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ABSTRACT In this study, lubricated friction and wear properties of Zn-15Al-(1-5)Cu alloys
were investigated using a block-on-disc type test machine. Friction and wear tests were carried
out at an oil flow rate of 1 cm*h™, a sliding speed of 2 m s and a contact pressure of 6 MPa for a
sliding distance of 108 km. The variations in the friction coefficient, working temperature and
wear volume of the alloys with sliding distance and copper content were monitored. The friction
coefficient and the working temperature of the alloys became almost constant after the sliding
distance of approximately 20 km, following an initial decrease. The wear volume of the alloys
increased with increasing sliding distance and became almost constant after a sliding distance of
60 km. Zn-15AI-3Cu alloy exhibited the lowest friction coefficient, working temperature and
wear volume among the alloys investigated. These observations are discussed in terms of the
microstructural and mechanical properties of the alloys.
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1. INTRODUCTION

Zinc-based commercial alloys named as Zamak
series were first developed in the 1920s and used
successfully in some industrial applications [1-3]. Alzen
alloys containing 30% Al (Alzen 305) and 50% Al
(Alzen 501) were developed for bearing applications
during World War Il [3, 4]. Further research and
development studies on the zinc-based alloys resulted in
the development of ZA-8, ZA-12, and ZA-27 alloys
containing 8, 12, and 27 % aluminium, respectively [1,
3, 4]. These studies showed that zinc alloys have a
number of advantages over traditional bearing alloys
including bronzes, brasses and cast irons [1-7]. The
most important advantages of these alloys can be stated
as high specific strength, good castability, easy
machinability, low production energy and cost,
excellent tribological and mechanical properties, good
surface finishing and quality, superior embeddability
and damping properties, and lower friction coefficient
[1-7]. Lower friction coefficient, higher hardness and

high strength provide energy saving and longevity in
engineering applications. Studies on the structure and
properties of zinc-based alloys have been continued to
improve their mechanical and tribological properties for
some engineering applications [5, 8-9].

According to binary Al-Zn phase diagram [10-12]
zinc-based alloys can be classified as eutectic (Zn-5Al),
eutectoid (Zn-22Al) and monotectoid (Zn-40Al) alloys.
Monotectoid Zn-Al alloys have been shown to be
harder, stronger and more wear resistant than either
eutectoid or eutectic ones [13]. However,
hypereutectoid and eutectic Zn—Al based alloys have
comparatively higher ductility, damping capacity and
better castability [13]. Research works carried out on
these alloys have been focused on the near eutectoid and
monotectoid compositions and resulted in development
of Zn-25Al-3Cu, Zn-27Al-2Cu, Zn-40Al-2Cu and Zn-
40Al-3Cu alloys [8, 13-16]. However, the studies on the
microstructure and properties of these alloys have been
continued.

Science Literature TM © All rights reserved.
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The studies on the zinc-based alloys have shown that
the alloying elements including aluminium, copper and
silicon have strong effects on their mechanical and
tribological properties [10-19]. These effects have been
attirubuted to the the changes in their microstructures
[13-21]. It has been observed that the addition of copper
more than 2-3 % results in the formation of a metastable
intermetallic phase called ¢ (CuZn,;) in the
microstructure of the zinc-based alloys [14, 17-19]. This
phase (e) improves the load bearing capacity of these
alloys by increasing their hardness, but decreases their
strength and ductility [5, 6, 14, 17-19]. Furthermore, it
(e) causes a considerable amount of dimensional
instability in these alloys [5, 6, 14, 17-19]. Therefore,
the copper content should be taken as an important
parameter in designing the zinc-based alloys for
engineering applications.

Extensive research carried out recently on the high-
zinc containing alloys resulted in the development of
new Zn-15Al-based alloys for tribological applications
[13, 14, 19]. The effect of copper content on the
mechanical and dry wear properties of these alloys have
been determined [13, 19, 20]. However, there is no
information available about the effects of copper
content on the lubricated friction and wear properties of
these alloys. Therefore, the aim of this work is to
investigate the effects of copper additions on the
lubricated friction and wear properties of Zn-15Al alloy
and determine the the most suitable alloy composition
for tribological applications.

2. EXPERIMENTAL PROCEDURE

Five (Zn-15AI-Cu) alloys were prepared by
permanent mold casting using high purity aluminum
(99.70 wt.%), zinc (99.90 wt.%) and copper (99.90
wt.%). The alloys were melted in an electric furnace and
poured into a steel mold at temperatures of between 650
and 700 °C. The chemical composition analysis of the
tested alloys was carried out by atomic absorption
method. Their densities were determined by
Archimedes' method. Metallographic investigations
were performed with standard techniques and the
samples etched in 1-4 % Nital. Microstructures of the
alloys were examined using both optical and scanning
electron microscopy (SEM).

The hardness of the alloys was measured using the
Rockwell hardness F scale. Tensile tests were
performed with the alloy samples having the diameter
and gauge length of 8 x 40 mm at a strain rate of
6.25x10°s . At least three measurements were taken to
determine the hardness and tensile strength of the
alloys.

Lubricated friction and wear properties of the
experimental alloys were investigated using a block-on-
disc type test machine. The schematic illustration of this
test machine is shown in Fig. 1. The details of the
friction-wear test machine and test sample were given
elsewhere [20]. Friction and wear properties of the
alloys were studied at a constant pressure of 6 MPa, a
sliding speed of 2 m s, oil flow rate of 1 cm*h™, and a

sliding distance of 108 km for each samples. The tests
were performed at room temperature (23 + 2 °C) in air
with a relative humidity of 70 £ 5%. The temperature of
the wear sample was monitored by inserting a copper—
nickel thermocouple in a hole at a distance of 1.5 mm
from the contacting surface. Each wear sample was
ultrasonically cleaned and weighed before the tests
using an electronic balance with an accuracy of 0.01
mg. The disc surface was cleaned with organic solvents
to remove surface contaminants before each test. The
samples cleaned in solvents and weighed to determine
the mass loss after each test. Since the wear volume is a
more meaningful parameter than the mass loss of the
sliding bearings, the measured values of mass loss for
the samples were converted into volume loss using the
measured density of the alloys. The surface features and
the subsurface microstructures of the wear samples were
studied using SEM.

Load

Sample
Disc

=

Fig. 1. Schematic illusturation of the wear test machine

3. RESULTS

The chemical compositions of the experimental
alloys are given in Table 1. The micrographs showing
the microstructures of the Zn-15AI-Cu alloys are given
in Figs. 2a-c. The microstructures of the alloys
containing less then 2% copper consisted of partially
decomposed proeutectic f dendrites, and o and 1 phases
as seen in Fig. 2a. It was observed that when the copper
content exceeds 2-3%, copper rich € phase forms in the
interdendritic regions and the volume fraction of this
phase increases with increasing copper content, Fig. 2b
and c.

Table 1. Chemical composition of the experimental

alloys

Chemical composition (wt. %)
Alloy

Zn Al Cu
Zn-15Al-1Cu  84.2 14.9 0.9
Zn-15A1-2Cu  82.9 15.0 2.1
Zn-15AI-3Cu  81.9 15.2 2.9
Zn-15Al-4Cu  81.3 14.8 3.9
Zn-15Al-5Cu  80.4 14.8 4.8

The curves showing the changes in the tensile
strength, hardness, yield strength, and elongation to
fracture of the Zn-15Al-Cu alloys with copper content
are given in Figure 3. The hardness, tensile strength, and
yield strength of the alloys increased with increasing
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copper content, but above 3% Cu the yield and tensile
strength decreased. Elongation to fracture of the alloys
decreased with increasing copper content, Figure 3.

v
5'1_{

" o phase
SYTGRY

()
Fig. 2. SEM micrographs of the microstructure of (a)
Zn-15Al-1Cu, (b) Zn-15Al-3Cu and (c) Zn-15AIl-5Cu
alloys

The changes in friction coefficient, working
temperature, and wear volume of the alloys as a
function of sliding distance and copper content are
shown in Figs. 4, 5 and 6, respectively. The friction
coefficient of the experimental alloys reached steady
states after showing a sharp decrease with sliding
distance, Fig. 4a and b. However, the working
temperature of the alloys reached steady states after
showing a sharp increase and a decrease as seen in Fig.
5a, and b. The wear volume of the alloys increased with

increasing sliding distance and reached almost a
constant value after the 60 km, Fig. 6. The friction
coefficient, working temperature and wear volume of
the alloys decreased with increasing copper content, but
above 2-3% Cu the trend reversed, Fig. 7.
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Fig. 3. The curves showing the changes in tensile
strength, hardness, elongation, and yield strength of Zn-
15Al-Cu alloys with their copper content

Smearing and scratches were observed to be the
main surface features of the wear samples of the
experimental alloys as seen in Figs. 8a-c. As the copper
content increased the amount of smeared material on
their wear surfaces decreased, but the number and size
of the scratches increased as it can be noticed from
Figure 8a and 8c.
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Fig. 4. The curves showing the changes in friction
coefficient of Zn-15Al-(1-5)Cu alloys for the sliding
distances of (a) 108 and (b) 20 km
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Fig. 5. The curves showing the changes in working
temperature of Zn-15Al-(1-5)Cu alloys for the sliding
distances of (a) 108 and (b) 20 km
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Fig. 8. SEM micrograph showing the wear surfaces of
(a) Zn-15Al-1Cu, (b) Zn-15Al-3Cu and (c) Zn-15Al-
5Cu alloys

4. DISCUSSION

The microstructure of the Zn-15Al-1Cu alloys
consisted of B dendrites and a and n phases as seen
Fig.2a. The ¢ (CuzZn,) phase formed in the
microstructure of the alloys when their copper content
exceeded 2%, and the volume fraction of this phase
increased with increasing copper content as seen in
Figs. 2a and b. This observation is in agreement with the
results of previously published papers [20-23].
Formation of these phases can be related to the phase
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transformations which take place during solidification
of Zn-15Al based alloys [19].

The hardness, tensile, and vyield strength of the
experimental alloys increased with increasing copper
content; but above 3% Cu, the yield and tensile strength
decreased. Elongation to fracture of the alloys decreased
with increasing copper content (Figure 3). These
observations can be attributed to the solid solution
hardening and formation of the relatively hard and
brittle copper-rich intermetallic ¢ phase in the alloys
containing more than 2% Cu [17-20].

The friction coefficient of the experimental alloys
decreased with increasing sliding distance and became
almost constant (Fig. 4a and b). The working
temperature of these alloys also became almost
constant, but after showing a sharp increase and a
decrease (Fig. 5a and b). These observations may be
related to metal-to-metal contact due to inadequate oil
film on the mating surfaces. Metal-to-metal contact
gives rise to high friction force which results in high
friction coefficient [22-24]. It is well known that the
friction coefficient of the lubricated systems decreases
with increasing oil film thickness and when the oil film
thickness becomes sufficient to separate the rubbing
surfaces friction coefficient levels off and becomes
almost constant [22-24]. Working temperature of the
alloys showed a similar trend with their friction
coefficient. This can be attributed to the frictional heat
caused by rubbing of the surfaces.

The wear volume of the alloys increased with
increasing sliding distance and reached almost a
constant value after 60 km, Fig. 6c. This can be
attributed to the increase in the oil film thickness with
sliding distance as was mentioned in the discussion of
the friction coefficient of these alloys.

The friction coefficient, working temperature and
wear volume of the alloys decreased with increasing
copper content, but above 3% Cu the trend reversed,
Fig. 7. These observations can be explained in terms of
the microstructure and tensile strength of the alloys. It is
known that as the copper content increases the hardness
of the alloys increase, but their elongation to fracture
decreases. Tensile strength of these alloys also increases
with increasing copper content up to 3%, but above this
level the trend reverses. It is also known that when the
copper content of the Zn—-Al-Cu alloys exceeds 2-3%, a
hard and brittle e-phase form in their microstructures
and the volume fraction of this phase increases with
increasing copper content [17-20]. Therefore, the
changes in the tensile strength of the Zn-15AI-Cu alloys
can be attributed to the solid solution strengthening and
cracking tendency, respectively [17-20]. According to
the adhesive wear law, the friction coefficient and wear
volume of the materials decrease as their hardness and
strength increase [22, 25, 26]. Therefore, the friction
coefficient, working temperature and wear volume of
these alloys are expected to decrease with copper
content up to 3%. The increase in these parameters may
be related to the formation of hard and brittle e-phase
and a reduction in the tensile strength of the alloys when

their copper content exceeds 3%. This is because the
tensile strength of the zinc-based alloys is more
influential on their wear volume than their hardness
[20]. It is also known that there is a strong relationship
between the wear resistance and the tensile strength of
Zn-Al-Cu alloys [17, 18, 20]. Therefore, the alloys
which have the highest tensile strength are expected to
show the highest wear resistance or the lowest wear
volume.

Smearing and scratches were observed to be the
main features of the worn surface of the alloy samples,
Fig. 8a and b. Smearing takes place by back transferring
of the wear debris from the disc to the sample surface;
scratches occur due to the removal of hard silicon and ¢
particles from the wear surface of the samples and
microcracks result from the brittleness of the hard
surface layer as reported in previously published papers
[17, 18, 20-22].

5. CONCLUSIONS

1. Microstructure of Zn-15Al-(1-5)Cu alloys consists
of o, B and n phases. When the copper content
exceeds 2%, copper rich & phase forms in the
microstructure.

2. Hardness of Zn-15Al-(1-5)Cu alloys increase with
increasing copper content. Their tensile strength also
increase with increasing copper content, but the
trend reverses above 3% Cu .

3. Zn-15Al-3Cu alloy exihibits the lowest friction
coefficient, working temperature and wear volume
among Zn-15Al-(1-5)Cu alloys.

4. The friction coefficient and working temperature of
Zn-15Al-(1-5)Cu alloys decrease with increasing
sliding distance, but above a sliding distance of
approximately 20 km they become almost constant.

5. Wear surfaces of Zn-15Al-(1-5)Cu alloys are
characterized by smearing and scratches.
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ABSTRACT The paper presents a novel variable structure coordinated controller for a brushless doubly
fed induction generator (BDFG) to improve its dynamic performance. The system under study consists of
a BDFG driven variable speed wind turbine. The machine model in d-g power winding (PW)
synchronously rotating reference frame is formulated in Matlab/Simulink. The new vector control
algorithm which contains two control paths was then developed. The first path controls the active power
of the power winding and the other controls its reactive power. The dynamic performance of the BDFG
with the new controller has been tested when the overall system is subjected to a various patterns of wind
speed. Also the transient and dynamic response is tested under sudden short circuit and open circuit at
the generator bus. The digital simulation results showed that the new vector controller improved the
dynamic performance of the overall system.
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1.INTRODUCTION

Recently, variable speeds doubly fed generators have
been extensively utilized in wind energy applications.
They provide the ability of adjusting the wind turbine
speed as a function of wind speed in order to maximize
the output power [1]. One of these generators is the
Doubly Fed Induction Generator (DFIG) which allows
the speed variation through the use of bi-directional
power converter connected to its rotor [2]. The
disadvantages of DFIG are the presence of slip rings and
brushes, which need frequent inspections and
maintenance. Therefore, the reliability of the overall
system is decreased and the maintenance cost is
increased [3].

Efforts have been directed towards eliminating the
slip rings and brushes while maintaining the benefits of
DFIG. In this paper Brushless Doubly Fed Induction
Generator (BDFG) is proposed. The construction feature
of grid connected BDFG is shown in Figure 1. In this
configuration, the stator incorporates two sets of three
phase windings with different number of poles. One of
them is connected directly to the grid, and is called the
Power Winding (PW), since it handles most of machine

power. The other one is connected via a bi-directional
converter to the grid, it handles a small percentage of
machine power and it is called the Control Winding
(CW).

Bidirectional
Converter
(25%)

[ I }
y

Fig. 1. Configuration of grid connected brushless
doubly fed induction machine

The power rating of the converter depends on the
adjustable speed range, which is limited in variable speed
wind turbines. Therefore, the converter rating is a small
percentage of the machine rating [4].

Science Literature ™ © All rights reserved.
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In BDFG the active and the reactive power of the
power winding can be controlled through controlling the
magnitude; frequency and phase sequence of the applied
voltage of the control winding. This can be implemented
by using direct torque control technique [5] or vector
control schemes [3, 6, 7]. This paper presents a novel
vector control of the BDFG which achieves an enhanced
decoupled control of active and reactive power of BDFG
driven variable speed wind turbine.

2. SYSTEM MODELING
The system model is consisting of three main parts.

2.1 Wind Turbine Model
The mechanical power output from the wind turbine
can be calculated from the following equation:

1
P, = EpﬂRf VoC, (8, 2) )

Where v, is the wind speed, p is the air density, R, is the
radius of the turbine blades, and C, is the power
coefficient or performance coefficient which is a
function of both the tip speed ratio 4, and the blade pitch
angle . The tip speed ratio A (TSR) is the ratio between
the tip speed and the wind speed. It can be expressed as
follows [8, 9];

:a)r'Rr
V

w

A @)

The relation between the power coefficient and both
of the tip speed ratio A and the pitch angle f is
approximated by the following equation [10, 11].

—-125
116 ,
C,(4.B) = 0.22(7 —0.45 — 5j.e A
i 3)
Where /; is given by:
a1 1 ~ 0.035
A, A+0.0812 B +1 4)

Figure 2 shows the relation between the performance
coefficient and the tip speed ratio at different pitch angle,
it can be seen that the maximum performance coefficient
is Cpomax=0.438 and occurs at a tip speed ratio of ,,=6.3.

The wind turbine model can be simulated in
Matlab/Simulink program as shown in Figure 3 [12, 13].

0.5

0451 B

04r

0351

03r

025F

02f

Perfarmance coefficient

015 F

01f

0061

0

Tip speed ratio
Fig. 2. Performance coefficient versus tip-speed ratio at
different pitch angles

Viy )_w,er L,
B C
5 Vy P > Equation |P
> ) —>
Vg —P

Fig. 3. Wind turbine input- output model

2.2 Drive Train Model

The drive train model of the wind turbine is
represented by two mass models as shown in Figure 4.
The model consists of two main masses, i.e. turbine mass
and generator mass. The two masses are connected to
each other with a shaft that has a stiffness constant (Ks)
and damping constant (Ds). The input to the drive train
model is the aerodynamic torque refereed to the
generator side (i.e. high speed side) and the output from
the model is the generator speed (©g). The equations of
the drive train are:

dw,

Tt —KS Htg —DS.(Cz)t —a)g)=Jt. d‘[t (5)
dow

KS gtg -+ DS.(a)t _a)g)_Tg = Jg. dtt (6)

Where Ty, J; and w; are the torque, inertia and speed of
the wind turbine referred to the generator side,
respectively; Ty, Jg and wq are the torque, inertia and
speed of the generator, respectively; and 6y is the shaft
twist angle, which is given by:

dé,

ac (@ T @) @)
2.3 Dynamic Model of BDFG
In order to derive the model of BDFM, the following
assumptions are made [14].
e Assume linear magnetic circuit, and neglect
saturation.
e Sinusoidal distributed stator winding
¢ No direct mutual coupling between the power and
control winding.
The BDFM equations are derived in the d-q reference
frame which rotates synchronously with the power
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winding stator flux by angular speed of w(The d- axis is
taken to be aligned with the PW flux space vector) [15,
16, 17]. These are:

o dy,
v, =Ry, +T+ jowy,

®)
wo =Ly, + Lo, ©)
“Ri dy, .
Vc - sclc + dt + J(a)l _(pl + pz)a)r)(//c (10)
v, = L. + L,
c sc'c hc (11)
Ot Tt
g
Ks
9
th Tg
Fig. 4. Drive train model
v, =R +%+'(a)— ,)
r r'r dt J 1 p:L r l// (12)
w, = L, + L, + L (13)
Where:

eV, Vo and v, are the PW, CW and rotor winding
voltage vector respectively.

*Ry Ree and Rqare the PW, CW and rotor
resistances.

o Ly, Ly and L, are the self-inductances of the PW,
CW and rotor winding respectively.

e Ly, is the mutual inductance between the PW and
the rotor winding and Ly is the mutual inductance
between the CW and the rotor winding.

® v, e and y;are the PW, CW and rotor flux space
vectors respectively.

The electromagnetic torque can be expressed as the
sum of the electromagnetic torques produced by the PW
and CW. It can be expressed by the following equation.
Tan = 2 Py Imliy;1+ 3 p, Imlicy, ] (14)
The power windings active and reactive powers are
expressed as:

3 . .
Py :E(Vpd'pd +qu'pq) (15)

3, . . 16
Q, :E(qu'pd _Vpd'pq) (16)

3. CONTROL STRATEGY OF THE ALL SYSTEM
The control strategy of the overall system can be
divided into two parts as following.

3.1 Generator Control Part

The target of this part is to achieve a fully
independent control of the active and reactive power of
the PW, through the control of the control winding

10

voltage. This can be fulfilled using the vector control
technique as described in the following section.
3.2 PW Power Control

The model of the BDFG is derived in the PW
synchronously rotating d-q reference frame with the d-
axis aligned with the PW flux. Accordingly, ¥y=|%|
and there is no component in the g-axis:

Vo =0 & :‘l//p‘ )

Since the PW is connected directly to the grid, |¥%,| and
[vp| can be considered constant. Consequently, equations
(12) and (13) can be simplified as follows:

(18)

It can be seen from (18) that the active and reactive
power can be regulated by the g-component and d-
component of the PW current respectively

3.2.1 PW Current Control
The dynamic relation between the CW and the PW
currents is derived in Appendix (A).

diy Rly .  oblydiu R y ‘_aLrLspws.i roi (19
dt thLhc P thLhc dt thLhc ’ th he " o

di R ol L, di oL L

Pl _ rLsp ipq+ Tsp T pq Lra)sl . n r spwsl ipd _wSIICd (20)
dt thLhc thLhc dt thLhc thLhc

where;

Wy =w, — P, (21)

The first two terms of (19) and (20) represent the
direct relation between (ipg and icq) and (ipq and ig),
respectively while the other terms represent the cross
coupling terms which cross couple the d and g axis
variables (i.e. changing the CW current in one axis
affects the PW current not only in this axis but also in the
other axis). From (19) and (20) it can be seen that, the
PW currents (ipq and i) can be linearly controlled by the
CW currents (icq and icq) respectively after compensating
the cross coupling terms by feed forward control action.

3.3 Control of CW Currents

From (8) to (16), the dynamic relation between the
CW current and the CW voltage in the d-axis (Veg and icq)
and g-axis (veq and i¢g) can be obtained as follows:

, 2 di, RLL,. 12
V, =Ry, +(L,——<) 2+ 2 o, (L, ——<
o scleq ( s OLr dt O‘thLr pq [a)sl( s OLr) (22)
. Ls Lhc- Lc [2X (O'*l)
- pZLsca)r]ch + P, Ehp Ipd +L:p(|0'_ P,®, '//p‘
2 di, RL,L 2
Vcd = Rscicd +( sC _ﬁ)dlicd-l_ L ipd _[wsI(Lsc _ﬁ)
ol dt oL ol.”  (23)
, Lobie. R
sp—hc r “he
- szsca)r]Icq - Do, th Ipq - O'thLr p‘

Similar to (19) and (20), it can be seen that the first
two terms in (22) and (23) define the direct relation
between (v¢g and icg) and (v¢q and i) respectively. From
this relation, it can be seen that, the CW currents (iq and
i) can be linearly controlled by the CW voltages (Vg
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and ve,) respectively. The other terms in (22) and (23)
(from the 3™ term up to the 6™ term) represent the cross
coupling disturbances between the d and q axes.

3.4 The Proposed Control Scheme

From the previous analysis, the active power of the
PW can be controlled by the g-component of the CW
voltage, while the reactive power can be controlled by
the d-component of the CW voltage as follows:

Controlled Controlled i Controlled
L]

»i
» g

P

pw

cq

Controlled Controlled . Controlled

i
Pl

»V
» Tod

Qp

cd

The novel controller developed by the second author
is a variable structure sliding mode VSC-SMC controller
with dual loop inter-coupling of the powers P, Q tracking
loops as shown in Figure 5. The selected (d-g) current
references are later input to classical Pl inner controllers
to derive the d-q command voltages (Vg , Veq ) s shown
in Figure 6. The use of variable structure outer controller
for (Prt, Q) control loops ensure fast dynamic
reference and minimal ripple content due to the insertion
of the low pass filter to (g, , o) sliding surface slopes.

3.5 Wind Turbine Control Scheme

The target from variable speed wind turbine
controller is to maximize the captured power from the
wind when the wind speeds below its rated value and
limiting the output power at the rated value when the
wind speed exceeds its rated value. Two controllers are
required to satisfy the previous control strategy.

3.6 Speed Controller

Figure 6 shows the speed controller that the reference
speed is compared with the actual speed to get the speed
error which is manipulated by a PI controller. The output
from the Pl controller is the reference active power,
which is used by the BDFG controller as mentioned
before. The reference speed is determined from the
maximum power point tracking curve shown in Figure 7.

J Qref

ref,
PI Poen
| -

Controller

BDFG
Controller

act
Wr

Fig. 6. Block diagram of speed controller
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Fig. 7.0ptimal output power versus rotor speed
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3.7 Pitch Angle Controller

The pitch angle controller is only active in high wind
speeds. The aim of this controller is to limit the output
power and rotor speed to their rated values.

When the output power is below its rated value the
pitch controller sets the pitch angle equals zero, since it
is the optimum value for maximizing the output power.
However, when the output power exceeds the rated value
the pitch controller increases the pitch angle in order to
decrease the performance coefficient and hence
decreasing the power captured. Figure 8 shows the block
diagram of the pitch angle controller. Since the pitch
angle cannot change immediately due to the size of rotor
blades, a rate limiter is provided. It limits the rate of
change of the pitch angle to 7.

PI controller [dﬁ =
AP ﬁref +

Prate +

PactT

AP
PI o

+

i
B(t-1)

7
Pet By leq .
P (PU) l 7 iy O Ly Ver
act 1 P 1 + cq PI —p] _/_ —>
T+sT, _—’O_ep’ . TrsT, > — Contrloller—
+
o d
| dt
Ky Kq
4
ﬁq i
Qref cd N
o - i
Q.a(pu) 1 +l / + Ca 1 " leg l Pl f Cdl
1+sT, _’O_’_ e 1+sT, A )—>(+ —» Contrzoller— >

a +
i T
p| dt

Fig. 5. Novel variable structure coordinated sliding model controller scheme with (P, Q) loop inter-coupling *
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4. DIGITAL SIMULATION RESULTS

The mathematical model of the overall system has
been simulated in Matlab-Simulink, with a fixed step
solver of fixed step size equals to 0.001sec. The
parameters of the wind turbine and the BDFM are given
in Appendix B, in addition, the parameters of all
controllers used are listed in Appendix C.

Different scenarios are simulated to assess the
dynamic performance of both the BDFG controller and
the overall control of the variable speed /variable pitch
wind turbine. The dynamic response of the system is
investigated when the system is subjected to different
patterns of wind speed as given in following subsections.

4.1 Digital Simulation Results for Wind Speeds Below its
Rated Value

The simulation was carried out when the wind speed
had a mean value of 9 m/s with turbulent intensity of 8 %
as shown in Figure 9(a). The output active power from
the power winding is shown in Figure 9 (b). It can be
noticed that the fast oscillations in wind speed are
filtered out from the electrical output power.

Figure 9 (c) depicts the generator speed, from which
it can be seen that the generator speed follows the
reference speed exactly. This assures that the generator is
able to extract maximum energy from the wind. It can
also be seen that the speed controller has fast response to
the changes in wind speed.

12

______________________________________________________
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Fig. 9. Wind speed pattern for 150sec. duration (a),
injected active power to the grid from the PW (b), rotor
speed response and its reference (c)

Figure 10(a) depicts the tip speed ratio (TSR) of the
wind turbine; it can be seen that this ratio is
approximately equal to the optimal value (Aqx=6.3). It
means that the wind turbine operates at the optimum
condition. Figure 10(b) shows the value of the
performance coefficient of the wind turbine. It can be
noted that its value almost coincides with the optimal
value of this turbine which is equal to Cpn= 0.438.
Figure 10(c) illustrates the reactive power response and
its command, in which the command reactive power was
set to zero.
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Fig. 10. Tip Speed Ratio of the wind turbine (a),
performance coefficient of the wind turbine (b), reactive
power response of the PW (c)

4.2 Digital Simulation Results for Wind Speeds around
its Rated Value

The simulation was carried out when the wind speed
had a mean value of 12 m/s with turbulent intensity of 8
% as shown in Figure 11 (a), (b), (c) illustrate the output
active power from the BDFG and the rotor speed
respectively. It can be noticed that during the interval, at
which the wind speed is larger than its rated value the
speed and pitch controllers are active in order to limit the
output power and rotor speed to their rated values. On
the other hand when the wind speed is smaller than the
rated value the speed controller only is active to
maximize the output power, but the pitch controller is
inactive.

Figure 11 (d) illustrates the pitch angle of the wind
turbine blades. It can be seen that the pitch controller was
active only in the interval, during which the wind speed
is larger than the rated value. Figure 11 (e) illustrates the
reactive power response.
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Fig. 11. Wind speed pattern for 150 s. duration (a),
injected active power to the grid from the PW (b), rotor
speed response and its reference (c), pitch angle (d),
reactive power response of the PW (e)

4.3 Digital Simulation Results for Step Change of Wind
Speed

The simulation results of the system under study are
carried out when the system is subjected to a step change
in wind speed as shown in Figure 12 (a). Figure 12 (b)
depicts the dynamic response of the active power of the
power winding, it can be seen that the active power
response has a very small overshoot at the instance of
step change of wind speed. Figure 12 (c) shows the
response of the reactive power. Figure 12 (d) shows the
speed response of the rotor, it can be seen that the speed
of rotor follow the reference speed with small overshoots
at the instance of step change.
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Fig. 12. Wind speed pattern for 150 s. duration (a),
injected active power to the grid from the PW (b),
reactive power response of the PW (c), rotor speed
response and its reference (d).
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4.3.1Digital Simulation Results for Short Circuit
Condition

The simulation results of the system under study are
carried out when the system is subjected to short circuit
at the generator bus. The wind speed was equal to 12
m/s. The output active power from the generator was
equal to 1 pu, while the reactive power was equal to zero.
The short circuit happened at t = 50 s for duration of 5
cycles (0.1 s) then the fault is cleared.

Figure 13 (a) shows the transient response of the
active power output from the power winding of the
BDGEF. It can be seen that, the power delivered from the
BDFG during the fault dropped to zero then after the
clearance of the fault it increased to about 1.77 pu, due to
the acceleration action, then it is reduced quickly to its
steady state value.

Figure 13 (b) depicts the dynamic response of the
speed of the wind turbine rotor, it can be seen that at
instance of sc occurrence the speed is increased to 1.058
pu, since there is no output power and the input power is
absorbed by the rotating parts. Figure 13 (c) shows that
the reactive power response is associated with fast
oscillations and a 2 pu overshoot then it drops quickly to
the same steady state value before the occurrence of the
fault.

Figure 13 (d) shows the PW current, it can be seen
that the PW current reached 2.1 pu during the fault, then
it quickly drops to its steady state value after the
clearance of the fault. Figure 13 (e) shows the transient
response of the control winding current. It can be seen
that this current reached 1.6 pu during the fault.
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Fig. 13. Output active power from the power winding
(a), speed of wind turbine (b), reactive power output
from the power winding (c), power winding current in
the PW reference frame (d), control winding current (e)

4.3.2 Digital Simulation Results for Open Circuit

The simulation results of the system under study are
carried out when the system is subjected to open circuit
at the generator bus. The wind speed was constant at
12 m/s, the output active power from the generator was
equal to 1 pu, while the reactive power was equal to zero.
The open circuit happened at t = 50 s for duration of 2
cycles (0.04 s) then the generator is reconnected to the
grid.

Figure 14 (a) shows the active power response of the
system, it can be seen that the active power is decreased
instantaneously to zero during the open circuit period
and at the instance of reconnecting the generator the
power is increased with under damped response with
maximum overshoot of 0.7 pu, the active power is then
reached to steady state value of one pu after 1.5 s.

Figure 14 (b) shows the reactive power response, it
can be notice that it has a damped oscillating response
with an overshoot of 1.1 pu. Figure 14 (c) depicts the
speed response of the wind turbine rotor, it can be notice
that at the instance of open circuit the speed is increased
to about 1.04 pu, then it oscillate with damped behavior
about its rated value, it reached the steady state value
after 4 sec. Figure 14 (d) shows the response of the PW
currents, it can be seen that the PW current decreased to
zero during the open circuit interval then it return to its
steady state value quickly after about 1 sec, also it can be
noticed that the maximum overshoot of the PW current is
0.8 pu.
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Fig. 14. Output active power from the power winding
(a), Reactive power output from the power winding (b),
Speed of wind turbine (c), Power winding current in the

PW reference frame (d)

5. CONCLUSION

This paper presented a new coordinated inter-coupled
variable structure controller for the brushless doubly fed
induction generator (BDFG) with P, Q loop inter-
coupling for the purpose of controlling its active and
reactive power. The application of the novel controller
for the BDFG machine is validated through simulation
analysis on Matlab/Simulink program. The dynamic
response of the brushless doubly fed induction generator
with this proposed controller is obtained and analyzed.
By inspection of the dynamic response, it can be realized
that the dynamic response of the BDFG when provided
with the proposed controller is improved and the power
ripple is minimized in compared with that of the
conventional proportional plus integral (PI) controller.
The Inter-Coupled controller ensures less ripple content,
fast dynamics response and enhanced dynamic fast
tracking of power (P, Q) references.
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APPENDICES

Appendix (A)

Derivation of the dynamic relation between CW and PW
current:

Equation (9) can be rearranged as follows:
i = ¥~ Lyly

r th

Substituting equation (24) into equation (13) to obtain
the rotor flux as a function of the PW, the CW currents
and the PW flux yields:

L L L
L (I

' th hp
Substituting equations (24) and (25) into equation (12)
and putting v,=0 then expanding the resulting equation
into d-g components. Yield equations (19) and (20)
which describes the dynamic relation between CW and
PW currents.

(24)

(25)

)i, + Lyl

Appendix (B)
(i) BDFG data:

Rep=1.732Q Rs=1.079Q R=0.473Q
Lyp=714.8 mHL=121.7 mHL,=132.6 mH
th:242.l mHL;.=59.8 me1:3 p2=1

(ii)The wind turbine data:

Number of blades = 3 Blade radius Rr = 37.5m
Turbine inertia (pu) =2.5s Cutin speed =3 m/s,

Cut out speed = 25 m/sp = 1.225 kg/m®,

Gear box ratio 1:42

Appendix (C)
(i) Parameters of the novel controller:
T1=0.003s T2=0.001s
B,=0.7+5¢, B4=0.78+70¢,
Ky,=0.1 Kq=-0.1

Pl controller -1 K,=40, Ki=10 Pl controller -1 K,= 45, Ki= 25

(ii) Parameters of the speed PI controller:

Kp: 18 Ki= 0.8
(iii) Parameters of the pitch angle PI controller:

Ky =20 Ki=5
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ABSTRACT Electromagnetic pollution is an active research area, especially after the
widespread deployment of Global System for Mobile Communications (GSM) base stations in
the environment. Numerous studies on electromagnetic pollution of base stations are available in
literature. Health effects of GSM base station and signals are engrossing and researches in this
field have been going on. In this particular study, electromagnetic radiation (EMR) of wireless
network adapters with high gain antenna is analyzed and compared with other electromagnetic
radiation sources. The measurements are realized in long and short distances from the
transmitter. The results indicate that the high power wireless network adapter radiation is
significantly higher than the other electromagnetic sources in residential environment, especially
compared with GSM signals and common wireless network adapters.

Keywords: Wireless network adapter, Electromagnetic radiation, Electromagnetic pollution, IEEE
802.11 standard, Selective radiation measurement.

Cite this article: Y. Karan, N. As, Electromagnetic Radiation Measurement of a High Power Wireless

Network Adapter, Turkish Journal of Electromechanics & Energy 1(2) 17-23 (2016)

1. INTRODUCTION

The base stations came into our lives with GSM
technology development in the beginning of 1990s. That
caused the public to worry about the electromagnetic
pollution radiated from cell phones, base stations
especially close to their home and also TV/Radio
transceivers. The limitations of the emitted power are
regulated by related authorities. Nevertheless, today
almost every home has its own electromagnetic sources
which are wireless network routers and adapters.

There have been many studies about measurement of
electromagnetic radiation [1-10]. The electric field
strength level in the schools, hospitals, dormitories,
residences and high towers around city center of Ankara
was measured 1.64 V/m (max.) with a mean of 0.32
V/m, and standard deviation of 0.255 V/m in GSM
frequency bands [2]. The electric field strength of base
stations in the city of Nablus, Palestine was measured in
different distances and the maximum value was found to
be 3.49 V/m at 10 m distance [3]. In another study,
electromagnetic field exposure level of main streets in
Diyarbakir city was analyzed statistically and it is seen
that the results are not in normal distribution [4]. A base
station in Rize, Turkey was measured and

maximum1.114 V/m in terms of electric field strength
and 3.248mW/m? in terms of power density were found
in [5-7]. 60 base stations measurements were carried out
in Australia and the maximum power density value was
found to be 7.8 mw/m? [8].
In another study, electromagnetic field strengths in
different European cities were investigated and it was
found to be below the International Commission on
Non-lonizing Radiation Protection (ICNIRP) limit
values [9]. TV/Radio transmitter towers in Trabzon city
were investigated in terms of electric field and it was
found that the maximum value was 0.4732 V/m in FM
band [10]. In a different approach to base stations, the
Y radiation dose levels were measured with the samples
taken from different distances from a base station, and
the results showed a higher value in the base station
environment compared to the non-base station
environment [11]. The simulation and real environment
measurements of electromagnetic propagation for Wi-Fi
access points were compared and 3 dB differences were
found in [12].

The effect of electromagnetic field on human health
was also studied by several researchers. For example,

Science Literature TM © All rights reserved.


mailto:yasin.karan@erdogan.edu.tr

Y. Karan, N. As, Turk. J. Electrom. Energ. 1(2) 17-23 (2016)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 Channel
2412 2417 2422 2427 2432 2437 2442 2447 2452 2457 2482 2467 2472 2.484 Center Frequency
Jdoro o o 1o T T L T T T 1...0Na)
22 MHz

1 2 3 4 5 13 14 Channel

2.412 8 122 2427 2432 2,472 2.484 Center Frequency
b e 1 T T T (GH

" ‘\\ // "y e \\\.

-100 db. e _,}._4 : "
e e i T
120.dbgy S et i -

22 MHz

Fig. 1. Channel specifications in IEEE 802.11 standard (a) channels frequency bands, (b) channels power figure [16]

variation of temperature around human ear and head
exposed to electromagnetic radiation was analyzed in
another study. It was noted that electromagnetic field
effect using cell phone resulted in temperature change of
0.22-0.39 °C on ear and 0.07 - 0.17 °C on head [13]. The
effect of 900 MHz electromagnetic field on cortisol and
testosterone level was analyzed to examine the effect of
Electromagnetic Radiation (EMR) on organic tissues. The
rats were exposed to electromagnetic wave of 1 mW/cm?
for 30 min/day in 4 weeks. Consequently, cortisol values
were found higher and the testosterone level was lower in
the rats exposed to electromagnetic field compared to the
electromagnetic free rats [14].

In our study, the electric field strength of a wireless
network adapter for wireless local area network (WLAN)
is investigated. In the literature, while experimental data
for GSM base stations and TV-radio transmitters is
present, no experimental data for the wireless network
adapter for WLAN especially with high gain antenna is
available yet. Since the internet usage has expanded in all
environments and accessing to internet service has certain
cost, some people tend to access free internet from public
internet suppliers even from long distance. In order to do
that, a high power wireless network adapter with high
gain antenna can be used to have long distance
communication without considering the electromagnetic
field strength of the device. In this study, the electric field
strength of a high power wireless network adapter was
measured by internet usage and transmission distance.
The results were compared with other wireless systems
and with random network adapters.

1.1 IEEE 802.11 Standard

IEEE 802.11 is wireless local area network standard
published by IEEE community. This standard includes the
media access control (MAC) layer and Physical layer
properties of the WLAN. Industrial, Scientific and
Medical (ISM) radio frequency bands are used in IEEE
802.11 standard. ISM bands are the reserved radio bands
for public use. IEEE 802.11 has some types named as
IEEE 802.11x where x is a, b, g, n, ac, ad, etc. for
different types. These types are differentiated mainly by
frequency, data rate and modulation type. While IEEE
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802.11a uses 5 GHz ISM band, b and g use 2.4 GHz ISM
band, and n uses both 2.4 and 5 GHz bands.

In Turkey, where the experiments carried out, only 2.4
GHz band is allowed to be used for WLAN. Therefore,
802.11 b/g/n standards are allowed to be used in Turkey.
These standards have 14 channels. These 14 channels are
shown in Figure 1 (a) with central frequencies. The
bandwidth of each channel is 22 MHz and each channel is
5 MHz apart from the next channel except the 14™ one.
This channel is 12 MHz apart from the previous channel.
As seen in the Figure 1, adjacent channels are interfering
with each other. Because of that, non-interfering channels
should be used for the same time to avoid the
interference. The channels 1, 6 and 11 or the channels 2, 8
and 11 can be used at the same time. The 14™ channel is
restricted by many countries and the channels 12 and 13
can be used with a lower power according to the some
country regulations [15].

Figure 1 (b) shows the spectral mask of IEEE 802.11
channels. For a reliable data transfer, each channel needs
to be attenuated at least 20 dB from central frequency
power in the edge frequencies.

(a)

Fig. 2. (a) Cisco AIR-ANTMb5560P-R Antenna, (b) its E-

field radiation pattern (Cisco guideline, Cisco Multiband
Wall-Mount Antenna (AIR-ANTM5560P-R)", 2007)

(b)

Antennas are used to radiate and capture RF energy
with some gain. Directional antennas radiate and capture
more power in a specific direction. Therefore, its radiation
pattern shows higher power in some direction and a lower
power in other directions, while omnidirectional antenna
pattern shows equal power in every direction in one
plane. Figure 2 (a) shows an example of a directional
antenna and its radiation pattern. As in the Figure 2 (b),
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the frontal area has more coverage (power) than other
sides. The wireless network adapter that was used in the
experiment has a directional antenna.

1.2 ICNIRP and ICTA Standard

The maximum limit values of exposure to
electromagnetic field are imposed by country regulators.
The International Commission on Non-lonizing Radiation
Protection (ICNIRP), an independent organization, sets
the limits and updates them. Most of the countries set
their rules based on ICNIRP limits. For instance, the
limits in Turkey were quarter of the ICNIRP limits. With
last updates, now, the limits are even lower than the
quarter of ICNIRP limits. The Information and
Communication Technologies Authority (ICTA) is a legal
institution in Turkey and it is responsible for deciding the
limit values of electromagnetic exposure values. These
limits differ due to occupational exposure and public
exposure. Occupational exposure limits are kept higher
than public exposure limits. Table 1 shows the limit
values of ICNIRP and ICTA for electric field, magnetic
field and power density [17-19]. Electromagnetic field
strength limits of ICTA were updated in 2015 [19].

Table 1. Reference levels for general public exposure to
time-varying electric and magnetic fields

Frequency  E-field strength H-field strength
range (V/m) (A/m)

(MHZ) - “\CNIRP ICTA ICNIRP ICTA
400-2000 1.375fY2 0.305f Y2 0.0037fY 0.00082f"2
900 41.25 9.15 0.111 0.0246
1800 58.34  12.94 0.157 0.0348
2000- 61 13.5 0.16 0.035

60000

Additional to E-field strength limitations, ICNIRP defines
Specific Absorption Rate (SAR) limits. SAR is the absorbed
amount of electromagnetic energy per kg by a normal human
body. SAR is proportional with E-field strength. Maobile phones
use SAR values as E-field limitations. The calculation of SAR is
simplified by the equation;
SAR = 6E?/p (1)
where ¢ is conductivity in S/m, E is electric field in V/m and p is
density in W/kg [17]. As seen in Equation 1, SAR is related with
conductivity and density of human body or tissue. Since
conductivity and density of tissue are flexible, obtaining precise
SAR value is not feasible.

2. EXPERIMENTAL

In the experimental setup, the wireless network adapter is in
a 10-story apartment flat and 180 meter away from an access
point which is located in a university campus. From this
distance, it is not possible to make a reliable connection and
access to internet with a common wireless network adapter.
However, the connection can be successfully made with high
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power 802.11b/g network adapter which is equipped with a high
gain directional antenna.

Figure 3 shows the measurement point (access point shown
as “AP”) and the network adapter place (red dot). As seen in the
figure, the distance is roughly 180 m. Also there are obstacles
between them such as two apartment corners, walls and
windows. These obstacles attenuate, reflect and scatter the
electromagnetic waves and that have a bad influence on reliable
wireless communication. When there is line of sight (LOS)
between transmitter and receiver, wireless communication can
be successful in longer distances, compared to when there is
non-line of sight (NLOS). The wireless network adapter is inside
of the apartment as seen in Figure 4 (a). Figure 4 (b) shows the
measurement points around the antenna. The antenna and
network adapter were chosen as high gain and powered. Those
devices are OEM (Original Equipment Manufacturer) devices
and commonly available in electronics markets.

Electromagnetic field measurements were realized with a
compact spectrum analyzer device (SRM 3006, Narda Safety
Test Solutions GmbH, Pfullingen, Germany). It measures the
electric field in the 420 MHz- 6 GHz frequency range with a
triaxial coil antenna. Electric field can be converted to both
magnetic field and power flux density values using Equation 2
and 3 assuming in far field measurement. The measurement
results were recorded in the device and uploaded to a computer
using its software [5].

E=n,H
S=EXxH

@
(©)
where E is electric field strength in V/Im, nq is free-space

impedance equal to 377 Q, H is magnetic field strength in A/m,
S is power flux density in W/m”.

©2014 Basa rsoft, G:

gitalGlobe, Map data ©

Fig. 3. The measurement pomt and Wlth roughly distance;
AP and Red dot are the access point and measured
antenna locations
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Fig. 4 (a) Measured antenna and measurement view. (b)
The measurement points around measured antenna
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3. RESULTS

The results are given based on distance between the
access point and the wireless network adapter: in-campus
and off-campus and in case of the internet usage: active-
use and passive-use parts. The distance between access
point and the adapter is short in in-campus measurements
and long in off-campus measurements. There was
continuously file downloading and video streaming in the
active-use, however there was not any file downloading
but just internet surfing in passive-use. The transmitted
power and duration vary due to the transmission distance
and usage. The measurement points are kept in a short
distance from the antenna because wireless network
adapter antennas are used as attached to computer, so they
can be next to human body.

Table 2. The electric field strengths (V/m) of
measured points

€ Off-campus Off-campus  In-campus Home Wi-Fi
O active-use  passive-use  active-use router

8 active-use
c

*;"f Max. Max. Max. Max. Max. Max. Max. Max.
O peak mean peak mean peak mean peak mean
-120 0.20 0.03 - - - - - -
-100 - - - - - - 149 0.08
-50 0.53 0.07 - - 0.38 0.02 - -
-30 1.01 0.18 - - 055 0.03 299 0.12

0 118 161 545 0.17 562 024 339 0.20
10 9.77 111 549 0.15 - - - -
20 - - - - 438 019 072 011
30 3.67 0.60 2.71 0.06 - - - -
50 219 035 161 0.04 266 0.09 0.65 0.08
70 099 0.17 079 0.02 131 0.07 0.79 0.06

Table 2 shows the results of all measurements cases.
At long distance, both active and passive usages were
investigated and the results are shown as off-campus
active-use and off-campus passive-use in Table 2. By
using the same wireless network adapter, another
measurement was realized in the campus where the access
point is close to the network adapter. The results of in-
campus measurements are given in in-campus active-use
part of Table 2. Another measurement was carried out in a
house with a common use wireless network router. The
measurements were carried out at different times and
measurement distances could vary in each experiment.
Therefore, only measured data and distances were given
in the table.

100 Max
Avg

£ 10
=
- 1
g
&
5 04

0.0
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Spectrum
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Fig. 5. One of the throughputs from spectrum analyzer in
the measurement of out of campus active used at 10 cm
distance

Figure 5 shows one of throughput of the spectrum
analyzer measurements. It is the electric field strength in
the 2.4 - 252 GHz band at 10 cm distance from
directional antenna in the out of campus active
downloading usage. The center frequency seems 2.472
GHz, so the channel number of this channel is 13 as seen
in Figure 1 (b). Maximum electric field strength is 9.77
V/m in the frequency of 2471.6 MHz. Among the average
values, the maximum average value is 1.11 V/m in the
frequency of 2473 MHz.
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(b)
Fig. 6. (2) The maximum peak and (b) the maximum of
mean values of electric field strength values in two
directions for in-campus active-use
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Figure 6 (@) and (b) show the maximum peak of
electric field strength and maximum mean values in the
2.4-2.5 GHz range for in-campus active-use, respectively.
In both figures, antenna is measured in x and y directions
as shown in Figure 4 (b). Since the antenna is directional,
the electric field strength is lower in the lateral and back
side than the front side of the antenna. The same
measurement was performed in off-campus measurement,
and similar results; lower intensity in the back and lateral
side than the front side were obtained as expected. The
data in Figure 6 (a) shows the maximum peak values of
measurements in the 2.4 - 2.5 GHz band while the data in
the Figure 6 (b) shows the maximum value of the mean
values of the same measurements. Each measurement was
realized in at least six minutes time interval.

Figure 7 compares the maximum electric field
strengths of four measurements and Figure 8 compares
the maximum mean values of electric field strengths of
four measurements. These data can also be seen in Table
2. Both figures show that the electric field is the highest
in off-campus measurements when there is a continuous
downloading. Its values are fairly higher than the others
especially in maximum of mean values. When there is not
continuous downloading in off-campus measurements,
the electric field strength is less than the continuous
downloading in-campus measurements. The home
measurements with a common router showed the
minimum electric field strength among the continuous
downloading measurements. Also, since its antenna is not
directional, the electric field is similar in positive and
negative directions. As expected, the electric field
strength gets lower with the increasing distance except in
the last data of home measurement with the common
wireless router. The reason of this data is that the second
wireless receiver (computer) started to access to the router
and began downloading a file at that time.

If the results of these measurements are compared
with the references given in the introduction, it can be
interpreted that the electric field strength of high gain
antenna in wireless adapters is more dominant than the
base stations, because they are closer to human body. In

1A
15

¢ Off-campus
active use 12
Off-campus
assive use
P 10—+

M In-campus active
use

X Home Wi-Fi
router active use

[ee]
=

P
A |

Electric Field Strength (V/m)

4"y
X ]
2 & X
X
° & ‘ A X X R
-120 -90 -60 -30 0 30 60 90 120

Distance in x direction (cm)
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this study, measured electric field strength values are
much higher than the measured electric field strength
values in references, even the measurements are realized
in residential environment. Since WLAN adapter’s
antennas could be located inside of a room and close to
the users, near and far field of the antenna was measured.
These high power adapters can be used to access to
WLAN routers at long distances. Nonetheless, since the
measurements of high power adapters showed much
higher EMR than the common wireless router, it is
suggested locating the antenna outside the room.

In Figure 9, 700 MHz — 2.5 GHz band was measured,
as well when there is a phone calling and the phone was
next to the spectrum analyzer; also the spectrum analyzer
was 10 cm away from the directional antenna of the
wireless network adapter. Additionally, the mobile
operator used in the measurement uses the 1800 MHz
band. From the figure, it is seen that the electric field
strength of wireless network adapter is much higher than
other active bands. Especially, when mean powers of EM
sources are compared, wireless network adapter is
multiple times higher than other sources.
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Fig. 9. A general view of the spectrum when there is a
cell-phone calling and wireless internet usage (the
measurement distance is 10 cm)
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4. CONCLUSION

In this study, the electromagnetic pollution of the
wireless network adapter with a high gain antenna in long
distance was analyzed in terms of electric field strength.
The measurements were realized in short distance and
long distance from WLAN access point during continuous
downloading and no downloading. Also, one of the
common used wireless router’s electric field strength was
measured to compare with a network adapter. The result
showed the wireless network adapter with high gain
causes considerably more electromagnetic pollution
compared to the standard home wireless router because of
the transmission in longer distance. Also, when the
distance between transceivers is getting longer, emitted
electromagnetic signal strength increases. The amount of
the difference is significant around the antenna.
Therefore, high gain wireless antenna of wireless network
adapters or router is better to be kept out of the rooms. At
least, it is better to be kept the antenna in longer distance
from human body. By comparing measured EMR with the
limitations of ICNIRP and ICTA regulations, those are
below, yet close to the ICTA limitation values in some
cases. Also, the overall results showed that EMR of
wireless adapters and routers is higher than the base-
stations’ EMR given in the references, because base-
station antennas are far from human active life, but
adapters and routers are close. Thus, it is better to use
them cautiously.
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