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Abstract—Mechanical vibrations are among the most 

significant indicators of mechanical degradation and improper 

operation in electric motor–driven systems. Conventional motor 

control strategies rely on static Pulse Width Modulation (PWM) 

parameters, which do not adapt to changing mechanical conditions 

during operation. This paper presents a real–time analog–digital 

system for vibration detection and adaptive PWM regulation 

aimed at reducing mechanical oscillations in electric motors. The 

proposed system integrates a MEMS accelerometer, real–time 

signal acquisition and digital processing, and adaptive PWM 

control implemented on an STM32 Cortex–M microcontroller 

platform. The key contribution of this work is the direct inclusion 

of vibration feedback into the motor control loop, enabling real–

time adaptation of PWM parameters without complex control 

algorithms or computationally intensive motor models. The 

solution is designed to be low–cost, resource–efficient, and suitable 

for embedded and industrial systems, offering improved motor 

stability, reduced vibration levels, and extended operational 

lifetime.  
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I. INTRODUCTION

Electric motors are fundamental components of modern 
industrial systems, including conveyor drives, ventilation 
systems, pumps, and automated production lines. [1] During 
operation, motors are exposed to mechanical vibrations caused 
by rotor imbalance, bearing wear, shaft misalignment, 
manufacturing tolerances, and dynamic load variations. While 
low–level vibrations are unavoidable, excessive vibration 
significantly reduces reliability, increases acoustic noise, and 
accelerates mechanical wear. Most motor control systems focus 
on electrical parameters such as speed and torque, while 
mechanical feedback is rarely incorporated into real–time 
control loops. Pulse Width Modulation (PWM), although 
efficient and widely used, is typically implemented with fixed 
parameters that do not account for changing mechanical 
conditions. [2] As a result, mechanical oscillations may be 
amplified rather than suppressed. This work addresses the need 
for a simple and adaptive control concept that directly integrates 

vibration feedback into motor control, enabling immediate 
reaction to mechanical disturbances in real time. From a physical 
standpoint, vibration represents oscillatory motion characterized 
by amplitude, frequency, and phase. In industrial systems, 
vibration analysis is widely used not only for fault detection but 
also for predictive maintenance. [3] Early identification of 
abnormal vibration patterns allows timely intervention, reducing 
downtime and maintenance costs. Modern industrial trends 
emphasize the transition from passive monitoring to active 
control. Integrating vibration feedback directly into the control 
loop enables systems to respond dynamically to mechanical 
disturbances, which is in line with Industry 4.0 principles of 
intelligent and adaptive systems. 

II. PROBLEM FORMULATION AND MOTIVATION

Conventional vibration monitoring systems are primarily 
used for diagnostics and predictive maintenance and usually 
operate independently from motor control. These systems 
provide valuable information but do not influence motor 
operation in real time. On the other hand, advanced adaptive 
control approaches based on detailed motor models, artificial 
intelligence, or frequency–domain analysis require high 
computational resources and complex implementation. The 
motivation of this research is to develop a lightweight solution 
that bridges vibration monitoring and motor control. By using 
vibration amplitude as a feedback variable, PWM parameters can 
be dynamically adjusted to reduce mechanical excitation. This 
approach enables immediate corrective action without requiring 
complex control theory or high–performance hardware. Another 
important limitation of conventional approaches is their delayed 
response to mechanical faults. Since most monitoring systems 
operate independently of control mechanisms, corrective actions 
are typically applied only after significant degradation has 
occurred. This delay can lead to increased wear and reduced 
system efficiency. 

Therefore, there is a clear need for a unified approach that 
combines sensing, analysis, and control within a single system. 
By directly linking vibration measurements with PWM 
regulation, the proposed solution enables immediate reaction to 
changing mechanical conditions, improving both reliability and 
performance. 

This research has been supported by the Ministry of Science, 
Technological Development and Innovation (Contract No. 451-03-
34/2026-03/200156) and the Faculty of Technical Sciences, University 
of Novi Sad through project “Scientific and Artistic Research Work of 
Researchers in Teaching and Associate Positions at the Faculty of 
Technical Sciences, University of Novi Sad 2026” (No. 01-3609/1). 

103



 

 

III. SYSTEM OVERVIEW AND ARCHITECTURE 

The proposed system is composed of three main functional 

units, as illustrated in Fig. 1.

 

 

Fig. 1. Block diagram of the proposed vibration–aware motor control system 

 

A. Vibration Sensing Unit 

A MEMS–based accelerometer, specifically the MPU–6050 
sensor, is mounted on the motor housing to measure vibrations 
along multiple axes. This sensor integrates a 3–axis 
accelerometer and a 3–axis gyroscope, enabling precise 
detection of dynamic changes in motion and vibration behavior. 
The sensor provides continuous real–time data proportional to 
vibration intensity, which can be further processed for condition 
monitoring and fault detection.[4] 

MEMS technology is selected due to its compact size, low 
power consumption, high sensitivity, and ease of integration into 
embedded monitoring systems. These characteristics make 
MEMS sensors particularly suitable for real–time industrial 
applications such as motor vibration analysis. 

The basic principle of operation of the MEMS accelerometer 
used in this system is illustrated in Fig.2. 

 

Fig. 2. MPU6050 operating principle 

B. Signal Acquisition and Processing 

 The accelerometer output is digitized using an integrated 

ADC and processed by the microcontroller. Time–domain signal 

processing techniques are applied, including averaging and RMS 

calculation, to estimate vibration magnitude. Threshold–based 

logic is used to detect abnormal vibration levels. 

 

C. Adaptive PWM Regulation 

Based on processed vibration data, PWM duty cycle 

parameters are dynamically adjusted. When increased vibration 

is detected, PWM characteristics are modified to reduce 

mechanical excitation, forming a closed–loop feedback 

system.[5] 

The modular structure of the system allows each functional 

block to operate independently while maintaining synchronized 

communication with other components. This design approach 

improves system scalability and simplifies integration into 

existing motor control platforms. Additionally, the separation 

between sensing, processing, and control units enhances system 

reliability, as each module can be optimized individually. Such 

architecture is particularly suitable for embedded systems where 

flexibility and efficient resource utilization are essential. 

IV. DETAILED HARDWARE ARCHITECTURE  

The hardware architecture of the proposed system is designed 

to ensure deterministic real-time behavior, precise signal 

acquisition, and high–resolution PWM generation. For this 

purpose, an STM32 Cortex–M microcontroller is selected as the 

central processing unit due to its advanced timer peripherals, 

integrated analog to digital converter (ADC), and high 

computational performance. 

The STM32 microcontroller provides a 12–bit ADC, which 

enables accurate digitization of vibration signals obtained from 

the MEMS accelerometer. High ADC resolution is essential for 

detecting small variations in vibration amplitude, particularly in 

early stages of mechanical degradation. The ADC sampling 

process is synchronized with timer interrupts to ensure consistent 

sampling intervals and minimize jitter. 

PWM generation is implemented using the advanced timer 

modules available on the STM32 platform. These timers support 

high–resolution duty cycle control, allowing fine–grained 

adaptation of the PWM signal in response to detected vibration 

levels. Compared to low–end microcontrollers with limited 

PWM resolution, STM32 enables smoother and more stable 

control behavior, which is critical for vibration reduction. 
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The MEMS accelerometer is mechanically mounted on the 

motor housing in close proximity to the bearing assembly, where 

vibration effects are most pronounced. Sensor placement plays a 

crucial role in ensuring reliable vibration measurement and 

minimizing external interference. The accelerometer 

communicates with the microcontroller via a digital interface, 

enabling continuous real–time data transfer with minimal 

latency. 

The modular hardware design allows the proposed system to 

be easily integrated into existing motor control units without 

significant modifications to the power stage or mechanical 

structure. Special attention is given to signal integrity and noise 

reduction in the hardware design. Since vibration signals can be 

of low amplitude and susceptible to external interference, proper 

grounding, shielding, and filtering techniques are essential to 

ensure accurate measurements. Furthermore, the choice of 

STM32 microcontroller provides a balance between 

performance and power consumption, making it suitable for 

continuous real–time operation in industrial environments. It’s 

hardware peripherals significantly reduce CPU load by enabling 

efficient data acquisition and PWM generation [6]. 

V. SOFTWARE ARCHITECTURE AND REAL-TIME OPERATION 

The software architecture is structured to support real-time 
operation with minimal latency and predictable execution 
timing. The system is implemented using an interrupt–driven 
approach, which separates time–critical tasks from background 
processing. The main software components include vibration 
signal acquisition, signal processing, and adaptive PWM update. 
ADC sampling is triggered by a hardware timer interrupt, 
ensuring fixed sampling frequency and deterministic behavior. 
Each interrupt cycle captures a new vibration sample and stores 
it in a circular buffer. Signal processing tasks, such as RMS 
calculation and threshold evaluation, are executed periodically 
within the main control loop. This separation between sampling 
and processing ensures that real–time constraints are satisfied 
without overloading the microcontroller. PWM updates are 
performed synchronously with timer events to avoid sudden 
discontinuities in motor control signals. By aligning PWM 
updates with predefined time slots, the system guarantees 
smooth transitions and prevents abrupt mechanical 
excitation.This software structure ensures low–latency response 
to vibration changes while maintaining system stability and 
computational efficiency. Real–time performance is a critical 
requirement in this system, as delays in signal processing or 
control updates may lead to ineffective vibration suppression. 
The interrupt–driven architecture ensures that time–critical tasks 
are executed with minimal latency, while less critical operations 
are handled in the background. This approach also improves 
system determinism, which is essential for stable motor control. 
By maintaining predictable execution timing, the system avoids 
unexpected behavior and ensures consistent response to 
vibration changes. 

VI. SIGNAL PROCESSING AND ADAPTIVE CONTROL ALGORITHM 

Signal processing is performed in the time domain to 
minimize computational complexity and ensure real–time 
performance. The vibration signal is analyzed using Root Mean 
Square (RMS) estimation over a sliding time window, which 
provides a reliable measure of vibration intensity while 
suppressing high–frequency noise and transient 

disturbances.The RMS value is calculated using the following 
expression: 

𝑅𝑀𝑆=√
1

𝑁
∑ 𝑥𝑖

2𝑁

𝑖=1
      

where xi represents individual vibration samples and N is the 
number of samples within the sliding window. 

Based on the computed RMS value, vibration levels are 
classified into predefined operating regions, such as normal, 
elevated, and excessive vibration. Each region corresponds to a 
specific control action applied to the PWM signal. The RMS 
value is particularly suitable for vibration analysis because it 
represents the effective energy of the signal over time. Unlike 
peak measurements, which can be highly sensitive to noise and 
transient spikes, RMS provides a more stable and reliable 
indicator of vibration intensity [7]. 

By averaging the signal over a defined window, RMS 
reduces the influence of high-frequency disturbances and 
ensures that control decisions are based on consistent data. This 
is especially important in real-time systems, where incorrect 
interpretation of noisy signals could lead to unstable control 
behaviour. When vibration levels exceed defined thresholds, the 
adaptive control algorithm modifies PWM duty cycle parameters 
to reduce mechanical excitation. The adaptation is performed 
gradually to avoid sudden changes in torque and ensure smooth 
motor operation. This strategy allows the system to respond 
dynamically to mechanical disturbances while preserving overall 
control stability. In addition to time domain analysis, future 
improvements could include frequency domain processing, 
which would allow identification of specific fault–related 
frequencies. However, the current approach prioritizes 
computational efficiency, making it suitable for low–resource 
embedded systems while still providing effective vibration 
suppression. 

To formally define the influence of vibration feedback on 
PWM regulation, let the vibration intensity be represented by the 
RMS value V(t), computed over a sliding window of length N. 
Two thresholds are introduced: the reference vibration level Vref 
and the upper critical level Vhigh, where Vhigh> Vref. The 
adaptive duty-cycle correction is defined as 

∆𝐷 = {

0,                                     𝑉(𝑡) ≤ 𝑉𝑟𝑒𝑓

𝐾1 = (𝑉(𝑡) − 𝑉𝑟𝑒𝑓), 𝑉𝑟𝑒𝑓 < 𝑉(𝑡) ≤ 𝑉ℎ𝑖𝑔ℎ

𝐾2 = (𝑉(𝑡) − 𝑉𝑟𝑒𝑓),   𝑉(𝑡) > 𝑉ℎ𝑖𝑔ℎ

} 

where K1,K2>0 and K2>K1 . The updated PWM duty cycle is 

given by 

𝐷(𝑡) = 𝐷0(𝑡) − ∆𝐷(𝑡) 

where D0(t) denotes the nominal duty cycle generated by the 

primary motor control loop. 

For excessive vibration levels V(t)>Vhigh, switching frequency 

adaptation is additionally introduced: 

𝑓𝑃𝑊𝑀(𝑡) = 𝑓0 + 𝐾𝑓(𝑉(𝑡) − 𝑉ℎ𝑖𝑔ℎ), 

(1) 

(2) 

(3) 

(4) 
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Fig. 3. Conceptual overview of adaptive PWM control based on vibration feedback, including vibration sensing, microcontroller 

processing, and PWM signal adaptation. 

where f0 is the nominal switching frequency and Kf>0. This 

frequency adjustment shifts the excitation spectrum in order to 

reduce resonance amplification. 

To preserve stability and prevent abrupt torque variations, 

saturation constraints are imposed: 

|∆𝐷(𝑡)| ≤ ∆𝐷𝑚𝑎𝑥, |𝑓𝑃𝑊𝑀(𝑡) − 𝑓0| ≤ ∆𝑓𝑚𝑎𝑥 

This piecewise control formulation ensures that PWM 

adaptation is activated only when vibration exceeds acceptable 

limits and that correction intensity is proportional to the 

deviation magnitude. Consequently, minor disturbances result 

in fine duty-cycle tuning, whereas severe vibration scenarios 

trigger stronger corrective action, providing bounded and 

dynamically adaptive suppression of mechanical oscillations. 

VII. EXPECTED RESULTS AND PERFORMANCE ANALYSIS 

Although the primary focus of this work is on system 
architecture and control concept, expected performance 
improvements can be analyzed based on the proposed control 
strategy. By incorporating vibration feedback directly into the 
PWM control loop, the system is expected to reduce vibration 
amplitude under dynamic operating conditions. 

The overall concept of the proposed system is illustrated in 
Fig. 3. The process begins with vibration sensing using a MEMS 
accelerometer mounted on the motor housing, which captures  

vibration signals in the time domain. These signals are then 
transmitted to the microcontroller, where data acquisition and 
real-time vibration analysis are performed. Within the  

microcontroller, the vibration signal is processed to identify 
characteristic features such as amplitude variations and dominant 
frequencies. Based on this analysis, the adaptive control 
algorithm determines appropriate modifications to the PWM 
signal to avoid resonance and suppress excessive vibration. As 
shown in Fig. 3, conventional fixed PWM signals can lead to 
significant mechanical oscillations due to resonance effects. In 
contrast, the proposed adaptive PWM approach dynamically 
adjusts parameters such as duty cycle and switching frequency. 
This results in reduced vibration levels and improved system 
stability. Furthermore, the figure illustrates different adaptation 
strategies, ranging from simple duty-cycle modification to more 
advanced modulation techniques. These approaches enable 
continuous adjustment of the control signal, allowing the system 
to respond effectively to changing operating conditions and 
external disturbances. The proposed method provides a balance 
between implementation simplicity and control effectiveness, 
making it suitable for embedded motor control applications with 
limited computational resources. Overall, the integration of 
vibration feedback into the PWM control loop enables more 
stable motor operation, reduced acoustic noise, and extended 
lifetime of mechanical components. 

Compared to conventional fixed PWM control strategies, the 
proposed system introduces a feedback mechanism based on 
real-time vibration measurements. Traditional PWM control 
operates with predefined parameters that remain constant during 

(5) 
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operation, which can lead to increased mechanical oscillations 
when system conditions change. In contrast, the proposed 
adaptive PWM approach continuously adjusts control 
parameters based on measured vibration levels. This enables the 
system to actively suppress mechanical oscillations rather than 
passively tolerate them. The idea is to continuously monitor the 
vibration level of the motor and react only when it starts to 
deviate from normal operating conditions. In this work, the 
vibration signal is processed using the RMS value, which 
represents an average measure of vibration intensity over time. 
This value is then compared with a predefined reference level 
that corresponds to acceptable motor operation. If the measured 
vibration remains within the normal range, the PWM signal is 
not modified, allowing the system to operate in a stable regime. 
However, when the vibration level increases beyond the 
reference value, the control algorithm gradually adjusts the 
PWM duty cycle in order to reduce mechanical excitation. 

The adjustment is not performed abruptly, but rather in a 
proportional manner, depending on how much the measured 
vibration deviates from the desired level. In that sense, larger 
deviations lead to stronger corrections, while smaller deviations 
result in minimal changes. This helps avoid sudden variations in 
motor behavior and ensures smoother operation. The relationship 
between vibration level and PWM correction can be expressed 
in a simple form as: 

ΔD = K · (RMS − RMSref) 

where ΔD represents the change in PWM duty cycle, K is a 
tuning parameter, RMS is the measured vibration value, and 
RMSref is the reference level. This type of control is intentionally 
kept simple, as it allows easy implementation on embedded 
platforms such as STM32, without the need for complex models 
or heavy computations. At the same time, it provides sufficient 
responsiveness to changes in vibration, making it a practical 
solution for real–time applications. Furthermore, compared to 
advanced control methods such as Field–Oriented Control 
(FOC), which require detailed motor models and high 
computational resources, the proposed solution offers 
significantly lower implementation complexity. This makes it 
particularly suitable for low–cost embedded systems where 
computational efficiency and real-time response are critical. As 
a result, the proposed approach achieves a balance between 
simplicity and performance, providing effective vibration 
reduction without the need for complex control algorithms. The 
main advantage of the proposed system lies in its ability to 
directly integrate mechanical feedback into the control loop, 
enabling faster response to disturbances and improved system 
stability compared to traditional approaches.Industrial 
applicability and standardiyation The proposed system is 
suitable for applications such as conveyor systems, HVAC units, 
pumps, and small industrial drives. For industrial deployment, 
vibration evaluation standards such as ISO 10816 and ISO 13373 
should be considered to ensure reliable interpretation of vibration 
levels and safe operation. The proposed solution is well aligned 
with modern industrial requirements, including energy 
efficiency, reliability, and reduced maintenance costs. By 
minimizing vibration levels, the system contributes to quieter 
operation and improved working conditions. Additionally, the 
ability to integrate this approach into existing systems without 
major hardware modifications makes it highly attractive for 
retrofitting applications. This flexibility supports wider adoption 
in various industrial sectors [2], [3]. 

VIII. FUTURE WORK 

 The proposed vibration-aware control approach aligns well 

with the principles of Industry 4.0, where systems are expected 

to be intelligent, adaptive, and capable of autonomous decision-

making. By integrating vibration feedback directly into the 

control loop, the system moves beyond traditional monitoring 

and becomes an active component in maintaining optimal 

operating conditions. In the context of smart manufacturing, such 

systems can contribute to improved process reliability and 

reduced downtime by enabling immediate response to changes 

in mechanical behavior. Instead of relying solely on periodic 

inspections or offline analysis, the proposed solution allows 

continuous monitoring and real-time adjustment, which is a key 

requirement in modern automated environments. Furthermore, 

the system can be extended toward full Industry 4.0 integration 

by enabling communication with higher-level platforms, such as 

cloud-based monitoring systems. In such a setup, vibration data 

collected from the motor could be stored, analyzed over time, 

and used for predictive maintenance strategies.[8] This opens the 

possibility for combining real-time control with data-driven 

insights, where local embedded decisions are supported by 

global system-level analysis. As a result, the proposed approach 

not only improves immediate system performance but also 

contributes to long-term optimization and smarter maintenance 

planning. 

CONCLUSION 

This paper presented a real-time analog–digital system for 

vibration detection and adaptive PWM control in electric motors. 

By incorporating vibration feedback directly into the control 

loop, the proposed solution reduces mechanical oscillations and 

improves system stability. The system offers a simple, scalable, 

and cost–effective approach suitable for embedded and industrial 

motor control applications. 
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