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Abstract— This paper introduces a recurrent ANN-based dy-
namic equivalent for distribution networks in interconnected 
power systems and outlines the implementation of such equiva-
lents in simulation packages. According to this approach, a re-
current ANN is trained in the offline mode using measurements 
only at boundary buses and hence it is independent of the net-
work size and complexity. Then, a suitable dynamic model, which 
depends on the structure and parameters of the ANN, is devel-
oped and implemented within the simulation program. As the 
proposed ANN-based dynamic equivalent interacts with the 
retained subsystem in the online mode, it can be used for differ-
ent stability analysis purposes. The proposed strategy is applied 
to define a dynamic equivalent for a distribution system contain-
ing a large number of active sources in a multi-machine network. 
The dynamic performances of the original full network and that 
containing the equivalent model are simulated and their behav-
iours are compared under different disturbances in the retained 
network. The practical capability of the ANN in developing sim-
ple but accurate dynamic equivalents for distribution power 
networks is demonstrated through these comparisons. 
 

Index Term— Distributed generation, Dynamic equivalents, 
Network reduction, Neural networks, Power system analysis 
 

I. INTRODUCTION 
 

HE COMPUTATIONAL difficulty in handling stability 
problems of large interconnected power systems increases 

dramatically with the rapid increase of the size of networks 
[1]. It is expected that a considerable number of active 
sources, i.e. Distributed Generation “DG” with significant 
installed capacity will be connected to the existing distribution 
systems in the near future [2]. Hence, modelling the large 
number of active sources in detail will be a formidable task [3, 
4]. On the other hand, approximating the dynamics of these 
networks using passive lumped loads will lack the sufficient 
accuracy necessary to simulate the dynamic behaviour of these 
subsystems. In studies, which focus only on the high-voltage 
areas in large interconnected networks, it will be adequate to 
derive simple equivalents for the distribution networks, which 
are outside the main focus of this investigation [3]. However, 
any realistic dynamic model has to give reasonable approxi-
mations to the dynamics of active sources and their impacts on 
the high-voltage networks. 

The classical nonlinear equivalency depends on the coher-
ency concept, where a group of coherent generators is aggre-
gated into a single equivalent one [5-7]. The single generator 

is then used to constitute the reduced-order dynamic equiva-
lent for the coherent group. This approach has the advantage 
of describing the equivalent generators by similar nonlinear 
models as the replaced machines and hence they are compati-
ble with other components in the network. To define the co-
herent groups and to perform the aggregation process, a com-
plete knowledge of the behaviour of the replaced generators is 
required. In some cases, the available measurements may be 
insufficient to develop accurate and reliable equivalents [8]. 
This is true especially with the development of equivalent 
regulators, such as suitable AVR and governors, for the 
equivalent generators [9, 10]. 

With the spread of active sources with effective dynamic 
impact, i.e. DG units, some difficulties regarding classical 
equivalence approaches will arise. The coherency-equivalent 
techniques, which depend on analyzing the electromechanical 
behaviour of generators through angular speeds or rotor an-
gles, will not be suitable for many DG units, which are linked 
to the network through inverter interfaces. In additions, several 
prominent DG units, like fuel cells and photovoltaic, are not 
characterised by angles or speeds. Therefore, new general 
equivalence approaches have to be developed to take into 
account the nature of the new types of sources. 

In this paper, a generic nonlinear dynamic equivalent model 
based on recurrent ANN is presented and used to replace a 
distribution system containing a large number of active DG 
units. The development of such dynamic equivalent does not 
obligate specifying a particular model configuration in ad-
vance. Rather, the structure and parameter description of the 
ANN (activation functions, biases and weights) will define the 
construction of the dynamic model. The main advantage of 
this equivalent is the need for measurements only at boundary 
buses between reduced and retained systems. Also, the accu-
racy of the developed model is not significantly affected by 
changing the operating point and hence it is not restricted to 
certain initial power-flow conditions. Once well-trained and 
tested, the ANN-based equivalent can be used in simulation, 
analysis and control-design procedures.  

The effectiveness and validity of the proposed approach is 
demonstrated by replacing a 110-kV network and the underly-
ing low-voltage area by an ANN-based equivalent. In the low 
voltage area, a total number of 112 active DG units including 
fuel cells and micro-turbines are modelled. A number of dis-
turbances are simulated in the retained network, where voltage 
and current waveforms are used to extract suitable patterns to 
train and test the ANN. The ANN-based dynamic equivalent is 
then implemented to replace the distribution system for online 
interaction with the retained network. Simulation results prove 
high accuracy of the alternative ANN-based equivalent, which 
encourage the implementation of the proposed approach in 
large interconnected power systems. 
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II. ANN-BASED DYNAMIC EQUIVALENT 
 

ANNs have high capability to deal with complicated 
nonlinear problems and to resemble the behaviour of the 
original systems in a general frame [8, 11]. A good-trained 
ANN can be used to simulate the dynamics of complex distri-
bution systems and interact with other parts of the network 
without considerable divergence from the actual behaviour. 
Therefore, it is suggested to substitute all active components in 
the distribution system by a recurrent ANN. The recurrent 
structure of the ANN is required to capture the dynamic be-
haviour of the replaced network and to enable the online inter-
action with the retained network. In addition, passive loads 
can be represented as lumped equivalent elements at the 
boundary nodes using the conventional practice. In the current 
investigated case, constant-impedance equivalent elements are 
used to represent the passive loads. Voltage and frequency 
dependency of the loads can also be modelled using the gen-
eral exponential relations. 

The separation between active and passive elements ex-
tends the validity of the equivalent to cover situations where 
generating and loading conditions change inside the replaced 
system itself. In this case, changes of loading conditions in the 
distribution network are simulated by adjusting the equivalent 
lumped elements at boundary buses. On the other hand, slight 
modifications on the initial conditions of currents and voltages 
can account for varying the generation status of DG units. The 
entire distribution system can also be replaced by the recurrent 
ANN if there is difficulty in representing the passive loads 
separately. However, the separation between active and pas-
sive elements gives more flexibility in the analysis. 

In addition to the ANN itself, the dynamic equivalent re-
quires two supplementary functions: a mapping function to 
prepare the ANN inputs and demapping function to process 
the outputs from the ANN and to calculate complex power. 
These two functions represent the interface between the ANN 
and the external network. The equivalent model will interact 
with the retained system through the boundary buses between 
the two original subsystems. It will be perturbed by the volt-
ages at the boundary buses and reacts by supplying the corre-
sponding complex power at each time interval. The ANN itself 
will act as a Norton model, where the normalized deviations of 
voltages according to the steady state values are used as main 
inputs and the normalized deviations of currents represent the 
outputs. In addition to the input voltages, past values of cur-
rents and voltages are also introduced at the input layer to 
achieve the recurrent structure. With this construction, the 
ANN will be able to capture the dynamic nature of the original 
network and to maintain the continuous-time operation of the 
entire network. 

The current rather than power is used as output from the 
ANN as it represents independent variable, whereas power 
depends on the voltage, which is an input to the ANN. There-
fore the use of current gives better convergence in the training 
process compared to the complex power due to the complete 
decoupling between outputs and inputs of the ANN. The use 
of normalized deviations as inputs and outputs in the ANN 
allows the use of the equivalent model under new initial 
power-flow condition. The ANN in this case represents a 
normalized model scaled on initial conditions at the boundary 

buses. Augmenting this feature with the independent represen-
tation of active and passive elements results in a universal 
model, which is capable of simulating the original system 
under different operating conditions. 

The basic principles behind the proposed approach are ex-
plained in Fig. 1. As shown in the figure, the dynamic equiva-
lent can recognise the operation state of the retained network 
through the voltages (U) at connecting nodes. Then, the map-
ping function (f1) is used to compute the normalized deviations 

of voltages ( nU∆ ) as the main inputs to the ANN. Then, the 
ANN is used to define the corresponding normalized devia-

tions of currents of the active components ( n
aI∆ ). The com-

plex power (P, Q) are calculated using the demapping function 
(f2) and supplied to the external network. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1.  Principles of the proposed dynamic equivalencing approach 

 
III. INTERCONNECTED TEST POWER SYSTEM 

 
The proposed approach is applied to identify a dynamic 

equivalent for an 110-kV network and the underlying distribu-
tion systems in a 16-machine 380/220-kV-network. The net-
work has three main areas and comprises 16 synchronous 
generating units with thermal, hydro and nuclear types. The 
380-kV and 220-kV networks are modelled in detail with 
typical parameters. The one line diagram of the network, 
referred to as Power Stability Test network “PST16” [12], 
is shown in Fig. 2. 

In this network, the 110-kV area (the shaded part in the 
figure) is extended to the low voltage level in a two step 
transformation staring from the six 110kV buses. As an 
intermediate step, the voltage is first transformed from 110 to 
10kV using 6 transformers connected to the six 110kV buses 
and then to the 0.4kV level via distribution transformers. In 
the low voltage network, 56 end-user terminals are simulated 
with different load demand levels. A fuel cell and a micro-
turbine, as two types of DG units, are placed near each load 
centre and connected to the load buses through 100-300m 
cables. This results in a total number of 112 DG sources of 
different types and capacities. 
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Fig. 2.  The 16-machine test network PST16 

 
Fig. 3 depicts the 110-kV section in addition to the medium 

and low voltage levels showing the integration of DG units 
into the load centres starting from one 110-kV bus. The other 
five-110kV buses have similar connection with the DG units. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.  Modelling the medium and the low-voltage sections showing the 
integration of fuel cells and micro-turbines into the end user terminals 

The micro turbines are simulated using the well-known 
equivalent block diagram model and interfaced with the net-
work through cycloconvertes. On the other hand, a third order 
non-linear equivalent circuit is used to approximate the dy-
namics of the fuel cell. This model takes into account the 
steady state characteristics as well as the dynamic action of the 
unit. The steady state behaviour of the fuel cell is simulated 
through a non-linear resistance representing the voltage-
current characteristics as can be obtained from the Nernest and 
Butler-Volmer equations. The dynamics of the unit include the 
delay actions in both the reformer and the stack in addition to 
the time constant associated with the current. All fuel cells are 
interfaced with the network through DC-AC PWM inverters. 
Suitable controllers are developed with each unit to regulate 
its performance. 

Different types of fuel cells are used including proton ex-
change membrane, alkaline and solid oxide fuel cells. Also, 
various capacities of fuel cells and micro-turbines are simu-
lated. In a previous work [2], the detail dynamic models of 
fuel cells and micro-turbines are presented. This previous 
study aimed to highlight the dynamic performance of these 
DG units within a multi-machine network and the interaction 
between DG units and the high voltage network. In large 
interconnected systems, where the number of elements in the 
distribution system may reach up to thousands of units, the 
detailed simulation of all elements is unfeasible. The current 
research attempts to develop a dynamic equivalent for this part 
of the network, which comprises a large number of active 
components. Replacing this area by suitable dynamic equiva-
lent would simplify the modelling and simulation analysis 
considerably. However, conventional lumped-load representa-
tion of distribution system will be misleading when active DG 
sources are spread within power systems. The power gener-
ated from these sources will impact the performance of the 
entire network and hence, their effect has to be taken into 
account. In the network under consideration, the power from 
active DG units reaches up to 30% of the total load demand in 
the low-voltage area. The 110kV system as well as the me-
dium and low voltage networks including the DG units (see 
Figs. 1 and 2) are to be replaced by the ANN-based dynamic 
equivalent in addition to lumped equivalent loads at boundary 
buses. The remaining part of the high-voltage network is re-
tained for further detailed simulation and analysis. There are 
two interconnecting buses serving as the interfaces between 
the two subsystems (B1 and B2 shown in Fig. 3). Measure-
ments only at these two boundary buses are required to de-
velop the ANN-based dynamic equivalent model. 

 

IV. RECURRENT ANN FOR DYNAMIC EQUIVALENTS 
 
The recurrent ANN is trained by time series depending on a 

number of three-phase short circuits simulated at different 
locations in the retained network. The simulation is carried out 
for 15s with 5ms integration time step. The modelling and 
simulation of the full system, and also the reduced one, are 
accomplished using the simulation package “Power System 
Dynamics (PSD)” [13]. Voltage and current waveforms at 
boundary buses are used to prepare suitable patterns for train-
ing the ANN. 



The structure of the ANN depends on the conventional 
feedforward configuration with a time history of variables 
involved in the input features to the network. This can be an 
alternative to the real recurrent arrangement in the training 
process, which facilitates the training process. However, when 
implementing the dynamic equivalent model in the simulation 
program it will interact with the external network depending 
on real recurrent loops. Since the ANN has to capture dynam-
ics from both retained and replaced subsystems, recurrent 
loops from voltages, as decision variables from the retained 
network, and currents, as decision variables from the equiva-
lent system, are required. Therefore, past values of both nor-
malized voltage and current deviations are used at the input 
layer of the ANN. 

With two boundary buses, the ANN has 4 main inputs, rep-
resenting the real and imaginary components of normalized 
deviations of boundary-bus voltages. Also, the ANN has four 
outputs, which are the real and imaginary components of 
normalized deviations of injected currents. Furthermore, nor-
malized deviations of voltages and currents at four previous 
time intervals are received at the input nodes of the network in 
the training process. The ANN contains two hidden layers 
with 10 and 5 neurons in the first and the second hidden layers 
respectively. All hidden layers comprise neurons with nonlin-
ear-sigmoid activation functions, while neurons in the output 
layer have linear functions. After training the ANN, the pa-
rameters (biases and weights) are saved to be used in the im-
plementation procedures. 

 
V. IMPLEMENTATION OF THE ANN-BASED EQUIVALENT 

 
In this section, the integration of the ANN-based dynamic 

equivalent with the simulation package PSD is explored. Since 
the equivalent model is intended for online applications, it has 
to be implemented in such a way that it interacts with the 
retained subsystem at each time step to give similar behaviour 
like that of the original network. 

In the PSD package, the conventional elements in power 
system (such as generators, transformers...etc) are simulated 
by selecting the appropriate model and giving the suitable 
parameters. It is also possible to describe controllers and un-
conventional energy sources in a so-called “regulator files”. In 
these files, a complete description of the dynamic behaviour of 
the elements can be stored and integrated into the network 
through one or more buses. At each time step, state variables 
(voltage, currents...etc) are captured and processed within the 
file and finally, the corresponding outputs are computed and 
supplied to the external network. The processing within the 
regulator files is accomplished using pre-constructed blocks.  

A block simulating the behaviour of the ANN can be used 
within the regulator files after defining the inputs to the ANN, 
with recurrent loops if required. All information about the 
ANN structure (such as biases, weights and types of activation 
functions) are saved in a supplementary text file to be used 
through the simulation process. The outputs from the ANN are 
then used with other variables to calculate the complex pow-
ers, which will be supplied to the external network. Fig. 4 
gives an idea about implementation and interaction of the 
ANN-based dynamic equivalent with the retained network. 

At each time interval, the instantaneous values of boundary-
bus voltages are used in the regulator file to compute the nor-
malized voltage-deviations through the function (f1). The 
normalized voltage deviations are processed with previous 
normalized current and voltage deviations to calculate the 
present normalized current deviations using the ANN. The 
active and reactive powers are computed using the function 
(f2) and supplied to the network. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4.  Implementation and interaction of the ANN-based dynamic equivalent 
with the retained network 

 
VI. SIMULATION RESULTS AND DISCUSSION 

 
After implementing the ANN-based dynamic model, the 

performance is investigated online and the behaviour is com-
pared with that of the full system. Fig. 5 shows a comparison 
between the two systems after simulating a 3-phase short 
circuit in the high voltage system.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.  A comparison between the performance of full-model and equivalent 
model under a disturbance, which is not used in the training process 
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The total equivalent complex power supplied to all active 
units in the distribution system through each boundary bus is 
illustrated. The negative sign of “steady state” values indicates 
that the power is flowing out of the sources (consumer ori-
ented sign convention). It is important to notice that this fault 
was not used in preparing the patterns for training the ANN. 
The similarity between the obtained responses is obvious, 
which means that the recurrent ANN is robustly successful in 
capturing the target waveforms. Similar comparisons are car-
ried out under several other disturbances, where the perform-
ance is always similar to that of the original complete model. 
This ensures that the ANN-based model effectively reproduces 
the behaviour of the replaced subsystem in a general form. 
Therefore, different studies of the entire network including the 
proposed equivalent model are possible with high accuracy. 

To demonstrate the capability of the presented equivalent 
model over a wide range of operating conditions, the behav-
iour of the same equivalent model are studied under new 
power-flow conditions by varying the loading conditions in 
the retained network. The generated power and load demand 
in the replaced subsystem is maintained constant. Therefore, 
the total power transferred from the retained system to the 
low-voltage network is not changed. However, the voltages 
and the partition of the power at the two boundary buses are 
changed as shown in Table 1. The total power transferred is 
slightly increased to account for the increase in the power loss 
due to the voltage reduction. 

 
Table 1. Voltages and powers at boundary buses for the base and the 

new power-flow cases 

 U1 (kV) U2 (kV) S1 (MVA) S2 (MVA) 
Base case 381.15 222.53 54.82+j15.31 22.33+j3.26 
New case 378.34 221.42 61.43+j13.41 15.84+j5.95 

 
A new three-phase short circuit is simulated in the high-

voltage network using the new initial conditions and then the 
performances of the full and the reduced models are studied. 
Fig. 6 shows a comparison between the powers supplied by 
active units through the two boundary buses, where the results 
from the equivalent model are still in good agreement with the 
full system. The use of normalized deviations rather than the 
variables themselves extends the validity of the dynamic 
equivalent to cover new initial conditions with high accuracy. 

Most of the conventional dynamic equivalents fail to simu-
late the performance of the entire network if any change oc-
curs inside the replaced system. The simulation of the new 
condition requires the development of a new dynamic model. 
This is not the case with the proposed dynamic equivalent due 
to the modelling of active components separately from the 
passive loads in addition to normalizing the decision variables. 
To examine the validity of the equivalent model under new 
generating conditions in the replaced network, the power from 
the active sources in the low-voltage area is decreased to about 
50% of its original value. This is accomplished by switching 
off some of these units in the full-system model. In the equiva-
lent model, the change of the power is carried out by modify-
ing the initial values of currents and voltages in the functions 
(f1) and (f2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6.  A comparison between the full-model and the equivalent systems 
starting from a new power-flow initial condition 

 
Table 2 gives the new contribution of active sources at each 

boundary bus under the new generating conditions in the 
distribution system. The loading conditions in the retained 
network as well as in the distribution system are held constant 
in the new case. 

 
Table 2. The new loading conditions of the active units in the re-

placed network 

Power portion from active sources at the two 
boundary buses  (MVA) 

 

through bus B1 through bus B2 
Base case 15.86+j8.28 13.85+j9.29 
New case 8.30+j4.24 7.57+j4.95 

 
After changing the power contribution of the active 

sources in the distribution system, a three-phase short circuit is 
introduced into the retained network. Fig. 7 illustrates a com-
parison between the total power of active units using the full 
model and the equivalent model following this fault. The 
comparison shows a reasonable accuracy even with the large 
change (50%) inside the replaced network. This confirms the 
universality of the proposed approach as no modifications in 
the structure or parameters of the ANN-based dynamic model 
are necessary. This advantage is very important due to the 
regular variation in the switching status of the DG units. 
Therefore any equivalent model for distribution systems has to 
be flexible enough to consider the potential variations in the 
power supplied by the DG sources.  
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Fig. 7.  A comparison between the full-model and the equivalent systems after 
changing the power of the DG sources in the distribution system 

 
VII. CONCLUSIONS 

 
The paper presents a new ANN-based approach for dy-

namic equivalencing of distribution networks with dispersed 
generation. Distributed generation units such as fuel cells and 
micro turbines are expected to feature prominently in distribu-
tion networks in the near future, and any realistic dynamic 
model of a distribution system under these circumstances 
needs to take into account the effect of these units on the dy-
namics of the high voltage network. The proposed technique is 
based on recurrent ANN and requires simulation results or 
measurements only at the boundary buses. The equivalent 
dynamic model thus obtained was implemented on a power 
system simulation package to investigate whether the model is 
capable of reproducing the dynamic behaviour of the replaced 
network in full.  The results demonstrate the capability of the 
equivalent model to capture the dynamic behaviour of the 
replaced network in its entirety. The model provided out-
standing conformity with the results obtained using the full 
dynamic model of the network even under new generation and 
loading conditions. The approach promises a significant sim-
plification of the dynamic analysis of large interconnected 
networks. 
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