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Abstract—In this paper, an analysis of electromagnetic instabil-

ity is presented for Voltage Source Converter High Voltage Direct

Current (VSC HVDC) systems. In recent years, the interaction

between electromagnetic modes of the system and the converter

dynamics has shown to give rise to instability problems in the AC

network, up to the kHz range. This paper extends the analysis

of the problem to the DC side and investigates to what extent

similar problems can be expected in future HVDC installations.
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I. INTRODUCTION

The integration of Voltage Source Converter High Voltage
Direct Current (VSC HVDC) links in the power system has
given rise to a new stability problem, currently known as
harmonic or electromagnetic stability. The instability is caused
by dynamic electromagnetic interactions between converter
control dynamics and network resonances. The problem has
shown up in different forms, both in the first offshore wind
farm connected via an HVDC link using two-level converter
topology [1], as well as with several HVDC connections using
Modular Multilevel Converters (MMC) [2]–[4].

Capturing such dynamic interactions in simulation tools
requires an accurate representation of all influencing factors
for frequencies up to the kHz range [5], [6]. On the network
side, the frequency-dependency of passive components such
as cables and overhead lines has to be accurately represented.
For the converters, it is equally important to account for the
most significant dynamics in the kHz range.

In real-life examples, the instability has often been triggered
by AC network topological changes, causing alterations to the
resonance spectrum of the electrical system [4], [7]. The expe-
rienced instabilities appeared in the kHz range. Since existing
VSC HVDC installations have until now been built as point-
to-point connection, the resonance spectrum at the DC side
is typically well-known and can more easily be accounted for
in system design studies compared to AC systems. However,
with the advent of more complex multi-terminal installations
and meshed HVDC grids, with converters built by different
manufacturers, it is of interest to investigate to what extent

such instabilities could also be experienced at the DC side in
the near future.

In the past, few studied assessed the interactions between
two-level VSCs and DC resonances in a DC link [8], [9].
The focus was given to the impact of outer loops and the
negative-resistive behavior caused by converter constant-power
operation and, consequently, instabilities appeared in the range
of very low-frequency resonances. For this reason, several
fast control dynamics were neglected and conventional ⇡
cable models were used. However, the detrimental interactions
occurring in the kHz range, as observed in the AC side, were
neglected. This paper shows that DC stability problems can
also occur at higher frequencies and details the necessary
modelling to capture such effects.

This paper aims at extending high-frequency electromag-
netic stability analysis to both sides of the converter. First,
the converter model and control is presented. Second, the
frequency-domain stability assessment based on an equivalent
admittance representation is introduced, both for AC and DC
side analysis, with a particular attention paid to the dead-time
representation on the resulting converter dynamic response.
Last, a case study of a two-terminal link is presented.

II. MODULAR MULTILEVEL CONVERTER

A. Averaged dynamic model

The MMC model used in this study is based on the averaged
dynamic model (ADM) [10]. The circuit topology of the model
is depicted in Fig. 1.

The ADM assumes ideal sorting of the submodules in
the converter and neglects harmonics generated due to the
modulation and non-ideal turn-on and turn-off behavior [11].
This assumption allows simplifying the submodule strings
in each arm of the MMC to controllable voltage sources
(Fig. 1). The voltage generated by the insertion of submodule
capacitors in the upper (u) arm is represented by vu and
in the lower (l) arm by vl. The arm inductor Larm limits
the switching harmonics in the arm currents iu and il. The
inductance and resistance of the converter transformer are
represented by respectively Ltr and Rtr.



Fig. 1: MMC circuit topology.

In order to separately control DC and fundamental fre-
quency components of the arm currents, the grid current is
and circulating current ic are respectively defined as

is = �iu + il, ic =
iu + il

2
. (1)

From the circuit topology of Fig. 1, the dynamics of the
MMC are given by the differential equations
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where vs is the AC phase voltage at the point of common
coupling (PCC) and edc the DC side voltage.

Based on the averaging principle, the arm voltages are
determined by the continuous insertion index n and the sum
capacitor voltage v⌃c

vu = nuv
⌃
c,u, vl = nlv

⌃
c,l. (4)

The insertion index n varies between 0 and 1, respectively
representing no or all submodule capacitors inserted.

Due to the charging and discharging for the submodule
capacitors during insertion, the relation between is, ic and
v⌃c is given by
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CSM is the submodule capacitance and N the number of
submodules per arm. The combination of (1)–(6) completely
defines the averaged dynamic model for the MMC used in this
paper.

B. MMC control structure

The overall control structure of the MMC is given in Fig. 2
and a detailed block diagram of the electrical circuit and
current controllers is given in Fig 3.

Fig. 2: MMC dynamics structure.

Fig. 3: MMC equivalent circuit and control diagram.

The structure is split into slow outer and the fast inner
control loops. The outer loops include to the DC voltage,
active/reactive power and AC voltage control and are typ-
ically characterized by a bandwidth below the fundamental
frequency. To obtain the outer control reference values, PI-
controllers are used. The inner controls, which largely deter-
mine the converter super-synchronous behaviour, consist of
the grid current control (cc) and the circulating current control
(circ). These two controllers are characterized by

v⇤c = Fff (s)vs �Gcc(s) (i
⇤
s � is) , (7)

e⇤c =
edc
2

�Gcirc(s) (i
⇤
c � ic) . (8)

The grid current controller Gcc(s) contains the AC voltage
at the PCC, vs, as feed-forward term. This voltage is first
filtered through a first-order low pass filter Fff (s) with a
corner frequency of 350 Hz. The difference between the actual
grid current is and the reference grid current i⇤s is controlled
by Gcc(s), a proportional-resonant (PR) controller given by

Gcc(s) = Kps +
Kiss

s2 + !2
n

, (9)

which is tuned to the fundamental frequency by setting !n

equal to 2⇡50 rad/s. A similar control strategy is used for the
circulating current control, where the DC voltage edc is used
as feed-forward term and the PR-controller is represented by

Gcirc(s) = Kpc

 
1 +

Kics

s2 + (2!n)
2

!
. (10)

The resonant part is tuned to 2!n to accurately track and
suppress the 100 Hz-component of the circulating current [10].



The reference value of the circulating current i⇤c is given by

i⇤c =
Pm

3edc
, (11)

where Pm is the active power. The output values of the grid
current control, v⇤c , and circulating current control e⇤c are
used to calculate the insertion indices nu and nl via direct
modulation as

nu =
e⇤c � v⇤c
edc

nl =
e⇤c + v⇤c
edc

. (12)

To include the effect of computational and switching delays,
a time delay block is added between the calculation of the
insertion indices and the application of the resulting voltage
to the averaged dynamic model [12]. This time delay is exactly
represented by the exponential function e�tds.

The MMC parameters used in the remainder of the paper
are summarized in Table I.

TABLE I: Converter parameters

Parameter Value Parameter Value
AC Voltage 110 kV Output current control
DC Voltage ± 100 kV Kps 116
Base Power 150 MVA Kis 5800
Ltr 0.069 H Circulating current control
Larm 0.05 H Kpc 50
Rtr 0.05 ⌦ Kic 400
Csm 4 mF Power controller
N 100 Kp 0.1

Ki 5
DC voltage control

Dead-time Kp 0.006
td 150 µs Ki 25

III. STABILITY ASSESSMENT METHOD

A. Impedance-based representation

The method for assessing the electromagnetic stability at
the AC and DC side of a VSC HVDC system relies on
an impedance-based representation of the converter and the
respective system. In this paper, control interactions at both
sides are assessed separately, focusing on the electromagnetic
system characteristics of the respective subsystem (Fig. 4). The
voltage vg is the phase voltage of the AC grid. The stability
at both sides can be assessed by transforming the system
to a closed-loop representation with two transfer functions,
respectively representing the network and the converter impact.
The definition of the transfer functions of the converter, Y AC

vsc

and Y DC
vsc , depends on the converter side of interest and is

explored in more detail in the next sections.
The controls and converter dynamics as shown in Fig. 2

and 3 have been implemented in MATLAB/Simulink. The
converter admittances Y AC

vsc and Y DC
vsc presented in this section

are obtained by linearising the system at an operating point
using the control toolbox.

Control

Control

Fig. 4: Test system layout for the study of interaction at the
DC side (top) and the AC side (bottom).

B. MMC equivalent admittance representation
For the analysis of electromagnetic interactions in the

kHz range, particular attention is paid to the behavior of
Y AC
vsc and Y DC

vsc above fundamental frequency. When only the
passive converter components (arm inductors, transformers)
are included in the analysis, the converter dynamics would
be determined largely by the inductive behavior of these
elements. It can thus be expected that, outside of the bandwidth
of the controllers, the dynamic converter response can be
approximated by the inductive behavior of these components.
In absence of any control dynamics (and whilst neglecting
losses), the AC side admittance would thus be completely
characterized by the equivalent inductance of the connection of
transformer and arm reactors, defined as Lt = Ltr +Larm/2.
The DC side converter admittance, Y DC

vsc indicates how a
change in the DC voltage edc affects the DC current idc.
Following a similar reasoning, this admittance would, in
absence of any control dynamics, be characterized by the
parallel connection of the phase arm reactors as seen from the
DC bus. This equivalent inductance is represented by LDC .

LDC =
3

2 · Larm
. (13)

Because of the impact of control dynamics, the VSC ad-
mittance observed at both sides differs from this ideal passive
behavior, shown in Fig. 5. Fig. 5a includes a comparison
between an AC side equivalent admittance model where only
the passive elements are considered, i.e. 1/(Lts + Rtr), and
a model where both the passive elements and the converter
control dynamics are included, i.e. Y AC

vsc . It is clear that
the converter admittance indeed behaves asymptotically as an
equivalent inductance at higher frequencies. However, due to
the impact of converter control dynamics, the phase angle goes
outside the passive boundaries defined by �90� < ✓ <+90�

in the region between 1.77 and 5 kHz. This is called the
negative-resistive or non-passive area. It has to be noted that a
negative-resistive behavior is equally observed in the DC-side
equivalent admittance Y DC

vsc , shown in Fig. 5b. In this case,
the negative-resistive behavior appears in a frequency range
between 1.7 and 5 kHz.



(a) AC side admittance

(b) DC side admittance

Fig. 5: MMC equivalent admittance representation considering
control dynamics (solid) and only considering passive compo-
nents (dashed) at the (a) AC and (b) DC side.

C. Impact of converter dead-time representation

This section investigates the impact of the converter dead-
time representation on the equivalent converter impedance. In
literature, the converter dead-time is often represented as a
first order Taylor approximation, [2], given by (14) or even
neglected [13].

e�tds =
1

tds+ 1
. (14)

The main justification for this assumption lies in the negligible
impact of this delay in the range of traditional power system
stability studies at frequencies below the fundamental or
within the controller bandwidth of the converter.

Fig. 6a shows the AC side converter admittance with the
dead-time represented exactly by the exponential function,
the first-order Taylor approximation and with the dead-time
neglected. As observed, the representation of the dead-time has
a significant impact on the equivalent MMC admittance in the
kHz range. It is therefore suggested to use the exact exponen-
tial representation in order to get an accurate representation.
A simplification of the dead-time representation results in a
misleading capture of the actual negative-resistive equivalent
response caused by the converter control dynamics. A similar
influence is observed at the DC side converter admittance
given in Fig. 6b.

(a) AC side admittance

(b) DC side admittance

Fig. 6: MMC equivalent admittance with different dead-time
representations at (a) the AC and (b) the DC side.

D. Closed-loop system stability assessment method
Electromagnetic instability is characterized by the dynamic

interaction between the converter, represented by the equiv-
alent admittance Y i

vsc, and the network represented by the
equivalent impedance Zi, with i indicating either the AC or
DC side. One of the benefits of the impedance-based method
is that only the frequency responses of the different system
component are necessary to assess the system stability. This
is graphically depicted in Fig. 7.

Y AC
vsc

vsvg is

ZAC

(a) AC side

Y DC
vsc

edc0 idc

ZDC

(b) DC side

Fig. 7: Closed-loop system stability representation.

At the AC side, the stability is analyzed using the feedback
system in Fig. 7a, containing the equivalent converter AC
admittance Y AC

vsc , and the network dynamics represented by
the equivalent impedance ZAC . Similarly, for the DC system



stability analysis, the system is converted to a closed-loop
representation of two transfer functions, Yvsc and ZDC (Fig.
7b). In this case, Yvsc represents the DC side equivalent
admittance of the DC voltage controlling MMC and gives
the relation between DC voltage edc and current idc. The
impedance ZDC represents the remaining part of the link.

The electromagnetic stability can be assessed by means
of the Nyquist stability criterion [14], [15]. In this paper,
interactions are studied using the Bode plot of the loop-gain
transfer functions, respectively Y AC

vsc ZAC and Y DC
vsc ZDC , and

by analysing the gain cross-over points and their phase margin,
i.e, the points when the magnitude crosses 0 dB and the angle
difference with -180�.

The different converter and network impedances at both
sides can be obtained: (i) analytically by means of the use
of linearized representations of components or (ii) applying a
frequency sweep in the time-domain response and calculating
the impedance from the FFTs of the calculated currents and
voltages at the node of analysis. Both methods are imple-
mented in the paper, illustrating the validity of both methods
to study the electromagnetic stability.

IV. STUDY CASE

A. AC side stability analysis
The test system for the AC side stability analysis is

composed of a MMC converter with equivalent admittance
Y AC
vsc and an AC network with equivalent impedance ZAC .

The equivalent admittance is obtained by applying the MAT-
LAB/Simulink linmod [16] function to the MMC model. Since
the focus is on AC side interactions, the DC side is represented
by a DC voltage source. The AC system corresponds to an
overhead line of 25 km connected to an ideal voltage source.
The transmission line is represented using the frequency-
dependent parameter representation in the phase domain,
which enables obtaining the equivalent impedance ZAC of the
AC grid.

The system stability is determined by the loop-gain transfer
function of the interconnected system Y AC

vsc ZAC . Fig. 8 shows
the Bode plot of Y AC

vsc ZAC . The gain cross-over points of the
interconnected system are indicated by the red lines. Partic-
ularly at a frequency of 2180 Hz, Y AC

vsc ZAC has a negative
phase margin, thus indicating an electromagnetic instability.

This instability is confirmed by the time-domain simulation
in EMTDC/PSCAD, where the converter is connected to the
AC system at t = 1.5 s (Fig. 9) and the FFT applied to the
time window of 20 ms after the disturbance. The relative error
between the frequency determined from the analytical analysis
and the PSCAD/EMTDC time-domain simulation is equal to
1.3 %.

B. DC side stability analysis
In this section, the impedance-based stability assessment is

extended to the DC side of a VSC HVDC system. The VSC
HVDC system consists of two MMCs, one controlling the DC
voltage edc and the other one the active power P . The MMCs
are connected with each other via DC overhead lines with a

Fig. 8: Loop-gain transfer function Y AC
vsc ZAC .

(a) Time domain response

(b) FFT

Fig. 9: Response of AC voltage at the PCC vs, (a) in the
time-domain, with (b) FFT (t=1.5-1.52 s).

length of 180 km. The model of the DC overhead line is based
on [17]. The surrounding AC grid of Fig. 4 is represented by
an ideal voltage source. In this case, the frequency responses
of Y DC

vsc and ZDC are obtained by performing a frequency
sweep on the VSC HVDC system model implemented in
PSCAD/EMTDC, where Y DC

vsc is the equivalent admittance
of the DC voltage controlling MMC and ZDC the equivalent
impedance of the DC overhead lines combined with the active
power controlling MMC. The Bode plot of the open-loop
transfer function Y DC

vsc ZDC is given in Fig. 10.
Similar to the AC side analysis, the stability of the system is

assessed with the loop gain Bode plot. During the assessment,
the active power demand of the VSC HVDC link is set to 0
and the DC voltage is controlled to 200 kV. In Fig. 11, the
phase angle of Fig. 10 is closer observed in the kHz range.
It is shown in Fig. 11 that at a frequency of 2960 Hz, when
the magnitude equals 1, the phase angle is below the -180�-
line which results in a negative phase margin. Hence, the
impedance-based stability assessment predicts the instability
of the VSC HVDC link for this configuration.

The prediction of the impedance-based stability assessment
is confirmed by the time domain simulation performed on the



Fig. 10: Loop-gain transfer function Y DC
vsc ZDC .

Fig. 11: Zoom in phase angle Y DC
vsc ZDC

VSC HVDC link model in PSCAD/EMTDC. Fig. 12 depicts
the DC voltage edc as a function of the time. At t=1 s, when
the two MMCs are in steady state, the two parts of the VSC
HVDC link are connected. Immediately after the connection,
a small oscillation appears in edc. This oscillation increases in
an unstable way, resulting in unacceptable high values for the
DC voltage edc. The zoom in of Fig. 12 shows an oscillation
with a frequency of 2960 Hz. At this frequency, the magnitude
value of YvscZDC is 0 dB and the phase angle is -180.6�.

1 1.1 1.2 1.3 1.4 1.5
Time (s)

0

100
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Fig. 12: Response of DC voltage edc in the time domain.

V. CONCLUSION

The analysis in this paper shows how electromagnetic insta-
bilities cannot be excluded to take place at both the AC and DC
side of a VSC HVDC link as a result of the interaction between
the converter controllers and the electromagnetic characteris-
tics of the connected electrical systems. Non-idealities in the

control structures, such as the converter dead-time, cause non-
passive regions in the converter equivalent admittance and
make instabilities appear in the kHz range. Therefore, it is
necessary to accurately represent both converter and network
behavior over an extended frequency range to investigate the
problem. The analysis shows how simplified dead-time repre-
sentations fail in accurately capturing the dynamic converter
behavior in the kHz range, and thereby do not allow assessing
the problem accurately.
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