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ABSTRACT

Induction motors especially squirrel cage type are the
most widely used motors in the industry for variable
frequency applications after the development of power
electronic devices. These motors consume 75% of total
industrial electrical energy and hence it is of prime
importance to improve its efficiency, so that a large
amount of saving of electrical energy is possible as well as
contribution to environmental aspects can also be made.
It is seen that in many variable speed applications like
HVAC, mining, textile, wood cutting etc. induction motors
operate at light-load conditions for prolonged time
duration frequently and they have very low efficiency
(around 20 - 30% due to low power factor). So there is a
possibility of improving efficiency in a significant way by
providing optimal flux instead of rated flux especially in
steady state. This paper presents an application sof
Artificial Neural Network (ANN) for efficiency
improvement in steady-state and light-load condition in
an IM drive system based on Nola thedry. The ANN
controller generates the optimal voltage and“frequency
which runs the induction motor at its optimal efficiency
condition point for a particular speed and torque
requirement of the load. Optimal voltage values are
shown in results. A significant improvement in efficiency
is seen.
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1. INTRODUCTION

Global electricity consumption of 44% - 48% is
consumed by motor and motor driven systems and it
accounts 75% of all electricity used in industry. Motors
with low efficiency waste a lot of energy which
increases it operational cost. Also as most of the
electricity is generated from non-renewable energy
source, hence motors with low efficiency indirectly
contribute bad impact on environmental conditions. A
small increase in efficiency can conserve several
kilowatts of energy in long run. It is estimated that if all
countries start to adopt best Minimum Energy
Performance Standards (MEPS) for all motors used in

industry then by the next 20 years a saving of 300
terawatt hours of annual electrical energy is possible.
This much saving in electrical energy has an advantage
in the reduction of CO2 by 200 million tons. Therefore it
is of prime importance to concentrate on efficiency due
to economic and environmental reasons. As per the
statistical data available the squirrel cage induction
motors in the power range less than 52 kW are the
major consumers of energy. To fulfill the aim of energy
saving, work on motors below 52 kW rating seems to a
good chidice.

Several minimum loss control schemes are
proposed in past, broadly classified into loss model
control, search control, and hybrid method which
utilizes both the good features of loss model method
and search method. This paper model deals with hybrid
control method. Optimal voltage values for a load
profile are derived using equivalent loss model and
those values are directly regenerated by offline trained
ANN in spite of real -time search, in steady -state and
light-load conditions.

2. MOTOR LOSS ANALYSIS

The losses of an induction motor can be categorized
into two parts, the losses on load and at no- load. The
former includes the losses of stator and rotor windings,
which are proportional to the rotor current squared in
addition to the stray-load loss. The latter contains the
iron loss caused by hysteresis and eddy current, and the
mechanical losses of friction and windage. Each of the
losses mentioned above depends on some or all of the
variables, torque, rotor speed, slip frequency, operating
temperature as well as the input voltage and frequency
of induction motor. For a given torque and speed, the
efficiency of induction motor depends mainly on the
input voltage and frequency. This constitutes the basic
principle for the analysis and experiment of this study.
Details are described below.

Consider Figure 1, it is seen that for each desired load
speed and torque, there exists many different
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combinations of input voltage and frequency to yield
this operation. However the efficiencies are different
among those combinations. The purpose of this paper is
to find out, by analysis and experiment, the optimal
efficiency set of input voltage and frequency and to
construct system for online implementation.
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Figure 1. Steady - state torque - speed char.
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Figure 2. (a) The equivalent circuit of\induction
motor, (b) The Thevenin equivalent voltage)Vwm
and equivalent impedance Z circuit

3. ANALYSIS OF OPTIMAL EFFICIENCY

In this section, mathematical derivation will be given to
obtain the expressions for the optimal efficiency
operation of induction motor under specified speed and
torque. From the induction motor equivalent circuit
(Figure. 2), one obtains the input power [6].

Power input
Pin=VIcosO=V2(R:/s+Rw)/[(Rr/s+Rn)2+X2m] (1)
And the electromagnetic torque,
Te = Pout/wr = [12Rr/s] /[ ws(1-s)]

= [V2Rr/s]/{ ws(1-s)[(Rr/s+Rn)2+X2um]} (2)

Taking A be the lagrange multiplier and defining
as,

L = [V2Ry/s]/{ ws(1-s)[(Rr/s+Rm)2+X2m]}+ A{(]
V2R:/s]/{ws(1 - s)[(Re/s+Ren)2+X2]})-T} (3)

Taking the optimization procedures
0L/0V=0and dL/0ws=0
and the adjoint equation,

dL/0A = [V2(Rr/s)/[ws(1-s){(Ren + Rr/s)2 + Xwn2}]] - T =0
(5)

After some manipulations [3], we have
s=1- (Re/Rum) (6)

This yields the required input frequency and voltage for
optimal efficiency.

ws= wr( Rr/ Run) (7)
Vope= [(Tws{(Rr/s+Ren)2+X2}/( Re/s+Ren)]/2  (8)

It 1s, seefiythat for optimal efficiency operation of
inductien ‘motor, the required input frequency depends
on gpeed only, while the input voltage is proportional to
the square root of torque and frequency.

4. DESIGN OF EFFICIENCY
OPTIMIZATION CONTROLLER

For under-load condition the optimized efficiency is
obtained when the motor is supplied with voltage and
frequency from equations 7 & 8. The matrix shown in
Table 2 consisting of loads, frequencies and stator
voltage values (optimal), which maximize the efficiency,
is shown. The matrix shown in Table 2 is utilized
(multiple frequency) to train ANN in MATLAB, which
serves as the main part of the proposed efficiency
optimization scheme, shown in Figure 3.
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Figure 3: Block diagram of efficiency optimization
controller

The output of the controller is the modulation index m,
which correspondences the optimal value of voltage

© 2014, IJSHRE All Rights Reserved Page 40




[ International Journal of Software & Hardware Research in Engineering
glournals

ISSN No: 2347-4890

Volume 2 Issue 7, July-2014

maximizing the efficiency under light load operation
condition.

%

Fig 4 Simulink Model of Three-Phase PWM
Inverter
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Fig 5 Training of ANN with Optimal VoltageWalues

%The program for Training ANN is%
Input=[TORQUE(1:2:150000),SPEED(1:2:150000)];
p = input’;

target=[VOLTAGE(1:2:150000),FREQUENCY(1:2:15000
)

t = target’;

net = newff(p,t,3);

net = train(net,p,t);

a = sim(net,p);

%The network is trained with 150000 samples of
torque, speed, frequency and voltage for optimal
operation. The command net = newff creates feed-

forward back propagation network. The net =
newff(p,t,3); creates network having one hidden layer

and three neurons. The result can be seen by using a =
sim(net,p).%

TABLE 1. Specifications of the Induction Motor

Parameter Value

Voltage (line to line) V 415 Volt

Number of Phases 3

Frequency (f) 50 Hz

Speed (Ns) 1500 RPM

Power 1 HP or 746W

Stator Resistance R; 0.435 Q

Stator Inductance Ls 0.004 H

Rotor Resistance R, 0.816 Q

Rotor Inductance L, 0.002 H

Mutual Inductance Ly, 0.2037 H

Number of Poles P 4

Inertial constant ] 0.0089 kg-m?

TABLE 2. Optimal Voltage Values

Load Torque in N-m

Voltage V 15 2 25

18 104.03 | 120.12 | 134.30

20 108.91 | 125.76 | 140.61

22 114.50 | 132.22 | 147.82

24. 119.83 | 138.37 | 154.70

26 124.10 | 143.30 | 160.21

28 129.03 | 148.99 | 166.58

30 133.78 | 154.48 | 172.71

32 138.37 | 159.78 | 178.64

34 142.08 | 164.06 | 183.43

36 146.41 | 169.06 | 189.02

38 150.61 | 173.91 | 194.44

Frequency, Hz

40 154.03 | 177.86 | 198.85

42 158.03 | 182.48 | 204.02

44 161.93 | 186.99 | 209.06

46 165.74 | 190.66 | 213.16

48 168.85 | 194.98 | 217.99

50 172.51 | 199.20 | 222.71

5. RESULT AND DISCUSSION

For efficiency analysis hardware and matlab
simulation both are utilized, shown in Figure 12.
For quantitative analysis, the efficiency of the
optimized system is compared with constant rated
flux operation under the same load conditions,
shown here in Figures 7-11. A significant
amount of efficiency improvement is seen for
1 HP motor at different loading conditions;
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15% at 1 N-m, 10% at 1.5 N-m, 5% at 2 N-m,
4% at 2.5 N-m, 2% at 3 N-m. It is also seen that
maximum amount of efficiency improvement
and saving can be achieved if machine is
operating with minimum load condition which
happens frequency in HVAC applications.
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Fig 9 Efficiency Plot for 2 N-m Load
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Fig 7 Efficiency Plot for 1 N-m Load
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Fig 10 Efficiency Plot for 2.5 N-m Load
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Fig 8 Efficiency Plot for 1.5 N-m Load
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Fig 11 Efficiency Plot for 3 N-m Load
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6. CONCLUSION

The paper primarily focuses on efficiency optimization [11] H. Sarhan, R. Issa, .“Modeling, Sirr.lulation and Test
in VFDs which are widely used in many applications. ofcr;verter-lnductlon Motor Drive System with

The proposed methodology finds very suitable for |
HVAC applications where a very small error in speed is {&

d Performance,” Journal of Engineering
, Assiuit University, Vol. 33, No. 5, 2005, pp.
-1890.

not going to affect the system performance significantly.

As the proposed work provides the opportunity of
energy saving of around 2-15% a significant amount of &

revenue can be saved. Application of ANN makes the
system intelligent. The conclusion is to adopt optimal
flux operation in place of rated flux operation inJdigh

load and steady state condition.
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