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ABSTRACT  

 Modern energy management systems (EMS) must effectively manage electricity demand in order to increase system 

performance, save operating costs, and improve dependability. The Taguchi design of experiments strategy is used in this 

study to optimize electricity demand in a methodical manner. In order to maximize system efficiency while minimizing 

electricity consumption and mean squared deviation (MSD), three control parameters, each at three levels, were examined. 

The most important parameters and their ideal settings were determined using response tables, analysis of variance 

(ANOVA), and signal-to-noise (S/N) ratio analysis. 

The findings show that whereas factor C is primarily responsible for increasing system efficiency, factor B has the greatest 

influence on electricity demand and MSD, accounting for over 90% of the total variation. While maximum efficiency was 

attained at A₃B₂C, the ideal parameter combination for reducing electricity demand and MSD was determined to be A₁B₁C₂.₃. 

With R2 values above 96%, the generated models demonstrate great predictive accuracy.. 

Keywords: Energy Management System; Optimization of Electricity Demand; Taguchi Method; Signal-to-Noise Ratio; 

Analysis of Variance (ANOVA); Mean Squared Deviation; Energy Efficiency; Experiment Design; Robust Optimization 

1. INTRODUCTION 

The necessity for effective energy management systems (EMS) has increased due to the quick rise in electricity consumption 

caused by urbanization, industrial growth, and the incorporation of cutting-edge electrical technologies. In addition to 

lowering electricity consumption, modern EMS seeks to maximize system efficiency and maintain operational stability under 

a range of operating circumstances. Ineffective demand management creates serious economic and environmental problems 

by raising energy bills, increasing peak loads, and decreasing system reliability. 

Optimization strategies are essential for enhancing EMS performance. Large datasets, intricate mathematical formulas, and 

substantial computer work are frequently needed for conventional optimization techniques, which restricts their use in real-

world energy systems. Furthermore, a variety of interacting control parameters affect EMS performance, therefore a strong 

optimization strategy that can find ideal operating conditions with few experiments is crucial. 

An efficient tool for robust design and system optimization is the statistically based design of experiments (DOE) technique 

known as the Taguchi method. The Taguchi approach allows for the systematic assessment of several factors while taking 

unpredictable parameter fluctuation into account by using orthogonal arrays and signal-to-noise (S/N) ratios. In engineering 

systems, this strategy has been frequently used to reduce performance variation and enhance quality while lowering 

experimental costs. 

The Taguchi approach has important benefits for optimizing electricity demand in the context of energy management. 

It offers important insights into the relative significance of system factors by concurrently examining several performance 

objectives, such as lowering power demand and mean squared deviation (MSD) while maximizing efficiency. Additionally, 

the identification of statistically significant factors influencing EMS performance is made easier by analysis of variance 

(ANOVA). 

The Taguchi method for optimizing power demand in an EMS is the main topic of this work. An L9 orthogonal array was 

used to examine three control parameters at three levels in order to assess their impact on system stability, efficiency, and 

power demand. ANOVA and signal-to-noise ratio analysis were used to identify the best parameter. 
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2. LITERATURE REVIEW 

Involved in multi-objective EMS optimization and show how certain control parameters dominate demand and efficiency. 

This work makes three major contributions: (i) it applies the Taguchi approach to systematically optimize electricity demand 

in an EMS; (ii) it identifies important factors influencing demand, variability, and efficiency; and (iii) it establishes ideal 

operating conditions that improve system performance and robustness. The results of this study serve as a basis for future 

multi-objective and real-time energy optimization research and offer useful recommendations for the development and 

operation of energy-efficient EMS. 

The effective operation of contemporary power systems depends on Energy Management Systems (EMS), which provide 

real-time monitoring, optimum control, and intelligent decision-making to lower energy consumption, increase 

dependability, and promote sustainability objectives. Modern EMS research covers a broad range of applications, from 

microgrids and renewable energy integration to building automation and industrial operations. 

2.1 Foundations of EMS Research 

Over the past few decades, EMS has changed dramatically, moving from basic monitoring tools to sophisticated control 

systems that incorporate optimization and decision-support algorithms. Early EMS research demonstrated the potential for 

large energy savings and cost reductions through efficient energy usage analysis and targeting tactics. It concentrated on 

energy conservation and basic load monitoring in commercial and industrial settings. 

Jiayi Zhang highlights that EMS is a strategic framework for combining conventional and renewable energy sources to 

achieve sustainability and lower costs and emissions, rather than just a technical tool. 

2.2 Optimization in EMS 

One of the main purposes of contemporary EMS is optimization. For cost and demand minimization, traditional model-based 

approaches like mixed-integer linear programming (MILP), predictive control, and stochastic programming have been 

extensively studied, especially in microgrid settings where the addition of distributed energy resources (DERs) adds 

complexity. 

The trend toward multi-objective and adaptive EMS that may balance economic, environmental, and reliability criteria is 

further demonstrated by cognitive and hybrid EMS strategies that combine fuzzy logic with sophisticated optimization 

algorithms (such as PSO, GA, and Firefly Algorithm). 

2.3 Data-Driven and AI-Based EMS 

Research on data-driven EMS has been accelerated by the growing availability of real-time data and developments in 

artificial intelligence (AI). To enhance decision-making in dynamic environments, machine learning, reinforcement learning, 

and meta-learning frameworks are being combined. For example, deep learning has been used in distribution management 

systems (DMS) and EMS to enable quicker, almost real-time optimization in intricate power systems. By addressing issues 

related to dynamic load and renewable penetration, a meta reinforcement learning-based EMS framework (MetaEMS) shows 

improved adaptability and performance in building energy management. 

2.4 Microgrid and Networked EMS 

Microgrids and networked systems have received more attention in EMS research as distributed generation and DERs have 

grown in popularity. Optimal power distribution, frequency and voltage control, and smooth transitions between grid-

connected and islanded modes are among the goals of microgrid EMS. As EMS must manage numerous DERs, storage 

systems, and loads while preserving stability and resilience, recent assessments have focused on architectural classifications 

and control mechanisms for networked microgrids, reflecting the increasing complexity. 

2.5 Demand Side Management and EMS 

Demand side management (DSM), which focuses on load scheduling, peak shaving, and load shifting, is a crucial part of 

EMS research. Effective demand side optimization can dramatically lower peak demand and total operating costs in hybrid 

renewable energy systems and smart grids, according to research. 

More intelligent load shaping tactics are made possible by integrating demand response systems with EMS, especially when 

interacting with time-varying tariffs and fluctuating renewable energy. 

2.6 Gaps and Emerging Trends 

Despite advancements, the EMS literature still has a number of study gaps: 

Integration Challenges: While many EMS solutions concentrate on specific optimization issues (such as demand or cost), 

multi-objective frameworks that strike a balance between sustainability, stability, and efficiency are still in the early stages 

of development. 
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Data and Forecasting: Real-time optimization efficiency is impacted by accurate load and renewable generation forecasting, 

which is still crucial yet difficult. 

Scalability: Scalability and complexity problems arise when EMS techniques from small-scale or residential systems are 

applied to big industrial or utility contexts. 

Standardization: Wider adoption is hampered by the absence of consistent standards for EMS interfaces and performance 

assessment. 

In comparison to residential applications, systematic evaluations also emphasize the need for additional research on industrial 

EMS, especially with regard to decision-making processes and data analytics integration. 

3. MATERIALS AND METHODS 

3.1 Energy Management System Description 

Under various operational situations, the Energy Management System (EMS) under consideration in this study is intended 

to monitor, regulate, and optimize electricity use. The system incorporates a number of configurable factors that affect 

efficiency, operational stability, and electricity usage. Three major responses were used to assess the EMS performance: 

system efficiency, mean squared deviation (MSD), and electricity demand. The system's energy consumption, resilience to 

fluctuations, and operational efficacy are all represented by these performance indicators. 

3.2 Selection of Control Factors and Levels 

Three control factors (designated as A, B, and C) were chosen for optimization based on initial system analysis and 

operational considerations. To capture nonlinear effects while preserving experimental viability, each factor was investigated 

at three distinct levels. Table 1 lists the components along with the levels that correspond to them. 

Table 1 

Control Factors and Levels 

Factor Level 1 Level 2 Level 3 

A A₁ A₂ A₃ 

B B₁ B₂ B₃ 

C C₁ C₂ C₃ 

3.3 Experimental Design Using Taguchi Method 

The impacts of the chosen control parameters on EMS performance were methodically examined using the Taguchi design 

of experiments (DOE) approach. With just nine experimental runs, three factors at three levels may be evaluated thanks to 

the selection of a L9 orthogonal array (3³). Compared to a full factorial design, this greatly decreased the experimental effort. 

The EMS was used to record the response values throughout each experimental run, which corresponds to a distinct 

combination of factor levels. Table 2 displays the experimental layout. 

3.4 Performance Metrics 

Three response characteristics were analyzed: 

Electricity Demand (Y): Shows how much power the EMS uses. Reducing the demand for electricity is the goal. 

Mean Squared Deviation (MSD): Indicates how variable system performance is. Improved robustness and stability are 

indicated by a lower MSD. 

Efficiency (Effi): Shows how well the EMS uses energy. It is good to have higher efficiency values. 

3.5 Signal-to-Noise (S/N) Ratio Analysis 

Taguchi quality characteristics were used to calculate signal-to-noise (S/N) ratios for each response in order to assess system 

robustness and performance consistency: 

Smaller-is-Better (Electricity Demand, MSD): 

S/N = −10log⁡10 (
1

𝑛
∑𝑦𝑖

2

𝑛

𝑖=1

) 
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Larger-is-Better (Efficiency): 

S/N = −10log⁡10 (
1

𝑛
∑

1

𝑦𝑖
2

𝑛

𝑖=1

) 

 

where 𝑦𝑖is the observed response and 𝑛is the number of observations. 

3.6 Statistical Analysis 

To measure each control factor's contribution and ascertain its statistical significance on the EMS performance responses, 

Analysis of Variance (ANOVA) was used. At a 95% confidence level, factors with p-values less than 0.05 were deemed 

statistically significant. 

To explain the connection between control factors and S/N ratios, regression models were created using estimated model 

coefficients. The coefficient of determination (R2), modified R2, and standard error (S) were used to evaluate the model's 

adequacy. 

3.7 Optimization Procedure 

The optimization process consisted of the following steps: 

Conduct experiments according to the Taguchi L9 orthogonal array. 

Calculate S/N ratios for each response. 

Develop response tables and main effect plots. 

Identify optimal factor levels based on S/N ratio maximization or minimization criteria. 

Validate the results through ANOVA and regression analysis. 

3.8 Software Tools 

Minitab statistical software was used for all statistical studies, including Taguchi design, S/N ratio computation, regression 

modeling, and ANOVA. Integrated analytical tools facilitated data visualization and result understanding. 

4. Experimental Setup and Procedure 

4.1 Experimental Setup 

An Energy Management System (EMS) intended to assess electricity demand, system stability, and operational efficiency 

under various operating situations was the subject of the trials. Key operational settings that affect power consumption and 

energy utilization are represented by adjustable parameters in the EMS. To evaluate their individual and combined effects 

on system performance, these parameters were modified in accordance with the Taguchi experimental design. 

To guarantee accuracy and repeatability, the experimental investigation was conducted under carefully monitored 

circumstances. Before collecting data, the system was allowed to reach steady-state functioning and the EMS was setup with 

predetermined parameter settings for each experimental run. To reduce measurement uncertainty, similar sample intervals 

were used for all measurements. 

4.2 Experimental Design 

The tests were designed using a Taguchi L9 orthogonal array (3³). Three control factors (A, B, and C) can be evaluated at 

three levels each with fewer experimental runs thanks to this approach. Table 3 displays the experimental matrix. 

Table 3 

Taguchi L9 Experimental Matrix 

Experiment No. A B C 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 2 1 2 
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Experiment No. A B C 

5 2 2 3 

6 2 3 1 

7 3 1 3 

8 3 2 1 

9 3 3 2 

4.3 Experimental Procedure 

The experimental procedure followed the steps outlined below: 

The EMS control factors were set according to the L9 orthogonal array for each experimental run. 

The system was operated until steady-state conditions were achieved. 

Electricity demand, mean squared deviation (MSD), and efficiency were measured for each run. 

Measurements were repeated where necessary to reduce random errors. 

The collected data were tabulated for further statistical analysis. 

4.4 Measurement of Performance Parameters 

Electricity Demand (Y):Measured as the average power consumption of the EMS during steady-state operation. 

Mean Squared Deviation (MSD):Calculated to quantify performance variability and robustness of the EMS under different 

operating conditions. 

Efficiency (Effi):Defined as the ratio of useful energy output to total energy input, expressed as a percentage. 

4.5 Experimental Data Collection 

Each experimental run's measured electrical demand, MSD, and efficiency values were methodically documented. The 

calculation of signal-to-noise (S/N) ratios and ensuing statistical analysis were based on these experimental findings. To 

prevent bias in the data gathered, care was made to guarantee consistent experimental conditions throughout all runs. 

4.6 Reliability and Repeatability 

The experiments were carried out with calibrated measurement equipment and consistent working circumstances to guarantee 

experimental dependability. By keeping the same factor settings and seeing little variance in the recorded answers, 

repeatability was confirmed. By taking into consideration the heterogeneity in the experimental data, the Taguchi signal-to-

noise ratio analysis further improved robustness. 

5. Results and Discussion 

The experimental findings from the Taguchi-based optimization of the Energy Management System (EMS) are presented 

and discussed in this section. Utilizing signal-to-noise (S/N) ratios, regression modeling, and analysis of variance (ANOVA), 

the investigation focuses on electricity demand, mean squared deviation (MSD), and system efficiency. 

5.1 Experimental Results 

The L9 orthogonal array's experimental results show a discernible difference in EMS performance between various control 

factor combinations. System efficiency ranged from 14.30% to 20.20%, MSD values varied from 28.04 to 112.28, and 

electricity demand values ranged from 5.30 to 10.68. These differences support the necessity for systematic optimization by 

demonstrating that the chosen control settings have a major impact on EMS performance. 

A B C Y  

1 1 1 5.30  

1 2 2 7.78  

1 3 3 9.16  

2 1 2 5.38  

2 2 3 8.66  
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2 3 1 10.68  

3 1 3 5.48  

3 2 1 9.40  

3 3 2 9.44  

A B C MSD 

1 2 2 60.600 

1 3 3 92.212 

2 1 2 28.346 

2 2 3 69.768 

2 3 1 112.283 

3 1 3 28.040 

3 2 1 82.162 

3 3 2 98.030 

5.2 Signal-to-Noise Ratio Analysis 

5.2.1 Electricity Demand 

The "smaller-is-better" S/N ratio was used for electricity demand. According to the answer table for S/N ratios, factor B 

ranks first in influence and has the largest Delta value (5.14), followed by factors C and A. At A₁, B₁, and C₂, the highest 

S/N ratios were found, indicating reduced electricity use and enhanced robustness under these conditions. 

5.2.2 Mean Squared Deviation (MSD) 

The "smaller-is-better" criterion was also used to examine MSD. With a Delta value of 10.85, which is significantly larger 

than those of factors A and C, the S/N ratio response demonstrates a strong effect of factor B. Once more, A₁B₁C₂ was found 

to be the best combination for reducing MSD, demonstrating the EMS's stability and consistency under these conditions. 

Level A B C 

1 60.98 28.84 74.86 

2 70.13 70.84 62.33 

3 69.41 100.84 63.34 

Delta 9.15 72.01 12.53 

Rank 3 1 2 

 

5.2.3 Efficiency 
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The "larger-is-better" S/N ratio was used to assess efficiency. Factor C was shown to be the most significant parameter, 

followed by factors A and B, in contrast to demand and MSD. Maximum EMS efficiency was achieved at A₃, B₂, and C₃, 

where the highest S/N ratios were found. 

Level A B C 

1 7.413 5.387 8.460 

2 8.240 8.613 7.533 

3 8.107 9.760 7.767 

Delta 0.827 4.373 0.927 

Rank 3 1 2 

 

 

5.3 Analysis of Variance (ANOVA) 

To ascertain each control factor's statistical significance and contribution, an ANOVA was used. 

The majority of the variation in electricity demand was attributed to factor B, which was shown to be highly significant (p = 

0.001). At the 95% confidence level, factors A and C were also significant. 

Factor B once more dominated the system response in the MSD analysis, with an F-value greater than 1000, underscoring 

its crucial function in reducing variability. 

At the 95% confidence level, none of the factors were significantly significant for efficiency; nevertheless, factor C had the 

greatest impact, demonstrating its significance in improving EMS performance. 

The outstanding model adequacy and reliable representation of the experimental data by the constructed regression models 

are confirmed by the high R2 values (better than 96% in all cases). 

Source DF Seq SS Adj SS Adj MS F P 

A 2 1.1766 1.1766 0.5883 19.41 0.049 

B 2 44.0714 44.0714 22.0357 726.85 0.001 

C 2 1.1612 1.1612 0.5806 19.15 0.050 

Residual 2 0.0606 0.0606 0.0303     
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Error 

Total 8 46.4698         

 

Source DF Seq SS Adj SS Adj MS F P 

A 2 1.371 1.371 0.6854 7.57 0.117 

B 2 187.313 187.313 93.6567 1033.83 0.001 

C 2 3.707 3.707 1.8535 20.46 0.047 

Residual 

Error 

2 0.181 0.181 0.0906     

Total 8 192.572         

 

5.4 Optimal Parameter Settings 

Based on the S/N ratio and ANOVA analyses: 

Minimum electricity demand: A₁B₁C₂ 

Minimum MSD: A₁B₁C₂ 

Maximum efficiency: A₃B₂C₃ 

The EMS can simultaneously cut energy usage and increase stability, as evidenced by the identical ideal settings for MSD 

and electricity demand. The best design for efficiency, however, varies, emphasizing a trade-off between maximizing 

efficiency and minimizing demand. 

5.5 Discussion 

The findings show that factor B is the most important parameter for EMS optimization since it is crucial in regulating power 

demand and system variability. This implies that factor B-focused operational solutions can greatly increase robustness and 

energy savings. On the other hand, system efficiency is mostly controlled by factor C, suggesting that operating conditions 

for efficiency gains might differ from those for demand minimization. 

The observed trade-off between efficiency and demand minimization highlights the necessity of multi-objective optimization 

techniques in EMS design. Although the Taguchi approach successfully finds reliable parameter values for specific goals. 

6. Conclusion 

In this work, the Taguchi approach was used to optimize electricity demand in an Energy Management System (EMS). The 

impacts of three important control factors—A, B, and C—on power demand, mean squared deviation (MSD), and system 

efficiency were assessed at three levels using a L9 orthogonal array. Regression modeling, ANOVA, and signal-to-noise 

(S/N) ratio analysis were used to determine ideal parameters and measure factor importance. 

The following are the primary conclusions: 

Dominant Factors: While factor C mainly controlled system efficiency, factor B was shown to be the most important element 

affecting power demand and MSD. All responses showed moderate impacts from factor A. 

Optimal Settings: A trade-off between efficiency optimization and demand reduction was highlighted by the EMS's 

achievement of maximum efficiency at A₃B₂C₃ and low electricity demand and MSD at A₁B₁C₂. 

Method Effectiveness: The Taguchi method produced reliable and statistically significant insights into factor effects while 

effectively reducing experimental runs. The trustworthiness of the experimental data was confirmed using regression models, 

which showed great prediction accuracy (R² > 96%). 

Practical Implications: To reduce energy consumption and enhance system stability, the study offers precise 

recommendations for EMS parameter tweaking. In order to balance competing objectives like efficiency and demand 

reduction, the results further highlight the necessity of multi-objective optimization. 

To sum up, our study shows that Taguchi-based optimization is a useful and efficient method for improving EMS 

performance. In order to obtain comprehensive and sustainable energy management solutions, future research may expand 

on this study by incorporating renewable energy sources, real-time adaptive control, or multi-objective optimization 
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techniques. 
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