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Abstract  

Adjustable speed drives are often used to supply mechanical loads with repetitive torque and speed 
profiles. To assess and to improve the energy consumption of such loads, the efficiency of the drive 
and motor for different torque and speed values needs to be known. Currently no such information is 
provided by motor or drive manufacturers.  

This paper discusses a test procedure to determine the overall efficiency of a motor and drive 
combination based on iso efficiency maps. The measurement setup and effort to obtain accurate iso 
efficiency maps is presented and compared with new evolutions in standardization, such as the new 
to come IEC 60034-2-3. To illustrate the use of the method, the impact of flux optimization of 
induction motors is discussed and the results are compared with iso efficiency maps of permanent 
magnet machines. 

Finally, the iso efficiency maps are used to assess the energy consumption of repetitive load profiles. 
Combined with economic parameters, such as the number of operation hours and increased 
investment costs, it supports the decision process within the framework of an effective motor 
management strategy. By means of a case study the effectiveness of the proposed methodology is 
presented in this paper. 

 

Introduction 

Electric motor systems in industry are responsible for approximately 60% of the total electric 
consumption [1]-[3]. To stimulate the efficiency of these systems, the IEC 60034-30 standard was 
approved in 2008 [5]. This standard defines efficiency classes IE1, IE2 and IE3 for direct on line 
(DOL) induction motors up to 375 kW. A growing number of these machines are however speed 
controlled. The use of permanent magnet motors tends to be the next step to higher efficiencies to 
reach IE4 and maybe IE5 efficiency classes. Most of these machines also need to be operated by 
means of a power electronic converter of variable speed drive (VSD). 

The potential energy savings when using high efficiency electric motors and proper use of VSDs was 
estimated at 181 TWhe in Europe in 2000 [3]. To stimulate the introduction of drive systems with 
increased efficiency, internationally approved standards or testing protocols for motors with VSDs are 
not available at present. Some initiatives however have been set up to support the standardization 
process for VSDs [6].  

A VSD can operate the motor in a wide operating range. Unlike with DOL motors, efficiency values 
are required for each operating point of the system. To represent the efficiency, the concept of iso 
efficiency contours or efficiency maps is used (Fig.  1).  Iso efficiency contours are frequently used in 
combustion motor technology and drive train design of electric vehicles [8][7][9]. The generation of 
these contours in bases on a set of efficiency measurement points spread over the operating region 
of the motor drive combination. The determination of the required number of measurement points to 
generate accurate contours is essential to limit the measurement effort. In [6] it was discussed that the 
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number of measurement points could be limited to two zones as only VSD applications with constant 
torque or square torque were considered. However, in many applications the VSD operates the motor 
in the entire torque speed range. Typical applications are handling machines, industrial washing 
machines, winding machines, …  

Measurement Campaign outline 

Measurement setup 

 

The scope of the measurement campaign is to determine the efficiency of speed controlled induction 
motors and permanent magnet synchronous motors in a power range from 0.75 kW up to 15 kW and 
speed range from zero up to 3000 rpm. This paper reports on the results for motors with a rated 
speed of 1500 rpm. Each VSD and motor combination is tested up to 200% of the rated speed and, if 
possible, up to 150% of rated torque.  
 

Fig.  1 Analytical iso efficiency contour for a 4 kW, 400V, 1500 rpm induction motor . 

The aim is to conduct steady state measurements, ie. constant speed and constant load torque . The 
loading of the motor is realized by means of an induction machine with VSD in field oriented torque 
control mode and speed feedback (Fout! Verwijzingsbron niet gevonden.). The design of the 
measurement setup guarantees reproducible measurement results and high accuracy. The direct 
method is used to determine the overall efficiency of the motor and drive combination. Indirect 
efficiency measurement methods as specified in IEEE and IEC efficiency standards [10],[11] cannot 
be used here. The direct method requires accurate measurement of the mechanical output power and 
the electric input power. The output power is measured by means of a torque and speed sensor. Due 
to the wide spread in power range two mechanical setups were realized. The first one is used for 
motors up to 4 kW, the second one for motors up to 15 kW. Each setup is equipped with a dedicated 
torque sensor with an accuracy of 0.2%. The electric power and the output of the torque and speed 
sensors are measured with a Yokogawa WT 1600 power analyzer. This allows for perfect 
synchronization of the input and output power measurements and reliable efficiency calculation. The 
electric connections of the power analyzer also allows the measurement of the electric power at the 
output of the variable speed drive. As a result, the VSD efficiency and the motor efficiency can be 
determined separately.  
In order to guarantee reproducibility, a measurement protocol has been setup. Before starting the 
actual efficiency measurements, the motor is loaded at rated value until it reaches a stable operation 
temperature. During the measurements at different torques and speeds, a temperature window of 5°C 
is allowed. Finally, also the supply voltage quality is monitored. 
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Fig.  2: Measurement setup for the assessment of iso efficiency maps by means of the direct 
method. 

 

Accuracy and number of measurement points 

 
The determination of the minimum number of measurement points required to obtain an accurate iso 
efficiency contour for a VSD and motor combination is essential. A high number of points results in an 
expensive, time consuming measurement campaign. If the number of measurements is too low, the 
accuracy to determine the overall efficiency for a given load profile may be too low.  
 
The analytical iso efficiency contour for an induction motor shows a high concentration of iso 
efficiency lines near the speed and torque axes. The region of the rated torque and speed of the 
motor is characterized by a lower gradient. From this observation a higher concentration of 
measurement points nearby the axes seems obvious. 
 
A first measurement was setup with a high number of measurement points to serve as a reference 
measurement. The efficiency was determined for 40 torque values and 40 speed values equally 
spread, resulting in a 40×40 efficiency matrix.   A linear interpolation algorithm is used to draw the iso 
efficiency lines in the torque-speed plane from the measurement points. The algorithm is implemented 
in Matlab. Fout! Verwijzingsbron niet gevonden. illustrates the process. The measured values form a 
rectangle. Line C(i) is a line of constant efficiency and is interpolated by using the surrounding 
measurement points. Efficiency lines with an interval of 1% are drawn. Next, starting from the 40×40 
efficiency matrix the number of measurement points was decreased gradually to find the optimum 
number of points required. The tolerated error between the curves from the reference measurement 
set (40×40) and the reduced measurement was set at ±0.5%. From this analysis it was found that 16 
torque values and 19 speed values need to be considered reducing the number of measurement 
points from 1600 down to 304.  As can be seen from Fout! Verwijzingsbron niet gevonden., the 
measurement points are not evenly distributed over the entire operating area of the drive system. A 
higher concentration is required in the regions near zero torque and zero speed. Fout! 

Verwijzingsbron niet gevonden. also illustrates the absolute measurement error in the different regions 
of the operating range.  
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Fig.  3: Graphical interpretation of the interpolation algorithm to find the location of the line of 
constant efficiency C(i). 
 
 

 

Fig.  4: Distribution of the measurement points and indication of the absolute errors of the 
measurement setup for a 4 kW, 1500 rpm IM and torque sensor 50 Nm, 0.2%. 

 

Measurement Results 

 

In this section, the proposed testing procedure is applied to a range of induction and permanent 

magnet motors in order to make a graphical efficiency assessment based on the efficiency maps. The 

maps for three 11 kW, 400V, 1500 rpm induction motors (IM) with efficiency classes IE1, IE2 and IE3 

controlled with the same drive are presented in Fig. 5 to 7. They represent the total (motor + inverter) 

efficiencies of the VSD-system. The values for maximum efficiency are 86%, 87% and 88% for 

respectively the IE1, IE2 and IE3 system. These maximum efficiencies do not occur at rated speed 

and torque. The area of maximum efficiency is located in the field weakening region of the induction 

machine, at lower torque than rated. The efficiency differences ∆η are also given in table I for a limited 

number of operating points. When comparing the IE3 efficiency VSD system to the standard efficiency 

IE1, it is observed that a 2% efficiency improvement is available in a wide operating area. For high 

torque values at both low and high speed, even a larger improvement is noticed. However, for very 

low torques and speed ranges, the efficiency of the IE3 motor is lower compared to the IE1 motor 

(Table I). The 11kW permanent magnet synchronous motor (PMSM) efficiency map shown in Fig. 8 

has differently shaped contour compared to the IM map. This shape is typical for permanent magnet 

motors, with the area of high efficiency stretching out to very low speed and torque values. The 

PMSM offers a considerable efficiency advantage in all operating points compared to a premium 

efficiency IM, but the advantage is highly speed and torque dependent. 
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 Fig.  5. Efficiency map of a IE1, 11 kW, 400V, 1500 rpm IM + drive. 

 

 Fig.  6. Efficiency map of a IE2, 11 kW, 400V, 1500 rpm IM + drive. 

 

 Fig.  7. Efficiency map of a IE3, 11 kW, 400V, 1500 rpm IM + drive. 

  

Fig.  8. Efficiency map of a 11 kW, 400V, 1500 rpm PMSM + drive. 

. 

 

 

 

 

 



 6 

TABLE I : Efficiency values of a 11 kw, 1500 rpm, IE1 IM + drive  and efficiency improvements 
∆η compared to IE1 of a IE2 and IE3 IM and a 11 kW PMSM + drive 

T 

[%] 

n 

[%] 

η  

IE1 

[%] 

∆η 

IE2 

[%] 

∆η 

IE3 

[%] 

∆η 

PM 

[%] 

10 20 38 +1 -2 +31 

10 50 52 +3 +2 +25 

10 100 62 +1 +4 +17 

50 20 65 +2 +2 +15 

50 50 79 +1 +1 +11 

50 100 85 +1 +2 +7 

100 20 63 +3 +5 +8 

100 50 79 +3 +4 +7 

100 100 85 +1 +3 +4 

 

A similar assessment can be made for a 4kW IM range and a 18 Nm, 3000 rpm PMSM; the results 
are summarized in Table II. Note that in this case only the motor efficiency is considered, excluding 
the drive efficiency. Fig. 9 shows the efficiency improvement map for the PMSM motor versus the IE2 
IM. In accordance to general machine theory, the motor efficiency of the PMSM is better compared to 
the IM. An improvement of at least 4.5% is observed, mainly due to the unity power factor (no 
magnetizing current) operation ability of the permanent magnet motor. An even larger benefit is 
observed for operating points with very low or high speed and torque as can be seen in Fig. 9.  

 Fig.  9: Efficiency improvement map of a PMSM (3000rpm, 18Nm) versus IE2 IM (4 kW, 400V, 
1500 rpm). 

Flux optimization 

When an IM is operated at lower torque than rated, the magnetization level (flux) can be reduced. 
This is commonly available as a parameter setting in commercial drives, known as flux optimization. 
The flux level is lowered resulting in a reduction of the magnetizing current  in the stator which yields 
less Joule losses and lower iron losses. For different operating points the motor efficiency 
improvement for a 4kW IE2 IM with and without flux optimization and the PMSM referred to the 
efficiency of an IE1 induction motor are given in Table II.  

When the results of the PMSM are compared with the IE2 IM with flux optimization, similar efficiency 
values are measured. The disadvantage of flux optimization is the relatively slow reaction of the flux 
control. For applications requiring high torque dynamics, flux optimization is not an option because the 
flux cannot be controlled fast enough. If however the torque requirements can be predicted (as for 
repetitive loads profiles), programming of the flux level in the IM can be regarded as an effective 
technique to further optimize the efficiency of an IM. 
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TABLE II : Motor efficiency values of a 4 kW, 1500 rpm, IE1 IM  and efficiency improvements ∆η 
compared to IE1 of a IE2 (with(out) flux optimization) and a permanent magnet machine (3000 
rpm, 18 Nm) 

T 

[%] 

n 

[%] 

η  

IE1 

[%] 

∆η 

IE2 

[%] 

∆η 

IE2 

Flux 

[%] 

∆η 

PM 

[%] 

5 14 18 +3 +25 +28 

5 50 33 +7 +17 +19 

5 100 35 +5 +18 +12 

52 14 53 +4 +6 +18 

52 50 77 +3 +3 +10 

52 100 84 +2 +2 +7 

105 14 41 +8 +11 +18 

105 50 72 +5 +6 +11 

105 100 81 +4 +3 +8 

 

 

Evaluating additional losses of converter-fed motors 

 

Fig.  10 gives the results for a converter-fed IE1 4 kW, 400V, 1500 rpm IM. The solid line gives the 

efficiency for DOL operation. The red dot indicates the efficiency at rated speed and torque as 

specified in IEC 60034-30. The efficiency is at its maximum at about 60 to 70% of the rated torque. 

The dotted line gives the overall efficiency of the IM + VSD combination. The maximum efficiency is 

reduced by a 2.5%. At rated load, the efficiency is reduced by 3%. The dashed line finally gives the IM 

efficiency when fed by the VSD. At rated torque the efficiency compared to the DOL operation is 

reduced by only 1%. It is also observed that at partial load the motor efficiency when fed by the VSD 

equals the efficiency of the DOL operation. Careful analysis of the voltage and current waveforms 

shows that the VSD applies lower magnetization values for the IM resulting in a reduction of the 

losses compared to DOL.  

Fig.  10 Efficiency values for an IE1 4 kW, 400V, 1500 rpm induction motor for direct on line 
operation (DOL) and inverter operation (overall efficiency and motor efficiency).  
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International standardization  

As adjustable speed drives become more important, IEC efficiency standards are evolving towards 

testing methods for determining losses and efficiency of converter-fed motors. The IEC 600034-2-3-

draft provides testing methods to determine the additional losses of converted-fed motors compared 

to operation on sinusoidal supply. A so-called “reference convertor” is defined to compare different 

motors in convertor-fed operation. The „summation of losses test method‟ describes a no-load test at 

fundamental frequency supply and at converter supply. The additional losses are the difference of the 

measured losses of both tests. These losses are then added to the fundamental motor losses with a 

sinusoidal power supply to obtain the efficiency under frequency converter operation independent of 

the loading of the motor drive combination [12].   

 

Several results of the measuring campaign described in this paper tend to question the reliability of 

this method as they show that the additional losses due to converter-fed operation vary largely in 

partial load. In some cases even an improvement of the motor efficiency has been measured in 

converter-fed operation.  In fig. 11, measurement results are shown for an IE3 11 kW, 1500 rpm 

induction motor for direct on line operation and inverter operation. The impact of the drive control 

algorithm at partial load clearly improves the motor efficiency compared to direct on line operation.. 

 

 

Fig.  11 Efficiency values for an IE3 11 kW, 1500 rpm induction motor for direct on line 
operation (DOL) and inverter operation (overall efficiency and motor efficiency).  

 

Economical assessment 

 

In this section, iso efficiency maps are used to make an exact technical and economical assessment 
of a motor-drive combination with a given load profile (fig. 12). A load profile is made by combining the 
torque-time profile and speed-time profile to a speed-torque profile. Time information is lost at this 
point and has to be considered later on for the energy consumption calculations. 
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Figure 12 : Example of discrete load-profile used to evaluate different motor-drive 
combinations 

The load profile of a machine is now projected on the iso efficiency map (fig.13). For each operating 
point i, the efficiency η, the shaft power Ti.ωi and the electrical power Peleci of the system is 
determined. To find the total energy consumption Eelec of the repetitive load profile, the time 
information ∆ti of the torque and speed profiles is required. Finally the total energy consumed by the 
application is found. The use of iso efficiency maps of different motor-drive combinations can give 
useful information to find the best motor-drive combination for the application.  

       ∑       

 

      ∑
     

        
 

       

The method of predicting efficiency of load profiles is validated by measuring the real energy 
consumption of a given application. This is accomplished by imposing the load profile onto the motor-
drive combination on the test bench. In the calculations the impact of acceleration and deceleration 
are neglected as the acceleration times are small in respect to the period of the repetitive load profile 
(discrete load profile). In required, corrections can be applied to incorporate the impact of 
acceleration. The difference between the measured energy consumption and the calculated energy 
consumption is 0,1%. This proves the reliability of the method to predict energy consumption for 
discrete load profiles by means of iso-efficiency contours. 
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Figure 13 : Given load profile projected on iso efficiency map 4kW IM, IE2, 4p determining 
overall efficiency by calculating energy consumed in every operating point  

 

Table III gives the example of an economical assessment for the discrete load profile of fig. 12 with 
different motor-drive combinations. The IE1-alternative is used as reference. The payback time is 
calculated for different alternatives in the range of 0,75kW to 11kW. The payback time is calculated 
for different annual operation times of the application using the discounted payback method. This 
method takes into account the increase of energy cost.  

A few conclusions can be made here for the considered load profile. High efficiency alternatives IE2, 
IE3 IMs only have acceptable payback times at high operating hours. The use of flux optimization at 
the IE2 4kW IM (4kW IE2 FO) decreases the payback times by 25-30%. The first PM alternative 
shows a payback time which in most cases is unacceptable (>10years) because of the high 
investment costs (480% and 516%).  Recently however, PM alternatives are available on the market 
at lower prices. The main objective of these PM machines is to deliver a high efficiency rather than 
high dynamics. The absence of (high-end) speed feedback is one of the main reasons of these lower 
prices. Adapting the investment cost of these PM alternatives to 200% in comparison to the IE1-
alternatives gives for the 4kW range an even better payback than the IE2 alternative. This proves that 
PM-machines can be considered as economical alternative for the IM machine. 

TABLE III : Evaluation of given load profile for a range of converter-fed motor alternatives with 
the IE1 IM as reference. 

 
Average 

efficiency [%] 
Price excl. 

VAT [%] 
PB [year] 
(2000u) 

PB [year] 
(4000u) 

PB [year] 
(6000u) 

PB [year] 
(8000u) 

0.75 kW IE1 59.9 100 Reference 

0.75 kW IE2 65.0 (∆5.1) 150 16.4 6.7 4.2 3.1 

0.75 kW PM 68.4 (∆8.5) 480 +20 +20 +20 14.6 

0.75 kW PM 68.4 (∆8.5) 200 +20 8.8 5.4 3.9 

 

 
Average 

efficiency [%] 
Price excl. 

VAT [%] 
PB [year] 
(2000u) 

PB [year] 
(4000u) 

PB [year] 
(6000u) 

PB [year] 
(8000u) 

4 kW IE1 72.9 100 Reference 

4 kW IE2 76.0 (∆3.1) 150 10.2 4.5 2.9 2.1 
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4 kW IE2  
FO 

77.0 (∆4.1) 150 7.4 3.4 2.2 1.6 

4 kW PM 80.2 (∆7.3) 516 +20 +20 13.8 9.4 

4 kW PM 80.2 (∆7.3) 200 8.9 4.0 2.6 1.9 

 

 
Average 

efficiency [%] 
Price excl. 

VAT [%] 
PB [year] 
(2000u) 

PB [year] 
(4000u) 

PB [year] 
(6000u) 

PB [year] 
(8000u) 

11 kW IE1 79.6 100 Reference 

11 kW IE2 81.2 (∆1.6) 123 13.6 5.8 3.7 2.7 

11 kW IE3 81.6 (∆2.0) 142 10.2 4.5 2.9 2.1 

 

 

Conclusion 

This paper presents results of a measurement campaign to identify the efficiency of variable speed 
drives for induction motors (IM) and permanent magnet synchronous machines (PMSM). Iso 
efficiency contours are presented as a necessary tool to visualize the efficiency of the drive system in 
its entire operating region. The number of measurement points required to obtain a reliable iso 
efficiency contour with an accuracy of 1% is discussed. Contours for induction motors of efficiency 
classes IE1, IE2 and IE3 in a power range from 0.75kW up to 15 kW are presented. Optimum 
efficiency is typically reached in the field weakening region. The IM efficiency is compared to the 
efficiency of a PMSM. The PMSM has far better efficiency values due to the permanent magnet 
excitation. If however the VSD for the IM applies a flux optimization algorithm, similar efficiencies as 
with PMSM can be reached.  

Additional motor losses due to converter-fed operation are evaluated using the results of the 
measurement campaign. A critical assessment of the IEC 60034-2-3 draft with these results has been 
done. 

Finally, iso efficiency maps are used to asses different motor-drive combinations with a given machine 
load profile. The reliability for the method has been proven to be less than 0,1% for a load profile with 
discrete operating points. The method also proves the need for further evolution in the international 
efficiency standards when considering converter-fed motors. The need for the standardization of a 
(simplified) iso efficiency map to better assess the efficiency of a converter-fed motor in the entire  
operating area should be considered.     
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