
E+C  SPOT ON

The operations of most industrial loads require wide ranges of 
speed. These loads could be driven by hydraulic, pneumatic or 
electric motors [1]. Three major means of achieving variable 

speed control in the industries are mainly mechanical, hydraulic, 
and electrical/electronic [2, 3]. Each of these control options has its 
strengths and weaknesses. The electric motor, especially the squirrel 
cage induction motor, has remained an excellent prime mover even 
in mechanical and hydraulic speed controls. In both mechanical and 
hydraulic speed controls the electric motor is operated in constant 
speed mode and the actual variable speed is achieved through belts, 
chains, pulleys, hydraulic pumps, valves and hydraulic motors. How-
ever in electrical/electronic speed control variable speed is realised 
directly on the electric motor. 

Direct current (dc) and alternating current (ac) electric motors are 
the classes of electric motor based on electric power supply type. The 
dc motor enjoyed wide patronage in variable speed control because 
of its historical and controllability advantages over the ac motor - 
especially the squirrel cage induction motor. But currently squirrel 
cage induction motor drives have become the industry workhorse 
for variable speed applications in a wide power range. This feat has 
been achieved in preference to dc machines because of the inherent 
characteristics of squirrel cage induction motors - rugged with low 
cost purchase and minimal maintenance requirements.

According to [4] it is often said that solid-state electronics brought 
in the first electronics revolution, whereas solid-state power electron-
ics brought in the second electronics revolution. Interestingly the per-
ceived disadvantages of using induction machines are continuously 
being successfully challenged by power electronics advancements 
through relevant and effective control systems. These good control 
methods are based on physical insight into the machine character-
istics [5]. However these control methods or drive technologies, and 
their widespread applications especially in the industrial community, 
have resulted in different meanings of the words ‘electric drive’ or 
‘electrical drive’. A great awakening had been observed by [6] in the 

industrial community with an intense urge to understand the basics 
of ac drives' technology. Unfortunately, according to [6], the literature 
on ac drives has grown immensely and has proliferated in different 
directions, so that a motivated reader trying to study the literature 
gathers only frustration.

Part of this frustration is whether an electrical drive is a system 
or a device. Equally confusing is its reference as a Variable Speed 
Drive (VSD), Adjustable Speed Drive (ASD), Variable Frequency Drive 
(VFD) and Inverter. Many authors accept that these can be used 
interchangeably.

There are several and diverse reasons for using VSDs, and the 
needs for speed and torque control are usually fairly obvious. In 
general, VSDs are used to [3]:
•	 Match	the	speed	of	a	drive	to	the	process	requirements
•	 Match	the	torque	of	a	drive	to	the	process	requirements
•	 Save	energy	and	improve	efficiency

It could be proper to assume that energy saving is currently syn-
onymous with energy efficiency. Unfortunately energy efficiency 
means different things to different people resulting in another con-
fusion and frustration to a motivated reader who intends to study 
the literature. These diverse meanings could equally jeopardise the 
effective quantification of energy efficiency benefits in the industrial 
and commercial sectors.

Electric drive

An invaluable job in chronicling the developments in power electron-
ics and invariably electrical drives has been executed [7, 8]. A com-
parison of the two appears to confirm the view of [9] on the difficulty 
of assigning specific dates to scientific and technological inventions. 
For instance [7] records 1891 as when Ward Leonard dc motor speed 
control was introduced contrary to 1886 which [8] is documented as 
the birth of the electric VSD system represented by the Ward Leonard 
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system. But there is no controversy around the astronomical and 
constant growth in the field of power electronics and electrical drives.

Drive as a device or system

In the most generic sense, a drive is a device that controls speed, 
torque, direction, and the resulting power of a system [2]. A device 
drives the interface between the utility input and controls the motor 
speed by changing the magnitude of voltage, current or frequency, 
and is composed of three main components [10-13] namely a recti-
fier, a dc link and an inverter. According to [14] a VSD is a piece of 
equipment that regulates the speed and rotational force, or torque 
output, of an electric motor. It is observed that one of the main reasons 
why drives save energy is because they can change the speed of an 
electric motor by controlling the power that is fed into the machine. 
The consideration of an electric drive as a device has led to the clas-
sification of drives as shown in Figure 1.

 

Figure 1: Classification of electronic drives [10, 13].

As shown in Figure 2, drives - as a system - are generally composed 
of the following [15, 17]:
•	 A	static	energy	conversion	group	(ac/dc	converter	and	inverter)
•	 An	electrical	motor
•	 A	microprocessor-based	measurement	and	control	system

 

Figure 2: Electrical drive system [13].

However, [18] defines an electric drive as ‘a system consisting of one 
or several electric motors and of the entire electric control equipment 
designed to govern the performance of these motors. The control 
equipment may or may not include various rotating electric machines’.

ASD or VSD?

According to [19] an ASD is a device used to provide continuous range 
process speed control (as compared to discrete speed control as in 
gearboxes or multi-speed motors) as shown in Figure 3.

 

Figure 3: Comparison of range process speed control [19].

But [20] notes that where speeds may be selected from several differ-
ent pre-set ranges, usually the drive is said to be ‘adjustable’ speed. 
If the output speed can be changed without steps over a range, the 
drive is usually referred to as ‘variable speed’. A reference to [18] 
shows a distinction between ASD and VSD. ASD is described as an 
electric drive designed to provide easily operable means for speed 
adjustment of the motor, within a specified speed range. But a VSD 
refers to an electric drive so designed that the speed varies through 
a considerable range as a function of load.

VFD or VSD?

The application of balanced three-phase voltage to the three-phase 
winding of an ac motor stator sets up a magnetic flux in the air gap. 
This magnetic flux pattern remains constant in form throughout the 
alternating cycle, rotating one pole pair in one cycle. The speed of rota-
tion of the flux is known as the synchronous speed given in Equation 1:

 

where f is the frequency in Hz, and p the number of pole pairs.

However, the rotor of our industrial workhorse (cage induction mo-
tor) must always rotate at a different speed from the synchronous 
speed for a voltage, and hence current and torque to be induced in 
the rotor. The relative speed of the rotor to the synchronous speed 
of the rotor flux is known as the slip s (Equation 2):
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For an induction motor, rotor speed, frequency of the voltage source, 
number of poles and slip are interrelated according to the following 
equation [21]:

 

where n : mechanical speed (rpm); ƒ1 : fundamental frequency of the 
input voltage (Hz); p : number of poles, and s : slip

Equation 3 shows that the mechanical speed of an induction motor 
is a function of three parameters. Thus the change of any of those 
parameters will cause the motor speed to vary as shown in Table 1.

Speed Variation 

Parameter  Application characteristics 

Number

of poles

Discrete variation 

Oversizing 

 

 Slip 

Continuous variation 

Rotor losses 

Limited frequency range

Voltage frequency Continuous variation

Utilisation of Static Frequency Inverters!

Table 1: Induction machines speed variation [21].

Most authors only consider Equation 1 in their consideration of 
cage induction motor speed control resulting to the conclusion that 
frequency is the only variable for continuous variable speed control 
of cage induction motors. It should be noted that the speed being 
referred to here is the synchronous speed which could also be seen 
as the electrical speed and it is different from the rotor speed or the 
mechanical speed given in Equation. 2. This is dangerous because 
it ignores the crucial role of slip in the production of useful torque 
in an induction motor. Talking about speed control of pumps, [22] 
maintains that speed can be controlled in a number of ways, with the 
most popular type of VSD being the VFD. Similarly the view of [23] is 
that the most common VSDs used in heat pump and similar applica-
tions are VFDs controlling conventional alternating-current induction 
motors. Therefore it could be proper to conclude that VFDs are parts 
of VSDs and are not the same irrespective of their erroneous inter-
changeability. Perhaps the view of [24] on the terms vector control 
and field orientation control (FOC) could buttress this. According to 
[24] in both the United States and Japan, the term vector control is 
frequently used in lieu of FOC. The latter is mechanically descriptive 
of the accomplished control, whereas vector control describes the 
technique by which it is accomplished. The technique involves a vec-
tor analysis of current which separates the magnetising component 
of current from the work component of current. 

Inverter

Previously, inverter was identified as part of the power converter 
unit of an electric drive. Its function is the changing of dc power to ac 
power. As shown in Figure 1, inverters could be classified as voltage or 
current switching inverters and their respective sub-groups. Literature 
is replete with information on inverters but the concern is its com-
mon erroneous usage as being synonymous with an electric drive. 
Reference to [22] shows that the most common form of VFD is the 
voltage-source, pulse-width modulated (PWM) frequency converter 
(often incorrectly referred to as an inverter). This misnomer becomes 
very worrisome when it is rampant in reputable publications such 
as [21]. The crucial role of an inverter in an electric drive does not 
justify its being synonymous with the power converter or the entire 
drive system. A vehicle or an automobile makes a good analogy. It 
would be improper to address the engine as the vehicle though the 
vehicle is rendered useless without an engine. Likewise the engine is 
worthless without the other key parts of the motor such as the body, 
tyres and even battery in some cases.

Energy efficiency

Energy efficiency is a ‘low hanging fruit’ on the ‘energy tree’ which can 
help address a number of objectives at the same time and at a low or 
negative cost: security of supply, environmental impacts, competitive-
ness, balance of trade, investment requirements, social implications 
and others [25]. Reference [26] has observed that initially or ordinar-
ily ‘energy efficiency’ appears to be simple to understand. However, 
it is not usually defined where it is used, so ‘energy efficiency can 
mean different things at different times and in different places or 
circumstances’. This lack of clarity has been described as ‘elusive 
and variable’, leading to ‘inconsistency and muddle’ and where en-
ergy savings need to be presented in quantitative terms, the lack of 
adequate definitions is ‘embarrassing especially when comparisons 
are made between major industries or between industry sectors’.

Energy and exergy efficiency

While commenting on the use of energy efficiency indicators, [26] 
has noted that to be informative and useful, energy efficiency must 
be comparable, eg to another unit or installation, or over time and 
for comparison there must be rules or convention. In other words, it 
is possible to affirm that a product or process is energy efficient only 
when compared with a standard or another similar.

Conventional energy efficiency (η) is based on the first-law of 
thermodynamics and takes no account of the type of an energy source 
in terms of its thermodynamic quality and in contrast exergy efficiency 
(ε) is based on both the first and second laws of thermodynamics 
which facilitates the assessment of the maximum amount of work 
achievable in a given system with different energy sources. Energy 
efficiency and exergy efficiency are typically defined for a conversion 
device as Equations 4 and 5 respectively:
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The efficiency of an energy conversion process is the ratio of the use-
ful output energy to the input energy. Exergy is similar in concept to 
effectiveness or availability and thereby providing a more equitable 
measure of conversion efficiency. This is because exergy utilises me-
chanical work rather than energy as the basis for comparing devices 
with each other and their thermodynamic ideal.

Energy efficiency and conservation

Energy efficiency and energy conservation are frequently interchange-
ably used. This could be attributed to the duality of energy. According 
to [27] energy has duality as intermediate input to produce goods 
and services (or a factor of production in a wide sense) and as final 
goods used for space heating, water heating, travelling etc Figure 3 
clearly shows this duality of energy. 

Energy conservation carries the connotation of deprivation, of 
doing without, of reducing amenities to save energy, for example, 
turning down the heat and being less comfortable or wearing a 
sweater indoors in cool weather: Or, driving one’s car fewer miles each 
year in order to save fuel. In contrast, a system that becomes more 
energy-efficient may retain, or even enhance, the level of amenities 
while using less energy.

Figure 3: Definition of primary, secondary and final energies [26].

Conservation by nature is only used in emergencies where there is not 
sufficient supply of energy and therefore will have a negative impact 
on production, as the only alternate for the extreme short term is to 
shut down activities [28]. Whereas energy efficiency has a positive 

impact on production but takes place over a certain time period, more 
or less a three year cycle is followed to plan, implement and measure 
the implementation of energy efficiency project.

Reference [25] has adduced a reason for this deprived energy 
strategy. According to it, in some cases because of financial con-
straints imposed by high energy prices, consumers may decrease their 
energy consumption through a reduction in their energy services such 
as reduction of comfort temperature; in car mileage. It further notes 
that such reductions do not necessarily result in increased overall 
energy efficiency of the economy, and are easily reversible. Conse-
quently, concludes that they should not be associated with energy 
efficiency. The foregoing shows that efficient tertiary energy usage 
will ensure lower demand for energy production from the primary 
energy sources. This implies the conservation of the primary energy 
sources – reduction of the rate at which primary energy sources are 
depleted or converted. However, arbitrary reduction of the rate of 
depletion of the primary energy sources does not result to efficient 
usage of tertiary energy. A resultant conclusion from this is that 
energy efficiency leads to energy conservation but not vice versa.

Energy efficiency and intensity

The measure of energy efficiency will always depend upon how 
‘useful’ is defined and how inputs and outputs are measured [29]. 
The options include:
•	 Thermodynamic	 measures:	 where	 the	 outputs	 are	 defined	 in	

terms of either heat content or the capacity to perform useful 
work;

•	 Physical	 measures:	 where	 the	outputs	 are	defined	 in	physical	
terms, such as vehicle kilometres or tonnes of steel; or

•	 Economic	measures:	where	the	outputs	(and	sometimes	also	the	
inputs) are defined in economic terms, such as value-added or 
Gross Domestic Product (GDP).

When outputs are measured in thermodynamic or physical terms, 
the term ‘energy efficiency’ tends to be used, but when outputs are 
measured in economic terms it is more common to use the term 
‘energy productivity’.  This is because economists are primarily in-
terested in energy-efficiency improvements that are consistent with 
the best use of all economic resources. The inverse of both measures 
is termed ‘energy intensity’.

According to [27] energy efficiencies of countries are focused 
frequently on issues relating to energy conservation, climate change 
and energy security. There, however, are number of macro indicators 
for energy efficiency. Among them are energy consumption per gross 
domestic product or GDP – GDP intensity – and energy consump-
tion per capita. Furthermore, although both of them are calculated 
without considering factors determining energy consumption such 
as economic structure, climate, geographical features etc, they have 
advantages including clearness, possibility of broad application and 
data availability. Therefore energy intensity which shows how 

η = energy output useful
energy input
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exergy input

work output
possible work outputmax.



E+C  SPOT ON

much energy is used to produce one unit of GDP in a country [30] 
is mathematically expressed as:

 

where Mtoe = million tonnes of oil equivalent, and the GDP is based 
on US dollar exchange rate of 2000. 

Compared with developed countries, South African economy uses 
a lot of energy for every Rand of value added [28]. For instance, in 
2006 South Africa had the 42nd biggest GDP in the world but was the 
world’s 21st largest consumer of energy. Indeed, by international 
standards the South African economy uses a relatively high amount 
of energy per unit of national economic output, or GDP (4,96 MJ per 
million Rands in 2004). Figure 4 gives an indication of the energy 
consumption in Petajoules (1015J) per capita of some selected devel-
oped and developing countries. It is clear that South Africa is closer 
to the developed countries in terms of energy intensity than to the 
developing countries when the Market Exchange Rate (MER) is used 
rather than the Purchase Power Parity (PPP).

 
Figure 4: Final energy demand per capita (2005) [28].

Energy intensity (energy per unit wealth) is decreased when energy 
is used more efficiently.

Conclusion

This article has highlighted the crucial role of power electronics in the 
speed control of electric motors especially squirrel cage induction mo-
tors. Equally emphasised is the appropriateness of the electric drive 
as a device or system, ASD, VFD, VSD and inverter which are terms 
encountered in electric motor speed control. To avoid the apparent 
confusion and frustration created by the proliferation of ac drive’s 
literature, it would be proper that authors desist from using these 
terms interchangeably. The authors of this article are proposing a 
synergy between engineers and economists for a better understand-
ing and interpretation of energy efficiency. This will enable a proper 
quantification of the benefits of energy efficiency. Given the starvation 
connotation of energy conservation, efforts should be intensified to 

use energy (especially tertiary energy) more efficiently to achieve 
effective primary energy conservation. 

References

[1] Subrahmanyam V. 1994. Electric drives: concepts and applica-
tions. NY:McGraw-Hill.

[2] Polka D. 2003. Motors and drives: A practical technology guide. 
NC: Instrumentation Systems and Automation Society.

[3] Barnes M. 2003. Practical variable speed drives and power elec-
tronics. Oxford: Elsevier.

[4] Bose BK. 2000. Energy, environment, and advances in power electron-
ics. IEEE Transactions on Power Electronics, Vol 15, No 4, July 2000.

[5] Finch JW. 2008. Controlled ac electrical drives. IEEE Transactions 
on Industrial Electronics, 55:2, 481-491.

[6] Bose BK ed. 1981. Adjustable speed ac drive systems. New York: 
IEEE Press.

[7] Bose BK. 2006. Power electronics and motor drives. Boston: 
Elsevier.

[8] Shakweh Y. 2007. Drives types and specifications. Rashid MH ed. 
2007. Power Electronics Handbook. Oxford: Elsevier.

[9] Gottlieb IM. 1997. Practical Electric Motor Handbook. Oxford: 
Butterworth-Heinemann.

[10]  Qureshi TQ and Tassou SA. 1996. Variable-speed capacity control in 
refrigeration systems. Applied Thermal Engineering 16:2, 103-113.

[11] Twining E and Cochrane I. 1999. Modelling variable speed ac 
drives and harmonic distortion. Proceedings of Australasian 
Universities Power Engineering Conference, AUPEC ’99, Northern 
Territory University, Darwin, Sept 26 - 29. 

[12] Deswal SS, Dahiya R and Jain DK. 2008. Application of boost 
converter for ride-through capability of adjustable speed drives 
during sag and swell conditions. World Academy of Science, 
Engineering and Technology 47, 282-286.

[13] Saidur R. 2010. A review on electrical motors energy use and 
energy savings. Renewable and Sustainable Energy Reviews 
14, 877–898.

[14] ABB, 2008. Variable-speed drive technology guide. Available 
online http://www02.abb.com/db/db0003/db002698.nsf/ca7e93a-
b03030d22c12571380039e8fc/aa5853d43c2ad412c125720300632
f74/$FILE/Tech+Guide_Drive.pdf [20 Sep 2010]

[15] Leonhard W. 1996. Controlled ac drives, a successful transition 
from ideas to industrial practice. Control Engineering Practice 
4:7, 897-908.

[16] de Capua C and Landi C. 2001. Quality assessment of electrical 
drives with strongly deformed supply waveform. Measurement 
30, 269-278.

[17] Mecrow BC and Jack .G. 2008. Efficiency trends in electric ma-
chines and drives. Energy Policy 36, 4336-4341.

[18] IEEE (Institute of Electrical and Electronic Engineers), 2000. IEEE 
100: the authoritative dictionary of IEEE standard terms, 7th ed. 
NY: IEEE.

Energy ensity Total primary energy consumption Mtoe
GDP bil

int ( )
(

=
l
lionUSD2000)

Energy ensity Total primary energy consumption Mtoe
GDP bil

int ( )
(

=
l
lionUSD2000)

Energy ensity Total primary energy consumption Mtoe
GDP bil

int ( )
(

=
l
lionUSD2000)

Energy ensity Total primary energy consumption Mtoe
GDP bil

int ( )
(

=
l
lionUSD2000)



E+C  SPOT ON

[19] Okrasa R. 1997. Adjustable speed drive: Reference guide, 4th ed. 
Ontario: Ontario Hydro.

[20] Wikipedia, Adjustable-speed drive http://en.wikipedia.org/wiki/
Adjustable-speed_drive. [12 Feb 2010].

 [21] WEG, 2010. Induction motors fed by PWM frequency inverters. 
Available online http://www.weg.net/files/products/WEG-induc-
tion-motors-fed-by-pwm-frequency-converters-technical-guide-
028-technical-article-english.pdf. [10 Nov 2010].

 [22] Hydraulic Institute, Europump & US-DOE, 2004. Variable speed 
pumping: A guide to successful applications. NY:Hydraulic Institute. 
Executive summary available online www.eere.energy.gov/indus-
try/bestpractices/pdf/variable_speed_pumping.pdf. [1 April 2010].

[23] Vaez-Zadeh S and Hendi F. 2005. A continuous efficiency optimi-
sation controller for induction motor drives. Energy Conversion 
and Management 46, 701-713.

[24] Carpenter R and Lipo TA. 1988. Electronic adjustable speed drive 
technology synopsis. Research Report 88-8. Available on-line 
http://lipo.ece.wisc.edu/1980s%20pubs/88-08.pdf.  [5 Nov 2010].

[25] World Energy Council, 2010. Energy efficiency: a recipe for 
success. London: World Energy Council. Available online www.
worldenergy.org/documents/fdeneff_v2.pdf. [24 April 2011].

[26] EC (European Commission), 2009. Reference document on Best 
Available Techniques for Energy Efficiency. Available online ftp://ftp.
jrc.es/pub/eippcb/doc/ENE_Adopted_02-2009.pdf.  [20 May 2011].

[27] Yanagisawa A. 2011. Trade-off in energy efficiencies and efficient 
frontier. IEEJ Energy Journal. Available online http://eneken.ieej.
or.jp/data/3618.pdf [16 May 2011].

[28] Republic of South Africa, 2009. National energy efficiency 
strategy of the Republic of South Africa. Government Gazette 
528:32342. Pretoria: RSA. Available online http://www.energy.
gov.za/files/media/explained/strategy_energyefficiency_2009.
pdf. [10 May 2011].

[29] Herring H and Sorrell S eds. 2009. Energy efficiency and sus-
tainable consumption: The rebound effect. London: Palgrave 
Macmillan

[30] Matsumoto J and Nakata T. 2008. The energy system analysis and 
forecasts of the Republic of South Africa. Proceedings of the Indus-
trial & Commercial Use of Energy (ICUE) Conference 2008. Cape 
Town. Available online:  http://active.cput.ac.za/energy/web/ICUE/
DOCS/353/Paper%20-%20Matsumoto%20J.pdf [10 April 2011].

Acknowledgement

Presented at the 8th Conference on the Industrial and Commercial 
Use of Energy (ICUE): 2011.

Onwunta EK Onwunta is currently a doctoral student of 
Cape Peninsula University of Technology, South Africa in 
the Department of Electrical Engineering. He holds BEng 
and MTech in Electrical Engineering from Federal Univer-
sity of Technology, Owerri, Nigeria and Cape Peninsula 
University of Technology, South Africa respectively. A 
corporate member of Nigerian Society of Engineers (NSE) 

and registered with Council for Regulation of Engineering in Nigeria (COREN) 
he has worked in the Oil & Gas and Manufacturing Sectors in Nigeria. His 
research interest areas include energy efficiency and distributed generation. 
Enquiries: Tel. 021 953 8630 or email onwuntao@cput.ac.za.

MTE Kahn is a Full Professor in the Department of 
Electrical Engineering of Cape Peninsula University of 
Technology, South Africa. He is also head of Centre for 
Distributed Power and Electronic Systems.
Enquiries: Tel. 021 959 6208 or email khant@cput.ac.za.

About the authors


