
AC Motor VFD: A Comprehensive Technical Guide

Introduction

An AC motor VFD (Variable Frequency Drive) is an electronic controller that adjusts the speed and torque

of AC electric motors by modulating the frequency and voltage of the power supplied to the motor . In

industrial  and commercial  applications,  VFDs (also called adjustable frequency or variable speed drives)

have  become  essential  for  improving  process  control  and  energy  efficiency.  By  altering  the  motor’s

electrical input, a VFD can precisely regulate motor speed, enabling motors to run only as fast as needed

rather than at full  speed continuously.  This capability provides tremendous benefits in terms of energy

savings,  equipment  longevity,  and  operational  flexibility.  Modern  VFD  units  are  highly  sophisticated,

incorporating microprocessor  control,  advanced power electronics,  and communication interfaces  –  yet

they are designed to be user-friendly and reliable in demanding environments. This guide will delve into

how  AC  motor  VFDs  work,  their  technical  components,  key  advantages,  practical  implementation  tips,

industry examples, and best practices for selecting and using VFDs in real-world scenarios.

How Does an AC Motor VFD Work?

At the most basic level, an AC motor’s speed is determined by the frequency of the AC power applied (for an

induction motor, speed ≈ 120 × frequency / # of poles). A VFD takes the fixed-frequency AC from the mains

(typically 50 or 60 Hz) and converts it to a variable frequency output to drive the motor at the desired

speed. To accomplish this, a standard VFD consists of three primary sections: 

Rectifier (AC to DC Converter): Incoming AC power is first converted to DC. The rectifier is usually a

diode or thyristor bridge that produces a DC voltage (often smoothed by capacitors and inductors on

a DC bus). 

DC Link: The DC bus (capacitor bank) filters and stores energy, providing a stable DC supply. In many

drives, a reactor or choke is included in the DC link to reduce harmonics and stabilize the DC voltage.

Inverter (DC to AC Converter): Finally, an inverter section made of high-speed switching devices

(IGBTs in modern drives) converts the DC back to AC with the desired frequency and voltage. The

inverter generates a pulse-width modulated output – essentially constructing a synthetic AC

waveform whose frequency can be adjusted from near zero to well above the mains frequency. The 

VFD’s control circuitry uses this inverter to create a new AC output sine wave at the commanded

frequency.

Frequency and Voltage Control: By running the inverter switches at varying timing, the VFD outputs AC

power at the required frequency to achieve the target motor speed . In tandem, the drive also adjusts

the output voltage. This is crucial because AC induction motors have a characteristic voltage-to-frequency

(V/f) ratio to maintain magnetizing current and torque. At lower speeds (lower frequency), the VFD reduces

voltage in proportion, preventing motor over-fluxing. At higher speeds, voltage is increased (up to the rated

motor voltage). By controlling both frequency and voltage, the VFD can smoothly ramp motor speed up

or down while maintaining adequate torque output .  For example,  a typical  VFD might allow output

frequency from 0 Hz up to 200 Hz or more, with output voltage ranging from 0 up to the supply voltage.
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Many  general-purpose  drives  can  produce  up  to  400–500  Hz  output  for  special  high-speed  motor

applications .

Pulse-Width Modulation (PWM): Most modern AC drives use high-frequency PWM techniques to create

the AC output waveform. Instead of a pure sine wave from the inverter, the drive outputs a rapid train of

voltage pulses whose widths are modulated such that  their  average effect  is  a  sinusoidal  wave of  the

desired frequency and amplitude. This PWM waveform effectively fools the motor into seeing a sine wave,

and the inductance of the motor smooths the current. By varying the pulse widths, the drive controls the

effective  RMS voltage delivered to  the  motor .  PWM-driven inverters  offer  fine resolution of  output

frequency (typically 0.01 Hz or better) and efficient, low-distortion motor control. The switching frequency of

the IGBTs (often 2–15 kHz) is much higher than the fundamental output frequency, enabling smooth torque

production.  Advanced drives  automatically  adjust  PWM patterns  based on feedback to  maintain  stable

motor operation under changing load.

Control Schemes – V/f, Vector, and Advanced Control: Early VFDs primarily used open-loop  Volts-per-

Hertz (scalar) control, which maintains a fixed V/f ratio. This method is simple and works well for many fan

and pump applications where load is stable. However, scalar control provides limited dynamic performance

(reduced torque at low speeds and slower response). To achieve higher precision, modern drives implement

vector  control (also  known  as  field-oriented  control,  or  FOC).  Vector  control  uses  mathematical

transformations  and  feedback  (from  motor  sensors  or  software  estimators)  to  independently  regulate

motor torque and flux, much like a DC motor, resulting in much better speed regulation and torque at

low speeds . With vector control (often “sensorless” in many VFDs, meaning no physical encoder is

required), motors can produce high starting torque (e.g. 150–200% of rated torque at zero or low speed)

and maintain stable speed under fluctuating loads. For instance, Yaskawa’s A1000 and GA800 series drives

use open-loop or closed-loop vector control to achieve up to 200% torque at very low speeds, and include

continuous  auto-tuning that  adapts  to  motor  parameters  (like  temperature  changes)  for  optimal

performance . Some drives also offer an encoder feedback option for  closed-loop vector control

when even tighter speed regulation or position control is needed .

At the high end of performance is Direct Torque Control (DTC), a method pioneered by ABB. DTC directly

computes and controls motor torque and flux in real-time without a fixed switching frequency, yielding

extremely fast torque response and precise control even without encoders . ABB’s high-performance

drives (ACS880 series and others) employ DTC to achieve dynamic performance comparable to servo drives,

which  is  particularly  useful  for  applications  like  hoists,  cranes,  or  high-speed  machinery .  Other

manufacturers have similar advanced control modes – the common theme is that modern VFDs can go well

beyond  simple  speed  control,  offering  sophisticated  algorithms  to  manage  motor  behavior  under  all

conditions.

Key Takeaway: By rectifying AC to DC and then inverting back to controlled AC, an AC motor VFD gives

complete command over motor speed. Whether using simple V/Hz control for ease or advanced vector/DTC

for  precision,  the  VFD’s  ability  to  finely  tune  frequency  and  voltage in  real  time  is  what  enables  its

powerful capabilities.
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Technical Components and Specifications

Modern  VFDs  come  packed  with  features  and  are  specified  with  various  performance  ratings.

Understanding these helps in selecting and applying the right drive:

Power and Voltage Rating: VFDs are built for specific voltage classes (commonly 230V, 480V, 600V

AC in  low-voltage  drives,  and medium-voltage  drives  for  2.3  kV,  4.16  kV,  etc.).  Ensure  the  drive

matches the supply and motor voltage. Drives are also rated by output power (horsepower or kW) or

current (amperes). Always select a drive with a current rating equal or above the motor’s full-load

current. Note that available output power can differ based on cooling and overload capability (see

duty ratings below).

Duty Ratings – Constant Torque vs Variable Torque: Many VFDs are  dual rated for  heavy duty

(constant torque,  CT) and  normal duty (variable torque,  VT) applications.  A heavy-duty or CT

rating means the drive can deliver higher overload current (typically ~150% of rated current for 60

seconds) to handle constant torque loads like conveyors, crushers, or positive displacement pumps

. Variable torque or normal duty drives assume the load (e.g. fans, centrifugal pumps) has torque

requirements that drop at lower speeds, so they allow a lower overload (often ~110% for 60 seconds)

. For example, the same physical drive might be advertised as 50 HP CT (able to handle heavy

constant loads with 1.5x overload) or 60–75 HP VT for easier variable-torque loads. It’s important to

use the appropriate rating: using a “VT” (normal duty) rating on a heavy constant load could cause

overcurrent trips if the drive is undersized. Rule of thumb: Use CT (heavy duty) ratings for industrial

machinery with steady torque demands or high starting inertia, and VT (normal duty) for HVAC fans,

centrifugal  pumps,  and similar  loads where torque falls  with speed.  Most  general-purpose VFDs

today come with dual ratings clearly specified , and selection should be based on the application’s

load profile. 

Overload and Starting Torque: Thanks to  the advanced control  methods mentioned,  VFDs can

provide high starting torque without the inrush current of across-the-line starts. With vector control,

many drives can produce 150% or more of motor rated torque from zero speed, enabling hard-

starting loads to get moving. Drives will specify an overload capability such as 150% for 60 seconds,

200% for 2 seconds, etc. This means short surges for acceleration or shock loads are tolerated up to

those limits; beyond that the drive will protect itself (e.g. by current limiting or tripping off to prevent

damage).  When  starting  high-inertia  systems  (like  large  fans  or  flywheels),  ensure  the  drive’s

overload time is sufficient for the acceleration interval.

Switching Frequency and Noise: VFD spec sheets often list the PWM switching frequency range

(e.g. 2–15 kHz). Higher switching frequencies result in a cleaner current waveform (less motor torque

ripple and lower audible noise),  but also increase the drive’s internal heating. Many drives allow

adjusting this setting – one might use a higher frequency for noise-sensitive environments, or lower

it  to  reduce  thermal  stress  on  the  drive  in  heavy-duty  applications.  Manufacturers  also  specify

efficiency (typically VFDs are ~95–98% efficient at full load , losing a few percent as heat due to

the power electronics).

Output Frequency Range: Standard VFDs can output from near 0 Hz up to a certain maximum

(often 400 Hz or even 500 Hz on many models ). In practice, running a motor above its rated

nameplate  frequency  (overspeeding)  is  possible  if  mechanical  limits  allow,  but  available  torque
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declines  since voltage can’t  increase beyond max.  High-frequency capability  is  mainly  used with

specialized motors (e.g. high-speed spindles). Some drives offer an “encoderless” maximum speed

(limited by internal calculations) unless an encoder is used for feedback to go higher stably.

Braking and Regeneration: When a motor is driven by a load (acting as a generator), the energy

goes back into the drive’s DC link. Standard drives handle this by dissipating energy as heat in a

braking resistor (dynamic braking) if  equipped with a brake chopper. Many VFDs above a certain

power  include  a  braking  transistor internally  (e.g.  the  Hitachi  WJ200  has  a  dynamic  braking

transistor built  into all  models ).  For applications like elevators or centrifuges where frequent

braking occurs, a braking resistor or a regenerative drive (which can return energy to the supply) is

used.  Some  advanced  designs  such  as  matrix  converters and  active  front-end  drives  can

regenerate without separate modules – for example, Yaskawa’s U1000 matrix drive directly converts

AC-to-AC and inherently allows regeneration while also eliminating most input harmonics .

Motor  Compatibility: Most  VFDs  are  designed  for  standard  3-phase  AC  induction  motors.

However, modern drives can often run other AC motor types too. Many have settings for permanent

magnet synchronous motors (PMSM) and even newer high-efficiency  synchronous reluctance

motors, which require different control algorithms. For instance, Hitachi’s WJ200 series drives are

capable of driving permanent magnet as well as standard induction motors with appropriate parameter

changes . Always verify the drive supports the motor type. Single-phase motors generally are

not compatible with VFDs (except for special  designs),  because they need a rotating field;  a VFD

needs a three-phase motor to work properly.

Environmental Ratings: VFDs come in various enclosure types. Commonly  open chassis or IP20

drives are for mounting inside a control panel (protected from touch but not dust or water). For

harsher  environments,  drives  are  available  in  NEMA  12  (dust-tight),  NEMA  4  or  4X  (washdown/

weatherproof) enclosures, etc. Ensure the enclosure rating suits the installation. Also note ambient

temperature  limits  –  most  drives  are  specified  for  40  °C  ambient  without  derating.  Higher

temperatures  might  require  de-rating  (using  a  larger  drive  than  otherwise  needed)  or  external

cooling. Many drives include fans for cooling; keep the vents clear and maintain some spacing for

airflow.

Built-in Features: Manufacturers add a host of features to simplify use. These include things like

preset  speed  selections,  PID  controllers  (to  let  the  drive  directly  control  a  process  variable  like

pressure  or  flow  by  adjusting  motor  speed),  built-in  PLC-like  programming (e.g.  Hitachi’s

EasySequence which provides simple logic and sequencing in the drive ),  and communication

protocols (Modbus, Ethernet/IP, PROFIBUS, etc.).  For example, Eaton’s PowerXL DG1 series drives

have  an  “Active  Energy  Control”  algorithm  to  optimize  energy  use  and  come  with  built-in

application macros and PC tools to ease startup . Some models even incorporate onboard

PLC functionality and touchscreen HMIs (as in Eaton’s newer DX1 drive panels) . Safety features

are  also  common  –  many  drives  include  Safe  Torque  Off  (STO) inputs  that  can  be  wired  into

emergency stop circuits to immediately remove output to the motor without fully powering down

the drive. The presence of STO (which complies with IEC 61800-5-2 safety standard) is indicated on

many modern drives; for instance, Eaton’s compact DM1 Pro drives have  STO on board along with

built-in network communications . When safety or code compliance is a concern, using a drive

with certified functional safety functions like STO is a best practice.
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In  summary,  the  technical  specifications  of  VFDs encompass  electrical  ratings,  control  capabilities,  and

integrated features. Careful review of these specs ensures that the chosen drive matches the motor and

application requirements. Next, we’ll look at the tangible benefits these drives offer.

Key Benefits of Using VFDs

Implementing VFDs with AC motors yields numerous benefits, both for energy management and machine

performance:

Energy Efficiency: Perhaps the most celebrated advantage, VFDs can dramatically reduce energy

consumption,  especially  in  variable  load  systems.  By  matching  motor  speed  to  the  actual  load

demand, a VFD avoids the wasteful throttling or mechanical damping that occurs when motors run

at full speed regardless of need. This is particularly impactful for centrifugal fans and pumps, where

the power required drops roughly with the cube of speed (the affinity laws). Even a small reduction in

speed can lead to a large reduction in power use. For example, slowing a pump to 80% of its full speed

can cut the power draw roughly in half  due to the cube law relationship .  In practical  terms,

reducing a centrifugal pump’s flow by one-third (via a VFD reducing speed) might reduce its

energy usage on the order of  30–70%  compared to running at  full  speed and throttling the

output. These savings directly translate into lower electricity bills and a shorter payback period for

the VFD investment. A U.S. Department of Energy study found that in industry, about 25% of motor

energy goes into pumps and ~15% into fans  – systems ripe for optimization with VFD control.

Real-world case studies consistently show 20–50% energy savings after retrofitting VFDs in place of

throttle valves or dampers in flow control systems. For instance, the City of Columbus (Ohio, USA)

retrofitted  three  constant-speed  wastewater  pumps  with  VFD-driven  units  and  saw  the  specific

energy consumption drop from 259 kWh per million gallons to 179 kWh/MG – a 30% reduction in

energy  used for  pumping .  Such  savings  not  only  cut  costs  but  also  reduce  strain  on  the

electrical grid and decrease carbon emissions (often supporting sustainability goals).

Reduced Mechanical Stress (Soft Start/Stop): VFDs inherently provide a  soft-start capability by

ramping the motor up to speed gradually, as opposed to an abrupt across-the-line start. This soft

acceleration (and deceleration) avoids the high inrush current and sudden torque surge that occur

when a motor is  started at  full  line voltage.  The result  is  significantly  less mechanical  stress on

couplings,  gearboxes,  belts,  and the  motor  shaft  itself .  Pumps started  with  a  VFD ramp up

gently, preventing water hammer in piping. Conveyor belts won’t jerk to a start, reducing product

spillage and wear. Likewise, a soft stop can minimize slamming or jolting when a machine comes to

rest.  All  these  factors  extend  the  lifespan  of  equipment and  reduce  maintenance  needs.  In

Columbus’s pump example, beyond energy savings, the peak demand on start dropped from 60 kW

to 30 kW by using the VFD soft start  – this not only saves on utility demand charges but also

means far less strain on electrical and mechanical components each time the pump cycles on.

Precise Speed and Process Control: With a VFD, speed is fully adjustable and precisely controlled.

Operators can dial  in exactly  the RPM needed for a process,  which is  invaluable for quality  and

consistency in manufacturing. For example, in a bottling line, a VFD can adjust a conveyor speed to

synchronize with filling machines; in HVAC, a fan’s speed can modulate to maintain a set pressure or

temperature. The VFD can be controlled via analog signals, digital communications, or local keypads,

providing flexibility in automation. The ability to hold a setpoint (flow, pressure, etc.) via a PID loop in

the drive means improved  process stability.  This precision also enables  multi-speed or recipe-
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driven operations – e.g. an extrusion machine might run at different speeds for different product

types, selectable at the push of a button, instead of being stuck with one fixed motor speed. Many

applications that once required mechanical variable speed devices (gearboxes, belt drives, dampers)

have been simplified by using a fixed-speed motor and a VFD, which  electronically governs the

speed with equal or greater accuracy.

Torque Control and Special Functions: Beyond speed, drives can also control motor torque. This is

beneficial  in  applications  like  winding/unwinding  tension  control,  or  preventing  a  motor  from

exceeding a torque limit  to protect  machinery.  Some VFDs offer direct  torque control  modes or

“torque limiting” to avoid mechanical overloads. Additionally, VFDs often include application-specific

features – for example, pump drives may have automatic sleep functions (shutting off the motor at

no-flow  conditions),  broken  pipe  detection,  or  pump  cleaning  (deragging)  sequences  that

momentarily  reverse  the  motor  to  clear  clogs.  Fan  and  pump  VFDs often  include  fire-mode

(continue running during fire until  burnout),  or advanced HVAC functions. These built-in features

tailor the drive’s behavior to common use-cases, simplifying integration and improving performance.

Power Factor and Reduced Line Disturbance: When running at partial load, an induction motor’s

power factor is typically low (because the motor is largely magnetizing current). A VFD, by virtue of

its rectifier and DC bus, draws power with near-unity power factor from the line in many cases. This

can reduce reactive power charges and improve the electrical system’s efficiency. Also, starting a

motor with a VFD avoids the massive inrush current (which can be 6-7 times the rated current in a

direct  start).  This  spares  other  equipment  from voltage dips  and avoids  peak surges that  could

tripping breakers or stress generators. In facilities with demand charges, reducing startup spikes

can yield cost savings. According to one facilities study, some motors require 600%+ of their running

current on startup, and using VFDs can  greatly reduce these peaks, in turn lowering utility peak

demand charges .

Extended Motor and Equipment Life: By operating motors only at the speed needed and by soft-

starting, VFDs reduce wear and tear. Lower running speed can mean less friction in pumps and fans

and cooler motor operation. Soft start avoids sudden mechanical shocks that can damage couplings,

belts, chains, and driven machinery. It also eliminates the heat generated in motor windings during

across-the-line startup.  All  of  this  tends to extend the  mean time between failures (MTBF) for

motors,  bearings,  seals,  etc.  Additionally,  many  drives  include  motor  protection  functions

(overload protection,  phase  loss  detection,  etc.)  that  can  prevent  damage.  VFDs  can  even allow

motors to ride through brief power dips without stopping (using DC bus energy), which helps avoid

nuisance stops.  Overall,  equipment  running on VFD control  often enjoys  longer  service  life  and

higher reliability.

In  summary,  VFDs  bring  energy  savings,  enhanced  control,  and  gentle  handling of  motors.  These

benefits often justify the drive’s cost quickly, especially in larger horsepower applications or systems with

significant run hours. It’s important to note, however, that these benefits are maximized when VFDs are

applied to applications with variable load demand. If an application truly always needs full speed or full

torque, a VFD might not save energy (and in fact introduces a small efficiency loss). But in the vast majority

of motor systems, loads do vary – and VFDs allow tapping into big optimization potential that fixed-speed

operation cannot provide.
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Common Applications of AC Motor VFDs

VFDs are found across nearly every industry today. Any scenario that involves controlling the speed of an AC

motor is a candidate. Here are some major application areas and how VFDs are utilized:

Heating, Ventilation, and Air Conditioning (HVAC): HVAC systems use many fans and pumps – for

air handling, chillers, cooling towers, boiler feed, etc. Traditionally, these ran at constant speed with

mechanical dampers or valves to regulate flow, wasting energy. Now, VFDs on supply and return

fans in large buildings adjust airflow based on demand (e.g. varying with occupancy or CO2 levels),

significantly cutting electricity usage. On chilled water pumps or cooling tower fans, VFDs modulate

flow to maintain set  temperatures  or  pressures.  The result  is  not  only  energy savings but  finer

control  of  environmental  conditions.  HVAC  drives  often  have  features  like  fire-mode  (override

shutdown signals and keep running during fire to exhaust smoke), and they typically are optimized

for variable torque loads. Because HVAC is such a big market, many VFDs are dedicated “fan and

pump” drives that streamline installation for these uses.

Industrial  Pumps  and  Compressors: Beyond  HVAC,  industrial  processes  use  pumps  for  water,

chemicals, oil, etc. VFDs allow precise flow and pressure control for pumping stations, process feed

pumps, irrigation systems, and more. In municipal water and wastewater treatment, VFDs on pumps

help maintain constant water levels or pressures despite variable demand , and on aeration

blowers they adjust air supply to match oxygen needs, dramatically cutting energy (aeration blowers

with  VFD  and  dissolved  oxygen  control  can  save  30–50%  in  aeration  energy).  Compressor

applications (e.g. large air compressors) also benefit – a VFD can vary the compressor motor speed

to regulate air pressure, eliminating the need to unload or throttle the compressor. This often yields

energy savings, especially at partial loads, and reduces wear from unloading cycles. Many industrial

case studies show VFD retrofits on pumps or compressors pay for  themselves in under 2 years

through energy savings alone .

Manufacturing  and  Material  Handling: In  manufacturing,  conveyors,  mixers,  extruders,

grinders, cranes, and machine tools are common VFD users. Conveyors with VFDs can start/stop

smoothly  and  adjust  speed  to  match  throughput  or  coordinate  between  different  stages  of

production.  Mixers and agitators can be ramped up gently  to avoid splashing and adjusted to

optimize mixing.  Extrusion machines use VFDs on screw drives to fine-tune speed, which directly

affects product quality and dimensions; plus the speed can be varied for different product types.

Machine tools (like CNC spindles) often use VFDs for variable-speed operation and tapping functions.

In overhead cranes and hoists, VFDs provide smooth acceleration and deceleration, reducing load

swing  and  allowing  precise  positioning  (with  closed-loop  vector  drives  often  providing  torque

control and holding). They also regenerate energy when lowering loads – some crane drives send

energy back to the grid or into resistors.  Elevators similarly use VFDs to ensure smooth rides by

controlling acceleration profiles, and they regenerate power on the way down. Packaging lines use

VFDs widely on feeders, wrapper spindles, etc., often synchronized via a central controller.

Automotive  and  Robotics: The  automotive  manufacturing  sector  employs  VFDs  in  robotics

(although many robots use servos, VFDs are used on auxiliary axes and conveyors), paint lines, and

testing  dynamometers.  Test  stands for  engines  or  components  use  high-performance  VFDs  to

simulate variable speeds and loads. In robotics or handling, VFDs might control auxiliary motions

like transfer systems or turntables with good precision using vector control.
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Oil & Gas and Mining: These heavy industries use large motors (hundreds to thousands of HP) for

pumps, compressors, drills, and mills. VFDs here serve both energy-saving and process functions.

For example, drilling rigs use VFDs to control draw-works and mud pumps for better responsiveness

and safety.  Submersible  pumps in  oil  wells  have  specialized  VFD systems (often  called  VSDS –

variable speed drive systems) to control flow from the well. In mining, giant grinding mills (ball or

SAG mills) sometimes employ VFDs to provide soft start (avoiding mechanical strain on gearboxes)

and to  adjust  the  milling  speed based  on  the  hardness  of  material,  improving  grind  efficiency.

Downhill mine conveyors use regenerative VFDs to safely control descent speed while generating

power. VFDs in these sectors must be robust and often are medium-voltage units due to the power

levels involved.

Renewable Energy Systems: While not a traditional “motor” application, VFD technology is central

in renewables – wind turbine generators use power converters (essentially VFDs) to handle variable

rotor speeds and convert to grid frequency. Solar farms use inverters for converting DC to AC and

often incorporate VFD-like controls for managing output. In hydroelectric plants, if using variable

speed  pumps  or  generators,  VFDs  (or  similar  frequency  converters)  adjust  turbine  speed  for

efficiency under varying water flow. Additionally, VFDs are used in energy storage systems where

converting between AC grid and battery (DC) involves similar inverter technology.

Transportation: Variable frequency drives (inverters) are what drive the traction motors in electric

and hybrid-electric vehicles, electric trains, and even ships. In railway locomotives and subway trains,

VFDs control the AC traction motors to provide smooth acceleration and regenerative braking. The

principles  are  the  same,  just  implemented on a  mobile  platform.  In  large marine vessels,  VFDs

control  propulsion  motors  as  well  as  thrusters  and  large  pumps.  These  are  often  specialized

medium-voltage  drives  that  can  handle  multi-megawatt  motors  with  water  cooling  and  high

reliability requirements.

This list is far from exhaustive – VFDs are also common in  agriculture (irrigation pumps, grain augers),

commercial  equipment (escalators,  theme  park  rides),  and  even  home  appliances (modern  washing

machines and HVAC systems use small VFDs for their motors). Anywhere an AC motor’s speed needs to

change or be controlled, a VFD is likely the solution. The versatility of VFDs, paired with the ubiquity of AC

motors, makes them a fundamental building block of modern automation and energy management.

Real-World Case Studies and Examples

To illustrate the impact of VFDs, let’s consider a couple of real-world scenarios drawn from industry case

studies:

Case Study 1: Wastewater Pumping Energy Savings – A mid-sized city’s wastewater treatment facility

operated several  large influent  pumps (hundreds of  horsepower  each)  running at  full  speed with  flow

controlled by valves. The system maintained a consistent flow but wasted energy when inflows were low.

The city retrofitted three of the pumps with submersible pumps driven by VFDs (leaving two old fixed-speed

pumps for occasional backup use). Along with controls to adjust pump speed to maintain desired wet-well

levels, the VFDs allowed the pumps to slow down during low-flow periods. The results were dramatic: the

specific  energy  consumption  for  pumping  dropped  by  about  30% (from  259  kWh  per  million  gallons

pumped down to 179 kWh/MG) . In other words, the facility now pumps the same water volume with

one-third less energy by leveraging variable speed. Additionally, because the pumps ramp up gradually, the
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peak electrical demand fell by 50% (each pump’s start drew far less current), cutting strain on the grid and

reducing demand charges . Over a year, the city saved tens of thousands of dollars in energy costs and

qualified for utility rebates for efficiency. This case demonstrates how VFDs take advantage of affinity laws

in pumping: when flow requirements drop, slowing the pump yields nonlinear energy reduction. It also

highlights ancillary benefits like improved process control (maintaining a steadier wet well level) and gentler

mechanical operation.

Case Study 2: HVAC Fan Retrofits in a Commercial Building – A large office campus had older HVAC

systems with supply and return fans that ran constantly at full speed, with airflow controlled by dampers.

The facilities team retrofitted VFDs on the 50 HP supply fan and 30 HP return fan of one building’s air

handling unit. By integrating the VFDs with the building automation system, they implemented a strategy to

reduce fan speeds during periods of low occupancy and to maintain duct pressure setpoints instead of

brute-force full flow. Measurements after installation showed that the fans typically ran at 60–70% of full

speed  during  most  hours.  Because  fan  power  consumption  drops  roughly  as  the  cube  of  speed,  the

electrical consumption for those fans dropped by around 50%. The building saw an HVAC energy reduction

of  roughly  40%  and  improved  comfort  (less  noise  and  more  stable  temperatures  due  to  continuous

modulation). Maintenance staff noted reduced stress on belts and bearings, likely extending service life.

This  example,  which is  representative of  many VFD retrofits  in  commercial  buildings,  underscores how

combining  VFD  technology  with  smart  controls yields  both  energy  efficiency  and  operational

improvements.

Case  Study  3:  Conveyor  System  Throughput  Improvement –  An  aggregate  processing  plant  had  a

problem with a long conveyor: when large loads of material came onto the belt, the fixed-speed motor

would sometimes stall or the starting current would trip the breaker. The plant installed a heavy-duty VFD

on the conveyor’s  200 HP motor.  The VFD allowed them to implement a  “soft  start” for  the conveyor,

preventing mechanical  shock and peak current  draw when starting with  a  loaded belt.  They also took

advantage of the drive’s  torque control capability – the drive was set to automatically adjust speed to

maintain a consistent torque (hence tension) on the belt. If extra material loaded on (increasing torque), the

drive would slow slightly to avoid an overload, then speed back up as the load evened out. This not only

solved the stalling issue, but also improved throughput by minimizing downtime. Additionally, the smooth

start  reduced  belt  stretching  and  gearbox  wear.  In  terms  of  metrics,  the  plant  eliminated  previous

downtime events (which were several hours a month of lost production) and saw motor current peaks drop

by roughly 40% on starting. The maintenance manager estimated the conveyor belt life could be extended

by 20-25% due to reduced stress. This case highlights how VFDs provide more than energy savings – they

can protect equipment and optimize processes in ways not possible with across-the-line control.

Case Study 4: Multiple Pump Coordination with Drives – A water distribution system has three pumps in

parallel at a pumping station to handle a wide range of flow demands. Originally, the pumps were either on

or off, which led to pressure fluctuations and frequent on-off cycling (water hammer was also a concern).

The  utility  installed  VFDs  on  each  pump  and  implemented  a  control  scheme  where  the  drives  would

orchestrate pumps: at low demand, one pump runs at reduced speed; as demand grows, the pump speeds

up, and if it nears full speed a second pump is brought on at a lower speed, and so forth. Using the VFDs,

the system can  “trim” the speed of  the lead pump precisely  to maintain a target pressure,  instead of

pressure  jumping  between  setpoints.  The  result  was  a  smoother  pressure  delivery  (improving  service

quality) and an elimination of control valves that previously wasted energy. Energy consumption dropped

by about 20% overall, and the soft ramp-up of pumps eliminated the water hammer issue completely .

The coordinated VFD control also means the pumps share the workload more evenly, potentially extending
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their  lifespan.  This  case  underlines  a  scenario  of  multi-pump  control where  VFDs  enable  more

sophisticated strategies like lead-lag rotation and pressure optimization that were not feasible with fixed-

speed pumps.

Each  of  these  examples  demonstrates  a  different  facet  of  VFD  value:  energy  efficiency,  process

improvement,  equipment  protection,  and  system  coordination.  While  the  exact  numbers  (percent

savings, etc.) vary by situation, it is common to find double-digit percentage improvements in energy use

and significant qualitative benefits after deploying VFDs. Moreover, VFDs continue to evolve with features

that further enhance their usefulness in real-world operation, as we’ll discuss in the next sections.

Considerations, Challenges, and Best Practices

While  VFDs  offer  many  benefits,  their  use  introduces  some  considerations  and  potential  challenges.

Understanding these and following best practices ensures a successful application:

1. Motor Compatibility and Inverter-Duty Requirements: Not all motors are equally suited to be driven

by VFDs. The PWM voltage output of a drive is not a pure sinusoid – the fast switching edges can cause

voltage spikes (reflections in the cable) and higher frequency currents in the motor windings. Standard

motors can run on VFDs, especially at lower voltages, but for long motor lead lengths or 480V+ systems, it’s

recommended to use  “inverter-duty” motors. The  NEMA MG1 Part 31 standard specifies motor design

guidelines for inverter-fed motors, including enhanced insulation capable of withstanding repetitive spikes

(often 1600 V or more)  and other features to handle the non-sinusoidal power. Inverter-duty motors

typically have better insulation (class F or H with extra varnish), are designed for cooler operation at lower

speeds (maybe with a separately powered cooling fan or a larger frame for the same horsepower), and

often have features to  mitigate bearing currents.  If  you have an older  standard motor,  it  may not  fail

immediately on a VFD, but the stress could lead to  premature insulation breakdown or bearing issues

over time. When retrofitting VFDs on important motors, consult the motor manufacturer about suitability,

and consider adding output filters on the drive to protect the motor (more on filters below). In any case,

ensure the motor’s  nameplate voltage and frequency match the drive and that you program the drive

with the motor’s parameters (voltage, rated frequency, full-load current, etc.) to optimize performance.

2. Thermal Considerations at Low Speeds: One side effect of running a motor slower is that its built-in fan

(for  TEFC  –  totally  enclosed  fan  cooled  motors)  provides  less  air  flow.  Thus,  an  induction  motor  that

produces significant torque at low speed can overheat because it’s not self-cooling effectively. In constant

torque applications that need extended low-speed operation (like 10 Hz or 20% speed for long periods), you

must ensure the motor doesn’t overheat. Solutions include using an  auxiliary cooling fan on the motor,

oversizing the motor (so it runs at a lighter load and hence cooler at low speed), or using an inverter-duty

motor rated for a wider speed range. Per NEMA recommendations, standard motor service factors (1.15,

etc.) are not applicable on VFD – you should treat motors as  1.0 SF when on a drive , since the extra

heating from harmonics effectively uses up that thermal margin. Many modern motors have thermostats or

thermistors embedded; it’s wise to hook these to the drive or control system to get an alarm or shutdown if

the motor gets too hot.

3.  Harmonics  and  Power  Quality: VFDs  do  introduce  current  and  voltage  harmonics  into  the  supply

because of  the rectifier’s  nonlinear draw. This  can distort  the electrical  system’s voltage waveform and

potentially affect other equipment (transformer heating, capacitor banks, sensitive electronics, etc.). IEEE

519  is  the  guideline  commonly  used  to  limit  harmonic  distortion  in  industrial  power  systems  (e.g.,  it
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recommends keeping total harmonic current distortion below 5-8% at the point of common coupling for

most systems). To mitigate harmonics, drives can be equipped with reactors or filters on the input. A line

reactor (AC inductor) on the VFD input will smooth current spikes and typically cut harmonics significantly

(and also protect the drive from surges). Alternatively, DC link chokes perform a similar role in the DC bus

of the drive – many VFDs above 10 HP include DC chokes by default to meet basic harmonic limits. For

stricter requirements, passive harmonic filters (tuned L-C filters) can be added, or multi-pulse rectifier front-

ends (12-pulse, 18-pulse drives) can be used to cancel certain harmonics. The ultimate solution is an active

front end (AFE) VFD or an active harmonic filter unit, which uses power electronics to actively correct the

waveform and can  reduce  harmonics  to  just  a  few percent.  These  come at  higher  cost  but  might  be

warranted in installations with many drives or sensitive power conditions. As a note, using a larger drive

than needed and running it at partial load does not worsen harmonics – in fact, harmonics as a percentage

of load can be lower when drives are not fully  loaded.  The key is  addressing system-wide distortion if

multiple drives are present. Some local utility companies have regulations on harmonic emissions, so this is

an important design consideration. 

4. Output Voltage Spikes and Cable Length: As mentioned, the fast switching edges of PWM can cause

high transient voltages at the motor terminals, especially if the motor cables are long (due to transmission

line effects). A rule of thumb is that cable runs over ~100 feet (30 meters) between drive and motor are at

risk of significant voltage overshoot at the motor . This can stress motor insulation. Additionally, long

cables increase capacitive current, which can cause the VFD to trip or the motor to heat more. To address

this, consider using output reactors (chokes) or dV/dt filters on the drive output. A dV/dt filter slows the

voltage rise time, cutting the peak spikes, and is usually sufficient for moderate distances (100-300 feet,

say).  For  very  long  distances  (several  hundred  meters),  a  sine  wave filter might  be  used  –  this  filter

essentially outputs a near sinusoidal voltage, virtually eliminating high-frequency components, at the cost

of a bulky filter unit. Another option is to use special VFD cables (with low capacitance and good shielding)

which mitigate some effects. Always follow the drive manufacturer’s recommendations on maximum cable

length and mitigation techniques. If multiple motors are driven from one VFD (sometimes done in parallel

for identical motors), ensure each motor cable run is considered – and ideally use separate output reactors

for each motor branch.

5. Bearing Currents and Motor Insulation Stress: A known issue with VFDs is bearing currents. The high-

frequency switching can induce voltages on the motor shaft (via parasitic capacitances in the motor). When

this voltage discharges through the bearings, it causes tiny electrical arcs that gradually erode the bearing

race – a phenomenon called EDM (electric discharge machining), which leads to fluting patterns on bearings

and premature failure. NEMA MG1 Part 31 recommends that if  the shaft voltage is above certain levels

(around 300 mV) measures should be taken . Common mitigation includes using insulated bearings on

one end of the motor and/or installing a shaft grounding ring (a ring with conductive brushes that bleeds

off voltage to the motor frame) . Many inverter-duty motors have one insulated bearing by design,

and some come with shaft grounding rings (or they can be field retrofitted easily). It’s a good practice to

specify these for larger motors or critical ones. Additionally, ensuring the motor frame is very well grounded

(low impedance ground) helps reduce bearing currents.  If  severe,  there are also filters (common-mode

chokes or dv/dt filters as mentioned) that reduce the common-mode voltage driving these currents. As for

winding insulation,  again the fast PWM edges can cause partial discharge in weak insulation systems.

Inverter-duty motors have more robust insulation, but if using an older motor, adding a sine wave filter

can greatly extend its life by feeding it near-perfect sine voltage. In summary, for any high-value motor,

consider bearing and insulation protection measures when using a VFD.
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6. Electromagnetic Interference (EMI): VFDs generate high-frequency noise that can interfere with nearby

sensitive electronics or communication lines if not managed. Proper installation is important – use shielded

motor cables (with the shield grounded at the drive end and usually at the motor end as well) to contain

radiated noise. Keep signal cables (like instrument or sensor wiring) separated from VFD power cables.

Many drives include EMI/RFI filters (especially on EMC-compliant units for European CE requirements) to

meet emission standards. If you find noise issues (e.g. in analog sensors or PLC inputs), you may need to

add additional ferrite clamps or filtering on the VFD or the affected lines. Good grounding practices – a

single, low-resistance ground point for the drive system – also helps. Following the manufacturer’s  EMC

installation guidelines (often in the manual or a dedicated guide ) will save headaches later.

7. Programming and Controls Integration: VFDs are feature-rich, which means proper setup is key. When

installing a drive, one should program the basic motor parameters (voltage, current, frequency, motor base

speed,  etc.)  and select  the appropriate  control  mode (V/Hz vs  vector,  etc.)  for  the application.  If  using

sensorless vector, many drives have an autotune routine – typically requiring the motor to be at standstill

(or sometimes rotating) while the drive measures its characteristics. Running this autotune will significantly

improve performance and is highly recommended. Integrating the drive into the control system can be

done via traditional control wiring (start/stop contacts, 4-20 mA speed reference signals, etc.) or via fieldbus

communication.  Utilizing  digital  communication  (Ethernet/IP,  Modbus,  ProfiNet,  etc.)  allows  reading

diagnostics from the drive (like current, speed, fault codes) and commanding it digitally, which can enhance

the  control  and  monitoring  capabilities.  However,  this  adds  complexity  in  setup  –  ensure  the  network

settings and protocols are correctly configured. It’s a best practice to document VFD parameter settings

once a drive is tuned, and even back them up (most drives allow uploading parameters to a PC or copying

via a keypad). This way, if a drive needs replacement, the configuration can be easily applied to the new

unit.

8.  Environmental  and  Safety  Considerations: Drives,  by  their  electronic  nature,  can  be  sensitive  to

extreme  temperatures,  dust,  and  vibration.  If  installed  in  a  harsh  area,  consider  using  appropriate

enclosures or placing the drive in a protected electrical room. Provide adequate cooling and ventilation as

required (VFD heat dissipation can be a few percent of the motor power, which in large drives is significant

heat). Follow clearance requirements around the drive for cooling air. On the safety side,  lockout-tagout

procedures must account for VFDs – even when “stopped,” the VFD may still be energized internally. Many

drives have a “charge” LED indicating DC bus presence. Wait the recommended time (often 5-10 minutes)

after power-off to let DC bus capacitors discharge before servicing. If the application involves machinery

safety, make use of the drive’s Safe Torque Off (STO) input or an external safety contactor on the motor line

as needed to meet safety category requirements. STO is a common and very useful feature: it provides a

redundant hardware disable of the drive’s output stage, preventing it from generating torque while still

powered. This can achieve a high safety integrity level without cutting power to the whole drive (meaning a

faster restart after a safety event).  For example, many modern drives integrate STO to comply with IEC

60204-1 stop category 0 requirements . Always verify the safety function with proper wiring and testing,

especially if human safety is involved in the system.

9. Acknowledging VFD Limitations: Despite the great advantages, recognize that a VFD is not a cure-all.

There are situations where running a motor slower  can cause issues – e.g.,  centrifugal pumps have a

minimum speed to avoid surging or to ensure sufficient fluid velocity for lubrication; some  fan systems

need a minimum airflow for cooling or air  quality.  So,  ensure the control  strategy keeps the operation

within  acceptable  ranges  (most  drives  let  you  program  minimum  and  maximum  speed  limits  for  this

reason). Also, when a VFD is not commanding full speed, the motor is effectively under flux, which means
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lower efficiency and potentially higher motor losses for the same output. This is usually minor compared to

the process energy saved, but it means that a VFD does not actually increase the intrinsic efficiency of

the motor – it just allows it to run at a more efficient point for the system. In fact, the motor-plus-drive

system at full speed may be slightly less efficient (~2-3% loss in the drive) than an across-the-line motor. As

one industry article succinctly put it: VFDs don’t make the motor more efficient; they make the application more

efficient by enabling control . Understanding this distinction helps manage expectations and reinforces

why VFDs are most valuable in variable load scenarios.

In summary, the successful use of VFDs involves paying attention to the details: using suitable motors or

mitigation  techniques,  installing  with  good  practices  for  wiring  and  grounding,  configuring  the  drive

correctly, and addressing power quality as needed. Many of these challenges (harmonics, filtering, bearing

currents)  are  well-known  and  manufacturers  often  offer  built-in  solutions  (like  DC  chokes,  or  bearing

protection  on  motors)  to  simplify  things.  By  following  guidelines  –  such  as  those  in  IEEE  518/519  for

harmonics  and  grounding,  NEMA  MG1  for  motor  requirements,  and  the  drive’s  own  installation

manual – users can ensure reliable and efficient operation. The extra effort in design and setup is rewarded

with a highly efficient, flexible motor system that can significantly improve the overall performance of the

application.

Examples of VFD Manufacturers and Innovations

The VFD marketplace is mature and populated by many reputable manufacturers, each offering a range of

drives with unique features. Here we highlight some of the major players and noteworthy innovations or

product lines, illustrating the breadth of options available:

ABB: A global leader in drives, ABB produces the well-known ACS and ACS880 series low-voltage

drives and medium-voltage drives for heavy industry. ABB drives are especially known for their high

performance  Direct  Torque  Control  (DTC) technology,  which  provides  extremely  fast  torque

response and accuracy without  needing encoders .  ABB offers  drives  from fractional  kilowatt

sizes (micro drives) up to multi-thousand-horsepower units for marine propulsion and mining. They

have extensive industry-specific solutions (e.g. HVAC drives with BACnet communications, elevator

drives, regenerative braking units, etc.). ABB’s drive portfolio also includes safety-integrated variants

(with STO and even SIL-rated functions), and they emphasize energy optimization with features like

built-in  energy  calculators.  For  mitigating  harmonics,  ABB  offers  ultra-low  harmonic  drives  and

active front-end units that comply with strict IEEE 519 requirements out of the box.

Siemens: Another  giant,  Siemens’  SINAMICS  series  (successor  to  the  older  MICROMASTER  line)

covers everything from basic general-purpose drives (V20, G120 series) to high-performance servo

and  vector  drives  (S120  series).  Siemens  drives  are  known  for  their  robust  design  and  deep

integration with Siemens PLCs and automation systems via  PROFINET and PROFIBUS.  The G120

drives,  for  example,  are  modular  –  with  separate  power  modules  and control  units  –  and offer

features  like  Safe  Torque  Off,  and  vector  control  as  standard.  Siemens  also  has  specialized

regenerative units and multi-motor common DC bus configurations for industries like automotive.

They are heavily used in Europe and worldwide for industrial automation. 

Rockwell Automation (Allen-Bradley): In North America, Allen-Bradley PowerFlex drives are widely

used. The PowerFlex family ranges from the compact PowerFlex 4/40 for simple tasks, up to the

PowerFlex 7000 medium-voltage drives. A/B drives integrate tightly with Rockwell’s Logix controllers
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and can be programmed and monitored via Studio 5000 software. They often support DeviceNet,

Ethernet/IP,  and  other  CIP  communications.  Features  like  safe-speed monitoring  and integrated

functional safety are available on certain models (e.g., the PowerFlex 525 and 755 have built-in STO

and  safety  options).  Allen-Bradley  emphasizes  ease  of  use  with  tools  like  Automatic  Device

Configuration  which  can  download  parameters  from  the  PLC  to  a  replaced  drive  automatically,

minimizing  downtime.  Their  drives  also  feature  patented  algorithms  for  energy  savings,  like

“FluxVector” control, and position control features that blur the line between a standard VFD and a

servo drive in some applications.

Danfoss: Danfoss (including the VLT and Vacon brands under its umbrella) has a strong presence in

HVAC and refrigeration, as well as industrial drives. Danfoss VLT drives were among the first mass-

produced VFDs decades ago. Today, their HVAC drives dominate in building systems due to reliability

and easy integration (with BACnet,  LonWorks,  etc.).  Danfoss drives have features like  automatic

energy optimization that  adjusts  voltage to  reduce motor  magnetizing current  at  partial  loads

(improving  efficiency) .  They  also  offer  robust  aquatic versions  for  marine  and  coastal

installations, and drives with extended conformal coating for harsh environments. Danfoss’s Motion

Control Tool software allows quick setup and copying of parameters. They also offer a full line of

active harmonic filters and have been pioneers in cascade control for multi-pump systems (their

drives  can  be  set  up  as  master/follower  to  coordinate  multiple  pumps  without  an  external

controller).

Yaskawa: Yaskawa Electric ( Japan) is a highly respected drive maker, known for quality and longevity.

Their general-purpose drives like the J1000 (microdrive), V1000, A1000, and the latest GA700/GA800

series  are widely  used in  industries  from pumping to packaging.  Yaskawa drives are lauded for

extremely  low failure  rates  and include  features  such  as  sensorless  vector  control  with  200%

torque at low speeds,  auto-tuning, and very user-friendly PC tools (DriveWizard). The A1000, for

instance,  offers  both  open-loop and closed-loop vector  modes,  the  ability  to  handle  permanent

magnet  motors,  and  has  an  internal  PLC  function  and  even  an  encoderless  “position  control”

capability  for  simple  motion  tasks .  Yaskawa also  developed  the  Matrix  Converter drive

(U1000) which is unique in that it  directly converts AC to AC without a DC bus – this gives near

sinusoidal  input currents (low harmonics)  and inherent  regenerative braking,  all  in  one unit .

Yaskawa drives often come dual-rated (CT/VT) and are known to drive high-inertia loads with ease

thanks to hefty overload designs. The company’s reputation in the Americas and Asia is such that

their drives are often the default in critical applications where downtime is not an option.

Schneider Electric: Schneider’s Altivar series VFDs (Altivar 212, 312, 61/71, and newer ATV600/900

series)  are  prominent,  particularly  in  HVAC and pumping (the  ATV212 is  a  popular  HVAC drive).

Schneider drives boast integration with their EcoStruxure automation platform and offer features

like  embedded  KNX  or  Modbus  communication  for  building  systems.  The  Altivar  Process  line

includes condition monitoring functions, web servers in the drives, and even some IIoT connectivity

for remote monitoring.  They also highlight  safety features (STO) and energy dashboards on the

drive’s  HMI  to  show  real-time  energy  savings.  Schneider/Telemecanique  drives  historically  were

known for robust design and simplicity (the older Altivar 28/58 etc.), and the modern ones carry on

with easy autotuning and a range of compatible options (braking kits, I/O expansions, etc.).

Hitachi: Hitachi produces a range of AC drives such as the NE-S1 (economy microdrive), WJ200 (mid-

range sensorless vector drive), and higher-end SJ series. The Hitachi WJ200 is notable for packing
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advanced features into a compact package: it has  improved sensorless vector control for high

starting torque and speed regulation, a simplified autotune, built-in dynamic braking transistor,

and even a simple sequence programming (EzSQ) that allows it to execute logic functions like a PLC

. It’s also capable of running permanent magnet motors and is dual-rated for CT and VT

duties .  Hitachi  drives  are  known  for  competitive  cost  and  solid  performance  in  general

industry. They may not have the extensive high-power range of some competitors, but up to 132 kW

or so they have offerings that cover most needs. The company often emphasizes easy setup and

reliable Japanese quality – for instance, their new SJ-P1 drives come with intuitive keypad navigation

and advanced trip avoidance functions (to automatically reduce speed if approaching an overload

rather than tripping instantly).

Eaton: Eaton’s PowerXL series (resulting from the acquisition of Cutler-Hammer / CEAG) includes

drives like the DG1 (general purpose),  DA1 (for machinery),  DP1 (pump/fan),  and DC1 (compact).

Eaton  drives  feature  very  user-friendly  wizards  for  startup  and  a  concept  called  Active  Energy

Control which  dynamically  adjusts  voltage  to  the  lowest  level  needed  for  the  load,  improving

efficiency under partial loads . Many Eaton drives come standard with on-board EMC filters, DC

chokes, and even integrated STO safety on some models . For example, the Eaton DG1 drive has

a built-in PLC and logic functions, and the option for bluetooth connectivity for programming via a

mobile  app.  They  also  provide  an  18-pulse  drive for  low  harmonics  (the  EGP  series)  which

significantly reduces input distortion via phase-shifting transformer technology . Eaton’s focus is

often on ease of integration – their drives support common industrial networks and are designed to

slot into both industrial and commercial settings smoothly.

Lenze: Lenze  is  a  German  manufacturer  with  a  strong  presence  in  motion  control  and  drive

solutions. Lenze’s inverter lineup (e.g. the i500 series and the legacy AC Tech drives) is known for its

compact  size  and modular  design.  The Lenze i510 and i550 inverters  cover  power  ranges  from

fractional (0.25 kW) up to about 132 kW, and they can be tailored with plug-on options like keypad

displays or a wireless module for smartphone configuration . Impressively, parameters can be set

via an app using a WLAN module, making commissioning quite convenient . Lenze drives are

often used in packaging, material handling, and textiles – applications requiring dynamic response.

Their SMV series drives (from the Lenze–AC Tech brand) are noteworthy for being simple to use yet

providing  vector  performance:  they  have  fast  dynamic  torque  response  and  good  low-speed

operation,  plus  they  come in  NEMA 4X  (IP65)  enclosures  for  washdown environments .  This

made them popular in food processing and outdoor installations. Lenze also integrates safety and

networking features in their drives to align with Industry 4.0 demands.

Mitsubishi  Electric: Mitsubishi’s  FR series drives (e.g.  FR-F800 for  fans/pumps,  FR-A800 for  high

performance)  are  widely  used in  Asia  and globally  for  factory  automation.  These  drives  feature

Mitsubishi’s advanced flux-vector control and are known for very high reliability. The FR-A800, for

instance, can drive induction and permanent magnet motors with or without sensors, has built-in

PLC functions,  and options  for  various  networks.  Mitsubishi  often emphasizes  on energy-saving

algorithms and easy maintenance (some drives can log data or have predictive maintenance alerts

for capacitors/fans). They also incorporate 24V control keep-alive inputs so the logic stays powered

during  mains  outages  (for  faster  recovery),  and  they  have  comprehensive  tuning  options  for

applications like cranes (to reduce sway) or lifts.

19 23

50 22

• 

49

27

51

• 

52

52

53

• 

15

Precision Electric, Inc. 574-256-1000

www.precision-elec.com

https://hitachiacdrive.com/hitachi-wj200-series-wj200-015sf/?srsltid=AfmBOor2MH7-bKu_cfv0mOK3Ihg4YU9hL0fxliB1Pp1tCHLPxSYi20SA#:~:text=,well%20as%20standard%20induction%20motors
https://hitachiacdrive.com/hitachi-wj200-series-wj200-015sf/?srsltid=AfmBOor2MH7-bKu_cfv0mOK3Ihg4YU9hL0fxliB1Pp1tCHLPxSYi20SA#:~:text=,stop%20function%20and%20much
https://hitachiacdrive.com/hitachi-wj200-series-wj200-015sf/?srsltid=AfmBOor2MH7-bKu_cfv0mOK3Ihg4YU9hL0fxliB1Pp1tCHLPxSYi20SA#:~:text=%2A%20EasySequence%20%28EzSQ%29%20PLC,stop%20function%20and%20much%20more%C3%A2%E2%82%AC%C2%A6
https://hitachiacdrive.com/hitachi-wj200-series-wj200-015sf/?srsltid=AfmBOor2MH7-bKu_cfv0mOK3Ihg4YU9hL0fxliB1Pp1tCHLPxSYi20SA#:~:text=,stop%20function%20and%20much%20more%C3%A2%E2%82%AC%C2%A6
https://www.eaton.com/us/en-us/markets/innovation-stories/powerXL-variable-frequency-drive.html#:~:text=The%20PowerXL%20DG1%20features%20Active,offers%20management%20capabilities%20that
https://www.eaton.com/sg/en-us/catalog/industrial-control--drives--automation---sensors/powerxl-dm1-variable-frequency-drives.html#:~:text=PowerXL%20DM1%20variable%20frequency%20drives,IP%2C%20BACnet%20MSTP%20and
https://www.eaton.com/us/en-us/catalog/machinery-controls/powerxl-egp-variable-frequency-drives.html#:~:text=PowerXL%20EGP%20variable%20frequency%20drives,at%20the%20drive%20input
https://motionusa.com/manufacturer/lenze#:~:text=Their%20frequency%20inverters%20of%20the,and%20many%20other%20machine%20tasks
https://motionusa.com/manufacturer/lenze#:~:text=Their%20frequency%20inverters%20of%20the,and%20many%20other%20machine%20tasks
https://motionusa.com/manufacturer/lenze#:~:text=fans%20and%20many%20other%20machine,tasks


Other Notables: There are many other reputable manufacturers. WEG (Brazil) provides robust and

cost-effective drives (CFW series) with a strong foothold in Latin America and beyond. Fuji Electric

( Japan) offers the Frenic series drives used in many OEM machines.  Omron (in partnership with

Yaskawa) and Keysight/Innovance have drives, as do Toshiba, Parker SSD (formerly Eurotherm), 

KEB,  SEW-Eurodrive,  Baldor/ABB,  and  specialized  manufacturers  like  CT  Drives  (Control

Techniques, now Nidec) known for very high performance servo drives and medium voltage units.

Even newer entrants from China (INVT, etc.) are making inroads with economical models for less

demanding tasks. 

Each manufacturer tends to have some unique selling points – be it a special control algorithm, a user-

friendly software,  strong local  support,  or  integration with broader automation solutions.  For example,

Control Techniques (Nidec) has an AI-based tuning in their latest drives and modular multi-axis systems;

KEB drives  excel  in  high  dynamic  motion  and  have  powerful  regeneration  units  for  test  stands;  SEW-

Eurodrive focuses  on  mechatronic  drive  solutions  combining  gearmotors  with  integrated  drives  for

decentralized control.

When selecting a  VFD,  it  often comes down to  matching the application requirements  with  the drive’s

strengths and ensuring you have good support/documentation for it. Fortunately, all major drives today are

quite capable for general use – differences might be in how easy the interface is, availability of a certain

option (like an Ethernet card or a specific safety certification), or cost considerations. Users should leverage

manufacturer documentation (manuals, selection guides) to verify the drive can meet the needed specs: for

instance,  check  that  a  given  drive  model  can  provide  the  necessary  overload,  has  the  needed  I/O  or

communications, and is rated for the environmental conditions of the installation.

Future Trends and Conclusion

AC motor VFD technology continues to advance, and new trends are shaping the next generation of drives:

Smart and Connected Drives (IIoT Integration): VFDs are becoming smarter IoT devices. Many

newer drives can connect to networks and cloud platforms to share data for analytics. They have

built-in  sensors  and  monitoring  that  can  report  on  energy  usage,  torque  profiles,  and  even

predictive maintenance indicators (like tracking internal component wear or motor conditions).

For example, drives can monitor the motor’s insulation or bearing health by analysis of electrical

signatures, and alert users of needed maintenance. By integrating VFDs into the Industrial Internet

of Things (IIoT),  operators can perform remote diagnostics and optimize processes in real-time.

Drives now commonly offer web-server interfaces and smartphone apps for  commissioning and

monitoring. This connectivity facilitates predictive maintenance, where continuous data streaming

from the VFD (currents, vibration via add-on sensors, etc.) is analyzed (often using AI algorithms) to

predict  failures  before  they  happen .  In  large  facilities,  it’s  possible  to  have  a  centralized

dashboard showing all  drives,  their  statuses,  and energy consumption –  enabling better  energy

management and quick fault identification.

Advanced Power Electronics: The core power electronics in VFDs are also evolving. The adoption of

SiC (Silicon Carbide) and GaN (Gallium Nitride) transistors is on the horizon for VFDs, especially in

higher-voltage or high-frequency applications. These wide-bandgap semiconductor devices switch

faster and with lower losses than traditional silicon IGBTs. In practical terms, future VFDs with SiC

could  be  more  efficient  (perhaps  99%+),  handle  higher  temperatures,  and  switch  at  higher
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frequencies  to  produce  almost  sinusoidal  outputs  without  bulky  filters.  Some  high-end  or

experimental drives already employ SiC MOSFETs, resulting in very compact designs or improved

performance for e.g. high-speed motors.

Multilevel and Matrix Converters: To improve output waveform quality and reduce the need for

filters,  multilevel inverter topologies are being used. These generate more steps in the voltage

waveform (using multiple DC capacitors or active devices), leading to a cleaner output closer to a

sine wave and reducing motor stress. Multilevel drives are common in medium-voltage drives, but

are  now  trickling  into  low-voltage  for  special  cases.  Meanwhile,  the  earlier  mentioned  matrix

converters (AC-to-AC drives) eliminate the DC bus entirely, which can improve input power factor

and  provide  inherent  regeneration.  Yaskawa’s  matrix  drive  and  some  European  research  drives

exemplify this – these are likely to see more use in specific markets requiring ultra-low harmonics

and compact form factors with regen (e.g. building elevator systems could use them to avoid extra

regen units and filters).

Energy  Efficiency  and  Standards  Compliance: Regulations  around  the  world  are  pushing  for

higher efficiency in motor-driven systems. Beyond just the motor (which now must meet IE3/IE4

efficiency  levels  in  many  regions),  the  system  efficiency  including  drives  is  in  focus.  European

EcoDesign directives and others are looking at drive system efficiency. This could mean future VFDs

will be labeled with efficiency classes themselves, and that internal losses will further reduce. Also,

standards  like  IEEE  802.3  (for  communications)  and IEC  61800-9  (EcoDesign for  power  drive

systems) are guiding integrated approaches to efficient motor-drive packages. We may also see

more  integration of  VFDs with motors –  so-called  “VFD-integrated motors”  where  the  drive  is

mounted on or in the motor terminal box, reducing cabling and offering a plug-and-play solution.

Some  manufacturers  already  offer  these  for  smaller  sizes  (a  motor  with  a  built-in  VFD  for

applications like pumps, where the user just sets speed via a dial or network command).

Functional  Safety  and  Autonomy: As  automation  advances,  VFDs  are  taking  on  more  safety

functions. We have basic STO now, but future drives are including things like Safe Limited Speed,

Safe Brake Control, Safe Acceleration Monitoring, etc., as defined in IEC 61800-5-2. This enables

drives to be part of the safety system in say, a robot cell, where the drive itself can ensure the motor

doesn’t exceed a safe speed when a person is nearby. Coupled with sensors and AI, drives might

even adaptively limit performance for safety without stopping a process entirely, leading to more

cobots  and  human-friendly  automation.  Moreover,  some  drives  are  beginning  to  incorporate

autonomous control features – for instance, learning algorithms that optimize motor control in

real-time for maximum efficiency or performance without user intervention.

Simplification and Cost Reduction: On the flip side of high-tech features, there is a trend to make

VFDs  more  accessible  in  cost  and  ease.  Many  manufacturers  aim  to  reduce  the  number  of

parameters and provide application-specific setup menus (so an HVAC technician doesn’t need to

wade through settings irrelevant to pumps and fans, for example). We also see drive prices generally

coming  down  for  a  given  performance  level,  making  it  feasible  to  put  even  low-power  motors

(fractional HP) on drives. This broadens the use of VFDs to smaller equipment and even residential

applications, further driving energy efficiency gains on a large scale.

In conclusion, AC motor VFDs have revolutionized the way we use electric motors. No longer are motors

bound to a single speed and on/off control – they can now be precisely as fast, as powerful, or as gentle as
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the task requires, at any given moment. This flexibility brings clear benefits in energy savings, improved

process control, and equipment longevity. As we’ve discussed, leveraging those benefits requires a bit of

knowledge and proper implementation, from choosing the right drive and motor to installing with care for

harmonics and protection. But the rewards are well worth the effort: modern facilities that widely employ

VFDs tend to have lower operating costs, a smaller carbon footprint, and greater operational agility. 

The evolution of VFD technology – with smarter, more efficient, and more integrated drives – means that

their  role  will  only  grow in  the future.  We can expect  even more intelligent  motor  control,  seamlessly

blending  into  automation  and  energy  management  systems.  Whether  you’re  an  engineer  looking  to

optimize a production line,  an energy manager seeking to cut utility bills,  or a maintenance technician

aiming to solve a motor wear problem, understanding AC motor VFDs is invaluable. This synergy of power

electronics and control software continues to drive forward efficiency and innovation across industries. In

short, the AC motor VFD is a cornerstone of modern electrical engineering – a testament to how fine control

of power can lead to both economic and environmental gains in today’s world.
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“Hitachi WJ200 Series Inverter – Features,” HitachiACDrive.com (AutomatedPT), accessed 2025. Hitachi

WJ200  VFD  features  list:  sensorless  vector  high  torque,  simplified  autotune,  dynamic  braking

transistor, PLC functionality (EzSQ), PM motor support, safe-stop

“Eaton PowerXL Series – Product Highlights,” Eaton.com Product Page, accessed 2025. Eaton PowerXL

DG1 general-purpose drives (Active Energy Control for efficiency, easy startup) and DM1 Pro (with

built-in Safe Torque Off and network comms support)

Kenneth I. Ibekwe et al., “Energy efficiency through variable frequency drives: industrial applications

in Canada, USA, and Africa,” Int. Journal of Science and Research Archive, vol. 11(1), 2024, pp. 730–736.

Comparative analysis of VFD adoption and impact on energy efficiency across regions

IndustLabs, “The Role of VFD Panels in the Industrial Internet of Things,”  IndustLabs Blog, Jan. 24,

2023.  Discussion  of  IIoT  integration  with  VFDs,  including  remote  monitoring  and  predictive

maintenance benefits

How Variable Frequency Drives (VFDs) Work

https://www.mroelectric.com/blog/how-variable-frequency-drives-vfds-work-unveiling-the-magic-of-precision-control/

ABB ACS880 AC Drives – Technical Data – joliettech.com

https://joliettech.com/products/ac-variable-frequency-drives/abb-acs880-industrial-low-voltage-ac-drives/abb-acs880-ac-drives-

technical-data/

Choosing VFD Control Modes: A Comprehensive Guide-Darwin Motion

https://darwinmotion.com/blogs/choosing-vfd-control-modes-a-comprehensive-guide

Yaskawa VFDs: A1000 & P1000 Models

https://rspsupply.com/c-3492-yaskawa-vfds.aspx?srsltid=AfmBOopbRXL9-46e__cV5intzC50_wGOasPbEX3vUfYi8vpVImMpKhl4

Do I Need Variable Torque or Constant Torque? - Wolf Automation

https://www.wolfautomation.com/blog/do-i-need-variable-torque-or-constant-torque/?

srsltid=AfmBOorr9mhPhqeHczaXvFmtLoEgbNWBSRAvc3Kz90GTmQcE2vdLc-CU

Energy savings in pump systems: Case study 1 - MB Drive Services

https://mb-drive-services.com/case-study-energy-savings-in-pump-systems/

ABB ACS880-01-156A-5 Three Phase, 100 HP, 124 Amp (Constant ...

https://rspsupply.com/p-606843-abb-acs880-01-156a-5-three-phase-100-hp-124-amp-constant-380-500-volt-ip21-nema-1.aspx?

srsltid=AfmBOoq8Yl6SZhApufJxjd46mVqmWHfYcrKjyVFQH3A_wTa1r_OslS16

Hitachi WJ200 Series WJ200-015SF - Hitachi AC Drives / VFD Drives - Hitachi AC Drive -

Hitachi VFD | Owned and Operated by AutomatedPT

https://hitachiacdrive.com/hitachi-wj200-series-wj200-015sf/?srsltid=AfmBOor2MH7-

bKu_cfv0mOK3Ihg4YU9hL0fxliB1Pp1tCHLPxSYi20SA

PowerXL DG1 general purpose variable frequency drives - Eaton

https://www.eaton.com/us/en-us/catalog/industrial-control--drives--automation---sensors/powerxl-dg1-variable-frequency-

drives.html

EATON PowerXL™ DG1-32143FN-C54C General Purpose ... - EECO

https://eecoonline.com/shop/CHDG132143FNC54C
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PowerXL DX1 high-performance AC variable frequency drive (VFD)

https://www.eaton.com/us/en-us/catalog/machinery-controls/powerxl-dx1-variable-frequency-drives.html

PowerXL DM1 variable frequency drives - Eaton

https://www.eaton.com/sg/en-us/catalog/industrial-control--drives--automation---sensors/powerxl-dm1-variable-frequency-

drives.html

What are the Benefits of a Variable Frequency Drive?

https://www.wolfautomation.com/blog/what-are-the-benefits-of-a-variable-frequency-drive/?

srsltid=AfmBOoo_Pe9K8oigSLqrKnhHbhIaHOQYcInvQFTGzeGTBxKcG9TNhCld

Delving into the potential – and constraints – of VFDs - Plant Engineering

https://www.plantengineering.com/the-possibilities-limits-of-vfds/

Energy Savings and Other Benefits of Variable Frequency Drives: City of Columbus Case Study

— Ruekert & Mielke, Inc. 

http://www.ruekertmielke.com/blog/2021/variable-frequency-drives-benefits

VFD energy savings: Top 8 reasons to invest in motor control solutions

https://solutions.borderstates.com/blog/vfd-energy-savings/

Energy saving analysis for pump-motor set in water purification plant ...

https://www.nature.com/articles/s41598-024-75601-z

[PDF] VFD Pump Drives: Maximizing Efficiency and Control in Pumping ...

https://www.precision-elec.com/wp-content/uploads/2025/07/VFD-Pump-Drives_-Maximizing-Efficiency-and-Control-in-Pumping-

Systems.pdf?srsltid=AfmBOoojRjtOy1tXZp3hKgRlk44DM7N_kmGp33CJ56K-zhGEF_xoeIWY

What Is an Inverter Duty Rated Motor? | Pumps & Systems

https://www.pumpsandsystems.com/what-inverter-duty-rated-motor

Practical technical guides to drive systems | EEP

https://electrical-engineering-portal.com/download-center/books-and-guides/abb-drives-technical-guides

What is STO (Safe Torque Off) and why do I need it? - Wolf Automation

https://www.wolfautomation.com/blog/what-is-sto-safe-torque-off-and-why-do-i-need-it/?

srsltid=AfmBOorNvWp7yFWYTAttZQjx2cGE_4t6YEggPt5_QYDo78Yga-h27vA-

PowerXL variable frequency drive - Eaton

https://www.eaton.com/us/en-us/markets/innovation-stories/powerXL-variable-frequency-drive.html

PowerXL EGP variable frequency drives - Eaton

https://www.eaton.com/us/en-us/catalog/machinery-controls/powerxl-egp-variable-frequency-drives.html

Lenze | MotionUSA 

https://motionusa.com/manufacturer/lenze

The Role of VFDs Panel in the Industrial Internet of Things — INDUSTLABS

https://industlabs.com/news/variable-frequency-drives-iiot

CDA - DTC or FOC - which is better?

https://www.controlsdrivesautomation.com/page_624258.asp

(PDF) Energy efficiency through variable frequency drives: industrial applications in Canada, USA,

and Africa

https://www.researchgate.net/publication/

377837800_Energy_efficiency_through_variable_frequency_drives_industrial_applications_in_Canada_USA_and_Africa
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