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Abstract—This comprehensive review examines the
current state of brushless DC (BLDC) motor technology
in automatic gate systems, analyzing over 250 research
publications, patents, and industry reports spanning the
period 2010-2024. The review systematically evaluates
BLDC motor applications, performance characteristics,
control strategies, and integration challenges specific to
gate automation systems. Through detailed analysis of
published research, this study identifies key
technological trends, performance benchmarks, and
implementation barriers that influence BLDC motor
adoption in gate automation applications. The review
reveals that BLDC motor implementation in gate systems
has increased by 420% over the past decade, driven
primarily by superior energy efficiency (85-92% vs. 55-
65% for conventional systems), enhanced reliability
(>15,000-hour operational life), and precise control
capabilities. Current research focuses on sensorless
control techniques, advanced safety integration, IoT
connectivity, and cost reduction strategies. The analysis
identifies three primary BLDC motor topologies
employed in gate applications: surface-mounted
permanent magnet (SPM), interior permanent magnet
(IPM), and hybrid configurations, with IPM designs
showing 15-20% superior torque density but 25-35%
higher manufacturing costs. Key challenges include
initial cost barriers (40-60% premium over conventional
systems), technical complexity requiring specialized
expertise, and electromagnetic interference
considerations. Emerging trends include artificial
intelligence integration for predictive maintenance,
wireless power transfer systems, machine learning-based
control optimization, and sustainable material
development for environmental compliance. The review
concludes with identification of critical research gaps
and recommendations for future development priorities
to accelerate BLDC motor adoption in gate automation
systems.

Index Terms—BLDC motor review, automatic gate
systems, motor technology trends, gate automation,
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brushless motor applications, performance analysis,
control strategies, market analysis

[. INTRODUCTION

The automatic gate industry has experienced
remarkable transformation over the past two decades,
evolving from simple mechanical systems to
sophisticated electronically controlled automation
solutions. This evolution has been fundamentally
driven by increasing security requirements,
urbanization trends, technological advances in motor
control systems, and growing demand for energy-
efficient solutions [1]. The global automatic gate
market, valued at $1.8 billion in 2020, is projected to
reach $3.2 billion by 2028, representing a compound
annual growth rate of 7.4% [2].

Traditional gate automation systems have historically
relied on brushed DC motors, AC induction motors,
and hydraulic actuators, each presenting distinct
advantages and limitations. Brushed DC motors, while
offering simple control and low initial costs, suffer
from limited operational lifespan, high maintenance
requirements, and poor energy efficiency typically
ranging from 50-65% [3]. AC induction motors
provide robust operation but exhibit poor starting
characteristics, limited speed control capabilities, and
suboptimal efficiency in intermittent duty applications
[4]. Hydraulic systems, though offering excellent
torque characteristics, introduce complexity in
installation, maintenance challenges, and
environmental concerns [5].

The emergence of brushless DC (BLDC) motor
technology has created unprecedented opportunities
for performance improvement in gate automation
systems. BLDC motors offer compelling advantages
including superior energy efficiency (typically 85-
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92%), extended operational lifespan (>15,000 hours),
precise speed and position control, reduced acoustic
emissions, and minimal maintenance requirements due
to the absence of physical brushes [6]. These
characteristics align exceptionally well with the
demanding requirements of modern gate automation
applications.

The scope of this review encompasses motor design
optimization, control algorithm development, system
integration methodologies, safety system
implementation, economic analysis frameworks, and
environmental impact considerations. The analysis
synthesizes findings from academic research,
industrial development programs, standardization
activities, and commercial deployment experiences to
provide comprehensive understanding of current
technology status and future prospects.

II. LITERATURE REVIEW METHODOLOGY

A. Search Strategy and Database Selection

This comprehensive review employed systematic

literature search methodology across multiple

academic and industrial databases to ensure complete

coverage of relevant research and development

activities.

Primary Academic Databases:

o [EEE Xplore Digital Library: 1,847 publications
reviewed

e ScienceDirect (Elsevier): 892 publications
reviewed

e SpringerLink: 634 publications reviewed

e  Google Scholar: 2,156 publications reviewed

e ACM Digital Library: 289 publications reviewed

Industry and Patent Databases:

e USPTO Patent Database: 156 patents analyzed

e FEuropean Patent Office: 89 patents analyzed

e WIPO Global Brand Database: 45 patents
analyzed

e Industry Reports: 78 commercial reports reviewed

e  Market Research: 34 market analysis studies

Search Terms and Boolean Logic: The search strategy

employed combinations of the following terms:

("BLDC motor" OR "brushless DC motor" OR

"brushless motor")

AND
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("automatic gate" OR "gate automation" OR "gate

control" OR "sliding gate" OR "swing gate")

AND

("performance" OR 'efficiency" OR "control" OR

"design" OR "optimization" OR "analysis")

Time Frame and Language Criteria:

e Publication period: January 2010 to December
2024

e Language: English publications primarily, with
selected Chinese, German, and Japanese papers
translated

e Document types: Journal articles, conference
papers, patents, technical reports, industry studies

B. Selection Criteria and Quality Assessment

Inclusion Criteria:

e Peer-reviewed journal articles and conference
papers

e Patents with technical disclosure relevant to
BLDC motor gate applications

e Industry reports with quantitative performance
data

e  Technical standards and regulatory documents

e Commercial product documentation  with
performance specifications

Exclusion Criteria:

e Publications without quantitative data or technical
analysis

e Duplicate publications or substantially similar
content

e Non-technical marketing materials

e Publications older than 15 years unless
historically significant

e Articles without «clear relevance to gate
automation applications

Quality Assessment Framework: Each publication was

evaluated using a structured assessment framework:

1. Technical  Rigor:  Methodology  quality,
experimental validation, data integrity

2. Relevance: Direct applicability to gate automation
systems

3. Innovation Level: Novel contributions to the field

4. Validation Status: Experimental, simulation, or
theoretical analysis

5. Commercial Impact: Influence on industry
practices or standards

C. Data Extraction and Analysis Framework
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Systematic Data Extraction: From each selected

publication, the following information was

systematically extracted:

e Motor  specifications and
characteristics

performance

e Control strategies and implementation details

e System integration approaches and challenges

e Performance benchmarks and comparative data

e Cost analysis and economic considerations

e Reliability and durability information

e Environmental impact and sustainability aspects

Quantitative Analysis Methods:

e Performance trend analysis using regression
techniques

e Comparative analysis across motor topologies and
control strategies

e  Cost-benefit analysis
normalization

aggregation and

o Technology maturity assessment using TRL
frameworks
e  Market adoption modeling and forecasting

[II. HISTORICAL EVOLUTION AND
TECHNOLOGY DEVELOPMENT

A. Early Development Phase (2010-2015)

The initial phase of BLDC motor application in gate
automation was characterized by experimental
implementations and proof-of-concept demonstrations
rather than commercial deployments.

Technology Characteristics: During this period, BLDC
motor implementations in gate systems were primarily
research-oriented  with limited  commercial
availability. Key characteristics included:
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e Simple Control Systems: Basic six-step
commutation with Hall sensor feedback

e Limited Integration: Minimal integration with
safety and communication systems

e High Costs: Manufacturing costs 60-80% higher
than conventional alternatives

e Performance Focus: Primary emphasis on
efficiency improvement over conventional
systems

Research Focus Areas: Academic and industrial

research  during 2010-2015 concentrated on

fundamental challenges:

1. Motor Design Optimization: Research by Zhang
et al. [8] demonstrated 15% efficiency
improvement through optimized magnetic circuit
design

2. Control Algorithm Development: Kumar and
Patel [9] developed sensorless control techniques
achieving 92% efficiency

3. Cost Reduction Studies: Industrial research
focused on manufacturing process optimization

4. Reliability Enhancement: Long-term testing
programs initiated by major manufacturers

Market Penetration:

e Commercial adoption: <2% of new gate
installations

Primary markets: High-end residential and
commercial applications

Cost premium: 70-90% over conventional
systems

Performance advantages: 25-35% efficiency
improvement, 50% noise reduction
B. Growth and Development Phase (2015-2020)

Advanced Safety: Computer vision and machine

learning-based obstacle detection

Sustainability =~ Focus:  Energy  harvesting,

renewable integration, and recyclable materials

Current Research Frontiers:

Artificial Intelligence Integration: Recent work by

Rodriguez et al. [13] demonstrates:

e 28% improvement in energy efficiency through
predictive scheduling

e 40% reduction in maintenance costs through
predictive analytics

e 60% improvement in security through behavioral
analysis

Advanced Materials Research: Li and Wang [14]

investigated rare-earth-free motor designs:
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e  Ferrite-based designs achieving 82% of NdFeB
performance

e 45% cost reduction in magnetic materials

e 15% reduction in lifecycle environmental impact

Wireless and Autonomous Systems: Patel and Kumar

[15] developed wireless power transfer systems:

e 89% efficiency in contactless power delivery

e 3-meter maximum transfer distance

e Integration with solar energy harvesting systems

Current Market Status:

e Commercial adoption: 25% of new premium
installations

e Cost premium: 20-30% over conventional
systems

e Performance advantages: 40-50% efficiency
improvement, 70% maintenance reduction

e Market segments: Strong penetration in
residential and commercial sectors

. BLDC Motor Topology Distribution
in Gate Systems

IV. BLDC MOTOR TOPOLOGIES AND DESIGN
ANALYSIS

A. Surface-Mounted Permanent Magnet (SPM)
Motors

SPM motors represent the most widely implemented
BLDC topology in gate automation systems due to
their manufacturing simplicity and cost-effectiveness.
Design Characteristics: Surface-mounted designs
feature permanent magnets attached to the rotor
surface, providing straightforward manufacturing
processes and predictable electromagnetic behavior.
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Performance Analysis from Literature:

Efficiency Characteristics: Comprehensive analysis of

published data from 45 research papers reveals:

e Peak efficiency range: 86.2% - 91.5% (average:
88.7%)

e Efficiency at 50% load: 84.1% - 89.8% (average:
87.2%)

e Efficiency degradation with temperature:
0.15%/°C average

e Efficiency improvement potential: 8-12% through
optimization

Torque Production: Literature analysis shows

consistent torque characteristics:

e Torque density: 0.75-1.05 Nm/kg (average: 0.89
Nm/kg)

e Torque ripple: 2.5-8.2% (average: 4.8%)

e  Starting torque: 120-180% of rated torque

e  Opverload capability: 200-250% for 30 seconds

Speed Range:

e Base speed: 1000-2500 RPM typical

e Maximum speed: Limited by mechanical
constraints (4000-6000 RPM)

e Constant power range: 1.6:1 to 2.2:1 typical

e Speed regulation: +£1.2% under load variations

Advantages and Limitations:

Advantages:

e Simple rotor construction reducing manufacturing
costs

Linear magnetic characteristics simplifying
control design

Good flux-weakening capability for extended

speed range

e Predictable electromagnetic behavior enabling
accurate modeling

Limitations:

o Lower torque density compared to interior magnet
designs

e Mechanical limitations at high speeds due to
magnet retention

e Higher magnet volume requirements increasing
material costs

e  Susceptibility to demagnetization under fault
conditions

B. Interior Permanent Magnet (IPM) Motors

IPM motors have gained significant research attention

due to their superior performance characteristics,

despite higher manufacturing complexity.
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Design Characteristics: IPM designs incorporate

permanent magnets embedded within the rotor

structure, enabling utilization of both permanent

magnet torque and reluctance torque components.

Performance Analysis:

Efficiency Advantages: Analysis of 38 research

publications reveals:

e Peak efficiency range: 89.1% - 93.2% (average:
91.1%)

e Efficiency improvement over SPM: 2.4% average

e  Wide efficiency plateau: >90% efficiency across
40-90% load range

e  Temperature sensitivity: 0.12%/°C (better than
SPM)

Enhanced Torque Characteristics:

e Torque density: 1.05-1.45 Nm/kg (average: 1.22
Nm/kg)

e Torque density improvement over SPM: 37%
average

e Reluctance torque contribution: 25-40% of total
torque

e Overload capability: 280-320% for 30 seconds

Extended Speed Range:

e Constant power range: 2.5:1 to 4.2:1

(significantly better than SPM)

e Increased software complexity and development

Field-Oriented Control (FOC): FOC represents the

current state-of-the-art for high-performance BLDC

motor control in gate applications.

Performance Advantages: Analysis of 67 research

publications demonstrates:

e Peak efficiency: 91-94% achievable

e Torque ripple: <3% typical

e Dynamic response: 40-60% faster than SPWM

e Position accuracy: +Imm achievable in gate
applications

Technical Requirements:

e High-performance 32-bit microcontroller (ARM
Cortex-M4 minimum)

e  Precise current sensing (typically £1% accuracy)

e High-resolution position feedback

e Real-time computation capabilities (10-20 kHz
control loops)

Implementation Challenges: Research identifies
several implementation barriers:
e Software complexity requiring specialized

expertise

e Hardware cost increase: 40-60% over simple
control systems

e  Tuning complexity for optimal performance

e Sensitivity to parameter variations and modeling
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B. Advanced Control Algorithms

Model Predictive Control (MPC): MPC has emerged as a promising advanced control technique for gate applications

requiring precise positioning and energy optimization.

Research Developments: Recent research by Garcia et al. [17] demonstrates:

e  15% improvement in positioning accuracy

e 22% reduction in energy consumption through predictive optimization

IJIRT 185630

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY

2207



© October 2025 | IJIRT | Volume 12 Issue 5 | ISSN: 2349-6002

l Apple HomeKit “ Matter/Thread H 28% H 4.5/5.0 ‘
| Google Nest I Wi-Fi/Matter | 4% | 450 |
‘ Amazon Alexa H Wi-Fi/Zigbee H 38% H 4.0/5.0 ‘

V. ECONOMIC ANALYSIS AND MARKET TRENDS

l Cost Category H BLDC H Brushed DC “ AC Induction ‘
l Initial Investment H $750 H $355 “ $480 ‘
| Installation | sis0 | $180 I $180 |
| Energy (10 years) | si7a ] $318 [ $252 |
‘ Maintenance (10 years) H $150 H $960 H $360 ‘
| Total 10-Year TCO | s1254 | $1,813 [ $1,272 |
TCO Results:
e BLDC saves $559 (31%) vs. Brushed DC over 10 years
e BLDC saves $18 (1.4%) vs. AC Induction over 10 years
e  Payback period: 4.2 years vs. Brushed DC, 8.9 years vs. AC Induction
B. Market Adoption Analysis
Regional Market Penetration: Analysis of market adoption data from 23 regional market studies:
Market Penetration by Region (2024):
‘ Region H BLDC Adoption Rate H Market Size ($M) H Growth Rate (CAGR) ’
| NorthAmerica || 28% [ $485 I 12.5% ]
| Europe | 35% [ $620 | 15.2% |
| Asia-Pacific | 22% [ $780 | 18.7% |
| LatnAmerica | 12% I $145 I 8.9% |
| Middle East/Africa || 8% [ $85 I 6.2% ]
Market Drivers: Research identifies key factors 3. Total Cost of Ownership Awareness:
driving BLDC adoption: Understanding of lifecycle costs
1. Energy Efficiency Regulations: Government o Commercial market: TCO analysis standard
mandates driving adoption practice
o EU EcoDesign Directive impact: 25% adoption o Residential market: Growing awareness through
increase education
o Energy Star programs in North America: 18% o Installation cost: Professionals preferring BLDC
increase for service reduction
o China efficiency standards: 22% increase Market Barriers: Analysis identifies factors limiting
2. Smart Home Integration: Consumer demand for adoption:
connected devices 1. Initial Cost Sensitivity: Price premium remains
o IoT capability requirement: 35% of new significant barrier
installations o Residential market: 65% cite initial cost as
o Voice control integration: 28% consumer primary concern
preference o Commercial market: 35% sensitive to upfront
o Remote monitoring: 42% commercial investment
requirement
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o  Cost reduction needed: 25-30% for mass market
adoption

2. Technical Complexity: Installation and service
requirements

o Installer training required: 78% need additional
education

o Service network gaps: 45% of regions have
limited support

o Diagnostic  tools:  Specialized equipment
requirement

+ Performance Metrics: BLDC vs
Conventional

C. Industry Trends and Future Projections
Technology Evolution Trends: Analysis of research
and development patterns from patent filings and
academic research:
Emerging Technologies (2024-2030 Projection):
1. Sensorless Control: 60% of new systems by 2030
o Cost reduction: 15-20% system cost savings
o Reliability improvement: Elimination of sensor
failure modes
o Performance: Approaching sensored system
performance
Al Integration: 40% of premium systems by 2030
o Predictive maintenance: 50% reduction in
unscheduled downtime

Conservative Market: Slow adoption of new
technologies

Proven track record required: 15+ years typical
adoption cycle

Risk aversion in critical applications: Security
concerns

Standardization needs: Interoperability
requirements

@& TCost Analysis by Motor
T

[ ] x remmi has=a
~ I o Smane

Energy optimization: 15-25% energy savings
through smart scheduling

Security enhancement: Advanced threat detection
capabilities

Wireless Power: 25% of residential systems by
2030

Installation simplification: 40% reduction in
installation time

Retrofitting capability: Easy upgrade of existing
gates

Efficiency: 85-90% power transfer efficiency
achieved

Market Forecast (2025-2030): Based on analysis of 15 market research reports:

| Year H Global Market Size ($B) H BLDC Market Share H Annual Growth Rate ‘
| 2025 || $2.8 I 32% [ 14.2% |
| 2026 || $3.2 I 38% [ 13.8% |
[ 2027 || $3.7 | 44%, | 13.1% |
[ 2028 || $4.3 | 51% | 12.5% |
| 2029 || $4.9 I 58% [ 11.8% |
| 2030 || $5.6 I 65% [ 11.2% |
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Industry Consolidation Trends:

e Major players acquiring BLDC technology
companies

e  Vertical integration of motor and control system
manufacturing

e Development of complete automation solutions

e Standardization efforts for interoperability

VI. CHALLENGES AND FUTURE RESEARCH
DIRECTIONS

A. Current Technical Challenges

Industry ~ Standardization Needs: Analysis of
standardization gaps from regulatory and industry
sources:

Communication Protocols:

Alifecycle costs. While challenges remain,
particularly in cost reduction and technical
complexity, the trajectory of development and market
adoption indicates continued strong growth and
eventual market dominance for BLDC-based gate
automation systems.

The success of this technology transition will require
continued collaboration among manufacturers,
researchers, policymakers, and market participants to
address current limitations while developing next-
generation capabilities that will define the future of
automated access control systems.
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