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This article aims to provide end-users with some technical 
knowledge to critically understand and evaluate the conclusions 
and recommendations that they may be presented with in their 
attempts to improve their overall system efficiency. 

With efficiency becoming an important topic – it has become a 
more marketable entity – obviously open to possible abuse. 
End-users are now more encouraged and interested than 

ever to have the efficiency of their plants, systems and components 
assessed and defined. Since motors are dominant users of available or 
utilised electrical energy – they are under the spotlight. Of paramount 
importance in this respect is the fact that motors are inherently more 
efficient than their mechanical counterparts – a fact that readers are 
passionately cautioned to consider. In others words – mechanical 
components are generally of much lower energy transfer efficiency 
than electric motors (and especially transformers, incidentally) – and 
therefore present far better opportunities for efficiency improvement.

In the author’s opinion – the second most important priority is to 
ensure that any efficiency assessment (or measurement on which the 
assessments are based) is accurate. This article’s primary intention is 
directly aimed at this issue.

Without delving into rotating electric machine theory – the impor-
tance of losses and the ‘no-load’ testing of motors cannot be overstated. 
Efficiency is all about the losses generated in an electric machine – 
losses being loosely defined here as dissipated power, which does 
not produce process output.

In general – and at the risk of over-simplification imposed by the 
scope of this discussion - this refers to heat generated in a component. 
(If one considers all the losses in an electric motor for example – it will 
be clear that all the losses do nothing but produce heat).

There are two fundamental types of losses: Those that vary with 
load and those that don’t. Most losses are speed-dependent to some 
degree, but most industrial motors still operate on fixed-frequency sup-
plies, keeping their speed within a small enough range to be considered 
constant for speed-dependent loss calculations  (VSD powered motors 
are becoming increasingly common but they are not yet widespread to 
the point that speed-dependent losses justify more than a mention). 

Losses that vary with load are resistive losses (stator and rotor ‘I2R’ 
winding losses) and so-called ‘stray load’ losses. The latter are accurately 
defined by the IEC 60034-2-1 [1] ‘defined losses’ approximation which 
links these losses to the rated power, and operating load, of the machine. 
The I2R losses are calculated using the stator resistance (measured or 
known from the machine data) and the rotor resistance (measured or 
known) for a wound rotor induction motor, or the slip at the operating 
point being considered (rotor loss is equal to the product of input power 
and motor slip) in the case of squirrel-cage induction motors.  

The losses that are constant with load are the ‘no-load’ I2R losses 
(stator only), the magnetisation iron losses (core loss), and the fric-
tion and windage losses. What is not commonly appreciated is that 
friction (bearing) losses are generally much less than windage losses, 
almost to the extent that friction losses can be neglected, especially 
for larger machines. 

Crucial to this article is the fact that the fixed losses exist at no-
load (when no mechanical power is delivered by the motor), and are 
directly measurable - on-site or in-situ - even with power measurement 
equipment that is not very accurate. This is because - under no-load 
conditions – the motor only draws no-load power from the power sup-
ply, so the power meter only has to measure a low absolute power, 
hence making even a significant error in this measurement acceptable 
for efficiency determination.

 Figure 1: Variation of efficiency with motor power, according to various 
efficiency classes.

 
Figure 2: Typical lifecycle costs of an industrial motor: Power costs 
swamp all other costs.

Electric motor efficiency management
This introduction to important practical fundamentals of electric motor 
efficiency management is included as there is limited value in measuring 
and (even accurately) determining the efficiency of one or more motors 
without knowing what benchmark efficiencies are, and understanding 
what the related objectives and possibilities of the assessment are.

Practical motor efficiency assessment and 
improvement
By R Melaia

You can only improve your overall energy efficiency if you understand 
the components that make up your energy usage. Most importantly, 
however, is to understand where the most impact can be derived from 
the capital that you lay out in order to effect that change.
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What should a motor’s efficiency be?
The question: ‘What is a good ballpark figure to use as a lower limit for 
efficiency?’ is often asked by motor end-users and even specialists. It is 
clearly an excellent starting point for a practical efficiency assessment. 

A  h e a l t h y ,  r e l a t i v e l y  m o d e r n ,  m o t o r ’ s  e f f i c i e n -
c y  d e p e n d s  o n  i t s  p o w e r  r a t i n g ,  s p e e d ,  a n d  c o o l -
ing type (for smaller motors). Modern small motors (less than  
100 kW) should have efficiencies in the range 90% to 95%. Larger 
modern motors should have efficiencies from 94% up to 97% or 
even higher for the very large (about 10 MW or larger) wat2er-cooled 
machines. A lower cut-off limit for efficiency could therefore be, say 
90% - again for modern motors above 20 kW (seven years old or less 
for small motors, and 25 years old or less for large motors).

The difference in age for large and small ‘modern’ motors is based 
on the fact that smaller motors have benefited from a major focus on 
improved energy efficiencies in the last ten years, whereas large motors 
have not seen the same drive because there was very much less scope 
for significant efficiency improvement – because their efficiencies were 
already relatively high (related considerably to design and cooling issues 
but unfortunately a topic well beyond the scope of this discussion).

How can an existing motor’s efficiency be 
improved?
(This section refers primarily to large motors where rewinding is consid-
ered cost-effective – not for small motors which are mostly replaced with 
new units – where there is very little scope for cost-effective efficiency 
improvement). The objective is obviously to identify cost-effective ef-
ficiency improvement possibilities, and determine their viability. Table 1 
lists some of the methods used to increase a motor’s inherent (design 
– even if via a rewind) efficiency.

The decision to modify (as part of a rewind or otherwise) is made 
by comparing the duty-point efficiency of the modification cost versus 
a new motor replacement.  

How can entire motor drive systems’ efficiencies be 
improved?
This section is included because the effect of the drive system on the 
motor and load efficiency is too significant to overlook – even in this 
limited-scope introduction. It is not just a question of how the system’s 
efficiency can be improved but how much it can be reduced by certain 
practices or effects. The three fundamental aspects of motor drive 
system efficiency are:
•	 How	the	power	supply	affects	(or	controls	in	the	case	of	the	VSD)	

the motor.
•	 How	the	motor	affects	the	load.
•	 How	the	load	varies	with	speed.

Some important points here are: It is paramount not to make the mis-
take of only using the motor nameplate (rated load) efficiency when 
evaluating and assessing system-related efficiency issues. Even if 
the motor is sized correctly and runs at, or close to, full load – a small 
difference in operating speed on a centrifugal load can result in power 
consumption differences that can result in a high efficiency motor with 

2% higher nameplate efficiency ultimately only providing no better than 
0,2% improvement when installed. The lesson: Consider the interaction 
between components of the entire system – especially those of the 
motor, the load and the power supply.
Supply voltage purity (harmonic content), level variation and particularly 
voltage unbalance affect motor efficiency. The effect of voltage unbal-
ance cannot be overstated: The Electrical Apparatus and Service Asso-
ciation (EASA) concluded in one of their excellent studies [2], that there 
would be more improvement in energy efficiency in the United States 
as a whole, by balancing supply voltages on motors than by replacing 
them all with high efficiency motors! The lesson: Even a small voltage 
unbalance of 1% can reduce motor efficiency by the same amount – as 
1% of efficiency on a large motor can cost up to five times the purchase 
price of the motor in additional energy costs over its life.

Best practice today is applying VSD retrofits and of course new 
installations. On centrifugal law loads, the benefit of controlling mo-
tor speed is that the output required by the process is limited at the 
load – not by throttling an excessive output that is otherwise primarily 
determined by the supply frequency. VSDs not only control the load to 
allow maximum drive system efficiency but they also drastically reduce 
starting stresses on the motor and the supply (they rarely draw more 
than rated motor current from the supply – during starting or normal 
running). The lesson: VSDs are no longer high-risk, unreliable, new 
technology. They are now well-established and very reliable, and with 
VSD-duty stator windings (new or purposely-designed rewinds) the 
reduced starting stresses improve the motor expected life over Direct 
On Line (DOL) operated motors.  

In almost all cases, under-loaded motors run less efficiently. There-
fore, motor efficiency management can be as simple as ensuring that 
motors are loaded as close to their rated loads as possible – without 
of course exceeding their temperature rise limits, if their condition 
is bad enough to cause this at rated load. The lesson: The lower the 
operating power (duty-point) of a motor relative to its rating – the lower 
its efficiency will be. For example, in a motor-pump installation of four 
motor-pump units - rather run three out of four pump motors at 95% 
load, than all four at 70% load. This is simple and yet effective – and 
surprisingly seldom implemented! 

On-site testing methodology
The efficiency testing is performed according to the IEC 60034 Segrega-
tion (separation) of Losses test guidelines – hence the advantage of the 
uncoupled test and the requirement to measure the stator phase-to-
phase resistance. This involves testing of the machine to determine its 
individual losses (copper losses, iron/core losses, friction and windage, 
and stray load losses) and therefore its efficiency. The test does not 
require the mechanical shaft output power to be measured. This is an 
advantage because it is very difficult and cumbersome to accurately 
measure motor shaft output power in-situ. This test is non-intrusive 
compared to even low-accuracy physical torque measurement.

Case study (actual test result)
As with many aspects of the field of large rotating electrical machines 
- there is nothing particularly exciting about the results of an efficiency 
test (see Table 2):
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Efficiency improvement method Comments and qualifications Relative costs

Increase stator copper cross-sectional area during 
a standard rewind. Reduces stator copper resistive 
(I2R) losses. Since these are load varying losses, the 
method is more effective for fully loaded motors.

Only possible if the original stator winding insulation system is 
conservative, allowing the rewind to use less insulation than the 
original design. This is a common technique very well applied on 
medium voltage motors / windings.

Low - even negligible additional 
cost relative to a normal rewind 
(in some cases – even less cost).

Reduce iron losses by design change (during a stand-
ard rewind) made possible by improving non-optimum 
original winding designs. The design change requires 
detailed technical knowledge and experience, as 
well as knowledge of the installation, driven load, 
and process. 

Older machines and even many modern motors - often have electro-
magnetic designs that can be changed as part of a standard rewind. 
These reduce core (Iron) losses. The effect is usually small but can 
be substantial on lightly loaded motors (because the core losses 
remain constant – at their full value – at all loads, including no load.

Negligible cost if performed as part 
of a normal rewind.

Reduce iron losses (and sometimes associated cop-
per losses) by replacing stator core with improved 
design, often with increased effective electrical steel. 
Requires detailed technical knowledge from rewind-
ers but improvement is often significant. Machine 
power factor almost always improves as a result of 
electromagnetic modification.

In certain cases, it is possible – again during a standard rewind (or 
a purposely adopted engineered modification) – to increase the 
core dimensions of a motor. This allows lower magnetic flux levels, 
which significantly lower core (iron) losses and almost always al-
lows larger cross-sectional area stator copper, which in turn lowers 
copper losses. 

High	cost	–	even	 if	performed	as	
part of normal rewind. Low cost if 
rewind is required due to unservice-
able windings and core (where the 
core has to be replaced anyway). 

Reduced windage losses due to a reduction in 
ventilation fan size and hence power consumption. 
Sometimes also performed as part of a conversion 
from air-to-air, to open or water-cooled ventilation 
arrangements. 

Commonly – if a motor is over-sized for an application – it will be 
operating at a low temperature rise. The main cooling fan can 
therefore be reduced in size, reducing the windage losses on the 
machine. Another example of this method is the conversion of 
a closed air-to-air cooled (IC611) aluminium tube heat exchanger 
machine to an open drip-proof or even air-to-water cooled machine 
if water is available.

Low cost if only a simple fan 
modification is required. Medium 
cost if a complete cooling type 
conversion is involved – but very 
effective.	High	cost	if	conversion	to	
air-to-water cooling arrangement.

On suitable centrifugal pumps, fans and compressors 
–to rewind the stator winding to suit VSD supply, and 
install and operate as such. It is now widely known 
and accepted that VSD driven motors offer the most 
significant energy savings for centrifugal load applica-
tions, as well as many other loads and applications.

In suitable centrifugal load drives (and certain other drives), very sig-
nificant reductions in energy consumption are possible by reducing 
(or controlling) motor speed. By rewinding the motor to be capable 
of reliable VSD supply and control, it is possible to increase drive 
system efficiencies by orders of magnitude higher than fixed-speed 
motor modifications or enhancements.

Rewind cost is typically medium, 
but very low if part of normal re-
wind. Initial VSD cost is very high 
but payback is often excellent in 
suitable installations.

Supply the motor with a ‘Motor Efficiency Controller’ 
MEC – a trade name for a power-electrically control-
led device that varies the motor effective supply 
voltage according to the operating load. The objec-
tive is to reduce the no-load losses on substantially 
under-loaded motors, by reducing the stator terminal 
voltage accordingly. MECs are effectively controlled 
variable voltage supplies – almost like voltage-only-
varying soft-starters that continuously control motor 
supply voltage.

The theory and intention of MECs is sensible and promising – even 
novel.	However,	 the	main	benefits	are	applicable	 in	 applications	
where motors are substantially under-loaded for most of their duty 
– and for installations with varying load -    the devices are forced to 
be similar enough to full variable speed drives, to make the latter 
more cost-effective and energy-efficient. For constant load under-
loaded applications – it is more cost-effective to just replace the 
motor with one with a better-matched power rating.

The cost of MECs is presently 
less than VSDs but more than 
soft-starters. It is unlikely that this 
will change with time because 
their function (and hence design) 
is somewhere between the two.

Reduce rotor resistive (I2R) losses by converting the 
rotor cage from aluminium to copper. 

In the same way as it is becoming more common for many new 
previously die-cast aluminium rotor motors to use copper rotor 
cages – it is becoming more common to retrofit motors with copper 
cage rotors as replacements for their die-cast aluminium rotors. The 
replacement cost is substantial but efficiency-based payback period 
is usually less than five years.

Medium to high cost unless per-
formed as part of a normal rewind 
where the rotor is unserviceable 
anyway – especially if the core 
requires complete replacement.

Table 1: Methods used to increase a motor’s inherent efficiency.

Loss component Power dissipation Units

Iron plus friction & windage 48 kW

Stator copper losses 27 kW

Rotor I2R losses 25 kW

Stray load losses (estimated) 31 kW

Total losses at full load 131 kW

Resultant full load efficiency 96.4 %

Table 2: Components of loss in a rotating machine.

Converting these motors from closed circuit aluminium tube 

air-to-air heat exchangers to open, drip-proof cooling arrangements 

would increase the efficiency to approach 96,8% at full load - relative 

to the measured existing value of 96,4% at full load. While this may 

appear trivial – the improvement in efficiency on this 3 500 kW motor 

amounts to R65 000 per year or well over a million Rands over the 

20 year approximate life of the motor – at a (very low) fixed rate of 50 

cents per kilowatt-hour (see Figure 2).

Such a modification would also reduce the temperature rise of the 
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motor, and include the removal of the external fan (trimming the shaft 
extension to suit) and the aluminium tube heat exchanger – reducing 
maintenance on the motors and increasing their reliability due to fewer 
moving parts and reduced temperature rise. Considering that these mo-
tors are typically installed at more than a kilometre underground – the 
maintenance advantages involved are significant.

3 Conclusions
Although efficiency measurement and assessment is the primary result 
of the work performed, the objective is to improve efficiency where 
possible. The following should be kept in mind:
•	 Motors	do	not	‘consume’	energy	–	they	convert	it,	efficiently.	
•	 Large	turbogenerators	approach	98%	efficiency	or	more.
•	 Small	motors	achieve	over	90%	efficiency.	
•	 Large	motors	are	capable	of	95%	or	higher	efficiency.
•	 Typically,	motors	of	1	MW	and	higher	power	are	over	96%	efficient.	

These are all excellent efficiencies for electro-mechanical energy 
conversion. Motors are close rivals to transformers which only convert 
electrical energy. But…
•	 These	efficiencies	are	only	at,	or	near,	rated	power.
•	 The	efficiencies	are	affected	by	supply	quality.
•	 The	motors	usually	drive	much	less	efficient	loads,	making	the	total	

system equally less efficient.
•	 Variable	Speed	Drives	(VSD)	typically	produce	the	best	motor	drive	

system efficiency improvements today.
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