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Abstract. Resonance modes at harmonic frequencies in electrical networks are a serious problem. They arise
due to the availability of electrical equipment with capacitive and inductive elements. The values of the
harmonics of currents and voltages increase at resonances. The voltage quality indices in resonant modes
exceed the limit values. Harmonics cause energy losses in electrical equipment, reduce its service life, create
economic damage. Capacitor banks are often damaged by resonances. Network nodes with resonant circuits
and resonant harmonics can be determined using the frequency characteristics of the nodal reactance
(susceptance). The paper presents an algorithm and HARMONICS software for the analysis and forecasting
of resonance modes, the results of studies of resonance modes in the high-voltage networks of Eastern Siberia.

1 Introduction
Resonance modes at harmonics frequencies in power
grids have been [1-5] and remain a big challenge [6-10].
They occur due to availability of equipment with
capacitance and reactive elements [11, 12]. The hazard
of resonance modes lies in the fact that if a non-sinusoidal
current with harmonic components multiple to the main
frequency (harmonics) and/or non-multiple to the main
frequency (interharmonics) on which the resonance
circuit occurred, runs in the grid, then current and voltage
surge may occur at those harmonics. Current and voltage
harmonics cause additional power losses in the electric
equipment; they damage it, reduce its service life and thus
cause economic losses. To avoid negative consequences
of resonance modes, standardization documents provide
for the occurrence of resonances.
“Guidelines for monitoring and analyzing the power
quality in public power supply system” [4] that were in
force in Russia in 2002-2008 stated that “non-sinusoidal
nature of voltage in the point of common connection
(PCC) may be caused both by distorting utilities of
consumers connected directly to PCC and by equipment
of power supply companies operating in the modes
favoring the occurrence of non-sinusoidal nature of their
volt-ampere characteristics or occurrence of resonance
modes”. In 2003 in the Project Technological rules for the
wholesale electricity market [5] it was noted that
“network companies during their operation are
responsible for network modes unfavorable or hazardous
for equipment and consumers (resonance modes...)”. In
2019 a document “Unified technical policy in the power
grid complex of Rosseti” [13] mentioned that “Usage of a
capacitor is allowed subject to avoidance of resonance
phenomena in all the operating conditions of a network”.
It was also noted that “when selecting the power factor
*

correction unit (PFCU) containing capacitor banks (CB)
for the network section where frequent distortions of
current and voltage curves occur, PFCU shall be checked
(CB in particular) for possible overloading by harmonic
currents”.
The paper offers an algorithm for determination of
resonance nodes, harmonics and interharmonics on the
base of analysis of the results of calculations made using
HARMONICS software. HARMONICS software was
developed in ESI SB RAS [14]. The analysis allows
identification of network sections and harmonics with the
presence of resonance modes or modes close to them.
The paper presents the results of studies on the resonance
modes in the high-voltage networks in the East Siberia.
An algorithm and HARMONICS software can be used for
forecasting the resonance modes for power quality control
in the course of networks operation.

2 An algorithm for analysis of resonance
modes
Theoretical foundations of electric power engineering
[11] state that two types of resonance modes may occur in
the electrical circuit:
series resonance, i.e., voltage
resonance, and parallel resonance, i.e., current resonance.
Voltage resonance occurs in case of series connection
of resistance, inductive reactance and capacitive
reactance. Circuit reactance at resonance equals zero.
Circuit impedance is active and reaches its lowest value.
Current and voltage at the circuit entry match in phase.
Current has the highest value. If value of inductive and
capacitive reactances exceeds that of resistance, then
value of voltage on the capacitive and inductive
reactances will exceed voltage at the circuit entry.
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Current resonance occurs at parallel connection of
resistance, inductive and capacitive reactances. Circuit
susceptance at resonance equals zero. Circuit admittance
reaches its minimum value. Current and voltage in the
unbranched part of the circuit match in phase. The value
of current happens to be the lowest. Values of currents
in parallel branches with inductive and capacitive
reactances may exceed current in unbranched part of the
circuit.
For analysis of the network modes at harmonic
frequencies the electric network is represented by a
current source and admittance relative to any node.
Modes are calculated by solving the system of equations

2) Analysis of parameters as per Item 1) for the nodes
where values KU ( h ) exceed the limit values KU ( h )95% ,

KU ( h )100% .
In the course of the analysis it should be kept in mind
that index KU ( h ) exceeds the limit value not only in the

harmonic; yh  1 / z h  1 / rh2  xh2 – admittance of the

resonance mode but at high value of current I h in the
node as well.
Since susceptance in the resonance mode equals zero,
conductance and admittance are equal in value, then
combinations of these values are searched for
determination of nodes with resonance on the computed
harmonics.
Nodes where modes are close to resonance conditions
are also identified. Numerical values of conductance and
admittance are rather close, whereas the value of
susceptance is much lower than conductance and
admittance.
For identification of resonance modes or modes close
to them the signs of susceptance on the adjacent
harmonics are analyzed. Change of the sign evidences
availability of the resonance mode on the interval of
harmonics. Susceptance sign of the node may change
several times, which evidences availability of the
resonance modes on several harmonics simultaneously.
As a result of Item 2) the nodes, harmonics or
harmonics intervals are determined where resonance
modes or modes close to them occur.
3) Analysis of parameters as per Item 1) for the nodes
where values KU ( h ) ) do not exceed the limit values

network node; g h  rh / rh2  xh2 – conductance of the

KU ( h )95% , KU ( h )100% .

network node; bh  xh / rh2  xh2 – susceptance of the

For finding the resonance modes, the values of
admittances are analyzed for searching the nodes and
harmonics with low values of admittances. Susceptances
are further analyzed in the nodes with low values of
admittances for identification of the sign change.
As a result of Item 3) the nodes, harmonics or
harmonic intervals are determined where resonance
modes or modes close to them occur.
4) Determination of the number of the resonance
harmonic or interharmonic on the interval of harmonics
obtained in Items 2) and 3).
For identification of the number of a resonance
harmonic the frequency characteristic of susceptance is
computed from 50 Hz on the harmonics interval at a step
of 0.5%.
The frequency characteristic curve is
constructed. The harmonic or interharmonic number at
which the susceptance sign changes, i.e., resonance
occurs, is determined using frequency characteristic.
For adjusting the number of a resonance harmonic the
harmonic interval is reduced with account of the results of
above calculations, and frequency characteristic is
computed anew from the presumed resonance harmonic
at a step of 0.2%. The obtained frequency characteristic
of susceptance is used for adjusting the number of a
resonance harmonic.
If necessary, calculations are
repeated at a lesser step.
5) Determination of resonance harmonics in the node
at different changes in the network. Connection and
disconnection of transmission lines, capacitors, passive

Uh = Zh Ih ,

(1)

where h - harmonic order; U h - column matrix of nodal
voltages of the h-th harmonic that are to be determined;
I h - column matrix of nodal currents of the h-th
harmonic that are generated by non-linear loads; Z h matrix of self- and mutual impedances of the network
nodes, which is obtained as result of inversion of the nodal
admittance matrix Yh [15].
Data of the system of equations (1) for analysis of
resonance conditions in any node are used for
computation of the following parameters: KU ( h ) - the hth harmonic factor; I h –

current value of the h-th

network node. KU ( h )95% , KU ( h )100% are limit values
of the index

KU ( h ) used in the analysis for 95% and

100% of measurement time specified in [16]. Resonance
harmonics can be adjusted by computing the frequency
characteristics for y h , g h , and bh . For a largedimensionality network it is a sophisticated problem that
requires account of a large number of network elements,
significant time for calculating and analysis of frequency
characteristics. Experience of studying the harmonics
conditions allowed development of an algorithm for
searching the resonance conditions on the base of the
results of calculations using HARMONICS software that
facilitates determination of nodes and harmonics with
resonance modes. The modes are initially calculated for
3, 5, 7, 9, 11, 13, 17, 19, 23, and 25-th harmonics.
Measured values of indexes KU ( h ) on the listed
harmonics in the electric networks, as a rule, exceed the
limit values specified in [16]. For adjusting the resonance
harmonics the range of harmonics is then changed.
An algorithm for determination of resonance nodes
and harmonics includes provisions listed further.
1) Computation of mode parameters and nodal
parameters on harmonics 3, 5, 7, 9, 11, 13, 17, 19, 23, 25
for determination of values KU ( h ) , I h , y h , g h , and bh .
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filters, and changing loads can lead to resonant modes.
For assessing of occurrence of resonance modes in the
node in case of changes in the network, Items 1) - 4) of
the algorithm shall be fulfilled.

Conductance and susceptance on the 7-th harmonic
are close in value. Index KU ( 7 ) is high due to higher
value of current on the 7-th harmonic. The value of all the
conductances on the 9-th harmonic is of the same order,
which evidences the lack of resonance in the vicinity of
the 9-th harmonic. Susceptance on the interval of
harmonics 9-11 changes from “minus” to “plus”, which
evidences the resonance of voltages. Admittance and
conductance on the 11-th harmonic are close in value,
whereas susceptance is half the admittance and
conductance. So far as the value of susceptance is of the
same order as admittance, we can assume that there is no
resonance in the vicinity of the 11-th harmonic, and
KU ( 11 ) exceeds the limit value due to high value of

3 Results of the analysis of resonance
modes in the networks of East Siberia
3.1 An example of using the algorithm for
searching the resonance modes in one of the
nodes of the calculated scheme
Analysis of the mode parameters when searching for the
resonance modes in Node 2401 of the calculated network
whose fragment is shown in Fig. 1 is given as an example.

EPS

2402

2401

2280
130 km

81 km

current on the 11-th harmonic. For adjusting the number
of a resonance harmonic the frequency characteristics of
susceptance shall be used. On the interval of harmonics
11-13 the susceptance sign changes from “plus” to
“minus”. Admittance and conductance on the 13-th
harmonic are close in value, whereas susceptance is rather
low as it has no impact on admittance. Thus, current
resonance occurs on the interval of harmonics 11-13. For
adjusting the number of resonance harmonic the
frequency characteristic of susceptance shall be used.
Susceptance sign on the interval of harmonics 13-17
changes from “minus” to “plus”, which evidences the
presence of the resonance of voltages. Values of all the
conductances on the 17-th harmonic are of the same order.
Comparison of the values of susceptances on the 13-th
and 17-th harmonics evidences the voltage resonance on
the harmonic close to the 13-th harmonic. Susceptance on
the interval of harmonics 17-19 changes from “plus” to
“minus”, which evidences the resonance of currents.
Admittance and conductance on the 19-th harmonic are
close in value, whereas susceptance is rather low. We can
conclude that current resonance occurred on the harmonic
close to the 19-th harmonic.
Frequency characteristics of admittance, conductance
and susceptance were computed on the harmonics
intervals 3-25 using HARMONICS software. From Fig.
2 it follows that frequency characteristics of susceptance
intersects abscissa four times changing the sign: between
9-th and 10-th harmonics; two times between 12-th and
13-th harmonics and between 18-th and 19-th harmonics,
which evidences the occurrence of four resonances.
Results of the analysis of frequency characteristics of
susceptance are given in Table 3. They correspond to
activated state of lines in Fig. 1.
Disturbances that may cause change in the number of
resonances and resonance harmonics in Node 2401
include disconnections of transmission lines connected to
Node 2401. Frequency characteristics of susceptances of
Node 2401 of transmission lines in Fig. 3 are given for
comparison. It is obvious that the number of resonances
and numbers of resonance harmonics for each state of a
transmission line are different.

EPS

Fig. 1. Fragment of the calculated network with Node 2401.

Parameters as per Item 1) for the analyzed node are
given in Table 1 and Table 2.
Table 1. Mode parameters of harmonics 3, 5, 7, 9, 11

Harmonic
Ih , A

5
7
3
21.35 10.70 7.30

9

11

2.78

7.39

y h , p.u.

5.02

2.15

1.01

0.92

1.39

g h , p.u.

0.69

0.37

0.76

0.76

1.22

bh , p.u.

-4.97 -2.11 -0.67 -0.52 0.67

KU ( h ) , %

0.98

1.15

1.67

0.69

1.22

KU ( h )95% , %

1.5

1.5

1.0

0.4

1.0

KU ( h )100% ,% 2.25

2.25

1.5

0.6

1.5

Table 2. Mode parameters of harmonics 13, 17, 19, 23, 25

Harmonic
Ih , A

13

17

19

23

25

9.70

2.48

4.61

2.91

0.78

y h , p.u.

1.29

3.19

4.76

2.88

1.4

g h , p.u.

1.29

2.16

4.75

2.27

1.16

bh , p.u.

-0.04 2.34 -0.16 -1.76 -0.78

KU ( h ) , %

1.72

0.18

0.22

0.23

0.13

KU ( h )95% , %

0.7

0.5

0.4

0.4

0.4

KU ( h )100% ,%

1.05

0.75

0.6

0.6

0.6

Index KU ( h ) exceed the limit values KU ( h )95% on the
7, 9, 11 and 13-th harmonics, and KU ( h )100% on the 7, 9
and 13-th harmonics (in bold).
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yyn
h

3.2 Impact of a capacitor bank on occurrence of
resonance conditions

ggn
h

bn
bh

6

Fig. 4 shows a fragment of the calculated network where
a 50 MVAr capacitor bank owned by a power supply
company is connected to Node 1980. Capacitor bank is
activated for maintaining the voltage at the main
frequency in conformity with requirements of
standardizing documents.
A traction substation is
connected to Node 1981. Values KU ( 3 ) and KU ( 5 )

yh, bh, gh, p.u.

4
2
0
-2
-4

measured in three phases of Node 1981 before and after
activating the capacitor bank are given in Figs. 5 and 6.
Capacitor bank was activated after the 19-th minute. It is
obvious those after activating the capacitor bank the
values KU ( 3 ) and KU ( 5 ) increased. They exceeded the

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

-6
Harmonics
Fig. 2. Frequency characteristics of admittance, conductance
and susceptance on the harmonics intervals 3-25.

limit values specified in [16].
1

2

3

3
2
1
0
-1
-2
-3
-4
-5

EPS

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

1981

110 kV
200 м

bh, p.u.

1980

980

Harmonics
Fig. 3. Frequency characteristics of susceptance of Node 2401:
1 - two lines are turned on; 2 - line 2401–2402 is turned on, line
2401–2280 is turned off; 3 - line 2401–2402 is turned off, line
2401–2280 is turned on.

981

Fig. 4. Fragment of the calculated network with capacitor bank.

Table 3 gives intervals of harmonics where there is a
resonance harmonic and the values of susceptances
corresponding to the interval of resonance harmonics for
three states of transmission lines.

KU(h) , %

KU(3)A
KU(3)A

Table 3. Results of analysis of frequency characteristics of
susceptance

2401–2402 is
turned on,
2401–2280 is
turned off
2401–2402 is
turned off,
2401–2280 is
turned on

(-0.03) – (0.13)
(0.16) – (-0.05)
(-0.04) – (0.09)
(0.42) – (-0.16)
(-0.02) – (0.05)
(0.12) – (-0.72)

5.75 – 6.00
7.75 – 8.00
9.00 – 9.25
12.00 – 12.25
14.00 – 14.25
21.00 – 21.25

(-0.03) – 0.06
(0.02) – (-0.18)
(-0.10) – (0.04)
(0.11) – (-0.10)
(-0.01) – (0.10)
(0.44) – (-0.07)

KU(3)C
KU(3)C

1
3
5
7
9
11
13
15
17
19
21
23
25
27
29
31
33

Interval
values
bh, p.u.

KU(3)B
KU(3)B

5
4
3
2
1
0
Time, min.

Fig. 5. KU(3) measured in three phases.

5
4
3
2
1
0

KKU(5)A
U(5)A

KU(5)B
KU(5)B

KU(5)C
KU(5)C

A

1
3
5
7
9
11
13
15
17
19
21
23
25
27
29
31
33

Both lines
are turned on

Interval
resonant
harmonics and
interharmonic
9.75 – 10.00
12.00 – 12.25
13.00 – 13.25
18.75 – 19.00
11.50 – 11.75
18.50 – 18.75

KU(h) , %

State of
transmission
lines

10 kV
27.5 kV

Time, min.

Fig. 6. KU(5) measured in three phases.
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Notations in the Table: ghCB – conductance of a
capacitor bank; ghN – conductance of a node; g hN+CB – a
sum of conductance of capacitor bank and of node; bhCB –
susceptance of capacitor bank; bhN – susceptance of
node; bhN+CB – a sum of susceptance of capacitor bank
and susceptance of node; yhN+CB – admittance of a
capacitor bank and node; KU ( h ) – value of the index

Values KU ( h ) for harmonics 7, 9, 11, 13, 17, 19, 23 and
25 are given in Figs. 7 and 8. After activating the
capacitor bank the values of all the listed harmonics
decreased. Their values are less than half of the limit
ones.
KU(7)A
Кu(7)
KU(11)A
Кu(11)

KU(9)A
Кu(9)
KU(13)
Кu(13)

1

KU ( h )CB – value
of the index after activation of a capacitor bank. Data in
the table demonstrate that susceptance of the node before
activation of a capacitor bank (bhN) had a “minus” sign on
the 3-rd and 5-th harmonics. After activation of a
capacitor bank the susceptance (bhN+CB) of the 5-th
harmonics changed the sign to “plus”.
Change of
susceptance sign evidences the voltage resonance on the
interval of harmonics from 3-rd to 5-th. As a result, the
values KU ( 3 ) and KU ( 5 ) ) increased and exceeded the
limit values specified in [16]. .
before activation of a capacitor bank;

A

KU(h), %

0,8
0,6
0,4
0,2

1
3
5
7
9
11
13
15
17
19
21
23
25
27
29
31
33

0
Time, min.

3.3 Resonance modes in the 220 kV network
Fig. 9 shows a fragment of the calculated 220 kV
network from Node 2012 to Node 2880. The distance
between nodes is about 840 km. The 220 kV network
powers more than 20 traction substations.

Fig. 7. KU(7), KU(9), KU(11), KU(13) measured in phase A.

KU(17)A
Кu(17)
Кu(23)
KU(23)A

0,7

KКu(19)
U(19)A
KКu(25)
U(25)A

2012 2010

KU(h) , %

0,6

2870 2880

2808

0,5
0,4

PES

0,3

PES

2009

0,2
0,1

Fig. 9. Fragment of the calculated 220 kV.

1
3
5
7
9
11
13
15
17
19
21
23
25
27
29
31
33

0

Parameters of modes and nodes of the network for 3,
5, 7 and 11-th harmonics were calculated using
HARMONICS software.
Results of calculations are
presented in the form of graphs in Figs. 10-13.
Fig. 10 shows computed parameters for the 3-rd
harmonic.

Fig. 8. KU(17), KU(19), KU(23), KU(25) measured in phase A.

KU(h) , %, gh, bh, yh, p.u.

For analysis of the impact of capacitor bank on the
network mode at the harmonics frequencies, mode
parameters in Node 1981 without a capacitor bank were
calculated using HARMONICS software, and they were
calculated after the bank activation. Results of
calculations are given in Table 4.
Table 4. Parameters of the node and mode

Parameter
ghN, S
ghCB, S
ghN+CB, S
bhN, S
bhCB, S
bhN+CB, S
yh+CB, S
KU(h), %
KU(h)CB, %

Harmonic
3
0.0046
0.0
0.0046
-0.0116
0.0076
-0.0039
0.0060
1.14
2.36

5
0.0092
0.0
0.0092
-0.0125
0.0127
0.0003
0.0092
1.75
2.96

12
10
8
6
4
2
0
-2
-4
-6
-8
-10
-12

K
Ku(3)
U(3)
bb(3)
3

gg(3)
3
yy(3)
3

101
156
234
335
352
440
516
570
654
762
875
941

Time, min.

Lenth, km
Fig. 10. Parameters of nodes and mode on the 3-rd
harmonic.
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The susceptance curve does not intersect the abscissa,
which means that there are no resonances on the 3-rd
harmonic. The value KU ( 3 ) increases with decrease of

of the 11-th harmonic of a traction station are negligible,
index KU ( 11 ) ) does not exceed the limit value of

KU ( 11 )100% .

8
4
2

941

875

762

654

570

516

440

352

1. Resonance modes in the network nodes are of
random nature, cover vast areas of the network and are
caused by different changes in the network, very often at
several harmonics and interharmonics simultaneously,
and are among the causes why KU ( h ) exceeds the limit

-4
-6

Lenth, km
Fig. 11. Parameters of nodes and mode on the 5-th
harmonic.

values specified in State Standard 32144-2013.
2. Tables generated using HARMONICS software
reveal the mechanism of voltage harmonics occurrence in
the network nodes and together with frequency
characteristics of conductance, susceptance and
admittance identify resonance modes.
3. The algorithm proposed for analysis of resonance
conditions at the harmonics frequencies together with
HARMONICS software can be applied for power quality
control during networks operation for the purpose of
forecasting the resonance conditions.

Resonance circuits on the 7-th harmonics were formed
from the point of 234 km to 941 km (Fig. 12).
Susceptance changes its sign four times. Two voltage
resonances and two current resonances occurred in the
network. The values of KU ( 7 ) exceeded KU ( 7 )95% but
it turned out to be lower than the limit value KU ( 7 )100% .
Ku(7)
KU(7)

g(7)
g7

b(7)
b7

y(7)
y7

The research is conducted in the framework of the research
project №AAAA-A17-117030310438-1 of the program of
fundamental research of Siberia Branch of the Russian Academy
of Sciences III.17.4.

1.

941

875

762

654

570

516

440

352

335

234

156

References
101

KU(h),%, g, bn, yn, p.u.

335

4 Conclusions

0

12
10
8
6
4
2
0
-2
-4
-6
-8

g(11)
g11
y(11)
y11

Lenth, km
Fig. 13. Parameters of nodes and mode on the 11-th
harmonic.

6

-2

234

gg(5)
5
yy(5)
5

156

Ku(5)
KU(5)
b(5)
b5

101
156
234
335
352
440
516
570
654
762
875
941

KU(h), %, gh, bh, yh, p.u.

increases. In the vicinity of resonances it reaches its
maximum that exceeds the limit value KU ( 5 )95% .

14
12
10
8
6
4
2
0
-2
-4
-6
-8

Ku(11)
KU(11)
b(11)
b11

101

KU(h) , %, gh, bh, yh, p.u.

admittance.
On the 5-th harmonics (Fig. 11) the resonances occur
at a distance of 400 - 700 km from Node 2012.
Susceptance changes its sign four times. Two serial and
two parallel resonances occur in the network. The value
of susceptance in the neighbourhood of resonance
harmonics reduces; values of admittance and conductance
are also reduced and become close in value. Index KU ( 5 )

Lenth, km
Fig. 12. Parameters of nodes and mode on the 7-th
harmonic.

2.

Resonance circuits on the 11-th harmonic were formed
throughout the network. Susceptance changes the sign
nine times. Nine resonance circuits occurred in the
network, five of which correspond to voltage resonance
and four correspond to current resonance. Since currents
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