
VFD Drives: Fundamentals, Applications, and Best

Practices

Introduction

Electric motors are the workhorses of industry and consume a massive share of electricity worldwide. In

fact,  they account for roughly  50% of global  electricity  consumption .  Optimizing motor efficiency and

control is thus critical. This is where VFD drives come in. A Variable Frequency Drive (VFD) – sometimes

called an  adjustable-frequency drive, AC drive, or inverter drive – is an electronic controller that adjusts the

speed and torque of an AC motor by varying the motor’s input frequency and voltage. By using VFD drives

to precisely match motor speed to load demand, facilities can save energy, improve process control, and

reduce mechanical stress on equipment.

VFD drives have rapidly become an essential technology across industries. Instead of running motors at full

speed and throttling output mechanically (as was common with valves or dampers), a VFD modulates the

motor’s speed directly. This offers tremendous efficiency gains – for example, slowing a pump or fan by just

20% can cut its energy consumption by approximately 50% . In industrial settings, where electric motors

may comprise 65% or more of electricity usage, deploying VFD drives can reduce energy consumption by

20–70% in appropriate applications . Beyond energy savings, VFDs enable soft-starting (avoiding large

inrush  currents),  better  speed/torque  control,  and  built-in  protection  features  for  motors.  This  article

provides a comprehensive deep dive into VFD drives – covering how they work, technical specifications and

standards,  real-world  applications,  and  best  practices  for  implementation  –  with  examples  from major

manufacturers (ABB, Hitachi, Eaton, Lenze, Yaskawa, etc.) to illustrate key points.

How Do VFD Drives Work?

A VFD drive works by converting the fixed-frequency AC from the mains into a variable-frequency output to

the motor. It achieves this in three main stages: rectification, DC link, and inversion. First, the incoming AC

power (typically 50 or 60 Hz sinusoidal) is fed into a rectifier circuit. Most VFDs use a diode bridge rectifier

(or sometimes a thyristor/SCR bridge for larger drives or active front-end for low harmonics) to convert the

AC into DC. The output of the rectifier is a pulsating DC which is then smoothed in the DC link stage – using

large electrolytic capacitors and/or inductors – to maintain a stable DC bus voltage . 

Next,  the  inverter  stage  uses  high-speed  power  transistors  (typically  IGBTs  –  Insulated  Gate  Bipolar

Transistors) to chop the DC into a synthesized AC of the desired frequency. This is done via  pulse-width

modulation (PWM):  the inverter rapidly switches the transistors on and off, creating a train of voltage

pulses whose width is modulated to approximate a sine wave. By adjusting the pulse timing, the inverter

outputs a  variable frequency (and variable voltage) AC to the motor terminals . Essentially, the VFD

can produce any frequency (from near 0 Hz up to several hundred Hz) as needed to run the motor at the

commanded speed. The motor’s speed in RPM is roughly proportional to the applied frequency (per the
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relation  Speed ≈ 120 × Frequency / # of poles), so by changing frequency the VFD directly governs motor

speed .

Voltage control: Because AC induction motors  require  a  certain  volts-per-hertz  ratio  to  produce rated

torque, the VFD also modulates output voltage along with frequency. At low frequencies, it reduces the

voltage  to  avoid  saturating  the  motor;  this  is  known  as  V/Hz  control (volts  per  hertz) .  More

advanced drives use vector control algorithms to manage voltage and current in real time for even more

precise  torque  control  (discussed  later).  In  any  case,  the  VFD  maintains  the  proper  voltage-frequency

relationship to keep the motor’s magnetic flux (and thus torque) approximately constant throughout the

speed range.

A small Variable Frequency Drive (VFD) unit. Such drives convert fixed AC input to variable-frequency AC output,

allowing precise motor speed control. Internally, a VFD has a rectifier (AC-DC converter), DC link capacitors, and an

inverter stage with fast switching transistors.

Carrier  frequency  and  waveform: The  PWM  switching  in  modern  drives  typically  occurs  at  carrier

frequencies of 2–15 kHz (far above the fundamental output frequency). This produces a series of pulses that

the motor windings average out into a near-sinusoidal current. Increasing the carrier frequency can reduce

motor noise and torque ripple but also increases switching losses and heat. Most drives let users adjust this

trade-off. The resulting output to the motor is a pseudo-sinusoidal voltage waveform composed of pulses –

effectively  a  synthesized  AC.  Although the  waveform isn’t  a  perfect  sine,  the  inductance  of  the  motor

smooths the current, and the motor reacts primarily to the fundamental frequency component.

Motor speed and torque control: By varying the frequency, the VFD controls speed; by adjusting the PWM

duty cycle (voltage), it controls the torque-producing current. In open-loop V/Hz mode, the drive maintains a

fixed V/Hz ratio and relies on the motor’s slip to produce torque. In more sophisticated sensorless vector

control (aka field-oriented control), the drive actively models the motor and regulates current components

(magnetizing vs torque-producing) to deliver precise torque at all speeds. This provides better low-speed

performance and dynamic response. For even tighter control or high starting torque, closed-loop vector

drives use a feedback encoder on the motor shaft. 

Notably, ABB’s high-performance drives use an alternative method called Direct Torque Control (DTC). DTC

bypasses  the  traditional  PWM modulator and directly  calculates  the required inverter  switching states  to

control motor flux and torque in real time . This achieves extremely fast torque response (almost at

the motor’s natural electrical time constant) and accurate control without needing an encoder in most cases

. DTC is an example of how premium VFDs implement advanced algorithms to improve performance; it’s

used in ABB’s ACS880 series drives, among others, and enables features like full torque at zero speed and

rapid changes in speed or load without instability.

Key Components and Design Features

A modern VFD drive integrates several key components and design features to function reliably:

Rectifier and Converter Topologies: The most common VFD topology is the Voltage-Source Inverter

(VSI) type, with a diode rectifier creating a fixed DC bus . Some drives use a controlled rectifier

(thyristor-based) or a Current-Source Inverter (CSI) design, but these are less common today except
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in specialized or very large drives . Newer low-harmonic drives use an active front end (AFE) –

essentially an IGBT-based rectifier that actively shapes the input current. This allows power to flow

back  to  the  supply  (regenerative  braking)  and  dramatically  reduces  harmonic  distortion.  For

example, ABB’s ultra-low harmonic VFDs with active front ends can achieve <3–5% total harmonic

current distortion, far below a standard drive’s typical ~30–40% THD .

DC Link and Energy Storage: The DC bus in a VFD includes capacitors (and sometimes reactors) that

smooth the rectified voltage. These capacitors store energy and provide ride-through for brief power

dips. However, they can be a point of failure over time due to ripple current stress and are often life-

limited components (requiring maintenance or replacement after many years). Some larger drives

add an internal DC choke or line reactor to reduce AC line harmonics and lighten capacitor stress.

Inverter  and  Switching  Devices: Almost  all  VFDs  today  use  insulated-gate  bipolar  transistors

(IGBTs) in the inverter stage, thanks to their high power handling and fast switching. IGBTs rapidly

switch the DC on and off to create the AC output. They are mounted on heat sinks and sometimes

have cooling fans or liquid cooling for thermal management. The inverter is controlled by a DSP or

microcontroller  that  computes  the  required  switching  patterns  (PWM  or  DTC,  etc.)  every  few

microseconds.

Control  Logic  and  Interface: VFD  drives  contain  a  control  board  with  a  processor  that  runs

firmware to implement the motor control algorithms and supervisory functions. Users can program

various  parameters  (acceleration  time,  max/min  speed,  torque  limits,  PID  setpoints,  etc.)  via  a

keypad  or  software  tool.  Many  VFDs  include  an  LCD/LED  operator  panel  for  local  control  and

diagnostics. Communications: It’s common for drives to support fieldbus communications – Modbus,

PROFIBUS, EtherNet/IP, PROFINET, CANopen, and others – either built-in or via option modules.

For instance, Eaton’s PowerXL DG1 series drives come standard with Ethernet/IP and other protocol

support,  allowing  easy  integration  into  plant  automation  networks .  This  enables  remote

monitoring, PLC control, and linking drives into IoT platforms. Some drives even offer wireless or

Bluetooth connectivity for configuration.

Embedded Protections: Unlike a simple motor starter, VFD drives have numerous built-in protection

and  monitoring  features.  They  continually  monitor  motor  current,  voltage,  and  temperature.

Overload protection is included – typically, drives can deliver about 150% of rated current for short

periods (e.g.  60 seconds)  to  handle surge loads,  after  which they will  trip  to  protect  the motor.

(Manufacturers often specify dual ratings: a “Normal Duty” rating with ~110% overload and a “Heavy

Duty” rating with ~150% overload capability.  For example, Yaskawa’s GA800 drive supports 150%

current for 60 seconds in heavy-duty mode, or 110% for 60 seconds in normal-duty mode .) VFDs

also incorporate protections for undervoltage, overvoltage, phase loss, ground faults, short-circuits,

and overtemperature. Many have self-diagnostic codes to pinpoint issues like cooling fan failure or

internal power component faults.

Efficiency and Losses: Modern VFDs are highly efficient power converters.  At full  load, a typical

PWM VFD is around 95–98% efficient , meaning only 2–5% of the energy is lost as heat in the

drive. Efficiency can drop at very light loads or low speeds (due to fixed losses and harmonics), but

overall VFDs waste very little energy. Additionally, they generally maintain a high input power factor.

The rectifier draws current in pulses (causing distortion power factor), but the displacement power

factor is near unity. The presence of harmonics can slightly reduce the true power factor seen by the
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source; however, many drives include DC chokes or use active rectifiers to improve the input power

quality. In fact, Eaton’s DG1 drives implement an Active Energy Control feature that optimizes voltage

usage to minimize losses and improve energy efficiency during operation .

Standards  Compliance: VFD  drives  must  adhere  to  various  electrical  and  safety  standards.

Internationally,  the  IEC  61800 series  covers  adjustable  speed  drive  systems.  For  example,  IEC

61800-5-1  is  the  standard  for  electrical  safety  requirements  of  drives  (including  insulation,

clearances,  etc.),  and  IEC  61800-3  covers  EMC  (electromagnetic  compatibility)  requirements

(emissions  and  immunity)  for  drives  in  different  environments.  In  the  U.S.,  UL  61800-5-1 has

replaced the older UL508C standard as of 2020, harmonizing North American safety certification

with the IEC standard . This means any new VFD drive design must meet stringent safety

tests for electrical  shock protection,  fire hazards,  and fault  conditions before it  can be UL-listed.

Additionally, installation of drives is governed by the National Electrical Code (NFPA 70). NEC Article

430 (especially Part X) provides rules for adjustable speed drive systems – for instance, requiring a

disconnect means and proper branch circuit protection sized for the drive input, overload protection

for the motor (either built into the drive or external), and consideration of thermal protection in case

of loss of drive. In practice, many VFDs include an internal UL-listed overload relay function for motor

protection, but an external disconnect or contactor is often used for safety isolation.

Functional Safety: In some applications, drives are integrated into safety circuits (for emergency

stopping or prevention of unexpected start-up). Modern VFDs often provide built-in Safe Torque Off

(STO) inputs or modules to meet functional safety requirements. STO is a safety feature that, when

activated (e.g. by an E-stop or safety controller), immediately disables the drive’s output to ensure

the motor cannot produce torque. Many drives have STO certified to standards like IEC 61800-5-2

and ISO 13849 (Safety Integrity  Level  ratings).  For example,  the Yaskawa GA800 and Lenze i500

series both offer integrated STO capability rated to SIL3/PLe level . Lenze’s i500 drives are

designed with a modular approach – you can even retrofit a safety STO module to an existing drive if

the option wasn’t initially installed . This modularity allows users to add safety or fieldbus options

as needed by simply plugging in the appropriate module, rather than replacing the entire drive.

Thermal and Environmental Design: VFDs generate heat and are typically housed in enclosures

with cooling fans (for larger sizes) or rely on convection cooling (for smaller units). They are specified

with an operating ambient temperature range (often around -10°C to 40°C without derating; higher

with derating). High ambient or poor ventilation can cause overheating, so proper cooling is crucial.

Drives are available in various enclosure ratings (open chassis, NEMA 1, NEMA 4X, etc. or IP20, IP54,

IP66 by IEC codes) to suit different environments. For example, a VFD in a factory floor panel might

be IP20 and need to be in a cabinet, whereas a washdown area or outdoor install might use a NEMA

4X (IP66) enclosed VFD that is dust-tight and waterproof. It’s a best practice to keep VFDs in a clean,

cool,  dry location;  dust or chemical  moisture can damage electronics,  so often filtered air  or air

conditioning is used for drive cabinets if  the environment is harsh. Conformal coating on circuit

boards  is  another  feature  some  manufacturers  (e.g.  Yaskawa)  provide  to  improve  resistance  to

humidity or corrosive atmospheres.
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Benefits and Advantages of VFD Drives

The popularity  of  VFD drives stems from the  significant advantages they offer for  motor control  and

system performance:

Energy Savings: The most celebrated benefit of using VFD drives is reduced energy consumption.

When  applied  to  variable  torque  loads  like  centrifugal  fans  and  pumps,  the  savings  can  be

dramatic. Physics tells us that for such loads, power demand drops roughly with the cube of speed (per

the affinity laws). This means a small reduction in speed yields a large reduction in power draw. As

noted earlier, running a fan at 80% speed can cut energy use by about 50% . In HVAC systems,

replacing  outlet  dampers  with  VFD  speed  control  often  yields  20–60%  energy  savings  for  fans.

Similarly,  in pumping systems, using a VFD to maintain pressure or flow and avoiding throttling

valves can save substantial energy, especially when demand varies over time. Many case studies

confirm these savings. For example, an ABB energy appraisal at a factory found that reducing a fan’s

speed by just 20% led to approximately 56% power reduction due to the cubic relationship between

speed and power . Across industries, the cumulative impact is huge – the European Commission

estimates that increased use of VFDs, alongside high-efficiency motors, could save dozens of TWh of

electricity annually and avoid millions of tons of CO₂ emissions .

Improved Process Control: VFD drives allow stepless speed control, which means processes can

be  fine-tuned  to  exactly  the  performance  needed.  This  leads  to  better  product  quality  and

throughput. Conveyors can be ramped gently and synchronized, mixers can run at optimal speed for

mixing quality, and pumps can maintain precise pressure setpoints. Unlike valve throttling or on/off

cycling, a VFD provides smooth control over a wide range. This often translates to less wear-and-tear

on mechanical components, too. In manufacturing lines, being able to adjust motor speeds easily

can increase flexibility (e.g. switching product types or rates without changing pulleys or gear ratios).

In one real-world example, a plastic bottle manufacturer retrofitted an old hydraulic extruder drive

with an electric motor plus VFD package. The improved speed control not only saved energy but also

improved product consistency and cycle time. The result was a 60% reduction in energy costs and a

30% increase in output for the company . The precise speed regulation provided by the VFD

(an ABB ACS880 drive with advanced direct torque control) led to more uniform bottle quality and

eliminated prior production issues.

Reduced Mechanical Stress: VFD drives enable  soft starting and stopping of motors. Instead of

the motor across-the-line start (which is a full-voltage jerk causing high inrush current and torque

shock), a VFD can ramp the motor up gently. Starting currents are typically limited to 100% or less of

rated current with a VFD, versus 600–800% in a direct start. This soft start avoids voltage sags in the

power system and prevents mechanical stress on couplings, belts, and driven equipment. The result

is longer lifespan for both the motor and the machinery. Pumps, for instance, avoid water hammer

by ramping up flow gradually; conveyors avoid jerk that could spill product; compressors and fans

avoid  sudden torque spikes.  VFDs  also  offer  controlled  deceleration (soft  stop or  even dynamic

braking), which can reduce wear on brakes or help avoid process upsets from sudden stops. All of

this  means  lower maintenance costs and less  downtime.  Technicians often report  that  motors

driven by VFDs run cooler and experience less frequent bearing and shaft  failures compared to

systems that started and stopped abruptly. Additionally, by running motors only as fast as needed,

VFDs can reduce overheating in both the motor and driven machine (e.g. a fan running at half speed

• 

2

27

28 29

• 

30 31

• 

5

Precision Electric, Inc. 574-256-1000

www.precision-elec.com

https://www.energy.gov/sites/prod/files/2014/04/f15/motor_tip_sheet11.pdf#:~:text=rotating%20speed%20or%20fluid%20flow,power%20requirements%20by%20approximately%2050
https://www.allelcoelec.com/blog/Understanding-Variable-Frequency-Drives(VFDs)-Components,Types,Operation,and-Applications.html?srsltid=AfmBOoqkDRcGLLRBNxAgjwYwRv0qMfYNwsoiy-x5R-NgaC6j9jxgC0vH#:~:text=Understanding%20Variable%20Frequency%20Drives%20,between%20speed%20and%20power
https://energy-efficient-products.ec.europa.eu/product-list/electric-motors_en#:~:text=,industry%20will%20be%20reduced%20by
https://energy-efficient-products.ec.europa.eu/product-list/electric-motors_en#:~:text=approximately%20%E2%82%AC20%20billion%20by%202030,the%20efficiency%20of%20motor%20systems
https://new.abb.com/docs/librariesprovider53/about-downloads/primepac.pdf?sfvrsn=6a9be514_2#:~:text=higher%20throughput%20and%20lower%20energy,day%2C%20five%20days%20a%20week
https://new.abb.com/docs/librariesprovider53/about-downloads/primepac.pdf?sfvrsn=6a9be514_2#:~:text=Energy%20saving%20Following%20the%20installation%2C,payback%20in%20under%2012%20months


runs  much  cooler  and  puts  less  strain  on  bearings  than  one  running  flat-out  against  a  closed

damper).

Embedded Motor Protection & Diagnostics: A  VFD acts  as an intelligent motor controller  with

protective functions. It continuously monitors motor current and will trip if an overload is sustained,

thus preventing motor damage. It can also detect conditions like phase loss or ground faults and

react  quickly.  Many drives  have thermal  modeling for  the motor  (estimating the motor  winding

temperature based on current and time) to stop the motor before overheating. These protections

often eliminate the need for separate overload relays. VFDs also provide  useful diagnostics: they

can log fault histories, running hours, energy used, etc. Operators and maintenance personnel can

leverage this data for preventive maintenance. For example, some drives will display a warning if the

motor is drawing abnormally high current (perhaps indicating a failing bearing or jam in the load) or

if the DC bus voltage is sagging (perhaps indicating supply issues or capacitor wear). Overall, the

VFD is  not  only  controlling  the  motor  but  also  actively  protecting  and monitoring  it,  improving

system reliability. As one industry article notes, “the VFD controlling motor frequency and voltage offers

the  best  protection  against  overloads,  under-voltage,  and  over-voltage” conditions  –  effectively

acting as a smart guardian for the motor.

Power Factor and Demand Benefits: While a technical point, it’s worth noting that VFD drives can

improve a facility’s power factor. Motors at partial load (especially lightly loaded induction motors)

tend to have poor power factor, but a VFD’s input looks like a near-unity power factor load to the grid

(aside from harmonics). The drive draws current in phase with voltage for the real power needed.

This can reduce reactive power charges and avoid the need for large capacitor banks. However, the

caveat is that standard drives do introduce current harmonics; if those are excessive, they can distort

the facility’s voltage and affect other equipment. Many utilities reference IEEE 519 guidelines for

harmonic distortion. IEEE 519 (latest revision 2014) is a recommended practice that sets limits (as a

percentage of  fundamental)  for current and voltage harmonic distortion at  the facility’s  point of

common coupling . In installations with many or very large VFDs, harmonic mitigation may

be needed to comply – either passive filters, multi-pulse transformer arrangements, or active front-

end drives. The good news is that solutions exist (as discussed earlier), and low-harmonic or filtered

VFDs can keep distortion within IEEE 519 limits (for example, achieving <5% voltage THD at the point

of coupling). This ensures that the benefits of VFDs don’t come at the cost of power quality problems.

Flexibility and Functionality: VFDs today come packed with features that add value beyond basic

speed control. Many have built-in PID controllers, allowing the drive to maintain process variables

like pressure,  flow, or temperature by modulating motor speed (using a feedback signal  from a

transducer). This can eliminate the need for a separate PID controller. Drives often support multiple

preset speeds, programmable relays, and logic functions – some even include simple PLC-like

programming.  For  instance,  Hitachi’s  WJ200  series  VFDs  have  an  Easy  Sequence  (EzSQ) function,

essentially a built-in mini-PLC that lets users program logic sequences and timing events in the drive

. This might be used for staging pumps on and off, interlocking with other equipment, or

handling simple automation tasks without an external PLC. Many drives also allow  “flying start”

(catching  a  spinning  motor  and ramping it  smoothly),  auto-tuning to  the  connected  motor  (to

optimize motor model parameters for vector control), and some offer energy optimization modes

that automatically trim voltage to reduce motor iron losses at light loads. On the user side, features

like configurable  accel/decel  ramps,  skip frequencies (to avoid resonances),  and  torque limits

provide a high degree of control to match the motor behavior to the machine’s needs. All  these
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capabilities mean a single VFD drive can often replace several discrete components and provide a

more integrated solution.

Common Applications of VFD Drives

VFDs are incredibly versatile and are used across virtually every industry. Any application that involves an AC

motor and can benefit from speed or torque control is a candidate for a VFD. Below are some of the most

common application areas, along with typical benefits and considerations:

Pumps and Fans (HVAC and Process Industries): This is perhaps the number one category for VFD

adoption, because the energy savings are so significant. Centrifugal chilled water pumps,  cooling

tower fans, air handler blowers, industrial exhaust fans, boiler feed pumps, irrigation pumps –

all of these often run at variable load. Traditionally they might run full speed with throttling, which

wastes energy. By installing VFD drives, facilities can automatically adjust speed to meet the desired

flow or  pressure.  In  HVAC,  for  example,  a  VFD-driven fan supplying a  variable  air  volume (VAV)

system will  speed up or slow down to maintain duct  pressure as dampers modulate,  drastically

cutting energy use during partial load conditions. In water distribution, pump stations with VFDs can

maintain constant pressure without pressure relief valves, saving both energy and reducing stress

on pipes.  Case studies abound:  municipalities  have saved 20–30% of  energy in  water  treatment

plants by adding VFDs on large pumps, and office high-rises have cut HVAC fan energy by over 50%

after  retrofitting  drives .  Best  practices: When  applying  VFDs  on  pumps/fans,  ensure  the

system is evaluated for minimum speed (to keep sufficient flow for cooling or avoid stalling a pump)

and consider adding bypass or backup in critical systems. Also, check for resonance issues in fans –

sometimes  certain  speeds  cause  vibration;  these  can  be  “skipped”  via  programming.  From  a

maintenance perspective, going from mechanical control to VFD may reduce wear (e.g. less frequent

cycling and gentler acceleration) but one should monitor for any side effects like motor heating at

low speeds or the need for shaft grounding (more on that shortly).

Conveyors and Material Handling: Conveyors benefit from VFDs for gentle starts/stops (preventing

product spills or jams) and speed control to match throughput. In packaging or manufacturing lines,

multiple conveyor sections can be synchronized with drives to ensure smooth flow of goods. VFDs on

bucket  elevators,  belt  conveyors,  screw feeders,  cranes,  and  hoists provide  not  just  energy

savings  but  also  important  functional  benefits  like  soft  start  (preventing  belt  slip  or  shock),

adjustable speed (e.g. slow speed for maintenance or threading of material, high speed for normal

operation),  and even torque control  or  braking.  For  instance,  in  a  crane or  hoist,  a  VFD offers

dynamic braking and speed control  for  precise positioning,  as  well  as  regenerative capability  to

return energy when lowering loads. Modern drives with vector control can hold a crane motor with

almost zero speed drift, which is crucial for safety when lifting heavy loads. Considerations: For high

torque at low speeds (as in hoisting), a vector drive with encoder feedback may be needed. Also,

ensure the drive is sized for the high starting torque and possibly continuous braking duty (often

requiring a braking resistor or regen unit). Many conveyors in mines or quarries use VFDs together

with PLC control to manage multiple motors starting in sequence to avoid surges.

Manufacturing Machinery (Mixers, Mills, Extruders): A wide variety of process equipment use VFD

drives to control speed for either process reasons or energy optimization.  Mixers and agitators

often run at adjustable speeds to control mixing intensity; a VFD can also offer a slow “jog” or inching

mode to gently agitate or to help clean the tank.  Ball mills, grinders, crushers use VFDs to start
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under load (avoiding massive current spikes) and to adjust speed based on the hardness of material.

Extruders, injection molding machines, printing presses, textile machines –  these frequently

require  precise  speed  regulation  and  synchronization.  Before  VFDs,  DC  drives  or  mechanical

gearboxes were used for variable speed, but AC VFDs have largely taken over due to their lower

maintenance and improved performance. For example, replacing a DC motor system with an AC

motor + VFD often reduces maintenance (no brushes, simpler cooling) and allows for better control

integration. Many older machines have been successfully retrofitted: the earlier case of the plastic

bottle  blow  molder is  a  prime  example,  where  a  VFD  plus  a  high-efficiency  motor  replaced  a

hydraulic  drive,  yielding  energy  and  productivity  gains .  Considerations: When retrofitting,

ensure the AC motor can deliver the required torque across the speed range (sometimes a gearbox

change or a vector duty motor is needed). Also, VFDs can generate  electrical noise (EMI) which

could affect nearby instrumentation or PLCs – always use proper shielding and grounding for VFD

output cables, and follow manufacturer guidelines for EMI filters if needed.

Motion Control and Positioning: Although high-end motion control (like multi-axis CNC machines

or  robotics)  often  uses  servo  drives,  VFDs  with  encoder  feedback  can  handle  many  single-axis

positioning tasks. For instance, a simple indexing table or a winder/unwinder system can use a VFD

in closed-loop mode to control position or tension. Some general-purpose drives even have built-in

position control functionality (as noted, Hitachi WJ200 has a basic position control mode ). This

blur between VFD and servo is growing narrower as VFDs improve. Yaskawa, for example, offers

“high-performance”  AC  drives  that  can  drive  both  induction  and  permanent  magnet  motors,

supporting fast dynamic response and even modest positioning tasks. ABB’s drives with DTC can

achieve near-servo torque response in many cases , and are used in applications like test rigs

and winders that traditionally might have required dedicated motion controllers. The advantage of

using a standard VFD in such cases is cost and simplicity (though for extremely precise or multi-axis

coordinated motion, a servo system is still the go-to).

HVAC and Building Services: Beyond big fans and pumps, VFDs appear in many building systems:

chillers and refrigerators use VFDs on compressors to modulate cooling capacity,  elevators use

VVVF drives for smooth acceleration and leveling, and escalators use drives to manage speed (even

slowing  or  stopping  when  no  passengers  are  present,  to  save  energy).  In  large  commercial

buildings, it’s now standard for cooling towers, air handlers, and water pumps to all be on VFDs as

part of energy-efficient design. For example, a 17-story office complex in the UK installed drives on

all its pumps and fans and saw dramatically reduced energy costs, with quick payback . Data

centers, which have critical cooling requirements, also use VFDs extensively to match cooling output

to server load in real time.

Specialty and High-Power Applications: VFDs are not limited to low-voltage small motors. Medium-

voltage VFDs (2.3kV, 4kV, 6.6kV, etc.) are used for large pumps, compressors, and fans in industries

like oil  & gas,  mining, and utilities.  These often use different topologies (like multi-cell  cascaded

inverters or NPC three-level designs) due to the higher voltages involved. An interesting niche is

marine and traction drives: ships use VFDs to drive propulsion motors or thrusters (often as part of

diesel-electric  propulsion  systems  for  efficiency  and  flexibility),  and  electric  trains  use  VFD-like

inverters to control AC traction motors. Another growing area is  renewable energy: wind turbine

generators frequently use power converters (similar to VFDs) to manage variable-speed operation of

the turbine, and battery storage systems use inverters as well. While these are not “drives” in the

sense of  driving a motor for  industrial  process,  the underlying technology overlaps heavily  with
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VFDs. Some large wind tunnels and test facilities use giant VFDs to drive fan motors or dyno motors

for simulation – for example, the University of Nottingham’s electrification test facility employs a 2

MW dynamometer system driven by an ABB motor and drive, demonstrating the scale that drive

technology can reach .

In  summary,  VFD  drives  have  permeated  almost  every  sector:  industrial  manufacturing,  water/

wastewater,  HVAC,  power  generation,  mining,  marine,  automotive,  food  and  beverage,  pulp  and

paper, chemicals, and more. Anywhere there is an AC motor and a desire for better control or efficiency, a

VFD is likely either already in use or a candidate for use.

Implementation Considerations and Best Practices

To fully realize the benefits of VFD drives and ensure a successful application, engineers and users should

keep in mind a number of practical considerations:

1. Proper Sizing and Selection: Always size the VFD for the motor and application. The drive’s current and

voltage ratings must match the motor (e.g. a 460 V, 10 A motor needs a drive of corresponding rating). It’s

wise to consider the duty cycle – if the load is high inertia or has frequent acceleration, ensure the drive can

handle the overload. Manufacturers provide thermal overload curves and duty ratings; use a Heavy Duty

rated drive if in doubt, especially for constant torque loads like conveyors or compressors. Also account for

environmental  factors:  if  the  drive  will  be  in  a  hot  location  or  at  altitude  (thin  air  cooling),  apply  the

appropriate  derating  per  the  manual.  For  multi-motor  setups  where  one  VFD  runs  several  motors  in

parallel,  the drive must be sized for the sum of currents and all  motors should ideally be identical and

started together (plus each motor needs its own overload protection since the drive will see only the total). 

2. Motor Compatibility (Inverter Duty Motors): Not all motors are created equal when it comes to being

driven by a VFD. Older motors not designed for inverter use may have insulation that is marginal for the

fast rise-time PWM voltage. The steep voltage pulses can cause high dV/dt stress and reflected wave over-

voltages at the motor terminals, especially if the motor cables are long. In 460 V-class systems, peaks up to

~2× the DC bus (which itself is ~650 V) can occur – meaning motor windings might see spikes of over 1200 V

due to cable reflections . This can exceed what a standard motor insulation is built for. To mitigate

this, inverter-duty motors are recommended; these have better insulation (often rated for 1600 V peaks or

more) and can handle the fast du/dt. Additionally, they often have other features like insulated bearings or

provisions for shaft grounding to cope with high frequency currents (discussed below). If using a non-

inverter-duty motor, or if cable run exceeds ~50 meters on a 480 V system, strongly consider adding output

filters (dV/dt filters or sine wave filters) to limit the voltage spikes . These filters smooth the PWM

waveform and protect  the motor insulation.  In any case,  follow the drive manufacturer’s  guidelines on

maximum cable length –  for  example,  with standard IGBTs,  150 feet  is  a  common recommended limit

without filters  (and even shorter for new SiC-based drives which switch extremely fast). Also use

shielded motor cable and ground the shielding at  both the drive and motor end – this helps contain

electromagnetic interference and provides a low-impedance path for common-mode currents.

3. Managing Bearing Currents: A known issue when using PWM VFDs is the potential for motor bearing

damage due  to  electrical  currents.  The  high-frequency  switching  can  induce  shaft  voltages  through

capacitance between stator and rotor. If this voltage builds up and then discharges through the motor’s

bearings, it causes tiny electric arcs – known as EDM (electric discharge machining) – that pit the bearing

surfaces .  Over  time,  this  leads  to  fluting  patterns  on  the  races  and premature  bearing  failure.
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Factors like higher carrier frequency (above ~5 kHz), larger motors, and poor grounding exacerbate this.

According to an ASHRAE technical paper, PWM drives with fast IGBTs (switching ~12 kHz with rise times < 0.1

µs) can induce shaft peak voltages of 20–60 V or more; once the film of lubricant breaks down (around 20–

30 V), discharge events will occur on every rotation . The paper notes that even in well-grounded

systems,  these  capacitive  currents  can  cause  bearing  EDM  and  subsequent  failure  if  not  mitigated.

Mitigation  strategies are  well-established:  use  shaft  grounding  brushes  or  rings (to  give  the  shaft

voltage a safe path to ground rather than through the bearings), consider insulated bearings or ceramic

bearings (to break the circuit through the motor bearings – though note that if you insulate both bearings,

the current may find its path through attached equipment instead), and utilize common-mode chokes or

filters on the drive output to reduce high-frequency common-mode voltage . Many newer motors

come with a shaft grounding ring (e.g. an Aegis ring) if they are specified for inverter duty. Additionally,

keeping cable lengths short and using symmetrical shielded cable reduces the magnitude of shaft voltages.

It’s worth emphasizing this point: if you install a VFD on a large motor (say >50 HP) that runs continuously at

high speed, invest in bearing protection up front – the cost is small relative to replacing a motor or dealing

with downtime. Industry data shows that while only a small  percentage of motors on VFDs experience

destructive bearing currents, it’s enough of an issue that nearly all motor and drive OEMs recommend these

best practices . In critical HVAC applications (like hospital air handlers), facility engineers routinely

add shaft grounding and have largely eliminated bearing failures that used to occur when VFDs were first

introduced without such measures.

4. Electromagnetic Interference (EMI): The fast switching in VFDs can generate high-frequency noise that

may  interfere  with  sensitive  electronics  (instrumentation,  sensors,  radios).  Always  separate  VFD  power

cables from signal cables (ideally route them in separate conduits or trays, with a good distance between).

Using shielded motor cables and grounding the shields helps contain radiated EMI. Many drives also have

built-in  EMI/RFI  filters  on  the  AC  input  to  meet  EMC standards  –  if  not,  external  filters  can  be  added

especially if you must comply with strict EMC requirements (for example, some installations require meeting

IEC 61800-3 Category C1 or  C2 for  emissions in  commercial/residential  environments).  Also ensure the

drive’s grounding is solid – a common cause of nuisance issues is floating or improper grounds. The drive,

motor, and cable shield should all be tied into a single ground network to avoid circulating currents through

unintended paths.  If  problems persist  (like noise on analog signals or PLC faults when the drive runs),

consider using ferrite core filters on signal lines or using differential  signaling (like 4-20 mA instead of

0-10V) which is less susceptible to noise. Good installation practice and following the manufacturer’s wiring

recommendations typically preempt most EMI issues.

5. Programming and Tuning: Upon installation, a VFD drive requires some configuration. At minimum, the

motor nameplate data (voltage, rated current, base frequency, poles or base speed) should be input so the

drive can properly tune itself. Most drives offer an auto-tune function – the drive will perform a brief test

on the motor (often by measuring resistance, inductance, and sometimes by spinning it at low speed) to

identify motor parameters for vector control. Running this auto-tune with the motor uncoupled from the

load is  usually  recommended for  best  accuracy.  Next,  application-specific  parameters:  acceleration and

deceleration times should be set to values that the process can handle (e.g. a large fan might need a 30-

second ramp to avoid tripping on overcurrent or causing belt slip, whereas a small conveyor might use 1

second). If the drive is controlling to a process setpoint (using PID), those loop gains need tuning to get

stable  control  without  oscillation.  Many  drives  have  an  auto-tune  for  PID  or  at  least  a  starting

recommendation. Enable any necessary stopping modes – for instance, if you need the motor to coast to

stop on power loss or need DC injection braking to hold a motor, configure those features accordingly. It’s

also wise to set up the VFD’s fault handling logic: decide which faults should cause an immediate trip vs. a
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controlled  stop,  program how the drive  should  respond to  a  momentary  power  loss  (some have ride-

through or auto-restart on power restoration), and set up any  alarms or notifications. With networked

drives, ensure the communication settings (baud rate, node ID, IP address, etc.) are correctly configured

and tested.

6. Harmonic Mitigation and Power System Effects: As mentioned, multiple VFDs can inject harmonics into

the facility’s power system. The degree to which this is a concern depends on the ratio of drive load to the

short-circuit  capacity  of  the  supply,  and  on  the  sensitivity  of  other  equipment.  For  smaller  motors  or

facilities with just a few drives, it’s rarely a problem. But in a plant with dozens of large drives, a harmonic

study is often done. Mitigation can be as simple as adding 5% impedance line reactors or using 12-pulse or

18-pulse  rectifier  configurations  for  larger  drives  (these  involve  multi-winding transformers  that  cancel

certain harmonics). Another effective solution is using active harmonic filters, which are electronic devices

that inject currents to cancel out the harmonics from drives – these can be added to an existing installation

if  harmonic  levels  exceed  what  IEEE  519  recommends.  If  using  multiple  drives,  staggering  the  pulse

frequencies slightly can also lessen the chance of harmonic currents reinforcing each other. Many drive

manufacturers offer drive-specific harmonic filters that are tuned to their products.  For example, Eaton

offers the CFX passive filters for its drives to meet IEEE 519 limits . ABB and Schneider have similar

solutions. The key is to be aware of harmonics and consult standards or a power quality professional for

larger systems. Not addressing this could result in overheated transformers, nuisance trips of capacitors or

generators, or interference with other devices.

7. Environmental and Cooling Considerations: Ensure the VFD is kept within its allowed environment. If

installed in a cabinet, provide adequate ventilation or cooling – drives often are a major heat source in a

panel.  Follow spacing requirements around the drive for  airflow.  Clean or  replace any intake filters  on

enclosures  periodically  to  avoid  dust  build-up  and  thermal  issues.  In  dusty  or  wet  environments,  use

appropriately  rated  enclosures  (e.g.,  washdown  duty  drives  for  food  plants,  with  IP66  sealing).  If  the

ambient is very warm (like above 40°C), you may need to oversize the drive or add external cooling. Also,

avoid mounting the drive in direct sunlight or near heat sources.

8. Maintenance: VFD drives are generally low-maintenance compared to mechanical  systems. However,

they are not “install and forget” forever. Typical maintenance tasks include: periodically tightening power

and control wire terminals (vibration and thermal cycling can loosen them over time), ensuring cooling fans

are operational (fans may need replacement after 5–10 years as their bearings wear out), and cleaning any

dust from heatsinks and intake vents (with power off!).  It’s  also a good practice to inspect the DC bus

capacitors after several years – some large drives have built-in capacitor condition monitoring.  Software/

firmware updates may be available to fix bugs or add features, so checking with the manufacturer support

occasionally is wise (but apply updates carefully and usually only if needed, to avoid unintended changes).

Lastly, maintain a stock of critical spares if uptime is crucial – for example, a spare drive or at least spare

fan  and  control  fuse,  because  if  a  drive  fails,  you  want  to  swap  it  quickly.  Many  facilities  choose  to

standardize on a few drive models so that sparing and support is easier.

9. Training and Safety: Train personnel on the safe operation and troubleshooting of VFDs. The presence

of high voltages (the DC bus can be ~650 V for 480 V drives, and stays charged after power-off for several

minutes until  discharge resistors  work)  means caution is  needed.  Technicians should know to wait  the

recommended time before working on a drive internal circuitry. Also, the Safe Torque Off function, if used,

needs to be tested as part of safety circuit commissioning – ensure that when STO is activated, the motor
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cannot  produce  torque  (voltage  removal).  Some  drives  have  dual-channel  STO  for  redundancy;  wire  it

according to the safety standards and verify its operation. 

Finally, leverage the support resources from drive manufacturers. Companies like ABB, Yaskawa, Siemens,

etc.,  have extensive documentation,  application notes,  and helplines to  assist  with any peculiar  issues.

Taking advantage of these can greatly ease the integration of VFD drives into complex systems.

Examples from Multiple Manufacturers

Throughout  this  discussion,  we’ve  touched  on  features  from  various  VFD  manufacturers.  It’s  worth

highlighting a few to see how different brands emphasize different strengths:

ABB: A global leader in drives, ABB is known for high-quality industrial drives with advanced control

(their hallmark being  Direct Torque Control which gives very fast and precise torque regulation

). ABB drives like the ACS580 and ACS880 series support virtually every major fieldbus and offer

options like ultra-low harmonic versions and common DC bus configurations. ABB also pairs drives

with high-efficiency motors, such as synchronous reluctance motors (SynRM) for optimized packages

– one case showed an ABB SynRM motor + drive package improving efficiency so much that it freed

up electrical capacity for a plant’s expansion . ABB’s drives typically include robust enclosure

options and safety features, and they publish extensive technical guides on topics like harmonics,

motor control, and energy savings to help users (for instance, ABB’s Technical Guide No. 1 on DTC is

a well-known reference explaining their technology). 

Yaskawa: A highly reputed Japanese manufacturer, Yaskawa drives are celebrated for their reliability

and  straightforward  operation.  The  Yaskawa  GA800 (and  its  predecessor  A1000)  are  general-

purpose workhorses, offering dual ratings (normal/heavy duty) with overload of 150%/60s (HD) .

Yaskawa  often  leads  in  providing  wide  compatibility  –  their  drives  can  run  standard  induction

motors, permanent magnet motors, and even newer reluctance motors with appropriate settings.

They also focus on ease-of-use: the GA800 features an intuitive keypad with a setup wizard, and even

Bluetooth  connectivity  via  an  app  for  programming.  Yaskawa  drives  have  integrated  functional

safety  (STO  SIL3)  and  meet  stringent  specs  for  different  industries  (they  commonly  appear  in

pumping, HVAC, and industrial automation). Yaskawa also pioneered matrix converters for specific

applications – e.g., the Yaskawa U1000 is a “matrix” VFD that directly converts AC-to-AC without a DC

bus, providing near sinusoidal input currents and inherent regeneration. While not used as widely as

PWM drives, it’s an example of innovation targeting ultra-clean power quality where needed.

Hitachi: Hitachi offers a range of economical and compact drives for light and medium applications.

The  Hitachi WJ200 series is an example combining advanced features with cost-effectiveness for

small motors. Despite being a smaller drive, the WJ200 includes sensorless vector control with 200%

torque available at low speeds , and it has an integrated programming function (EzSQ) so it can

execute simple automation sequences internally . It also has a “safe-stop” feature (which likely

corresponds to a basic STO). Hitachi drives are popular in packaging machines, HVAC, and general

machinery where simplicity and reliability are needed. The newer Hitachi drive models (like the NE-S1

or next-gen models)  focus on plug-and-play setup for contractors (with default  macros for fans,

pumps, etc.), aiming to make installation quick.
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Eaton  (Cutler-Hammer): Eaton’s  PowerXL  DG1 series  is  a  family  of  drives  designed  with  an

emphasis on user-friendly integration in commercial and industrial systems. As noted, Active Energy

Control is  a  unique  Eaton  feature  that  dynamically  optimizes  the  voltage  to  reduce  energy

consumption and heat . The DG1 drives come with built-in industrial Ethernet communications

on all models, reflecting the increasing importance of connectivity. Eaton drives are often used in

motor control centers (MCCs) and can be supplied in MCC buckets for large installations. They offer

configurations specifically for pump control (with multi-pump sequencing logic built in) and have a

reputation  for  robustness  in  HVAC  and  water  treatment  applications.  Eaton  also  continues  to

support legacy drive products (SVX/SPX series from the former Cutler-Hammer line), but the DG1 is

their current flagship general-purpose VFD with an eye toward global markets (meeting IEC and

NEMA standards together).

Lenze: A German-based company, Lenze specializes in both simple VFDs and more complex servo

drive technology.  The  Lenze i500 series is  their  latest  general-purpose VFD line,  notable  for  its

modular design. The i500 drives are very slim (space-saving in panels) and have plug-in modules for

the control unit, so you can easily change or upgrade the communications (e.g., swapping a Modbus

module for an EtherCAT or PROFINET module) . Even the STO safety is a module that can be

added later if needed . This design allows machine builders to stock a base drive and customize

options per customer requirements without having to inventory many variants.  Lenze drives are

commonly found in material handling, packaging, and textile machinery. They focus on intuitive PC

tools for commissioning and offer features like logic programmability and event handling. One of

Lenze’s  strengths is  providing a whole drive solution including geared motors and decentralized

drives (motor-integrated VFDs for installation near the machine). For instance, Lenze’s i550 protec

drives can be machine-mounted with IP66 protection, reducing cabinet needs.

Of course, there are many other notable manufacturers: Siemens (with their SINAMICS line, widely used in

large industrial projects),  Rockwell Automation (Allen-Bradley) with PowerFlex drives (common in North

America,  tightly  integrated with Rockwell  PLCs),  Danfoss (very strong in HVAC and refrigeration drives,

known for their VLT series and innovating active filter tech),  Schneider Electric (Altivar drives, popular in

commercial and industrial sectors alike), WEG (a Brazilian motor maker that also produces drives optimized

for their  motors),  Mitsubishi,  Delta,  Fuji,  Parker SSD, and many more. Each tends to have a niche or

regional strength but fundamentally, all are leveraging similar power electronics and control advancements.

The competition drives innovation and cost reductions, which have made VFD drives more accessible and

standard in applications even down to fractional horsepower.

Conclusion

Variable Frequency Drives (VFDs) have revolutionized the control of AC motors, bringing a new level of

efficiency and flexibility to countless applications. By providing  precise speed and torque control,  VFD

drives allow systems to closely match motor output to the actual load requirements, eliminating the waste

and wear associated with fixed-speed operation. The result is significant energy savings, improved process

performance, and enhanced equipment longevity.  From HVAC fans that only ramp up when needed, to

industrial  conveyors that  smoothly accelerate with zero jolts,  to pumps that  maintain pressure without

spilling  excess  energy  across  a  valve  –  the  examples  highlight  how  VFDs  enable  smarter  and  more

sustainable operations. 
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Technically, VFD drives epitomize a successful synergy of power electronics and control software, turning

the brute force of electric motors into finely tunable tools. As we have seen, implementing drives does

require attention to detail: ensuring motor-drive compatibility, mitigating side effects like harmonics and

bearing currents, and following best practices in installation. Standards and certifications are in place to

guide safe and effective use, and the industry’s collective experience over the past few decades has yielded

robust solutions to common challenges.

Looking ahead, VFD technology continues to advance. We see trends like increasing power density (smaller

drives  for  a  given  power),  better  connectivity  (drives  feeding  data  to  IoT  platforms  for  predictive

maintenance), and integration of machine safety and logic features. There is also a push for even greater

efficiency – both in the drive (with new semiconductor materials like SiC allowing higher efficiency and

higher switching frequencies) and in the motor-drive system as a whole (for example, pairing drives with

high-efficiency motors or energy recovery units). Regulations, such as the EU’s Ecodesign requirements

, now even mandate a minimum efficiency class for drives (IE2 for drives, analogous to IE ratings for

motors), ensuring that drive losses are minimized.

In  summary,  VFD  drives  have  become  an  indispensable  component  of  modern  electrical  engineering.

Whether you are an engineer retrofitting old equipment or designing a brand-new system, understanding

VFD fundamentals and best practices is crucial for success. When applied thoughtfully, VFD drives will pay

dividends through lower energy bills, greater reliability, and superior control. As one industry tagline aptly

puts it:  “Match the speed to the need” – a simple concept with powerful implications made possible by VFD

technology.
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