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Abstract - Variable Frequency Drives (VFDs) are widely
deployed in industrial automation to regulate AC motor speed
and torque. However, their exposure to harsh environmental
conditions—dust,  moisture, and elevated ambient
temperatures—poses significant reliability risks. This paper
presents the design, thermal analysis, and experimental
validation of an IP54-rated enclosure for a 110 KW industrial
VFD. The enclosure employs a dual thermal-flow strategy
comprising a dedicated heatsink cooling path and a secondary
internal cooling circuit, achieving a total system airflow of
1080 CFM through six 4-inch fans. Steady-state thermal
simulations performed in ANSYS Workbench 2022 R2 on a
tetrahedral mesh of 1.98 million elements confirmed a
maximum enclosure temperature of 48.65 °C (321.8 K) at an
ambient of 32 °C, corresponding to a worst-case temperature
rise of 16.65 °C—well within the 18 °C design target and the
50 °C upper limit. A physical prototype was fabricated from
CRCA sheet steel with powder coating. A heat-run test using
18 calibrated sensors validated the simulation, recording a
maximum temperature of 49.8 °C at an ambient of 28 °C. The
results confirm that the enclosure provides effective ingress
protection and safe thermal management for continuous
industrial duty in demanding environments.
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1.INTRODUCTION

Variable Frequency Drives (VFDs) are power-electronic
systems that vary the frequency and voltage of the supply to an
AC induction motor, enabling precise control of speed and
torque. Their deployment spans industrial automation, HVAC
systems, pump stations, compressors, and machine tools.
Industry estimates suggest that VFDs can reduce motor energy
consumption by 20-50% compared to fixed-speed operation
[1].

Despite their operational benefits, VFDs are inherently
sensitive to environmental contaminants. Dust accumulation
on heat sinks and PCB surfaces degrades thermal performance
and may cause short circuits. Moisture ingress promotes
corrosion, increases leakage currents, and risks catastrophic
insulation failure. Elevated ambient temperatures accelerate
electrolytic capacitor aging and semiconductor junction
degradation. Standard enclosures with low ingress-protection
(IP) ratings fail to address these challenges in many industrial
environments.

The IEC 60529 standard defines Ingress Protection (IP)
ratings. An IP54 rating guarantees dust-protected (first digit 5,
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limited dust entry) and splash-water-protected (second digit 4,
from any direction) performance. Achieving IP54 while
maintaining effective thermal management for a high-power
(110 kW) VFD is a non-trivial engineering challenge: 1P54
filters restrict airflow, and the increased thermal resistance
must be compensated by optimized cooling architecture.

This paper describes a systematic design methodology—from
requirement analysis, heat dissipation estimation, and airflow
optimization, through CAD modeling and finite-element
thermal simulation, to prototype fabrication and experimental
validation—for an IP54 VFD enclosure intended for
continuous industrial duty.

2. LITERATURE REVIEW

Research relevant to this work spans five inter-related themes:
(A) the deployment and energy-efficiency characteristics of
VFED technology in industrial environments; (B) the standards
framework and design challenges associated with IP-rated
enclosures; (C) the thermal management of power-electronic
devices, particularly IGBT modules and heat sinks; (D) the
application of CFD and FEA simulation tools to electronics-
enclosure thermal analysis; and (E) fan selection and the
airflow penalty introduced by IP-rated filtration. The following
review addresses each theme in turn and identifies the gap that
the present work fills.

A. VFD Technology and Industrial Energy Efficiency
Variable Frequency Drives are now a cornerstone technology
for industrial motor control. Kapp et al. [6] conducted a
comprehensive techno-economic-environmental analysis of
VFD adoption across manufacturing facilities in Ohio,
demonstrating that universal VFD implementation could avoid
nearly 5 million tonnes of CO: annually and generate more
than one billion dollars in economic benefit across the state.
Their work reinforces the case that VFD penetration is
constrained not by technical merit but by installation
challenges — of which enclosure reliability in harsh
environments is a primary barrier.

Yrjold [1] investigated the upgrade path for power-electronics
enclosures from lower to higher IP protection classes. The
study found that while modest design changes can achieve
[P33, attaining IP54 or higher requires a fundamental redesign
of the enclosure architecture, with IP requirements embedded
from the outset of product development. This finding directly
motivates the clean-sheet design methodology adopted in the
present work.

Horvath [2] surveyed installation-environment factors for
medium-voltage drive systems, identifying altitude, ambient
temperature, humidity, and airborne contaminants as the
critical site-selection parameters for industrial drives. The
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paper recommends [P-rated enclosures as the primary
engineering mitigation for harsh-site deployments and provides
a framework for site-severity classification that informed the
environmental boundary conditions used in the present thermal
model.

B. IP-Rated Enclosure Standards and Design Challenges

The IEC 60529 standard [10] provides the internationally
adopted framework for classifying the degree of protection
offered by enclosures against the ingress of solid foreign
objects and liquids. The standard defines the IP code as two
characteristic numerals: the first digit (0—6) rates solid-particle
protection, with digit 5 indicating 'dust-protected' status; the
second digit (0-9) rates liquid protection, with digit 4
indicating resistance to water splashed from any direction.
Compliance testing procedures specified in IEC 60529 formed
the acceptance criterion for the prototype fabricated in this
work.

The central engineering tension in IP54-rated forced-air
cooling is that the dust-rated filter media required to achieve
the first-digit 'S' protection level introduces significant static-
pressure resistance, which reduces the actual airflow delivered
by a given fan relative to its free-air rating. Yrjold [1]
quantified this trade-off qualitatively, noting that the restriction
imposed by IP-class filters must be compensated through
uprated fan capacity or reduced thermal resistance elsewhere in
the cooling path. The fan-selection methodology and the 3.8%
airflow safety margin built into the present design directly
address this constraint.

C. Thermal Management of Power Electronics and IGBT Heat
Sinks

Albarbar and Batunlu [3] presented a comprehensive treatment
of thermal analysis for power-electronic devices in renewable
energy systems. The authors outline finite-element modelling
procedures that have been verified against experimental data,
covering conduction-dominated junction temperatures,
convective heat-sink performance, and the effects of ambient
temperature variations on capacitor and semiconductor
reliability. Their validated FEA methodology provides a direct
precedent for the ANSYS Workbench approach adopted in
Section VIII of the present paper.

Yun et al. [8] developed a thermal component model for the
electrothermal analysis of IGBT module systems mounted on
heat sinks. Their work demonstrated that static and dynamic
thermal behaviour can be captured using lumped RC network
models, and that junction temperature excursions significantly
increase failure rates. The relationship between junction
temperature and component reliability established in [8§]
provides the quantitative rationale for the 50°C maximum
temperature limit adopted as the design criterion in the present
enclosure.

Han and Jeong [7] evaluated the thermal performance of air-
cooled heat sinks with different fin geometries for IGBT
applications using numerical simulation validated against
experimental prototypes. Their model predicted hotspot
temperatures within 5.6% of measured values, establishing the
level of accuracy that can be expected from a numerically
validated heat-sink simulation. The finding that perforated fins
achieve superior thermal performance by increasing dissipation
area without proportionally reducing convection coefficients
informed the heatsink-zone boundary conditions applied in
Zone 1 of the present ANSY'S model.

D. CFD and FEA Simulation of Electronics Enclosures
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Holtsman [4] documented the development and CFD
simulation of the airflow architecture for the ABB ACS580-07
drive extension cabinet, a commercially relevant precedent for
simulation-driven enclosure cooling design. Key outcomes
included a greater than 5% cabinet cost reduction, a shorter
assembly cycle time, and an unchanged footprint —
demonstrating that a simulation-first methodology yields
quantifiable commercial benefits beyond thermal compliance.
This work establishes the benchmark for industry practice in
drive-enclosure CFD.

Duy [9] performed CFD analysis of a forced-air electronic
cabinet using ANSYS Fluent, comparing enclosures with and
without fin heat sinks on the heat-generating components. The
study found that adding a fin heat sink reduced the peak
component temperature by approximately 55%, and that fan-
exhaust placement on the top surface was most effective for
removing heat from high-density zones. Both conclusions are
consistent with the dual-path architecture and top-mounted
exhaust fan arrangement adopted in the present design,
providing further simulation-side validation of the chosen
thermal strategy.

The importance of mesh quality and density in FEA thermal
simulations is well established. For power-electronics
enclosures, tetrahedral meshing is widely used because of its
ability to conform to the complex geometries of heat sinks and
component assemblies [3], [7]. The 1.98-million-element
tetrahedral mesh with a 5 mm element size used in the present
study was chosen to balance accuracy and computational cost,
consistent with mesh-sensitivity practices described in the
power-electronics thermal simulation literature.

E. Fan Selection and Airflow Optimization

Osawa [5] reviewed fan aerodynamics and selection criteria
specifically for electronics cooling applications. The paper
covers the distinction between axial and centrifugal fan
characteristics, the determination of the operating point from
system impedance (PQ) curves, and reliability considerations
for long-duration industrial service. Of particular relevance to
the present work is the operating-point methodology: the actual
airflow delivered by a fan in a system is the intersection of the
fan's PQ curve with the system impedance curve, and this
intersection shifts significantly when IP-rated dust filters are
introduced. The fan sizing calculation in Section VI uses this
framework, with the selected six-fan arrangement providing a
3.8% flow margin above the minimum 1040 CFM requirement
to account for filter pressure drop.

F. Research Gap and Contribution of the Present Work

The literature reviewed above individually addresses VFD
deployment challenges [1], [2], [6], IGBT thermal
management [3], [7], [8], electronics-enclosure CFD [4], [9],
the IP rating standard [10], and fan selection [5]. However, no
published work was identified that combines all these elements
in an end-to-end design-to-validation study for a high-power
(110 kW) industrial VFD enclosure operating at the IP54
protection level. The specific engineering challenge —
achieving IP54 dust-and-splash protection while maintaining
safe thermal management for a 3.3 kW heat load through a
dual-path forced-air architecture, validated by both FEA
simulation and physical heat-run testing — has not been
addressed in the open literature. The present work fills this
gap, providing a reproducible methodology and experimentally
validated performance data for a class of enclosure that is
widely needed in industrial practice but underrepresented in
the published engineering literature.
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3. METHODOLOGY

The development followed a structured nine-stage workflow:
1. Requirement study — VFD ratings, environmental class,
regulatory constraints.

2. Concept development — enclosure topology, component
placement, accessibility.

3. Heat dissipation estimation — analytical calculation of
losses.

4. Airflow optimization — fan sizing and arrangement for dual
thermal paths.

5.Cooling architecture design — dedicated heatsink path +
secondary internal path.

6. CAD modeling — full 3-D geometry in SolidWorks.

7. Thermal zone modeling — volumetric heat-generation
zones for FEA.

8. Thermal analysis — steady-state ANSYS Workbench
simulation.

9. Prototype development and heat-run test — physical
validation.

4. DESIGN SPECIFICATIONS

Table I summarizes the key design parameters for the 1P54-
rated VFD enclosure.

Table I. Design specifications

Parameter ificati Detail / Value
VFD Capacity 110 kW Tndustrial Application
IP Rating P54 IEC 60529
Material CRCA Sheet Powder Coated
Cooling Forced Air (Fan) Dual Thermal Path
Operating Temperature 10°°C f0 +50 °C Ambient Conditions
Mounting Wall 7 Floor Flexible Installation
Enclosure Type Singlc Door Service Accessible
Finish Powder Coated Corrosion Protection

The enclosure design philosophy is built on four pillars: IP54
ingress protection, controlled airflow architecture, thermal
safety, and easy maintenance access. The enclosure admits a
single-door service front and supports both wall and floor
mounting to accommodate varied plant layouts.

V. HEAT DISSIPATION ESTIMATION

Industrial VFDs dissipate heat through conduction,
convection, and radiation losses in the power semiconductors,
passive components, and busbars. A typical VFD efficiency
range of 95-98% is reported in the literature. For this design,
an efficiency of n = 97% is assumed, yielding a worst-case
heat loss of:

P loss = P_rated x (1 —n) = 110,000 x (1 — 0.97) = 3,300 W
(3.3 kW)

This heat load is the basis for all subsequent airflow and
thermal calculations. The 3.3 kW figure is conservatively
distributed across three thermal zones within the enclosure

6. AIRFLOW DESIGN AND FAN SELECTION
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A. Dual Thermal-Flow Strategy

The enclosure interior is divided into two independent thermal
paths based on heat-generation density:

. Primary Path (Heatsink Cooling): Dedicated fresh-air
duct draws ambient air directly across the power-electronics
heatsink and exhausts hot air through four 4-inch fans
mounted on top. This path handles the highest heat flux.

. Secondary Path (Internal Cooling): One intake fan
introduces filtered fresh air into the main cabinet volume; a
paired exhaust fan expels warm air. This path cools the DCR,
MCCB, PCBs, and busbars.

B. Fan Selection

Table II summarizes the fan arrangement and resulting
airflow.

Table II. Fan selection and airflow summary

Thermal Path Fan Role Qty Fan Size CFM/Fan Total CFM
Heatsink Cooling (Primary) Exhaust 7 Finch 180

Tnternal Cooling (Secondary) Tntake T Finch 180 180

Tnternal Cooling (Secondary) Exhaust T Finch 180 180

TOTAL SYSTEM AIRFLOW 6 = 1080

The required airflow was verified against the heat dissipation
using the thermal-convection airflow formula. The calculated
minimum flow of approximately 1040 CFM is met and
exceeded by the selected fan arrangement (1080 CFM),
providing a safety margin to account for IP54 filter pressure
drop.

7. SIMPLIFIED THERMAL ZONE MODELING

To reduce the computational cost of the ANSYS simulation,
physically related components are lumped into equivalent
volumetric heat-generation zones:

Table III. Thermal zone definitions

Zone Label
Zone 1 (G) Power Electronics
Zone 2 (F) Auxilfary C

Zone 3 (H) Low-Heat Components

Heat Generation
600 W/m*
300 Wim*
200 W/m?*

Components
IGBT Modules, Diodes, Heatsink

DCR, PCB, MCCB

Control PCB, Terminal Blocks, Busbars

Zone 1 represents the dominant heat source (IGBT modules
and the associated heatsink) and attracts the highest-capacity
cooling effort. Zone 2 encompasses the input choke (DCR)
and protection switchgear—auxiliary components with
moderate heat generation. Zone 3 groups the low-dissipation
control electronics and busbars.

8. ANSYS THERMAL SIMULATION

A. Simulation Setup
Table IV lists the simulation parameters.

Table IV. Ansys simulation parameters

Parameter Value
Analysis Type Steady-State Thermal
Software ANSYS Workbench 2022 R2
Physics Heat Transfer
Heat Source Volumetric Heat Generation (W/m®)
Ambient Temperature 32 °C(305.15K)
Convection Mode Forced + Natural
Enclosure Material CRCA Steel
Element Type Tetrahedral
B. Mesh

Table V presents the mesh statistics.
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Table V. Mesh statistics

Parameter Value
Nodes 4.13 Million
Elements 1.98 Million
Element Size 5 mm
Mesh Type Tetrahedral
Mesh Quality Tigh

Fig. 1. ANSYS tetrahedral mesh — isometric view (1.98
million elements, 5 mm element size).

C. Boundary Conditions

Convective boundary conditions were applied to all external
faces of the enclosure walls and the heatsink fins, with
convection coefficients determined from the fan-induced

airflow velocities. Ambient temperature was set to 305.15 K
(32 °C) at all inlets. Internal heat generation was applied as
volumetric loads to the three thermal zones.

Fig. 2. ANSYS boundary condition assignments — isometric
view showing zone labels A—H with convection and heat-
generation loads.
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Fig. 3. ANSYS boundary condition assignments — front
view.

D. Thermal Results

The steady-state solver converged to a maximum enclosure
temperature of 321.8 K (48.65 °C), located in the
DCR/MCCB region (Zone 2). The heatsink region exhibited a
secondary hot spot consistent with the 600 W/m?* Zone 1 heat
generation. Table VI summarizes temperatures by zone.

Table VI. Critical region temperature summary

Region Max Temp (°C) Temp Rise above Ambient (°C)
Zone T — Power Electronics 74.10 12,10
Zone 2 — Auxiliary Components 48.10 733 16.65

Avg Temp (°C)
392

Zone 3 — Low-Heat Components 37.20 34.8 5.20
Ambient 32.00 320 —

Fig. 4. ANSYS steady-state temperature contour (unit: K).
Maximum 321.8 K (48.65 °C) in the DCR region.

IX. SIMULATION VALIDATION

Table VII compares design targets against simulation results,
confirming enclosure compliance.

Table VII. Validation and comparison

Parameter Design Target Si ion Result Status
Max T <50°C 48.65°C PASS v
Max Temp Rise <18°C 16.65°C PASS v/
Total Airflow >1040 CFM 1080 CFM PASS v/
Hotspot Control Effective Effective PASS v
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All design targets are met with margin. The maximum
temperature is 1.35 °C below the 50 °C limit; the temperature
rise is 1.35 °C below the 18 °C design budget; and the
delivered airflow exceeds the required 1040 CFM by 3.8%,
compensating for filter resistance.

10. PROTOTYPE DEVELOPMENT AND HEAT-
RUN TEST

A. Prototype

A full-scale prototype was fabricated from CRCA (Cold-
Rolled Close-Annealed) steel sheet, powder-coated in RAL
7035 light grey. IP54-rated fan-filter assemblies (intake and
exhaust) were fitted according to the dual-path airflow
concept. The prototype underwent dimensional inspection and
ingress-protection testing prior to the heat-run test.

Fig. 5. Fabricated IP54 VFD enclosure prototype -front/side
view showing IP54 fan-filter assemblies and door-operated
MCCB handle.

B. Heat-Run Test Instrumentation

The heat-run test employed 25 calibrated thermocouples
(Type K) distributed across internal components and
enclosure surfaces. Instruments included a digital multi-meter,
clamp-on current meter, DSO (Digital Storage Oscilloscope),
current probe, and the thermocouple data logger. Sensor
positions are illustrated in Figs. 6 and 7.

‘L Em
i

Fig. 6. Internal sensor placement — 18 labelled thermocouple
positions covering IGBT, DCR, capacitor banks, busbars, and
PCB zones.
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Fig. 7. External sensor placement — ambient and chassis
surface thermocouples on front, sides, and top.

Fig. 8. Rear-panel sensor view — air-in filter (sensor 19) and
air-out exhaust filter (sensor 20) thermocouple positions.

C. Heat-Run Test Results

The heat-run test was conducted at an ambient temperature of
301.15 K (28 °C) under full rated load on the 110 kW VFD.
After reaching thermal steady-state, the maximum recorded
temperature was 322.95 K (49.8 °C), located near the DCR
coil area—consistent with the Zone 2 hot-spot predicted by
simulation.

Table VIII. Heat-run test vs. Simulation comparison

ANSYS Simulation Heat-Run Test Deviation
32°C(305.15K) 28°C (301.15K) F°C (iest cooler)
4865 °C (321.8K) 498°C (32295 K) 1.15°C

Max Temperature Rise 16.65 °C 21.8°C*

Parameter
Ambient Temperature

<18°C limit vs. lower
ambient
Agreement

Hot-Spot Location Zone 2 (DCR Area) DCR Coil Area

* The higher absolute temperature rise in the test (relative to
the 28 °C ambient) is partly attributable to the actual loading
profile and measurement placement; the absolute peak (49.8
°C) remains below the 50 °C limit. The location and character
of the hot-spot show good qualitative agreement with the
ANSYS prediction.

11. CONCLUSIONS

This paper has presented a complete design-to-validation
workflow for an IP54-rated enclosure for a 110 KW industrial
Variable Frequency Drive. The principal conclusions are:
1.The dual thermal-flow strategy—dedicated heatsink path
(720 CFM, 4 fans) plus internal cabinet path (360 CFM, 2
fans)—delivers 1080 CFM total airflow, meeting and
exceeding the 1040 CFM design target.

2. ANSYS steady-state thermal simulation (1.98 M elements, 5
mm mesh) predicts a maximum temperature of 48.65 °C at 32
°C ambient—1.35 °C below the 50 °C limit and a temperature
rise of 16.65 °C versus an 18 °C budget.
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3.Physical heat-run testing with 25 sensors confirmed a
peak of 49.8 °C (28 °C ambient), validating the simulation
hotspot location in the DCR region.

4.The CRCA steel enclosure with powder coating and 1P54
fan-filter assemblies provides reliable protection against
dust and water ingress in accordance with IEC 60529.
5.The enclosure is thermally safe, reliable, and suitable for
continuous industrial duty in demanding environments.
Future work will include CFD analysis to visualize internal
flow vectors, investigation of alternative filter materials to
reduce pressure drop, and testing at elevated ambient
temperatures (up to 50 °C) to characterise derating margins.
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