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Abstract 

The traditional approach to detecting the critical values of the characteristic 

quantities that comprehensively describe an electrical transient scenario involves 

generating huge files that contain the data received at all steps during numerical 

integration, and the application of an optimization method to approximate the 

critical values. Having in view that the straight numerical depicting of an electrical 

transient, performed by recording all the data during numerical integration i.e. 

without highlighting the areas of interest that encompass the characteristic 

quantities critical values, is very time consuming and unsuitable for real-time 

evaluation, distinct from the time-domain assessment, the present investigation 

advances a visualization technique for detecting the critical values of the 

characteristic quantities that describe an electrical transient episode. The suggested 

technique requires the employment of a coordinate system in two dimensions with 

the abscissa represented by a certain characteristic quantity value and the ordinate 
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represented by the corresponding time-related derivative of the characteristic 

quantity. By means of various diagrams of practical significance, it will be shown 

that the employment of the adopted coordinate system, accompanied by setting 

viewports through an appropriate restriction of the ordinate interval, makes it 

possible to detect in real-time the characteristic quantities critical values. 
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1  Introduction 

At present, various software environments designed for the electrical 

transients evaluation are extensively employed to solve in off-line mode different 

scenarios that highlight the dynamic performances of electrical systems. The 

characteristic quantities, which comprehensively describe a particular transient 

episode, are traditionally represented in the time-domain, over the entire selected 

interval. It has to be emphasized that the straight accurate solving of a transient 

scenario, which is performed by recording all the data during numerical 

integration i.e. without highlighting the areas of interest that encompass the 

critical values, is convenient but very time consuming and unsuitable for online 

dynamic security assessment since the amount of recorded data is not being 

optimized [1]. 

It is widely accepted that knowing merely the critical values of the 

characteristic quantities describing different transient scenarios is sufficient to 

assess the dynamic performance of the electrical system under evaluation. Thus, 

the approach to real-time assessment of the electrical transient episodes [2-4] is 

frequently directed toward emphasizing only the significant data i.e. data that best 
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approximate the characteristic quantities critical values. In this context, the 

approach put forward in [5] aims at an assessment in the time-domain but with the 

avoiding of recording all the data received during numerical integration of the 

system of ordinary differential equations that describes a particular transient 

scenario. In this manner, only restricted areas of interest, encompassing the 

stationary points and the corresponding critical values, are highlighted in order to 

depict the topology of the characteristic quantities evolution curves. 

Distinct from the time-domain analysis, the present investigation aims at 

detecting the critical values (relative extrema) of the characteristic quantities, 

which comprehensively describe an electrical transient episode, in real-time i.e. 

during the numerical integration process by introducing a coordinate system in 

two dimensions with the abscissa represented by the characteristic quantity value 

and the ordinate represented by the characteristic quantity time-related derivative. 

We have to emphasize that a characteristic quantity here does not designate 

necessarily a state variable, which has to be updated at each step of numerical 

integration, but more generally, a characteristic quantity can be here provided by 

any closed-form expression in terms of state variables. 

It is well-known that a phase plane that has the abscissa represented by the 

position (current, voltage, flux linkage) and the ordinate represented by the 

velocity i.e. the position time-related derivative [6] is usually adopted as a starting 

point in order to eventually plot the phase line corresponding to an autonomous 

ordinary differential equation: 

 ( ) .yg
td
yd
=  

In this case, the phase line is used to assess the transient performance of the 

electrical system under study, having in view that there is a single state variable 

and that the critical values (equilibria) are the solutions of ( ) 0=yg . 

The evaluation suitable for systems described by an autonomous ordinary 

differential equation cannot be extended to electrical systems described by means 
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of multiple state variables i.e. by means of systems of ordinary differential 

equations, given that the stationary points are not the same for all state variables. 

However, by means of various diagrams, it will be shown that the employment of 

the adopted Cartesian coordinate system for any characteristic quantity makes it 

possible to detect in real-time, i.e. during the numerical integration process, the 

critical values occurring in the course of the electrical transient episode. The 

suggested visualization technique involves setting of viewports by restricting the 

domain of the characteristic quantities time-related derivatives. 

To present the visualization technique, we will consider the state-space 

model and the numerical integration method put forward in [5], materialised there 

in the employment of a high-order Adams-Bashforth method with the purpose of 

real-time localizing the critical values of a synchronous generator phase current, 

occurring at sudden three-phase short circuit fault. Hence, having in view that the 

adopted system model, state-space model and numerical integration method are 

presented in detail in [5], the system under evaluation will now be depicted in a 

very compact manner. However, the initial condition used to generate the 

particular transient short circuit scenario will be emphasized. 

 

 

2  The System Model and the State-Space Model 

The orthogonal axis mathematical model of a salient-pole synchronous 

generator endowed with damping cage is considered [7-9]. By treating this 

intricate case, the reader will receive more insight upon the suggested technique, 

having in view that, in this situation, the characteristic quantities, which 

comprehensively describe a transient scenario, are not identical to the set of state 

variables, selected in the orthogonal d-q reference frame. As it is well-established, 

the set of differential equations i.e. the set of voltage equations of the generalized 

d-q axis mathematical model of synchronous generators emphasizes the 
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time-related derivatives of the d-q axis winding flux linkages: 
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whilst the set of algebraic correlations i.e. the well-established set of flux 

equations yields each winding flux linkage in terms of the d-q axis winding 

currents: 
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The symbols and the subscripts interfering in (1)-(10) are as follows: u - 

voltage; i - current; ψ - flux linkage; t - time variable (instant); ωr - rotor angular 

velocity; R - resistance; L - inductance; d - denotes d-axis (“direct” axis) 

components; q - denotes q-axis (“quadrature” axis) components; f - denotes 

variables and parameters associated with field winding; D, Q - denote variables 
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and parameters associated with d-q axis damper circuits; σ - denotes leakage 

inductances; m - denotes the d-q axis magnetizing inductances. 

Correlations (6)-(10) allow us to select the set of state variables in different 

variants (d-q axis currents and/or d-q axis flux linkages). Assuming that the 

generator parameters are of constant value and having in view that the transient 

currents are of primary practical interest, we will preserve all d-q axis winding 

currents as state variables. 

Hence, since the d-q axis currents stand here for state variables, we will 

straightforwardly employ the state-space model in the form developed in [5], 

where it had been used to carry out time-domain simulations with the purpose of 

highlighting the areas of interest, encompassing the stationary points and the 

critical values of generator stator phase current. Thus, the state-space model is [5]: 

 UDICI ×+×=
td

d  (11) 

where 

 [ ] ,
T

QDfqd iiiii=I  

                      [ ] T

fqd uuu=U  

are the state currents vector and the voltages vector, while C and D are the 

matrices of currents and voltages coefficients. 

The boundary (restrictive) condition corresponding to sudden three-phase 

short circuit fault [9-11], which is selected here as the transient scenario, is 

 ( ) ( ) ( ) .0≡≡≡ tututu CBA  

Applying the direct Park-Gorev transformation [7, 8], which performs the 

mapping of stator winding variables to the d-q axis reference frame, we 

immediately get the stator d-q axis voltages during the sudden three-phase short 

circuit: 
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The converse Park-Gorev transformation [7, 8] is required for computing the 

values of stator phase currents having at hand the stator d-q axis currents, which 

are state variables: 

 ,sincos γγ qdA iii +=  (14) 
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where 

 ( ) tt rωγγ −= 0  (17) 

is the rotor lag angle given as function of time variable only, having in view that 

rotor angular velocity ωr is assumed constant and equal to synchronous velocity 

ωn while γ0, as the initial value of rotor lag angle, is provided at the beginning of 

the numerical integration process. In order to set the initial value problem, 

state-space model (11) is coupled with the initial condition of no-load operation: 

 ( ) ( ) ( ) ( ) ( ) 0,0,,0,0
00000 ===== QDnffqd iiIiii  (18) 

wherein the initial value of field current (subscript “f ”) equals the rated value. 

Since the key characteristic quantities are the stator phase currents, in order 

to emphasize the benefits of the visualization technique proposed in this paper, we 

will proceed to plot diagrams in the Cartesian coordinate system with the abscissa 

represented by the stator phase A current and the ordinate represented by the stator 

phase A current derivative, for different initial values of rotor lag angle i.e. for 

different values of γ0 in (17). Out of (14) we receive the stator phase A current 

derivative in terms of the stator d-q axis currents, which are state variables, and 

their time-related derivatives that are by default evaluated at each step of 

numerical integration: 
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3  Data Visualization 

3.1 The Traditional Approach 

Figure 1 illustrates the time-related evolution curves of stator phase A current, 

occurring at the sudden three-phase short circuit of a salient-pole synchronous 

generator with the following dimensionless (per unit) parameters [9]: 

- resistances: 
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=
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,p.u.0.0256
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- leakage inductances: 
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σσσ

σ
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- the d-q axis magnetizing inductances: p.u.1.31=mdL , p.u.0.705=mqL  

 

 

 
Figure 1(a):  Evolution curve of stator phase current (14) for 00 =γ  
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Figure 1(b):  Evolution curve of stator phase current (14) for 60 πγ −=  

 

 
Figure 1(c):  Evolution curve of stator phase current (14) for 30 πγ −=  

 

 
Figure 1(d):  Evolution curve of stator phase current (14) for 20 πγ −=  

 

Figure 1:  Evolution curves of stator phase current for different circumstances: 

(a) 00 =γ ; (b) 60 πγ −= ; (c) 30 πγ −= ; (d) 20 πγ −=  
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The curves of Figure 1 are plotted for the initial values of rotor lag angle 

{ }2,3,6,00 πππγ −−−∈ . The numerical integration has been performed by 

employing the Adams-Bashforth method derived in [5]. The curves in Figure 1(a) 

till Figure 1(d) plainly illustrate the traditional manner of depicting the transient 

performance of an electrical system. More precisely, the highlighting in real-time 

of the areas of interest, encompassing the stationary points and the critical values 

that are of utmost practical significance, is not a purpose of the traditional 

approach and, hence, in order to approximate the critical values, the system 

analyst has to wait for the data of all steps of numerical integration to be recorded 

within a huge file and, later on, to apply an optimization method. 

 

 

3.2 The Proposed Technique 

To make the data more useful with a view to critical values detection, we 

proceed to introduce a new coordinate system. The abscissa will be represented by 

the characteristic quantity and the ordinate will be represented by the 

characteristic quantity derivative. Such kind of representation is usually performed 

to merely evaluate the dynamic behaviour of a system described by an 

autonomous ordinary differential equation. The curves plotted in Figure 2 

represent the set of points determined by the stator phase A current and its 

time-related derivative i.e. ( )tdidi AA ,  for the initial values of rotor lag angle 

{ }2,3,6,00 πππγ −−−∈ . 

We recall that the initial value of rotor lag angle interferes in (17) and, 

implicitly, decides the evolution of stator phase A current (14) and of its 

corresponding time-related derivative (19). The set of points ( )tdidi AA ,  has 

been determined and recorded in real-time i.e. simultaneous with the numerical 

integration of system (11). The recording in real-time of stator phase A current 

derivative (19) has been manageable due to the fact that the information needed by 
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the Adams-Bashforth method in order to update the state currents incorporates the 

state currents time-related derivatives at some previous steps of integration [5, 12, 

13] and because, in contrast to most of software environments designed for 

electrical transients assessment, the recent values of state currents derivatives have 

not been discharged immediately after the state currents updating. 

 

 

 
Figure 2(a):  Phase trajectory for 00 =γ  in (17) 

 

 
Figure 2(b):  Phase trajectory for 60 πγ −=  in (17) 
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Figure 2(c):  Phase trajectory for 30 πγ −=  in (17) 

 

 

 
Figure 2(d):  Phase trajectory for 20 πγ −=  in (17) 

 

 

Figure 2:  Trajectories plotted by employing the Cartesian coordinate system   

         with stator phase A current and stator phase A current time-related  

         derivative as coordinates, for different circumstances: 

        (a) 00 =γ ;   (b) 60 πγ −= ; (c)    30 πγ −= ;    (d) 20 πγ −=  
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Notice that all variables are provided in the per unit (p.u.) dimensionless 

system. It has to be emphasized that although merely the critical values are of 

significant practical interest, all curves in Figure 1 and Figure 2 are the result of 

accessing huge files that contain the data recorded at all steps of numerical 

integration. In the time-domain, with the purpose of highlighting the areas of 

interest, encompassing the critical values, and in order to improve the 

computational capabilities, in [5] we have introduced a procedure that allows the 

recording of only significant data during the numerical integration process. 

Relative to the plots in Figure 2, achieved by adopting the new coordinate system, 

it comes to be clear that the critical values are to be found at the intersection of the 

curves with the axis of abscissae i.e. the axis of stator phase A current values. 

Therefore, in the adopted coordinate system, to localize the areas of interest, 

encompassing the critical values, we have to proceed in a manner similar to that in 

[5] i.e. one has to restrict the domain of the values of characteristic quantities 

time-related derivatives. To improve legibility in presentation and to offer the 

reader more understanding upon the suggested visualization technique, in Figure 3 

up to Figure 6 the relative minima and the relative maxima are encompassed in 

distinct diagrams, employing the adopted Cartesian coordinate system. Such kind 

of data visualization comes to be useful when there is a large difference between 

the minimum value of the set of relative maxima and the maximum value of the 

set of relative minima. 
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Figure 3(a):  Diagram encompassing the stator phase current relative minima 

 

 

 
Figure 3(b):  Diagram encompassing the stator phase current relative maxima 

 

 

Figure 3:  Pair of diagrams encompassing the relative minima and the relative  

         maxima of stator phase current (14), respectively, for 00 =γ  in (17) 
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Figure 4(a):  Diagram encompassing the stator phase current relative minima 

 

 

 
Figure 4(b):  Diagram encompassing the stator phase current relative maxima 

 

 

Figure 4:  Pair of diagrams encompassing the relative minima and the relative   

        maxima of stator phase current (14), respectively, for 60 πγ −=   

           in (17) 
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Figure 5(a):  Diagram encompassing the stator phase current relative minima 

 

 

 
Figure 5(b):  Diagram encompassing the stator phase current relative maxima 

 

 

Figure 5:  Pair of diagrams encompassing the relative minima and the relative   

           maxima of stator phase current (14), respectively, for 30 πγ −=   

           in (17) 
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Figure 6(a):  Diagram encompassing the stator phase current relative minima 

 

 

 
Figure 6(b):  Diagram encompassing the stator phase current relative maxima 

 

 

Figure 6:  Pair of diagrams encompassing the relative minima and the relative   

         maxima of stator phase current (14), respectively, for 20 πγ −=   

         in (17) 

 

 

By extending the criterion of data recording advanced in [5], and used there 

to localize the relative extrema of characteristic quantities by highlighting small 

areas of interest encompassing the stationary points and the critical values, one 

perceives the possibility of detecting the critical values by limiting enough the 

domain of characteristic quantities derivatives that is, in our case, the ordinates 
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interval. We recall here that, in our case, the characteristic quantity is the stator 

phase A current (14), which has the time-related derivative yielded by (19). In this 

context, in contrast to the curves plotted in Figure 3 up to Figure 6, the segments 

plotted in Figure 7 up to Figure 10 have been obtained by computing and 

recording the value of stator phase current only if the absolute value of stator 

phase current derivative (19) has been found less than value 25.0=ε . Thus, 

having in view the adopted coordinate system, the stator phase current (14) has 

been evaluated and recorded only if the condition 

 ε<
td
id A  

 25.0;sincos =<







++








−⇔ εεγωγω dr

q
qr

d i
td
id

i
td
id  (20) 

has been met. 

 

 

 
Figure 7(a):  Diagram corresponding to stator phase current relative minima 
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Figure 7(b):  Diagram corresponding to stator phase current relative maxima 

 

 

Figure 7:  Diagrams corresponding to stator phase current relative minima and    

           relative maxima, respectively, for the circumstance of 00 =γ   

           in (17) 

 

 

 
Figure 8(a):  Diagram corresponding to stator phase current relative minima 

 

 
Figure 8(b):  Diagram corresponding to stator phase current relative maxima 
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Figure 8:  Diagrams corresponding to stator phase current relative minima and   

           relative maxima, respectively, for the circumstance of 60 πγ −=   

           in (17) 

 

 

 

 
Figure 9(a):  Diagram corresponding to stator phase current relative minima 

 

 

 
Figure 9(b):  Diagram corresponding to stator phase current relative maxima 

 

 

Figure 9: Diagrams corresponding to stator phase current relative minima and     

       relative maxima, respectively, for the circumstance of 30 πγ −=  in (17) 
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Figure 10(a):  Diagram corresponding to stator phase current relative minima 

 

 

 
Figure 10(b):  Diagram corresponding to stator phase current relative maxima 

 

 

Figure 10: Diagrams corresponding to stator phase current relative minima and  

         relative maxima, respectively, for the circumstance of 20 πγ −=   

         in (17) 

 

It has to be emphasized that since the ordinate of the introduced coordinate 

system is represented by the characteristic quantity derivative, the recording of the 

time-related derivative of the selected characteristic quantity is to be performed 

only over the restricted interval. Thus, in our case, the stator phase current 

derivative (19) has been evaluated at each step of numerical integration but it has 

been recorded only if its value has been detected within the adopted interval 
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( ) ( )25.0,25.0, −≡− εε . 

To receive the plots advanced in this paper, we have employed Lazarus 

RAD/IDE [14, 15] on Ubuntu Desktop OS. 

Since the segments in Figure 7 up to Figure 10 approach to line segments, all 

the abscissae of the recorded data points that form these segments represent 

approximations for the critical values (minima and maxima, respectively) of the 

characteristic quantity. 

 

 

4  Conclusion 

Starting from the observation [1] that the traditional approach to evaluation 

of the transient scenarios in electrical systems i.e. by generating huge files that 

contain the data received at all steps during numerical integration, followed by 

plotting the numerical results over the entire selected time interval is very time 

consuming and inappropriate from the practical point of view, the present 

investigation advances a visualization technique for detecting the critical values of 

the characteristic quantities that describe an electrical transient episode. The 

proposed technique requires the employment of a Cartesian coordinate system 

with the abscissa representing a certain characteristic quantity value and the 

ordinate designating the corresponding time-related derivative of the characteristic 

quantity. Such kind of coordinate system is usually employed just to evaluate the 

dynamic stability of an electrical system described by a single autonomous 

ordinary differential equation. 

For the more intricate scenario of sudden three-phase short circuit fault at the 

terminals of a salient-pole synchronous generator and for various circumstances, 

we have shown that an adequate limitation of the interval of the characteristic 

quantity time-related derivative enables both the detection of the characteristic 

quantity critical values and the significant reduction of the size of files containing 
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the data recorded during numerical integration. 

Although it requires software development, we consider that the proposed 

visualization technique can straightforwardly be implemented within the available 

environments or it can plainly be employed as a stand-alone solution whenever the 

online evaluation is essential. 
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