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ABSTRACT Dynamic interactions among the AC railway traction network and power electronics converters
feeding the trains have been reported to cause low-frequency oscillations (LFO) of the catenary voltage and
current. This can result in railway system instability, eventually leading to a power outage and the shutdown
of the train traffic. To avoid LFO, control of train power electronic converters must be properly designed
and tuned. Experimental verification of control performance regarding the LFO phenomenon in the railway
traction network is not easy. Alternatively, the railway traction network can be emulated using a power
electronic converter, which would feed the train power converter under test. This paper addresses the design
of a network emulator able to reproduce the dynamic behavior of the actual network at low frequencies,
including LFO. Three different options will be considered for the network emulator. Their performance will
be studied first by means of simulations. Finally, the selected solution will be verified on a downscale test
bench.

INDEX TERMS Low-frequency oscillations, resonant stability, railway system, traction unit, railway
traction power supply, catenary emulator, power-hardware-in-the-loop, real-time simulation, grid-forming
voltage source inverter.

I. INTRODUCTION
Modern onboard railway systems include a large number
of power electronic converters aimed to improve the con-
trollability and efficiency of the train. While the bene-
fits brought by power electronic converters are undoubtful,
dynamic interactions among these and the railway traction
network can produce undesired phenomena which might
result in power system instability, including low-frequency
oscillations (LFO) [1], [2], [3], [4], [5], [6], [7].

LFO have been reported worldwide for different types
of railway traction networks under different operating
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TABLE 1. Reported LFO cases.

conditions, see Table 1. This phenomenon leads to a large
variation of the catenary voltage and current at relatively
low frequencies, typically in the range of 10%-30% the
fundamental frequency (f0) [4]. Harmful consequences of
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such events include malfunction of protection systems,
overvoltages/overcurrents that could damage the electri-
cal/electronic equipment, transportation delays, among oth-
ers [5], [7].

Different methods such as pole migration analysis [4], [8],
[9] and impedance-based analysis [6], [10], [11], [12] have
been used to study the LFO phenomenon. In these methods,
the network impedance and the train input admittance are
required to determine the railway system stability. The net-
work impedance should be provided by the grid infrastructure
administrator. On the other hand, the train input admittance
can be measured using a frequency response test [6]. Alter-
natively, the train admittance can be obtained from analytical
models [7], [13]. However, these models have been reported
not to be accurate enough [14].

In [2], [5], it was concluded that LFO are influenced by the
negative train input admittance, which appears due to the train
behaving as a constant power load. On the contrary, regen-
erative breaking will inject power into the grid, improving
stability [2]. So, LFO will only appear in motoring operation
mode.

The LFO phenomenon has been mainly reported both for
multiple trains in depot [6], [7] and for a train operating
at a very long distance from the substation [2], [5]. This
paper focuses on this last scenario. Therefore, the stability
limit of the railway system for LFO will be defined as the
maximumdistance that a traction unit (i.e., a train) consuming
a certain amount of power can reach from the substation. The
maximum distance is associated with a maximum value of
the network impedance. This limit is influenced by the train
parameters such as transformer leakage inductance, DC-link
capacitance, voltage and current control design and band-
widths, and the synchronization method used by the onboard
catenary-side converter [11].

Testing the LFO phenomenon in a railway traction net-
work is not easy, as the results would only be valid
for that specific network, also it could affect other users
operating in the catenary line [1]. Alternatively, train-
network interactions can be studied by means of simulations.
Available approaches for this purpose would include off-line
simulations; real-time simulation platforms such as software-
in-the-loop (SIL); hardware-in-the-loop (HIL); and power-
hardware-in-the-loop (PHIL), each having advantages and
disadvantages. Off-line simulations are commonly used dur-
ing the initial analysis. However, real-time simulations are
required at further development stages to properly evaluate
the performance of the control. Only real-time options are
considered in this paper.

SIL simulation integrates the compiled source control code
into a time simulation. In HIL solutions, the source code is
implemented on the actual control platform; different options
exist in this case, mainly related to time resolution, e.g.,
depending on whether switching events are reproduced or
only the average behavior over a switching period is con-
sidered. Independently of the implementation being used,
no physical power flow occurs.

Finally, PHIL usually is made up of two parts: the emu-
lator, and the unit under test (UUT). The emulator consists
of an electronic power converter and associated real-time
control, which interacts with the UUT, involving power
exchange [15], [16]. This allows testing of UUT parts such
as power semiconductor devices, transformers, capacitors,
and inductors under close-to-real-world operating conditions
before their integration in the real system.

The aim of this paper is to design, model, and build an
emulator prototype of the railway traction network, able
to reproduce the low-frequency oscillation phenomenon. In
this study, the UUT consists of a four-quadrant power con-
verter (4QC), which is responsible for generating the DC-link
feeding all onboard systems. The interactions between the
emulator and the 4QC should reliably reproduce the LFO
phenomenon occurring in the real railway traction system.
The emulator will be used to validate the response of the
4QC in adverse scenarios regarding LFO, and redesign train
voltage and current controllers if needed. Furthermore, con-
trol mitigation techniques implemented in the controllers of
traction units such as in [3] could be tested in this platform.

The paper is organized as follows: section II describes
the railway system model further used for the LFO study;
section III deals with LFO description and modelling;
section IV discusses different design options for the emula-
tor; section V presents the filter design for the train-emulator
connection; simulation results are presented in section VI;
section VII deals with the test bench construction and experi-
mental results; finally, conclusions are drawn in section VIII.
It is finally noted that the prototype shown in this paper is

intended as a proof of concept and was designed for down-
scale power and voltage values (10 kW AC 200 V/50 Hz),
which are significantly smaller than the actual (full-rated)
system values (n-hundred kW AC 25 kV/50 Hz). Based on
this experience, the design of a full-rated emulator with the
concepts proposed here is ongoing.

II. RAILWAY SYSTEM MODEL
A simplified representation of the railway system is shown in
Fig. 1. It consists of two main elements: the traction network
(i.e., power supply network) and the train [10], [12], [17],
[18]. The power supply network is composed of an ideal volt-
age source which can be DC or AC, and the transmission line
(i.e., catenary line). AC 25 kV/50 Hz electric power supply is
considered here. For the study of LFO, an equivalent circuit of
the transmission line based only on resistance and inductance
is widely used [1], [5], [7], [9], as line capacitive effects can be
safely neglected at low frequency. Fig. 2 shows the equivalent
railway system model that will be used in this study, where
vc is the catenary voltage at PCC between the network and
the train, and is is the catenary current. Network inductance
(Ls) and resistance (Rs) vary almost linearly with the catenary
line length (i.e., the distance between the substation and the
train).

The main elements in the train are: power transformer,
L-filter, single-phase four-quadrant power converter (4QC),

VOLUME 10, 2022 87375



P. Frutos-Galarza et al.: Power-Hardware-in-the-Loop Emulation of the Low-Frequency Oscillation Phenomenon

FIGURE 1. Simplified representation of the railway system. AC
25 kV/50 Hz electric power supply is considered in this work.

FIGURE 2. Railway control system model. (a) Train-Network model,
(b) Current controller, (c) SOGI, (d) DC Voltage controller, (e) PLL.

DC-link capacitor, and traction drives consisting of inverters
and motors. The 4QC behavior will determine the interac-
tion between the train and the network [1], [5], [8], [9].
On the other hand, switching harmonics will not affect
the low-frequency dynamics involved in the LFO phe-
nomenon [8], [17]. It is safe therefore to replace the traction
drives by an equivalent linear load as shown in Fig. 2, enor-
mously simplifying analysis and simulations.

A cascaded control structure consisting of an outer volt-
age control loop and an inner current control loop is used.
Therefore, the DC-link voltage vdc is regulated through
the controlled train current in. The 4QC control shown
in Fig. 2 operates in dq coordinates, aligning the d-axis
with the catenary voltage complex vector. Current and volt-
age controllers were tuned using zero-pole cancellation as
described in [19], with BWCC−t and BWVC−t being the cor-
responding bandwidths (subscript −t stands for train control
parameters, to distinguish from emulator parameters, −e, dis-
cussed later). A phase-lock loop (PLL) is used to obtain the
estimated grid voltage phase angle θ̂ , which is required for the
coordinate transformations into the synchronous reference
frame [13]. The PLL was designed and tuned as described

in [20], where the selection of the proportional gain ki−PLL
involves a trade-off between PLL filtering capability and
dynamic response, and the integral gain is chosen as ki−PLL =
k2p−PLL/2. A second-order generalized integrator (SOGI) is
used to obtain the quadrature signals. The gain ki−SOGI of
the second order generalized integrator (SOGI) was chosen
as described in [5].

III. LFO MODELING
An example of the catenary line voltage and train current
waveforms when the LFO phenomenon occurs, and the cor-
responding harmonic spectra, are shown in Fig. 3 [9]. The
fundamental frequency of the AC signals is f0, with their
magnitude (envelope) varying at a frequency fosc. The fre-
quency spectra show the fundamental component f0 with two
sideband components at fL = f0 − fosc and fH = f0 + fosc
respectively. The fundamental angular frequency is defined
as ω0 = 2π f0.
The waveforms in Fig. 3 can be approached as (1).

u(t) = U (t) sin (2π f0t)

= [U0 +1U cos (2π fosct)] sin (2π f0t)

FIGURE 3. Simulation results. AC 25 kV/50 Hz railway power supply.
(a) Catenary line voltage and train DC-Link voltage. (b) Train current.
Frequency spectrum of (c) catenary line voltage and (d) train current FFT.
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FIGURE 4. Eigenvalue migration for different catenary line length.

= U0 sin (2π f0t)+
1U
2

sin (2π fL t)

+
1U
2

sin (2π fH t) (1)

A widely used approach for LFO analysis is to develop
a small signal model of the power network and train input
admittance [8]. Fig. 4 shows an example of the dominant
eigenvalue migration of the resulting system as the catenary
line length increases [9]. The stability limit occurs when
the eigenvalues cross the imaginary axis of the complex
plane [8]. It is observed that the risk of instability increases
with the distance from the substation. The frequency at which
the eigenvalues cross the imaginary axis corresponds to fosc
in (1).

IV. TRACTION NETWORK EMULATOR DESIGN
This section discusses different approaches for the design of
the railway traction network emulator aimed to reproduce the
LFO phenomenon. In order to perform this task, the emula-
tor should be able to simulate the railway system dynamics
for changing values of the network resistance (Rs) and the
network inductance (Ls) with the variable distance from the
train to the substation.

A. SYSTEM DESCRIPTION
As discussed in Section II, the two main elements of the
railway system model are the power supply network (i.e.,
ideal voltage source and varying impedance) and the train
(see Fig. 5a). The power supply emulator replaces the power
supply network feeding the train as shown in Fig. 5b and
Fig. 5c. The emulator consists of two main structures:
• Real-time simulator. It reproduces the dynamic behavior
of the power supply network in real-time, its output
being the catenary voltage reference, v∗c . Its design is
discussed in Subsection IV-B.

• Single-phase voltage source inverter (VSI) operating in
a grid-forming mode. It supplies the desired catenary
voltage vc to the train, it is described in Subsection IV-C.

It is noted that in the railway system model from Fig. 2,
the power supply network current is and the train current in

FIGURE 5. Railway system model and emulator models. Superscript ‘‘v ’’
indicates virtual variables.

are different due to the step-down transformer present in the
traction unit. For the analysis in this section, the transformer
will not be considered, therefore is = in as shown in Fig. 5a.
However, it was preferred to keep both current definitions in
the schematics to visualize the actual physics of the system.
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B. REAL-TIME SIMULATOR
The design of the real-time simulator is not trivial. Three
different options will be discussed, which correspond to dif-
ferent stages of this research, i.e., later options improve the
limitations found in the preceding ones. The reason to include
earlier designs is to highlight those aspects which will play a
relevant role in accurate emulation of the LFO phenomenon
occurring in the railway system.

For the discussion following, variables that exist only in
the simulator, i.e., virtual variables, will be indicated by a
superscript ‘‘v’’. There are variables that coincide both in the
virtual domain and in the physical domain. Such variables are
labeled without ‘‘v’’ superscript.

1) OPTION 1: OPEN-LOOP
In this option, the simulator generates the catenary voltage
reference, v∗c , simulating the complete railway system. The
configuration is shown in Fig. 5b. The simulator includes a
virtual power supply network and a virtual train. The load
connected to the virtual DC-link is a constant resistance RvL .
This option requires previous knowledge of train parame-
ters as it runs in parallel with the physical train (i.e., real
train). Furthermore, there is no feedback from the physical
train to the emulator. Consequently, this option works only
properly for constant values of train load RL , since in this
case, RvL = RL . However, if a change in load RL is desired,
it should simultaneously occur along with a change in RvL in
the virtual domain, which can be problematic due to the lack
of information that the emulator receives from the physical
train. Option 2 overcomes this drawback, as will be discussed
following.

2) OPTION 2: CLOSED-LOOP
This option is also shown in Fig. 5b. RvL is now replaced
by a controlled current source as a virtual load. By doing
this, the load current in the simulator will track the measured
load current iL which circulates through the real load RL .
Therefore, this option allows emulation with varying loads.

Regardless of this improvement, a drawback of both
options 1 and 2 is they require in advance precise knowl-
edge of control design and tuning of the UUT to emulate
catenary voltage dynamics, which is not often available.
The approach discussed next is aimed at overcoming this
drawback.

3) OPTION 3: PHIL
This option is shown in Fig. 5c. A virtual RL circuit is used to
obtain the estimated catenary voltage V̂c(s). From the railway
system model in Fig. 5a, the equation defining the catenary
voltage Vc(s) is given by (2).

Vc(s) = Vs(s)− (Lss+ Rs) Is(s) (2)

Since this equation is a non-causal system, it cannot be
used for estimation purposes. A low-pass filter is then added

for real-time implementation, see (3) and Fig. 6. A time con-
stant of τ = 31.8 µs was selected, corresponding to a cut-off
frequency of 5 kHz. This is the maximum frequency comply-
ing with the Nyquist-Shannon criteria considering 10 kHz as
the sampling frequency of the grid-forming VSI [21].

V̂c(s) = Vs(s)−
(Lss+ Rs)
τ s+ 1

In(s) (3)

FIGURE 6. Real-time simulator block diagram in the PHIL system.

A simplified representation of a PHIL system is shown in
Fig. 6. Here, the closed-loop configuration that the real-time
simulator creates between the grid-forming VSI and the train
is easily seen. An appealing characteristic of this option is
that it does not require previous knowledge of train char-
acteristics. The train can be considered a black box, the
emulator behaving as a power supply network whose prop-
erties are independent of the load (i.e., train). This option
also allows the implementation and testing of controls strate-
gies aimed to mitigate LFO such as Power-Oscillation-
Damping [3] and Virtual-Impedance-Based Suppression
Method [22].

C. GRID-FORMING VSI
The block diagram of the single-phase VSI is shown in Fig. 7.
It consists of a two-level single-phase converter (H-bridge),
which is fed from a voltage source on the DC-side, and has
an LC filter connected to its AC side. Unipolar modulation is
used in this study.

A cascaded control is used as shown in Fig. 7. The inner
loop controls the inductor current ie, while the outer loop con-
trols the capacitor voltage vc (i.e., catenary voltage), to which
the traction unit is connected.

Current control is performed in a stationary reference
frame using a proportional-resonant (PR) controller as shown
in Fig. 7(b). The corresponding transfer function is given
by (4), where kp−cc and kr−cc are the gains to be tuned
to obtain the desired closed loop current control bandwidth
BWCC−e [23], see (5) and (6). The basic concept of the PR
controller is to obtain an infinite gain at a selected resonant
frequency, as this will guarantee zero steady-state error at
that frequency. The resonant controller can be seen therefore
as a generalization of the PI controller, in which the infinite
gain occurs not at DC, but at the desired frequency. The
resonance frequency is the fundamental frequency f0. The
coefficientKf adjusts the bandpass in (4), it takes values from
0.25 to 1 [23]. Furthermore, in Fig. 7(b) the measured train
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FIGURE 7. Grid-forming single-phase VSI. (a) Overall block diagram,
(b) Current controller, (c) Voltage controller.

current in is added to the current command as a feed-forward
term to improve the dynamic response of the voltage control
loop [19].

PR(s) = 2kp−cc
s2 + s

(
kr−cc/kp−cc

)
+ (2π f0)2

s2 + (2π f0)2
(4)

kp−cc =
√
2 (2πBWCC−e)Le (5)

kr−cc = Kf (2πBWCC−e)
2 Le (6)

The catenary voltage control is performed in a synchronous
reference frame using a PI controller as shown in Fig. 7c,
where the proportional gain and the integral gain are given
by (7) and (8) as function of the desired voltage control
bandwidth BWVC−e.

kp−vc =
√
2 (2πBWVC−e)Ce (7)

ki−vc = (2πBWVC−e)
2 Ce (8)

A virtual quadrature component of the catenary voltage
is obtained by delaying 90 degrees the alpha component.
For that purpose, the filter in (9) is used. Feedforward terms
are used in the voltage controller to eliminate cross-coupling
between d− and q−axes, see Fig. 7c.

GDelay−90(s) =
2π f0 − s
s+ 2π f0

(9)

D. MULTIPLE TRAINS
From Subsections IV-C to IV-A, it is noted that the emulator
is aimed to replace the traction network. For the case when
multiple trains are in the depot (i.e., located at the same

place), it does not modify the network topology since all the
trains are connected in parallel. Therefore, only one train with
an equivalent input admittance can be used.

On the other hand, for the case of multiple trains operating
in the same power supply section at different locations, the
network topologymust bemodified to include additional con-
nection nodes, therefore, the virtual network in the real-time
simulator must be modified, but the proposed methodology
would still apply. Also, additional virtual trains can be added.

These analyses are not included in this article due to space
constraints, but it is worth it to mention them.

V. INVERTERS AND FILTER DESIGN
Design of inverters and passive elements of the downscale
prototype is addressed in this section. A similar methodology
would be followed for the full-rated emulator.

As observed from Fig. 5b, grid-forming VSI and 4QC
are connected through LC + L filters. Ln corresponds to
the inductance seen by the 4QC (see Fig. 2). It should be
large enough to filter the current harmonics, but realizing that
excessively large values will limit power transfer capability.
Therefore, a trade-off is required. For simulations and test
bench, a DC-link voltage Vdc = 300 V has been selected for
the inverters, with a catenary peak voltage of Vc = 200 V.
These voltages were chosen to provide a large safety margin
with respect to power devices and DC-link capacitor voltage
limits, as some of the experiments reproducing LFO might
produce large excursions of the voltages. Nominal power of
10 kW,with a current ripple< 4%of the train nominal current
have been defined as design targets.

The maximum transfer power with a unity power factor
between train and network is given by (10) [24]. From this
equation, a value of Ln = 7.1 mH is obtained to transfer
the targeted power Pn = 10 kW. Due to availability issues,
a value of Ln = 6 mH was selected.

Pn =

√
V 2
c V

2
dc − V

4
c

2Xn
(10)

Current ripple can be approached using (11), where load
angle ψ is the phase difference between catenary voltage vc
and the 4QC terminal voltage vt [24].

1i(%) =
π
√
(2)Vc (1− (Vt/Vdc) cos(ψ))

(fsw/f0)XnIn
100 (11)

For the targeted current ripple limit of 4 % and the selected
value of Ln, the switching frequency provided by (11) is fsw =
7.5 kHz. A slightly larger value, fsw = 10 kHz, was finally
chosen.

Once Ln is selected, there would be two degrees of freedom
for the design of catenary emulator LC filter [25]. An option
in this case is to analyze the LC + L filters as an equivalent
LCL filter. It is advantageous for the design of LCL filters to
have the same values for both inductances, as this minimizes
the size of the filter components [26].

Assumed that the inductances have been selected such
that Le = Ln = L, and neglecting the resistive terms of
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inductances and capacitors, the transfer function between the
capacitor voltage at the point of coupling (i.e., vc) and the
voltage being applied by any of the two inverters (i.e., vt ,ve)
is given by (12). The filter behaves as a second order system,
an undamped resonance occurring at the cut-off frequency ωc
which is given by (13).

Vc(s)
V (s)

=
1

s2LCe + 2
(12)

ωc =

√
2
LCe

(13)

Capacitor Ce was chosen to get a cut-off frequency
around 600 Hz, which is much higher than the fundamen-
tal frequency but far enough from the switching frequency.
The parameters of 4QC and VSI filters are presented in
Tables 2 and 3 respectively. Fig. 8 shows the resulting Bode
diagram from (12). It is observed that the attenuation at the
switching frequency is larger than −50 dB.

TABLE 2. Train-network parameters.

Any topology able to produce a single-phase AC voltage
with a fundamental frequency of 50 Hz would be suitable for
grid-forming VSI. Two issues should be considered. First,
since the LFO will occur when the active power is flowing
from emulator to 4QC, the grid-forming converter will not

FIGURE 8. Bode diagram of capacitor vs. inverter voltage. Vc (jω)/V (jω).

TABLE 3. Network emulator parameters.

be required to absorb power. Second, to reduce the effects of
switching harmonics produced by the grid-forming inverter
and ease the design of the LC filter at the output of the emu-
lator, high switching frequencies and/or multilevel topolo-
gies (e.g., NPC) are preferable, however, cost and control
complexity must be also considered. A two-level full bridge
has been used for the downscale prototype developed in this
paper. The same topology has been considered for the 4QC.

VI. SIMULATION RESULTS
In this section, time domain simulations of the emulation
methods proposed in Section IV (see Fig. 5) are carried out
to test their performance.

The behavior of the railway system model in Fig. 5a will
be first simulated in Subsection VI-A to be later used as a
reference to assess the performance of the different methods.
Power supply network parameters and train control parame-
ters are shown in Table 2.

Regarding the catenary emulator, it has been observed dur-
ing this work that the bandwidths of the voltage and current
controllers of the grid-forming VSI will strongly affect to the
emulator capability to accurately reproduce LFO. To illus-
trate this, the behavior of the different emulator designs was
tested for two different sets of control bandwidths; set #1
is (BWVC−e = 50 Hz, BWCC−e = 500 Hz), and set #2 is
(BWVC−e = 100 Hz, BWCC−e = 1000 Hz). Emulator param-
eters are shown in Table 3. On the other hand, train voltage
and current control bandwidths, BWVC−t and BWCC−t , were
kept constants for all the cases.

A. LFO USING RAILWAY SYSTEM MODEL
Fig. 9 shows the DC-link voltage, catenary voltage, and train
current using the railway system model shown in Fig. 5a,
when step-like changes in network impedance occur. Such
changes would reproduce the effect of increasing the trans-
mission line length from the substation transformer to the
traction unit. It is noted that while step-like changes will not
occur in the real system, still they are a useful excitation to
obtain the damping ratio, settling time, oscillation frequency,
and eigenvalues for the system time response. Indeed, step-
like changes they have been frequently used for LFO and
stability studies [1], [5], [8]. It is observed from Fig. 9 that
LFO progressively develop when the impedance increases
keeping constant the L/R ratio, the stability limit occurring
at Ls = 10 mH and Rs = 150 m�.

Since increasing the network impedance decreases system
damping and increases the settling time, it is inferred that
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FIGURE 9. Simulation results. LFO when line inductance and resistance
increase from (Ls = 4 mH, Rs = 60 m�) to (Ls = 10 mH and Rs = 150 m�)
in steps of 1Ls = 2 mH and 1Rs = 30 m�) at t = 0.2 s, t = 1 s, and
t = 2.5 s.

FIGURE 10. Simulation results using option 1 for emulator. Line
impedance increases from Ls = 8 mH, Rs = 120 m� to Ls = 10 mH,
Rs = 150 m� at t = 0.2 s. From top to bottom: DC-link Voltage, catenary
voltage and train current. BWCC−e = 500 Hz, BWVC−e = 50 Hz.

critical system eigenvalues move from the negative real side
of the complex plane (i.e., stable region) to the right (i.e.,
unstable region). At the stability limit, the real component
of critical eigenvalues is zero, and the imaginary component
can be identified from the oscillation frequency, which is
fosc ≈ 9 Hz.

B. LFO USING OPEN-LOOP EMULATOR (OPTION 1)
Fig. 10 shows LFO when network inductance and resistance
increase using option 1 of the emulator in Fig. 5b. Only the
results for set #1 of voltage and current control bandwidths
are presented, as no significant differences were found for
this particular case when using set #2.

FIGURE 11. Simulation results using option 2 for the emulator. Line
impedance increases from Ls = 8 mH, Rs = 120 m� to Ls = 10 mH,
Rs = 150 m� at t = 0.2 s. From top to bottom: DC-link Voltage, catenary
voltage and train current.

The DC-link voltage response of the real railway system
model is also shown in Fig. 10 for comparison purposes.
A good agreement is observed between real and emulated
systems. However, simulations using this option are only
possible if the load RL is constant, and the precise knowl-
edge of train control design is available as discussed in
Subsection VI-F, which might not be always possible.

C. LFO USING CLOSED-LOOP EMULATOR (OPTION 2)
Time-domain simulation results using the emulator model
option 2 are shown in Fig. 11 for the two different sets of
controllers bandwidths. As shown in Fig. 11a, the system

VOLUME 10, 2022 87381



P. Frutos-Galarza et al.: Power-Hardware-in-the-Loop Emulation of the Low-Frequency Oscillation Phenomenon

FIGURE 12. Simulation results using option 3 for the emulator. Line
impedance increases from Ls = 8 mH, Rs = 120 m� to Ls = 10 mH,
Rs = 150 m� at t = 0.2 s. From top to bottom: DC-link Voltage, catenary
voltage and train current.

becomes unstable when the change in line impedance is
applied. Increasing VSI control bandwidth slightly reduces
the rate of increase of the oscillations, but still, the system is
unstable as shown in Fig. 11b. These results suggest that the
use of this option is not advisable as it fails to reproduce the
LFO phenomenon.

D. LFO USING PHIL EMULATOR (OPTION 3)
Time domain simulations using the PHIL-Emulator are
shown in Fig. 12. The case for bandwidths set #1 is shown in
Fig. 12a. The response is seen to be more damped compared
to the actual power system response, LFO also occurring at

FIGURE 13. Simulation results using network emulator options 1 and 3.
Line impedance Ls = 8 mH, Rs = 120 m�. Load step change from
RL = 100 m� to RL = 200 m� at t = 0.2 s. Control bandwidths:
BWCC−e = 1000 Hz, BWVC−e = 100 Hz.

lower frequencies (8 Hz for emulator vs. 9 Hz for the actual
railway system model). The improvement when VSI con-
trollers bandwidths are increased can be observed in Fig. 12b,
but oscillations are seen still to be slightly damped and occur
at a slightly lower frequency compared to the actual railway
system case.

E. RESPONSE TO LOAD CHANGES (VARIABLE RL)
Time domain simulations showing the response to step
change in the load using the emulator model options 1 and 3
are shown in Fig. 13. Option 2 was not considered for this test
since its performance has already been found to be inferior in
Subsection VI-C.

From Fig. 13 the emulated systems and the railway system
reach the same steady-state, however, they present different
dynamics, this can be appreciated in the transient state. The
emulator option 1 is not capable to emulate the railway system
dynamic for this type of test, on the other hand, option 3 is
able to reproduce the phenomenon accurately.

F. SUMMARY
It is concluded from the simulations presented in this section
that the highest accuracy in reproducing LFO would be
obtained using Option 1 for the emulator. However, this
option implies that current and voltage control structures and
tuning are the same for emulator and actual train, whichmight
be difficult to achieve or even impossible in practice. It is
interesting to note although the simulation for this option
was performed in real-time, this is not actually required,
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FIGURE 14. Experimental test bench.

FIGURE 15. Experimental results. Catenary voltage step response. From
Vc = 150 V to Vc = 200 V at t = 0.45 s.

as there is no feedback from the real train to the emulator.
Therefore, it would be perfectly possible to simulate the train
behavior off-line and use the catenary voltage resulting from
the simulation to provide the reference signal to emulator v∗c
(see Fig. 5b).

In contrast with option 1, option 2 includes a feedback
mechanism as it uses the train load current iL to feed the
emulator. However, this method still requires knowledge of
train controllers. Furthermore, it is observed from simulation
results that this option has the worst accuracy in reproducing
the behavior of the actual power system.

Finally, option 3 shows good accuracy in reproducing LFO,
and doesn’t require knowledge of train control, making it
especially appealing.

G. DISCUSSION
As already explained, the low-frequency oscillations are pro-
duced by the dynamic interaction between the power supply
network and the train (i.e., 4QC) [13]. For option 1 of the
emulation; the dynamic interaction which provokes LFO,
happens entirely in the simulator between the virtual power

FIGURE 16. Experimental results. System response to step-like changes in
power network impedance as indicated in the captions. Changes occur at
t = 0.2 s. For each case, from top to bottom: DC-link voltage, catenary
voltage, and train current. Simulation results are shown for comparison.
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supply and the virtual train. In this option, the physical train
doesn’t contribute to LFO formation due to the open-loop
configuration.

For option 2, the dynamic of the physical train is now in
the closed-loop, and it participates in the LFO formation.
This implies repeated elements in the loop. For instance, the
dynamics of the 4QC voltage and current controllers affect
the system twice (due to the physical train and the virtual
train). Although these repeated elements do not affect the
steady-state response, they add delays, which impact the
transient response and the system dynamics. System delays
were already reported to influence LFO instability [11], and
would explain the inaccuracy of this option to reproduce the
LFO phenomenon.

Using the third option (PHIL-Emulator), LFO are the result
of the interaction between the virtual power supply network
and the physical train. Although the dynamic of grid-forming
VSI is in between, large values of voltage and current con-
trol bandwidths, which make this system fast enough, allow
accurately replicating of the LFO phenomenon.

In conclusion, high control bandwidths would be desirable,
as this would reduce control delays which can severely affect
emulator performance. The maximum bandwidth that can be
achieved would be limited by Nyquist sampling theorem in
the first place. A second concern for the selection of the
bandwidths would be the noise mainly coming from sensors,
during implementation this was found to be indeed the main
limiting factor for the selection of the gains of the controllers,
see Section VII. Further, it is noted that although all the pre-
ceding discussion on the tuning of the controllers has focused
on the concept of bandwidth, other design aspects, such as
natural frequency or settling time, could be used instead for
the same purpose since they also contain information about
system delays. The detailed impact of additional indices,
e.g., damping coefficient, might also need to be considered.
A thorough analysis of the influence of controller design
and tuning on emulator performance is a matter of ongoing
research.

Finally, in terms of implementation in the micro-controller,
option 3 requires less computational effort than the other
two options, in which relatively complex electronic power
converters have to be simulated in real-time.

VII. EXPERIMENTAL RESULTS
This section presents experimental results obtained using the
Option 3 (PHIL-Emulator) discussed in Subsection IV-B3.
The other two options were disregarded for experimental
verification as they were concluded to be inferior. The test
bench is shown in Fig. 14. Its design was already discussed
in Section V. Power supply parameters, train parameters and
emulator parameters are the same as for the simulation results
in Section VI (see Tables 2 and 3).
Current control and voltage control bandwidths of

BWVC−e = 50 Hz and BWCC−e = 500 Hz, respectively, have
been used in the test bench. It was discussed in Section VI-D
the relevance of emulator control bandwidths for the accurate

reproduction of LFO. Unfortunately, signal noise content in
the real system avoided the use of the higher bandwidths.
Fig. 15 shows the catenary voltage step response to test the
control action of grid-forming VSI.

Fig. 16 shows the system response to changes in the virtual
catenary impedance. LFO are seen to develop as the virtual
network impedance increases, eventually reaching the stabil-
ity limit in Fig. 16c. Oscillation frequency at the stability limit
occurs at around 8 Hz, which is in good agreement with the
simulation results from Fig. 12a. The limit values of power
network impedance also agree with the values obtained in
the simulation. This confirms the correctness of the proposed
approach.

VIII. CONCLUSION
The design of a network emulator able to reproduce the
dynamic behavior of a railway traction network, including
LFO, has been discussed in this paper. The emulator will
allow evaluating the response of the 4QC power converter in
the event of LFO in a test bench, avoiding expensive or even
non-viable on-track tests.

Three different options for the catenary emulator were con-
sidered: open-loop, closed-loop, and PHIL. Simulation was
used for preliminary verification. It was shown that due to the
lack of feedback from the train, the first option can reproduce
the LFO only when the virtual and actual traction loads are
equal and constant; additionally, the first two options require
precise knowledge of the train controller parameters, which
might not be available. PHIL option was shown to overcome
these limitations.

The study also showed that the bandwidth of the voltage
and current controllers of the grid-forming VSI emulator
strongly affect its capability to reproduce LFO. It was con-
cluded that, despite the low-frequency nature of LFO events
being targeted, relatively high bandwidths and proper spectral
separation between voltage and current control loops band-
widths are required.

The proposed methods were tested in a test bench consist-
ing of a grid-forming inverter and the 4QC connected through
an LCL filter. Experimental results were found to be in good
agreement with simulation results. Due to noise, the higher
control bandwidths values used in the simulation couldn’t be
achieved on the test bench.

It is noted finally that the work shown in this paper is a
concept validation with a downscale system rated for 10 kW.
The design of a full-scale test bench is ongoing.
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