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Abstract 

Microgrids are gaining prominence as essential components of modern power systems, particularly in facilitating renewable 

energy integration and enhancing system resilience. However, the inherent complexity and dynamic behavior of microgrids 

present significant control challenges, including voltage stability, frequency regulation, and fault mitigation. This paper proposes 

an improved microgrid controller designed to ensure robust stability under varying and uncertain operating conditions. The 

controller integrates a Linear Matrix Inequality (LMI)-based design approach with Proportional-Integral-Derivative (PID) 

control strategies, enabling adaptive and efficient performance tuning. By employing the Lyapunov stability theory and Linear 

Quadratic Regulator (LQR) principles, the proposed controller minimizes control effort while maintaining system robustness in 

the presence of nonlinearities, parametric uncertainties, harmonic distortions, and dynamic load variations. Detailed modeling of 

both single-phase and three-phase microgrid systems is presented, incorporating critical components such as voltage source 

inverters (VSIs), LC filters, and transformers. The controller's design is validated through extensive simulations, evaluating its 

response to various real-world load conditions, including harmonic, non-linear, dynamic, asynchronous, and unknown loads. 

Results demonstrate the controller’s effectiveness in reducing Total Harmonic Distortion (THD), maintaining voltage and current 

stability, and enhancing system adaptability during faults and operational fluctuations. A comparative analysis with conventional 

controllers further underscores the improved controller's superior performance in ensuring stability and reliability. This study 

contributes a scalable and resilient control framework, well-suited for evolving smart grid environments and high-penetration 

renewable energy systems. 
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1. Introduction 

The global energy landscape is undergoing a significant 

transformation, driven by the need for sustainable and envi-

ronmentally friendly alternatives. In this context, renewable 

energy sources have gained prominence as a viable solution to 

address the challenges posed by conventional fossil fuels. 

Bangladesh, a densely populated country in South Asia, faces 

its own unique energy scenario. This chapter explores the 

current state of power generation in Bangladesh, with a spe-

cific focus on renewable energy. We delve into the contribu-

tion of renewable sources, their future prospects, challenges, 
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and limitations. Total Installed Capacity Bangladesh’s total 

installed electricity generation capacity has been increasing 

steadily over the years and was estimated to be around 22,000 

megawatts (MW) as of 2023. This capacity includes both 

thermal (such as natural gas and coal) and renewable energy 

sources [1]. Bangladesh's energy sector is heavily reliant on 

natural gas, historically contributing 60-70% of the total en-

ergy mix due to its extensive use in electricity generation, 

industry, and households. Coal-fired power plants, aimed at 

diversifying energy sources, now account for 10-15% of en-

ergy consumption. Fuel oil, primarily for backup power and 

industrial needs, contributes 5-10%, while hydropower re-

mains modest at less than 5% due to limited resources. Solar 

energy, driven by governmental incentives and expanding 

rural use, has grown to 2-3%. Despite significant growth, the 

sector faces challenges like capacity shortages, load shedding, 

and fossil fuel dependency, necessitating sustainable energy 

solutions to meet rising demand [2]. Microgrids are emerging 

as a pivotal innovation in the energy landscape. Functioning 

as localized energy networks, they ensure power supply to 

nearby users during grid failures, while also offering cost 

management, energy resilience, and carbon emissions reduc-

tion benefits. These systems can support the main grid during 

times of strain or imbalance. A microgrid is essentially an 

independent energy system serving a specific area like a 

university campus, factory, hospital complex, or neighbor-

hood. It operates autonomously, generating power on-site and 

can serve as a backup during emergencies. Utilizing various 

energy sources such as renewables, energy storage, combined 

heat and power, or generators, microgrids are designed to 

operate reliably in all conditions. Their distinguishing feature 

lies in their ability to operate both connected to and discon-

nected from the main grid, depending on the situation. During 

disasters like storms or blackouts, microgrids can isolate 

themselves from the main grid to ensure continued power 

supply to the buildings they serve [3]. Microgrids also assist 

local utilities in managing the increasing number of distrib-

uted energy resources, including solar panels, smart buildings, 

electric vehicles, and batteries. With advanced controllers and 

software, they can efficiently manage energy operations, 

optimizing generation resources based on various factors like 

weather conditions, pricing fluctuations, or resource availa-

bility. Each microgrid is tailored to the needs of its users, 

ranging from individual buildings to larger entities like 

communities or business parks [4]. They utilize diverse en-

ergy sources, including solar, wind, fuel cells, and hydroe-

lectricity, depending on the specific requirements. During 

power outages, microgrids offer more reliable and finely 

tuned backup compared to traditional generators. Regular 

generators lack the sophisticated energy management capa-

bilities necessary during emergencies and are prone to failures. 

In contrast, microgrids are regularly maintained and draw 

from multiple energy sources, ensuring continuity of power 

supply even if one source fails. This redundancy makes them 

more resilient to fuel shortages or other disruptions, providing 

a more dependable solution during crises. Renewable ener-

gy-based microgrids are increasingly favored in power sys-

tems due to their ability to improve reliability and reduce 

power losses [5]. To ensure their effectiveness, robust control 

strategies are crucial, particularly considering the complex 

nonlinear dynamics inherent in these systems. This paper 

offers a thorough examination of robust control techniques for 

microgrids, encompassing AC, DC, and hybrid configurations, 

as well as various interconnections with conventional power 

systems. Drawing from recent research, it discusses the key 

control objectives and proposed methods, comparing their 

applicability across different microgrid types. Additionally, 

the article highlights existing research gaps, such as scalabil-

ity issues, robustness evaluation, and assessment methodolo-

gies, and suggests avenues for future research to enhance the 

performance of robust controllers in AC, DC, and hybrid 

microgrid contexts [5]. 

2. Literature Review 

Shahsavari et al. Designed a strategy to enhance 

small-signal stability (SSS) in power systems with PV pene-

tration using Fractional Order PID Controllers (FO-PIDCs). 

They optimized controller parameters using NSGA-II based 

on performance indices like ISE and IAE. Developed a 

mathematical strategy to mitigate high infiltration effects of 

PV power plants on the small-signal stability (SSS) of power 

systems. They optimized Fractional Order PID Controllers 

(FO-PIDCs) using the Non-dominated Sorting Genetic Algo-

rithm II (NSGA-II) based on Integral Square Error (ISE) and 

Integral Absolute Error (IAE) indices [5]. Ray et al. Focused 

on frequency control in microgrids (MGs) with renewables 

and energy storage. Used a Firefly-Particle Swarm Optimiza-

tion (FF-PSO) hybrid to tune PID controllers, minimizing 

frequency deviations under variable load and wind conditions. 

Explored stability in renewable energy-powered MGs using a 

type-2 fuzzy FO-PID stabilizer. A meta-heuristic algorithm 

optimized the system to improve dynamic stability in mul-

ti-area systems [6]. Proposed a strategy for Inverter-Based 

Distributed Generation (IBDG) units in radial grids. Genetic 

Algorithm (GA) optimized IBDG placement and sizing to 

reduce power losses and enhance SSS. Renuka et al. Devel-

oped a two-stage optimization using Particle Swarm Opti-

mization (PSO). The first stage maximized renewable energy 

penetration, and the second stage improved stability with the 

increased penetration [7]. Santhoshkumar et al. Enhanced MG 

stability using Whale Optimization Algorithms (WOA) and 

Ant Lion Optimization (AWOALO). These algorithms tuned 

system parameters for smooth transitions during disturbances 

[8]. Focused on transient and small-signal stability im-

provements in MGs using Whale Optimization Algorithms 

(WOA) in conjunction with Ant Lion Optimization 

(AWOALO). The methods regulated key parameters to ensure 

smooth transitions during disturbances. Yi Zhang et al. Pro-

posed an adaptive control strategy for hybrid AC/DC MGs 
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using virtual inertia and governor gain. The approach stabi-

lized frequency and DC voltage during system disturbances 

[9]. Suggested a fuzzy logic-based PID controller tuned using 

hybrid algorithms like Cuckoo Search. This improved MG 

stability against small-signal disturbances. Ghosh et al.: 

Combined Grey Wolf Optimizer (GWO) and Firefly Algo-

rithm to fine-tune PID controllers in MGs, ensuring stable 

energy flow and robustness under changing conditions [10]. 

Integrated PID with Model Predictive Control (MPC), ena-

bling dynamic adjustment of controller parameters. This im-

proved MG stability under variable load and generation sce-

narios. GA- and PSO-Optimized PID for Load Frequency 

Control (2024), Research highlights Genetic Algorithm (GA) 

and Particle Swarm Optimization (PSO) for tuning PID con-

trollers in interconnected power systems, achieving faster 

response and reduced overshoot compared to conventional 

PID controllers. The study underscores these methods’ effec-

tiveness in mitigating frequency fluctuations in MGs [11]. A 

reset scheme was proposed for frequency regulation in pro-

visional Mgs. This approach improves the robustness of fre-

quency control in high-renewable penetration MGs while 

ensuring economic feasibility and stability, an adaptive droop 

control method combined with proportional-integral (PI) 

controllers was designed for DC Mgs. This system dynami-

cally adjusts to ensure robust stability under load variations 

and renewable integration. 

3. Methodology 

3.1. Introduction 

In pragmatic frameworks, uncertainties and parameter an-

noyance generally exist are normal and can fundamentally 

impact control framework execution and security. Planning 

robust controller within the sight of parametric uncertainties is 

fundamental, yet getting a careful determined model is fre-

quently difficult because of different variables like environ-

mental noise (harmonics) and data error and aging [12]. 

Throughout recent many years, significant exertion has been 

committed to tending to hearty security and adjustment issues 

in linear system with parameter uncertainty. Different design 

techniques have been created and applied to solve these 

practical issues. Researchers across multiple domains of 

control systems are increasingly emphasizing robust analysis 

of uncertain linear systems. Through feedback control tech-

niques, solutions to the robust stabilization problem for both 

continuous- and discrete-time plant models have been 

achieved. However, addressing challenges such as computa-

tional complexity, methodologies such as static result criti-

cism regulators and approaches dealing with Bilinear Matrix 

Inequality (BMI) constraints have been explored. Some 

studies have established stability conditions within the Linear 

Matrix Inequality (LMI) framework, often requiring a pre-

determined selection of the Lyapunov matrix [12]. 

 
Figure 1. Block diagram for micro-grid control. 

 
Figure 2. The way of controlling microgrids.  

Figure 3. Microgrid control overview. 
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A few techniques lay out strength conditions inside the 

Direct Lattice Imbalance (LMI) structure, while others center 

on blended H2/H∞ union issues or quadratic hearty adjust-

ment of nonlinear frameworks. Onlooker based regulator plan 

techniques have likewise been created to deal with standard 

limited vulnerabilities in straight frameworks. 

In this paper, another static state criticism regulator con-

figuration approach is proposed for straight questionable 

frameworks utilizing the Lyapunov soundness approach. This 

technique presents another arrangement of adequate circum-

stances integrating data from the base eigenvalue of annoy-

ance frameworks. This original methodology is exhibited 

through mathematical models, showing its adequacy and 

predominance over existing strategies. Additionally, by im-

posing additional constraints in the design framework, the 

proposed method reduces control effort. The use of LMI 

formulation offers computational advantages, making the 

design process more efficient. The proposed technique is 

validated through numerical examples, highlighting its supe-

riority over existing methods in terms of performance and 

efficiency [13]. 

3.2. Microgrid Configuration 

Figure 4 (a) depicts the design of a single-phase energy 

source Microgrid (MG) aimed at dissecting and evaluating its 

performance. The system comprises a DC voltage source (Vdc), 

an LC filter, a voltage source inverter (VSI), and line and load 

impedance. VSIs are positioned between the grid network and 

the DC voltage source to facilitate power transfer from the DC 

side to the AC side. Under steady-state conditions, the average 

AC power (Pac) equals the DC power (Pdc). The VSI is com-

posed of Insulated Gate Bipolar Transistors (IGBTs), with the 

switching action of each IGBT defined by VSW= τVdc, where δ 

represents the duty ratio within the range of [-1, 1]. To mitigate 

switching ripple in power solid-state devices, LC filters are 

employed. Additionally, a shunt capacitor (CST) is utilized to 

mitigate the impact of high-frequency harmonics. 

  
                              (a)                                                                 (b) 

Figure 4. Closed-loop voltage/current control strategy of (a) single phase single energy source microgrid system, (b) three phase single en-

ergy source microgrid [14]. 

Figure 4 (b) illustrates a three-phase Microgrid (MG) with 

analogous components to those in Figure 4 (a), with the ad-

dition of transformers (Tx). These transformers are utilized to 

transfer power from the distribution generation station to the 

low-high voltage line, aiming to diminish line losses and 

transmission expenses. 

3.3. Voltage Control 

The block diagram illustrating the voltage control of an MG 

system, as depicted in Figure 3, involves tracking the desired 

grid voltage (Vg) for each Voltage Source Inverter (VSI) 

through a voltage control loop. The switching frequency of 

the VSI hinges on a duty ratio, crucial for achieving precise 

voltage tracking. This duty ratio, determined by the controller 

within the range of [-1, 1], employs pulse width modulation 

(PWM) principles. Within the voltage control loop, the grid 

voltage is generated by the VSI and compared with the desired 

reference MG voltage. Furthermore, to ensure accurate volt-

age tracking, the control loop necessitates a high bandwidth 

[15]. 

3.4. Modeling Single Phase 

From the Figure 4 (a) the inductor current 𝑖𝐿is given by the 

following equation: 

𝑖𝐿 = 𝑖𝐶 + 𝑖𝑔                    (1) 

Where, 𝑖𝐶  and 𝑖𝑔 the capacitor and grid current respect-

fully. The controller design is based on: 

𝐿
𝑑𝑖𝑡(𝑡)

𝑑𝑡
= 𝑉𝑠𝑤 − 𝑉𝑔(𝑡)               (2) 

The switching voltage 𝑉𝑠𝑤  over pulse width modulation 

(PWM) is given by: 

𝑉𝑠𝑤 = 𝜏𝑉𝑑𝑐                  (3) 
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For grid voltage 𝑉𝑔: 

𝐶
𝑑𝑉𝑔

𝑑𝑡
= 𝑖𝑐                  (4) 

From (2) and (4), the derived state-space model is: 

𝑑𝑦

𝑑𝑥
= 𝐴𝑥 + 𝐵𝑢                   (5) 

𝑦 = 𝐶𝑥 + 𝐷𝑢                   (6) 

In this microgrid system, the state vector xx and the input 

vector uu represent the system's current state and input, re-

spectively. The disturbances, denoted by dd, are closely as-

sociated with the state and input vectors. These disturbances 

lead to grid current fluctuations due to the inherent uncer-

tainty in the microgrid structure. This uncertainty arises from 

challenges in controlling, tuning, and the dynamic nature of 

the microgrid, especially when loads or generators are 

switched on or off. 

𝑥 = [
𝑖𝐿
𝑉𝑔

]; 𝑢 = [𝑉𝑠𝑤 ]; 𝑑 = [𝑖𝑔]            (7) 

The state space is as follows: 

𝑑𝑦

𝑑𝑥
[
𝑖𝐿
𝑉𝑔

] = [
0 −

1

𝐿
1

𝑐
0

] [
𝑖𝐿
𝑉𝑔

] + [
1

𝐿

0
] [𝑉𝑠𝑤 ] + [

0

−
1

𝐶

] [𝑖𝑔]    (8) 

The output of the system is: 

[𝑦] = [𝑉𝑔] = [0 1] [
𝑖𝐿
𝑉𝑔

]               (9) 

3.5. Modeling of Three Phase Microgrid 

The modeling of the three-phase mg is illustrated in Figure 

4 (b). The governing equation of the open loop system can be 

defined in 𝑎𝑏𝑐 frame as follows 

𝑣𝑡,𝑎𝑏𝑐 = 𝐿𝑡
𝑑𝑖𝑡,𝑎𝑏𝑐

𝑑𝑡
+ 𝑅𝑡𝑖𝑡,𝑎𝑏𝑐 + 𝑣𝑎𝑏𝑐            (10) 

𝑖𝑡,𝑎𝑏𝑐 = 𝐶𝑠𝑡
𝑑𝑣𝑎𝑏𝑐

𝑑𝑡
                   (11) 

The transformation of the dynamic system in (9)-(10) 

from 𝑎𝑏𝑐 frame to 𝛼𝛽 reference is derived as 

𝑑𝑖𝑡,𝛼𝛽 = −
𝑅𝑡

𝐿𝑡
𝑖𝑡,𝛼𝛽 −

𝑣𝛼𝛽

𝐿𝑡
+

𝑣𝑡,𝛼𝛽

𝐿𝑡
            (12) 

𝑑𝑣𝛼𝛽 =
𝑖𝑡,𝛼𝛽

𝐶𝑠𝑡
                     (13) 

Finally, the above equation (11) - (12) are transformed to 

𝑑𝑞 rotating frame and the resultant equation are presented as 

𝑑𝐼𝑡,𝑑𝑞

𝑑𝑡
+ 𝑠𝐼𝑡,𝑑𝑞 = −

𝑅𝑡

𝐿𝑡
𝐼𝑡,𝑑𝑞 +

1

𝐿𝑡
𝑉𝑡,𝑑𝑞 −

1

𝐿𝑡
𝑉𝑑𝑞      (14) 

𝑑𝑉𝑑𝑞

𝑑𝑡
+ 𝑠𝑉𝑑𝑞 =

1

𝐶𝑠𝑡
𝐼𝑡,𝑑𝑞             (15) 

Were, = 𝑗𝜔𝑜. The state space representation of the open 

loop tree phase MG in (13)-(14) is written as, 

𝐺𝑃 = 𝐶𝑃(𝑠𝐼 − 𝐴𝑃)−1𝐵𝑃 + 𝐵𝑤 + 𝐷𝑃, and 

The state matrices are defined as 

𝐴𝑃 =

[
 
 
 
 
 
 0 𝜔𝑜

1

𝐶𝑠𝑡
0

−𝜔𝑜 0 0
1

𝐶𝑠𝑡

−
1

𝐿𝑡
0 −

𝑅𝑡

𝐿𝑡
𝜔𝑜

0 −
1

𝐿𝑡
𝜔𝑜 −

𝑅𝑡

𝐿𝑡]
 
 
 
 
 
 

’ 𝐵𝑃 =

[
 
 
 
 
0 0
0 0
1

𝐿𝑡
0

0
1

𝐿𝑡]
 
 
 
 

’   (16) 

𝐵𝑤 =

[
 
 
 
 −

1

𝐶𝑠𝑡
0

0 −
1

𝐶𝑠𝑡

0 0
0 0 ]

 
 
 
 

,  𝐶𝑃 = [
1 0 0
0 1 0

], 𝐷𝑃 = 0   (17) 

Here 𝑥 = [𝑉𝑑  𝑉𝑞 𝐼𝑡𝑑  𝐼𝑡𝑑]𝑇  is the state vector; 𝑢 =

[𝑉𝑡𝑑  𝑉𝑡𝑑 ]𝑇 is input vector, 

𝑤 = [𝑖𝐿𝑑  𝑖𝐿𝑞]
𝑇 is the exogenous input vector and output 

vector is defined as? 𝑦 = [𝑉𝑑  𝑉𝑞] [16]. 

3.6. Robust PID Controller Design 

This section introduces the foundation of employing a 

Linear Quadratic Regulator (LQR) as the basis for designing a 

robust PID controller. LQR control theory is known for its 

notable robustness, as evidenced in various control problems. 

The controller design in this context relies on principles de-

rived from LQR control theory. Specifically, we consider a 

Linear Time-Invariant (LTI) system, 

𝑥̇ = 𝐴𝑥 + 𝐵𝑢; 𝑦 = 𝐶𝑥 + 𝐷𝑢               (18) 

Where, 𝑢 is the control signal, which minimize the quad-

ratic cost function, 

𝐽(𝑢) = ∫ (𝑥𝑇𝑄𝑥 +
∞

0
𝑢𝑇𝑅𝑢)𝑑𝑡              (19) 

For any initial state  𝑥(0) , where 𝑄 = 𝑄𝑇 ≥ 0  and  𝑅 =

𝑅𝑇 > 0, i.e., 𝑄 and 𝑅 are symmetric positive semi-definite 

matrix and symmetric positive definite matrix, respect fully. 

Letting that (𝐴, 𝐵)  and (√𝑄, 𝐴)  are controllable and ob-

servable respectfully. Then the optimal control minimizing 𝐽 

is given by the linear sate feedback law [17], 

𝑢∗ = −𝐾𝑥 = −𝑅−1𝐵𝑇𝑃𝑥,  
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where P is the positive definite solution of the Algebraic 

Riccati Equation (ARE), 

𝐴𝑇𝑃 + 𝑃𝐴 − 𝑃𝐵𝑅−1𝐵𝑇𝑃 + 𝑄 = 0        (20) 

And the minimum quadratic cost is given by, 

𝐽𝑚𝑖𝑛 = 𝑥𝑇(0)𝑃𝑥(0)                  (21) 

Solving of ARE (17) is most important for the solution of 

LQR problem. By applying linear matrix inequality (LMI) 

technique, the LQR problem can be rewritten as an optimiza-

tion problem over 𝑃̂ and 𝑌 [18] 

min𝑃̂.𝑌 𝑥𝑇(0)𝑃̂−1𝑥(0)              (22) 

Subject to 

[
𝐴𝑃̂ + 𝑃̂𝐴𝑇 + 𝐵𝑌 + 𝑌𝑇𝐵𝑇 𝑃̂ 𝑌𝑇

𝑃̂ −𝑄−1 0

𝑌 0 −𝑅−1

] ≤ 0, 𝑃̂ > 0 (23) 

Where 𝑌 = −𝐾𝑃̂  and 𝑃 = 𝑃−1  in many cases equation 

(19) is rewritten as, 

𝑥𝑇(0)𝑃̂−1𝑥(0) ≤ 𝛾           (24) 

Where 𝛾 the specified upper bound. The above inequality 

is can be written as LMI, 

[
𝛾 𝑥𝑇(0)

𝑥𝑇(0) 𝑃̂
] ≤ 0, 𝑃̂ > 0             (25) 

So, the optimization problem in (19), (20) is converted to 

find a solution (𝑃∗, 𝑌∗) which is satisfies a set of LMIs in (20) 

and (22). For this the state feedback gain is given by, 

𝐾 = −𝑌∗(𝑃∗)−1                   (26) 

But in repetition the system matrix [𝐴, 𝐵] is not precisely 

known. Assume that [𝐴, 𝐵] is uncertain but lies in a polytypic 

set, 

∆= 𝐶𝑜𝑣{[𝐴1, 𝐵1], [𝐴2, 𝐵2][𝐴3, 𝐵3], … . , [𝐴𝑁𝑚
, 𝐵𝑁𝑚

]} (27) 

Where 𝐶𝑜𝑣 refers to [𝐴, 𝐵] ∈ ∆ if 

[𝐴, 𝐵] = ∑ 𝑤𝑖(𝑥, 𝑢)[𝐴𝑖 , 𝐵𝑖]
𝑁𝑚
𝑖=1

             (28) 

Where 𝑁𝑚refers to the number of multiple models and 𝑤𝑖 

refers the weighting functions constrained between 0 and 1 

and satisfy, 

∑ 𝑥, 𝑢 = 1, ∆(𝑥, 𝑢) ∈ 𝑅𝑁𝑥 × 𝑅𝑁𝑢𝑁𝑚
𝑖=1

  

Normally, LMIs in (19) and (20) are used to find solutions 

over all uncertain system  ∆ . But it is a challenging task. 

However, due to the characteristics of polytopic systems, 

finding a solution only at the polytopic vertices is enough 

instead of all points within the polytopic. 

3.7. Design of PID Controller 

In this section, we outline the methodology for designing a 

PID controller tailored for a microgrid system employing an 

LMI-based approach. The microgrid system, as described in 

equations (5) and (6), is characterized as a second-order sys-

tem. Consequently, the controller design is tailored specifi-

cally for second-order systems. The closed-loop system's 

block diagram is depicted in Figure 2. We proceed under the 

assumption of an uncertain second-order system [19], 

𝑇(𝑠) =
𝑞2

𝑠2+𝑝1𝑠+𝑝2
                (29) 

Where the parameters 𝑝1, 𝑝2 and 𝑞1 vary in an interval, 

𝑝1 ∈ [𝑝1, 𝑝̅1], 𝑝2 ∈ [𝑝2, 𝑝̅2], 𝑞1 ∈ [𝑞1, 𝑞̅1]    (30) 

Where  𝑝𝑖 ,  𝑝̅𝑖  and 𝑞𝑖 𝑞̅𝑖  are lower and upper bound for 

denominator and numerator of the system, respectfully. The 

structure of a PID controller is as follows, 

𝑃1 = 𝐾𝑝 +
𝐾𝑖

𝑠
+ 𝑠𝐾𝑑              (31) 

Or, 

𝑃1 =
𝑠2𝐾𝑑+𝑠𝐾𝑝+𝐾𝑖

𝑠
              (32) 

Where 𝐾𝑝 𝐾𝑖 and 𝐾𝑑  are the proportional gain, integral 

gain and derivative gain, respectfully 

 
Figure 5. Block diagram of closed loop system with PID controller 

[14]. 

Adjusting the proportional gain (KP) leads to a reduction in 

rise time, while the integral gain (Ki) helps minimize 

steady-state error, albeit at the expense of potentially in-

creasing overshoot. On the other hand, the derivative gain (Kd) 

aids in decreasing overshoot and settling time. The primary 

objective of PID controller design is to determine the optimal 
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PID settings that fulfill various design requirements. The 

feedback system's state-space representation can be expressed 

as, 

𝑑𝑥

𝑑𝑡
= 𝐴𝑥 + 𝐵𝑢 + 𝐵𝑟  

𝑢 = −𝐾𝑥 + 𝐾𝑝𝑟 + 𝐾𝑑𝑟̇             (33) 

𝑦 = 𝐶𝑥 

Where 𝑦 is the output of the system, 𝑥 is the state i.e., 

𝑥 =  [ 𝑥1 𝑥2 𝑥3 ] 
𝑇and 𝑟 the reference input? 

𝐴 = [
0 1 0

−𝑝2 −𝑝1 0
1 0 0

], 𝐵 = [
0

−𝑞2

0
], 𝐵𝑟 = [

0
0

−1
],   (34) 

𝐶 = [1 0 0],𝐾 = [𝐾𝑝 𝐾𝑑 𝐾𝑖] 

In this context, the PID controller design transitions into a 

static state feedback controller, where the feedback gain KK 

encapsulates the parameters of the PID controller. Equations 

(26) and (31) introduce three uncertain parameters. Further-

more, the polytopic uncertain set specified in (24) simplifies 

to. 

∆= 𝐶𝑜𝑣{[𝐴1, 𝐵1], [𝐴2, 𝐵2][𝐴3, 𝐵3], … . , [𝐴8, 𝐵8]}    (35) 

Where the vertex matrix [𝐴𝑖 , 𝐵𝑖] are determined based on 

the system identification results. 

The outlines the design and implementation of an advanced 

microgrid controller tailored for managing the complexities of 

diverse load conditions and ensuring robust stability. It in-

troduces a Linear Matrix Inequality (LMI)-based framework 

combined with PID controllers to address challenges such as 

parametric uncertainties, environmental noise, and system 

dynamics. The controller's development involves the use of a 

Lyapunov stability approach and the transformation of control 

problems into optimization tasks solved via LMI techniques, 

ensuring efficient computation and robustness [3]. A system-

atic modeling of microgrid configurations—both single-phase 

and three-phase systems—is provided. These models incor-

porate key components like voltage source inverters, LC 

filters, and transformers, with detailed equations describing 

power transfer and system dynamics. A state-space represen-

tation is utilized to capture the system's behavior, and dis-

turbances are accounted for to enhance controller adaptability 

[13]. To achieve optimal performance, the methodology in-

tegrates a Linear Quadratic Regulator (LQR) as the founda-

tion for PID controller design. The LQR principles are 

adapted to minimize quadratic cost functions and derive state 

feedback laws, ensuring stability even under uncertainties. 

The PID controller gains (proportional, integral, and deriva-

tive) are fine-tuned to achieve desired system dynamics, such 

as reduced rise time, steady-state error, and overshoot. This 

robust approach is validated through numerical examples, 

demonstrating its efficacy in handling harmonic, non-linear, 

and dynamic load conditions, as well as its ability to maintain 

voltage and current stability across a range of operating sce-

narios [13]. The methodology establishes a scalable and 

adaptable framework for modern microgrid systems, ad-

dressing the demands of renewable energy integration and 

real-world uncertainties. 

4. Result and Discussion 

4.1. Introduction 

This section provides a comprehensive evaluation of the 

improved microgrid controller, showcasing its performance 

under diverse load conditions, including harmonic, non-linear, 

dynamic, asynchronous machine, and unknown loads. It 

emphasizes the controller's ability to manage distortions ef-

fectively, ensuring voltage and current stability, even under 

challenging scenarios. By employing a Linear Matrix Ine-

quality (LMI)-based PID controller, the system demonstrates 

a significant reduction in Total Harmonic Distortion (THD) 

and robust operation against variations in load characteristics. 

The controller's adaptability allows it to maintain system 

reliability and stability, handling the complexities of re-

al-world conditions such as fluctuating inductance, capaci-

tance, and resistance. This highlights the controller's potential 

for ensuring consistent microgrid performance, making it a 

valuable solution for modern energy systems that demand 

resilience and precision. 

4.2. Harmonic Loads 

In an electric power system, non-linear loads such as com-

puters, printers, fluorescent lamps, televisions, rectifiers, and 

battery chargers introduce harmonics, as depicted in Figure 7. 

These harmonics cause distortions in voltage and current, 

compromising the quality of the electric power supply. The 

presence of harmonic voltages results in increased heating in 

both the load and conductors, consequently shortening the 

lifespan of electric loads. Moreover, when connected to the 

electric power system, non-linear loads draw power, leading to 

non-sinusoidal current waveforms due to load dependencies 

and voltage distortion caused by source impedance. Harmonics 

are distortions in electrical systems caused by non-linear loads, 

which generate currents and voltages at frequencies that are 

multiples of the fundamental frequency. These distortions can 

degrade the performance and efficiency of power systems. 

Among these, 3rd order harmonics are particularly problematic 

as they significantly increase system current levels, potentially 

leading to overheating, reduced equipment lifespan, and oper-

ational inefficiencies. To address these issues, a voltage con-

troller is employed to manage inverters, which play a crucial 

role in mitigating harmonic effects. 
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Figure 6. Harmonic load Circuit Diagram. 

For instance, when a 30 Ω resistor is connected in series, 

the resulting current waveform exhibits a frequency of 150 Hz 

(3rd harmonic of a 50 Hz system) with an amplitude of 7 A. 

This demonstrates the generation of 3rd order harmonics 

under such load conditions. The effectiveness of the proposed 

voltage controller in handling harmonic loads is illustrated 

through results, as shown in Figure 7 (e) and (f). These figures 

demonstrate that the controller performs reliably by main-

taining system stability and robustness, even in the presence 

of diverse harmonic disturbances. This indicates the control-

ler’s capability to ensure consistent system performance and 

safeguard against the adverse effects of harmonic loads. 

 

  
                             (e)                                                       (f) 

Figure 7. (a) Harmonic load, (b) Non-linear load, (c) Asynchronous load and (d) Unknown load, (e) out diagram of current (f) output diagram 

of voltage [18]. 
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4.3. Non-linear Loads 

This explanation describes a contour plot showcasing how 

a microgrid system performs when subjected to non-linear 

loads. Non-linear loads are electrical devices that draw current 

in a non-linear manner, meaning the current waveform does 

not align with the voltage waveform. Common examples 

include appliances like refrigerators, air conditioners, televi-

sions, and computers, which are increasingly used in house-

holds and industries globally. In this simulation, a specific 

type of non-linear load is used to represent these devices—a 

two-phase four-pulse diode bridge rectifier. This component 

serves as a simplified model to replicate the behavior of 

non-linear loads. It is connected to the point of common 

coupling (PCC), which is the location in the microgrid where 

different electrical systems interconnect. By doing so, the 

simulation evaluates how the microgrid responds to the 

challenges posed by these loads, such as power quality issues, 

harmonics, and efficiency, which are critical for real-world 

applications. The contour plot effectively visualizes these 

performance metrics and their variations across different 

conditions. 

 
Figure 8. Non-linear load Circuit Diagram. 

The passage describes a system in which an output terminal 

is connected to a resistive-capacitive (RC) load. The RC load 

is specified with a resistance (R) of 80 ohms and a capacitance 

(C) of 5 microfarads (5 μF). This setup is analyzed to measure 

total harmonic distortion (THD), a key metric for evaluating 

distortions caused by non-linear loads, following the stand-

ardized guidelines of the IEEE. The figures referenced (Fig-

ure 9 (a) and (b)) illustrate how a Linear Matrix Inequality 

(LMI)-based PID controller improves the management of 

such non-linear loads. These controllers are specifically de-

signed to regulate the system by ensuring the load behaves in 

a predictable and controlled manner, even under non-linear 

conditions. The findings from these figures highlight two 

significant outcomes of using this controller: 

Stability: The system maintains steady performance with-

out oscillations or deviations under varied operating condi-

tions. 

Robustness: It demonstrates resilience against disturbances, 

ensuring reliable operation despite potential variations in load 

characteristics. 

The LMI-based PID controller effectively handles the 

challenges posed by non-linear loads, maintaining a 

high-performance standard as verified by the THD meas-

urements. 
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(a)                                                         (b) 

Figure 9. Output diagram of Non-linear load (a) Current (b) Voltage. 

4.4. Dynamic Loads 

This test aims to assess how effectively the controller can 

maintain stable operation of the microgrid under varying 

dynamic loads. Dynamic loads, which involve changes in 

active and reactive power demands, challenge the system's 

ability to sustain voltage stability. In this scenario, the test 

begins with the active power set to 50 MW and the reactive 

power to 25 MW. These variations impose considerable stress 

on the power system, influencing its overall stability. 

 
Figure 10. Dynamic load Circuit Diagram. 

Fault currents, which arise during open and short circuit conditions, are critical in such evaluations. An open circuit fault 

occurs when a break in the circuit disrupts the flow of current, effectively cutting off power. 
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                                (a)                                                 (b) 

Figure 11. Output diagram of dynamic load (a) Current (b) Voltage. 

In contrast, a short circuit fault creates a low-resistance 

path, leading to a sudden surge of current. This surge can 

cause significant stress on connected loads, potentially 

damaging them and compromising their functionality. The 

controller's ability to respond to these dynamic and fault 

conditions is critical for ensuring the microgrid's reliability. 

The outcomes of this test, showcasing how the controller 

handles such challenges, are visually represented in Figure 

11 (a) and (b). 

4.5. Asynchronous Machine Loads 

In this simulation, the proposed controller's performance is 

evaluated when managing the dynamics introduced by asynchro-

nous machine loads. For this study, an induction motor is selected 

as the representative asynchronous machine. The modeling of this 

motor is carried out using a dq stator reference frame, which al-

lows for detailed analysis of its behavior in response to system 

changes. The motor configurations include capacitor-start and 

capacitor-start-run, which are common in practical applications. 

 
Figure 12. Motor's operation. 

These configurations reflect how the motor starts and op-

erates, accounting for variations in its power demand and 

operational stability. The induction motor is connected in 

parallel with a microgrid, forming part of the power system. 

This setup is crucial as the motor's operation introduces vari-

ations in active and reactive power, directly influencing the 

overall dynamics of the microgrid. Such fluctuations pose 

challenges to the stability and efficiency of the power system, 

making it a valuable test case for assessing the effectiveness 

of the controller. Figures 13 (a) and (b) illustrate the results of 

the simulation, providing insights into how well the controller 

manages these challenges. Meanwhile, Figure 13 offers a 
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schematic representation of the system under analysis, further clarifying the setup used in the evaluation. 

  
                            (a)                                                         (b) 

Figure 13. Output diagram of Asynchronous machine load (a) Current (b) Voltage. 

4.6. Unknown Loads 

The discussion emphasizes evaluating how dependable and 

resilient the proposed controller is when managing unpre-

dictable or unknown loads in the microgrid system. In this 

context of figure 14 illustrates the model of an unknown load, 

which is connected in parallel with the microgrid. This setup 

allows for assessing the microgrid's response to load changes. 

When the switch connecting the load is closed, a noticeable 

change occurs in the steady-state conditions of the system at 

approximately 0.3 seconds. This change is characterized by 

variations in the system's inductance, capacitance, and re-

sistance. Despite the introduction of unknown loads, the 

controller demonstrates remarkable stability, ensuring that the 

peak amplitude of the microgrid voltage remains constant 

under all conditions. To further validate performance, Figure 

14 provides visual insights. Sub figure 15 (a) showcases how 

the voltage of the microgrid tracks effectively, maintaining 

consistency even with unknown loads. Sub figure 15 (b) 

highlights the fault current tracking, demonstrating the con-

troller's capability to handle disruptions or faults robustly. 

 
Figure 14. Unknown load Circuit Diagram. 
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                               (a)                                                 (b) 

Figure 15. Output diagram of Asynchronous machine load (a) Current (b) Voltage. 

4.7. Output Comparison with Normal Microgrid Controller 

  
                                (a)                                                 (b) 

Figure 16. Improved Microgrid Controller Output (a) Grid voltage (b) Current. 

Microgrid controllers are essential for ensuring stable and 

efficient operation of microgrids. The performance of these 

controllers varies depending on the type of load connected to 

the system. Here's a summary of how an improved microgrid 

controller compares to a normal microgrid controller across 

different load types, 

Harmonic Load: 

Normal Controller: Struggles with harmonic distortion, 

leading to power quality issues such as voltage and current 

harmonics. 

Improved Controller: Utilizes advanced filtering and har-

monic compensation techniques, reducing harmonic distor-

tion and improving power quality. 

Non-linear Load: 

Normal Controller: May not effectively manage the dis-

torted waveforms caused by non-linear loads (variable-speed 

drives), leading to power factor issues and voltage instability. 

Improved Controller: Incorporates sophisticated algorithms 

to handle non-linear loads, compensating for Total Harmonic 

Distortion (THD) and ensuring stable voltage and current 

waveforms. 

Asynchronous Load: 

Normal Controller: Faces difficulty synchronizing with 

asynchronous loads (e.g., wind turbines), which can lead to 

frequency and voltage instability. 

Improved Controller: Uses advanced techniques like fre-

quency droop control or virtual synchronous machines (VSM) 

to synchronize with asynchronous loads, maintaining system 

stability. 

Unknown Load: 

Normal Controller: Has limited ability to adapt to sudden or 

unpredictable changes in load, causing potential disruptions in 

the system. 

Improved Controller: Features adaptive control and load 

forecasting capabilities, enabling it to adjust to unknown or 

fluctuating loads and maintain stable operation. 
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(a)                                                  (b) 

Figure 17. Normal Microgrid Controller Output (b) Grid voltage (a) Current. 

5. Conclusion 

This study introduced a novel Improved Microgrid Con-

troller with Robust Stability by integrating Linear Matrix 

Inequality (LMI)-based PID controllers to enhance microgrid 

performance across various challenging conditions. Com-

prehensive simulations were conducted to evaluate the con-

troller under harmonic, non-linear, dynamic, asynchronous, 

and unknown load scenarios. The results demonstrated the 

controller’s effectiveness in mitigating 3rd-order harmonic 

distortions, reducing Total Harmonic Distortion (THD), and 

maintaining stable voltage and current waveforms. It showed 

strong robustness against non-linear load behaviors modeled 

by diode-bridge rectifiers, ensured voltage stability during 

dynamic load fluctuations of 50 MW and 25 MW, and re-

sponded effectively to faults such as open and short circuits. 

The controller also managed asynchronous machine loads, 

like induction motors, with stable operation and handled un-

known load variations by adapting to sudden changes in in-

ductance, capacitance, and resistance without compromising 

system stability. Compared to conventional microgrid con-

trollers, the proposed system significantly improved power 

quality, demonstrated greater adaptability to unpredictable 

conditions, and offered scalability crucial for modern smart 

grids with high renewable energy penetration. Overall, the 

findings confirm that this robust LMI-based PID controller is 

a promising and reliable solution for future-proof, sustainable 

energy systems, capable of ensuring consistent performance 

amid real-world uncertainties. 

Abbreviations 

PID Proportional Integral Derivative 

FO-PIDC Fractional Order PID Controller 

LQR Linear Quadratic Regulator 

LMI Linear Matrix Inequality 

BMI Bilinear Matrix Inequality 

ARE Algebraic Riccati Equation 

SSS Small Signal Stability 

ISE Integral Square Error 

IAE Integral Absolute Error 
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