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Abstract. In this paper, on the basis of simulation modeling, an algorithm for studying the current 
resonance that occurs in the power supply system with a chaotic change of the load power and variation of 
reactive power compensation degree, in the presence of consumers with a nonlinear current-voltage 
characteristic is proposed. It is shown that overloading of capacitor banks can occur in a wide frequency 
range, close to the resonant frequency. The proposed algorithm determines all possible frequencies at which 
an increase of currents in capacitor banks can occur above the permissible values in parallel resonance. The 
purpose of the proposed work: to show in what operating modes of the enterprise power supply system an 
overload of capacitors by currents of higher harmonics can occur when the load power changes and the 
degree of reactive power compensation varies. 

1 Introduction  
One of the most actual problems of modern power 
supply is to improve the quality of electricity, since the 
consumption of electricity is significantly reducing, the 
reliability of power supply systems and the production 
process is improving. 

 The widespread introduction of power electronic 
converters into production has given rise to the problem 
of their negative impact on the quality of electricity. The 
reason for this was the nonlinear and impulsive nature of 
the processes of converting electricity by means of key 
elements that discretely control the flows of electrical 
energy. As a result of their operation, currents are 
distorted in AC circuits and, in addition to an increase of 
active power consumed from the network, reactive 
power also increases, due to the phase shift of current 
and voltage basic harmonics and the distortion power. 
For thyristor converters, the order of higher harmonics is 
determined by the formula 1=mkn , where m is the 
number of rectification phases; k is a natural series of 
numbers. 

With a 6-phase rectification circuit n = 5, 7, 11, 13, 
17, 19, 23, 25, etc., and with a 12-phase circuit n = 11, 
13, 23, 25, 35, 37 and etc. 

The appearance of current and voltage higher 
harmonics in the power supply system leads to an 
increase of power losses, equipment overheating, 
insulation aging, equipment failure, etc. A fairly large 
number of publications are devoted to the negative 
influence of higher harmonics, both on individual 
elements of electrical equipment and on the entire power 
supply system [1-8]. 

Reactive power compensation is currently one of the 
priority measures in the programs being developed to 

increase economic efficiency in electrical power 
transmission and distribution. 

To achieve these goals, in accordance with the law of 
the Republic of Kazakhstan on energy saving and 
improving energy efficiency, consumers of electrical 
energy with an attached electrical load of 630 kilovolt-
amperes and above are required to maintain standard 
power factor values on their buses by installing 
compensating capacitor devices. 

The normative values of the power factor in electrical 
networks in Kazakhstan for individual entrepreneurs and 
legal entities are determined by the voltage class at the 
connection point to the electrical network: 

Electric network voltage class 110 - 220 kV > 0.89;  
6 - 35 kV > 0.92; 0.4 kV > 0.93. 

Currently, almost all enterprises with a load above 
630 kilovolt-amperes, to ensure the standard value of the 
power factor, as a rule, are using step-controlled 
capacitor units. 

When power factor correction capacitors are used in 
a power distribution system that includes inductors and 
capacitors, there is always a frequency at which the 
capacitors are in parallel resonance with the grid. If this 
condition is met at the frequency of one of the harmonics 
generated by a non-linear energy consumer, large 
currents will flow between the network and the capacitor 
at the frequency of this harmonic, limited only by the 
damping resistance of the circuit. They will stack with 
the existing distortions, increasing them. This will result 
in an increase of capacitor voltage and excessive current 
through the system components. Overloading of 
capacitor banks in the CIS countries is regulated by 
standards [9, 10], which prohibit the operation of 
capacitor banks in case when the currents passing 
through the capacitor banks exceed the rated battery 
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currents by 1.3 times. Abroad, according to the standard 
[11], the effective value of the total current passing 
through the capacitor bank should not exceed 135% of 
its rated current. 

Determination of the possibility of resonant modes 
occurrence in power supply systems with higher 
harmonics sources is an urgent task, both when choosing 
compensating devices and when justifying the need to 
install filter-compensating units, therefore, in this work, 
another approach to assessing and solving problems 
arising from resonance currents is considered. 

In this work, mathematical modeling of the current 
resonance mode will be performed when the load 
reactive power and the capacitance of the capacitor bank 
change. 

The publications outline various approaches to 
determining the resonant frequency of a system. When 
calculating the mode of currents resonance, the authors 
of [12, 13] take into account the total resistance of the 
transformer, the capacitive conductance of cable lines 
and the capacitive resistance of capacitor banks, but do 
not take into account the complex resistance of the load. 

In works [13 - 16], the authors took into account not 
all parameters of the electrical system. At the same time, 
algorithms have been created, with the help of which it is 
possible to determine the resonant frequencies of the 
power supply system when the degree of reactive power 
compensation changes, but without taking into account 
the chaotic changes in the load power. 

In publications [15 - 16], the packet wavelet 
transformation of the current signal is considered, which 
makes it possible to identify only the frequency regions 
at which the currents resonance condition is satisfied. 

When calculating the currents resonance mode, the 
authors of [18] propose to take into account the total 
conductivity of all elements of the resonant circuit. By 
the expression sys sys sysZ R jX= +  they mean the active 
and inductive resistances of the elements included in the 
power supply system. The stated approach was 
developed in the proposed work. 

Despite the large number of publications devoted to 
the study of the currents resonance, none of them [12 - 
18] did the authors consider the problem of determining 
the frequency range at which capacitors overloading by 
currents of higher harmonics can occur when the load 
power changes and the stages of capacitor banks are 
switched. In addition, in the work, the active and reactive 
resistances of the resonant circuit take into account all 
the active, inductive and capacitive parameters of the 
circuits to which the capacitor bank is connected. The 
paper also proposes an algorithm for determining the 
current resonance and the frequency range at which 
overloading of capacitor banks can occur. 

2 Materials and methods  
At one of the enterprises, capacitor units UKRM56-6.3-
2700(1350+9×150) M4 UKHL1 with automatic reactive 
power regulators NOVAR 1206 were installed on both 6 
kV buses. 

After a short operation of the installations, at first on 
one, and then on the second installation, the fuses and 
cartridges of the PKT (fuse with fine-grained quartz 
filler for protection of power transformers and lines) type 
were triggered and failed. 

 

Fig. 1. Damage to the fuse and cartridge type PKT. 

In an electrical network without connecting a 
capacitor bank, studies were carried out on the presence 
of harmonic distortions of the voltage curve. The results 
are shown in Table 1. 

Table 1. Voltage harmonic distortion. 

Harmonic’s 
number 

Fixed value Normalized value by 
GOST 13109-97 

H3 1.0 3.0 
H5 1.1 4.0 
H7 5.3 3.0 
H9 1.2 1.0 

H11 4.1 2.0 
H13 5.6 2.0 
Total 7.0 5.0 

It follows from the table that in the enterprise 
electrical network there is an excess of the permissible 
level of higher orders harmonic distortions, starting from 
the seventh harmonic, which indicates the presence in 
this network of a load with a nonlinear volt-ampere 
characteristic. 

The power factor controller automatically switches 
the steps on and off to obtain the required reactive power 
values. QSCB = (450 - 1350) kvar in 150 kvar steps. 

The microprocessor regulator, by measuring the 
current and voltage signals, calculates the power of the 
capacitive load, which must be connected to the network 
at a given time to ensure the specified power factor. 

In each step, the regulator will sequentially connect 
and disconnect each output. At the same time, it will 
measure how the connection and disconnection of a 
stage affects the total reactive power in the network. The 
condition for successful recognition of steps power is a 
sufficiently stable state in the network. 

To assess higher harmonics effect on the operation of 
the UKRM56-6.3-2700 capacitor unit, specialists of Ust-
Kamenogorsk Condenser Plant LLP, together with 
enterprise representatives, measured the power quality 
indicators at the 110/6 kV MSDS when changing its 
power. 

Measurements purpose to determine the indicators of 
electricity quality in the supply lines of UKRM56-6.3-
2700(1350+9×150) M4 UHL1 capacitor units, as well as 
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to determine the causes of technological disturbances 
during ist operation. 

The measurements were carried out on two sections 
of switchgear 6 kV buses with a RESURS-UF2 power 
quality analyzer. The analyzer was connected to the cells 
supplying the UKRM. Thus, the measurements reflect 
the indicators of electricity quality in the UKRM 
installations power supply circuit. In view of the 
previous technological violations that arose during the 
UKRM installations operation, and in order to avoid 
disruption to the well-functioning technological process 
of the enterprise, it was decided to turn on the 
installations under voltage for a period of 5-10 minutes. 
At the measurements time not all technological 
equipment was put into operation. The result of the 
carried out measurements is reflected in the Electric 
energy tests Protocols.  

The analyzer was switched on at UKRM-1 at 12:23. 
At switching on moment the constant part of the UKRM-
1 - 450 kvar was already switched on. At 12:25 in the 
manual mode, compensation step No. 1 - 150 kvar was 
connected. At 12:28, step 2 is connected - 300 kvar and 
step 1 is disconnected - 150 kvar. 

Current harmonic distortions of the UKRM-1 
installation are presented in Fig. 3 and Fig. 4. The values 
of harmonics are displayed horizontally from 5 to 13 
(harmonics below 5 are not shown because of their 
insignificant value). Phase C current harmonic distortion 
of the installation is approximately the same as in 
phase B. 

 

Fig. 3. Phase A current harmonic distortion. 

 

Fig. 4. Phase B current harmonic distortion. 

Reactive power regulator. NOVAR 1206 installed in 
UKRM installations is connected to current circuits at 
the input to switchgear 6 kV. The distortion values 
recorded at the collecting buses (CB) 6 kV input during 
measurements time, reflected by the controller interface, 
are presented in Table 2. 

From the table and figures it follows that when only 
the constant part 450 kvar of the capacitors is turned on, 
we have an overload of the current harmonic 
components by 7.7%, that is 1 1.077SCBI I =  compared 
to the sinusoidal harmonic current.  

The greatest distortions in the UKRM-1 installation 
current curve occur as a result of the 7th and 11th orders 
current harmonics influence. After turning on the 150 kvar 
step at 12:25 pm, the current nonsinusoidality coefficient 
increases from approximately 6.5% (7th harmonic) and 6% 
(11th harmonic) at 12:24 to 8% (7th harmonic) and 9% (11 
harmonica) at 12:26 pm. After disconnecting the 150 kvar 
step and turning on the 300 kvar step at 12:28 pm, the 
current nonsinusoidality factor increases from 
approximately 8% (7th harmonic) and 9% (11th harmonic) 
at 12:27 to 9% (7th harmonic) and 14% (11th harmonic) at 
12:29-12:30. Further experimental studies on step 
switching were not performed. 

When the compensation steps are turned on, the 
distortion coefficient also increases at the input to the 
switchgear, which indicates the transmission of distortions 
to the network. 

From the above, it follows that the inclusion of 
additional compensation steps is accompanied by an 
increase of the current nonsinusoidality coefficient, 
therefore, the current through the capacitors increases. 

 

Fig. 2. Connection diagram of the UKRM-1 unit. 
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The maximum coefficients of non-sinusoidal current 
for the measurement period are fixed at 12:30 in phase 
B. 

Consequently, the using current-limiting fuses for 
protection from short circuits and capacitors overloads is 
difficult in the presence of higher harmonic distortions in 
view of the possible arc re-ignition in an arc-suppression 
environment. This is due to the fact that, due to the 
surface effect caused by higher harmonics, uneven 
heating occurs over the cross section of the fuse-link 
and, consequently, to incorrect operation and failure of 
the fuse holders.  

In view of dependence capacitors current from 
voltage harmonic frequencies, they are the most 
vulnerable power elements of modern enterprises energy 
infrastructure. The harmonic spectrum, obtained during 
measurements at the 110/6 kV MSDS, is typical for the 
operation of rectifier units and frequency converters with 
six and twelve pulley rectifier circuits. 

3 Results and discussions 
Let us consider in more detail the reasons for the 
occurrence these reactions of power supply system to 
oscillations of higher harmonics and possible ways to 
solve them. 

Active power consumption for the generation of 1 
kvar reactive power is (0.003–0.0045) kW, and active 
power losses in the network elements during the reactive 
power flow are insignificant, therefore, taking into 
account the active resistances of the static capacitor bank 
(SCB) and network total inductance is not advisable due 
to their smallness in compared with XC and XH. 

In addition, it was shown in [14] that when we 
determining the resonance frequency, if the active 
resistance in the inductive circuit of the resonant circuit 
is not taken into account, the error is less than 0.1%. 
That is, when carrying out practical calculations, you can 
ignore the active resistance RL.  

It should be noted that active resistances in the 
resonant circuit have a damping effect on the amplitude 
of the oscillatory process. 

It is known that when the capacitive and inductive 
resistances (conductivities) are equal, a resonance of 
currents occurs, at which the current in the 
inductance IL and the current in the capacitor IC are equal 
to each other. The physical essence of resonance lies in 
the fact that in every quarter of the sinusoid period, 
energy is exchanged between the magnetic field stored in 
the load inductance and the electric field of the capacitor 
bank, and the fields energy is equal to each other. 

In case parallel connection of sections gLOAD, LLOAD, 
CSCB (RLOAD, XLOAD, XSCB) the resonant frequency is 
determined [19]  

 1
R

LOAD SCBL C
 =

 or 

1
,

2
R

LOAD SCB

f
L C

=  (1) 

where 0LOAD LOADL X = – the inductance of the power 
supply system at the frequency of the network main 
harmonic; CSCB – capacity of a capacitor bank; 

0 02 f =  – synchronous frequency at f0 = 50 Hz 

frequency; 2
LOAD LOAD LOADR U P= – load active resistance 

at base frequency; 2
LOAD LOAD LOADX U Q= – load 

inductive reactance at base frequency; 01C SCBX C=  – 
inductive resistance of a capacitor bank; PLOAD, QLOAD – 
load active and reactive power, supplied to the buses, 
where the capacitor bank is connected; ULOAD – rated 
voltage on the buses where the SCB is connected.  

It should be noted that such a representation of RLOAD 
and XLOAD takes into account all active, inductive and 
capacitive parameters of circuits connected to the buses. 

Fig. 5 shows the amplitude-frequency characteristic 
( )CI  , )(LI for R, L, C parallel circuit, drawed under 

the condition that I = const, R = const, L = const, C = 
const [19].  

Table 2. Distortion values at the CB 6 kV input. 

Harmonic’s number Constant part = 450 kvar First step enabled - 150 kvar Second step enabled - 300 kvar NTHDU 
 THDI THDU THD1 THDU THDI THDU  

THD 4.5 6.5 7.5 1.0 8.5 1.5 7.0 
H3 0.2 0.6 0.6 0.2 0.6 0.1 1.0 
H5 3.9 4.4 4.5 0.7 4.6 0.8 1.1 
H7 2.3 3.7 4.6 0.9 5.4 1.1 5.3 
H9 0.2 0 0.2 0.1 0.2 0.1 1.2 

H11 0.2 1.2 2.1 0.5 4.3 0.7 4.1 
H13 0.3 1.5 0.2 0 0.9 0.2 5.6 
H15 0.1 0.4 0 0.2 0 0.1 1.4 
H17 0 0.2 0 0.2 0 0 0.6 
H19 0 0.2 0.2 0 0 0 0.4 
CHL  95  98  100 132 

where: THD – instantaneous harmonic distortion, %; THDI – instantaneous harmonic distortion of current, %; THDU – instantaneous 
harmonic distortion of voltage, %; CHL – instantaneous value of the harmonic load factor of capacitors, %; NTHDU – maximum level 
of voltage harmonic distortion recorded during the period of operation, %. 
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Fig. 5. Frequency response ( )CI  , )(LI for R, L, C parallel 

curcuit. 

Frequency characteristics are drawed according to 
the formulas: 

 ( )2
0

1( ) ,U I g CL = + −  (2) 

 ( ) ( ) / ,LI U L  =  (3) 

 ( ) ( ) .CI U C  =   (4) 

From Fig. 5 it follows that when the oscillation 
frequency approaches the resonant frequency, the 
amplitudes of the currents harmonic components 
increase, and when it passes through, they fall. 
Consequently, capacitor banks overloading by currents 
exceeding the rated battery currents by 1.3 times will 
occur in a wide frequency band close to the resonant 
one. 

It is obvious that the frequency band at which 
capacitor banks overloading the will occur lies in the 
range 21  − . 

The capacitor bank current depends on the resistance 
of the included capacitors 

 / ,PH PH CI U X=  (5) 

where IPH – capacitor phase current; UPH – capacitor phase 
voltage; XC – capacitors reactive resistance. 

In turn, the capacitor resistance depends on the 
supply voltage frequency  

 1
,

2C
SCB

X
n C

=
 

 (6) 

where n – frequency of voltage harmonic’s distortion. 
As can be seen from the formula, the capacitor bank 

resistance is inversely proportional to the supply voltage 
frequency, therefore, with an increase of voltage harmonic 
components order (an increase of the harmonic frequency), 
the capacitor bank resistance decreases and, therefore, the 
current through it at this harmonic frequency increases. 

The total capacitor current is the sum of all harmonic 
current components geometric sum 

 2
1

2

.SCB n
n

I I I


= +  (7) 

Overcurrent can be determined by the equation 

 
2 2 2

3 5 7
1

2 2 2
15 17 19

1 ( 3) ( 5) ( 7)

( 15) ( 17) ( 19) ,

SCBI u u u
I

u u u

= +  +  +  +  +

+  +  +  + 

 (8) 

where I1 – effective value of the base (first) harmonic’s 
current; IN – effective value of the n-th harmonic’s current, 
iu – instantaneous level of voltage harmonic distortion, 

%. 
Consequently, the SCB overload and the fuses failure 

can occur in a wide frequency range, close to the 
resonant one. It also depends on the peak amplitudes of 
harmonic distortions and their phase shifts to each other, 
created by different sources of harmonics. 

The use of capacitor units in such network operating 
modes is impossible, since they will operate with a 
significant current overload, which in a sufficiently short 
period of time will lead to additional capacitor banks 
heating and destruction or fuses failure. 

It should be noted that during enterprise operation the 
load for technological reasons (on / off) or emergency 
shutdowns can change in a very wide range, provided 
that the number of connected capacitors remains 
unchanged due to the inertia of the SCB regulator. 
Therefore, studying the current resonance, it is necessary 
to carry out calculations of all possible modes of 
network operation. 

It is not difficult to use the method proposed above to 
determine the frequency range at which the capacitor 
bank will overload when the load power and the number 
of capacitor banks change. Required to build 
dependencies )(U , )(CI , )(LI  for the four cases: 

• minimum load and minimum number of connected 
capacitors; 

• minimum load and maximum number of connected 
capacitors; 

• maximum load and minimum number of connected 
capacitors; 

• maximum load and maximum number of connected 
capacitors. 

Based on the constructed dependences, it is possible to 
carry out a complete analysis of the possibility of current 
resonance occurrence and capacitors overloading with a 
wide change in the load power and the number of 
connected capacitor banks. 

Let’s consider another approach to solving the 
problem. 

Fig. 6 shows a graph of reactive power average change 
in load and capacitor bank. In this case, the value of the 
power factor lies in the range of 0.92 – 0.93. 
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Fig. 6. Graph of changes in the average power of the SCB and 
the reactive power of the load. 

Based on the known minimum and maximum load 
power, we determine inductive resistances values at the 
fundamental harmonic 

 2
1 min/ ,L LOAD LOADX U Q=  (9) 

 2
2 max/ .L LOAD LOADX U Q=  (10) 

Then we calculate the inductance at the same 
frequency  

 1 1 0/ 2 ,LL X f=   (11) 

 2 2 0/ 2 .LL X f=   (12) 

Using the found values L1 and L2 determining XL1 and 
XL2 at other frequencies by the formula  

 02 ,Li iX f n L=     (13) 

where n is the harmonic’s number. 
Building dependencies )(1 LX  and )(2 LX  for 

maximum and minimum load. 
Similarly, we perform calculations for the minimum 

and maximum capacitance values of the SCB using the 
formulas  

 2
1 min/ ,C LOAD SCBX U Q=  (14) 

 2
2 max/ ,C LOAD SCBX U Q=  (15) 

 1 1 0/ 2 ,CC X f=   (16) 

 2 2 0/ 2 ,CC X f=   (17) 

 02 .Ci iX f n C=     (18) 

Building dependencies )(1 CX  and )(2 CX  for 
maximum and minimum SCB capacitance value. 

Fig. 7 shows the dependencies )(1 fX L , )(2 fX L , 
)(1 fXC , )(2 fXC , )()( 11 fXfX CL + , )()( 12 fXfX CL + , 

)()( 21 fXfX CL + , )()( 22 fXfX CL + . 

 

Fig. 7. Dependecies )(1 fX L , )(2 fX L , )(1 fXC , )(2 fXC . 

From the dependencies plotted in Fig. 7, it is also 
possible to carry out a complete analysis of the 
possibility of current resonance occurrence with a wide 
change in the load power and the number of connected 
capacitor banks. The resonance frequency is determined 
from the condition 

 2 2( ) ( ) 0.L CX f X f+ =  (19) 

The figure shows that current resonance can occur in 
a wide frequency range (f1 - f2) with a possible change in 
the load and SCB capacitance. 

Additional devices are used to reduce the amplitudes 
of higher harmonics caused by non-linear loads. 
Sometimes it is sufficient to connect a harmonic filter in 
series with the capacitor so that the filter / capacitor 
circuit is inductive at the critical frequencies and 
capacitive at the fundamental frequency. For this, the 
series-connected capacitor and filter circuit must have a 
natural frequency below the lowest critical harmonic. 
The frequency value depends on the amplitudes and the 
order of the harmonics present. 

Installing a harmonic filter increases the voltage 
across the capacitor, and the potential for voltage 
resonance appears. This must be taken into account 
when installing a harmonic filter in a capacitor bank. 

The most commonly used method of protecting the 
SCB from the negative action of higher harmonics is to 
connect damping reactor in series with capacitance  
fig. 8 [20]. 

 
Fig. 8. The reactor is connected in series with the capacitor. 

6

E3S Web of Conferences 288, 01019 (2021) https://doi.org/10.1051/e3sconf/202128801019
SUSE-2021



 

When reactive shunt is connected in series with 
capacitance, the expression for the input resistance has 
the form 

 
3

1
2 2

1

1
( )

1

( )
.

( )1

P

P

j L j Lj Lj CX
j L j L j C

j L LLC A
BCL LC

  
  

  
 



 +
= =

+ +

−
= =
− − +

 (20) 

By 0)( =A , 03 =− CLLLj Р  we are getting the 

frequency 1

1
R

PL C
 =  corresponding to the voltages 

resonance, and at ( ) 0B  =  from solving the equation 

01)(2 =−+ LLC P  2

1

( )R
PC L L

 =
+

 frequency, 

corresponding to the currents resonance. 
In some cases, to protect the SCB from the negative 

action of higher harmonics, also use reactors switched on 
in series with capacitors and load on fig. 9 [20]. 

 

Fig. 9. The reactor is connected in series with the capacity and 
load. 

Let us determine the resonant frequencies for circuits 
with a series-connected reactor. When reactor is 
connected in series with the load, the expression for the 
input resistance has the form 

 
2

3

2

( )
1

( )
.

( )1

P

P P

j LX j L
LC

j L L LC j L A
BLC

 


   






= + =
−

− +
= =

−

 (21) 

By 0)( =A  we are getting a frequency 

1
P

R
P

L L
L LC


+

=  corresponding to the voltages resonance, 

and at ( ) 0B  =  from solving the equation LC21 −  

2 1/R LC =  frequency, corresponding to the currents 
resonance. 

4 Conclusion 
During enterprise operation the load for technological 
reasons (on / off) or emergency shutdowns can vary in a 
very wide range, provided that the number of connected 
capacitors remains unchanged due to the inertia of the 
SCB regulator. Therefore, studying the current 

resonance, it is necessary to carry out calculations of all 
possible modes of network operation. 

Active resistances in the resonant circuit have only a 
damping effect on the oscillatory process amplitude, and 
does not affect the resonant frequency, since resonance 
occurs only when the magnetic and electrical energies 
are equal. 

Capacitors overloading can also occur at frequencies 
above or below the resonant frequency and depends on 
the amplitudes of the frequency spectrum coming from 
the harmonic source. 

Based on the algorithms proposed in the work, it is 
possible to determine the frequency range at which the 
current resonance condition will be satisfied, as well as 
to conduct a full analysis of the possibility of capacitor 
overloading with a wide change in the load power and 
the number of connected capacitor banks. 

Determination of the frequency range at which the 
capacitors overload will occur is necessary for the 
methods and means of suppressing higher harmonics 
selection, the selection and adjustment of devices 
designed to reduce the higher harmonic currents 
amplitudes in the network. 

When the reactor is connected in series with the 
capacitor, in addition to increasing the voltage across the 
capacitor, the possibility of voltage resonance may 
appear. This must be taken into account when installing 
a harmonic filter in a capacitor bank. 
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