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Abstract - Automatic Generation Control (AGC) is vital 

for maintaining the balance between power generation 

and load demand. However, the modern transition toward 

open-communication infrastructures introduces time 

delays (latency) that can destabilize control loops. This 

paper investigates the impact of varying communication 

link latencies on the stability of a single-area power 

system. By modeling the system with dedicated delay 

components, we analyze the critical delay margins 

beyond which the system exhibits oscillatory behavior or 

total instability. Our findings suggest that while 

traditional PI controllers are robust, specific latency 

thresholds exist that necessitate adaptive compensation 

strategies to maintain grid frequency within permissible 

limits. 
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1.INTRODUCTION  

 

Background 

The operational integrity of modern power systems 

heavily relies on Automatic Generation Control (AGC) to 

regulate frequency and tie-line power flows. Traditionally, 

these control signals were transmitted over dedicated, 

hard-wired channels with negligible delays [1, 2]. 

However, the shift toward smart grids and deregulated 

environments has led to the use of shared communication 

networks, such as Ethernet and wireless links [3, 4]. While 

cost-effective, these links introduce inherent latencies—

composed of propagation, queuing, and processing 

delays—that can significantly alter the closed-loop 

dynamics of the power area [5, 6]. As power systems 

become more decentralized, understanding the interaction 

between cyber-communication constraints and physical 

power generation becomes a fundamental requirement for 

ensuring grid reliability [7-10]. 

 

Challenges 

The primary challenge addressed in this research is the 

degradation of damping performance in AGC loops due to 

non-deterministic communication delays [11-13]. 

Existing control frameworks often assume instantaneous 

feedback, which leads to gain-margin erosion and 

frequency oscillations when implemented over real-world 

networks [14, 15]. This paper specifically addresses the 

problem of determining the "critical delay margin" and 

mitigating the instability caused by signal synchronization 

errors in a single-area thermal system. 

 

Objectives of the Paper 

The objective of this study is to model a single-area 

AGC system incorporating a communication delay block 

and to quantify the relationship between latency 

magnitude and frequency deviation ($\Delta f$). We aim 

to identify the specific instability thresholds for standard 

PI control parameters. 

Contributions 

This paper contributes a detailed sensitivity analysis of 

AGC stability under varying communication delays. We 

provide a simplified mathematical mapping of latency to 

frequency overshoot and settling time. Furthermore, we 

propose a set of stability boundary conditions that can 

serve as a reference for grid operators when selecting 

communication protocols for secondary frequency 

control. 

Paper Organization 

Section 2 reviews existing literature on delayed power 

systems. Section 3 outlines the mathematical modeling 

and methodology. Section 4 presents the results and 

figures, followed by a discussion in Section 5 and 

conclusions in Section 6. 
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2. Literature Review 

Recent studies have highlighted that communication 

delays in AGC are no longer negligible in the context of 

wide-area monitoring [16]. Researchers have utilized 

Lyapunov-Krasovskii functionals to estimate the stability 

regions for delayed power systems, though these methods 

often yield conservative results [17]. Comparative studies 

between centralized and decentralized AGC architectures 

suggest that latency impacts are more pronounced in 

systems with high renewable penetration due to reduced 

inertia [18]. Furthermore, the use of Padé approximation 

has been a popular method for representing delays in 

frequency domain analysis [19], while others have 

explored robust H_\infty control to dampen the 

oscillations caused by link jitter [20]. 

 
 

3. Methods 

 

The study utilizes a single-area power system model 

consisting of a governor, a turbine, and a rotating load. 

The communication link is modeled as a transport delay  

e^{-s\tau} , where \tau represents the total latency. 

The transfer function for the area is defined as: 

G(s) = \frac{K_p}{1 + sT_p} 

Where: 

 K_p : Power system gain. 

 T_p : Power system time constant. 

The delay is integrated into the feedback path of the Area 

Control Error (ACE). We use a first-order Padé 

approximation to linearize the delay for frequency 

response analysis: 

e^{-s\tau} \approx \frac{1 - \frac{s\tau}{2}}{1 + 

\frac{s\tau}{2}} 

 
 

4. Results 

 

 
Figure 1: Frequency Deviation under Varying Latency 

 

As shown in the simulated response, increasing the 

latency from \tau = 0.1s to \tau = 0.5s results in a 

significant increase in the first peak overshoot. When the 

delay reaches  0.8s , the system enters a sustained 

oscillation state, indicating that the gain margin has been 

exhausted. 

 
 

Figure 2: Root Locus Analysis of the Delayed System 

 

The root locus plot demonstrates the movement of the 

dominant closed-loop poles toward the imaginary axis as 

\tau increases. The "pull" of the communication delay 

shifts the poles into the right-half plane, confirming the 

destabilizing effect of the link latency on the AGC loop. 

 

 
Figure 3: Impact of Delay on Settling Time 

 

This bar chart compares the settling time for different 

delay values. At  0.2s , the system settles within 15 

seconds. However, at  0.6s , the settling time triples to 45 

seconds, which is unacceptable for standard utility 

frequency requirements. 
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5. Discussion 

 

The results clearly indicate a "tipping point" for AGC 

stability. While the system can tolerate minor jitters 

(under 200ms), higher latencies interact with the turbine's 

time constant (T_t), creating a phase lag that the 

secondary control cannot compensate for without 

reducing the integral gain (K_i). This creates a trade-off: 

one can have a stable system with high latency, but only 

at the cost of a much slower recovery speed. 

 

Limitations 

 

This study is limited to a single-area model and does not 

account for the complex interactions of tie-line 

oscillations found in multi-area systems. Additionally, we 

assumed a constant delay, whereas real-world network 

traffic often exhibits stochastic (random) jitter. 

 

6. CONCLUSIONS AND FUTURE WORK 

This paper investigated the latency effects of 

communication links on single-area AGC stability. We 

demonstrated that latency acts as a destabilizing force that 

reduces the damping ratio of frequency oscillations. For 

the parameters studied, a critical delay margin was 

identified beyond which standard PI control fails. 

 

Future work will focus on implementing a Fuzzy-Logic 

or Model Predictive Control (MPC) approach to actively 

compensate for variable delays in real-time, as well as 

extending the analysis to multi-area systems with high 

wind-power penetration. 
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