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a b s t r a c t

Magnetic filters are used effectively in many industrial areas to clean up technological liquids and gases
from micron and submicron size magnetic particles. Performance of the magnetic filter is affected by
technological parameters like flow rate of the industrial liquid and concentration and flux magnitude
of the magnetic filter. These parameters exhibit differences depending on the field of work. Controlling
of magnetic filters without regard to these parameters has disadvantages such as low filter performance,
ineffectiveness in parameter changes and high energy consumption. To remove these disadvantages, an
adaptive fuzzy control system which considers these technological parameters was designed and real-
ized. When the realized filter is compared to the filter that ignores technological parameters, it is
observed that energy can be saved at a rate of 68% annually.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Magnetic Filters (MF) are used to clean magnetic particles from
industrial liquids. It is important discharging the scraps and wear
granules from the pipes through which the liquids flow (Abbasov
& Ruzgar, 2005; Herdem, Abbasov, & Koksal, 2005), because, these
particles may increase the pipe wear and cause very serious
breakdowns.

MF’s are preferred over other filtering techniques because they
are not affected by high temperatures, can be used in many fields,
do not harm the liquid to be cleaned, are economic and work effi-
ciently. Consequently, use of MF has become widespread in recent
years (Abbasov, 2002; Abbasov & Ceylan, 1999; Gerber & Lawson,
1994; Haitmann, 1969; Okada et al., 2002). They are used in many
areas including food sector, medicine, woodwork, chemical indus-
try and their field of use increases day by day.

Basic working scheme of MF is shown in Fig. 1 (Abbasov, 2007;
Ozkan, Saritas, & Herdem, 2007; Saritas, 2008).

Depending on their fields of technology, performance of the MF
in magnetic filtering is affected by many technological factors such
as the flow rate, concentration, the size of the particles, magnetic
attractiveness, liquid viscosity of the industrial liquid, and the
non-magnetic particles inside the liquids. Additionally, MF mag-
netic body size and specifications, magnetic flux density, size of
ll rights reserved.
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the magnetic filter matrix, physical and magnetic properties of
the matrix elements also affect filter performance. Moreover, a dif-
ficult problem arises while cleaning the filters when the magnetic
filter matrix pores cannot capture the particles. There are many
studies in this area which are included in the relevant literature.
Nevertheless, filter performance optimization and saving energy
while doing this are among the problems still awaiting solution
(Abbasov, 2007; Cueller & Alvaro, 1995; Gerber & Birss, 1983;
Ozkan et al., 2007; Saritas, 2008; Saritas, Ozkan, & Herdem, 2007).

In this study, adaptive fuzzy control (AFC) is designed for opti-
mization of magnetic filter performance. Magnetic flux of the MF is
controlled by considering the liquid flow rate and concentration in
the input. Also, the reaction of magnetic flux to technological
parameters and its effect on energy consumption have been
examined.
2. Design of experiment system

In this study, an experiment set in the Magnetic Filtration Lab-
oratory (Fig. 2) of the Selcuk University, Engineering and Architec-
ture Faculty has been used; the control process has been
performed by using Labview software. Globules with a radius of
8–14 mm having magnetic properties have been used as filter ma-
trix elements while suspensions prepared by mixing the pure
water and iron powder having a size of 4–10 � 10�4 mm have been
used as industrial liquid.

The system was built in Laboratory as shown Fig. 2.
In this system (Fig. 3), flow speed of the industrial liquid in the

filter is measured with Vf. Input and output particle concentrations
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Fig. 1. The principle schema of MF.
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are measured with S1 and S2 sensors. The suspension follows the
route from the entrance through M2–S1–V1–S2 and the particles
in it are captured in MF and directed to the cleaned liquid exit. Coil
current, V1–V2 and M1–M2 are controlled according to the informa-
tion coming from PC. When the procedure of regeneration of the
filter has to be performed is determined with fuzzy control (FC)
and it is ensured that this procedure takes place automatically.

The experiment system seen in Fig. 3 was designed with a filter
matrix to clean industrial liquids, the required connections for its
control and sensors and it was built (Fig. 2) and experiment system
control was performed as shown in the chart in Fig. 4 (Saritas et al.,
2007).
3. Fuzzy expert system

Fuzzy logic uses the mechanism of decision-making and reason-
ing without clear-cut boundaries used by humans instead of
mechanical logic or absolute logic (Allahverdi, 2002). One of the
most common applications that have arisen with the introduction
of this concept is control mechanisms based on fuzzy logic. Fuzzy
logic control systems do not require full knowledge of the system
as in the case of the well-known PID control designs. This knowl-
edge is replaced with the experience and mastery of the human
being who is called the expert. An attempt is made to realize the
Fig. 2. Experime
fuzzy system by making use of expert knowledge and experience
and the uncertain emotional data of the human being (Tsoukalas
& Uhrig, 1997). Various design methods have been developed so
far for this purpose and are still being developed (Etik, Allahverdi,
Sert, & Saritas, 2009; Saritas, Ozkan, Allahverdi, & Argindogan,
2009; Wakami, Araki, & Nomura, 1993).

Basic structure for fuzzy control developed by using fuzzy logic
is the fuzzy expert system (FES) mechanism (Fig. 5).
4. Magnetic filter control and programming

Various factors such as the dimensions of the MFs used in the
cleaning of industrial liquids, the diameters of the spheres used in
the filter matrices were investigated and calculations were made
using empirical equation. There is ample research on this topic
but studies regarding control of MFs are not at the desired level
yet.

A filter was designed in this study and fuzzy control was consid-
ered to be the most appropriate artificial intelligence technique for
this design, so the control system seen in Fig. 4 was developed.

Various factors are important for filter performance such as
the flow speed of the industrial liquid that passes through the fil-
ter, the quantity of the magnetic particles in the liquid, the length
of the filter and the filter matrix, the shape, size and magnetic
property of the components in the filter matrix, magnetic prop-
erty of the material from which the filter body is made, the type
and number of spins of the filter coil and the current applied on
the coil.

In this study, the control of the current passing through the fil-
ter coil using 14 mm radius filter matrix elements has been real-
ized by using adaptive fuzzy control (AFC). Likewise, constant
current has been passed through the filter coil under the same con-
ditions and its effect on filter performance has been examined.
Moreover, constant current filtration and AFC filtration have been
compared in terms of their energy consumption.

In the fuzzy control, by virtue of the system in Fig. 4, the flow
speed of the industrial liquid (Vf) and the concentration of
nt System.
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magnetic particles in the liquid (S1) were selected as input param-
eters while the pulse-width modulation (PWM) reference voltage
(U) was selected as the output parameter.

Linguistic expressions established for S1, Vf and U are given in
Table 1.

Triangle fuzzification was used for the linguistic expressions
and the limit values are given in Table 1. Membership functions
and membership degrees were defined in the Labview Fuzzy Con-
trol Toolkit software, which would be used for control. These val-
ues and their graph for the S1 parameter are shown in Fig. 6.
Similar membership degrees and functions were formed for other
parameters (Figs. 7 and 8).

The rules established for the system are given in Fig. 9. An ex-
pert was consulted in establishing the rules.

Functions of the linguistic expressions of the input and output
parameters were established using the Fuzzy Set Editor of the
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Fig. 5. Structure of fuzzy expert system.
Labview Fuzzy Control Toolkit software while rule base was
formed by using the Rulebase Editor of the same software.

As can be seen from Fig. 10, control is realized as both manual
and automatic with Labview software.

Input and output units are programmed by using DAQ board
and schematic diagram is given in Fig. 11.

In the designed system, experiments were performed by using
filter matrix elements of 14 mm in radius for both constant mag-
netic flux and controlled magnetic flux, and suspension concentra-
tion and flow rates were changed in periods of 35 min during the
experiment. During the experimental process, S1, Vf, U and flux
data captured in the sensors were transferred and saved on the
computer.

Input and output concentrations obtained when 1A and 2A DC
currents are applied on the MF coil and flow rate graphics of the



Table 1
Input–output parameters and linguistic expressions.

Input parameters Output parameter
Particle quantity (S1 – mg/l) Liquid flow speed (Vf – l/h) PWM reference voltage (U–V)

Fewer 0–1.25 Slow 0–100 Lowest 0–0.25
Few 0–1.25–2.5 Lower normal 0–100–200 Lower 0–0.25–0.50
Medium 1.25–2.5–3.75 Normal 100–200–300 Low 0.25–0.50–0.75
Much 2.5–3.75–5 Upper normal 200–300–400 Lower medium 0.50–0.75–1
Much more 3.75–5 Fast 300–400–500 Medium 0.75–1–1.25

Faster 400–500 Upper medium 1–1.25–1.50
High 1.25–1.50–1.75
Higher 1..50–1.75–2
Highest 1.75-2

Fig. 6. Membership functions of particle concentration (S1).

Fig. 7. Membership functions of industrial liquid speed (Vf).

Fig. 8. Membership functions of PWM voltage reference (U).
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suspension are given in Figs. 12 and 13. A filtration is also per-
formed by using AFC in the same the conditions as those of the
constant current case. Input and output concentrations and flow
rate graphics of the suspension when the AFC is used are given
in the Figs. 14 and 15.

In AFC control experiments, current changes applied on the MF
coil according to the input concentration value and suspension
flow rate are given in Figs. 16 and 17 respectively.
5. Results and discussion

For each experiment, performances are calculated for each AFC
controlled and uncontrolled case by using the experimental data.
Eq. (1) is used for the performance calculations (Saritas, 2008).

MF performance ðwÞ ¼ 1�MF output concentration value
MF input concentration value

ð1Þ



Fig. 10. The front panel in Labview of realized software in any time.

Fig. 11. The view of block diagram of realized software.

Fig. 9. Rulebase of AFC.
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Fig. 12. Coil current constantly 1A, concentrations and flow speed of MF.
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Fig. 13. Coil current constantly 2A, concentrations and flow speed of MF.
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Fig. 14. AFC control for current 1A, concentrations and flow speed of MF.
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MF performance values from Eq. (1) and currents applied to the
coils are shown in Figs. 18–21.
In 1A constant current filtration, the particles captured in the
filter matrix are separated from the matrix when the suspension
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Fig. 15. AFC control for current 2A, concentrations and flow speed of MF.
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Fig. 16. The change of coil current depending on input concentration and flow speed.
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Fig. 17. The change of coil current depending on input concentration and flow speed.
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flow rate increases. MF performance decreases in the aforemen-
tioned filtration case (Fig. 18).
It is seen in the experiment conducted with 2A constant current
that there is less filtration in the filter matrix than in the 1A case
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Fig. 18. MF performance and coil current in experiment 1.
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Fig. 19. MF performance and coil current in experiment 2.
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Fig. 20. MF performance and coil current in experiment 3.
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when the speed of the suspension increases, but still there is a de-
crease in performance. (Fig. 19). An examination of Figs. 18 and 19
reveals that constant current case filtration process cannot respond
to technological parameter changes and even if there is an increase



Table 2
Energy consumption for the uncontrolled working of MF and AFC controlled cases.

Exp. no. AFC controlled filtration Uncontrolled filtration

U (V) I (A) P (kW) Energy consumption U (V) I (A) P (W) Energy consumption

kWh/day kWh /year kWh/day kWh /year

3 6.27 4.82 30.24 0.73 264.94 10.81 8.32 89.96 2.16 788.01
4 5.44 4.18 22.73 0.55 199.13 9.90 7.62 75.46 1.81 661.06
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Fig. 21. MF performance and coil current in experiment 4.
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in the current, this disadvantage still continues. Parallel to these,
MF performance also decreases.

MF performance obtained from AFC experiments is not affected
by the suspension flow rate changes or particle concentration
changes. It can be seen that depending on the suspension flow rate
and particle concentration which affect MF performance, the cur-
rent applied to the coil exhibits variation according to the PWM
reference value (Figs. 20 and 21). Consequently, MF performance
increases. Enough magnetic flux is provided to prevent filtration
in magnetic filter matrix when there are sudden increases in flow
rate or particle concentration.

Results of the experiments conducted using AFC control show
that uncontrolled filtration should be performed with the highest
coil current to get the same performance as with the AFC control.
In this case, there will be energy losses, so calculations are made
using the data obtained in the experiments.

In the 3rd and 4th experiments of the MF, in order to obtain the
same power as in the AFC control, maximum current and maxi-
mum voltage values should be used in the uncontrolled case. Eq.
(2) is used for these calculations.

P ¼ U � I
1000

ð2Þ

In Eq. (2); P: power (kW), U: average value of coil voltage (V), I:
average value of coil current (A).

Daily energy consumption of the MF and annual energy con-
sumption are calculated by using Eqs. (3) and (4), respectively.

Wg ¼ P � tg ð3Þ

Wy ¼Wg � ty ð4Þ

Wg is the daily energy consumption (kWh), Wy is the annual en-
ergy consumption (kWh), tg is the daily working duration of the
MF (h), ty is the annual working duration of the MF (days).
Energy consumption of the AFC controlled MF is calculated by
using Eq. (2)–(4) and given in Table 2. In accordance with these
values, in the 3rd experiment 2.9743 times less and in the 4th
experiment 3.3198 times less energy is consumed.

If the filter runs with AFC, optimum magnetic flux density is
supplied to clean up the industrial liquid. Thus, not only is energy
saved but also constant maximum filter performance is obtained at
the same time.

In conclusion, filtration process with AFC provides more stable
and reliable cleaning compared to the constant current case be-
cause of adjustment of magnetic flux resulting from the control
of coil current in proportion to the industrial liquid flow rate and
particle concentration.

In long periods of running, approximately 32% energy is con-
sumed annually, and the remaining 68% energy is saved, which is
very high economic gain.

Applying the MF’s technological parameters adaptively on the
coil current control optimizes the MF performance. In this case,
stable and reliable filtration process is realized.

In this study, only two technological parameters which affect
the MF performance are used. Some or all of the other ignored
parameters could be used to obtain better results. The obtained re-
sults can contribute scientifically to better design, usage and mod-
eling of the MFs and thus more useful methods can be developed.
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