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Abundant statistical evidence in the literature shows that industry is 
the highest energy consuming sector of every economy. Equally the 
EMDS has the highest percentage of the industrial energy consump-
tion. Consequently great efforts have been made in improving the 
efficiency of electric motors – and even 1 to 2% increase in efficiency 
produces notable energy savings, especially as the motor ratings go 
up [6]. In general, by increasing the active material in the motor – ie 
the type and volume of conductors and magnetic materials - the losses 
can be reduced thereby improving the efficiency. 

Significant efficiency improvements could be attributed to adding 
more copper to the windings, upgrading the laminations to premium-
grade low-loss steel, enhanced lamination designs, precision air-gap 
between rotor and stator, and reducing fan and other losses in the 
motor [7]. For instance, use of die-cast copper rotors is one method 
which enables motor efficiency to be increased as much as 1 to 2% 
above what is currently possible using die-cast aluminium rotors [8]. 
The result of using high quality materials is the construction of highly 
efficient motors. Induction motors, especially the squirrel cage type, 
are predominant in EMDS thereby earning the sobriquet… industry 
workhorse. 

But, mainly due to power electronics and digital control, the 
induction motor may add to its old nickname of ‘the workhorse of 
industry’ and the label of ‘the racehorse of high-tech’ [6]. Another 
approach to energy efficiency improvement of the EMDS is speed 
control of appropriate processes requiring variable speed. Among all 
the options of electric motor speed control VSDs - which has myriad 
meanings [5] - is presently widely deployed. 

Undoubtedly, energy efficiency improvement of EMDS, occa-
sioned by use of VSDs, results in a reduction of gases and particulates 
emanating from power stations that are inimical to the environment.

Impact of VSD on its environment

As a device, the VSD acts as an interface between the utility power 
system and the motor. Consequently, in playing its crucial role in 
electric motor speed control and the resultant energy savings, it also 
impacts its electrical environment adversely. Two common disad-
vantages of VSD are harmonics and electromagnetic interferences.

Energy, especially tertiary energy, has remained the barometer 
of a nation’s prosperity, but shortage of energy resources in 
the future has heightened the concern of the international 

community. This has resulted in the current emphasis on energy effi-
ciency and conservation. Greater focus is on the Electric Motor Driven 
System (EMDS) because of its high percent of energy consumption, 
most importantly in the industrial sector. 

Two approaches have been improvement on electric motors such 
as the use of efficient motors, and appropriate application of Variable 
Speed Drives (VSDs). 

Although the VSD is very efficient, it has some negative impacts 
on its electrical environment, for example, the effects of three-phase 
harmonics on circuits are similar to the effects of stress and high blood 
pressure on the human body. Also, its host or physical environment 
equally affects it. Therefore, this interplay deserves adequate consid-
eration in the deployment of the VSD to achieve energy efficiency 
improvement of EMDS.

Energy remains the life-blood for continual progress of human 
civilisation resulting in a huge amount of energy being required for 
countries with faster economic growth - which makes energy a crucial 
factor for economic competitiveness and employment. Energy is the 
backbone of a city or nation; it is a cross-cutting sector with immense 
social, economic and environmental impacts [1, 2]. The per-capita 
energy consumption, especially tertiary energy, has been the measure 
of a nation’s economic prosperity. 

There has been great concern for the preparedness of the inter-
national community to overcome any shortage of energy resources 
in the future because global population and energy needs evolve 
hand-in-hand [2] coupled with global politics. For instance, the first 
international energy crisis was in 1973, after the Egyptian army 
stormed across the Suez Canal on 12 October [3] which sparked off 
the first of two waves of energy-price increases in the 1970s. That 
event catapulted the debate about energy and conservation from its 
obscure beginnings in academic and policy circles to sudden public 
prominence [4]. Obviously, solutions in addressing the concern 
for energy resources’ shortage in the future must include energy 
efficiency and conservation: Two terms that are erroneously used 
interchangeably [5]. 
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Harmonics

Harmonic effects of drives are the consequence of their non-linearity 
as loads on the power system especially on the part of the rectifier. 
Rectifiers draw a non-sinusoidal current and thereby distort or pol-
lute the ac voltage in the power supply system. From a harmonics 
point of view, it does not matter if the rectifier bridge comprises of 
thyristors (controlled rectifier) or diodes (uncontrolled rectifier), they 
both behave similarly [9]. 

Harmonics are voltage and current frequencies in the electrical 
systems that are multiples of the fundamental frequency. This fun-
damental frequency is 60 Hz in the US and 50 Hz in European and 
South African power systems. The characteristic harmonics generally 
produced by the rectifier on the power line are considered to be of 
the order given by Equation 1:

 
   

where: h = order of the harmonics present; n = an integer (1, 2, 3, 4, 
5...); p = number of pulses or rectifiers

Harmonic waveforms are characterised by their amplitude and har-
monic number. Figure 1 shows the waveform of VSD harmonics on 
a 50 Hz fundamental frequency. The combined waveform reflects 
combination of fundamental frequency and harmonics.

Figure 1: Waveform with VSD harmonics [10].

The level of the harmonic distortion generated by VSDs depends 
on a large number of variables, some of which are often difficult to 
quantify, such as [9]: 
•	 The	magnitude	of	the	current	flowing	through	the	converter
•	 The	 configuration	 of	 the	 power	 electronic	 circuit	 (6-pulse,	

12-pulse, etc) 
•	 The	characteristics	and	impedances	of	the	connected	power	sup-

ply system 
In the case of a 6 diode (6 pulses) bridge, the most pronounced 
generated harmonics are the 5th and the 7th, whose magnitudes may 

vary from 10% to 40% of the fundamental component, depending 
on the power line impedance [11]. In the case of rectifying bridges 
of 12 pulses (12 diodes), the most harmful harmonics generated are 
the 11th and the 13th. The higher the order of the harmonic, the lower 
can be considered its magnitude, so higher order harmonics can be 
filtered more easily.

The foregoing shows that the degree and magnitude of the har-
monics created by the VSD is a function of the drive design and the 
interrelationship of the non-linear load with the connected distribution 
system impedance.

Worthy of note is the difference between voltage and current har-
monics (voltage distortion and current distortion). An electric motor 
fed by a frequency inverter sees a pulsating voltage and a practically 
sinusoidal current, so that the voltage harmonics generally present 
higher magnitudes than the current harmonics [11]. In other words, 
the current harmonics are one order of magnitude larger than the 
voltage harmonics [10]. But since the voltage is common to all loads 
in a system, any voltage distortion would result in a corresponding 
current distortion assuming the source impedance is very low. On 
the other hand, current distortion results in voltage distortion only to 
the extent that the source impedance provides a common coupling 
impedance [12].

The recommended distortion limits are usually expressed by THD 
(Total Harmonic Distortion) index, where THD is total harmonics in 
percent of nominal fundamental frequency voltage. THD is mathemati-
cally expressed in this equation:

 

where: Ah = rms values of the non-fundamental harmonic compo-
nents; A1 = rms value of the fundamental component.

Harmonic currents cause distortion of the main voltage waveform 
that affects the performance of other equipment and creates ad-
ditional losses and heating. This increase in equipment losses has 
raised concerns about excessive currents and heating in transformers 
and neutral conductors [10]. For example, a total harmonic voltage 
distortion of 2,5% can cause an additional temperature rise of 4oC in 
induction motors. Furthermore, the effects of three-phase harmonics 
on circuits are similar to the effects of stress and high blood pres-
sure on the human body [13]. This is because high levels of stress or 
harmonic distortion can lead to problems for the utility’s distribution 
system, plant distribution system and any other equipment serviced 
by that distribution system. The effects could range from spurious 
operation of equipment to a shutdown of important plant equipment, 
such as machines or assembly lines.

Abbreviations

EEA – European Economic Area
EMC – Electromagnetic Compatibility
EMDS – Electric Motor Driven Systems
EMI – Electromagnetic interference
ESD – Electrostatic Discharge
PWM – Pulse Width Modulation
RFI – Radio Frequency Interference
THD - Total Harmonic Distortion
VSD – Variable Speed Drive
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Examples of high-frequency phenomena include ESD (Electrostatic 
Discharge), fast transient burst, radiated electromagnetic field, con-
ducted radio frequency disturbance and electrical surge. And typical 
low-frequency phenomena are mains voltage harmonics, notches 
and imbalance [14].

Impacts of the environment on VSDs

The physical environment could equally negatively affect the efficient 
operation of VSDs. The adverse effect of high temperature on the 
performance of semiconductors and in this case the VSD efficiency 
is well documented in the literature. Proper ventilation is a major 
means of ensuring that electronic equipments, VSDs inclusive, are 
not endangered by high temperatures. However, it is necessary that 
the quality of ventilation air be given proper consideration to ascertain 
that they are devoid of harmful substances. These harmful substances 
include chemicals in the form of gases or particulate matter. Hydrogen 
sulphide is particularly dangerous to copper-bearing equipment such 
as electronics. Sewage treatment operations generate this gas, so it 
is very important that any equipment installed in sewage treatment 
facilities be protected from ambient air that can include this chemi-
cal [15]. Figure 3 shows a panel enclosing a VSD in a sewage facility 
left to the vagaries of nature and this dangerous gas. During winter 
ambient temperature rise of such enclosed equipment could pose 
little or no challenge at all. On the contrary increase in temperature 
would definitely become a big issue during summer with a resultant 
decrease of the VSD efficiency. 

One means of protecting electronic equipment is by installing 
them in air-conditioned rooms. In the case of VSD such installations 
should be executed within the limits of maximum cable length. This 
is because long cable lengths between a VSD and motor lead to volt-
age spikes on the motor windings and leakage currents that may be 
generated by the VSD. Factors influencing the peak level and rise 
time of voltage spikes include [16]:
•	 Cable	type
•	 Cable	length
•	 Motor	size	
•	 Switching	frequency	

Figure 3: VSD 
enclosed in a 
panel.

According to 
[16]), if the ca-
bles between a 
VSD and a mo-

tor are longer than 100 m (300 ft), the cable capacitance to ground 
may cause nuisance over-current or ground fault trips. In that case 
it recommends the use of a load reactor because the use of a three-
phase load reactor, with an approximate 2% voltage drop, decreases 
the dv/dt (voltage rise rate) of the PWM pulses commonly generated 
at the inverter output of any VSD. A load reactor connection is il-
lustrated in Figure 4.

Electromagnetic interference

Electromagnetic interference (EMI) owes its adverse effect on close 
electrical and electronic equipment to the high switching frequency of 
the drive inverters and control electronics. This high-frequency emis-
sion can propagate by conduction and radiation. An ‘old fashioned’ 
term for EMI is RFI (Radio Frequency Interference) whose continued 
use is being discouraged in the standards. Such equipment suscep-
tible to EMI include instrumentation, electronic control and commu-
nications devices, which operate at low voltages and high speeds.

The interference generated by the PWM (Pulse Width Modulated) 
inverter on the motor side and radiated from the motor cable and the 
converter itself depends on [9]:
•	 The	inverter	output	frequency	range
•	 The	PWM	switching	frequency	(typically	2	kHz	to	20	kHz)
•	 The	architecture	of	the	inverter,	eg	the	internal	screening,	me-

chanical details, inductance in motor leads, etc

The challenge posed by the high switching frequencies of drive 
inverters has resulted in a measure aimed at determining how 
friendly a drive is to its host environment. This measure is called EMC 
(Electromagnetic Compatibility). Therefore, products are said to be 
electromagnetically compatible when they can operate together in the 
same environment, with limits imposed on those devices that radiate 
interference and higher levels of immunity for the equipment which 
is susceptible being above these limits. EMC is a legal requirement 
for all equipment taken into service within the European Economic 
Area (EEA) [14]. The terms used to define electromagnetic compat-
ibility are shown in Figure 2.

Figure 2: Immunity and emission compatibility [14].

Harmonics versus EMI

In summary, the differences between these two adverse effects of 
VSD are as follows:
•	 Harmonics	involves	lower	frequencies	which	can	be	mathemati-

cally analysed. This is VSD input (Rectifier) side phenomenon.
•	 EMI	is	an	output	(Inverter)	side	occurrence.	It	occurs	in	the	fre-

quency spectrums from 10 kHz up to 20 MHz, which is well into 
the RFI spectrum (>100 kHz). Unfortunately the mathematical 
analysis of these frequencies is complex, certainly not as easy as 
the calculation of supply side harmonics, and affected by many 
variables. Some of these can pass through the dc link and emerge 
on the supply side. RFI Filters are now commonly used to prevent 
this interference being conducted back into the mains. So, there 
is need for electrical equipment to be immune to high-frequency 
and low-frequency phenomena. 
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Figure 4: Load reactor connection [16].

The value of either the line or load reactor needed to obtain the desired 
voltage drop is determined using the following equation: 

 
                                                                                              

where: ‘rated current’ refers to the motor rated current. 

The line reactor or the dc link inductor could be applied when required 
impedance is insufficient for limiting the input current peaks, thus 
preventing damages to the VSD. 

Conclusion

VSDs play a crucial role of in the realisation of energy efficiency of 
EMDS. However the implementation of this could be jeopardised 
by its improper location in a system. Although a VSD is highly ef-
ficient it presents threats such as EMI and harmonics to its electrical 
environment and this should be given proper consideration before 
its deployment. 
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