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Abstract—This paper investigates high-frequency oscillations
(HFOs) in a three-phase grid-connected voltage-sourced con-
verter (VSC). The main work is modeling and mechanism
analysis of HFO above 1000 Hz. An electromagnetic transient
(EMT) test bed including 5 kHz power electronics switching
sequences is set up for conducting simulation experiments.
Furthermore, impedance-based analytical model is developed for
linear analysis. It is found that both control delay and LCL filter
play roles in HFO generation. The analysis results collaborate
the simulation results from the EMT test bed.

Index Terms—Three-phase VSC, high-frequency oscillations,
delay.

I. INTRODUCTION

H IGH frequency oscillation (HFO) events have been re-
ported in recent years around the world [1]–[4]. In south

China, HFOs at 1272 Hz have been observed in a modular
multilevel converter (MMC)-based high voltage direct current
(HVdc) system located in Luxi [1], [2]. In Europe, offshore
wind power plants (WPP) have also observed HFOs in the
frequency range of a few hundred Hz to 800 Hz [3], [4].

For the Luxi event, [1], [2], [5], [6] provide analysis. [2]
found HVdc converter’s outer control loops and PLL have neg-
ligible impact due to their slow control bandwidth. Therefore,
[5] focuses on analyzing converter’s current control and grid
interactions. [5] found that the low-pass filter (LPF) applied on
the PI current control and PCC feedforward voltage has less
influence on the high-frequency instability, while the reactance
of the filter between the VSC output side and PCC bus
will influence the HFO more significantly. Furthermore, [6]
implemented a pure reactance filter in the system to replicate
the HFO in the Luxi project and developed an adaptive notch
filter applied on the controller side to eliminate the HFO.

For WPP HFOs, analysis and mitigation have been con-
ducted in [7]–[10]. It is found from these papers that LCL filter
and control delay can result in HFOs [7], [8]. Specifically,
control delay’s effect in introducing negative resistance or
damping is pointed out in [9]. In [10], Larsen and Sun indicate
that the offshore wind energy delivery system has it circuit
components designed with small resistance to reduce power
loss. This design makes HFOs have insufficient damping. [10]
provides a mitigation solution: installing analog filters at the
WPP substation to provide damping of HFOs.
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The goal of this paper is to set up a simple EMT test bed
consisting of a single VSC to demonstrate HFO phenomena
and further conduct analysis to examine the influence factors
of HFO. This paper examines the test bed topologies in the
literature [5], [7], [8], and designs a test bed topology that
can successfully demonstrate HFO. Furthermore, analysis is
provided to identify the critical influencing factors on HFO:
control delay and LCL filter.

It has to be mentioned that the test beds in [5] do not include
LCL filter while [8] includes LCL filter. To demonstrate HFO,
in our first attempt, the hardware test bed in [5] is replicated in
EMT simulation environment (MATLAB/Simscape). For this
set up, the grid impedance is represented by the cable model
used in [5]. Further tuning of the test bed includes to install
an LCL filter. With this set up, HFOs can be demonstrated
when control delay is increased.

Other uniqueness of this paper is the investigation is based
on stationary frame current control This is different from the
literature [5], [7], [8] and can provide another perspective of
HFO, i.e., HFO can appear whether the current control is
implemented in a dq frame or a stationary frame.

The rest of the paper is organized as follows. Section II
introduces the structure of the system and control topology.
Section III presents the EMT simulation results that demon-
strate HFO. Section IV presents the derivation of the analytical
model and the analysis of HFO. Furthermore, comparison of
the results based on the analytical model and the EMT test
bed is discussed. Section V concludes the paper.

II. STRUCTURE OF THE TEST BED AND VSC CONTROL

The topology of a grid-connected three-phase VSC is shown
as Fig. 1. A three-phase VSC is connected to the infinite bus
vg through an LCL-filter and a cable. The left side of the
LCL filter is the VSC output bus notated as vo, while the
right side of the LCL filter is the point of common coupling
(PCC) bus notated as vPCC. The cable connects the PCC bus
and infinite bus. Each phase of the cable is represented by two
parallel-connected branches. One is a serial connected resistor
and capacitor, the other one is an inductor. The whole system
has two sources connected. One is a 200-V DC voltage source
connected to the VSC and the other one is an 80-V AC voltage
source that served as the grid.
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Fig. 1: Structure of the system.

The parameters related to the testbed and the LCL-filter are
based on [5] and [7], respectively. Analysis in this paper is
carried out via per unit value. The SI values and the per unit
(pu) values corresponding to all parameters are listed in Table
I.

TABLE I: Main parameters of the system

Description Item Value Per unit
Rated Power Sbase 1⇥ 103 W 1 pu

Rated Voltage Vbase 80 V 1 pu
LCL-filter inductor Lf 8⇥ 104 ⌦ 1.25⇥ 104 pu
LCL-filter capacitor Cf 15⇥ 106 F 9.6⇥ 105 pu

Cable resistor Rg 6 ⌦ 0.9375 pu
Cable inductor Lg 8⇥ 103 H 2.5⇥ 103 pu
Cable capacitor Cg 9⇥ 106 F 5.76⇥ 105 pu

Nominal Frequency f 50 Hz 1 pu

A. VSC control topology

The converter is assumed to have a current control imple-
mented in the stationary frame. Thus, it requires the each phase
current to track an order. This current order is a sinusoidal
signal. To track sinusoidal signals, proportional resonant (PR)
control is a popular method. In this VSC control, the PR
current control along with the PCC voltage feedforward unit
generates the converter voltage references for the pulse width
modulation (PWM). In addition, a first-order low pass filter
(LPF) is applied on the feedforward PCC voltage to filter out
high-frequency noise and make the whole system more stable.
The structure of the VSC control is shown in Fig. 2.

The transfer functions of the PR controller and the first-
order LPF are expressed as follows.

GPR(s) = kp +
kr · 2!c · s

s2 + 2!c · s+ w2
0

, (1)

GLPF(s) =
1

1 + ⌧1 · s
, (2)

where s is the Laplace operator, the cutoff frequency !c is 4⇡
rad/s, !0 is 377 rad/s, time constant ⌧1 in LPF is assumed as
0.001 s. The PR gains are set as (kp, kr) = (0.8, 69).

The control delay Td(s) is implemented between the VSC
control output and the references to the PWM generator. Td(s)
represents the delay caused by the communication of the inner
current controller and the delay caused by the PWM. For the
EMT test bed, the carrier frequency of the PWM is 5000 Hz.

Fig. 2: Block diagram of the VSC control.

III. EMT TESTBED SIMULATION RESULTS

To study the system, the test bed with PR current control is
built as Fig. 1 and Fig. 2 in MATLAB/SimScape. The control
delay is represented by the transport delay block, which is put
right behind the control topology.

The objective of this paper is to analyze HFOs. HFOs will
be triggered by changing the delay time constant. The control
delay time constant is initially given as 100 µs. After t = 1
s, the delay becomes 180 µs.

Fig. 3 presents the measured phase A current from the
PCC bus. Before 1 s, as the reference current is given as
0.5 pu, phase A current is at 0.5 pu without much harmonics
and oscillations. After 1 s, the phase A current is distorted.
It is easy to observe that the system is suffering harmonic
instability.
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Fig. 3: Phase A PCC reference current and measured current.

Fast Fourier transform (FFT) analysis is applied to analyze
the frequency spectrum distribution in phase A PCC current
for both the stable condition and the harmonic condition. The
range that adopted to do the FFT analysis are from 0.2 s to



0.4 s and from 1.2 s to 1.4 s. The spectrum at both 100 µs
delay time and 180 µs delay time are shown in Fig. 4.

In Fig. 4, the red curve shows the frequency distribution
when the control delay is 100 µs, while the blue curve shows
the frequency distribution when the delay time is 180 µs.

Before 1 s, a 179-Hz component with less than 0.5%
magnitude could be observed. For the high-frequency region,
especially after 1000 Hz, harmonics could be observed but
have very small magnitudes.

After 1 s, when the delay time equals 180 µs, a 1340-Hz
component becomes dominant (3.5% pu magnitude) besides
the 60-Hz fundamental component. Compared these two cases,
it can be seen that control delay increase in this range does
not influence the low-frequency region but has a significant
impact on the high frequency region at about 1300 Hz.

For a delay e−⌧s to introduce −90◦ phase angle, the
frequency is

⇡
2

⌧
rad/s =

1

4⌧
Hz.

Thus, if ⌧ is 100 µs, this frequency is 2500 Hz. If ⌧ is 180
µs, this frequency is 1389 Hz.
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Fig. 4: FFT analysis of phase A PCC current before 1 second and after 1
second.

IV. ANALYSIS

For analysis, the impedance models are derived and their
frequency responses are compared. Thus, the whole system is
viewed at the PCC bus as two subsystems: the VSC and the
grid. The first subsystem VSC includes the LCL filter and the
VSC control. The equivalent impedance of this part is regarded
as Zc(s). The second subsystem is viewed from the PCC bus
to the grid. The equivalent impedance is regarded as Zg(s).

The grid impedance is notated as Zg(s) and it is derived
based on the cable model with two parallel branches.

Zg(s) =
(Rg +

1
sCg

) · sLg

Rg +
1

sCg
+ sLg

. (3)

The impedance of the VSC cannot be acquired directly.
This impedance reflects the relationship between the PCC
voltage vPCCand the current flowing out of the LCL filter i.
It will be derived using both the control logic and the circuit
relationship, both associated with the VSC output voltage vo
and the VSC output current i1.

A. Circuit

For circuit relationship, the VSC output voltage vo and the
PCC bus voltage vPCC are associated with the two currents i1
and iL

vo = vPCC + sLf · i+ sLf · i1. (4)

Assume that current through the shunt Cf is i2. This current
is related to the converter current i1 and the LCL filter current
i as follows:

i2 = i1 − i. (5)

Thus, the VSC output current i1 could be expressed as (6):

i1 = i+ sCf · (vPCC + sLf · i)
| {z }

i2

. (6)

With (6) and Eq. (4), the VSC output voltage vo can be
expressed by the PCC voltage vPCC and the output current i
only:

vo = vPCC + 2sLf · i+ s3L2
fCf · i+ s2LfCf · vPCC. (7)

B. Control logic

vo can also be expressed by the PCC voltage vPCC and the
output current i through the control logic.

The principle of the VSC control is shown in Fig. 2. For
the control delay Td = e−⌧s, it is approximated by using the
Pade expression as shown in (8).

Td(s) = e−⌧s ⇡ 1− s · ⌧/2
1 + s · ⌧/2 (8)

With the expression of the control delay, the VSC output
voltage from the PR current controller side could be derived
as (9), where i⇤ is the PCC reference current.

vo = GLPFTdvPCC +GPRTd(i
⇤ − i) (9)

Combining (7) and (9) leads to the cancelation of the
VSC output voltage vo. The relationship between PCC voltage
vPCC, the current reference i⇤ and the measured current i is
shown in (10).

Eq. (10) indicates that viewed from the PCC bus, the VSC
is a Thevenin equivalent with a voltage source vc behind an
impedance Zc. Based on (3) and (10), the simplified structure
of the testbed could be derived with a voltage source vc
connected to grid through controller side impedance Zc and
grid side impedance Zg . The simplified structure is shown as
Fig. 5 Thus, the stability of the system could be analyzed by
comparing grid side impedance and controller side impedance.



vPCC =

✓
GPR(s) · Td(s)

1 + s2Lf · Cf −GLPF(s) · Td(s)

◆
i⇤

| {z }
Vc

−
 
GPR(s) · Td(s) + 2sLf + s3L2

f · Cf

1 + s2Lf · Cf −GLPF(s) · Td(s)

!

| {z }
Zc(s)

i (10)

Fig. 5: The simplified structure of the system.

C. Control delay analysis

Based on (3) and (10), the grid side impedance Zg and
controller side impedance Zc are plotted in Fig. 6 for stability
analysis.
Zc under two control delay time constants are presented. It

can be seen that increasing the delay time constant changes
both the magnitudes and phase angle of Zc in the range of
400 Hz to 2000 Hz.
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Fig. 6: VSC impedance and grid impedance viewed at PCC bus.

In Fig. 6, the blue line represents the controller side
impedance Zc when the control delay time is 180 µs. Zc and
Zg have the same magnitude at four crossover points, which
means the open-loop transfer function Zc(s)/Zg(s) is 1 at
those crossover frequencies.

The first two crossover frequencies are 182 Hz and 1350
Hz, respectively. Also, there have another two cross points.
The other two are 1600 Hz and 2640 Hz. For the first two
points, the phase difference between grid impedance Zg and

controller side impedance Zc are all close to 180 degrees. This
means that the two harmonic components at those frequencies
may be visible in measurements.

For the last two crossover points, the phase angle between
cable impedance and controller side impedance is much less
than 180 degrees, indicating that the system should be stable
at these two crossover frequencies.

The above analysis successfully explains why the FFT
analysis of the current measurements from the EMT test bed
show both 180-Hz and 1350-Hz components. Thus, when the
delay time is 180 µs, the analytical model could find the HFO
at 1350 Hz.

For comparison, Fig. 6 also shows Zc when the delay time
is 100 µs in red line. It is obvious to find that the magnitudes
of Zg and Zc also meet 182 Hz with a phase angle difference
closing to 180 degree. This implicates that decrease control
delay time will not influence the low frequency dynamics.
However, the frequency of the second crossing point reduces
from 1350 Hz to 1270 Hz. Moreover, the phase angle between
of Zc and Zg at 1270 Hz is much less than 180 degree,
implicating an insignificant harmonics at 1270 Hz.

Remark: The analysis provided clearly shows that influence
of control delay’s impact in changing dynamics of the system
at 1000 Hz frequency range. Increasing control delay can make
HFO appear.

D. Negative damping

Reference [9] has explicitly pointed out that control delay
introduces negative damping at certain frequency range. To
validate and demonstrate this point, the real and imaginary
parts of Zc under two delay time constants are plotted in Fig.
7.

In Fig. 7, the blue line shows the real part of Zc, when
the control delay time equals 180 µs. It is obvious that the
resistance has a magnitude dip to 0 at 1420 Hz. For 100 µs
delay time, the resistance is much large in the frequency range
of 1000 -1400 Hz. This indicates that adding control delay
time will cause negative damping in this frequency range for
this particular VSC.

E. LCL-filter sensitivity analysis

From (10), it can be seen Zc has a pair of poles influenced
by Lf and Cf . Increasing Lf or Cf will reduce the frequency
of the poles. The poles are reflected as the peak in Zc’s
magnitude in its Bode plots.

To perform the sensitivity analysis of LCL-filter, double
sized filter inductor and capacitor of controller side impedance
are examined in Fig. 8. It can be seen that increasing the size
of Lf and Cf can make HFO have lower frequency.
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Simulation results of the analytical model and EMT model
are documented in Table. II.

TABLE II: Simulation result of analytical model, Root Locus model and EMT
model.

Model Low frequency (Hz) High frequency (Hz)
Impedance-based 182 1350

EMT 181.5 1340

In Table. II, low-frequency oscillations for these two models
are around 181 Hz, while the HFOs are all around 1350 Hz.
The difference between the analytical model and the EMT
model is calculated, which is within 3 percent. Due to the tiny

difference between the EMT model and the analytical model,
these two simulation results could be regarded as matched.
This confirms that adding delay time will result in HFO issues.

V. CONCLUSION

In this paper, a three-phase VSC system with LCL-filter and
cable is modeled and simulated to analyze the HFO caused
by control delay. To study the system, an EMT model is built
and tested. FFT analysis is applied to derive the frequency
distribution for both stable condition and boundary condition.
To validate the system, an impedance-based model is derived
and built based on grid side and controller side impedance.
The simulation result shows that control delay could influence
the HFOs and the negative damping of the system.
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