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ABSTRACT

This paper describes a newly modified wind turbine ventilator that can achieve highly efficient
ventilation. The new modification on the conventional wind turbine ventilator system may be
achieved by adding a Savonius wind turbine above the conventional turbine to make it work
more efficiently and help spinning faster. Three models of the Savonius wind turbine with 2, 3,
and 4 blades' semicircular arcs are proposed to be placed above the conventional turbine of wind
ventilator to build a hybrid ventilation turbine. A prototype of room model has been constructed
and the hybrid turbine is placed on the head of the room roof. Performance's tests for the hybrid
turbine with a different number of blades and different values of wind speeds have been
conducted. The experimental test results show that the performance of the improved ventilation
turbine with three blades is the best. It is found that the maximum rotation speed of the improved
turbine is 107rpm, while the air flow rate is 0.0103m*/s and the air change rate per hour is
32.67hr?, at a wind speed of 3m/s. The proposed design has been achieved an increase in the
turbine rotational speed, increase of the extraction rate of the indoor air and the air-changes per
hour, provided the requisite ventilation and improved the quality of the indoor air.

Keywords: hybrid turbine ventilator, Savonius wind turbine, airflow ventilation, air change rate
per hour.
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1. INTRODUCTION

Wind turbine ventilators are those ventilators powered by a wind to create effective
ventilation for different attic places. These turbines operate on wind assisted ventilation. The
turbine ventilators are round metal vents with blades in them. Even just a little bit of wind can be
just enough for the turbo ventilator to rotate. The faster the wind, the faster the turbine will rotate
and exhaust the heat, smoke, fumes, humidity, etc. The wind turbine ventilators have been vastly
used for many years in residential, agricultural crops drying, industrial buildings, sports halls,
and warehouses. The development of ventilation systems by using wind ventilation turbine must
take into account the airflow cross-sectional area which is pre-designed in the building roof to
increase the speed of the air extraction rate and improve the internal environment.

Up to now, a few studies have been done on the application of hybrid design in ventilation
systems, especially the turbine ventilation. Because ventilation turbines are the most commonly
used systems in the renewable energies sector, any attempt for improving the rate of energy
harvest seems very attractive.

No external conventional energy is required for the ventilation turbine since it works by natural
wind. This turbine had been originally patented by, Meadows, 1932, as one type of rooftop turbo
ventilator. Dale, and Ackerman, 1993, observed that speed and direction of wind had some
effects on the mass flow rate of the turbo ventilator. West, 2001, studied the effect of blade
height on the turbine ventilator performance. Long Volume Turbines (LVTs) were considered
for an experimental study. The experimental studies also had been carried out by adding an
extractor air fan placed on the bottom of the turbine ventilator shaft. This method produced a
good mass air flow rate. It can conclude that this addition sized 360 mm and 500 mm does not
give percipient variations in the mass air flow rate produced. For designing and developing any
new model for the turbo ventilator, constructive factors were studied by, Lai, 2003.
Measurements of air extraction characteristics of 4 wind influenced ventilators had been
presented by, Revel, and Huynh, 2004. They compared the extraction performances of roof-
mounted ventilators with data obtained from tests based on an Australian/New Zealand Standard.
The results show that a single performance curve (embodying air extraction rates, wind speeds,
throat size and pressure differentials across the devices) characterizes each ventilator. Kuo, and

Lai, 2005, had enhanced the ventilation in bathrooms by providing a large turbo ventilator. The
results indicated that the turbo ventilator did significant improvements in the ventilation rate and
the induced negative pressure helped to reduce odors and moisture in the room. Lai, 2006,
proposed adding a small DC fan placed in the base air duct supplied with PV solar cells to the
conventional turbine air ventilator to effectively enhance the rate of ventilation at lower wind
speeds. The performance of a hybrid turbine ventilator had been investigated by, Ismail, and
Rahman, 2010, for Malaysian climate conditions. The turbo ventilators were provided with an
opening on the top (80mm) and solar powered extracted fan at the bottom levels. The inner duct
of diameter 200mm was fitted inside the turbo ventilator. It was observed that indoor air
temperature had been dropdown by 0.70°C and humidity by 1.7%. Three different kinds of the
turbine ventilator were proposed by, Nguyen, et al., 2012. The first kind, fans had mounted at
the bottom of the turbine shaft. The second kind used the gear system to increase the rotational
speed of the shaft. While the third kind, the existing turbine ventilator was modified by providing
extracted fan at the bottom of the turbine as well as putting a set of propeller on the top. The last
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one had been marked to be the best design which gave an additional rotational speed and
extraction of hot air which caused a better thermal comfort.

1.1 Comparison with the literature

Several studies were carried out for enhancing the performance of the conventional wind
turbine ventilator via changing its configurations, like the turbine diameter, turbine height,
forming the blade shape (curved or straight vane), and air duct diameter. On the other side, other
studies had been implemented to improve the wind turbine ventilator which depends in its work
on the wind motion by making some modifications on various hybrid turbine ventilators to
improve their performance. There were three samples for these ventilators in the literature which
depended on the wind energy or any source of the renewable energy. Table 1 demonstrates the
comparison of three samples in the literature with the present study.

The addition of the Savonius wind turbine is proposed in this paper for some reasons: it's being
one of the vertical axis wind turbines; its pivot is superposing with the wind turbine ventilator
axis, it is simple to be assembled with the ventilator, it occupies very small place as compared
with the other vertical axis wind turbines, and it has a lightweight, which does not cause any
valuable vertical force may apply on the turbine rotation axis as brake force which may cause
stopping the rotation of the wind turbine ventilator.
The acceptability degree of the proposed addition of the Savonius wind turbine in achieving an
increase in the air extraction rate was accompanied by some advantages and disadvantages:
- The advantages are:

1- Utilizes a renewable energy.
2- Operates at low wind speed rates.
3- Has high flow rate.
4- Utilizes one high-quality air duct for high air flow rate, equivalent to two ducts.
5- Simple installation.
6- Can deal with the wind with any direction, so there is no need to redirect the turbine to the
wind.

- The disadvantages:
1- The turbine air flow rate specifically depends on the wind strength.
2- Has elevated initial cost.

The aim of this work is proposing a hybrid turbine design as a new ventilation turbine to
enhance the performance of the wind ventilation by using more swept area. This is done by
adding a Savonius wind turbine, which has two, three, or four blades. The new modification on
the conventional wind turbine ventilator is employed to produce the hybrid turbine ventilator
with higher air quality and comfort and minimum negative impact on the environment. This
configuration opens new horizons towards the renewable energy.

2. EXPERIMENTAL SETUP

A practical test is conducted on the improved wind ventilation turbine which is constructed from
steel with the following dimensions (width = 25cm, height = 18 cm, throat = 13 cm). The
conventional turbine has 13 blades curved as demonstrated in Fig. 1.

The turbine is installed at the top of the roof of the modeled testing room. The room is shown in
Fig. 2 and has been built with dimensions (1.5 x 0.87 x 0.87) m°. It is consisted of base and
frame structure, makeup of different materials; iron sheets and thermal insulation, having slots
for air entry at the lower side and air exit slot at the top of the attic of test room at which the
hybrid ventilation turbine is installed.
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Fig. 3 shows the several shapes for the proposed models of the Savonius wind turbine used in
this work with two, three and four blades. Each blade has a semi-circular shape of a plastic tube
with a diameter of 10cm and height 14cm. These blades have been installed on a steel circular
plate with a diameter of 22 cm. The swept area of the Savonius wind turbine is (14x20) cm?.

3. EXPERIMENTAL PROCEDURE

A series of experimental tests have been carried out using variable speed air fan, with five
different speeds (1.6, 1.9, 2.3, 2.7, and 3) m/s, projected on the hybrid ventilation turbine which
have been installed inside an enclosed space, so that it is not affected by the external winds as
shown in Fig. 4.

Four test cases for the ventilation turbine models are proposed to be experimentally carried out,
the first one is the conventional model of the turbine wind ventilator and the rest three models
are for the modified hybrid turbine with two blades, three blades, and four blades as shown in
Fig. 5.

The procedures in this paper are achieved according to the following steps:

1- Running the electric fan and directing it toward ventilation turbine blades approximately
at a one-meter distance far from the turbine in the first model.

2- Measuring the first airspeed at a point very close to the turbine is measured by using an
Anemometer. It is found (1.6 m/s).

3- Measuring and recording the rotational speed of the turbine in rpm by using a Digital
Tachometer.

4- After that, the airspeed passing through the circular mouth exit located below the turbine
is measured by using an Anemometer.

5- Repeat the steps (1-4) with other different speeds (1.9, 2.3, 2.7, and 3) m/s.

6- Installation the first additional Savonius wind turbine with two blades on its circular plate
above the traditional ventilation turbine on the same axis of rotation via using screws and
nut in order to produce the hybrid turbine.

7- Repeating same previous steps (1-5) on the hybrid turbine with two blades.

8- Repeating the same above scenario on the hybrid turbine with three and then four blades,
respectively.

4. DATA REDUCTION

Fig. 6 shows the method of measuring the pressure difference between two points inside the
model room based on the principle of Bernoulli's equation. The first point "1" is located below
the throat slot with 50cm distance and the second point "2" is located directly under the throat of
the turbine (circular mouth exit of air). The differential pressure can be calculated as follows,
Wylie, et al., 1993.

1
Ap =-p(i —vi) + gp(Zz — Z1) (1)

Where: v, = 0 is assumed as the static air speed inside the room, v, is the air speed outside the
room measured at the throat, g = 9.81 m/s? is the ground acceleration, p = 1.2Kg/m3 is the
air density, Z; = 0m, Z, = 0.5m, where (Z,-Z;) is the elevation difference in (m), P, = P, — Ap
kN/m?. P; = 101.25 kN/m? is the atmospheric pressure. VVolume flow rate Q (drainage) can be
calculated as: Q = A; * v,, where: A; = %dz is the cross sectional area of the throat, d is the

diameter of throat, and v; is the air speed outside the room.
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The power transmitted to the fluid by the ventilator can be calculated according to the following
equation, Edwards, 2005.

Pp=Qx*P, )

The value of the wind flow coefficient can be obtained as follows, Revel, and Huynh, 2004.

Cr === ©)

Uy

Where u,, is the wind speed acting on the hybrid turbine ventilator.
The air change rate per hour can be expressed by, Bearg, 1993.

#3600

ACR = 4)

VR
Where:Vg = 1.135m? is the volume of the room model with dimensions of (1.5x0.87x0.87) m®.
The turbine torque is defined as an influential force tangent to the rotary blade, which may be
given as follows:

T=I«a (5)

Where 1 is the rotor moment of inertia and « is the rotor angular acceleration. o is calculated as
follows:

a= 2L (6)

Where w; and w, are initial and final angular velocities, respectively, and w; = 0, and 7 is the
time period.

The moment of inertia could be considered as the (stored energy estimator in the rotating shaft or
the amount of energy that will speed up the shaft to a certain speed, and this is called the second
moment of area or moment of inertia) and might be expressed as, Jha, 2010.

dl =r? x dm (7)

Where: r = the radius of blades arc in m (the distance of the infinitesimal element of mass from
the origin) = dxcos®, and dm = pxHxtxdxcos@*xd® is the infinitesimal element of mass in kg,
where, t is the blade thickness in m.

The moment of inertia for the semi-circular shape of the blade shown in Fig. 7 might be obtained
using the following equation:

I, = [r*dm (8)
Therefore, the moment of inertia of the blade (l,1) becomes as follows:

Ib1= fn:/z

o PpHtd*cos®®dd=pHtd? f:/z cos3ddd ©)
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I

b1=2m.d? f”/z 053 dD = m.d?
4 0 3n

Where: m = gp.H. t.d (kg)

Thus, the moment of inertia of the Savonius wind turbine with two, three and four blades cases,
respectively, becomes:

R 2 - 2 _ 16 2
I, = - m.d*, I3, = 7Tm.d and I, = - m.d

So, the total moment of inertia for the hybrid turbine ventilator is being equal to:
I=1,+1,+ Ip, (10)

Where, I, is the two, three, or four blades moment of inertia, I, is the end plates moment of
inertia and I+, is the hybrid turbine ventilation moment of inertia.

S. RESULTS AND DISCUSSION

5.1 Rotational speed

The rotational speed of the turbine ventilator is increased with the wind speed increase, also
increased by adding the blades as compared with the traditional turbine ventilator (without
adding blades) at certain wind speed conditions as shown in Fig. 8. From the curves, it can be
seen that the rotational speed of the hybrid ventilation turbine with three blades is the highest up
to 107 rpm at wind speed condition 3m/s. Adding additional blades to drive the wind turbine
ventilator gives higher rotation speed.

5.2  Air extraction speed

Fig. 9 shows the air extracted speeds versus the wind speed for different model types of the
turbine. The figure shows that the extracted airspeed is increased with the wind speed increase
for the turbine ventilator without and with the addition of the blades. Also, it can be noticed that
the maximum air extracted speed has been obtained when using three blades with the ventilator
turbine as compared with other cases.

5.3 Air flow rate

It can be shown from Fig. 10 that the air flow rate (Q) passing through the circular mouth entry
at the top of the room model increases with the increase of the wind speed. Also, the addition of
blades to the conventional turbine model causes an increase in the air flow rate. Using three
blades produces a greater air flow rate than other turbine cases.

5.4 Power transmitted to the air

Fig. 11 shows the increase in the power transmitted to the air resulting from the turbine
ventilator with the wind speed increase. Also, it can be concluded that the power transmitted of
the extracted air increases with the increase of the number of blades added to the conventional
turbine at certain values of wind speed. The highest power transmitted to the air is 0.987 kW at 3
m/s wind speed in the case of three blades.
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5.5 Air flow coefficient
Fig. 12 shows the increase in the air flow coefficient (Cs) with the increase of the wind speed.
The figure shows that the airflow coefficient for the hybrid model with three blades has the
highest value as compared with the conventional turbine and the modified hybrid turbine with
another number of blades.

5.6 Air change rate per hour (ACR)

The air change rate per hour (ACR) increases with the increase of the wind speed as shown in
Fig. 13. Also, the ACR for the modified hybrid turbine with three blades increases with the
highest value compared with other cases. It is observed that the biggest ACR reaches to 32 times
for the hybrid turbine containing three blades as compared with other types. The maximum ACR
is 32.67 1/hr at 3 m/s wind speed.

5.7 Pressure differences

Fig. 14 shows the relationship between the pressure differences inside the room with the wind
speed. Increasing the air wind speed will increase the air movement inside the room, resulting
disturbance in the pressure and thus the pressure difference increases. On the other side, the
pressure difference increases too with adding the blades as compared with the conventional
turbine ventilator at certain wind speed conditions. It is found that the hybrid model with three
blades is the best one.

6. CONCLUSIONS

1- The measured and calculated results have proved that the improved hybrid ventilation
turbine which consisting of the turbine ventilator combined with the Savonius wind
turbine with three blades as compared with the conventional turbine and the modified
hybrid turbine with two or four blades. This is because that the values of the angles
between the three blades with 120" will decrease the drag surfaces against the wind air
flow of convex blade when the wind direction is perpendicular to the surface of the
concave blade. This will cause a decrease in the reverse torque and increase in the net
torque.

2- The Savonius wind turbine with two or four blades has the lowest performance than with
three blades because, the position of the concave blades is opposite to that of the convex
blades which produce two opposing forces, increases the reverse torque and drops the net
turning moment (torque).

3- In this paper, only one pre-designed duct in the room model is used with the increase in
the air flow rate exit from that duct instead of utilizing several ducts and another wind
turbine ventilator, therefore this contribution acts as a relatively low-cost design.

4- Because of the location of the wind turbine ventilator at the top of the roof, it is possible
to put additional turbine blades on it to acquire an increase in the swept area of the wind
without any obstruction.

5- The proposed hybrid wind turbine needs less wind speed to spin than the conventional
wind turbine ventilator because of the addition of the Savonius wind turbine which
operates at low wind speed conditions.
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NOMENCLATURE

w1 = Initial angular velocity, 1/s.

w,, = final angular velocity, 1/s.

A= swept area, m-.

ACR= air change rate per hour, 1/hr.
A= cross-sectional area of throat, m>.

C¢= flow coefficient for a particular wind speed, dimensionless.
d ven:= diameter of turbine wind ventilator, m.

h venc= height of turbine wind ventilator, m.

I= rotor moment of inertia, kg.m?.

I,=two, three, or four blades moment of inertia, kg. m?2.
l,= end plates moment of inertia, kg. m.

IT,= hybrid ventilation turbine moment of inertia, kg. m?.
P= air pressure inside the room, kN/m?.

Ps= power transmitted to the fluid by the ventilator, Watt.
Q= air flow rate through ventilator, m*/s.

t vent= throat of turbine wind ventilator, m.
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t= blade thickness, m.

Uw= wind speed acting on hybrid turbine ventilator, m/s.
Vr= volume of the model room, m®.

W vent= Width of turbine wind ventilator, m.

Z= elevation, m.

AP= drop of pressure inside the room, kN/m?.

7= time, sec.

v1= speed of the air inside the room, m/s.
v,= speed of the air outside the room, m/s.
g= ground acceleration, m/s?.

a= rotor angular acceleration, 1/s%.

p= air density, kg/m®.

Journal of Engineering

Table 1. Configurations description of the Hybrid turbine ventilators in the literature.

Configuration Description References
Using an inner The_ existe_nce of inter_nal_ vane does not give ir_nportantly _
variances in the ventilating rate produced. This method Lai (2003)
vane : AR
causes an obstruction to the air exiting from the duct.
The combination with the extractor air fan might guarantee
its harmony and produces much more ventilation rate.
Using Howg\_/er, This methpd of_ventilation is perfect only in th_e Lai (2006),
condition of weak wind with speed not exceeds 5m/s. This | Ismail & Abdul

extractor fan

ventilator configuration depended upon the fan's work only,
as well as on the solar energy which is just obtainable from
sunlight through the daytime.

Rahman (2010)

Other
additions

Integration with other extensions (using a fan at the bottom
of the turbine shaft, the gear system and set of the propeller
on the top) might give an additional rotational speed and
good extraction of the air. All these additions were complex
in the installation process and high cost.

Nguyen et al,
(2012)

: | = » |
& ' ———— )\\)
\
|\ —
|<————- —>|

Figure 1. Conventional wind turbine ventilator.
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Figure 2. Structure of the room model.
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Figure 4. Schematic drawing & experimental rig for the hybrid turbine ventilator.
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Figure 5. The three proposed models of the hybrid turbine ventilator.
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Figure 6. Schematic diagram of the experimental test rig.
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Figure 7. Semi-circular shape schematic for a moment of inertia calculation.
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Figure 8. Turbine rotational speed versus wind speed.
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Figure 9. Air extraction speed versus wind speed.
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Figure 10. Airflow rate versus wind speed.
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Figure 11. Power transmitted to the air versus wind speed.
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Figure 13. Air change rate per hour versus wind speed.
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Figure 14. Pressure differences versus wind speed.
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Synchronous Buck Converter with Perturb and Observe Maximum Power
Point Tracking Implemented on a Low-Cost Arduino-microcontroller
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ABSTRACT

M aximum power point tracking (MPPT) is used in photovoltaic (PV) systems to enhance
efficiency and maximize the output power of PV module, regardless the variation of temperature,
irradiation, and the electrical characteristics of the load. A new MPPT system has been presented
in this research, consisting of a synchronous DC-DC step-down Buck converter controlled by an
Arduino microcontroller based unit. The MPPT process with Perturb and Observe method is
performed with a DC-DC converter circuit to overcome the problem of voltage mismatch
between the PV modules and the loads. The proposing system has high efficiency, lower cost
and can be easily modified to handle more energy sources. The test results indicate that the use
of the proposed MPPT control with the designed synchronous Buck converter increases the PV
output power; hence increases the overall solar system efficiency. The synchronous Buck
converter test results used in this design showed high converter efficiency up to 95% of the
power produced from the solar module, leading to reduce power loss caused by the power
transfer process from PV module to the loads.

Keywords: photovoltaic MPP system, P&O algorithm, DC-DC converter, Arduino
microcontroller.
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1. INTRODUCTION

Nowadays the photovoltaic power systems are one of the fastest-growing renewable energy
technologies, providing more secure power sources and pollution free electric supplies.
Unfortunately, PV systems have its own problems, besides the high fabrication cost, the energy
conversion efficiency not exceeds 30%.Because the output power of PV modules severely
affected by irradiance levels. Another limitation is the electricity produced from PV system is
expensive competed to the electricity from the utility grid. Therefore, the use of PV system and
make it operate at maximum output power in any environmental conditions is desired, Dinger,
and Meral, 2009.

A typical PV solar system has a current-voltage (I-V) characteristic curves under constant
uniform irradiance similar to that presented in Fig.1. The operation point of the system is at the
intersection of the I-V curve and load line, there is one unique point at the knee of the curve
known as maximum power point (MPP). At the MPP the PV system operates at the maximum
power. When a PV system is directly connected to a load, the photovoltaic system operations
point is not at MPP most of the time. The problem is overcome by using an MPPT technique that
use algorithm maintains the PV system operating point at the MPP. Many MPPT methods have
been proposed in the literature each has it is pros and cons and differed in complexity, cost,
tracking speed, and another aspect. These methods use different solar panels characteristics and
the location of the MPP, including perturb-and-observe method, open- and short-circuit method,
incremental conductance algorithm, fuzzy logic and artificial neural network, Hohm, and Ropp,
2003.

An MPPT system is used to extract the maximum power from the PV module. A prototype
design has been developed, using one of the famous switch mode power converters named
synchronous buck converter. Step-down DC-DC converter acts as an interface between the PV
module and load to transfer the maximum power of the photovoltaic system to the load.
Maximum power is transferred by changing the load impedance as seen by the source and
matching it at the peak power of it when the duty cycle is varied. In order to maintain PV
module’s operating at its MPP, different MPPT methods are studied. In the literature, many
MPPT methods are proposed such as the perturb and observe (P&O) method, incremental
Conductance(IC) method, Fuzzy Logic Method etc., Morales, 2010. However, one algorithm,
the perturb and observe (P&O) claimed by many methods and continue to be by far the most
common MPPT method used in practice because it is simple structure and ease of
implementation. This paper presents a practical implementation of P&O algorithms based on
Arduino microcontroller for tracking of the maximum power generation from PV system under a
rapid change in the radiation level. The proposed control system algorithm obtains the Data from
the PV system through microcontroller’s Analog and Digital ports to perform the pulse width
modulation to the DC-DC converter. These techniques vary in many aspects like simplicity,
speed of convergence, digital or analogical implementation, number of sensors required, cost,
effectiveness range, and in other aspects

2. MATHEMATICAL MODELING OF PV MODULE
The main building block of the photovoltaic module is the PV cell, the PV cells connected in
a series-parallel manner to form the PV module. The PV cell basically is a P-N junction

semiconductor which represents the main electrical unit of solar power generation system. The
PV receives energy from the sun and generate DC power when exposed to light.
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The generated voltage and current for such PV modules depend generally on solar radiation
and cell temperature. The equivalent circuit model of a simplified single-diode is as shown in
Fig. 2.

The mathematical equation describing the I-V characteristics of a PV solar cells module is
given by Elbaset, et al., 2014.

v
Ipy —Ip — (R_z) —Ipy =0 (1)
Vpv = Vp — IpyRg (2)

Ion: The generated current of solar cells module. This current varies with temperature
according to the next equation:

Ipy = (Ipy + K1 (T — 298)) = Hy/100 (3)

and the diode characteristic is:

Ip = [oe(VD/VT)—l 4)
AxKB*T
VT = q (5)
_ _ (Vpv+lpv*Rs)] ] _ Vpv+lpy*Rg
Ipy =Ipy — Io [exp [ Ve ] 1] Rp (6)

lo: The reverse saturation current, Amp. This current changes with temperature variation as
follows:

1
Tr T

lo = Ior * [TlT]3 * exp [&01)1 @)

KB*A(

The solar cells output can be calculated by the following equation:

Ppy out = Vpy * [IPH —Io [exp [%} o 1] - %ZV*RS] (8)

From the previous equations, it can be concluded that the power and output current of a PV
module is mainly affected by solar radiation and the cell temperature. Fig. 1 clarifies the 1-V
characteristics curve of a PV module and a resistive load Ropt. The resistance characteristic is a
line of slope 1/Rq. At the intersection of the two curves, the operating point is located. In the
curve AB region the module acts as a current source and in the CD region, it acts as a voltage
source. Notice in the BC intermediate zone, the PV characteristic is nonlinear; this is the area
where can find the MPP for which the PV module could provide its highest power for certain
atmospheric conditions. Ry represents the resistance at that point, Elbaset, et al., 2014.

18



Number 2 Volume 24 February 2018 Journal of Engineering

3. DC-DC REGULATORS

In any solar system the maximum power point varies with the variation of atmospheric
condition this means at each irradiance and temperature there is one optimum output voltage for
the PV module to operate with. In order to make the PV panel operates at it is MPP and maintain
optimal battery charging process, the DC-DC regulator is required to increase or decrease the
output voltage of solar module to the desired battery level. These regulators are also known as
switching regulators. Switch mode DC-DC converters are utilized to convert the unregulated DC
input into controlled DC output at the desired voltage level. The heart of MPPT system hardware
is DC-DC converter and without it, the maximum power could not be achieved, Daib, 2012.

A power switch, an inductor, a capacitor and a diode are the basic component of any DC
converter that can be arranged to form a different type of DC-DC converters. MPPT system uses
DC converter for regulating the PV terminal voltage at MPP and matching the load by providing
maximum power transfer. The most efficient and fast way to permit a pulse width modulation to
control the frequency and the switch duty cycle is MOSFET. The amount of transferred power
from the input to output depends on duty cycle high. There is no need for any analog to digital
signal conversion from the microcontroller to the MOSFETSs because the signal remains digital
from the source and this is one of PWM advantages, Hiwale, et al., 2014.

There are different types of the DC-DC converter such as Buck, Boost, Buck/Boost, Cuk and
Single Ended Primary Inductor Converter (SEPIC).In Buck converter, the output voltage is
lower than the input voltage, while Boost converter works on higher the output voltage since it
has less the input voltage. The Buck/Boost and Cuk converters have the same characteristics that
the output voltage is higher or lower the input voltage, and the polarity of the voltage between
input and output are reversed. However, SEPIC converter cans low or high the input voltage by
maintaining the polarity between input and output. The main type of DC-DC converter in this
project is synchronous Buck converter, Mwinyiwiwa, 2013.

3.1 Synchronous Buck Converter Basics

The synchronous buck converter is used to reduce a voltage level from a higher voltage to a
lower voltage. Today in industry Synchronous buck converters are very popular since it
provides high-efficiency solutions for a wide range of applications especially in portable
electronics. A synchronous buck converter supplies a regulated voltage that is lower or the same
as input voltage and can minimize power loss by delivering high currents. As shown in Fig. 3,
the synchronous buck converter is consisting of two power MOSFETS, an output inductor, and
an output capacitor. This specific buck topology derives its name from the control method of the
two power MOSFETS; the on / off control is synchronized in order to provide a regulated output
voltage and to prevent the MOSFETS from turning on at the same time. Klein, 2006.

The high side MOSFET (Q1) is connected directly to the circuit input voltage. When Q1
turns on, current is provided to the load through the high side MOSFET. During this time, the
low side MOSFET (Q) is turned off and the inductor current increases, charging the LC filter.
When Q; turns off, Q. turns on and current is delivered to the load through the low side
MOSFET. At this time, the inductor current decreases, discharging the LC filter. Q, the low side
MOSFET presents an additional function when both MOSFETS are off. It locks the voltage of
switch node through the body diode to prevent VSW from going too far negative when the high
side MOSFET first turns off, Geetha, and Pramila, 2016.
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Fig.4 demonstrates the synchronous buck converter basic waveforms in continuous
conduction mode. The peak to peak inductor current is the total change in inductor current. The
switch mode output voltage is smoothed out by the LC output stage so as to supply a regulated
DC voltage at the output. To prevent shoot—through the MOSFETS are synchronously controlled.
Shoot—through occurs when both MOSFET the high side and low side are on at the same time,
providing a direct short to ground. Meekhun, et al., 2011.

The high side MOSFET on—time determines the duty cycle of the circuit and is defined in
Equation 1.

toN,HS ~ Vour (9)
ton,Hs+toFF HS VIN

The output voltage equals the input voltage when the duty cycle, D is equal to 1 then the high
side MOSFET is on 100% of the time. The high side MOSFET is on 10% of the time when the
duty cycle of 0.1, producing an output voltage that is nearly 10% of the input voltage.

3.2 Buck Converter Power Losses

The MOSFETSs power, stage output, controller/driver, feedback loop, and the converter layout
itself all that causes losses in buck converter power. In most buck converter designs the duty
cycle is lower than 0.5 for, with a standard duty cycle of-0.1 to-0.2 in the calculating and server
market. Platforms design is moving to frequencies of higher switching, delivering the skill to
reduce the size of converter and form factors. At the same time, converters performance must be
great and have higher efficiency. The performance output stage greatly influences the overall
operation of the buck converter. For this reason, it is imperative to optimize the inductor and
capacitor selection for the precise application, Panda, and Aroul, 2006.

4. MPPT CONTROL ALGORITHM

Maximum power point trackers (MPPTs) has an important role in control the output of the
photovoltaic (PV) power systems because they maximize the PV system output power for a
given set of conditions, and therefore maximize the efficiency of the solar module. Thus, an
MPPT can minimize the total cost of PV system. Using an MPPT algorithm, MPPTs find and
maintain operation of the system at the maximum power point. In this paper, P&O is used and
described in the following subsection because this method requires less hardware complexity and
low-cost implementations. MPPT operate at very high frequencies, usually in the 20-80 kHz
range. The advantage of high-frequency circuits is that they can be designed with small
components, Hamzescu, and Oprea, 2013.

4.1 Perturb and Observe (P&O) Technique

The perturb and observe algorithm is the most commonly used in MPPT systems because of
simple structures and easy implementations. This technique is known as perturbation and
observation algorithm because it is work by continuously changing the operating point of the PV
panel and discovered the corresponding variation of the output power in order to determine the
next variation to approach to the MPPT, Hiwale, et al., 2014.

The principal of P&O algorithm, the perturbation variable can be the reference value for the
terminal voltage of PV panel, a terminal current of PV panel, or the duty cycle of the MPPT
converter. In the other world, the operating voltage of the PV panel is perturbed by small
incrementing determining result the change in power.
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Fig. 5 shows a clarification of the PV panel output power against panel voltage at a specific
irradiance and constant temperature, the spot indicated represents the MPP.

Let's say having two operating positions as point A (dP/dV > 0) and point B (dP/dV < 0) as
pointed in Fig.5. If the voltage at point A is perturbed and (dP/dV > 0), it is clear that the
operation point is on the left side of MPP. The P&O algorithm would then increase the PV
module voltage to move the operation point towards the MPP. At point B if (dP/dV < 0) it is
clear that the operating point is on the right side of the MPP. The P&O algorithm would then

decrease the PV module voltage, Hohm, and Ropp, 2003.

Hence, the key function in the perturbation and observation algorithm is a determination of
the perturbation direction. Here the PV terminal voltage used as a control variable, first of all,
using the sensor to measuring the terminal voltage, Vyy, and current, I,,, then obtain the output
power from Vp, and I, product. The algorithm detects if the module power increase with
increasing the terminal voltage, then the reference voltage is increased by one step size
otherwise, the algorithm will decrease reference voltage by one step size. If the PV output power
decreases while the PV terminal voltage increase, the reference voltage is dropped by one step
size perturbation, otherwise, the reference voltage is increased by one step size perturbation.
From the flowchart shown in Fig. 6, the next direction of perturbation can be determined by an
increase or decrease the reference voltage, Xuejun, 2010.

5. IMPLEMENTATION OF HARDWARE

To test the performance of the proposed system a prototype hardware is implemented as
shown in Fig. 7.The system was created and tested with a polycrystalline PV module of 50 W
maximum output power to corroborate the proposed design. The system consists of the PV
module; the charge controller contains a DC-DC converter and an Arduino microcontroller in
which the MPPT algorithm was implemented. The tests were carried out to measure
characteristics of the synchronous buck converter. The microcontroller provides the pulse-width-
modulation (PWM) signal to control the synchronous buck DC-DC converter. The schematic
hardware of the proposed MPPT with the converter is shown in Fig.8.

5.1 Photovoltaic PV Module

Single poly-crystalline solar module specifications given by the manufacturer are presented in
Table 1.The electrical characteristics of a PV module, given by manufacture’s data sheet at the
nominal temperature of 25 °C and irradiation of 1000W/m?.The panel equipped with TPM-10
Temperature Sensor to monitor its temperature during experiments. The solar module is
calibrated according to standard procedure available in the energy laboratory.

5.2 Synchronous Buck Converter

In this work The DC-DC converter is a 50W Synchronous Buck converter working at a
switching frequency of 50 kHz, it is used to interface the PV panel output to the load and to track
the maximum power point of the PV panel. The parameters of the converter are given in Table
2. The system output parameters and it is loaded determined the designing first step in the buck
converter circuit. The operation frequency, the size of inductor and output capacitor size are very
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important since they determine the ripple size of current and voltage. It is desired to have an as
smaller ripple of current and voltage as possible.

A general rule is when the frequency higher the inductor and the output capacitor size are
smaller, and a smaller inductor size and capacitor size generally reduces the system
cost. However, the PWM of higher frequencies reduces the efficiency of the system because of
losses in MOSFETSs switching, so a tradeoff has to be reached. Calculating the value of the
inductor is most critical in a step-down switching converter designing which meets the design
constraints of the end system.

For this research, the inductor was toroidal core and it is hand-wounded from old computer
power supply as shown in Fig.9. To reduce the voltage overshoot and the step-down converter
output ripple the output capacitance is required. The look for the suitable MOSFET for a
particular design includes reducing the switching losses and Find out how to rely on switching
frequency, current, duty cycle, and shift times up and downs of these losses. The Half-Bridge
driver is an IC designed specifically for driving MOSFETSs. The driver takes the PWM signal
coming from the microcontroller then drives High and Low-Side outputs MOSFET. The driver
used is IRS2104 half bridge driver manufactured by International Rectifier, this driver allows 2-
PWM signals to be connected to High and Low-Side outputs MOSFET, this gives the chance to
the MOSFETSs dead band switching fine tune. The converter was tested on a breadboard in the
lab and the PWM output signal from the buck converter shown in Fig.9.

5.3 Microcontroller

The ATmega328P microcontroller with Arduino bootloader offers all hardware
functionality required in charge controller design. This microcontroller provides all the digital
and analog pins needed by the sensors and other peripherals. This microcontroller features an 8-
bit, 6-PWM channel, 8 analog inputs, and 14 digital input/output pins. Arduino microcontroller
mainly used to control the DC-DC converter, the program controlled duty cycle via PWM
outputs that provide from microcontroller channel. Arduino microcontroller has many features
such as great memory size, analog to digital converter on-chip, PWM outputs, consumption low
power and low cost all that was needed for the suggested system. The Arduino bootloader allows
programming directly from PC through the USB cable, eliminating the need for a programmer in
separate hardware to implement new code. The Arduino programming language was selected
because it is easy, learning curve relatively shorter, and facilitates faster learning due to the large
and active community. The language and IDE are completely free and open source, and Arduino
website enables many resources about all kind of sensors, motors, LEDs, communication
tutorials, etc. The language is both easy to use and robust, providing all the functionality needed
for interfacing with analog sensors, 1°C components, and TTL serial peripherals among others.
Moreover, numerous libraries have been written for popular sensors and other peripherals which
helped in the learning and implementation of components in MPPTs. Gibb, 201, and Durfee,
2011.
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6. EXPERIMENTAL RESULTS

6.1 The Synchronous Buck Converter

The system was constructed and tested with a 50 W maximum output power PV panel as
shown in Fig. 7 to validate the proposed design. The system consists of the PV panel; the charge
controller contains a DC/DC converter and an Arduino microcontroller in which the MPPT
algorithm was implemented. The tests were carried out to measure characteristics of the buck
converter and the MPPT charge controller.

The first aspect of the converter to be verified was the voltage regulation. The voltage
regulation was found by measuring the input and output voltages at different duty cycle levels.
The output voltage was divided by the input voltage to obtain the voltage regulation. Fig.10
shows the measured voltage regulation of the converter compared to the expected voltage
regulation results value that had been calculated from Equation 9. The experimental results were
measured with the converter connected to the PV panel as an input source, at fixed input voltage.

As can be seen in Fig.10, the voltage regulation results from the actual converter are nearly
identical to the calculated values until an 80% duty cycle. This result shows two things. First,
from the correlation of the regulation ratios 0.05 up to 0.75, it is observed that the converter is
acting as expected. The results are the same as the calculated expectation for the circuit.

Second, something can also be learned from the results of a duty cycle of 75%. The
calculations do not take into account real-world parameters and physical limits on components.
The results from the equation were taken with the assumption that the converter connected to an
ideal voltage supply at 17 volts. This voltage supply was said to be able to supply unlimited
current while staying at the 17-volt level. The PV panel, however, is not an ideal source. This
fact is what contributes to the limiting factor on the voltage regulation of the circuit at the higher
duty cycles. As previously presented a PV panel has a finite limit on the amount of voltage,
current, and power it can output.

When the converter is running at higher duty cycle values the PV panel is outputting very
high currents, close to the short-circuit value. Since the panel does have a finite amount of power
it can produce this high current causes the panel’s output voltage to become much lower. This
high current, low voltage output characteristic effectively limits the voltage regulation of the
converter by not allowing the circuit the power it needs to properly step down the output voltage
to the expected level.

The second attribute of the converter that needed to be tested was the circuit’s efficiency.
Testing of the efficiency was performed with the converter being connected to the output of the
PV panel. The input current and voltage was measured using solar module analyzer PROVA
200.the output current and voltage was measured using a multimeter. The test was performed on
the converter alone without any of the current and voltage sensing technologies in place. The
results of the efficiency test can be seen in Fig.11and Table 3.

There are a few things to note about Fig.11. First of all is that the effective result for a
duty cycle of 95% is not included in the graph. This is simply because the result is so much
lower than the others that it makes the graph harder to see, the result can still be seen in Table 3.
The second thing to notice about the graph is that the efficiencies are highest when the duty cycle
is lowest. This was expected due to the large inductance values. The final and most compelling
aspect of the graph is the almost uniform efficiency over the band of duty cycles that the MPPT
system will use on most normal days. This band covers the duty cycles from 5% to 75%. Over
this area, there is a minimum efficiency of 92.4% and a maximum of 95.4%.
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Fig.12 indicates the comparison of the Present Synchronous Buck Converter Efficiency
with Previous Buck Converter Efficiency Designed by Putri, et al, 2015. The present converter
efficiency is clearly higher than the previous design, this is related to the losses caused by the
diode in buck converter design while in present synchronous buck converter design using Mosfet
instead of diode reduced losses and thus improved efficiency.

6.2 The MPPT Control

The MPPT system was tested over a variety of situations. The algorithm is implemented by
connecting the 50w solar panel to buck converter. The duty cycle of this converter is controlled
by the Arduino microcontroller. The same panel was then connected to a solar analyzer
PROVA 200A, which has a fixed internal resistance. The value of this resistance was set so that
the panel will be able to output the maximum power as described in the PV panel manual. The
resistance was calculated by taking the rated voltage at maximum power (Vyp) of the panel
(17.5V) and dividing it by the rated current at maximum power (lnp) of the panel (2.9A). The
voltage and current sensor send the information to the microcontroller to run the MPPT system.
These values for panel were then multiplied together to obtain the power output of panel, and
then compare it with the values that PROVA200 calculated

The first test was performed on a cold sunny day. The results of this test can be seen in
Fig13. In this Figure, the system ran for almost a full day when there were almost no clouds in
the sky and the temperature was 16°C. A system reset as described before can again be seen at
the very beginning of this graph. The Figure also shows a great improvement when using the
system compared to using a fixed resistance. A notable aspect of this Figure was how much of
an improvement there was when the system was at maximum power output when the sun is at
its highest point in the sky. This large improvement was due to the test being performed during
a winter month (2016/11/21).

In the winter month, the sun is at a lower angle in the sky so it is not hitting the PV panel
dead on. This causes less light to be absorbed by the panel that would be during a summer
month. The lower light absorption due to the angle can also be seen in that the maximum power
output barely exceeds 30 watts when the panel is rated at 50watts

The second test was performed on a hot sunny day. The results of this test can be seen in
Fig.14. In this Figure, the system was run for almost a full day when the sky was clear and the
temperature was41°C. This Figure shows the same results seen in Fig.13 when there was a
great improvement when using the MPPT system compared to using a fixed resistance. A
notable aspect of this figure was the two curves almost are identical at the peak of these curves.
This was related to the test being performed during a summer month (2016/9/15) when the sun
is hitting the panel directly and the PV panel was output putting the maximum rated power.

The MPPT system curve was identical with fixed resistance curve at peak points because the
fixed resistance was implemented according to the values of voltage and current at maximum
power. While the MPPT circuit performed better during all other times of the day. It had been
the same performance as the fixed resistance over the time when the panel was operating at its
rated power output. This can be noticed during the interval when the sun was at the highest
point in the sky and the amount of radiation was at its biggest values. The values of voltage and
current at maximum power are finite and cannot be exceeded by the tracking circuit.

A second notable thing about Fig.14 was that the peak point or the highest power that the
solar panel was produced at 1160W/m?. This was because the incident angle of the sun in the
summer months or this day of the year is higher than the winter month.
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7. CONCLUSION

The PV solar module output power carried to a load can be maximized using MPPT control
systems, which consist of a power converter to interface the photovoltaic output to the load, and
a control unit, which drives the power converter such that it extracts the maximum power from a
PV solar module. In this research, a low cost, low power consumption MPPT system for battery
charging has been developed and tested. The system consists of a high efficiency, Buck
converter and a microcontroller-based unit which controls the DC/DC. The experimental results
show that the use of the proposed MPPT control increases the PV output power; hence increases
the overall solar system efficiency. The synchronous Buck converter test results used in this
design showed high converter efficiency up to 95% of the power produced from the solar
module, which intern reduced the power loss because of the power transfer process from PV
module to the loads.
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NOMENCLATURE

Hr: The average radiation on the tilted surface, W/m?
A: The idealist factor for the p-n junction.

DC = direct current, dimensionless

Ego: The band-gap energy of the semiconductor used in solar cells module.
Ip: The diode saturation current, A

Impp = Current at maximum power point, A

l,: The reverse saturation current, A.

lor: The saturation current at Tr, A.

Ion: The generated current of solar cells module, A

Ipv: The output photovoltaic cell current, A

Ipv = terminal current, A

Ish = short circuit current, A

KB: The Boltzmann's constant in Joules per Kelvin, 1.38*10-23 J/k.
KI: The short circuit current temperature coefficient.
MPP = maximum power point, dimensionless

MPPT = maximum power point tracking, dimensionless
P = output power of the solar module, W

PCB = printed circuit board, dimensionless

PWM = pulse width modulation, dimensionless

g: The charge of the electron in Coulombs, 1.6*10-19C.
Rp: Parallel resistance, Q

Rs: Series resistance, Q

T: The temperature, T,: The reference temperature, K°.
V = output voltage of the solar module, V

Vp: The diode voltage, V

Vmpp = Voltage at maximum power point, V

Ve = 0pen circuit voltage, V

Vpy: The output photovoltaic cell voltage, V

Vpy = terminal voltage, V
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Table 1. Module Specifications at STC as Presented by the Manufacturer.

Rated Power 50 W
Voltage at Maximum Power (V max ) 175V
Current at Maximum Power (| max ) 29 A
Open Circuit Voltage ( Vo ) 22V
Short Circuit Current (1 ¢y) 31A
Total Number of Cells in Series 36
Weight 5.6 Kg

Table 2. DC-DC Converter Parameters.

Component Description
MOSFET IRF3205
MOSFET driver IRS2104
Inductor L 47 mH
Capacitor Co 220 uF
Switching frequency 50 KHz
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Figure 1. I-V Characteristics of the PV and a resistive load, Elbaset, et al., 2014.
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Figure 2. Single-diode circuit model of PV cell, Elbaset, et al., 2014.
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Figure 3. Synchronous Buck Converter, Coder-tonic, 2016.
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Figure 4. Synchronous Buck Converter Waveforms, Coder-tonic, 2016.
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Figure 5. Sign of dP/dV at different positions of the power characteristic curve, Elbaset, et al.,
2014.

Sense
I(t), V(t)

L
P(t) = V(t) - I(t)
AV = V(L) — V(t — AT)
AP = P(t) — P(t — AT)

Vit — AT) = V(t)
P(t — AT) = P(t)

Figure 6. Perturb and Observe Flow Chart, Tofoli, et al., 2015.
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Figure 7. Photograph of the outdoor testing setup (a) front view, (b) side view (c) Pivot Mounts

for Solar Panel.
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Figure 8. Schematic hardware of the proposed MPPT.
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Figure 9. Buck Converter Lab test on the left and PWM output signal from the converter.
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Figure 10. Calculated and Experimental Results of Voltage Regulation.

Efficiency vs Duty Cycle
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Figure 11. Efficiency of the Buck DC-DC Converter.
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Table 3. Results of the converter efficiency test.
Duty | Input Output Input Output Input Output efficiency
Cycle | Voltage | Voltage | Current | Current Power Power
V) V) (A) (A) (W) (W)
0.05 215 1.075 0.328 6.26 7.05 6.73 95.44%
0.10 21.4 2.14 0.341 3.202 7.27 6.85 94.15%
0.15 21.25 3.187 0.522 3.272 11.05 10.43 94.477%
0.20 21.25 4.25 0.683 3.16 1.445 13.43 93.57%
0.25 21.15 5.037 0.734 2.858 15.439 14.4 93.28%
0.30 20.8 6.24 0.891 2.87 19.42 17.97 92.624%
0.35 20.55 7.192 0.962 2.55 19.728 18.34 92.985%
0.40 20.35 8.14 1.321 3.046 26.862 24.8 92.36%
0.45 20.3 9.135 1.682 3.45 34.104 31.53 92.47%
0.50 19.8 9.9 1.741 3.24 34.452 32.09 93.126%
0.55 19.3 10.615 1.812 3.04 34.933 32.337 92.57%
0.60 18.7 11.22 1.983 3.054 37.029 34.277 92.56%
0.65 18.77 12.2 2.392 3.47 44.86 42.39 94.437%
0.70 16.5 11.55 2.441 3.23 40.26 37.36 92.86%
0.75 12.7 9.525 2.842 3.474 36.068 33.099 91.77%
0.80 8.29 6.63 0.223 0.244 1.82 1.616 88.826%
0.85 5.05 4.292 0.323 0.314 1.616 1.3519 83.66%
. Efficiency vs Duty Cycle
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Figure 12. Comparison of the Present Synchronous Buck Converter Efficiency with

Previous Buck Converter Efficiency Designed by Putri, et al, 2015.

32



Number 2 Volume 24 February 2018 Journal of Engineering

Cold Sunny Day

== Panel with MPPTs

il PEnel with Fixed
Resistance

222 320 467 TBO 980 B0O &70 458 300
Solar Radiation W/m?2

Figure 12. MPPT Comparison of the power output of the PV panel with the proposed converter
and MPPT control system with the PV panel connected directly to a fixed resistance at cold
sunny day.
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Figure 13. MPPT Comparison of the power output of the PV panel with the proposed converter
and MPPT control system with the PV panel connected directly to a fixed resistance at hot sunny
day.

33



Number 2 Volume 24 February 2018 Journal of Engineering

Optimization of Cutting Parameters on Delamination of Drilling
Glass-Polyester Composites
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ABSTRACT

This paper attempted to study the effect of cutting parameters (spindle speed and
feed rate) on delamination phenomena during the drilling glass-polyester composites.
Drilling process was done by CNC machine with 10 mm diameter of high-speed steel
(HSS) drill bit. Taguchi technique with L16 orthogonal layout was used to analyze the
effective parameters on delamination factor. The optimal experiment was no. 13 with
spindle speed 1273 rpm and feed 0.05 mm/rev with minimum delamination factor
1.28.

Key Words: composite materials, drilling, delamination, Taguchi method.
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1 INTRODUCTION
1.1 General Aspect

Recently, composites successfully alternated the traditional materials and metal

alloys in high strength and low weight engineering fields.The machining of the
composite materials includes drilling, cutting, and other processes. Basically, drilling
process is the most machining process used for fastening and assembly composite
parts.
The quality of these composite parts is affected by the drilling parameters, the
geometry of the tool, tool material, type of workpiece, tool wear, coolant type, etc. In
fact, an accurate drilling should be done in order to ensure the composite part in the
dimensional constancy. Therefore, progression in optimizing the drilling parameters
should be done in order to achieve better output in the drilling process. It is needed to
realize the relationship between the different parameters that affected on composite
parts during the drilling process. Moreover, it is necessary to achieve the optimal
parameter to attain better productivity. Jindal, and Singla, 2011.

Glass Fiber Reinforced Polymer (GFRP) composite material has excellent mechanical
properties, it is commonly used in industry like automobile, aerospace structures.
Drilling GFRP is a rough process due to the delamination damage that occurs during
drilling composite, in order to increase the quality and decrease the damages of the
drilled holes in GFRP composite, it should understand the drilling performance which
is achieved by executing many experiments also the drilling parameters spindle speed
and feed rate should be optimized. Babu, et al., 2014.

In this paper, it has been studied the effect of cutting parameters spindle speed and
feed rate on the delamination that occur during the drilling of glass-polyester
composites using Taguchi method L16 with 4 levels for each parameter to analyze the
information from the experiments then calculated the optimal drilling parameter in
drilling glass-polyester composite material.

1.2 Literature Survey

Many researches have done on the quality of the holes and delamination that occur
during drilling GFRP.

Ghasem, et al., 2011 studied the effect of parameters on delamination when drilling
Glass Fiber Reinforced Polymer (GFRP) composites with five layers of E- glass fibers
with volume fraction 0.55% from composite part. Using drilling tools made from HSS
material for the drilling process. The Taguchi method helps to optimize the results.
The optimal parameters were: speed 2000 rpm, feed 100 mm/min and drill point angle
90° (drill tip) for less delamination damage. Liew, et al., 2012 concluded that
minimizing push-out delamination damage in GFRP using hand lay-up method to
fabricate the composites. The composite made from R-glass type chopped strand mat
as the reinforcement and polyester as the matrix.

A mathematical model used to explain the effect of cutting speed, feed, and drill
diameter on push-out delamination. Minimum delamination was reached when speed
1420 rpm, feed rate 83 mm/min, and diameter of the drill bit tool is 8 mm. Babu, et
al., 2014 proved that delamination zone increases with speed 1000-2500 rpm, also
decreases with feed rate 100-400 mm/min using Taguchi design for optimizing the
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parameters with a minimum delamination during drilling GFRP. The optimal case
was with speed 2500 rpm and feed 100 mm/min. Sreenivasulu, 2013 concluded the
optimal delamination damage on GFRP with rotation speed 1000 rpm, depth of cut
1.5 mm, and feed rate 200 mm/min by Taguchi experiments. The results show that the
depth of cut is the most parameter that effect on the delamination.

Kavad, et al., 2014 suggested that cutting speed, feed rate, and material of the tool
are the influential parameters that effect on delamination factor when working with
high speed, low feed rate, and hard tool materials. Delamination factor (Df) is the
index that generally used to estimate the delamination damage that occurs during the
drilling process on composite specimens. At the entry of the hole, the relative piles
can segregate from each other by the force of the drill because of the slope that
generated from the flutes of the drill. On the other side, at the exit of the hole, the
piles that still un-cut under the drill can be changed due to the deformation that
happened when drilling composites which leads these layers to reduce in thickness.
The drilling force that spent in drilling composites is more than the bonding strength
between layers. Melentiev, et al., 2016.

2. EXPERIMENTAL PART

The experimental part started from fabricated glass-polyester composite, finding
mechanical properties, the drilling process, measuring delamination and ends with
optimization step.

2.1 Specimen Preparation

Hand lay-up technique is used to fabricate glass-polyester composite. Eight layers
of E-glass woven fabric was used as reinforcement with weight fraction, 40% of the
total weight of composite plate, unsaturated polyester was used as the matrix. The
final thickness of the composite part is 5.5 mm after heat treatment in an autoclave for
15 min. Fig.1 shows the glass-polyester composite plate.

2.2 Mechanical Tests

CNC milling machine with maximum rotational speed 6000 rpm was used to
perform a cutting process on glass-polyester composite, Fig.2 shows the milling
machine. The purpose of cutting the composite work part, to achieve the specimens
for mechanical properties tests. Each test included three specimens in order to take the
average of them for more accurate in the results.

The mechanical tests were done according to ASTM standards the tests are tensile,
compression, bending, impact, and hardness; tensile test specimens were cut to size
250*25 mm? at the tensile testing machine with stain rate 2.0 mm/min. Compression
test specimens were in dimension 3*3 mm? at compression testing machine with stain
rate 1.30 mm/min. Bending test carried out with specimen dimensions 125*12 mm?
with a bending test machine at strain rate 2.0 mm/min. Impact test was done to find
the toughness of each type of composite material with a dimension of specimen 63*12
mm?. Hardness test was done by Shore D thermometer, the size of the specimen was
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25*25 mm?. Fig.3 shows the mechanical test specimens. Table.1 summarized the
mechanical tests and the dimensions of each specimen and its result.

2.3 Drilling Process

After that, drilling process was accomplished using HSS drill tool with 0.066% Co
with diameter 10 mm. Drilling process was carried out using the same CNC machine.
Experiments were done on 16 holes with different spindle speed and feed rate using
Taguchi Method to design these parameters as in Table 2.

2.4 Taguchi Design

Taguchi method with orthogonal array 16 was used to study the whole parameters
that effected on delamination damage with less number of experiments. Fig.4 shows
the glass-polyester composite that has been drilled. Delamination zone observed in
glass-polyester using Microscope with magnification 20x cleared in Fig.5 then used
Autodesk software 2016 for calculating the dimension of the delamination zone at the
top and bottom surfaces of the drilled holes then take the average of each hole as it
presented in Fig. 6. and Fig.7. (Dy) is calculated using equation (1):

D 1)

Where Ds =Delamination factor, Dmax= Diameter of delamination zone (mm), D=
Diameter of drilled hole (mm)

Calculations of delamination factor for the experiments of the glass-polyester
composite are shown in Table 3.

In Taguchi technique, the signal to noise ratio (s/n) characteristic smaller is better is
applied to calculate the optimal parameter for less delamination factor, the equation
(2) is showing the formula that used:

SIN = - 10 log % €A )

Where: n = number of observations, y = the observed data.
3. RESULTS AND DISCUSSION

It is inferred from Table 3 it was that delamination factor (Ds) at the maximum
value 1.47 in experiment 16 with spindle speed 1273 rpm the maximum value that is
used in this study also the feed rate was the maximum value 0.20 mm/rev followed by
the Dr 1.46 in experiment 12 with medium spindle speed 955 and maximum feed rate
0.20 mm/rev. The less delamination 1.28 was achieved in experiment 13 with
maximum spindle speed 1273 rpm and minimum feed rate 0.05 mm/rev also

37



Number 2 Volume 24 February 2018 Journal of Engineering

experiment 9 with Ds 1.29 when the medium value of spindle speed was 955 rpm and
minimum feed rate 0.05 mm/rev.

Table 4. shows the results after applying Taguchi design on the parameters, the rank
of feed rate is 1 and spindle speed is 2 which means that the feed rate is more
influential on the drilling parameters than rotation speed, it is clear in Table 5. In the
Fig.8, the relationship between delamination and spindle speed and feed rate is
indicated.

4. CONCLUSIONS

This paper presented the effect of spindle speed and feed rate on the delamination
factor during the drilling process of glass — polyester composite material. The
conclusions of this study were drawn as follows:

1- The optimal condition in drilling glass-polyester composite with high spindle speed
and low feed rate. It is obviously an experiment no.13 with spindle speed 1273 rpm
and feed rate 0.05 mm/rev the less delamination facto was achieved 1.28.

2- Feed rate is affected by the delamination factor more than spindle speed as it
shown in experiments no. 12 and 16 with maximum delamination factor 1.46 and 1.47
respectively.

3- When feed rate increased, delamination factor increased with the same spindle
speed value.
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NOMENCLATURE

D = diameter of the drilled hole in mm

Df = delamination factor

Dmax = diameter of delamination zone in mm
GFRP = glass fiber reinforced polymer

HSS = high speed steel

rpm = revolution per minute

S/N = signal to noise ratio
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Figure 1. Glass-polyester composite.
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Figure 3. Mechanical Test specimens (a) Tensile test (b) Compression test (c)
Bending test (d) Impact test (e) Hardness test.
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Table 1. Mechanical properties tests for glass-polyester composite.

Tests Dimensions (mm) Results
Tensile 250*%25*5.5 Ultimate strength 195 MPa
Bending 125*12*5.5 Ultimate strength 268 MPa
Compression 3*3*5.5 Ultimate strength 250 MPa
Impact 63*12*5.5 0.13 J/mm®
Hardness 25*25*5,5 84 shore D
Table 2. The experiments and their parameters.
Experiment Spindle speed (rpm) Feed rate (mm/rev)

1 318 0.05

2 318 0.10

3 318 0.15

4 318 0.20

5 637 0.05

6 637 0.10

7 637 0.15

8 637 0.20

9 955 0.05

10 955 0.10

11 955 0.15

12 955 0.20

13 1273 0.05

14 1273 0.10

15 1273 0.15

16 1273 0.20

Figure 4. Glass — Polyester composite plate after drilling process.
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Figure. 5 The microscope used in this study.

Figure 6. Hole no. 13 after processing using Autodesk software at the left the
bottom view and at the right the top view of the same hole.
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Figure 7. Hole no. 16 after processing using Autodesk software at the left the bottom
view and at the right the top view of the same hole.

Table 3. The experimental results.

No. of Spindle Speed Feed Rate Delamination
Experiments (rpm) (mm/rev) factor
1 318 0.05 1.33
2 318 0.10 1.37
3 318 0.15 1.38
4 318 0.20 1.43
5 637 0.05 1.30
6 637 0.10 1.33
7 637 0.15 1.36
8 637 0.20 1.41
9 955 0.05 1.29
10 955 0.10 1.33
11 955 0.15 1.40
12 955 0.20 1.46
13 1273 0.05 1.28
14 1273 0.10 1.32
15 1273 0.15 1.37
16 1273 0.20 1.47
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Table 4. S/N response table for delamination factor.

No. of Spindle Speed Feed Delamination SNRA1
Experiments (rpm) (mm/rev) factor
1 318 0.05 1.33 - 2.47703
2 318 0.10 1.37 - 2.73441
3 318 0.15 1.38 - 2.79758
4 318 0.20 1.43 - 3.10672
5 637 0.05 1.30 - 2.27887
6 637 0.10 1.33 - 2.47703
7 637 0.15 1.36 - 2.67078
8 637 0.20 1.41 - 2.98438
9 955 0.05 1.29 -2.21179
10 955 0.10 1.33 - 2.47703
11 955 0.15 1.40 - 2.92256
12 955 0.20 1.46 - 3.28706
13 1273 0.05 1.28 - 2.14420
14 1273 0.10 1.32 -2.41148
15 1273 0.15 1.37 -2.73441
16 1273 0.20 1.47 - 3.34635
Table 5. Response Table for Signal to Noise Ratios.
Level Spindle speed Feed rate
1 -2.779 -2.278
2 -2.603 -2.525
3 -2.725 -2.781
4 -2.659 -3.181
Delta 0.176 0.903
Rank 2 1
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Main Effects Plot for SN ratios
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Figure 8. The plot for S/N ratios between delamination and both rotational speed and
feed rate using Taguchi Design.

45



Number 2 Volume 24 February 2018 Journal of Engineering

Experimental Investigation of the Electro Co-deposition of (Zinc-Nickel) Alloy

Ekhlas Abdulrahman Salman
Assistant Lecture
Engineering College- Al-Nahrain University
E-mail:ysarsiman@gmail.com

ABSTRACT

An experimental investigation has been carried out for zinc-nickel (Zn-Ni) electro-deposition
using the constant applied current technique. Weight difference approach method was used to
determine the cathode current efficiency and deposit thickness. Also, the influence effect of
current density on the deposition process, solderability, and porosity of the plating layer in
microelectronic applications were examined. The bath temperature effect on nickel composition
and the form of the contract was studied using Scanning Electron Microscope (SEM). Moreover,
elemental nature of the deposition was analyzed by Energy Dispersive X-Ray (EDX).

It has been found that the best bath temperature was 40°C, specifically at a concentration of 73
g/L of NiCl,.6H,0, has a milestone influence on the nickel composition and structure of the
deposits. The potential is a major factor influencing the deposition coating alloy which is
adjusted by the operations of the cathodic polarization; rather than the standard potential of the
two metals as determined by the e.m.f. series. The anomalous deposition was obtained at a
current density lower than 0.8 A/dm?, while normal deposition occurred at current densities less
than 1.2 A/dm?.

Corrosion behavior was exhibited by the bath and for performance was carried out, and it shows
that the best corrosion performance was for nickel composition of 10-12.6 wt%.

Keywords: Zinc, Nickel Alloy, Electro-co deposition, Cathodic Current density, structure.
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1. INTRODUCTION

The desired surface properties could be achieved by using co-depostion films onto surfaces
much better than using single metal films. On the other hand, the co-deposition process could
control several variables such as the uniformity of composition, thickness, and microstructure of
the metal, Mathias and Chapman, 1990. It is perfectly identified that zinc alloys, for instance,
Zn, Ni, Zn-Co, Zn-Fe can be responsible for fortification steel against corrosion Tsybulskaya, et
al., 2008. In addition, as the weight of Ni content between 10 to 15% in Zn-Ni alloy, the
maximum protective ability could be achieved, Lodhi, et al.,, 2009. These alloys are also
considered less polluting when compared to cadmium, Conde, et al., 2011. The co-deposition of
zinc, nickel alloy could be obtained by using different composition and operating conditions of
plating baths such as sulfate-sulphamate, sulfate-chloride, pyrophosphate, cyanide chloride,
sulfate and ammoniacal, Xu, et al.,2005.

Copper which is used as base material for electrical contacts such as printed circuits and
communications equipment. But copper is material, which is exposed to decomposition. The
electrical conductivity of convene resource can be mostly reduced by decomposition and in turn
to pass up corrosion, preventative surfaces be used. This can be a performance for decomposition
preventative of electrically conductive surfaces, to make soldering easier and the porosity is able
to mostly reduce by optimization of a plating method. There are mainly two groups of materials;
the primary group contains good metals such as palladium, gold, and silver. The following group
consists of decomposition resistant alleged passive metals for instant tin and nickel. These metals
are mainly ignoble and they take their decomposition resistance from the existence of a thin
oxide film on the surface, describe the passive film, which acts as a defending impediment
between the metal and its surrounding with a thickness of nanometers. Therefore one of the aims
of the optimization of zinc-nickel (cheap plating) is the minimization of the size of pores, high
electrical conductivity, and easier soldering. This is also one of the objectives of this investigation.
This study, therefore, seeks to optimize the deposition parameters essential to obtain the range of
nickel percentage in the coatings for best corrosion prevention, cathodic current efficiency,
current density and temperatures for enhanced electrical properties.

1.2 Mechanism of Zn-Ni Co-deposition :

Most studies on the co-deposition of Zn-Ni have been made with acid baths which are not
appropriate for steels with tensile strength more than 1510 MPa because of their high
vulnerability to hydrogen embrittlement, Jiang, et al., 2005. Moreover, the bad environmental
effect of ammonia chloride which exists in many commercial baths causes a lot of problems,
Davis, 2000. The term anomalous co-deposition (ACD) is created to describe an electrochemical
deposition process in which the less noble metal with most plating conditions is deposited
preferentially.

Ni*?+2e »Ni  E° (volts) = -0.23 (1)

Zn*?+2e —>Zn  E° (volts) =-0.76 (2)

This behavior is typically observed in co-deposition of iron-group metals, with Zn or Cd. In the
deposition of Ni-Zn alloys, for instance, adding such ion some models have been proposed to
explain the ACD of Zn-M alloys. Other performances have been described for electroplating of
Ni-W or Re-M alloys. Generally, the electrodeposition of Zn-Ni is a co-deposition of the
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anomalous type since the less noble metal Zn deposits preferentially to Ni. However, the co-
deposition of Zn and Ni is not always typical at low current densities; but it can get typical
deposition where Ni deposits favorably to Zn, Gezerman, and Corbacioglu, 2010. Therefore, in
order to start anomalous co-deposition there should be a transitional current density that has to be
reached. There is still no universally accepted theory in spite of several efforts that have been
made to clarify the typical co-deposition of alloys, but, the theory of typical co-deposition has
relied to pH increase at the cathode surface as it makes zinc hydroxide precipitation, which
prevents Ni discharge. This theory does not clarify the strong inhibition of Ni reduction observed
in the typical deposition region, the high current efficiency during typical deposition and the
increase in the Ni content of the alloy with increasing pH. Lately, Zn-Ni co-deposition was
studied as polarization curves and impedance spectroscopy measurements together in chloride
and in sulfate baths. The reaction models proposed are substantially comparable and involve
many adsorbed intermediates. Especially, at high cathodic polarizations (typical co-depositon)
Zinc favored discharge is attributed to the intermediate, catalyst for the deposition of Zn rich
deposits. At low cathodic polarization (typical co-deposition) the deposition of nickel-rich alloys
was related to a mixed intermediate, which catalyzes the reduction of Ni** ions. The
morphology of the coatings, as it is in their mechanical characteristics. It is necessary to note that
small changes in operating conditions do not lead to substantial parameters, for instance, current
density, pH, organic additives, buffer capacity, and changes in Ni content from the optimum,
Chao, et al., 2007. Since the range of Ni content in the alloy deposit for maximum corrosion
resistance is quite narrow. The need to optimize these variables to obtain the required optimum
deposit composition is crucial.

2. EXPERIMENTAL

2.1 Electrolyte Preparation

The electrolyte solution was prepared by dissolving different chemical materials in annular
grade in deionized water as shown in Table 1, Zhi-Feng, 2012.
The solution acidity (PH) was adjusted between 5.3-6.3 by adding a suitable amount of H3BO3
Moreover, the temperature of the bath was kept between 18-29°C.

2.2 Electrochemical Measurements

The present work illustrates the laboratory design of electroplating system as shown in Fig.1
where polarization curves were recorded at a sweep rate of 50 mV s .
The electrical circuit was connected to the reference electrode saturated calomel electrode (SCE)
after checking all the electrical connections. At each setting of the resistance, potential and
cathodic current was recorded by a voltmeter and the ammeter to measure the cathodic portion of
polarization curve. And measuring the effect of temperature on the surface morphology on
plating layer at 30°C, 35°C and 40°C were considered using Scanning Electron Microscope
(SEM), type Inspect S50 Netherland origin, Energy Dispersive X-Ray (EDX), porosity and
Solderability tests.
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2.3 Working Cathode

It was a copper cathode with purity of (98%). The cathode with area dimensions (1cm?) was
prepared before each experiment by treating the surface with alkali solution (sodium carbonate
10g/1, 5g/1 ethylene glycol and 5g/l sodium hydroxide) for 5 min, and then rinse with deionized
water for several times to be sure that the surface is free from any trace of alkali solution. After
that dipping in HCI (3% volume concentration) is used. The cathode was ready to be used in bath
plating. The anode was a plate of pure metal (nickel and zinc 99.8%) the dimension of each
anode 5*2*2 cm.

2.4 Determination of Cathode Current Efficiency

Energy Dispersive X-Ray (EDX) (Department of Physics, College of Science, Al-Nahrain
University) was used to determine the chemical composition of (Zn-Ni) deposition layer.
Specimens are weighed before and after platingm where this is required for calculating the
cathode current efficiency, Lowenheim, 1974. as follow:

0, . 0,
AW(wt/()Nl+wt/()Zn)*2F
Mni ~ Mzn
jAt

CCE =

100% 3)
2.5 Corrosion rate by Weight Loss Technique

Weight loss of Zn-Ni surfaces to evaluate the corrosion rate of the specimen after
immersion in a 3.5 % weight sodium chloride (sea water) at 25°C in static medium for six days
period, and the corrosion in the second case is measured with shaking rate of 50 rpm included, In
this case, the tested specimen and the corrosive medium are in dynamic conditions for five hours
experimental ran, where, weight loss was measured in each hour. Corrosion rate was calculated
using the equation below after measuring the weight before and after plating. Lowenheim, 1974.

(4)
2.6 Porosity Test:

Porosity test is evaluated by saturated technique, which is done by immersion the
specimen in a measuring inside mercury porosimeter (Rusk instrument company) with different
thickness by SEM, type Inspect S50 Netherland origin, then the weight of specimen was
measured before and after immersion. This test was achieved in Petroleum Engineering
Department at the University of Baghdad.

2.7 Solderability Test:

Solderability test was performed by using oven reflow process under operating conditions
ranging from 240 -260°C and 1-2 minutes and then immersion in flux bath after drying passing
through oven, where the sample is exposed to hot air from both sides. This test is accomplished
in Scientific Research and Development Center at the Ministry of Industry and Minerals/ Iraqg.
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3. RESULT AND DISCUSSION
3.1 Effect of Current Density on Electro Co-deposition

It can be seen from Fig.2 and 3, that nickel deposit is decreased compared with zinc deposit
when cathodic current density is increased. A declining in nickel deposition and rising in zinc
deposition with increasing current density this may be due to the more rapidly mobility of zinc
deposition at larger electrode polarizations. The effect signs that at decrease assess of current
density near the transition from anomalous to normal co-deposition, anomalous state of co-
deposition has been generally explained using the hydroxide inhibition type of regions of co-
deposition. So, it is not a generalized model, while at lower current densities, the normal
deposition will take place, where the more noble metal deposits preferentially. When the current
density is increased, a transition will occur from normal to up normal deposition, with noble
metal deposit amount be lower than the concentration of the metal in the bath. These phenomena
consequences of the formation of a critical concentration of zinc hydroxide at the cathode
surface which apparently hinders the discharge of Ni ions due to adsorption of zinc hydroxide
formed as a result of alkalization near the cathode surface during intense hydrogen evolution.

3.2 Effect of Current Efficiency:

It is clear from Fig.4 that increasing cathodic current density will decrease cathodic current
efficiency. This may be attributed to the fact that co-deposition (alloy deposition) performance is
affected by the applied current density where at low values of current density the normal
deposition type will take place with poor current efficiency. While at higher values of deposition
of less noble Zn will take place rather than the co-deposition so the alloy composition hardly
tends to change. Beyond that region where Ni percentages of the alloy increase with an increase
in current density even though, relatively high current efficiency for co-deposition is still
preserved.

3.3 Effect of Electrolyte Temperatures:

Fig 5, 6, and 7 show the influence of bath temperature (30, 35, 40 °C) on the cathodic
polarization curves which results in a limiting current density between 10-20 mA/cm?. The data
show that the reduction potentials of nickel become nobler with an increase in electrolyte
temperature. Moreover, because of elevating the electrolyte temperature, the cathodic
polarization will decrease. It is well known that by increasing electrolyte temperature the
concentration of the two ions (zinc and nickel) in the cathode diffusion layer will increase
because the rate of diffusion increases with temperature. Moreover, increasing the electrolyte
temperature decreases the activation polarization of the zinc ions; such effect returned in a
decrease in cathodic polarization. In order to explain that effect, the SEM and EDX tests were
considered to analyze the deposit. In general, any change in electrolyte temperature will
influence the deposit structure. It was noticed that the electrolyte temperature effect on the
microstructure of co-deposition smoothens of the surface and finally the grain size, which may
affect on corrosion efficiency of that deposit.
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3.4 Structure of (Ni-Zn) Electrodeposits:

Investigation of electrodeposited layers by scanning electron microscopy exposed

differences in surface morphology of Ni-Zn obtained at different conditions such as current
density and temperature. The influence of current density (8 mA/cm?, 12 mA/cm? and 14
mA/cm?) on the SEM surface morphology of (Ni-Zn) layer is described in Fig. 8 a, b, and ¢
respectively. When increasing the current density, the crystallite size of nickel zinc layer
becomes larger. Identical and uniform coatings is obtained with current density 12 mA/cm?.
While other deposits show less uniformity and having a branched form resembling a tree.
Fig. 8 d, e, and f and Fig.9 a, b, and ¢ show the SEM surface morphologies and compositional
analysis by EDX at three temperatures (30, 35, 40° C) at current density 12 mA/cm?during the
co-deposition time of 18 min. It was noted that when the temperature raised five degrees (35-40
°C) the deposed shape will change from crystal hierarchical and irregular into a regular shape
and homogeneous surface gives good mechanical and electrical specifications for reduced
porosity with good solderability in addition to increased corrosion resistance.

3.5 Corrosion Resistance:

The corrosion rate was determined by using the classical weight loss technique for the
following cases:
Case 1. The corrosive media (saline water) is static for five days period.
Case 2. When introducing mechanical vibration in two ways, the first is shacking the specimen
with corrosive media together, the second is when the samples and corrosive media are fixed, for
each way the total test duration was five hours. Fig 10 shows the C.R with time for the first case.
From Fig. 10, 11 it s noticed that the corrosion rate in the static and vibrating media reached the
highest value in the first hours and began to decrease after five hours daily for a week. This is
may be this due to be oxide layer resulting from interaction with zinc-nickel layer on the surface
of the existing substrate lower solubility of metal and reaction with oxygen and thereby stop the
reaction.

3.6 Porosity with Different Thickness:

Specimens were examined with different thickness between 1-5um and the percentage of the
porosity ranging from 45-53%, but the percentage of samples of thickness between 10-18 pum
10-5% as shown in Fig.12
It can be noticed that porosity for the plating film will decreases by increasing thickness. The
porosity test showed that the best plating thickness(less porosity) was18 pm.

3.7 Solderability for Plating:

Specimens which was exposed to solderability showed that the high nickel content in
plating layer improve the good solderability about (229-233° C) while low nickel content lead to
cracking in surfaces and bad solderability. This may be due to natural of crystals structure for
zinc metal.
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4. CONCLUSIONS

The present work has been mainly intended to find a relationship between current densities with
co-deposition (nickel and zinc), also to study effect of current on cathodic current efficiency and
bath temperature and from effect on structure and nickel weight percentage which is
enhancement corrosion resistance, porosity and solderabilty is the effect for improvement the
microelectronic application as follows:

1. Cathodic current efficiency decreases with increasing current density.

2. Nickel weight percentage deposition decreases with increasing current density.

3. Optimum bath temperature 40C° for electrolyte solution as: 171 g/l NH4Cl , pH=5.3-6.3, 73.9
g/l NiCl,.6H20, 60.7 g/l ZnCl;, 20 g/l H3BOs,tempeture of bath 40°C, Time 18 min.

4. Surfaces structure has been analyzed by SEM were successfully electroplated onto copper
substrate was found smooth and adherent.

5. In addition to obtaining a high resistance to corrosion by coating the copper instead of steel
must note that choice of copper for modification of the mechanical and electrical properties.
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NOMENCLTURE :

A: cathode surface area (cm?)

CCE: cathode current efficiency, (%)
C.R: corrosion rate (g/m°day)

F: Faraday constant (96500 C/mol)

j: current density (A/dm?)

Myi: atomic weight of nickel (g/mol)

t: plating time(second or day)

AW: weight difference after plating, (g)
wt%Ni: weight percentages of nickel
wit%Zn: weight percentages of zinc
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Table 1. The composition of Zinc-Nickel plating bath.

Component g/l

NH,CI 171

NiCl,.6H,0 73.9

ZnCl, 60.7

H3BO; 20

6 7 8 9
@) Q O @) Q Q Q Q
A
/ 4

A

4

4

Figure 1. A simple sketch illustrating the details of the laboratory.

Table 2. The item numbers with details as illustrated in Fig. 1.

Item No. Name

Plating Solution

Zinc —Nickel anode (5x2x2)cm

Cathode (1)cm®

Saturated calomel electrode (SCE)

Connecting wires

D. C. power supply

Multi-range Ammeter

Resistance Box

O O|INOO OB WIN|F-

Multi-range Voltmeter
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Figure 2. EDX of Zn-Ni for different current density (a) 8 mA/cm? (b) 12 mA/cm?(c) 14 8
mA/cm? © for 171 g/l NH4CI , pH=5.3-6.3, (2) 73.9 g/l NiCl,.6H,0, 60.7 g/l ZnCls, 20 g/l
H3BOs;.
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Figure 3. Effect of current density on nickel deposition from Chloride bath containing 171 g/l
NH,4CI , pH=5.3-6.3, 73.9 g/l NiCl,.6H20, 60.7 g/l ZnCl,, 20 g/l H3BO3,tempeture of bath 18-
29°C.

Current Efficiency for alloy Depostion (%)

10 ‘

\
8 10 12 14
Current Density, mA/cm?2

Figure 4. Cathodic efficiency vs Cathodic Current density.
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Figure 6. Polarization Curve of Ni-Zn during the electro deposition at (12 mA/cm?) and 35°C.
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Figure 7. Polarization Curve of Ni-Zn during the electro deposition at (12 mA/m?) and 40°C.
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() (d)

(€) (f)

Figure 8. SEM of Zn-Ni for different conditions of current density and temperatures (a)
8mA\cm? (b) 12mA\cm? (c) 14 mA/cm? (d ) 30 C° (e) 35 C°(f) 40 C* for 171 g/l NH4CI ,
pH=5.3-6.3, (2) 73.9 g/l NiCl,.6H,0, 60.7 g/l ZnCl,, 20 g/l H3BO3,tempeture of bath 30°C.
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Figure 11.The relationship between time and the rate of corrosion happening in the media
corrosive vibration.
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ABSTRACT

|nvestigation of the adsorption of Chromium (VI) on FesO, is carried out using batch scale
experiments according to statistical design using a software program minitab17 (Box-Behnken
design). Experiments were carried out as per Box-Behnken design with four input parameters
such as pH (2-8), initial concentration (50-150mg/L), adsorbent dosage (0.05-0.3 g) and time of
adsorption (10-60min). The better conditions were showed at pH: 2; contact time: 60 min;
chromium concentration: 50 mg/L and magnetite dosage: 0.3 g for maximum Chromium (VI)
removal of (98.95%) with an error of 1.08%. The three models (Freundlich, Langmuir, and
Temkin) were fitted to experimental data, Langmuir isotherm has better described the adsorption
process. Whereas, the kinetics results of the adsorption process obeyed the pseudo-second-order.
Keyword: Chromium (VI1), Adsorption, Design of experiments, Iron Oxide Nanoparticle
(Fes0a).
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1.INTRODUCTION

As human needs increase and civilization changes, more and more finished products of
different types are required. A large number of industries are born and grown in every country
and industry plays an important role in economic development of the world. It improves the
economic welfare of citizens and supplies the material goods they consume. The way in which
society will develop in the future is largely dependent on how the growth which industry
generates is distributed. The industry is also a major consumer of natural resources and a major
contributor to the overall pollution load. Process waste streams contain heavy metals at
concentrations exceeding the local discharge limits, Belachew, 2015.

Heavy metals are very important that are used in several manufacturing processes such as
electroplating industry, petrochemical industries, paint, pigments, sugar mills, distilleries, leather
processing industries, paper mill, agrochemicals, mining, plumbing, ammunition, fuel additives,
use in pesticides manufacturing industries, pharmaceutical industries, X-ray shielding, crystal
glass production and PVC plastics. All these industries effluent have a lot of heavy metals that
have to be treated before being discharged to the environment, Mohammed, 2014.

Metallic elements have been excessively released into the environment due to rapid
industrialization and have created a major global concern, Ngah, and Hanafiah, 2008.
Hexavalent chromium, Cr(V1) is highly mobile and is considered acutely toxic, carcinogenic and
mutagenic to living organisms, and hence more hazardous than other heavy metals, Gupta, and
Babu, 2010. Contact with chromium can result in severe health problems ranging from simple
skin irritation to lung carcinoma, Shen, et al., 2009, therefore it should not be present in the
leather fabrics. Hexavalent chromium usually exists in wastewater as oxyanions such as
chromate (CrO4>") and dichromate (Cr,0;*") and does not precipitate easily using conventional
precipitation methods, Amin, et al., 2010.

Different technologies have been used for removal of chromium compound from an
aquatic system which includes chemical precipitation, ion exchange, and adsorption, use of
membrane technology, evaporation recovery and reverse osmosis. However, the conventional
treatment technologies require expensive equipment, high energy and generate enormous
quantity of sludge. Adsorption processes are one of the most important methods for metals’
removal and attract much attention because of inexpensive, efficient and simple methods,
Aftabtalab, and Sadabadi, 2015.

The use of magnetic nanoparticles for separation and treatment of waste water is new
methodology that is faster and simpler. Magnetite nanoparticles (FesO4) have been widely
studied because of structural and functional elements have various novel applications, Yeary, et
al., 2005. Magnetism is a unique physical property that independently helps in water purification
by influencing the physical properties of contaminants in water. Adsorption process combined
with magnetic separation has therefore been used extensively in environmental cleanup and
water treatment. Iron oxide NMs are promising for industrial scale wastewater treatment, due to
their little cost, strong adsorption capacity, easy separation and enhanced stability, Xu, et al.,
2012. Magnetite nanoparticles received considerable attention not only in the fields of medical
applications, including radiofrequency hyperthermia, photo magnetics, magnetic resonance
imaging (MRI), medical diagnostics, cancer therapy, but also in the field of waste water
treatment, El Ghandoor, et al., 2012, and Aftabtalab, et al., 2013.

Investigating the process parameters and modeling its response is of vital or essential part
of a process analysis. For controlling the adsorption independent variables, the factorial
experimental design method can be used because it reduces the number of experiments, material
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resources and time by simple statistical design of experiments, Chilab, 2016. In this research
Chromium concentration, time, adsorbent loading and pH are selected as most important process
factors to be study. Models based on regressions, are used in a constrained optimization to get
the best fit of experimental data and optimum conditions for highest removal efficiency. Using
classical method to optimize the parameters could be made by changing one variable but keeping
all factors constant in the same time. This may be effective in some cases, but it needs extra time,
material and large number of trials. Also, the combined effect of factors cannot be fixed and due
to all these limitations, analysis and investigation can be efficiently made using statistical
experimental design.

This paper describes the use of magnetite nanoparticles Fe3O4 for removal of Chromium
(V1) from aqueous solutions. The adsorption of Chromium (V1) was investigated as a function of
pH, contact time, concentration of chromium (VI) and Fe3O4 dose by using Response Surface
Methodology (RSM) using Minitab software. Isotherms and Kinetics studies had been performed
to describe the process

2. EXPERIMENTAL WORK

2.1 Materials and Methods
2.1.1 Adsorbate

Potassium dichromate supplied by SIGMA Aldrich, was chosen in this study. Chemical
and physical properties of potassium dichromate are shown in Table 1.

2.1.2 Adsorbent

Prepared Nano-Magnetite (Fe3O4) was used as adsorbent. Magnetite nanoparticles were
synthesized according to, Parsons, et al., 2014. One liter of a 30 mM solution of FeCl, was
prepared from deionized water and FeCl,.4H,0. The solution was then titrated with NaOH
solution at a rate about 1mL/min. The solution kept on constant mixing to attain a well-mixed
blend. Then the Fe(OH)x was put in the Teflon container and heated in a programmable
electrical furnace. The particles were heated at constant temperature of 100°C for 60 min and
consequently cooled to room temperature and then filtered using Buckner funnel with the aid of
a vacuum pump and washed twice with deionized water and then dried in oven for 24 hours at
100 °C. Fig.1 shows XRD pattern of prepared Fe;O,4. Table 2 shows the characterization of nano
Fe;04.

2.1.3 Procedure of adsorption

The ability of iron oxide magnetite to remove chromium (V1) solution was determined
under batch mode conditions. 50 ml of chromium (VI) solutions with different initial
concentrations (50,100,150 mg/l) were mixed with Fe;O,4 at adsorbent dose (0.05, 0.175, 0.3 g).
The mixture was added to 50 ml Erlenmeyer flasks, and the flask were shaken at 120 rpm and
2515 °C. After that, the samples were separated by using centrifuge for 10 min at 2000 rpm and
the concentration of chromium(V1) were measured using Atomic Absorption Spectrophotometer,
(AAS) at wave length (375.9 nm) for chromium(VI). The uptake of chromium (VI) at

equilibrium, ge (mg/g) was calculated by the following expression.

(Co—-Ce)V
e = —w (1)
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3. EXPERIMENTAL DESIGNUSING BOX-BEHNKEN DESIGN

A standard response surface methodology (RSM) design known as Box-Behnken

experimental design was used to study the parameter for adsorption of chromium(VI) on
Fes;04, and was used to create a set of designed experiments by MINITAB software (version
17). In this work, four independent variables were study for the chromium (V1) adsorption;
x1= pH, and x,=concentration of chromium (VI) (ppm), x3= Fe3O, dosage (g), X4= time
(min).
Box-Behnken experimental design is applied to investigate and validate adsorption process
parameters, which affect the removal of Cr (V1) ions onto magnetic nano-adsorbents. Table 3
represents a 27-trial experimental design, where each variable was tested in three different
coded levels: low (-1), middle (0) and high (+1). The coded values correspond toX1: -1(2),
0(5), +1(8), X2: -1(50 mgl-1), 0(100 mgl-1), +1(150 mgl-1) for X3: -1(0.05g), 0(0.1759),
+1(0.3g), and for X4: -1(10), 0(35), +1(60). The all set of experiments was performed in
triplicate and mean response was used for analysis. A second order polynomial equation was
then fitted to the data using the Minitab for the regression and graphical analysis of the data
obtained. The reliability of the fitted model was justified through and the coefficient of R2,
The p-value of less than 0.05 indicates that the model is significant for 95% probability,
Ahmad, and Hameed, 2009.

4. RESULTS AND DISCUSSION

4.1Adsorption isotherms

The adsorption isotherm is the most important information, where the equilibrium
amount adsorbed ge (mg/g) is related to the equilibrium concentration Ce (mg/L) indicating
how adsorbate molecules are distributed between the liquid phase and solid phase as the
process reach equilibrium, Huo, et al., 1996. The adsorption process was performed at initial
concentrations (50, 100, 150 ppm). Three most common isotherm equations namely,
Langmuir, Freundlich and Temkin were tested in this work to describe the equilibrium
adsorption. Table 4 lists the four isotherms along with the constants of the linear plots
studied in this work.

By examining Table 4, the results gave a different linearity calculated by the
correlation coefficient (R?) which ranges between 0.994 and 0.997, so, based on R? the
adsorption of Chromium(VI) is best fitted in the Langmuir isotherm indicating the
homogeneous nature, Yuan, et al., 2010, and Bhaumik, et al., 2011.

The values of (1/n) ranging between 0 and 1 in Freundlich isotherm is an indication of
surface heterogeneity, and the closer to zero, the more heterogeneous is the surface. It is
clear from Table3 that value of 1/n was less than 1 confirming the heterogeneity of the
surface of adsorbent.

4.2 Kinetics Analysis

In this section, the adsorption rate is investigated. The pseudo first-order and pseudo
second order models were adapted to the test experiment data.
The results, as shown in Table 4, indicate that the adsorption of Chromium (V1) perfectly
complies with pseudo 2™ order reaction based on the correlation coefficient. Similar results
were reported Bhaumik, et al., 2011, and Parsons, et al., 2014.
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4.3 Modeling Using Minitab Software

In this study, the relationship between the response and variable is examined by
regression.
The predicted removal efficiency of Chromium (V1) or the response of surface methodology
(Y) is given in Eq. (2).

Y = 68.88 +2.760X; +0.0723 X, + 34.4 X3+ 0.5115 X4- 0.3778 X;% - 0.000151X,% -
43.6 X5%- 0.002169 X42- 0.00982 X;X,- 1.780 X;X3- 0.01607 X;X4- 0.0276 X,Xs-
0.000550 X,X4+ 0.070 X3X4 ( 2)

The predicted values versus the experimental values for Chromium (V1) removal can be seen
in Fig. 7 Results reveal that the developed model successfully captured the relation between
the variables to the responses within the range of the studied variables.

4.4 Effects of Variables and Their Interactions

A hypothesis was assumed that this relationship is statistically significant, for a p-
value coefficient. This probability was set as 95 % of the observation is significant or 5% is
rejected.
The Final equation is:

Y=87.63-8.622X;-1.549X,+1.239X3+5.915X4-3.4X2-0.682X32-1.355X 42-1.472X, X -
1.205X1X4 (3)

It can be deduced from Table 5 that the effect of pH, dosage and concentration were more
pronounced than time based on the F-values of 1797.71 (pH), 58.05 (concentration), 37.14
(weight of adsorbent) and 846.12 (time). The quadratic effects of pH, weight of adsorbent
and time were meaningful having (F-value of 124.29), (F-value of 5.00) and (F-value of
19.74) respectively.

The following important binary interactions were found as follows:

e  pH(x1) and concentration(x2) , where x1x2 got high F-value of

17.48 and low P-value of 0.002.

e  pH(x1) with time(x4), where x1x4 got high F-value of 11.71 and low P-value of 0.007.

4.5 Main Effects and Interaction Effects Plot for Chromium (V1) Removal Efficiency

The main effects plot Fig. 8 was developed based on Table 5 in which the un-coded
values of the test variables and the Chromium (VI) removal efficiencies obtained
experimentally are shown. The main effects of all parameters on percentage chromium (V1)
removal were determined and shown in Fig. 8. The effect of pH on Chromium (V1) removal
was studied in the range of pH 2-8. It is apparent from the Fig.8 that efficiency removal was
increased with decreased pH. At high pH values electrostatic repulsion between Chromium
(VI) and Fe;04 might result lower removal efficiencies whereas at lower pH conditions Fe;O4
electrostatic attraction between Fe3O,4 and acidic Chromium (VI) may be resulted in higher
efficiencies, Yuan, et al., 2010. The percentage removal of Chromium (VI) decreased
slightly up to the concentration of 150ppm as shown in figure. The reason for decreasing the
removal in higher concentration media is by increasing the initial concentration from 50 ppm
to 150 ppm, the removal decreased. On this basis, it can be explored that, for the given
adsorbent dose, the available sites for adsorption become less at higher concentrations, and
hence, the percentage adsorption of Cr (VI) decreases, Lasheen, et al., 2013. Percentage
removal of
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chromium (V1) was increased with time up to 60 min. This might be due to the fact that
increased time allowed the particles to reach equilibrium hence, removal percentage was
increased, Parsons, et al., 2014. It is noticed from the Fig.8 that efficiency removal of
Chromium (V1) has increased significantly with increased adsorbent dosage. This means that
the toxic ions can be removed effectively from the contaminated water with the proper
amount of adsorbent, due to the fact that intensely activated surface of Fe3O, nanoparticles
substantially possess more adsorption sites available for metal ions uptake from the solution.
This is in accordance with the reports available on other Chromium (V1) removal processes,
Shen, et al., 2009

Fig. 9 is the surface plot showing the combined effect of both pH and concentration using
(0.3g) of FesO,4 after lhour. From Fig.9 it can be seen an increase in the percentage
Chromium (V1) removal can be observed with decrease in pH from 8 to 2 as well as there is
an decrease in concentration from about 50 to 150 ppm. The dramatic increase of the
Chromium (VI) uptake with the decrease of pH values was mainly due to that higher pH
values made the surface of magnetite more negatively charged, which greatly enhanced the
electrostatic repulsion between magnetite and Chromium (V1) anions, leading to a release of
the adsorbed Chromium (V1) species from the magnetite surface, Bhaumik, et al., 2011. The
reason for decreasing the removal in higher concentration media is by increasing the initial
concentration from 50 ppm to 150 ppm, the removal decreased. On this basis, it can be shown
that, for the given adsorbent dose, the available sites for adsorption become less at higher
concentrations, and hence, the percentage adsorption of Cr (V1) decreases, Ilankoon, 2014.
Fig.10 shows the combined effect of pH and time for Chromium (VI) removal on Fe3O,.
From these figures it can be seen an increase in the percentage Chromium (VI) removal can
be observed with decrease in pH from 8 to 2 as well as there is an increase in time from about
10 to 60 min, contact time and removal rate are important factors for selection a design of
economical adsorbent for wastewater treatment. The removal efficiency increased with the
contact time increased, the contact time was reach to saturation within 60 min for adsorbents
that mean the saturation time was independent of adsorbent nature. This relation is found
significant in similar work of, Srivastava, and Sharma, 2014.

4.6 Optimization of Operating Parameters

So, the optimum conditions were one of the objectives of the experimental design so
that the high Chromium (V1) removal can be achieved. The optimum conditions of chromium
(VI) removal by FesO, was achieved at pH, weight of Fe3O,4 , initial Chromium (VI)
concentration and time of 2, 0.3g, 50 ppm and 1hr, respectively. At these conditions,
chromium (V1) removal was 98.95%.Table 6 shows the model validation were the predicted
and experimental values of the responses for chromium (V1) are presented. The predicted and
experimental values obtained at optimum conditions was 100% and 98.95%, showing good
agreement between the experimental values and predicted from the model, with relatively
small error which was only 1.08%. Model desirability approaching unity and with low error
value displays the applicability of the model towards the responses. Relatively small errors
were obtained for the predicted and the actual values indicate that the models are suitable in
predicting the responses efficiently.

5 CONCLUSIONS

Chromium (V1) was successfully removed from aqueous solutions onto Fe3Oq
nanoparticles. The obtained data for the adsorption is best fitted with the Langmuir isotherm.
The adsorption complies with pseudo second order reaction. The statistical approach,
response surface Box-Behnken experimental design was successfully employed for
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experimental design and analysis of results, to study the linear, quadratic and interaction
effects between the variables and also to optimize those variables for maximum removal of
Chromium (V1).

The experimental results showed, percentage Chromium(VI) removal in permeate
increased with decreasing in pH from 8 to 2, increasing time from 10 to 60 min, decreasing
initial concentration from 150 to 50 mg/L , increasing adsorbent dosage from 0.05 to 0.3 g.

Appropriate regression model was developed for predicting the removal for
Chromium (VI) and satisfactorily predicted the experimental values. Graphical surface
response plots were used to obtain the optimum points. The best conditions for maximum
Chromium (VI) removal (98.95%) were obtained at pH: 2; Chromium (V1) concentration:
50mg/L; contact time: 1hr and Fe3;O, dosage: 0.3g. Optimum values were confirmed by
validation experiments.

NOMENCLATURE
Ce: Equilibrium concentrations of chromium (V1) solution (mg/L)

Co: Initial concentrations of chromium (V1) solution (mg/L)
Ct: Concentration of chromium (V1) at time t (mg/L)

K1: First order kinetic model constant (1/min)

K2: Second order kinetic model constant (g/mg.min)

KF: Freundlich isotherm equation constant ((mg/g).(L/mg)1/n)
KL: Langmuir isotherm equation constant (L/mg)

M: Mass of adsorbent used (g).

V: Volume of solution (L)

n: Freundlich isotherm equation constant

ge: Uptake of chromium(V1) at equilibrium (mg/g)

gu: Langmuir maximum uptake of chromium(VI) per unit mass of FesO, (mg/g)
gt: Uptake of chromium(V1) at time t (mg/g)

R?: Correlation coefficient

DF: Degree of Freedom

S: Standard error of the regression
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Table 1. Chemical and physical properties of Potassium dichromate

Chemical formula K, Cr; O
Molar mass 294.185 g/mol
Appearance red-orange crystalline solid
Odor Odorless
Purity 99%
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Figure 1. XRD pattern of prepared Fe3O;.

Table 2. The characterization of nano Fe;Oa,.

Property Value
surface area, m°/g 85.97
pore volume, cm*/g 0.1566

average particles
) 75.92
diameter, nm
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Table 3. Design of Experiments.
Run levels adsorption variables AFD removal %
X1|X2|X3|X4|pH| Dosage | Conc. | Time Exp. ored.
G Ppm | hr
1 [o|-1|0|-1|5] 005 | 100 | 10 | 79890 | 786564
> lolol1lols | o1s | 100 | 35 | 87630 | 87.6300
3 |10 1|02 o175 | 150 | 35 | 93920 | 923979
4 lo|a|1|1]5]| o005 | 100 | 6o | 91200 | 90.0512
5 |-1|0|-1]0|2]| 0175 | s0 | 35 | 93120 | 92.3514
6 |1]0|-1]|1|8]| 0175 50 | 35 | (9100 | 78.2530
7 1111 l0lals 0.3 100 | 10 | 81520 | 80.6997
s 110l 1lo0ls!| o015 | 150 | 35 | 73610 | 72.2095
9 0|1 |0|1]|5 0.3 100 | 6o | 93700 | 92.9645
10 /0|0|-1|-1|5]| 0175 | s0 | 10 | 81691 | 808452
11 |%|ojo|lo|5| o175 | 100 | 35 | 87.630 | 87.6300
2 lalalolol2! o0 100 | a5 | 90120 | 90.2628
1311121 0lols!l oo0s5 100 | a5 | 74000 | 74.3545
“ |a1l1l0lol2 0.3 100 | a5 | 94620 | 940762

72




Number 2 Volume 24 February 2018 Journal of Engineering
15 11008 0.3 100 | 35 | 5830 | 754978
6 |0|0|1|-1|5]| 0175 | 150 | 10 | %240 | 791212
17 |o|o|1|1|5]| 0175 | 150 | e0 | 88920 | 895765
18 |0|0|-1]|1|5] 0175 50 | 60 | 24120 | 94.04%
9 lalololalal o1s | 100 | 10 | 82900 | 843760
20 |o0o|1|1|0|5] 03 150 | 35 | 84960 | 86.0891
210 |0 |-1|0|0|5| 005 50 | 35 | 85680 | 867093
22 [1]0]0|1|8]| 0175 | 100 | 6o | /8280 | 789625
»lol1la1lols]| o3 s0 | 35 | 83230 | 895326
24 |10 0| 1]2]| 0175 | 100 | o | 98000 | 986158
5 [o|o|o|o|5| o175 | 100 | 35 | 87630 | 87.6300
26 |1]|0|0|-1|8| 0175 | 100 | 10 | 68000 | 695426
27 lola1l1lo0ls| o005 | 150 | 35 | 83100 | 83.9558

Table 4.I1sotherm parameters for removal Chromium (V1) by FezO, .

Consants | - (Umo) aL(molg) R2
qe
q.KLCe 0.695 31.25 0.997
Fcrcfr?sr':grl:fsh log kF Un
qe = KF Ce'/" 1,065 0.505 0.995
Temkin constants Kt B1

73




Number 2 Volume 24

February 2018 Journal of Engineering

qe
= Bl ant
+ B, In(Ce) 5.567 7.401 0.994
0.14
y=0.046x + 0.032
0.12 - RZ=0.997
0.1

Figure 2. Langmuir adsorption isotherm of Chromium (V1) on Fe304.

¥ =0.505x + 1.065
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Figure 3. Freundlich adsorption isotherm of Chromium (V1) on Fe304.
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Figure 4. Temkin adsorption isotherm of Chromium (V1) on Fe3Oy,
Table 4. Kinetic parameter for Chromium (V1) adsorption on Fe30,.
Pseudo-first order k1 (L min-1) R2
ln(qe — qt) = lnqe — klt 0.0368 0.986
Pseudo-second order k2(g/mg min)
L (i> ¢ 0.049 0.999
qe  kxq: \ge
0.1 -
D It\ T T T
o1 © 10 20 30 40 50
y=-0.016x + 0.195
= 02 1 RZ=0.986
4 03 -
a0
= 04 -
-0.5
-0.6
-0.7 -

Time (min)

Figure 5. Pseudo- first order kinetic for Chromium (V1) on Fe3O,.
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Figure 6. Pseudo- second order kinetic for Chromium (V1) on Fe30,.
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Relationship between predicted and experimental data for Chromium (V1) removal.
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Source DF Adj SS Adj MS F-Value P-Value
Model

X1 1 892.00 891.998 1797.71 0.000

X2 1 28.80 28.802 58.05 0.000

X3 1 18.43 18.426 37.14 0.000

X4 1 419.83 419.835 846.12 0.000
X1*x1 1 61.67 61.670 124.29 0.000
X2*x2 1 0.76 0.756 1.52 0.245
X3*x3 1 2.48 2.479 5.00 0.049
X4*x4 1 9.80 9.797 19.74 0.001
X1*x2 1 8.67 8.673 17.48 0.002
X1*x3 1 1.782 1.782 3.59 0.087
X1*x4 1 581 5.808 11.71 0.007
X2*x3 1 0.12 0.119 0.24 0.635
X2*x4 1 1.89 1.889 3.81 0.080
X3*x4 1 0.19 0.189 0.38 0.551

Error 10 4.96 4.96 0.496
Total 26 1464.70
Model
Summary
R-sq R-sq(adj)
99.66% 99.12%
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Figure 8. Main Effect Plot for Chromium (V1) removal efficiencies.
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Figure 9.The effect of pH and concentration on the removal of Chromium (\V1).

Surface Plot of rem%b vs time; ph
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Figure 10.The effect of pH and Time on the removal of Chromium (V1).

Table 6. Model validation for AFD removal by Fe3O,.

Model H | Conc Weight of Time %Removal | % Removal %
Desirability P " | Adsorbent Predicted | Experimental | Error
1 2 50 0.3 1 100 98.95 1.08
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ABSTRACT

Quadrotors are coming up as an attractive platform for unmanned aerial vehicle (UAV)

research, due to the simplicity of their structure and maintenance, their ability to hover, and their
vertical take-off and landing (VTOL) capability. With the vast advancements in small-size
sensors, actuators, and processors, researchers are now focusing on developing mini UAV’s to
be used in both research and commercial applications. This work presents a detailed
mathematical nonlinear dynamic model of the quadrotor which is formulated using the Newton-
Euler method. Although the quadrotor is a 6 DOF under-actuated system, the derived rotational
subsystem is fully actuated, while the translational subsystem is under-actuated. The derivation
of the mathematical model was followed by the development of the controller to control the
altitude, attitude, heading and position of the quadrotor in space, which is, based on the linear
Proportional-Derivative- Integral (PID) controller; thus, a simplified version of the model is
obtained. The gains of the controllers will be tuned using optimization techniques to improve the
system's dynamic response. The standard Imperialist Competitive Algorithm (ICA) was applied
to tune the PID parameters and then it was compared to Cultural Exchange Imperialist
Competitive algorithm (CEICA) tuning, and the results show improvement in the proposed
algorithm. The objective function results were enhanced by (23.91%) in the CEICA compared
with ICA.

Key words: Quadcopter, PID, Flying robot, ICA, CEICA.
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1. INTRODUCTION

The quadrotor unmanned aerial vehicle (UAV) has been an increasingly popular research topic
in recent years due to their low cost, maneuverability, and ability to perform a variety of tasks.
They are equipped with four motors typically designed in an “X” configuration, every two pairs
of opposite motors rotating clockwise and the other motor pair rotating counter-clockwise to
balance the torque. Compared with the conventional rotor-type aircraft, it has no tail, quadrotors
advantage compared with normal airplanes is that it has more compact structure and it can hover.
The quadrotor does not have complex mechanical control system because it relies on fixed pitch
rotors and uses the variation in motor speed for vehicle control. However, these advantages come
with a disadvantage. Controlling a quadrotor is not easy because of the coupled dynamics
between translational and rotational dynamics thus making it under-actuated system. Also, it
uses more energy battery to keep its position in the air. In addition, the dynamics of the
quadrotor are highly non-linear and several effects are encountered during its flights, thus
making its control a good research field to explore. This opened the way to several control
algorithms and different optimization technique for tuning that are proposed in the literature.

Going through the literature, one can see that most of the papers use two approaches for
modeling the mechanical model. They are Newton-Euler and Newton-Lagrange but the most
used one and it’s most familiar and better is Newton-Euler which as in Benié¢, et al. 2016 and
Bouabdallah, 2006. Also regarding the control of quadcopter, there is a good amount of
research done both in linear and nonlinear methods, EIKholy, 2014. However, for practicality
the linear controller especially PID perform better in practical implementation and that is the
reason PID was used as the controller for the quadcopter Bouabdallah, 2004 and Li, and L.i,
2011. Also, some researchers work on the stabilization of quadcopter that means inner loop,
Salih, et al., 2010 and Magsino, et al., 2014. Other researchers include also the position control
of quadcopter to cover all topics in quadcopter control Pipatpaibul, and Ouyang, 2011. Tuning
the parameters of the PID controllers is very important to get the best performance of
quadcopter. Thus in order to get the best (optimal) setting to achieve the objective, an
optimization algorithm must be used. In this work the Imperialist Competitive Algorithm was
applied which is the same as Atashpaz-Gargari, and Lucas, 2007, then it was improved to
generate new algorithm called cultural exchange imperialist competitive Algorithm which
achieved better results. As much of research done in this field there is still optimization
algorithms, which is not tested in quadcopter control systems, imperialist competitive
algorithms, is one of them. And also this work explores new optimization algorithm which
performed better. Both algorithms were measured statically and it turns out that the new
algorithm is performing better than the normal algorithm always in getting lower objective value.

This paper discusses the formulation of mathematical model of quadcopter in section 2. After
that, the control system of the quadcopter which is PID and how to apply it to stabilize the
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quadcopter and control its position in section 3. Section 4 will be about the optimization
techniques used tune the PID parameter Kp, Ki, and Kd and how to enhance the algorithm for
tuning the parameters more effectively and better than the normal one. Section 5 will contain the
simulation results and the conclusion is in section 6.

2. MATHEMATICAL MODEL

Designing a control system for physical systems is commonly started by building a mathematical
model. The model is very important because it gives an explanation of how the system acts to the
inputs given to it. In this research, the mathematical model equations of motion are derived using
a full quadcopter with body axes as shown in Fig. 1.

2.1 Quadcopter Fundamentals

The quad-rotor is a helicopter equipped with four motors and propellers mounted on them. It is
very well modeled with a cross (X) configuration style. Each opposite motors rotate in the same
direction counter-clockwise and clockwise. This configuration of opposite pairs’ directions
completely eliminates the need for a tail rotor, which is needed for stability in the conventional
helicopter structure. Fig. 2 shows the model in a stable hover, where all the motors rotate at the
same speed, thus generating equal lift from the four motors and all the tilt angles are zero
Bouabdallah, 2006. Four basic movements govern the quadcopter orientation and displacement,
which allow the quadcopter to reach a certain altitude and attitude:

a)Throttle

It is provided by concurrently increasing or decreasing all propeller speeds with the same amount
and rate. This generates a cumulative vertical force from the four propellers, with respect to the
body-fixed frame. As a result, the quadcopter is raised or lowered by a certain value.

b)Roll

It is provided by concurrently increasing or decreasing the left propellers speed and the opposite
for the right propellers speed at the same rate. It generates a torque with respect to the x-axis
which makes the quadcopter to tilt about the axis, thus creating a roll angle. The total vertical
thrust is maintained as in hovering; thus this command leads only to a roll angular acceleration.

c)Pitch

The pitch and roll are very similar. It is provided by concurrently increasing or decreasing the
speed of the rear propellers and the opposite for the speed of the front propellers at the same rate.
This generates a torque with respect to the y-axis which makes the quad-rotor to tilt about the
same axis, thereby creating a pitch.

d)Yaw

This command is provided by increasing (or decreasing) the opposite propellers’ speed and by
decreasing (or increasing) that of the other two propellers. It leads to a torque with respect to the
z-axis which makes the quadrotor turn clockwise or anti clockwise about the z-axis.
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2.2 Quadcopter Dynamics
There are two coordinate systems to be considered in quadcopter dynamics, shown in Fig.3:

e The earth inertial frame (E-frame)
e The body-fixed frame of the vehicle (B-frame)

They are related through three successive rotations:

e Roll: Rotation of ¢ around the x-axis Ry;
e Pitch: Rotation of 6 around the y-axis Ry;
e Yaw: Rotation of y around the z-axis R;.

Switch between the coordinates system using rotation matrix R which is a combination of
rotation about 3 axis rotations also Fig. 4 shows how the rotation is applied Pipatpaibul,
Ouyang, 2011:

cosypcos¢p cosypsinfsing cosiypsingcosp+ sinypsing
R =Rx.Ry.Rz= (SiTLl/)COSG siny sinfsin ¢ sin¢sin9c05¢—sin¢cos¢> (1)
—sin 6 cos@sing cos 6 cos ¢
The developed model in this work assumes the following:

The structure is supposed rigid.

The structure is supposed symmetrical.

The center of gravity and the body fixed frame origin are assumed to coincide.
The propellers are supposed rigid.

Thrust and drag are proportional to the square of propeller’s speed.

Using the Newton-Euler formalism to create a nonlinear dynamic model for the quadrotor, in this
research, the Newton-Euler method is employed for both the main body and rotors. The general
form of Newton-Euler equation is expressed as:

m13*3 0 {V} w XmVlV _ F
[ 0 [] W +{lea)}_{’[} (2)
Eqg. (2) is a generic form of equations of motion. It can be applied to any position in the

coordinate system. In this case, the main point is the center of mass of the quadcopter. Referring
to the body frame (B) in Fig. 3, EQ.(2) cut-down to Pipatpaibul, Ouyang, 2011:

ot Mo+ it =) ®

Regarding the main body of the quadcopter and Eq. (3), the translational dynamics of the
quadcopter in the body frame (B) is defined as Pipatpaibul, and Ouyang, 2011.:

X 0 0
o0 Lasfo] o
7, 2o b mg
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described in the earth frame (E) Fig. 3 through Eq. (4) as Pipatpaibul, and Ouyang, 2011:

X X
my = Rayzm Y = Rayz 4 2O -1
Zg Z 2i=1bni — Ryy,mg B
—sinbcosd 3.;_ b}
. 4
= Ryyz sing ), _ b0} ®)
| —mg + cosBcos Z?=1 b} )

From Eqg. (3), the main body rotational dynamics can be described in the body frame (B) as
Pipatpaibul, and Ouyang, 2011:

I,y O 0 ¢ ¢ L, O 0 ('-[) Ty
0 Ly O0|3ge+36¢x|0 Ly 0)<pr=1Ty (6)
0 0 L) \g 'z 0 0 I |\y Tz

Ixxdi élj/(lzz - IJ/)/) Tx Ty
LyO ¢ + 3 0¥ (L — 1) { = {Ty} + {Ty} (7
1,,¥ 6 (1, — Lix) tz)e  \Tz);

Where subscripts e and r refer to moments due to external forces, which ultimately caused by
thrust and drag from rotors, and moments due to rotor gyro effect, respectively.

2.3 Rotor dynamics

The rotor dynamics can be described using Eq. (2) by considering a coordinate system of each
rotor, which is the same plane as the body frame for X and Y axes while Z-axis coincides with
the rotation of the rotor. Considering rotational dynamics of each rotor in the form of Newton-
Euler Pipatpaibul, and Ouyang, 2011.:

Le 0 0] (4 ¢ Le 0 0] (4 T,

0 L, O g + 36 x[0 L, O 0 =17y (8)

0 0 L (&), ), [0 o Ll (¢ =,

Ixxdi HIIU(IZZ - Iyy) Ty

Iyyg + ¢lp(1xx - Izz) = {TY} (9)
1z r,i

Izzl’.i’ ri ¢9(Iyy - Ixx) ri

for i= 1,2,3,4 and denotes it" rotor. Since the rotors always rotate about their Z-axes at the rate of
Q with the moment of inertia about Z-axis of J,. and have very low masses, I,,and I, can then
be omitted and the dynamics of each rotor reduces to Pipatpaibul, and Ouyang, 2011:

0 00, Ty
{ 0'} +1-40J, ¢ = {Ty} (10)
Jr(2 i 0 i Tz T,
Note that Eq. (10) is a function of rotor speed Q. Since rotor 1 and 3 rotate in the opposite

direction of rotor 2 and 4, one can define the total rotor speed as Pipatpaibul, and Ouyang,
2011:
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.{2:..(21_.(22 +Q3_Q4

From Eqg. (9) and (10), the total moment due to gyro effect from all rotors can be expressed as
Pipatpaibul, and Ouyang, 2011 :

4

Tx Tx 0 é-Q]r
Tyt = Ty = 0 ¢+ —$0J, (11)
Tz)y Tz)y ]rﬂ i 0 .

—i=1 i=1 t
Tx ng]r
) Ty} =1—92 ) (12)
tz)r ]r-(jr

2.4 Equation of motion (EoM)

Now that all necessary dynamics of the entire model has been established, one can write the
complete equations of motion of the quadrotor. Combining Eqg. (4), (6), (8), (10), (11) and (12)
yields:
( mX = —sinfcos¢ Y, [p02?]
translational dynamics mY = sing Yi_,[bR?]
mZ = —mg + cosfcos¢ ¥, [bR?]

L = 09(l,, — L) — 602,), + Ib(—03 + 03)
Rotational dynamics< 1,0 = ¢¥ (L — I,,) + ¢2.J, + Ib(Q7 — 03)
k L = $0(Lyy — L) + Jr By + S, (D7)

2.5 Model Parameters

(13)

The chosen parameters in this research for simulation was taken from the datasheet of real
components that are used in building quadcopter shown in Table 1.

3. PID CONTROL

PID controllers have been used in a broad range of controller applications. It is for sure the most
applied controller in the industry. The PID controller shown in Fig. 5, has the advantage that
parameters (Kp, Ki, Kq) are easy to tune, which is simple to design and has good robustness.
However, the quadcopter includes non-linearity in the mathematical model and may include
some inaccurate modeling of some of the dynamics, which will cause bad performance of the
control system, thus it is needed form the designer to be careful when neglecting some effects in
the model or simplifying the model Kotarski, et al., 2016.

Stabilization is very important for an under-actuated system like a quadrotor, as it is inherently
unstable due to its six degrees of freedom and four actuators. A control system is modeled for the
quadcopter using four PID controllers to control the Attitude (Roll, pitch, and yaw) and the
Altitude (Z height) to introduce stability these four controllers form the inner loop of control for
the quadcopter system. And then two more PID controllers are used to control the position of the
quadcopter ( X and Y axes) and the output of these two controllers will be input to the roll and
pitch controllers these two PID’s will form the outer control loop.
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3.1 Inner Control Loop

Inner control loop controls quadcopter altitude and attitude. Input variables for inner loop can be
divided into two parts, desired and sensor signals. Desired signals are obtained from the control
signals coming directly from the pilot or the autopilot program, these signals are the Height
(altitude) and pointing (Yaw) of the quadcopter the other two signals desired roll and pitch
comes for the output of the outer loop control since they are translated from the desired x and y
position in the outer PID’s. Fig. 6 shows the complete control system for the quadcopter
including the inner loop and the outer loop.

Altitude control
The equation for the thrust force control variable U1 is:

d
Uy = Kpzez + Kj; f €z — KDZEBZ (14)

where Kp;, K;; and Kj, are three altitude PID controller parameters. e, is the altitude error,
where e; = Zgos — Zmes- Zges - desired altitude and Z,,,.; : measured altitude.

Roll control
The equation for the roll moment control variable U2 is:

d
U2 = Kp¢€¢ + KI¢ f €¢ — KD‘PE% (15)

where Kpg4, K;¢ and Kp, are three roll angle PID controller parameters. e is the roll angle error,
where ey = Pues — Pmes- Paes - desired roll angle and ¢, - measured roll angle.

Pitch control
The equation for the pitch moment control variable U3 is:

d
Us = Kpgeg + Kig [ €9 — Kpg —- €9 (16)
Similarly, Kpg, K;9 and Kpg are three pitch angle PID controller parameters. e, is the pitch angle
error, where eg = 0405 — Omes- O4es - desired pitch angle and 6,,,. : measured pitch angle.

Yaw control
The equation for the yaw moment control variable U4 is:

d
Uy = Kpyey + Ky f ey — KDwEelp (17)

where Kpy, K;p and Kpy are three yaw angle PID controller parameters. ey is the yaw angle
error, where ey = ¥ o5 — Yines. Waes 1S the desired yaw angle and ¥, is the measured yaw
angle.

3.2 Outer Control Loop

The outer control loop is applied since the quadcopter is under-actuated system and it is not
applicable to control all of the quadcopter 6-DOF straightly. As mentioned earlier, the inner loop
directly controls 4-DOF (three angles and altitude). To be able to control X and Y position, outer
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loop is implemented. The outer control loop outputs are desired roll and pitch angles which are
the inputs to the inner loop for the desired X and Y position.

Eq. (18) and (19) are the equations for the quadcopter X and Y linear accelerations EIKholy,
2014:

X = (cosWsinBycosp, + sinWsing,) % (18)
Y = (sin¥sinBycosp, — cos¥sing,) % (19)

Quadcopter dynamics of the X and Y linear accelerations can be simplified since the quadcopter
around hovering that means the values of roll and pitch are small thus it can be approximated to
(sinfy = 0, ,sinpy = ¢4 ,cosps = 1), EIKholy, 2014:

X = (8acos¥ + pysin¥’) = (20)
Y = (8sin¥ — ¢ cos¥) % (21)
Now Eg. (20) and (21) are put in matrix notation:

X| _uif sin¥  cos¥ ¢d]
[Y] ~ m l—cos® sian] 04 (22)

the desired pitch and roll:

[¢d] 2[—51’71‘1’ —cos‘l’]_1

0,4 - cos¥  —sin¥ (23)

=3
the complete control system with the dynamic system is applied in Matlab-Simulink can be
shown in Fig. 7.

4. OPTIMIZATION ALGORITHM

Optimization is the process of making something better. Optimization is a process of finding the
best solution (setting) for a problem to achieve a certain goal (cost function) by trying variations
on an initial solution and using the information gained to reach global optimum.

4.1 Cost function

Cost function or objective function formulation is very important in optimization since it is the
main parameter to measure the performance of the optimization technique and decide whether
the solution will suit the problem or not. In our work, the objective function was built to achieve
two goals optimize the consumption of battery and speed up the response time. After researching
about the battery consumption, it was found that reducing the oscillation and the overshoot of the
response of the quadcopter as much possible will reduce unnecessary power consumption Oscar,
2015. An error objective function was used to make sure that the response is fast to follow the
control signal. Integral square error (ISE) was used in the objective function, the total objective
function that was implemented in Matlab m-file in both ICA and CEICA programs is shown in
Eq. (24):
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CostFunction =
2
(Z¢Mp¢ + ﬁcpf |e¢| dt + (lgMpg + ﬁgf |€9|2 dt + alpMplp + ﬁq/f Ielplz dt +
aszz + BZf Iezlz dt (24)
Ug—Ug

Where = ——= x 100 , uy: desired input , u,: actual input.

Uq
4.2 Imperialist Competitive Algorithm

Esmaeil Atashpaz-Gargari and Caro Lucas invented the imperialist competitive algorithm. It is
inspired by the competition of empires. It begins with an initial-population (countries in the
world). A group of the fittest countries in the initial population is chosen to be the imperialists
and the others, form the colonies of these imperialists.

country = [Py, 02, P3s +» PNygr (25)

All the colonies of initial-population are divided between the mentioned imperialists based on
their power (fitness). the normalized cost of an imperialist:

C, = ¢, — max{c;} (26)

The power of an empire is the inverse of the cost which means the imperialist competitive is a
minimization technique.

(27)

p imp
n N;
Z Cl

i=1

After dividing all colonies among imperialists, these colonies start moving toward their relevant
imperialist country. The total power of an empire depends on both the power of the imperialist
country and the power plus a percentage of mean power of its colonies:

TC, = Cost(imperialist,) + &{Cost(colonies of empire,)} (28)

Then the imperialistic competition begins among all the empires. Any empire that is not able to
succeed in this competition and can't increase its power (or at least prevent decreasing its power)
will be eliminated from the competition. The imperialistic competition will gradually result in an
increase in the power of powerful empires and a decrease in the power of weaker ones. The
competition starts with finding the possession probability, the normalize total cost is:

NTC, = TCp — Mgy {TC;} (29)
The possession probability of each empire

NTCy,

Nimp
Yiz1 NTC;

(30)

ppn =

Then do roulette wheel is carried out to assign the weakest colony of the weakest empire to
another empire. Weak empires will lose their power and ultimately they will collapse. The
movement of colonies toward their relevant imperialists along with competition among empires
and also the collapse mechanism will hopefully cause all the countries to converge to a state in
which there exists just one empire in the world and all the other countries are colonies of that
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empire. In this ideal new world colonies, have the same position and power as the imperialist
Atashpaz-Gargari, and Lucas, 2007. All the steps mentioned above are illustrated in flow chart
Fig. 8.

4.3 Cultural Exchange Imperialist Competitive Algorithm (CEICA)

As mentioned earlier, the normal ICA tuning did not give the desired performance for 60
iterations and 40 countries, which is long simulation time 1h 45min (it’s was found that
increasing the iteration number more than 60 iterations will not generate a much better solution
and if the iteration number less than 60 the solution will not be optimal always). During the work
with ICA and PID’s, it was noticed that ICA is a very random process and it could be improved
by adding an additional step to the algorithm. This step is called cultural exchange which is also
obvious in the name of the new algorithm Cultural Exchange Imperialist Competitive Algorithm
(CEICA) this modification is applicable to any application which has more than one parameter to
form the objective function. The detailed concept behind this modification is that there is 12
variable, which is the country size, but every 3 variables which are the Kp, Ki, Kd of a PID will
result in a specific response. Let’s say the roll angle response is enhanced and the pitch angle
response is getting worst by the same value, the total changed in objective function will not be
noticed in ICA, so an indicator is used to show if the response of partitions (in this case 4
partitions) is improved. A comparing process is carried out between the imperialist and the
colonies on each partition if the partition of the colony is better than of the imperialist then a
switch process is carried out. Every partition represents a cultural value which improves the
community and results in empowering the empire if adopted. Reflecting the process of
equations:

country = [|p1, 02, P3l, [P4, Ps, Dy oo PN, ar—20 PNygy—20 PNy ] (31)
Now calculate the cultural values of each colony and the imperialist:

2N vy = f(IPris Pasi Pasi) (32)
After that, a comparison and switching process is carried between colonies and imperialist.
Cultural exchange step will note be add in every iteration but it was found out that by trial and
error that each 4 iterations will give the best results decreasing the number will not allow the
colonies to explore the search space and increasing it will not speed the convergence of finding
the optimal solution.

5. SIMULATION RESULTS AND DISCUSSION
5.1 Simulation Parameters

The quadcopter parameters was calculated practically by taking the measurements from the DJI
F-450 frame and then applying two tests on a2212 13t 1000kv(stator 22mm by 12mm, 13truns in
each coil) brushless motor to calculated thrust factor and drag factor, also the total weight was
calculated all the results can be seen in Table 1. Regarding the algorithm, all the setting found in
Table 2.

89



Number 2 Volume 24 February 2018 Journal of Engineering

5.2 Simulation Results

The imperialist competitive algorithm was applied using m-file code to the simulation model in
Simulink in order to tune the PID’s gains of the inner loop and then the outer loop. The inner
loop which is 4 PID’s (12 parameter) then the algorithm is applied a second time to tune the
outer control loop 2 PID (6 parameters). After the iteration of the simulation, the following
results were achieved considering that a number of iteration is 60 and number of population is
40, the step response for the Roll, pitch, and yaw which is essential to check for the stability of
the quadcopter and the objective function. The step response is shown in Fig. 9. In addition,
Table 3 is showing the values of PID parameters of the optimal solution after the iteration is
finished and the corresponding overshoot and Integral square error ISE.

The tracking of the desired trajectory in the space is shown in Fig. 10. It is noticed that the
normal ICA optimization is not following the exact path of the trajectory and it is because that
the algorithm is fully random and explore the search space blindly without clues. Fig. 11 shows
the tracking in each single axes to check each axis independently. Testing the outer PID
controller with step response it shows that it needs more iteration to get better results or improve
the algorithm to achieve a better result for the same setting.

The new Algorithm was tested also to tune the quadcopter control system. The Cultural
Exchange Imperialist Competitive Algorithm was applied to the complete model in Simulink to
tune the PID’s gains of the inner (loop 4 PID’s, 12parameters), then the algorithm was applied a
second time to tune the outer control loop (2 PID’s, 6 parameters ). The following results were
achieved considering that a number of iteration is 60 and number of population is 40, the step
response for the Roll pitch and yaw which is essential to check for the stability of the quadcopter
the step response is shown in Fig. 12 was better than the previous. The tracking of the desired
trajectory in the space is shown Fig. 13 was very good the desired track and actual track was
almost the same. It is because that the algorithm is has the indicators (check the cultural value)
which enable the algorithm to converge fast to the optimum solution, Fig. 14 shows the tracking
in each single axes.

Ten experiment was carried out for the previous algorithm and the enhanced new algorithm
because judgment cannot be based on one test since the algorithms are random procedures so it
must be verified statistically and prove by statistics that the enhancement is better than the
standard algorithm. As shown in Table 5, the normal algorithm (ICA) obtain (129.1791) as an
average of 10 samples for the objective function where the improved algorithm (CEICA) has
achieved (98.29343) as an average of 10 samples for the objective function. That means
(23.91%) improvement in CEICA algorithm against the ordinary algorithm ICA.

6. CONCLUSIONS

Form the work done on the quadcopter system the PID controller is a suitable controller because
it is simple and at the same time it can control the quadcopter and produce fast control signals
fast to follow the sampling speed of the sensors and refresh rate of ESC. Optimization algorithms
are essential for tuning the PID’s, ICA algorithm in the literature was not used to tune multiple
PID’s simultaneously but in this work, it was tested and then improved to generate enhanced
algorithm which handles multi PID tuning in a very efficient way. Cultural exchange Imperialist
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competitive algorithm (CEICA) was inspired from the fusion of cultural values exchanged
between the colonies and imperialist in order to make the solution converge directly to the
optimal point. The CEICA average objective function was (98.29343) and compared to ICA
(129.1791) thus achieved enhancement by (23.91%).
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Figure 2. Quadcopter at hovering state with the main acting forces and torques.
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Figure 3. Inertial frame and body frame of the quadcopter.

Figure 4. Rotations about X, Y, and Z axes.
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Figure 7. Complete Simulink model and control system for quadcopter (Noting that the rounded
squares are the outputs to the M-file in Mat-lab).
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Table 1. Model parameters, taken from real quadcopter system datasheets and experiment (DJI

F-450 frame and Brushless motors a2212 13t 1000Kv).

Symbol Value Description
m 0.964 Kg Total mass of quadcopter
I 0.22m Distance from center of quadcopter to the motor
I 8.5532x10 Quadcopter moment of inertia around X axes
lyy 8.5532x107° Quadcopter moment of inertia around Y axes
I 1.476x10° Quadcopter moment of inertia around Z axes
Jr 5.225x10” Rotational moment of inertia around the propeller axis
b 7.66x107 Thrust coefficient
d 5.63x10° Drag coefficient
Table 2. Imperialist competitive setting.
Symbol Value Description
a 1 Selection Pressure
B 1.5 Assimilation Coefficient
Max_it 60 Maximum Number of Iterations
nPop 40 Population Size
nEmp 15 Number of Empires/Imperialists
pRevolution 0.05 Revolution Probability
mu 0.1 Revolution Rate
& 0.2 Colonies Mean Cost Coefficient
Table 3. PID values for roll, pitch, yaw and attitude and their corresponding overshot and ISE
tuned by ICA.
Roll
Kp Ki Kd Overshoot % ISE
8.514 46.06625 2.3264 7.5922 0.006646
Pitch
Kp Ki Kd Overshoot % ISE
36.9288 28.0083 4.603 57.3633 0.006956
Yaw
Kp Ki Kd Overshoot % ISE
-8.4373 31.4505 20.8355 66.9892 0.010992
Z-Altitude
Kp Ki Kd Overshoot % ISE
81.0536 60 48.7586 12.8603 0.037952
X-position
Kp Ki Kd Overshoot % ISE
4.0701 0.231 10.753 29.74198 0.3647
Y-position
Kp Ki Kd Overshoot % ISE
5.5898 0.327 7.5787 15.4514 0.12848
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Table 4. PID values for roll, pitch, yaw and attitude and their corresponding overshot and ISE
tuned by CEICA.

Roll

Kp Ki Kd Overshoot % | ISE
0.29177 1.061 0.72886 7.1135 0.015718
Pitch

Kp Ki Kd Overshoot % | ISE
1.7825 26.0016 0.50338 18.3795 0.031516
Yaw

Kp Ki Kd Overshoot % | ISE
-0.00546 0.66847 0.73394 4.305 0.017597
Z-Altitude

Kp Ki Kd Overshoot % | ISE
44,4423 59.3334 59.9424 25.826 0.14864
X-position

Kp Ki Kd Overshoot % | ISE
8.0701 0.1 6.753 0.74198 0.2697
Y-position

Kp Ki Kd Overshoot % | ISE
6.5898 0.12859 9.5847 1.4514 0.30238

Table 5. Comparison between ICA and CEICA with 10 sample to prove the enactment

statistically.

ICA CEICA
129.4325 103.4353
142.9757 95.841

97.897 97.7699
127.8194 136.046
128.4142 77.5138
152.5955 107.2114
136.6101 76.4164
123.8592 103.6134
104.8666 89.2461
147.3208 95.841
Statistical average 129.1791 | 98.29343
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A Realistic Aggregate Load Representation for A Distribution Substation in
Baghdad Network
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ABSTRACT

E lectrical distribution system loads are permanently not fixed and alter in value and nature with
time. Therefore, accurate consumer load data and models are required for performing system
planning, system operation, and analysis studies. Moreover, realistic consumer load data are vital
for load management, services, and billing purposes. In this work, a realistic aggregate electric
load model is developed and proposed for a sample operative substation in Baghdad distribution
network. The model involves aggregation of hundreds of thousands of individual components
devices such as motors, appliances, and lighting fixtures. Sana’a substation in Al-kadhimiya area
supplies mainly residential grade loads. Measurement-based techniques are to be used in
estimating the substation load model parameters. The proposed model accounts for the effect of
the feeders, the LV- transformers and the compensation devices present in the system. The
model validation is evident from calculated results comparison to realistic measured data.

Keywords: Power System Load Representation, Aggregate Load Model, Genetic Algorithm
Optimization. Distribution system studies.
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1. INTRODUCTION

Most of the network components in the power system can be modeled accurately, that is
realized by providing the adequate information of each component to develop and identify
compatible model parameters regarding it’s static and dynamic behaviors. Power system electric
loads, on the other hand, are difficult to model as they are complex, time-varying, a mix of
different types, uncontrollable moreover it is not feasible to model every power consumer
connected to the system. Therefore, for such a difficulty aggregation is the solution, and hence
aggregate load models are vital and essential in power system studies, Collin, et al. 2011, Zhang
et al. 2009, and Wei et al. 2005.

In conventional power system analysis, loads information never exceeds a constant active
(P) and reactive (Q) power consumption at a bus of interest. Below that bus, regarding voltage
levels, loads are never lumped, i.e., dispersed with different lots of connecting and controlling
distribution system components. These components include lines, cables, transformers, volt/var
regulators ...etc, it is significant to include such components in the load model representation in
order to evaluate the system response as accurately as possible.

Several approaches have been developed to construct accurate load models EL-849, 1979.
EPRI project RP849, Gentile, et al., 1981, in early-eighties introduced an industry-based
software for load modeling and evaluation. In the mid-eighties, EPRI project RP849-7 in
collaboration with GE company produced an improved LOADSYN software for elaborate load
model simulation, Price, et al., 1987.

In this work, a Genetic Algorithm (GA) based approach is employed to minimize modeling
difficulties and to develop an accurate aggregate load model at a residential substation in
Baghdad distribution network. The GA is capable of explaining numerous complex optimization
problems successfully with fast convergence scale, unlike traditional algorithms. The proposed
model is verified using realistic operating data measurements, feeder’s load behavior is
monitored and measured at Sana’a 33/11 kV substation using modern data acquisition devices
and the aggregation is realized considering all network component.

2. LOAD REPRESENTATION

In 1995, IEEE researchers, IEEE Taskforce, 1995, published one of the very well established
topics of load modeling. They concluded to recommend standard static load models in power
flow and dynamic simulation programs for non-load sensitive modeling situations. This model
does not throw its shadow on the accurate representation of loads since it ignores inductive
motor consequences at locations where results are sensitive to the load-sensitive components.
Comprehensive power system loads nevertheless being very difficult to model in real life, due to
a number of constituents concerned like different nature and dynamics, time-frame and location,
in addition to the dependency on external factors such as weather, .. etc, in other words, the load
is uncertain component to model.

Two basic strategies are generally followed to obtain the load model characteristics. These
are, measurement-based and component-based, Zhang, et al., 2009, and Wei, et al., 2005.

In the measurement-based strategy, direct measurements are occupied to determine the
voltage and frequency sensitivities of the active and reactive consumption. Then, by fitting the
data to the anticipated model, the coefficients of the model are then identified. In contrast,
component-based modeling strategy is based on the static and dynamic behavior of all connected
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load properties, in other words, the load composition, the load mix, and characteristics. A further
complication is added to the strategy when the load composition is divided and defined in
percentages of each so as to name the load shares as, heating, motor, air-conditioning,...etc. Due
to these facts, a component-based method is not a realistic choice for large utilities. To better
describe the actual load characteristics, for the load model to be as accurate as it can be,
combining both mentioned strategies is the optimal approach.

In this work, the measurement-based approach is utilized to develop a residential realistic
load model for a distribution substation. A feeder active power, reactive power, voltage, power
factor, and frequency measurements were gathered on an hourly basis over several days period.
The polynomial static load model coefficients are then optimally identified using genetic
algorithm approach. The 33/11 kV Sana’a substation load coefficients for the fourteen feeders
are verified and presented in the “test system and result” part of this work.

2.1 Load Type and Standard Models

A bus-aggregated load comprises different load types. These are included in the load class
mix but, in different composition percentages for the residential, commercial and industrial
classes. The primary load categories are:

1) Induction motors, typically, motors consume up to 80% of the total delivered system
energy and they are common to all load classes.

2) Lighting, these comprise a wide variety of lighting fixtures and types. The energy
consumption varies between classes, roughly (10 to 30) percent of the total load.

3) Thermal (heating), thermal loads contribute a large percent of the total residential (in cold
weather) and industrial classes. In fair-weather countries, thermal loads account for a low
percentage of the total residential demand.

A static load model is to be developed for the sample distribution substation considered
here, which supply consumers of the three categories mentioned above.

Basically, static load model is usually expressed either in a “polynomial” or in an
“exponential” form concerning power consumption and voltage relationship, Moreover, for more
accurate representation, it is required to involve a frequency dependent term, Price, et al., 1987,
IEEE Taskforce, 1995, CIGRE TaskForce, 1990, and Lin, et al., 1993 . The polynomial static
load model, alternatively called ZIP-model is formulated as in Eq.(1) and Eq.(2) for the active
and reactive power components respectively incorporating a frequency dependent parameters.

p% - <a1 (;0)2 +a, (%) + a3> (1+ C,Af) (1)
And,
Q% - <b1 (%)2 + b, (%) + b3> (1+ C,Af) 2)

Af=f—f, 3)
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Where, P, Q, f and V are the present values for active power , reactive power , frequency
and, voltage consequently. P, , Q, , f, and V, represents a base-case or pre-disturbance or change
system values. The coefficients a; and b; at which (i = 1,2,3) are the load model coefficients,
C, and C, are the load model frequency dependent parameters. while Af is the frequency
deviation. On the other hand, the exponential static load model for the active and reactive power
components may be expressed as :

P o

P = (V/Vp)*P(1 + CpAf) (4)
And,

Q% = (V/V,)%a(1 + C4Af) (5)

Where, o, and «, represent respectively the active and reactive powers sensitivities to
voltage, IEEE Task force, 1995 .

2.2 Model Coefficients and Parameters Estimation

Model parameters estimation is performed using a type of least squares or likelihood
estimation to fit the curve in order to active and reactive load consumption to be measured,
Sadeghi, and Sarvi, 2009. Recently, more advanced coefficient estimation methods were
introduced, including Genetic Algorithm (GA) in addition to Artificial Neural Network (ANN)
and Particle Swarm Optimization (PSO). Such methods are appropriate for problems where the
investigation horizon is quite large with several unknown parameters model. A genetic algorithm
approach is dedicated to this work to estimate the optimized load model coefficients, Goldberg,
1989.

Generally, the GA is an intelligent global optimization technique capable of effectively
inspecting a group of inexplicit parameters minimizing a fitness (or cost) function in Matlab,
MathWorks, 2016. In the work in hand, the fitness is the difference between the load measured
active and reactive powers to the respective modeled ones.

The fitness function optimal minimization by GA can be designated mathematically
according to :

gx)<0
minimize f(x) such that h(x) =0 (6)
lb <x< Up
Where g(x), and h(x) are the inequality and equality constraints, [, and u, are the lower

and upper bounds of the search space respectively. The GA stochastically swaps the search space
to find a global minimum.

In the search space (the data measured horizon), Eq.(1) & Eq.(2) & EQq.(3) can be
formulated for each data point (n-points in the search space), given as follow:
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P V\? 1%
Erp, = P [a, (7) + a, (70) + az] x (1 + CpAf)

And similarly,
2

Erg, = Q% — b, (%) +b, (;O) + by] % (1 + C,Af)

Wherei =1,2,....n

Then, the corresponding fitness function for the load active power is:

n
ERRP = Z Erp,
i=1

And similarly that for the load reactive power is;

n
ERRQ = Z Erq,
i=1

Finally, the optimization problem can be set as:

minimize (ERRP and ERRQ)

Subjected to the following constraints ;
( a1 + az + a3 = 1
b1 + bz + b3 = 1
Constraints =
L —const, < €, < const,

—consty < Cq < const,

(7)

(8)

€)

(10)

(1D

(12)

If it is required to quantify the voltage deviation only on the load model, C, and C,

3. AGGREGATION STRATEGY

parameters may be assumed zero resulting in a frequency independent simplified model. A
concise flow-chart resembling the whole model parameters estimation is shown in Fig.1.

For each substation radial feeder, aggregation is performed starting where the last node

located at the outmost distribution transformer, completed at substation busbar. In this work,
aggregation strategy is developed in four phases :

1) Phase One: in this stage, the aggregation is performed at the subsequent of each

distribution transformer, i.e at the 0.4 kV secondary distribution system concerning
distributors, service mains, switches status in addition to the residential load model

outcomes.
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2) Phase Two: aggregation is completed for the 1/3 of the primary distribution system feeder
i.e 11kV network feeder, this is achieved considering overhead transmission lines, cables,
distribution transformers, static VAR compensators in addition to the status of protective
switches providing one fictitious load busbars. The phase horizon is limited to 1/3 in order
to improve the strategy execution time besides minimizing the error deviation.

3) Phase Three: the phase two prospect is repeated for the remaining 2/3 of the feeder in two
steps resulting in an aggregate distribution feeder model for each bus section of the
substation. Each one of the 14 feeders will be symbolized by a single feeder load model
concerning all primary and secondary distribution system network components besides the
ZIP load model in addition to induction motors effects. This

4) Phase Four: combining both substation power transformer models will accomplish the
aggregation process providing single sectionalized busbars with open circuit bus section
since this distribution substation is of single-sectionalized arrangement.

5)

4. TEST SYSTEM AND RESULTS

4.1 Test Substation

The sample 33/11 kV substations from Baghdad distribution system is considered for this
load model study. A substation named Sana’a is located in Al-kadhimiya district with two 33kV
incoming and fourteen 11kV outgoing feeders is of the scope of this work. All of the fourteen
feeders are loaded, the station single line diagram is as shown in Fig.2 in which only Feeder-14
(FD14) is drawn fully detailed to show its composition, the other thirteen remaining feeders are
of similar nature. The substation principally supplies residential areas with minor loads of
industrial and commercial natures. Table 1 shows a sample of the hourly data gathered for
feeder FD14 for almost three days (57h). Such data recordings were retrieved and used
throughout this work to develop an aggregate load model at the substation busbar.

4.2 Performing Aggregation Strategies

For each distribution transformer, secondary distribution system aggregation is performed
involving phase 1 of aggregation strategy, phase 2 starts at the end of FD14 concerning 1/3 the
length and including eight transformers result in single fictitious busbar with load model and
network component model as series impedance, line capacitance is neglected since its effect is
quite small in distribution systems and short networks, this is shown in Fig.3. Aggregation
continues upward to the beginning of the feeder executing phase 3 of the strategy developing a
single feeder load model as shown in Fig.4, phase 3 is repeated until all the 14 feeders are
models for both busbar sections. Finally, both substation power transformers are represented and
aggregated with each section feeders models (7 feeders for each busbar section) and a final
distribution substation aggregation approach is designated as shown in Fig.5.

As aggregation completed the model coefficients and parameters are investigated using
GA, Table 2 shows the GA factors used in this work to initialize the algorithm concerning active
and reactive power fitness functions as previously termed in Eq.(9) and Eq.(10). Fig.6 shows the
GA convergence process, which occurred in 48 generations of the data processed for Sana’a
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substation. The GA optimization program is MATLAB based on 10 segment chromosome length
consuming decimal coding.Table 3 and Table 4 shows the calculated coefficients, a;, b; in
addition to C, and C, parameters for the fourteen feeders with and without frequency
dependency respectively.

4.3 Results Verification
4.3.1 Fitness convergence:

The convergence is accomplished with relatively fast execution time occurring at 50
generations for both active and reactive fitness functions Eq.(9) and Eq.(10) as plotted in Fig.6.

4.3.2 Load model coefficients:

The aggregate load model coefficients and parameters are verified using bus section line
voltage comparison, the actual readings the proposed aggregate model results are compared
considering individual feeders and then considering entirely substation feeders at each bus
section as described in previously discussed Phase 3 and 4, this is shown by Fig.7 and Fig.8.

4.3.3 Voltage deviation:

The deviation in error in the line voltage is distinguished and investigated, the maximum
designated recorded error is 3.5% occurring at FD5 as shown in Fig.9 , in the other hand when
aggregating all section feeders to a single model the error becomes unimportant (0.38 %)
regarding 11kV voltage level , this error rate between modeled and actual reading is significantly
small and this is an evidence that the load modeling approach and aggregation strategy is an
accurate representation of residential loads in Baghdad network.

5. CONCLUSIONS

The load model is an essential study for distribution systems since accurate results are of
the main requirements for planning and operation analyses.

A realistic measurement based residential load model is developed in this work. The model
is of the polynomial type whose parameters were optimized positively using a genetic algorithm
based software. The actual feeder’s supply and measurements presented in this work proved
sufficient to produce best-fit load model parameters.

The genetic algorithm optimization technique is adopted successfully using MATLAB
providing accurate results and fast execution time, the fitness function for the load active and
reactive powers is always converged with less than 50 generations consuming 10 segment
decimal coding chromosomes. both GA and realistic measurements score accurate load model
parameters as well as realistic load model presentation to distribution networks.

The realistic load model and aggregation process proposed in this work is dedicated to
being used in Baghdad distribution network planning studies jointly with network
operation/control simulators providing more truthful and reliable results that will reflect
positively on problem-solving, decision making and future upgrading in the distribution network.
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Figure 5. Aggregation Process (Phase 4).
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Table 1A. Sample gathered data for sana’a 33/11kV substation part 1.

Reading 1 2 3 4 5 6 7 8 9 10
Date (jan 2012) 14 14 14 15 15 15 15 15 15 15
Hour 21:30 22:30 23:30 0:30 1:30 2:30 3:20 4:30 5:30 6:30
Frequency (Measured) 49.3 49.2 50.1 48.8 49.4 49.3 49.7 49.8 49.1 49.2
L-N Voltage (kV Measured) 6.38 6.37 6.4 6.36 6.35 6.35 6.46 6.46 6.35 6.35
Current (Amp Measured) 236.8 238.3 234.9 229.1 217.9 215.8 201.2 182.2 181.6 183.7
P.F (Measured) 0.9 0.9 0.91 0.88 0.89 0.89 0.88 0.88 0.87 0.88
L-L Voltage (kV Estimated) 11.05 11.03 11.09 11.02 11 11 11.19 11.19 11 11
Active Power (kW Estimated) 4079.12 | 4098.52 | 4104.17 | 3846.68 | 3694.39 | 3658.78 | 3431.35 | 3107.31 | 3009.75 | 3079.55

Reactive Power (kVAR Estimated) | 1975.61 | 1985 | 1869.92 | 2076.22 | 1892.69 | 1874.45 | 1852.04 | 1677.15 | 1705.7 | 1662.16

Apparent Power (kVA Estimated) | 4532.35 | 4553.91 | 4510.08 | 4371.23 | 4151 | 4110.99 | 3899.26 | 3531.04 | 3459.48 | 3499.49

Reading 11 12 13 14 15 16 17 18 19 20
Date (jan 2012) 15 15 15 15 15 15 15 15 15 15
Hour 7:30 8:30 9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30
Frequency (Measured) 49.3 49.4 49.1 49.8 494 49.4 50.2 49 50 49.5
L-N Voltage (kV Measured) 6.33 6.34 6.35 6.44 6.31 6.33 6.5 6.37 6.24 6.36
Current (Amp Measured) 184.2 190.3 205.5 211.9 254.1 262.8 265.4 259 263.9 253.2
P.F (Measured) 0.89 0.89 0.89 0.9 0.91 0.91 0.91 0.91 0.92 0.91
L-L Voltage (kV Estimated) 10.96 10.98 11 11.15 10.93 10.96 11.26 11.03 10.81 11.02
Active Power (kW Estimated) 3113.18 | 3221.36 | 3484.15 | 3684.52 | 4377.2 | 4541.42 | 4709.52 | 4504.04 | 4544.99 | 4396.26

Reactive Power (kVAR Estimated) | 1594.93 | 1650.35 | 1784.98 | 1784.49 | 1994.31 | 2069.13 | 2145.72 | 2052.1 | 1936.16 | 2003

Apparent Power (kVA Estimated) | 3497.96 | 3619.51 | 3914.78 | 4093.91 | 4810.11 | 4990.57 | 5175.3 | 4949.49 | 4940.21 | 4831.06
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Table 1B. Sample gathered data for sana’a 33/11kV substation part 2

Reading 21 22 23 24 25 26 27 28 29 30
Date (jan 2012) 15 15 15 15 15 15 15 16 16 16
Hour 17:30 18:30 19:30 20:30 21:30 22:30 23:30 0:30 1:30 2:30
Frequency (Measured) 49.6 50.4 49.5 49.4 50 50 49.9 50.1 50 50
L-N Voltage (kV Measured) 6.33 6.41 6.41 6.37 6.47 6.37 6.37 6.44 6.37 6.37
Current (Amp Measured) 248.5 240.9 244.9 245.5 244.6 247.8 250.4 243 238.2 230.7
P.F (Measured) 0.91 0.91 0.9 0.89 0.9 0.91 0.9 0.9 0.91 0.9
L-L Voltage (kV Estimated) 10.96 11.1 11.1 11 11.21 11.03 11.03 11.15 11.03 11.03
Active Power (kW Estimated) 4294.3 | 4215.58 | 4238.48 | 4162.89 | 4272.92 | 4309.27 | 4306.63 | 4225.28 | 4142.32 | 3967.81
Reactive Power (KVAR Estimated) | 1956.54 | 1920.68 | 2052.79 | 2132.71 | 2069.47 | 1963.36 | 2085.8 | 2046.4 | 1887.3 | 1921.7
Apparent Power (kVA Estimated) | 4719.02 | 4632.51 | 4709.43 | 4600 |4747.69 | 4735.46 | 4785.14 | 4694.76 | 4552 | 4408.68
Reading 31 32 33 34 35 36 37 38 39 40
Date (jan 2012) 16 16 16 16 16 16 16 16 16 16
Hour 3:30 4:30 5:50 6:30 7:30 8:30 9:30 10:30 11:30 12:30
Frequency (Measured) 49.9 50 49.9 50 50 50 49.9 50 50 50
L-N Voltage (kV Measured) 6.38 6.38 6.42 6.36 6.39 6.41 6.47 6.39 6.41 6.35
Current (Amp Measured) 229.7 212 202 199 209.4 218.9 230.3 249.8 255.4 260
P.F (Measured) 0.92 0.89 0.89 0.9 0.83 0.92 0.9 0.91 0.92 0.92
L-L Voltage (kV Estimated) 11.05 11.05 11.12 11.02 11.07 11.1 11.21 11.07 11.1 11
Active Power (kW Estimated) 4044.74 | 3611.34 | 3462.56 | 3417.23 | 3331.78 | 3872.69 | 4023.11 | 4357.69 | 4518.43 | 4556.76
Reactive Power (KVAR Estimated) | 1723.05 | 1850.14 | 1773.92 | 1655.04 | 2238.97 | 1649.76 | 1948.48 | 1985.42 | 1924.85 | 1941.17
Apparent Power (kVA Estimated) | 4396.46 | 4057.68 | 3890.52 | 3796.92 | 4014.2 | 4209.45 | 4470.12 | 4788.67 | 4911.34 | 4953
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Table 1C. Sample gathered data for sana’a 33/11kV substation part 3

Reading 41 42 43 44 45 46 47 48 49 50
Date (jan 2012) 16 16 16 16 16 16 16 16 16 16
Hour 13:30 14:30 15:30 16:30 17:30 18:30 19:30 20:30 21:30 | 22:30
Frequency (Measured) 50 49.9 50.1 50.1 50.1 50.1 50 50 50 50.1
L-N Voltage (kV Measured) 6.4 6.33 6.35 6.36 6.4 6.44 6.4 6.36 6.4 6.31
Current (Amp Measured) 268.4 267.2 261.4 264.5 253.4 234.2 241.1 241.6 238.6 231.3
P.F (Measured) 0.92 0.92 0.92 0.92 0.92 0.91 0.91 0.91 0.9 0.9
L-L Voltage (kV Estimated) 11.09 10.96 11 11.02 11.09 11.15 11.09 11.02 11.09 10.93
Active Power (KW Estimated) 4741.02 | 4668.2 | 4581.3 | 4642.93 | 4476.06 | 4117.52 | 4212.5 | 4194.85 | 4123.01 | 3940.66
Reactive Power (kKVAR Estimated) | 2019.67 | 1988.64 | 1951.62 | 1977.88 | 1906.79 | 1876 | 1919.27 | 1911.23 | 1996.86 | 1908.55
Apparent Power (kVA Estimated) | 5153.28 | 5074.13 | 4979.67 | 5046.66 | 4865.28 | 4524.74 | 4629.12 | 4609.73 | 4581.12 | 4378.51

Reading 51 52 53 54 55 56 57
Date (jan 2012) 16 17 17 17 17 17 17
Hour 23:30 0:30 1:30 2:30 3:30 4:30 5:30
Frequency (Measured) 50 50 50 50 50.1 50.1 50
L-N Voltage (kV Measured) 6.41 6.42 6.4 6.395 6.37 6.4 6.36
Current (Amp Measured) 221.1 209.3 209 207.3 186 179.9 174.4
P.F (Measured) 0.9 0.9 0.9 0.9 0.9 0.9 0.89
L-L Voltage (kV Estimated) 11.1 11.12 11.09 11.08 11.03 11.09 11.02
Active Power (kW Estimated) 3826.58 | 3628.01 | 3611.52 | 3579.35 | 3199.01 | 3108.67 | 2961.52
Reactive Power (kVAR Estimated) | 1853.3 | 1757.12 | 1749.14 | 1733.56 | 1549.35 | 1505.6 | 1517.23
Apparent Power (kVA Estimated) | 4251.75 | 4031.12 | 4012.8 | 3977.05 | 3554.46 | 3454.08 | 3327.55
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Table 2. Genetic algorithm factors.

Number of Parameters 2
Population Size 100
Crossover Points 1
Mutation Rate 0.0156
Minimum 1x1077
Fitness
Maximum 1x10°*

Table 3. Optimal load coefficients voltage dependent only (Cp=C,=0).

FD1 | 0.732 | 0.068 | 0.396 | 0.384 | 0.359 | 0.453
FD2 |0.747|0.170 | 0.280 | 0.465 | 0.145 | 0.586
FD3 | 0.653 | 0.110 | 0.433 | 0.483 | 0.133 | 0.580
FD4 | 0.702 | 0.157 | 0.337 | 0.530 | 0.069 | 0.597
FD5 | 0.690 | 0.160 | 0.346 | 0.360 | 0.248 | 0.589
FD6 | 0.744 | 0.123 | 0.329 | 0.345 | 0.299 | 0.553
FD7 |0.687 | 0.078 | 0.432 | 0.462 | 0.257 | 0.477
FD8 | 0.693 | 0.105 | 0.398 | 0.384 | 0.367 | 0.445
FD9 | 0.565 | 0.099 | 0.532 | 0.552 | 0.061 | 0.584
FD10 | 0.566 | 0.092 | 0.538 | 0.430 | 0.280 | 0.487
FD11 | 0.646 | 0.101 | 0.450 | 0.370 | 0.337 | 0.489
FD12 | 0.767 | 0.191 | 0.238 | 0.475 | 0.227 | 0.494
FD13 | 0.603 | 0.144 | 0.450 | 0.303 | 0.300 | 0.593
FD14 | 0.751 | 0.129 | 0.316 | 0.372 | 0.235 | 0.590
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Table 4. Optimal load coefficients voltage & frequency dependent.

Po | Qo ay az as by b, b3

FD; | 39 | 1.71 | 0.612|0.057 | 0.331|0.321 | 0.3 |0.379
FD, | 45 |1.615|0.624 | 0.142 | 0.234 | 0.389 | 0.121 | 0.49
FD; | 4.15|1.748 | 0.546 | 0.092 | 0.362 | 0.404 | 0.111 | 0.485
FD, | 3.55|1.653|0.587|0.131 | 0.282 | 0.443 | 0.058 | 0.499
FDs | 4.25| 0.76 | 0.577 | 0.134 | 0.289 | 0.301 | 0.207 | 0.492
FDg | 3.15| 0.57 | 0.622 | 0.103 | 0.275 | 0.288 | 0.25 | 0.462
FD; |4.45| 19 |0.574|0.065 |0.361 | 0.386 | 0.215 | 0.399
FDg | 3.75| 1.52 | 0.579 | 0.088 | 0.333 | 0.321 | 0.307 | 0.372
FDy | 45 |1.843|0.472 | 0.083 | 0.445 | 0.461 | 0.051 | 0.488
FDyo | 4.25| 1.653 | 0.473 | 0.077 | 0.45 | 0.359 | 0.234 | 0.407
FD;; | 4.1 | 1558 | 0.54 | 0.084 | 0.376 | 0.309 | 0.282 | 0.409
FD, | 3.95| 1.14 | 0.641 | 0.16 | 0.199 | 0.397 | 0.19 | 0.413
FDi3 | 455 1.71 | 0504 | 0.12 | 0.376 | 0.253 | 0.251 | 0.496
FDys | 4.3 | 1.767 | 0.628 | 0.108 | 0.264 | 0.311 | 0.196 | 0.493

REFERENCES

e Adam J. Collin, Jorge L. Acosta, Ignacio Hernando-Gil, and Sasa Z. Djokic , 2011 , An
11 kV Steady State Residential Aggregate Load Model. Part 1: Aggregation Methodology
, IEEE PES Power Tech. Conf., Trondheim, Norway. Paper508.

e Adam J. Collin, Jorge L. Acosta, Ignacio Hernando-Gil, and Sasa Z. Djokic , 2011 , An
11 kV Steady State Residential Aggregate Load Model. Part 2: Microgeneration and
Demand-Side Management, IEEE PES Power Tech. Conf., Trondheim, Norway.
Paper514

e CIGRE Task Force 38-02-05, May 1990 , Load Modeling and Dynamics, Electra, pp.
124-14.

e C.J. Lin, Y.T. Chen, C.Y. Chiou, et.al., 1993, Dynamic Load Models in Power Systems
Using the Measurement Approach, IEEE Transaction on Power Systems, Vol.8, No.1l .
pp309-315

e D.E. Goldberg, 1989 , Genetic Algorithms in Search, Optimization and Machine
Learning. Book , Addison-Wesley Longman Publishing Co., Inc, ISBN:0201157675.

e |EEE task force on load representation for dynamic performance, August 1995, Standard
Load Models for Power Flow and Dynamic Performance Simulation , IEEE Transactions
on Power Systems, Vol. 10. No. 2. 2, pp. 1302-1313

116


http://academic.research.microsoft.com/Author/54866101/adam-j-collin
http://academic.research.microsoft.com/Author/54021561/jorge-l-acosta
http://academic.research.microsoft.com/Author/55499316/ignacio-hernando-gil
http://academic.research.microsoft.com/Author/12668588/sasa-z-djokic
http://academic.research.microsoft.com/Author/54866101/adam-j-collin
http://academic.research.microsoft.com/Author/54021561/jorge-l-acosta
http://academic.research.microsoft.com/Author/55499316/ignacio-hernando-gil
http://academic.research.microsoft.com/Author/12668588/sasa-z-djokic

Number 2 Volume 24 February 2018 Journal of Engineering

Jian Zhang, Yuanzhang Sun , Jian Xu , Shujun Liu , Junhui Xin , Qingsheng Lei , and
Hang Dong, 2009 , Electric Load Model Based on Aggregation Algorithm , Power and
Energy Engg. Conf. , APPEEC, Asia and Pacific . Paper1538.

Jian-Lin Wei, Ji-Hong Wang, Q. H. Wu, and Nan Lu, 2005, Power System Aggregate
Load Area Modeling ,IEEE PES Transmission & Distribution Conference and Exhibition
Asia and Pacific, Dalian-China .

MathWorks, 1994-2017 , Documentation Center-Genetic Algorithm , Mathworks , online
http://www.mathworks.com/help/gads/genetic-algorithm.html.

M. Sadeghi, and G.A. Sarvi, 2009, Determination of ZIP Parameters With Least Square
Optimization Methods, IEEE Electrical Power & Energy Conference EPEC.

T. Gentile, S. Ihara, A. Murdoch, and N. Simons, 1981, Determining load characteristics
for transient performance , Project RP849-1, EPRI Report EL-850 .

University of Texas, Arlington, 1979, Determining Load Characteristics for Transient
Performance , Vol. 1-3, EPRI Report EL-849.

W.W. Price, K.A. Wirgau, A. Murdoch, and F. Nozari, 1987 , Load Modeling for Power
Flow and Transient Stability Studies , EPRI Report EL-5003, Project 849-7.

117


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Jian%20Zhang.QT.&searchWithin=p_Author_Ids:37293680500&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Yuanzhang%20Sun.QT.&searchWithin=p_Author_Ids:37278742200&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Jian%20Xu.QT.&searchWithin=p_Author_Ids:37633551100&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Shujun%20Liu.QT.&searchWithin=p_Author_Ids:37634515400&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Junhui%20Xin.QT.&searchWithin=p_Author_Ids:37628284400&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Qingsheng%20Lei.QT.&searchWithin=p_Author_Ids:37637454200&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Hang%20Dong.QT.&searchWithin=p_Author_Ids:37635796800&newsearch=true
http://www.mathworks.com/help/gads/genetic-algorithm.html

Number 2 Volume 24 February 2018 Journal of Engineering

Mathematical Modeling of Compaction Curve Using Normal
Distribution Functions

Abdul Kareem Esmat Zainal
Assistant Professor
Engineering college- Baghdad University
Email:kareem_esmat@yahoo.com

ABSTRACT

Compaction curves are widely used in civil engineering especially for road constructions,
embankments, etc. Obtaining the precise amount of Optimum Moisture Content (OMC) that
gives the Maximum Dry Unit weight ygmax. IS Very important, where the desired soil strength can
be achieved in addition to economic aspects.

In this paper, three peak functions were used to obtain the OMC and ygmax. through curve fitting
for the values obtained from Standard Proctor Test. Another surface fitting was also used to
model the Ohio’s compaction curves that represent the very large variation of compacted soil
types.

The results showed very good correlation between the values obtained from some published
sample tests and the values obtained from curve fitting for both cases of the single curve and
multiple Ohio’s curves.

The easiness of obtaining OMC and yamax. From the results of curve fitting encourage users to
utilize this procedure, in addition to its accuracy.

Keywords: Compaction Curve, Optimum Moisture Content, Maximum dry density, Procter
Test, Peak functions.
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1. INTRODUCTION

Compaction is the application of mechanical energy to a soil to rearrange the particles
and reduce the void ratio. The principal reason for compacting soil is to reduce subsequent
settlement under working loads; Compaction increases the shear strength of the soil and reduces
the voids ratio making it more difficult for water to flow through soil. This is important if the soil
is being used to retain water such as would be required for an earth dam.

The compaction is affected by the water content of the soil, the type of soil being
compacted, and the amount of compactive energy used, Das, 2014.
Soil compaction is widely used in geoengineering and is important for the construction of roads,
dams, landfills, airfields, foundations, hydraulic barriers, and ground improvements. Compaction
is applied to the soil, with the purpose of finding optimum water content to maximize its dry
density, and therefore, to decrease soil’s compressibility, increase its shearing strength, and in
some cases, to reduce its permeability.

A typical compaction curve presents different densification stages when the soil is
compacted with the same apparent energy input but different water contents. The water content
at the peak of the curve is called optimum moisture content (OMC) and represents the water
content in which dry density is maximized for a given compaction energy.

Precise calculations to obtain the OMC are reflected on:

)} The cost of water and its transportation and distribution (e.g. road construction).

i) The strength of the soil due to obtaining the maximum dry unit weight.

Even small amounts of differences may increase the cost of compaction due to the large

amount of earthwork.

2. LITERATURE REVIEW

Kurucuk, et al., 2007, and Kurucuk, et al., 2008, work was on implementing theoretical

prediction of the compaction curve for sand using unsaturated soil mechanics principles.
It highlights the fact that shape of the compaction curve can be predicted using unsaturated soil
mechanics principles. The main insight gained was that the changes in matric suction are not
important for the evolution of the compaction states, but the influence of matric suction on the
material compressibility with respect to net stress is the governing factor determining the
compaction density. Therefore, it can be reasoned that the inverted parabolic shape of the
compaction curves is a direct function of the variation of the material compressibility with a
degree of saturation.

Altun, 2008, mentioned the importance of obtaining precise values for, in the field,

compaction control is commonly carried out by sand-cone and nuclear gauge tests. Whether
conducted in the field or in the laboratory, these tests are intended to determine optimum water
content and dry unit weight parameters, information required for design specifications.
The parameters of field soil densification obtained by various testing methods performed in the
same region are compared: unit weight, water content, and densification percentage are
measured by nuclear density and sand cone tests. The variations in the outcomes of nuclear
density and sand cone tests, namely unit weight, water content, and densification percent, are
recorded.

Horpibulsuk, et al., 2009, showed compaction curves from 16 coarse and 9 fine-grained
soils, which cover all soil types classified by the Unified Soil Classification System are analyzed
to develop the Modified Ohio’s curves. For all soils, the relationships between water content and
degree of saturation on both the dry and the wet sides of optimum are represented by power
functions. Their compaction curves under standard Proctor energy follow the Ohio’s curves. The
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optimum degree of saturation, ODS, of coarse-grained soils is lower than that of fine-grained
soils.

Prakash, et al., 2015, studied the water content variations along the compaction curve,
where the degree of saturation of compacted soils also varies. In their experimental work, the
study of the variation of degree saturation along the compaction curve for soils with widely
varying clay mineralogical composition subjected to both Indian Standard light and heavy
compaction efforts. It is observed that the variation of the degree of saturation with molding
water content adopted for both light and heavy compaction tests is linear up to OMC. The degree
of saturation of kaolinitic soils has been observed to be less than that of montmorillonitic soils on
the dry side of optimum; whereas on the wet side of the optimum, the degree of saturation of
kaolinitic soils at any molding water content can be more than that of montmorillonitic soils. In
addition, the degree of saturation of compacted soils at optimum condition has been observed to
be a function of the soil clay mineralogy.

Shrivastava, et al., 2016, mentioned that a need is felt to obtain the required compaction
parameters from the basic soil test which are used for the classification of soil namely
Atterberg’s limits, gradation, specific gravity etc.

Basic soil parameters were collected from literature and Artificial Neural Network (ANN)
techniques have been employed on the data collected, as ANN can better model the relation
between compaction parameters and basic soil properties than statistical modeling.

They demonstrate application of five different ANN algorithms like LM (Levenberg-Marquardt),
GDM (Gradient descent with momentum weight and bias learning function), SCG (Scaled
Conjugate Gradient), and CFB (Circulating Fluidized bed) to predict standard compaction
characteristics of varieties of soils with a large range variation in their basic soil properties.
Multiple variable non-linear regression analysis was also carried out, in which establishment of
an empirical relationship for prediction of compaction characteristics of Modified compaction.

Li, 2013, research was to improve the Compaction Forecasting Expert Database (CFED)
by linking moisture-density-compaction energy relationships with shear strength and stiffness
properties to predict and evaluate the compaction performance of geo-materials.

3. PROPOSED EQUATIONS

The compaction curve used to obtain the optimum moisture content (OMC) and
Maximum dry density (or unit weight) after Proctor method ASTM D698. It is widely used in
experimental tests in laboratories.

The shape of the compaction curve is usually a bell-shaped and the functions that may
describe this kind of shape are peak functions or in a more precise words (Single Peak functions)
through the compaction curve sometimes has multi-peaks and may be described by a multi-peak
functions, but this work is devoted only to the single peak compaction curve.

3.1 First Approach

It is required to describe the compaction curve by a mathematical equation, which may be
useful to obtain the (OMC) and the ydrymax €asily and in a more precise way. Three functions are
presented in this work and verified against some published compaction curves.
Three different compaction curves were taken as examples. Fig. 1, 2, and 3 show these
compaction curves as presented by Das, and Sobhan, 2014, Budhu, 2011, and Fredlund, 2004,
respectively. The compaction curves were digitized and the values of the dry density or the dry
unit weight against water content were obtained as shown in Table 1.
Three functions were proposed as single peak functions that can be implemented as a
mathematical model to describe the compaction curves, which are:
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1- GaussAmp Function, Eqg. (1)

(X—xc)z

y=vy,+AXe 2w? 1)

The OMC and ygmax Can be easily obtained where:
OMC = X, yamax = Yo + A. These values are the constants that can be obtained from any
Curve fitting computer program, (e.g. MatLab, LabFit, Origin, etc.) to mention but a few.

2- Log Gaussian function, Eq. (2)

_[Ln(x)-B)?
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where OMC = €®, ygmax = A + D

3- Inverse Poly Function, Eq. (3)
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where OMC = X, Ydmax = Yo+ A

Through these functions, the compaction curve may be described mathematically and the
(OMC) and ydrymax. may be obtained more correctly and accurately.
Plate 1 shows the results of the application of Eq. (1) for the three compaction curves with the
result parameters that represents the values of the (OMC) and ydrymax, in addition to the
correlation factor R?,
The fitted curve for each compaction curve is also shown with the original data also displayed.
The calculated values of (OMC) and ydrymax. IS shown against the values obtained from the
references to compare with.
Plate 2 and 3 show the results of the application of Eq. (2) and Eq. (3) respectively and also
shows the curve fitting parameters for each of the compaction curves already mentioned.

3.2 Second Approach

Ohio’s compaction curves describe a variety of test results for most of the soils (about
10,000 compaction tests on different types of soils), Joslin, 1959, as cited by State of Ohio
Department of Transportation, 2010, the results of these tests are shown in Fig. 4.

Horpibulsuk, et al., 2013, also showed the compaction curves of the fine-grained soils,
and the lateritic soils and crushed rocks. They mentioned that all the fine-grained soils (under
standard Proctor energy) follow the Ohio’s compaction curves, Joslin, 1959. All test data were
collected from the Bureau of Rural Road 6, the Department of Rural Roads, and Thailand. The
results are shown in Fig. 5 for the fine-grained soils only just as an example.

In this approach, a 3-D mathematical surface model is found to describe these curves that
make it easy to determine the values of the wet density Fig. 4 or dry unit weight, Fig. 5 by giving
the desired water content and the required curve (which is described by a number), the numbers
follow a sequence as (A=1, B=2, C=3, ... etc. for Fig. 4), and (number 1 for the most upper
curve in Fig. 5, the curve number increases as we go down to lower curves respectively).
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The curves for each figure were digitized, then three of the most suitable surface
equations were applied that relates the wet density to the curve number and the water content Fig
4 and the dry unit weight to the curve number and the water content Fig. 5. They were found to
be of the form:

1- Poly surface fit of 2™ degree

z=a0+ alx + a2y + a3x? + a4xy + a5y? (4)

2- Mathematical equation

_ (A+x1)

= 4+ Din(x2) (®)
3- Rational2D
z0+A01x+B01y+B02y?+B03y3 (6)

T 1+A1x+A2x2+A3x3+B1y+B2y?

where a0, al, a2, a3, a4, a5, A, B, C, D, z0, A01, BO1, B02, B03, Al, A2, A3, B1, and B2 are
constants

3.2.1 Ohio’s compaction curve

Data of curve in figure 4 were subjected to the three curve fitting equations and the results
were as shown:

1- For the poly surface fit of 2"%-degree equation, the results were:

Pwer = 140.63 — 2.573C,,, + 1.4371w — 0.10978C,,, > + 0.18819C,, w —
0.09278w? )

where pyet =wet density Ib/ft® ,Cno =Curve number, and w=water content percent
With correlation coefficient R*=0.9727. As shown in figure 6a.

2- For the mathematical equation, the results were:

_ (33.56—Cno)
Pwet (0.2935+0.005719w)

+ 26 X Ln(w) (8)

With correlation coefficient R>=0.956, as shown in figure 6b

3- For the Rational2D equation, the results were:

_ 124.58358+0.90112Cp 0. —8.68W+3.2w2—0.0102w3
Pwet = 1+0.0693Cy . —0.00557C32, +3.56221X10~4C3, —0.11233w+0.02248w?2
With correlation coefficient R? = 0.98438, as shown in figure 6c.

(9)
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3.2.2 Compaction Curves after, Horpibulsuk, et al., 2013

Data of curve in figure 5 were subjected to the three curve fitting equations and the results
were as shown:

1- For the poly surface fit of 2""-degree equation, the results were:

Puer = 21.67 — 0.48947C,, + 0.11626w — 0.00995C,,, > + 0.02555C,,, w —
0.01388w2 (10)

With correlation coefficient R?=0.977. As shown in figure 7a.

2- For the mathematical equation, the results were:

(44.33-Cpo)
(2.22340.03283w)

Puwet = +2.022 x Ln(w) (11)

with correlation coefficient R?=0.969, as shown in figure 7b

3- For the Rational2D equation, the results were:

19.52351+1.51715Cp 0 —4.20977W+0.63134w?—0.00589w3
140.1041Cp0 —0.00218C2, +2.95037x104C3, —0.22571w+0.02852w2

(12)

Pwet =

With correlation coefficient R* = 0.9912, as shown in figure 6c.
For all the proposed equations, when the derivative of each equation with respect to the
water content (w) is equated to zero (dp/dw=0) or (dy/dw=0) gives the equation of a line that
represents the connections between all OMC values in the family of the compaction curves.

4. CONCLUSIONS

Results demonstrated to show that reliable parameters can be obtained by applying for
the non-linear curve fitting programs. This deduction is based on the high correlation factor (R?)
shown against each compaction curve data.

The easiness of determining the values of (OMC) and ydrymax. from fitting parameters
makes this method faster and more accurate compared to using graph paper for example.

Computer programs that apply non-linear curve fitting are widely used, this paper focuses
and sheds the light on the easiness of obtaining the compaction curve parameters accurately.

In addition, the figures show that even a family of compaction curves can be simulated
through mathematical equations. These equations can describe the fitting surface and the value
of ydrymax can be obtained by supplying the required curve number and the moisture content.

The three equations proposed for fitting single compaction curve and the three equations
proposed for fitting a surface of a family of curves can be further investigated and any other
mathematical equations can be implemented if more precise values can be obtained.
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Table 1. Digitized data for the three curves.

Dry unit weight kN/m® Water Content %
14.96 5.67
17.65 7.82
Curve of Figure 1 18.52 8.97
19.02 11.09
18.66 11.88
17.01 13.86
Dry unit weight kN/m® Water Content %
16.923716 5.28161
Curve of Figure 2 18.006425 7.27273
18.451093 8.87632
18.334564 11.2771
17.453734 13.7087
Dry unit weight kg/m® Water Content
1523.35 0.08331
1537.191 0.10178
1581.517 0.12102
: 1651.708 0.14213
Curve of Figure 3 1710.299 0.16354
1744.05 0.18625
1704.517 0.2059
1608.118 0.22643
1551.755 0.24143
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Plate 1. Applying function 1 to the three compaction curves.
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Plate 2. Applying function 2 to the three compaction curves.

Graph Values according to Reference
Yamw= | 19KN/m® | OMC= [ 10.4%

105 Gaussian Cune Fit Fitting Parameters
10 3 A B C D R?
185 v L 5.27 | 2.335 | -0.18 | 13.78 | 0.999
) /
. Yoma= | 19.05 [ OMC= [ 10.33%
1 [ o kN/m?

Curve 1

Gaussian Curve Fit

Values according to Reference

L [2 ool o= | 185 ] OMC= | 10%

E : kN/m?®

182 7/ Fitting Parameters

5171: A B c D Rz

176 S 2033 | 224 | -0.2 | 16.52 | 0.989

- Yamax= | 18.55 | OMC= 9.4

168 6 7 8 9 10 11 12 13 14 kN/m3 %
Curve 2

e Gaussian Cune Fi Values according to Reference

a

ory

a
1700

1650

1600

1550 ;/ B
_ O  Original Data
o Fit Line

1500
0.08

0.1 012 014 016 018 0.2

Water Content

Curve 3

o Ydmax= 1744 | OMC= | 0.186
kg/m®
Fitting Parameters
& A B C D R
218.4 | -1.74 1-0.073 | 1528 | 0.953
Yamax= | 1746.4 | OMC= | 0.175
0.;2 0.;4 0.26 kg/m3

129




Number 2

Volume 24

February 2018

Journal of Engineering

Plate 3. Applying function 3 to the three compaction curves.
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ABSTRACT

One of the important units in Sharq Dijla Water Treatment Plant (WTP) first and second
extensions are the alum solution preparation and dosing unit. The existing operation of this unit
accomplished manually starting from unloading the powder alum in the preparation basin and
ending by controlling the alum dosage addition through the dosing pumps to the flash mix
chambers. Because of the modern trend of monitoring and control the automatic operation of WTPs
due to the great benefits that could be gain from optimum equipment operation, reducing the
operating costs and human errors. This study deals with how to transform the conventional operation
to an automatic monitoring and controlling system depending on a Programmable Logic Controller
(PLC) and online sensors for alum preparation and dosing unit in Sharq Dijla WTP. PLC system
will receive, analyze transmitting data, compare them with preset points then automatically orders
the operational equipment (such as pumps, valves, and mixers) in a way that guarantees the safe and
appropriate operation of the unit. As a result of Process and Instrumentation Diagrams (PID) that
were prepared in this study, these units can be fully operating and manage by using Supervisory
Control and Data Acquisition (SCADA) system.

Key Words: water treatment plant, alum-dosing unit, operation, SCADA, PLC, PID
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1. INTRODUCTION

Many Water Treatment Plants (WTP) in Baghdad city have problems coming from the poor
quality of raw water and higher concerns of finished water quality. Many solutions can be applied to
the existing WTPs to improve their performance and efficiency. One of them can be accomplished
through automating them.

An automated process control system as stated by the website of (Opus International
Consultants) will allow treatment plants to be either unmanned or manned for only part of a working
day. They utilize on-line instrumentation and controllers to continuously monitor and control the
quantity or quality of the process inputs and outputs. Continuous control using sensitive and accurate
instruments that supply data to well-programmed controllers should provide a steadier and more
consistent product from the various stages of the treatment plant that could be achieved with manual
control.

As a result of progression in plants operation and water quality monitoring technology, the use of
instrumentation and automatic control systems are increased in the last decays. This trend is not
surprising because the proper use of these systems can reduce labors; chemicals used; and improve the
treatment process efficiency, reliability, data acquisition, and recording, Syed, 1999.

The aim of this study is to upgrade the alum preparation and dosing unit in Sharq Dijla WTP to
automation operation and control to gain the advantages mentioned in many studies such as Er.
Ravinder, et al., 2016, Sadegh Vosough, et al., 2011, Gergely El, et al., 2009, and Nikoli¢ ., et al.,
2008.

2. ANALYSIS OF AN AUTOMATION PROCESS CONTROL SYSTEM
2.1 SCADA System

SCADA (Supervisory Control and Data Acquisition) system is an extremely important
application of computer technology that has created huge gains in productivity and efficiency in the
processing industries. Where SCADA system is an assemblage of computer and communications
equipment designed to work together for the purposes of controlling a commercial process, like
treatment processes of water and wastewater. Besides control, SCADA systems also perform
monitoring, data logging, alarming and diagnostic functions, so that large complicated process systems
can be operating in a safe manner and maintained by a relatively small staff, Stephan, 2007.

The SCADA automation system includes always several functions, e.g., signal sensing, control,
human-machine interface, management, and networking, Munro, 2008, and Gergely, et al., 2009.

SCADA System’s components comprised of one or more central processing units, like the PLCs
devices, RTU’s (Radio Telemetry or Remote Terminal Units), Input / Output (I/O) Subsystems, Video
monitors, field sensors, control devices. Also, they include lots of software that drives the 1/0, runs the
control algorithms, generates control outputs, displays graphics and monitored values, senses alarm
statuses, and stores the monitored points in a series of data files that can be archived and recalled at a
later time for analysis or process verification, Stephan, 2007.

2.2 1/0 Subsystems

Any type of SCADA systems, whether it is laboratory-sized, planet-sized or, a countywide
distributed system, is going to consist of measurement points or variables that need to be monitored.
The measurements will be made using electronic sensors and instrumentation, (pressure, temperature,
flow, position, etc) and will be brought into the SCADA system through the Input / Output (1/0)
subsystem. The input side is comprised of; Analog Inputs (Als), which accept a continuous input of an
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analog signal, (usually 4 to 20 mA, 0 to 5 VDC, or 0 to 10 VDC) from a transmitter; and Discrete
Inputs (DIs), which typically accept an on or off signal from a switch or contact closure, Warnock,
1998.

On the output side, there are Analog Output modules (AO), which send a continuous signal to
modulating control elements, like control valves and motor speed controllers; and Discrete Outputs
(DO), which send signals to start and stop motors and open and close block valves. The 1/0 modules
may be “local” or close-coupled to the CPU (in the same rack or cabinet) for a small system, or the 1/0
may be “remote”, i.e., distributed out in the field with electrical cabling. In some cases, radio modems
used to connect the 1/0O to the CPU wirelessly, Stephan, 2007.

2.3 Programmable Logic Controller (PLC)

A programmable logic controller (PLC) can be defined as a digital computer used for automation
of industrial processes, such as control machinery on factory assembly lines, Warnock, 1998.

The PLC is a microprocessor based device with either modular or integral 1/O circuitry that
monitors the status of the field connected "sensor" inputs and controls the attached output "actuators"
(motor starters, solenoids, pilot lights/displays, speed drives, valves, etc.) according to a user-created,
logic program stored in the microprocessor's battery-backed RAM memory, Charles, 1999.

PLCs were originally developed in the late 1960s for factory application to replace relay logic,
where older automated systems would use hundreds or thousands of relays, while a single PLC can be
programmed as a replacement, Charles, 1999.

PLCs are evolving into very capable and cost-effective process controllers and are rapidly
becoming very popular for nearly all process control applications, including serving as RTU’s for
SCADA systems, Stephan, 2007.

3. THE STUDY AREA

Sharg Dijla WTP is a one of Baghdad city WTP located in the north of Al-Adamiya district on
the east bank of Tigress River, which supplies potable water to Al-Rusafa area. It consists of two
stages:

3.1 First Stage

Execution since 1978 produces effluent treated water in design capacity of (125 MGD) about
(473,126 m®/day) that contributed with other existing WTPs to cover water demand until 2000. It
consists of conventional surface water treatment units for the physiochemical process as (intake and
low lift pumping station, coagulation and flocculation, sedimentation, filtration by gravity rapid sand
filters, post chlorination, storage in the ground storage tank, and high lift pumping station).

There were three preparation basins used for mixing clear water with the powder alum to produce
an alum solution through compressed air generated by two air blowers (one duty and the other
standby). The solution pumped toward the distribution basin and dispersed into by nozzles in order to
be mixed hydraulically with influent raw water. All these processes were operating and controlled
manually as schematically illustrated in Fig. 1.

3.2 Second Stage

Because of lag of time to execute the biggest WTP “Al-Rusafa WTP” which has been planned to
operate in 2000 to supply about (240 MGD), the second stage have been accomplished in 2007 to
supply more than (50 MGD) and recover the lag of potable water demand. It consists of the same of the
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stage one conventional process unless using of pressured filters, and supply its effluent treated water to
the same existing ground storage tank.

In the chemical building, the alum powder added first to the two preparation basins, mixing with
clear water to prepare alum solution by a turbine paddle mixer. The primary prepared alum solution
discharged to the alum saturation basins for further pneumatic mixing by air blowers. The solution
injecting to mix with influent raw water into the flash mixing chamber. Same as the first stage, the
process operated and control manually as schematically illustrated in Fig. 2.

4. RESULTS AND DISCUSSION

Determining the optimal coagulant dosage is vital, as insufficient dosage will result in
unqualified water quality. Traditionally, jar tests and operators own experience have been used to
determine the optimum coagulant dosage. However, jar tests are time-consuming and less adaptive to
changes in raw water quality in real time. When an unusual condition occurs, such as a heavy rain, the
stormwater brings high turbidity to the water source, and the treated effluent quality may not satisfy the
drinking water quality standards, caused by the complexity of the conventional operation method
adjusting with time to reach a proper dosage. Therefore, it recommended using online monitoring
devices with an automatic PLC-based control system to adjust the alum dosage continuously according
to the variation in flow rates, turbidities, and allowable alum residual. Additionally, there will be an
ability to control the alum preparation and dosing equipment manually either from the local control
panel or through the suggested operator monitoring and control device in the Operator WorkStation
(OWS) in case of maintenance and inspection. This has been done by the following methodology for
each stage:

4.1 Alum Preparation & Dosing Units Instrumentations

The following devices can be used to control the alum preparation and dosing manually through
the OWS, Local Control Panel (LCP) when the manual mode is selected or automatically through the
PLC-CB when the automatic mode is selected.

e Alums solution preparation basins can be supplied with unloading silo equipped with motorized
unloading valve and an electronic weighing system with a digital display. This allows any quantity
of alum powder to discharge from the automatically controlled silo to provide an accurate
indication of what remains inside the silo. Besides, it provides the ability to control the alum
powder discharge through LCP or through OWS.

e The PLC-CB would provide the ability to control the alum preparation and dosing automatically.

e An ultrasonic LIT would be used on the alum preparation basins to provide the ability to control the
solution level automatically by connecting the signal from the LIT with PLC-CB.

e Density Indicator Transmitter (DIT) would be used in the preparation basins to monitor the alum
solution concentration. The signal of DIT should be connected with the PLC-CB to control the
alum dosing automatically.

e LCP of water service pumps feeds the preparation basins, and the LCP of air blowers should be
connecting to the PLC-CB in order to control their operation automatically when the automatic
mode is select.

e The signal of the Turbidity Indicating Transmitter (TIT) on the low lift pumps wet-well should be
connecting to the PLC-CB for the automatic control of the dosing operation.

e The setpoint of alum purity should be programming within the PLC-CB to automatic compute the
alum solution corrected dosage depending on the alum purity percent.
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Alum Indicating Transmitter (ALIT) of clarified water should be connecting with PLC-CB to
reduce automatically the alum solution dosage when it receives a signal referring that the aluminum
concentration exceeds the allowable limit with freezing the dosage modification until the next
treated batch of flow reaches the ALIT.

A manual air direction valves should be replaced with electrically actuated valves to provide an
automatic control discharged air to alum preparation basin, in which the alum solution preparation
accrues when the automatic mode operation is selected.

Flow Indicating Transmitter (FIT) signal of the influent raw water flow should be connected to the
PLC-CB to the alum dosing automatically when the raw water flow changes.

Since dosing pump speeds are manually control, should replace them by variable speed pumps that
are capable to control either automatically through PLC-CB or manually, through LCP or through
the operator control device in the OWS.

When selecting local mode, the service pumps, air blowers, and the powder alum unloading will be
accomplished manually through the operator by the Local Control Panels (LCPs). While in the
remote mode, the operator by the operator control and monitoring device in the OWS will choose
whether the preparation and dosing are accomplished automatically through the PLC-CB by
selecting the auto mode or through the operator control and monitoring device in the OWS by
choosing the Hand mode.

4.2 Automatically Operation

Before selecting the auto mode, the three preparation basins must be set with priority within the
PLC-CB. Each basin priority is selected depending on the alum solutions preparation age. The basin
with longer alum solutions preparation age is set with the first priority for feeding dosing pumps.
Other basins with lesser preparation age are set as second and third priority respectively. In case of
empty or equal preparation ages of basins, random priority can be selected by the operator or by
SCADA systems program.

After selecting the Auto mode, the PLC-CB detects the alum solution level in the three basins to
start the alum preparation within the empty basins.

The alum feeding from the basins would be depending on the basin priority degree. When the auto
mode selected, the alum solution feeding will be starting from the basin that set as the first priority
until empty to selecting the second one. In addition, when preparation basin emptied, the PLC-CB
sends an order to close its related feeding valve and shut down pumps. Then starting to refill by auto
or manual selecting alum dosing and clear water to prepare a required solution for continuous
operation. The alum dosage set points have been depending on data analysis received from TIT for
water quality with the specific time delay.

To start the alum preparation, the PLC-CB sends firstly an order to the silo unloading-valve to
unload the pre-set value of the alum powder. Also, it sends an order to operate the water service
pumps to fill the tank with specific water level controlled LIT signals. Then sends orders to operate
the air blower and opening the air inlet valves of the basin to start mixing for a preset period.

The PLC-CB will use the FIT, DIT, ALIT and TIT signals to calculate the alum required feeding
rate and modify the dosing pumps speed in order to obtain the required alum dosage. Calculating the

alum feeding rate will be according to the following equation (Syed, 1999):

(1)
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_ G0
PaPy,

Qa

Where:
Qa = Alum feed rate (L/hr),
C: = Alum required dosage (mg/L),
Q = Raw water flowrate (m*/hr),
P, = Alum concentration in preparation basin (kg/m?),
Py, = Alum purity (%).

e This process proceeds automatically until:

a) Manual operation sets on the OWS or LCP,

b) The PLC-CB receive the signal from LIT in-ground storage tank indicating that is full,

c) Low turbidity level of raw water indicating by TIT in the low lift pumping wet-well,

d) No response for low alum powder level alarm on the silo,

e) Instrumentations damage without alarm response for repair,

f) Emergency shutdown of WTP.

Fig. 3 and Fig. 4 reveal the upgrading schematic control loops as Process Instrumentation

Diagrams (PIDs) for alum preparation and saturation tanks in stage one and stage two of Sharq Dijla
WTP respectively.

5. CONCLUSIONS
It is possible to transform the conventional Monitoring and Control (M&C) system with an
advanced automatic M&C system by using a PLC and a number of the online sensors. If applying this
system to the chemical building in the Sharq Dijla WTP, many benefits would be gained such as:
e The strength security through ovation advance security features,
e Reduce chemical usage and optimized operation,
e Maximize energy saving through integrated, real-time process and equipment information
coordinated that interface wide energy management programs,
e Achieve higher productivity, reducing operation costs, and better utilization of staff with advanced
process automation, communication, and information management.
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Symbol Legend Definition
p A device for raising, compressing, or transferring
ump .
fluids.

Gate Valve A valve in which the closing element consists of a
disk that slides across an opening to stop the flow of
water.

Check Valve A valve designed to open in the direction of normal

flow and close with reversal of flow.

Pressure Indicator

A device for measuring water pressure.

ZwZXK#

Ball Valve

A valve consisting of a ball with hole resting in a
cylindrical seat to allow the water to flow when the
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Symbol Legend Definition
valve is opened and when the ball rotates 90°, the
valve is closed.
Motor Actuated Valve | A Valve operated automatically, by hand, or by a
special mechanism.
Level Switch A device used to detect the level of liquid within a

tank.

Signal to control loop

Signal from Control
Loop

Solid Line Indicating
Instrument Mounted in
Central Control Panel

Dashed Line Indicating
Instrument Mounted in
Local Control Panel

Motor

A machine or an engine that produces or imparts
motion.

Ultrasonic Flow Meter

An ultrasonic flow meter measures the velocity of any
liquid through a pipe using ultrasonic transducers.

Mixer

A device for mixing water.

Chemical Station
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list of abbreviation list of abbreviation
ALIT Aluminum Indicating O Output
Transmitter
CB Chemical Building OCP Operator Control Panel
D.P Dosing Pump OWS Operator Work Station
DIR Density Indicating Recorder PAH High-Pressure Status Alarm
DIT Density Indicating Transmitter PAL Low-Pressure Status Alarm
EWS Engineer Work Station PC Personal Computer
FIR Flow Indicating Recorder Pl Pressure Indicator
FIT Flow Indicating Transmitter PIR Pressure Indicating Recorder
FQ Flow Totalizer PIT Pressure Indicating Transmitter
HMI Human Machine Interface PLC Programmable Logic Controller
I Input RTU Radio Telemetry or Remote Terminal Units
LAH Level Alarm High S Signal
LAL Level Alarm Low SC Speed Control
LCP Local Control Panel SCADA Supervisory Control And Data Acquisition
System
LI Level Indicator SDWTP Sharq Dijla Water Treatment Plant
LIR Level Indicating Recorder Sl Speed Indicator
LIT Level Indicating Transmitter TIT Turbidity Indicating Transmitter
LOR Local Off Remote VCP Vender Control Panel
LPE Low Pressure Element VDC Volt Direct Current
LS Level Switch WTP Water Treatment Plant
M Motor YA Fault Status Indicator
maDC Milliampere Direct Current YL Run Status Indicator
NA High Torque Status Alarm
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ABSTRACT

Generally, different propositions show that culture changes because of many factors, and
acculturation has emerged out of important operations which lead to cultural change as a result
of contact between different societies or cultures. Since the cultural environment with its varying
effects plays a major role in the formulation of architectural products, the research defined its
research problem as follows: There is need for knowledge to specify the results of acculturation
at the level of plans of house architecture belong to Iraqi elites in Baghdad city during the late
Ottoman rule in Iraq(1830-1917). The research depends on the comparative procedure to define
the acculturation results, so the plans character of the house of Iraqi origin will compare with the
plans character for Iraq’s houses before the Ottoman rule in Iraq, and with the plans character of
Turkish houses in Anodal during the Ottoman rule. The final conclusion shows that the result of
acculturation between the two cultures during the late Ottoman rule at the level of the plans of
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the Iraqi elite houses represented by the energetic maintenance of the characteristics of the local
plan. However, this maintenance began to decline (the start of medium-sized maintenance)
beginning at the end of the period studied.

Key Words: Acculturation, Culture, Cultural Change, Types of Plans.
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ABSTRACT

The research focuses on how to reach a mechanism that assists experts, engineers, and others in
the architectural & engineering project to verify the co-existence of values and sustainability
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constituents in it. Research problem shows a clear lack, locally, in the interest to establish a
value system and a list that cares about comprehending building components whether
considering sustainable building criteria. Hypothesis shows that in order to head towards the
applicable sustainable approach of buildings, then a local assessment system should be
established to evaluate buildings during its life cycle, and from which buildings would be
categorized as sustainable or not. Research aims at establishing main and general concepts that
form the basis for more accurate assessment elements and details that have weights and credits
to reach assessment scores that enables recognizing if the building or the project considers
environmental sustainability requirements, in addition to submitting special recommendations
that provide the capability of establishing an integrated usable assessment system used by
experts and others.

The research adopts the following methodology in order to obtain and reaches this list: a
comprehensive and thorough study for the main international assessment systems; a study for
certain research and papers involved in the assessment topic; inspecting practices of
sustainability-related consultancy professional work. All this to determine the constituents of
rating and evaluation of the engineering project items and components. Moreover, research
adopts a methodology that considers local recognition in terms of social and climatic
environment and geographical factors.

Research reaches the formation of a general framework that is compromised from general and
secondary indicators for the local assessment system, and these indicators could be expanded to
include the building entire life cycle.
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