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IE 4 and IE5 efficiency norms – synchronous motors with permanent magnets 

 
Abstract: This article describes synchronous motors with permanent magnets (PMSM) in accordance to IE4 
and IE5 norm. First part briefly takes into consideration current IE4 and future IE5 norm requirements as well 
as IE3. In the second part of article design software and motor goemetry could be seen. Last, third part shows 
and compares design results and real motor test results. Also some tips for future are shown. 
 
 
1. Introduction 

The International Electrotechnical Commission 
in the year of 2011 issued new edition of IEC 
60034-30 norm. This document treats about 
efficiencies of electric motors.  This is the first 
edition where the new IE4 norm is lead in and 
first words about IE5 are said. Looking into 
efficiency descriptions of IE4 (tables 1. and 2.) 
it could be found that almost only synchronous 
motors are able to fulfill new requirements. And 
there are no doubts about IE5 – in this case only 
synchronous motors are able to operate 
according to this specification. This is the 
reason why electric motor manufactures make 
research over new technologies to be ready. 
There are two main types of synchronous 
motors: reluctance and with permanent 
magnets. As is described in [1] the biggest 
energy saving potential is in the group of the 
motors from 0.75 to 10kW. The smallest 
member of this group will be a base object of 
the next parts of this article.  

 

Table 1. Required efficiencies in [%] of 4-poles, 
50Hz motors [1]. 

 IE3 IE4 IE5 approx. 

0.75kW 82.5 85.7 88.6 

1.1kW 84.1 87.2 89.8 

1.5kW 85.3 88.2 90.6 

2.2kW 86.7 89.5 91.6 

3kW 87.7 90.4 92.3 

4kW 88.6 91.2 92.7 

5.5kW 89.6 92.0 93.6 

7.5kW 90.4 92.7 94.1 

11kW 91.4 93.5 94.8 

 

Table 2. Possibilities to fulfill IE norms [1]. 

 IE3 IE4 IE5 

Three phase 
cage motors 

Yes Difficult No 

Single 
phase cage 
motors with 

two 
capacitors 

Difficult No No 

Sinusoidal 
field 

reluctance 
motors 

Yes Difficult No 

Permanent 
magnets 

synchronous 
motors 

Yes Yes Difficult 

 

2. Design software. 

Nowadays, where every synchronous motor 
should have not only high efficiency factor but 
also low THD of EMF, low cogging torque and 
low torque ripples, the designer must use not 
only analytical method but also finite-element 
method [2,3]. Usually worldwide there is one 
similar method how to create universal software 
to design good motor in a short time. The way 
is to combine mathematical language software 
like Matlab, Octave or SciLab with one of the 
few finite-element programs like FEMM, 
FLUX, Opera. Some of them are freeware so 
the budget is not a problem. Main features are 
similar and there is no big difference between 
them. Now let’s look closer to the calculation’s 
idea. In the described case only motors with 
inserted magnets and sinusoidal voltage will be 
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investigated (figure 1.). This is one of the 
several possible geometries [4].  Geometry of 
the stator is classic – the same like for 
asynchronous motors. In the described software 
the problems are divided into two groups: cases 
with the current and without current. In the first 
group we can find such investigations like: 
torque over angle characteristic (with DC 
currents in stator), normal torque characteristic 
+ iron losses (AC currents in stator) and 
inductance over angle characteristic (DC 
currents in stator) [5]. In the second group there 
are two tests: cogging torque and EMF. Written 
script allows user to choose which problem will 
be solved. Usually all of them must be solved to 
inspect certain construction in a full aspect. 

 

Figure 1. Investigated PMSM rotor geometry. 

 

3. Design results and tests results.  

3.1. Design. 

Basic geometry assumed for a closer 
investigation is shown in figure 1. Such a 
construction has quite a lot advantages: 

- low cogging torque 

- good shape of EMF 

- low torque ripples 

- low eddy-currents losses in magnets 

- low eddy-currents losses in stator’s teeth 

- no problems with gluing magnets 

- easy to manufacture shape – by punching 

But also there are some disadvantages. 
Especially average torque is decreased by 
relatively high air gap – shape of the pole is not 
round but contains first order harmonic. The air 
gap could exceed 2 mm at the ends of the poles 
[6]. As it was mentioned – due to high 
standardization necessity, classic stator will be 
used, like for AC motors. So in the whole 
project – stator shape will remain the same and 
is not a subject of a design at this stage. Also 
the winding is classic and must be able to be 
done on the same production line like for AC 
motors. Moreover the number of poles must be 
4 because of customer’s habit to have 1500 
RPM with 50 Hz. So it could be seen that the 
number of freedom’s degrees becomes smaller. 
Only shape of the pole air gap and magnet 
thickness is a case of the design. As it is shown 
in the figure 2. there are only four geometric 
variables in the project. Such a parameterization 
makes the design process easier and faster. For 
all variables, vectors with possible values were 
created. Below, in table 3. these ranges are 
shown. Length of the stack is 60 mm. 

Table 3. Ranges of geometric variables. 

Name of variable Range of variable 

Pole space [% of pole] [0.06 : 0.005 : 0.09] 

Magnets thickness [mm] [2  2.5] 

Air gap [mm] [0.3  0.4  0.5  0.6] 

Pole distortion [mm] [1.3 : 0.1 : 1.7] 
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Figure 2.  4 design variables of the rotor. 

These ranges could look little bit too small but 
it was found that such a steps between values 
and ranges are wide enough to find final, 
optimized construction. Earlier, wider ranges of 
variables have been also investigated using 
bigger elements in the mesh. In the figure 3. 
overall results could be seen. Average torque, 
torque ripples, cogging torque and THD values 
for phase-to-phase voltage were computed 
using finite element software. Construction 
number 153 was chosen to be done as a real 
motor. This motor has 2.5mm magnets, air gap 
of 0.5mm, distance between poles of 0.075 and 
pole surface distortion of 1.5mm. It is also 
possible to use construction with 2mm magnets 
but what is not shown in this article – also 
demagnetization problem must be taken into 

considerations as well as material of the 
magnets. 

worm gearbox. Figure 5. shows phase voltages: 
calculated and measured respectively. The 
difference between both curves can be seen on 
the top. It was researched that very high 
accuracy is needed when the flux linkage is 
computed. Especially the most important point 
is when the flux linkage for certain phase 
winding is around zero. So it is this why in the 
line voltage (figure 6.) the difference between 
calculated and measured values is smaller. 
Second types of comparisons are the efficiency 
characteristics. Real motor was tested with 
different loads at constant speed of 1500RPM. 
To measured electric parameters of distorted 
voltage (converter duty) the special power 
analyzer was used. Six channels were measured 
– three currents and three line voltages.  

 

Figure 3.Finite element calculations results. 

 

3.2. Calculated and measured results. 

In the next figures comparison between fem 
simulations and real motor measurements will 
be shown. In the figure 4. torque against angle 
is presented. In this certain case two phases 

were supplied with a DC current. The shaft was 
blocked and gradually turned with the help of  

 

The torque was measured with class 0.5 torque 
measuring device. In case of virtual motor 
calculations, there was a problem how to 
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calculate mechanical losses in an accurate way. 
It was decided to measure such loses of the 
same size AC motor. Motor was unsupplied and  

 

Figure 4. Torque against angle, DC current. 

 

 

Figure 5. Phase voltages: FEM and 
measurement. 

 

 

Figure 6. Line voltages: FEM and 
measurements. 

 

 

Figure 7. Efficiency of the motor – calculated. 
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the torque was provided from a second motor. 
Several tests were done: for a wide spectrum of 
the speeds; with and without fan. To measure 
such a small torques a high resolution torque 
measuring device was used. Afterwards the 
lookup table was created. With the help of this 
table it was easy to place proper mechanical 
loses into the calculations. The results of the 
calculations are shown in figure 7. Figure 8. 
shows the values for real motor tests. 

 

 

Figure 8. Real motor measurements. 

 

As it could be seen, real tests results do not 
cover low torques. It was because load machine 
with power of 7,5kW was used, where the 
control unit is not able to control such a small 
torques. 

3.3. Comments. 

It could be said that finite element calculations 
are a very useful tool. It was an intention not to 
use analytical method from the beginning. In 
such a case where a construction must produce 
low cogging torque and the shape of induced 
voltage must be correct – time needed for 
developing and implementing analytical method 
is long. Also any changes in geometry of the 
rotor will cause time consuming changes in 
analytic equations. In this certain case where 
the number of possible constructions was rather 
low – time needed to calculate almost 300 
motors was not longer than 50 hours. What is 
worth to be added – some work is still needed 

to improve the model. There are differences 
between results which should be investigated in 
future. 

Looking from a global point, PMSM motor 
which fulfills IE4 (and probably future IE5) – 
has the active length almost twice smaller than  
AC machine designed according to the IE3 
norm (AC motor stack length is about 100mm). 
Material usage is also noticeably smaller in case 
of PMSM. There are a few advantages more. 
Short stack implies higher dynamic because of 
smaller inertia. Also just a lower weight of the 
whole motor could be an advantage. What is 
important, it was tested that this certain motor 
can operate with nominal load, in whole speed 
range without cooling fan. In the future, for a  
design without fan it will be easy to improve IP 
factor. 
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