
 

 
 

 
Abstract—This paper demonstrates an improved Loss Model 

Control (LMC) for a 3-phase induction motor (IM) driving pump load. 
Compared with other power loss reduction algorithms for IM, the 
presented one has the advantages of fast and smooth flux adaptation, 
high accuracy, and versatile implementation. The performance of 
LMC depends mainly on the accuracy of modeling the motor drive and 
losses. A loss-model for IM drive that considers the surplus power loss 
caused by inverter voltage harmonics using closed-form equations and 
also includes the magnetic saturation has been developed. Further, an 
Artificial Neural Network (ANN) controller is synthesized and trained 
offline to determine the optimal flux level that achieves maximum 
drive efficiency. The drive’s voltage and speed control loops are 
connecting via the stator frequency to avoid the possibility of excessive 
magnetization. Besides, the resistance change due to temperature is 
considered by a first-order thermal model. The obtained thermal 
information enhances motor protection and control. These together 
have the potential of making the proposed algorithm reliable. 
Simulation and experimental studies are performed on 5.5 kW test 
motor using the proposed control method. The test results are provided 
and compared with the fixed flux operation to validate the 
effectiveness. 

 
Keywords—Artificial neural network, ANN, efficiency 

optimization, induction motor, IM, Pulse Width Modulated, PWM, 
harmonic losses. 

NOMENCLATURE 

Is, I r Stator, rotor referred current 
Im Magnetizing current 
Ii Iron-loss equivalent current 
Vs Stator voltage 
E Air gap voltage 
Rs, Rr Stator, rotor winding resistance 
Xs, Xr Stator, rotor self reactance 
Xm Magnetizing reactance 
 Leakage factor [ = 1-Xm

2/XsXr] 
R r Referred rotor resistance [Rr = (Xs/Xm)2Rr] 
Xr Referred rotor reactance [Xr = Xs/(1-)] 
s Slip 
a, Stator frequency 
r Rotor electrical speed 
b Base frequency 
s Stator flux linkage 
Te Electromagnetic torque 
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TL   Load torque 
Ce, Ch  Eddy, hysteresis loss coefficient 
Cstr, Cfw  Stray, mechanical loss coefficient 
Cmi  The ith coefficient of magnetizing curve 
Ccon1, Ccon2 Converter losses coefficients 

I. INTRODUCTION 

APID escalation in both energy prices and environmental 
pollution awareness has significant impacts on the 

community. Therefore, it becomes imperative that major 
attention be paid to improve system efficiency. Fluid pumping 
is perhaps the most common process in industrial plants and 
household applications. A substantial amount of energy can be 
saved by using variable-speed electric motor drive (VSD) to 
control fluid flow instead of mechanical throttling valves or 
bypassing. Besides, the VSD prevents catastrophic surge 
pressure (known as fluid hammer) that causes severe 
mechanical stress in the pipe system, or even damage, by 
offering smooth start/stop pumping [1].  

IMs have the advantages of high reliability, ruggedness, and 
low cost of machine manufacturing. On the other hand, 
advances in power switching devices and digital signal 
processors have significantly matured the voltage-source 
inverters (VSIs) with associated pulse width modulation (PWM) 
techniques. As a result, PWM-VSI fed IM has been well 
established as the foremost structure for the ac VSD systems. 
Using hard switched integrated-gate bipolar transistor (IGBT) 
or integrated-gate commutated thyristor (IGCT) modules 
working at moderate switching frequency (1-2 kHz), in 
conjunction with a pulse filter for overvoltage spikes and 
bearing currents mitigation in case of long cable length, is the 
common industry practice to provide economical motor pump 
drive. This is because most soft-switching techniques, to realize 
high switching frequency and hence compact sinusoidal output 
filter, require extra switching components and hence; increased 
cost [2], [3]. 

Power losses in the IM drive are greatly dependent on the 
control strategy. Fast torque response is not a crucial 
requirement in the pumping applications. Therefore, IM drives 
in such plants are usually based on the scalar V/f control method 
as illustrated schematically in Fig. 1 (a). In this method, the ratio 
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of the stator voltage to frequency and hence machine flux is 
maintained constant as long as the speed is below rated. The 
method does satisfy pump’s application requirements, while 
keeping the flux constant deteriorates motor efficiency, in 
particular at low speeds with partial load. 
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Fig. 1 (a) Classical V/f control and (b) proposed control 
 

In an effort to improve the IM efficiency, various flux control 
methods have been developed. These methods can be broadly 
classified into two groups: search control (SC) and loss model 
control (LMC). The basic principle of SC is to measure the 
input power and then iteratively search for the flux level (or its 
equivalent variables) until the minimum input power is detected 
for a given torque and speed [4], [5]. Major drawbacks of SC 
are: slow convergence rate, flux/ torque ripples, difficulties in 
tuning the algorithm for a given application, and the need for 
precise measurement of the input power which is difficult and 
costly. On the other hand, the LMC computes the optimum flux 
level that minimizes losses through a machine model [6]-[13]. 
LMC approach provides smooth and fast adaptation of the 
machine flux with low implementation cost. However, LMC 
requires correct modeling of the motor drive and the losses.  

Application of LMC to the vector [6]-[9] and scalar [10]-[12], 
controlled IM drives has been proposed using different steady 
state models and implementation techniques. When the model 
disregards the core loss and magnetic saturation, the optimal 
stator flux (i.e., the flux where the efficiency is maximum) is 
uniquely determined by the speed [13]. The idea of searching 
for maximum efficiency by use of a LMC including the core 
loss and magnetic saturation has also been addressed. In this 
case, the optimal flux (or slip) varies not only with the speed, 
but also with the load torque [10]. The load torque is replaced 
by the stator current in [11] and [12] to remove the necessity of 

load torque measurement or estimation. However, two 
problems need to be solved to make this method viable. One is 
that the excess iron loss under PWM voltage supply plays a rule 
in estimating the motor efficiency and therefore it should be 
included in the loss model [14]. However, representation of this 
loss component by measurements [15], [16] yields 
discrepancies between the results due to the absence of a 
governing law with valid assumptions. The second problem is 
that the algorithm is most likely implemented using a lookup 
table which has limited performance in terms of size with the 
required accuracy especially; in case of multi-inputs.  

In [17], the authors introduced a novel LMC system for the 
scalar IM drives. Fig. 1 (b) demonstrates a generic layout of this 
system. An ANN controller is trained offline to generate the 
optimal stator flux value that maximizes the drive’s efficiency 
using a more detailed loss model. The model includes the 
surplus power iron and copper losses in PWM regime using 
closed form equations and taking the magnetic circuit saturation 
into account. A gradient-descent algorithm is designed to solve 
the optimization problem and provides behavioral examples to 
learn the ANN controller. The ANN can provide accurate 
function approximation with custom design at low cost where 
it is possible to accommodate, for example, the drive’s thermal 
model in a straightforward way by including temperature as an 
auxiliary input. The amounts of power saved in the IM vary 
with the load type. The load information is represented by the 
rotor speed and stator current signals. The flux control is 
selected here since it is more suitable for the pump plants where 
the load torque is proportional to the square of the speed. It also 
takes advantage of low speed. Furthermore, linking the flux and 
speed control loops to generate the stator voltage reference from 
the ANN output and stator frequency command avoids the 
possibility of excessive magnetization during transient periods.  

This paper demonstrates how model parameters variations 
due to temperature changes can be accommodated in the ANN 
controller using biasing source. A first-order thermal model is 
developed such that the monitored thermal information can be 
utilized to improve the performance of motor's control and 
protection system as well. These have the potential of making 
the proposed algorithm comparatively reliable. To verify the 
concept, the performance is tested in both simulation and 
experimentation and the results show enhancement in terms of 
power savings. 

In the following, this loss minimization method in IM drives 
is introduced. In Section II, the relationships between the IM 
variables considering an equivalent circuit in the stator flux 
reference frame are given. In Section III, the proposed loss 
model is presented. In Section IV, a gradient descent search 
algorithm has been designed to minimize power loss and the 
problems related to algorithm implementation are discussed. To 
alleviate these problems, the ANN control concept is proposed 
as in Section V. Simulation and experimental results using 5.5 
kW variable speed pump are presented in Section VI. The 
conclusions are addressed in Section VII. 

II. IM EQUIVALENT CIRCUIT 

The equivalent circuit for IM can be varied by the different 
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choices of flux linkage constants. In this work, we utilize an 
equivalent circuit referenced to the stator magnetizing current 
by defining the stator flux linkage as mss IX . Fig. 2 

illustrates the notation of this transformation at steady state. The 
selected circuit configuration avoids leakage reactance 
separation error and is adequate for stator flux control. The 
saturation of the main flux path is modeled by a nonlinear 
inductor )( ssX   while iron loss variation due to operating 

frequency change is represented by a nonlinear resistor ),( saRi

. The saturation of leakage flux path affects machine transient 
performance during the starting and braking modes. However, 
it can be neglected during normal operation without noticeable 
errors [11], [18]. The circuit parameters are derived from no-
load and blocked rotor tests using pure sinusoidal supply and 
represented in per unit system. The per unit stator frequency is 
related to r by 

 

s
a r

base 


1





 .                   (1) 

 

Rs

aXs(s) Ri(a,s)

aXr'

Is

Im Ii I'r+

-

Vs

R'
r

E = as

+

-
s

 

Fig. 2 An IM equivalent circuit 
 
From Fig. 2, the stator current is given by 

 
22 )cos()sin( rrirrms IIIII   ,           (2) 

 
 

where 

)/(
tan

sR

Xa

r

r
r 


 . 

 
The magnetizing current is  

 

)()( ss

s

ss
m XaX

E
I





           (3) 

 
Equation (3) can be rewritten as a series of order k in order 

to include magnetic saturation  
 





k

i

i
smism CI

0

)()(  .           (4) 

 
The iron-loss equivalent current is calculated from    

 

),( saR

E
I

i
i  ,           (5) 

where ]/)1()1([),( 2 asCsCsaR hei  .                       

The rotor current can be determined in terms of stator flux as 
  

22)/( rr

s
r

XasR
I




 .                   (6) 

 
The electromagnetic torque is given by 

 

as

R
IT r

re


 2 .            (7) 

 
Substitution from (6) into (7) yields 

 

22
2

)/(

)/(

rr

r
se XasR

asR
T




 .                      (8) 

III.  PROPOSED LOSS MODEL 

A.  Fundamental IM Losses  

With a sinusoidal supply voltage amplitude equal to the 
fundamental inverter voltage; the IM’s loss-components are: 

Iron losses: 
 

222 ])1()1([ shei asCasCP  .            (9) 

 
Copper losses: 
 

22
rrsscu IRIRP  .         (10) 

 
Friction and windage losses: 
 

 2
rfwfw CP  .                  (11) 

 
Stray losses: 
 

22
rrstrstr ICP   .          (12) 

 
The expression of the stray losses holds for dc motor and also 

acceptable for IM [4]. 

B. PWM Harmonic Loss 

The PWM inverter generates voltage harmonics which cause 
excess iron and copper losses in the machine. Hence, one can 
expect errors in the performance of a LMC designed based on 
the fundamental losses only. To alleviate this problem, the 
PWM harmonic loss is included here using closed-form 
expressions. In the following, a sinusoidal PWM inverter is 
assumed to be feeding the machine. 

1. PWM Harmonic Iron Loss 

Following [19], the governing equation of the surplus eddy 
loss due to PWM voltage harmonics can be deduced as 

 

eddyc
PWM

eddy PFP )1( 2  .        (13) 
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where, 222 )1( seeddy asCP   is the classical eddy loss under 

pure sinusoidal regime. The PWM form factor Fc is defined as 
the ratio of PWM to sinusoidal form factors. For an inverter 
operating in the linear region of sinusoidal modulation, Fc can 
be calculated in terms of voltage modulation index m as  
 

1
15.1

 m
m

Fc                           , .        (14) 

 
With a constant dc-link voltage Vdc and frequency 

modulation ratio  20, the fundamental inverter output voltage 
(i.e., fundamental stator voltage) is given by 
 

dc
s V

m
V 612.0 .        (15) 

 
Ignoring the stator resistive drop, (15) can be approximated 

as 
 

dc

s

V

a
m


63.1 .         (16) 

 
It is worth mentioning that the nonlinear region of the 

inverter operation is rich by undesirable harmonics and 
therefore; it is replaced by square-wave mode in practical 
drives. Further, the IM energy control is effective especially 
when the motor operates at low speed under a light load. In such 
a case, minimization of the motor losses implies reduction in 
the stator flux level and hence stator voltage below rated. Thus, 
restriction of (14) to the linear region of inverter operation does 
not represent a performance limit.  

If the stator resistive drop is neglected, the relation between 
the value of PWM peak stator flux and its first harmonic peak 
value is near unity. Since the hysteresis loss is proportional to 
the flux peak, its variation under sinusoidal and PWM regimes 
is negligible [19].  

2. PWM Harmonic Copper Loss 

Here, neglecting the skin effect is a reasonable assumption 
by considering: (i) the stator conductors interleaving or 
transposition and (ii) magnetic bridging of semi-closed rotor 
slot structure which is a common design for inverter-fed cage 
IM [20]-[22]. 

 

Rs+R'
r X'

r

+

-

V

I

 

Fig. 3 An Equivalent circuit at the th harmonic frequency 
 

The PWM inverter produces voltage harmonics at the 

switching frequency fs. Fig. 3 shows IM equivalent circuit at a 
harmonic order  = fs with the harmonic slip (s = 1–r / fs) 
approximated to unity. The PWM harmonic copper loss is 
 

)(2
rs

PWM
cu RRIP   .        (17) 

 

Since )( rsrs RRXf  , the switching harmonic current 

I  is given by 
 

rs Xf

V
I


 


.           (18) 

 
For a sinusoidal PWM inverter, the switching harmonic 

voltage V can be determined in terms of the harmonic 
distortion function HDFSPWM as [23] 
 

48
SPWM

dc

HDF
VV 

.          (19) 

 
where  

432

8

934

2

3
mmmHDFSPWM 


.            (20) 

C.  Proposed Loss Model 

The total loss Ploss is obtained by adding the fundamental and 
PWM-harmonic losses. From the analysis given in Sections II 
and III, it can be shown that   

 

),,( rs

con
PWM

cu
PWM

eddystrfwcuiloss

a

PPPPPPPP





       



   (21) 

 
The converter loss Pcon is presented in (21) in order to 

account for power losses in the rectifier and inverter circuits of 
the drive. It can be approximated by 
 

2
21 sconsconcon ICICP  .       (22) 

 
Equation (21) is a flux dependent function with a minimal 

point. Thus, there is an optimal value for the stator flux that 
minimizes power losses and at the same time satisfies load 
requirements. Due to complexity, solving this total loss 
minimization based problem is feasible using numerical 
methods.  

IV. OPTIMIZATION ALGORITHM 

A gradient-descent optimization algorithm is designed in 
order to find the optimal stator flux value that minimizes (21) 
at a given rotor speed and load torque. Fig. 4 demonstrates the 
algorithm flowchart. The concept of the algorithm is to vary s 
as a function of the power consumption until the point of 
minimum losses, which simultaneously fulfils the loading 
condition, is found. To facilitate IM circuit analysis, the 
program takes motor slip as the independent variable and starts 
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by assuming an initial value so for the specified load torque TL 
and rotor speed r. The pu stator frequency a and the 
electromagnetic torque Te at rated flux are then calculated from 
(1) and (10), respectively. The value of s  to produce TL is 
evaluated, utilizing the quadratic proportionality between 
torque and flux, to be used in the loss function (a, s, r) 
calculation. The search loop terminates if the change  is less 
than an arbitrary small value . Otherwise, it resumes by 
changing the slip in the direction of negative gradient, that is 
determined by –sign() where sign() = 1 if  > 0 and 
sign() = –1 if  < 0, by a constant step size h till the point 
of minimum losses is obtained [24]. To make sure that the 
algorithm is not trapped in a local minimum, the search loop is 
executed at each loading point more than once starting from 
different initial slip values.   

 

Start

Input TL & r

Calculate a

Calculate Te at rated
flux and frequency a

Calculate s needed
to produce TL

Calculate  (a, s, r)

si = si-1sign() h

No

Optimal flux table

Yes

Input motor parameters

Decide h, , & so

 < 

Search Loop

 

Fig. 4 Flowchart of gradient-descent optimization algorithm 
 

A review of the relevant literature shows that LMC has been 
implemented using two approaches. The first approach is to 
sectionalize the loss model calculations and run the algorithm, 
as a background process on the Digital Signal Process (DSP), 
at a slower sampling rate than the speed control loop [12]. When 
this principle is used, it is also possible to adapt model 
parameters through online identification. However, a proper 
updating rate of the reference flux depends on the DSP 
computational power and the dynamics of the outer process 
operated by the drive. Another way of implementation is to do 
all the LMC calculations offline and store the results in a two-

dimensional lookup table, so that during operation the drive will 
be controlled according to this table [10], [11]. This solution is 
simple with little demand on the DSP. But, the lookup table, as 
realized by storing digital words on the DSP memory, has 
limited performance in terms of size with the required accuracy.  
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Back-
propagation

weight
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Input
layer

Output
layer MSE
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source

 

Fig. 5 Three-layer feedforward ANN 

V. ANN FLUX CONTROLLER 

The ANN is selected here to realize the optimal energy 
control algorithm. Using the ANN instead of a lookup table has 
the advantages of parallel processing, noise reduction, and high 
accuracy/cost ratio [25], [26]. Further, the ANN design is 
flexible and can accommodate extra input or model parameter 
variations in a systematic way by employing additional input 
indicators (biasing sources), for example the temperature, 
without adding greatly to the resources (see Appendix A).   

Fig. 5 shows configuration of a three-layer feedforward 
network having input and output layer neurons dictated by the 
number of respective signals and hidden layer neurons with 
sigmoid transfer functions. This configuration is able to 
approximate any function with a finite number of 
discontinuities after training using set of examples for the 
network behavior [27]. The training data are obtained from the 
mathematical model of the drive and executing the optimization 
algorithm offline. The data comprise load information as an 
input pattern and the corresponding optimal stator flux as an 
output pattern. To avoid load torque measurement or 
estimation, the load torque can be replaced by the stator current 
signal which is usually accessible in the drive systems for 
protection purposes. For a pump load with constant head, the 
quadratic relationship between the speed and torque is unique 
[28]. In such a case, the rotor speed signal contains sufficient 
information to withstand as the only load indicator.  

Once the example data are prepared and the weights and 
biases are initialized, the network is ready for learning. We 
consider that the network is being trained by the input pattern n, 
the weights and biases of the network are adjusted using the 
back-propagation technique to minimize the network 
performance function. A common performance function for the 
feedforward networks is the mean squared error (MSE): 
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



Q

k

n
k

n
k yd

Q
MSE

1

)(
1

.                     (23) 

 

where n
kd  = desired output of the kth neuron in the output layer, 

n
ky  corresponding actual output, and Q = dimension of the 

output vector (in our case Q = 1). The weights of the neurons 
are altered to minimize the value of MSE by gradient descent 
method. The weight update equation is then given as 
 

)(
)()1(

lW

MSE
lWlW

ij
ijij 


  .        (24) 

 
where   = learning rate, )1( lWij

 = new weight between ith 

and jth neurons, and )(lWij
corresponding old weight. The 

weights are iteratively updated for all the N training patterns. A 
momentum term )]()1([ lWlW ijij   is usually added to the 

right hand side of (24), where is   is a small value, in order to 

improve training performance.  
Running the LMC with a voltage control loop independent of 

the speed control loop is not recommended in practice because 
there is a possibility for the machine to operate under heavy 
saturation, even with a stator voltage below rated, due to 
discrepancy between the actual and calculated stator 
frequencies caused by the modeling errors. Therefore, the ANN 
output is selected here to be the optimal stator flux instead of 
stator voltage. This has the potential for making the drive 
comparatively reliable since the voltage and speed control loops 
are linked by the actual stator frequency as demonstrated in Fig. 
1 (b). 

The stator voltage magnitude is approximated by 
  

ssss IRV  .        (25) 

 
The above approximation has no noticeable effect on the 

efficiency control, particularly, in case of pump systems where 
the input current is proportional to the speed [29]. 

VI. SIMULATION AND EXPERIMENTAL RESULTS 

To verify the validity and effectiveness of the proposed 
control scheme, simulation and experimental studies have been 
carried out. The simulation and experimental results, shown in 
Figs. 6-17, are obtained with a 3-phase IM fed from a sinusoidal 
PWM inverter and loaded by a centrifugal water pump having 
constant head of 15 m. The 5.5 kW, 380 V, 50 Hz, 2-pole, delta-
connected, IM parameters are Rs = 0.0338, Rr = 0.051, Xr = 
0.049, Ce = 0.06, Ch = 0.035, Cstr = 0.01 whilst the inverter 
specifications are: fs = 20, Vdc = 1.59, Ccon1 = 0.01, Cconv2 = 
0.001. The IM parameters and inverter specifications are 
expressed in a per unit system of 5.5 kW base power, 380 V 
base voltage, and 314 rad/s base angular frequency. The 
measured magnetizing current as a function of the stator flux is 
given in Fig. 6 while the measured pump torque-speed curve at 
the specified head is shown in Fig. 7.  

 

Fig. 6 Measured data of the magnetizing current 
 

 

Fig. 7 Measured pump torque-speed curve 
 

 

Fig. 8 ANN testing 
 

The gradient-descent optimization algorithm is executed on 
MATLAB platform and the results are used to train the ANN 
controller [27]. Since the pump head is constant, the quadratic 
relation between the pump torque and speed is unique. 
Therefore, it was sufficient to train the ANN and represent 
results considering the speed as the only load indicator. The 
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ANN configuration is chosen as follows: input layer, output 
layer, and hidden layer with activation function = tan-sigmoid. 
Fig. 8 shows the desired stator flux and ANN output before and 
after network learning with   = 0.7,   = 0.1, and N = 10. The 

calculated network performance measure, MSE, is approaching 
10-10. The figure also illustrates the ANN output at some test 
points where it can be concluded that the selected ANN 
structure emulates gradient-descent optimization algorithm 
precisely enough for an accurate control.  

 

 

Fig. 9 PWM harmonic copper loss 
 

 

Fig. 10 PWM harmonic iron loss 
 

The whole drive system is simulated and the performance of 
proposed LMC is compared with that obtained by the classical 
V/f control. The results of comparison are shown in Figs. 9-13 
at steady state. Figs. 9 and 10 show the harmonic copper and 
iron losses, respectively, in terms of the rotor speed. It can be 
noted that the harmonic iron loss is much higher than the 
harmonic copper loss and constitutes a noticeable amount of the 
total losses that is shown in Fig. 11. From (17) and (18) it 
follows that the harmonic copper loss is inversely proportional 
to the switching frequency square. Therefore, its contribution 
can be neglected without significant errors in the case of small 
power drives where high switching frequency is not 
problematic. The objective of the energy control is to minimize 

the total loss function, not an individual loss component. As 
anticipated, Fig. 11 depicts that this objective is realized despite 
the relative increase in PWM iron loss with flux control that is 
shown in Fig. 10 at r  0.7 p.u is owing to collapsed behavior 
of (13) with the stator voltage. Figs. 12 and 13 demonstrate the 
reduction in the stator current and improvement in drive 
efficiency, respectively, as a result of application of the 
proposed control.  

 

 

Fig. 11 Total power loss 
 

 

Fig. 12 Stator current 
 

Fig. 14 illustrates the influence of IM modeling on the 
amount of power saving that can be achieved by a programmed 
flux control rather than constant flux control. Three IM 
modeling strategies are studied and compared. The first and 
simplest one assumes a linear equivalent circuit for the IM and 
considers the inverter as an ideal controllable voltage source. 
The second modeling approach takes the magnetic saturation 
effect into account, while the last scheme, proposed here, 
includes PWM harmonic losses as well. In each case, the 
optimal flux value is determined based on the assumed IM 
equivalent circuit and corresponding loss-model while the 
actual power loss is calculated by substituting these flux values 
into (21). From Fig. 14 it is evident that the proposed modeling 
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strategy increases the percentage of power saving, particularly 
at low speeds.  

 

 

Fig. 13 Drive efficiency 
 

 

Fig. 14 Power saving of different modeling strategies 
 

 

Fig. 15 Measured stator current 
 

Analysis showed that, for a totally enclosed fan cooled 
(TEFC) motor driving pump, the errors due to resistance 
changes with temperature are substantial during initial cold 
motor state. Whereas; it can be neglected after a running time 
greater than the thermal time constant by considering hot 
resistance values in the LMC.  This is because, in case of TEFC 

motor driving pump, both the motor heating and fan cooling are 
proportional to the shaft speed square. Hence the steady state 
temperature is nearly constant at its operational value 
irrespective of the speed.  

 

 

Fig. 16 Measured power saving using proposed control 
 

 

Fig. 17 Measured drive efficiency using SC and the proposed LMC 
 

For further investigation of the proposed LMC, experimental 
tests are performed. The ANN output at specified rotor speeds 
is used to calculate the stator voltage reference, as in (25), and 
the results are programmed on an EEPROM module to adjust 
the voltage profile of the inverter in accordance [30]. Figs. 15 
and 16 show the measured motor current and percentage of 
power saving, respectively, compared with the classical V/f 
control. Fig. 17 shows the drive efficiency in comparison with 
that obtained using SC. The results agree with the 
corresponding simulations and validate the method. 

VII. CONCLUSION 

This paper has presented an improved LMC algorithm for the 
scalar IM drives. The method utilizes a loss-model that can give 
more insight physical-view and accurate results by considering 
the PWM harmonic losses and magnetic saturation using closed 
form equations. It was shown through simulation and 
experimentation that these effects have an impact on the 
optimal flux value and thus on the amount of energy saving. 
The implementation of the introduced scheme is made viable 
for industrial fields by applying the ANN control concept. The 
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ANN controller offers accurate performance and customization 
of design at low cost. Handling the effect of temperature 
variation through first-order thermal model enhances motor 
protection and control. The proposed algorithm can be extended 
for sensorless IM pump drive utilizing open/closed loop speed 
estimator [32].  
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APPENDIX A 

Basically, motor thermal modeling for digital protection and 
control depends on the I2t principle and is derived from the first-
order thermal model in (26) [3], [31]: 

 
ௗఏ

ௗ௧
ൌ

ଵ

ఛ
ሺ𝜃௙ െ 𝜃ሻ                                  (26) 

 
where 𝜃, 𝜃௙, and 𝜏 , respectively, are temperature-rise (above 
ambient), final temperature-rise (above ambient), and thermal 
time constant. The recursive temperature solution to (26) is 
given in (27): 
 

𝜃௡ ൌ 𝜃௡ିଵ ൅ ሺ𝜃௙ െ 𝜃௡ିଵሻሺ1 െ 𝑒ି
∆೟
ഓ ሻ                   (27) 

 
where 𝜃௡, 𝜃௡ିଵ, and ∆𝑡 , respectively, are the calculated present 
temperature, temperature at previous time step and time step 
between calculations. Further, 𝜃௙ ൌ ሺ𝐼/𝐼௥௘௙ሻଶ𝑇௥௘௙  where I, Iref, 
and Tref, respectively, are the motor phase current, set current 
reference, and set temperature rise reference. Thermal Capacity 
Used (TCU) is calculated based on rated motor current with an 
overload factor applied and expressed as a percentage of 
maximum temperature. The thermal protection trips when TCU 
reaches 100%.  

The variation of the stator and rotor resistances with 
temperature is assumed to follow the relation [20]: 

 

   )()( 1nn RR                          (28) 

 
where, α is the temperature coefficient of resistance for the 
conductor’s martial.   
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