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Three-phase induction motor drive systems, especially in elevator
applications and other precision motion systems, require optimized
acceleration profiles to minimize vibrations and extend mechanical lifespan.
Previous studies have primarily focused on fast speed response control but
often overlooked the impact of jerk, which affects smoothness and

operational safety. This paper proposes a combination of field-oriented
control (FOC) and S-curve acceleration profiles to reduce jerk and improve
motion quality. A dynamic model of the drive system is developed to
simulate the acceleration process, demonstrating that the S-curve
significantly reduces torque and current oscillations, thus enhancing
stability. The S-curve trajectory generation algorithm is implemented and
deployed on a field programmable gate array (FPGA) hardware platform.
Experimental hardware results confirm that the generated speed control
signals possess high resolution and fast response, making the method
suitable for embedded control systems in elevator drives and other sensitive
motion-control applications. This integrated approach not only addresses the
limitations of previous methods but also provides a practical solution to
improve comfort, safety, and durability in various electromechanical drive
systems.
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1. INTRODUCTION

The acceleration process of a three-phase induction motor plays a pivotal role in determining the
performance, energy efficiency, and passenger comfort of elevator systems. Inappropriate acceleration either
too slow or too abrupt can lead to mechanical stress, reduced lifespan of components, and uncomfortable
experiences, particularly for sensitive users such as the elderly and children. Hence, optimizing the
acceleration strategy is not only essential for system reliability but also for ensuring safety and ride quality.

Conventional elevator systems often rely on linear acceleration profiles, which are simple to
implement but inherently introduce high levels of jerk at the transition points. This results in undesirable
vibrations, noise, and mechanical wear, degrading the overall performance of the drive system. In contrast,
S-curve acceleration profiles provide a smooth transition by limiting jerk and allowing gradual changes in
acceleration, thereby offering superior ride comfort and mechanical stability—an increasingly crucial
demand in modern vertical transportation.

Rotor flux-oriented control (FOC) has been extensively studied and applied to ensure fast system
stabilization and minimal tracking error under variations in motor parameters, load conditions, and external
disturbances [1], [2]. However, these studies primarily focus on control performance and pay insufficient
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attention to motion quality, particularly the limitation of jerk in applications that demand high ride comfort, such
as elevators. In [1] and [2], FOC is typically combined with linear acceleration profiles, which, although
achieving fast dynamic response, generate high jerk levels at transition points. This results in vibrations, noise,
and a negative user experience highlighting a limitation that must be addressed in modern elevator systems.

Field-oriented control (FOC) and direct torque control (DTC) are the two most widely adopted
vector control strategies in electric motor drive systems [3]. FOC employs linear controllers in combination
with pulse-width modulation (PWM) to control the stator voltage components [4], [5], while DTC uses a
nonlinear approach to directly generate voltage vectors without modulators [6]. Studies such as [7], [8] have
analyzed the advantages and disadvantages of these two methods across several criteria, including control
characteristics, dynamic performance, parameter sensitivity, and implementation complexity, for both
induction motors (IMs) and permanent magnet synchronous motors (PMSMs).

However, most of these studies focus primarily on control performance, fast dynamic response, and
system stability, while neglecting motion quality especially the impact of jerk during acceleration and
deceleration phases. This becomes a significant limitation in applications requiring high levels of smoothness
and safety, such as elevator drive systems, where abrupt speed changes can lead to vibration, mechanical
wear, and reduced user comfort.

Previous studies have applied intelligent control methods such as artificial neural networks (ANN)
[9] and recurrent fuzzy neural networks (RFNN) [10] to improve adaptability and compensate for parameter
uncertainties in AC motor control. While these approaches enhance dynamic response and stability, they
focus primarily on regulation performance and do not consider jerk suppression or smooth motion planning,
which are critical in applications like elevator systems. This paper addresses that gap by integrating jerk-
limited S-curve profiles into the control strategy to improve ride comfort and mechanical stability.

Previous works have mainly emphasized fast response in motor control but overlooked the issue of
jerk, which becomes critical in elevator load applications. Although S-curve acceleration profiles have been
widely applied in stepper and servo motor systems to reduce vibration and enhance positioning accuracy
[11], [12], these solutions are often constrained by the limited computational capabilities of stepper
controllers and are rarely extended to induction motor drives. Studies [13], [14] have shown that optimizing
acceleration and deceleration phases can significantly improve motion stability and reduce mechanical stress.
However, these techniques have yet to be adapted for high-inertia, real-time applications like elevators. This
study addresses that gap by applying high-order S-curve profiles to three-phase induction motors under FOC,
aiming to ensure both motion smoothness and system responsiveness.

Several studies have focused on advanced control strategies for electric drives. For example, [15],
[16] proposed an adaptive controller using feedback error learning (FEL) that combines a proportional
integral derivative (PID)-based feedback loop with an intelligent feedforward controller to improve tracking
and system stability. In parallel, motion control in servo [17] and stepper motors [18] has been studied for
precision applications like camera positioning, emphasizing smooth acceleration to avoid vibration and
positional errors. In elevator systems, where induction motors must deliver both precise stopping and high
comfort [19], variable-speed drives have become essential to handle frequent starts and stops while ensuring
smooth and safe travel [20], [21]. Although recent works have proposed jerk-reduction strategies for elevator
drives, many are based on simplified models or lab-scale setups that lack compatibility with real-world
elevator requirements [21].

Thus, existing research trends fall into two main streams: i) advanced control techniques for
induction motors that prioritize speed tracking but often ignore jerk effects; and ii) S-curve acceleration
planning that successfully limits jerk in servo or stepper motor applications [22], [23], but has seen limited
adoption in full-scale induction motor elevator systems. This study aims to bridge that gap by integrating
high-order S-curve acceleration into FOC for three-phase induction motors, enabling both smooth motion and
fast dynamic response.

Not only elevator loads but also most drives powered by induction motors require a smooth start-up
process to reduce vibration, noise, and extend equipment lifespan. This study addresses the gap between fast-
response vector control strategies and the need for jerk-limited motion planning by proposing a method that
combines FOC with high-order S-curve acceleration profiles. The proposed approach ensures smooth and stable
acceleration while maintaining fast dynamic response and high energy efficiency. It is suitable for practical
implementation in modern drive systems, particularly in vertical transportation applications such as elevators.

2. METHOD
2.1. Kinematic model of the elevator system

The elevator drive system comprises key mechanical components, including a three-phase induction
motor, gearbox, traction pulley, steel cables, counterweight, and cabin. Its operation is significantly
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influenced by unbalanced loading, mechanical friction, and the system’s total moment of inertia, resulting in
nonlinear dynamic behavior during acceleration and deceleration. For modeling and simulation purposes, the
mechanical structure is simplified to an equivalent load mass referred to the motor shaft. The system’s
motion dynamics are governed by the following (1) [6]:

d
Joq " 5 = My — My ()
where J., is equivalent moment of inertia referred to the motor shaft (kg-m?); o is angular velocity of the
motor shaft (rad/s); M,, is motor-generated torque (Nm); M, is load torque (including friction, load gravity,
and inertia)

The load torque is calculated as (2):
Mf =T. (meq-g + Fms) (2)

where r is the radius of the traction pulley; F,; is the total static friction force.

In a velocity control system, this model is used to determine the relationship between motor torque,
rotational speed, and load at each point during the motion cycle. The three-phase induction motor used in
elevator systems is typically of the squirrel-cage rotor type, controlled by a three-phase inverter that adjusts
both frequency and voltage supplied to the motor.

The electromagnetic model of the induction motor is represented in the dq reference frame (rotor
flux-oriented), which simplifies torque and speed control when using a variable frequency drive (VFD). The
fundamental equations in this model are expressed as follows [24]:

— D dyg
Vg = Rsld + _dt‘ — (l)elpq

R
Vg = Rgig + d_tq — WYy 3)
Ya = Lyig + Lyniar
g = Laiq + Liniqr

where iy, i; are components of stator current in the dq reference frame (A); v,, v, are stator voltages in the
dq reference frame (V); Yq, 14 are d—q axis flux linkages (Wb); w is electrical angular speed (rad/s); R; is
stator resistance (Q); L, is the inductance (H).

In system-level simulations, a parameterized model based on the drive characteristics described in
(1) and (3) can be used. The electromagnetic torque M(t) can be assigned directly by a PID controller or
generated from a motion profile block based on the input profile, such as a linear acceleration profile. The
inverter is a device that controls the voltage and frequency supplied to the induction motor, allowing precise
adjustment of the motor’s rotational speed. In elevator systems, accurate speed control is essential to ensure
that the cabin stops precisely at the correct floor, provides smooth motion during starting and stopping, and
remains stable under varying load conditions.

In this study, a novel control strategy is proposed that integrates field-oriented control (FOC) with
an S-curve acceleration trajectory. This combined approach aims to reduce jerk, improve ride comfort, and
enhance dynamic performance key requirements for elevator systems and other high-precision motion
applications.

2.2. Proposed acceleration algorithm for motor based on S-Curve profile
The jerk equation (5) characterizes the rate of change of acceleration, which directly affects the
quality of motor acceleration in elevator applications.

. da(t)

Jj®) ==~ )
The standard form of this Profile divides the motion into seven segments, ensuring that acceleration changes
continuously in Figure 1: Jerk increases to jmax, acceleration increases to amax, Jerk decreases to 0 — velocity
is maintained.

Negative jerk decreases to —jmax, acceleration decreases to 0— prepares for stopping. The design
method for the S-curve Profile involves determining the number of motion segments based on a predefined
motion pattern [25]. Then, the connection times between segments are calculated to ensure smooth
transitions. Therefore, for a generalized S-curve Profile model, the total number of motion segments is given
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by 2%°1. Consequently, the number of transition points that need to be calculated is 2". The problem definition
for the algorithm is as Figure 2:

v* Speed Induction Elevator x*
— —+ S- curve —
control motor load
Speed
feedback

Figure 1. Speed control model with integrated S-Curve acceleration profile

Xpeak
n

t, Lt ty Yy YUs . tyn-1
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Figure 2. Template of the nth-order S-curve profile model

. . . - k K K
Input: The maximum allowable values of kinematic characteristics such as X5, XPe®® xDPea

Xﬁeak. The goal is to design a smooth polynomial S-curve profile with a finite support such that these
maximum values are not exceeded. Based on the definition of the generalized S-curve profile model, its
kinematic features can be indirectly determined as follows. It should be noted that t represents the transition
time between the k and (k+1) segments of the profile, while 1 denotes the duration of a constant control
input in the XP°** defined as follows [26]:

peak _ Xhe* X -1+ J

Xo = o i=1(t2i—1 —tot+ Tn+1—i) = i=1[(2j=0 2 Tn+1—i+j) + Tn+1—i] )

Similarly,

peak _ XE° o irisict j

X, = Py | b, [(Zj:OZ Tn+1—i+j) + Tn+1—i] (6)
peak _ Xﬁeak n—k[(yi-19j

Xk — onk Hi=1 [(Zj:O 2 Tn+1—i+j) + Tn+1—i] (7)

X Xpeak
szl)fc; = 7;_ (ty —to+Tp) = X, T, ()

Algorithm: The main task of the algorithm is to compute Tp, the duration of the constant input phase
XP°% The pseudocode of the algorithm is presented Figure 3:

Xn i— j
Xo = ;H?:l[(z;:}) 2JTn+1—i+j) + Tn+1—i] ®
X;naxzﬁfq H?=_1q (Zj';%) 2an+1—i+j)+Tn+1‘i] (10)
k Xn - i~ j
X(z;ea = na H?:lq[(z}z%) 2]Tn+1—i+]') + Tn+1_i] "
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In the algorithm, all durations T, are initially set to zero according to equation (9). The value of T}, is
first estimated based on the peak value of the position (X7 °@k), as defined in (11). This value of T, is then
used to compute the maximum values of the kinematic characteristics Xg'** according to (10). These
computed maximum values are then compared with the corresponding input peak values. If any computed

maximum exceeds the input peak, it indicates that Tp is too large. In such case, T, is recalculated using (11).
This iterative process continues until none of the input peak limits are violated.

-

Calculate X P
gq=g+1

Calculate X,
n=n-1

¥ max g= xqpea
N ¢ Y
Recalculate
' Y T, theo X peek

Calculate X,™*
p=p-1

Figure 3. Flowchart: S-Curve profile generation algorithm

The S-curve algorithm, inherited from reference [26] is applied for the first time to the control of
induction motors driving elevator loads. This represents a novel research direction, as no previous studies
have implemented it, aiming to improve smooth acceleration and reduce vibrations during the startup
process.

Compared to prior works, this algorithm stands out by:
— Being tailored for induction motor control, which has not been extensively addressed in existing S-curve
research;
— Ensuring smooth torque generation, which minimizes current spikes and mechanical oscillation;
— Supporting hardware-level implementation on field programmable gate array (FPGA) for high-speed real-
time operation, validated in this paper through both simulation and hardware-in-the-loop testing.
The combination of high smoothness, adaptability, and hardware feasibility makes the proposed algorithm a
robust and practical solution for modern elevator drives and other industrial applications requiring precision
and comfort.

2.3. Hardware implementation of acceleration and deceleration

Figure 4 illustrates the control circuit for S-curve acceleration/deceleration, implemented using a
digital differential analyzer (DDA). Basic concept of S-curve acceleration/deceleration control: First, a series
of pulses with a constant frequency Fi is generated by a pulse generator. The total number of generated
pulses N determines the displacement during acceleration, while the frequency Fi defines the target speed.
The control signal is obtained by subtracting the output of an accumulator from the pulse generator output,
and this result is stored in register p. Simultaneously, the value of register p(x) and the accumulator output y
are summed each time a pulse Fa is generated. The signal Fa is generated at fixed time intervals.
Furthermore, the sum of the register value x and the accumulator output y is updated as follows: y«—x+y.

The FPGA hardware configuration is carefully designed to execute the control algorithm in real-
time with high precision. The implementation on the DE1-SoC FPGA kit not only demonstrates the
feasibility of the S-curve control algorithm for induction motors but also opens up practical applications in
elevator control systems. The hardware architecture ensures real-time responsiveness and optimizes logic and
memory resources, meeting the demands of industrial embedded systems.
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Figure 4. Hardware architecture for S-Curve acceleration/deceleration control

3. RESULTS AND DISCUSSION
3.1. Application scenario

Consider a three-phase squirrel-cage induction motor used in an elevator system in Table 1,
controlled via a drive system consisting of an inverter and the motor itself. Suppose we intend to utilize a
microcontroller integrated with the inverter for control implementation.

Table 1. Motor parameters used in simulation

Parameter Value Note
Rated voltage 380V Three-phase, star connection
Rated frequency 50 Hz Vietnam/European standard
Rated power 22 kW Suitable for elevator applications
Rated current S0A
Number of poles 4 Synchronous speed: 1500 rpm
Rated speed 1420 rpm Slip = 5.3%
Moment of inertia J 0.02 kg'm? Includes elevator load
Stator resistance R, 1.405 Q Measured from nameplate or test
Rotor resistance R, (referred to stator) 1.395Q Converted to stator side
Stator inductance L, 0.005839 H
Rotor inductance L, 0.005839 H Assumed symmetrical
Magnetizing inductance L, 0.1722 H

3.2. Simulation and comparison of acceleration algorithms

In the context of high-performance drive systems such as elevators, the design of the acceleration
profile plays a critical role in determining the smoothness, safety, and efficiency of motion. While
conventional elevator systems typically rely on linear acceleration profiles for simplicity and ease of
implementation, recent research efforts have attempted to improve ride quality and mechanical reliability by
introducing advanced profiles such as parabolic, cubic, or polynomial-based strategies. However, these
studies often overlook the impact of jerk dynamics a key factor affecting passenger comfort and component
durability. To address this limitation, this paper proposes the implementation of a high-order S-curve
acceleration profile integrated with FOC. This method is simulated and evaluated in detail, as illustrated in
Figure 5, and compared against traditional linear acceleration approaches.

The velocity trajectory under the S-curve profile exhibits a smooth transition from 0 to
approximately 148.6 rad/s within 1 second, forming a symmetric S-shaped curve. Unlike the constant-
acceleration assumption used in many previous works [10], [13] which often results in sudden changes in
velocity and torque, the S-curve method segments the motion into three distinct phases: increasing
acceleration, constant acceleration, and decreasing acceleration. These smooth transitions are especially
beneficial in elevator systems, where abrupt speed changes may cause discomfort or mechanical shocks. The
acceleration profile (first derivative of velocity) in this study shows a continuous and bounded evolution,
peaking at approximately 198.1 rad/s* and transitioning seamlessly across motion phases. In contrast, prior
models [14] using linear or parabolic profiles often exhibit sharp slope changes or discontinuities at
switching points, leading to mechanical stress accumulation over repeated cycles.

The jerk profile (second derivative of velocity) offers the most distinctive advantage of the proposed
approach. Unlike traditional profiles that ignore or do not constrain jerk, the S-curve trajectory actively
regulates jerk within £990 rad/s® throughout the motion phase. This control significantly reduces oscillations,
enhances stability, and improves the service life of actuators aspects that were either underrepresented or
absent in earlier control studies focused solely on torque tracking or speed error minimization.

Int J Elec & Comp Eng, Vol. 16, No. 1, February 2026: 135-148



Int J Elec & Comp Eng ISSN: 2088-8708 a 141

S-curve Velocity Profile

. 200 T T
]
& 1ol 1
= . . ‘
]
0 0.2 0.4 0.6 0.8 1
_ S-curve Acceleration Profile
<200
o
5
© 100 |
=3
2 0 | | | |
0 0.2 0.4 0.6 0.8 1
o S-curve Jerk Profile
@, 1000 ) T
E |
g o
=
& 1000 L L .
0 0.2 0.4 0.6 0.8 1
Time (s)

Figure 5. S-Curve acceleration profile chart

Furthermore, unlike many previous works that only validated their methods via MATLAB
simulations or off-line tests, this study implements the entire motion profile generation algorithm on a real-
time FPGA-based control platform, demonstrating not just feasibility but also practical deploy ability in
embedded elevator drive systems. This hardware-in-the-loop capability highlights a major step forward
compared to research limited to theoretical modeling.

In summary, simulation and analysis results clearly demonstrate that the high-order S-curve profile
offers superior kinematic characteristics, including smoother transitions, reduced mechanical vibration, and
improved dynamic response, when compared to traditional linear or polynomial acceleration schemes in the
literature. The proposed strategy not only enhances passenger comfort but also improves energy efficiency
and mechanical reliability—factors increasingly prioritized in modern elevator systems and industrial motion
platforms such as collaborative robots and precision machining.

3.3. Analysis of motor speed control using the S-Curve

Figures 6 and 7 illustrate the acceleration, constant-speed, and deceleration phases of a three-phase
induction motor controlled using a combined FOC and S-curve acceleration strategy. The simulation results
show that the motor smoothly accelerates from 0 to 1420 rpm within 1 second, maintains that speed for the
next 2 seconds, and decelerates back to zero by the 4th second. The speed trajectory follows a half-cosine
shape without discontinuities, reflecting the smooth characteristics of the S-curve profile superior to
traditional linear methods that often introduce abrupt transitions.

The electromagnetic torque increases steadily during the acceleration phase, peaking at
approximately 15 Nm, and stabilizes at 5 Nm during constant-speed motion consistent with the physical
relationship where torque is proportional to acceleration rather than speed. This smooth torque variation
reduces mechanical stress and enhances drive system stability.
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Figure 6. Motor speed and torque during S-Curve acceleration
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Figure 7. Startup of induction motor using S-Curve profile

Compared to previous studies, the proposed approach demonstrates significant improvements. In
[8], the linear acceleration method failed to control jerk effectively, resulting in high impulsive forces and
mechanical vibration. Our S-curve solution mitigates these issues by providing continuous jerk control. In
[11], although FOC was implemented, the lack of integrated motion planning led to limited smoothness. Our
method, combining FOC with S-curve planning, achieves comprehensive optimization of both speed control
and kinematic performance. Moreover, while [25] presents a theoretical trajectory generation algorithm, it is
not applied to induction motors with large inertia, such as elevator systems. In contrast, this study
implements the algorithm on an FPGA-based platform, confirming its real-time feasibility and suitability for
embedded applications.

In summary, Figures 6 and 7 validate that the proposed S-curve strategy enhances motion
smoothness, minimizes mechanical shock, and extends the operational life of the system—making it ideal for
applications requiring rapid yet gentle acceleration, such as elevators, cranes, and precision mechatronic
systems.

3.4. FPGA implementation — experimental results

Initial parameters: System clock: 50 MHz (clock period = 20 ns), Output frequency: increases
smoothly from ~1 kHz to ~30 kHz within 1 second, Update interval: every ~15-20 ms, one period value is
updated. Simulation results from the s_curve generator module demonstrate that the system successfully
generates pulse signals with a gradually increasing frequency following an S-curve profile over a 1-second
duration. The system was implemented in Verilog and simulated using ModelSim. Key model parameters
include: A 50 MHz system clock a total of 20 S-curve steps (corresponding to an update interval of ~50 ms).
Pulse period values ranging from 50,000 to 12,000 clock cycles (equivalent to 1 kHz to ~30 kHz).

Specifically, the output signal pulse out is generated with an initial period of 50,000 clock cycles
(which equals 1 kHz when the system clock is 50 MHz). After each predefined time interval (~20 ms), the
period value is updated based on a lookup table (LUT) designed according to an S-curve profile. The period
gradually decreases in steps not linearly but according to the characteristic S-curve shape, which enables
smooth and progressive speed increases. The final pulse period reaches 12,000 clock cycles, corresponding to
a frequency of approximately 4.17 kHz, and can be further increased if the LUT is extended.

The simulated (Figure 8) output signal pulse out exhibits a smooth and continuously varying
frequency profile, without any abrupt jumps typically seen in linear acceleration. This behavior is clearly
observed in three distinct phases:

In the initial phase, the frequency increases slowly (positive jerk)

In the middle phase, the frequency increases steadily (constant acceleration)

In the final phase, the frequency increases more gradually (negative jerk)

This fully reflects the characteristic "S" shape of the S-curve Profile.

Acceleration time: 1 second

Frequency range: from 1 kHz to 30 kHz

Number of points: 64 samples generated according to the S-curve profile

Calculated parameters include: Frequency values (Hz), corresponding periods (us)

Clock cycles per period based on a 50 MHz system clock (for use in LUTs in Verilog implementation)
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Figure 8. S-Curve acceleration process on the pulse output pin of the FPGA chip

Figure 9 shows both the frequency curve and the pulse period (clock cycles) over time presents a
simulation of the S-curve acceleration profile, using 64 evenly distributed points over a total duration of 1 s
(each sample spaced approximately 15.87 ms). The results demonstrate the system’s ability to achieve
precise and smooth speed control. Two main plots are shown: frequency vs. time and clock cycles per period
vs. time, both reflecting the acceleration behavior of the motor control system under the S-curve approach.

Frequency Plot: The upper graph shows (Figure 9) the frequency increasing from 1,000 Hzatt=0s
to 30,000 Hz at t = 1 s. Unlike linear acceleration, the frequency does not increase uniformly. Instead, it
increases slowly at first, then more rapidly in the middle, and slows down again as it approaches the target
frequency. The curve exhibits a symmetric half-cosine shape, characteristic of an S-curve profile that ensures
controlled jerk during acceleration.
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Figure 9. Frequency and period representation during S-Curve acceleration

3.4.1. Hardware Implementation on FPGA

The proposed method was experimentally validated using the DE1-SoC development board as
shown in Figure 10. The experiments were conducted at the Chip Design Laboratory of Quy Nhon University
to verify the feasibility and real-time performance of the trigonometric S-curve acceleration profile
implemented in hardware. A Verilog-based implementation was developed to generate a one-shot PWM
signal with a pulse width modulated according to the trigonometric S-curve trajectory. The design utilizes a
counter to track time and a lookup table (LUT) stored in a memory-initialization file (.mif) to generate the
desired amplitude profile. The PWM pulse is produced by comparing the LUT value with a continuously
running counter, enabling smooth modulation of the pulse width. The system is programmed onto the DE1-
SoC board (FPGA model SCSEMASF31), with the PWM output available on GPIO 0.

An extended version of the top scurve pwm.v module was developed to control six PWM
channels (GPIO 0 to GPIO_5). These outputs represent three-phase motor signals (U, V, W) and their
complementary signals (~U, ~V, ~W), with each phase shifted by one-third of a cycle. All channels use the
same S-curve profile stored in ROM but are phase-shifted accordingly. The PWM switching frequency is set

Study on the acceleration process of three-phase induction motors driving elevator loads (Do Van Can)
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at 1 kHz, and the duty cycle dynamically follows the trigonometric S-curve. After compilation and pin
assignment, the design is downloaded to the FPGA board for real-time testing and waveform acquisition.

Figure 10. Experimental setup for trigonometric S-curve implementation on FPGA

The output PWM frequency remains stable at 1 kHz (Figure 11 is signals U, V), maintained by a
precise counter synchronized to the 50 MHz system clock. This frequency is well-suited for controlling
induction motors in applications that require smooth variations in speed and torque, such as elevators or
cranes. The use of a sinusoidal/cosine-based S-curve trajectory enables smooth modulation of the PWM duty
cycle, avoiding abrupt transitions. The duty cycle gradually increases from 0% to approximately 100% and
then symmetrically decreases, forming a smooth acceleration-deceleration cycle. This approach helps limit
current surges in the stator windings, reduce torque ripple, and mitigate mechanical shocks during transient
phases.

SAVEREC

13 e

Figure 11. PWM waveform based on trigonometric S-curve profile

The three output channels (U, V, W) are phase-shifted by 120 electrical degrees, ensuring proper
temporal distribution across phases and accurately reconstructing a balanced rotating magnetic field. The
complementary channels (~U, ~V, ~W) provide inverted PWM signals for H-bridge or three-phase inverter
configurations, enabling efficient bidirectional torque control. Figure 12 show the PWM waveform of phase
U and its complementary signal; the remaining phases (V and W) exhibit similar behavior.
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The sinusoidal/cosine-based S-curve PWM waveform is highly suitable for soft-start and soft-stop
motor control, as it produces more linear torque characteristics and is particularly effective in systems where
minimizing mechanical shocks or current oscillations during load transitions is critical. The application of the
trigonometric S-curve trajectory in three-phase PWM modulation has yielded promising results in terms of
waveform smoothness, frequency stability, and the ability to generate soft and continuous torque. This
approach proves to be a practical and effective method for enhancing the performance and reliability of
electric drive systems in precision motion control applications.

CHI= 1.00%

Figure 12. Measured PWM signals: phase U and its complementary output (~U)

Compared to [8], where the control system applies linear acceleration and shows significant
overshoot, high jerk, and speed ripples during transient states, our method demonstrates superior smoothness
and dynamic stability. In [11], although FOC is implemented, the trajectory generation is limited to basic
ramp profiles, lacking jerk control, which causes mechanical stress in high-inertia systems. Meanwhile, [25]
presents a theoretical multi-segment S-curve trajectory planner but does not apply it to real-time motor
control or validate it on embedded platforms.

This paper addresses these gaps by not only applying a high-order S-curve algorithm tailored for
motion planning but also implementing and testing it in real-time on an actual FPGA-based system. The
results confirm that the control system is capable of generating high-resolution velocity references with fast
response, smooth transition, and mechanical safety. This contribution highlights the practical feasibility and
industrial applicability of integrating S-curve trajectories into embedded control for elevator systems
especially in scenarios where ride comfort, precise floor-stopping, and extended actuator lifespan are critical.
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4. CONCLUSION

This study aligns well with the scope of the journal, as it focuses on advanced control strategies for
three-phase induction motors core components in modern industrial automation and drive systems.
Specifically, it targets applications that demand smooth and safe motion, such as elevators, which fits the
journal's direction toward intelligent control, embedded systems, and industrial drives. The objective of this
research is to optimize the acceleration process by reducing jerk and torque oscillations.

The approach combines dynamic system modeling with a high-order S-curve motion planning
algorithm, implemented both in simulation and hardware (FPGA), ensuring practical feasibility. The novelty
lies in the development of a trajectory generation algorithm that considers jerk limits an aspect often
overlooked or treated only theoretically in previous works. The FPGA-based implementation confirms its
readiness for real-world embedded systems.

This paper contributes to existing knowledge by proposing a motion control solution that ensures
smoother acceleration for induction motors, enhancing mechanical reliability and passenger comfort. It offers
both theoretical insight and practical value. In the long term, the proposed method has potential for broader
applications such as cranes, high-speed conveyors, robotic arms, and CNC platforms where precise and
stable motion control is essential. Given its scientific value, practical applicability, and high scalability, the
authors believe this paper deserves to be published and will serve as a useful reference for researchers and
engineers in industrial drives and embedded motion control systems.
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