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Abstract—With the penetration of inverter-based resources in
power grids, phasor-domain analysis (RMS analysis) is becoming
less effective, and the demand for Electromagnetic Transient
(EMT) analysis is growing. However, EMT analysis is
computationally intensive, particularly for large-scale grids when
a small simulation timestep is required. One of the grid
components that limits the maximum allowable timestep is the
Transmission Line (TL). Among different TL models, the
Bergeron TL model is widely used in EMT studies on grid
dynamics and protection. However, it restricts the maximum
simulation timestep to the shortest propagation delay of the TLs in
the grid. This paper proposes a mathematical method for merging
the Bergeron models of interconnected TLs (i.e., TLs connected to
a common bus) to allow the use of a simulation timestep up to twice
the minimum propagation delay. This increases the speed of EMT
simulations. The proposed model is evaluated using EMTP-RV.
The results demonstrate that the proposed model enhances the
simulation speed by nearly 41% for the test cases. However, the
error in the results remains smaller than 2.1% in the test cases.

Keywords—Bergeron model, computational burden, EMT,
model reduction, transmission line.

I. INTRODUCTION

Integration of Inverter-Based Resources (IBRs) to electric
grids adds fast dynamics to the behavior of grids. This
challenges the accuracy of the conventional phasor-domain or
RMS analysis. Therefore, the demand for Electromagnetic
Transient (EMT) solutions is rising [1]. However, the
computational burden of EMT analysis is substantial.
Consequently, researchers have proposed the following primary
approaches to accelerate EMT analysis: i) hybrid EMT-RMS co-
simulation [2], [3], ii) parallel processing [4], [5], iii) multirate
simulation [6], [7], iv) Average-Value Models (AVM) [8], [9],
and v) model reduction [10-14]. In the following, these
approaches are briefly reviewed, and the closest methods to the
proposed one are elaborated.

In hybrid EMT-RMS co-simulations, the grid is divided into
a detailed system (EMT network) and an external system
(electromechanical network), which are respectively solved
using the EMT and RMS analyses [2]. However, delays in
exchanging data between these two networks can result in
numerical stability issues [3], [15]. Another challenge is the
continuous expansion of EMT networks by the addition of IBRs
[1], [2] that reduces the speed of the EMT simulation.
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In parallel processing [4], the grid is first decomposed into
smaller subnetworks (coarse-grained) utilizing delay elements.
Subsequently, the subnetworks are analyzed in parallel by
separate processing units. Transmission Lines (TLs) are usually
used as the delay element in the coarse-grained decomposition
due to their natural propagation delay, which is referred to as
line-interfacing [16]. However, the number, location, and length
of TLs influence the performance of parallel processing. In
particular, the maximum simulation timestep (At) is limited by
TL propagation delays [17]. While adding artificial delay
elements or latency buffers can provide the required delay for
partitioning [5], it can increase the error in simulation results [7].
Moreover, parallel processing requires expensive computational
resources.

Following the multirate approach, while all areas of a large
grid are analyzed by EMT solutions, different timesteps are
utilized for these areas to reduce the computational burden. For
example, in [6], the grid is divided into three areas, namely the
power-electronic, main, and remote areas. Then, the following
timesteps are respectively considered for them: substep (smallest
At ), main timestep, and superstep (largest At). However,
interfacing several different areas can be challenging or may
introduce cumulative errors [7], [18].

AVMs are developed by representing semiconductor
switches with canonical switching cells [19]. This removes high-
frequency power-electronic switching, which requires small
timesteps. Therefore, AVMs permit the use of larger timesteps
to improve the speed of EMT simulations. However, the possible
delays in interfacing AVMs and the rest of the system can lead
to numerical inaccuracies or instabilities [9].

Model reduction broadly refers to retaining the input-output
behavior of a system while reducing its internal complexity to
decrease the computational burden. As for the applications of
reduced models in EMT simulation, Frequency-Dependent
Network Equivalents (FDNEs) are well-known to approximate
a part of a grid with a rational transfer function [10]. However,
accuracy issues are reported in [20], and it is concluded that the
number of poles should be considerably high to achieve a precise
fitting function in some cases. Additionally, curve-fitting issues
in finding the transfer function challenge the use of FDNEs [21].
However, reduced models tailored for specific components are
proposed to increase the speed of EMT simulation. In [11], a
reduced model is introduced for converter simulations. In [12],
[13], the reduced models for power-electronic transformers and



HVDC links are respectively addressed. In [14], several reduced
models of grid-tied inverters are discussed and compared. While
TLs form a major portion of transmission grids, to the best of
our knowledge, no reduced model for interconnected TLs that
preserves propagation delays has been reported in the literature.

The inspiration for this work is the lack of reduced models
for representing interconnected TLs to accelerate EMT analysis.
The contribution of this paper is to introduce a reduced, but high-
fidelity, model for representing interconnected TLs that share a
common bus. While the frequency-dependent [22] and universal
line models [23] take frequency-dependent features of TLs into
account, their computational burdens are significantly higher
compared to the Bergeron model [24]. Therefore, the Bergeron
model is often preferred in EMT studies requiring long
simulation times and focusing on the main frequency, such as
protection and stability studies [25], [26], [27], [28]. The
importance of the proposed method is that it can reduce the
computational burden of EMT-type simulations.

The proposed method mathematically removes the common
bus between the TLs (Bus ¢ in Figs. 1(a) and (b)) and merges the
Bergeron models of interconnected TLs into a multiterminal
component that can replace the original lines, as shown in Fig.
1(c). By removing the common bus, the maximum allowable At
can increase from the minimum propagation delay of TLs to
twice that value.

The main advantage of the proposed method is its high
fidelity, as it retains the propagation delays between the
terminals of the interconnected TLs ( k buses in Fig. 1).
Additionally, the proposed method does not encounter curve-
fitting issues in FDNE, as it follows closed-form solutions
mainly based on substitution. The performance of the proposed
method is evaluated through several scenarios with switching
events. The results confirm the ability of the proposed method to
improve the speed of EMT simulations while maintaining
accuracy.

II.  PROPOSED METHOD
A. Methodology

It is common in the literature to develop line models first for
single-phase TLs, and then extend the model to multi-phase
lines [24], [29]. Similarly, the proposed method is explained
using an example consisting of two single-phase TLs sharing
the common Bus c¢, as shown in Fig. 1(a). However, the
developed formulations support any number of TLs. The end
terminals of TL1 are Buses k; and m;, and its characteristic
impedance and propagation delay are z; and 7, respectively.
Likewise, TL2 connects Buses k, and m,, and its parameters
are z, and 7,. The Bergeron model of these TLs is shown in
Fig. 1(b), and their defining equations are as follows [24]:

lem; (8) = ey (£)y; + ik, () (1.1)
b, (£) = e, (£)y; + by (0) (12)
i (1) = —em,-(t — 7)) = imk,-(t - 1) (1.3)
im].(t) = —ek].(t - T]-)yj - ikmj(t - Tj) (1.4)

where j belongs to the set N = { 1,2,3, ..., n } in which n is the

Fig. 1. (a) Interconnected TLs. (b) The Bergeron model. (c) The proposed
model.

total number of interconnected TLs sharing the common Bus.
Referring to Fig. 1(b), liem, is the current flowing from Bus k; to

Bus m; of TL j, and imkj is the current flowing reversely from
Bus m; to Bus k;. y; is the characteristic admittance of TL j,
7j is the TL’s propagation delay, e ; and e,, are the voltages of
Buses k; and m;, and ikj and imj are the history currents.

With reference to the Bergeron model shown in Fig. 1(b), the
buses connected to the common Bus ¢ are considered m-buses.
Therefore, their voltages are the same. This can be formulated as
em, (£) = ey, (£) = =+ = ey, (t) = ec(t) where e (t) is the
voltage of the common bus. Concurrently, the KCL at Bus ¢
suggests

imkl ®+ imkz @®+-+ imkn ®=0 2
Replacing imkj, Vj = 1,2,..,n with their equivalents given in

(1.2) and using e, instead of the voltage of m-buses (i.e.,
emj(t) =e.(t),Vj =1,2,...,n),(2) can be written as

) Yt in =0 ®

Defining Y := 7, Y, and replacing I in (3) with its

equivalent given in (1.4) result in
n
e ()Y — Z . (ekj(t - Tj)yj + ikmj(t - Tj)> =0 @
}:

Solving (4) for e.(t) leads to (5), which is a function of the
voltages and currents of k-buses (i.e., outer buses).

@ =YY" (ey(t=m)y + b (E-1)) )

Therefore, the voltage of the common Bus ¢ can be determined
only using the voltages and currents of the outer buses.

Let us refer to any of the interconnected lines with subscript
p. Therefore, based on (3), the history current of any TL p is
imp, which can be expressed as (6).



n n
Iy (1) = —ec(t)z_ i —Z_ (B (6)
j=1 j=Lj#p
Using the definition of Y and replacing i,, ; in (6) with its

equivalent provided in (1.4) yield
imp(t) = _ec(t)y +

Zn (ek,-(t — T]-)yj + ikmj(t — Tj)) @)

j=1j#p

Therefore, the history current at the inner buses (m-buses) is a
function of the voltages and currents of only k-buses. Referring
to (1.3) and Fig. 1(b), i) represents the history current at the
outer buses (k-buses). But it is a function of the inner bus
voltages and currents (i.c., e,, and i,,;) and must be expressed
in terms of outer bus parameters. As all e, equal e, and i,
can be replaced with (1.2) for any TL p, iy, (t)is

ikp(t) = —ec(t - Tp)yp - ec(t - Tp)yv —im, (t - Tp) 3
which is simplified as
ikp(t) = —Zec(t - Tp)yp - imp(t - ‘I,'p) )
Replacing lm, (t — Tp) in (9) with respect to (7), and defining
Tpji = Tp + T, I, (t) is expressed as

I, (t) = —2e.(t - tp)yp +e(t— Tp)Y
n . (10)
- Z o (ek,-(t = Tp); + bim, (£ = ij))
j=1j=p
which is equal to
I, (8) = (=2y, + Y)ec(t - 7p)
" . (an
I G R Gt )
j=1,j%p
Then, replacing ec(t - ‘rp) in (11) with respect to (5) results in
I, (t) =
n
_Zpr‘l Z - (ekj(t - Tp])y] + ikm}.(t - ij))
]:
n
_ (ek,- (t = 707y + bk, (£ = Tpf))
Jj=1
n

- z o (ek,-(t = Tp); + biem, (£ = ij))
J=1j#p

It is based on the voltages and currents of k-buses only. By
defining

s (12)

{apj(t) — ek]'(t — T,,]-)y]- + ikm]-(t - ij)' V] = 1,2,..,1’1(13)

App (£) = €y (t - Tpp)yp + tkm, (t - Tpp)' ifj=p

Then, (12) can be written in the following short form.

i, (£) = — <2y,,y-1 zn (a,,,(t))) +a,)  (14)
Jj=1

where i,(,p denotes history currents connected to k-buses, as
shown in Fig. 1(c). Accordingly, and with respect to Fig. 1(c),
the multiterminal component representing the TLs only requires
the parameters of k-buses, comprising e, ijm, and i.

1) kem; -
1) B; 0, Ikm, |
Bergeron Model {Tn) Mproposed Model €y |
QOAmmeter @ Voltmeter

Fig. 2. Propagation delays of (a) the Bergeron and (b) proposed models.

The set of equations defining the multiterminal component is
given in (15). It should be noted that p refers to a particular TL
in the set of n interconnected TLs.

b, () = — (Zpr‘l ijl(apj(t))> + app (8

ikmp @® = ekp (t)yp + l-]r(p (®)

(15)

B. Discussion on Propagation Delays

The propagation delays between the terminals of the
Bergeron and proposed models are shown in Fig. 2. For any TL
p in the set of n interconnected TLs, the Bergeron model uses
the terminal-to-terminal delay 7,, to compute the history currents
(i.e., ik, and imp) according to (1.3) and (1.4). However, the
proposed model computes the history current (i.e., i,’cp in (14))
using the delays between the outer terminals 7,,; , where T,; is
the sum of the propagation delays of TL p (i.e., 7,,) and TL j
(i.e., T ), for all j = 1,2,...,n, including j = p that results in
Tpp - Therefore, the minimum propagation delay in the
multiterminal component is twice the lowest propagation delay
of TLs. In other words, if T,y,;;, is the shortest propagation delay
among the interconnected TLs (i.e., Tppin = Min{zy, 7y, ..., Tp})
the shortest delay in the multiterminal component is T,,;, +
Tmin = 2Tmin, Which is the sum of the traveling time of a wave
from the outer bus of the corresponding line to the common bus
and its return to the same outer bus.

Therefore, the proposed method enables the selection of a
maximum timestep (At) for the EMT analysis twice 7,,;, (i.e.,
0 < At < 27,,;), While the Bergeron model necessitates that
0< At < Tmin-

C. Implementation in EMT Simulations

The implementation of the proposed model in EMT
simulators is presented in Algorithm 1. This algorithm is
executed at the beginning of each simulation timestep to update
all history currents. For example, as the multiterminal
component shown in Fig. 1(c) has two terminals, the algorithm
is executed for p = 1 and p = 2 to determine i;, and i,. Then,
the simulator analyzes the grid for one At. While the algorithm
is self-descriptive, it is explained as follows:

In the initialization stage, the necessary constants are
determined. In Line 1, the proposed method receives the
simulation parameters. In Line 2, all terminal-to-terminal
propagation delays, including 7,,, are calculated. None of them
should be smaller than At, which is checked in Line 3. The sum
of the characteristic admittances is used repeatedly in the rest of



Algorithm 1: Implementation of the proposed model in EMT simulators.

Initialization:
1. n < Number of TLs; At « Simulation timestep; T < Total simulation
time

2. rpj<—rp+rj,Vj=1,2,...,n

3. Ifrpj < At,Vj=1,2,...,n; Stop // At cannot be larger than any Tpj /
4. Ye Z;l=1 Vi
Computing history terms:

5. Forj=12,..,n

6. If (Remainder (ij/At) # 0) // t,,; is not an integer multiple of At /
7. foj < lij/AtJ /I'].] is the floor function. //

8. ta = t—(fp; +1) At

9. ty —t—fp At

10. ey;(t — ;) < Interpolate (ekj (ta),ekj(tb))

11. ikmj(t - rpj) « Interpolate (ikmj(ta), ikmj(tb))

12.  Endif

13, @y(®) « ey, (t = Tp)y) + lhom; (t = ;) // Refer to (13) //
4. Ifj=p

15. app () < ey, (t— rm,)yp + lim,, (t —tpp) // Refer to (13) /
16.  Endif
17. Endfor

18 4, (1) « =(2y,Y 7 XTi(@p; (1)) + @ (8) //Refer to (14) //

the algorithm. Therefore, calculating and recording it accelerates
the calculations, which are carried out in Line 4.

The loop defined in Line 5 contains Lines 6 to 16 and
executes them for all j = 1,2, ...,n. In Line 6, it is evaluated
whether each terminal-to-terminal propagation delay, including
Tpp, is an integer multiple of At. If it is not, the values of ex; and

ikm]. are obtained by interpolating the recorded history values
through Lines 7 to 11 [29]. In Lines 13 and 15, a,; and a,, are
calculated. Finally, the history current i,;p (t) is calculated in

Line 18. This algorithm should be called for every single
terminal of the multiterminal component. When all the history
currents are determined, the simulator can analyze the grid for
one iteration.

III. TEST CASES, RESULTS, AND DISCUSSION

The test case is shown in Fig. 3. It includes two 345-kV TLs
that are interconnected at the common Bus c. The characteristic
impedances of the TLs are z; =400 Q and z, =350 Q [30], and
their propagation delays are t; = 300 us and 7, = 100 ps. One
phase of an ideal, 60-Hz, 345-kV voltage source is connected to
TL1 via a series one-ohm resistor, since the proposed model is
single phase in accordance with the tradition in explaining TL
models [24], [29]. The source impedance is retained low to
increase the fault currents, which magnifies the errors in the
results. The impedance of the load is 120+j120 Q. This also
results in the flow of higher currents that intensifies the probable
inaccuracies of the proposed model. The voltage meters (1) and
(2) in Fig. 3) and current meters ((3) and (4) in Fig. 3) are located
at the outer ends of the TLs (k-buses).

Both the Bergeron and proposed models of the test system
are implemented in EMTP-RV. A simulation timestep of 100 pus
is selected for the Bergeron model, but it is 200 ps for the
proposed model, which are both the maximum allowable
timesteps. The employed numerical solver is the trapezoidal rule
of integration. The total simulation length is 100 s that contains

Swi
50 ms Bus k1 Bus ¢ o2

Zl’ 1'_1_ I ZZ’TZ In.

| ! sk v | |

g 3 @J
) @

L-G

345 kV

{1 (@ : Voltmeters
(3)(@) : Ammeters

120+j12002

Fig. 3. Test case.

four sequential scenarios.

The performance of the proposed model is assessed in four
scenarios by comparing its results with the results of the
Bergeron model. The relative errors are calculated by

Error % = |xp — xg|/xp X 100 (16)

where xp and xp represent currents or voltages calculated by the
proposed and Bergeron models, respectively. For each scenario,
the maximum relative error is identified and reported in Table I.
Additionally, the results from both models are observed along
the time axis for ey, €x,, lxm,, and ixy,. However, due to the
space limitation, only the voltage waveform at Bus &, is shown
in Fig. 4, as it carries more information than the other
measurements.

A. Scenario 1: Line Energization

With reference to Fig. 3, the TLs are initially unenergized.
However, to energize the TLs, SW1 is closed at t = 50 ms,
while SW2 remains disconnected (i.e., Bus k, is open-
circuited). This scenario continues until t = 10 s. The relative
error is calculated at each timestep using (16), and its maximum
is reported in Table 1.

The voltage of Bus k; is denoted with e, and its location
is shown in Fig. 3 with (1). The maximum difference in
ey, computed by the models occurs at t =1.3116 s, where eg and
ep are almost identical and approximately equal to 93.8574 kV.
Consequently, the corresponding relative error is negligible as
reported in Table 1. The voltage of Bus k; is denoted with ey,
() in Fig. 3). As shown in Fig. 4(a), both models find the
voltage zero before the closing of SW1. However, 400 ps after
the switching (i.e., t = 50.4 ms), e, sharply increases by the
arrival of the first traveling wave. The results of both models are
identical, as can be observed in Fig. 4(a). The maximum
difference occurs at t = 1.3112 s, where both ez and ep are
nearly 134.4996 kV. Therefore, the maximum relative error in
ey, is negligible, as given in Table I. The maximum error in iy,
(@ in Fig. 3) is detected at t =1.3116 s, where both iz and ip
are 105.0703 A. Therefore, the maximum relative error is
negligible. As for iy, (@ in Fig. 3), since Bus k, is open-
circuited, iy, is zero throughout the first scenario. Thus, the
relative error cannot be defined, as it implies division by zero.

B. Scenario 2: Line Loading

This scenario starts by closing SW2 att = 10 s to connect
the load to Bus k,, as depicted in Fig. 3, and finishes at t = 50
s. The results of the Bergeron and proposed models are
compared at each timestep, and the maximum relative errors are
reported in Table .



TABLE L. MAXIMUM RELATIVE ERRORS

P Relative Error (%)
arameter
Scenario 1 Scenario 2 Scenario 3 Scenario 4
ey, at ® =0 0.0087 0.0004 ~0
ex, at @ =0 0.7515 Undefined® ~0
fim, at (3 =0 2.0422 0.0021 ~0
U, at @ Undefined® 1.3859 0.0021 Undefined®
4 Both |xp| and |xp| equal zero, leading to 0/0, which is undefined.
Bus k2
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Fig. 4. Voltage waveforms at Bus k, (a) Scenario 1 (b) Scenario 2 (c) Scenario
3 (d) Scenario 4.

The maximum difference between the two models in finding
ey, occurs at t = 10.0054 s where eg =-126.8474 kV (by the
Bergeron model) and ep = -126.8363 kV (by the proposed
model). This leads to a relative error of 0.0087%, as given in
Table I. The maximum relative error of ey, is at t =10.0012 s,
where ep = 198.5880 kV and e, = 200.0804 kV, which results
in a relative error of 0.7515%. The waveforms of e, obtained
by both models are depicted in Fig. 4(b). As it is obvious in the
figure, before closing SW2 at t = 10 s, the voltage is in the
steady state. However, by connecting the load, the voltage drops
after a short transient. It is clear in Fig. 4(b) that the results of
both the Bergeron and proposed models are almost identical.
Similarly, the maximum relative error in iy, isdetectedatt =
10.0054 s, which is 2.0422% based on iz = 541.7327 A and

ip = 530.6697 A. In addition, the load-side current iy, is
measured as ip = -798.1631 A and ip = -787.1013 A att =
10.0050 s that result in the maximum relative error of 1.3859%.

C. Scenario 3: Single-Line-to-Ground Fault

This scenario (from t = 50 s to t = 60 s) studies the
performance of the proposed model in case of faults. As shown
in Fig. 3, a solid Single-Line-to-Ground (SLG) fault is applied
to Bus k, by closing SW3 att =50s.

At t =50.0038 s, ez = 33.0096 kV and ep = 33.0095 kV
that result in the maximum relative error of 0.0004% in ey, .
However, e, = 0 throughout Scenario 3, and the relative error
cannot be defined. The waveform of e, obtained by both
models are depicted in Fig. 4(c). It can be observed that the
voltage ey, drops to zero with the inception of the SLG fault.
The maximum relative error in iy, is detected att = 50.0038
s, which is 0.0021% based on iy = 5.8047 kA and ip = 5.8048
kKA. As for iy, , it is measured as iz = 5.9391 kA and
ip =5.9392 kA att = 50.0042 s that results in the maximum
relative error of 0.0021%.

D. Scenario 4: SLG Fault Clearing

This scenario starts att = 60 s by opening SW2. At this
moment, the SLG fault in the third scenario is cleared as depicted
in Fig. 3. The results of the proposed model are compared to the
results of the Bergeron model for the next 40 seconds until t =
100 s, and the error at each timestep is determined.

It is found that the maximum error in e, occurs at
t =79.7680 s, where eg and ep are both almost 246.9014 kV.
As aresult, the relative error is negligible. The waveform of e,
is depicted in Fig. 4(d). It is clear that the voltage of Bus k, is
zero before fault clearance. However, after clearing the fault, the
voltage ey, rises again. The maximum relative error in ey, is
found to be negligible. The maximum relative error in iy, is
also negligible, and since Bus k, is open-circuited, iy, is zero
throughout Scenario 4. Thus, the relative error cannot be
defined.

To compare the computational intensity of the Bergeron and
proposed models, all of the four mentioned scenarios (i.e., an
entire simulation time of 100 s) are executed ten times for each
model. The simulation timesteps are considered the maximum
allowed, which are At = 100 ps and At = 200 ps, respectively,
for the Bergeron and proposed models. The simulations are
performed by a DELL OPTIPLEX 7060 computer equipped
with an Intel 17-8700/3.20 GHz CPU and 64 GB of RAM. The
average simulation runtimes of the Bergeron and the proposed
models are respectively, 9.27688 s and 5.47578 s. Therefore, the
proposed model is 40.97% faster than the Bergeron model in
these scenarios.

IV. CONCLUSION

Since EMT-type simulations are computationally intensive,
solutions for reducing their computational demand are required.
Several methods for increasing the speed of simulations have
been proposed in the literature. However, while Transmission
Lines (TLs) constitute a large portion of electrical networks,
high-fidelity reduced models for a set of interconnected TLs are



unavailable. Among different TL models, the Bergeron model
has wide applications in dynamic and protection studies where
relatively long simulations should be executed, and the
fundamental frequency is of interest. Accordingly, this paper
proposes a method for merging the Bergeron models of
interconnected TLs that share a common bus. The merged TLs
are represented with a multiterminal component with the
minimum terminal-to-terminal propagation delay twice the
shortest propagation delay of TLs.

The proposed model is implemented in EMTP-RV. The
results of the Bergeron and proposed models are compared in
four different scenarios, including switchings and a fault. The
proposed model allows the use of a simulation timestep twice
the minimum propagation delay of the TLs, while it is limited to
the minimum propagation delay when the Bergeron model is
utilized. According to the results, the simulation speed increases
by almost 41%, while the maximum relative error does not
exceed 2.1% in the tests. However, the proposed method cannot
provide the voltages and currents of the common bus. Future
work will extend the proposed model to three-phase TLs.
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