TECHNICAL TRANSACTIONS 12/2018
COMPUTER SCIENCES

DOI: 104467/2353737XCT.18.182.9670
SUBMISSION OF THE FINAL VERSION: 27/11/2018

Marcin Jaraczewski (&) orcid.org/0000-0002-6451-1032
jaracz@pk.edu.pl
Faculty of Electrical Engineering, Cracow University of Technology

REACTIVE T-TOPOLOGY FOUR-TERMINAL-NETWORK COMPENSATOR
FOR MULTIHARMONIC CURRENT

REAKTANCYJNY KOMPENSATOR CZWORNIKOWY KSZTALTU T
DLA WIELOHARMONICZNEGO ZRODLA RZECZYWISTEGO

Abstract

This paper presents a new method for passive current compensation of a real multiharmonic power source
with the use of a four-terminal network. In contrast to a two-terminal compensator, a four-terminal-network
compensator can fully separate the supply circuit from the load. This ensures optimal operating conditions
for the source while keeping the voltage and load current unchanged. The sources optimal working
conditions mean that the source current reaches its minimal RMS value (becoming the so-called “active
current”) while it transmits the desired active power to the load.
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Streszczenie

W artykule przedstawiono metode kompensacji biernego pradu zrédla wieloharmonicznego rzeczywistego
przy pomocy ukladu czwérnikowego. Kompensator czwornikowy, w przeciwienstwie do dwajnikowego,
potraft odseparowaé obwdd zasilania od obwodu odbiornika i zapewni¢ zrédlu optymalne warunki pracy
przy jednoczesnym zachowaniu niezmienionych wartosci napiecia i pradu odbiornika. Przez optymalne
warunki pracy Zrédla nalezy tu rozumie¢ catkowite zminimalizowanie wartosci skutecznej pradu zrodla
zasilania do tzw. pradu aktywnego niosacego zadang moc czynna ze zrodla do odbiornika.

Stowa kluczowe: moc czynna, prad optymalny, Zrédlo wieloharmoniczne
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1. Introduction

In the case of an AC power-supplying source with an internal impedance, the commonly
used reactive current compensation based on one capacitor in parallel does not minimize
transmission losses or the RMS value of the source current. When the known equivalent
circuit parameters of the energy source are taken into account, minimization of the source
current RMS value and transmission losses cannot be achieved with the use of a passive two-
terminal-network compensator. This paper presents a synthesis of a four-terminal-network
compensator that provides optimal operating conditions for a source and nominal operating
conditions for a load using only reactive elements.

2. Optimal operating conditions - monoharmonic case

The optimal operating condition of a source is usually formulated as achieving the
minimum RMS value of the source’s current (minimal transmission losses), under assumption
that a given active power is supplied to the load, which can be formulated as the following
constrained minimization task [3, 4]:

II' - min
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where:
Ry= 0.5 (Zs+ Zj)

Zopt = Ropt +onpt =?

Fig. 1. The minimization task

The solution to this problem is a current which is in phase with the source’s EMF [1-3]
I =G,E (2)

where G stands for an equivalent conductance seen by the EMF.
Additionally, this current should meet the power equation

RJI'I — real(I'E) + P=0



or
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which allows us to calculate the optimal conductivity
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and then the optimal current
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3. A four-terminal reactive compensator

A passive four-terminal compensator can be created using reactive elements. It must meet
the optimum input condition and nominal load condition.
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Fig. 2. Four-terminal compensator

Therefore, to determine its parameters it is enough to know the optimum input conditions
(Iopt and Uopt) and load impedance Z,.

From the minimum current condition under the active-power constraint (formula 1) [3,
4], we obtain the value of the equivalent conductivity G, [1,2, 5]; thus, from the EMF’s point

1
of view, the entire system reduces to a resistance equal to o’ which in turn amounts to
[4
impedance Z,, in series with inner impedance Z (see Fig 3).
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Fig. 3. Equivalent system seen by the EMF after optimization

4. T-topology compensator - monoharmonic case

One possible implementation of a four-terminal reactive compensator is with the use of
the T-topology four-terminal network shown in figure 4, which acts as a matching circuit that
connects the source and the load.
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Fig. 4. Left — reactive compensator as a T-topology four-terminal network; right — graph of the circuit

Such a compensator must have at least 3 branches because then we have one independent
current or voltage within the circuit’s inner branches and this gives us some choice in the
selection of reactances [6].

When describing the system with the use of chain equations, we get the following formulas:
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where Z =R, +jX,



Thus, the optimal input impedance is:

A]Z .
Zopt = Z = Ropt + J Xopt (8)
Meeting the optimal input condition requires that the impedance seen by the SEM is real
and equal to 1/G_. This condition imposes two equations:

RS+ROD1=R T = 2RL 2 L
(R, +X;)+d” -2X,cd G,
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Since the compensator has three reactances, the solution of these two equations must
depend on the third compensator’s parameter, e.g. the B-susceptance, which in a certain range
(around zero) gives a real solution for X, and X, but only if

- ! <B< !
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since always R G, < 1, thus

\/ R, B R,
X,(B) = -X, + fR B, (10)
S. A distorted, multi-harmonic source’s current
In the case of a multi-harmonic source current, the optimization task (1) takes the form:
> 1,1, - min
T
P=>Yreal I,'E, > R ,II, (11)
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where h = 1...N. Its solution can be obtained in a similar way as in [3, 4, 5] by minimizing the
following functional
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for A > 0, we get

lzh lzh
2(Rsh+k) R, +R

I, = = Ge,hEh

opt,h

and the transmitted P power condition can be written as
B[
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Fig. 5. An example of the variability of P(A) and imposed P value

As can be seen from the previous equations (9), the optimal SEM’s load for each harmonic
fulfills the resonance condition
Xg,+ X

opt,h =
Equation (9) now takes the form
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For each harmonic we get

XI(B’h) = _XSh+LiRDpth 2;_1 (14)
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Where for every h

1
opr,h = a,h_ RE,h > 0
The solution is real only if for each harmonic:
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because alwaysR, G, <1
After determining the A value from the non-linear equations (12), the R, ,is then

R, =R, +21 (15)
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6. T-topology compensator — a multi-harmonic case

The harmonic-dependent susceptance B and reactance X, X, of the four-terminal
T-topology compensator shown in Figure 4 can be realized as LC filters:
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Fig. 6. Implementation of a compensator branch as an LC filter
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Fig. 7. T-topology four-terminal compensator in the case of multiharmonic current

The susceptance of such a filter has the form

h
B, = 0C,———
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where:
h - harmonic number (natural number),
g — number of the filter’s parallel branches,
h - harmonic resonance of n’s branch,
o, =27f,,
f, - fundamental frequency.

7. Calculation example

Let us consider the optimization task of the two-harmonic source current of the system
depicted in Fig. 8 with an RL load

Zu=2+jh/2

Fig. 8. Two-harmonic power source and its load before optimization

Before optimization:

1| =0.328
|U| =0.70
P=0216

Solving (12) (Fig. S) we get A= 2, thus R, =S Q (which is constant due to the constant

resistance R of the source).
Two solutions of X, and X, that depend on B, (14) are thus possible; we choose one of
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them assuming inductive susceptance B, ~—
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Fig. 9. Example relations of X, X, with respect to B (L = 31.85 [mH])




We select B =-0.1 and B,=-1 /30, thus capacitive reactances are

X, =260 X, ,=-803
X, =-165 X, ,=-50.3
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Fig. 10. implementation of X , and its frequency response

Thus, 1 branch parameters are i.e.:

C,=574 C,=17.9 [uF]
L,=785 L,=27.8[mH]

The T-topology four-terminal compensator is depicted in Fig. 11
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Fig. 11. T-topology four-terminal compensator

After connecting the compensator

I | =0.207
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|U | =112
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U | =07
P=0.216

Thus, a lossless and reactive four-terminal compensator that completely compensates the
source’s reactive current is feasible and is shown in Fig. 11.
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8. Summary

The lossless, four-terminal compensator makes the power-source’s voltage and current

independent of the load’s voltage and current, which makes it possible to ensure optimal

operating conditions for the source without any need to modify the load’s operating
conditions (voltage, current), which is unavoidable in the parallel or serial compensation

method. In addition, because of its zero active power branches, such a four-terminal matching
compensator can be implemented in the future with the use of so-called ‘active filters’
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