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ABSTRACT 

This paper presents a computer simulation of coherency-

based dynamic equivalents for the reduction of large power 

systems for faster transient stability studies applicable in 

academic and research fields. The simulation decomposes the 

power system generators into the study and external areas by 

computing the power deviation of all generators during a 

fault. The simulation features the computation of admittance 

distance, inertia and damping indices for the identification of 

coherent machines, and dynamic equivalents. The simulation 

tool comprises a set of scripts that were developed on the 

MATLAB platform and are easily operated through the use of 

the Command window. The theoretical formulations of the 

algorithms implemented by this simulation are described 

while its computational extensiveness is tested with the IEEE 

10 generator 39-bus system and the Nigeria power system. 

The illustrative approach in this paper provides a more 

practical approach to dynamic equivalents based on coherent 

generators by expounding relevant theoretical and 

computational ideas.  
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1. INTRODUCTION 
An efficient and reliable electrical power system network 

remains a main key to modernization. However, due to the 

increasing demand of electric power from heavy industrial 

machineries, home and office appliances, the power system 

continues to increase both in size and complexity. This in turn 

has created analytical challenges in the operation and planning 

of power systems. 

The electrical power system is not an exception to the impact 

of advancement of digital computer in design and simulation 

of engineering systems. In recent times, the computer has 

been used to develop a variety of advanced tools that can be 

applied to the simulation of large power systems.  

The basic intent of computer-based simulation for power 

system analysis is to reproduce near real phenomena through 

power system software packages as an efficient solution for 

academic and research purposes. Software packages have 

fallen into two classes: commercial software and 

educational/research-aimed software [1]. Commercial 

software tools have proven to be computationally efficient and 

complete but not flexible. For research purposes, the 

flexibility and the ability of easy prototyping are often more 

crucial aspects than computational efficiency [1]. Several 

examples of both commercial and education/research-based 

software tools have been outlined in [1]. 

Amongst a host of high level scientific languages, MATLAB 

has proven to be the best user choice, although, other 

languages can lead to good results in the field of power 

systems analysis, MATLAB has gained wide acceptance 

because of its excellent graphing capabilities, toolboxes and 

matrix-oriented programming approach [1, 2]. 

With the availability of digital techniques to solve power 

system problems, the timely, economic and efficient transient 

stability analysis of large power systems poses a challenge 

when trying to approximate the dynamic behavior of large-

scale power systems to further reduce computing effort and 

resources. This approximation seems inevitable because the 

increase and continuous interconnections between electrical 

utilities for both economic reasons and resource sharing has 

initiated an increase in the conceptual and numerical 

difficulties experienced while performing system stability 

calculations. Through construction of dynamic equivalents 

(DE), the number of differential equations necessary for 

describing the system becomes less than that of the full 

system [14]. Thus, such a study through equivalent models 

simplifies analysis. 

This paper describes a MATLAB-based power system 

simulation for DEs based on coherency for academic and 

research purposes. The concept of equal velocity and equal 

acceleration as described by [3] was used to develop the 

coherency and aggregation algorithms. This simulation 

program computes the electrical power deviation of all 

machines during fault, the admittance distance between 

generators, coherency indices (i.e. inertia and damping 

conditions) and dynamic equivalents. The program is operated 

through the Character User Interface (CUI) of MATLAB – 

the Command window – that allows for user interactivity. The 

results of simulation processes are also displayed on this 

command line interface; graphical plots are automatically 

generated when necessary. This software was tested with both 

the IEEE 10 generator test case and the Nigeria power system 

and the results are discussed. DE simulations depend on 

power flow and transient stability results and therefore, these 

results were obtained using the program described in [6]. The 

text in [6] contains program files for power system analysis, 

but does not contain any provision for DEs. The simulation 

described in this paper is easily integrated with the programs 

in [6] (which is a quite popular text among undergraduates 

and first year graduates of power systems). Also, the 

mathematical formulations used for this simulation were 
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obtained from [3] (which did not provide simulation hints) 

and these are not easily accessible in many power system 

analysis textbooks. Therefore, the computing approach used 

in this paper, would go on to inspire better academic learning 

and research among both undergraduate and graduate students 

in this area of coherence-based dynamic equivalents, by 

providing fundamental theoretical and simulation ideas. These 

ideas are presented in the sections that follow. 

2. THEORITICAL FORMULATION 

2.1 Transient Stability Analysis (TSA) 

Power system transient stability concerns the behavioral 

response of the power system after a large disturbance causes 

a change in system conditions. Transient stability analysis is 

computationally intensive as it tries to obtain the electro–

mechanical response of the system [7]. Such analysis 

concerns the transient behaviour of the power system when 

moving from pre to post – contingency operating point [7]. 

Upon the occurrence of large disturbances, the system is 

moved from its normal operating point and will settle at a new 

operating point depending on system dynamics.  

 

Multi-machine TSA usually requires solving a set of non-

linear differential equations which increases with increase in 

the size of the power system. Therefore, to reduce the number 

of equations that would be solved and also reduce 

computation time and effort, dynamic equivalents are 

employed. 

 

2.2 DEs based on Coherency 
DEs studies go back to 1960’s [14] and use various 

approaches. DEs are, apart from special cases, reduced order 

models, i.e., the number of differential equations necessary for 

describing the system is less than of the full system [13].  

These approaches include principally two techniques to 

determine the group of generators to be aggregated [14]. One 

of them is the modal equivalent technique and the other is the 

coherency technique [3, 13 and 14]. 

The research proposal in [13] supported the use of modal 

analysis for dynamic equivalency, by trying to prove that 

modal techniques are more favourable in connection with 

controller design techniques; stressing that fact that the 

technique is based on modes of the system which are 

independent from excitation, i.e., disturbances are not 

significant hereby. They further unveil the limitation of the 

coherency technique by revealing the fact that the method is 

fault dependent, i.e., for different fault locations, different 

coherent group of machines emerge. But, this proposal agrees 

that the coherency technique is the most widely accepted. 

However, the proposal in [14] elucidates that dynamic 

equivalency studies using modal analysis are based on state 

space representation and faces the obstacle of the need for 

solving the eigenvalue problem when applying this approach 

to large systems with hundreds of generating units when the 

models of each unit may have 10 to 20 state variables. The 

proposal here was the coherency technique. 

In [3] the technique based on the principle of coherency for 

dynamic equivalency is flagged because of its computational 

attractiveness and its possession of the virtue to obtain 

reduced order models that retain the structure (physical 

correspondence) of the larger power system. This is the 

technique adopted in this simulation. The technique adopted is 

based on the concept of equal velocity and acceleration for 

coherent generators taking into account the effect of damping 

and transfer conductance in the power system model. 

3. MATHEMATICAL FORMULATION 

3.1 Generator Power Deviation (GPD) 
The concept of power deviation of the generators at the 

instant of initiating fault is applied to classify the machines 

into study and external (remote) areas. The generators with 

power deviation less than 30% are grouped together as the 

remote area, while the rest, the study system [3]. Coherent 

groups are identified among only the remote area generators 

and each coherent group is replaced by a single equivalent 

machine. 

We applied a simple technique of acquiring the power 

deviation of the generators which involves the use of the 

reduced admittance matrix, Yred (for pre-fault and fault-on 

conditions) obtained after including the transient reactance of 

the generators and the internal voltages in the network’s 

performance equations and eliminating all load buses by 

applying Kron’s reduction method on the modified system’s 

bus admittance matrix [11]. 

The equations for current injections at the internal buses can 

be obtained as: 

 
 
  

   
      

   
    

   
  

  
                             

The subscript m denotes the generator buses that are to be 

retained, and n denotes the load buses that are to be 

eliminated. 

From Eqn. (1)    can be calculated as: 

    =        -    
      

-1
       

 ]        (2) 
Where, 

 Yred   =       -    
      

-1
       

         (3) 
is the reduced admittance matrix of the system. 

The electrical output power of each generator with its internal 

voltage, Egen is calculated by first calculating the generator 

current from eqn. 4 below: 

    [ Igen] = [Yred ] [Egen]                                    (4)
     
Then taking real part of the product  

 Pgen =  (Egen Igen*)                                  (5) 
This can be done for the three states of Yred (i.e., pre-fault, 

fault – on, and post-fault). Therefore, power deviation (or 

variation) at the ith machine, 

         
 
 -    

 
                                                                                                                

Where,    
 
 and    

 
 are the pre-fault and fault-on real 

powers respectively.  

 It has been observed by illustrative examples that generators 

close to a fault location experience greater power deviation 

than those that are distant. See section 4.1.1 for illustrations 

by simulation. 

3.2 Admittance Distance Index (ADI) 
Admittance distance (or electrical proximity) is simply a 

measure of estimating generators’ distance (or closeness) to 

one another using the reduced admittance matrix. Usually, 

electrically close generators have been observed to cohere in 

swinging, although this would further depend on other 

network and machine characteristics which have not been 

taken into account within the scope of this work. 
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 As the mutual admittance between two machines become 

smaller, that pair of machines will be considered more distant 

to each other and vice versa. Hence, the mutual admittance 

between a pair of machines can be said to be measure of 

coupling between them. 

From the formulation in [3] it can be deduced that if all the 

machines have equal mutual admittances to the  th machine, 

then 

                                                     (7)  
Hence the admittance distance index      can be defined by 

the relation. 

    
           

      
                                                     

(8)                                                                                                             
The machines which satisfy Eqn. (8) are considered 

electrically close enough to be candidates for coherency 

grouping test with the  th machine. See section 4.1.2 for 

illustrative examples. 

3.3 Coherency Indices (CI) – Inertia and 

Damping 
The concept of equal velocity and acceleration as depicted in 

[3] was applied in the development of the algorithm for this 

simulation. A summary of this is shown in this section. The 

swing equation is being used as a tool for computation of 

rotor speed. The swing equation of the  th generator with 

damping included is: 

       
    

  
                               (9) 

From the formulation in [3] it was obtained that the linearized 

acceleration equation of the  th and  th machines are: 

   
  

  
                      

 
   
     

     

       
                                                 (10) 

   
  

  
                      

 
   
     

     

       
                                                 (11) 

where,      =                                    (12)  
For perfect coherency, the third term in the two equations are 

equal each other, thus, eqn. 13.  

  
          

                                           

Details on the derivation of   are given in [3]. 

For coherency, two normalized coherency indices   (inertia) 

and    (damping) are defined as:  

    
        

          
                               

and    

    
   

       
     

      
        

     
                                 

3.3.1 Coherency Criteria 
Extensive numerical study have shown that a tolerance of  

         and for           give results which are in 

conformity with direct simulation [3]. Coherent machines will 

next be aggregated to form single equivalents. 

3.4 Computation of DEs 
Classically, since generators are represented by a voltage 

behind transient reactance and  a coherent pair are connected 

in parallel (when fictitious points inserted between the voltage 

sources and the transient reactance of the coherent group are 

assumed to be connected together) [10], the parallel voltage 

sources are replaced by a single equivalent voltage source 

such that it can deliver the active and  reactive power equal to 

the sum of the active and reactive power delivered by the 

machines of the coherent group  being  replaced [3]. The 

simulation algorithm for dynamic equivalents is as described 

in [3]. 

Sum of the powers of a group of coherent machines are 

expressed as in: 

      
  

                                  (16) 

Where,          
                    (17)                                                                    

     the  th generator’s terminal voltage and 

    current flowing to the terminal bus of  the  th generator. 

 

The power delivered by the equivalent machine is: 

     
                                                                                                                                           

As stated above, for power equivalence: 

                                               (19) 

i.e.,   
       

  
                         (20)     

 Where,        
  

   
  

  
 *                                         (21)  

and   

       
 
     Vector sum of currents of the coherent group 

being replaced 

    the equivalent generator’s voltage 

   Number of generators in the coherent group 

The simulation algorithm applied a technique that uses the 

concept of power invariance at the internal bus, as well as at 

the terminal buses as expounded in [3]. This techniques leads 

to a modification of the transient reactance connected from 

the equivalent internal bus to the network terminal buses. 

Hence, for a coherent group containing m number of terminal 

buses: 

The modified transient reactance of the equivalent machine 

can be computed using Eqn. (22). 

   
   

          

   
 
   

                        (22)         

Where      
  

   

  

 
    *            (23)                                                  

        is the vector sum of current injected at the equivalent 

terminal bus from the equivalent machine replacing the 

coherent group of machines                                     

 

The inertia constant of the equivalent machine is obtained as: 

      
 
                                   (24)                                                            

(referred to a common MVA base if power is in per unit, since 

H varies inversely as the MVA base) 

The damping coefficient and mechanical power of the 

equivalent machine are obtained respectively as: 

      
 
                                   (25)                                                        

where     Equivalent damping coefficient of the group 

Also,         
 
                      (26)                                                      

where      mechanical power of the equivalent machine. 

4. Simulation Results and Discussion 
Based on the formulations above, MATLAB scripts were 

generated to obtain the power deviation after the occurrence 

of a fault, the admittance distance index, coherency indices 

and dynamic equivalents. These scripts depend on obtaining 

the power flow and transient stability variables using the 

scripts of [6]. 
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The IEEE 39 bus, 10 machine test system and the Nigeria 27-

bus, 330kV power system were used to test our simulation 

program. The single-line diagram of the IEEE test system is 

depicted in Figure 1. The test data was obtained from [3] and 

the network diagram from [12]. The results of the simulation 

are described subsequently. 

4.1 Computation of Coherency Parameters 

4.1.1 GPD 
A MATLAB script (powerVar.m) was written to simulate 

the power deviation of all generators. With this script in the 

Current Directory of MATLAB, the power deviation 

simulation is carried out by typing the following command on 

the terminal window of MATLAB: 

>>powerVar

 

Figure 1: IEEE 10 generator 39-bus system  

 

                                           Figure 2: Single line diagram of the Nigerian 330 kV power system 
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Figure 3: MATLAB computation of Generator Power Deviation for IEEE 10 generator system (fault near Bus 29) 

The GPD was calculated for a three-phase fault that occurred 

at point “P” near Bus 29 of the IEEE 10 generator system and 

the simulation results are displayed in Figure 3. 

It is clear from the GPD results that Generator G9 had the 

highest percentage of power deviation of 97.6% and is 

classified into the study system by the program as shown in 

Figure 3. This conforms to the results in [3] and also, is 

realistic because G9 is closest to the point of fault (Bus 29). It 

is also seen that G8 which appears closest to G9 by 

inspection, experienced a higher power deviation than other 

generators. We should also consider that other machine and 

network characteristics could affect power deviation. 

4.1.2 ADI  
The ADI (pre-fault) was obtained using a MATLAB script, 

and is shown in the Figure 4. For illustrative purposes, 

examining Figure 4 and checking generator 8’s (G8) closeness 

to other generators. One would find that only G1, G9 and G10 

are reasonably close to G8 because these satisfy the electrical 

coupling criteria of eqn. (8),         (         
                                 ). The remaining 

generators are electrically distant based on this criterion and 

this does not qualify them to be considered candidates for 

coherency testing with G8. This also appears realistic when 

compared to the physical network structure of Figure 1.  

 

However, in the post-fault state shown in Figure 5, after line 

26 – 29 has been tripped, the electrical closeness between G8 

and G9 is lost as               the criterion of eqn. (8) is 

no longer met. From the network diagram of Figure 1, it can 

also be seen that the link between G8 and G9 is weaker after 

the tripping of line 26 – 29, causing a reduction in admittance. 

 

These illustrations show how importantly the ADI could lead 

to deeper understanding of the structure of the transmission 

network and could give a system planner or operator, insight 

to possible security threats. 

4.1.3 CI – Inertia and damping 
The CI (inertia and damping) were computed using scripts 

(B_index.m and Y_index.m) and displayed in Figure 6 

and 7 respectively. The MATLAB scripts implements eqn. 

(14) and (15) and the resulting CI are symmetric matrices. 

The MATLAB tril function was used to obtain the lower 

triangular part of the symmetric matrices. The programs could 

be invoked using the following commands: 
>>b_index 

>>y_index 

The following pseudo code could be used to obtain the inertia 

index: 

for i=1:n 

  for j=1:n-1 

    b(i,j) = M(i) - M(j)/max(M(i),M(j)) 
end 

end 

The pseudo code for the damping index is very similar to that 

of inertia, the only difference being that it calculates eqn. (15). 



International Journal of Computer Applications (0975 – 8887) 

Volume 101– No.7, September 2014 

11 

By inspecting the three indices of Figure 5, 6 and 7, the 

coherent generators were identified using eqn. (8) and the 

coherency criteria. The coherent groups are: 

 Coherent Group I:     2 and 3 

               Coherent Group II:     4, 6 and 7 

When the         is neglected in the coherency criteria, 

generators 1 and 8 form a coherent group and generator 5 is 

part of Group II. The three indices and the coherent groups 

obtained are in conformity with the results obtained in [3]. 

4.2 DE Computation  

4.2.1 IEEE 39-bus Test Case 
The coherent machines obtained from the last section were 

aggregated using the simulation program. The equivalent 

generator parameters for Coherent Group II are obtained from 

the simulation program as shown in Figure 8. These results 

are in conformity to those obtained in [3] for the same fault 

condition. The DE script (Dynagg.m) is invoked by the 

following command: 

>>dynagg 

4.2.2 Nigeria Power System Case Sample 
To compare the rotor angle variations of coherent generators 

with their DEs, a three-phase fault was initiated near Bus 10, 

tripping line 10 – 27 of the Nigeria power system. The power 

deviation of all machines during this disturbance was 

obtained, and the generator at Bus 4 (which was closest to the 

fault location) experienced the highest deviation (75.4%) 

followed by the generator at Bus 6 (25.9%). 

 

Figure 4: MATLAB computation of  - index (pre-fault) for IEEE 10 generator system 

 

Figure 5: MATLAB computation of   - index (post-fault) for IEEE 10 generator system 
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Figure 6: MATLAB computation of         for IEEE 10 generator system 

 
Figure 7: MATLAB computation of         for IEEE 10 generator system 

 

Figure 8: MATLAB computation to construct a DE for Coherent Group II (4, 6 and 7) in the IEEE 10 generator system 
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The computed coherency indices were used to identify two 

groups of coherent generators for the Nigeria power system 

below: 

         Coherent Group I:         2 and 5  

        Coherent Group II:         3 and 6 

 

A DE for each of these generator groups was computed, 

reconnected into the network and their parameters were used 

to obtain the direct simulation for the same fault location. 

Figure 9 shows a comparison of the rotor angle variations of 

the coherent generators (in the full system) along with their 

DEs (from the reduced system) for the same fault location. 

The direct simulation lasted for 2 seconds. It is obvious that 

the group’s equivalent generator’s rotor angle variation 

approximates those of the coherent generators. 

After obtaining dynamic equivalents, the number of 

generators in the system was reduced from 9 to 7. This is the 

same with the number of differential equations to be solved. 

 

 
Figure 9: Rotor angle variations vs Time plot of the coherent generators and their dynamic equivalents (Nigeria power system 

test case) 

5. CONCLUSION 
In this paper, we have shared a simulation and relevant 

computer methods for power system dynamic equivalents 

based on coherent generators. The features of the simulation 

package include: 

 Computation of power deviation of all generators 

during a large disturbance and decomposition of the 

power system into study and remote regions. 

 Simulation of admittance distance for identifying 

electrically close generators. 

 Calculation of Coherency Indices (inertia and 

damping) 

 Construction of dynamic equivalents for coherent 

generators. 

The simulation results for coherency parameters and dynamic 

equivalents are validated by comparison of the IEEE 39-bus 

test case with those in existing literature. The application of 

DE to transient stability analysis of the Nigeria power system 

is validated by comparing the direct simulations of the 

coherent generators with their dynamic equivalents. 
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