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Abstract—This paper proposes the Linear Swing Dynamics-
based Virtual Synchronous Generator (LSD-VSG) for HVDC
systems. The aim is to define a new role and behavior for
HVDC systems in their participation to AC system frequency
support. This results in enhancing the frequency stability of
HVDC connected-AC grids based on the LSD concept, whereas
preserving a stable operation of HVDC system. Small signal
stability and parametric sensitivity analysis have been performed
to support the viability of the proposed LSD-VSG and study the
sensitivity of the critical eigenvalues to the closed loop system
states and corresponding stability region. Additionally, various
time-domain simulations are performed and the results prove the
effectiveness and features of the LSD-VSG.

Index Terms—HVDC system, Linear Swing Dynamics, stability
analysis, Virtual Synchronous Generator.

I. INTRODUCTION

The High Voltage DC (HVDC) transmission technology
is currently deemed a desirable option for long distance
power transmission and offshore wind power delivery [1],
[2]. According to the recommendations and grid connection
requirements set by the European Network of Transmission
System Operators for Electricity [3], the HVDC systems
are expected to participate in system frequency support.
However, the incessant integration of offshore and onshore
Renewable Energy Sources (RESs) will displace the exist-
ing Synchronous Generators (SGs) resulting in a reduced
system inertia. Consequently, the system frequency stability
and dynamic performance are affected. Note that classical
SGs offer significant advantages such as inherent inertial
response, system synchronization, and primary power reserve.
However, the main downside of these SGs is the nonlinear
characteristics, i.e. nonlinear swing dynamics, which is caused
by the inherent nonlinear electromechanical oscillations. This
is in contrast with the RESs, which are integrated to the
power grid via static converters, as these converters do not
have the problem of inherent electromechanical oscillations.
Hence, in future converter-based power systems, new concepts
should be developed to define system dynamics and behavior.
In this regard, the Linear Swing Dynamics (LSD) concept is
proposed in [4] and [5] to achieve uniform and linear system
swing dynamics. Also, to exploit the fast dynamics, smartness,
and controllability of these converters to shape freely system
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dynamic behavior. It is worth mentioning that future converter-
based power systems will feature fast dynamics, with impact
on control and automation. In such a scenario, HVDC systems
are expected to take on new roles and behaviors in supporting
and strengthening of AC power systems.

There are several works investigating system frequency
support through HVDC systems. In [6] and [7], the authors
proposed Synchronverter for grid-tied HVDC converter to
emulate the classical SG thus providing virtual inertia and
system frequency support. However, their proposed Synchron-
verter is implemented based on the classical representation
of SG represented by the nonlinear swing dynamics. In this
work, a new design of VSG is proposed for HVDC systems,
based on the LSD concept. This aim is to define the role
and behavior of HVDC systems in participating of frequency
support for future converter-based systems. In [8], the authors
presented a model of grid-tied Virtual Synchronous Generator
(VSG) based on classical representation of SG. Then, small
signal model is derived to assess the stability by analyzing
the eigenvalues and their parametric sensitivities. This work
derives a mathematical model of the proposed LSD-VSG
in two-terminal HVDC system. Then, a linearized small-
signal model is obtained to perform eigenvalue based stability
analysis and parametric sensitivities. In [4] and [5] , the
authors proposed the LSD-VSG for grid-tied RES converters,
i.e. for onshore RES application. The aim is to define a linear
dynamical behavior to the VSG while providing virtual inertia
and frequency support. This paper presents the extension of
the work in [4] and [5] by designing LSD-VSG for grid-
tied HVDC converters, i.e. for offshore RES application. The
rationale behind introducing LSD in HVDC systems is that in
future power systems, the converter-based power generation
will be likely from onshore RES and HVDC (offshore RES
or international power exchange) systems [5]. Hence, it is
important to introduce and embed the LSD concept in all
these grid-tied converters to achieve LSD characteristics in a
systematic way. Also, to define the behavior of HVDC systems
with regard to system frequency support. Small signal stability
and parametric sensitivity analyses has been performed to
support the viability of the proposed LSD-VSG. Also, to
study the impact of controller states on the dominant eigen-
values and corresponding stability regions. Hence, to provide
a holistic design insight for control parameters for which the
system is stable, meaning that the analysis allows a numerical
parametrization in design of current and voltage controller.
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Fig. 2. Two-terminal HVDC System

Additionally, time-domain simulations have been conducted
under different scenarios. The results show the effectiveness
and performance of the LSD-VSG in achieving the LSD
characteristics in the HVDC-connected AC grid, preserving
stable DC voltage profile, and providing system frequency
support.

II. SYSTEM DESCRIPTION

Two terminal HVDC system is considered to deliver the
power from offshore wind farm to the onshore AC grid as
shown in Fig. 2. The length, rated power and nominal voltage
for HVDC transmission line has been considered as 70 km,
200 MVA and +/-100 kV, the voltage and frequency for
onshore AC grid are 230 kV and 50 Hz respectively as per
[9]. As the focus of this work is to support and strengthen
the AC grid, the LSD-VSG is implemented in the grid-tied
HVDC converter (VSC1). The converter VSC1 regulates the
DC link voltage based on active power-voltage droop mode,
controls AC voltage and provides frequency support based
on the LSD concept. On the other hand, the wind farm-tied
converter (VSC2) operates in a constant power mode to deliver
the rated wind power to the onshore AC grid.

III. PROPOSED LSD-BASED VSG CONTROL

This section presents the controls for LSD and VSG in detail
together with their proposed structure in the two-terminal
system. Firstly, the VSG is implemented in the grid-tied
HVDC converter to synchronize the latter with the AC grid,
and hence, making it responsive and supportive in case of
disturbances in the AC grid. Secondly, the LSD concept is
introduced to achieve the LSD characteristics while providing
system frequency support.

Fig. 3. VSG Control loop

A. Virtual Synchronous Generator

One well-known solution for inertia control is the VSG,
with the converter emulating the classical SG and participating
in virtual inertia provision. The VSG consists of two stages:
the power part and control part as illustrated in Fig. 1 [5].
The VSG is implemented based on the so called swing
equation. More details about VSG can be found in [10] and
[11]. In this work, the VSG implementation is carried out as
presented in [8] and shown in Fig. 3. The converter control
has been implemented in a synchronously rotating reference
frame (SRF) using dq axis decoupling. The frequency (wysg)
and phase angle reference (,,,) for the control system are
provided by the VSG control loop, by incorporating the inertia
emulation loop according to the following equation:

wésg = M(Plref - Pl) - Mkd(wref - WPLLl) (1)

- kw(w'ref - C“)’l)sg)

where the values of kd and M in above equation are 1¥10%
and 0.14%1073, respectively.

B. Linear Swing Dynamics (LSD) Concept

The LSD concept is proposed in [5] and [4] to achieve a
uniform and linear swing dynamics for future converter-based
power systems. Hence, to have linear and well-predictable sys-
tem dynamics. This in turn, aims to preserve system stability
under small and large disturbances. This can be achieved with
the exploitation of smartness, controllability, and fast dynamics
of the deployed grid-tied converters. Thanks to the power
electronics for their substantial role in shaping freely future
system dynamics and behavior. To derive the mathematical
formulation for LSD concept, the considered AC system is
represented by a Single Machine Infinite Bus (SMIB) system
as depicted in Fig. 4. The power angle characteristics of a
SMIB system is expressed by (2) , which is used to analyze
system transient stability
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Fig. 4. Symbolic power system



Fig. 5. Control diagram for LSD

E
P = TV sind 2)

where P, E, V, X, and § are the active power generated by the
converter, bus terminal AC voltage, converter terminal voltage,
grid impedance (X >> R), and the angle between E and V.
The equation (2) shows a non-linear relationship between P
and § which in turn depicts the non-linear behavior of the
system. This non-linearity imposes critical restrictions and
limitation on the control converter’s design and performance.
In this regard, the LSD concept has been introduced to
linearize (2) by introducing the AC voltage tolerance ¢, the
equation can be re-written as:

E
P=2(1-Fs 3)

where ¢ is the AC voltage tolerance which is set to +/-
0.1 and +/-0.05 percent of the nominal voltage in distribution
and transmission systems respectively. From (2) and (3), the
following can be obtained:

PX
3P) = =5 @
_ (1-¢F
V(o) = sind 0 )

V(§) in equation above yields the AC voltage reference at
every power generation/loading level of the converter so that
the power-angle (P-0) characteristic is linear and can be
implemented in the control logic as illustrated in Fig. 5. The
AC voltage reference is fed to the outer AC voltage control
of the grid tied HVDC converter (VSC1). More information
about LSD concept features and application can be found in
[5] and [4].

C. Control Structure of LSD-VSG

Fig. 6 shows the control structure of the LSD-VSG in
the grid-tied converter that controls the DC link voltage
based on active power-voltage droop, and achieves the LSD
characteristics while maintaining the AC voltage around the
nominal value, and providing frequency support in case of
disturbances in the AC grid. On the other hand, the wind
farm-tied converter has the role of controlling the active and
reactive power generated by the wind farm in accordance to
the load in AC grid, as shown in Fig. 7. The aim is to maximize
the active power delivered via HVDC system to the AC grid
and minimize the reactive power. The control parameters are
provided in Table II in the Appendix. Note that the role of
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LSD concept is to achieve linear P - § characteristics, capture
the complete information of and preserve system stability in
case of small and large disturbances. These features are more
significant for grid side than offshore RES. However, the LSD
concept can also be introduced and achieved in the RES-tied
converter.

The presented LSD concept relies on the AC voltage toler-
ance to achieve linear P - § characteristics. However, this can
be achieved by different approaches, i.e., without using the
AC voltage control and its tolerance. This is currently being
developed by the authors.

IV. STATE-SPACE MODELLING & SMALL-SIGNAL
STABILITY ANALYSIS (SSSA)

The closed loop mathematical modeling of the two terminal
HVDC system under consideration is developed as provided
in the Appendix. The resulting state space equations are
non-linear equations containing physical state variables with
additional mathematical state variables that are augmented
for describing the existing PI current and voltage controllers.
For performing eigenvalue based stability analysis, the non-
linear state-space model is linearized around a steady-state
operating point. The objective of the stability analysis is to



obtain the bounds of the control parameters for which the LSD
control stabilizes the two terminal network. Thus, the stability
analysis offers design insight on choosing control parameters.
Furthermore, a sensitivity analysis is performed to investigate
the influence of LSD control on dominant eigenvalues. Results
obtained from the above sensitivity analysis shows the most
critical control parameters that should be considered for the
design process. A stability heat-map is presented to illustrate
the stable and unstable regions for variation in the control
parameter. Thus the boundaries of the stability region show
the upper and lower bounds of control parameters.

The state vector X and input vector U can be defined as
follows: X = [Ig1 a1 Ya1 Lq1 Tq1 Yq1 Viacr Lac Vaez La2 a2
Yadz2 Iq2 Tq2 Yq2 Wysg Vod ‘/;7(] Iod qu]T
and U = [Plref Vdcl'r’ef Wref Q2’l"6f ]T
This linear time invariant (LTI) closed loop state-space model
is given by (6)

AX = AAX + BAU (6)

where A and B matrices in above equation are the linearized
state transition and control matrix respectively. The stability
can be determined via the eigenvalues of matrix A. The
eigenvalue plot showing the stable operation of the HVDC
interconnection is shown in Fig. 8 where the zoomed portion
shows the most critical eigenvalues that are highly influenced
by the choice of control parameters. In Fig. 8, the most critical
eigenvalues EV1, EV2 and EV3 are encircled in green and the
less critical eigenvalues EV4, EV5 and EV6 are encircled in
pink .

VSC1 which consists of the proposed LSD-VSG control
technique is the object of investigation and the control param-
eters involved in VSC1 will be altered to study closed loop
stability. The control parameters in VSC2 remain unaltered for
the investigation to clearly illustrate the features of LSD-VSG.
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Fig. 9. Variation of eigenvalues with variation of current controller parameter

Fig. 9 shows the root locus plot of critical eigenvalues when
the proportional gain of the inner current controller (kpq1)
varies from 0.2 to 1.2. With a fixed k;q41, it is observed that
the system becomes unstable for k,q; > 0.75. The critical
eigenvalues EV1, EV2 and EV3 move to the right half plane
(RHP) making the system unstable. An identical analysis is
performed with the integral gain of the voltage controller
(kivac1) where the gain is varies from 20 to 60. As shown
in Fig. 10 , the three dominant poles EV1, EV2 and EV3
move to the RHP for values greater than 45 making the system
unstable. VSC1 is implemented with the LSD loop where
the swing dynamics are linear, hence small signal stability
analysis needs to be applied for various power references.
Fig. 11 shows the root locus of active power variation. Note
that the active power set-points are varied from -2 p.u to 2
p-u to study a wide operating range for LSD-VSG, in both
rectification and inversion mode. However, for the presented
two terminal HVDC system, the stability analysis is valid for
power variation from 0 to 2 p.u.

From the above analysis, the impact of control parameters
and active power set-points on system stability were identified.
The unstable operation occurs for active power set-points
lesser than -1.5 p.u. With more negative values of active power
reference, the eigenvalues tend to have small real part and large
imaginary part which leads to increased power oscillations in
the system. EV1 and EV3 are complex conjugate poles and
their imaginary part becomes larger for negative active power
set-points. On the other hand, EV2 is a real pole and it moves
to the RHP for active power set-points lesser than -1.5 p.u
contributing to system instability. Referring to Fig. 11, it is
worth mentioning that the system is stable for power variation
from O to 2 p.u.

To further examine the system, a relative parametric sen-
sitivity analysis is conducted to investigate the influence of
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the states on the dominant eigenvalues EV1 and EV2 in
accordance to the method described in [11]. Fig.12 shows
the relative sensitivity analysis for EV1, where the relative
sensitivity of critical eigenvalues to state variable variation is
plotted. One can observe that the internal states corresponding
to the dq voltage controller (x4; and w4;) highly influence
the dominant pole EV1. Similarly, as observed from Fig. 14,
the internal states of the dq current controller (14, and y41)
highly influence EV2. Thus, the previous analysis provides
the rational to further investigate the stability and instability
regions of the current and voltage controller wherein one
obtains a design insight.

Fig. 13 and Fig.15 display the heat-map of the variation of
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the dominant eigenvalues EV1 and EV2 with respect to vari-
ation in the voltage and current control parameters obtained
from the parametric sensitivity analysis respectively. Dark blue
color in these figures represents an unstable system whereas
light blue and white color represents marginally stable and
asymptomatically stable system respectively. The small-signal



stability analysis is repeated for various control parameter
combination to obtain the heat-map.

For the inner current control, the lower and upper bound-
aries of the proportional and integral gains are obtained as
shown in Fig. 15, for which the system is stable. Note that
any combination of k,qqc1 and kjgqc1, from the white region,
yields a stable current control design. Similarly, the lower and
upper boundaries of k,q1 and kj,qc1 are determined for the
outer voltage control as depicted in Fig. 13.

It is worth mentioning that the performed small-signal
stability analysis in this paper can be used as a tool for control
design parameterization wherein the designer is supported with
a visual aid such as heat-map for choosing the control gains.

The control parameters are defined in a unified manner for
all circumstances. From the stability analysis, we select the
most stabilizing solutions which would work for both small
and large disturbances. The selected parameters are therefore
verified by performing large signal time domain simulations.

V. SIMULATION RESULTS

To scrutinize the performance of the proposed LSD-VSG
control scheme, the presented HVDC system has been tested
and simulated in MATLAB Simulink. Fig. 16 illustrates the
loading in time for AC gridl. This is done by increasing the
power demand from 0.3 to 0.6 p.u. in the time instant 4 s,
and up by 0.3 p.u. at the following time instants 6 and 8 s, to
reach 1.2 p.u. The objective of these test scenarios is to verify
the LSD-VSG feature of preserving a stable HVDC system
operation, enabling the grid-tied HVDC converter (LSD-VSG)
to operate with a linear dynamic behavior to provide virtual
inertia and frequency support. Note that the focus of this paper
is on the validation of LSD concept, and hence, only the
simulation results for grid-tied converter VSC1, i.e. LSD-VSG,
are presented.

The increase in power demand is supplied by the power
injected from LSD-VSG (P) as depicted in Fig. 17. This in
turn, caused an increase in the angle (J) as shown in Fig.
21. According to the LSD concept presented in Subsection
II1.B, the LSD loop updates the AC voltage reference, which
is fed to the AC voltage control, in a way to achieve the
LSD characteristics. Hence, for the applied test scenarios,
the AC voltage is regulated within the permitted tolerance
as depicted in Fig. 19, and the linear relationship has been
achieved between P and ¢ as shown in Fig. 22.
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The magnification in Fig. 22 aims to clearly show the actual
system response with the intermediate transients. It is to be
noted that the red colored (sinusoidal) line represents the
nonlinear P-§ characteristics of a SG as well as other proposed
solutions, which are developed based on classical emulation
of SG, i.e., by adopting the nonlinear P-§ characteristics.
However, a comparative study between the proposed LSD-
VSG and other classical solutions is being conducted by the
authors, to be published in future work.

From the conducted scenarios, it can be observed that the
LSD-VSG is able to provide frequency support to the AC grid
while maintaining a stable DC voltage profile as shown in Fig.
20 and Fig.18, respectively. Note that the dash lines (in red
color) shown in Fig.18 and Fig. 19 represent the steady state
tolerance for DC and AC voltages, respectively.

It is to be noted that with the introduction of LSD, the
grid-tied HVDC converter behaves like a Synchronous gener-
ator exhibiting Linear Swing (P-J) characteristics. This linear
Synchronous Generator can preserve a stable operation even
with countering a large disturbance as shown and verified in
the presented large signal simulations.

VI. CONCLUSION

In this work, the LSD-VSG for HVDC systems delivering
the wind power to an AC grid has been developed, tested
and validated. Stability analysis has been performed to sup-
port the viability of the LSD-VSG and provide a holistic
design approach for the control parametrization. Also, time
domain simulations are conducted and the results show that
the proposed LSD-VSG is able to achieve the LSD char-
acteristics while providing frequency support and preserving
stable HVDC system operation. The LSD characteristics and
features are attained by achieving linear P-0 characteristics and
preserving stable system operation, in both small disturbance
(as observed in the stability analysis) and large disturbances
(as shown in the time domain simulations).

The influence of varying the droop and inertial terms, in
LSD-VSG control, on LSD characteristics and overall system
dynamic performance will be studied in future work.
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VII. APPENDIX
State-space equations
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dt Lf Lf Uach
+kpd2/<?ip21$d2 n kip22Yd2
Ly Ly
d Pye I
Btz _ Pores g v — T (18)
dt Use »
qu2 o r kquIqQ kquQZref
2 o - - (19)
dt Ly Ly UacLy
+kpq2kiq21$q2 n kig22yq2
Ly Ly
d re Ugol
dy 2 Q27‘ef
TZ = — U.. + kiga1Tq2 — Ig2 (21
Wysg = M (Piref — P1) — Mkd(wref —wprr1) (22)
— kw(Wref — Wysg)
dIOd 1 T
= 7‘/0 - 79]0 vs Io 23
At L, T L, et T Wt @3)
dloqg 1 Ty
= 7 Voq — 7-[0 vs Io 24
dt L, L,renteraolen 4
dVoa 1 1
=—In——1, wsa Vo 25
7 c; d1 ; d + WysgVoq (25)
dVv, 1 1
1 = — I — 710(1 - wvsgvod (26)

dt Cf al Cf

The state variables mentioned above are described in Table
Lalso the control parameters used in state equations are
mentioned in Table II. The filter inductance and capacitance
Ly and Cy are 0.147 H and 2.5 uF respectively. The grid
has resistance r, = 1#1075€2) and inductance L, = 0.0827H.

For the HVDC transmission line inductance and resistance,
L. and 7. are set to 1.59%10~* H/km and 1.39%10~3Q/km
respectively. The reference value for active power and
voltage for HVDC transmission line is set as 1 pu whereas
the same for reactive power at the wind farm side is set to 0

pu.
TABLE I
SYSTEM STATES
State Description
Grid-tied converter
Tg1.1q1 dg-axis current in the converter and filter inductor
T41,Tq1 integrator state for DC voltage control loop
Ya1-Yql integrator state for dq-axis for inner current control loop
Vod,Voq dg-axis voltage at PCC
Lod.doq dqg-axis current at PCC
Wysg VSG angular frequency
Windfram-tied converter
12,142 dg-axis current in the converter and filter inductor
T42,Tq2 integrator state for dq-axis for voltage control loop
Yd2,Yq2 integrator state for dq-axis for current control loop
HVDC Transmission line
Ve, Ve DC Voltage at terminal-1 & terminal-2
Lgc current in HVDC transmission line

TABLE 11
CONTROL PARAMETERS
Parameter Value
Grid-tied converter
Voltage controller Proportional gain (kpvdc1s Kpgacl) 30
Voltage controller Integral gain (kjydc1.Figac1) 15
Current controller Proportional gain (kpq1,kpq1) 0.42
Current controller Integral gain for d axis (k;q1.kiq1) 32
Windfram-tied converter
Voltage controller Proportional gain for d axis (Kip21.Kig21) 10
Voltage controller Integral gain for d axis (kip21,kig21 ) 50
Current controller Proportional gain for d axis (kpdz,k'pqz) 0.6
Current controller Integral gain for d axis (kip22,kig22) 6
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