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Abstract – This paper presents an experimental 
investigation regarding the power losses variations 
occurring in three-phase induction motors (IMs) as a 
function of the magnetization level of the machine. 
More in detail, the power losses identification is 
obtained by changing in real-time the working 
operating conditions of the IM drive and the IM 
reference flux. The sets of measurements are carried 
out by setting up a test bench and the obtained results 
confirm that the power losses occurring in induction 
motors can be minimized by adequately setting the 
direct axis current component for each IM working 
condition. This research represents the starting point 
for the conception of advanced real-time loss model 
control algorithms capable of enhancing the efficiency 
of the IM drive. 

 I. INTRODUCTION 
Over the last years, the field of electric drives has faced 

significant innovation and improvement, thanks to the 
conception of new typologies of electric motors, power 
converters and robust control algorithms for the efficiency 
enhancement of the drive. Regarding the induction motor, 
which is very widely used both in the industry and in the 
automotive applications, several control techniques have 
been proposed in the literature, commonly classified into 
two categories [1,2]: 

 

1. Loss Model Control (LMC), which searches the 
maximum efficiency by considering the IM 
mathematical model, including copper and iron losses, 
and depending on the IM parameters, such as stator and 
rotor resistances, magnetizing reactance and iron core 
equivalent resistance [3-9]. These parameters could be 
pre-determined through several tests (no-load, locked 
rotor, etc.) and assumed as constant values in the 
related control algorithm [10-12], or they can be 
estimated in real-time. The literature proposes different 
variables for the power loss minimization: the most 
commonly adopted is the magnetizing current, but 
several other works propose also the slip frequency 
[13], the slip speed [14], the magnetizing flux [7,8,15], 
or the stator currents [9,10]. 

2. Search Control (SC), which consists on a real-time 
detection of the minimum input power by iteratively 
changing the magnetization level of the machine for 
a given working condition [16-20]. One of the main 
drawbacks of this technique consists of oscillations 
in the air-gap flux, which determine torque ripples, as 
well as speed fluctuations. A simple technique is 
proposed in [21] and then improved in [22], in which 
the torque ripple is mitigated through feed-forward 
pulsating torque compensation. Other search controls 
adopted the Fibonacci technique [19] or variations of 
this method [23], avoiding the presence of the torque 
ripple. 

 
In this context, it becomes crucial to accurately identify 

the trend of the power losses in order to determine an 
accurate IM loss model, accounting for iron and copper 
losses and considering that the parameters of the machine 
are sensitive to variations of temperature, saturation and 
frequency during the actual operation of the machine itself. 
Therefore, this paper presents an experimental 
investigation regarding the power losses variations 
occurring in three-phase induction motor drives as a 
function of the magnetization level of the machine. This 
research represents the starting point for the conception of 
advanced real-time loss model control algorithms capable 
of enhancing the efficiency of the IM drive. More in detail, 
the power losses identification is obtained by changing in 
real-time the working operating conditions of the drive and 
the IM reference flux. The sets of measurements are 
carried out by setting up a test bench and the experimental 
results confirm that the efficiency involved in IM drives 
can be enhanced by adequately setting a specific level of 
magnetization of the motor for each working condition in 
terms of load and speed. 

The paper is structured as follows: Section II presents 
the equations that describe an enhanced field oriented 
control algorithm used for power losses identification. 
Section III reports the test bench equipment used for the 
sets of power losses measurement. Section IV discusses 
the experimental results carried out for the proposed 
investigation. 
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 II. EQUATIONS OF THE FIELD ORIENTED 
CONTROL ALGORITHM 

 
The Field Oriented Control (FOC) strategy has been 

taken into account as the algorithm for the power losses 
identification. More specifically, the corresponding IM 
model is depicted in Fig. 1.  
 

 
Fig. 1. The IM equivalent circuit. 

The equations governing the electrical and mechanical 
balances are given by: 
 

ఙܶ ௥ ݀߰௥ௗ݀ݐ + ߰௥ௗ = ߰௠ௗ 
 

(1) 

߱௦ = ݐ௦݀ߠ݀ = ఙܶ௥߰௠௤ ߰௥ௗ + ߱௥ 

 

(2) 

ఙܶி௘ ݀߰௠ௗ݀ݐ + ߰௠ௗ = ఙ௥(݅௦ௗܮ − ݅௠ௗ) + ߰௥ௗ+ ఙܶி௘߱௦߰௠௤ 
 

(3) 

ఙܶி௘ ݀߰௠௤݀ݐ + ߰௠௤ = ఙ௥൫݅௦௤ܮ − ݅௠௤൯ − ఙܶி௘߱௦߰௠ௗ 
 

(4) 

௘ܶ௠ = ݌32 ఙ௥ܮ1 ߰௠ௗ߰௠௤ =  ௠ௗ߰௠௤ (5)்߰ܭ

 
where ψrd and ψrq are the direct-axis and quadrature-axis 
rotor flux components, respectively, ωr and ωs represent 
the rotor speed and the synchronous speed, respectively, θs 
is the rotor flux angular position, isd and isq are the direct-
axis and quadrature-axis stator current components, 
respectively, Lm is the magnetizing inductance, RFe is the 
core loss resistance, Rr and Lσr are the rotor resistance and 
the rotor leakage inductance, respectively, Tσr = Lσr/Rr and 
TσFe=Lσr/RFe are rotor time constants, Tem is the 
electromagnetic torque and p is the number of pole pairs. 
 

The FOC condition is taken into account by 
considering the following formula: 
 ݀߰௥௤݀ݐ = ߰௥௤ = 0 

(6) 

 
The direct-axis and quadrature-axis magnetizing current 
components, namely imd and imq, can be determined as 
 
 

݅௠ௗ = ݅௠ ߰௠ௗ߰௠  (7) ݅௠௤ = ݅௠ ߰௠௤߰௠  (8) 

 
 
where 
 ߰௠ = ට߰௠ௗଶ + ߰௠௤ଶ  (9) 

 
The non-linearity of the magnetic material is 

considered by taking into account the magnetizing curve 
im =f (ψm) depicted in Fig. 2, obtained from a no-load test 
at synchronous speed and whose fitting is given by the 
following equation: 

 ݅௠ = 119.6߰௠଺ + 250.8߰௠ହ + 181.7߰௠ସ \−44.92߰௠ଷ− 0.83߰௠ଶ + 4.43߰௠ 
 

 
(10) 

 
Fig. 2. Magnetizing curve and actual trend of the 

magnetizing inductance Lm. 

The simplified scheme of the FOC algorithm, which 
implements (6-10), is shown in Fig. 3. In the torque control 
channel, the output IM position is compared with the 
reference position θref and the error is processed by a PI 
controller in order to provide the reference speed ωref, 
which is, then, compared with the IM output speed. The 
speed error is processed by the PI, providing the reference 
q -axis current, isq

* , which is compared with the isq current 
of the motor. The determined error provides the reference 
q -axis voltage vsq

*, needed for the motor supply. In the 
magnetization control channel, the reference flux is 
compared with the IM rotor flux. The error processed by 
the PI provides the reference direct-axis current 
component, isd

*, and the current of the IM, namely isd, 
determines the reference d -axis voltage vsd

*. Finally, the 
decoupled vsd

* and vsq
* signals are sent to the Space Vector 

Modulation block, providing the input quantities for the 
inverter. 
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Fig. 3. Block scheme of the IM control system. 

 

 III. TEST BENCH SETUP 
 
A test bench has been set-up for the experimental power 
loss identification. Fig. 4 shows the schematic 
representation of the bench, which is composed by: 
 

 

Fig. 4. Schematic representation of the test bench. 

 
 A 5.5 kW three-phase, double squirrel-cage rotor, 

induction machine, depicted in Fig. 5, whose rated 
values and parameters are summarized in Table I. 

 A SINUS-IFDE power converter (Elettronica 
Santerno Inc.) for the IM power supply. The 
converter is controlled with a Space Vector Pulse 
Width Modulation technique with a switching 
frequency equal to 10.25 kHz. 

 An incremental encoder (Eltra Inc., model EH80) for 
the IM position and speed measurements. 

 

 
 A 7.83 kW DC machine (Stipaf Elettromeccanica), 

which emulates the IM applied load. The machine is 
supplied by a CRM90.40 converter (Elettronica 
Santerno). 

 A low-cost ATMEL ATSAM3X8E, ARM type, 
microcontroller, mounted on an “Arduino Due” 
board, running at a clock frequency of 84 MHz, for 
the experimental implementation of the enhanced 
field oriented control algorithm. The speed of the IM 
is also controlled by the Arduino Due micro-
controller [24]. 

 A PZ4000 power analyzer (Yokogawa Inc.) for the 
real-time acquisition of the rms values of both 
voltages and current. 

 A dSPACE user interface for the real-time control of 
the armature current of the DC machine. 

 

 

Fig. 5. The three-phase induction motor under test. 
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Table 1. Main rated values and parameters of the IM 
under test. 

Quantity Value 
  

Power [kW] 5.5  

Voltage [V] 400  

Current [A] 13  

Frequency [Hz] 50  

Torque [Nm] 18  

Rated speed [rpm] 2850  

Stator resistance [Ω] 0.56  

Rotor resistance [Ω] 0.77  

Stator inductance [H] 0.116  

Rotor inductance [H] 0.119 

Rated rotor flux [Wb] 0.9 
 

A photograph of the test bench is shown in Fig. 6. 
 

 

Fig. 6. A photograph of the test bench. 

 IV. EXPERIMENTAL RESULTS  
The experimental investigation has been carried out by 

means of the test bench described in Section III. More 
specifically, the IM working conditions have been varied 
by setting the reference speed in a range between 50 and 
300 rad/s, with steps of 50 rad/s, and the applied load from 
0% to its rated load, with steps of 10%. For each condition, 
the reference flux has been varied within the range of 0.1 
Wb ÷ 1 Wb with steps of 0.1 Wb. The input power, the 
voltages and the currents have been measured through the 
power analyzer with an averaging set at 64 measurements. 
For each working point, the input power has been 
measured within a window equal to 1 minute. In addition, 
in order to improve the related accuracy, each 
measurement has been repeated ten times. Thus, for each 
working condition, this search control is capable of 

determining the optimal flux value (corresponding to the 
optimal direct-axis current component) that minimizes the 
input power (i.e., the power losses), enhancing, therefore, 
the efficiency of the whole drive. 
For instance, Fig. 7 shows the results in terms of search 
control for ωref =150 rad/s at 50% of the rated load. As well 
as for the simulation results, it can be noticed that the trend 
of the input power can be minimized by acting on the 
magnetization level of the machine. 
 

 

Fig. 7. Search control for ωref = 100 [rad/s] and T=50%. 

Similar results are obtained by parameterizing the values 
of the applied torque, as shown in Figs. 8 and 9, depicting 
the search control procedure for ωref equal to 300 rad/s and 
200 rad/s, respectively. For all of the working conditions, 
it can be noticed that the minimum values of power losses 
is detected for different values of the IM magnetization 
level. More specifically, the minimum values of input 
power slide towards lower values of Id and the condition 
of minimum power losses appears to be almost 
independent from the speed condition. In any case, the 
experimental results confirm that the power losses 
involved in the IM drive can be minimized by adequately 
acting on the magnetization level of the machine. 

 

Fig. 8. Search control for ωref = 300 [rad/s]. 
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Fig. 9. Search control for ωref = 200 [rad/s]. 

 
Other interesting results are shown in Fig. 10, depicting 

the trends of Iq as a function of Id parameterized for 4 
conditions of applied load (25%, 50%, 75% and 100% of 
rated load) and 3 conditions of IM speed (100 rad/s, 200 
rad/s and 300 rad/s). From this point of view, it can be 
noticed that the locus of the optimal Id – Iq pairs that 
minimizes the input power covers an exponential trend, 
which is obtained by connecting the points of minimum 
losses for each working condition. The implementation of 
this exponential trend in high-performance control 
algorithms can certainly improve the efficiency of the 
whole drive. 
 

 

Fig. 10. Id – Iq region for the minimum power loss 
identification. 

 V. CONCLUSIONS 
 

This work has described an experimental investigation 
aimed at determining the power loss identification in three-
phase induction machines for innovative loss model 
algorithms, capable of enhancing the efficiency of the 
electrical drive. Several working conditions have been 

proposed by implementing an enhanced dynamic model of 
the machine and by setting up an experimental IM test 
bench. The obtained results are confirmed by an extended 
set of measurements carried out on a 5.5 kW induction 
machine by varying the working conditions of the motor 
and its magnetization level. The results obtained from this 
investigation have demonstrated the fact that the power 
losses involved in the whole drive can be minimized by 
adequately setting the reference flux on the FOC algorithm 
for each working condition in terms of load and speed. 
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