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Analytical method of determining conditions for full compensation of reactive power
in the power supply system

Goal. The purpose of the article is the development of an analytical method for determining the conditions for achieving full
compensation in the generalized power supply system based on the use of substitute circuits, which are obtained using equivalent
transformations of the topology of the original circuit. Methodology. The article proposes a methodology for replacing series
reactive power compensation in high-voltage paths of the power supply system with parallel reactive power compensation in a low-
voltage load node. Results. An algorithm for successive transformations of the power supply circuit has been developed, which
makes it possible to estimate the values of the capacitances of compensating capacitors, at which full compensation of reactive
power in the system is achieved. Originality. The proposed analytical method for calculating the parameters of the compensation
unit makes it possible to dispense with complex optimization computer methods and makes it possible to estimate the compensation
capacities that fall on the share of the load and the network. Practical value. The proposed technique allows, using a simple
algorithm, to determine with high accuracy the necessary parameters of the compensating device, which provide the optimal mode in
the power supply system. The proposed algorithm can easily be implemented in a microcontroller system for automatic control of the
modes of the power supply system. References 15, table 1, figures 6.

Key words: electrical system, reactive power, full compensation,
transformations, substitute circuit.
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Mema. Memoio cmammi € po3pobka ananimuuHo20 Memoody GU3HAHUEHHs YMO8 O0CA2HeHHs NO6HOI KomneHcayii 6 y3azanbHeHill
cucmemi en1ekmponoCmaianis, Ha OCHOBI BUKOPUCMAHHS 3AMIHHUX CXeM, KI OMPUMAHT 3a OONOMO2010 eKGIBANEHMHUX NepemBopeHb
monoaoeii euxionoi cxemu. Memoodonozia. Y cmammi 3anponoHo8aHo Memoouxy 3amiHu NOCAI008HOI KOMNeHcayii peakmueHoi
NOMYACHOCMI Y BUCOKOBOLMHUX MPAKMAX CUCHIEMU eIeKMPONOCMAYAHHS HA NAPATeNbHY KOMNEHCAyilo peakmugHoi NOmyicHocmi
y 8y31i Hasanmaoicents Huzbkoi Hanpyeu. Pesynemamu. Po3pobieno ancopumm nociioo8HUX NepemeopeHb CXemu JHCUBTEHHS, WO
odace 3mo2y oyinumu 3Ha4eHHs EMHOCMEl KOMNEHCYBANbHUX KOHOCHCAMOPIB, NPU AKUX 00CAAEMbCS NOBHA KOMNEHCAYis peaKmugHoi
nomyoicHocmi 6 cucmemi. OpuzinanvHicmy. 3anponoHO6anHa AHANIMUYHA MEMOOUKA PO3PAXYHKY RAPAMEmpie 8y3la KOMNEHCayil
00360715€  GIOMOBUMUCST 6i0 CKIAOHUX KOMR IOMEPHUX Memooig ONnMmuMizayii ma 0ae MONCIUBICIb OYIHUMU KOMNEHCAYIliHI
Modicnugocmi, AKI NpUnaoaomv HA 4acmky Hasawmadicenns ma mepedxci. Ilpakmuuna winnicme. 3anpononoeana memoouxa
00380J1A€ 34 NPOCMUM AI2OPUMMOM 3 GUCOKOIO MOYHICMIO GU3HAYUMU HeOOXIOHI napamempu KOMNEHCAYIiHO20 NPUCMPOIO, AKI
3abe3neyyioms ONMUMANLHUL PECUM 6 CUCMeMi eNeKmpOnoCMayanHs. 3anponoHo8anHull areopumm ae2Ko peanizyemuvcs 6
MIKDOKOHMPOIePHIll cucmemi asmomMamuiHo20 Kepy8aHHs pexcumamu cucmemu enrekmponocmadanns. biomn. 15, Tabin. 1, puc. 6.
Knrouoei cnosa: eNeKTpUYHA CHCTEMA, PEAKTHBHA NMOTYKHICTb, IIOBHA KOMIICHCALisl, NOIIYKOBAa ONTHMi3anis, KoediuieHT
MOTY KHOCTi, eKBiBaJIeHTHi NepeTBOPEHHs, 3aCTYNNHA cXeMa.

Introduction and problem definition. Reactive
power compensation remains one of the main means of
increasing the energy efficiency of power supply systems
[1-6]. In Ukraine, under the current conditions of martial
law, these issues should become one of the main factors
in increasing the possibilities of emergency-free
electricity supply, in particular, the compensation of
reactive power will allow to relieve the load on electric
networks and increase the efficiency of the systems as a
whole [4, 5]. Along with the traditional approach of
partial compensation of reactive power of loads, the mode
of full compensation of reactive power deserves attention,
in which in three-phase networks the inverse and zero
symmetrical components are compensated [7-11], as well
as the reactive power of the load directly and, in addition,
the reactive power in the electrical network itself [12-14].
The latter are traditionally compensated by the so-called
longitudinal compensation, in which compensating
capacitors are connected in series in the power
transmission line [1, 2]. But, as shown in [14], the
compensation of the components caused by the
inductances of the power transmission lines can be
achieved by increasing the capacities of the transverse
compensation capacitors, which shunt the load in the
electricity collection nodes. In the general case, the
determination of full compensation can be carried out
with the help of search optimization [12, 13] by
approximate numerical methods, since in essence it is

necessary to solve a system of nonlinear equations, which
contain both system parameters and currents with
voltages, and they are interconnected by multiplication
and division operations. This is characteristic, as will be
shown below, for the variant of the single-line generalized
circuit, which can be applied even when considering
branched electrical networks. However, numerical
methods are able to conduct research for specific
numerical values that characterize the mode of full
compensation. Analytical symbolic methods allow to
conduct a qualitative analysis and obtain generalized
results, recommendations and conclusions.

The goal of the article is to create an analytical
method for determining the conditions for achieving full
compensation in a generalized power supply system in
order to simplify the methodology for determining the
parameters of compensating devices and achieving results
without using relatively complex procedures based on
optimization algorithms.

The main part of the study. We consider the
traditional power supply system with transverse
compensation of reactive power [1-3, 5, 6, 10], which is
shown in Fig. 1 in the generally accepted form for the
electric power industry.

This system should be called a generalized power
supply system, as it highlights the main components of
the power supply system in compliance with the generally
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accepted conditions in the power industry. These
conditions are, first of all, the assumption that a three-
phase power supply system wusually operates in a
symmetrical mode, and therefore it is sufficient to analyze
it in terms of only one of the three phases, and thanks to
this, it is possible to consider the so-called single-line
version of the system, i.e., a single-phase substitute circuit
with one source voltage. Secondly, the parameters of the
substitute circuit are redived to one side — either to the
generator side, or to the load side, as is done, for example,
when calculating short-circuit modes. Thirdly, the
network, which can have a branched topology, is replaced
by one complex active-inductive resistance based on the
theorem on the equivalent active bipolar.

O e o
| ——

Fig. 1. Generalized single-line power supply system
with reactive power compensator

In this circuit, e, is the voltage source that generates
and supplies electricity; Z; is the complex active-inductive
resistance that reflects the power transmission line and
takes into account the internal resistance of the generator
itself; Z, is the complex active-inductive load; C; is the
capacity of a battery of capacitors that compensate for
reactive power in the power supply system. Usually, quite
approximate estimates of the value of this capacity are
traditionally used in the electric power industry. It is
determined as such that it is capable of compensating a
certain given part of the reactive power of the load. This
is due to the constant change in loads, for example, in the
electricity supply networks of utility consumers.In
addition, it is impossible to set the exact value of the
capacity of the capacitor battery even when this value is
determined, because it affects the discreteness of the
values of the capacities of the individual capacitors that
make up the battery. However, the development of
semiconductor power electronics and means of automatic
control of electrotechnical systems have trends in the
digitalization of electronics and the transition to
intelligent power supply systems [11], which will make it
possible to solve these problems in general and provide an
opportunity to achieve accurate parameters of
compensating devices even in conditions of load
variations. This refers to the use of controlled inductances
with counter-switched thyristors, as well as power active
filters with pulse width modulation.

Figure 2 shows a substitute circuit of a generalized
power supply system with a compensator.

In this circuit, R, and L, are the active resistance and
inductance of the power transmission line, which also
include the corresponding parameters of the real
generator; R, and L, are the active resistance and
inductance of the load when the load is represented by a
series equivalent.

The system of equations by the method of complex
amplitudes describing this equivalent substitute circuit

looks as follows in the basis of variables I, I, U, :

Is Rs Ls
LI

n

Ln

Fig. 2. Substitute circuit of the generalized power supply system
with compensator

Ry + joL ), + U, =é,; (1)
(R, + joL)l,-U.=0; )
I's_jn_ja)ck UCZO' 3)

It should be noted that the system of these equations
contains unknown currents I, I, and voltage U, , and in
addition, the unknown quantity is the capacity C;, which
together with U, forms the product CUC. This, in turn,

leaves the system (1) — (3) linear, and in addition, three
equations are no longer enough to uniquely determine

I,, I,,U. and C. In the search optimization method,

this problem is solved by imposing additional conditions
for reactive power compensation with the subsequent use
of numerical algorithms using Newtonian methods or the
algorithm optimization method, for example, a deformed
polyhedron [12, 13].

We will apply the following stages of equivalent
transformations of substitute circuits of the generalized
power supply system.

Stage 1. Convert the series equivalent of the load
with complex resistance R, + jwL, into the parallel
equivalent with complex conductivity G,; —jY,1:

1 3 R,

R, +joL, R,% + a)zL}z,l
. oL R X
]R,f +0’l2 R+ X} ]R,$+X3

In addition, the capacitor Cj is replaced by two
capacitors C; = C, + C,, where C; is designed to
compensate the reactance of the purely load, and C,
complements the compensation process to the level when
the source e, will not be connected to the reactive power,
that is, the voltage and current phases of the sources will
coincide and thereby complete compensation of the

reactive power in the system will be achieved. The
substitute obtained after stage 1 is shown in Fig. 3.

G —JjYn =

n n n

Rs Ls
~ A
| S|

C2—/—= C1—== Yn1§ Gn1|:|

Fig. 3. Substitute circuit of the system with a parallel load
equivalent and a distributed compensator
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Stage 2. We determine the capacity of the capacitor
Ci, which must compensate for the inductance of the
parallel equivalent of the load:

_ X
RZ+x2%’

joC - jY,1=0 or oC =

where:

G = fn/wz - 2L” 2" )
R, +X, R,+X,

At the same stage, we can also get rid of two
reactive elements in the substitute circuit (Fig. 3). We
mean the inductance of the parallel equivalent of the load
with conductivity Y,; and the capacitor C;, which fully
compensates for this inductance. The sum of the
conductances of these elements is zero, therefore, from
the point of view of the method of complex amplitudes
used here for analysis, these elements can simply be
excluded from the circuit in Fig. 3. As a result, we get a
substitute circuit without the specified elements, which is
presented in Fig. 4.

Rs Ls
| ~
LI
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Fig. 4. Substitute circuit of the system with a compensator
of the reactive component of the power transmission line

Stage 3. Now it is necessary to determine the
capacity of the capacitor C,, which is connected in
parallel with the conductivity G,; and must compensate
for the reactive power of the inductance L, of the power
line. Next, let’s turn the parallel circuit G,; — C, into a
series connection of the equivalent resistor R; and
capacitor C; (Fig. 5).

Rs Ls ?3
1 A |
LT 1

e (1) -

Fig. 5. Substitute circuit of the system at the stage of
determining the capacity of the compensator for the power
transmission line

We denote: )(: = CULS, YC2 = a)Cz, Xc3 = 1/Yc3,
Y3 = wC;. Then the parameters of the new load circuit
will be obtained from the obvious relationships:

1 _Gu—JYc
Gu+j¥er GH+Y3

From here it is clear that

Ry—jXc3 = ®)

G
Rpz=—F"—>" . (6)
G +Ye
Y,
Xe3=—5 (M
G +Yo

In the circuit in Fig. 5 reactive elements are
connected in series, and the conditions for the
longitudinal compensation of the reactive power are to
fulfill the condition X = X3, that is

X =Yer (G +YEs), ®)
which leads to the solution of the algebraic quadratic
equation

2 1 2
Yor ——Yc2 + Gy =0. )
Xg

From here we can determine the conductivity of the

capacitor C:
1 1 2
2Xg \/ axz "

As can be seen from the obtained expression, the
solution has two roots, from which, for the real case, the
equation with the "minus" mark beforethe root should be
chosen. The second value confirms the existence of two
modes of full compensation of reactive power in the
power supply system, which was indicated in previous
works [14, 15], where the parameters of the second mode
were obtained by a numerical method during optimization
using the deformed polyhedron method. The second root
corresponds to an overestimated compensation capacity
and a significant increase in the current consumed from
the source. Capacitance of capacitor C,: Co= Yy, / . Total
capacity required for full compensation: C; = C; + C,.

Conditions for achieving the mode of full
compensation. From expression (10), we can obtain the
condition for achieving the full compensation mode,
which consists in the fact that the radical

(10)

2
—5 " Gnl >0 (1 1)
4X3
This leads to the expression:
1
Xg < . 12
S <26, (12)
Taking into account that
R
Gy = . >
2 2
R, + X,
we obtain:
1 X
XS <E(Rn+ R;) (13)
n
Thus, the method of wusing the calculation

relationships obtained above can be described as follows:

o We calculate the parallel load equivalent.

e Using the inductive component of the parallel
equivalent, we find the capacity of the compensator,
which compensates the purely reactive component of the
load according to the relationship (4).

e We exclude the inductive component of the parallel
equivalent of the load together with its capacitive
compensator from the substitute circuit, since their total
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conductivity is zero. We introduce into the substitute
circuit the capacity C,, which is designed to compensate
for the reactive component of the power transmission line.

e According to relationipm3 (13), we check the
conditions for achieving full compensation of reactive
power in the system.

e If full compensation can be achieved, we form
equation (9) and solve it according to relationship (10),
which allows us to determine the conductivity of
compensator C,.

e We calculate the capacity C, and the total capacity
of the compensator, which ensures full compensation of
the reactive power in the system.

Results of numerical analysis and modeling.
Consider the generalized power supply system (Fig. 2)
with the following parameters: e,(f) = 100sin(«r), where
o=1007; R,=3Q;L,=0.03H; R, =7 Q; L,=0.05H.
Complex load resistance Z, =7 +j15.708.

The complex conductance of parallel equivalent of
the load

Gu—JjYm 74715708 0,0237-0,05311.

Conductivity of the capacitor C;, which compensates
for the reactance of the load Y = 0.053119 S.

Capacitor C, capacity:

&_ 0,05311
w 100z

=169,07 WF.

Quadratic equation for finding conductivity Y¢:
Y2, —0,1061- Ypy +5,6024-1074 =0,

where

Ye» =0,05305 —\/0,0028—5,24 -107* =0,0055728 S.

The capacity of the capacitor C,, which compensates
for the inductance of the power transmission line:

Yoo
C, =—€2 _ 17739 uF.
27 1007 H

Capacity that provides full compensation of reactive
power in the system

C, =C +C, =186,81 puF.

According to the obtained results, the system was
modeled for three options:

I — without compensating capacitor;

I - with capacity C, = C;, when partial
compensation of only load reactivity is provided;

[T — with capacity C, = C, + C,, which ensures full
compensation of reactive power in the system.

For simulation, a visual model was created in the
MATLAB/Simulink/SimPowerSystem system.

The configuration of the model actually repeats the
circuit shown in Fig. 2, and therefore is not given. The

complex values of the voltage on the capacitor U c > that
is, the voltage on the load, is measured; as well as power
source current Ig; capacitor’s C, current I ; current

I, through the load. The simulation results are given
in Table 1.

Table 1
Simulation results

Parameters Option | Option 11 Option 11
Cy 0 C G +G
UC 63,8£4-2,32° | 91,41 £-11,77° | 95,57£-13,25°
js 3,7/4-68,3° | 2,16£-11,77° 2,32£20°
jC 0 4,86.78,23° 5,61.£76,75°
jZn 3,7£-68,3° | 5,33£-77,75° | 5,56.£-79,23°

Analyzing the given results, it is worth noting that in
the absence of a compensating capacitor, the mode is
characterized by an extremely low level of voltage
supplied to the load. A relatively large current is
consumed from the source, which creates a sufficiently
large voltage drop on the complex resistance of the power
transmission line, the amplitude of which reaches more
than 30 % of the voltage of the source itself. Calculation
of the value of the power factor gives a very low value of
c0s(68,30°) = 0.369. Application of partial compensation
at C, = C, fully compensates the reactive power of the
load. This is evidenced by the same phase shifts of the

load voltage U and current g, i.e. the load behaves like

an active resistor in conjunction with the capacitor Cj.
This, in turn, confirms the effectiveness of the substitute
circuit shown in Fig. 4 at C, = 0. Indeed, by dividing the

current /g by the voltage U, we obtain the conductivity
of the load equivalent

_2,16£-11,77°

“ " 9141/-11,77°

which coincides with G,; of the substitute circuit in

Fig. 4. Equivalent resistance R,; = 1 / G,; = 42.319 Q.
Without compensation, the load module was

|Z,|=47% +15,708% =17,971 Q.

Thus, the connection of the capacitor C;, which
compensates for the reactance of the load, can be
interpreted as a significant increase in the equivalent
resistance of the load. Due to this, the current consumed
from the source is reduced. At the same time, the share of
the source voltage, which goes directly to the load nodes,
increases. Although the voltage drop on the power
transmission line is reduced by almost three times and is
now about 10 % of the source voltage, the voltage at the
load still does not reach 5 % of the permissible deviation.
In the third option, C, = C; + C,, and here full
compensation of the reactive power in the system is
achieved. This is evidenced by the coincidence of the

=0,02363 Q"

phase of the current / s of the source with the phase of its

voltage e(¢). Thanks to the additional compensation of the
inductance of the power transmission line, the load voltage

U increases and reaches 5 % of the permissible deviation

from the source voltage. The current consumed from the
source increases slightly. This can be explained by the
substitute circuit shown in Fig. 5, if we take into account
that the sum of the reactances of the inductance L, and the
capacitor C; is zero. Therefore, these elements can be
removed from the circuit by replacing them with a short-
circuited conductor. We get a simple substitute circuit with
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serial connection of resistors R, and R,;. Let’s calculate the
resistance of the last resistor according to (6):

G 0,0237
G4 +Y2, 002377 +0,0055728>

n

R = =39,983 Q.
As can be seen, the resistance R,; slightly decreases

compared to R,;. Current I ¢ calculated taking into

account R, and R,;3:

B 100

©3+39,9834

which coincides with the simulation results in Table 1.
The voltage on the load is calculated as the
geometric sum of the voltages on R,; and Cs:

Ig =2326A,

1/2
Uns = (]sRn3)2 + (L '13)2 =9559V,
a)C3

which also coincides with the simulation results.

A visual model in the MATLAB/SimPowerSystem
system was used for modeling in time space (Fig. 6).
Virtual devices allow to determine the amplitudes of
currents and voltages, as well as active and reactive power
on system elements.

Pe
116.2 Ims
2324
—»
Lol
Qe
Fourier1 Fils

'
= AT
Is
|: Rs=3 Ls=0.03
||+
S

Us Ps

D
t e — v

C=C1+C2

Shown in Fig. 6 results correspond to the mode of
full compensation. It can be seen here that the source
gives only active power P, = 116.2 W, active load power
is P, = 108.1 W, active losses on the power transmission
line and generator resistance is P; = 8.102 W. The reactive
power associated with the power source is zero, and
therefore the power factor cosp = 1. The efficiency of the
system is 7= 108.1 / 116.2 = 0.93. At the same time, for
the uncompensated mode, these values are P, = 68.34 W,
P, =4784 W, P, =205 W, n =47.84 / 68.34 = 0.7.
The reactive power given by the source in this case is
0. = 171.8 VAr, which causes a low value of the power
factor cosp = 0.37. These results clearly show in favor of
the full compensation mode, thanks to which the load
consumes a voltage close to the nominal one, which in
turn ensures the appropriate level of power consumption,
losses on the power transmission line are reduced by 2.5
times, and the efficiency is increased by 23 %. Thus,
when full compensation is implemented, the energy
indicators of the power supply system are significantly
increased and normal power supply of the load is ensured,
which in the absence of compensation overloads the
network and thereby unacceptably lowers the voltage at
the point of connection of this load.
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Fig. 6. Visual model of the system for verification of the full compensation mode

Conclusions.

1. An analytical method for determining the conditions
for achieving full compensation of reactive power in a
generalized power supply system is proposed, which is
based on equivalent transformations of the topology of the
power supply system and allows not to apply complex
methods of solving nonlinear equations by iterative and
optimization methods.

2. On the basis of the proposed method, an analytical
technique for calculating the parameters of the
compensating device and the mode parameters of the
system was developed, and its verification was
performed, which confirmed the coincidence of the
obtained results with known examples of the
implementation of full compensation of reactive power.

3.1t follows from the conducted analysis that the
generally accepted partial compensation of the load
reactance may not ensure a proper increase in the load
voltage, at the same time, the use of full reactive power
compensation ensures a further increase in the load
voltage.

4.1t is shown that the processes of increasing the load
voltage and decreasing the source current can be
interpreted as an increase in the equivalent resistance of
the load.

5. The proposed method and calculation methodology
based on it have the prospect of being applied in the
analysis of reactive power compensation processes in
electrical networks with many loads and several sources
of electricity supply.
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6. The results of modeling the mode in the system on
the model compiled in the
MATLAB/Simulink/SimPowerSysten package with the
specified initial parameters and the found parameters of
the compensator show an absolute coincidence with the
results of mode calculations obtained using the
developed methodology.
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