
What Is a VFD (Variable Frequency Drive)?

A Variable Frequency Drive (VFD) – also known as an adjustable frequency drive, AC drive, or inverter – is

an electronic power control device used to control the speed and torque of an AC electric motor by varying

the  frequency  and voltage  of  the  electricity  supplied  to  the  motor.  In  essence,  a  VFD takes  the  fixed-

frequency AC from the utility (e.g. 60 Hz or 50 Hz) and converts it into a variable-frequency output that can

be adjusted as needed. By doing so, the VFD allows motors to run at any speed within a given range, rather

than just at full speed or off. This precise speed control provides tremendous flexibility and efficiency in

industrial and commercial applications. Modern VFDs are solid-state devices that output a quasi-sinusoidal

AC waveform at the desired frequency (typically using pulse-width modulation), effectively imitating a sine

wave power supply at the frequency needed . VFDs are the most common type of variable-speed drive

used today in many industries due to their efficiency, reliability, and versatility.

How Does a VFD Work?

At a high level, a VFD works by performing three main functions in sequence: rectification of incoming AC

power to DC,  energy storage and filtering on a DC bus, and  inversion of DC back to AC at the target

frequency and voltage. All VFDs contain these primary components, with differences mainly in the power

electronics and control software:

AC-DC Converter (Rectifier): The input section of a VFD is a converter that typically uses a diode

bridge (or sometimes SCRs/thyristors in older or high-power designs) to rectify the incoming AC

(single-phase or three-phase) into DC . For example, a standard three-phase VFD has six diodes

arranged in  a  bridge configuration.  The diodes  conduct  in  pairs,  effectively  “reconstructing”  the

negative half-cycles of AC onto the positive side, resulting in an unfiltered DC pulsating voltage. In a

460 V AC system, this rectifier produces a DC bus voltage of roughly 650–680 V DC (approximately

the line RMS voltage multiplied by √2) . 

DC Bus (Filter and Storage): After rectification, the VFD has a DC link or DC bus section, consisting

of  capacitors  (and  often  inductors  or  chokes)  that  smooth  out  and filter  the  pulsating  DC.  The

capacitors charge to the peak of  the rectified voltage and provide a relatively  stable DC supply.

Inductors (either on the AC side or DC side) help reduce ripple current and mitigate electrical noise.

The smoother the DC waveform, the cleaner the AC output waveform will be . The DC bus acts as

an energy reservoir, supplying steady DC power to the next stage. In many VFD designs, a braking

resistor or regen unit can also be connected across the DC bus to absorb or return excess energy if

the motor is braking or overrunning (to avoid over-voltage).

Inverter (DC to Variable-Frequency AC): The final stage of the VFD is the inverter, which converts

the DC back into AC power at the desired frequency and voltage. Modern drives use high-speed

switching devices – typically Insulated Gate Bipolar Transistors (IGBTs) – to achieve this inversion.

The IGBTs are turned on and off in a precise pattern by the drive’s control circuitry to create pulses of

DC  that  emulate  a  sine-wave  AC  output.  This  technique  is  known  as  Pulse-Width  Modulation

(PWM). Essentially, by varying the width (duration) of each voltage pulse, the inverter produces a
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series of pulses whose average value at any moment corresponds to the instantaneous amplitude of

a sine wave . The PWM switching happens at a carrier frequency (often in the range of 2–15 kHz

or higher), so that the output current seen by the motor is a fairly smooth sinusoidal current. The

result is an AC output of controllable frequency and voltage. (The voltage is adjusted in tandem with

frequency to maintain a roughly constant volts-per-hertz ratio, which keeps the motor’s magnetic

flux constant and avoids saturation or excessive torque drop-off at lower speeds.)  Figure 1 below

illustrates a simplified VFD power circuit and output waveform:

Figure 1: Basic topology of a PWM VFD. AC input is first rectified to DC (via a diode bridge), smoothed in the DC bus

(capacitors/inductor), and then inverted to a variable-frequency AC output using high-speed transistors (IGBTs)

with PWM control . The output is a series of pulses that simulate a sinusoidal voltage to drive the motor at

the commanded speed.

In summary,  by electronically  controlling the switching of  the inverter section,  the VFD can output any

frequency (and corresponding voltage) up to its design limits. For example, a standard VFD might allow

output from 0 Hz up to 400 Hz or more. This variable frequency output directly dictates the speed of an

AC induction motor. The synchronous speed of an induction motor is determined by the formula  Speed

(RPM) = 120 × Frequency (Hz) / Number of motor poles. Thus, if you halve the frequency, the motor’s no-load

speed is roughly halved. In practice, induction motors have a slight slip (the rotor turns a bit slower than the

magnetic  field),  but  essentially  the  motor’s  speed  follows  the  drive’s  commanded  frequency .  By

adjusting frequency (and voltage), the VFD gives full speed control from zero up to the rated (and even

above-base) speed.

Control Methods and Modern Features

Beyond the  basic  principle  of  varying  frequency  and voltage,  modern  VFDs  offer  sophisticated  control

algorithms to improve performance. There are several control  modes that can be used for an induction

motor, including simple volts-per-hertz (V/f) control, and more advanced vector controls. In industry, the

four  primary  motor  control  methods  for  drives  are:  V/f  (scalar)  control,  V/f  control  with  encoder
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feedback,  Open-loop  vector  control (also  called  sensorless  vector),  and  Closed-loop  vector  control

(vector with encoder) . 

V/Hz control is a straightforward method where the drive maintains a fixed ratio of voltage to

frequency. It’s reliable and sufficient for many pump and fan applications but doesn’t actively

regulate the motor’s slip or torque. 

Open-loop vector control (sensorless vector) uses motor models and current/voltage feedback to

estimate the motor’s magnetic flux and torque, allowing much better speed regulation and torque

production at low speeds (even without an encoder). 

Closed-loop vector control uses an actual speed/position feedback device (encoder) on the motor shaft

to precisely control torque and speed, enabling high dynamic performance and full torque at zero

speed, which is useful for cranes, elevators, or servo-like applications.

As an example of modern capability: Hitachi’s WJ200 series VFD (a microdrive range) implements easy auto-

tuning for sensorless vector control and can achieve 200% or more of rated torque at very low speeds

(~0.5–1 Hz) . This high starting torque is invaluable for applications requiring a lot of breakaway torque

(like  loaded  conveyors  or  crushers).  Many  VFDs  today  also  include  features  such  as  auto-tuning

(automatically measuring motor parameters for optimal control),  SLIP compensation (to hold set speed

under load),  and the ability to drive different types of motors.  For instance, some advanced drives can

control  not  only  standard  induction  motors  but  also  permanent  magnet  synchronous  motors  and

synchronous reluctance motors under vector control  – giving users flexibility to use high-efficiency

motor types.

Key Benefits of Using VFDs

Implementing a VFD to control motor speed brings a host of benefits, both in energy efficiency and in

process performance. Below are some of the major advantages:

Energy Savings: One of the most compelling reasons to use VFDs is to save energy in systems that

don’t always need to run at full speed. According to the U.S. Department of Energy, electric motors

consume nearly half of all electricity worldwide (around 45% of global electric energy) . A large

portion  of  these  motors  drive  pumps,  fans,  and  other  variable  torque  loads.  Running  such

equipment at full  speed and throttling the output (using valves, dampers, or bypasses) wastes a

tremendous amount of energy. VFDs eliminate that waste by controlling the motor speed directly

to match the required load. The physics governing centrifugal pumps and fans (affinity laws) show

that power consumption drops off with the cube of the speed for these devices . This means

even a modest speed reduction yields a significant reduction in power use. For example, running a

fan at 80% of its maximum speed might only consume about 50% of the power, and at 50% speed it

might use as little as ~12% of full power . In real terms, a 20% reduction in speed can cut energy

usage roughly in half.  Using a VFD to slow down a pump or fan during less-than-peak demand

periods translates directly into lower electricity bills. An ABB application note emphasizes that even a

small reduction in pump/fan RPM can produce a large reduction in energy consumption . In

practical case studies, this has borne out: for instance, replacing a throttle valve with VFD control on

an industrial fan saved about 40% of energy , and using a VFD in an HVAC system showed energy

savings ranging from 22% up to 65% under certain conditions . These savings often mean a VFD

pays for itself very quickly – sources report typical payback periods of under 2 years from energy

savings alone in many applications .
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Improved Process Control: VFDs allow fine-grained control of motor speed in a continuous range,

which is essential for process optimization. Instead of the motor simply being “on” or “off” (or limited

to a few fixed speeds via gears or belt changes), an operator or an automated control system can

adjust the motor to any required speed. This means pumps can maintain precise flow or pressure

setpoints, conveyors can run at the exact throughput needed, and mixers or centrifuges can have

programmable speed profiles. For example, in water/wastewater treatment, VFDs on pumps can be

used  to  maintain  a  target  water  level  or  pressure  automatically  by  modulating  speed,  which

improves system stability. The City of Columbus wastewater plant retrofit illustrates this benefit: they

installed VFDs on influent pumps and were able to actively control pump speed to match inflow,

maintaining levels and reducing strain on the system . The result was not only energy savings

(discussed  below)  but  also  smoother  operation.  In  HVAC  systems,  VFD-controlled  fans  can

continuously adjust airflow to hold building temperature or pressure, eliminating the oscillations

and overshoot that occur with on/off control. Overall, VFDs contribute to better product quality and

process consistency by providing stepless speed regulation and rapid adjustability.

Reduced Mechanical Stress & Soft Starting: Starting an AC motor across the line (direct-on-line at

full voltage) subjects the system to a large inrush current (typically 6-7 times the rated current) and

a sudden torque shock. This can cause mechanical wear on couplings, belts, and driven equipment,

and it generates electrical stress on the motor and distribution system. A VFD inherently provides a

soft  start capability:  it  can  ramp  up  the  motor’s  speed  (and  torque)  gradually  by  increasing

frequency and voltage smoothly from zero. This dramatically cuts the starting current – often to

as low as 100% to 150% of rated current instead of 600%+ – and virtually eliminates the mechanical

jerking. The result is longer life for motors and mechanical components, and fewer nuisance trips or

voltage sags. An additional benefit is in generator-backed or limited supply systems: a VFD’s soft-

start means you can start large motors without oversizing the generator or causing voltage drop

issues. In fact, by using VFDs as reduced-voltage starters, facilities have been able to use  smaller

standby generators than would otherwise be required. In one case, a municipal pump station used

VFDs to limit inrush current so effectively that they avoided having to install  a bigger generator,

fitting the new drives within the existing generator’s capacity . VFDs can also perform controlled

braking (through regenerative operation or DC injection), reducing mechanical brake wear.

Equipment Longevity and Reduced Maintenance: By running motors only as fast as needed, VFDs

often extend the life of equipment. Pumps and fans running at lower speeds produce less friction

and  cavitation,  leading  to  less  wear  on  impellers,  bearings,  and  seals.  Likewise,  smoother

acceleration and deceleration put less strain on gears and belts.  The more gentle operation can

reduce unplanned downtime and maintenance costs. Additionally, eliminating throttling devices (like

nearly-closed  valves  or  dampers)  means  less  stress  on  those  components  and  often  a  simpler

system  design.  According  to  Yaskawa,  using  VFDs  not  only  cuts  energy  use  but  also  results  in

reduced wear and tear on the equipment,  so users save on maintenance in the long run .

Some modern drives are designed for high reliability; for example, Yaskawa tests their drive designs

to  ensure  they  can  run  maintenance-free  for  10  years continuous  operation .  This  level  of

robustness speaks to how far drive technology has come – early generations required more frequent

capacitor  replacements  or  fan  maintenance,  whereas  current  top-tier  drives  have  significantly

improved longevity.

Power Quality and Other Electrical  Benefits: A VFD can improve certain aspects of  a system’s

electrical  profile.  For  one,  the  VFD’s  input  rectifier  (especially  if  equipped  with  power-factor
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correction  or  using  active  front-end  technology)  will  draw  current  with  near-unity  displacement

power factor. This means it’s not pulling excessive reactive power like an unloaded motor might.

Additionally,  running motors at lower speeds often reduces the heat in both the motor and the

system (for pumps, lower speed means less throttling losses as heat). However, it should be noted

that standard VFDs do introduce current harmonics on the supply. These harmonics are essentially

distortion in the current waveform due to the non-linear diode/IGBT switching. Without mitigation,

harmonics  can  affect  other  equipment  or  cause  extra  heating  in  transformers.  There  are  well-

established solutions for this:  line reactors or DC link chokes built  into the VFD, active harmonic

filters,  multi-pulse  rectifier  arrangements  (12-pulse,  18-pulse  drives),  or  active  front  ends.  For

example,  Eaton’s PowerXL EGP series drives use an 18-pulse rectifier design that significantly

reduces harmonic distortion at the input of the drive . In many installations, the harmonic levels

are kept within IEEE 519 standard limits by such measures . So while VFDs add great benefits,

engineers  must  consider  harmonic  filtering  and  electromagnetic  interference  (EMI)  –  often

addressed with proper filtering and shielded cabling – as part of best practices (discussed more

below in Considerations).

Real-World Energy Savings: Case Studies

The theoretical energy savings of VFDs translate into very real reductions in energy consumption and cost

in  the  field.  Numerous  case  studies  and  research  papers  have  documented  substantial  efficiency

improvements:

Municipal  Water  Pumping  (City  of  Columbus): A  wastewater  treatment  facility  in  Columbus

undertook  a  project  to  replace  constant-speed  pumps  with  variable-speed  pumps  controlled  by

VFDs. Before the upgrade, their influent pumps ran at full speed and excess flow was controlled by

throttling. After installing VFDs on three of the five pumps (and upgrading controls to maintain a

target  wet  well  level),  the  city  recorded  significant  drops  in  energy  usage.  The  specific  energy

consumption of the pumping system went from 259 kWh per million gallons down to 179 kWh/

MG – roughly a 30% reduction in energy per volume pumped . Additionally, because the VFDs

ramp the pumps up gradually  and avoid across-the-line starts,  the  peak power demand of  the

facility was cut in half (from 60 kW down to 30 kW on startup) . This is important because many

utilities charge based on peak kW demand; reducing it can yield major cost savings. In dollar terms,

the same facility also implemented VFDs on aeration blowers and saw the monthly energy cost for

aeration drop by 26% . These examples show how VFDs help municipalities save on energy and

operate more flexibly.  The investment in drives paid back through energy savings and improved

process control (the plant could maintain more stable dissolved oxygen levels by modulating blower

speed instead of running blowers at full tilt).

Industrial Fan and HVAC Examples: In a tea factory case study, two identical 4 kW industrial fans

were compared – one using a traditional inlet damper for flow control and the other equipped with a

VFD. The VFD-controlled fan consumed dramatically less energy, yielding about 40% energy savings

versus  the  throttled  fan .  In  another  study  focusing  on  HVAC  in  Saudi  Arabia,  two  large  air

conditioning  systems  (for  two  similar  buildings)  were  tested  –  one  used  a  conventional  on/off

compressor control, the other used a VFD to continuously adjust compressor speed. The result was

energy savings ranging from 22% up to 65% (depending on the time of day and conditions) for the

VFD-based system, which is a remarkable improvement in efficiency for climate control . These
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scenarios underline the point that whenever a motor’s load varies over time, a VFD can tailor the

motor’s output to just what is needed, avoiding wasteful oversupply of power.

High-Power Fan in Manufacturing: A sugar manufacturing plant had a 400 HP induced-draft fan on

a  steam  boiler,  which  traditionally  ran  at  constant  speed  with  dampers  to  control  airflow.  By

retrofitting a VFD to this fan, the plant was able to adjust the fan speed to match boiler demand in

real-time. The outcome was an  energy consumption reduction of about 47% for that fan motor

. This massive saving illustrates how even very large motors, which once ran continuously at full

power, can be tamed with drive technology to yield significant operational cost reductions.

General Industry and ROI: Studies by motor and drive manufacturers often cite that VFD projects

can  reduce  energy  use  on  average  by  20–50%  in  suitable  applications,  and  that  return  on

investment (ROI) is typically achieved in a few months to a couple of years from energy savings

alone .  Beyond  energy,  some  projects  justify  VFDs  for  improved  product  output  or  reduced

downtime,  which can be harder to quantify  but  equally  valuable.  For  example,  a  packaging line

might use VFDs to ramp speeds up/down and synchronize conveyors, resulting in less jamming and

damage – thus improving productivity. Such benefits may not show on an energy meter but improve

the bottom line via higher throughput and lower maintenance costs.

It’s clear from these examples that VFDs are not just theoretical energy-savers; they deliver measurable

improvements. Many utilities and governments even offer incentives or rebates for VFD installations on

eligible equipment (like pump or fan efficiency upgrade programs), due to the significant electrical demand

reduction achieved. Considering that a large share of the world’s electricity is consumed by motors, the

collective impact of using VFDs is enormous in terms of energy efficiency and greenhouse gas reduction.

Common Applications of VFDs

VFDs are used across a wide range of industries and applications wherever control of motor speed brings

an advantage. Some of the most common use cases include:

Pumps and Fans: HVAC systems (building heating, ventilation, air conditioning) use VFDs on fans

and pumps to regulate airflow and water flow based on demand. In industrial settings, VFDs control

pumps for water supply, wastewater, irrigation, oil pipelines, and more. By adjusting speed to match

the required flow or pressure, systems avoid wasting energy across throttling valves or dampers. As

discussed,  pumps  and  fans  with  quadratic  torque  loads  see  the  greatest  energy  savings  from

variable  speed control .  VFDs in  these applications also reduce water  hammer and stress  on

piping by allowing soft start/stop of pumps. Many cities and utilities have retrofitted VFDs on water

pumps and well pumps to better manage pressure in distribution networks and reduce main breaks.

In marine vessels, engine room fans and seawater pumps often run on VFDs to optimize energy use

under varying conditions . 

Compressors  and Refrigeration: Many modern air  compressors  use VFD drives  (so-called “VSD

compressors”) to modulate the compression output to match air demand. Rather than unloading or

blowing  off  excess  air  (which  wastes  energy),  a  VFD-controlled  compressor  slows  down  when

demand is low, saving power. Similarly, large chillers and refrigeration systems often use VFDs on

compressors and on condenser fans or cooling tower fans. This improves efficiency across varying

cooling loads and can greatly reduce the spikes in electrical demand for cooling systems. In HVAC,
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this leads to variable-speed drives on everything from small package AC units to giant centrifugal

chillers.

Material Handling and Conveyors: Conveyor belts, material feeders, baggage handling systems,

and  assembly  lines  often  employ  VFDs  to  control  speed  and  throughput.  Being  able  to  adjust

conveyor speed is useful for coordinating with other processes, avoiding spillage or jams, and gently

starting/stopping belts without products shifting. For example, in mining and quarrying, VFDs on

conveyors allow controlled starting (preventing belt slip) and the ability to inch or jog the belt. In

warehouse automation, VFDs on conveyors can dynamically adjust speeds to prevent bottlenecks

between  sorting  and  loading  stations.  Cranes  and  hoists also  use  drives  to  provide  smooth

acceleration/deceleration and precise positioning, often using closed-loop vector control  for high

torque at low speeds (to hold a load steady).

Machine Tools and Manufacturing: Variable frequency drives are integral to many machine tools –

such as CNC mills, lathes, grinders – where the spindle speed must be variable over a wide range. A

VFD can drive the spindle motor at different RPMs for cutting various materials, and provide dynamic

braking or reversing as needed. In textile mills,  VFDs allow adjusting the speed of spinning and

weaving machines easily. In printing presses, they let rollers speed synchronize accurately. VFDs are

also common in extruders, mixers, and agitators, where process conditions dictate speed changes

(for example, slower mixing at certain stages, faster at others). Because VFDs can run motors above

base speed if the motor is sized for it, some machines intentionally overspeed motors via VFD to get

a  wider  operating  range  (e.g.,  120  Hz  operation  for  a  60  Hz  motor,  with  proper  design

considerations).

Infrastructure and Transportation: Elevator and escalator drives are almost universally VFD-based

now,  giving  smooth  acceleration  and  deceleration  curves  for  rider  comfort  and  energy  savings

through regenerative  braking  (in  elevators,  a  loaded car  going  down can  generate  power  back

through the drive). In electric trains and locomotives, VFD-like inverters control traction motors with

precise torque.  Another big infrastructure use is  wind turbines,  where the generator’s  speed is

controlled by power electronics (effectively a type of VFD in reverse, known as a converter) to allow

variable rotor speeds while outputting steady grid frequency. Even large amusement park rides now

use VFDs to smoothly control motion.

In summary, any application that benefits from adjustable motor speed, soft start/stop, or improved

energy efficiency is a candidate for a VFD. This spans from tiny 1/8 horsepower motors in appliances up

to  giant  multi-megawatt  motors  in  steel  mills  or  pipeline  pumps.  VFDs  are  found  in  industries  like

manufacturing, oil & gas, mining, chemicals, building services, agriculture, transportation, and more .

The flexibility of electronic speed control has fundamentally transformed how engineers design systems –

rather than designing around a single-speed motor and coping with the limitations, we design systems that

can adapt on the fly via drives.

Leading VFD Manufacturers and Notable Products

Over the past few decades, a number of companies have become well-known for producing high-quality

VFDs. Each of these major manufacturers offers a broad portfolio with various specialties and innovations.
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Here we highlight a few examples from leading vendors (ABB, Hitachi, Eaton, Lenze, Yaskawa, etc.) and their

drives:

ABB: ABB is one of the largest drive manufacturers globally, offering everything from micro-drives

for fractional horsepower motors up to giant medium-voltage drives. A flagship family is the  ABB

ACS series (ACS550,  ACS880,  etc.),  which are  widely  used in  industrial  applications.  The  ACS880

industrial  drives, for instance, cover a power range from about  0.75 HP up to 8000+ HP in low-

voltage  configurations  (with  ACS880  multi-drive  and  cabinet  units  scaling  to  6000  kW).  ABB

drives are known for their  advanced control  features (like  Direct Torque Control (DTC) in some

models for precise torque regulation) and options for regenerative braking and ultra-low harmonic

front-ends. ABB also provides drive solutions that meet functional safety standards with integrated

Safe Torque Off and other safety functions for machine safety integration. These drives are often

found in  heavy  industries  (steel  mills,  paper,  oil  &  gas)  as  well  as  commercial  HVAC and water

systems. ABB’s extensive documentation and support, including technical notes like “What is a VFD?”,

help users understand and apply the technology .

Hitachi: Hitachi produces a range of AC drives, particularly known for compact and cost-effective

designs  in  small  to  mid-power  ranges.  The  Hitachi  WJ200  series is  a  popular  microdrive  line

(covering roughly 0.5 to 20 HP) that includes features like built-in PLC functionality and advanced

sensorless vector control. A notable capability of the WJ200 is its high starting torque – thanks to

advanced auto-tuned vector control, it can achieve 200% torque at low speed (~0.5 Hz) without an

encoder . This makes it suitable for demanding applications like lifting or punch presses where

strong  low-speed  performance  is  needed.  Hitachi  drives  are  often  praised  for  their  clear

documentation and programming ease. They also offer larger drives (e.g., SJ/P1 series) for industrial

use.  Hitachi  emphasizes  reliability  and  has  incorporated  various  protection  features  (overload

handling,  safe-stop  functions,  etc.)  in  their  drives.  Many  OEM  machines  (like  small  CNCs  or

packaging lines) use Hitachi VFDs due to their compact size and strong feature set for the price.

Eaton: Eaton’s offerings in the VFD space (formerly Cutler-Hammer) include the  PowerXL series

drives,  such as the DG1 general-purpose drives,  DC1 compact  drives,  and DP1 pump and HVAC

drives.  Eaton drives often highlight ease of  use (wizards for setup)  and robust design for harsh

environments.  One  area  Eaton  has  focused  on  is  compliance  with  global  standards  and  power

quality. For example, all Eaton VFDs are designed to meet the IEC 61800-5-1  safety standard for

adjustable speed drives and the IEC/EN 61800-3 EMC requirements for noise/harmonics . Eaton

also employs techniques like their patented  Active Energy Control (an algorithm that optimizes

motor magnetization to save energy) and offers solutions with built-in harmonic mitigation. A good

example is Eaton’s  18-pulse drive solution (such as the PowerXL EGP 18-pulse drive) which uses

phase-shifting transformers and diode bridges to cancel out most line harmonics, making it much

easier to meet IEEE 519 limits for current distortion on critical power systems . Eaton drives are

commonly  used  in  commercial  buildings  (fans,  pumps),  industrial  machinery,  and  even  mobile

mining equipment. Their DX1 high-performance drives include features like an intuitive touchscreen

keypad and high overload capacity for heavy-duty cycles .

Lenze (AC Tech): Lenze’s AC Tech division (which includes the former Techno-Sommer and AC Tech

drives) produces the  SMV series and other VFDs that are popular in both the U.S. and Europe for

general-purpose applications. The Lenze SMVector (SMV) drives are known for being user-friendly

and offering sensorless vector performance in a very compact package – often used for conveyors,
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mixers, pumps, etc. A standout spec for the SMV series is that it supports output frequencies up to

500 Hz (and even up to 1000 Hz on some models with an optional setting) . This makes it suitable

for  high-speed  spindle  motors  or  specialized  equipment  that  require  significantly  above-base

frequencies. The SMV drives also have high carrier frequency options (up to 10–16 kHz PWM) for

smooth motor  operation .  Lenze provides these drives  in  various enclosure ratings (NEMA 1,

NEMA 4X washdown) for different environments. They also integrate features like PID control loops

and logic programmability for simple automation tasks. In terms of standards, Lenze SMV drives are

designed  to  meet  UL  and  CE  standards,  including  IEC  61800-5-1  (safety) and  61800-3  (EMC)

compliance when installed with proper filters . Lenze’s larger drives and servo systems are also

widely used in packaging and material handling machinery, reflecting the company’s motion control

heritage.

Yaskawa: Yaskawa is a Japanese manufacturer highly regarded for quality and reliability in drives

and motion control. Their VFDs (such as the current GA800 and GA500 series and the legacy A1000,

V1000 series) are found in many industrial facilities and OEM machines. One notable point about

Yaskawa drives  is  the design focus  on longevity  –  as  mentioned earlier,  they  test  for  a  10-year

maintenance-free life, meaning the drives can run continuously in normal conditions for a decade

without needing component replacements . Yaskawa has also been at the forefront of ease-of-

use innovations: for example, the ability to program the drive without main power by using a USB

connection or smartphone app, which allows configuration before installation or while the drive is in

a box on the desk . This can simplify commissioning. Technically, Yaskawa drives offer very high

performance vector control (they were among the first to popularize sensorless vector control in

general-purpose drives  in  the  1990s)  and support  for  multiple  motor  types.  The latest  Yaskawa

drives  can  run  induction  motors,  interior  or  surface  permanent  magnet  motors,  and  even

synchronous reluctance motors with appropriate setting – giving users flexibility to adopt newer

high-efficiency motors . Yaskawa also provides wide network communication support (Ethernet/

IP, Modbus, ProfiNet, etc., are often available as options or built-in) , facilitating integration into

modern IIoT and Industry 4.0 systems. Yaskawa VFDs are used in everything from simple pump/fan

systems to complex automated machinery; their reputation for being “bulletproof” in reliability has

made them a preferred choice in many factories.

Of  course,  there  are  many other  reputable  VFD manufacturers  as  well  –  Danfoss,  Siemens,  Rockwell

Automation (Allen-Bradley), Schneider Electric, Mitsubishi Electric, Delfoi/WEG, Fuji Electric, etc., each

with their own product ranges and specialties. For example, Danfoss VLT drives are very common in HVAC

and refrigeration, and they pioneered a lot of the early VFD technology for pumps and fans. Siemens makes

the extensive SINAMICS line of drives from micro to large regenerative drive systems. Rockwell’s PowerFlex

drives are widely  used in  North America especially  for  integration with Allen-Bradley PLC systems.  The

competition in the VFD market has driven innovation while also making these drives more affordable and

standardized in features over time.

Industry Standards and Best Practices for VFDs

When implementing VFDs,  it’s  important  to  consider  applicable  standards,  installation practices,  and

system design to ensure safety, compatibility, and longevity. Key points include:

Standards and Certifications: VFDs are  built  to  meet  various  international  standards.  A  crucial

safety standard is IEC 61800-5-1, which specifies requirements for the electrical, thermal, and safety
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aspects of adjustable speed drive systems . Most commercial drives from major vendors will carry

certification to IEC/EN 61800-5-1 (for example, Lenze’s SMV drive shows compliance to EN 61800-5-1

for  low  voltage  safety ).  In  North  America,  UL  certification  (UL508C  or  now  UL61800-5-1

harmonized standard) is typically required for a drive to be used in industrial panels – manufacturers

provide  UL-listed  drives  or  UL-recognized  components  accordingly.  EMC  (Electromagnetic

Compatibility) standards  are  also  applicable:  IEC  61800-3  defines  categories  of  drives  and

acceptable emission levels. Drives that meet EN 61800-3 with appropriate filters can be used without

causing interference on the factory mains or nearby sensitive equipment . Adherence to these

standards ensures that the VFD will operate safely and not disrupt other devices on the network.

Power System Considerations (Harmonics and Filtering): As noted earlier, VFDs draw non-linear

current from the supply, which can introduce harmonics. To stay within recommended harmonic

limits  (such  as  IEEE  519  guidelines ),  mitigation  might  be  required  especially  for  large  drive

installations. Many drives up to ~50 kW come with built-in DC chokes or AC line reactors that reduce

the total  harmonic  distortion (THD) of  current.  For  more stringent requirements,  passive filters

(tuned LC filters) can be added, or active harmonic filters that actively cancel harmonic currents. In

multi-drive systems, using a  12-pulse or 18-pulse rectifier (which requires multiple phase-shifted

transformer inputs) is a passive way to cancel many lower-order harmonics . Another modern

solution is  active front-end (AFE) drives,  which use an IGBT-based rectifier that can control the

input  current  waveform,  virtually  eliminating  harmonics  and  also  enabling  full  four-quadrant

(regenerative) operation. While these measures add cost, they may be necessary for compliance in

installations connected to weaker grids or where sensitive equipment is present. A good practice is

to perform a harmonic study for large VFD projects to ensure compliance.

Motor and Cable Issues: When a standard induction motor is controlled by a VFD, there are a few

extra considerations. The rapid switching of PWM can cause voltage reflections on long cable runs,

potentially leading to high dv/dt stresses at the motor terminals. To protect motors, especially when

cable lengths are long (e.g., >50m), it’s common to use output reactors or dv/dt filters, or in critical

cases sine-wave filters that smooth the PWM into a near-sine waveform. Special  VFD-rated motor

cables with  proper  shielding  and  insulation  are  recommended  to  handle  the  high-frequency

components  and  to  contain  electromagnetic  noise .  Another  aspect  is  motor  cooling:  at  low

speeds a motor’s own fan may not move enough air, so either ensure the load is reduced at low

speed or consider auxiliary cooling if the motor runs slow for extended periods. Many newer motors

are “inverter-duty” rated, meaning they can handle the higher peak voltages and thermal stresses

from VFD operation (often per NEMA MG-1 Part 31 in the US, which gives guidelines for insulation

capable of withstanding the spikes from drives). If an older motor is to be put on a VFD, checking its

insulation class and perhaps adding filters might be wise to ensure longevity.

Environmental and Enclosure Considerations: VFD electronics can be sensitive to environmental

conditions like heat, moisture, and dust. Drives are available in various enclosure ratings (IP20 open

chassis for clean control rooms, up to IP66/NEMA 4X washdown or outdoor enclosures for harsh

conditions). It’s important to choose the right enclosure or put the drive in a suitable cabinet for the

environment.  Cooling is critical: VFDs dissipate heat (typically about 2-3% of the motor power as

heat in the drive). That heat must be removed via heat sinks and fans. Ensure adequate spacing

around drives and proper panel ventilation or air conditioning for larger systems. Operating a drive

above  its  temperature  rating  will  significantly  shorten  its  life.  Most  drives  have  an  ambient

temperature rating (often around 40°C without derating, and can be higher with derating) – observe
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these  limits.  Also  consider  altitude  (high  elevations  thin  air  affects  cooling)  and  any  corrosive

atmosphere (which might call for conformal coating on the circuit boards).

Safe Torque Off and Safety Integration: Many newer VFDs include a feature called Safe Torque Off

(STO) as part of functional safety. STO is defined in IEC 61800-5-2 as a safety function that ensures

the  drive  cannot  supply  torque  to  the  motor  (it  typically  disables  the  drive’s  output  stage  in  a

hardware-reliable way) . This can be used as part of a machine’s safety system to achieve a

safe stop without  fully  powering down the drive.  If  an application has safety  requirements (like

emergency stops, safety gates, etc.), using a drive with certified STO inputs can simplify the safety

circuit design, avoid having to use contactors for motor isolation in some cases, and achieve high

safety  integrity  levels  (SIL2  or  SIL3)  as  required .  It’s  important  to  follow the  manufacturer’s

instructions and the standards when implementing these features.

Programming and Tuning: Upon installing a VFD, it needs to be configured for the specific motor

and application. This includes setting motor nameplate parameters (voltage, rated frequency, full-

load current, etc.), selecting the control mode (V/Hz vs vector), and tuning if using vector mode (most

drives have an auto-tune routine to measure motor stator resistance, inductance, etc.  for better

performance). Additionally, application-specific parameters should be set: e.g. accel and decel ramp

times, any required PID settings (if the drive is controlling a process variable), and protections such

as current limits  or  motor overload settings.  It’s  advised to  follow the manufacturer’s  manual

closely during setup.  Modern drives often come with PC software or smartphone apps to make

programming  easier  via  USB  or  Bluetooth.  Taking  advantage  of  those  tools  can  expedite

commissioning  and  help  with  monitoring  or  troubleshooting.  Also,  enabling  any  available

monitoring features is useful – many VFDs can log fault histories, running hours, and even energy

consumption, which can be valuable for maintenance and verifying savings.

System Integration: Finally, consider how the VFD will integrate into the broader control system.

Most drives support analog control signals and digital inputs for start/stop and speed reference.

Increasingly,  they also support communication networks (Modbus RTU/TCP, Ethernet/IP,  ProfiNet,

CANopen, etc.) so they can be controlled and monitored by a central PLC or building management

system. Using network communications can reduce wiring and enable more advanced diagnostics

(for example, reading exact speed, current, or fault codes remotely). Ensure that the control system’s

fail-safes are in place – for instance, setting appropriate loss-of-signal responses (e.g., if a 4-20 mA

speed command is lost, the drive can trip or go to a preset safe speed) to avoid unintended behavior.

Conclusion

Variable Frequency Drives have revolutionized the way we use electric motors by providing  precise and

efficient control  of  motor speed and torque.  A VFD essentially  gives an AC motor the flexibility  of  a

dimmable light bulb – rather than just “on” or “off,” we can finely adjust output to the exact need. This

flexibility yields substantial  energy savings, especially in variable load applications like pumps and fans,

which translates into cost savings and environmental benefits. Equally important, VFDs offer soft start/stop

and programmability, which prolong equipment life and improve process automation and product quality.

Technically, a VFD achieves its control through solid-state power electronics – rectifiers, DC buses, and high-

frequency inverters – coordinated by sophisticated microprocessor control.  Modern drives have become

remarkably advanced, incorporating features like vector control for high performance, built-in safety and
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network functions, and user-friendly tools. Yet, from the perspective of an end-user, they are also easier

than ever to apply: many come with pre-set macros for common applications and auto-tuning capabilities

that simplify setup. 

As with any powerful technology, one must pay attention to integration considerations (such as harmonics,

EMC, proper cooling, and following standards). When properly specified and installed, VFDs are extremely

reliable – evidenced by many drives running continuously for years in factories with minimal downtime. 

In summary, a VFD is  much more than just a speed controller: it’s a key enabler for energy efficiency,

process  optimization,  and  modern  automation.  Whether  it’s  reducing  a  pump’s  energy  usage  by  30%,

allowing an extruder to run multiple recipes at different speeds, or gently starting a conveyor with a heavy

load, VFDs provide the adaptive motor control that today’s industries demand. Given that electric motors

form  the  backbone  of  industrial  motion  and  utility  systems  worldwide,  incorporating  VFDs  where

appropriate is both a wise economic decision and a crucial step toward more sustainable operations.
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