
Variable Frequency Drive (VFD): A Comprehensive

Guide

Introduction

A Variable Frequency Drive (VFD) – also known as a variable speed drive (VSD), adjustable frequency drive

(AFD), or simply an AC inverter – is an electronic controller that adjusts the speed and torque of an AC motor

by varying the motor’s input frequency and voltage. In practical terms, a VFD allows a standard electric

motor to ramp its speed up or down to match the demands of the load (fan, pump, conveyor, etc.) instead

of  running  at  full  speed  constantly .  This  not  only  provides  precise  process  control  but  also  yields

significant energy savings. In fact, electric motors consume roughly 65% of all electricity in industry, yet

fewer than 10% of those motors have a VFD installed  – representing a huge opportunity for efficiency

improvements. Various industry analyses (including U.S. Department of Energy studies) have estimated that

wider adoption of VFDs could  cut global electricity consumption by nearly 10% by avoiding wasteful

throttling and on/off cycling . VFDs are thus a cornerstone technology for energy conservation and

are  increasingly  common  in  industrial  facilities,  commercial  buildings,  and  even  large  infrastructure

systems.

Beyond energy efficiency, VFDs bring  multiple benefits to motor-driven systems. By modulating motor

speed to the optimal point, they reduce mechanical wear and stress, resulting in less maintenance and

longer equipment life . They provide soft-start capability, eliminating high inrush currents and voltage

sag on startup – an important feature that protects both the motor and the electrical supply. VFDs also

improve process  precision and stability:  for example, maintaining a constant pressure in a pipeline or

consistent tension in a production line by continuously adjusting motor output. Modern drives can hold

speed or torque within tight tolerances, benefiting product quality and system responsiveness. Given these

advantages, VFD technology has proliferated across industries – from HVAC fans in commercial buildings to

pumps in water treatment plants and heavy-duty drives in manufacturing. In the following sections, we will

delve into how VFDs work, their technical features and specifications, relevant standards and best practices,

as well as real-world applications and case studies illustrating their impact.

How VFDs Work: Fundamentals of AC Motor Control

At its core, a VFD takes incoming AC power and  converts it to a variable-frequency, variable-voltage

output that  is  used to  drive  an AC induction or  synchronous motor  at  the  desired speed.  The typical

topology of a low-voltage VFD consists of three main stages :

Rectifier (AC to DC): The fixed-frequency AC input (often 3-phase, e.g. 480 V 60 Hz) is first converted

to DC. This is accomplished via a diode bridge or SCR rectifier that allows current to flow in only one

direction, effectively “rectifying” the alternating current into a pulsating DC. In a standard six-pulse

rectifier, six diodes (two per phase) are used to create an unregulated DC bus. 
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DC Bus (Intermediate Circuit): The DC output from the rectifier is then smoothed and stabilized in

the DC bus stage. This typically involves  filter capacitors (and sometimes inductors) which filter

out  the AC ripple,  producing a relatively  smooth DC voltage .  The DC bus acts  as  an energy

storage element, supplying constant DC power to the inverter. In many drives, you will find a pair of

large electrolytic capacitors on the DC link. Some designs also include a pre-charge circuit to limit

inrush to the capacitors and braking resistor connections or choppers for dissipating regenerative

energy. The DC bus voltage level is roughly √2 times the AC RMS input (minus losses) – for example,

a 480 V AC input yields about 680 V DC on the bus.

Inverter (DC to variable AC): The final stage is an inverter that reconstructs AC power of the desired

frequency. This is achieved using high-speed switching devices – typically  IGBTs (Insulated Gate

Bipolar Transistors) or similar power transistors – arranged in a bridge configuration. The inverter

chops the DC into a series of pulses that approximate a sinusoidal AC waveform. By controlling the

timing (pulse width modulation, PWM) and sequencing of these transistor switching events, the VFD

produces an output AC of adjustable frequency and voltage amplitude . Essentially, the inverter

can output, say, 0–60 Hz (or higher) and vary the voltage proportionally (e.g. 0–480 V) to control

motor speed from zero up to 100% (and beyond, if over-frequency operation is needed).

Pulse Width Modulation (PWM) is the most common technique used to create a near-sinusoidal output:

the inverter switches on-and-off multiple times per cycle to synthesize each phase of  AC.  The effective

voltage seen by  the  motor  is  the  average of  these  pulses,  which  by  adjusting duty  cycle  can emulate

different voltage levels. The switching frequency (carrier frequency) is typically in the range of 2–15 kHz for

modern drives – high enough that the motor’s inductance smooths the current.  The result is a current

waveform that is much closer to a sine wave than the raw voltage pulses. Modern drives also use special

modulation schemes to reduce harmonics and optimize performance (e.g. space vector PWM). The output

frequency dictates the motor’s synchronous speed (e.g. 30 Hz yields half the speed of a 60 Hz motor). The

VFD typically maintains a constant volts-per-hertz ratio up to base speed to avoid saturating the motor –

this is known as V/f control. For instance, a 460 V 60 Hz motor might get 230 V at 30 Hz, keeping V/Hz at

7.67 V/Hz.

As the frequency (and voltage) is increased or decreased by the drive, the motor’s speed follows, enabling

continuously variable control. It’s important to note that an induction motor’s torque production is related

to the slip and magnetizing current set by this V/Hz. Simple VFDs operate with an open-loop V/Hz profile,

which works well for many applications (like pumps and fans). More advanced drives implement  vector

control algorithms (a form of field-oriented control).  In  open-loop vector control (sensorless vector),  the

drive uses motor models and current feedback to dynamically adjust the output voltage and frequency in

real-time,  maintaining  optimal  torque  production  even  at  low  speeds.  In  closed-loop  vector  control,  an

encoder on the motor shaft feeds back actual speed/position, allowing very precise speed regulation (e.g.

±0.01% accuracy) and full torque at zero speed for positioning applications . These vector-controlled

VFDs can provide  high-performance torque control,  suitable for cranes,  elevators,  and machine tools,

unlike basic V/Hz drives. Manufacturers like Yaskawa and Siemens have developed refined vector control

systems that break the motor current into magnetizing and torque-producing components (d-q axes) to

control  them independently .  The  end result  is  that  modern  VFDs  can  even achieve  four-quadrant

operation, driving or braking the motor with precise torque as needed. Some models (e.g. regenerative

drives or matrix converters) can also feed power back into the supply when braking, rather than wasting

energy as heat.
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Key VFD Specifications: When selecting or analyzing a VFD, some important technical specifications and

features to consider include:

Power Rating: VFDs come in sizes from fractional horsepower (0.2 kW) to multi-megawatt.  Low-

voltage drives (typically up to 600 V class) can cover motors from tiny fans to ~3–5 MW compressors.

For larger motors, medium-voltage VFDs (2.3 kV, 4.16 kV, 6.6 kV, etc.) are used, and these can reach

tens of thousands of horsepower. For example, ABB’s medium-voltage drive lineup covers 315 kW

up  to  100+  MW systems  for  heavy  industries .  Medium-voltage  drives  often  use  multi-level

converter topologies or cascaded cell designs to handle high voltages efficiently.

Voltage Class: Common low-voltage VFDs are designed for 200–240 V, 380–480 V, or 575–690 V AC

inputs (three-phase). Small drives <5 HP are sometimes available for single-phase 120 V or 240 V

input  (with  derating,  as  the  output  is  still  3-phase  to  the  motor).  The  output  voltage  range  is

proportional to input. Users must match the drive to the supply and motor voltage rating.

Overload Capacity: Drives are typically rated for a certain overload current for short periods. For

instance, many drives have dual ratings like “Normal Duty” (110% overload for 1 minute) and “Heavy

Duty”  (150% overload for  1  minute).  This  ties  to how much headroom is  available in  the power

electronics and cooling system. High inertia or high torque start applications (crushers, centrifuges)

may require heavy duty drives.

Switching  Frequency  and  Output  Filters: Higher  PWM  carrier  frequencies  can  reduce  motor

torque ripple  and audible  noise,  but  also  increase  switching losses  and possibly  motor  bearing

currents. Some VFDs allow adjusting the switching frequency (trade-off between performance and

efficiency/noise). For long motor lead lengths or to protect older motors, output  dv/dt filters or

sinusoidal  filters can be added to limit  voltage spike magnitudes and rise times.  This  prevents

issues with motor insulation stress and voltage reflection on long cable runs.

Control Interface and Intelligence: Virtually all modern drives include a digital control panel and

support both analog inputs (e.g. 4-20 mA or 0-10 V for speed reference) and digital inputs/outputs

for start/stop, fault signals, etc. Most have built-in PID controllers, allowing the drive to maintain a

process variable like pressure or flow by adjusting speed, without an external PLC . Many

VFDs also support serial/network communications (Modbus, PROFIBUS, Ethernet/IP, BACnet, etc.) to

integrate  into  automation  or  building  management  systems .  Advanced  models  might

incorporate on-board programmability (PLC functions, motion control profiles) and safety features

like Safe Torque Off (STO) for machine safety compliance.

Environmental Ratings: Drives are available in various enclosure types from open chassis to NEMA

4X/IP66 washdown enclosures. For example, Lenze offers their i550 series drives in both cabinet-

mounted  IP20  versions  and  fully  decentralized  IP66  models that  can  be  mounted  directly  on

motors or walls in the field . These ruggedized drives are useful for pumps and conveyors in

harsh or wet environments where a control cabinet might not be feasible. Always match the VFD’s

temperature  rating,  ingress  protection,  and  cooling  method  (forced  air,  liquid-cooled)  to  the

application conditions.

Special Features: Many manufacturers differentiate with unique features. For instance, ABB’s high-

end drives use Direct Torque Control (DTC) algorithms for extremely fast torque response without
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needing an encoder.  Yaskawa’s  latest  drives include  matrix converter designs (like the Yaskawa

U1000) which eliminate the DC bus by directly converting AC-to-AC; these provide near sinusoidal

input  currents  and  full  regeneration  to  the  line  with  low  harmonics.  Some  drives  targeted  at

pumping applications incorporate pre-programmed pump control macros, multi-pump staging, anti-

ragging (automatic reverse to unclog pumps) and other domain-specific logic to simplify integration

.  Users  should  review  the  feature  set  and  options  (e.g.  conformal  coating  for  humidity,

bearing current filters, etc.) to choose a drive that best fits their needs.

Technical Standards and Safety Considerations

Because VFDs interface with both the electrical  supply and motors (often critical  equipment),  there are

numerous  standards and guidelines governing their design and application. Ensuring compliance with

these standards is essential for safety, electromagnetic compatibility, and reliable operation:

Electrical Safety Standards: VFDs (as power conversion equipment) must meet rigorous product

safety standards for both electrical and fire safety. Internationally, IEC 61800-5-1 is the key standard

covering the safety requirements of adjustable speed drive systems (PDS). This standard addresses

protection against electric shock, insulation coordination, abnormal operation, motor overload, and

more for drives up to 1 kV AC (low voltage) and even medium voltage drives . The latest 2022

edition of IEC 61800-5-1 is aligned with equivalent UL and CSA standards –  UL 61800-5-1 and CSA

C22.2 No. 274 – meaning drives that comply can be certified for use in North America under those

harmonized  requirements .  When  installing  a  VFD,  one  should  ensure  it  carries  the  proper

markings (CE, UL listing, etc.) indicating compliance with relevant standards for the region of use.

Additionally,  UL 508C (now largely superseded by UL 61800-5-1)  was historically  used for  power

conversion equipment and may still appear on older drive models.

Electromagnetic Compatibility (EMC): The rapid switching in VFDs can generate electromagnetic

interference  (EMI)  on  both  the  input  (conducted  harmonics  on  supply  lines)  and  output  (high-

frequency voltage spikes and radio-frequency emissions from cables). To address this, standards like

IEC 61800-3 specify EMC requirements for drive systems. IEC 61800-3 defines emission limits and

immunity requirements, categorizing drives by environment: “First Environment” (residential or light

commercial, stricter limits) vs. “Second Environment” (industrial power systems) and categories C1–

C4  for  different  power  levels  and  installation  conditions.  For  example,  a  drive  advertised  as

“Category C2, First Environment” would be suitable for connection to a low-voltage public network

(e.g. in a commercial building) with an appropriate level of RFI filtering . Many VFDs include built-

in EMI/RFI filters or offer optional filter modules to meet these standards. In Europe, compliance

with EN 61800-3 (the EU adoption of IEC 61800-3) is required for CE marking. When installing, proper

grounding and the use of shielded motor cables are also critical to contain electromagnetic noise.

Manufacturers  provide  guidelines  for  EMC-compliant  installation .  Always  verify  that  the

drive’s EMC specification matches the application – for instance, a drive without an EMI filter might

be fine in an industrial plant but could cause interference on a building’s electrical network if not

filtered.

Harmonic  Distortion and IEEE 519: The non-linear  rectifier  front-end of  a  standard VFD draws

current in pulses,  which introduces current harmonics into the supply system. If  left  unchecked,

harmonic distortion can overheat transformers and capacitors, cause nuisance trips, and interfere

with  other  equipment  on  the  same  grid.  The  IEEE  519-2014 guideline  is  widely  referenced  for
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limiting  harmonic  distortion  at  the  Point  of  Common  Coupling  (PCC).  IEEE  519  provides

recommended maximum total harmonic distortion (THD) levels – typically  voltage THD below 5%

and current THD in the range of 5–8% under typical conditions . These are not rigid laws but

recommended practices;  however,  many  utility  companies  or  facility  engineers  require  new VFD

installations to meet IEEE 519 limits to avoid impacting the wider grid. To achieve low harmonics,

there are several mitigation techniques:

Using a dc link reactor or ac line reactor with the drive to smooth the current waveform.

Installing passive filters tuned to block 5th, 7th harmonics, etc.

Using a 12-pulse or 18-pulse rectifier (which employs phase-shifting transformers and multiple

diode bridges to cancel certain harmonics).

Using an Active Front End (AFE) drive or an active harmonic filter. Active front-end VFDs have an

IGBT-based rectifier that can modulate input currents sinusoidally and even feed energy back to the

source (regeneration), virtually eliminating lower-order harmonics . This technology is often

called a “clean power” or low harmonic drive. 

When specifying VFDs for large installations, it’s important to analyze expected harmonics and choose the

appropriate solution so that IEEE 519 (or local power quality standards) are satisfied. For example, water

plants or HVAC systems with dozens of drives may incorporate a mix of 18-pulse drives or central filters to

keep distortion within limits. Some drive manufacturers publish harmonic data and offer software tools to

predict and mitigate harmonics for compliance.

Motor Compatibility (NEMA, IEC Standards): Not all motors are equal in how they handle the fast

voltage rise and high frequency components of VFD output. Standard motors not designed for

inverter duty may suffer insulation stress, overheating at low speed, or bearing damage when

run on a VFD. Standards provide guidance here: NEMA MG 1 (Motors and Generators standard) Part

30 and Part 31 in the U.S. define recommended practices for motors on adjustable speed drives.

NEMA MG1 Part 31 specifically sets forth stricter insulation requirements for “inverter-duty” motors –

for example, a 460 V motor should withstand at least 1600 V peak voltage spikes with short rise

times (0.1 microseconds), as these are typical of PWM drives . Many modern motors are built to

meet or exceed this, using better insulation materials and magnet wire. When applying a VFD to an

existing motor, one should confirm it meets inverter-duty ratings or consider adding output filters

to protect the motor. Another issue is thermal cooling: at low speeds a standard TEFC motor’s fan

may not provide enough airflow, so either the motor must be derated or separately cooled (as noted

by NEMA MG1, running below 50% speed continuously may require a auxiliary blower) . Users

should consult motor nameplates and documentation for VFD suitability. In cases of very long

motor leads (cable lengths over, say, 50-100m), the transmission line effects can produce even

higher voltage reflections; this is mitigated by installing dV/dt filters or sine-wave filters at the VFD

output. 

Another  consideration  is  bearing  currents:  The  high-frequency  switching  in  drives  can  induce  shaft

voltages  and  EDM  currents  through  motor  bearings,  potentially  leading  to  fluting  damage  over  time.

Research  has  shown that  these  inverter-induced  bearing  currents  account  for  about  9% of  all  motor

bearing  failures .  To  combat  this,  manufacturers  and  standards  organizations  recommend

techniques like using  insulated bearings or  ceramic bearings on at least one end of the motor, and/or

installing a shaft grounding brush or ring to safely shunt currents to ground. When sourcing motors for

VFD use, look for features like a “shaft grounding ring installed” or an inverter-duty label which implies the

motor addresses these issues. IEEE and IEC are also working on standards for system-level approaches to
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mitigate bearing currents and electromagnetic interference from drives. Following best practices in cabling,

grounding, and selecting proper motor hardware greatly reduces these risks in VFD-driven systems.

Thermal and Overload Protection: VFDs themselves typically include extensive diagnostics and

protections – e.g. against overcurrent, overvoltage, undervoltage, heatsink over-temperature, motor

overload (via electronic thermal modeling of the motor), ground faults, etc. These must be set up

correctly during commissioning. For instance, the installer should enter the motor’s FLA (full load

amps) into the drive and choose the motor overload protection curve per UL requirements if using

the drive as the motor’s protection. In some cases, especially with very fast drives (e.g. spindle

drives) or multi-motor systems, external thermal relays or embedded motor thermistors might be

used as well. Always ensure that the motor thermal protection is enabled in the drive if it’s the

primary means of overload protection.

In summary, compliance with standards like IEC 61800 (safety and EMC) and IEEE 519, and adherence to

motor  application  guidelines  (NEMA MG1 or  IEC  60034-17/25  for  VFD-compatible  motors),  is  essential.

Fortunately,  all  major reputable VFD manufacturers provide equipment that meets these standards and

publish application notes on how to install the drives correctly. A drive system that is well-designed and

installed per guidelines will operate safely and reliably without causing undue interference or premature

equipment wear.

Real-World Applications and Case Studies

VFDs are used anywhere we desire adjustable speed or torque in an AC motor-driven system. Some of the

most common applications include: 

Pumps  and  Fans  (HVAC,  Water,  Wastewater): These  are  classic  VFD  applications  due  to  their

variable-torque nature. Centrifugal pumps and fans follow the affinity laws (flow ∝ speed, pressure

∝  speed²,  power  ∝  speed³),  so  reducing  speed  yields  dramatic  energy  savings.  For  example,

reducing a pump’s speed by just 20% can cut the power consumption by about 50% in theory

. In practice, many pumping systems are designed with extra capacity and run wastefully with

throttling valves. By adding VFDs to match pump speed to real-time demand, facilities can eliminate

that waste. A manufacturer’s analysis showed that running a pump at 80% of full speed (to meet a

lower flow requirement) could indeed use roughly half the energy compared to full speed operation

. Heating, Ventilation, and Air Conditioning (HVAC) systems in large buildings commonly

use VFDs on fans and chillers, allowing air volume or compressor capacity to modulate based on

cooling demand. This not only saves energy but also improves comfort and reduces noise. Many

utilities offer incentives to retrofit constant-speed HVAC fans with VFDs because the payback from

energy savings is quick (often 1-3 years).

Case Example – Municipal Water Pumping: A wastewater treatment plant in Illinois implemented VFDs

on its influent and effluent pumps to better match pumping rate to the incoming flow. By 2022, they

observed  that  despite  an  18%  increase  in  water  flow  through  the  plant,  the  electricity

consumption for pumping actually decreased by 2%, translating to a 17% drop in energy use per

million gallons treated after adding the VFDs . In dollar terms, the city saved over \$10,000

in annual energy costs. Additionally, the VFDs gave the operators new capabilities like automatic

pump speed ramping and even reverse operation to clear clogs, which reduced maintenance labor

. Another example from a sewage lift station retrofit found about 20% energy savings after
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installing VFDs on the pump motors,  along with improved voltage stability  in the neighborhood

during pump startups. These cases illustrate why water utilities worldwide are deploying VFDs as

a standard practice for energy efficiency and better process control (soft starting prevents pressure

surges, and speed control maintains consistent flow/pressure).

Industrial Fans, Blowers, and Compressors: Many industrial processes require moving air or gas,

such as combustion air fans in boilers, dust collection systems, or air compressors. VFDs on these

systems allow the flow or pressure to be regulated precisely. For instance, a large centrifugal air

compressor can adjust  output to match plant  air  demand,  avoiding the need to unload or vent

excess air (which wastes energy).  In one commercial building example, retrofitting VFDs to large

supply and return fans (which previously used outlet dampers for control) yielded almost \$35,000 in

annual energy savings and improved the power factor, according to an Eaton case study . The

VFDs dynamically slowed the fans during periods of low occupancy, whereas before the fans ran at

full speed against nearly closed dampers. This highlights a common theme: it is far more efficient

to control flow by reducing speed than by using mechanical restrictions (dampers, valves) while

running at  full  speed.  Engineers  often  say  VFDs  allow you to  “turn  down the  motor  instead of

throttling,” much like slowing a car rather than riding the brakes at full throttle.

Conveyors, Material Handling, and Manufacturing Machines: VFDs are widely used in production

lines – e.g. conveyor belts, crushers, mixers, extruders, and machine tools – to provide adjustable

speed and  gentle starting/stopping.  In conveyor systems, using VFDs enables soft acceleration,

preventing  product  spills  or  mechanical  shocks,  and  allows  speed  changes  to  coordinate  with

upstream/downstream processes. For example, in a rock crushing plant, the load on the crusher is

variable; a VFD can adjust the feeder and crusher speed to avoid jams and improve throughput while

reducing wear, as noted in a Yaskawa application note . In the plastics industry, extruders and

mixers use VFDs to change speeds for different recipes and to provide high starting torque. VFDs

with  sensorless  vector  control  or  closed-loop  control  can  maintain  nearly  constant  speed  on  a

conveyor even if  the load changes significantly (say, heavy product loading on one section).  This

ensures consistent production rates. Additionally, many such drives can operate in torque control

mode, which is useful for winding/unwinding applications (maintaining tension), or in positioning

mode for indexing conveyors. 

Case Example – Recycling Plant: A Canadian recycling facility for greenhouse waste implemented over

a dozen VFDs across various equipment – blowers, conveyor belts, presses, and pumps – as part of

an upgrade to improve efficiency. The VFDs allowed each process stage to run at an optimal speed

for the varying material loads, rather than the old system of fixed-speed motors struggling or being

inefficient under partial loads. According to a published case study, this project led to remarkable

results: electric motors were responsible for the majority of the plant’s power draw, but with the

VFDs enabling on-demand control, the overall energy use dropped by as much as 70% in certain

operations . In other words, what used to consume 100 units of energy at constant speed might

now use only 30 units when modulated by VFDs to match the process requirements. This not only

saved energy costs but also made it feasible for the plant to run on its own self-generated green

energy  more  effectively.  The  operators  also  reported  increased production  throughput  and less

downtime,  since  the  smooth acceleration and deceleration of  equipment  reduced mechanical

stress and breakages. This example demonstrates the synergy of VFDs with process optimization:

multiple  modest  savings  (avoiding  over-speeding,  idle  running,  etc.)  compounded  across  many

motors  can yield  a  very  large  efficiency  gain.  It  also  showcases  that  VFDs  are  key  enablers  for
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“smart” and sustainable industrial operations, often required to meet corporate energy reduction

targets.

HVAC and Building Systems: In commercial buildings, apart from pumps and fans, VFDs are now

commonly found on chillers and large air conditioning compressors, cooling tower fans, and even

elevator motors (where they provide smooth, fast transit between floors). Elevator VFDs (paired with

gearless permanent-magnet motors in  modern designs)  not  only  improve ride comfort  but  also

regenerate energy during the cab’s descent, feeding power back into the building grid. Similarly,

large cranes or hoists in factories use regenerative drives to recover energy when lowering loads.

These  are  examples  where  four-quadrant  VFD  operation (motoring  and  regenerating  in  both

directions) yields efficiency benefits and reduced braking heat. Many VFDs for building systems also

tie into automation networks, providing data on energy usage, motor status, and even predictive

maintenance alerts (e.g. warning if  a fan is drawing higher current indicating a possible bearing

failure). This fits into the larger trend of IoT and smart building management.

Specialized Applications: Virtually every industry has niche uses for VFDs. In oil & gas, VFDs control

drilling motors and pump jacks,  offering precise torque control  and the ability  to quickly  adjust

drilling speed based on feedback. In mining, giant VFDs run mine hoists and grinding mills, where

their  soft  start  eliminates  shock  on  gears  and  belts  and  the  speed  control  optimizes  grinding

efficiency. In renewable energy, VFDs (or similar power converters) are used in wind turbines and

solar pump systems. For example, a VFD-based solar water pump can adjust motor speed based on

available PV power and water demand. In transportation, although electric rail and vehicles use DC

or special  traction inverters rather than standard industrial  VFDs,  the underlying principle is  the

same – controlling motor speed by controlling frequency. Even  marine applications benefit: ship

propulsion systems and large shipboard pumps often use medium-voltage VFDs to allow engines to

run at optimal efficiency while adjusting propeller or pump speeds as needed.

Multi-Motor Coordination: In some processes, multiple motors must work together (for instance, several

pumps  in  parallel,  or  numerous  conveyors  in  a  manufacturing  line).  VFDs  facilitate  sophisticated

coordination. Many drives support a “cascade” control for pump systems, where one drive can control the

speed of a lead pump and start/stop additional follower pumps (across fixed-speed starters or additional

drives) to maintain a setpoint efficiently . In web handling or packaging lines, each section’s drive might

be synchronized via a common encoder or virtual master speed – modern drives often have built-in fieldbus

interfaces to share speed references and load data for such coordination. This can eliminate the need for

large central PLCs handling every speed, as the drives collectively manage it.

Manufacturer Examples: Virtually  all  major  industrial  automation companies produce VFDs,  each with

unique strengths or niches: -  ABB (and Baldor/Reliance, part of ABB) – known for a broad portfolio from

simple to high-performance drives, including the ACS880 series with Direct Torque Control. ABB drives often

emphasize energy savings calculators and user-friendly interfaces. ABB is also a leader in medium-voltage

drives  for  very  high power  needs .  -  Yaskawa –  a  pioneer  in  drives,  offering extremely  reliable

products. Yaskawa’s V1000 and GA800 series are popular general-purpose drives, and they also offer the

Matrix Converter U1000 which provides pure sinusoidal input/output and full regeneration without DC bus

capacitors. Yaskawa drives are known for strong performance in industrial environments and for advanced

auto-tuning capabilities that can optimize motor parameters. -  Siemens – produces the SINAMICS line of

drives, ranging from micro-drives to large regenerative units. Siemens drives often integrate well with their

PLCs  and  feature  extensive  modular  options  for  I/O  and  communications.  They  are  used  widely  in
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automotive plants and machinery, with features like integrated safety and multi-axis coordination in some

models. -  Rockwell Automation (Allen-Bradley) – their PowerFlex drives are common in North America,

especially in manufacturing. They provide low-harmonic models and are tightly integrated with Rockwell’s

control  systems.  For  example,  the PowerFlex 755 series  offers options for  regen units  and has built-in

EtherNet/IP for integration. -  Schneider Electric – offers Altivar drives, known for compact design and a

focus on building services and pumping solutions. Many Schneider drives come with embedded logic and

bluetooth connectivity for programming. - Hitachi – produces reliable compact drives like the WJ200 series,

often chosen for OEM machinery due to their cost-effectiveness and sensorless vector performance. Hitachi

drives are known for simplicity and robust operation in fans, pumps, and packaging machines. -  Eaton –

Eaton’s drives (formerly Cutler-Hammer) like the DG1 general-purpose VFD are often used in HVAC and

pumping. Eaton has focused on ease of use and adaptive tuning. They also provide specialized drives for

mining and utility applications. - Lenze – a German manufacturer focusing on both VFDs and servo drives.

Lenze’s  i500 series  drives  feature a  slim,  modular design and they emphasize energy efficiency (their

drives have low internal losses and even offer energy recovery options) . Lenze also integrates drives

with decentralized motor solutions, which can simplify wiring in large systems. - Mitsubishi, Omron, Delta,

Danfoss, WEG, and others – there are many other reputable brands. Danfoss VLT drives, for instance, are

very popular  in  HVAC and marine sectors,  and Danfoss has been a leader  in  high-efficiency drives  for

pumps. WEG (Brazil) makes drives alongside motors, with a focus on rugged industries like oil and gas. 

Each manufacturer publishes case studies showing how their VFD solutions solved real-world problems –

from reducing paper mill energy use to improving the precision of bottling lines. A key takeaway is that no

single  VFD  fits  all  applications;  understanding  the  requirements  (power,  environment,  load  type,

integration needs) is critical to selecting the right drive.

Implementation Best Practices and Future Trends

When implementing VFDs, certain best practices should be followed to ensure success:

Proper  Sizing: Always  size  the  VFD  not  just  for  the  motor’s  nominal  running  current,  but  also

consider overload requirements and any regenerative events. If the application has high starting

torque or frequent acceleration, ensure the drive can handle the required current (e.g. choose a

heavy-duty rated drive if  needed). Conversely, avoid grossly oversizing a VFD for a much smaller

motor  –  doing  so  can  lead  to  control  instability  or  inability  to  tune  the  motor  (not  to  mention

unnecessary cost). Use manufacturer sizing tools or consult their guidelines for applications like high

inertia loads.

Installation Considerations: Follow wiring recommendations closely. Use shielded cable between

drive and motor to reduce EMI, and ground the motor cable shield at the drive end (and sometimes

at the motor end as well, per manual instructions). Keep the cable length within permissible limits,

or use output reactors/filters for long runs.  Maintain separation between VFD power cables and

sensitive signal cables to prevent interference. It’s also crucial to provide adequate cooling airflow or

space around drives – enclosures may need venting or cooling fans, as drives dissipate heat (typically

2-4% of the motor power in losses). In harsh environments, use enclosures or coatings to protect the

drive from contamination.

Drive Parameter Setup: Modern VFDs come with a plethora of parameters. Key ones like motor

nameplate data (voltage,  frequency,  FLA,  poles or base RPM) must be input correctly for proper
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performance. Utilize any auto-tune function the drive offers – this will measure motor characteristics

(stator resistance,  inductance,  etc.)  and optimize the motor model  for better torque control.  Set

acceleration and deceleration ramps appropriate for the load to prevent mechanical stress (e.g. don’t

decel a high-inertia fan too fast without a braking resistor, or it may cause an overvoltage trip). If the

drive has a sleep mode or PID control (commonly used in pump/fan applications to stop the motor

during no demand), tune those setpoints to avoid excessive starting/stopping. Also configure the

protective features: e.g. set the motor overload protection class, stall prevention, flying start (if you

need to catch a windmilling fan), and any phase loss or ground fault detection as needed. Taking

time to program the drive correctly will pay off in smoother operation.

Harmonic Mitigation in Facility: If you have many drives, consider a system-wide harmonic study.

Sometimes adding a simple line reactor on each drive is enough to bring distortion down. Other

times, a active filter or 12-pulse transformer might be justified for a cluster of large drives. Plan

harmonic mitigation at the design stage to avoid surprises later if utility or safety inspectors ask for

compliance measurements. Remember that  VFDs also improve displacement power factor (the

motor sees nearly 1.0 PF from the drive), but the current harmonics mean the true power factor on

the AC line is around 0.95 for a basic drive. Using filters or active front ends can improve the overall

power factor and reduce utility penalties in some cases.

Motor and System Checks: When adding a VFD to an existing motor system, check the mechanical

components: some older machinery (gears, belts, pumps) might not be designed for variable speeds

(e.g. a pump impeller could operate inefficiently or even dangerously at significantly higher than

rated speed if a VFD is used to overspeed it). Conversely, at very low speeds, a motor’s fan may not

cool it enough – consider an external fan or limiting the continuous operation below, say, 20% speed

unless the motor is inverter-duty. It’s often wise to have motor temperature sensors (PTC or RTD)

wired to the VFD’s  input or  a relay,  for  critical  motors,  as an extra precaution.  If  the motor will

operate above its base frequency (in the constant power region), ensure the mechanical balance and

critical speeds of the equipment are known – running a 60 Hz motor at 90 Hz (1.5x speed) increases

centrifugal forces and bearing loads substantially, and not all equipment is rated for that.

Monitoring and Maintenance: Use the VFD’s diagnostics to your advantage. Most drives can log

the running hours, number of starts, thermal utilization of the motor, DC bus voltage levels, etc.

Networked  drives  can  feed  this  data  to  maintenance  systems.  This  can  enable  predictive

maintenance  –  for  example,  if  a  drive  reports  it  is  frequently  hitting  current  limit  or  its  output

frequency is  at  maximum a lot,  that  might indicate an overloaded process or  something wrong

downstream. Regularly clean or inspect cooling fans and heat sinks of drives, as dust buildup can

cause overheating. Unlike motors, VFDs do have some electronic components (capacitors, IGBTs)

that age over time (typical lifespan 7-10 years, but many last much longer if not run hard or in high

heat). Capacitors may need reforming or replacing eventually. Keeping the drive in a cool, dry, and

vibration-free environment extends its life. Some high-end drives even have built-in capacitor life

estimators.

Safety and Training: VFDs introduce some new considerations for personnel. The output of a VFD

can be more dangerous to touch than line power because it may not trip a conventional breaker or

RCD  due  to  its  high-frequency  components.  Only  qualified  persons  with  proper  meters  should

service live VFD systems. Also, when a drive is powering a motor, even if the frequency is low, the

motor can produce full torque – so you cannot assume a motor is harmless at slow speeds (lock-out/
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tag-out procedures should account for  VFD start  commands).  Many drives have an input for  an

external “Safe Torque Off” which, when wired through an E-Stop safety relay, will reliably remove

gate signals and de-energize the motor, providing a safety-rated stop without removing power from

the drive. This is a useful feature to implement in machine safety circuits. Training operators and

technicians on the basics of VFD operation, the user interface, and how to respond to drive fault

alarms is important to fully realize the benefits and avoid downtime. 

Emerging Trends: The future of VFDs is being shaped by advancements in power electronics and digital

technology: -  Wide Bandgap Semiconductors: The use of Silicon Carbide (SiC) and Gallium Nitride (GaN)

transistors is growing in VFD designs. These devices can switch faster and with lower losses than traditional

silicon  IGBTs.  This  means  future  drives  can  operate  at  higher  frequencies  (for  even  cleaner  output

waveforms) and/or achieve higher efficiency. Some medium-voltage drives already use SiC MOSFETs, and in

low voltage, we see them in smaller servo drives and specialized high-frequency converters. The benefit to

users will be more compact drives (due to smaller or no filters needed) and potentially less concern about

motor heating from switching losses. - Improved Simulation and Tuning: Modern VFDs might come with

cloud-connected software to simulate energy savings and optimal tuning. For example, manufacturers are

developing  apps  where  you  input  your  motor  and  load  data,  and  it  suggests  the  best  parameter

configuration or even does AI-based tuning while the drive runs, to minimize energy for a given task. - IIoT

and Smart Drives: Integration with the Industrial Internet of Things means drives are becoming smarter

edge devices. They might monitor their own components’ health, perform real-time energy quality analysis,

or  integrate  with  plant  analytics  platforms.  Expect  more  drives  with  built-in  web  servers  or  wireless

connectivity for commissioning and monitoring via smartphone. Cybersecurity is a new aspect as well – with

drives on Ethernet networks,  ensuring they have proper security features (passwords,  firmware update

protections)  is  important.  -  Energy Optimization Functions: Beyond just  controlling  speed,  drives  are

gaining features to actively save energy. Some drives have an “energy optimization” or “eco” mode that

automatically reduces voltage a bit at light loads to improve motor efficiency. Others can automatically put

the motor into sleep when a variable has been satisfied and wake it up when needed. VFDs are also being

linked with renewable energy systems – e.g. solar pumping drives that directly take DC from solar panels

and run a motor without requiring an AC inverter in between. -  Regenerative and Multi-Drive Systems:

Active front  end (regenerative)  drives are becoming more affordable and common, which means more

installations will opt to reclaim braking energy (particularly in large cranes, elevators, downhill conveyors,

etc.). We also see DC bus sharing in multi-drive setups: instead of each VFD working in isolation, multiple

drives can be tied on a common DC bus, so that one motor’s braking energy can be used by another’s

acceleration. This can greatly reduce the need for braking resistors and save energy in systems like test

stands or roller coasters (which use motor drives for launch and then generate power when slowing down).

- Grid Support Features: A novel area is using drives to help stabilize electrical grids – for instance, a large

facility with many drives could, in aggregate, act to modulate load and provide demand response. Some

utilities are exploring signals to temporarily slow down non-critical motors (via VFD) to ride through peak

demand periods or frequency drops. VFDs could even participate in microgrids, adjusting motor loads to

balance with on-site generation.

In conclusion, variable frequency drives have proven to be a transformative technology, combining power

electronics, control systems, and practical engineering to yield substantial benefits in energy efficiency,

process quality,  and system flexibility.  The examples and standards discussed above highlight both the

potential and the considerations when using VFDs. With proper application, a VFD can pay for itself quickly

and  provide  many  years  of  improved  operation.  As  technology  advances,  VFDs  are  only  getting  more

11

Precision Electric, Inc. 574-256-1000

www.precision-elec.com



efficient, more intelligent, and easier to use – making them an indispensable tool in modern electrical and

automation engineering.
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