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Abstract 

Large-scale centralized power systems interconnected by weak tie-lines is a 
typical feature of the state-of-the-industry power engineering. Another trend is 
distributed generation units integration with the resulting decrease of power 
system inertia constant and increasing sensitivity to small disturbances. In 
particular, in the case of significant power imbalance, periodic low-frequency 
oscillations of power system performance parameters may arise. Low- 
frequency oscillations in power systems are inherently non-linear and non-
stationary processes representing a superposition of numerous rotating masses 
movement components having mutual influence in a power region or power 
center. These situations imply the crucial role of monitoring each generator 
damping capability which is determined by the adjustment of the system 
regulators in use. 
     To estimate the synchronous generator capability to maintain synchronous 
operation under deviating frequency and load angle conditions synchronizing 
torque and corresponding synchronizing power are proposed to be used. The 
possibility to determine the synchronous machine synchronizing power is subject 
to the presence of the load angle variation data with the techniques for defining 
load angle without direct measurement using a system of assumptions have been 
analyzed. Numerous simulations have shown that the effect of assumptions can 
be evaluated as acceptable. 
     The main focus of the paper is the analysis of synchronizing power 
corresponding to the actual generator involved in the oscillations which had 
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arisen after a disturbance in the Unified Energy System of Russia. The supposed 
cause of the oscillations is improper automatic excitation controller operation. 
Keywords: low-frequency oscillations, phasor measurements, synchronous 
generator, generator load angle, synchronizing power. 

1 Introduction 

Low-frequency oscillations (LFO) of power system performance parameters 
during electromechanical transient processes conventionally result from the 
following situations: 

 decreasing or increasing frequency due to power generation and 
consumption imbalance occurrence in certain power region; 

 asynchronous operation of several power system parts; 
 power system separation; 
 congestion of intertie and through-connection transit power lines; 
 improper adjustment of power system regulators (automatic excitation 

controller, automatic turbine speed controller). 
     The resonance frequencies (eigen frequencies) of the power system and the 
frequencies of the power stations integrated to form a power region are 
individual but each of them represent different low-frequency components 
corresponding to mutual movement of certain parts of power systems or even 
whole power systems and natural frequencies of power stations generators. 
     Low-magnitude generators oscillations are taking place essentially all the 
time due to continuously power generation and consumption imbalance arising 
resulting in negligible frequency changes in power regions [1]. These oscillations 
are well damped and do not threaten power system stability. However in case of 
significant power imbalance in power systems periodic frequency deviations 
with magnitude in excess of 0.05 Hz may arise. These situations imply the 
crucial role of monitoring each generator damping capability which is 
determined by the adjustment of the system regulators in use. 

2 The concept of synchronizing power as a measure of the 
generator damping capability 

It is appropriate to adopt the quantity of energy spent by the generator on the 
counteraction of the rotor slip relative to the system frequency as a measure of 
damping qualities of the generator. This quantity is referred to as synchronizing 
energy and is considered during the interval corresponding to the period of 
electromechanical oscillation process. 
     To estimate the synchronous generator capability to maintain synchronous 
operation under deviating frequency and load angle θ conditions synchronizing 

torque ∂M
∂θൗ  and corresponding synchronizing power ∂P

∂θൗ  are to be used [2]. 
     Synchronous generator synchronizing energy corresponding to one period of 
LFO is determined by 
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Wsp=න Psሺtሻdt,
pe

ps
 

where Ps(t) is synchronizing power at the moment t, ݏ and ݁ are period 
starting time and period ending time, correspondingly. 
     Synchronizing energy corresponding to the whole time of LFO existence is 
defined as a sum of all Wsp corresponding to single periods of oscillations. 
     Assuming the absence of magnetic losses and electrical losses in armature 
winding which are negligible in state-of-the-industry synchronous generators the 
quantity of electromagnetic power is equal to active power of the generator 
Pem=Pg [2]. Having direct synchronized phasor measurements of active power 
and the load angle of the generator the synchronizing power at unspecified 
moment t is defined as 

 Ps(t)=
డሺ௧ሻ

డሺ௧ሻ
  

If system regulators are adjusted properly the synchronizing power always 
impedes changing power system frequency applying the synchronizing torque to 
decrease the difference between system frequency fs and rotor frequency fr.  
     Influence of the automatic excitation regulator of the synchronous generator 
involves changing Pem(t) and may be derived from excitation current If(t) 
measurements together with stator voltage Ug(t) and current Ig(t): 

Ifሺtሻ→Ugሺtሻ*Igሺtሻ→Pemሺtሻ. 

To define the quantity of synchronizing torque and synchronizing power 
corresponding to the actual synchronous machine operating conditions at 
predefined moment t the value of load angle θ is necessary. 
     Although technology of synchronized phasor measurements allow measuring 
the generator load angle as well as excitation voltage and current directly, 
measuring devices in use (in the Unified Energy System of Russia) do not 
support these functions. This paper describes the method that can be used in case 
of absence of direct measurements and implies deriving the load angle from the 
equations corresponding to the vector diagrams of the synchronous machine. The 
basic assumption is that load angle deviations Δθ are small, then 

sinሺΔθሻ≅Δθ=θ-θ0. 

     In this situation experimental or design-specified parameters of the generator 
can be used to determine the load angle according to the following expression: 

θ=arctgቆ
XqIq-RId

Ef-XdId-RIq
ቇ , 

where θ is the angle between excitation electromotive force Ef and voltage 
vector U; 
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Ef – excitation electromotive force, induced in the phase of armature winding by 
the mutual inductance field produced by excitation magnetomotive force; 
Xq, Xd – full inductance along the quadrature axis and the direct axis, 
respectively; 
Iq=Icosሺβሻ, Id=Isinሺβሻ – quadrature and direct phase armature winding current 
vector I=Id+jIq components; 
R – resistance of the phase of armature winding. 
 

     Numerous simulations have shown that the effect of assumptions can be 
evaluated as acceptable [3]. 

3 Practical example of synchronizing power assessment 

As an example of applying the proposed method participation of turbogenerating 
set with the nominal power of 800MW in damping the oscillations was assessed. 
The oscillations arose after a disturbance in the Unified Energy System of Russia 
[4]. Since the set of registered parameters was limited to stator voltages and 
currents the proposed method was applied. 
     The graph of the active power of the generator is represented at fig. 1. Fig. 2 
shows the obtained relation between the generator active power and its load 
angle for one period of LFO of marked intervals. 
     Moreover, the oscillation process itself proved to be highly non-linear. Fig. 3 
presents the non-linearity of the process compared to the sinusoidal oscillation of 
corresponding frequency and magnitude which are specified for every single 
period of oscillations. The process is zero-centered to provide better 
visualization. It can be seen that the positive half-period of actual oscillations is 
wider than the negative one. 
 
 

 

Figure 1: Generator active power oscillations. 
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Figure 2: Relation between the generator active power and its load angle. 

 

 

Figure 3: Non-linearity of actual low-frequency oscillations process. 

 
     The following quantities were determined for four 10-second intervals 
marked on the fig. 1: 

Pg
mean - mean value of the generator power; 

Pg
min - minimum value of the generator power; 

Pg
max - maximum value of the generator power; 

θmean - mean value of the generator load angle; 
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θmin - minimum value of the generator load angle; 

θmax - maximum value of the generator load angle; 

Psync
mean - mean value of synchronizing power (per degree); 

Psync
min  - minimum value of synchronizing power (per degree); 

Psync
max - maximum value of synchronizing power (per degree). 

      The results are presented in table 1. 
 

Table 1:  Results of the generator active power low-frequency oscillations. 

 

Interval I1 65 s–75 s I2 242 s–252 s I3 292 s–302 s I4 522 s–532 s 

Pg
mean, MW 804.53 835.08 798.59 670.76 

Pg
min, MW 664.16 610.13 674.95 654.57 

Pg
max, MW 913.47 970.99 890.66 684.73 

θmean, deg 52.37 50.13 52.65 52.66 

θmin, deg 48.57 43.63 49.39 52.17 

θmax, deg 55.90 55.50 55.57 53.21 

Psync
mean, 

MW/deg 
36.60 26.15 34.82 41.06 

Psync 
min , 

MW/deg 
-5.33 -22.40 -0.95 -12.69 

Psync
max , 

MW/deg 
94.92 49.12 94.89 131.78 

 
     Mean synchronizing power per degree characterizes the amount of energy 
applied to damping the oscillation process by the generator. The least value of 
Psync

mean=26.15 MW/degree was obtained at the interval of maximum oscillations 
magnitude. After unloading generator the value have increased up to 
34.82 MW/degree and has reached 41.06 MW/degree at the end of oscillation 
process. 
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4 Conclusions 

The conclusion after the analysis of synchronizing power is that under 
insufficient measurements conditions it is still possible to qualitatively evaluate 
the development of the oscillations process along with the corresponding 
evaluation of the system regulator performance in terms of damping the 
oscillations. Moreover, with enough direct measurements the approach to the 
online generator oscillations control is clearly the short-time perspective. 
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