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There are real energy saving opportunities when using Variable 
Speed Drives (VSDs) – with some possible drawbacks or negative 
aspects. It is essential to understand these concepts because ac 
motors are the single largest electrical power load. 

The questions frequently asked by users regarding VSDs and mo-
tors include:

•	 By	how	much	does	a	VSD	reduce	motor	efficiency?
•	 What	is	the	effect	on	motor	efficiency	at	different	speeds?
•	 Are	the	energy	savings	more	than	the	increased	losses?
•	 Is	it	worth	using	a	high	efficiency	motor	on	a	VSD	if	one	considers	

the	reduction	in	efficiency	caused	by	the	VSD?

The	 facts	presented	 in	 this	article	will	address	 these	questions	and	
prove	that	power	consumption,	and	thereby	costs,	can	demonstrably	
and	 effectively	 be	 significantly	 reduced	 if	 VSDs	 and	 high	 efficiency	
motors	are	correctly	selected	and	appropriately	applied.	

There	 is	no	 ‘magic’	 to	this	and	a	realistic	approach	with	correct	
engineering	 is	 required	 if	optimum	results	are	 to	be	achieved.	Four	
factors contribute:
•	 Use	of	ac	VSDs
•	 Correct	VSD	and	motor	selection
•	 Practical	considerations	for	energy	savings
•	 Different	levels	of	motor	efficiency

Use of ac VSDs
The	basic	consideration	for	energy	savings	here	is	that	power	is	propor-
tional	to	speed.	Go	faster	and	you	use	more	power,	go	slower	and	you	
use	less	power.	This	is	defined	by	the	following	formulas:

p = 2πnT or Power in Watts = 2π x revolution per second x Torque in 
Newton-metre (N-m)

This	can	be	simplified	to:		P =              or P α N

	Standard	ac	motors,	also	known	as	squirrel	cage	motors,	and	asyn-
chronous	motors	are	the	prime	movers	of	all	industry.	This	means	that	
most	functions	in	industry	that	require	mechanical	movement	depend	
on	an	electric	motor	to	produce	the	movement.	Examples	of	this	include	
fans,	conveyors,	crushers,	pumps	and	mixers.	Standard	ac	motors	are	
produced	to	run	at	a	standard	speed	that	depends	on	the	motor	winding	
configuration	and	the	frequency	of	the	electrical	supply	(see	Table	1).

STANDARD MOTOR SPEEDS

Type	of	
winding

Synchronous 
speed

Range of actual 
nominal	speeds

Typical	actual	
speed

2	Pole 3	000	rpm 2	700	-	2	990	rpm 2	970	rpm

4	Pole 1	500	rpm 1	300	-	1	490	rpm 1	480	rpm

6	Pole 1	000	rpm 890	-	995	rpm 990	rpm

8	Pole 750	rpm 680	-	745	rpm 740	rpm

Table 1: Standard motor speeds (4 pole motors are by far the most com-
monly used variation).

A	VSD	controls	frequency	and	voltage,	thereby	controlling	motor	speed.	
This	means	that	a	standard	motor	can	be	run	over	a	wide	speed	range.

For	example,	instead	of	only	running	at	1	480	rpm,	a	4	pole	motor	
combined	with	a	VSD	can	be	run	at	speeds	over	a	wide	speed	range,	
such	as	300	to	1	800	rpm.	There	are	limitations	to	the	minimum	and	
maximum	speeds	possible	–	an	issue	which	is	addressed	further	on.
There	are	many	benefits	that	result	from	using	VSDs:
•	 Process	speed	optimisation
•	 Energy	savings
•	 Reduced	mechanical	stress
•	 Reduced	maintenance
•	 Comprehensive	information	feedback

This	discussion	considers	‘energy	savings’	only.	In	industry	there	are	
mainly	two	types	of	load:	Constant	torque	load	and	variable	torque	load.	
Constant	torque	load	requires	the	same	torque	across	the	entire	load	
speed	range.	For	example,	conveyors,	crushers	and	screw	feeders:	On	
these	loads	power	is	directly	proportional	to	speed,	ie	for	N	=	100%,	 
P	=	100%	and	for	N	=	80%,	P	=	80%.	Energy	saving	 is,	therefore,	
directly	proportional	to	speed	variation.

Figure 1: Constant torque load curve.

Variable	torque	loads	are	centrifugal	pumps,	fans	and	mixers.	For	these	
loads	P	α	N³.	Therefore	at	N	=	80%,	P	=	51,2%	(0,8³).	Energy	saving	is	
therefore	proportional	to	the	cube	of	the	speed	variation.	These	loads,	
thus,	have	a	far	greater	potential	power	saving	capability.
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Figure 2: Variable torque load curve.

The	basic	simple	theory	is	reduce	speed	and	thereby	reduce	power	
consumption.	What	then	are	the	considerations?

Correct VSD and motor selection
There	are	two	parts	to	this	selection:
•	 Motor	selection	according	to	load,	speed	range	and	ambient
•	 Additional	considerations

Standard	ac	motors	are	designed	for	Direct	on	Line	operation	(DOL).	
This	means	they	are	designed	to	run	at	a	fixed	speed	and	frequency	as	
shown	in	Table	1.	When	used	with	a	VSD	the	change	in	speed	affects	
the	motor	capacity	in	three	ways:

Speed reduction
The	motor	cooling	fan	turns	slower	and	the	motor	cooling	is	reduced.	
Because	the	cooling	is	reduced,	the	motor	cannot	be	run	at	full	load	
current	and	therefore	cannot	produce	full	nominal	torque	or	power.	This	
is	valid	for	all	speeds	below	nominal	speed,	ie	N	<	N	nom.

Speed increase
The	 motor	 magnetic	 flux	 or	 magnetic	 field	 is	 weakened	 and	 motor	
torque	is	reduced.	Above	nominal	speed,	the	strength	of	the	magnetic	
field	is	weaker.	As	a	result,	the	motor	can	no	longer	produce	its	nominal	
torque.	This	is	valid	for	all	speeds	above	nominal	speed,	ie	N	>	N	nom.

Current distortion – at all speeds
The	current	distortion	results	in	additional	losses	in	the	motor.	These	
losses	cause	additional	heat	in	the	motor.	As	a	result	the	motor	can-
not	deliver	full	nominal	power.	The	outcome	of	these	factors	is	that	
the	motor	will	overheat	if	it	is	run	at	full	load.	Its	capacity	is	therefore	
reduced	 eg	 a	 90	 kW	 motor	 capacity	 may	 be	 reduced	 to	 87	 kW	 or	 
85	kW	or	even	81	kW	depending	on	the	motor	and	VSD	combination.	
This	is	graphically	represented	in	Figure	3,	which	shows	the	reduction	
in	torque	corresponding	to	the	reduction	or	increase	in	speed.	

This	curve	is	a	general	curve	for	purposes	of	illustration.	It	is	not	
universally	applicable	to	all	VSD	and	motor	combinations.	This	should	
be	verified	with	individual	suppliers.	For	each	application	the	correct	
VSD and motor combination must be selected to ensure that for the 
required	speed	range	the	motor	can	deliver	the	required	load	torque	
without	exceeding	its	capability.	Once	this	is	done,	there	are	further	

practical	 considerations	 that	 will	 affect	 correct	 operation	 and	 also,	
importantly,	power	saving.

Figure 3: VSD driven motor torque.

Following	is	a	practical	selection	example:
Conveyor	VSD	application	that	requires	220	kW	at	1	600	rpm	and	should	
be	able	to	operate	down	to	800	rpm.	A	good	motor	and	VSD	selection	
would	be	a	250	kW.

Figure 4: Approximate motor loss composition.

Once	this	selection	is	made,	the	following	additional	items	should	also	
be considered: 
•	 Ambient	conditions:	For	example,	temperature,	altitude	and	cor-

rosive	gases.
•	 Load	duty	cycle:	For	example,	whether	periodic	overloads	are	part	

of	normal	duty.
•	 Maximum	torque:	Besides	the	normal	load	torque,	is	there	a	specific	

requirement	for	a	very	high	torque	at	start	or	while	in	operation?
•	 Process	requirements:	Can	the	process	permit	a	speed	variation	

or	does	the	process	require	a	speed	variation?
•	 Speed	limitations	of	the	mechanical	driven	equipment:	For	example,	

a	gearbox	that	may	not	run	above	1	500	rpm	or	a	pump	that	will	
cavitate	below	1	000	rpm.

•	 Motor	bearing	maximum	speed:	For	example,	larger	motor	bearings	
may	not	exceed	4	300	rpm.

•	 Bearing	insulation:	On	motors	>	280	frame	the	motor	should	have	
an	insulated	non	drive	end	bearing	and	a	shaft	grounding	brush.

Motors are easy to run at a single speed. The tendency in the past has been 
to find mechanical ways of throttling the load while the motor continued to 
consume a high input power. This is just not good enough, and variable speed 
drives, if properly matched to the motor, enable the power usage of the device 
to be better controlled based on the load requirements.
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Practical considerations for energy savings
Our	main	interest	in	this	article	is	energy	savings	and	practical	consid-
erations	affect	this.	The	process	of	changing	motor	speed	by	changing	
frequency	produces	a	distorted	current	waveform.	The	following	are	
two	examples	of	current	waveforms.	The	first,	Figure	4,	is	a	normal	
standard	current	waveform	that	shows	the	result	of	a	DOL	motor	load,	
while	the	second,	Figure	5,	is	the	waveform	resulting	from	a	VSD	driven	
motor	load.	The	additional	distortion	results	in	additional	motor	losses	
hence	reduced	motor	efficiency.	

Figure 5: Normal sinusoidal current waveform.

Figure 6: VSD current waveform.

To revisit the questions posed at the start of this article:
While	it	is	understood	that	users	are	seeking	clarity,	it	is	impossible	to	
give	single	values	or	monosyllabic	answers	to	these	questions	as	there	
are	many	variables	and	complexities.	For	example,	 if	one	considers	
Question	1:	The	simple	answer	would	be	a	definitive	value	such	as	3%.	
The	user	would	then	know	that	in	all	VSD	motor	applications	the	motor	
efficiency	is	reduced	by	3%.	This	answer	would	not	be	true	though.	
There	are	many	motor	manufacturers	that	use	differing	designs.	Some	
designs	do	not	compensate	for	VSD	waveforms,	while	other	designs	do	
compensate	for	waveforms	but	with	varying	degrees	of	effectiveness.	
Similarly,	each	VSD	manufacturer	uses	different	modulation	techniques	
and	therefore	produces	output	waveforms	that	are	somewhat	different.
To deal with the questions individually:
•	 By	how	much	does	a	VSD	reduce	motor	efficiency?
	 The	author	has	seen	test	results	that	differ	between	0,2%	and	3%.	

On	some	makes	not	tested	by	the	author	these	values	may	be	
higher.	For	purposes	of	calculating	actual	power	savings,	consider-

ing	increased	motor	losses,	the	user	may	use	3%	for	purposes	of	
estimation.

•	 What	is	the	effect	on	motor	efficiency	at	different	speeds?

Motor	losses	are	composed	of	three	main	components:	Joule	losses,	
iron	losses	and	mechanical	losses.	Joule	losses	are	also	known	as	I²R	
losses	and	are	the	main	component	of	the	losses,	and	can	be	as	much	as	
80%	of	a	motor’s	losses.	These	losses	are	load	dependent	and	therefore	
will	not	vary	much	for	a	constant	torque	load	and	will	vary	greatly	for	a	
variable	torque	load.	Iron	losses	and	mechanical	losses	increase	as	the	
frequency	increases	and	decrease	as	the	frequency	decreases.	The	re-
lationship	between	the	various	loss	components	is	illustrated	in	Table	2.

APPROXIMATE LOSS COMPOSITION

Loss	Component Range

Joule	Losses 40	-	80	%

Iron	Losses 10	-	20%

Mechanical	Losses 5	-	10%

Additional	Load	Losses 15	-	30%

Table 2: Relationship between loss components.

As	speed	changes	when	VSD	driven,	a	motor’s	efficiency	is	reduced	
below	the	DOL	nominal	efficiency.	However,	the	speed	reduction	is	
always	coupled	with	a	reduction	in	absorbed	power	that	is	far	greater	
than	the	increased	losses	in	the	motor.	As	a	result	an	overall	saving	
is	always	realised.	

There is a minimal effect that VSD-related reduction in motor ef-
ficiency	has	on	power	savings	when	compared	to	the	savings	resulting	
from	reduced	speed.	The	largest	value	of	motor	losses	is	proportional	
to	motor	current,	therefore	motor	losses	remain	largely	constant	across	
the	entire	speed	range.	

However,	because	the	motor	 is	delivering	a	much	lower	output	
power,	the	losses	present	as	a	higher	percentage	and	therefore	a	lower	
motor	efficiency.	There	are	no	standard	values	 for	motor	efficiency	
change	corresponding	to	speed	variation.	For	purposes	of	calculating	
potential	energy	savings	the	user	can	calculate	approximate	values.	The	
answer	to	the	second	question	then	is	that	motor	efficiency	is	reduced	
by	VSD	use	and	speed	variation.	

The	slower	the	speed,	the	lower	the	efficiency.	Question	3	can	
be	answered	together	with	this.	The	energy	savings	far	exceed	the	
higher	losses	of	VSD	use.

The	question	of	high	efficiency	motors	being	VSD	driven	 is	an-
swered	simply.	The	high	efficiency	motor	retains	the	benefit	of	higher	
efficiency	when	VSD	driven.	For	example,	a	22	kW	IE3	motor	is	3%	
more	efficient	than	a	22	kW	IE1	motor.	If	both	motors	are	VSD	driven,	
have	the	same	set-up	and	drive	identical	loads,	the	IE3	motor	will	remain	
3%	more	efficient.	There	is	therefore	no	question	about	the	benefit	of	
higher	efficiency	motors	insofar	as	energy	saving	is	concerned.

Different level of motor efficiency
In	1988	the	European	‘CEMEP’	(Committee	of	Manufacturers	of	Elec-
trical	Machines	and	Power	Electronics)	made	a	voluntary	agreement	
defining	motor	efficiency	 levels.	 The	efficiency	 levels	defined	were	



4 ENERGY EFFICIENCY MADE SIMPLE  November  2012

limited	to	motors	from	1,1	to	90	kW,	2	and	4	poles,	50	Hz.	All	motors	
larger,	smaller	or	of	a	different	speed	were	not	covered.	The	efficiency	
levels	were	defined	as	EFF3,	EFF2	and	EFF1.	The	efficiency	levels	were	
chosen	by	CEMEP	and	the	method	of	testing	efficiency	was	according	
to	the	IEC	60034-2:1996	[1]	standard.	This	standard	was	a	voluntary	
guideline,	not	a	defining	standard.	As	of	September	of	2008,	the	IEC	
60034-30:2008	[2]	standard	became	effective.	This	defines	efficiency	
standards	for	motors	from	0,75	to	375	kW,	2,	4	and	6	poles,	50	Hz	and	
60	Hz.	This	is	a	regulatory	standard.	Locally,	it	is	published	as	SANS	/	
IEC	60034-30:2008	[2].	
Efficiency	levels	in	IEC	60034-30:2008	[2]	are	defined	as	follows:
IE1	–	Standard	Efficiency
IE2	–	High	Efficiency
IE3	–	Premium	Efficiency
IE4	–	Super	Premium	Efficiency*
IE5	–	Ultra	Premium	Efficiency*	
*under discussion

Conclusion
The	standard	has	tables	defining	the	minimum	efficiency	for	each	motor	
rating.	Both	CEMEP	and	IEC	permit	manufacturers	to	use	their	own	
terminology,	eg:	 ‘Top	Premium	Efficiency’	or	 ‘Enhanced	Efficiency’.	
However,	 regardless	 of	 manufacturer’s	 terminology,	 under	 the	 IEC	
standard	manufacturers	have	to	stipulate	the	relevant	IEC	efficiency	
level	and	test	method.		

As	of	June	16,	2011,	the	‘EFF’	trademark	is	no	longer	permitted.	Us-
ers	should	ignore	all	proprietary	terminology	and	out-of-date	efficiency	
levels.	All	motor	efficiency	levels	must	be	judged	according	to	the	IEC	
60034-30:2008	IE1,	IE2	and	IE3	levels.
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