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This paper investigates the control strategy far #hectrical energy input
to three phase electric arc ferrosilicon furnacéheTclassical PD fuzzy
logic controller has two inputs. These inputs ahe terror in the V-I

characteristic and the rate of the error in V-1 chateristic. When the
simulation result of this controller is comparedhwconventional PD type,
it was shown that requires steady state accurabys paper is concerned
with incorporating the integral property to the skic fuzzy PD controller.
The result is a nonlinear fuzzy PID controller ghates the steady state
error resulted from the classic fuzzy PD actions. this paper, the

submerged arc ferrosilicon furnace is described thg heat transfer
system, the electrical system equipments and tmanggs from the

electrode positions to the electrode currents. praposed control design
methodology is tested on the model of submergedearasilicon furnace

FeSi via simulation. The simulation work is carriedt using simple

environment via computer program written using Cianguage. The

obtained results guarantee the potential of the ppsed control

methodology to add self autonomy to the systenvimha

KEYWORDS: Arc resistances; Electrodes; Fuzzy Logic control;
Industrial process, Model; PID controllers.

1. INTRODUCTION

Electric arc furnaces are used to prod&e&iby melting the raw materials (mainly
guartz, coal, and coke) using electrical supplynzsn energy input [1-6]. The
electrode system, connected to the electrical suaplshown in Fig. (1) is used to
convert electrical energy into extensive heat byamseof high current arcs cause the
solid scrap to be transformed into liquid state.

The main objective in an electric arc furnace indus maximum production
of high qualityFeSiat the lowest possible cost. Electric currenthi@ électrodes will
remain constant if the lengths of the electric aes constant. The electrode system
under investigation in this study is mainly respblesfor the vertical adjustments of
the electrode tip displacement according to spatifiet points, to ensure that the arc
lengths remain as constant as possible. Arc cuisemainly used as the control
variable in an industrial electric arc furnace heseaof its direct relation with the
lengths of the electric arcs.

Most modern three-phase electric furnaces makefuseme form of feedback
control strategy for the automatic control of thect&ical energy input [7-15]. One of
the control strategy utilized is the useRID controllers which can adjust the lengths
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of the electric arcs relative to some set-poRIiD controller is well established in
many classical control systems and it is often wsed benchmark against other types
of controllers [16]PID controllers are considered as linear controllarthis reason it

is not usually suitable for strongly nonlinearteyss. FuzzyPID controllers are often
mentioned as an alternative to classical fu2Bycontrollers in such cases [17-19].

Main three phase
step down
—— transformer

Electrodes

Fig. (1) A Physical model of EAF system

FuzzyPID controllers used in a submerged arc ferrosiliaomdce are found
in [20]. Various structures for fuz®ID (including Pl andPD) controllers are found
in [21, 22]. FuzzyPI control is known to be more practical than fuR4y because it is
difficult for the fuzzy PD to remove steady state error [23]. The fudycontrol,
however, it gives poor performance in transienpoese for higher order processes
due to the internal integration operation, butimaates the steady state error resulted
from the proportional gain. Thus, in practice tbezlyPID controllers are more useful.
To obtain proportional, integral and derivative tohaction all together, it is intuitive
and convenient to combiri®l andPD actions together to form a FuzByD controller.
Another way of constructing a fuz8ID controller is achieved by summing the fuzzy
PD controller output to an integrator connected iraflal with it [22]. This fuzzyPID
controller utilized a single rule-base. In this pathe second type is used in our study.

2. ARC FURNANCE SYSTEM MODEL

There are two subsystems in the electrical arcaften electrical and metallurgical
system. The electrical system supplies energy éonietallurgical system and the
metallurgical system gives conductivity back tocaieal system [1]. The electrical
subsystem is described by a set of equations remiag the electrical system, while
the metallurgical subsystem is very different, asnvolves gas and particle flow,
reaction kinetics, etc. It is more difficult to abtish a set of equations that describe the
process to the relevant level of accuracy [2, 8]mlodeling the electric arc furnace,
many factors are to be considered. These are raafér, walls of furnace and the
heat losses into external medium.

* The walls of the furnace have ideal heat insulatind there are no losses into

surrounding. The transfer function of heat balaeaes follows:
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do
POV = Hi—H, (1)

Where: p is the material density, tonftC  is the specific heat, Mcal / deg

ton,V s the volume of the furnacey®, & is the temperature in zone,,
H, =Q,0,C8, is the heat flow with materi&); Mcal/hour,Q; is the flow input m
/hour , H, =Q,0,CH, is the heat flow with materi&, Mcal/hour ,Q, is the flow

output m /hour. The material flow for input and output assumed to beonstant Q,
=Q, =Q) and the temperaturgt) is equal t@,(t).
0S) . K

(@)

WhereT = V is the time constant of the furnaoe;# is a static gain.

e Consider the transfer of heat into external medasnfollows:
H3 = hSlv(e_esp) (3)

Where:h is the coefficient of heat transfes, is the external surface of furnace, and
0,, is the ambient temperatur@ -¢,,) is the difference between the temperature of

the surface and the temperature of external medium.
The balanced equation after adding the heat losgggen as follows
do

POV =H, =H, -H, (4)
Substituting Eq.(3) into Eq.(4) we get
T%W K o+ KH; (5)

WhereK; is a static gain for disturbance.
* The heat capacity of the walls of the furnace ibaaaken into consideration
in the model. The walls of the furnace has a VO|LVQﬁ(m3), the material of

the wall has density,, and a specific heat capacity, [2, 3].

The balance equation for the furnace space [6, 7]
do

POV~ = H1=QpCE, ~ S0 -0,) (6)
Whereh, is the heat transfer coefficient of the wally,is the wall temperature.

The balance equation for the walls can be repreddm

PuCa 5 = 1,80 =0,) =S, (6, =) (7)

Substltutlng these assumptiofs-6, variablesH; as input and? is considered
as output variable, the wall temperatéte can be derived as follows:

0, = hNS( cVv %—H +QpCt9j (8)
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Substituting Eq.(8) into Eq.(6) the furnace trandtenction equation can be

written as follows:
2

T1T220+(T1+T2)—+9 KH, "’Kld;l"'KzH 9)
t2

Eq.(9) in laplace transform is as follows [1,2]
(K + K1S)H(S) + K 504,(S)

TT,S2+(T, +T,)S+1

o(S) = (10)

Where T, Ty, T,, K, K; andK; are constants which acalculated by the use of
the parameters of the heat transfer model. Eq.ré@Esents the dynamic model of the
furnace with heat losses in the surrounding. Fig@jerepresents a block diagram of
Ed. (10). The two inputs are ambient temperatygeand the input heat flok; and a

single outpu# .

0.,
—» K
cy
1 6
Hil K+ KS > >
— ' TRS®+(M 4TS >

Fig. (2) Heat transfer model for the electrical fanmace

2.1.Summary of the Heat Transfer Modeling Parameters

The parameters of the heat transfer model can fveedeby the use of Eqg. (1) to Eq.
(10) and are shown in Table [1] as follows:

Table[1] Heat transfer model parameters

Parameter Math calculation of parameter
T, T, PCV P wC wVw

hwsw(pco +“’;&+h3w]

w

T+ T, 2CVp hWc N s o oy s h/:]CV

W w

»CQ +h/;ﬂ+ hs
w
K 1+h/h,
pcQ + MPEQ s
hy

Kl Pw C V

[pCQ + CQ s ]

hy

Ky hs.,
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3. ARC FURNANCE ELECTRICAL SYSTEM

The moving of the electrodes inside the arc furngcand down above the slag creates
the arc phenomenon. As the electrodes approachsldge a huge value of current

jumps from the electrodes to the slag. The ardiistance depends mainly on the

magnitude of the input voltage. The heating po®geof the arc for electrodedepends

on the value of the voltage and the conduct&a# the arc.
R =V2.G; (11)

arci

The conductance of the arc for electrodkepends on the physical properties
of the raw materials and the geometrical dimensifnthe arc of electrode i. This is
given as:

G =0t (12)
l

Where s is the conductivity of the material being heatadand | are the

geometrical dimensions of the bod¥he electrical conductivity of the raw materias i

varying creates the gas mixture in the furnace. ddlamn path depends on the ratio
a, /¢; which is relatively large. According to the abamalysis, the gas mixture in the

furnace creates the arc resistance. Therefore iotaimaa given power according to
specified heating conditions, it is necessary tange the voltage supplied in wide
range.

The equation of the source voltage transient respasf the electrical arc
furnace is given as:

Vg = L%+ IR+Vye (13)

Where V; voltage sourceV,. arc voltage and., R are inductance and
resistance of the conductor.

The practical difficulty in mounting sensors andvides deep is inside the
furnace that makes the process unsuited for masttdmeasurements. A related
temperature to electrical conductance and curraitié the furnace can be measured
and controlled as control variables which are Yhé characteristic inside the arc
furnace. The conductance in the furnace as funatidemperature is given as follows
[1];

G(8) = G,(1-exp(0.5-0/100) (14)

WhereG, is the conduction &5°

3.1. Composing the Heat Transfer Model with Electrical System

There are two subsystems in the electric arc furia&F. The first is the heat transfer
subsystem (discussed in section 2), the otherotieielectrical parts. The next step is
to link these two subsystems. To do this, the Yalhg steps are taken to make the
complete electrical arc furnace model:

a. The input of the heat transfer model is electnzaler.

b. The heat transfer model output is temperature ént$id furnace.
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c. The temperature inside the furnace affects thdradatresistance of the furnace.

d. The resistance inside the furnace affects the ralattparameters inside the
furnace such as voltage under arc, current and poeered to the furnace.

e. The electrical power depends on the voltage apptig¢de arc furnace, resistance-
inductance of the conductors and the resistanagctadce inside the furnace.

f. Neglect the chemical reaction inside the furnace.

3.2. Voltage-Current Ratio as a Control Variable in the Arc Furnace

Figure (3) shows the closed loop system of the EA&ipped withPID control. The
input to the controller isv-lI characteristic and the output of the furnace is th
conductance as a functionén

G Fuzzy Electrical t Heaft
ref PID System ranster o
Control L Equipments System
_> :
G
+
Disturbance

Fig. (3) Closed loop system of the EAF with PID ttoh

4. FUZZY LOGIC CONTROLLER FOR SUBMERGED ARC
FURNANCE

4.1. Classical Fuzzy Logic Controller for EAF

In this section the fuzzy logic technique is useda®@D controller as shown in Fig.

(4).The parameters of the EAF system under comtrelthe temperature of the arc
furnace and the input electrical power. In thisdgiuhe output of the arc furnace is
considered as the-l characteristic as mentioned in section 3. Thipuuts used as

input to the fuzzy logic controller. The input teet hydraulic system is the output of
the fuzzyPD controller. The hydraulic system is called a holded is used to move

the electrodes up and down to adjust their postidine parameterse, F, andF,

stand for scaling factors of the ermrrate of erroe and the output of the controller,
respectively. The inputs to the fuzzy logic coliémare selected to be the error of the
V-I characteristic which is calledland the rate of the errer Sampling signal for input
controller equation is to be written as follows:
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Fuzzification Inference Defuzzification
Interface > Engine ¥ Interface

T

Knowledge
Base

Controller Action
«— F

A

Fig. (4) PD controller 1/0O description

e (k) = [e(k)+r(k_1)j (15)
6 (k) = e(k)( ! "A: ] (16)

Wheredr is the sampling interval (in our study equal®©1001). The design
of a fuzzy logic controller passes through the dwihg stages: selection of
input/output variables and their quantization inzzZy sets, this stage called
fuzzification; selection of the inference methodtlestion of the defuzzification
technique.

4.2. Fuzzification

Having decided the inputs to the fuzzy logic colidrothe next step is the selection of
the membership functions to be associated withirthet/output variables, where the
input crisp variableg(k) ande(k) are converted to fuzzy variables. Figure (5) show
the membership functions used in this study. Omenabzed universe of discourse (-1,
1) for e, e and the output variableg,. is used. Each fuzzy universe of discourse is
divided into eleven fuzzy sets:

* NL negative large

« NB negative big)

* NM negative medium

* NS negative small

* NZ negative zero

 Z zero

* PZ positive zero

» PS positive small

* PM positive medium

« PB positive big

» PL positive large
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w
B NMNS Nz|(z PZ PS PM P

-1.0 -0.8 -0.6 -0.4 -0.2-0.0 0.2 0.4 0.6 0.8

Fig. (5) Fuzzy membership function

4.3. Rules Creation and Inference

As stated before, the inputs to the fuzzy logictadler are the erroe and the rate of
the errore. For a system of two control variables with eleVieguistic variables in
each range as explained in sect4oB this leads to aft1x 11ldecision table as shown
in Table [2]. A set of rules which based on theisiea table defines the relation
between the input and output of the fuzzy varialdeand e produced by the
fuzzification stages. These are then processechlipfarence engine that executes a
set of control rules. The inference engine mapsiripat variable to the universe of
discourse of the output variable. A typical rule ltfae following structure:

If (€) isPSand €) is PM then (igap) is PM a7

Fuzzy rules are connected usiiyD operator and it was defined as minimum
value betweenu () and i (e). Applying the operatoAND to the rule given by Eq.
(17), the minimum value betweem(e) and i(e) can be derived. Finally the
corresponding output membership function for thée rdefined by Eqg. (17)s
calculated by clipping the corresponding outpuarigle membership function (i.e.
PM). This procedure is carried out for all the rubdéshe decision table shown in Table
[2] and for every rule an output membership functie obtained. Fig.(6) shows the
flow chart of the digital computer program used $amulation of an EAF provided
with fuzzy PID controller.

Table[2] Rulescreationstable

[
NL |NB |[NM [NS [Nz |Z PZ |PS |PM |PB [PS

NL Nz |Z

NB NZ [Z PZ
e NM NZ | Z PZ

NS NM |NS |NZ |Z PZ

NZ NM |NS |NZ | Z PZ |PS |PM

Z NM | NS |NZ |Z PZ |PS | PM

PZ NS NZ [Z PZ |PS | PM

PS NZ Z PZ |PS | PM

PM NZ [Z PZ |PS | PM

PB Z PZ PS | PM

PL Z PZ | PS PM
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4.4. Defuzzification

It is necessary to transform the implied fuzzy teet crisp output by the center of
gravity technique as given by the Eq. (18), wheris the numerical output at the ith
number of rules and(v;) corresponds to the value of fuzzy membership fancit the
ith number of rules. The summation is from one toWheren is the number of
discrete values on the universe of discourse anigs the membership grade of the

elementy; in the universe of discourse [24].

Zn: v,u(v, )

u EAF

(18)

Read in
System  : Parameters and operating conditions
Controllers: Gains and scaling factors for adapte

v

Set time t=0

Yes

Solve the EAF eauatio

For the fuzzyPID controller:
Evaluate4V/l, andaV/l, '
Evaluate4V/l, and4V/l,
Evaluate4V/l; andAV/l;

\ 4

Set t=t +At

For the fuzzyPID controller:
Use:4V/l; andav/l, '

Use:4VIl, and4aVil,

Use:4V/l; andav/ly

As an input variable, evaluate the
control signaugae

!

Print Results to a Fi

Fig. (6) Flow chart of the computer program usedsfmulation of an EAF provided
with fuzzy PID controller
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5. PROPOSED FuUzzy PID CONTROLLER FOR A SUBMERGED ARC

FERROSILICON FURNACE
The input-output relation of the conventiofdD controller is given as;

U= K,e+K, J'edt+ Kpe (19)

The performance of that controller is determinedadjusting the parameters
Ke, Ki andKp. The proportional parameter can guarantee therésgtonse of the
control system, the integral parameter can elimitia¢ steady state error of the control
system, and the derivative parameter can incrdesedmping of the control system.
The fuzzy logic controller explained in section g1 dpproximately behaved like a
parameter time varyingD controller. But obviously, there would be steathtes error
by using fuzzyPD type controller. The input-output relation of thezzy PD type
controller can be approximated by [25];
Ug, = A+Pe+De (20)

The integral property of the fuzzy logic controllean be handled by
implementing the integration of the system’s ethwough the inputs of the fuzzy logic
controller. The observation of the system’s integraor is very difficult task in
practice because more fuzzy control rules are meddence, it is better to design a
fuzzy controller by using the outputs of the fuz2® controller. Utilizing the output
relation given by Eq. (20), a fuzBID controller can be designed. Let an integrator be
connected serially with a portion of the outputlod fuzzyPD controller as shown in
Fig. (7). The structure of the proposed fuzzy adlfdr is simply connected theD
type fuzzy controller together in parallel with srtegrator. The output of the fuzzy
PID controller considering as the weight on theD type, and? as the weight on the
Pl type can be approximated by the following [25];

U, =au+ ,B'[udt (21)

By substituting Eq. (21) into Eq. (20), the followji equation can be obtained;
U, = a(A+Pe+De )+ ﬁj(A+ Pe+ Dé )dt (22)

Rearranglng Eq. (22) yields
.= aA + BAt + (aP + D) e + fPledt +aDe (23)

ConS|der|ng the scaling factors used in sectionBdl (23) can be written as;
u.,. = aA + SAt+ (aP +4D) Fe € + fFe Pledt + aDFe e (24)

Eq. (24) behaves like a time varyinglD controller, its equivalent to
proportional plus integral plus derivative contamid the parameters are simply given
as follows;

Kp: ((Z P+ ﬂD) Fe, K| ZﬂFeP, KD:OLFé D

For PI controller
a=0, g>0

U= BAt+ BF, De+ fF P J' edt (25)
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For PD controller
a>0, g=0

U=oA+aF,P+aF e (26)

The integral property of the fuzzy controller caandled by implementing
the integration of the system’s error through thputs of the fuzzyPD controller
discussed in section 4. The observation of thesgystintegral error is very difficult
task in practice because more fuzzy control rutesreeded. Hence, it is better to
design a fuzzy controller by using the outputshaf fuzzyPD controller. The output
relation of the fuzzyPD controller can be used in designing a fuBty controller. Let
an integrator be connected serially with a portainthe output of the fuzzyD
controller as shown in Fig. (6). The structurehs proposed fuzzy controller is simply
connected the fuzzyD controller together in parallel with an integratbhe output of
the controller can be approximated by

U;EAF = QUgpr +IBJ-UEAth (27)

Symbola andg are the weight on the fuz8D andPI controller as defined
before. The values of andg are chosen in our study case as 5.0 and 1.0 tesggc

e
Fuzzy PD Uenr | ,B/
e Controller g ‘
—» Ucar
e
a

Fig.(7) PID controller I/O description

6. SIMULATION RESULTS TO 10% DISTURBANCE IN THE IMPEDANCE

OF THE RAW MATERIAL
Standard ferrosilicon arc furnace was used forghigy. The numerical values for the
raw material used in this study are given in TgBld] and Table [A.2] in appendix A.
For comparison, simulations with the proposed fuZ2¥D controller and the
conventionaPID controller were run.

Figure (8) shows a 10% disturbance in the impedarfcelectrode 1. The
response shows a value of impedance equal to X3than due to disturbance it goes
down to 2.23 2. The drop in impedance means a significant chaimgehe
temperature of the furnace. The conventidPi) controller raises the value to 2.44
mQ with higher overshoot, while the fuzBID controller raises gradually the value of
impedance to 2.44 énwith lower overshoot and fast settling time. Loweershoot in
the three phase submerged arc ferrosilicon furgaes the benefit of no hazard in the
transformer circuit due to the lower impedance.ufég(9) shows the corresponding
current response of electrode 1 due to a 10% bmstwe in the impedance of electrode
1. The steady state value of the current shows A8dte to disturbance it reaches a
higher value of 63.0 KA. With convention®ID it reaches 58 KA with higher
overshoot while with fuzzyPID it reaches 58 KA with lower overshoot and fast
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settling time. Same results are obtained for edees two and three as shown in Figs.
(10-13). In an EAF a large current fluctuations canse the arc column to stretch to
such an extent that the available power supply @amaintain the arc. At this point,
the arc extinguishes itself and reattaches to thetrede in such a manner as to
minimize the initial ignition energy.

2.7
26 Bt CON PID
- FLC PID
2.5 a :1 S no DISTURBANCE
24 ] :
(@]
£ 23]
2.2
2.1
2 : : : : : : : : :
1 8 15 22 29 36 43 50 57 64 71 78 85 92 99
Time(s)
Fig. (8) Impedance responses of electrode 1
06
64 |
62 |
60 |
<C
> 58 s
% CON PD
54 L
A1 —FLCPD
8 —— DISTURBANCE
50 I I I I I I I I I

1 11 22 31 4 51 61 71 81 9
Time(s)

Fig. (9) Current responses of electrodel
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I KA

mQ

2.3
2.25
2.2
2154 N e CON PID
FLC PID
21 | disturbance

2.05

1 11 21 31 41 51 61 71 81 91
Time(s)

Fig. (10) Impedance responses of electrode 2

66
65
64 -
63

62 -

e A CON PD

FLC PD
60 -
disturbance

59

1 11 21 31 41 51 61 71 81 91
Time(s)

Fig. (11) Current responses of electrode2

2.28 -
2.26 |
2.24 1
2.22 |
22
2.18 |

EL3 - el CON PID

2.16
FLC PID

2.14

disturbance

2.12 T T T T T T T T T 1
1 9 17 25 33 41 49 57 65 73 81 89 97

Time(s)

Fig. (12) Impedance responses of electrode 3
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65

64.5 -

64 -

63.5 -

§ 63 -
— 625 -
62

61.5 -

61 -

60.5

FLC PID
disturbance

B3

1 11 21 31 41 51 61 71 81 91
Time(s)

Fig. (13) Current responses of electrode3

7. CONCLUSIONS

The following conclusions can be drawn from theligpgion of fuzzy logic to the
control of arc ferrosilicon furnace as describethis paper:

a.

b.

[1]
[2]

[3]

Some aspects concerning the modeling and fuzzyg tmwitrol of the conductances
and currents of the electrodes in an electricaflarace were presented.

The model forming a submerged arc ferrosilicon disemwas successfully solved
using C++ language program. When the study of thepgsed fuzzyPID
controller is compared with the conventiofdD controller, the results obtained
show that the performance of the proposed fuRdYy controller might be more
successful when the parametersand g are well adjusted.

The steady state error resulted from using fu2Bycontroller in [23] is mainly
eliminated using the proposed fuz2iD controller.

The proposed fuzzfID controller declares a better damping and settlimg
which improves the EAF system performance.

Fuzzy logic control is a promising control techreqand would be effectively used
for improved process control of arc ferrosilicomrface.

The study will continue to increase the effectivenef the proposed fuz#yID
controller by adding the adaptive property to it.
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APPENDIX A: NUMERICAL DATA FOR SUBMERGED ARC FERROSILICON

FURNACE

Table [A.1] shows the numerical values for the raaterial, while Table [A.2] shows
the numerical values for the walls of the ferrasifi arc furnace.

Table[A.1] Numerical values of the components of the arc ferrosilicon

furnace
Material Density ton/r | Specific heat Mkal/ton.deg
Quartz 1.7 1.68
Coke 0.53 0.2
FeOs 2.3 0.11
Average due to mass 1.44325 1.09804

Table[A.2] Numerical values of the components of thewalls of thearc

ferrosilicon furnace

Property of walls Numerical value
Walls density ton/m  p,, 25

Walls specific heat MCal/ton.degC,, 0.3

Walls heat transfer coefficient Mkalfth.deg| 0.2

hw

Walls volume MV, 48.3693

Walls surface m S, 57.776

Heat transfer coefficient between sphere p@

wall Mkal/m?.h.deg
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The constant3,, T,, K;, K; andK of Eq. (9) can be calculated using the parametiers
the heat transfer model and are found as follows:

T, = 6.375287 hour

T,=1.29634 hour

K; =0.0970692

K,=1.0

K=0.0643376

The parameters of tHaD controller are chosen as follows:
Kp=1.2, K =1.0, Kp =0.169375

The parameters of the fuzByD controller are chosen as follows:
a =5.0,8 =1.0
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