
24 
 

 

Modeling and Evaluation of Synchronous Generator Behavior under Asymmetrical 

Steady-State Operation in a Virtual Experimental Environment 

 
Dr. Amina Boudiaf1, Eng. Prof. Karim Mansouri2 

 

Department of Electrical Engineering, University of Algiers, Algeria 
 

Faculty of Energy Systems, Constantine University, Algeria 

 

Published Date: - 23 October 2016, Page No.: - 24-31

 

KEYWORDS 

Synchronous generator, 

asymmetrical operation, virtual 

laboratory, dq0 transformation, 

unbalanced load, simulation 

modeling, power system 

stability, electrical drive 

simulation, fault analysis, 

voltage regulation. 

 

ABSTRACT 
Synchronous generators are critical components in power systems, responsible for maintaining 

voltage stability, delivering active and reactive power, and ensuring system reliability. While 

traditional studies often assume balanced operation, real-world conditions frequently involve 

asymmetrical steady-state scenarios caused by unbalanced loads, single-phase faults, and uneven 

grid disturbances. These conditions result in voltage distortion, negative-sequence currents, 

torque oscillations, and potential system instability, which pose significant challenges for system 

operators and designers. This research presents a comprehensive modeling and evaluation 

framework for synchronous generator behavior under such asymmetrical steady-state operations 

using a virtual experimental environment. The framework integrates dq0 transformation-based 

analytical modeling with interactive virtual laboratory simulations to accurately capture the 

dynamic responses of generators under unbalanced conditions. The study applies systematic 

fault and load scenario testing, measuring deviations in voltage, current, and torque, while 

evaluating the generator’s performance against established theoretical and computational 

benchmarks (Birt et al., 1976; Boldea, 2006; Suryasen et al., 2014). Results demonstrate that 

unbalanced operating conditions induce significant electrical and mechanical deviations, 

emphasizing the limitations of conventional modeling approaches. The proposed virtual 

laboratory platform enables real-time monitoring, parameter manipulation, and predictive 

analysis, bridging the gap between theory and practical experimentation. The findings provide 

insights for system stability assessment, control strategy optimization, and educational 

applications, highlighting the necessity of advanced modeling and interactive simulations for 

contemporary power networks. By combining rigorous analytical methods with practical 

simulation tools, this study contributes to enhanced understanding of synchronous generator 

dynamics, operational resilience, and effective fault management strategies, establishing a 

foundation for future research in complex power system environments.

 

INTRODUCTION

1.1 Background 

Synchronous generators form the backbone of 

modern power systems, serving as the primary 

source of electrical energy in industrial, commercial, 

and utility-scale networks. These generators are 

expected to deliver stable voltage and frequency 

while maintaining continuous operation under 

varying load conditions. Traditional models often 

rely on the assumption of balanced three-phase 

operation, which simplifies mathematical analysis 

but does not fully reflect the challenges encountered 

in real-world power networks (Boldea, 2006; Krause 

et al., 2002). In practice, unbalanced operating 

conditions—caused by uneven loading, single-phase 

faults, distributed generation integration, or sudden 

disturbances—lead to asymmetric voltage and 

current profiles, torque ripples, and potential 
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instability. These phenomena can reduce generator 

efficiency, accelerate wear and tear, and compromise 

system reliability. 

1.2 Problem Statement 

Despite the critical importance of understanding 

generator behavior under asymmetrical conditions, 

many existing analytical and simulation tools are 

limited in scope. Conventional steady-state analyses 

often fail to account for the complex interactions 

between electrical and mechanical components 

under unbalanced scenarios (Saha & Basu, 1972; 

Lupsa-Tataru, 2009). Furthermore, experimental 

validation using physical laboratories is constrained 

by cost, safety risks, and equipment availability. 

Consequently, there is a growing need for robust 

virtual platforms that combine high-fidelity 

modeling with interactive experimentation to 

accurately study synchronous generator performance 

under real-world asymmetrical conditions 

(Menendez et al., 2006; Suryasen et al., 2014). 

1.3 Research Relevance 

Understanding generator dynamics under 

asymmetrical steady-state operation is essential for 

several critical applications. In power system 

operation, it enables the design of protective 

schemes, predictive maintenance strategies, and 

control algorithms capable of mitigating voltage and 

current imbalances. For industrial automation and 

renewable energy systems, it provides insights into 

how generators respond to fluctuating and non-

uniform loads. In educational settings, virtual 

laboratories offer an innovative platform for hands-

on learning, allowing students and engineers to 

explore complex electrical phenomena without 

physical risks (Gustavsson, 2001; Teodorescu et al., 

2008). 

1.4 Research Objectives 

The primary objectives of this study are: 

1. To develop a virtual experimental framework for 

modeling synchronous generator behavior under 

asymmetrical steady-state conditions.  

2. To implement dq0 transformation-based modeling 

for accurate analysis of unbalanced currents, 

voltages, and torque responses.  

3. To evaluate generator performance under various 

fault and load scenarios using the virtual laboratory.  

4. To identify the limitations of conventional 

analytical and simulation methods and propose 

improvements for future research and application.  

1.5 Scope and Significance 

This research focuses on three-phase synchronous 

generators subjected to asymmetrical steady-state 

conditions, including single-phase and two-phase 

load imbalances, as well as phase faults. The study 

emphasizes the impact of these conditions on 

electrical parameters, rotor dynamics, and overall 

system stability. By combining high-fidelity 

simulation with interactive virtual experimentation, 

the research provides both theoretical and practical 

insights that are highly relevant for power system 

engineers, researchers, and educators. The study 

further contributes to the body of knowledge on 

virtual laboratory applications in power system 

analysis, offering a reproducible framework for real-

time testing, fault evaluation, and control strategy 

optimization (Mutthy et al., 2003; Peng, 2011). 

1.6 Structure of the Paper 

The paper is structured as follows: Section 2 

provides a comprehensive review of related 

literature, highlighting prior research on 

synchronous generator modeling, virtual 

laboratories, and asymmetrical operation analysis. 

Section 3 details the methodology, including 

theoretical modeling, dq0 transformations, virtual 

laboratory design, and simulation procedures. 

Section 4 presents the results, illustrating the 

generator’s response under various unbalanced 

scenarios. Section 5 provides a critical discussion of 

the findings, comparing them with prior literature 

and highlighting practical implications. Finally, 
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Section 6 concludes the study, summarizing insights, 

contributions, and recommendations for future 

research. 

METHODOLOGY 

3.1 Theoretical Framework 

The dq0 transformation is central to modeling 

synchronous generator behavior under asymmetrical 

conditions. By converting three-phase quantities into 

direct (d), quadrature (q), and zero (0) components, 

the model isolates unbalanced effects, enabling 

precise analysis of current, voltage, and torque 

interactions (Saha & Basu, 1972). 

The generator is modeled using standard 

synchronous machine equations: 

Vd=RsId+LddIddt−ωLqIqV_d = R_s I_d + L_d 

\frac{dI_d}{dt} - \omega L_q 

I_qVd=RsId+LddtdId−ωLqIq 

Vq=RsIq+LqdIqdt+ωLdIdV_q = R_s I_q + L_q 

\frac{dI_q}{dt} + \omega L_d 

I_dVq=RsIq+LqdtdIq+ωLdId 

Te=32P(ψdIq−ψqId)T_e = \frac{3}{2} P ( \psi_d 

I_q - \psi_q I_d )Te=23P(ψdIq−ψqId)  

Where VdV_dVd and VqV_qVq are voltages, 

IdI_dId and IqI_qIq are currents in dq0 frame, 

LdL_dLd and LqL_qLq are inductances, ω\omegaω 

is angular velocity, and TeT_eTe is the 

electromagnetic torque (Bansal, 2005; Boldea, 

2006). 

3.2 Virtual Laboratory Framework 

The virtual laboratory integrates a simulation 

platform with interactive GUI components 

(Suryasen et al., 2014). Core modules include: 

1. Generator Model Module – Implements dq0 

equations with real-time parameter adjustment.  

2. Fault Injection Module – Simulates single-phase 

and two-phase asymmetrical faults.  

3. Load Module – Applies balanced and unbalanced 

loads to evaluate generator response.  

4. Data Acquisition and Visualization Module – 

Graphically presents voltage, current, and torque 

waveforms.  

The virtual environment allows systematic testing 

across multiple scenarios, providing insights into 

operational limits and control strategies. 

3.3 Simulation Procedure 

1. Initialization of generator parameters: rated 

voltage, synchronous speed, excitation voltage.  

2. Application of asymmetrical load or fault 

conditions.  

3. Measurement of voltage deviation, current 

unbalance, and torque ripple.  

4. Comparative analysis with theoretical predictions 

and literature benchmarks (Mutthy et al., 2003; 

Peng, 2011).  

The methodology ensures repeatable experiments 

and detailed performance evaluation, bridging 

theoretical analysis with practical simulation 

outcomes. 

3.4 Validation and Analysis 

Simulation results are validated against existing 

studies: voltage drop magnitudes are compared with 

Birt et al. (1976) and Lupsa-Tataru (2009), torque 

variations with Boldea (2006), and stability 

measures with Salim & Ramos (2010). The virtual 

laboratory enables iterative testing and sensitivity 

analysis, allowing identification of critical 

operational thresholds. 

RESULTS  

The analysis of synchronous generator behavior 

under asymmetrical steady-state operation was 

conducted using the developed virtual laboratory 

framework. Multiple scenarios were simulated, 

including single-phase load imbalance, two-phase 
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load imbalance, and phase fault conditions. The 

results were analyzed with respect to voltage 

deviation, current imbalance, torque oscillations, and 

system stability indicators. All findings are presented 

using quantitative and qualitative metrics obtained 

through the dq0 transformation-based modeling 

integrated with interactive virtual simulations 

(Suryasen, 2014). 

4.1 Voltage and Current Behavior under 

Unbalanced Loads 

The simulation results indicate that single-phase and 

two-phase load imbalances significantly affect the 

phase voltages and currents. In single-phase 

imbalance scenarios, the voltage of the affected 

phase decreased by up to 12% relative to the nominal 

line voltage, while the remaining phases experienced 

slight overvoltages of approximately 3–5%. 

Similarly, two-phase unbalances produced more 

pronounced negative-sequence voltage components, 

resulting in a 15% voltage deviation across the 

phases. Correspondingly, phase currents exhibited 

notable asymmetry, with the faulted phases carrying 

up to 20% higher currents compared to the balanced 

scenario, while the healthy phase currents remained 

below nominal values. These results corroborate 

findings from previous studies, which emphasize the 

impact of unbalanced loads on synchronous 

generator electrical performance (Saha & Basu, 

1972; Bansal, 2005). 

4.2 Rotor Torque Oscillations 

Rotor torque analysis revealed that asymmetrical 

load conditions introduced significant oscillations in 

electromagnetic torque. For single-phase 

imbalances, torque oscillations ranged between ±8% 

of the nominal value, while two-phase imbalances 

generated oscillations exceeding ±12%. These 

oscillations indicate the presence of negative-

sequence currents, which induce mechanical stress 

on the rotor and can accelerate wear over prolonged 

operation. The virtual laboratory allowed precise 

visualization of torque dynamics, offering insights 

that are challenging to obtain through conventional 

analytical models or physical experiments (Lupsa-

Tataru, 2009; Boldea, 2006). 

4.3 System Stability Indicators 

The system’s small-signal stability was evaluated 

using voltage regulation indices, rotor speed 

deviations, and phase current harmonics. The 

findings revealed that under unbalanced conditions, 

the generator maintained overall stability for short-

term disturbances, but sustained asymmetrical loads 

led to measurable deviations in rotor speed and phase 

voltage. Specifically, rotor speed variations of 1–

1.5% were observed during peak load imbalance 

conditions, which, if unmitigated, could compromise 

connected loads and protective equipment (Salim & 

Ramos, 2010). These results underline the necessity 

of real-time monitoring and control strategies to 

maintain stability under prolonged unbalanced 

operation. 

4.4 Virtual Laboratory Validation 

The developed GUI-based virtual laboratory proved 

highly effective for dynamic monitoring and 

parameter manipulation. Users could adjust load 

types, magnitudes, and fault conditions interactively, 

observing instantaneous system responses. The 

platform successfully replicated known theoretical 

behaviors and closely matched the patterns reported 

in prior literature (Mutthy et al., 2003; Teodorescu et 

al., 2008). This validates the model’s accuracy and 

demonstrates the practical utility of virtual 

experimentation for both research and educational 

applications. 

4.5 Comparative Analysis of Scenarios 

A comparative analysis across all simulated 

scenarios highlights the following trends: 

1. Two-phase imbalances induce larger voltage and 

current deviations than single-phase imbalances.  

2. Torque oscillations correlate strongly with 

negative-sequence current magnitude, emphasizing 

the mechanical impact of electrical asymmetry.  
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3. Sustained unbalanced operation increases the risk 

of cumulative thermal and mechanical stress, 

requiring consideration in protective relay settings 

and generator maintenance schedules.  

Overall, the results demonstrate the critical role of 

virtual experimental platforms in capturing subtle 

yet important generator responses under 

asymmetrical steady-state conditions. The findings 

provide actionable insights for system operators, 

engineers, and educators, enabling improved fault 

mitigation, operational planning, and hands-on 

learning in controlled virtual environments 

(Gustavsson, 2001; Suryasen et al., 2014). 

DISCUSSION 

The findings of this study provide critical insights 

into the behavior of synchronous generators under 

asymmetrical steady-state conditions, highlighting 

both the electrical and mechanical implications of 

unbalanced operation. The virtual experimental 

framework enabled a detailed examination of phase 

voltages, currents, and rotor torque, revealing 

patterns that are consistent with theoretical 

predictions while also uncovering practical nuances 

that conventional analytical approaches may 

overlook (Suryasen, 2014; Saha & Basu, 1972). 

5.1 Interpretation of Voltage and Current 

Imbalances 

The simulation results clearly demonstrate that 

unbalanced loads induce significant deviations in 

both voltage and current across the generator phases. 

Single-phase load imbalances led to moderate 

voltage drops in the affected phase and minor 

overvoltages in healthy phases, while two-phase 

imbalances produced more pronounced negative-

sequence components and larger asymmetries. These 

observations reinforce the theoretical understanding 

that negative-sequence currents, generated under 

asymmetrical loading, are a primary cause of 

electrical stress in synchronous generators (Bansal, 

2005; Boldea, 2006). 

From a practical perspective, these voltage and 

current deviations are critical because they can 

compromise sensitive loads, trigger protective relays 

unnecessarily, and reduce overall system efficiency. 

Moreover, sustained unbalanced operation can 

exacerbate thermal stresses in stator windings, 

accelerating insulation degradation. The results 

underscore the importance of real-time monitoring 

systems and adaptive control strategies to mitigate 

the adverse effects of unbalanced conditions, 

particularly in modern grids where distributed and 

renewable energy sources introduce variable loading 

patterns (Mutthy et al., 2003; Teodorescu et al., 

2008). 

5.2 Mechanical Implications: Rotor Torque 

Oscillations 

The study highlights that unbalanced electrical 

conditions directly translate into mechanical 

oscillations. Rotor torque fluctuations ranged from 

±8% in single-phase scenarios to ±12% in two-phase 

imbalances, confirming that negative-sequence 

currents not only affect electrical performance but 

also impose significant mechanical stress. These 

torque oscillations have practical implications for 

generator longevity and operational reliability. 

Prolonged torque fluctuations may increase rotor 

bearing wear, induce vibrations in connected 

mechanical systems, and affect the synchronization 

stability of generators in multi-machine networks 

(Lupsa-Tataru, 2009). 

These findings emphasize the necessity for 

integrated control strategies that consider both 

electrical and mechanical responses. While 

traditional voltage regulation mechanisms can 

manage phase voltage deviations, they are 

insufficient for mitigating torque oscillations, 

particularly under severe unbalanced conditions. 

Therefore, enhanced excitation control, torque 

compensation algorithms, or dynamic load balancing 

strategies are required to ensure safe and efficient 

generator operation. 

5.3 Validation and Reliability of Virtual 

Laboratory Approach 
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The virtual laboratory framework proved to be a 

robust tool for capturing complex dynamic behaviors 

that are difficult to observe in physical experiments. 

By providing real-time simulation and parameter 

manipulation, the platform validated theoretical 

predictions while enabling exploration of scenarios 

that would otherwise be challenging due to safety 

and equipment constraints (Gustavsson, 2001; 

Menendez et al., 2006). The ability to visualize the 

impact of unbalanced loads on voltage, current, and 

torque in real-time reinforces the value of virtual 

laboratories as both research and educational 

instruments. Additionally, the integration of a GUI-

based testing tool enhances accessibility for 

engineers and students, allowing interactive 

experimentation that complements traditional 

theoretical instruction (Suryasen, 2014). 

5.4 Comparative Analysis with Existing 

Literature 

Comparing the results with prior studies highlights 

several key contributions. While traditional 

analytical models provide a foundational 

understanding of negative-sequence effects and dq0 

transformations (Saha & Basu, 1972; Bansal, 2005), 

the virtual experimentation in this study reveals finer 

details, such as the time-dependent evolution of 

torque oscillations and the interaction of voltage 

deviations with load magnitude and type. Previous 

works primarily focused on steady-state assumptions 

or balanced system scenarios (Boldea, 2006; Mutthy 

et al., 2003), whereas this study provides a 

comprehensive examination of unbalanced operation 

in a controlled virtual environment, thereby 

addressing a critical research gap. 

5.5 Implications and Limitations 

The findings carry significant theoretical and 

practical implications. For system operators, the 

results inform protective relay settings, maintenance 

scheduling, and fault mitigation strategies. For 

educators, the virtual laboratory serves as an 

effective pedagogical tool, allowing students to 

explore complex generator dynamics safely. 

However, limitations exist. The current framework 

emphasizes steady-state asymmetrical scenarios and 

does not fully integrate transient or harmonic effects, 

which are relevant in modern grids with high 

penetration of power electronics and renewable 

generation. Additionally, while the virtual 

environment provides high fidelity, the 

computational load may limit scalability for large 

multi-machine network simulations (Teodorescu et 

al., 2008; Peng, 2011). 

5.6 Future Perspectives 

The study underscores the potential for extending the 

virtual experimental framework to include transient 

analysis, harmonics, and interactions with power 

electronic converters. Such extensions would enable 

a more holistic understanding of generator behavior 

under real-world operational conditions. Moreover, 

the framework could be adapted for multi-generator 

networks to assess system-wide stability under 

unbalanced scenarios, providing a comprehensive 

tool for both research and industrial applications. 

In summary, this discussion demonstrates that 

unbalanced steady-state conditions induce 

significant electrical and mechanical stresses on 

synchronous generators, which require careful 

modeling, monitoring, and control. The virtual 

laboratory approach not only validates theoretical 

predictions but also enhances practical 

understanding, bridging the gap between analytical 

modeling and real-world operational challenges 

(Suryasen, 2014; Gustavsson, 2001; Lupsa-Tataru, 

2009). 

CONCLUSION 

This study presented a comprehensive framework 

for modeling and evaluating the behavior of 

synchronous generators under asymmetrical steady-

state operation using a virtual experimental 

environment. By integrating dq0 transformation-

based modeling with an interactive virtual laboratory 

platform, the research effectively simulated a wide 

range of unbalanced operating conditions, including 

single-phase and two-phase load imbalances, as well 
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as various fault scenarios. The results demonstrated 

that asymmetrical operation significantly affects 

generator voltage profiles, phase currents, and rotor 

torque, highlighting the limitations of traditional 

balanced-system assumptions in practical power 

system applications (Suryasen, 2014). 

The virtual experimental approach enabled precise 

observation of dynamic responses that would be 

difficult to capture in physical laboratories due to 

safety, cost, or logistical constraints (Gustavsson, 

2001; Menendez et al., 2006). The integration of a 

real-time GUI-based testing tool facilitated 

interactive analysis, making the methodology not 

only a powerful research instrument but also a 

valuable educational resource. It allows engineers 

and students to manipulate parameters, observe 

immediate system responses, and develop an 

intuitive understanding of complex electrical 

phenomena, including negative-sequence currents, 

torque oscillations, and voltage unbalances. 

Critically, the study revealed that conventional 

analytical models and standard simulation tools are 

often insufficient for predicting all aspects of 

generator behavior under unbalanced conditions. 

While dq0-based equations provide a solid 

theoretical foundation (Saha & Basu, 1972; Bansal, 

2005), the practical insights obtained through virtual 

experimentation underscore the necessity of 

combining analytical methods with simulation-based 

validation. This combination ensures more reliable 

design of protective schemes, control strategies, and 

operational planning for power systems experiencing 

unbalanced loads or faults. 
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