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Variable Speed Drives: Technology, Applications,
and Best Practices

Introduction

A variable speed drive (VSD) - also commonly known as a variable frequency drive (VFD) or AC drive - is an
electronic controller that adjusts the speed and torque of an electric motor by modulating the power input
(usually the frequency and voltage for AC motors) ' . VSDs are used to match motor-driven equipment
output to the required load, rather than running at full speed continuously. This capability delivers
numerous benefits, including precise process control, significant energy savings, improved reliability, and
reduced mechanical wear 2 . Electric motors consume a huge share of industrial electricity (nearly 70% of
industrial electrical energy is used by motors) 3 , so optimizing their speed with VSDs has a large impact
on efficiency and cost. For example, instead of throttling flow with valves or dampers, a pump or fan motor
controlled by a VSD can run at the exact speed needed - avoiding wasteful overspeed - which can cut
energy use by 20-50% or more in such variable flow applications 4 5 .In addition to energy reduction,
VSDs provide soft-starting and smooth speed changes, minimizing electrical and mechanical stress on
machinery. This article explores how VSDs work, their technical features and standards, real-world
performance benefits, and best practices for implementation.

How Variable Speed Drives Work

Basic Principle: A standard AC induction motor’s speed is proportional to the frequency of the AC supply
(per $N = 120f/P$ for synchronous speed). A VSD takes fixed-frequency AC mains power and electronically
converts it to a variable frequency (and voltage) output, thereby controlling the motor’s speed. The typical
topology of a modern AC VSD (VFD) involves three main stages © :

+ Rectifier (AC to DC conversion): Incoming AC (often three-phase) is first passed through a diode
bridge or SCR rectifier, which converts it to DC. This creates a fixed DC bus voltage.

* DC Link (smoothing and energy storage): The DC output passes through a filtering stage -
capacitors (and often an inductor or choke) - to smooth the DC and provide a stable supply. This DC
link serves as an energy buffer, reducing ripple 7 and helping handle transient loads.

« Inverter (DC to variable AC): Power transistors (usually insulated-gate bipolar transistors, IGBTSs)
then “chop” the DC into a synthesized AC waveform at the desired frequency and amplitude. Using
high-frequency pulse-width modulation (PWM), the inverter produces a near-sinusoidal AC output
whose effective frequency and voltage can be adjusted in real time 8 . By controlling the PWM
switching, the drive outputs the precise frequency needed to run the motor at the commanded
speed.

In essence, the VSD rapidly switches the transistors on and off to construct a new AC waveform. The
switching is fast enough (typically 2-15 kHz) that, when filtered by the motor’'s inductance, it results in a
smooth current. This allows full speed control from zero to above rated speed. Most VSDs can produce
output from 0 Hz up to several hundred Hz. For instance, ABB's industrial drives support frequencies from 0
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up to about 500-600 Hz for high-speed motors 9 10 . The drive also adjusts output voltage in proportion
to frequency (maintaining volts-per-hertz for induction motors) to manage the motor’s magnetic flux and
torque. Modern drives often include advanced control algorithms beyond simple V/Hz - such as vector
control or direct torque control - to precisely regulate motor torque and speed. In open-loop (sensorless)
vector control, the VSD uses motor models and feedback from electrical measurements to control torque
without a physical encoder. In closed-loop vector control, an encoder on the motor shaft provides
feedback for very high precision. An example is ABB's Direct Torque Control (DTC) algorithm, which can
hold accurate torque even at near-zero speed without an encoder, by directly controlling motor flux and
torque in real time 11 . This yields quick response and typically <0.5% speed error, making VSDs suitable for
high-performance applications like cranes or extruders.

Types of VSDs: The term “variable speed drive” can apply to a few categories of motor controllers:

* AC Variable Frequency Drives (VFDs): These are by far the most common today, controlling AC
induction or synchronous motors by varying output frequency. When people say “VSD” they usually
mean an AC VFD. VFDs cover a huge range of power (from fractional kilowatt pumps to multi-
megawatt compressors). They are sometimes just called AC drives 1 .

* DC Drives: For DC motors, older drives vary the armature voltage (and field current) to adjust speed.
DC drives have been used for decades (especially before AC VFDs became prevalent) and are still
found in some legacy systems or specialty applications. They are a form of VSD, though not as
common now.

* Servo Drives: These are specialized high-performance drives (often AC PWM drives as well) paired
with servomotors (brushless AC or DC) and feedback devices. They provide extremely precise speed,
torque, and position control in automation systems. Many servo drives are essentially VSDs with
added capabilities for dynamic response and motion control (following position commands, etc.).

Additionally, “VSD" in a broad sense could include mechanical speed variators (like hydraulic drives, eddy-
current couplings or belt-and-pulley systems) used historically to change speeds. However, modern
discussions typically focus on electronic drives for AC motors. AC VFDs are dominant due to the robustness
and low cost of AC motors and the flexibility of power electronics.

Key Specifications and Features of VSDs

Power and Voltage Ratings: VSDs are produced in a wide span of ratings to suit different motors. Low-
voltage AC drives commonly handle motors from less than 1 kW up to giant 5-6 MW units (e.g. ABB’s
ACS880 series ranges from 0.55 kW to 6000 kw) 2 . Standard drive input voltage classes include
~115-240 V (for small single-phase supply drives), 380-480 V AC (most common industrial three-
phase), and 575-690 V AC (for heavy industry, e.g. in Canada or EU). For very large motors (above ~1-2
MW), medium-voltage VSDs** exist (with input voltages 2.3 kV, 4.16 kV, 6.6 kV, etc.), using special topologies
to handle the high voltage. These MV drives often use multi-level inverters or cascaded cells to output a
medium-voltage wave. Regardless of voltage, the VSD's job is to provide a controlled three-phase output to
the motor.

Output Characteristics: A VSD can regulate output frequency from 0 Hz up to a certain max (often 50/60
Hz base up to 2-10x base frequency, depending on application). In practice, many general-purpose drives
allow at least 0 to 400 Hz output. High-performance drives driving special high-speed motors can go higher
(as noted, ~600 Hz in some cases) 9 . The output voltage is proportional to frequency up to the motor’s
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rated base voltage; beyond base speed (field-weakening region), drives can increase frequency further at
constant voltage (reducing available torque, useful for constant-power loads like winders). Drives typically
have programmable acceleration and deceleration ramps, allowing a motor to smoothly ramp up to speed
or coast down, instead of abrupt changes.

Torque and Overload Capacity: Most VSDs are rated in two overload classes: constant-torque (CT) or
heavy-duty, and variable-torque (VT) or normal-duty. A heavy-duty/CT rated drive can handle around 150%
of rated current for 60 seconds or more, meaning it can provide 150% torque for short periods (e.g. for
accelerating a high-inertia load or driving a heavy conveyor) 13 . A normal-duty/VT rated drive (for easier
loads like fans) might allow ~110-120% for 60 sec. Manufacturers often list both CT and VT power ratings
for the same hardware - the VT rating being higher kW since less overload is required. In real terms, a CT
drive might run an overloaded mixer without tripping, whereas a VT drive of the same size might trip if
asked to provide that excess torque. Starting torque with modern AC drives can be very high. Using vector
control, even without an encoder, drives can produce >100% torque at low speeds. For example, Hitachi's
WJ200 series VFD achieves 200% torque at 3 Hz output in sensorless mode 4, and the Hitachi SJ700 can
do ~150% torque at just 0.3 Hz with advanced control 15 - effectively near standstill high torque. If full
torque at 0 speed is needed (for hoists, etc.), an encoder and closed-loop control or a specialized motor (like
a permanent magnet motor) may be used, or the system may use a DC or servo motor. In general, AC VSDs
have made it possible to replace many DC motor systems, because they now can deliver comparable torque
performance across the speed range.

Efficiency and Losses: Modern VSDs are highly efficient power converters. At full load, well-designed drives
are typically around 95-98% efficient. For instance, data for ABB's ACS880 drives show about 97-98%
efficiency at nominal power 16 . The main losses are in the power electronics (IGBT switching and diode
conduction losses) and in the heat of filtering components. These losses manifest as heat which must be
dissipated, so drives have cooling fans or heatsinks. Despite a few percent loss, using a VSD is still vastly
more efficient than throttling flow or running motors unloaded. The efficiency of the motor+drive system is
a product of both the drive’s efficiency and the motor efficiency (plus any filtering). There is also an
important point: at partial load, the drive itself may be less efficient (light-load losses can dominate), but the
system overall usually still saves energy because the motor is consuming far less power under speed
control than it would running at full speed. Standards like IEC 61800-9-2 define energy efficiency classes for
drives (IE classes) and for combined drive+tmotor systems (IES classes) to help compare losses. Many new
drives achieve high IE2 (or better) efficiency class, and when paired with high-efficiency motors (IE4/IE5) the
overall system losses are minimized.

Power Factor and Harmonics: VFDs inherently draw a non-sinusoidal current from the supply due to their
rectifier front-end. A simple diode bridge front-end will draw current in pulses, which creates harmonic
currents in the supply. However, the displacement power factor of a VFD is near unity (because the rectifier
draws current almost in phase with voltage). The total power factor is reduced by the presence of
harmonics. Many VSDs include a DC choke or AC line reactor to smooth the current draw - this both
protects the drive from surges and reduces harmonic distortion. With such filtering, a 6-pulse VFD can
typically achieve ~35-40% THDi (current distortion) or better and a power factor around 0.95. There are also
drive variants with 12-pulse or 18-pulse rectifiers (using phase-shifting transformers) to cancel harmonics,
and active front-end (AFE) drives that use IGBT rectifiers to achieve near-sinusoidal input current (THDi <
5% is possible) and even allow regenerative braking (feeding energy back to the grid). For example,
Eaton's PowerXL DG1 drives come standard with a 5% DC choke and EMI/RFI filter to mitigate harmonics
and noise 17 . ABB offers ultra-low-harmonic (ULH) versions of its drives, which meet strict standards like
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IEEE 519 on harmonic distortion 18 without external filters. If harmonic compliance is critical (e.g. in a
facility with many drives or sensitive equipment), these solutions are available, albeit at higher cost.

Regeneration and Braking: When a motor is driven by a VSD and the load tries to drive the motor (for
instance, an overrunning load or during deceleration), the motor acts as a generator. Standard drives
handle this by dissipating the energy as heat in a braking resistor (switching a chopper transistor on the
DC bus to dump excess energy). An optional brake resistor can typically absorb braking power to allow
faster stopping or downhill loads without tripping the drive. More advanced drives offer regenerative
capability: the drive's front-end actively inverts the DC power back to AC and pushes it into the supply, so
energy is returned to the grid or used by other loads. A regenerative VSD can provide continuous braking
without a resistor and improves efficiency in systems with frequent braking (cranes, elevators, test stands,
etc.) 19 . For example, ABB's ACS880 has a fully regenerative variant that can continuously feed braking
energy back and has been used to recover energy in applications like mine hoists 20 . Additionally, multiple
drives can be connected on a common DC bus, so braking energy from one motor can be used by others,
further increasing overall efficiency in multi-axis systems 21 20 ,

Motor Compatibility: Early VFDs were primarily for standard three-phase induction motors. Today, VSDs
can control a variety of motor types. Most industrial drives can run squirrel-cage induction motors and
permanent magnet (PM) synchronous motors, and even newer synchronous reluctance motors
(SynRM), often with little or no hardware changes (just different control software modes) 22 . This flexibility
means a single drive family can be used with high-efficiency motor technologies - for example, ABB's drive
with DTC can control induction, permanent magnet, or SynRM motors all with precise torque control 22 .
Many drives also support encoder feedback (TTL, HTL, SIN/COS, etc. interfaces) for closed-loop
applications, as well as providing sensorless control if no encoder is present. It's important to ensure the
motor being controlled is “inverter-duty” - i.e., its insulation can withstand the fast rise time (dV/dt) and
voltage peaks of PWM waveforms. NEMA MG-1 and IEC 60034-25 standards specify insulation requirements
for motors on VFDs. Most modern industrial motors meet these specs or the drive can be outfitted with
output filters (dV/dt filters or sine wave filters) if the motor or cable run is a concern. For long motor leads
(generally >50-100 meters), output filters are recommended to prevent voltage reflections that can double
the voltage stress on motor windings 23 24 . In practice, using VFD-rated cabling and keeping cable
lengths reasonable will prevent most issues; for very long runs (e.g. 200-300+ meters), a dV/dt choke or
sine filter at the drive output is a good design practice 25 26 .

Control Interfaces and Intelligence: Virtually all VSDs today come with a digital control panel and
interface. Users can set parameters (acceleration time, max frequency, motor FLA, etc.) and receive
feedback (speed, current, fault codes) on a keypad or via software. Most drives have built-in PID controllers
to control process variables (like pressure or flow) by adjusting motor speed automatically. Many also
include built-in programmable logic - for example, Hitachi's drives have an EasySequence (EzSQ) function
(a simple built-in PLC) to run custom logic and multi-speed sequences 27 28 . Drives from several
manufacturers similarly allow custom function blocks or ladder logic programming (ABB uses Adaptive
Programming or even full IEC 61131 PLC add-ons; Rockwell and Siemens drives can run embedded routines;
Yaskawa offers DriveWorksEZ function block programming, etc.). Communication to plant automation is
critical as well: nearly all modern drives support fieldbus/industrial network options - Modbus, Profibus/
PROFINET, EtherNet/IP, CANopen, EtherCAT, etc. - or have them built-in, so they can be monitored and
controlled by a PLC or SCADA system. Another important feature is safety integration: many drives now
include Safe Torque Off (STO) inputs and even advanced safety functions (safe stop, safe speed) compliant
with standards like IEC 61800-5-2. For example, an option module might allow a drive to be certified for
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SIL2/SIL3 safety level, so that removing torque via the STO input meets safety circuit requirements 29 30 .
This eliminates the need for separate contactors to remove power in emergency stop conditions; the drive’s
internal logic ensures the motor is quickly disabled in a safe manner. Drives carry various certifications -
IEC/EN 61800-5-1 (electrical safety for drives) is the IEC standard, and its UL equivalent UL 61800-5-1 has
largely replaced older UL508C for certifying drive units 37 . Compliance with the EU Low Voltage Directive
and EMC Directive is also required (CE marking); drive datasheets show standards met for safety, EMC, and
environmental specs 31 32 . Many drives are designed with conformal coated electronics and are tested
for harsh environments (temperature, vibration) to ensure reliability in industrial conditions 33 34 |

Benefits of Variable Speed Drives

Energy Savings: The most celebrated advantage of VSDs is improved energy efficiency in motor-driven
systems. Because a VSD can adjust a motor’s speed to exactly what the process requires, it avoids the waste
of running at full speed and then throttling or otherwise dissipating excess energy. The potential savings
are especially large for variable torque loads like centrifugal pumps and fans. Thanks to the affinity laws,
the power required by a pump or fan changes with the cube of the speed - so even a small reduction in
speed yields a much larger reduction in power. For example, running a fan at 50% speed can cut the
power to about 1/8 (12.5%) of the power at full speed (50% speed = (0.5)A3 = 0.125, or 12.5%) 35 . This
means huge energy savings in HVAC, pumping, and aeration systems that often run below peak capacity. In
practical terms, replacing throttle valves or dampers with VSD control often yields energy savings on the
order of 20-60%. A recent Fraunhofer Institute study (2023) quantified the impact across Europe: on
average, per-unit energy savings of 10% up to 75% are achievable, depending on the application and load
profile 36 . That study estimated the total technical saving potential to be over 120 TWh/year (about 9% of
all motor electricity use) in the EU if more VSDs were deployed in pumps, fans, and compressors 37 . Real-
world cases back this up. Schneider Electric experts note that centrifugal pump/fan systems can see ~30-
50% energy reduction with modern VSDs, whereas a constant torque conveyor might only get ~5-10%
savings 5 .In one water utility example, adding VFDs to large wastewater pumps cut energy consumption
nearly in half for the same flow output, by eliminating throttle losses. As a demonstration in HVAC, a 5-star
hotel in Dubai retrofitted VSDs on its chilled water pumps and air handler fans, achieving around 25%
reduction in HVAC energy use without sacrificing comfort 38 39 . These savings translated to significant
cost reduction in the hotel's monthly power bills. In general, any application with varying demand (flow,
pressure, speed, etc.) is a prime candidate for energy savings from VSD control. Notably, some utility
companies and efficiency programs offer incentives for VFD retrofits because of the proven energy benefits.

Beyond just reducing speed, some drives include software algorithms for optimizing energy usage. Eaton,
for example, implements an Active Energy Control feature in its drives that automatically minimizes motor
current draw for a given speed/torque, improving part-load efficiency further 17 40 . In an ABB
drivetmotor package, the drive can even adjust to keep the motor operating at optimal efficiency points
(their synchronous reluctance motor drive packages are marketed to maximize efficiency and reduce losses
by additional few percent 41 42 ), All these features underscore that VSDs not only save energy by speed
control, but also by smarter control of the motor’s magnetic flux and reducing losses when full torque isn't
needed.

Improved Process Control: A VSD allows infinitely variable speed adjustment, which means processes
can be fine-tuned and stabilized much better than with on/off or mechanical control methods. The drive can
respond to feedback sensors (pressure, flow, temperature, etc.) and maintain the setpoint by continuously
modulating motor speed. This leads to tighter control of industrial processes. For example, in a bottling
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plant, a VSD-driven conveyor can adjust speed to match downstream equipment and prevent bottle pile-ups
or gaps. In a petrochemical process, a pump’s flow can be adjusted gradually to maintain pressure, avoiding
surges. Because a VSD can change speed almost instantaneously to respond to load changes 43 , it can hold
process variables very close to target. Modern drives can even hold motor speed within 0.01% in closed-
loop mode 44, or torque within a few percent, which is beneficial for quality and consistency in
manufacturing. Additionally, many drives offer torque control or position control modes; for instance,
coordinating multiple motors (like in paper mills or steel processing lines) is easier with drives that can
precisely synchronize speeds or maintain a tension via torque regulation. Overall, using VSDs often
improves product quality, throughput, and reduces waste by giving operators and control systems more
flexibility and accuracy in how machines run.

Reduced Mechanical Stress and Maintenance: Starting an AC motor across-the-line (direct on full voltage)
causes a large inrush current (5-8 times running current) and a rapid torque rise, which stresses both the
motor and the driven machine. By contrast, a VSD provides a “soft start” - it can ramp the motor from zero
to full speed over several seconds (or whatever time is set), greatly reducing the mechanical shock. This
gentle acceleration and deceleration prevent sudden jerks to belts, gearboxes, couplings, and the
product being handled. As a result, systems experience less wear and longer lifespan. According to Plant
Engineering, using a VFD's soft start capability leads to lower maintenance costs and longer motor life by
avoiding the high stress and heat of full-voltage starts 45 46 . For example, pumps driven by VSDs ramp up
smoothly, preventing pressure spikes (water hammer) in piping. Conveyor belts accelerate without abrupt
tension, so belts and rollers last longer. Additionally, by modulating speed, a VSD can reduce the duty on
brakes or on/off valves (since you don't need to stop/start or throttle as aggressively). In cyclic operations, a
VSD can even reduce motor heating by running at the minimum speed needed rather than stopping and
starting repeatedly 47 . This is better for the motor’s insulation and bearings, which in turn extends time
between rewinds or bearing replacements.

Furthermore, VSDs often include diagnostics and protective features that enhance reliability. They
monitor parameters like current, voltage, and temperature continuously, and can trip or issue alarms to
prevent damage to the motor or driven equipment (for instance, detecting an overload, a jammed pump, or
a phase loss). Many drives log operating hours and can warn of pending maintenance (some have built-in
timers/counters to remind when to inspect filters, bearings, etc.) 4 49 . By keeping the motor and
system healthier, VSDs reduce unplanned downtime. Several case studies note that after installing VFDs,
motors ran cooler and bearing failures diminished, thanks to smoother operation. The net effect is an
increase in system reliability and lower maintenance labor and costs. It is often said that the energy
savings from VSDs are compelling, but the maintenance savings over time can equal or surpass the energy
benefits in processes that were hard on mechanical components.

Power Quality and Other Benefits: While VSDs introduce harmonics as mentioned earlier, they also can
improve power factor as seen by the facility. An induction motor at partial load (without a drive) has a low
power factor, but a VFD with its front-end sees a near-unity displacement power factor, and it draws only the
power needed. So facilities with many lightly-loaded motors can see a reduction in reactive power draw
after adding drives (though harmonic reactive components must be accounted for). Some drives in multi-
motor systems allow the removal of expensive mechanical components - e.g., one large motor at variable
speed might replace an array of dampers and a complex flow control scheme. Additionally, noise reduction
is a benefit: running a fan or blower slower means significantly less noise generated by air or machinery.
Many building HVAC retrofits with VSDs report quieter operation. Lastly, VSDs enable features like “sleep”
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modes - they can turn motors off when not needed and restart automatically, something not feasible if you
only had mechanical throttling. All of these contribute to operational efficiency.

Common Applications and Case Studies

Because of their advantages, variable speed drives are used across virtually every industry. Any process that
uses motors could potentially benefit. Some major application areas include:

« Pumps and Fans: These are the poster children for VSDs due to the energy savings potential. HVAC
systems in large buildings frequently use VFDs on fans (AHUs, cooling towers) and pumps (chilled
water, hot water) to adjust flow based on demand. In the Water/Wastewater industry, VSDs control
pump station motors, maintaining constant pressures in water distribution or varying aerator
speeds in treatment plants. The result is energy optimization and improved process control (e.g.
maintaining steady pressure avoids pipe bursts). As noted earlier, a water plant that retrofitted pump
VFDs saw on the order of 30-40% energy savings immediately. Municipal utilities have documented
that the payback period of adding VFDs can be just 1-3 years from energy savings alone. Fans in
mining or tunnels use VSDs to adjust ventilation rates, saving power when full airflow isn't needed. A
specific case: the Kempinski Hotel (Dubai) retrofit where VFDs on the air conditioning system’s fans
and pumps delivered a measured 25% drop in energy usage for HVAC, with proportional cost
savings 38 39 . During the cooler months, savings were even higher as the drives slowed down
equipment significantly during low load periods.

Manufacturing and Material Handling: Conveyors, mixers, extruders, and crushers in industries
like food & beverage, pharmaceuticals, and packaging use VSDs for speed control. For example, a
conveyor system with VSDs can be indexed (started/stopped) more gently and can have its speed
tuned to line requirements, improving throughput. Mixers and agitators in chemical or food
processes can run at different speeds for different recipes or stages (slow start to avoid splashing,
then high speed for mixing, etc.). Plastic extruders often run with DC or AC drives to precisely
control screw speed (and thus material feed rate and quality); using a VSD allows the operator to
change production rate on the fly and also saves energy when running below maximum capacity.
Cranes and hoists use drives to allow smooth acceleration and deceleration, reducing load sway
and mechanical wear on gears and brakes. Machine tools (like CNC machines) employ spindle
drives and feed drives (servo/VSD) for precise speed control, which is critical for consistent
machining. For instance, a woodworking shop replaced mechanical pulleys on large saws with VFDs,
enabling variable blade speeds for different materials and soft starting to avoid belt slips - they
reported lower maintenance on belts and a 10% energy reduction due to optimized speeds. In
textile mills, VSDs on looms and spinning machines allow gentle ramp-up (preventing thread
breakage) and easy speed adjustments to match material needs.

Heavy Industry: Sectors like oil & gas, mining, metals, and cement use massive motors for
pumps, compressors, mills, and fans - these are often controlled by VSDs. In oil and gas,
compressors that inject gas or drive refrigeration cycles use VSDs to control capacity more
efficiently than recycle valves. In mining, huge ball mill drives and mine hoists use VSDs (including
some of the largest medium-voltage VFDs in operation, in the tens of MW) to allow soft start of
heavy loads and to provide speed adjustability for process optimization. For example, a large mining
company applied VFDs to their grinding mill motors (previously fixed speed) and gained finer control
of grind size and a 5-10% reduction in specific energy consumption. Metals processing lines use
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drives on roller tables, draw benches, and kilns - the coordination of multiple motors via drive
systems is crucial in these synchronized processes. ABB’s industrial drive lineup (ACS880, etc.) is
heavily used in these industries for its high performance and wide power range; ABB cites that its
drives are used from sawmills to marine propulsion to power plant fans 50 51, illustrating the
diversity of applications.

* Precision Motion and Robotics: In automation, many axes of motion are powered by servo drives (a
form of VSD). Robots, pick-and-place machines, and high-speed packaging equipment rely on
drives to execute precise movements. While these are more specialized (and usually paired with
dedicated servomotors), the underlying tech is similar - controlling motor current/voltage to achieve
a target motion profile. The benefit is high precision and repeatability in positioning tasks (e.g. an
electronic assembly machine using drives to place components with £0.01 mm accuracy).

To give another real-world performance example: A municipal wastewater plant in Wisconsin
implemented VFDs on their blower motors for aeration basins, in conjunction with dissolved oxygen
sensors. By varying blower speed to maintain the target oxygen level, they eliminated the old method of
throttling airflow and cycling blowers on/off. This reduced the energy use of aeration by about 40% and also
improved treatment consistency. Additionally, the soft start stopped the lights from flickering every time a
200 HP blower came online. The operators found they could maintain more stable oxygen levels, improving
effluent quality. In irrigation systems on farms, VFDs on pump motors allow pressure to remain constant
even as valves open/close or multiple zones operate. Farmers have reported 20-30% energy reductions and
less wear on irrigation pipes and nozzles (due to lower surges).

These cases illustrate a general point: VSDs save energy and enhance control especially in systems with
variable demand, and they tend to pay for themselves quickly in energy-intensive applications. However,
not every motor needs a VSD - for example, if an application is truly constant load and runs at full design
output all the time, a drive might not yield energy savings (though soft start might still justify it for large
motors). It's important to evaluate each use case. But given the versatility of VSDs and the trend toward
energy efficiency, their usage continues to expand into new areas.

Notable Manufacturers and Technologies

The VSD market is well-established, with many reputable manufacturers offering a range of drives. While
the fundamental principles are similar, each company brings certain innovations or strengths in their
products. Below are a few industry-leading manufacturers and the notable features of their variable speed
drives:

* ABB: A global leader in drives, ABB's offerings (such as the ACS580, ACS880 series) are known for
robustness and advanced control algorithms. ABB pioneered Direct Torque Control (DTC), which
gives very precise speed and torque regulation without needing feedback encoders 11 . This allows,
for example, holding near-zero speed with high torque - beneficial for cranes, elevators, etc. ABB
drives come in a wide power range up to the multi-megawatt scale 12 and support a variety of
motor types (induction, PM, synchronous reluctance) with minimal tuning 22 . ABB also integrates
extensive safety and communication options; the ACS880 has built-in functional safety up to SIL 3
and supports protocols from Modbus to EtherNet/IP. ABB's ultra-low harmonic drives are often
used where IEEE 519 compliance is required, and its regenerative drives feed energy back to the
grid for applications like downhill conveyors or test rigs 52 53 . In terms of quality, ABB emphasizes
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heavy testing - every industrial drive is load-tested at the factory, and designs feature coated boards
and high ingress protection enclosures for harsh environments 33 54 .

« Yaskawa: A Japanese manufacturer with a reputation for reliability and quality, Yaskawa Electric has
been producing drives for decades (they introduced some of the first transistor-based AC drives).
Yaskawa drives are often cited as having the highest Mean Time Between Failures (MTBF) in the
industry - on the order of 28 years MTBF for their products 55 . The company has even won awards
(like the Deming Prize) for quality. Many OEMs choose Yaskawa VFDs (sold under series like GA800,
HV600, etc.) for mission-critical systems due to this reliability. Yaskawa also tends to conservatively
rate their drives, and includes features like dual ratings (normal & heavy duty) on all models. They
use a single control board platform which simplifies maintenance/spares. Yaskawa drives typically
come with easy-to-use PC tools and the ability to do on-board programming (custom logic) similar to
a PLC. For instance, the GA500 and GA800 drives have embedded programming and Bluetooth
connectivity for configuration via smartphone. Yaskawa places emphasis on support and long-term
availability; they often continue supporting drive models for many years. An anecdotal example: a
factory reported that after switching to Yaskawa VFDs on critical production lines, drive-related
downtime virtually dropped to zero, reinforcing Yaskawa's slogan of “quality drives.” The
documented MTBF of around 200,000 hours for Yaskawa drives speaks to this longevity 56 .

Eaton (Cutler-Hammer): Eaton's VFD lineup (such as the PowerXL series: DG1, SVX, SPX, DM1
micro drives) is known for user-friendly features and strong integration for industrial control. Eaton
drives often include built-in EMI filters and AC chokes to meet CE/UL requirements out-of-the-box,
and have high overload capabilities (for example, the DA1 series handles 150% for 60s, 200% for 4s)
57 . A distinguishing feature is Eaton’s proprietary Active Energy Control algorithm, which
dynamically reduces voltage to the motor when full torque isn't needed, thereby squeezing out
additional energy savings (they claim up to 10% extra savings over standard VFD control for partial
loads) 58 59 . Eaton drives also commonly feature an integrated PLC (they support IEC 61131
programming on some models) and an option for an intuitive graphical keypad, including some with
touchscreens (e.g. the PowerXL DX1). The DG1 general purpose drive has a robust design with 50°C
ambient rating without derating, and conformal coated circuit boards for use in tough
environments €0 . Eaton has positioned their drives well for machine builders, with compact
hardware and easy setup tools (wizards for common applications). In the HVAC sector, Eaton’s HVAC
drives (DH1) are popular for their built-in fire mode, bypass options, and serial communications for
building automation. Overall, Eaton's focus is providing reliable drives that integrate smoothly into
broader electrical control systems (they often package drives into their MCCs and pump controllers).

Hitachi: Hitachi Industrial Equipment offers a range of AC drives (such as the NES1, WJ200, SJ series)
that are valued for their cost-effectiveness and solid performance. Hitachi VFDs are known for
strong sensorless vector capability and simple setup. For example, the WJ200 series includes auto-
tuning and advanced sensorless vector, enabling 200% starting torque at low speeds (~3 Hz) for
applications needing high breakaway torque 14 . Many Hitachi drives come standard with a braking
transistor in all models (even the smaller sizes), making it easy to add a braking resistor if needed.
They also feature the EasySequence (EzSQ) programming function, which allows the drive to run a
small sequence of operations (like timing and logic) internally 27 - useful for standalone pump
control or simple machinery without a separate PLC. The SJ700 and newer P1 series drives from
Hitachi expand on this with improved vector control (the S)/P1 can even do permanent magnet
motor control and has integrated “safe stop” safety input). Hitachi emphasizes a user-friendly
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configuration - their drives often have unified programming software and common keypad layouts.
They also tout reliability (some models are designed for 10-year life). For example, Hitachi's
microdrive NES1 is ultra-compact and pre-configured for out-of-the-box integration for small pumps
or fans, yet still includes RS-485 Modbus communication and built-in PID control 6! . In summary,
Hitachi drives provide a balance of advanced features (like PID, PLC functions, network comms) in a
relatively affordable package, making them popular in OEM equipment and smaller automation
systems.

Lenze: Lenze is a German manufacturer renowned in the motion control field, particularly in
packaging, material handling, and robotics applications. Lenze's drives (e.g. the i500 series, 8400
series) focus on modularity, compact size, and ease of integration. The i500 series inverters have
a very slim design (depth only 130 mm for small units) and scalable functionality - users can choose
plug-in option modules for fieldbus, I/O, etc., so you only pay for what you need 62 63 . Lenze
drives are often paired with Lenze gearmotors and automation systems, and their tuning is
optimized for quick commissioning with Lenze motors (though they work with any standard motor).
A notable feature is the Lenze Easy Starter and smartphone integration - the i500 has an optional
WLAN module so you can configure or diagnose the drive wirelessly via an app 64 . Performance-
wise, Lenze drives have strong overload capabilities (typically 200% for a few seconds, 150% for 1
minute like others) and can also perform decent sensorless vector control for general purpose
needs. Lenze puts a lot of emphasis on user-friendliness: for instance, their drives have an easy
navigation structure of parameters and a handy memory module that can be plugged in to copy
settings from one drive to another. In motion control scenarios, Lenze servo drives (i950, etc.)
provide advanced positioning and are often integrated into Lenze's automation platform. One
unique offering by Lenze is their Motec decentralized drives - essentially VFDs that mount near or
on the motor (IP65 enclosures), reducing cabinet space. These are popular for conveyors in large
intralogistics installations. In summary, Lenze's strength lies in applications where space is at a
premium and quick setup is needed, and they excel in coordinated drive solutions for machine
automation.

Of course, many other major players exist: Siemens (with their SINAMICS drives, known for powerful
software integration with PLCs and broad portfolio), Rockwell Automation (Allen-Bradley) with PowerFlex
drives (common in North America, with tight integration to Rockwell PLCs), Schneider Electric (Altivar
drives, known for versatility and strong presence in building systems), Mitsubishi, Danfoss, SEW-
Eurodrive, Fuji, Parker, Delta, and others. Each has product lines tailored to different industries and
regions. Overall, the competition drives innovation - for example, nearly all manufacturers now offer some
form of energy optimization, some level of built-in logic, and enhanced connectivity (Ethernet and even IloT
cloud connectivity in certain models for remote monitoring). As VSDs have become a commodity of sorts,
manufacturers differentiate via reliability, support, and specific advanced features (like Schneider’s
EcoStruxure connectivity or Danfoss's focus on HVAC specific functions, etc.). For a buyer or engineer, it's
wise to consider local support and the specific feature set needed for the application when choosing a VSD
brand, as performance among leading brands is comparably high.
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Best Practices for VSD Implementation

To fully realize the benefits of variable speed drives and ensure trouble-free operation, there are several
best practices to follow when selecting, installing, and using VSDs:

+ Size and Tune the Drive Properly: Always choose a drive with the appropriate rating for your motor
and load. This includes matching the voltage and current. Account for the application’s duty cycle -
if the load will demand high torque frequently (e.g. crusher startup or high inertia fan), use the
drive’s heavy/CT rating or oversize the drive to handle the stress. Perform the drive’s auto-tuning or
motor parameter setup routine so that it knows the exact motor characteristics; this improves
performance (especially for sensorless vector control) and protection accuracy. Also set the proper
motor overload protection in the drive (many drives let you input the motor’s FLA and will mimic a
thermal overload relay).

Use Line Reactors or Input Chokes: It's recommended to install an input line reactor (or use a
drive with a built-in DC choke) on the VSD's supply 65 €6 . Line reactors serve multiple purposes -
they smooth the current waveform drawn by the drive, reducing harmonics reflected into the supply,
and they protect the drive from voltage transients on the mains (like capacitor switching spikes or
lightning strikes). By limiting inrush and smoothing the waveform, reactors reduce nuisance
tripping and extend the life of the drive’s rectifier 67 66 . Many drives 50 HP and above include
DC chokes by default; for smaller drives, an inexpensive 3-5% impedance line reactor is a good
addition, especially if the facility has sensitive electronics or if the power source is a generator (which
can be disturbed by VFD harmonics). Reactor use also helps in meeting IEEE 519 requirements for
harmonic distortion by lowering the amplitude of current peaks 66 .

Install Proper Grounding and Mitigate Bearing Currents: Because VFDs use high-speed
switching, the PWM waveform can induce high-frequency currents in the motor shaft (via parasitic
capacitances between stator and rotor). These shaft currents can flow through motor bearings
causing electrical discharge machining (EDM) that gradually erodes the bearing races (a
phenomenon seen as fluting patterns). To prevent premature bearing failure, ensure the motor and
drive system is well grounded - ground the VSD to a good earth, use shielded motor cables with the
shield terminated at both ends (drive ground and motor frame) to give a low-impedance path for
common-mode currents. Additionally, for larger motors or critical applications, consider using shaft
grounding rings (such as Aegis rings) on the motor 68 69 . These conductive brushes safely divert
currents from the shaft to the frame ground, bypassing the bearings. Some motors come with
factory-installed grounding rings or insulators on one bearing to block the path. Follow motor
manufacturer recommendations; implementing these measures can greatly extend motor bearing
life when using VSDs 70 69 | It's also a best practice to keep cable lengths short and grouped - long
parallel runs of VFD cables can increase capacitive coupling and common-mode current.

Output Filtering for Long Leads or Sensitive Motors: If the distance between the drive and motor
is long (typically >100 feet, ~30m), or if the motor is not inverter-rated (older insulation system),
install an output filter. There are a few types: dV/dt filters (which slow down the rise time of pulses)
and sine wave filters (which virtually convert the PWM to a true sine wave). A dV/dt filter is usually
sufficient for moderate distances (up to several hundred feet) and will significantly cut down the
peak voltages that appear at the motor terminals 23 25 . Sine wave filters are used for very long
runs or for specialized cases like multiple motors in parallel on one drive. These filters protect the
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motor insulation from voltage spikes and also reduce radiated EMI from the cable. At the very least,
use VFD-rated shielded cables which have insulation designed for high dv/dt and heat - this is
strongly recommended and often required by drive manufacturers. Proper output filtering and
cabling will prevent motor failures and interference issues, especially in retrofits where existing
motors and wiring might not be ideal for PWM waveforms 25 71 .

Follow Installation Guidelines (Cooling, Spacing, EMC): Mount the drive in an area or enclosure
where it can dissipate heat. VSDs generate heat (typically 2-4% of motor load), so provide adequate
ventilation or cooling in panels. Do not mount heat-sensitive equipment directly above drives if heat
will rise into them. Observe the manufacturer's recommended clearance around the drive for
airflow. If multiple drives are in a cabinet, consider adding fans or an AC unit if needed. For EMC
compliance, use the supplied ferrite cores or filters on control wiring, and keep power cables
separate from signal cables. Ground the motor cable shield at both ends to the connector kits
provided (most drives have a grounding clamp for the cable braid). These practices ensure you won't
have issues with noise causing malfunctions in nearby instrumentation or radio interference. When
running power to the VSD, minimize any cable length between the VSD and its upstream supply
contactor or breaker - and avoid running VFD input power in the same conduit as the VFD output to
the motor (to reduce noise coupling). All these little details, often listed in the drive’s installation
manual, go a long way in improving system reliability and compliance.

Use the Drive's Features (Smart Control): Leverage the built-in intelligence of the VSD to your
advantage. For instance, set up the PID control inside the drive to maintain process variables - this
can eliminate the need for separate PID controllers. Utilize multi-speed presets or recipes if your
process has defined stages (many drives let you program different target speeds activated by digital
inputs). Enable energy optimization modes if available. Also configure the automatic fault reset/
restart features if appropriate for your process (some drives can be set to attempt a restart after a
trip, which might be useful for unmanned pump stations - but use with caution in certain machinery
for safety reasons). If the drive supports it, integrate it into your plant’s network for monitoring:
getting real-time data like power usage, speed, and fault alarms can help with predictive
maintenance and quicker troubleshooting. Logging drive data (many have event or trend log
functions) can reveal if, say, a motor is drawing more current over time, indicating a developing
mechanical issue downstream.

Plan for Bypass or Redundancy if Needed: In some critical applications (like an HVAC system for a
hospital or a wastewater pump station), you might design a bypass contactor or backup system in
case the VSD fails or needs maintenance. A bypass circuit allows the motor to run at full speed
directly from mains as a fallback. This can be as simple as a manual bypass switch or a full automatic
transfer scheme. Keep in mind, however, if the process cannot function at full speed (like a pump
that would over-pressurize the system), bypass might not be feasible or must be implemented with a
throttling device. Alternatively, have an online spare drive that can be switched in. Modern drives
are quite reliable, but planning for how to handle downtime is part of best practices for critical
systems. Some facilities keep a few spare drives or at least spare control boards on hand to minimize
downtime in case of failure.

* Maintenance of VSDs: While VSDs themselves don't require much day-to-day maintenance, a few
things help ensure longevity. Keep the drive and its enclosure reasonably clean and free of dust -
clogged cooling fins or filters can lead to overheating. If drives are in dusty or lint-laden
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environments (like a textile plant), use filtered enclosures or clean them periodically with dry
compressed air (with power off!). Inspect cooling fans on the drive during scheduled maintenance;
these small fans may need replacement after several years of continuous service (many drives will
alarm if the fan fails). Also, VSDs have DC bus capacitors which slowly age; a rule of thumb is a drive's
electrolytic capacitors might last 7-10 years at 40°C average. Some drives perform a capacitor health
test or you can schedule pro-active capacitor replacement for very critical drives around that
timeframe. Additionally, check all power and grounding connections are tight in the drive terminals
during maintenance shutdowns (thermal cycling can loosen lugs over time). The good news is that
VSDs often have onboard diagnostics to help - for example, they might display a warning if the DC
bus ripple is high (indicating capacitor wear or incoming phase imbalance). By following the
manufacturer’s maintenance recommendations (often included in the manual), you can extend the
life of the drive to 10-15+ years of reliable service. Many well-kept drives in industry have been
running since the 1990s, only being replaced when technology upgrades compel a change.

By adhering to these best practices, you will mitigate most common issues associated with VSD
installations. A well-installed drive system will run efficiently, with minimal interference to other equipment,
and will power the motor load reliably under a wide range of conditions. As a final note, always consult the
documentation specific to the drive model you are using - different drives have different default
protections and parameter settings, so understanding those (or hiring a startup technician if needed) is
important to get the most out of your variable speed drive system.

Conclusion

Variable speed drives have revolutionized motor control in industrial and building systems, bringing
flexibility and efficiency that was previously unattainable with fixed-speed motors. By matching motor
output to the actual load demand, VSDs deliver substantial energy savings, better process quality, and
gentler mechanical operation. Advances in power electronics and digital control have made drives more
compact, powerful, and intelligent - from self-tuning algorithms to network connectivity and safety
integration. Today's VSDs are a cornerstone of automation and energy management strategies worldwide.

For engineers and facility managers, adopting VSD technology is often one of the highest-impact moves for
improving system performance and reducing costs. Whether it's a small pump in a municipal building or a
huge mill in a mining operation, there's likely a variable speed drive solution that can optimize it. As
demonstrated, the key is not just the hardware itself, but using it correctly: proper sizing, installation, and
exploitation of its features. With robust design and following best practices, a VSD will typically pay for itself
and provide years of dependable service.

Looking ahead, we can expect VSDs to continue evolving - with even higher efficiencies (e.g. regenerative
drives and Silicon Carbide-based inverters reducing losses), more integration with IoT and smart grids
(drives that can coordinate with utility peak demands or provide grid support), and simpler interfaces that
might allow non-specialists to commission drives with just a smartphone. Yet the core mission remains:
controlling motor speed as needed. In an era where energy efficiency and automation are paramount,
variable speed drives will remain an indispensable tool, driving us toward more sustainable and intelligent
use of our electromechanical systems.

<br>
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