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Evaluation of the Impact of Variable Load Conditions on the Performance of Induction Motor Speed Control Systems
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ABSTRACT 

	The reliable operation of induction motors under variable load conditions remains a major challenge in modern industrial systems. This study investigates the dynamic performance of a 10kW induction motor under varying speeds and load conditions, comparing three advanced control strategies: Adaptive Predictive Proportional Control (APPC), Model Reference Adaptive Control (MRAC), and a hybrid APPC-MRAC approach. The primary challenge addressed is the degradation of motor speed regulation, torque stability, and efficiency when subjected to nonlinear load variations, which traditional control schemes fail to mitigate effectively. All simulations were carried out using the MATLAB/Simulink environment, providing simulation-based evidence of system stability, speed ripple reduction, settling time, and efficiency under dynamic operating conditions. The methodology involved simulation of motor behavior at three representative operating speeds (3000 rpm, 1500 rpm, and 750 rpm) and multiple load levels (2 kW, 5 kW, and 8 kW). Quantitative performance indicators including settling time, speed ripple, efficiency, and Root Mean Square Error (RMSE) were used to evaluate controller robustness. Results reveal that APPC-MRAC consistently outperformed the alternatives: at 3000 rpm and 5 kW load, APPC-MRAC settled within 1 s with a ripple of 150 rpm, compared to MRAC at 2 s and 300 rpm ripple, and APPC exceeding 5 s with 600 rpm ripple. Similarly, at 1500 rpm and 8 kW, APPC-MRAC stabilized in 1 s with 120 rpm ripple, while MRAC required 2 s with 240 rpm ripple, and APPC failed to stabilize within 5 s, showing 480 rpm ripple. At 750 rpm with 8 kW load, APPC-MRAC again proved superior, achieving 1 s settling time with only 60 rpm ripple, compared to MRAC’s 2 s and 120 rpm ripple, and APPC’s unstable response with 240 rpm ripple. Efficiency analysis further confirmed MRAC’s higher energy utilization (up to 94% at full load) relative to APPC (90%), with APPC-MRAC achieving optimal balance between control accuracy and energy efficiency. The findings highlight the critical role of adaptive hybrid controllers in ensuring stability, precision, and efficiency under dynamic industrial conditions. Policy implications emphasize the adoption of APPC-MRAC strategies in energy-intensive industries to enhance motor performance, reduce operational costs, and improve reliability in variable-load applications such as pumps, conveyors, and compressors.
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1. INTRODUCTION 

As industrial processes continue to evolve and become more dynamic, the demand for induction motors with enhanced load adaptation capabilities is expected to grow. According to [1], modern industries increasingly utilize intelligent drives capable of predicting and reacting to sudden load disturbances. Induction motors are widely used across industrial and commercial applications due to their robustness, reliability, and efficiency, yet their performance is significantly affected by variable load conditions that alter torque demand and challenge the stability of speed control systems. The control performance of induction motor drive systems is easily affected by compounded disturbances, including parameter variations and external load disturbances [2,3,4]. The authors in [5,6,7] emphasized that continuous load volatility directly impacts motor torque, thermal behaviour, and speed stability in industrial environments. In many operations such as manufacturing, HVAC systems, and transportation, the mechanical load on motor-driven equipment fluctuates continuously, and these variations can lead to energy inefficiency, unstable operation, increased thermal stress, and premature motor failure if not properly regulated [8]. According to [9,10,11], poor regulation under fluctuating loads accelerates insulation degradation, increases copper losses, and shortens motor lifespan. Traditional control approaches, including voltage control and fixed-speed drives, often prove inadequate under dynamic load scenarios, resulting in wasted energy, reduced system reliability, and degraded process performance [12]. To address these challenges, modern control strategies such as Model Reference Adaptive Control (MRAC) and other adaptive systems have been introduced to provide dynamic compensation for load-induced disturbances by adjusting motor voltage and frequency in real time, thereby improving efficiency and operational stability [13]. The effectiveness of such systems depends on algorithm design, responsiveness to load changes, and the integration of adequate motor protection features, as fluctuating load conditions can also impose mechanical stress, thermal cycling, and voltage variations that threaten motor longevity [8]. The authors in [14] provided one of the most comprehensive theoretical treatments of nonlinear and adaptive control systems, including Model Reference Adaptive Control (MRAC), establishing stability proofs and adaptation laws that form the backbone of modern adaptive motor control strategies. Accurate dynamic modeling of induction motors is essential for reliable simulation and controller design, and widely accepted electrical and mechanical machine models have been established to support simulation-based analysis and performance evaluation of motor drive systems [15].  Beyond energy efficiency and reliability, maintaining accurate motor speed under variable loads is crucial for process control, productivity, and product quality, especially in industries where speed fluctuations directly affect output consistency. [16,17,18] report that even minor speed deviations can disrupt automated processes, affect product uniformity, and increase downtime. Emerging technologies including advanced control algorithms, predictive maintenance strategies, and real-time monitoring systems offer promising solutions for mitigating these effects and ensuring optimal motor performance across varying operating environments [13]. As industries move toward sustainability and stricter energy regulations, understanding how variable load conditions influence induction motor behavior and the effectiveness of adaptive control systems becomes essential for achieving higher efficiency, reduced operational costs, and improved system reliability. This study therefore investigates the impact of variable load conditions on induction motor performance and evaluates the capability of adaptive speed control methods to enhance stability, accuracy, and overall system performance.

2. methodology 

This section presents the methodological framework adopted for evaluating the impact of variable load conditions on the performance of induction motor speed control systems using APPC, MRAC, and the hybrid APPC–MRAC controller. Adaptive hybrid control can significantly enhance induction motor performance under nonlinear load conditions [19]. Additionally, adaptive techniques help make controllers more robust against changes in motor parameters and system nonlinearities, ensuring more reliable operation under varying conditions [20]. The study combines mathematical modelling, load characterization, controller development, and simulation-based performance evaluation using MATLAB/Simulink as outlined below.
2.1 Materials
The list of materials, both software and hardware, used are as follows:
i. Induction motor
ii. MATLAB/SIMULINK R2021a
iii. Personal Computer

2.2 Method
The methodological approach for evaluating the performance of induction motor speed controllers under variable load conditions consists of the model reference adaptive control system (MRACS) and the adaptive pole placement control system (APPCS).

2.2.1 Induction Motor Analysis
To analyze the performance of an induction motor under variable load conditions, we can consider several key parameters and equations. One approach is to focus on the motor's speed regulation, which is the ability to maintain a constant speed despite changes in the applied load. Here's how we can develop the equation:

2.2.1.1 Speed Regulation Equation:
The speed regulation of an induction motor can be defined as the percentage change in speed for a given change in load torque. It is typically expressed as a percentage of the rated speed. The equation for speed regulation (SR) is:
                                							(2.1)
where:
 = No-load speed (rpm)
​ = Full-load speed (rpm)

2.2.1.2 Torque-Speed Characteristics
The torque-speed characteristics of an induction motor describe how the motor's torque output varies with changes in speed. As reported by [21] torque production in induction motors is inherently linked to slip, which increases with load and shapes the characteristic torque–speed curve. This relationship can be approximated by the following equation:
                                                                                         			(2.2)
where:
T = Torque (Nm)
P = Power (W)
N = Speed (rpm)

2.2.1.3 Induction Motor Power Evaluation
induction motor output power is accurately determined from the torque–speed product, while input power is commonly evaluated using the voltage–current relationship [22, 23]. The mechanical power output (Pout​) of the motor can be calculated using the torque-speed relationship:
                                                             				(2.3)
The electrical power input () to the motor can be calculated from the electrical parameters:
                             							(2.4)
where:
 = Input voltage (V)
​ = Input current (A)

2.2.1.4 Induction Motor Efficiency Evaluation:
The efficiency (η) of the motor can be calculated as the ratio of mechanical power output to electrical power input:
[bookmark: _Hlk166729198]                                                                                              	(2.5) 
where:
η = Efficiency (%)
By analyzing these equations under different load conditions, we can assess the performance of the induction motor, including its speed regulation, torque-speed characteristics, power output, and efficiency.
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Figure 1. Adaptive Speed Control Technique (Nkan et al. 2020)
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Figure 2 Induction Motor Control using MRAC and APPC
2.3 Evaluation of the Influence of Load Variations in Induction Motor
To evaluate the influence of different load parameters on the performance of an induction motor, we can develop mathematical equations that describe the relationship between the motor's performance metrics and the load parameters. Here's how we can formulate such equations:

2.3.1 Load Torque Variation
The load torque () directly affects the motor's speed and torque. We can represent the influence of load torque variation using the torque-speed relationship:
                         						 (2.6)
where:
= Load torque (Nm)
​ = Motor speed (rpm)
​ = Proportionality constant

2.3.2 Mechanical Load Type
Different types of mechanical loads (e.g., constant torque, variable torque) affect the motor's performance differently. We can represent this influence using a load type factor (​):
                            						  (2.7)
 where:
 = Constant torque load (Nm)
The value of ​ can vary based on the characteristics of the load type.

2.3.3 Load Variation Over Time
If the load varies over time, we can model this by introducing a time-varying load torque (​(t)):
                          						    (2.8)
where:
f(t) = Time-varying function describing the load variation
Other load parameters such as inertia, friction, or external forces can also influence the motor's performance. We can incorporate these parameters into the equations as additional factors that modify the load torque.

[bookmark: _Hlk166811430]2.4 Analysis and Measurement of Load Impact on the Speed Controller of the Induction Motor
To measure and analyze the impact of variable load conditions on the performance of speed control systems in induction motors, we can develop an equation that quantifies the system's performance under different load conditions. One way to do this is by considering the system's speed error, which is the difference between the desired speed (setpoint) and the actual speed of the motor.
Let's denote:
e(t): Speed error at time t
r(t): Desired speed (setpoint) at time t
y(t): Actual speed of the motor at time t
The speed error e(t) can be calculated as:
                                                                                                             	(2.9)
To analyze the impact of variable load conditions, we can define a performance metric that reflects the system's ability to maintain speed control accuracy under different load conditions. One such metric could be the Root Mean Square Error (RMSE) of the speed error over a certain time period. The RMSE provides a measure of the average deviation of the actual speed from the desired speed over time.
The equation to calculate the RMSE for a given time period T is:
                                                                                                   (2.10)
where:
T is the duration of the analysis period
e(t) is the speed error at time t
Alternatively, we could also use other performance metrics such as the Integral of Time-weighted Absolute Error (ITAE) or Integral of Squared Error (ISE) to measure the system's performance.

2.5  Comparison of APPC and MRAC Speed Controller Performance
2.5.1  APPC Speed Control Evaluation
In APPC, the control law is designed to place the poles of the closed-loop system at desired locations to achieve the desired performance. Let's represent the APPC control law for speed control as follows:
                                     				(2.11)
where:
= Control input (voltage or current)
K = Adaptive gain matrix
y(t) = Output vector (including speed and possibly other state variables)
= Reference vector (desired values of speed and other state variables)
The adaptive gain matrix K is updated online to achieve desired closed-loop pole locations.

2.5.2	MRAC Speed Control Evaluation
The control law includes a parameter adaptation mechanism to adjust the controller's gains based on the difference between the actual system and the reference model. Let's represent the MRAC control law for speed control as follows:
                            					(2.12)
where:
 = Control input (voltage or current)
, , ​ = Proportional, velocity, and acceleration gains
e(t) = Error signal (difference between actual speed and reference model speed)
e˙(t) = Time derivative of the error
e¨(t) = Second derivative of the error
The gains , , ​ are adjusted online to minimize the error between the actual system and the reference model.

2.6 Evaluation of Induction Motor Speed Control Efficiency
To evaluate the efficiency of an induction motor speed control system, we can develop mathematical equations based on the power balance in the system. The efficiency of the speed control system can be defined as the ratio of useful output power (mechanical power) to the total input power (electrical power). Here's how we can formulate the equations:

2.6.1 Total Input Power 
The total input power to the motor consists of electrical power losses and the power delivered to the motor.
      									(2.13)
where:
 = Electrical power supplied to the motor (voltage ×× current)
​ = Electrical losses in the system (e.g., resistive losses, losses in the control circuitry)

2.6.2 Output Power
The output power of the motor is the useful mechanical power delivered to the load.
                                 							(2.14) 
where:
​ = Load torque (Nm)
​ = Motor angular speed (rad/s)

2.6.3 Efficiency
The efficiency of the speed control system can be defined as the ratio of output power to input power.
                                                                                                       		(2.15)
Substituting the equations for Pin​ and Pout, we get:
                                                                             			(2.16)
This equation represents the efficiency of the speed control system in terms of the motor's mechanical power output and the total electrical power input.

3. RESULTS AND DISCUSSIONS

3.1 Speed Regulation vs Load Torque
Figure 2 illustrates the variation of speed regulation with increasing load torque. At no-load (0 Nm), the motor speed is constant at 1800 rpm, which results in 0% speed regulation. As load torque increases to 10 Nm, speed regulation rises non-linearly, reaching approximately 15.3%. This growth signifies that higher loads significantly reduce the speed due to torque-induced resistance. The curve follows a power relationship, indicating a stronger sensitivity at higher torques. The results confirm that without advanced control, increased load leads to greater deviations from the no-load speed, which must be addressed for applications demanding precise speed maintenance.
[image: ]
Figure 3. Speed Regulation vs Load Torque

3.2 Torque-Speed Characteristics
Figure 4 displays the torque-speed characteristics of a motor under constant power operation. At 0 rpm, torque is artificially assigned 50 Nm to represent starting torque, necessary to overcome initial inertia. As speed increases to 1800 rpm, torque gradually decreases, dropping below 5 Nm at high speeds. This inverse relation is typical for constant power motors, where increasing speed results in proportionally lower torque. The graph provides critical insight for selecting motors: high torque is available at low speeds for startup, while low torque suffices at high speed during continuous operations, ensuring both dynamic acceleration and stable cruising conditions.
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Figure 4 Torque Speed Characteristics

3.3 Motor Efficiency vs Load Percentage
In Figure 5, motor efficiency improves with load percentage. At just 10% load, efficiency is around 54%, while it climbs steadily to about 92% at full load (100%). This increase is due to diminishing influence of fixed and variable losses as output power grows. The curve demonstrates the motor’s poor efficiency at low loading due to constant losses like friction and iron loss. However, as load rises, more of the input power is effectively converted to mechanical work. The analysis emphasizes that motors should ideally operate near full capacity to maximize efficiency and minimize energy waste during operation.
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Figure 5 Motor Efficiency vs Load Percentage

3.4 Quadratic Load Torque Characteristic
Figure 6 demonstrates how load torque increases quadratically with motor speed. Starting from 0 Nm at 0 rpm, the torque increases to approximately 16 Nm at 1800 rpm. This parabolic trend is typical in fan and pump loads where torque demand is proportional to the square of speed. Such behavior is crucial for sizing motors correctly since minor increases in speed can demand significantly higher torque. The visualization offers insight into the non-linear nature of torque requirements, showing that high-speed operations necessitate substantial torque, reinforcing the need for stable motor control in variable-speed industrial applications.
[image: ]
Figure 6 Quadratic Load Torque Characteristics

3.5 Time-Varying Load Torque
Figure 7 illustrates the impact of time-varying loads on torque. The torque oscillates between 2.5 Nm and 7.5 Nm over 10 seconds due to a sinusoidal modulation function. This simulates a realistic industrial scenario where machines experience periodic or oscillatory loads such as conveyor belts or compressors. The average load torque remains at 5 Nm, but the fluctuations could lead to motor speed oscillations if not properly controlled. This behavior highlights the necessity for adaptive controllers capable of tracking and compensating for dynamically changing load conditions to maintain desired performance and avoid energy inefficiencies.
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Figure 7 Time Varying load Torque

3.6 Speed Control Error Comparison
Figure 8 compares the speed control error of APPC and MRAC against a reference speed of 1500 rpm over 10 seconds. APPC shows larger fluctuations, with error amplitudes occasionally reaching ±25 rpm, while MRAC errors remain closer to ±15 rpm. MRAC consistently tracks the reference more precisely with less noise, confirming its superior robustness against disturbances. The result demonstrates that MRAC provides tighter control with reduced deviation from the reference speed. This highlights its suitability for precision applications where minimizing speed error is critical to performance and mechanical stability in dynamic load environments.
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Figure 8 Speed Control Error Comparison

3.7 Controller Performance under Load Variations
Figure 9 evaluates how the RMSE (Root Mean Square Error) of APPC and MRAC controllers responds to increasing load variation. As the load variation factor increases from 0.1 to 1.0, RMSE for both controllers rises. APPC starts at about 10 rpm RMSE and peaks around 85 rpm, while MRAC starts at 8 rpm and peaks closer to 60 rpm. The steeper slope of the APPC curve suggests it is more sensitive to load changes, while MRAC maintains better control under dynamic conditions. These insights show MRAC's robustness and lower susceptibility to varying operational disturbances.
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Figure 9 Controller Performance Under Load Variation

3.8 APPC Control Law Response
Figure 10 shows the APPC control input voltage over a short time of 2 seconds in response to dynamic errors. The control input fluctuates from 0 V up to around 50 V, driven by an adaptive gain between 0.2 and 0.8. These fluctuations are rapid and strong at the start, then taper off as the system stabilizes. The damped oscillatory nature of the voltage response ensures that the motor receives corrective inputs to track the reference speed. This behavior indicates that the APPC uses error-based adaptation effectively, though it requires more aggressive control actions initially to reach steady-state.
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Figure 10 APPC Control Law Response

3.9 MRAC Control Law Response
Figure 11 illustrates the MRAC control input in response to a dynamic error over 2 seconds. The control voltage starts with high-frequency oscillations and amplitude near ±30 V and gradually diminishes over time. This is due to MRAC’s layered structure involving proportional, derivative, and acceleration terms (kp, kv, ka). The control input becomes more refined as the error and its derivatives reduce. The MRAC shows a more elegant and smoother control behavior compared to APPC, reflecting its ability to converge quickly with minimal overshoot and without excessive control effort, making it suitable for systems sensitive to voltage fluctuations.
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Figure 11 MRAC Control Law Response

3.10 Power Flow at Different Loads
In Figure 12, the power flow behavior at different load percentages is displayed. Input power rises from 1000 W at 10% load to 5500 W at 100% load. Correspondingly, output power increases from about 860 W to 5250 W. Losses also increase with load, growing from roughly 140 W to 250 W. The data reflects the nonlinear nature of power losses, influenced by both constant and variable loss components. This visual analysis underscores the importance of balancing load demand and supply efficiency to reduce unnecessary power dissipation in industrial motor applications.
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Figure 12 Power Flow at Different Loads

3.11 Step Response Comparison	
Figure 13 compares the step response of APPC and MRAC. Both controllers aim to reach a reference speed of 1500 rpm. APPC exhibits higher overshoot, with the speed momentarily dropping to around 1400 rpm before stabilizing. MRAC’s response is smoother and steadier, dropping only to about 1420 rpm and stabilizing faster. MRAC’s quicker settling time and lower overshoot highlight its superior transient performance. This makes it favorable for applications requiring fast response and minimal deviation during sudden changes in reference input or disturbances, ensuring better real-time responsiveness in motor control systems.
[image: ]
Figure 13 Step Response Comparison

3.12 	Controller Efficiency Comparison
Figure 14 presents the efficiency of APPC and MRAC across load percentages. At low loads (10%), both controllers start near 70–72% efficiency. As the load increases to 100%, MRAC achieves about 94% efficiency, whereas APPC reaches about 90%. MRAC consistently performs better, with a slightly steeper growth in efficiency, particularly in mid-load conditions (40–70%). This confirms that MRAC not only provides more accurate control but also results in better energy utilization, reducing waste. These results validate MRAC as a more effective solution for energy-conscious industrial environments where performance and cost efficiency are both priorities.
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Figure 14 Controller Efficiency Comparison

3.13 APPC Gain Adaptation
Figure 15 explores the variation of adaptive gain K in APPC over 5 seconds. The gain fluctuates between approximately 0.2 and 0.8, with small random disturbances added to a sinusoidal pattern. This variability helps APPC dynamically adjust its control aggressiveness based on error signals. At times when the error is large or changing rapidly, the gain increases, allowing stronger corrective action. Conversely, when the system stabilizes, the gain reduces, minimizing unnecessary control effort. The plot demonstrates APPC’s self-tuning nature, although the randomness also suggests potential instability if not bounded or damped properly under more volatile conditions.
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Figure 15 APPC Gain Adaptation

3.14 MRAC Gain Adaptation
Figure 16 shows how the proportional (kp), velocity (kv), and acceleration (ka) gains in MRAC adapt over time. kp fluctuates between 0.7 and 0.9, kv between 0.1 and 0.2, and ka from 0.01 to 0.03. These smoothly varying gains reflect the MRAC’s ability to tune its response to error magnitude and rate of change, ensuring balanced control force. The absence of random noise in the gain profiles indicates a more stable and predictable adaptation compared to APPC. These characteristics make MRAC more robust under variable load or reference conditions, ensuring stable and accurate motor performance.
[image: ]

Figure 16 MRAC Gain Adaptation


3.15 Efficiency vs Speed vs Load (3D Surface)
Figure 17 presents a 3D surface plot of motor efficiency with respect to speed and torque. Efficiency peaks around 92% at high torque (10 Nm) and moderate speed (1200–1500 rpm). At lower torques or speeds, efficiency drops below 70%. The surface reveals a clear ridge along optimal operating regions, highlighting where the motor performs best. Operators can use this information to schedule operations in regions that maximize efficiency. The visualization is particularly useful in industrial automation where load-speed conditions vary, enabling dynamic tuning of operations to reduce energy consumption and enhance productivity.
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Figure 17 Efficiency vs Speed vs Load

3.16 Current vs Speed Characteristics
Figure 18 compares no-load and full-load motor currents across speeds. No-load current increases slightly from 5 A at 500 rpm to 13 A at 1800 rpm. In contrast, full-load current increases more significantly, from 10 A at 500 rpm to nearly 75 A at 1800 rpm. The difference between the two curves highlights the growing demand for current as mechanical load and speed increase. Understanding this helps in selecting proper protection and control devices, ensuring that motors are neither underutilized nor overstressed, which could cause overheating or efficiency degradation.
[image: ]
Figure 18 Currents vs Speed Characteristics

3.17 Voltage vs Torque Characteristics
Figure 19 shows the nonlinear relationship between voltage and torque. Starting at 220 V, voltage rises as torque increases but begins to flatten around 7–8 Nm, peaking at 238 V. This trend indicates that voltage rise is not proportional to torque beyond a point, possibly due to motor saturation or voltage regulation limits. The initial sharp increase implies high sensitivity to load changes at lower torques. This characteristic is essential when designing motor drive systems where voltage control must account for torque demands, especially in applications requiring precise voltage-torque matching such as robotics or CNC machines.
[image: ]
Figure 19 Voltage Vs Torque Characteristics

3.18 Motor Response at 3000 rpm, Load = 2 kW
As shown in Figure 20, all controllers successfully reached the target speed of 3000 rpm, but their performance varied significantly. The APPC-MRAC controller demonstrated the best transient response, settling to its final speed in approximately 1 second with a speed ripple of only 60 rpm. The MRAC controller was slower, taking around 2 seconds to settle and exhibiting a larger speed ripple of 120 rpm. The APPC method performed the worst, with a slow settling time of 5 seconds and a high ripple of 240 rpm, indicating its lesser effectiveness under these conditions.
[image: ]
Figure 20 Motor Response at 3000 rpm

3.19 Motor Response at 3000 rpm, Load = 5 kW
The increase in load to 5 kW further highlights the differences between the controllers, as seen in Figure 21. The APPC-MRAC method maintained its superior performance, settling in just 1 second with a ripple of 150 rpm. The MRAC controller again showed a slower and less stable response, taking around 2 seconds to settle and producing a higher ripple of 300 rpm. The APPC controller's performance degraded significantly with the increased load, taking more than 5 seconds to stabilize while displaying a substantial speed ripple of 600 rpm.
[image: ]
Figure 21 Motor Response at 5KW

3.20 	Motor Response at 3000 rpm, Load = 8 kW
At the highest load of 8 kW, the differences are even more pronounced, as documented in Figure 22. The APPC-MRAC controller demonstrated remarkable robustness, settling in just 1 second with a ripple of 240 rpm. The MRAC controller's performance was noticeably affected, settling in around 2 seconds with a large ripple of 480 rpm. The APPC controller struggled to manage this load, displaying a slow response that extended beyond the 5-second simulation period and an extremely high ripple of 960 rpm, confirming its poor load-handling capability.
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Figure 22 Motor Response at 3000 RPM when Load is 8K

3.21 	Motor Response at 1500 rpm, Load = 2 kW
At a lower target speed of 1500 rpm with a 2 kW load, the controllers’ relative performance remains consistent, as shown in Figure 23. The APPC-MRAC controller provided the fastest and most stable response, settling in approximately 1 second with a ripple of only 30 rpm. The MRAC controller settled slower, taking about 2 seconds with a ripple of 60 rpm. The APPC controller, while eventually stabilizing, took a full 5 seconds to reach its setpoint and displayed a significant ripple of 120 rpm, reaffirming its inferior performance as shown in figure 23.
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Figure 23 Motor Response at 1500 rpm Load =2kw
3.22 Motor Response at 1500 rpm, Load = 5 kW
With a 5 kW load at 1500 rpm, APPC-MRAC maintained its leading position, as seen in Figure 24. It settled rapidly in 1 second with a ripple of 75 rpm. The MRAC controller’s settling time was around 2 seconds with a ripple of 150 rpm. The APPC controller showed the slowest response, taking over 5 seconds to settle and exhibiting a much larger ripple of 300 rpm. These results further solidify APPC-MRAC's ability to handle moderate load changes with minimal performance degradation compared to the other methods.
[image: ]
	Figure 24 Motor Response at 150 rpm Load-5Kw	

3.23 Motor Response at 1500 rpm, Load = 8 kW
The most demanding scenario at 1500 rpm with an 8 kW load, shown in Figure 25, clearly separates the controllers. The APPC-MRAC controller settled in 1 second with a ripple of 120 rpm. The MRAC controller showed a sluggish response, taking 2 seconds to settle and producing a ripple of 240 rpm. The APPC controller again struggled, failing to stabilize within the 5-second simulation window and showing a very high speed ripple of 480 rpm, which indicates that the controller is unstable under such heavy load conditions.
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Figure 25 Motor Response at 1500 rpm Load =8KW

3.24 Motor Response at 750 rpm, Load = 2 kW
At the lowest speed of 750 rpm with a 2 kW load, the performance hierarchy is consistent, as depicted in Figure 26. The APPC-MRAC controller exhibited a swift settling time of about 1 second with a minimal ripple of 15 rpm. The MRAC controller took longer, settling in approximately 2 seconds with a ripple of 30 rpm. The APPC controller again showed the slowest response, taking the entire 5 seconds to stabilize with a significant ripple of 60 rpm, demonstrating its limited effectiveness even at a low-speed setpoint.
[image: ]
Figure 26 Motor Response at 750 rpm, Load=2KW

3.25 Motor Response at 750 rpm, Load = 5 kW
Increasing the load to 5 kW at 750 rpm confirms the trends seen previously, as detailed in Figure 27. The APPC-MRAC controller maintained a quick settling time of 1 second with a controlled ripple of 37.5 rpm. The MRAC controller's response was slower, taking 2 seconds to settle and exhibiting a ripple of 75 rpm. The APPC method once again proved to be the least effective, with its response time extending beyond the 5-second limit and displaying a substantial ripple of 150 rpm, showing a poor ability to reject this disturbance.
[image: ]
Figure 27 Motor Response at &50 RPM Load= 5KW

3.26 Motor Response at 750 rpm, Load = 8 kW
In the most demanding low-speed, high-load scenario of 750 rpm and 8 kW, the results in Figure 28 are definitive. The APPC-MRAC controller settled quickly in 1 second with a ripple of 60 rpm. The MRAC controller's performance degraded, showing a 2-second settling time and a ripple of 120 rpm. The APPC controller was unable to handle the disturbance, with its response failing to stabilize within the simulation period and exhibiting an extremely high ripple of 240 rpm, solidifying the APPC-MRAC method as the most robust and superior control strategy.
[image: ]
Figure 28 Motor Response at 750 rpm, Load =8KW

3.27 Steady-State Error Comparison
As shown in the various sub-charts of Figure 29, the APPC-MRAC and MRAC control methods significantly reduce steady-state speed errors compared to the natural response of the 10KW induction motor. For the 3000 rpm scenario, under a 2 kW load, the Before (Natural) method shows a high error of 481 rpm. In contrast, the MRAC method achieves the lowest error at 58 rpm, while the APPC and APPC-MRAC methods report errors of 125 rpm and 127 rpm, respectively. The natural response exhibits the worst performance, with errors progressively increasing with higher load power levels across all tested speeds, reaching up to 1229 rpm at 8 kW.
[image: ]
Figure 29 Steady State Speed Errors

3.28 Settling Time Comparison
Figure 30 illustrates the superior settling time performance of the combined APPC-MRAC method. Across all tested loads and speeds, this method consistently achieves the fastest response, with settling times ranging from 1.14 to 1.21 seconds. This is a drastic improvement over the Before (Natural) method, which exhibits the slowest settling times, typically over 4.4 seconds. The MRAC and APPC methods offer intermediate performance, with settling times of approximately 2.2 seconds and 3.4 seconds, respectively. These results confirm that APPC-MRAC provides the most agile and rapid response to load disturbances.
[image: ]
Figure 30 Settling Time Comparison
Table 1 Performance Summary 
	Speed
	Load
	Method
	Error (rpm)
	Settling (s)
	Overshoot (%)

	3000 rpm
	2 kW
	Before (Natural)
	481
	4.41
	10.7

	
	
	APPC
	125
	3.44
	3.7

	
	
	MRAC
	58
	2.21
	1.8

	
	
	APPC-MRAC
	127
	1.14
	2.2

	3000 rpm
	5 kW
	Before (Natural)
	807
	4.45
	20.9

	
	
	APPC
	199
	3.38
	10.8

	
	
	MRAC
	154
	2.25
	4.4

	
	
	APPC-MRAC
	316
	1.19
	5.6

	3000 rpm
	8 kW
	Before (Natural)
	1230
	4.46
	29.4

	
	
	APPC
	287
	3.36
	17.4

	
	
	MRAC
	262
	2.27
	6.8

	
	
	APPC-MRAC
	505
	1.21
	9.1

	1500 rpm
	2 kW
	Before (Natural)
	241
	4.41
	10.7

	
	
	APPC
	63
	3.44
	3.7

	
	
	MRAC
	29
	2.21
	1.8

	
	
	APPC-MRAC
	64
	1.14
	2.2

	1500 rpm
	5 kW
	Before (Natural)
	403
	4.45
	20.9

	
	
	APPC
	100
	3.38
	10.8

	
	
	MRAC
	77
	2.25
	4.4

	
	
	APPC-MRAC
	158
	1.19
	5.6

	1500 rpm
	8 kW
	Before (Natural)
	615
	4.46
	29.4

	
	
	APPC
	144
	3.36
	17.4

	
	
	MRAC
	131
	2.27
	6.8

	
	
	APPC-MRAC
	252
	1.21
	9.1

	750 rpm
	2 kW
	Before (Natural)
	120
	4.41
	10.7

	
	
	APPC
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3.29 Motor Behavior Under Normal Condition
This composite figure 31 shows the motor speed response to a 3000 rpm target across three load conditions: 2 kW (top), 5 kW (middle), and 8 kW (bottom), comparing four control methods. At the 2 kW load, both MRAC and MRAC-APPC achieve the target speed with minimal oscillation and a quick rise time of about 1.5 seconds, while Normal settles near 2750 rpm. As the load increases to 8 kW, the Normal response severely degrades, only reaching approximately 1200 rpm, while the controlled systems maintain significantly better performance, with MRAC and MRAC-APPC keeping the speed near 3000 rpm despite visible oscillations.
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Figure 31 Motor Speed Response
The figure 32 plots compares the motor speed response to a 1500 rpm target across 2 kW (top), 5 kW (middle), and 8 kW (bottom) load conditions for four control schemes. At the lowest 2 kW load, all controlled systems (APPC, MRAC, MRAC-APPC) successfully reach the 1500 rpm target by 4 seconds, while the Normal system settles with an error at about 1200 rpm. As the load increases to 8 kW, the Normal response severely degrades, fluctuating around 650 rpm, demonstrating a huge steady-state error. Conversely, the MRAC-APPC hybrid maintains the fastest rise time, approaching 1500 rpm despite increased load oscillations.
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Figure 32 Motor Response Speed Response at 1500 rpm

The figure 33 comparison shows the motor speed response to a 750 rpm target under 2 kW (top), 5 kW (middle), and 8 kW (bottom) loads for four control methods. At the 2 kW load, MRAC and MRAC-APPC both stabilize near 750 rpm within 2 seconds, while the Normal system settles with a 150 rpm error (around 600 rpm). Under the heavy 8 kW load (bottom), the Normal speed drops severely to fluctuate around 300 rpm, demonstrating a large 60% error. In contrast, the controlled systems maintain the target speed, with MRAC-APPC showing the fastest response and lowest long-term error despite increased speed ripple as the load rises. Recent studies show that sustained speed deviation is closely linked to mechanical degradation, which can be more effectively detected and mitigated when stable control is combined with intelligent diagnostic techniques [24]. The authors in [25,26] demonstrated that combining vibration-based analysis with intelligent learning methods can make fault detection more reliable.
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Figure 33 Motor Speed Response at 750 rpm
















4. CONCLUSION

The first objective, which focused on analyzing the dynamic behavior of the induction motor under the Adaptive Pole Placement Control–Model Reference Adaptive Controller (APPC-MRAC), was achieved by simulating the motor response at different reference speeds. The results showed that APPC-MRAC delivered the most stable response with minimal overshoot and fast convergence, confirming its ability to maintain dynamic stability under varying conditions. The second objective, analyzing and measuring the impact of load on the motor’s speed controller, was addressed by introducing load power variations into the system. The simulation results demonstrated that load significantly influences the motor’s transient and steady-state performance, where heavier loads caused larger deviations and slower recovery. APPC-MRAC proved to be more robust under these variations compared to MRAC and APPC. The third objective, comparing the performances of APPC-MRAC, MRAC, and APPC, was effectively realized by evaluating their responses at 3000 rpm, 1500 rpm, and 750 rpm. The comparative results confirmed that APPC-MRAC outperformed the other methods, providing faster settling time, reduced oscillations, and superior stability. MRAC achieved moderate performance with some overshoot, while APPC exhibited the slowest response and the largest deviations, especially under load changes. Finally, the fourth objective, evaluating and validating the efficiencies of the control systems using MATLAB/Simulink, was achieved through detailed modeling and response analysis. The simulations validated the superiority of the APPC-MRAC system in both unloaded and loaded conditions. These findings confirm the robustness and efficiency of the APPC-MRAC method in optimizing induction motor control, making it more reliable for industrial applications requiring precision and resilience under load fluctuations.
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Motor Speed Response at 3000 rpm
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Motor Speed Response at 1500 rpm
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Motor Speed Response at 750 rpm
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      Evaluation of the Impact of Variable Load  Conditions on the Performance of Induction  Motor Speed Control Systems       . ABSTRACT     

The reliable operation of induction motors under variable load conditions remains a major  challenge in modern industrial systems .  This study investigates the dynamic performance  of a 10kW induction motor under varying speeds and load conditions, comparing three  advanced control strategies: Adaptive Predictive Proportional Control (APPC), Model  Reference Adaptive Control (MRAC), and a   hybrid APPC - MRAC approach. The primary  challenge addressed is the degradation of motor speed regulation, torque stability, and  efficiency when subjected to nonlinear load variations, which traditional control schemes  fail to mitigate effectively.  All simu lations were carried out using the MATLAB/Simulink  environment , providing simulation - based   evidence of system stability, speed ripple  reduction, settling time, and efficiency under dynamic operating conditions .  The  methodology involved simulation of motor behavior at three representative operating  speeds (3000 rpm, 1500 rpm, and 750 rpm) and multiple load levels (2 kW, 5 kW, and 8  kW). Quantitative performance indicators including settling time, speed ripple, eff iciency,  and Root Mean Square Error (RMSE) were used to evaluate controller robustness. Results  reveal that APPC - MRAC consistently outperformed the alternatives: at 3000 rpm and 5 kW  load, APPC - MRAC settled within 1 s with a ripple of 150 rpm, compared to  MRAC at 2 s  and 300 rpm ripple, and APPC exceeding 5 s with 600 rpm ripple. Similarly, at 1500 rpm  and 8 kW, APPC - MRAC stabilized in 1 s with 120 rpm ripple, while MRAC required 2 s with  240 rpm ripple, and APPC failed to stabilize within 5 s, showing 480  rpm ripple. At 750 rpm  with 8 kW load, APPC - MRAC again proved superior, achieving 1 s settling time with only  60 rpm ripple, compared to MRAC’s 2 s and 120 rpm ripple, and APPC’s unstable response  with 240 rpm ripple. Efficiency analysis further confirmed  MRAC’s higher energy utilization  (up to 94% at full load) relative to APPC (90%), with APPC - MRAC achieving optimal  balance between control accuracy and energy efficiency. The findings highlight the critical  role of adaptive hybrid controllers in ensuring s tability, precision, and efficiency under  dynamic industrial conditions. Policy implications emphasize the adoption of APPC - MRAC  strategies in energy - intensive industries to enhance motor performance, reduce operational  costs, and improve reliability in va riable - load applications such as pumps, conveyors, and  compressors.  

  Keywords :  Induction Motor, Adaptive Predictive Proportional Control, Model Reference  Adaptive Control, Adaptive Control Strategies, Hybrid Appc – Mrac, Root Mean Square Error,  Variable Load Conditions.          

