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The results of low-frequency oscillations iden-
tification in the Republic of Kazakhstan power grid 
by using a Wide Area Measurement System are 
presented and an algorithm for damping low-fre-
quency oscillations is proposed in this paper. 
Analysis of weakly damped inter-area low-fre-
quency oscillations revealed a constant mode with 
a frequency range of 0.3–0.4 Hz. It was deter-
mined that at these low-frequency oscillations, the 
amplitude of active power fluctuations along the 
transmission line was 150 MW with a duration of 
9 minutes. The modal analysis calculation of the 
Republic of Kazakhstan power system model in the 
«DigSilent Power Factory» software shows the 
dangerous low-frequency oscillation modes having 
a damping ratio is 2.2 % and an eigenfrequency 
0.328 Hz. These oscillation modes identified by the 
real data and in the developed model indicate the 
incorrect tuning of power system stabilizer para-
meters at power plants. It is necessary to retune 
the power system stabilizer parameters whenever 
changing the system’s and mode’s configurations.

An analysis of existing power system stabilizer 
tuning methods was performed, and revisited resi-
due method was determined as sufficiently effec-
tive. Thus, the developed algorithm for identifi-
cation and damping of low-frequency oscillation 
consists of three tasks. The first task is data col-
lection from the Wide Area Measurement System 
and Supervisory Control and Data Acquisition 
system and updating the calculation model based 
on the current status of equipment (generators, 
transformers, transmission lines, etc.). The second 
task is the identification of dangerous electrome-
chanical oscillations and modal analysis based on 
information obtained in real-time. The third task 
is tuning the power system stabilizer parameters 
for damping dangerous low-frequency oscillation 
modes based on the revisited residue method
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1. Introduction

Ensuring the stability of the electric power system is 
critical. When electrical connections appear between large 
electric power systems (generation sources), challenges re-
lated to non-damped electromechanical low-frequency os-
cillations (LFOs) appear for the System Operator [1–3]. 
These oscillations can result from a sudden increase in load, 
a shutdown of a large generator, or a change of synchronous 
generator operation or power plant due to an incorrect set-
ting of the generator excitation system [4, 5]. In the case of 
a short-term disturbance in the system, LFOs in power lines, 
significantly affecting the regime stability parameters, are 

present for a long time. In some cases, they increase causing 
the system to split in the absence of an adequate response 
from the power plants to damp oscillations. These oscilla-
tions not only limit the capacity of long lines but can also 
lead to major system accidents in post-accident regimes [6]. 
As is known, synchronous generators are equipped with 
automatic voltage regulators (AVRs), which regulate the 
voltage at the generator terminal by controlling the amount 
of current supplied to the field excitation winding. However, 
the high gain of the excitation system can also contribute to 
oscillational instability in the power system. 

One of the main directions for maintaining stability is to  
ensure sufficient damping of LFO. Installing a power system  



Energy-saving technologies and equipment

7

stabilizer (PSS) is an efficient and cost-effective way to im-
prove oscillatory stability and solve this problem. The main 
function of the PSS is to extend the stability limit by modulat-
ing the excitation of the generator to provide positive damping 
for power fluctuation modes. The PSS generates an additional 
signal that is added to the generator control loop to create 
positive damping. The PSS is directly connected to the AVR of 
synchronous generators and the main purpose of the PSS-AVR  
excitation control configuration is to provide damping and 
voltage control. But the installation of AVR and PSS does 
not fully solve the problem of damping LFO. Because it is 
critically necessary to correctly tune the parameters for proper 
damping of oscillations based on the power plant location [7].

At the same time, the identification of dangerous LFO in 
the process rate is a fundamental task for the correct assess-
ment of power system stability and tuning PSS parameters. 
Recently, a wide area measurement system (WAMS), which 
is a system of synchronized phasor measurements, has been 
used in international practice to study the quasi-dynamic and  
transient characteristics of the system and LFO [8, 9]. 

Based on the seriousness of the LFO problem for the 
power system stability, it is important to correctly identify 
them using WAMS data, an assessment of dangerous modes 
impact, and develop an algorithm for tuning PSS parameters. 
Therefore, research on the development of the method for 
identification and damping dangerous LFO modes in real 
time is relevant for power system stability.

2. Literature review and problem statement

The study of low-frequency oscillations is an important 
research area for the stability of power systems with long 
transmission lines. The main reasons for LFO are the oc-
currence of power imbalance in systems interconnected by 
transmission lines, mechanical mass oscillations, a change 
in the synchronous operation of the generators in the power 
system due to incorrect tuning parameters of the excitation 
systems, AVR, and PSS [10]. The interaction occurs during 
the transmission of the oscillation initiated by one system 
through intermediate subsystems into another system caus-
ing the development of transient processes in regions remote 
from the oscillation point. 

Analysis of the recorded emergency events in power sys-
tems of different countries has shown that the largest number 
of power system blackouts were caused by oscillations with 
frequencies from 0.1 to 0.7 Hz. Based on many previous 
works, these LFOs are considered in international practice as 
the most dangerous. In research [11] are presented an over-
view of low-frequency oscillation phenomena in power sys-
tems, a case study in a simple system, and dangerous oscilla-
tions defined at a frequency of 0.1–2.0 Hz. In [12] researched 
the nature of the electromechanical oscillations in power 
systems, and outlined local-area oscillations with frequency 
from 0.7 to 2 Hz and inter-area oscillations from 0.1 to 0.8 Hz.  
Also, in work studied the influence the power system struc-
ture, modeling of a generator, excitation type, system loads, 
and DC link. In work [13] a classification of stability is given, 
with the definition of dangerous inter-area oscillations with a 
frequency range of 0.2–0.8 Hz, the work still presents several 
recorded accidental events in Continental Europe with the 
presence of electromechanical oscillations.

One of the first major accidents caused by LFO was 
recorded in North America in October 1964, during tests 

to combine the Northwest Power System with the South-
west [14]. A power oscillation with a frequency of 0.1 Hz was 
observed along an intersystem power line. Since this emer-
gency event, many incidents involving LFOs in transmission 
networks have been reported around the world. A few exam-
ples of such incidents in large power systems are given below:

1. In the late 1970s and early 1980s, low-frequency power 
oscillations were discovered in the UK power system along 
an intersystem power line connecting Scotland and England. 
Operational experience has shown that these oscillations 
were due to the relatively long line and its high load in the 
transmission of electricity from Scotland to England. Many 
measurements made from 1980 to 1985 showed that oscilla-
tions occurred when power flow reached a certain level, and 
often the oscillation had a frequency of 0.5 Hz [15].

2. In 1984, constantly present LFOs were recorded in 
Taiwan’s power system. These oscillations were usually ob-
served when overloading of extended high-voltage power lines 
occurred. This phenomenon was discovered when a decrease 
in the transmission of electric power over extended lines im-
proved the damping of these oscillations. Installation of PSSs 
in power plants made it possible to successfully damp LFO. 
Subsequent studies revealed other factors such as AVR gain 
and the nature of the load, affecting oscillation damping [16].

3. On August 10, 1996, a major accident occurred in the 
western power system of North America (WSCC), when 
9 million customers were left without electricity for 7.5 hours.  
It was later found that the cause of such a large-scale accident 
was LFO having the most dominant modes of 0.2~0.3 Hz. 
These oscillations led to the shutdown of a 500 kV over-
head (OHL) line that was overloaded at that time and had 
low voltage. The accident spread quickly with a shutdown 
of neighboring lines and some of the generating units, which 
ultimately led to the separation of the western power system 
into four isolated areas [17].

Identification of LFOs and detection of dangerous modes 
of oscillation is the primary task. Accordingly, it is necessary 
to create an effective system to monitor and identify LFOs in 
the power system. 

The emergence of synchronized phasor measurement 
technologies makes it possible to create a system for monitor-
ing the power system’s steady-state and transient stability, 
as well as on its basis the possibility of creating a real-time 
test system [8]. In [18] authors provides an overview of the  
WAMS system, the ability of monitoring power system stabi-
lity in real time and the stages of implementation in the po- 
wer systems of Brazil, India, Continental Europe, North 
America and other large power systems. The paper [19] 
presents the history of WAMS development in China, the 
structure of its construction, as well as the functionality of 
the system including monitoring of oscillatory stability and 
transients and the possibilities of expansion. That makes it 
possible to predict dangerous modes leading to stability failure, 
including oscillation stability control.

After identification of LFO in the power system it is 
necessary to correctly tune the PSS parameters for damping 
dangerous oscillations. Scientists and engineers have pro-
posed many methods for optimal tuning of PSS parameters 
to improve the power system operation stability. The tuning 
methods can be divided into two categories – practically 
used and those of scientific interest.

Methods based on the amplitude-frequency response, 
gradient descent, and others are used as practical methods 
by excitation systems and PSS manufacturers, as well as by  
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R&D institutes. As mentioned in [20, 21] programs, based on 
frequency methods began to be developed to study oscilla-
tion stability in the twentieth century. These programs were 
used to analyze the effects on the regions of oscillation stabil-
ity. Further improvement of the algorithms was carried out 
by rationalizing the initial equations for joint optimization of 
several station excitation system parameters. This problem 
was solved by calculating the curves of equal stability degree 
one by one based on programs with the D-partitioning pro-
cedure. By the 1980s, disadvantages of the D-partitioning 
method began to appear, especially in the search for AVR and 
PSS parameters settings of complex multi-machine power 
systems [22]. The above methods have proven their reliabili-
ty when setting the parameters of AVR and PSS of synchro-
nous generators in power plants that only allow the modeling 
of simple third-order generator models in the absence of large 
computing power and industrial calculation programs. Today, 
with the development of a full-fledged control system and 
the development of computers and programs for modeling 
dynamic processes of the power system in the programs – 
Matlab, PowerFactory, PSS/E, RSCAD, and RTDS, it has 
become possible to use other methods of finding the optimal 
parameters for tuning the AVR and PSS.

PSS tuning optimization algorithms have been of sci-
entific interest in recent years. The most popular optimi-
zation algorithms for tuning AVR and PSS parameters are 
Particle Swarm Optimization (PSO) and Genetic Algo-
rithm (GA) [23, 24]. PSO is one such heuristic method based 
on swarm intelligence. PSO was developed in 1995 [25]. This 
method is based on the social and cognitive behavior of indi-
viduals in a swarm, such as a swarm of fish or locusts. The al-
gorithm used is considered simple and efficient to implement. 
The optimization heuristic algorithms are not applied in prac-
tice when setting the parameters of the AVR and PSS, because 
there is no guarantee that the parameters found are optimal for 
the generator in question. For these optimization algorithms, it 
is necessary to correctly determine the optimization function, 
select the parameters and set the limits for them. These algo-
rithms are more applicable for distribution networks in the 
optimization of the power-flow distribution to reduce power 
losses and to find optimal nodes for the placement of compen-
sation devices [26, 27].

According to the research [28, 29] in recent years scien-
tists and engineers are also actively studied the residue 
method for tuning PSS parameters. This method is further 
considered for tuning the PSS parameters as part of the pro-
posed algorithm.

Emergency events [11–17] caused by LFO resulted in sig-
nificant consumer outages in power systems around the world 
and reduced power capacity on transmission lines. Outages 
of consumers and lines capacity limitation always leads to 
negative social and economic consequences. At the same time, 
studies of the accidents were carried out in different ways, 
and were not always accurate, due to the lack of synchro-
nized measurement technology. But definitely state that the 
frequency of dangerous electromechanical oscillations was 
always in the range from 0.1 to 4 Hz.

The development of synchronized phasor measurement 
technology has provided an opportunity to monitor transients 
in the power system [8, 18, 19] in particularly dangerous elec-
tromechanical oscillations. However, it is not specified that 
for correct monitoring it is necessary to properly install PMU 
devices at power facilities, how to organize the structure of 
data transceiving, as well as solutions to create a system for 

retuning the parameters of control automation devices in real 
time. With the organization of good communication channels 
between facilities, it is possible to use WAMS also for emer-
gency automatics. Consequently, this article presents a study 
of the possibility of using WAMS to create an adaptive system 
of power system mode control and dangerous LFOs.

A further step after identification is the damping of dange-
rous oscillations to improve stability, to achieve this, engineers 
and scientists have indicated the effectiveness of using PSS 
device [1–4, 10]. But it is not enough just to install the PSS in  
a power plant, its PSS parameters must be properly configured.  
If it is tuned incorrectly, the system stability will only decrease 
due to the wrong assignment for the synchronous generator’s 
excitation system. On this basis, various ways of PSS tuning 
are studied [20–24, 26–29], each of which has its advantages 
and disadvantages related to the calculation model formation, 
the input data of the system, as well as the power system 
structure. Features of the power system structure are related 
to the total power consumption and generation, the length and 
number of transmission lines, the remoteness of power plants, 
and the types of excitation system with PSS.

The analysis of literature review revealed that at pres-
ent, power systems with large power transmission schemes 
between large stations by weak lines encounter several prob-
lems due to the features of static and oscillatory stability dis-
turbance. These problems lead to the need to develop algo-
rithms for the transient modes identification and oscillatory 
stability based on WAMS data and to develop algorithms for 
damping dangerous oscillations using the adaptive model of 
the power system in the control loop. In turn, the creation 
of such a system will increase the power system stability and 
increase the transmission capacity, which is much more eco-
nomical than the construction of new power lines.

3. The aim and objectives of the study

The purpose of research is to identification and damping 
low-frequency oscillations which pose a risk to the power 
system stability. 

To achieve the aim, the following objectives are accom-
plished:

– to identify LFO which poses a risk to the system sta-
bility based on synchronized phasor measurement data from 
the WAMS system;

– to carry out modal analysis for evaluation of LFO pa-
rameters by determining the position of the characteristic 
equation roots (eigenvalue) on the s-plane;

– to define an optimal method for tuning power system 
stabilizer parameters to improve the oscillation stability of 
power system operation;

– to design an algorithm for identification and damping 
dangerous modes of LFO in real time when changing the 
parameters of the power system. 

4. Materials and methods of research

4. 1. Hardware and software system for identification 
of low-frequency oscillations in the Republic of Kazakh-
stan power system

The paper discusses the identification and damping of 
dangerous oscillations using new methods and technologies 
with proposing an algorithm for real time operation. 
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A wide area monitoring system is based on data coming 
from a synchronized phasor measurement unit (PMU) and 
is in wide use now. WAMS allows the identification of LFO. 
For example, the WAMS recorded constant low-frequency 
oscillations between the North and South of Europe with fre-
quencies of 0.2–0.3 Hz and between the Western and Eastern 
parts at 0.4–0.5 Hz [30].

Based on the successful expe-
rience of using WAMS in many 
power systems around the world, 
the System Operator of the Re-
public of Kazakhstan together 
with the research center at the 
Almaty University of Power Engi-
neering and Telecommunications,  
implemented a WAMS system, 
based on General Electric equip-
ment, in the 500-kV grid in 2019. 
The WAMS structure in the Re-
public of Kazakhstan is estab-
lished by installing 39 PMU de-
vices at 500 kV substations along 
the North-South transit with a 
length of more than 1300 km and 
which is connected to the power 
systems of Central Asia, Siberia, 
and Urals. The transmission net-
work is shown in Fig. 1.

 

Fig.	1.	The	«North-South»	transit	of	500	kV	OHL		
in	the	Republic	of	Kazakhstan’s	grid

Since the WAMS system implementation in the Republic 
of Kazakhstan’s National Electric Networks, analytical work 
has been carried out on the nature of changes in mode 
parameters during oscillations in the system, in particular, on 
LFO identification.

4. 2. Evaluation methods of the low-frequency oscilla-
tions parameters

Electric power systems have a complex structure in which  
the network parameters the state of transmission lines, 
transformers, generators, and other equipment, and as a con- 
sequence, the system parameters voltage, frequency, active, 
reactive power, etc., are changing constantly. There are various 
criteria for assessing the stability and reliability of power 

system operation with the main classification into rotor angle, 
frequency, and voltage stability as shown in Fig. 2 [1].

The focus of research in this paper is to maintain the os-
cillatory stability of the power system, which refers to rotor 
angle stability. Calculations of oscillatory stability need to be 
performed to clarify the range of acceptable modes and to de-
termine effective measures to prevent oscillatory instabilities 
using eigenvalue analysis techniques. 

One of the main indicators of system stability is the posi-
tion of the roots of the characteristic equation (eigenvalue λ)  
on the s-plane [1]. An estimate of the impact of the LFO 
mode on the stability of the power system by eigenvalue ana-
lysis can be made by performing modal analysis [31]. 

Proceeding from the modal analysis, it is accepted that 
low-frequency modes with a negative value of damping ratio 
are the source of power system instability and those below 
5 % are a threat to system stability. Modes in the range of 
5 to 10 % also need to be controlled [5]. Accordingly, these 
criteria were applied in the analysis of simulation results to 
identify dangerous LFO modes on the system. Boundaries 
on the plane for the eigenvalue of LFО modes, which divides 
them into dangerous or safe for power system stability, and 
modes that are worth paying attention to are shown in Fig. 3.

The real eigenvalue component shows damping and the 
imaginary component shows the oscillation frequency. The 
negative real part represents the damped oscillation and the 
positive part the increasing oscillation. Accordingly, this 
eigen value pair (λ) is expressed as (1):

λ s ωi i dij= ± , (1)

where s is damping coefficient; jωdi is frequency of oscil-
lation. The frequency of oscillation in Hz: f = ω/2π.

This corresponds to the actual or damped frequency. For 
real-time data analysis, it is important to know the damping 
ratio (z) calculated from the expression (2):

z
s

s ω
i

i

i di

=
−

+2 2
, (2)

The damping ratio (z) determines the rate of damping 
of the oscillation amplitude. An important indicator of the 
damping ratio of low-frequency oscillations is the damping 
time (t), which is the time in which the maximum amplitude 
of the oscillation decreases to 36.7 % (1/e) of its initial value.

Power 
system 
stability

Frequency stability

Rotor angle stability

Voltage stability

Small-disturbance 
voltage stability

Transient stability

Short term

Short term

Long term

Large-disturbance 
voltage stability

Small-disturbance 
voltage stability

Short term

Long term

 
Fig.	2.	System	stability	classification
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For identification of dangerous modes with a damping 
ratio of less than 5 % on the s-plane was developed model of 
the Republic of Kazakhstan power system on the program 
DigSilent:PowerFactory.

4. 3. Tuning power system stabilizer parameters using 
the residue method

PSS is part of the excitation system of a synchronous ge-
nerator. It is necessary for damping of LFO and accordingly 
stabilization of the power system. The location of the PSS in 
the generator control system, as well as its input and output 
signals, are shown in Fig. 4.

The following is a brief description of this method for 
tuning the PSS parameters. Let’s consider the simplest PSS 
feedback circuit, shown in Fig. 5. The input signal in the 
transfer function used to calculate H(s) is the regulator refe-
rence voltage and the output signal can be the rotor speed of 
the generator, the electrical power at the generator output, 
or eventually, the accelerating power (Pa = Pm–Pe). These 
output variables are chosen because they are associated with 
high participation factors in the analysis of electromechani-
cal modes.

The main equation for the PSS transfer equation, Tpss, is (3):

T K H ePSS PSS PSS
j HPSS= arg( ). (3)

Provided that the transfer function of the feedback is 
only a gain of a relatively small value, the shift of the eigen-
value is opposite to the direction of the residual connected as 
shown in Fig. 6 and described by (4):

∂
∂

= − → ∂ = −
λ

λi
i i ik

r r k. (4)

Considering the whole PSS transfer func-
tion, (4) changes to (5), (6):

Δλ i i PSS PSSr K H= − , (5)

Δλ i PSS i PSS
j r HK r H e i PSS= − +(arg( ) arg( )). (6)

It is usually necessary to increase the 
damping of the mode without too much 
change in its frequency, since the PSS is tuned 
to a specific mode and, therefore, to a specific 
frequency. One way to proceed is to change 
the direction of the displacement (initially 
arg(ri)+180°) by correctly selecting arg(HPSS) 
to make this eigenvalue move along the real 
axis to the negative side (Fig. 7 and (7)):

arg arg

arg arg .

r H

H r

i PSS

PSS i

( )+ ( ) = ↔

↔ ( ) = − ( )
0

 (7)

Based on the fact that change the direction of the dis-
placement for 180° may not always be optimal the residue 
method for tuning PSS continues to be developed [32, 33].

 
HPSS(s) 

H(s) 

KPSS 

Δu Δz 

Fig.	5.	Power	system	stabilizer	feedback	diagram

 

λi,after 

λi 

Δλi=–rik 

ri arg(ri) 
Im 

Re 

Fig.	6.	Eigenvalue	displacement	due	to	a	feedback		
transfer	function	of	gain	K

 

λi,after λi 

Δλi=–KPSS|ri||HPSS| 

ri arg(HPSS) 
Im 

Re 

ωi 

σi σi,des 
Fig.	7.	Eigenvalue	displacement	with		

a	tuned	power	system	stabilizer

 

jω
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ous for the stability 
of the power system
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2. Damping ra-
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Threat for sys-
tem stability
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4. Damping ratio 
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cause a shutdown 
of the power sys-

Im

Re

Fig.	3.	Eigenvalue	location	on	the	s-plane

Voltage 
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control 
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Δf 
Δω 
or ΔP 
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Fig.	4.	Generator	control	structure
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5. The results of the low-frequency oscillations 
identification and revised algorithm for their damping

5. 1. Identification of low-frequency oscillations in the 
Republic of Kazakhstan power system by using Wide Area 
Measurement System

A study of oscillatory stability using the WAMS in the 
Republic of Kazakhstan’s grid showed the presence of non-
damped inter-area LFO with frequencies range of 0.3–0.4 Hz 
and oscillation duration of up to 4–5 minutes. These LFOs 
not only limit the power flow capacity of the North-South 
transit but can also lead to major system accidents in the post-
fault regime during transit operation in the maximum allowed 
power flow. Over the monitoring period, the longest and 
weakly damped LFOs were selected and identified. Recorded 
events for the period 2020–2021 on transit «North-South» of 
the Republic of Kazakhstan’s grid are shown in Table 1.

Based on the recorded LFOs in the Republic of Kazakh-
stan’s grid specified in Table 1, it can be concluded that  
a significant part is inter-area oscillations. Further, using the 
example of events No. 1, 2 mentioned in the table, graphs 
from the WAMS system on the change in active power, volt-
age, and frequency for the objects of the 500-kV network  
are presented.

Event No. 1. Date 2020-11-25, start time 11:52:20, 
duration of oscillatory process 9 minutes, frequency of  
LFO – 0.35 Hz.

The maximum amplitude of the power flow oscillations 
during the LFO event is fixed at OHL-500 kV Shu-Frunze 
and is about 140 MW, the transmitted active power fluctu-
ates in the range from 640–500 MW as shown in Fig. 8).

The maximum amplitude of system frequency oscillations 
is fixed on the «Shu» 500 kV substation and the oscillations 
in the range of 49.96–50.02 Hz are shown in Fig. 9. The no-
minal frequency of the system is 50 Hz.

Event No. 2. Date 2020-12-14, start time 08:45:55, 
duration of oscillatory process 4 minutes, frequency of  
LFO – 0.31Hz.

The maximum amplitude of the power flow oscillations 
during the LFO event is fixed at 500 kV OHL «Republic 
of Kazakhstan – Central Asia» and is about 150 MW, the 
transmitted active power fluctuates in the range from 520 to 
740 MW as seen in Fig. 10.

The maximum amplitude of system frequency oscillations 
is fixed on the «Zhambyl» 500 kV substation and oscillations 
in the range of 49.98–50.05 Hz in Fig. 11.

Analysis of mode parameters in the power system of the 
Republic of Kazakhstan and Central Asia by using WAMS 
shows weak damping of the LFO with a frequency range of 
0.3–0.4 Hz along the entire transit «North-South», which 
indicates the presence of inter-area oscillations.

5. 2. Evaluation results of the low-frequency oscilla-
tions parameters

In the developed model of the Republic of Kazakhstan 
power system on the program DigSilent:PowerFactory, dan-
gerous modes with a damping ratio of less than 5 % are iden-
tified on the s-plane. It was determined that the source of 
these is the Moynak hydropower plant, which is connected 
to the system by two 220 kV transmission lines with a length 
of about 220 km. The results of the eigenvalue analysis are 
shown in Fig. 12.

Table	1
Results	of	LFO	monitoring	in	500	kV	power	grid	by	using	WAMS

No.
Date  

(day/month/year)
Oscillations start time 

(hour/min/sec)
Duration of 
oscillations, 

Natural frequen-
cy of LFO, Hz

Maximum fixed oscillations amplitude of:

Active power, MW Voltage, kV Frequency, Hz

1 25.11.2020 11:52:20 9 min. 0.35 ±140 ±10 ±0,06

2 14.12.2020 08:45:55 4 min. 0.31 ±150 ±20 ±0,07

3 18.12.2020 08:43:40 4.5 min. 0.38 ±100 ±7 ±0,05

4 12.032021 21:29:40 3 min. 0.33 ±70 ±10 ±0,04

5 12.03.2021 21:36:30 4 min. 0.34 ±80 ±15 ±0,05

6 16.03.2021 19:56:30 4.5 min. 0.36 ±80 ±15 ±0,05

 
Fig.	8.	Graph	of	active	power	change	on	500	kV	line	in	South	zone,	MW
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Fig.	9.	Graph	of	frequency	change	at	«Shu»	500	kV	substation	(South	zone),	Hz

 
Fig.	10.	Graph	of	active	power	change	on	500	kV	OHL	«Republic	of	Kazakhstan	–	Central	Asia»,	MW

Fig.	11.	Graph	of	frequency	change	at	«Zhambyl»	500	kV	substation	(South	zone),	Hz
 

The eigenvalue plot, Fig. 8, shows the presence of the 
dangerous LFO mode with a frequency of 0.328 Hz and  
a damping ratio is 2.2 %. In addition to this mode, there are 
also LFOs in the frequency range from 0.39 Hz to 1.6 Hz 
with a damping ratio of less than 10 %.

Therefore, identified electromechanical oscillations 
with a frequency of 0.3–0.4 Hz in the power system of the 
Republic of Kazakhstan according to WAMS, were also 
determined in the developed model by eigenvalue analysis 
on the plot.
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5. 3. Damping of low-frequen-
cy oscillations with tuning power 
system stabilizer using revisited 
residue method

New research has determined 
that phase compensation at 180° is 
not always optimal when looking for 
PSS parameters, and a better result 
may be at a different angle. If the 
phase compensation is calculated to-
gether with the gain coefficients us-
ing a consistent optimization prob-
lem, better results are achieved [32]. 
It is thus necessary to consider the 
change in the phase shift to the opti-
mal angle, as shown in Fig. 13.

Once the displacement λi is in 
the desired direction, the new goal 
is to obtain the desired degree of 
damping zi, des for that mode (8):

z
s

s ω
s

z ω

z
i des

i des

i des di

i des
i des i

i des

,
,

,

,
,

,

.= −
+

↔ = −
−2 2 21

 (8)

For small KPSS|HPSS| values, the following equation 
holds (9), (10):

Δλ s si i i des PSS PSS iK H r= − =, , (9)

K H
rPSS PSS

i

i

=
Δλ

. (10)

After tuning the PSS parameters by this method and 
considering the optimal phase shift, it is necessary to perform 
modal analysis and calculate the system’s transient process 
parameters to obtain positive results for the damping of LFO. 
At the same time, it is necessary to tuning PSS parameters 
to increase the damping of the investigated dangerous LFO 
modes and not to worsen the state of other modes.

5. 4. Results of the developed algorithm for identifica-
tion and damping low-frequency oscillations

This section presents the algorithm for tuning the PSS 
parameters for damping dangerous LFO. The novelty is 
the study of applying the residue possibility method when 
creating a model of the generator and power system based 
on data from the WAMS and Supervisory Control and Data 
Acquisition (SCADA) systems. Application of real-time data 
from WAMS with the creation of a Wide Area Damping Sys-
tem (WADS) to improve the stability and damping of LFO 
is actively studied these days [34–37].

Based on the described criteria for assessing the danger-
ous LFO modes using the eigenvalue analysis methods (eige-
nvalue analysis), the analysis of PSS tuning methods and the 
possibility of updating the model according to the WAMS 
and SCADA systems, a new algorithm, shown in Fig. 14, for 
damping of LFO oscillations in real time is proposed.

According to the proposed algorithm, the PSS parame-
ters will be tuned based on real-time data from WAMS and 
SCADA and the residue method for calculation parameters.

 
Fig.	12.	Modal	analysis	for	Moynak	HPP	in	the	Republic	of	Kazakhstan’s	power	system
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Fig.	13.	Eigenvalue	displacement	with	a	well-tuned	power	system	stabilizer
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6. Discussion of the results of the proposed algorithm for 
identification and damping low-frequency oscillations

Identification and analysis of electromechanical oscilla-
tions in the Republic of Kazakhstan power system by using 
WAMS shows weak damping of the LFO. Frequency range 
of dangerous LFO are 0.3–0.4 Hz along the entire transit 
«North-South», as presented in Table 1, which indicates the 
presence of inter-area oscillations. Accordingly, the weak 
damping of the LFO in the power system of the Republic of 
Kazakhstan may indicate the need to adjust the operation of 
the excitation system, in particular, the PSSs at the power 
plants and the neighboring Central Asia republics for damp-
ing inter-area LFOs.

The modal analysis on eigenvalue plane in the developed 
South zone of the Republic of Kazakhstan power system 
shows the presence of the dangerous LFO mode. As shown 
in Fig. 8, this oscillation has a frequency of 0.328 Hz and  
a damping ratio is 2.2 %. In addition to this mode, there are 
also LFOs in the frequency range from 0.39 Hz to 1.6 Hz 
with a damping ratio of less than 10 %.

For damping dangerous modes of low-frequency oscilla-
tions by tuning PSS parameters with the revisited residue 
method. The method is considering the optimal phase shift, it 
is necessary to perform modal analysis and calculate the sys-
tem’s transient process parameters to obtain positive results 
for the LFO damping.

As a result, the paper presented an algorithm for the LFO 
identification, evaluation of their danger and further damping 
by retuning the PSS parameters. Based on the structure of the 
proposed algorithm, the current state of the generators, step-
up transformers, and power lines come as telemetry informa-
tion from the SCADA server. Synchrophasor measurements 
of voltage angle, voltage magnitude, current, and frequency 

come from the WAMS server. After receiving the information, 
the following is performed an assessment of the power sys-
tem state, calculation of the mode, calculation of transient’s 
stability, modal analysis, identification of local and inter-area 
dangerous LFO modes, and identification of sources of insta-
bility. After the identification of dangerous LFO modes (with 
frequency from 0.1 to 4 Hz) starts the process of calculating 
the PSS parameters for damping LFO. The process of PSS pa-
rameters tuning begins with the formation of the power plant 
connection diagram to the system. In the PSS parameters 
tuning algorithm, the first step is the construction of a Bode 
diagram and the second step is the calculation of parameters 
with the residue revisited method. After tuning the PSS pa-
rameters, the next stage is the verification of the new param-
eters by modal analysis and transient stability calculation in 
the power system model. If the damping ratio is insufficient 
(less than 10 %), the PSS parameters are corrected according 
to the revisited residue method. Overall, according to the 
proposed algorithm, PSS parameters will be tuned based on 
the current state of the power system.

In real operation, the proposed algorithm will have limi-
tations due to the quality of data transmission channels 
from power facilities to the central WAMS server [38] and 
quantity and locations of PMUs in power system [39]. Also, 
me thod has technical difficulty in identifying the dangerous 
LFO mode in real time because of data transmission de-
lay [40]. Timely determination of dangerous LFO is neces-
sary for the tuning PSS parameters at specific generator and 
further damping this LFO. Also, for the reason that in a large 
power system main frequency is not the same at every area, 
which makes it difficult to determine the specific generator 
where the PSS parameters need to be tuned.

Therefore, the development of this study may consist of 
optimize the WAMS uncertainties and refinement of search 

Fig.	14.	Proposed	algorithm	for	damping	dangerous	low-frequency	oscillations	modes	based	on	residue	method
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the dangerous LFO modes for definition which eigenfrequen-
cy of electromechanical oscillation need to damp by tuning 
PSS at specific generator or group of generators. 

7. Conclusions

1. According to the WAMS data, identification of inter- 
area electromechanical oscillations, and determination of 
their frequencies and oscillations amplitude were performed. 
The WAMS system in the Republic of Kazakhstan is imple-
mented by installing 39 PMU devices at 500 kV substations 
and server equipment in the dispatch center of the System 
Operator. Over the past 3 years, an analysis of electromecha-
nical oscillations has been conducted, which identified that 
the LFO frequencies are in the range from 0.3 to 0.4 Hz, with 
the amplitude of the active power oscillations on the power 
lines to 150 MW and duration up to 9 minutes. Thus, the 
presence of prolonged electromechanical power oscillations in 
the power grid of the Republic of Kazakhstan was determined. 

2. The modal analysis in the developed model of the 
Republic of Kazakhstan power system shows the dangerous 
LFO modes with a damping ratio is 2.2 % having eigenfre-
quency of 0.328 Hz and also LFOs with a damping ratio of 
less than 10 % having eigenfrequency range from 0.39 Hz  
to 1.6 Hz. These oscillations indicate an insufficient tuning of 
PSS parameters at power plants when changing the structure 
of the power system, especially ay Moynak HPP. According-
ly, it is necessary to retune the PSS parameters whenever 
changing the structure of the system.

3. An analysis of the existing methods of tuning PSS 
consisting of those used in practice and of scientific interest 
are presented. The residue method is investigated in detail, 
and accepted that optimizing the phase compensation for 
better damping of dangerous LFO modes because the com-
pensation at 180° is not always optimal. An algorithm for 
tuning PSS parameters based on the WAMS synchrophasor 

measurements analysis, control of the power system param-
eters from SCADA data, identification of dangerous LFOs 
and the revisited residue method for tuning PSS parameters 
is proposed in this paper. 

4. The proposed algorithm consists of three tasks – the 
first task is data collection from WAMS, and SCADA 
systems and updating the calculation model based on the 
current structure of the power system, the second task is 
the identification of dangerous LFOs and modal analysis, 
and the third task based on a revisited residue method for 
determining the tuned PSS parameters and verification of 
the new parameters by modal analysis and transient stability 
calculation in the power system model. Consequently, using 
the proposed algorithm, PSS parameters will be tuned for 
damping dangerous LFOs modes based on the current struc-
ture of the power system.

Simulation results according to the algorithm on the Re-
public of Kazakhstan’s real power system example with the 
tuning of PSS parameters will be presented in Part II.

Conflict of interest

The authors declare that they have no conflict of inte-
rest in relation to this research, whether financial, personal,  
authorship or otherwise, that could affect the research and its 
results presented in this paper.

Financing

The study was performed without financial support.

Data availability

The manuscript has no associated data.

References

1. Kundur, P., Malik, O. P. (2022). Power System Stability and Control. McGraw-Hill. Available at: https://www.accessengineering-

library.com/content/book/9781260473544

2. Gupta, D. P. S., Sen, I. (1993). Low frequency oscillations in power systems: A physical account and adaptive stabilizers. Sadhana, 

18 (5), 843–868. doi: https://doi.org/10.1007/bf03024228 

3. Hatziargyriou, N., Milanovic, J., Rahmann, C., Ajjarapu, V., Canizares, C., Erlich, I. et al. (2021). Definition and Classification of 

Power System Stability – Revisited & Extended. IEEE Transactions on Power Systems, 36 (4), 3271–3281. doi: https://doi.org/ 

10.1109/tpwrs.2020.3041774 

4. Gonzalez-Longatt, F., Rueda Torres, J. L. (Eds.) (2018). Advanced Smart Grid Functionalities Based on PowerFactory. Green  

Energy and Technology. doi: https://doi.org/10.1007/978-3-319-50532-9 

5. Tokhtibakiev, K., Saukhimov, A., Bektimirov, A., Merekenov, M., Shubekova, K., Murat, A. (2017). Control of steady-state stability 

of 500 kV transmission lines in the National Electrical Networks of Kazakhstan using PMUs data. 2017 52nd International Univer-

sities Power Engineering Conference (UPEC). doi: https://doi.org/10.1109/upec.2017.8231859 

6. Zhang, X., Lu, C., Liu, S., Wang, X. (2016). A review on wide-area damping control to restrain inter-area low frequency oscilla-

tion for large-scale power systems with increasing renewable generation. Renewable and Sustainable Energy Reviews, 57, 45–58.  

doi: https://doi.org/10.1016/j.rser.2015.12.167 

7. Zolotas, A. C., Chaudhuri, B., Jaimoukha, I. M., Korba, P. (2007). A Study on LQG/LTR Control for Damping Inter-Area Os-

cillations in Power Systems. IEEE Transactions on Control Systems Technology, 15 (1), 151–160. doi: https://doi.org/10.1109/

tcst.2006.883232 

8. Zhao, J., Zhang, Y., Zhang, P., Jin, X., Fu, C. (2016). Development of a WAMS based test platform for power system real time 

transient stability detection and control. Protection and Control of Modern Power Systems, 1 (1). doi: https://doi.org/10.1186/

s41601-016-0013-1 



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 2/8 ( 122 ) 2023

16

9. Karavas, C.-S. G., Plakas, K. A., Krommydas, K. F., Kurashvili, A. S., Dikaiakos, C. N., Papaioannou, G. P. (2021). A Review of 

Wide-Area Monitoring and Damping Control Systems in Europe. 2021 IEEE Madrid PowerTech. doi: https://doi.org/10.1109/

powertech46648.2021.9495037 

10. Sallam, A. A., Malik, O. P. (2015). Power system stabiliser. Power System Stability: Modelling, Analysis and Control, 277–310.  

doi: https://doi.org/10.1049/pbpo076e_ch11 

11. Prasertwong, K., Mithulananthan, N., Thakur, D. (2010). Understanding Low-Frequency Oscillation in Power Systems. The Inter-

national Journal of Electrical Engineering & Education, 47 (3), 248–262. doi: https://doi.org/10.7227/ijeee.47.3.2 

12. Klein, M., Rogers, G. J., Kundur, P. (1991). A fundamental study of inter-area oscillations in power systems. IEEE Transactions on 

Power Systems, 6 (3), 914–921. doi: https://doi.org/10.1109/59.119229 

13. Technical background and recommendations for defence plans in the Continental Europe synchronous area (2010). Available at: 

https://eepublicdownloads.entsoe.eu/clean-documents/pre2015/publications/entsoe/RG_SOC_CE/RG_CE_ENTSO-E_De-

fence_Plan_final_2011_public.pdf

14. Schleif, F., White, J. (1966). Damping for the Northwest – Southwest Tieline Oscillations – An Analog Study. IEEE Transactions 

on Power Apparatus and Systems, PAS-85 (12), 1239–1247. doi: https://doi.org/10.1109/tpas.1966.291642 

15. Ashton, P. (2014). Exploiting Phasor Measurement Units for Enhanced Transmission Network Operation and Control. doi: https://

doi.org/10.13140/RG.2.2.20151.62883

16. Hsu, Y.-Y., Shyue, S.-W., Su, C.-C. (1987). Low Frequency Oscillations in Longitudinal Power Systems: Experience with Dy-

namic Stability of Taiwan Power System. IEEE Transactions on Power Systems, 2 (1), 92–98. doi: https://doi.org/10.1109/

tpwrs.1987.4335079 

17. Venkatasubramanian, V. (M.), Li, Y. (2004). Analysis of 1996 Western American Electric Blackouts. Bulk Power System Dynamics 

and Control - VI, 685–721. Available at: https://www.academia.edu/9198860/Analysis_of_1996_Western_American_Electric_

Blackouts

18. Phadke, A. G., Volskis, H., de Moraes, R. M., Bi, T., Nayak, R. N., Sehgal, Y. K. et al. (2008). The Wide World of Wide-area Measure-

ment. IEEE Power and Energy Magazine, 6 (5), 52–65. doi: https://doi.org/10.1109/mpe.2008.927476 

19. Xie, X., Xin, Y., Xiao, J., Wu, J., Han, Y. (2006). WAMS applications in Chinese power systems. IEEE Power and Energy Magazine, 

4 (1), 54–63. doi: https://doi.org/10.1109/mpae.2006.1578532 

20. Anderson, P. M., Fouad, A. A. (2002). Power System Control and Stability. Wiley-IEEE Press. doi: https://doi.org/10.1109/ 

9780470545577 

21. Gataric, S., Garrigan, N. R. (1999). Modeling and design of three-phase systems using complex transfer functions. 30th Annual IEEE 

Power Electronics Specialists Conference. Record. (Cat. No.99CH36321). doi: https://doi.org/10.1109/pesc.1999.785584 

22. Temgenevskaya, T. V. (2017). Methods of setting automatic excitation regulators of synchronous generators. Modern Technologies. 

System Analysis. Modeling, 3 (55). doi: https://doi.org/10.26731/1813-9108.2017.3(55).84-94 

23. Labdelaoui, H., Boudjema, F., Boukhetala, D. (2016). A multiobjective tuning approach of power system stabilizers using particle 

swarm optimization. Turkish Journal of Electrical Engineering & Computer Sciences, 24, 3898–3909. doi: https://doi.org/10.3906/

elk-1411-200 

24. Rodrigues, F., Molina, Y., Silva, C., aupari, Z. (2021). Simultaneous tuning of the AVR and PSS parameters using particle swarm 

optimization with oscillating exponential decay. International Journal of Electrical Power & Energy Systems, 133, 107215.  

doi: https://doi.org/10.1016/j.ijepes.2021.107215 

25. Kennedy, J., Eberhart, R. (1995). Particle swarm optimization. Proceedings of ICNN’95 - International Conference on Neural Net-

works. doi: https://doi.org/10.1109/icnn.1995.488968 

26. Sedghi, M., Aliakbar-Golkar, M., Haghifam, M.-R. (2013). Distribution network expansion considering distributed generation and 

storage units using modified PSO algorithm. International Journal of Electrical Power & Energy Systems, 52, 221–230. doi: https://

doi.org/10.1016/j.ijepes.2013.03.041 

27. Adepoju, G. A., Aderemi, B. A., Salimon, S. A., Alabi, O. J. (2023). Optimal Placement and Sizing of Distributed Generation for 

Power Loss Minimization in Distribution Network using Particle Swarm Optimization Technique. European Journal of Engineering 

and Technology Research, 8 (1), 19–25. doi: https://doi.org/10.24018/ejeng.2023.8.1.2886 

28. Cai, L. J., Erlich, I. (2005). Simultaneous Coordinated Tuning of PSS and FACTS Damping Controllers in Large Power Systems. 

IEEE Transactions on Power Systems, 20 (1), 294–300. doi: https://doi.org/10.1109/tpwrs.2004.841177 

29. Francois, D. (2015). An application of modal analysis in electric power systems to study inter-area oscillations. KTH Royal Institute 

of Technology, School of Electrical Engineering. Stockholm. Available at: https://www.diva-portal.org/smash/get/diva2:800004/

FULLTEXT01.pdf

30. Grebe, E., Kabouris, J., Lopez Barba, S., Sattinger, W., Winter, W. (2010). Low frequency oscillations in the interconnected system 

of Continental Europe. IEEE PES General Meeting. doi: https://doi.org/10.1109/pes.2010.5589932 

31. 421.2-2014 – IEEE Guide for Identification, Testing, and Evaluation of the Dynamic Performance of Excitation Control Sys-

tems (2014). doi: https://doi.org/10.1109/ieeestd.2014.6845300 



Energy-saving technologies and equipment

17

32. Marinescu, B. (2019). Residue phase optimization for power oscillations damping control revisited. Electric Power Systems  

Research, 168, 200–209. doi: https://doi.org/10.1016/j.epsr.2018.11.007 

33. Oscullo, J. A., Gallardo, C. F. (2020). Residue Method Evaluation for the Location of PSS with Sliding Mode Control and Fuzzy 

for Power Electromechanical Oscillation Damping Control. IEEE Latin America Transactions, 18 (01), 24–31. doi: https:// 

doi.org/10.1109/tla.2020.9049458 

34. Merekenov, M., Tokhtibakiyev, K., Bektimirov, A., Nigmatullin, R. (2020). The advancing assessment of power system stabi-

lity using smart grid technology. IOP Conference Series: Materials Science and Engineering, 994 (1), 012014. doi: https:// 

doi.org/10.1088/1757-899x/994/1/012014 

35. Yazdani, L., Aghamohammadi, M. R. (2015). Damping inter-area oscillation by generation rescheduling based on wide-area mea-

surement information. International Journal of Electrical Power & Energy Systems, 67, 138–151. doi: https://doi.org/10.1016/ 

j.ijepes.2014.11.018 

36. Ranjbar, S., Aghamohammadi, M., Haghjoo, F. (2018). A new scheme of WADC for damping inter-area oscillation based on CART 

technique and Thevenine impedance. International Journal of Electrical Power & Energy Systems, 94, 339–353. doi: https:// 

doi.org/10.1016/j.ijepes.2017.07.010 

37. Alinezhad, M. J., Radmehr, M., Ranjbar, S. (2020). Adaptive wide area damping controller for damping inter-area oscillations 

considering high penetration of wind farms. International Transactions on Electrical Energy Systems, 30 (6). doi: https:// 

doi.org/10.1002/2050-7038.12392 

38. Gore, R., Kande, M. (2015). Analysis of Wide Area Monitoring System architectures. 2015 IEEE International Conference on In-

dustrial Technology (ICIT). doi: https://doi.org/10.1109/icit.2015.7125272 

39. Huang, T., Wu, M., Xie, L. (2018). Prioritization of PMU Location and Signal Selection for Monitoring Critical Power System 

Oscillations. IEEE Transactions on Power Systems, 33 (4), 3919–3929. doi: https://doi.org/10.1109/tpwrs.2017.2776103 

40. Chaudhuri, B., Majumder, R., Pal, B. C. (2004). Wide-Area Measurement-Based Stabilizing Control of Power System Consid-

ering Signal Transmission Delay. IEEE Transactions on Power Systems, 19 (4), 1971–1979. doi: https://doi.org/10.1109/tp-

wrs.2004.835669 


