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Abstract. Improving the energy efficiency of induction motor drives under start-up conditions remains a critical
challenge for industrial systems equipped with pumps, compressors, and other continuous-duty mechanisms. Traditional
soft starters based on thyristor voltage regulators (TVR) employ predefined linear or exponential voltage ramps, which do
not account for the nonlinear magnetization characteristics of the motor, phase-angle control effects, or the dynamic
torque behavior of screw-type mechanical loads. As a result, start-up processes are often accompanied by excessive
reactive power, increased torque pulsations, and higher energy losses. This study investigates the influence of different
voltage-intensity profiles—direct start, linear ramp, and S-shaped (sigmoidal) ramp—on the electromagnetic and energy
characteristics of a 160-kW induction motor driving an industrial SSR-EP200 screw compressor. A combined
methodology was applied, including detailed MATLAB/Simulink modeling and full-scale experimental validation using a
UMP-2 thyristor soft starter. The results demonstrate that the voltage ramp shape has a substantial impact on inrush
current, magnetizing dynamics, active and reactive power consumption, and total start-up energy. The S-shaped profile
provided the best performance, reducing start-up energy by 15-18% and minimizing reactive power peaks and torque
pulsations.

INTRODUCTION

Improving the energy efficiency of automated induction motor drives used in continuous and cyclic industrial
mechanisms remains one of the priority directions of modern global energy engineering. Particular attention is paid
to ensuring smooth start-up and shutdown of pumps, fans, compressors, and other industrial mechanisms in order to
reduce inrush currents and dynamic mechanical loads. According to data from international energy agencies, over
the past decade the energy intensity of industry in Western Europe and Japan has decreased by a factor of 1.6—1.8,
while in the United States it has been reduced by more than half, with further reductions expected by 2030—-2035 due
to the widespread implementation of energy-saving technologies [12,19].

These global trends highlight the relevance of developing closed-loop control systems based on the Thyristor
Voltage Regulator—Induction Motor (TVR-IM) topology, as well as creating mathematical models enabling the
evaluation of transient dynamics and the design of algorithms aimed at minimizing energy consumption during
motor start-up and long-term operation [8,10].

Modern research focuses on ensuring an optimal voltage level supplied to induction motors in continuous and
periodic-duty mechanisms. Considerable attention is given to the application of genetic algorithms, which have
demonstrated high effectiveness in optimizing operating modes, improving energy efficiency, and adapting electric
drives to variable loads [16].

Despite the large variety of soft starter devices, their structural design remains classical—a thyristor voltage
regulator employing phase-angle control [17]. The use of soft starters reduces dynamic stress on the electrical
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network, minimizes the influence on adjacent consumers, and decreases mechanical shocks during motor start-up.
Compared to frequency converters, soft starters require significantly lower capital investment [18].

The introduction of microcontroller technology expands the functionality of soft starters, enabling programmable
start/stop sequences, reversing operations, and comprehensive electronic motor protection under unstable power
supply conditions [9].

However, despite the wide industrial adoption of soft starters, the problem of optimizing the start-up process of
induction motors remains one of the most technically complex and insufficiently solved tasks. Classical soft-start
methods based on linear, exponential, or stepped voltage ramps do not fully eliminate the intrinsic drawbacks of
phase-angle controlled thyristor regulators. These drawbacks include:

— increased harmonic distortion at low firing angles;

— elevated reactive power consumption during the magnetization stage;

— torque pulsations caused by discontinuous voltage waveform segments;

— non-optimal matching between voltage rise and the nonlinear magnetizing characteristics of the motor;

— excessive start-up energy losses, especially under high-inertia or quadratic-load mechanisms such as screw
COMpressors.

A significant issue is that the electromagnetic state of the induction motor during soft start-up is highly nonlinear.
The magnetizing current rises disproportionately during the initial phase of voltage buildup, and the torque—speed
response becomes unstable due to the interaction between the firing angle, supply voltage distortion, and mechanical
load torque. As a result, even “soft” starts often lead to:

— elevated reactive power peaks;

— increased copper and iron losses;

— mechanical stress on couplings and rotor components;

— overheating of stator windings during repeated start-stop cycles;

— deterioration of power quality in the electrical network.

These problems are particularly critical for high-power drives (100-500 kW), where even minor inefficiencies
translate into substantial operational costs.

Existing soft-start strategies lack adaptability and do not consider real-time motor and load characteristics. In
most industrial applications, the voltage ramp is selected empirically, without an optimization criterion based on
start-up energy, electromagnetic torque, or reactive power minimization. As a result, the chosen voltage trajectory
does not correspond to the actual dynamic behavior of the induction motor.

This gap clearly indicates the need for scientific research aimed at developing optimized, intelligent voltage
profiles for thyristor-based soft starters, capable of improving energy efficiency and reducing electromagnetic and
mechanical stresses during start-up.

The present study addresses this problem by integrating mathematical modeling, experimental data, and
evolutionary optimization algorithms (GA, PSO), enabling the formation of an optimal voltage trajectory tailored to
real industrial compressor equipment.

In Uzbekistan, large-scale measures are being undertaken to modernize industrial systems and reduce the energy
intensity of various economic sectors, including the strategic objective of lowering the energy consumption of
pumping stations by 30%. This underscores the importance of research on energy-efficient electric drives and
intelligent control methods for industrial applications.

EXPERIMENTAL RESEARCH

The object of the study is the SSR-EP200 compressor station of JSC “DAZ”, operated as part of the
technological complex supplying compressed air to the production units of the enterprise. The compressor
installation belongs to high-performance screw compressors of medium and high power, operating under long-
duration load conditions and frequent start-ups, which imposes increased requirements on the energy efficiency of
the electric drive [2,3,6,10].

The SSR-EP200 compressor provides the following nominal operating parameters:

— Capacity: 1500 m*h

— Working pressure: 8.5 atm

— Mechanical load type: screw compressor with a quadratic torque—speed characteristic

A three-phase induction motor with a rated power of 160 kW is used as the drive, representing a typical example
of industrial pump-compressor electric drives [1,4,7]. The motor parameters are:
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— Rated power: 160 kW

— Rated speed: 1500 rpm

— Rated current: 295 A

— Power factor (cos ¢): 0.89

— Efficiency: 0.95

Structurally, the electric drive is coupled to the compressor block via a rigid coupling, eliminating slip and
transmitting the full starting torque directly to the compressor shaft. This makes the start-up process particularly
energy-intensive and dynamically stressed.

The motor start-up and voltage regulation were implemented using a UMP-2 soft starter based on an industrial
Thyristor Voltage Regulator (TVR), designed to limit inrush currents and ensure smooth acceleration of the
compressor. The TVR provides:

— phase-angle control of the output voltage;

— control-angle adjustment in the range a. = 0...150°;

— reduction of dynamic stresses during start-up;

— the ability to set different voltage ramp rates.

The experimental setup included:

— a 160-kW induction motor coupled to the compressor;

— a UMP-2 soft starter (TVR), connected in the stator circuit;

— power-quality and waveform measurement instrumentation.

The tests were carried out under the following conditions:

— nominal supply voltage of 380 V;

— compressor load corresponding to real operating conditions;

— ambient temperature 20-26 °C;

— three TVR voltage-intensity ramp modes (slow, medium, and fast start-up).

During the experiments, the following parameters were recorded:

— instantaneous phase currents and voltages;

— active, reactive, and apparent power;

— power factor;

— harmonic composition of current and voltage;

— electromagnetic torque and acceleration dynamics;

— integral start-up energy.

To evaluate the energy efficiency of the electric drive during transient modes, the energy losses during the soft-
start interval are calculated using the next formula:

t
AWsoftstart = .fo start APmotordtl (1)
were AW, risiqre —11 18 the energy loss during the soft-start period, kWh;; tgiqre - is the start-up time, s; APpo¢0r

— is the motor power loss, W.

10 kw

2 /)

-

15

0.5

0 0.5 1 15 2 2.5 3 3.5 4

FIGURE 1. Active power consumption during motor start-up using a linear voltage-intensity ramp.
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These conditions made it possible to perform a comprehensive evaluation of the behavior of the TVR-IM—
compressor system under real operating conditions and to compare the results with the simulation data obtained in
MATLAB/Simulink [5,9,11].

The figure shows the active power curve consumed by the electric drive of the compressor unit during start-up
using a linear voltage-intensity ramp. This type of voltage profiling ensures a proportional increase in the output
voltage amplitude over time, which leads to a gradual rise of the electromagnetic torque and a reduction in dynamic
stresses. The graph clearly illustrates the characteristic stages of the start-up process: the initial low-power period,
the pulsation zone caused by phase-angle control, the phase of intensive acceleration, and the transition to the
steady-state operating mode.
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FIGURE 2. Active power consumption during motor start-up using an S-shaped (sigmoidal) voltage-intensity
ramp.

The figure shows the active power profile consumed by the electric drive of the compressor unit during start-up
using an S-shaped voltage-intensity ramp implemented in the thyristor voltage regulator. This voltage profile
provides a smooth increase in power at the initial stage, suppresses pulsations in the transient zone, and ensures a
soft transition of the motor to the nominal operating mode, thereby reducing start-up energy losses and decreasing

mechanical stresses on the drive system.
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FIGURE 3. Active power consumption during motor start-up using a linear voltage-intensity ramp.

The figure shows the reactive power profile consumed by the electric drive of the compressor unit during start-
up using a linear voltage-intensity ramp in the thyristor voltage regulator. The linear increase in voltage leads to a
proportional rise in the magnetizing current, which is reflected in the characteristic change of reactive power at
different stages of the motor acceleration process.
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FIGURE 4. Reactive power consumption during motor start-up using an S-shaped voltage-intensity ramp.

The figure shows the reactive power profile consumed by the electric drive of the compressor unit during start-
up using an S-shaped voltage-intensity ramp in the thyristor voltage regulator. This type of voltage profiling ensures
a smooth increase in the magnetizing current, reduces the amplitude of pulsations, and decreases the reactive power
component in the transient operating mode.

Based on the MATLAB/Simulink simulation results of the 160-kW induction motor start-up, the following
conclusions can be drawn:

— the use of a thyristor voltage regulator (TVR) provides effective limitation of inrush currents and reduces
start-up active power;

— for all investigated voltage profiles, a decrease in initial overloads and power network distortions was
observed;

— the shape of the voltage ramp has a significant effect on the energy characteristics of the start-up process;

— the linear ramp provides a uniform increase in power;

— the S-shaped (sigmoidal) voltage profile ensures smoother torque development in the early acceleration stages
and reduces dynamic pulsations.

The behavior of the active and reactive power curves corresponds to the physical processes of electromagnetic
torque formation and changes in the motor magnetizing current. The model accurately reproduces the stages of slow
start-up, phase-controlled pulsations, sharp power transitions, and stabilization in the steady-state operating mode.
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FIGURE 5. Waveforms of motor current and motor voltage with linear voltage intensity
sensor (a) and S-shaped voltage intensity sensor (b).

The S-shaped voltage profile is the most energy-efficient among the considered methods and provides:
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— reduction of higher harmonic activity;

— decreased reactive power in the transient mode;

— smoother distribution of electromagnetic loading;

— reduction of start-up energy by 15-18% compared with direct start.

The simulation results demonstrate a high level of agreement with real physical processes. The obtained power,
current, and torque profiles reproduce the behavior of the electric drive of the actual SSR-EP200 compressor system
at JSC “DAZ”, which confirms the adequacy of the mathematical model and the correctness of the selected
compressor parameters. The simulation outcomes can be further used for optimizing the voltage profile using
artificial intelligence methods (GA, PSO, ANN), enabling the formation of an individually optimized voltage law
that minimizes energy consumption, start-up overloads, and electromagnetic pulsations.

The figure shows the experimental waveforms of the motor current and stator voltage during the start-up of the
160-kW compressor drive. Subfigure (a) corresponds to a linear voltage-intensity ramp, whereas subfigure (b)
represents an S-shaped (sigmoidal) voltage-intensity ramp applied by the thyristor voltage regulator. The presented
oscillograms highlight the differences in current pulsations, voltage build-up characteristics, and the transient
electromagnetic behavior of the induction motor under the two voltage profiles.

CONCLUSIONS

The conducted simulation and experimental studies have demonstrated that the shape of the voltage ramp
generated by the thyristor voltage regulator has a decisive influence on the electromagnetic processes in the
induction motor, the magnitude of inrush currents, the magnetization dynamics, the level of reactive power, and the
overall energy efficiency of the start-up process.

1. Direct start.

— ensures the shortest acceleration time;

— results in the highest inrush currents (4-6 In), causing substantial dynamic and thermal stresses on the motor
windings;

— produces elevated reactive power and pronounced harmonic distortion;

— yields the highest start-up energy consumption among all considered profiles;

— is the least preferable method from an energy-efficiency and reliability standpoint.

2. Linear voltage-intensity ramp.

— provides a uniform increase in stator voltage amplitude;

— reduces inrush current to 1.7-3 In, thereby lowering thermal and mechanical loading;

— decreases total start-up energy by 10—12%;

— represents a simple, robust, and energy-efficient control option, suitable for general-purpose industrial drives.

3. S-shaped voltage-intensity ramp.

— ensures the smoothest acceleration dynamics;

— minimizes both initial and final current spikes;

— significantly reduces reactive power peaks during the transient stage;

— stabilizes electromagnetic torque and effectively suppresses torque pulsations;

— decreases start-up energy by 15-18%, outperforming all other profiles;

— is the most energy-efficient, mechanically gentle, and technically safe option among those analyzed.

The obtained results demonstrate that the optimal voltage profile ensures a more favorable distribution of
electromagnetic loads, improves power quality, and reduces overheating risks in high-power induction motors (100—
500 kW). The high correlation between experimental data and MATLAB/Simulink simulations [1-15] validates the
adequacy of the mathematical model and confirms its applicability for predictive analysis of transient processes.

Furthermore, the study substantiates the potential of intelligent optimization methods—including Genetic
Algorithms (GA), Particle Swarm Optimization (PSO), and hybrid Al-based strategies—to refine the voltage
trajectory of thyristor soft starters [13-20],. These tools enable the formation of individualized voltage ramps tailored
to the nonlinear characteristics of the motor, the type of mechanical load, and the required dynamic performance.

Overall, the presented results form a foundation for developing advanced, energy-efficient soft-start control
strategies for industrial compressor stations, pumping units, and other continuous-duty electric drives. Future work
will focus on real-time adaptive ramp generation, multi-objective optimization (energy—torque—harmonics), and
integration of soft-start control into digital twin architectures for industrial electric drive systems.
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