M ) and cats ( C ) are represented by equations (56-57).  

𝑀 =
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|

𝑀1 = 𝑋1
𝑠

⋮
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𝑠 ⋯ 𝑋𝑖,𝑚
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⋮ ⋰ ⋮ ⋱ ⋮
𝑋𝑁𝑚,1
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|
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            (56) 

𝐶 =
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Equations (58-60) model cat behavior in updating search factors during the initial 

phase.
( )new new

j j,d j,d k,d j,d

c m

C : C C r m I C

where : j 1: N , d 1: m, k 1: N

= + − 

= = 
                   (58) 

  ( )randroundI += 1         (59) 
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

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elseC
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j

C
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newC
j

new
j

j

,

, ,

       (60) 

where 
new
jC is the newest of thj cat and 

new
djC , is the value of the thd problem variable 

obtained by the thj cat, r is a random number having values between 0 and 1, dkm , is 

the thd dimension of the  thk mouse, 
newC

jF ,
is the objective function value of the 

obtained after the new status of the thj cat. In the second phase, the escape of the 

mice to havens is modelled. The positions of the haven are created randomly based on 

prior knowledge about the patterns of different members. Mice are always required to 

take refuge in these havens. The position updation of mice is mathematically modeled 

and represented by equation (61-62).  
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  ( ) ( )
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M : M M r h I C sign F F
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i
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i

i

,

, ,

      (62) 

where new
iM is the newest of thi mouse, and 

new
diM , is the value of the thd problem 

variable obtained by the thi mouse, dih , is the thd dimension of the  thi cat, newM
iF , is 

the objective function value obtained after the new status of the thi mouse. Once all 

the optimization function values are updated and the best value is noted, the 

algorithm enters the next iteration and follows the steps as mentioned in eqn (56-66). 

The optimization stops once the stopping criteria is reached. The stopping criteria can 

be the maximum number of iterations, allowable error limits, or the same error values 

for successive iterations. The flowchart explaining the optimization process is 

depicted in fig.3.  

 
 

                                                 Fig. 3. Flowchart for CMOA technique 

Figure 3 illustrates the flowchart for the Cat Mouse Optimization Algorithm (CMOA) 

technique, outlining the step-by-step process of optimization. The flowchart begins 

with the initialization stage, where algorithm parameters, including population size, 

search space, and termination criteria, are defined. Next, the random generation of cat 

and mouse agents within the solution space takes place, ensuring diversity in the 

initial population. The algorithm then enters the evaluation phase, where the fitness of 

each agent is assessed based on a predefined objective function, such as minimizing 

power loss or improving system stability. Following evaluation, the exploration and 

exploitation phases begin, where the cat (predator) pursues the mouse (prey) using 

adaptive search strategies. The algorithm dynamically adjusts the movement of agents 

based on their fitness values, enhancing convergence toward the optimal solution. 

The updating phase then refines the positions of the agents, balancing exploration 

(searching new areas) and exploitation (refining the best solutions). The stopping 
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criteria check determines whether the optimization process should continue or 

terminate. If the maximum number of iterations is reached or the fitness function 

stabilizes, the algorithm proceeds to the final selection phase, where the best solution 

is extracted. This optimized solution is then applied to GISIS control, improving 

performance parameters such as voltage stability, reduced ripple, and enhanced 

energy efficiency. By following this structured approach, the CMOA technique 

ensures fast and accurate convergence to optimal control parameters, making it a 

reliable method for enhancing smart inverter systems and other power optimization 

applications. 

IV.i.   Closed-loop RLC 

Solar panels' low voltage necessitates boosting before utilization. RLC circuits, 

controlled by the 2DoF-FOTIDC at 40 kHz, achieve this. While typical converters 

target 48V, a 50V output enhances performance, as exemplified in Figure 9. 

 
 Fig. 9. RLC DC output voltage 

Figure 9 illustrates the DC output voltage of the Relift Luo Converter (RLC), 

demonstrating its capability to provide a stable and enhanced DC voltage with 

minimal ripple. The plot highlights how the RLC topology improves voltage gain and 

efficiency by effectively reducing high-frequency oscillations through its inductor-

capacitor filtering mechanism. The steady-state output confirms the converter’s 

ability to boost and regulate voltage efficiently, making it highly suitable for Grid-

Integrated Smart Inverter Systems (GISIS) and renewable energy applications 

requiring high power quality. 

IV.ii.   Closed-loop 15L-SMMI  

The 15L-SMMI inverter converts DC voltage to AC, supplying 220V AC to a 100 + 

240e-3j Ω load. The load consumes 2A current and 360W of power. Figure (10-12) 

illustrates the inverter's invV , load current ( invI ) and power consumption ( invP ). 
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Fig. 10. invV of CMBO-based 15L-SMMI     Fig. 11. invI of CMBO-based 15L-SMMI 

 

 Fig. 12. invP of CMBO-based 15L-SMMI  

 

A three-terminal transformer supplies a 12kW load, drawing power from GISIS. The 

GISIS supplies 162.5V RMS. The grid supplies 6.3A, the inverter 11.63A, resulting 

in 169.5V and 8.134A at the load (Figure 13).   

(a) (b) 
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(c) (d) 

 

 

(e) (f) 

Fig. 13. Plot for (a) Grid current; (b) Grid voltage; (c) invI ; (d) invV ; (e) Load current; 

(f) Load voltage. 

IV.iii.    Robustness Analysis 

The proposed GISIS demonstrates robustness against rapid changes in operating 

conditions like temperature and irradiance. This is verified by observing minimal 

impact on system responses (voltage, current, and power) during these changes. 

Temperature variations within the optimal photovoltaic range (293.15 - 321.15 K) 

have minimal impact, as shown in Figure 14(a-c). Voltage deviation is 0.162% (0.26 

volts), current deviation is 0.074% (0.001 amp), and power deviation is 0.645% 

(248.3 - 294.8 watts). Similarly, irradiance changes from seven hundred W/m² to one 

thousand sixty-one W/m² (optimal band) result in minor variations: voltage deviation 

of 2.18% (3.52 volts), current deviation of 0.022% (0.003 amp), and power deviation 

of 4.03% (10 watts). Figure 14(d-f) depicts these variations. These minimal changes 

in response to environmental fluctuations demonstrate the proposed GISIS's 

robustness. 
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(a) (b) 

 

 

(c) (d) 

 
 

(e) (f) 

Fig. 14. 15L-SMMI performance under varying conditions: Temperature: (a) Output 

voltage, (b) Output current, (c) Output power. Irradiance: (d) Output voltage, (e) Output 

current, (f) Output power. 

IV.iv.  Stability of Hybrid-Fuzzy-Tilt-Integral-Derivative-Controller with Filter  

Frequency domain study validates the proposed model's stability. Bode plots in 

Figure 15(a-b) illustrate the system's behavior under open and closed-loop conditions. 

Figure 15(a) shows that the open-loop system exhibits instability, characterized by a 

non-converging and potentially oscillating response. Conversely, Figure 15(b) 

demonstrates the system’s improved stability with the CMBO-HFF-2DoF-FOTIDC 

control scheme. The response exhibits superior smoothness and signifies faster 

settling time, indicating quicker stabilization. However, a minor peak observed in the 

response (Figure 15(b)) warrants further investigation. While this peak might not 
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directly compromise stability, understanding its origin and potential impact on the 

system's performance under various conditions is crucial. The adaptive nature of the 

proposed control strategy, utilizing CMBO-HFF-2DoF-FOTIDC, reduces output 

nonlinearities, minimizing minor peaks. 

 
 

(a) (b) 

 Fig. 15. (a) Open-loop Bode plot; (b) Bode plot. 

IV.v.   Comparative Analysis 

Compared to other modern controllers, the proposed CMBO-HFF-2DoF-FOTIDC 

based GISIS demonstrates superior performance, as shown in Table 5. For grid-

connected systems, the IEEE-519 standard mandates total harmonic distortion (THD) 

below 5% for 30 cycles. The proposed model achieves a current THD of 0.61% 

(Figure 16), bettering this benchmark. 

Table 5: Comparative study of CMBO-HFF-2DoF-FOTIDC based GISIS with other 

control techniques 

Metric Solar-

Photovoltaic 

Model with 

ANN 

controller [3] 

Solar-

Photovoltai

c Model 

with  

ANFIS  

controller  

[4] 

Solar-

Photovoltai

c Model 

with  

Hysteresis 

control [5] 

Solar-

Photovoltaic 

Model with  

DSP-based 

controller [6] 

Solar-

Photovoltaic 

Model with 

DSP-based 

controller  

[7] 

Solar-

Photovoltaic 

Model with  

CMBO-HFF-

2DoF-

FOTIDC 

ithd  
2.75% 1.17% 1.72% 0.9% 1.23% 0.61% 

Switching  

Frequency 

10 kHz 30 kHz 30 kHz 20 kHz 20 kHz 40 kHz 

stability inferior inferior inferior inferior inferior superior 

Robust inferior inferior inferior inferior inferior superior 
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 Fig. 16. Current harmonic plot proposed system 

 

 

V.    Conclusions 

CMBO-HFF-2DoF-FOTIDC, a novel control strategy, is proposed in the 

purview of this manuscript and is based on the hybridization of fuzzy and fractional 

order controller concepts. The CMBO-HFF-2DoF-FOTIDC approach treats all 

control parameters as dependent on the error signal. A control approach is employed 

solar inverter system and found to justify its better performance under fluctuations in 

solar irradiance and temperature. The control performance is enhanced by using 

CMBO-HFF-2DoF-FOTIDC. The comparative findings demonstrate the proposed 

control technique's performance superiority, stability, reliability, robustness under 

parameter variation, and disturbances as compared to ANN, ANFIS, Hysteresis 

control, and DSP-based controller. The proposed control approach has enhanced 

performance in terms of stability, accuracy, and capabilities to handle disturbances 

and uncertainties, which justifies the real-time application. 
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