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The unbalanced mode, negative/zero sequence, variation of real power are
caused by the nonlinear or unbalanced loads increase the power transmission
losses in distributing power systems and also harmful to the electric devices.
Reactive power compensation is considered as the common methods for
overcoming asymmetry. The critical issue in reactive power compensation is
the optimal calculation of compensation values that is extremely difficult in
complex circuits. We proposed a novel approach to overcome these difficulties
by providing the creation of new analytical connections of the steady-state
mode parameters (voltages, currents) depends on the controlled parameter for
the arbitrary circuits. The base of our approach to reactive power compensation
is the fractional-polynomial functions. We present a new description of
the behavior of voltages and currents depending on the controlled parameters
of the reactive power compensation devices, and we prove its effectiveness.
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1. INTRODUCTION

The increase in the use of nonlinear devices and the unbalance of consumption, in general, are
the causes of asymmetric operating modes in the power supply system. These devices cause damage to
the system, electrical equipment, and energy losse. Consequently, overcoming asymmetry, which can be
accomplished with many methods, always occupies an important place in the study of it. There are several
general and popular methods such as redistribution of loads at phases, the use of reactive power generators or
special transformers, the use of equipment static reactive power (FACTS [1-10]. One of the most important
issues of these methods is the optimal calculation of compensating values. And in general, this calculation is
infinitely complex. It can be lead to the limitation of describing the relationship between steady-state mode
parameters and the regulable parameters of the compensators. In this paper, we propose a novel approach to
overcome that difficulty for methods using static compensation devices and it could also be extended to
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the methods by which it uses the Synchronous generators. Because, in principle, synchronous compensation
generators can generate or absorb reactive power and within a certain limit, it can be converted to the equivalent
of static-compensating devices [11].

This problem can be solve by providing a link between the parameters of the steady-state mode and
the control parameters of the compensator. The relationship is described by the fractional-polynomial function,
which describes the variation of voltages and currents according to regulable parameters [12-21]. In Section I,
we will present the problem that is the answer to how to get the function, as mentioned earlier, along with
the comparison of its precision through an example. In Section I11, we will present some results that have been
made for optimizing the electrical system of a glass factory that operates in the asymmetric mode.

2. FRACTIONAL-POLYNOMIAL FUNCTIONS
2.1. Node voltages method
We consider a three-phase circuit consisting of (n+1) nodes and m (n+1 < m) so we have the matrix

1 2 m
Ay | & | ... | Ay
2 a a .| a
A= 21 22 2m
n anl anz oo anm

where 3; =Li=1+n;j=1+m;

node; a; =-1-enters; a; =0

Vector of the conductance of the branches is
Y=diag(Y,.Y,,...Y,)

Vectors current and electromotive force sources are give as

t

J=(3,9,,...3,) .
t
E=(E.E,....E,) .
The node voltage equations are formulated as in [4, 5]

AYA'U,=—(J+YE) M)

where U, =(U,,U,,...U, )t — vector of the node voltages.

Here AYA' =B is the matrix of the aggregate conductance, then the vector equivalent current sources
J+YE =C can be rewritten as the following

1 i n
1 Bl,l Bll Bl,n
B—
| Bi,l Bi,i .o | Bin
n Bn,l Bn,i Bn,n

and C=(C,,...,C,,....C,)
where i, j,k =1+n
(1) becomes BU,=C
The node voltages can be formulated as
_ detB,
' detB
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The matrix ~ determinants  of B and B, are  defined as  follows
detB=a, +a,X+a,y+a,2+a,Xy +a,Xz+a,yz +a,Xyz detB, =hy, +b,;Xx+by,y+b,z+b, Xy + b, xz + b, yz + b, xyz .
Take these two equations divided by a, and denoted bya, /a,=«a,;p=1+7and b,;/a,=c,;;q=0+7,
we got:

_detB;  Cy +CyX+CyY +CyZ+CyXY +Cy X2+ Cyi YZ+Cyy XyZ

@

' detB l+aX+a,y+o,2+o,Xy+a X2+ oYL+ o, Xyz

where, coefficients C,...C, va «;...a; are complex numbers; X, y, and z are real numbers; i =1+n.
The current flow in that branch from k to j is equal to:

I =(U,-U;+E)Y,. ®)

the currents in the general for all branches are as follows:

_ dy +dyx+dyy+dyz+d, Xy +dgxz +dg; yz +d; xyz

(4)
L+ BX+ By + BoZ + B XY + B X2+ oY + frXy2

it can be seen that in (3), the component in parentheses is in the form of (2), which is the voltage on
the consumption load of the i-th branch. We label U, -U, +E =U,, ;.

In the calculation of all the currents in the branches of the circuit in (3)we obtained the properties that
will be used later for finding the coefficients of the functions (2) and (4), as follows: If x (Ohm) is connected

in parallel with i-th branch, and we label Y, =Y, +1/ jx=(jY,x+1)/ jx, where j*=-1; Y, — complex
conductance of i-th branch. then, U, ; as follows:

jX
B 1+ jY,x
1+ BX+ B,y + ByZ+ BXY + BoXT+ Beyz + B Xy

(eoi +e1iy+e2iz+esiyz)

br,i

and therefore:

(B +eyX+e,Z+65X2)

L4 Bt Byt Bzt By + Boxt + Boyz+ Bxyz ©)
similarly, if y (or z) (Ohm) is connected in parallel with i-th branch.
- (&g +eyX+eyy+eyXy) ©
1+ B X+ B Y+ B2+ B XY + B X2+ B Y+ B, XyZ
or
I (B +eyy+eyz+e5Yy2) @)

L+ fX+ By + Boz+ BXy+ B+ Biyz+ B Xy

If x (y or z) (Ohm) is connected in serial with i-th branch, and we label Y, =1/Y; + jx :(1+ jx)/Yi ,
then, U, ; as follows:
jX
B 1+ jx
L+ Bx+ By + Bz + BXy + foxa + Byyz + frxyz

(fOi +fy+fz+ fGiyZ)

Ubr,i
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and

(fo+ fuy+fz+ foyz)

- (®
1+ B+ By + Bz + BXY + BXz + B Y2 + B, Xyz

. (fo + fux+ fuz+ fgxz) )

L4 X+ By + B+ BXY + BiXa+ By + BiXyz

i (f0i+f2ix+ fsiy"‘feiXY) (10)

L+ BX+ By + Boz+ BXy+ B+ Biyz+ Xy

to find all the coefficients of functions (2) and (4), first, we need to solve a linear algebraic system of 15
equations and then solve the equation systems of 8 equations. However, by analyzing the current flow in
the branch with the compensating devices, the number of equations of the systems decreasing, respectively,
is 11 and 8.

2.2. Mesh current method
When we analyzed a similar circuit by the mesh currents method [11-15]:

AZA, =(ZI+E)
or

B,I.=C,

S:

where, A, —matrix of mesh currents method, its size ((m—n+1) m); Z — diagonal matrix of the resistors of
the branches; I, =1 +J — vector total electric currents of the branches; A,ZA; =B, ; ZJ+E=C,.
The current of the i-th mesh (i =1+(m—n+1)) is as follows:

_ detB, ; _ 90i +0uX+ 05 Y+ 952+ Qs Xy + 95 X2+ G YZ + G5 XYZ (11)

s det B, 1+ BX+ B,y + B2+ BXY + B X2+ B, Y7 + B, Xyz

where coefficients ¢...9, are complex numbers. S, ...5; in this case, has the same value as the coefficients
g +dyx+dyy+dyz+d,xy +dg Xz +dg yz +d; xyz
L BXA B+ B+ B+ Bxe+ Byyz+ Byxyz

branch (j =1+ m) can be found by some simple calculations and transformations from vector | :

a,...a,, it means: |, =

Si

. The current flows in j-th

| o O X By H ey €y XY X2 5, Y+ €y Y2

) 12
D v X+ oYz + a XY + ag X2+ ag Y + a, Xyz (12)

by analyzing similar in the previous section, we also get the same results as (5-10).

2.3. Other circuit analysis methods
Similar results were also obtained using the method of loop currents, equivalent transformations of
the circuit [11-15].

2.4. Other cases of fractional-polynomial functions
By analyzing the circuit as in section, A, when only one and two compensation devices were used,
we got:
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U = 8y T8 X

1+ X (13)
I- — bOi +blix
bl apx

and

U- — aOi +a1ix+a2iy+a3ixy

" Lt o X+ oy +agxy (14)
I =b0i+b1ix+b2iy+b3ixy

1+ o X+a,y+a,Xy

coefficients a,...3,; «;...a, are complex numbers.

These results can also be derived from (2) and (4). Assuming that, we disconnect the compensator
(z-Ohm) out of the circuit, which was in parallel, it means z — oo, then,

Coi +CyiX+Cy; Y +C5;Z+Cy XY + Cy XZ 4 Cy; YZ +C; XYZ
jz

1+ o X+a,y+oa,2+0,Xy+ o X2+ o, Y7+ o, XYz
jz
Coi +CX+Cp Y +CyiXy j(

_ iz
I+ x+a,y+axy i(

jz

Cyi +Csi X +Cg Y +CXY)

ay + A X+ QY + ;XY )

U = Cyi + G5 X+Cgi Yy +Cyi XY
1
Oy + QX+ g Y + o, XY

because

Co; +C;X+Cypy Y +Cpy XY _o 1+ ax+a,y+a,xy 0
jz ’ jz

if we continue to disconnect the compensator out of the circuit (y-Ohm), which connected in parallel, it means
y — oo, then,

C, +C. X+CY+C,. X Cy +C.. X .
3i 5i - 6|y 7i y 3i - Si _J(Cei+c7ix)
o )y __ W _ G +GiX
I
a, +aX+a Y+ a,X O, +0:X .
3 THRT sY T XY 3 7% —J(a6+a7x) ag +0o;X
ly Jy

the same for the currents and in the case of compensators are connected in series. Thus, in this section, we
show how we got the fractional-polynomial functions [22-27].

3. NUMERICAL RESULTS AND DISCUSSION
3.1. Testing

Next, we compare the difference between the results of the calculation of the current and voltage by
the proposed function and by the usual solution. For the circuit described in Figure 1 (in the case of two
compensation devices are connected in series). Note that Values x 1 and x 2 can be negative (capacitive) or
positive (inductive). Load 1 and load 2 in the general case can be in a triangular connection or star (with/without
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neutral wire). To find all the coefficients of functions (14), first, we need to solve a linear algebraic system
of 7 equations and then solve the equation systems of 4 equations. However, if the argument is the same as to
get the (5-10), the number of equations of the systems decreasing, respectively, is 5 and 4. From there we get
the functions that describe the dependencies of voltages and currents on the regulable parameters, we labeled

U, propese (X%, ) @nd 1 o (%0, %, ) - To find the current and voltage of the i-th branch at the (x,, X, ), just put
X and X, inthe functions U, .. (X, %) and I, oo (%,%,).

The correct currents and voltages can be found solving the circuit when given (x1 xz), we labeled

Ui correct (X%, ) @nd I o (X, %, ) . The difference between the two results that were mentioned above as

shown in Figures 2 and 3. The difference between the two results of the case of one compensation device is
connected in the serial was shown in Figure 4. In the cases of three compensators are connected in serial or of

one/two/three or more compensation device(s) is (are) connected in parallel are also tested and generally,
the difference is tiny, approximately 107%.

Figure 1. Modeling of electrical systems

%107 %10

4 3
= 5
52 %
§1 5!
@ &

0. 0.

10 10

x2 [Ohm] 0 0 x1 [Ohm] x2 [Ohm] 0 o x1 [Ohm]

Figure 2. The difference between the currents Figure 3. The difference between the voltages

3.2. Application

The proposed fractional-polynomial function has been applied to optimizing the electrical system of
the glass factory operating in asymmetric mode, which was mentioned in the previous article [15]. In Figure 5
is one of the results using the proposed function for optimal calculation, in which case we use only two
compensators. It can be seen that the currents and voltages have been significantly improved compared to
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Figure 6. Together with the result shown in Figure 7 and the results mentioned in the previous articles, all use
the proposed function in the optimization has proved its effectiveness.
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Figure 7. After compensation

like to emphasize is the finding of

the fractional-polynomial function that describes the variation of voltage and current according to
the regulable parameters of the compensators. This proposal can be applied to the optimal computation of
reactive power compensation systems that use static VAR compensators and the ability of extension for a few
other exceptional cases. The introduction of a function describing the fundamental quantities of the electrical
systems (voltage and current) in the dependencies on the value of the compensator in the general case is of
considerable significance, which makes the calculation more convenient and quicker.
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