Influence of a SVC on AC Arc Furnaces
Harmonics, Flicker and Unbalance.
Measurement and analysis.
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Abstract-An AC arc furnace is an unbalanced, nonlinear and
time varying load, which can cause many problems tpower
system quality. Different studies on arc furnaces dmonics
analysis can be found in the bibliography on the foic;
however, it is very difficult obtain an exact modelthat takes
into account all the parameters that have influenceon the
process, therefore it is necessary to take measurents under
different conditions. In this paper we'll present the harmonic
distortion, flicker and unbalance results and conalsions on
three different measurement campaigns in an iron am steel
industry (SNL) with an AC arc furnace of 83 MW (170 TM)
with a transformer of 120 MVA connected with a dedtated
power line of 220 kV (55 km) to the Carregado Subation,
where there are another other branches that connect
industrial and domestic consumers.

Keywords: Flicker, harmonics, power quality, electric
power measurements, arc furnaces.

[. INTRODUCTION

Harmonics, inter-harmonics, voltage flicker and aiabnce
are the power quality problems which are introdutea
power system as a result of the nonlinear and astith
behaviour of the arc furnace operation. The noaline
voltage-current characteristic of the arc can cduasenonic
currents which, when circulating over the netwocan
produce harmonic voltages which can affect othersus

The furnace shell is isolated and it is represehied star
connection of the three arcs, so that if a thresspharc

between phases, these harmonic components do axit re
the values that we would find in the current wavfeao
single-phase operation arc.

Different studies on arc furnaces harmonics anslgan be
found in the bibliography on the topic, for exampte[1] an
arc model is presented, to carry out harmonic a@mlgf an
AC three-phase arc furnace with a single-phasaiitir€his
model is based on V-l characteristic of the arc hkes into
account the effect of the arc’s unbalance over 2beo
sequence harmonics.

Nevertheless, taking into account that the arc ingelt
process is a stationary stochastic process, itiffcudt to
obtain an accurate model for an arc furnace loaé. factors
that affect the arc furnace operation are the mglthaterials,
the electrode position, the electrode arm contbeme, and
the system voltage and impedance. For all thesonsait is
very important to take measurements.

The solution to improve the energy quality (PQ-Powe
Quality) at the load point is of great important emhthe
production process gets more complicated and resjuir
bigger reliability level, which includes objectivesich as
providing energy without interruptions, without hamic
distortion and with voltage kept in a very narrowangin. The
devices that can fulfil these requirements are Ghestom
Power; a concept that we could include among th€T3,
but that is different because of their final use.fact, the
topologies used are identical those of FACTS devieéh

furnace operation was balanced, the zero sequenditi® modifications and adaptations to voltage elsy

components of the current wave would be null. Alyua

therefore they are mostly oriented to be used stridution

unbalanced operation is the normal situation in the€tworks of low and medium tension, sometimes cpia
meltdown process and this produces zero sequenc@tive filters.

harmonics in the arc current. However, due to tfieence



II. ELECTRICAL CIRCUIT

Topas 1000
Unilyzer 812
220 kV
S. Carregado 55 km |
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7 I 7
Scc=4400 MVA Scc=1370 MVA 83 MW
120 T™M
Sn=120 MVA
SVC AC arc
VT: 220 kVv/100 V furnace

Figure 1. Electrical circuit chart of the AC ararface supply from Carregado Substation with thesoremnent equipment

[ll. SIMULATION

For the simulation we applied a PSIM package witimodel represented in Fig. 2, which is justifiéohg this point and
some of the results, for input and output curreats,presented in Fig. 10.
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Figure 2. Representation of a three-phase statiR ¥dmpensator (SVC) comprising a thyristor-contblteactor (TCR) and a thyristor-switched capacitor
(TSC) with his PSIM model.
Using the results in Equation (2) for the case dhiee

Concerning the three-phase thyristor-controlledcta@a phase TCR, Figure (4), we have Equation (4)
(TCR) it is not difficult to see from the expressifor the

fundamental frequency current, Equation (1), thpte of it | -iB 0 V.
. . : : B1 J el 0 1
can be interpreted as the equivalent susceptartiehws a ]
function of the controlled parametef7]. Then Equation (1) leg [=| O - |Be, 0o |V, (4)
b db tion (2): :
may be expressed by equation (2) | s 0 0 ~ B, |V,
Vv ) and the connectivity matrices for phases a,b,c.akos
| = T[2(77— a)+sin2a] ) (5) and (6).
Ja-1r V, (216) 1 -1 07V,
= —j 7T
la =7IBV (n-a) @) V=70 1 -1y, )
2An-a)+sen2a
Where: B, = (3) V, -1 0 1|V,

7oL
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Substituting Equation (5) into Equation (4), ande th
intermediate result into Equation (6), we obtairu&ipn (7),
that represents the phase domain equivalent cifouithe
six-pulse three phase TCR of Figure 2.

|= A

-i(B,+Bs) B
= jB  -iB+*B) B V¥
B B  -iB.+By) |V,
(7)

V,

IBa
IBb

IBC

If all the three branches in the TCR have an equal

equivalenB, = B,, = B,; = B,, which depends on the
design ofthe circuit, then Equation (7) simplifies to Eqoat

8).

| o -2 1 17V,
| o :j:—lgBe 1 -2 1|V, (8)
| o 1 1 -2V

An alternative representation of Equation (8) beesm
feasible, using the reference frame provided byctheept of
symmetrical components. The transformation from spha
coordinates to sequence coordinates involves applye
matrix of symmetrical components [a] and its ineert®
Equation (8), leading to Equation (9).

l,] O O YA
I, [=]0 —jB, 0 |V, ©)
l,| 10 0 —jB. ||V,

In Equation (9) three sequence components are iasstc
with three-phase circuits, namely zero (0), Positj), and
negative (2), sequences.

If equal equivalent admittances may be assumebersitx-
pulse TCR then the positive sequence representagioomes
Equation (10).

le = =BV, (10)

j B Bél BCZ BCl BC3 BCl
| DB, AB, DB: |,
“ H BClBCZ BéZ BC3BCZ N
lew |=| — J| Bz = Vp
| AB, AB, 0B: |y,
« BciBes Bc2Bes [B _ Bés] -
C3
I AB, AB, 0B, |
(11)
Where:
B, =aC,;
AB. =B, + B, +B; B, =aC, 12)
B.; =aC,
If all the branches of TSC have equal equivalent

susceptances:(BC1 =B., =B = BC), then Equation
fll) simplifies to Equation (13).

o N e
oy | =058 2 -1}V, (13)
l e -1 -1 2|V,

The most general expression for the six-pulse S\éQlav
be the case when Equation (7) and Equation (11pdded
together, providing a model where SVC design imheda
may be accounted for.

A more constrained, but still very useful, modsl the
case when Equation (8) and Equation (13) are usethe
constituent part of the SVC model, Equation (14).

| svea lca l ga 1 2 -1 -1V,

lsveo | =] Ten [ *] Teo =§j(BC_Be) -1 2 -1V,

| lec -1 -1 2|V,

(14)
I Bc

SvCc

The SVC model given by Equation (14) is suitable fo

deriving a representation in the reference frame of
symmetrical components, Equation (15).

laco | [0 0 0 v,

lswer | =] 0 j(Bc - Be) 0 V, | (15)

l'sic2 0 0 j(Bc - Be) \Z

Similar to TCR, non zero sequence current can flowhe
SVC circuit as the star point of the TSC is notuded. The
positive sequence ands negative sequence circaitiin
equal impedances. However, for cases of balancedhtipn

The nodal admittance of the capacitor bank, in @hasand balanced SVC designs only the positive sequence

coordinates, may be expressed with explicit repitasien of
the Stara point, which is not grounded. Howevers itnore
advantageous to perform a Kron reduction to obtain

representation is of interest

lser = 1BsacVi (16)

reduced equivalent, where only the parameters asgha,b, Where: ) «

and c are represented explicitly. . By =B, - B, = {XL ——C[Z(n— a)] + SenZO'}
In the most general case, wifB.; # B, # B.;, and XX, m

after performing Kron’s reduction, the reduceduivalent X, =a a7

model of the thyristor switched capacitor (TSC) is 1

represented by the Equation (11). Xc = e

It should be remarked that the positive sequenagehaf

the SVC, Equation (16), should also serve the mewd

representing a single-phase SVC



Model of the arc furnace simplified version, by Fig. 5, in which the resistas and
reactances are the same as those that appearat Fig
Figure 3 shows the electrical model for the armdige
where the outer non-linear resistances (inter-eldet XL
resistances) form a delta-circuit with the threela® The
inner resistances (slag-to-matte resistances) farnwye-
connection with Vm as a virtual ground (floatingutral U SvC
point).

RT1 XT1 XE RT2 XT12
XF

RA

Vi V2 V3

Figure 4. Electrical equivalent circuit of the tadgistem where Rrepresents
the electrical model of the arc furnace

R1 X1 R2 X2
R1=RT11
X1=XL+XT1
§] SvC R | Re=R2

A Xo=Xeg+XT12+XF

Figure 5. Electrical equivalent circuit of the tosystem, where Ris
represented by Figure 3 and the resistances anthneas are the same as
those of Figure 2.

IV. MEASUREMENTS RESULTS

TABLE 1. Summary of the flicker Pst 95% at the meament point in SN
Longos and at the Carregado Substation. Measurernemtaign from 9to
13" February (without SVC) and from 6o 20" February (with SVC).

Figure 3. Electrical model of the arc furnace

. Pst 95FLICKER SNL MEASUREMENTS FROM 9 " TO 13" (without SV) AND
Figure 3 shows four nodes, one for each of thetreldes B FROM 165 T0 20" twith SV0) OF FEBRUARY - -
and the fourth representing the virtual groundtes matte DAY D9 | D10 | DIl | D12 | DI3 | D6 | DI7 | DI§ | D19 | D20
(Vm) USing these nodes, it is pOSSib|e to deteemihe PHASE 1 | 0125 | 6,031 | 6313 | 6,031 | 5938 | 0,156 | 2,906 | 3,281 | 3313 | 3,280
current in each electrode with respect to eactageltand the PHASE z | 0.156 | 5750 | 6.313 | 6.375 | 5781 | 0456 | 2844 | 3281 | 3313 | 3219
conductance coefficients, using its position as imeut. PHASE: | 0125 | 5666 | 5625 | 5686 | 5,188 | 0166 | 2750 | 3031 | aise | 3004
Proper assumptions can facilitate derivations tralsulating Pst 95 FLICKER TRANSMITTED TO CARREGADO SUBSTATION
the Equation (18) inV0|Ving matrices [8] PHASE 1 | 0039 | 1,878 | 1,965 | 1,878 | 1,849 | 0,049 | 0,905 | 1,022 | 1,031 | 1,021
[l ] = lG ][X ] + [B] (18) PHASE 2 0,049 | 1,775 | 1,965 | 1,985 | 1,800 | 0,049 | 0,885 | 1,022 1,031 1,002
I ] 1 [ PHASE = | 0039 | 1,771 | 1,751 | 1,771 | 1,615 | 0,058 | 0,85 | 0,944 | 0983 | 0,963

Here | is a 3x1 matrix with electrode currents; 5 a 3x3
conductance matrix,;Xs a 3x1 matrix that represent the
immersion depth of each electrode in the slag grid 8 3x1 PsT PHASE1

constant matrix. 8 10/2/2003
The following set of equations can be obtained by 7
applying Kirchoff's Current Law to each of the fonodes 6 . :
displayed in Figure 5. 5 vl
_ 4
l _Glz(\/l _V2)+Gl(V1 _Vm)+GlS(V1 _Vs) 3
— 2
I, = _Glz(vl _V2)+GZ(V2 _Vm)+G23(V2 _Vs) NN NN NN NN
5 :Gs(vs _Vm)_G13(V1_V3)+G23(V2 _V3) ogggiggggooﬁ S933385%83RAN

G, (Vl Vm) G, (V2 Vm) G, (V3 Vm) ) Figure 6. Chart of the short term flicker (Pst)ptfase 1 without SVC; the
Where: arc furnace working at 30 MW.

V. = GV, +G,V, +GV,
" G, +G, +G,

In reference [8] the calculation of the currentstod three
phasesil I, and k can be found.

The authors of [8] consider that the inter-eleatrod
resistances are equivalent, but in our simulatmnBSIM we
consider that all the resistances modelling the A
furnace, Fig. 3, are different, non linear and @il the

resistances depend on the voltage and electrodsitiopo
The electrical circuit is represented by Fig. 4 or, a

(20)
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Figure 7. Chart of the long term flicker (PIt) dfigse 1 without SVC; arc
furnace working at 30 MW.
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Figure 8. Chart of the long term flicker (PIt) dfigse 1 with SVC;
arc furnace working at 30 MW.

TABLE Il. Summary of the single voltage per phasgnimum/maximum
voltage and current harmonics values for the thresses.

PHASE-NEUTRAL VOLTAGE

MINIMUM MAXIMUM

PHASE 1-N 122.250 V pU= -3,74%)

120.731 V (U= -4,94%)

132,410 V QU= 4,26%)
132.030 V (U= 3,96%)

PHASE 2-N

PHASE 3-N 122.107 V QU= -3,85%) 132.552 V QU= 4,37%)

VOLTAGE
UNBALANCE

MINIMUM MAXIMUM

0,1% 0,53 %

VOLTAGE HARMONICS

THD MINIMUM MAXIMUM

PHASE 1 1,39% 3,09 %

PHASE 2 1,22% 317 %

PHASE 3 1.27% 3,18 %

CURRENT HARMONICS

THD MINIMUM MAXIMUM

PHASE 1 9,43 % 96,73 %

PHASE 2 7,06 % 73,83 %

PHASE 3 9,66 % 86,86 %

THDel

THDe

03—[‘)2— 03—!)2—
00:00:0 00:00:0
Maxi mum val ue/ M ni nrum val ue of
harnonic distortion Phase 1:
/3,0945771 %
Figure 9. Chart of Total Voltage Harmonic Distortiof Phase 1
with SVC; arc furnace working at about 30 MW.

the voltage
1,391644 %

V. CONCLUSIONS

Under normal conditions, but working at about 30 MW
below the nominal power (83 MW) and with SVC we can
conclude briefly:

Along the measurements campaigns for the wgrkin
power of the arc furnace at about 30 MW the maxinvaine
of the total voltage harmonic distortion at the sweament
point of the factory was 3,18% (about 0,99% at the
Carregado Substation) and the 95% of the harmadtof
values of the most significant harmonics are witthia limits
of standard EN50160. The maximum voltage harmaastor
value was 2,96%, corresponding to th& Earmonic. The
corresponding value at the Carregado substatidrbeiabout
0,92%. The maximum harmonic factor value for even
harmonics, corresponding to th&" harmonic, was 0,369%
(about 0,12% at the Carregado Substation) which very
low value. In any case we must take into accouet tiie arc
furnace power is under the nominal power (about)37%

The harmonic distortion of the current is dependasri(n)
(inner impedance of the factory for each harmordod
dependent of the SVC impedance, value of the load
connected, amount and type of the materials, étis. durrent
harmonic distortion is very high and different fsach phase.
It is incredible but the maximum current harmonactbr
value at the measurement point was 96,73%, whishltsein
about 30,12% at the Carregado Substation. In nae¢er¢6]
the authors conclude that with a SVC installed Wudtage
Total Harmonic Distortion (THD) is practically theame
(does not change) but the Current Total Harmongtdbiion
nearly doubles. This is a consequence of the eleictr
devices that constitute the structure of the SVC.

The levels of flicker, long term flicker and shaerm
flicker for 95% of the measurements values (Pst9b%ihe
Carregado Substation are just within the limitstloé EN
50160 standard. The maximum value of Pst95% oldadte
the factory measurement point was 3,313, 1,031hat
Carregado Substation. This value was produced thefl
February, 2003, in phase 2, at a power of 30.690 kW

Time-domain analysis of the arc furnaces with aeehr
phase circuit are quite costly concerning compaitatime,
and those which are accomplished on a single ptiaseit
are not quite precise concerning harmonic contaatnly on
the magnitude of zero sequence components.
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Figure 10. Input currents chart of the three phasekthe chart of the currents that flow for eaecteode of the AC arc furnace. All obtained uskfglM
software with the circuit in Fig. 4.



