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Abstract. The development of the Wide Area Measurement Systems (WAMS) in the Unified Electric 
Power System (UES) of Russia and using phasor measurement technology (or PMU technology) open up 
new prospects in the electric power system (EPS) operational dispatch and automatic control. PMU 
devices installation on synchronous generators (SG) allows to obtain information not only about currents 
and stator voltages phasors, but also information about the excitation current and excitation voltage. This 
set of high-precision measurements of the network state parameters, in the presence of generators 
mathematical models, provides the possibility of calculating such parameters, the direct measurements of 
which are very difficult. One of these parameters, which can be determined using PMU, is the load angle 
of the SG (the angle between the generalized voltage phasor and the generator EMF phasor in the dq axis 
system) in the steady states and transients. The value of the load angle can be used to analyze the static 
and dynamic stability, as well as to quantify the damping properties of the SG at low-frequency 
oscillations (LFO) of the power systems electrical parameters. This study analyzes the possibilities for 
calculating the load angle based on a typical set of generator PMU signals: stator current and voltage 
vectors, excitation current and voltage. Two methods for calculating the load angle in steady states and 
transients have been developed and implemented. The first method is based on solving a system of 
nonlinear algebraic equations, and the basis of the second method is the mathematical model of the SG. 
The presented methods were tested using the SimInTech software package. Further, using the developed 
methods, the load angles of two turbogenerators installed at the plants of the Russian UES were calculated 
according to the PMU data of the parameters of the electromechanical transient process.  

1 Introduction 

The use of the PMU technology within the Wide Area 
Measurement Systems (WAMS) allows solving many 
urgent problems, contributing to an increase in the 
reliability of the operation of electric power systems 
(EPS) [1-3]. PMU devices are able to provide 
information about the voltages and currents phasors in 
steady states and transients with high discretization and 
accuracy [4,5]. Also, PMUs installed on synchronous 
generators (SG) make it possible to obtain the values of 
excitation current and excitation voltage [4,5]. Such a 
set of high-precision data opens up broad prospects in 
the field of verifying models of EPS objects, 
identifying the actual parameters of equivalent circuits, 
monitoring changes in the power systems electrical 
parameters, as well as analyzing transient processes in 
EPS [1]. The availability of PMU data in conjunction 
with the mathematical models of the generator 
provides the possibility of calculating such parameters, 
the measurement of which is impossible, or is 
associated with great difficulties. One of these 
parameters is the SG load angle (the angle between the 
generalized voltage phasor and the generator EMF 
phasor in the dq axis system). Information about the 
actual nature of the change in the load angle in various 
states can help in solving problems of analyzing the 

dynamic behaviour of generators and equivalents of 
power systems during transients. 

An urgent problem inherent in the EPS is low-
frequency oscillations (LFO) of the parameters of the 
electric power state [6, 7]. Arising due to the presence 
of various kinds of disturbing influences in the EPS, as 
well as due to the lack of sufficient damping, LFO 
reduce the reliability of the power system and can lead 
to a disruption of stability [6-9]. Therefore, it is 
important to ensure the stability of the EPS to solve the 
problems of identification, monitoring of LFO, as well 
as minimizing the negative impact of fluctuations on 
the power system. 

It is possible to determine whether a specific SG is 
a source of oscillations, as well as to characterize its 
quantitative participation in the damping of the LFO, 
by calculating the values of the synchronizing power or 
synchronizing energy of the generator [10–12]. 

To assess the synchronizing power and energy, it is 
important to have as accurate information as possible 
about the nature of the change in the load angle during 
the electromechanical process [10]. Direct 
measurements of the load angle, as well as 
synchronized measurements of the SG rotor speed, are 
almost always unavailable or difficult to implement in 
practice. Thus, the task of developing methods that 
could provide information on the nature of the change 
in the load angle of the SG both in real time, increasing 
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the steady states and in transients with acceptable 
accuracy is an urgent task. The presence of 
synchrophasors measurements will allow determining 
the load angles almost in efficiency of monitoring and 
identification of LFO, as well as the analysis of 
transient processes and the stability of the EPS. 

2 Methods for calculating the load 
angle 

2.1 Method based on the solution of nonlinear 
algebraic equations 

This method allows to determine the load angle of the 
SG in the steady states and transients according to the 
following equations, which are the dependences of the 
generator active and reactive powers on the load angle: 
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where gU is the positive sequence phasor modulus of 

the SG linear voltage; gP and gQ are the respectively 

active and reactive three-phase SG powers; qX is the 

synchronous reactance along the q axis; dX   is the 

transient reactance along the d axis; qE and   are the 

respectively transient EMF along the q axis and SG 
load angle. 

This method requires values of phase voltages and 
powers, which can be obtained with PMU. The 
modulus of the linear voltage positive sequence phasor 
is calculated based on information about the voltage 
phasors of the stator phases. In the system of nonlinear 
algebraic equations (1-2), the transient EMF and the 
load angle SG are unknown. The solution of the 
presented nonlinear equations makes it possible to 
obtain the dependence of the change in the value of the 
load angle during the transient. 

The presented method for calculating the load angle 
requires only measurements from the side of the SG 
stator, a minimum of passport SG parameters (only 
synchronous and transient resistances). Also, this 
method is not demanding on computing power. It 
allows to start the calculation from any measurement 
point, including from any moment during the transient, 
which makes it possible to use the described method to 
solve tasks in real time. However, the disadvantage of 
the method is that it does not take into account the 
influence of damper circuits, which can affect the 
accuracy of determining the load angle, and, as a result, 
the accuracy of calculating the synchronizing power 
and energy. Therefore, it is required to develop an 
approach that can most accurately take into account 
transients in all SG circuits. 

2.2 Method based on the mathematical model 
of a synchronous generator 

For a more complete account of the process in all SG 
circuits and, consequently, a more accurate the 
generator load angle determination, a method has been 
developed based on the “full” mathematical model of 
the SG based on the Gorev-Park equations [13,14]. 
This model takes into account transients in the stator 
circuit, in the excitation winding, as well as in damper 
circuits along the d and q axes. 
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where dU , qU , dI  and qI  are the respectively voltage 

and current phasors d- and q- components; d  and q  

are the respectively stator flux linkage d- and q- 
components; aR  is the resistance of the stator circuit; 

1dI  and 1qI  are the respectively damper circuit currents 

d- and q- components; fU  is the field voltage; fR  is 

the resistance of the field winding; 1dR  and 1qR  are the 

respectively damper circuits resistances d- and q- 
components; 1d  and 1q  are the respectively damper 

circuits flux linkages d- and q- components; 1dX  and 

1qX are the respectively damper circuits reactances d- 

and q- components; 1 fX  is the mutual reactance 

between the field winding and the damper circuit along 
the d-axis; 1adX  is the mutual reactance between the 

stator circuit and the damper circuit along the d-axis; 

1aqX  is the mutual reactance between the stator circuit 
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and the damper circuit along the q-axis;   is the angle 

between positive sequence voltage and current phasors; 
gI is the positive sequence current phasor modulus. 

Calculation using this method requires values of 
phase voltages and currents, excitation voltage and 
excitation current, which can be obtained with PMU. In 
equations (3-16), the derivatives are written in terms of 
finite differences, and at each step, an optimization 
problem is solved, where the unknowns determined in 
the calculation process are the flux linkages of the 
generator circuits, the currents of the damper circuits, 
and the load angle of the SG. When using the described 
method, the calculation starts from the previous steady 
state. 

The algorithm for calculating the load angle using 
the system of equations (3-16) is as follows: 

1. Downloading the required data from the PMU. If 
necessary, pre-processing and filtering of data is 
carried out. 

2. Calculation of the positive sequence of stator 
current and voltage. Recalculation of electrical 
parameters to relative unit values. 

3. Recalculation of generator parameters. In 
technical data sheets, passports and other 
documentation, synchronous, transient, subtransient 
reactances, as well as transient and subtransient time 
constants are given. In turn, the mathematical model 
based on the Gorev-Park equations uses the resistances 
and reactances of the generator circuits. Therefore, at 
this stage, it is required to recalculate the parameters in 
accordance with one of the existing approaches [15]. 

4. Calculation of the initial conditions according to 
the steady state data preceding the transient. 

5. Solution of the optimization problem, which 
results in the dependence of the change in the load 
angle during the process. 

Thus, this method requires a large number of 
measurements, including the parameters of the rotor 
circuit (excitation currents and excitation voltages), as 
well as a full set of generator parameters (calculated 
reactances, time constants, no-load excitation current 
and voltage). The calculation in accordance with this 
method must be started strictly from the steady state. 
However, the described approach most fully reflects 
the transients in the rotor circuits (excitation winding 
and damper circuits), as a result, providing a more 
accurate result of calculating the SG load angle. 

3 Case studies 

3.1 Experiments with model data 

Testing the performance of the developed methods, as 
well as assessing the accuracy of calculating the load 
angle during electromechanical transients, was carried 
out using dynamic simulation environment of the 
SimInTech software package. 

Using the model of a two-machine power system, 
data were obtained for currents, stator voltages, 
excitation currents and voltages during an 
electromechanical transient, which is a swing with 

increasing amplitude and a frequency of 0,86 Hz. Also, 
the actual (reference) values of the load angle were 
obtained from the model. Then the calculated values by 
the proposed methods were compared with the 
reference values. Figure 1 illustrates the block-schema 
of test dynamic model. 

 
Fig.1. Block-schema of test dynamic model 
 

Figure 2 shows a graph of the change in the active 
power of the modal generator and the results of 
calculating the load angle in comparison with the 
reference value during LFO simulation. 

 
Fig. 2. Active power and load angle during test LFO 
simulation 
 

In this figure and further, P is active power, LA_lac 
is load angle calculating by means of (1) and (2) 
equations; LA_p3c is load angle calculating by means 
of (3) - (16) equations; LA_ref is reference load angle 
from model. 

 
Experiments on model data have shown that, in 

steady state, the methods accurately determine the load 
angle. In the transient, although both methods give an 
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acceptable result, the accuracy of calculating the load 
angle using the SG «full» mathematical model is 
higher. Thus, the average difference between the 
calculation result and the standard at each 
measurement point was less than 0,5 degrees for the 
method based on the «full» mathematical model of the 
SG, and about four degrees for the method based on 
the solution of a system of algebraic equations. 

3.2 Experiments with real-field data 

Experiments with model data proved the efficiency of 
the developed methods and the correctness of the 
results of calculating the load angle in transients. At the 
next stage, these methods were used to calculate the 
load angle of real generators in the presence of 
oscillations in the EPS. Two turbogenerators were 
considered: one from the generators of the Power plant 
1 and one from the generators of the Power plant 2. In 
both cases, LFO took place. 

Figure 3 illustrates the graph of the change in the 
active power of the generator of the Power plant 1 and 
the part of the load angle calculating results during 
LFO. 

 
Fig. 3. Active power and load angle during LFO 
recorded at the Power plant 1 
 

Figure 4 shows a graph of the change in the active 
power of the Power plant 2 generator and the part of 
the load angle calculating results during LFO. 

 
Fig. 4. Active power and load angle during LFO 
recorded at the Power plant 2 
 

Table 1 shows the time for calculating the load 
angle of generators by different methods. 

Table 1. Comparison of calculation duration. 

Plant Method 
Calculation 
duration, s 

Time of 
transient, 

s 

Number 
of 

measuring 
points 

Power 
plant 1 

First 
method 

87,7 
220 11000 

Second 
method 

177,7 

Power 
plant 2 

First 
method 

136,7 240 12000 

 
An analysis of the results of calculating the load 

angle showed that the developed methods almost 
equally reflect the very nature of the angle change 
during the transient, however, there is a quantitative 
difference (primarily in amplitude) between the results, 
which is at least 10% in the transient. In steady state, 
the results are absolutely identical. Also, the duration 
of the calculation by the method based on the solution 
of a system of algebraic equations is almost two times 
less than by the method based on the use of the SG 
mathematical model. 

Based on the results, we can conclude that if it is 
necessary to speed up the calculations, as well as in the 
presence of only stator measurements, a method based 
on solving a system of nonlinear algebraic equations 
should be used. However, in this case, not taking into 
account the influence of damper circuits can lead to a 
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decrease in the accuracy of calculating the load angle. 
If a more complete consideration of the influence of all 
SG circuits is required, the load angle should be 
calculated using the «full» mathematical model of the 
generator. 

4 Conclusion 

The article proposes two methods for calculating the 
load angle. The first method is based on solving a 
system of nonlinear algebraic equations, requires only 
measurements of the stator circuit, has a short 
calculation time and can be used in real time. However, 
it does not take into account the influence of damper 
circuits. The second method is based on solving a 
system of equations representing the mathematical 
model of the SG, which takes into account transients in 
the stator circuit, excitation winding and generator 
damper circuits. This method requires not only 
measurements from the stator side, but also 
measurements of the excitation current and voltage. 
However, it gives a more accurate result. 

The developed methods were successfully tested 
using the SimInTech software package. Further, using 
the presented methods, the generators load angles of 
the Power plant 1 and the Power plant 2 were 
calculated according to the transients data in the power 
system. 

Further, the authors plan to continue research in the 
field of application of the calculated load angles in the 
tasks of developing methods for identifying the 
oscillations source, as well as methods for quantifying 
the participation of the SG in the LCO damping. 

References 

1. Zhukov A.V., Dubinin D.M. Development of the 
technology of phasor measurement unit data in the 
UES of Russia // Digital substation. – 2017. – 
No.8. – pp. 24-33. 

2. Zhukov A.V., Satsuk E.I., Dubinin D.M., Opalev 
O.L., Utkin D.N. Experience in the development, 
implementation and operation of the monitoring 
system of transitional modes in the UES of Russia 
// Reports collection of the 5th International 
Scientific and Technical Conference "Modern 
trends of the  relay protection systems and 
automation development in power systems". – 
Sochi, 2015. 

3. Neber A.A. Applied issues of application of phasor 
measurement unit data of electrical mode 
parameters // Reports collection of the 3rd 
International Scientific and Technical Conference 
"Modern trends of relay protection systems and 
automation development in energy systems". – 
Saint Petersburg, 2011. 

4. aUSS R 59364-2021. Relay protection and 
automation. Transient mode monitoring system. 
Norms and requirements; introduction. 2021-05-
01. Moscow: Standartinform, 2021. 

5. aUSS R 59365-2021. Relay protection and 
automation. Transient mode monitoring system. 

Phasor measurement unit. Norms and 
requirements; introduction. 2021-05-01. M.: 
Standartinform, 2021. 

6. Zhukov, A.V. Monitoring of low-frequency 
oscillations in electro-energy systems / A.V. 
Zhukov, T. G. Klimova, A. I. Rascheplyaev // 
Electricity. - 2013. – No. 2. – pp. 20-27. 

7. Methods for detecting fluctuations in the 
parameters of the electrical mode of the power 
system and their application for energy system 
management tasks / A.V. Zhukov, E. I. Satsuk, D. 
M. Dubinin [et al.] // Energetik. – 2018. – No. 12. 
– pp. 3-9. 

8. Klimova, T. G. Analysis of a periodic disturbances 
influence on a low-frequency oscillations 
occurrence in the power system / T. G. Klimova, 
M. V. Savvatin // Gazette of the Moscow Power 
Institute. Bulletin of the MEI. – 2015. – No. 6. – 
pp. 56-62. 

9. Opalev, O. L. Investigation of systemic interzonal 
low-frequency oscillations of the electrical mode 
parameters in the UES of Russia / O. L. Opalev // 
News of STC of UES. – 2018. – № 2(79). – Pp. 
54-72. 

10. S. Guo, F. Ouyang and F. Lv, A New Generator 
Control Device Level Disturbance Source 
Location Method of Power Oscillation Based on 
PMU. 2019 IEEE 3rd Conference on Energy 
Internet and Energy System Integration (EI2), 
2019, pp. 1558-1562, doi: 
10.1109/EI247390.2019.9061977. 

11. Guo Siyuan, Zhang Shoushou, Li Li , Song 
Junying, Zhao Yongsheng. An Oscillation Energy 
Calculation Method Suitable for the Dis-turbance 
Source Location of Generator Control Systems. 
Journal of Phys-ics: Conference Series. 1518. 
012081. 10.1088/1742-6596/1518/1/012081. 

12. Kovalenko, P. Y. Estimation of synchronous 
generator participation in low-frequency 
oscillations damping based on synchronized 
phasor measurements / P. Y. Kovalenko, Y. P. 
Zakharov, A. S. Berdin // WIT Transactions on 
Ecology and the Environment. – 2014. – Vol. 190 
VOL-UME 1. – P. 319-325. – DOI 
10.2495/EQ140311. 

13. Kundur P. Power System Stability and Control. – 
New York: McGraw-Hill 1994. 

14. Peter W. Sauer, M. A. Pai, Joe H. Chow. Power 
System Dynamics and Stability: With 
Synchrophasor Measurement and Power System 
Toolbox. IEEE, 2017, doi: 
10.1002/9781119355755. 

15. Canay, I.M. Modelling of alternating-current 
machines having mul-tiple rotor circuits. IEEE 
Transactions on Energy Conversion, vol. 8, no. 2, 
pp. 280-296, June 1993, doi: 10.1109/60.222719. 

E3S Web of Conferences 384, 01010 (2023) https://doi.org/10.1051/e3sconf/202338401010
RSES 2022

5


