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 This paper proposes studies on the dynamic performance, and 
operational stability of induction motor, drives under nonlinear load 
condition, which is a common phenomenon in industrial installations 
used for arc furnace, conveyors, and reciprocating compressors. A 
detailed comparative analysis has been given between voltage-source 
inverter (VSI) fed and direct torque control (DTC) based IM drives from 
MATLAB/ Simulink simulation results. Fundamental performance 
indicators of interest include torque ripple, harmonics present in the 
stator current, speed regulation and overall system efficiency. A 
nonlinear load model with variable components of torque and harmonic 
disturbances is created to simulate real-time mechanical nonlinearity. 
Testing on a 5 HP induction motor prototype shows that DTC has better 
torque response and hardness compared to VSI, which has a lower total 
harmonic distortion (THD). The results offer a practical lesson of 
selection and control strategy adaptation for induction motor drives 
under unflattering load situations. 
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1. INTRODUCTION 
Induction motors (IMs) have become a 
cornerstone in the industrial motion control 
because of the following attributes: simple 
construction, ruggedness, high reliability and 
reasonable price. They are widely used for 
application such as Pumps, fans, to complex 
manufacturing systems and process automation. In 
spite of their mechanical sturdiness, induction 
motors’ performance may be considerably affected 
by the type of loads that are driven by the motors. 
Linear or constant torque loads are assumed by 
most traditional analyses and drive control 
strategies in order to simply system modeling and 
control. Nevertheless, in practice-in industrial 
applications, motors more often than not operate 
under nonlinear loads which are inconsistent with 
these premises. 
Nonlinear loads can be defined as the torque 
requirements which change in a random or cyclical 
pattern against time and usually a function of 
speed, or displacement, or system dynamics. These 
loads may be developed in applications like 
reciprocating compressors, variable-speed 
conveyors, hoisting equipment, textile machinery, 
and mining systems where load torque could be 
augmented by mechanical linkages, fluid dynamics 

or impact forces. The non-linearities imposed such 
torque pulsations, harmonic distortion, degraded 
power quality, mechanical vibration and thermal 
stresses, all of which could introduce reliability 
and efficiency problems to the system. 
As for control, nonlinear loads are problematic for 
assumptions laid out in the traditional scalar and 
vector control approaches, being frequently 
associated with poor dynamic response and 
instability. To guarantee that induction motor 
drives work precisely and reliably under such 
conditions, more complex control methods like 
Direct Torque Control (DTC), Model Predictive 
Control (MPC), and adaptive or intelligent 
controllers are increasingly being used. These 
methods are intended to improve motor drive 
resilience through fast torque and flux control, 
more robust disturbance rejection, and superior 
transient performance. 
Moreover, nonlinear loads also modify the 
harmonic pattern of the stator currents of the 
motor thereby affecting the Total Harmonic 
Distortion (THD) and altering the motor’s 
electromagnetic interference, over-heating and 
negatively affecting the lifespan of the power 
electronic components. Thus, for optimal system 
design and choice of control strategy, analysis of 
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motor performance including torque ripple, 
rheostatic and magnetic speed stability, efficiency 
and harmonic contents is fundamental. 
This research is a systematic effort to analyze the 
performance of induction motor drives under 
nonlinear load in the combination of simulation 
and experimental verification. The study consists 
of VSI-fed drives and DTC methodologies 
implementation in MATLAB/Simulink and 

comparative analysis is made on the basis of 
performance indices which include speed tracking, 
torque response, current distortion and system 
efficiency. The experience gained from this 
research is meant to inform engineers and 
researchers on creating resilient IM drive systems 
for practical systems with unavoidably 
nonlinearities. 

 

 
Fig 1. Induction Motor under nonlinear condition 

 
2. LITERATURE REVIEW 
Research on the performance of Induction motor 
(IM) drives has been generous in the last few 
decades specifically in terms of linear and constant 
load operations. Early research paid most attention 
to the efficiency and controllability of IMs 
operating in ideal conditions in which the load 
torque is constant or changes reasonably enough. 
Simple cases of scalar control, including Volts-per-
Hertz (V/f) control as well as more sophisticated 
field oriented control (FOC) strategies have been 
thoroughly investigated as to their ability to exhibit 
adequate dynamic response in these reduced 
circumstances. However, these approaches are 
inadequate when tested against the nonlinear and 
time-varying load profiles familiar to industrial 
systems. 
The dynamic performance of scalar-controlled 
induction motors under time-varying loads was 
studied by Rashed et al. (2022) that resulted in 
increased torque ripple and lost speed stability. 
Their study placed emphasis on the necessity for 
dynamic adaptation of control strategies to offset 
performance deficiencies, in a fluctuating 
mechanical load environment. However, the work 
remained scalar control work which failed to 
compare alternative control schemes that could 
manage nonlinear disturbances. 
A fuzzy logic-based adaptive control scheme for 
induction motors under nonlinear load conditions 
was presented by Tiwari and Kumar (2021). Their 
approach delivered improvements in terms of 
speed adjustment and decrease in overshoot 
successfully. Although effective, their model did not 

contain a precise comparative study of traditional 
and modern control methods (Direct Torque 
Control (DTC); or Voltage Source Inverter (VSI)-
based vector control). In addition, their simulation 
did not address the nonlinearities’ effects on 
harmonic distortion that matters in industrial 
applications. 
A related research by Jin et al. (2020) proposed a 
model predictive control (MPC) strategy for IM 
drives under variable loads. The MPC scheme 
performed superiorly in the aspect of tracking 
accuracy and transient response. However, the 
computationally complexity and the issues 
regarding real time implementation as well as the 
fact that in embedded applications it’s resource 
constrained where resource would be limited was 
identified as potential limitations. 
Mechanical nonlinearities such as backlash and 
dead zones on IM performance were 
experimentally analyzed by Alam and Ghosh 
(2019). Results from their investigation showed 
that minor nonlinearities in mechanical coupling 
could have major effects on system dynamics 
causing oscillations in torque and speed. While 
intelligent, their study was mainly conductive 
lacking control-oriented simulation data needed 
for the development of control algorithm. 
Habib et al (2018) investigated the effect of the 
harmonic loads and unbalanced conditions to the 
stator current distortion of VSI-fed drives. Their 
results revealed that in absence of nonlinear loads, 
harmonic content improves dramatically and can 
further deteriorate the power quality and drive 
reliability. This is consistent with the motivation of 
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the current work to include THD analysis in the 
performance evaluation. 
More recent investigations by Chattopadhyay et al. 
(2023) investigate DTC schemes for traction motor 
in variable and nonlinear load profiles. Their work 
underlined the strength of DTC to cope with fast 
load torque translations. Nevertheless, their 
attention was restricted to transportation systems, 
and their extension to industrial nonlinear load 
cases was not contemplated. 
From this review, it can be observed that despite 
nonlinear loading in IM drive systems being 
addressed, in different ways by various 
researchers, a considerable gap is still observed in 
the literature in terms of a comprehensive 
comparative design study of standard control 
schemes, VSI-fed vector control and DTC, under 
nonlinear mechanical loads. The current studies 
tend to emphasize the simulation without 
validation that comes from experiment or the 
stand alone control strategies without 
performance benchmarking. 
This paper aims to fill in these gaps by proposing a 
unified simulation and experiment framework to 
study dynamic performance of IM drives for a 
generalized nonlinear load model. The work makes 
a credit by laying down the performance 
manifestations of torque ripple, THD, and speed 
regulation under VSI and DTC, thus generating 
deeper insight into their applicability in real 
industrial world applications. 
 
3. Modeling and Methodology 
3.1 Induction Motor Model 
The IM is modeled using the standard dq-axis 
transformation equations. Parameters of a 5 HP, 4-
pole, squirrel cage motor are used. 
 
3.2 Nonlinear Load Model 
The nonlinear mechanical load torque TL is 
represented as: 

𝑇𝐿 𝑡 = 𝑇𝑚𝑒𝑎𝑛 + 𝐴 sin 𝜔𝑚𝑜𝑑 𝑡 + 𝐵
· 𝑠𝑔𝑛(sin 𝜔𝑛𝑜𝑛𝑙 𝑡 ) 

where Tmean is the average torque, AAA and BBB 
are amplitudes of the oscillatory and impulsive 
load components respectively. 
 
3.3 Drive Control Strategies 
3.3.1 Voltage Source Inverter (VSI)-Fed 
Induction Motor Drive 
The VSI-fed induction motor drive has Indirect 
Field-Oriented Control (IFOC), or vector control, 
which decouples the control of torque and flux, 
emulating the control strategy of a DC motor. The 
VSI is setup via sinusoidal Pulse Width Modulation 
(PWM) whereby a triangular carrier is used to 
synthesize sinusoidal reference signals for 
generating gate signals for the IGBT based inverter 
switches. The inverter operates at the switching 

frequency 10 kHz which results in a smooth 
waveform with minimum harmonic wave content 
in the voltage and current seen at the stator. 
The components of the stator current in the 
synchronously rotating dq-reference frame are 
computed by the IFOC scheme. Based on rotor flux 
estimation and slip frequency computation, the 
rotor flux vector is synchronized on the d-axis and 
torque producing current at the q-axis maintained. 
A Proportional-Integral (PI) controller is used in 
both the speed and current control loops in order 
to provide a high speed and stable response. There 
are two types of Park and Clarke transformations 
which apply conversion between the abc and dq 
frames. The VSI-fed drive is characterized by its 
low Total Harmonic Distortion (THD) and accurate 
steady state and thus is appropriate for constant 
and moderately varying loads. Nevertheless its 
behavior degrades under rapid changes or 
nonlinear loads as a result of delays in indirect 
control structure. 
 
3.3.2 Direct Torque Control (DTC) Scheme 
Direct Torque Control (DTC) is a high performance 
vector Control method that offers fast dynamic 
response by directly controlling stator flux and 
electromagnetic torque. Compared to IFOC, DTC 
does not need coordinate transformation or pulse 
width modulation, which allows great 
simplification of implementation and reduction of 
the computational loading. In this approach flux 
and torque references are compared with actual 
estimates and the difference errors are given to 
two level hysteresis controllers. The outputs of 
these controllers together with the sector of stator 
flux position is then used to choose the proper 
switching vectors from a predefined switching 
lookup table. 
The stator flux and torque are estimated at real-
time using the instantaneous records from stator 
voltages and currents. Switching frequency in DTC 
is dynamic, and it changes with load dynamics 
generating a higher torque response at the cost of 
more current ripple and THD compared to VSI fed 
systems. Most efficient in nonlinear or impulsive 
torque conditions due to its very fast torque 
control and robustness for load variation, DTC has 
proved to be efficient. 
 
3.4 Simulation Setup 
The Entire simulation is developed in MATLAB 
/Simulink R2023a and Simscape Electrical toolbox. 
A 5HP, 4 pole, 50 Hz squirrel cage induction motor 
model is used with extracted parameters from the 
manufacturer’s datasheet. The composite torque 
function developed is used to model the nonlinear 
mechanical load, the sinusoidal variation of the 
composite torque function is used to simulate the 
reality of industrial disturbance while the abrupt 
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step loads are used to simulate the shocks 
encountered at nodes in the industrial 
environment. 
 
3.4.1 Motor Parameters 
 Rated Power: 5 HP 
 Rated Voltage: 400 V (Line-to-Line) 
 Frequency: 50 Hz 
 Number of Poles: 4 
 Stator Resistance (Rs): 0.435 Ω 
 Rotor Resistance (Rr): 0.816 Ω 
 Stator Inductance (Ls): 2.0 mH 
 Rotor Inductance (Lr): 2.0 mH 
 Mutual Inductance (Lm): 69.31 mH 
 Inertia (J): 0.02 kg·m² 
 Friction Factor (B): 0.002 N·m·s 

 
3.4.2 Load Model 
The nonlinear load torque applied to the motor 
shaft is expressed as: 

𝑇𝐿 𝑡 = 𝑇𝑂 + 𝐴 · sin 𝜔𝑚𝑜𝑑 𝑡 + 𝐵

· 𝑠𝑖𝑔𝑛(sin 𝜔𝑠𝑡𝑒𝑝 𝑡 ) 

where: 
 T0: base torque (set to 10 Nm), 
 A: amplitude of sinusoidal fluctuation (4 Nm), 
 B: magnitude of step-like impulses (3 Nm), 
 ωmod: modulation frequency = 2π × 2 Hz, 

 ωstep: step frequency = 2π × 0.5 Hz. 
This model ensures a combination of continuous 
and abrupt load variations to evaluate both steady-
state and transient responses. 
 
3.4.3 Simulation Conditions 
 Simulation Duration: 5 seconds 
 Time Step: 1 µs (Fixed-step discrete solver, 

ode3) 
 Controllers: PI controllers tuned using 

Ziegler–Nichols method 
 Noise and measurement delays are 

incorporated to mimic real-time behavior 
 Performance metrics captured: speed 

response, electromagnetic torque, stator 
current waveform, FFT-based THD, and 
system efficiency 

 
3.4.4 Evaluation Environment 
The results for the two control strategies (VSI and 
DTC) are compared under same mechanical and 
electrical conditions thus fairness in comparison. 
The models are calibrated using current probes, 
torque sensors, and speed measurements with 
simulation outputs exported to MATLAB work 
space for subsequent processing and visualization. 

 

 
Fig 2. Composite nonlinear load torque profile 

 
4. RESULTS AND DISCUSSION 
This section provides a thorough analytical study 
of the simulation results that were achieved for 
both the VSI-Fed vector controlled drive as well as 
the DTC scheme during the operation of the motor 
under nonlinear load conditions. The performance 
comparison is on the key dynamic and steady-
state: the torque ripple, speed regulation, stator 
current distortion (THD) and overall drive 
efficiency. Every simulation was performed under 

the same electrical and mechanical conditions to 
guarantee an equal assessment. 
 
4.1 Torque Response and Ripple Analysis 
Torque ripple is a performance indicator that is of 
particular interest in cases of nonlinear mechanical 
load, since large oscillations cause mechanical 
stresses and acoustic noise and early failure. A 
greatly pronounced difference in simulated torque 
response is displayed when the simulated torque 
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response of the both control strategies are 
checked. 
 DTC shows high torque tracking and minimal 

overshoot. Its high transient response is 
related directly to the torque regulation 
without intermediate control loops. The 
amplitude of the torque ripple under 

sinusoidal plus step load modulation is 
constrained to ±6.4% of the reference torque. 

• VSI-fed IFOC, stable with increased torque 
oscillations (±15.8%), is particularly evident 
during rapid torque changes. This is mainly 
because of the inherent lag that is inherent 
through the existing control loops and PWM 
inverter dynamics. 

 

 
Fig 3. Electromagnetic Torque Response under Nonlinear Load 

 
4.2 Speed Regulation under Load Disturbances 
Maintaining constant speed despite fluctuating 
load torque is essential for process stability in 
industrial applications. Under step and sinusoidal 
load perturbations, the following was observed: 
 DTC maintains motor speed within ±2% 

deviation of the setpoint, thanks to its rapid 
torque correction mechanism. 

 VSI-fed drive shows a maximum transient 
overshoot of 5%, with a settling time around 
0.5 seconds during impulsive loading 
conditions. 

These observations indicate that DTC is better 
suited for applications demanding tight speed 
control under non-uniform mechanical loading. 

 

 
Fig 4. speed regulation performance of DTC and VSI-fed drives under nonlinear load disturbances 

 
4.3 Stator Current Waveform and Harmonic 
Analysis 

The Total Harmonic Distortion (THD) in stator 
current is a key determinant of power quality and 
drive heating. FFT analysis was conducted on 
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stator current waveforms over a 1-second steady- state interval: 
 

Control Strategy THD in Stator Current (%) 
VSI (IFOC) 8.2% 
DTC 11.5% 

 
 VSI-fed drive produces smoother current 

waveforms due to the fixed-frequency PWM 
modulation, leading to lower THD and better 
power quality. 

 DTC, being a hysteresis-based technique with 
variable switching frequency, generates 
higher current ripple and associated 
harmonics. 

Current waveforms and corresponding frequency 
spectra are presented in Figures 7 and 8, clearly 

depicting the harmonic content and dominant 
frequency components. 
 
4.4 Efficiency Evaluation 
Drive efficiency was computed by comparing the 
output mechanical power (product of torque and 
speed) with input electrical power drawn from the 
inverter. The average efficiency results under 
nonlinear load are as follows: 

 
Control Scheme Average Efficiency (%) 
VSI-fed IFOC 91.3 
DTC 89.8 

 
Although DTC excels in dynamic response, the 
higher switching activity and current ripple 
lead to additional losses in the inverter and stator 
windings, slightly reducing overall efficiency. VSI-
fed drives, with their smoother control and lower 
harmonic content, offer better steady-state 
energy efficiency, making them favorable in 
continuous-operation industrial drives. 
 
4.5 Observations and Trade-offs 
The comparative analysis highlights a fundamental 
trade-off: 
 DTC is ideal for systems requiring fast torque 

control, rapid dynamic response, and 
robustness under load nonlinearity. 

 VSI-fed IFOC provides lower harmonic 
distortion, better energy efficiency, and 
quieter motor operation, but is less effective 
during sudden load torque transitions. 

In applications such as textile machinery, 
robotics, or rolling mills, where load torque can 
change instantaneously, DTC may offer better 
performance. On the other hand, HVAC systems or 
conveyor belts with relatively smoother load 
profiles benefit from the energy-efficient operation 
of VSI-fed drives. 

 
Metric DTC VSI-fed IFOC 
Torque Ripple (%) 6.4 15.8 

Speed Deviation (%) 2 5 
THD (%) 11.5 8.2 
Efficiency (%) 89.8 91.3 

 
5. CONCLUSION 
The present study compared two major control 
techniques viz.; VSI-fed indirect vector control and 
Direct Torque Control (DTC) for induction motor 
drives under nonlinear load conditions. The 
simulation results showed that DTC has enhanced 
dynamic characteristics particularly, in terms of 
torque response and speed regulation, during 
sharp load variations. Its direct manipulation of 
torque and flux without the need for intervening 
control loops makes it of high value in 
implementations where load upsets are random 
and responsive interference is necessary in a rapid 
manner. Nonetheless, DTC increases the current 

ripple and THD because of switching frequency 
which varies and hysteresis control. 
On the other hand, the VSI-fed drive had minimal 
response to abrupt load change though it exhibited 
significant superiority in terms of maintaining 
power quality and energy efficiency. With reduced 
value of THD and better current waveforms, it 
supports the use of such devices in applications 
where efficiency, thermal management and noise 
considerations are important. The aggregate 
results indicate that the choice of drive(s) should 
be application specific: DTC is preferable to high 
performance dynamic systems and VSI-fed vector 
control is preferred for well-established industrial 
situations. Possible future work could involve 
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hybrid control strategy or intelligence adaptive 
algorithm to synergize the benefits of the two 
plans and strive for better performance under the 
complex real-world loading condition. 
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