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Abstract—This paper presents a simple, practical and low-cost
implementation of a power losses minimization algorithm for
three-phase induction motors taking also into account both iron
core losses and magnetic saturation. The algorithm evaluates, in
real-time, the optimal direct axis magnetizing flux component
for efficiency enhancement of the drive. A further advantage of
the proposed technique is represented by a flexible and low-
cost implementation by means of an ATMEL ATSAM3XSE
microcontroller. The power loss minimization algorithm is tested
preliminarily by means of several simulations, then, experi-
mentally validated by applying the proposed control strategy
on a 5.5 kW Field Oriented Control (FOC) induction motor
drive. Significant results in terms of efficiency enhancement are
presented and discussed, demonstrating that the proposed online
control can significantly decrease the power losses of the drive.

Index Terms—Loss Model Control, Field Oriented Control,
power losses minimization, induction motor.

I. INTRODUCTION

Over the last decades, the research in the field of electric
drives has directed the efforts towards the conception of
innovative control techniques, capable of enhancing the per-
formance of electric motors. Nowadays, the Induction Motor
(IM) is adopted in a very wide range of applications because of
its high flexibility and robustness. With regard to this typology
of electric machine, recent literature proposes several control
techniques, whose performances are strictly influenced by the
range of speed, the load conditions and the area of application.
The literature proposes several online control strategies that
set the condition of maximum efficiency during the operation
of the motor by using feedback signals and information
derived from the motor itself, consequentially adapting the
parameters of the controller. Generally, these strategies, aimed
to enhance the efficiency of IM, can be classified into three
main categories [1], [2]:

1) Loss Model Control (LMC), which takes into account

a specific model of the machine and minimizes the
power losses by acting on the magnetization level of
the machine [3]-[17].

2) Search Control (SC), consisting on a real-time detection
of the minimum input power by iteratively changing the
magnetization level of the machine for a given working
condition in terms of load and speed [18]-[22].

3) Hybrid Control (HC), which combines the two previ-
ously mentioned techniques [23]-[25].

The Loss Model Control searches the maximum efficiency
for any working point in terms of load and speed by taking
into account the mathematical model of the motor. Normally,
this model includes copper and iron losses and it depends
on both the electrical and mechanical IM parameters [10],
such as stator and rotor resistances, magnetizing reactance
and iron core equivalent resistance. Therefore, the accuracy
of this technique strictly depends on the accuracy with which
the IM parameters are known. These parameters could be
pre-determined through several tests (no-load, locked rotor,
etc.) and assumed as constant values in the applied control
algorithm [10]-[12]. However, this method does not ensure
a high accuracy on the power loss identification, due to the
wide variation of these parameters with temperature, frequency
and current amplitude [26]. As an alternative, the parameters
can be determined via offline look-up tables, which leads to
very complex computations [27]. Another possibility consists
on their online estimation for a more accurate loss model.
For instance, Kioskeridis [12] and Aguilar [28] proposed a
self-tuning online estimation for the rotor resistance and the
magnetizing inductance of the IM. The work in [26] modifies
the IM parameters through polynomial functions according
to a dynamic identification property of the motor, such as
temperature, load torque and inertia. The estimation of the IM
parameters could be also provided through genetic algorithms,
as shown in [29]. Some of the LMCs do not consider the
leakage inductance in order to simplify the equivalent circuit
of the IM [4], [10].

Besides the accuracy of the loss model taken into account,
several control strategies for the power loss minimization
are proposed in literature. For example, Lorenz et al. [30]
considered objective functions for the online determination
of the optimal flux trajectories for the power losses min-
imization. Uddin et al. [11] proposed a power loss min-
imization technique by acting on the magnetizing current
from a steady-state IM model, taking into consideration both
copper and iron losses. In [10], the loss minimization is
achieved by the adequate energy balance between copper and
iron losses, obtaining also a good dynamic response. Yuying
et al. adopted dynamic programming in order to determine
the loss-minimizing stator flux trajectory for unknown load
profiles [31]. Qu et al. [16] proposed a dynamic space-vector
model for power losses minimization, providing a method
for determining the optimal reference flux at each sampling



period. Swarm Intelligence (SI) has also been adopted for the
efficiency enhancement of electric drives [32].

Generally, the variable for the power loss minimization is
the magnetizing current. However, many works considered
other loss variables: for instance, Mannan et al. [33] proposed
a control of the slip frequency in order to minimize the power
losses of an IM controlled with a traditional Field Oriented
Control (FOC). A linearized steady-state model that considers
the slip speed as a loss variable was presented in [13], [14].
Other studies have proposed either magnetizing flux [12], [16]
or stator currents [11] as loss variables.

The second category of the online LMTs (Loss Minimiza-
tion Techniques) is represented by the Search Control, which
has been widely applied by many researchers [21], [22],
[27], [34]. One of the main drawbacks of this technique is
represented by the fact that it does not reach a pure steady-
state condition and this causes oscillations in the air-gap flux,
leading to undesirable torque ripples and speed fluctuations.
Moreover, the system converges to the optimal point with a
significant time delay, detecting also oscillations around the
optimal value of the magnetizing flux value [19].

Finally, the third control strategy is the Hybrid Control,
consisting on a combination of LMC and SC and aimed at
exploiting the advantages of both approaches, avoiding at the
same time their major drawbacks. For instance, Vukosavic and
Levi [23] presented a hybrid solution between LMC and SC
with very fast convergence, in which the minimum power loss
condition is obtained from a functional approximation of the
motor and the power converter losses.

In this context, this work proposes an enhanced but sim-
ple procedure for power losses minimization that adopts the
magnetizing flux as the loss variable and takes into account
both the iron core losses and the magnetic saturation ef-
fects, in order to consider the non-linear phenomena involved
during the working operation of the machine. A significant
efficiency enhancement is achieved for any condition in terms
of load and speed during the actual operation of the IM.
The easy, flexible and low-cost implementation of the control
system is achieved by means of an ATMEL ATSAM3X8E
microcontroller, which represents another advantage of the
proposed control technique. Therefore, the main features of
the proposed technique can be summarized in: simplicity,
due to the easiness of its real-time implementation due to
the use of simple algebraic equations, flexibility, due to the
possibility of adapting the power loss minimizer for any
working condition of any IM type, good accuracy, due to
the highly accurate model taken into account that considers
the variability of the IM parameters, and, finally, low-cost
implementation, provided by the adoption of the ATMEL
microcontroller. The control strategy is firstly implemented in
the Simulink environment and then experimentally validated
and compared with the traditional FOC strategy on a 5.5 kW
IM. The results demonstrate that this algorithm is suitable for
a specific range of working conditions, providing interesting
energy savings.

More in detail, this work is organized as follows: Section
II introduces the proposed algorithm for the power loss mini-
mization. Section III describes the simulation results obtained
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Figure 1. IM equivalent circuit for the LMC identification.

by means of the Simulink environment. Finally, Section IV
reports the test bench equipment and the experimental results
carried out for the proposed investigation, highlighting also
the technical and economic features of the adopted system.

II. PROPOSED L0OSS MODEL TECHNIQUE

This Section presents the procedure for the power loss
minimization proposed by the Authors, which depends both on
direct-axis and quadrature-axis magnetizing flux components,
namely ,,q and v,,,. More specifically, the IM dynamic
model taken into account, defined in the synchronous (d — q)
reference frame, is depicted in Fig. 1.

By imposing the rotor flux oriented control condition
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the model is described by the following equations:
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where 1,4 and v, are the direct-axis and quadrature-axis
rotor flux components, respectively, w, and wg represent the
rotor speed and the synchronous speed, respectively, 6 the
rotor flux angular position, 754 and ., are the direct-axis and
quadrature-axis stator current components, respectively, L., is
the magnetizing inductance, Rp. is the core loss resistance,
R, and L., are the rotor resistance and the rotor leakage
inductance, respectively, T, = Lor/R, and Typ. = Lor/Rp.
are rotor time constants. The direct-axis and quadrature-axis
magnetizing current components, namely %,,q and 4,4, can be
determined as

Z.md = Z‘m, (6)
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If saturation of the magnetic circuit is neglected, the mag-
netizing current is calculated as i,, = %m/L,,, otherwise
magnetic saturation is taken into account by introducing the
IM magnetizing characteristic i, = f(¢.,).

From the circuit represented in Fig. 1, the expression of
power losses AP, is given by the sum of the stator copper
losses, AP¢,, s, rotor copper losses, APcy, r, and iron core
losses, APr,:

APloss = A-PCu,s + APCU,T + APF&' (9)
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where R is the average stator resistance.

As well as for AP,,ss, the electromagnetic torque T, can
be expressed as function of the magnetizing flux components
(p is the number of pole pairs):

3
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Thus, by defining K7 = 3r/(2L,.) as the torque constant, the
expression of the power losses for the loss model is determined
by:
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In order to minimize the power losses, the optimum value
of ¥4, namely wm 4» 1s obtained by setting equal to zero the
derivative of (14) with respect to t,,,4 (the loss minimization
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Figure 2. Flowchart of the online search algorithm.
is searched for a given stationary operating point with T¢,, =
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By considering (18) and (13), the optimum direct axis
magnetizing flux component can be expressed as

(18)

T=const
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from which it is possible to derive a formula depending on
the main IM parameters and on torque:

opt \/7 / em 4 B (20)

The optimal IM flux level depends on the synchronous speed
ws, on the IM parameters (R,, R, Ry, Loy, L, p) and on
the applied torque T, .

Unfortunately, (20) has the burden that both a square root
and a 4" square root must be solved simultaneously. For mi-
crocontrollers, these functions determine high computational
efforts at the cost of long calculation time periods, which
could bring to algorithm execution times that exceed the
PWM-SVM period itself. Therefore an alternative method
for the determination of w (equal to ¥ " in steady state)
is presented hereinafter. It cons1sts on a simple iterative
procedure, whose algorithm is represented in the flowchart
of Fig. 2. More in detail, the algorithm operates with a
criterion of bisection search for the detection of the v,,4 value,
corresponding to the minimum of power losses AP(¥q).
The first step defines the range of the search interval between
a minimum and a maximum value of ¥,,q, i.. Ymdmin
and Y.ndmas, respectively, and a search step d. Once the
midpoint & = (¥mamazt+¥mamin)/2 is computed, the following
conditions are applied:

¢mdmaz:x+% if AP(iC—
Ymdmin = T — g if AP(J? -
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Figure 3. Calculated IM power losses and iteration process showing various
steps.

The iteration continues until the following condition is
satisfied:

A’(/}md = |’¢}mdmaz - wmd min| < 2d7 (22)
which minimizes the power consumption of the electric
drive.

For a more efficient implementation of the minimization
procedure, a maximum number of eight iterations has been
set. In this case, the algorithm converges rapidly over an initial
search range of At,q = [0.2... 1.2] Wb and a search step
fixed at d = Avma/2s = 1/256 ~ 3.9 - 1073 Wb, which
gives a reasonable precise solution (the search flux interval
A,,q has been divided in about 18176 sub-intervals). The
iteration process is resumed in Fig. 3, drawing attention to the
minimization steps (numbered from 1 to 8), where the power
losses have been calculated by applying (9) to (12) to the IM
of Table I, at rated torque and rated speed; the blue curve is
calculated by Matlab, whereas the red one by a ATSAM3XS8E
microcontroller (the search flux interval A, has been here
divided in about 18176 sub-intervals). The execution time of
this procedure (the 8 iterations) is about 34 us, that of the
whole FOC algorithm about 64 1s, whereas the period of each
PWM cycle is about 97 us, as shown in Fig. 5, which plots
the related experimental timing diagram within a PWM period,
highlighting the 8 iteration time intervals for the minimization
procedure, as well as the time intervals for speed reading
and filtering, direct axis current reference ¢;, computing and
implementation of both the FOC and SVM equations (see Fig.
6). It has to be highlighted that this minimization procedure is
computed within one PWM period, in which all the electrical
quantities and parameters of the IM drive are assumed as
constant values, being the Space Vector Modulation (SVM) a
discrete-time system working at a PWM frequency of 10253
Hz. Therefore, (9) - (21) have constant parameters within a
PWM period, ensuring that only one global minimum value
of AP can be detected.
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Figure 5. Timing diagram within a PWM cycle.

For a more accurate model, the variation of the magnetizing
reactance with saturation should be considered, instead leakage
reactances are not highly affected by this phenomenon [12],
[35]. Thus, the core saturation is taken into account by
considering the magnetizing curve i,, = f(,,) depicted in
Fig. 4, which has been experimentally obtained by means of
a no-load test at synchronous speed. The equation that fits the
related trend is given by (see Fig. 4):

i = 119.605 4 250.8¢2, + 181.7¢%

) ; 23)

—44.92¢;, — 0.83v¢;, + 4.431,.

Moreover, for a possible implementation of (18) or (20), the

nonlinear behavior of the IM can be considered conveniently

by introducing the magnetizing inductance also represented in
Fig. 4:

L., (d’m) — 77[}7’"
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Figure 6. Block diagram for LMC implementation both in Simulink and by means of the microcontroller ATSAM3X8E.

Finally, the variability of the core loss resistance Rp. is
considered as a function of the frequency f and given by the
following equation:

Rre (f) =ko + ki - |f| + k2 - 2,

where kg, k1 and k2 depend on the particular type of IM
and have to be identified by experimental tests. For the tested
IM ko =1, k1 = 2.45 and kg = 0.141.

It must be noticed that the proposed algorithm takes into
account the minimization of the controllable power losses,
which depend only on the working harmonics (the other
harmonic components cannot be controlled).

(25)

III. SIMULATION RESULTS

The dynamic model of the induction IM, the FOC strategy
and the LMT have been preliminarily implemented in the
Simulink environment. According to Fig. 6, in the upper
control channel, the output speed of the IM model is compared
with the reference speed wy,.s and the error is, then, processed
by a PI controller in order to provide the reference g-axis
current, ijq, which is compared with the 7., current of the
motor. The determined error provides the reference g¢-axis
voltage vg,, needed for the motor supply. The second control
channel is characterized by the power loss minimizer block,
which provides the optimum level of magnetization for the
loss minimization, ql)ffdt, given by the implementation of (14)
and (18). The error derived from the further comparison
between the reference d-axis current, ¢¥,, and the current of
the IM, namely 44, determines the reference d-axis voltage
vy, The performances of the simulated drive have been tested
under different conditions of load and reference speed. More
specifically, w,.; has been varied from 50 rad/s to 300 rad/s
with steps of 50 rad/s and, for each speed condition, the load
torque has been varied from 0 Nm to 18 Nm with steps

of 1 Nm, obtaining 114 overall conditions of operation. For

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 [{2] 0.56
Rotor resistance [§2] 0.77
Stator inductance [H] 0.116
Rotor inductance [H] 0.119
k1 [Q2s] 2.75
ko [Q 7] 0.141
Rated rotor flux [Wb] 0.7

each combination, the trend of the power losses APy is
evaluated and compared with the losses AProc computed
with the traditional FOC strategy (without the adoption of
LMT), working at its rated flux. Figures 7a and 7b show
the comparisons between AProc (blue line) and APp
(green line) for wy.y equal to 100 rad/s and 300 rad/s,
respectively. From these simulation results, it appears clear
that the adoption of the proposed LMT is more effective for
low or medium loads. This aspect can be noticed by the power
losses difference, namely AAP (red line), between AProc
and AP, LMT-

Other interesting results are shown in Fig.8, depicting the
comparison between the trends over time of APpoc (blue
line) and APy, ;1 (red line) during an acceleration from 0 to
200 rad/s at no load conditions and with the application of its
rated load at 5 s. It can be observed that, for both no load and
rated load, the power loss minimizer decreases significantly
the power losses involved in the machine.

Finally, the three-dimensional trend of AAP as function of
both speed and load is shown in the graph of Fig. 9. It appears
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Figure 7. Comparison between the trends of the power losses between LMT and the traditional FOC for: (a) wy. s = 100 [rad/s] and (b) wy.y = 300 [rad/s].

Table IT
DATA OF INVERTER SINUS-IFDE.
Parameter | Value
Input voltage [V] 380...460
Input frequency [Hz] 50/60

Input current [A] 35
Output power [kVA] 21.1
Output voltage [V] 0...380...460
Output current [A] 32
Output frequency [Hz] 0...800
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Figure 8. Comparison between the overall power losses trends between FOC
(blue line) and LMT (red line).

evident that the proposed technique is much more effective for
light load conditions, whereas the algorithm is not significantly
affected by variations on the speed conditions.

IV. TEST BENCH EQUIPMENT AND EXPERIMENTAL
RESULTS

In order to validate the simulation results described in
Section III, a test bench has been set-up at EDALab (Electrical
Drives Applications Laboratory - University of Palermo) and
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Figure 9. Three-dimensional trend of AAP as function of the IM working
conditions.
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Figure 10. Schematic representation of the test bench.



Fig. 10 shows its schematic representation. The IM taken into
account for the proposed analysis is a 5.5 kW three-phase
machine with a double squirrel-cage rotor, whose rated values
and parameters are summarized in Table I. The IM is driven by
a SINUS-IFDE digital power converter (Elettronica Santerno
Inc.), whose data are summarized in Table II and which is
controlled with a SVPWM (Space Vector Pulse Width Mod-
ulation) technique with a switching frequency equal to 10.25
kHz. The motor speed is detected by an incremental encoder
(Eltra Inc., model EH80) and the load is represented by a
DC machine (Stipaf Elettromeccanica), with 7.83 kW of rated
power and 22.5 A of rated current, driven by a CRM90.40
4-quadrant ac-dc converter (Elettronica Santerno). The FOC
strategy and the LMT are experimentally implemented by
means of a low-cost ATMEL ATSAM3XS8E, ARM type,
microcontroller, mounted on an “Arduino Due” board and
running at a clock frequency of 84 MHz. The input power is
measured through a PZ4000 power analyzer (Yokogawa Inc.),
allowing the real-time acquisition of the rms values of both
voltages and currents, whereas the output mechanical power is
measured through a TT9000 torque-tachometer (Tekkal Inc.).
The armature current of the DC motor is controlled by the
dSPACE user interface, allowing the real-time selection of the
working condition of the motor in terms of load. The speed
of the IM is controlled by the Arduino Due micro-controller
[36]. For each working condition, the input power and the
output power are measured, both with the LMT and the FOC
strategies.

In order to analyze both economic and technical aspects of
the proposed implementation, the costs and performance of the
adopted microcontroller are briefly compared with traditional
ones. Indeed, it can be stated that systems such as DSP (Digital
Signal Processor), FPGA (Field Programmable Gate Array)
and CPLD (Complex Programmable Logic Device) are often
used in both industrial and automotive applications; however,
their high operating frequency, which clearly leads to higher
performance, determines high costs. Table III economically

Table III

ECONOMIC ANALYSIS BETWEEN AVAILABLE MICROCONTROLLERS.
Freq. Price

Controller Model MHz USD
MCU Arduino DUE (AT SAM3XS8E) 84 38.00
DSP C2000 control CARDs-TMS320F2808 100 61.00
DSP ADZS-BFSHUSB-EZEXT 400 112.72
DSP TMDSCNCD28335 control card 150 69.00
DSP TMDSPREX28335 control card 150 195.00
DSP TMDSDOCK28069 90 109.00
FPGA+CPLD Xilinx® Inc. EK-S6-SP605-G 1100 | 783.21
FPGA Xilinx® Spartan-6 LX4 Digilent Cmod s6 133 86.00
FPGA Xilinx® Spartan-7 Digilent Arty S7-25 50 99.00
FPGA Zynq-7000 Xilinx® 7 Cora Z7 667 99.00
FPGA DEO-Nano - Altera Cyclone IV 50 99.95
Max V CPLD Intel DK-DEV-5M570ZN 247 74.90

compares the possible solutions for the implementation of the
proposed control algorithm [37], [38]. As shown by this Table,
it can be noticed that, at present days, the Arduino DUE is
the most economic solution.

Another advantage of the proposed Arduino DUE board
is its higher flexibility, due to the easy accessibility of the

interface pins. Furthermore, the lower clock frequencies (84
MHz), which are adequate for electric drive applications,
avoid the thermal issues if compared to other systems [36].
The adopted microcontroller is also characterized by a high
compilation and execution speed of the code implemented in
C programming language, which occupies only the 5% of
the memory, so that other features can be developed, such
as faults management. The code is developed in the open-
source Arduino IDE program, written in fixed point algebra,
in order to improve the microcontroller performance. Another
open source program, namely Processing, is used to create the
user interface with the front control panel for data acquisition.
In conclusion, it can be stated that the used microcontroller is
the cheapest solution and it does not affect in a considerable
manner the performance of the proposed drive.

The most significant results carried out from the exper-
imental tests are shown in Fig. 11, which compares the
trends, in terms of electrical drive input power, by applying
the proposed LMT and the traditional FOC for six different
values of w,.¢, from 50 rad/s to 300 rad/s with steps of
50 rad/s. From each graph, it can be noticed that the LMT
achieves better performance with respect to the FOC, for any
working condition of the IM. As a further comparison, the
same Figure plots the input power trends obtained by applying
the loss model proposed in [11]. As well as for the previous
comparison, the proposed power loss minimizer is suitable for
each of the examined working condition of the IM drive.

Moreover, Fig. 12a plots the comparison between the dy-
namic responses in terms of the IM angular speed obtained
with the proposed minimization procedure (red line) and with
the traditional FOC (blue line) during a step load change, from
no load conditions to the IM rated load. It can be observed that
the implementation of the power loss minimizer does not affect
in a significant manner the dynamic performance of the drive
except for the speed error, which appears more pronounced.
This is due to the lower dynamics of the rotor flux component.
For the same step change, the profiles of the three-phase
currents, as well as the direct-axis and quadrature-axis stator
current components, have been measured for FOC and LMT
algorithms and plotted in Figs. 12b and 12c, respectively. As
well as for the previous results, the trends depicted in these two
Figures are comparable between each other, demonstrating the
fact that the proposed algorithm provides adequate dynamic
performance. Finally, the dynamic behavior of the rotor flux
control loop in LMT mode is shown in Fig. 13, during a
sudden speed change from 100 to 150 rad/s at t=2 s, where
the optimum rotor flux reference (blue line) is compared with
the feedback rotor flux (red line). Here the rotor flux tracking
is guaranteed with an obvious delay that depends on the
equivalent time constant of the cascaded 74 channel loops and
on the rotor time constant.

The advantage of adopting the LMT can be also visualized
in Fig. 14, which compares the differences in terms of power
losses between the FOC strategy and the LMT for three
different speed conditions (100 rad/s, 200 rad/s and 300 rad/s),
by considering the following formula:
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AAP% = - 100. (26)

From Fig. 14, it appears clear that the use of the power
losses minimizer is advantageous with respect to the FOC,
especially for light and medium loads. Therefore, the results
demonstrate that this algorithm is suitable for a specific range
of working conditions, reaching almost 15% of power loss
savings for medium loads and around 10% for high loads.
As evident by the figures, the power loss minimizer is less
effective if the working condition is closer to the rated IM
values, which is in accordance to the simulation results, as
described in Section III.

V. CONCLUSIONS

In this paper, a simple and low-cost procedure for power
losses minimization on a 5.5 kW IM drive has been presented.
The efficiency enhancement is achieved for any condition in
terms of load and speed by adequately setting in real-time the
optimal value of the direct axis magnetizing flux component

reducing, therefore, the power losses during the motor op-
eration. The easy and flexible implementation of the control
system is achieved by means of an ATMEL ATSAM3X8E
microcontroller, which represents a good compromise between
technical and economical features. The proposed LMT is
firstly implemented in Simulink environment and then exper-
imentally validated. Both the simulation and the experimental
results confirm that the proposed control strategy is suitable
especially for light and medium load conditions and for any
value of the reference speed.
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