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Editorial

Dear Members,
Assalam-o-Alaikum,

Welcome to the new issue of the Jowrnal of the Institution of
Electrical and Electronics Engineers Pakistan. We present, in
this issue, research articles on the areas of power, -electrical
machines and drives, control, and telecommunication. Professor
Mahmood Nagrial, Dr. Jamal Rizk and Dr. Ali Hellany from the
University of Western Sydney, Australia, have contributed two
excellent research papers on the design and development of
a permanent-magnet machine, and DSP-based controller of a DC
bushless motor. Ahmad Usman, from LUMS, and Professor
Tahir Izhar, from UET Lahore, present an article on the indirect
field oriented control of an induction-motor drive using z-source
inverter. Professor Laiq Khan, Sidra Mumtaz and Usman Ali from
the COMSATS Institute of Information Technology Abbottabad,
and Siddique Ali from UET Peshawar illustrate the effectiveness
of using artificial neural networks in predicting water inflow of
Tarbela reservoir for the better management of water resources.
Muhammad Waseem Younas and Professor Suhail A. Qureshi
present the usefulness of power system stabilizers and FACTS
controllers to increase the stability of a power system to avoid
its complete collapse or blackout. In another of his article Professor
Suhail A. Qureshi along with co authors Mohsin R. Khan, from Pakistan
WAPDA, and Farhan Mahmood, from UET Lahore, discusses the
restructuring of the Pakistan state-owned utility, WAPDA. An article on
the frequency synchronization algorithms of a MIMO-OFDM system has
been included in the issue as well.

We hope you will enjoy reading the articles.

The Editor

@




Design and Development of Permanent Magnet Machines with Saturating
Magnetic Bridges

M.H. Nagrial,

J. Rizk

and  A. Hellany

School of Engineering, University of Western Sydney,
NSW, Australia

Abstract

ermanent magnet (PM) machines are capable of
P high efficiency, high power density and extremely
wide power operating range. With these
characteristics there has been considerable interest in
applying them for motion control and robotic applications.
Due to their high efficiency, PM machines are ideal general
drives in many consumer goods to reduce energy
consumption and improve performance. This paper outlines
design, fabrication and simulation of interior permanent
magnet machines (IPM) with and without saturating
magnetic bridge. Based on the study, an IPM is fabricated,
tested and performance compared with an equivalent
induction motor. The design details of the fabricated IPM
machine are also given.

Keywords: PM machines, Finite element method, High
efficiency drives

I INTRODUCTION

Since the discovery of rare-earth permanent materials,
various kinds of PM motors and drive systems have been
proposed [1].  Eleetrical motors consume typical 60 — 80
percent of the electricity that is used in the commercial
sector. A motor consumes an annual quantity of electricity
that corresponds to approximately S times its purchase price,
throughout its life for about 12 to 20 years. This means that
in some cases 97 percent of the total motor cost is energy
cost [1-4]. In the last decade or so, the development of new
permanent magnet materials has been followed by a new
generation of permanent magnet machines that are superior
in performance compared with both induction and DC
motors. Permanent magnet materials have improved
dramatically over the last two decades. Moreover the cost of
permanent magnet materials has reduced dramatically over
the same period. Synchronous permanent magnet motors
represent viable alternatives to be the replacement for
induction motors due to their high eificiency but magnet
material limitations (performance and cost) have severely
restricted their use in the past [1-5].

The PM machines can be surface mounted or exterior PM
machines and interior or buried PM machines. PM machines
have been widely used in high performance applications for
accurate velocity and position controls. PM machines are
increasingly replacing induction machines in electric drive
applications due to their high efficiency, high torque/volume
ratio, high power factor and wide speed range. In buried or
interior PM machines the machine is robust, rugged and

well-suited for flux weakening control for a wide speed-
torque range, essential for many applications [2-12]. The
surface-mounted PM machine has magnets at the air gap
surface and is liable to damage at high speeds or even in the
assembly and fabrication process. The rotor structure for an
interior PM rotor will tend to have a smooth rotor design
similar to or better than induction machines. Thus windage
losses will be equal to or lower than those of conventional
induction machines. The interior permanent magnet
machines (IPM) are mechanically more robust in
comparison with surface magnet machines [6, 7]. Moreover
in the interior types, the magnets cannot be easily
demagnetized as in the case of surface magnet machines. An
IPM machine is rugged and well suited for flux-weakening
control over a wide-speed-torque range, essential for many
applications.  IPM configuration creates a number of
advantages, which is in effect a hybrid PM synchronous
reluctance machine. There is, however, a disadvantage with
IPM machine as the magnetic flux is short circuited in the
rotor between the permanents. The flux is essentially
leakage flux and does not cross the air gap and does not
contribute to torque production. A buried magnet inside the
rotor creates many advantages such as: protection from
demagnetization and eddy currents. In this paper, the design
of an interior permanent magnet machine with and without a
magnetic bridge is presented. The size of the bridge is
minimized by providing a non-magnetic hole in the rotor. If
the magnetic bridge is small then it will get saturated and
acts like an air gap. The stator employed is of an equivalent
induction motor, rated at the same power.

The interior magnet machines are analyzed using finite
element method [9]. The magnets, in the 4-pole interior
magnet machine, are separated by 4 cylindrical air gaps or
non-magnet materials to prevent the magnets from short
circuit and flux leakage. These ribs or magnetic bridges are
not desirable from magnetic point of view as they provide a
leakage path for magnetic flux. However they are essential
for mechanical strength. This paper studies the effect of
changing the size of the saturating rib or bridge on the
performance of interior permanent magnet motors. Figure [
shows a cross section of a 4-pole, IPM with iron bridge or
rib. The thickness of magnetic bridge can be reduced with
due consideration to mechanical strength. The thickness of
the bridge is a compromise between minimizing the leakage
flux and achieving strong construction against the
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centrifugal load at high speeds. It is made as thin as
possible, which still produces a rotor of sufficient
mechanical strength.

IL MODELING AND ANALYSIS

The cross section and the magnetic flux distribution of the
designed interior magnet machines are shown in figures
2(a)-2(d). The bridge is the part of the rotor in the buried or
interior magnet design that connects the iron parts on both
sides of the permanent magnets. Figure 2(a) shows IPM
configuration with saturating iron bridge or rib while figure
2(b) shows the configuration without iron bridge. The
thickness of the area, shown in figure 2(a) is varied in six
steps from Omm to 2.5mm. Normally these bridges are
saturated by leakage fluxes. The magnetic field analysis is
carried out using finite element analysis. The commercially
available software is used to model and simulate different
designs based on the existing 1.1 kW, 4-pole machine. The
design procedure typically proceeds as follows. Several
geometrical versions of the device are tried. For each
version, the objective functions are calculated and the
optimal version is selected. The rotor of this machine
consists of solid steel instead of laminations and contains
rectangular blocks of rare earth Neodymium-iron-Boron
(Nd-Fe-B) magnets.

A. Magnetic field distribution

Although acceptable and reasonably accurate results can
be achieved using analytical methods for the designs of
permanent magnet machines but finite element analysis is
much preferred and accurate. Finite element method is very
powerful to study the effects of various design dimensions,
magnet sizes, bridge thickness etc. In the present
investigation, six bridge thicknesses have been selected.
After all six models (configurations) have been solved; the
magnetic flux density distribution of the six designs is
computed. As expected, the bridge thickness results in more
leakage at the end of the magnets. But in the centre of the
pole the magnetic field is stronger. When looking at the
average value, it can be seen that it is a linear relation
between average field strength and bridge thickness.

Figure 1: Cross section of IPM machine (with iron bridge)

D

Figure 2 (a): Cross section of designed IPM
machine (with iron bridge)

Figure 2(b): Cross section of designed IPM
machine (without iron bridge)

Figure 2(c): Flux distribution (with iron bridge)




Figure 2(d): Flux distribution (without iron bridge)
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Figure 3: Magnetic Field Distribution

Modern finite element software is extremely robust and
accurate. It offers great advantage in the simplicity of
changing geometry of machine’s structure and the effects of
the modifications at different stages and with different
parameters. In the case of PM machines, FEM can be used
to study the influence of design parameters such as the
magnet length, the magnet width and the magnet position
within the rotor core on the performance of the machine.

Finite element method is used to compute the flux
distribution in the interior permanent magnet machine.
Figure 2 (c) shows the flux distribution with iron bridge of
2.5 mm thickness while figure 2 (d) shows the flux
distribution without an iron bridge. Further design studies
are carried out to find the flux distribution with various
thicknesses of iron bridge. The bridge thickness is reduced
in steps of 0.5 mm and the flux plots are computed. The
magnetic flux density distribution of the six designs is
shown in figure 3. As expected, the absence of the bridge
increases the flux density as leakage flux is minimized. But

a bridge is necessary for mechanical strength and ease of
manufacture.

Figure 4 shows variation of average air gap flux density
and bridge thickness. The efficiency and performance of a
PM machine is directly linked to_the magnetic field in the
air gap. The flux density increases as the bridge thickness is
reduced, as expected due to high leakage flux around the
magnet edges.

For a conservative electromagnetic field, the torque in a
rotary machine can be expressed as the derivative of
magnetic co-energy, with respect to angular displacement.
Usually the derivative is approximated by the change at
two incremental rotor positions. This method had the
disadvantage of increased calculation time, but with the use
of powerful computers it is not a serious disadvantage,
even for a model of 12 thousands nodes. The problem lies
in the selection of a suitable value of angular increment,
AB. If AB is too small, there will be a possibility for round-
off errors.

If AB is too large, the calculated torque value will no
longer be accurate for the specified position. Therefore, it is
essential that an appropriate value of A be chosen. Figure 5
shows the computed torque and its variation with rotor
angle at two values of magnetic bridge equal to 0 mm and
2.5 mm. As expected, the torque is not very smooth due to
existence of reluctance, magnetic and cogging torques.
Based on these calculations, the efficiency is also computed
and is shown in the following table 1.

TABLE 1
Efficiency and bridge thickness
Bridge Thickness Efficiency
0 mm 82 %
2.5 mm 73 %
B, Teslas
0700
0650
0600
o550
=050
0450
040 . ; : ; .
0 05 1 15 2 25
Bridge thickness, mm

e}




Figure 4: Average flux density vs bridge thickness
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Figure 5: Calculated torque and bridge size

IIL EXPERIMENTAL RESULTS

Based on modeling and simulation studies, a prototype
interior permanent magnet machine has been fabricated. The
rated power is 1.1 kW and the number of poles is 4. A series
of tests were performed to find various aspects of
performance.

The rotor of this machine (Fig. 6) consists of solid steel
instead of laminations and contains rectangular blocks of
rare earth Neodymium-Iron-Boron (Nd-Fe-B) magnets. The
fabricated rotor is shown in figure 7. The non-magnetic
hole in the rotor is provided with an iron bridge of 2.5 mm.
This bridge is removed and the rotor is converted to a design
without iron bridge or rib. As the rotor is mechanically
strengthened, the removal of ribs will not weaken the rotor.
The non -magnetic holes can also be filled with non-
magnetic conducting material. It can be inserted as nut/bolt
combination to further strengthen the rotor. The other design
data for the machine are as follows:

Stator inner diameter 72.0 mm

Core length 50.0 mm
Number of slots 24

Rotor outer diameter 71.4 mm

Air gap length 0.3 mm
Rated speed 3000 rpm
Magnet size 10x50x50 mm

Figure 6: Detailed drawing of the fabricated machine

Figure 7: Fabricated IPM rotor

The efficiency of the permanent magnet machine is
compared with the efficiency of the same size induction
machine, as shown in figure 8. Figure 9 shows the variation
of power factor of IPM and equivalent induction motor. An
interior permanent magnet machine is not only highly
efficient but has high power-to-volume ratio. It is clearly
shown that the performance of fabricated PM machine is
much superior to an equivalent induction motor.

Figure 8: Comparative efficiencies of IPM
and induction machines

Power factor
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Figure 9: Power factor against torqtie

Figure 10: 8-polar PM Machine with saturating bridges
a) Schematic diagram b) Fabricated PM machine

Another PM machine is designed and fabricated with 8-
poles for low speed generator application. This design is
based on an equivalent 5-kW induction machine though the
generator can produce rated power of 7.5 kW due to reduced
losses. Figure 10 (a) shows the schematic of 8-pole designed
machine with saturating bridges while figure 10 (b) shows
the fabricated PM machine.
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Figure 11: Cogging torque against rotor position

Another problem with PM machines is the existence of
cogging torque[13-16]. The magnets of the IPM machine
are embedded inside the rotor. The direct and quadrature
axes inductances are unequal and hence a reluctance and
magnetic torques are present. Thus an IPM machine
produces significant cogging torque, a major problem in

many applications. Cogging torque is produced by the
interaction between the permanent magnets in the rotor and
the stator teeth [13]. There are various methods, employed
to reduce cogging torque either through design or some
control methods [14-16]). Such methods result in complex
design configurations. The cogging torque is additional load
torque which needs to be overcome in addition to other loss
torques. Finite element method is an excellent tool to
determine the cogging torque in electrical machines. The
cogging torque characteristics are determined when only the
magnet in the rotor excites the motor. In the present
configuration, it is repeated every fifteen degrees due to the
number of slots. The cogging torque is measured
experimentally. Figure 1lshows the comparison  of
computed and experimental cogging torque as function of
rotor angle. The experimental cogging torque has close
agreement with computed values.

Iv. CONCLUSIONS

This paper has outlined the design details, analysis and
performance of an interior permanent magnet (IPM)
machine with and without saturating magnetic ribs or
bridges. The results from the simulations show that the
bridge thickness affects the magnetic field strength, torque
and efficiency of the motor. It is common for motor
manufactures to use the same cross section of a motor, but
different lengths for different power output. Finite element
method is employed to compute various magnetic quantities
and performance characteristics. The performance is
compared with an equivalent induction motor and IPM has
higher efficiency, even though IPM employs a saturating
magnetic bridge. The design details of the fabricated
machines, are also given.
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ANN Based Water Inflow Forecasting of Terbela Reservoir, Pakistan
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Abstract
t _’ 'he water flow in a reservior is a complex natural

phenomenon. Accurate prediction of the water level

in a reservoir is quite important for management of
water resources, as well as, to overcome the energy crisis
and save form flood. This paper presents water inflow
forecasting of Terbela reservoir, Pakistan, using Artificial
Neural Network Multilayer Perceptron ANN (MLP). The
prediction  results reveal the accuracy and rigorous
performance of the ANN (MLP). Thus, ANN is an effective
tool for water inflow forecasting of reservoir.

Keywords—water  Inflow, Forecasting, Reservoir
management, Artificial neural network, MLP analysis.

I INTRODUCTION

Reservoirs play very important role in the economy of a
country. Future reservoir inflow helps in making efficient
operating decisions. To predict the future energy crises,
floods, and the management of water resources, the optimal
operation of a reservoir is very important. Forecasting is a
very important tool for day to day operations. Recently,
several techniques have been used in different parts of the
world for forecasting to overcome these problems and the
proper management of water resources.

The Amir Kabir Dam, Tehran, is forecasted using
Regression, ARIMA and ANN models to predict inflow to
the Karaj reservoir [1]. The Shihmen reservoir, Taiwan, is
forecasted using ANFIS model to construct 1-3 hours ahead
water level forecasting system to insure reservoir safety,
minimizing the damage resulting from a natural disaster and
sufficiently make use of available water resources [2]. The
Doroudzan Dam, Iran, has been forecasted using ANN to
overcome energy crisis and prevent from natural disasters in
Iran [3]. Aswan high Dam, Egypt, is considered most
important for hydraulic structure and for irrigation is
forecasted by using different methods, which include, ANN
(MLP), ANFIS and RBENN [4-5]. The Daecheong Dam,
korea, forecasts the monthly inflow using ensemble stream
flow prediction (ESP) system to fulfill their country’s
requirement [6].

Aside form reservoir inflow forecasting, ANN is also used
in predicting wind turbine power generation utilizing wind
speed data [7-8]. Also, ANN proves its capability in
forecasting temperature using the maximum, minimum and
average temperature of the day and differences among the

present day up to a week ago as inputs [9]. Moreover, ANN
is also used for load forecasting [ 10-12].

The ANN approach is based on highly interconnected
structure of brain cells is a powerful method for handling
nonlinear complex phenomenon. Early work in ANN
technology is done by Rosenblatt (1962) on the perceptron
[11]. Since 1986, the variety of ANNs is rapidly expanded,
approximately 50 different ANN types exist [12-14]. ANN
back propagation is the most commonly used training
algorithm and it is generalization of Widrow-Hoff rule [15].

Energy is essential for the economic growth of any country
and the prime movers of human life. Pakistan is in the grip
of a serious energy crisis that affect all sectors of the
economy and various segments of the society. The
electricity demand forecast in Pakistan from year 2009 to
2030 is 17008MW to 106565MW, respectively, with a
average growth rate is expected to be 8% as shown in Fig. 1.

Fig. 1. Electricity demand forecast from year 2009 to 2030
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Irrigated agriculture is the backbone of Pakistan’s economy.
It is estimated that up to 90% of Pakistan’s agriculture
depends on irrigation (World Bank, 1992). Water
availability is plummeted from about 5,000 m® per capita in
the early 1950s to less than 1,500 m’ per capita today.
Pakistan is expected to become “‘water-scarce” (below 1.000
m’ per capita) by 2035 [16].

Flood is a major problem in Pakistan and is most extensive
and damaging in Indus plain. Flood results in loss of life and
substantial damage to property, infrastructure and
agriculture. The 2010 Pakistan flood affected approximately
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one-fifth of Pakistan total land area and about 20 million
people.

This paper demonstrates the use of ANN MLP to predict the
water inflow a day, a week and a month ahead to overcome
these -problems. The context of this paper is organized in
five main sections. The description of the case study is
introduced in section 2. The proposed algorithm is discussed
in section 3. Preprocessing of actual data, training and
testing pair are described in section 4. Results are presented
in section 5. Finally, some concluding remarks are presented
in section 6.

1I. CASE STUDY (Terbela Reservoir)

To illustrate the performance of the ANN (MLP) forecasting
model, the Tarbela reservoir, Pakistan, is used (Fig. 2).
Tarbela reservoir is situated on the Indus river and located
50 kilometers northwest of Islamabad in the haripur district.
The reservoir operates for multiple purposes such as
irrigation, flood control and hydropower generation. The
dam has a volume of 138,600,000 cubic yards (106,000,000
m?), with a reservoir capacity of 11,098,000 acre feet (13.69
km?). The high water level of Tarbela reservoir is at 1550
feet. The dam is 469 feet (143 m) high and 8,997 feet (2,743
m) wide at its crest. It helps to maintain the flow of the
Indus during seasonal fluctuations. There are five
monitoring water level gauge stations, above the Tarbela
reservoir (Fig. 3 and Table 1).

o OSTR

e A

Fig. 2. Tarbela Resvoir.

Fig. 3. Tarbela Gauge Stations.

Gauge station | Location*

Daggar Near swat 60 miles away
Islamabad

Phulra 95 km away from Islamabad

Besham 272 km away Islamabad

Bunji Near gilgit, 560km away
Islamabad

Sakrdu 793 km away Islamabad

Table 1. Five gauge stations above Tarbela Reservoir

The data of reservoir inflow is obtained from the hydrology
department Tarbela authority. Five years data on hourly
basis from 2006 to 2010 is used. As Tarbela reservoir
depends on the snow melting in summer, o, it is found that
90 percent of the reservoir inflow occurs between June to
August, prediction of the inflow in this season is very
important for the reservoir operation (Fig. 4).

7
x 10

Inflow (CFS)

e, i )
Fig. 4. Average Inflow of Tarbela reservoir.

IIl. ANN (MLP) MODEL FOR FORECASTING
INLFOW

The ANN (MLP) back propagation is the most popular
network architecture used to solve complex non-linear
problems. Neurons are information processing elements
arranged in parallel for performing computational tasks
rather than serial. Fig. 5, shows the model of forecasting
inflow. The number of nodes in the input and output layer is
determined by the number of model inputs and outputs
respectively. In this case there is only one output that is the
forecasted inflow. The number of nodes in the hidden layer
starts with minimum and increases gradually until the
performance of the network doesn’t improve, and thus result
in an optimal number of nodes in the hidden layer. The
mathematical model-for the forecasting inflow is shown in
eqn. 1.




y(t) = f((pre _day, pre _ week , pre _ month ))

(€]

Where, pre_day,
pre _week and pre_month are the inputs to ANN.

y(t)is the forecasted output.

Fig. 5. Model of furecasting inflow.
A. Training the ANN (MLP) model

The MLP model is trained using back propagation
algorithm, which is also known as Levenberg-Marquardt
back propagation training algorithm. Back propagation
algorithm has the following steps.
L. Initialize all the weights w, with small random
values.

2. Select a training pair from the training set.

3. Apply the input vector x, =[x|, g oy W ]T to
the network.
4. Calculate the network output y using eqn. 2,
n
Y= xw @
i=1
5. Apply the activation @, which is here a logistic
function.
B(y).= 1 ©)
1+e™®

6. Calculate the square error E , the difference between
network output y and desired output 7, according to
eqn. 4,

El=(,-y) @)

7. Adjust the weights of output and hidden neuron using
gradient descent algorithm. Eqn. 5 is used to update the
output neuron weights i.e., the change in each weight

vector component proportional to the negative of its
gradient. 3

2
Aw, =-K aE
ow,

i

(5)

Where, K is the proportionality constant. The network is
trained when a minimum mean square error is achieved.

8. Repeat steps 4 — 8 for each pair of input-output pairs
in the training set until the error for the entire system is
acceptably low, or the pre-defined number of iterations
is reached.

IV.  PREPROCESSING ACTUAL INFLOW DATA

Different normalization methods are applied on input data to
generate a better modeling, which removes the complexity
of the system. Three normalization methods are used
namely, Min-Max normalization, sigmoidal normalization
and Zscore normalization.

1. Min-Max normalization is a linear scaling
algorithm. It transforms the original input range
into a new range (0-1) by using eqn. 6.

—min ; :
v, =fLea 2 (max,—min, )+min, (6
max, —min,

Where, y,,, is the new value, y,, is the old
value, min,;and max, are the minimum and
maximum of the original data range and min,and

max, are the minimum and maximum of new data
range. The min-max normalization is the linear
transformation and it preserves all relationships of
data values exactly.

2. In Zscore normalization the new input data is
converted into zero mean and unit variance. For the
case that the actual minimums and maximums of
the input variables are unknown, the Zscore
normalization can be used. The eqn. 7 of zscore
normalization is shown below.

ol fTREM

new = 7
& std

Where, y,, is the original value y, . is the new

value, mean and sfd is the mean and standard
deviation of data range respectively.

3. In sigmoidal normalization the original data input

is converted into a new range of data set (-1,1)
using a sigmoid function as shown in eqn. 8.
1-e™
y”L’W == 1+e—a (8)

as




Where,
= Yo = MEGR
std

The sigmoidal normalization is an appropriate approach for
the large outlier’s data range.

o (©)]

The specific inflow at a given hour does not simply depend
upon its previous hour load, but is also based upon the
actual load at the same hour of previous day, week as well
as month. So, this technical data was further utilized for the
training and testing purposes of ANN (MLP) model after
normalization.

A. Training and testing

The training of ANN (MLP) model consisted of a large
dataset of five years of reservoir inflow. Four year inflow
data from 2006 to 2009 is used for training the ANN (MLP).
As far as testing scenario is concerned, it is based upon one
complete year out of total five years data patterns.

B. Post-testing Performance Parameters

The testing results are analyzed using different parameters
to check the model’s accuracy, several criteria namely
correlation coefficient, root mean square error, mean
absolute error, mean absolute percentage error, root mean
square percentage error, theil u-statistics, ratio square error
and normalize mean square error, are used and shown
below.

1. Correlation coefficient (R) Pearson’s correlation

coefficient indicates the strength or relationship
between the forecasted and observed water inflow
giving a scatter plot by a linear relationship. R=1
shows the best relationship.

> o -7 o -7)

R=—£ (10)

Y, “1, Fo=5F

i=1

2. Mean square error (MSE ) Mean square error is a

good measure for forecast accuracy. MSE is
calculated by using eqn. 11.

MSE=2Y(y-1,)"
n

=1

3. Root mean square error (RMSE). It is the
measure of the differences between values
predicted by a ANN and the values actually
observed.

RMSE is a good measure of accuracy, it is ideal if

it is small. Equal to zero represents perfect fit and
is calculated by using eqn. 12.

- ( = )0.5
RMSE=[Z—y————} (12)
n

i=1

4. Mean absolute error (MAE ) The MAE
calculates the average magnitude of the errors in a
set of forecasts. Lower the value of MAE shows
better results.

ikly 1|
MAE = ———l (13)
e
5. Mean absolute percentage error (MAPE). It is
the average of absolute percentage amount by
which forecasts differ from outcomes. This
performance index is calculated by using eqn. 14.

MAPE=li ‘y—_tixloo} (14)
niz

ar

6. Theil’s u-statistics (U ) U is bound between 0
and 1, with values closer to zero indicating greater

forecasting accuracy.
z 2
RO -1.)°
i=l
n 5 n 3
>y
i=1 i=1

7. Root mean square percentage error (RMSPE ) is
calculated by using eqn. 16.

=

15)

0.5
- S
RMSPE = lz[l—”] X100 (16)

n i 1

8. Normalized mean square error (NMSE )

Z"j(y—t,,,)2

NMSE = —= an

n

Dyt L

Whereas, y represents forecasted output and 7, represents
actual output.

Y. RESULTS
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Fig. 6. shows patterns of hourly mean inflow for year 2006-
2010. Rise and fall of the hydrograph is due to the rainfall
contributing period. The water inflow increases during the
months of April to September due to snow melting.
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Fig. 6. Hourly mean inflow.

It is observed that the ANN (MLP) provides quite
satisfactory estimations. Figs. 7(a), 8(a) and 9(a) shows the
results of actual and forecasted output by Min-Max, Zscore
and Sigmoidal normalization respectively, which show very
accurate results. The horizontal axis represents the number
of days which consists of 1581 days taken from year Jan,
2006 to April, 2010. Figs. 7(b), 8(b) and 9(b) show the
results of correlation between the actual and forecasted
inflow, which are quite adequate. In all normalization
methods, the value of correlation is very high approximately
R = 1, which shows a best fit. Moreover, to check the
network accuracy different performance criteria are used,
which show a satisfactory results. Figs. 7(c), 8(c) and 9(c)
Show the bar plot of performance indices using, Min-Max,
Zscore and Sigmoidal normalization respectively.

Table 2, presents a comparison of results with all
normalization methods. For all normalization methods, there
are 3 input neurons (previous day, previous week and
previous month), 5 hidden layer neurons and 1 output
neuron is used. The value of correlation indicates the high
accuracy of selected forecaster for reservoir inflow.

Performance indices mentioned in table 2 present the
accuracy of ANN (MLP). Specially, Min Max normalization
gives quite satisfactory value of each error. Overall, the Min
Max normalization appears more effective for both low and
peak flow forecasting. This indicates that ANN (MLP)-Min
Max normalization is more suitable for modeling a time-
varying process such as the hydrology of high and low
events. In general, all the normalization methods are better
for reservoir inflow prediction.
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Fig. 6(b). Correlation factor through Min-Max
normalization.
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Fig. 6(c). Performance indices through Min-Max
normalization.







