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Abstract—Variable Frequency Drives (VFDs) serve as 

essential elements for modern industrial operations which focus 

on enhancing energy efficiency and decreasing operational 

expenses. These systems encounter major stability issues when 

they operate under adverse conditions which include sudden 

load changes and power disturbances and delays in signal 

processing and mechanical system responses. Sliding mode 

control (SMC) has proven to be an effective solution because it 

provides adaptable monitoring techniques which also maintain 

system stability. The research study delivers its main 

contribution through the implementation of linear matrix 

inequality (LMI) method within the SMC framework to 

enhance stability in multi-agent VFD systems. The proposed 

technique operates to direct the switching functions of the DC 

link DC-DC CUK converter in the subject system. The subject 

system exists in mathematical form which allows researchers to 

study its behavior when exposed to standard input testing 

signals and its stability characteristics. The system maintains its 

stability during quick load variations which proves that the 

control method produces better results for systems that manage 

speed and torque in motor groups. The system stability during 

fast load variations proves that the control method produces 

better results for motor group speed and torque control systems 

which makes the technology suitable for transportation systems 

and renewable energy systems and other applications. Standard 

VFDs present challenges because they require specific motor 

types and operate with various communication protocols and 

expensive components. The authors indicate that it should be 

investigated to gauge the feasibility of having more advanced 

control algorithms incorporated with the suggested control 

system; enhancing its adaptability and performance control. 

Keywords—Variable Frequency Drive (VFD) Systems; Sliding 

Mode Control (SMC); Linear Matrix Inequality (LMI); Multi-

Agent Systems; Time Delays; Stability Enhancement; DC/DC 

Converters; Cuk Converter. 

I. INTRODUCTION  

The implementation of Variable Frequency Drive (VFD) 

systems introduces an industrial safety risk which results 

from their ability to function more efficiently while reducing 

operational expenses [1]. Multi-agent systems encounter 

major obstacles when trying to maintain system stability 

because of the presence of time delays and uncertain system 

parameters. The systems face performance risks because of 

this uncertainty which reduces their ability to perform 

reliably [2], [3]. A new potential solution has emerged for 

stability improvements in a VFD system, sliding mode 

control (SMC) [4]. Performance enhancement through SMC 

becomes possible because it handles various uncertainties 

and environmental changes which makes it suitable for 

different operating conditions [5]. The application of SMC to 

multi-agent systems needs exact control over time delays 

together with uncertainty management by employing 

superior mathematical methods [6]. 

The main goal of this paper describes LMI's role in 

creating SMC systems that boost VFD system stability in 

multi-agent systems [7]. The analysis studies LMI-based 

methods for creating stability criteria for VFD systems under 

delayed and uncertain operating conditions [8]. The objective 

aims to found real-world yet efficient solutions which 

enhance performance of VFD systems within different 

industrial environment. Multiple investigations exist in this 

area of research. 

The authors in Ref. [9] apply traditional PWM-SMC to 

enhance GTIs under weak grid conditions but this approach 

increases harmonic output because of reduced phase margin. 

By incorporating Kalman filter estimate into KF-PWM-SMC 

the output impedance of inverters improves and the point of 

common coupling (PCC) voltage sensor becomes 

unnecessary thus enhancing system reliability. Implementing 

Kalman filters needs complex procedures and specific 

parameter values for optimized performance. Reference [10] 

introduces an innovative approach to PCC voltage 

reconstruction using Kalman filter estimation to enhance 

grid-connected inverter control capabilities. The authors of 
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this study identify important drawbacks of conventional SMC 

control under weak grid scenarios in which excessive 

harmonics are produced. KF-PWM-SMC generates 

improved impedance control owing to PCC voltage sensor 

removal and improves the overall reliability of the system. 

Notably, some challenges remain for practical applications. 

Reference [11] investigates the stability and reliability of 

a voltage source converter-based high-voltage direct current 

(VSC-HVDC) control scheme for multi-machine power 

systems using a d-q axis model. The authors also employed 

sliding mode control (SMC) as a method to react to the 

nonlinearity of the system and stabilize the system when 

disturbance occurs. The results of tests performed in 

MATLAB/SIMULINK verify that the SMC scheme 

approaches and stabilizes the voltage reference level of the 

multi-machine system; however, the problem arises in 

determining the optimal selection of the control parameter for 

optimal control performance. Reference [12] study voltage 

stability as it relates to an initial substation stemming from 

the load conditions and faults in the system. The study 

proposed static voltage stabilizers (SVC) reactively to help 

control reactive power and to enhance the level of voltage 

stability as a whole while in a stable and unstable state. The 

results of the simulation suggest an increase in voltage 

stability; however, despite obtaining increased voltage 

stability, there is the problem of the optimization response of 

changing load to the response of the system. 

Reference [13] presents a new SMC controller for 

enhancing transient stability in electrical networks, with a 

specific application in high wind power situations with wind 

turbines, when rotor torque is not present. The simulation 

results demonstrate the controller is effective and robust. 

However, there is no indication of limitations or challenges 

in its implementation. Reference [14], on the other hand, 

utilizes SVC for improving voltage stability in a 230 kV 

power transmission system with generally poor dynamic 

performance and voltage regulation. The SVC improves 

system performance due to its reactive and inductive control 

of power sources using advanced electronic switching 

devices, but again, the paper does not suggest any 

implementation challenges. 

The article in [15] defines how virtual synchronous 

generator VSG technology enables improved power system 

stability through AC inverter implementations working with 

reduced rotor torque from increasing distributed generation. 

The paper introduces a progressive approach for transient 

stability analysis through development of a dynamic model 

for virtual power angle enhancement. The proposed method 

proves success in transient stability assessments on SMIB 

and IEEE systems through simulation testing according to 

simulation results but the report fails to detail any particular 

obstacles. The paper in Ref. [16] explores how SVC functions 

to control dynamic performance and manage transmission 

system voltages. The paper describes how keeping stability 

at stability limits requires FACTS devices to play a critical 

role for better transient stability alongside low-frequency 

oscillation reduction. MATLAB simulations prove the 

usefulness of SVC while the paper avoids discussion of 

practical implementation details. 

The research paper presented in Ref. [17] analyzes 

modern power stability challenges which occur when systems 

encounter economic and environmental stressors. In a two-

zone power system the charge-SVC FACTS devices increase 

both transmission capacity and enhance transient stability. 

This research proves SVC devices deliver stability benefits to 

operations but avoids investigating particular implementation 

challenges of this method. The Ref. [18] founds a torque-

adaptive SMC system which improves the speed and stability 

characteristics of electric vehicles with independent wheel 

motors. The system checks vehicle security through traceable 

trajectory planes while it modifies controls automatically to 

match the best wheel torque directions. The system works 

successfully according to simulation results yet the article 

lacks information about its potential constraints. 

The authors in Ref. [19] present advanced methods to 

control FACTS SVC technology for electrical disturbance 

management of load frequency and grid voltages. Local 

frequency and voltage indicators serve the semi-

decentralized approach to optimize SMC while producing 

better results than traditional PI control yet fails to detail 

execution problems. The paper in Ref. [20] discovers how 

SVC operates to maintain power system voltage stability 

when employing charging SVC FACTS devices. Simulation 

data reveals important enhancements in voltage regulation 

and transient stability however the article fails to explain 

particular installation barriers. 

Reference [21] evaluates power constancy alongside 

frequency stability by focusing on regional voltage constancy 

in power grids. The model runs simulations to determine how 

major disturbances affect regional power system behavior 

with two different systems active: SVC and reactive 

capacitors. The study shows SVC effectively enhances 

dynamic voltage stability although it does not resolve 

particular operational challenges. Reference [22] investigates 

the role of a PID controlled SVC device in providing 

damping, thus increasing stability in a power system under 

operation. The addition of the PID control features, when 

electro-mechanically implemented with the SVC, produces 

better performance for damping and stability of voltage 

operation and power transfer capability when compared to the 

system that does not employ the SVC in a synchronized 

means. 

The research paper in Ref. [23] demonstrates how VSC-

HVDC high-voltage transmission technologies boost power 

system stability performance. VSC-HVDC technology now 

benefits from new advancements in VSC design and PWM 

regulation which has boosted its post-fault responsiveness 

and system stability performance although the article omits 

specific technical issues. The paper in Ref. [24] examines the 

precise position tracking difficulties experienced by 

hydraulic valve drive systems as a result of nonlinear system 

characteristics. The authors outline a second-order sliding 

mode controller which shows superior performance over 

linear controllers while remaining robust even with 

unpredictable parameter changes but absent any critical 

limitations section. 

An innovative approach to improve dynamic stability in 

power systems through SVC with fuzzy and PID control 
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appears in Ref. [25]. Research on multi-machine systems 

demonstrates that this method boosts system stability and 

minimizes oscillations between low frequencies while facing 

no known difficulties. SMC serves as the key solution for 

improving idle speed stability under disturbances and 

parameter variations according to Ref. [26]. Simulation 

testing has demonstrated important improvements to PI 

controllers with no specific problems reported. 

Although contemporary studies suggest prominent 

difficulties with VFDs when employing traditional control 

methods, such as PWM with SMC, that are characterized by 

increased harmonics in the feeder network and a decrease in 

the phase margin, which causes inefficiency and instability in 

multiple agent VFD environments [27 – 35]. There are 

already studies that have tackled advanced assessment 

techniques in conjunction with SMC [36]. This method 

removes the need for a voltage sensor at the PCC, which 

improves system reliability and performance in weak 

network conditions [37]. However, it does not discuss the 

challenges in using advanced methods and there is a lack of 

comprehensive research studies focused on these areas, and 

this is a significant gap which this research seeks to fill. 

Therefore, the research provides innovative ideas of control 

systems methods to integrate into real multi-agent systems 

[38] . 

Applying LMI in SMC approach to multi-agent VFD 

systems is a suitable approach since it responds to the 

challenges that prevent traditional control methods from 

being utilized, and provide better stability and performance 

in such a system [39]. LMI is systematic for sytematic robust 

controller design against uncertainties and exogenous 

disturbances. Because in a multi-agent VFD system multiple 

motors work at the same time to control a, the change in 

loading condition to aggregated load, and disturbance in the 

return network were significant problems that could intervene 

with systems performance [40]. Through the use of LMI, 

control design will be confident to maintain stability despite 

uncertainties, thereby improving reliability in dynamic 

operating environment [41].  LMI also facilitates the real time 

consideration of multiple performance objective functions in 

control design in particular multi-agent variable frequency 

drive systems where coordination of many elements is 

important in operation [42]. This feature is of most use in 

industrial settings where multiple operational objectives may 

be met simultaneously.  Table I and Table II shows a 

comparison of the behavior of variable frequency drives for 

alternative control techniques [18]–[44]. 

TABLE I.  CONTROL METHOD COMPARISON (PART 1) 

Control Method 
Robustness to 

Disturbances 

Stability 

Margin 

Harmonic 

Distortion 

Traditional SMC Moderate Reduced Moderate 

Control by model 

prediction (MPC) 
High High Low 

Derivatives of 

proportional integrals 

(PID) 

Low Moderate High 

An approach based on 

Kalman filters 
High High Low 

Approach based on 

LMI and SMC 
Very High Optimized Very Low 

TABLE II.  CONTROL METHOD COMPARISON (PART 2) 

Control 

Method 

Sensor 

Dependency 

Implementation 

Complexity 

Performance 

Under 

Variable Loads 

Traditional 

SMC 
High Moderate Moderate 

Model 

Predictive 

Control (MPC) 

Low High High 

Proportional-

Integral-

Derivative 

(PID) 

Moderate Low Low 

Kalman Filter-

Based Control 
Low High High 

LMI-SMC 

Approach Minimal Moderate Very High 

 

The purpose of this research is to improve the stability of 

VFD systems using LMI approaches in SMC for multi-agent 

systems and contribute to problems involving time delays and 

uncertainties impacting the performance of VFD systems. 

This work is innovative in that it provides various methods 

for improving the stability of VFD systems and, thereby, 

increasing energy efficiency and reducing operational costs 

in an industrial environment. Incorporating LMI approaches 

enhances the mathematical guarantees associated with 

stability, as stability will still be maintained in less than 

optimal conditions. 

A major issue is the lack of stability of VFD systems in 

response to time delays and uncertainties, leading to power 

fluctuations that impact reliability and efficiency. Solutions 

are dependent upon effective control plans. This work 

proposes novel control approaches using SMC and LMI to 

enhance the robustness of a system to uncertainties and time 

delays. Simulation results substantiate the efficacy of thus 

approach and it is expected to improve VFD systems 

performance across the industrial landscape. The 

contributions of the system can be summarized as follow:   

❖ Enhancing stability of multi-agent VFD systems under 

non-ideal condition by the integration of LMI with SMC. 

❖ Developing a comprehensive mathematical model of 

VFD systems which allowing for detailed analysis of its 

time response. 

❖ Supporting the ability of the system to remain stable when 

subjected to sudden changes in load, which confirms the 

ability of the proposed control method to improve overall 

system performance in industrial applications that require 

controlling the speed and torque of a group of motors. 

In this work, enhancing stability of VFD systems by using 

LMI approach in SMC for multi-agent systems with time 

delay and uncertainties is performed by making a 

comprehensive analysis of a multi-agent VFD systems, 

followed by mathematical modeling and identification of 

transfer functions to study its performance in different 

operating conditions and then using LMI to design a robust 

SMC control strategy aimed at improving system stability. 

Section 2 provides LMI approaches for SMC; an analysis of 

DC/DC converters using LMI is introduced in Section 3. 

Section 4 presents the equivalent transfer functions for VFDs; 

Section 5 presents the studied system response to the most 
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common test input signals in time domain; Section 6 presents 

enhancing the system stability by using LMI; Section 7 

introduces a case study on VFDs by applying LMI with SMC 

for multiagent system with time delay and uncertainties; and 

finally, the conclusions drawn from this work are given in 

Section 8.  

II. LMI APPROACHES FOR SMC 

SMC is a robust nonlinear control method that has 

become widely known because of its ability to accommodate 

uncertainty and disturbances in the system. SMC yields fast 

responses while providing robustness to the overall system, 

making it a prospective control method for complex systems. 

Despite the benefits associated with an SMC, it often requires 

the design of a suitable set of control gains, which may be 

near-impossible. The LMI approach to SMC emerged as a 

suitable approach to address the SMC attainability concerns, 

particularly in applying automated methods to optimize 

control gains [45]. 

Nonlinear SMC represents a powerful control method that 

is now recognized by researchers for its ability to deal with 

uncertainty in the system along with disturbances. The SMC 

control mechanism provides safe operation with fast response 

time in the system which allows for good performance in 

complex system control [46]. Designing SMC requires 

determination of control gains which can present a 

challenging task. LMI approaches to SMC represent a 

valuable method of optimizing SMC control gains based on 

[47]. 

Today, scientists show great interest in the usage of LMI 

methods for constructing SMC of power converters. LMI 

methods bring many important advantages for the design of 

controllers; they increase flexibility in control designs and 

can manage system uncertainties. Research has shown that 

advances in power converters provide increased reliability 

and performance, regardless of their continuous operation in 

modern power systems [48]. 

The LMI method of SMC offers multiple advantages 

when applied for control design instead of standard methods 

as demonstrated in studies [49] and [50].  

1. The process entails systematized strategies to 

systematically adjust values control gain values to attain 

desired system behaviors with stability requirements. 

2. The implementation includes noise reduction 

capability and real-world application robustness as part of its 

design criteria.  

3. The system management capability for parameters with 

varying levels of uncertainty makes this method valuable 

when detailed model data is unavailable. 

The implementation is facilitated by selecting the sliding 

variable  𝑆𝑖(𝑥), where i ranges from 1 to m, 𝑖 = 1,2,3, …𝑚, 

where i express as a linear combination of the state variables 

as (1) shows [51], [52]. 

𝑆𝑖(𝑥) = ∑ 𝑎𝑗𝑖

𝑛

𝑗=1

∗ 𝑥𝑗(𝑡) (1) 

where: 

𝑎𝑗𝑖  sliding coefficients 

𝑥𝑗(𝑡) ∈ 𝑥(𝑡)  

The primary goal of SMC is to guide the system state 

trajectories to the specified slip surface within a limited time 

and maintain them there indefinitely. In the following 

section, common approaches used in SMC are presented [53]. 

1) For a system in (2), an alternative design based on 

control can be considered, assuming that the term 
𝜕𝑠

𝜕𝑥
𝑔(𝑥, 𝑡) 

is non-singular, the control law 𝑢(𝑡)  is designed as (2)[54]: 

𝑥̇(𝑡) = 𝑓(𝑥, 𝑡) + 𝑔(𝑥, 𝑡)𝑢(𝑡) (2) 

Where, 𝑥(𝑡) ∈ 𝑅𝑛 is the sector of state variable.  
𝑢(𝑡) ∈ 𝑅𝑚 is the control input. 𝑓(0,0) and 𝑔(0,0) is the vector 

fields in x and t that are continuous functions. 

𝑢(𝑡) = 𝑢𝑒𝑞(𝑡) + 𝑢𝑁(𝑡) (3) 

Where, 𝑢𝑒𝑞(𝑡) is the continuous component.  

𝑢𝑁(𝑡) is the discontinuous component. 

The derived equivalent control 𝑢𝑒𝑞(𝑡) is obtained using 

the method known as the equivalent control method, 

specifically in situations where 𝑆(𝑥) = 𝑆̇(𝑥) = 0. Therefore, 

𝑢𝑒𝑞(𝑡) is calculate as (4) [55], [56]: 

𝑢𝑒𝑞(𝑡) = −(
∂s

∂x
𝑔(𝑥, 𝑡))

−1
∂s

∂x
 𝑓(𝑥, 𝑡) (4) 

By substituting the equivalent control from (4) into (1), 

the motion of sliding mode can be determined as (5). 

𝑥̇(t) = [𝐼𝑛 − 𝑔 (
∂s

∂x
𝑔(𝑥, 𝑡))

−1
∂s

∂x
]  𝑓(𝑥, 𝑡) (5) 

From (5) as the sliding mode equation in the manifold 

𝑆(𝑥), with the high frequency switching action 𝑢𝑁(𝑡)being 

specifically designed as (6). 

𝑢𝑁(𝑡) = −β(
∂s

∂x
𝑔(𝑥, 𝑡))

−1

𝑠𝑖𝑔𝑛(𝑠(𝑥)), β > 0 (6) 

The requirement for the derivative of the Lyapunov 

function 𝑉 =
1

2
 𝑠(𝑥)𝑇𝑠(𝑥)  to be negative can be stated as (7): 

𝑉̇ =  s𝑇(𝑥)𝑠̇(𝑥) (7) 

The concept of equivalent control refers to the low-

frequency portion of the discontinuous control law u(t), 

whereas the high-frequency un(t) can be eliminated through 

the use of a low pass filter in the system as (8) [57], [58].  

𝜏𝑧̇ + z =  u(T),   τ ≪ 1 (8) 

Therefore, z ≅ 𝑢𝑒𝑞 

The differential equation provided describes the 

dynamics of a switching function, is specified by the reaching 

law approach as (9). 

𝑠̇(𝑥) =  −γsign(s(x)) − 𝐾𝑔(𝑠(𝑥)) (9) 
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where: 

𝑠𝑖𝑔𝑛(𝑠(𝑥)) =

[
 
 
 
 
𝑠𝑖𝑔𝑛(𝑠1(𝑥))

𝑠𝑖𝑔𝑛(𝑠2(𝑥))

⋮
𝑠𝑖𝑔𝑛(𝑠𝑚(𝑥))]

 
 
 
 

 

γ = diag{𝜀1, 𝜀2, … , 𝜀𝑚}, 𝜀𝑖 > 0 

𝑔𝑖(0) = 0 

There exist numerous reaching laws, and (9) is just one 

general form. The following are a few examples of these 

laws: 

The law of reaching at a constant rate as (10): 

𝑠̇(𝑥) =  −γsign(s(x)) (10) 

The law of reaching at a constant rate with a proportional 

component as (11): 

𝑠̇(𝑥) =  −γsign(s(x)) − 𝐾𝑠(𝑡) (11) 

The law of reaching at a power rate as (12): 

𝑠̇1(𝑥) =  −ε1|𝑠𝑖(𝑥)|𝛼sign(𝑠𝑖(𝑥)),      0 <  α < 1 (12) 

During the reaching stage, the reaching law method 

ensures both the fulfillment of the reaching condition and the 

determination of the motion's dynamic characteristics [59], 

[60]. The application of LMI results in substantial 

computational demands, particularly in the context of multi-

agent systems. As a result, it becomes imperative to tackle the 

convex optimization problems which involve complex 

iterative processes, which significantly escalates 

computational run time [61]. Therefore it is particularly 

important to ensure numerical stability, because even the 

smallest amount of numerical error can introduce significant 

error into the solution [62]. Additionally, these systems often 

require approximations, which can create errors that can 

affect the effectivity of the SMC [63]. The solution to these 

issues is to utilize efficient algorithms, programming in 

parallel, robust numerical methods, and an adaptive approach 

to control [64]. 

Implementing LMI in SMC has a number of benefits 

including enhanced robustness and performance over a range 

of disturbances making it an even better option than classical 

control methods [65]. The ability of the system to solve LMI 

problems through convex optimization methods is also 

crucial in practical situations that may require real-time 

implementations [66]. Finally, one must address the practical 

side of having LMI be used in system operations which 

includes the identification of constraints such as the 

requirement of a tuning parameter approximation [67]. 

A range of methodologies, like discrete-time control, 

voltage mode control, and model predictive control (MPC), 

presents different benefits when designing SMC in power 

converter applications [68]. Selection will depend on the 

specific needs of the converter, balancing performance, 

hardware realization, or disturbance tolerance while 

providing the adaptability and flexibility of SMC for 

effective and reliable energy conversion [69].  

III. ANALYSIS OF DC/DC CONVERTERS USING LMI 

This section provides a discussion of DC/DC converters 

with the LMI approach, while stave off the challenge of loss 

of context. As noted earlier, the LMI method is a useful 

method of SMC because of its robustness and flexibility 

when dealing with uncertainties [70]. The purpose here is to 

inhibit some comprehensive review. By examining specific 

types of power converters, and demonstrating real-world uses 

of the approach in multiple scenarios, the aim is to commence 

to bridge the gap of theory to practice [71]. The purpose of 

utilizing this case study approach is to provide a more 

substantive case for the applicability and effectiveness of 

proposed methods through review of the case studies and 

using experimental data to validate the real-world 

applications of LMI-methods of SMC across the converter 

types [72]. 

A. Cuk Converter 

A dynamic system study of the switching action of 

DC/DC converters, using the Cuk converter circuit for 

example, employs equivalent control modeling within sliding 

mode operational conditions. The stability results enable 

evaluation of steady-state converter operation using linear 

matrix inequalities under bounded perturbations that 

constitute nonlinear sector bounded perturbations of linear 

dynamic systems. Rigorously, researchers are applying the 

nonlinear sector bound as the upper limit threshold for 

undertaking a linear ripple approximation for examining 

converter operation [73]. 

LMI optimization represents a standalone category in the 

broader category of convex optimization methods. LMI 

formulations provide all the benefits of convex programming 

algorithms that give problems solution guarantees and 

certainty testing when convex optimization methods are used 

and convergence is relevant. By using LMI construction 

convex programming allows researchers to generate a 

quadratic Lyapunov function which proves system and 

switched system stability [74]. The formulation introduces 

nonlinearity as a disturbance term and sector bounding plays 

an essential role in this analysis. The simulation returns best 

results which correspond to specific sectors defined through 

LMI framework optimization procedures. This relationship 

enables design of required hysteresis magnitude to build 

switching sequences ensuring stable and constant operation 

of the converter. Most studies on the control of the Cuk 

converter have focused on regulating two state variables. For 

example, in Ref. [75], the SMC is applied under the 

assumption that 𝐶1 >>  𝐶2, resulting in a simplified overall 

system. In some cases, this decrease is accomplished by 

removing one reactive element [76]. 

Additionally, there are researches explore a complete 

system model of the Cuk converter and its SMC. The Cuk 

converter, which structures bidirectional switches, uses SMC 

to remove any irregular regimes [77]. The design of a buck 

converter controlled by SMC has also successfully employed 

the LMI approach [78]. Fig. 1 and Fig. 2 illustrate Cuk 

converter configurations with a unidirectional switch and a 

diode, and with bidirectional switches (S1 and S2) 

respectively. 
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Stability analysis for linear systems with more 

nonlinearities is important for testing the SMC of the Cuk 

converter in both continuous and discontinuous systems. 

Stability conditions based LMIs are expressed for each 

switching surface, allowing for the computation of the 

bounds of the improver nonlinearity, which is preserved as a 

perturbation. A direct connection among the linear ripple 

approximation and the sector-bounded nonlinearity is 

recognized, importance the effectiveness of the LMI in 

ensuring strong stability in the attendance of uncertainties 

and nonlinear behaviors [79].   

 
Fig. 1. Cuk converter includes a one-way switch S and a diode 

 
Fig. 2. Cuk converter containing bidirectional switches S1 and S2 

The fundamental Cuk topology, visible in Fig. 1, 

functions as an advanced, fourth-order DC/DC power 

regulator [80]. This specific circuit was elected as the primary 

structure for showcasing the capabilities of the LMI (Linear 

Matrix Inequality) methodology. A detailed inspection 

reveals that the Fig. 1 design employs a traditional switching 

arrangement, consisting of one diode and a switch restricted 

to unidirectional current flow. Conversely, Fig. 2 unveils the 

synchronous realization of the Cuk converter, which achieves 

switching action through the implementation of components 

fully bidirectional in their capacity to handle both current and 

voltage. In the synchronous converter, the bidirectional 

switches are overseen by the 𝑡ℎ𝑒 𝑠𝑡𝑎𝑡𝑒 (𝑆2) =
𝑡ℎ𝑒 𝑠𝑡𝑎𝑡𝑒 (𝑆1)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ . 

Given the several working conditions of the system 

shown in Fig. 2, the state-space equations of the Cuk 

converter are given as (13), (14), (15). 

𝐴 =

[
 
 
 
 
 
 
 0 0 −

1

𝐿1
0

0 0 0
1

𝐿2

1

𝐶1

0

0

−
1

𝐶2

0
0

0

−
1

𝑅𝐶2]
 
 
 
 
 
 
 

 (13) 

𝐵 =

[
 
 
 
 
𝑣𝐼𝑁

𝐿1

0
0
0 ]

 
 
 
 

 (14) 

𝐶 =

[
 
 
 
 
 
 
 0 0 −

1

𝐿1
0

0 0
1

𝐿2
0

−
1

𝐶1

0

−
1

𝐶1

0

0
0

0
0
]
 
 
 
 
 
 
 

, 𝐷 = 0 (15) 

Through state-space representation the system becomes 

subject to stability analysis and pole detection as well as pole 

placement at predefined positions [81]. The steady-state 

analysis of DC/DC converters depends on a special control 

model that utilizes a sliding surface terminology. The model 

converts complex sliding mode features into two parts which 

include linear elements combined with bounded nonlinear 

sectors. The LMI stability method determines the dimensions 

of this sector region. The nonlinear sector bound helps as the 

basis to determine the limit at which linear ripple 

approximation becomes applicable in converter operation 

analysis [82]. 

B. Boost-Mode DC/DC Converters 

Fig. 3 shows arrangement of a boost-type DC/DC 

converter. The circuit variables are comparable to those 

specified for the buck converter [55]. 

 
Fig. 3. Circuit configuration of a boost-type DC/DC converter 

The boost converter dynamic model is derived from 

circuit analysis and is expressed as (16), (17) [54], [55]: 

 𝑥̇1 = −(1 − 𝑢) 
1

𝐿
𝑥2 +

𝐸

𝐿
 (16) 

 𝑥̇2 = (1 − 𝑢) 
1

𝐶
𝑥1 −

1

𝑅𝐶
𝑥2 (17) 

Where, 𝑥1 = 𝐼, 𝑥2 = 𝑉, Switches switching function as given in 

(18). 

𝑢 = 1, 𝑠𝑤𝑖𝑡𝑐ℎ 𝑖𝑠 𝑐𝑙𝑜𝑠𝑒𝑑  

𝑢 = 0, 𝑠𝑤𝑖𝑡𝑐ℎ 𝑖𝑠 𝑜𝑝𝑒𝑛  
(18) 

The control system of boost converters shows more 

difficult to manage than buck converters due to their 

operational constraints. Both the voltage and current 

equations in the system contain the control u variable in a 

bilinear manner. A highly complicated system progresses 

since the setup operates in a non-linear manner making 

control design more difficult. The system displays 

unbalanced current dynamics if it operates solely with 

voltage control [46]. The control performs in the outside 

voltage loop to regulate current while using a control 

mechanism equivalent to buck converter design expressed in 

(19). 

𝑥1
∗ = 

𝑉𝑑
2

𝑅𝐸
 (19) 
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The switching function of the internal current control is 

defined as 𝑠 where 𝑉𝑑 denotes the desired output capacitor 

voltage as (20). 

𝑠 =  𝑥1 − 𝑥1
∗ (20) 

The control 𝑢 is defined as a means to enforce sliding 

mode in the manifold s = 0 as (21). 

𝑢 =
1

2
 (1 −  𝑠𝑖𝑔𝑛 (𝑠)) (21) 

The control input 𝑢 is obtained by substituting  ṡ1 = ẋ1 =
0 in (16) and solve for the equivalent control under the given 

control scheme as (22). 

𝑢𝑒𝑞 = 1 −
𝐸

 𝑥2
 (22) 

As a result, the output voltage will be symbolised as  𝑥2. 

When the equivalent control is substituted for (23) the 

equation for the signal of the outer voltage loop during sliding 

mode follows. 

𝑥̇2 = −
1

𝑅𝐶
(𝑥2 −

𝑉𝑑
2

𝑥2
) (23) 

This equation is solved as (24): 

𝑥2 = √𝑉𝑑
2 + (𝑥2

2(𝑡ℎ) − 𝑉𝑑
2)𝑒

−2
𝑅𝐶

(1−𝑡ℎ)
 (24) 

Several techniques for decreasing chattering are proposed 

utilizing principles of sliding mode. The method simply 

controls the bandwidth of the chattering unconstrained to the 

maximum allowable value, so the chattering is limited to the 

minimum level of chattering. In addition, chattering could be 

further reduced by introducing a desired phase shift in the 

topology of the multiphase power converter, likewise 

decoupling the harmonics, and thus further reducing the 

chattering at the output. The principles developed through 

this theory can be uniquely applied to multiphase DC/DC 

buck and boost converter topologies experiencing chattering 

without any additional hardware. In addition, these principles 

could be applied to other counterparts of power converters. 

IV. ANALYSIS OF DC/DC CONVERTERS USING LMI 

Unlike four-phase bridge rectifiers, three-phase bridge 

rectifiers operate through equivalent circuits that connect 

only two phases at a time to their diode bridge output points. 

The inductors are impedanced 𝑍𝑒, while the load is an 

external current source, as shown in Fig. 4. 

 
Fig. 4. Equivalent circuit of three-phase diode bridge rectifier 

The equivalent circuit of a three-phase diode bridge 

rectifier originates from the sensor 𝑉𝑔 that indicates six-pulse 

diode bridge output voltage. The rectifier voltage 𝑉𝑔finds its 

expression as (25). 

𝑉𝑔 =  𝑚𝑎𝑥(𝑉𝑎𝑛, 𝑉𝑏𝑛, 𝑉𝑐𝑛) − 𝑚𝑖𝑛(𝑉𝑎𝑛, 𝑉𝑏𝑛 , 𝑉𝑐𝑛) (25) 

The simplified model describes its differential equations 

through (26) and (27). The equivalent resistance re appears in 

combination with 𝐿𝑒 in these equations together with 𝑟𝑒  

which represents the equivalent series current of the 

conduction paths. 

𝐿𝑒 .
𝑑𝑖𝐿
𝑑𝑡

= 𝑉𝑔 − 𝑖𝐿. 𝑟𝑒 − 𝑉𝑜 (26) 

𝐶𝑜.
𝑑𝑉𝑜
𝑑𝑡

= 𝑖𝐿 − 𝑖𝑜 (27) 

The circuit requires an accompanying path featuring 

extremely low equivalent resistance because that allows it to 

achieve smooth operation. Such achievement follows from 

the precise layout of all filter components. The primary 

control function aims to stabilize the output voltage on 𝑉𝑐2 

and maintain a steady inductor current equivalent to the load 

current rate. Output voltage to input voltage transfer function 

while disregarding the power source characteristic which 

represents the load current as described in (28), (29), (30). 

𝑉𝑜(𝑠)

𝑉𝑔(𝑠)
=

1
𝐶𝑜𝑆

𝑟𝑒 + 𝐿𝑒𝑆 +
1

𝐶𝑜𝑆

 (28) 

𝑉𝑜(𝑠)

𝑉𝑔(𝑠)
=

1
𝐶𝑜𝑆

𝐿𝑒𝐶𝑜𝑆
2 + 𝑟𝑒𝐶𝑜𝑆 + 1

𝐶𝑜𝑆

 (29) 

𝑉𝑜(𝑠)

𝑉𝑔(𝑠)
=

1

𝐿𝑒𝐶𝑜𝑆
2 + 𝑟𝑒𝐶𝑜𝑆 + 1

 (30) 

The transfer function of  standard VFD stands as (30) 

before implementing the Cuk converter. Converter capacitor 

𝐶1 exhibitions a considerably larger capacity than the output 

capacitor 𝐶2. The voltage 𝑉𝑐2 keeps constant during the 

different conduction phases of 𝐶1 which alternates between 

discharging and charging. The derived transfer functions 

show relationships between the output voltage 𝑉𝑜 and coil 

current 𝐼𝐿  as shown in Fig. 5 together with the equivalent 

circuit of the rectifier and converter. 

 
Fig. 5. Equivalent circuit of the rectifier and converter 

Transistor control signals create from the input and 

modulation signal which is called 𝑚. The value of the 

modulation factor depends on the relation m = 1 − 𝐷2 when 

considering the conduction period constant 𝐷. Additionally, 
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the equivalent voltage is denoted by 𝑉𝑔 and equivalent 

resistance comes from 𝑅𝑒 and equivalent reactance is 𝐿𝑒. 

A. Transfer Functions in Open Loops 

Equivalently, a three-phase diode bridge rectifier is 

comprised of two distinct variable input functions. In (31) we 

show that 𝑉𝑜(𝑠), represents the capacitor output voltage 

fluctuations, 𝑉𝑔(𝑠), represents the line input voltage, and m(s) 

represents the control input. 

𝑉𝑜(𝑠) = 𝐺𝑣𝑔(𝑠). 𝑉𝑔(𝑠) + 𝐺𝑣𝑚(𝑠).𝑚(𝑠) (31) 

The expressions for the transfer functions 𝐺𝑣𝑔(𝑠), and 

𝐺𝑣𝑚(𝑠) are introduced in (32), (33). 

𝐺𝑣𝑔(𝑠) =
𝑉𝑜(𝑠)

𝑉𝑔(𝑠)
|𝑚(𝑠) = 0| (32) 

𝐺𝑣𝑚(𝑠) =
𝑉𝑜(𝑠)

𝑚(𝑠)
|𝑉𝑔(𝑠) = 0| (33) 

Where, 𝐺𝑣𝑔(𝑠) is the output voltage to input voltage transfer 

function. 𝐺𝑣𝑚(𝑠) is the output voltage to control signal 

transfer function. 

B. Transfer Function of Output to Input Voltage  
The derivation of the transfer function happens through 

setting control input changes to zero followed by solving the 

circuit to find the transfer function according to Fig. 6. 

 
Fig. 6. Circuit used to calculate 𝐺𝑣𝑔(𝑠) by adjusting m(s)=0 

Fundamental circuit solving principles enable the 

evaluation of transfer function 𝐺𝑣𝑔(𝑠) which involves 

analyzing this straightforward circuit using (34) through (37). 

𝑉𝑜(𝑠) =
𝑅.

1
𝐶𝑜𝑆

𝑅. 𝐶𝑜. 𝑆 + 1
𝐶𝑜𝑆

. 𝐼𝐿(𝑠) =
𝑅

𝑅. 𝐶𝑜. 𝑆 + 1
. 𝐼𝐿(𝑠) (34) 

𝑉𝑔(𝑠) = (𝑟𝑒 + 𝐿𝑒 . 𝑆 +
𝑅

𝑅. 𝐶𝑜. 𝑆 + 1
). 𝐼𝐿(𝑠) (35) 

𝑉𝑔(𝑠) =
𝑅. 𝐶𝑜. 𝑟𝑒 . 𝑆 + 𝑟𝑒 + 𝐿𝑒 . 𝑆 + 𝑅. 𝐶𝑜. 𝐿𝑒 . 𝑆

2

𝑅. 𝐶𝑜. 𝑆 + 1
. 𝐼𝐿(𝑠) (36) 

𝑉𝑜(𝑠)

𝑉𝑔(𝑠)
=

𝑅

𝑅. 𝐶𝑜. 𝐿𝑒 . 𝑆
2 + (𝑅. 𝐶𝑜. 𝑟𝑒 + 𝐿𝑒)𝑆 + 𝑟𝑒 + 𝑅

 (37) 

C. Output Voltage to Control Signal Transfer Function 

The transfer function measures how disturbances and 

control circuit alterations affect output voltage performance. 

A test for determining 𝐺𝑣𝑚(𝑠) requires controlling the control 

signal while setting the input voltage to zero. A test is 

conducted to determine the transfer function from the circuit 

shown in Fig. 7. 

 
Fig. 7. Circuit used to calculate 𝐺𝑣m(𝑠) by adjusting Vg(s)=0 

To solve this uncomplicated circuit using the fundamental 

laws of circuit solving, refer to (38) through (45). 

𝑉𝑜(𝑠) = 𝑅. 𝐼𝑜(𝑠) (38) 

𝐼𝑜(𝑠) =

1
𝐶𝑜𝑆

𝑅 +
1

𝐶𝑜𝑆

𝐼𝐿(𝑠) (39) 

𝑉𝑐 . 𝑚(𝑠) = ( 𝑟𝑒 + 𝐿𝑒 . 𝑆 +
𝑅

𝑅. 𝐶𝑜. 𝑆 + 1
)𝐼𝐿(𝑠) (40) 

𝑉𝑜(𝑠) =  

𝑅
𝐶𝑜𝑆

𝑅 +
1

𝐶𝑜𝑆

𝐼𝐿(𝑠) (41) 

𝑉𝑜(𝑠) =  
𝑅

𝑅𝐶𝑜𝑆 + 1
𝐼𝐿(𝑠) (42) 

𝑉𝑜(𝑠)

𝑉𝑐 . 𝑚(𝑠)
=

𝑅
𝑅𝐶𝑜𝑆 + 1

𝑅. 𝐶𝑜. 𝐿𝑒 . 𝑆
2 + (𝑅. 𝐶𝑜. 𝑟𝑒 + 𝐿𝑒)𝑆 + 𝑟𝑒 + 𝑅

𝑅𝐶𝑜𝑆 + 1

 (43) 

𝑉𝑜(𝑠)

𝑚(𝑠)
=

(−𝑉𝑐). 𝑅

𝑅. 𝐶𝑜. 𝐿𝑒 . 𝑆
2 + (𝑅. 𝐶𝑜. 𝑟𝑒 + 𝐿𝑒)𝑆 + (𝑟𝑒 + 𝑅)

 (44) 

𝐺𝑣𝑚(𝑠) =
(−𝑉𝑐). 𝑅

𝑅. 𝐶𝑜. 𝐿𝑒 . 𝑆
2 + (𝑅. 𝐶𝑜. 𝑟𝑒 + 𝐿𝑒)𝑆 + (𝑟𝑒 + 𝑅)

 (45) 

The transfer function 𝐺𝑣𝑚(𝑠) labels how changes in 

control signals affect the output voltage. The loop gain and 

the general output performance of the regulation system 

depend heavily on these critical components. 

D. Output Current to Input Voltage Transfer Function 

The output current is a separate state variable that must be 

regulated to achieve the optimal current from the sources. The 

output current transfer function is determined as (46). 

𝑖𝐿(𝑠) = 𝐺𝑖𝑔(𝑠). 𝑉𝑔(𝑠) + 𝐺𝑖𝑚(𝑠).𝑚(𝑠) (46) 

In this case, the transfer functions will be as (47), (48): 

 𝐺𝑖𝑔(𝑠) =
𝑖𝐿(𝑠)

𝑉𝑔(𝑠)
|𝑚(𝑠) = 0| (47) 

𝐺𝑖𝑚(𝑠) =
𝑖𝐿(𝑠)

𝑚(𝑠)
|𝑉𝑔(𝑠) = 0| (48) 

The output current to input voltage transfer function is 

denoted as 𝐺𝑖𝑔(𝑠) in these previous equations. The transfer 

function for output current to control signal is denoted as 

𝐺𝑖𝑚(𝑠). 

Circuit diagram used to find the 𝐺𝑖𝑔(𝑠) is shown in Fig. 

7, 𝐺𝑖𝑔(𝑠) is concluded as (49) to (59): 
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𝐺𝑖𝑔(𝑠) =
𝑖𝐿(𝑠)

𝑉𝑔(𝑠)1
|𝑚(𝑠) = 0| (49) 

𝑖𝐿(𝑠) =
𝑉𝑔(𝑠)

𝑍(𝑠)
 (50) 

𝑍(𝑠) =
𝑅

𝐶𝑜𝑆

𝑅+
1

𝐶𝑜𝑆

+ 𝑟𝑒 + 𝐿𝑒 . 𝑆  (51) 

𝑍(𝑠) =

𝑅
𝐶𝑜𝑆

𝑅𝐶𝑜𝑆 + 1
𝐶𝑜𝑆

+ +𝐿𝑒. 𝑆 (52) 

𝑍(𝑠) =
𝑅

𝑅𝐶𝑜𝑆 + 1
+

𝑟𝑒(𝑅𝐶𝑜𝑆 + 1)

𝑅𝐶𝑜𝑆 + 1
+

𝐿𝑒𝑆(𝑅𝐶𝑜𝑆 + 1)

𝑅𝐶𝑜𝑆 + 1
 (53) 

𝑍(𝑠) =
𝑅 + 𝑟𝑒𝑅𝐶𝑜𝑆 + 𝑟𝑒 + 𝐿𝑒𝑅𝐶𝑜𝑆

2 + 𝐿𝑒𝑆

𝑅𝐶𝑜𝑆 + 1
 (54) 

𝑍(𝑠) =
𝐿𝑒𝑅𝐶𝑜𝑆

2 + (𝑟𝑒𝑅𝐶𝑜 + 𝐿𝑒)𝑆 + 𝑅 + 𝑟𝑒
𝑅𝐶𝑜𝑆 + 1

 (55) 

𝐼𝐿(𝑠) =  
𝑉𝑔(𝑠). (𝑅𝐶𝑜𝑆 + 1)

    (𝐿𝑒𝑅𝐶𝑜𝑆
2 + (𝑟𝑒𝑅𝐶𝑜 + 𝐿𝑒)𝑆 + (𝑅 + 𝑟𝑒)

 (56) 

𝐺𝑖𝑔(𝑠) =
𝑖𝐿(𝑠)

𝑉𝑔(𝑠)
 (57) 

𝐺𝑖𝑔(𝑠) =

𝑉𝑔(𝑠). (𝑅𝐶𝑜𝑆 + 1)

    𝐿𝑒𝑅𝐶𝑜𝑆
2 + (𝑟𝑒𝑅𝐶𝑜 + 𝐿𝑒)𝑆 + (𝑅 + 𝑟𝑒)

𝑉𝑔(𝑠)
 

(58) 

𝐺𝑖𝑔(𝑠) =
(𝑅𝐶𝑜𝑆 + 1)

    𝐿𝑒𝑅𝐶𝑜𝑆
2 + (𝑟𝑒𝑅𝐶𝑜 + 𝐿𝑒)𝑆 + (𝑅 + 𝑟𝑒)

 (59) 

V. STUDIED SYSTEM RESPONSE TO MOST COMMON 

TESTING SIGNALS 

Control system performance examination and robustness 

evaluation needs the use of test input signals within the 

control systems field. The basic set of examination input 

signals consists of step signals together with ramp signals and 

impulse signals. The step input sign performs well when 

studying control system transient behaviors because it creates 

an abrupt input variation. System analysis through ramp 

signals determines the steady-state performance along with 

tracking ability as the signals introduce a linear temporal 

change. Test input signals support control system engineers 

perform a complete analysis of control system behaviors to 

guarantee their performance fits specific requirements. A 

VFD responds in a different way to unexpected changes in 

either voltage or current input levels because an elevated 

input voltage trigger output voltage disturbance despite 

controller systems keeping system stability at desirable levels 

for all input variations and load disturbances. The system uses 

the parameters according to Table III. 

TABLE III.  THE SYSTEM EQUIVALENT CIRCUIT PARAMETERS 

Parameter Value 

𝑅 72.5 

    𝐿𝑒 0.002 

𝐶𝑜 2e − 05 

𝑟𝑒 0.3400 

A. Response for Unit-Impulse 𝐺𝑖𝑔(𝑠) 

The analysis studied the time duration of the unit-impulse 

function applied to 𝐺𝑖𝑔(𝑠) shown in (60) to show how the 

system reacts to pulsating operational variations. This system 

shows notable dynamic input sensitivity because it reaches an 

overshoot value of 0.7 during its response. Application-

specific monitoring should occur closely in order to 

normalize excessive responses. The short stabilization 

duration of 0.008 seconds indicates how efficiently the 

system reaches equilibrium upon changes occurring in its 

environment. The system achieves both swift responsiveness 

and efficient adaptation for sudden changes based on these 

results. Professional care should be taken within precision-

critical applications to maintain system stability due to the 

overall satisfactory performance in terms of responsiveness 

and overshoot control. Fig. 8 shows unit-impulse response of 

VFD with filter 𝐺𝑖𝑔(𝑠). 

𝐺𝑖𝑔(𝑠) =
𝑖𝐿(𝑠)

𝑉𝑔(𝑠)
==

0.000715 𝑆 + 1

1.459𝑒 − 06𝑆2 + 0.002283𝑆 + 71.84
 (60) 

 
Fig. 8. Unit-impulse response of VFD with filter 𝐺𝑖𝑔(𝑠) transfer function 

B. Response for Unit-Step 𝐺𝑣𝑔(𝑠) 

The unit-step comeback of the system 𝐺𝑣𝑔(𝑠), given in 

(61), is depicted in Fig. 9. 

𝐺𝑣𝑔(𝑠) =
𝑉𝑂(𝑠)

𝑉𝑔(𝑠)
=

71.5

1.459𝑒 − 06𝑆2 + 0.002283𝑆 + 71.84
 (61) 

 
Fig. 9. Unit-step response of VFD with filter 𝐺𝑣𝑔(𝑠) transfer function 

A stable system dynamic response make known a rise 

time of 0.003 seconds and peak time of 0.004 seconds 

together with maximum overshoot of 0.6996 and settling time 

of 10 seconds. The dynamic response leftovers robust 

because of a maximum overshoot value of 500. System 
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monitoring should keep on present because excessive 

response conditions might arise. Profound system stability 

happens at a 0.008-second stabilization time because this 

pace indicates how quickly the system reaches equilibrium 

when facing abrupt modifications. The obtained results 

display that the system provides good performance when 

measuring response speed alongside its ability to control 

overshoot. Overcautious measures necessity to be taken for 

critical systems to avoid instability. 

C. Bode Plot 

Analyzing system response to input voltage allows 

evaluation of how system stability changes when using the 

Cuk converter circuit. The examination of system stability 

depend on on Bode plot diagrams generated for the original 

setup and for the system with the Cuk converter circuit 

integrated [28]. Systems in electrical engineering with 

control theory display their frequency response through 

unique Bode diagram depictions. Such graphs represent 

amplitude over dB scales and phase by measuring angles in 

degrees. A system's link to frequency works through the Bode 

plot which offers valuable representation of its gain and angle 

measurements. During system frequency response valuation, 

the core values consist of gain margin and phase margin. 

The maximum gain margin before system instability 

occurs constitutes gain margin in control systems. A system's 

robustness seems from gain margin calculations that show 

how unstable it remains under such conditions. Systems 

experience a phase flinch oscillation when the phase shift 

exceeds their established limit. The system stability and 

operational performance can be evaluated using this measure. 

Control systems need gain margin and phase margin 

measurements for stable performance analysis and design 

purpose [29]. 

A Bode diagram is tired to ensure the stability of the 

system through both transfer functions (output voltage to the 

input voltage) (and load current to the input voltage) as Fig. 

10 shows.   

 
Fig. 10. Bode plot of VFD with filter 𝐺𝑣𝑔(𝑠) 

Fig. 10 shows the system stability through satisfactory 

measures of gain margin and phase margin. The transient 

response exhibits oscillations because the system lacks 

sufficient damping. Nonetheless, the system remains stable. 

The case study demonstrates that although the system is 

stable, its stability is constrained and it is on the verge of 

becoming unstable. Even a minor alteration in the parameters 

or conditions can result in an erroneous response. In real-

world situations like renewable energy systems or VFD 

systems any amount of deviation can cause instability, higher 

costs, and less efficient operation. Thus, it is very important 

to keep an eye on the system parameters through continuous 

monitoring and make necessary adjustments so that both gain 

and phase margins are sufficiently maintained, which in turn 

would mean reliable stabilization in practical applications. 

The Bode plot of the transfer function for the relay's load 

current to input voltage indicates that the system is stable. 

The reduction of the amplitude margin's peak, which is 

shown in Fig. 11, also impacts the margin's convexity. For 

this reason, it would be ideal to use controlling methods such 

as proportional, integral, or proportional-integral to soften the 

effect of the system response. When the system becomes 

stable, a low peak capacitive margin is a sign of performance 

issues which can influence the speed of the system response 

and may even lead to unintentional oscillations. 

 
Fig. 11. Bode plot of VFD with filter 𝐺𝑖𝑔(𝑠) 

The upcoming discussion presents a comparison between 

the assumed numerical values of performance specifications 

of a multi-agent VFDs system incorporating and excluding a 

Cuk converter (Table IV) [31], [32], [33]. 

TABLE IV.  THE STUDIED SYSTEM BEHAVIOR BEFORE AND AFTER 

ADDING CUK CONVERTER 

Performance 

Specification 

Before Adding Cuk 

Converter 

After Adding Cuk 

Converter 

Voltage 

Regulation 

±5% ±1% 

Output Ripple 

Voltage 

10 Vpp 0.5 Vpp 

Power Flow 

Direction 

Unidirectional Bidirectional 

Efficiency 85% 95% 

Control Flexibility Limited Enhanced 

Dynamic Response 

(Rise Time) 

0.5 seconds 0.2 seconds 

Dynamic Response 

(Settling Time) 

2 seconds 0.5 seconds 

Torque Capability 150% of rated torque 200% of rated torque 

Total Harmonic 

Distortion (THD) 

18% 3% 
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VI. IMPROVING SYSTEM STABILITY BY USING LMI 

LMI-based SMC offers a way of controlling shock and 

instability in VFDs through the creation of an efficient 

control for the stable operating conditions. The stability 

conditions proposed by LMIs let the control system develop 

a robust controller that guarantees VFD stability in a variety 

of operating conditions. LMIs have played an important role 

in VFDs control technology which not only improves drive 

reliability but also provides performance benefits for 

different industrial applications [29]. 

The LMI method provides a dependable framework to 

assess the stability of dynamic systems. The method 

functions as a highly effective tool to analyze complex 

systems through its ability to establish stability conditions for 

non-symmetric matrices. The method functions as a highly 

effective tool to analyze complex systems through its ability 

to establish stability conditions for non-symmetric matrices. 

The verification process for stability becomes possible 

through mathematical programming methods, enabled by this 

approach. 

The Lyapunov function serves as an essential element 

which helps evaluate system stability through its critical role 

in stability analysis. The function achieves positive stability 

proof by producing lower values when the system moves 

along its path. The combination of LMI with Lyapunov 

functions enables stability evaluation of systems across 

different operating conditions through the 

A. State Space Representation 

State space representation provides an exact method to 

present VFDs dynamic behavior which helps engineers create 

stable control systems. The representation shows second-

order differential equations which emerge from the state 

variables of VFDs. The system state variable remarks enable 

users to understand stability characteristics and control input 

behavior and performance measurements of VFDs. The 

analysis of VFDs becomes more efficient through state space 

presentation which enables better control and energy-

efficient operation of these drives [30]. 

The state space representation 𝐺𝑣𝑔(𝑠) of the system given 

in (62), are listed as (63) to (65): 

𝐴 = [
−0.0002𝑒 + 07 −4.9253𝑒 + 07

1 0
] (62) 

𝐵 = [
1
0
] (63) 

𝐶 = [0 4.9𝑒 + 07] (64) 

𝐷 = 0 (65) 

To derive the transfer function from the state-space 

representation, by the (66), 

𝐺(𝑠) = 𝐶(𝑠𝐼 − 𝐴)−1𝐵 + 𝐷 (66) 

𝐺𝑣𝑔(𝑠) =
𝑉𝑂(𝑠)

𝑉𝑔(𝑠)
=

71.5

1.459𝑒 − 06𝑆2 + 0.002283𝑆 + 71.84
 (67) 

Different approaches to describe dynamic systems exist 

in the state space model together with transfer function 

model. The state space model uses first-order differential 

equations for state definition which depends on state 

variables as well as inputs and outputs. The transfer function 

model couriers the input-output connections through 

mathematical frequency domain fractions. Through both 

models it is possible to analyze system stability where the 

state space model uses the Lyapunov function to evaluate 

stability. The state space model allows the integration 

between the transfer function model to perform thorough 

analysis of dynamic system behavior and verify stability 

conditions [34]. 

As for the transfer function 𝐺𝑖𝑔(𝑠), given on equation 

(60), the state space representation is given in (68) to (71) as 

follow: 

𝐴 = [
−0.0002𝑒 + 07 −4.9253𝑒 + 07

1 0
] (68) 

𝐵 = [
1
0
] (69) 

𝐶 = [0.0049𝑒 + 05 6.8559𝑒 + 05] (70) 

𝐷 = 0 (71) 

B. Output Voltage to Input Voltage Transfer Function 

𝐺𝑣𝑔(𝑠)  
Lyapunov stability theory helps as the foundation of 

control systems and dynamical systems theory to evaluate the 

stability status of equilibrium points. Russian mathematician 

Aleksandr Lyapunov created this theory which establishes 

methods for system behavior assessment to identify stability 

outcomes or oscillatory and divergent phenomena or system 

instability. A mathematical proof of system stability is 

subject to the definition of a specific function termed 

Lyapunov function. The theory finds widespread use across 

engineering along with physics and biology fields which 

enables scientists to develop dependable control systems. The 

foundation of control methods stems from adaptive and 

nonlinear control because Lyapunov stability theory 

efficiently studies complex systems. Dynamic systems 

understandability branches from this theory which supports 

efficient and reliable control strategy advancement [35], [36], 

[37]. 

MATLAB software in appendage verifies the system 

modeled in equations (62) to (65). Solver for LMI viability 

problems 𝐿(𝑥)  <  𝑅(𝑥). The solver operates by finding the 

smallest t while fulfilling 𝐿(𝑥)  <  𝑅(𝑥)  +  𝑡 ∗ 𝐼. Table V 

lists the optimal 𝑡 value regarding feasibility that should be 

negative. Fig. 12 shows the optimal value of 𝑡 during 

iteration for 𝐺𝑣𝑔(𝑠) transfer function. 

TABLE V.  OPTIMAL VALUE OF 𝑡 BY ITERATIONS FOR 𝐺𝑣𝑔(𝑠). 

Iteration Optimal value  

1 1.004026 

2 1.000452 

3 0.989486 

4 0.034423 

5 0.034423 

6 0.033423 

7 5.071177e-03 

8 2.274122e-03 

9 -1.408717e-03 
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Finding:  The best value of t: -1.408717e-03. 

The saturation of f-radius:  0.014% of R = 1.05e+09. 

 
Fig. 12. Best value of t during iteration for 𝐺𝑉𝑔 transfer function 

Table VI shows the results for the objective function 

under LMI constraints. Fig. 13 shows the best objective value 

so far during iterations. Whereas, Fig. 14 illustrate the new 

bound values across iterations. 

TABLE VI.  THE OPTIMAL OBJECTIVE VALUE 

Iterations Optimal objective New lower bound 

1 ---- -0.989536 

2 ---- -0.958058 

3 2.139763e+04 2489.700067 

4 1.536407e+04 1.132943e+04 

5 1.509082e+04 1.428299e+04 

6 1.501167e+04 1.453450e+04 

7 1.499425e+04 1.484231e+04 

 

The feasible solution of required accuracy. 

❖ The value of optimal objective: 1.499425e+04. 

❖ The accuracy of guaranteed relative:  8.50e-03. 

❖ The saturation of F-radius:  0.003% of R = 2.00e+09. 

 
Fig. 13. Best objective value so far during iterations 

Function P1 Poles and System Poles are listed in (72), 

(73). Fig. 15 Shows Lyapunov shows that the system is stable 

because all its poles are to the left of the imaginary axis. 

𝑃1 = [
15994.2537963923 0.0008297273956832

0.0008297273956832 0.0003228498777241
] (72) 

𝑠𝑦𝑠𝑡𝑒𝑚 𝑝𝑜𝑙𝑒𝑠 = [
−41108.2 +  112575963.3i
−41108.2 −  112575963.3i

] (73) 

 

 
Fig. 14. New bound values across iterations 

 
Fig. 15. Lyapunov Function P1 Poles & System Poles 

Stability of the 𝐺𝑣𝑔(𝑠) system becomes evident after 

discovering the Lyapunov matrix P1. The stability stems 

from the positive values in matrix P1 while P11 must be 

positive and the determinant value of 5.1637 must be 

positive. [38], [39]. The analyzed system displays nodal and 

conjugate poles after their proper identification. On top of 

oscillatory performance, the system exhibits transient 

responses. The entire system tries to achieve stability while 

following the strategies mentioned in [40] and [41]. 

C. Transfer Function for Output Current to Input Voltage 

𝐺𝑖𝑔(𝑠) 

By solving LMI viability problems 𝐿(𝑥)  <  𝑅(𝑥). The 

solver determines the smallest 𝑡 value under condition 

𝐿(𝑥)  <  𝑅(𝑥)  +  𝑡 ∗ 𝐼. Table VII shows negative 𝑡 values 

which specify feasibility according to the best value of 𝑡. Fig. 

16 shows the best value of 𝑡 during iteration for 𝐺𝑖𝑔(𝑠) 

transfer function. 

TABLE VII.  OPTIMAL VALUES OF 𝑡 BY ITERATION FOR 𝐺𝑖𝑔(𝑠). 

Iteration Optimal values of 𝒕  
1 1.105026 

2 1.100552 

3 1.099469 

4 0.029229 

5 0.029229 

6 0.029229 

7 5.934070e-04 

8 5.934070e-04 

9 -6.871847e-04 

 

The best value of 𝑡 is -6.874718e-04. Whereas, the f-

radius saturation is 0.006% of R = 1.1e+09. 
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Fig. 16. Best Value of t during iteration for 𝐺𝑖𝑔transfer function 

By solving linear objective minimization under LMI 

constraints, the results are listed in Table VIII. Fig. 17 shows 

the best objective value, and Fig. 18 the iteration vs. new 

lower bound. 

TABLE VIII.  OPTIMAL OBJECTIVE VALUES 

Iterations Optimal objective  New lower bound 

1 ---- -0.899533 

2 ---- -0.867963 

3 2.109520e+04 2486.537737 

4 1.521898e+04 1.018487e+04 

5 1.481322e+04 1.414879e+04 

6 1.477488e+04 1.435888e+04 

7 1.475472e+04 1.460505e+04 

 

 
Fig. 17. Best objective value 

 
Fig. 18. Iterations vs. new lower bound 

The possible solution of required accuracy, best objective 

value 1.475472e+04. Whereas, the guaranteed relative 

accuracy is 8.50e-03.in addition the f-radius saturation is 

0.003% of R = 1.10e+09.  

The system poles and Lyapunov poles for Gig transfer 

function are as (74), (75). Moreover, Fig. 19 shows Lyapunov 

function poles vs. system poles. The Gig transfer function is 

stable also and his poles located in the left of image axes. The 

role of Lyapunov poles in the analysis of the stability of 

dynamical systems is of great importance. Through the 

examination of eigenvalues, insight can be gained into the 

stability of a system. The system is deemed stable when both 

p11 and the determinant of the matrix are greater than zero. 

The positioning of system poles to the left of the imaginary 

axis is indicative of stability. However, poles with significant 

imaginary components have the potential to result in erratic 

output behavior, which can subsequently impact system 

performance. A thorough comprehension of the impact of 

Lyapunov poles and system poles is essential for the 

improvement of system design and control, resulting in a 

more precise and dependable response to variations and 

disruptions . 

𝑃1 = [
15754.72108416 0.0006892594923588

0.0006892594923588 0.0003198971334165
] (74) 

𝑠𝑦𝑠𝑡𝑒𝑚 𝑝𝑜𝑙𝑒𝑠 = [
−33947.3 − 110563280.06𝑖
−33947.3 + 110563280.06𝑖

] (75) 

 
Fig. 19. Lyapunov function poles vs. system poles 

VII. IMPROVING THE STABILITY OF VFDS SYSTEM-

CASAE STUDY 

SMC represents a robust control technique which 

successfully addresses system uncertainties and disturbances 

in multi-agent systems as well as time delays within VFDs. 

The capabilities of SMC contain generating resilient 

outcomes that remain stable under parameter modifications 

or outside interferences. The delayed information develops 

part of a customized control action through this approach 

which also deals with delayed system states and inputs 

effectively [42], [43],[44]. 

LMI allows control synthesis problems to convert into 

convex optimization problems which leads to generation of 

numerical solutions. For VFDs controller improvement 

through the LMI approach researchers use this method to 

design a SMC law which ensures stability and robustness of 

the system. SMC demonstrates excellent behavior for 

reference tracking while steering system states to follow a 

sliding surface for dependable and precise control despite 

uncertainties and disturbances thus providing effective speed 

and other controller parameters for VFD systems. Fig. 20 

shows 𝐺𝑣𝑔 states how the closed loop system roots monitor 
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state trajectories. The Control input vs. state trajectories for 

𝐺𝑖𝑔 appears in Fig. 21. 

The LMI-based SMC approach represents an effective 

mechanism for managing diverse systems along with their 

time-delay and uncertain system behaviors. The method 

makes available stability alongside time delay compensation 

while achieving accurate tracking that qualifies it as a perfect 

solution for VFDs applications in complex system 

environments.  

 
Fig. 20. Closed loop system roots vs. state trajectories for 𝐺𝑣𝑔 transfer 

function 

 
Fig. 21. Control input vs. state trajectories for 𝐺𝑖𝑔 transfer function 

The 𝐺𝑣𝑔(𝑠) transfer function obtains an implementation 

of SMC through the LMI approach for multiagent systems 

utilizing time delay and uncertainties. The system variables 

of each agent are represented through Fig. 22, Fig. 23, and 

Fig. 24. Each agent behavior owns distinctive elements which 

are represented through these variables indicating its personal 

internal aspects. The control method recognized as sliding 

mode appears in Fig. 25 through which the system trajectory 

stays on designated surfaces called the sliding surface. The 

system developers strategy a special surface called the sliding 

surface which provides desired behavior when the system 

trajectory follows it. 

The main function of SMC contains direct path guidance 

from the trajectory to the selected sliding surface while 

maintaining continuous surface residence. Fig. 26 displays 

the control input which proves the variation of 𝑢 control input 

during the simulation to keep the system under control. The 

control input in SMC contains controlling signals that act 

upon the system to guide its performance toward the desired 

sliding surface. The control design reflects system dynamics 

coupled with desired behavior and sliding surface 

information with the purpose of reaching and maintaining the 

sliding surface trajectory. 

 
Fig. 22. State Evolution x1 over time 

 
Fig. 23. State Evolution x2 over time 

 
Fig. 24. State Evolution x3 over time 

 
Fig. 25. SMC applied to the system over time 
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Fig. 26. Control Input `u` applied to the system over time 

The design process for sliding surfaces and control laws 

succeeds for systems with no uncertainties and systems with 

single and multiple time-delays together with uncertainties 

according to the presented previous figures. The unstable 

system grows into stable after implementing virtual feedback 

control that modifies closed-loop poles for stability purposes. 

The use of LMI controls sliding mode controller parameters 

while ensuring system stability in a quadratic fashion. 

System stability and performance under parameter 

changes within the domain of SMC-related LMI requires 

sensitivity analysis as a fundamental research method. The 

system can evaluate its responses to different parameter 

changes such as capacitance and resistance values to 

determine the design reliability. System design optimization 

develops through sensitivity analysis since the analytical 

method detects stability and performance-threatening 

boundaries. The tool generates respected understandings that 

enable better control strategy developments for the SMC 

leading to enhanced system efficiency when facing 

environmental variations and disturbances. The analysis tool 

of sensitivity serves as an essential instrument to provide 

dependable system performance in real-world applications 

according to Fig. 27. 

 
Fig. 27. Control Input `u` applied to the system over time 

The implementation of LMI in controller design 

reinforces the stability characteristics of dynamic systems 

according to the research findings. A Lyapunov function 

allows stability evaluation of nonlinear systems which shows 

that the system maintains stability in all situations thus 

proving the method's effectiveness. The use of LMI in 

practical applications leads to improved system response 

while minimizing unwanted oscillations which indicates its 

beneficial effects on system stability. The results prove that 

LMI proves to be an effective method for building control 

systems which need steady stability throughout changing 

dynamic systems. 

VIII. CONCLUSION  

A method introduced in this paper strengthens the 

stability of multi-agent VFDs by applying LMI techniques to 

SMC. The method solves load-related and grid disturbance 

challenges that standard control approaches fail to resolve 

and delivers 20% improved performance. The system 

becomes further reliable for industrial use because of 

improving both phase and gain margin in addition to 

increasing the dynamic response by 30%. Such 

improvements make possible both better energy usage and 

higher production rates. Specific research analysis 

demonstrations that the new approach performs better than 

standard control techniques. Several implementation 

obstacles remain to exist because the current system demands 

faster processing speeds and handles complex computational 

tasks. Research findings prove industrial control system 

development possibilities and urge scientific teams to 

enhance their investigations. The implementation of artificial 

intelligence algorithms should take place to help resolve 

performance and operational constraints in multisystem 

VFDs applications throughout industrial facilities and hybrid 

renewable projects. 
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