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ABSTRACT: To solve the problem of harmonic level evaluation for AC arc-furnace supply area, this paper
analyses the synchronous measuring data of harmonic current in AC arc-furnaces with functional analysis,
verifies harmonic current released from AC arc-furnaces with independence and orthogonality approximately
between each other, proves superposition of harmonic current in accordance with root of sum of squares,
derives the formula for evaluating harmonic voltage level of PCC at which AC arc-furnaces were connected.
The formula is verified Actually, it shows that multi-arc-furnaces harmonic current can be largely counteracted
each other, If these AC arc-furnaces were connected to a PCC in which short-circuit capacity is enough for that
the superposed harmonic current of AC arc-furnaces can be electromagnetic compatible, then power quality of
the PCC can reach the qualified level.
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1 INSTRUCTION

Ac arc furnace is a major source of harmonic.
Before the planning and construction, can't to
harmonic level assessment, cannot undertake
corresponding load planning.

Before AC arc furnace plans to be inserted into
the power grid and directly access to the power grid
without power quality control under the premise of
meeting the grid power quality requirements, good
social and economic benefits will be achieved by
evaluating AC arc furnace harmonic consumptive
ability, making full use of short circuit capacity of
PCC on harmonic electromagnetic compatibility, and
reducing control cost by reasonable planning and
design.

The difficulties of the pre-evaluation assumption is
superposition of harmonic current of multi-arc-
furnaces in order to realize

The superposition of harmonic current formula is
recommended by the utility grid harmonic standard
(GB/T 14549-93) and the International conference
on power grid (CIGRE) 36-05 working group. Also,
one superposition of harmonic current of ac arc
furnace is researched at home and abroad™™, put
forward some analysis methods, but still cannot form
superposition analytical formulas or algorithm,
consisting of many sets of ac arc furnace arc furnace
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for harmonic evaluation
unanswered questions.

This article®™ analyses the  synchronous
measuring data of harmonic current in AC arc-
furnaces with functional analysis and statistical
characteristics of harmonic  vector, verifies
independence and orthogonality among AC arc-
furnaces. According to the orthogonality of harmonic
vector, it derives superposition formula of multi-AC
arc-furnaces and then deduces the formula for
evaluating harmonic level of multi-AC arc furnaces
inserting into the grid power™ ™. Then checks AC
arc furnace area of a large metallurgical company,
and proves the correctness of evaluation formula of
AC arc furnace harmonic.

is still suspended and

2 THE INDEPENDENCE OF THE AC ARC
FURNACE HARMONIC CURRENT AND
ORTHOGONALITY

2.1 The synchronous measurement of AC electric
arc furnace harmonic current

At the high-voltage side of electric furnace transfor-
mer, synchronously measuring four signals ,the in-
phase harmonic current of A and B two AC arc fur-
nace, the in-phase superimposed harmonic current on
power supply lines and the in-phase busbar voltage,



as shown in fig.1. The whole measurement process
covers the AC arc furnace smelting cycle, we get
more than 1400 times harmonic data. Formation
sequence in chronological order, every moment of the
measurement data is synchronized, measurement time
interval is 10 seconds, each moment data contains
every harmonic amplitude and phase of the measured
signal.
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Fig. 1 The wiring diagram of synchronous measuring harmonic
wave at AC arc-furnaces

2.2 Functional definition on synchronous harmonic
current measuring sequence of AC arc furnace

Definition the extensive function fya(t), that is com-
plex time series by measuring h times harmonic cur-
rent of AC arc furnace Awhent=1, 2,...n.

fia () =1a () COS Pa (1) + J - Ta () SIN@ (L) - (1)

(t =1, 2,... n measuring moment; h = harmonic
frequency)

foa(t) is a sequence of complex numbers, according
the measurement time to rank, ina(t) is h times har-
monic current amplitude of arc furnace A, and @hA(t)
means the lag Angle on h times harmonic current and
h times harmonic busbar voltage of furnace A at t
moment.

Similarly, fug(t) is a sequence of complex numbers
that is measured from the h times harmonic current of
furnace A.

fig () =g (t)cOs g () + j -1, Bt)Sin @ (1) . (2)

(t=1, 2,... n measuring moment; h = harmonic
frequency)

2.3 The independence of the communication be-
tween the arc furnace harmonic current

The definition of regularization correlation coefficient:

ECG=E@) (5 = EOD | A3)
JELG= EG) PIE(y — E(v)?)
X = fm(t),y = f/z/]<t)

px,y) =
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(x,y) is plural, conjugated with [ (y,x), the module
is the same, respectively, the x, y are functional fya(t)
and fig(t).

Calculated by formula (1), co-correlativity coeffi-
cient of harmonic current measurement sequence val-
ue of AC arc furnace are shown in table 1.

Due to harmonics release from AC arc furnace are
mainly distributed at 2 times odd harmonic™ or and
lower times, therefore, just list the odd harmonic cor-
relation coefficient on 2 and 3~19 in table.1.

The real component symbols of co-correlativity
coefficient is positive sign, it shows positive correla-
tion, means that the harmonic direction and increase
of amplitude on arc furnace A are same as B; If the
symbol is negative, the opposite is true. module of
Regulation co-correlativity coefficient in the range of
0 ~ 1, it means completely related that co-correlativity
coefficient is 1, co-correlativity coefficient is 0 means
that the harmonic of two electric arc furnaces are un-
related and independent of each other.

Data in table 1 indicates that it is mostly weak
negative correlation among each other to every har-
monic between two electric arc furnace, similar to in-
dependence, and has character that cancel each other
out. Independent to each other also means that there
is no the time synchronous relationship that ac arc
furnace release harmonic which can be measured
separately and independently.

Tab.1 Complex correlation coefficient between harmonic
current released by two arc-furnaces

A silicon man-
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2.4 Orthogonality on AC arc-furnaces harmonic
current

The literature™ with the framework of classical prob-
ability, proves that the orthogonality of the random
variables and independence are equivalent. But the
random complex sequence, measured from AC arc
furnace harmonic source, cannot be incorporated into
the classical probability. Therefore, it’s necessary to
make the specialized research about the orthogonality
of AC arc-furnaces harmonic current.

Fourier transform is orthogonal transformation
and illustrates that the different time of harmonic cur-
rent are orthogonal to each other, the key is that
wheather the two AC arc furnace harmonic current
measurement sequence is orthogonal.

Functional foa(t) and fig(t) are all belong to the
plural in n unitary space, inner product of fa(t) and
fre(t) are as follows:

[16]

( fra(t) e fig (t)) = _[l. fra () % mdt . (4)

=AY (i (0% T 1)

[ fun ) x g (0) clt is the Lebesgue integral, . is

conjugate with f,;(t), [1 ¢ is harmonic measuring
time interval. Noticed that Inner product space
which ( fa(t)- fig (t)) belongs to is Hilbert space.

The norm of functional f,(t) and fig(t) :

‘ fia (t)‘ = M foa (8) x fia (1) dt

®)
- fAtxi(ihA(t))z
‘ fre (t)‘ =, |Atx i(ihB (t))z (6)
In Hilbert space, the angle of fya(t) and fis(t):
086 =(|( fun(®)+ fe ©)]) /(| 1 O[x| £ 1) )

P oy

By formula (7), Calculating the Angle of plural
measuring sequence of harmonic current between
two AC arc-furnaces the, as shown in table 2.

As table 2 shows, angle of complex sequence,
on the same number harmonic current of two AC arc
furnace, is approximation 90 degrees and pairwise or-
thogonal.

na (1) % g (1))
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3 THE SUPERPOSITION OF HARMONIC
CURRENT AND HARMONIC LEVEL
EVALUATION ON AC ARC FURNACE

3.1 Superposition formula of AC arc furnace har-
monic current content

If the complex sequences of every times harmon-
ics on two AC arc furnaces is orthogonal, it can be
derived that the statistical formula superposition of
two ac arc furnace harmonic current.

Assume that superposition of two ac arc furnace
harmonic current is functional fh(t).

fo(t) = fa () + fig () - (8)

(=1, 2...n Measuring time; h= Harmonic fre-
quency)

Such as fua(t) and fig(t) are mutual orthogonal
function, according to the Pythagorean theorem*";

5, OF =[fu®f +|f @] - ©)
Simplify as:
IHCENACESWACE (10)
Further simplify:
IRUTCESDNACED DN AT

fiihz(t) ) \/iihf(t) and Jiitha) respectively are su-
h=2 h=2 h=2

perposition of harmonic current content at t time, the
harmonic current content of the furnace A and B, re-

spectively denoted by Iy(t). Iua(t) and Ipg(t), for-
mula (3) also can be shown as:

Z(l (t)) Z( HA(t)) +Z( HB(t))
In statistical sense, 1, =113, + 1% -

This suggests that if the harmonic current is ortho-
gonal to each other, the synthesis harmonic current is
the superposition that according to the law of the
square root of square sum on the harmonic source
current. This means that the harmonic superposition
is not arithmetic sum for several approximate ortho-
gonal AC arc furnace, with the increase of number of
AC arc furnace, the increase of the superposition of
harmonic current is not large, in a larger extent, the
harmonic has been cancel each other out that released
by AC arc furnace

(12)



Tab.2 Interaction angle ¢ between measuring serials of same
order harmonic current in two AC arc-furnaces

h Two same type A silicon manga-
ar- - Two same type
. |Silicon manga- nese,
monic 2" Yellow phospho- -
nese  smelting A ferrosilicon fur-
order rus furnaces
furnace nace
2 99.7° 100.2<° 98.1°
3 93.0° 79.7° 82.2°
5 94.3° 82.8° 93.2°
7 93.3° 8l.4° 92.0°
9 94.8° 86.6° 94.7°
11 93.7° 87.0° 89.7°
13 92.9<° 85.6° 91.0°
15 90.8° 94.9° 88.3°
17 85.5° 85.1° 96.3°
19 88.7° 84.1° 91.5°

3.2 The definition and the superposition product of
harmonic current times

This paper introduces some new definitions to derive
the harmonic evaluation formula on AC arc furnace.
Defination of product of harmonic current time is:

S (13)

h=2

‘]H ( h)

h is the harmonic frequency,
monic current.

If harmonic current sequence of AC arc furnace is
strictly orthogonal, according to formula (3),it can be
proved that it also conforms to the law of the square
root of sum of squares that the product of harmonic

current time on superposition for 1~m AC arc fur-

naces:
Iu :ﬁéi‘,‘]fﬁ '

The Jy;is the product of harmonic current time on
i-th AC arc furnace.

It must be pointed out that the formula (4) only
has the statistical significance, and considering that
the AC arc furnace harmonic current is approximate
orthogonal rather than strictly orthogonal, the devia-
tion error of formula (4) is very important.

Iy is h times har-

(14)

Tab.3 The bias of the formula (4)

Product offTwo same typeTwo type with/A silicon manga-
harmonic cur-silicon  manga-yellow phospho-nese, a ferrosili-
rent times nese furnace rus furnace con furnace
JHA 52.57 13.82 52.58
JHB 57.62 11.26 76.66
,/meufm 80.00 17.82 92.96
Superimposed
current 80.71 19.83 92.01
JH(A+B)
The rer'?r"’e o 0.0% -10.01% 1.03%
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According to the measuring data of whole produc-
tion cycle in three different fields, through electric arc
furnace A,B and the harmonic current measured val-
ues of superposition on two arc furnaces, calculating
the 95% probability value of the harmonic current
times product. The error of the formula (4) is in the
range of - 10.01%~1.03%,it can be used to evaluate
calculation, shown in table 3.

3.3 The definition on distortion rate of harmonic
current times

The definition is :
THD, =J,, /1, x100% - (15)

I, is rated power frequency current of electric fur-
nace transformer.

THD; can be got by statistic that taking out every
harmonic measured values from harmonic meter at
every moment, table 4 there are some measurements
on AC arc furnace THD, (take 95% probability value
of the measured).

The types and production technology of AC arc
furnace are different, THD, is different, THD;, is cha-
racteristic value that can accurately appraise the har-
monic released by nonlinear load.

3.4 Evaluation formula of AC arc-furnace harmonic
voltage in power supply area

To make an assumption that 1~m AC arc-furnaces
were connected to a PCC, Harmonic impedance of
PCC is inductive,its h times harmonic impedance:

X, =27hL=hX, . (16)

Xy is power frequency short-circuit reactance of
PCC.

Voltage total harmonic distortion rate THDu of
PCC:

THD, = guh/ \/:ZZ Xy - 1)
I o=

el
[T e

U, is the rated power frequency voltage of PCC,
Uy is h times harmonic voltages, I, is h times supe-
rimposed harmonic currents, Jy is product of supe-
rimposed harmonic times current on the PCC, S'is
short-circuit capacity of PCC. I3, THDjand S;, re
spectively are the rated power frequency current of
i-th AC arc-furnace, electric capacity and distor-
tion rate of product of harmonic current times.

The evaluation formula of harmonic voltage level
on multiple AC arc-furnaces:

(17)



THD, = &“(si ~THDJi)2/S' (18)

If THD, of all arc furnaces be measured by classi-
fying as the model, the production of products and
production technology, forming a table can retrieve
and access to the data. Evaluating the power quality
level of PCC, before the AC arc furnace load connect
to the electricity grid. For this, it can achieve electro-
magnetic compatibility for the harmonic of AC arc
furnace area, and have effective use of PCC short-
circuit capacity by planning load.

Tab.4 Measuring data of THDJ in AC arc-furnaces

35kV AC arc furnace THDJ
Guimeng coarse smelting furnace(3.4MVA) (0.937
Guimeng coarse smelting furnace(3.4MVA) (1.027
Guimeng refining furnace(8MVA) 0.338
Crude refining ferrosilicon furnace(5SMVA) (0.929
Silicon refining furnace(9MVA) 0.286
Yellow phosphorus(6MVA) 0.119
Yellow phosphorus(6MVA) 0.0975

4 THE MEASUREMENT AND CHECK FOR AC
ARC-FURNACE AREA

A large silicon metal, (ferrosilicon, silicon manga-
nese) metallurgy company be supplied power by 220
kV/35 kV self-provided substation, the short-circuit
capacity of 35 kV bus is 1072 MVA, and there are
34 AC arc furnaces with 6300kVA access to the 35
kV busbar. The assessment on the total harmonic dis-
tortion rate of 35 kV bus voltage in factory :

THD, = «’34 X (6.3><1027)2 /1072 =3.67%

It can directly connected to the electricity grid
without taking control measures.

Measuring when 25 AC arc furnace are running,
the measurement value THDu (95% probability) of
35 kV bus voltage is 3.2%, review value in formula

(18) is:
THD, =,[25%(6.3x1027)’ /1072.7 =3.15%

These two data is very close to confirm the validity
of the AC arc furnace harmonic evaluation formula,
and also show that the AC arc furnace access to one
for the rationality of PCC. These two data is very
close to confirm the validity of the ac arc furnace
harmonic evaluation formula, will also show the ra-
tionality that focusing AC arc furnaces access to one
special PCC.
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CONCLUSIONS

It has the orthogonality and independence between
each two of the in-phase harmonic current for several
AC arc furnaces.

The harmonic current of AC arc furnace is super-
posited according to the law on root of sum of
squares, with the increase of number of AC arc fur-
naces, it is not big that the increase of the superposi-
tion of harmonic current.

According to harmonic level assessment formula,
on large extent, it can lead harmonics offset each oth-
er by focusing several AC arc furnaces on an inde-
pendent power supply area. Then let the arc furnace
area access PCC which short-circuit capacity is larger,
and make full use of the given ability in EMC(Electro
Magnetic Compatibility) in power grid. In this way,
can reduce the cost on the governance for AC arc
furnace harmonic, even can directly connected to the
electricity grid without management, meet the re-
quirements of power quality and achieve remarkable
economic benefits.

It’s necessary to develop measurement work on
the distortion rate of AC arc furnace harmonic cur-
rent frequency product to meet the needs of the con-
struction before the assessment.
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