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Abstract—User-Defined Models (UDMs) in the Alternative 

Transients Program (ATP) are valuable tools. However, its 

creation using the ATP MODELS language is not simple. One type 

of UDM of particular importance is the high-fidelity Frequency-

Dependent Network Equivalent (FDNE), assembled, in general, by 

fitting the Frequency Responses (FRs) of the self-and transfer 

admittances seen from the boundary buses of the external area 

(part of the system to be substituted by the FDNE). The 

correctness of the FDNE implementation can be verified by 

comparing its FRs with those of the external area. Unfortunately, 

obtaining the FRs of a UDM is not a simple task as in the case of 

the ATP built-in components. Thus, this work proposes a method 

for calculating the FRs of the UDMs implemented with the 

MODELS in the ATP. The proposal is based on the UDM time 

responses to the unit impulse in symmetric components and the 

Fourier transform. 

 

Link to graphical and video abstracts, and to code: 

https://latamt.ieeer9.org/index.php/transactions/article/view/9654 

 
Index Terms—ATP Models; Frequency-Dependent Network 

Equivalent (FDNE); Frequency response; Numerical Fourier 

transform; Symmetrical components of non-sinusoidal inputs. 

 

I. INTRODUCTION 

HE models language [1] available in the Alternative 

Transients Program (ATP) [2] is a valuable tool used for 

the implementation of User-Defined Models (UDMs) in 

several different applications, such as environment 

simulation for distance protection [3], power transformer 

modeling [4], differentiator-smoother filter implementation [5], 

and grid-following and grid-forming power converter modeling 

[6]. Finally, an important MODELS utilization is to build 

Frequency-Dependent Network Equivalents (FDNEs) [7, 8, 9]. 

Electromagnetic Transient (EMT) studies usually 

concentrate on some specific part of the power system in which 

an electrical phenomenon is of concern. Hence, it is possible to 

divide the network into two areas. One is the study area (area 

under investigation that must be modeled in detail); and the 

other is the remaining system (or external area) that can be 

represented by a suitable equivalent for observing transients' 

phenomena [9]. 

The most used equivalent is the short-circuit equivalent. 

There are many commercial tools available that aid to build 

these equivalents, but they are not very accurate for frequencies 

other than the network's nominal frequency [9]. Other kind of 

equivalent is the FDNEs, that retains the external area 

characteristics for a wide band of frequencies, ensuring higher 

fidelity (accuracy) than the short-circuit equivalent. 

The Vector Fitting (VF) algorithm [10] is an effective 

method for obtaining FDNEs in the format of Rational Models 

(RMs) [7, 9, 11, 12] by fitting the Frequency Responses (FRs) 

of the Transfer Functions (TFs) of the external area boundary 

buses, computing their approximate dominant poles and 

associated residues. With the set of poles and residues, a 

Rational Model (RM) is assembled to represent the external 

area. 

To initiate the creation of an FDNE, the first step is to split 

the system into two parts: the study area and the external area. 

Subsequently, the external area is modeled, and the FRs of the 

self and transfer admittances seen from the boundary buses are 

computed, considering both the positive and zero sequences. 

The VF is then employed to obtain the RM. Once this is 

accomplished, the RMs passivity is verified (and enforced if 

necessary). The last step is the FDNE implementation in a EMT 

simulation software, like the ATP using the MODELS. 

As in every computational implementation, validating the 

MODELS code holds significant importance. The main method 

for validating FDNEs involves comparing the calculated FRs of 

each sequence component of the external area with those fitted 

by VF. While ATP easily allows users to conduct simulations 

in either time or frequency domains for networks represented 

by the interconnection of built-in elements, the MODELS 

component inadequately works during frequency domain 

simulations. Consequently, employing this standard tool for 

such validations becomes unfeasible. 

One option is to validate the MODELS in the time domain 

by comparing the responses of the FDNE and the external area. 

This approach can be unworkable when it is necessary to model 

a large external area in EMT simulation software. Alternatively, 

FRs can be indirectly obtained by applying time-domain inputs 

to the FDNE and, in a second stage, a Fourier Transform 

Algorithm (FTA) to its outputs. In the time-domain input stage, 

the more common method to obtain these FRs is the application 

of sinusoidal inputs with different frequencies [13]. However, 

this method is computationally inefficient, given that the FDNE 

typically represents a wide range of frequencies (ranging from 

a few tens of Hz up to the order of MHz), implying a 

T 
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considerable number of sinusoidal sources and, consequently, a 

high CPU time. 

The FTA applied in the time domain responses of the UDM 

is a crucial stage in obtaining the FRs. The FFTW is one the 

most used FTA algorithms, proposed in 1998 [14] and 

continually maintained. Its latest publication in the literature 

was in 2007 [15]. This algorithm is available in the more 

significant scientific prototyping computational tools like 

Matlab software [16]. While it offers computational efficiency 

across a wide range of applications, it demands prior problem 

parameterization from the user. A lack of user proficiency in 

this task can lead to inaccurate results. Although the theory of 

the Fourier transform is widely known, its computational 

implementation remains a highly discussed topic, with several 

recent important publications, each one addressing specific 

implementations for particular problems, such as broadband 

signal modulation and signal processing for advanced wireless 

communications systems [17, 18], or novel numerical methods 

for calculating this transform, such as through hyperfunctions 

theory [19]. 

This work proposes a methodology for calculating the FRs 

of the FDNE, or any other UDM, implemented with the 

MODELS in the ATP. To achieve this contribution, firstly the 

paper extends the concept of symmetrical components to non-

sinusoidal inputs, allowing obtaining the positive and zero 

sequence FRs by applying an approximate unit impulse in 

UDM and the Fourier transform in its output. Thus, instead of 

multiple sinusoidal inputs, a balanced three-phase impulse is 

used, followed by a Fourier Transform to obtain accurate 

positive and zero sequence frequency responses, which is more 

efficient and highly accurate. Secondly, the paper also proposes 

a Numerical Fourier Transform Algorithm (NFTA) based on 

balanced three-phase impulse response characteristics, which is 

computationally efficient and eliminates the need for pre-

parameterization time domain data to work correctly, making it 

more user-friendly and accurate. 

II. METHODOLOGY 

In the following subsections, some concepts and definitions 

that underpin the proposed methodology are established in 

detail. For space-saving, the emphasis here is on the positive 

sequence, but the extension to the zero sequence is 

straightforward. 

A. Representation of Non-Sinusoidal Inputs in Symmetrical 

Components 

A generic real function 𝑓 can be represented by: 

𝑓(𝑡) = ℜ{𝐹(𝑡)} = ℜ{𝐹̃(𝑡) 𝑒𝑗ω𝑡} = ℜ{𝐹𝐴(𝑡) 𝑒𝑗θ𝑒𝑗ω𝑡} (1) 

where 𝐹𝐴(𝑡) is a real or complex amplitude function. This 

representation allows the definition of a generic balanced three-

phase voltage (positive sequence) input [20] with waveforms 

not restricted to cosine forms, given by: 

[

𝑣𝑎(𝑡)

𝑣𝑏(𝑡)

𝑣𝑐(𝑡)
] = ℜ {[

𝑉𝑎(𝑡)

𝑉𝑏(𝑡)

𝑉𝑐(𝑡)
]} = ℜ {[

1
𝑎2

𝑎
] 𝑉̃(𝑡) 𝑒𝑗ω𝑡} (2) 

where 𝑎 = 𝑒𝑗120∘
 and 

𝑉̃(𝑡) = 𝑉𝐴(𝑡) 𝑒𝑗θ (3) 

Like 𝐹𝐴(𝑡), 𝑉𝐴(𝑡) can be a real or a complex function. 

Substituting 𝑉𝐴(𝑡) = δ(𝑡) and  = 0 into (3), one obtains: 

𝑉̃(𝑡) = δ(𝑡) (4) 

where δ(𝑡) is the unit impulse function. Substituting (4) and 

ω = 0 into (2), the balanced three-phase unit impulse voltage 

input is obtained: 

[

𝑣𝑎(𝑡)

𝑣𝑏(𝑡)

𝑣𝑐(𝑡)
] = ℜ {[

𝑉𝑎(𝑡)

𝑉𝑏(𝑡)

𝑉𝑐(𝑡)
]} = ℜ {[

1
𝑎2

𝑎
] δ(𝑡)} = [

1
−0.5
−0.5

] δ(𝑡) (5) 

Considering an integration step Δ𝑡, the unit impulse in the 

time domain can be approximated by the triangular function 

shown in Fig. 1. 

 
Fig. 1. Approximation of the unit impulse by a triangular function. 

 

The application of a balanced three-phase unit impulse 

voltage input in a UDM, implemented using the type-94 

component of the ATP MODELS language, is shown in Fig. 2. 

 

Fig. 2. Application of a balanced three-phase unit impulse voltage input in an 

ATP UDM. 

B. The Unit Impulse Response 

The Fourier transform of (5) is given by: 

[

𝑣𝑎(𝑗ω)

𝑣𝑏(𝑗ω)

𝑣𝑐(𝑗ω)
] = ℜ {[

𝑉𝑎(𝑗ω)

𝑉𝑏(𝑗ω)

𝑉𝑐(𝑗ω)
]} = ℜ {[

1
𝑎2

𝑎
]} = [

1
−0.5
−0.5

] (6) 

The relationship between the voltage input given in (6) and 

the UDM current response is defined by the nodal admittance 

matrix seen from the interested three-phase bus. For a balanced 

system, one has: 

1

∆𝑡
 

∆𝑡 2 ∆𝑡 
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[

𝑖𝑎(𝑗ω)

𝑖𝑏(𝑗ω)

𝑖𝑐(𝑗ω)
] = [

𝑦𝑠(𝑗ω) 𝑦𝑚(𝑗ω) 𝑦𝑚(𝑗ω)

𝑦𝑚(𝑗ω) 𝑦𝑠(𝑗ω) 𝑦𝑚(𝑗ω)

𝑦𝑚(𝑗ω) 𝑦𝑚(𝑗ω) 𝑦𝑠(𝑗ω)
] [

1
−0.5
−0.5

] (7) 

where 𝑦𝑠 and 𝑦𝑚 denote the self- and transfer impedance of the 

three-phase bus. After some simple algebraic manipulations, 

one obtains: 

[

𝑖𝑎(𝑗ω)

𝑖𝑏(𝑗ω)

𝑖𝑐(𝑗ω)
] = [

1
−0.5
−0.5

] 𝑦+(𝑗ω) (8) 

where 𝑦+(𝑗ω) is the positive sequence admittance seen from 

the currents, given by: 

𝑦+(𝑗ω) = 𝑦𝑠(𝑗ω) − 𝑦𝑚(𝑗ω) (9) 

Taking the inverse Fourier transform of (8), yields: 

[

𝑖𝑎(𝑡)

𝑖𝑏(𝑡)

𝑖𝑐(𝑡)
] = [

1
−0.5
−0.5

] ℱ−1{𝑦+(𝑗ω)} (10) 

Comparing (10) with (5), it can be seen that the output keeps 

the same phase magnitude proportionality as the input. This fact 

can be verified in Fig. 3, which represents the current response 

due to the application of a balanced three-phase unit impulse 

voltage input in the FDNE described in Section III, valid in the 

frequency range from 0 to 1.2 kHz. 

 

Fig. 3. Current responses due to the application of a balanced three-phase unit 

impulse voltage input at 10−3 s in the 0 to 1.2 kHz FDNE. 

 

From (10), the positive sequence admittance FR can be 

computed by: 

𝑦+(𝑗ω) = ℱ{𝑖𝑎(𝑡)} (11) 

Thus, after applying the three-phase positive sequence unit 

impulse voltage input [1 −0.5 −0.5]𝑇 δ(𝑡) (the superscript 
T denotes matrix or vector transpose) at the interface node of the 

MODELS, the current vector [𝑖𝑎(𝑡) 𝑖𝑏(𝑡) 𝑖𝑐(𝑡)]𝑇  is 

obtained. Next, the positive sequence admittance FR 𝑦+(𝑗ω) is 

computed by the Fourier transform of the current in phase 𝑎, as 

indicated in (11). 

Analogously to (5) and (10) the zero sequence unit impulse 

voltage input and its corresponding current output is given, 

respectively, by: 

[

𝑣𝑎0(𝑡)

𝑣𝑏0(𝑡)

𝑣𝑐0(𝑡)
] = [

1
1
1

] δ(𝑡) (12) 

[

𝑖𝑎0(𝑡)

𝑖𝑏0(𝑡)

𝑖𝑐0(𝑡)
] = [

1
1
1

] ℱ−1{𝑦0(𝑗ω)} (13) 

where 𝑦0(𝑗ω) is the zero sequence admittance seen from the 

currents, given by: 

𝑦0(𝑗ω) = 𝑦𝑠(𝑗ω) + 2𝑦𝑚(𝑗ω) (14) 

From (13), the zero sequence admittance FR can be 

computed by: 

𝑦0(𝑗ω) = ℱ{𝑖𝑎0(𝑡)} = ℱ{𝑖𝑏0(𝑡)} = ℱ{𝑖𝑐0(𝑡)} (15) 

C. Numerical Fourier Transform 

Fig. 4 shows the linear approximation of a time function 𝑓(𝑡) 

in the interval [𝑡𝑖, 𝑡𝑖+1]. 

 
Fig. 4. Linear approximation of 𝑓(𝑡) in the interval [𝑡𝑖 , 𝑡𝑖+1]. 

 

According to this figure, one has: 

𝑓(𝑡) − 𝑓(𝑡𝑖)

𝑡 − 𝑡𝑖

=
𝑓(𝑡𝑖+1) − 𝑓(𝑡𝑖)

𝑡𝑖+1 − 𝑡𝑖

= tan θ (16) 

where (𝑡, 𝑓(𝑡)) represents a generic point on the linear 

approximation of the function, which can be written as: 

𝑓(𝑡) = tan θ (𝑡 − 𝑡𝑖) +  𝑓(𝑡𝑖) (17) 

The Fourier transform 𝐹(𝑗ω) of 𝑓(𝑡) is given by [21]: 

𝐹(𝑗ω) = ∫ 𝑓(𝑡) 𝑒−𝑗ω𝑡𝑑𝑡

∞

−∞

 (18) 

According to (18), the contribution of the interval [𝑡𝑖 , 𝑡𝑖+1] to 

𝐹(𝑗ω), considering the linear approximation (17), is given by: 

Δ𝐹𝑖(𝑗ω) = tan θ ∫ 𝑡 𝑒−𝑗ω𝑡𝑑𝑡

𝑡𝑖+1

𝑡𝑖

+ [𝑓(𝑡𝑖) − tan θ 𝑡𝑖] ∫ 𝑒−𝑗ω𝑡𝑑𝑡

𝑡𝑖+1

𝑡𝑖

 (19) 

To perform the integration, (19) can be rewritten as: 

θ 
𝑓(𝑡𝑖) 

𝑡𝑖+1 𝑡𝑖  

𝑓(𝑡𝑖+1) 

𝑡 

𝑓(𝑡) 

𝑡 

𝑓(𝑡) 
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Δ𝐹𝑖(𝑗ω) = −
tan θ

ω2
∫ (−𝑗ω𝑡) 𝑒−𝑗ω𝑡𝑑(−𝑗ω𝑡)

𝑡𝑖+1

𝑡𝑖

+ 𝑗 (
𝑓(𝑡𝑖) − tan θ 𝑡𝑖

ω
) ∫ 𝑒−𝑗ω𝑡𝑑(−𝑗ω𝑡)

𝑡𝑖+1

𝑡𝑖

 (20) 

From [22], one has: 

∫ 𝑒−𝑗ω𝑡𝑑(−𝑗ω𝑡)

𝑡𝑖+1

𝑡𝑖

= 𝑒−𝑗ω 𝑡𝑖+1 − 𝑒−𝑗ω 𝑡𝑖 (21) 

∫ (−𝑗ω𝑡) 𝑒−𝑗ω𝑡𝑑(−𝑗ω𝑡)

𝑡𝑖+1

𝑡𝑖

=

𝑒−𝑗ω 𝑡𝑖+1(−𝑗ω 𝑡𝑖+1 − 1) − 𝑒−𝑗ω 𝑡𝑖(−𝑗ω 𝑡𝑖 − 1)

 (22) 

Substituting (21) and (22) into (20), yields: 

Δ𝐹𝑖(𝑗ω) =
tan θ

ω2
[𝑒−𝑗ω 𝑡𝑖+1(𝑗ω 𝑡𝑖+1 + 1)

− 𝑒−𝑗ω 𝑡𝑖(𝑗ω 𝑡𝑖 + 1)]

+ 𝑗 (
𝑓(𝑡𝑖) − tan θ 𝑡𝑖

ω
) (𝑒−𝑗ω 𝑡𝑖+1 − 𝑒−𝑗ω 𝑡𝑖)

 (23) 

Finally, 𝐹(𝑗ω) can be approximated by: 

𝐹(𝑗ω) ≅ ∑ Δ𝐹𝑖(𝑗ω)

𝑛∆𝑡

𝑖=1

 (24) 

with: 

𝑛∆𝑡 = 𝑛𝑡 − 1 (25) 

where 𝑛∆𝑡 and 𝑛𝑡 denote, respectively, the numbers of 

subintervals and time instants considered. 

Equation (23) can be simplified with consequent and 

significant improvement in its computational performance, 

using the following relationships: 

𝑒−𝑗ω 𝑡𝑖+1 = 𝑒−𝑗ω𝑡𝑖 𝑒−𝑗ωΔ𝑡  (26) 

𝑗ω 𝑡𝑖+1 = 𝑗ω (𝑡𝑖 + Δ𝑡) = 𝑗ω𝑡𝑖 + 𝑗ωΔ𝑡 (27) 

𝑗
tan θ 𝑡𝑖

ω
=

tan θ

ω2
𝑗ω𝑡𝑖 (28) 

Substituting (26), (27) and (28) into (23) and after some 

algebraic manipulations, one has: 

Δ𝐹𝑖(𝑗ω) = 𝑒−𝑗ω𝑡𝑖 { 
tan θ

ω2
[(𝑒−𝑗ωΔ𝑡 − 1)

+ 𝑒−𝑗ωΔ𝑡𝑗ωΔ𝑡]  + 𝑗
𝑓(𝑡𝑖)

ω
(𝑒−𝑗ωΔ𝑡 − 1)}

 (29) 

The computational performance of the Fourier transform can be 

further improved considering that, in general, the response 𝑓(𝑡) 

to the unit impulse presents a fast initial oscillation of large 

amplitude, quickly falling to values close to zero (see Fig. 3). 

Thus, from a specific time point 𝑡𝑐𝑢𝑡 onwards, the contributions 

Δ𝐹𝑖(𝑗ω) to 𝐹(𝑗ω) can be neglected. The determination of 𝑡𝑐𝑢𝑡 

can be carried out, for example, by taking five points 

ω𝑘 , (𝑘 = 1, ⋯ , 5) on the 𝑗ω axis (including the initial and final 

frequency values) logarithmically spaced. At these five points, 

the calculation of 𝐹(𝑗ω) is, firstly, made considering the entire 

time interval provided, from the instant of the impulse 

application until 𝑡𝑚𝑎𝑥. Next, the calculation is carried out again 

until the time instant (𝑡𝑐𝑢𝑡), in which the maximum relative 

percentage error (𝜀) among these five points satisfies a selected 

tolerance (𝑡𝑜𝑙). Mathematically, one has: 

𝜀 = max (|
𝐹𝑡𝑚𝑎𝑥

(𝑗ω𝑘) − 𝐹𝑡𝑐𝑢𝑡
(𝑗ω𝑘)

𝐹𝑡𝑚𝑎𝑥
(𝑗ω𝑘)

|) × 100% ≤ 𝑡𝑜𝑙 (30) 

where 𝐹𝑡𝑚𝑎𝑥
(𝑗ω𝑘) and 𝐹𝑡𝑐𝑢𝑡

(𝑗ω𝑘) denote, respectively, the 

values of 𝐹(𝑗ω) calculated at points ω𝑘 , (𝑘 = 1, ⋯ , 5), 

considering all time instants up to 𝑡𝑚𝑎𝑥 and only up to 𝑡𝑐𝑢𝑡. 

After the 𝑡𝑐𝑢𝑡 value determination, 𝐹(𝑗ω) is efficiently 

calculated for all desired frequency points using 𝑡𝑐𝑢𝑡. The 

pseudocode for the proposed Fourier transform is presented in 

Algorithm 1. 

 

Algorithm 1: Fourier Transform. 

Input for the first call: Δ𝑡, 𝑛∆𝑡, 𝑡, 𝑓(𝑡), ω𝑘 (number of 

input arguments: 𝑛𝑎𝑟𝑔𝑖𝑛 =  5). 

Output of the first call: 𝐹 = 𝐹𝑡𝑚𝑎𝑥
. 

Input for the second call: Δ𝑡, 𝑛∆𝑡, 𝑡, 𝑓(𝑡), ω, 𝐹𝑡𝑚𝑎𝑥
, 𝑡𝑜𝑙 

(number of input arguments: 𝑛𝑎𝑟𝑔𝑖𝑛 =  7). 

Output of the second call: 𝐹 = 𝐹𝑡𝑐𝑢𝑡
. 

1) Set 𝐹 = 0 

2) for 𝑖 = 1 to 𝑛∆𝑡 do 

3) Compute tan θ using (16) 

4) Compute Δ𝐹𝑖 using (29) and considering ω as a 

vector 

5) Compute 𝑒−𝑗ω𝑡𝑖+1 = 𝑒−𝑗ω𝑡𝑖  𝑒−𝑗ωΔ𝑡  

6) Set 𝐹 = 𝐹 + Δ𝐹𝑖 

7) if (𝑛𝑎𝑟𝑔𝑖𝑛 > 5) then 

8) Compute the relative percentage error 𝜀 using 

(30) 

9) if (𝜀 ≤ 𝑡𝑜𝑙) then 

10) skip the for loop 

11) end if 

12) end if 

13) end for 

14) return 𝐹 

III. ON USING THE TRIANGULAR FUNCTION 

From Fig. 1, it is easy to see that the smaller the value of Δ𝑡, 

the better 𝑓∆(𝑡) approximates δ(𝑡). Therefore, the value of Δ𝑡 

should be determined so that 𝑓∆(𝑡) is a good approximation to 

δ(𝑡) but is not unnecessarily too small to compromise CPU 

time. Suitable determination of Δ𝑡 can be accomplished using 

the Laplace transformation of 𝑓∆(𝑡), given by: 

ℒ{𝑓∆(𝑡)} = 𝑓∆(𝑠, Δ𝑡) =  
1

Δ𝑡2 𝑠2
[1 − 2𝑒−Δ𝑡 𝑠 + 𝑒−2Δ𝑡 𝑠] (31) 

The modulus FR of the triangular function 𝑓∆(𝑗ω, Δ𝑡) is 

shown in Fig. 5 for two Δ𝑡 values: 100 μs and 1 μs. As one can 

see, for Δ𝑡 = 1 μs, the function 𝑓∆(𝑗ω, 1μs) has the same 

modulus FR as the unit impulse δ(𝑗ω), meaning that 

𝑓∆(𝑗ω, 1μs) can excite all UDM frequencies with the same 

strength. 
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Fig. 5. Modulus FRs of the triangular function 𝑓∆(𝑗ω, Δ𝑡). 

Unlike δ(𝑗ω), the angle of 𝑓∆(𝑗ω, 1μs) is not null for all frequencies, as pictured 

in Fig. 6. 

 
Fig. 6. Angle FR of the triangular function 𝑓∆(𝑗ω, 1μs). 

 

Note that to validate the UDM MODELS code, the UDM and 

the external area FRs, 𝐺 and 𝐻, respectively, must be compared. 

The FR 𝐻 is obtained, in general, by a harmonic frequency scan 

program. On the other hand, 𝐺 can be obtained from 𝐺∆, which 

denotes the UDM FR to 𝑓∆(𝑗ω, 1μs). In other words, 𝐺 denotes 

𝑦+ or 𝑦0, given by (11) and (15), respectively. However, in 

practice, the input provided is a triangular waveform that 

approximates an impulse, thus what is obtained after the Fourier 

transform is 𝐺∆ that must be corrected to get 𝐺. 

The UDM response to 𝑓∆(𝑗ω, 1μs) is given by 𝐺∆ =
𝐺 𝑓∆(𝑗ω, 1μs), thus: 

𝐺 =
𝐺∆

𝑓∆(𝑗ω, 1μs)
 (32) 

Considering that |𝑓∆(𝑗ω, 1μs)| = 1, in the polar form 

𝑓∆(𝑗ω, 1μs) can be written as: 

𝑓∆(𝑗ω, 1μs) = 𝑒𝑗θΔ (33) 

where θΔ is depicted in Fig. 6. Substituting (33) into (32), one 

has: 

𝐺 =
𝐺∆

𝑒𝑗θΔ
 (34) 

Equation (34) shows that the UDM FR, i.e. the UDM impulse 

response, can be easily obtained from the UDM response to 

𝑓∆(𝑗ω, 1μs). If the triangular function is applied at a non-zero 

instant 𝑡𝑎, by the time shifting property, (9) should be replaced 

by: 

𝐺 =
𝐺∆

𝑒𝑗(θΔ−ω𝑡𝑎)
 (35) 

A block diagram illustrating the proposed methodology to 

validate UDM model codes in the ATP is presented in Fig. 7. 

 
Fig. 7. Block diagram illustrating the proposed methodology. 

IV. TESTS AND RESULTS 

A. One-port FDNE Results 

A one-port FDNE of the Brazilian Interconnected Power 

System (BIPS), implemented in the ATP MODELS, was used 

to validate the proposed methodology. 

The bus 431, representing a 230 kV substation, was selected 

as the boundary bus. The external area comprises the entire 

BIPS transmission system, consisting of 9497 buses, 7809 

transmission lines, 2229 generators, and 3694 transformers. 

Due to its size, it becomes impractical to fully represent it in 

ATP. The study area is a distribution network, whose detailed 

representation is beyond the scope of this work. 

The FDNE was built using the positive sequence FR of the 

self-admittance seen from the boundary bus, calculated using a 

harmonic frequency scan program fed by the network database 

(complete model), freely available on the Brazilian Power 

System Operator’s website [23]. Subsequently, the RM (FDNE) 

is obtained using the VF to fit the FR. Finally, the FDNE is 

implemented in the ATP MODELS following the methodology 

described in [7] and [8]. Since only one boundary bus (Single-

Input Single-Output - SISO TF) was considered, the RM is 

naturally passive, not requiring passivity verification and 

enforcement. 

VF requires that the user provide some input parameters: the 

calculated values of the TFs to be fitted, frequency range of 

interest, weight for each sampled point, number of iterations to 

be performed, and a set of initial poles. Therefore, in these tests, 

all weights were considered unitary, the initial poles were 

defined as guided in [10], the TF was calculated as previously 

mentioned, and two frequency ranges of interest were 

considered: the first one from 0 to 1.2 kHz and the second from 

0 to 10 kHz, thus generating two MRs and two MODELS 

implementations. 

The proposed methodology was implemented in three 

MODELS, one for each phase, and connected at the FDNE 

MODELS terminals, as shown in Fig. 2. Fig. 3 and Fig. 8 show 

the current responses of the FDNE MODELS considering the 

frequency ranges from 0 to 1.2 kHz and from 0 to 10 kHz, 

respectively. Fig. 9 shows the zoom of the Fig. 8 curves. 
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Fig. 8. Current responses due to the application of a balanced three-phase unit 

impulse voltage input at 10−3 s in the 0 to 10 kHz FDNE. 

 
Fig. 9. Zoom of the Fig. 8 curves. 

 

Next, the NFTA was applied to the phase a of these current 

response curves, considering an error tolerance of 0.1% (see 

(30)). Fig. 10 and Fig. 11 show, respectively, the modulus and 

angle FRs from 0 to 10 kHz of the complete model, in black, 

and of the 0 to 1.2 kHz and 0 to 10 kHz FDNEs in blue and 

dashed red, respectively. Note that the FR of the 0 to 1.2 kHz 

FDNE deviates considerably from the complete model FR at 

frequencies beyond this range. This is an expected behavior 

since the VF only ensures a good FR fitting in the frequency 

range considered in the construction of the FDNE. 

The most common method in the literature to test this kind 

of UDM is injecting sinusoidal voltage or current sources at the 

exact frequency of interest. In this case, to validate the FDNE 

MODEL considering a range from 0 to 10 kHz, using a step of 

1 Hz, it should be necessary to include 10.000 sources, one at 

each interest frequency and each phase. This methodology was 

implemented using MODELS to compare its computational 

performance with the proposed method. It should be noted that 

the sinusoidal source method required a simulation time of 2 

seconds to achieve a similar level of accuracy (in terms of RMS 

error) as the proposed method, whereas only 1 second was 

sufficient for the unit impulse application. 

Considering the computational performance,  

TABLE  shows the CPU time consumed by the ATP using 

the sinusoidal source method with their frequencies varying in 

steps of 1 Hz, 10 Hz, and 100 Hz, and using the unit impulse 

method. This time consumption was observed using a PC 

running a Windows 10 64-bit system equipped with an Intel 

Core i5 3.2 GHz and 8 GB of RAM. Observe that in the 

proposed method it is not needed to specify any frequency step.  

TABLE  also shows the RMS error (%) obtained by: 

 
Fig. 10. Positive sequence modulus FRs of the complete model and of the 

FDNEs. 

 

 
Fig. 11. Positive sequence angle FRs of the complete model and of the FDNEs. 

 

ε𝑅𝑀𝑆 = √
∑ |ε(𝑠𝑚)|2𝑁𝑠

𝑚=1

∑ |ℎ(𝑠𝑚)|2𝑁𝑠
𝑚=1

 (36) 

with 

ε(𝑠𝑚) = ℎ̃(𝑠𝑚) − ℎ(𝑠𝑚) (37) 

where ℎ̃ is the FR obtained after applying the FTA, ℎ is the 

reference FR, and 𝑠𝑚 is one of the 𝑁𝑠 frequency samples. 

TABLE I  

ATP TIME CONSUMPTION USING THE SINUSOIDAL SOURCE 

AND THE PROPOSED METHODS 

 Sinusoidal Sources Method 
Unit. 

Impulse 

  Step   

 1 Hz 10 Hz 100 Hz - 

ATP CPU 

time 

consumed 

(hours) 

16:05 03:38 01:45 00:31 

RMS 

Erros (%) 
1.75 7.27 67.92 1.62 
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TABLE I shows that the accuracy of the traditional method 

using a source frequency step of 1 Hz is similar to that of the 

proposed method. However, the required CPU time is 31 times 

higher. Increasing the frequency step size reduces the overall 

simulation time. Nevertheless, it also leads to a higher RMS 

error, as the larger spacing between frequency points may 

cause sharp peaks in the response to be missed. Considering 

the proposed NFTA, implemented in C language, consumed 

approximately 5 seconds of CPU time to obtain each one of 

these FRs, against 2 seconds, approximately, of the Matlab 

built-in FFTW algorithm. Although the built-in MATLAB 

function executes faster, it is essential to consider the time 

required to prepare the input data for its use, which is not 

accounted for in this time analysis. The decision was made to 

implement NFTA in C due to the high computational 

performance that this language offers. In the future, it is 

intended to analyze, in terms of language resources and 

computational performance, the feasibility of this 

implementation directly in the Models. 

Returning to the proposed method, the NFTA was applied in 

current responses with 1 s  duration and 1 μs integration step, 

totaling 1 000 001 points, demonstrating its high efficiency. 

Note that the integrations were performed for 10 000 frequency 

points for each FR. 

B. Two-port FDNE Results 

To exemplify the methodology applied to a two-port FDNE, 

the 77-bus electrical network, shown in Fig. 12, was used. The 

study area is shown in blue, the external area in black, and the 

boundary buses in red. This system consists of 10 three-winding 

transformers, 22 two-winding transformers, 29 generators, 34 

loads, 35 short TLs (modeled with one RLC-pi circuit), and 30 

long TLs (represented by Bergeron’s model). 

Considering the selected set of boundary buses, the two areas 

(study and external areas) are split, and the admittance MIMO 

TF matrix of the positive sequence is calculated for the external 

area with all voltage and current sources deactivated. The 

FDNE of the external area was built considering the frequency 

range of interest from 10 to 10 kHz [9].The implemented UDM 

can be tested as illustrated in Fig. 13. In this case, to compute 

the admittance FRs, a balanced three-phase unit impulse 

voltage input is applied to one port while the other is short-

circuited. 
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Fig. 12: 77-bus electrical network. 

For the configuration shown in Fig. 13, the current 

measurement at the right-hand port allows the obtention of the 

self-admittance seen from this terminal (𝑦+1,1(𝑗ω)). 

Simultaneously, the short-circuit current measured at the left-

hand port yields the transfer admittance between the left and 

right ports (𝑦+1,2(𝑗ω)). As there are only two ports in this 

example, the procedure should also be applied by inverting the 

ports to fully characterize the system, obtaining (𝑦+2,2(𝑗ω)) 

(note that 𝑦+2,1(𝑗ω) is equal to 𝑦+1,2(𝑗ω)). 
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Fig. 14 and Fig. 15 show, respectively, the modulus and 

angle FRs of 𝑦+1,1 considering the complete externa area model 

and the FDNE. The RMS error obtained in this comparison was 

4.6394 × 10−4 %. 

 
Fig. 13. Application of a balanced three-phase unit impulse voltage input in the 

two-ports FDNE implemented in ATP. 

 
Fig. 14. 𝑦+1,1 modulus FRs of the complete model and of the FDNE. 

 
Fig. 15. 𝑦+1,1 angle FRs of the complete model and of the FDNEs. 

 

On the other hand, Fig. 16 and Fig. 17 show, respectively, 

the modulus and angle FRs of 𝑦+1,2 considering the complete 

externa area model and the FDNE. The RMS error obtained in 

this comparison was 0.0074 %. 

 

Fig. 16. 𝑦+1,2 modulus FRs of the complete model and of the FDNE. 

 
Fig. 17. 𝑦+1,2 angle FRs of the complete model and of the FDNEs. 

V. CONCLUSION 

This work proposes a method for calculating the frequency 

responses of the UDMs implemented with the MODELS in the 

ATP. For this purpose, some important theoretical concepts 

were established, such as the UDM responses to three-phase 

unit impulse voltages. 

Considerations on using a triangular function to obtain the 

UDM unit impulse responses are presented in detail. 

Also, a highly efficient and simple-to-use NFTA was 

described in detail. 

The proposed methodology was applied to obtain the FRs of 

two one-port BIPS FDNEs and one two-port 77-bus electrical 

network FDNE. Regarding the BIPS FDNEs, one is valid in the 

frequency range from 0 to 1.2 kHz, and the other is valid in the 

frequency range from 0 to 10 kHz. In the valid ranges, the FRs 

of the FDNEs show excellent agreement with that of the 

complete model. The two-port FDNE valid in the frequency 

range from 10 Hz to 10 kHz also shows excellent agreement 

with that of the full model, except for very low values of the 

transfer admittance (𝑦+1,2) due to accuracy limitations of the 

ATP software in the response calculation of a balanced three-

phase unit impulse voltage input, reflected to the modulus and 

angle FRs. 

Although in this work the emphasis was given to the positive 

sequence, the extension of the methodology to the zero 

sequence is straightforward. 
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