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Abstract

The concept of the so-called droop control has been widely
discussed in the literature as the preferred controller for
Voltage Source Converter for High Voltage Direct Current
(VSC-HVDC) multiterminal and DC grid schemes. Droop
control provides fast dynamic response and power-sharing
between converter stations among other advantages but, as the
controller is usually implemented as a merely proportional
gain, the DC grid resonances damping is often very poor. This
is because although the grids under study are DC, a broad range
of high-frequency components and transient dynamics are
inevitable in DC grids caused by long cables and switching to
name a few. Conventional droops based on proportional gain
are not able to handle such frequency-dependant issues of the
DC grids. To improve the DC dynamic response, this paper
presents a new droop controller where a DC resonance
mitigation compensator is augmented to the conventional
droop control that will result in an improved droop
compensation by guaranteeing that power-sharing task will
satisfactorily meet the desired damping requirements.

1 Introduction

In the recent years, the number of High Voltage Direct Current
(HVDC) projects has raised substantially mainly because of the
deployment of the Voltage Source Converter (VSC)
technology for high voltage applications. VSC-HVDC

power flow control without voltage reversal among other
advantages [1]. At the same time, the required HVDC
substation footprint in VSC application is much less because
of the reduced AC filtering stage.

One of the applications where VSC-HVDC has received great
interest is the connection of offshore wind farms. For the
distances higher than 150 km, HVDC might present technical
and economic advantages over HVAC lines [2]. Some offshore
connected wind farms are already in operation [3] and more are
planned. As these HVDC connected might be close to each

other, the interconnection of the different HVDC transmission
system has been suggested. The first interconnected systems
that are likely to appear are so-called Multiterminal HVDC
(MT-HVDC) schemes that have three or more electrical nodes
without any electrical loop between them.

The voltage [4] and power control [5] of MT-HVDC systems
have been widely addressed in the literature offering the droop
control as the preferred voltage control technique [6]. The
purpose of the droop control is to ensure an adequate power
transmission and it should be decentralized so that the control
law applied by an HVDC converter only depends on local
measurements made by that converter whilst it does not need
to rely on long-distance communications between different
terminals. The droop controller is based on a proportional
control law that regulates the DC voltage and provides power
sharing between the different power converters. The cost to be
paid to use of this simple control is a poor dynamic response.
There are two main variations of the droop control: the power-
base droop and the current-based droop. The power based-
droop has the DC voltage as input and the power as the output
and the current-based droop has the DC voltage as the input
and the DC current as output. The design of the droop
controller for HVDC applications has been addressed in for the
current droop [7], [8] and in for the power [9].

This paper presents a modified droop controller where a lead-
lag filter is designed to be augmented in series to the traditional
droop controller. This add-on high-pass filter improves the DC
voltage dynamic response minimizing the DC overvoltage with
a minor droop controller modification. The large and small-
signal modelling, design and a test case study are discussed and
presented in this paper.
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The system under study is shown in Fig. 1. It is a three terminal
MT-HVDC system where VSCI is connected to an offshore
wind farm and VSC2 and VSC3 are connected to two
independent AC grids. Each wind farm is connected. In normal
operation, the power flows from the offshore wind farm to the
grid connected converters. The amount of power shared
between the grid connected converters depends on interactions
between the different grid side converter droop controllers.
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Figure 1: Studied three terminal MT-HVDC system

3 MT-HVDC Modelling

Here, both time and frequency domain models have been
developed to design the augmented optimal DC droop
controller.

3.1 Converter model

Modular Multilevel Converters (MMCs) is currently the most
used converter structure for VSC-HVDC interconnectors.
Here, an average model of MMC is used via expressing its
internal energy as an equivalent capacitance to simplify the
analysis which focus on the DC side dynamics.

3.2 DC Cable model

A standard approach to model the DC cables is the pi-
equivalent model, but the research presented in [10] shows that
the pi-equivalent model can lead to inaccurate results. In this
paper, the improved model presented in [10] is used. This
model takes into account the frequency dependency of the DC
cable adding several RL in parallel. Fig. 2 shows an example
of the suggested cable model.
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Figure 2: Model of the cable used for this study [10].

The equations associated with the cable model are
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where E; and E; are the voltages at the cable equivalent
capacitors, [, P; and Ij, P; are the currents and powers at the
cable terminals, [;* are the currents flowing through the branch
k of the line ij, C; and C; are the equivalent capacitance at each
cable terminal and Li* and Ryi* are the inductance and
resistance of the branch k of the line ij. At the terminals where
a converter is connected an extra capacitance Ccon is added. The
subscript “i”” an “j” refers to the cable terminal node and the
superscript “k” refers to each of the RL branches of the cable

model.

3.2 AC grid model

The AC grid has been modelled with a Thévenin equivalent
and the VSC is connected to the grid by means of an inductive

coupling filter. A sketch of the analysed AC side can be seen
in Figure 3.
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Figure 3: Convergr AC side model

The equations of the AC system dynamics are:

diy . . (4)
d;ln Lip = Rtnllqn — wliplign — Vign + Ugqn
diygn (5)

TLtn = Riplign + (‘)Ltnilqn — Vign + Vgadn

where Ly, (Len = Lin + Lgn) and Rey (Ren = Ry + Rgy) are
the total system impedance, w is the grid frequency and v,,, and
vy are the converter and grid voltages, respectively. The
subscript “n” refers to the converter n related variables.

4 MT-HVDC Control

The Grid Side Converter (GSC) exchanges the required power
to keep the DC voltage in the converter terminals within the
limits. The GSC converter is formed by the current control and
the HVDC voltage controller.

4.1 Grid Side Converter control

The GSC control is implemented as a standard current dg-axis
current controller and a PLL to provide the grid orientation [4].
The current control is implemented as two PI controllers (Kin)
one for the q-component of the current (ign) and another one for
the d-component plus a decoupling term.
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Figure 4: AC current control and DC voltage

Kim can be designed using the Internal Model Control
technique [11] resulting the following controller

kpilns + Kpiln
S

Kin = ©

where Ky is the proportional term and Kiin is the controller
integral term and

(7
®)

kpiln = LinTin
kin = RinTyn

where T, is the closed loop time constant of the desired
controller response. This constant must be chosen considering
converter physical restrictions. For this paper, 7;;,=12 ms_is
considered.

4.2 MT-HVDC voltage control and new suggested droop
control

The droop has been identified as the preferred controller for
multiterminal HVDC systems. The basic implementation of
the droop controller is

lac = Kyczac (En - E;;)Kdroopn

Standard droop

)

where Ej, is the DC link voltage at converter n, Kgroopn is the

droop controller gain and K., 1is a constant factor to
transform DC current into the AC side. Traditionally, the droop
controller is designed to satisfy the steady-state power-sharing
ensuring that the maximum overvoltage is not reached. In this
paper a new droop controller to enhance the frequency
response is suggested

Iclc = KdCZachn(s) = an’(S) (En - Er*l)Kdroopn
Standard droop

(10)

where G¢(s) is a lead-lag filter where its transfer function is:

S~ Zmn (11)
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The steps to design the filter are:

1) Choose the desired Kgroop according the power-
sharing and maximum overvoltage capability.

2) Run an optimization problem (see below paragraph)
to calculate the most appropriate filter to mitigate the
DC resonances.

3) Verity the controller dynamic requirements in the
small signal and time domain model.

The optimization problem is based on H. optimization. The
conventional H., control problem has a drawback in that it does
not have any structure - for the same plant, depending on many
design criteria, one can find different controllers with different
orders. This makes H. control of less interest to practical
applications. Apkarian, Noll and Gahinet (The MathWorks
[15]) have pioneered a novel approach to compute locally
optimal controllers for the problem of Hoo optimization subject
to both soft and hard design goals. Their research has been
resulted in recent MATLAB functions, HINFSTRUCT and
SYSTUNE, which are now available in the MATLAB Robust
Control Toolbox. Both HINFSTRUCT and SYSTUNE
formulate and solve the H. control problem to find local
optimal [16]-[17]. The mathematical principle underlying
these tools is the He-rationale based on non-smooth
optimization solutions to the problem of Hoo optimization. In
this paper, we have use SYSTUNE to design the three filter
gains optimally by tuning fixed-structure droop control system.

3.3 Model linearization

To design the controller, a linear model is needed for which
reason the model has been linearised and expressed in the state
space form as

(12)

AXiorar = ArotarBXtotar T BrotatAlUrotar

where Ax,,,, and Ax,,,, are the vectors of states and inputs
of the whole linearised system and A;ytq; and Bioiq are the
total system matrix and input matrixes of the total system
respectively. The linearized model have been built based on
[12] and [13]. Figure 5 shows the detailed linearized model for
the VSC2 of the system presented in Section 2. The superscript
“c” referrers tot the variables expressed in the converter frame.
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Figure 5: Detailed VSC1 converter control and interaction with
the AC and DC system and the converter



5 Simulation results

A study case is presented to show the design and the
effectiveness of the proposed method. A time domain and a
small signal model have been implemented in Simulink based
on the system presented in Figure 1. The electrical parameters
and the control parameters used for the design and simulations

can be found in Table 1 and Table 2 respectively.

Parameters Value
Grid SCR 10
AC grid nominal voltage [kV] 195
L [pu] 0.1
Rin [pu] 0.01
DC system nominal voltage [kV] 300
Converter nominal Power [MVA] 300
R! [Q/km] 1.1724-10"!
R2 [Q/km] 8.2072-102
R3 [Q/km] 1.1946-10
C! [F/km] 0.1983-10°
Ceon [F/km] 1.5000-10*
L! [H/km] 2.2851-10*
L? [H/km] 1.5522-10°3
L3 [H/km] 3.2942-10°
Table 1: Electrical parameters used in the study case

Controller gain parameters Value

Current control time constant (t;;,,) |0.012

[s]

Zn -12.96

P, -57.7388

Kz 0.4456

Zn -16.80

P -72.02

Kz 0.4265

Table 2: Control Parameters used in the study case

As first step, a Karoopi= Kadroop2=1/10 A/V is selected for both
power converters to satisfy the required power flow sharing.
Once the droop constant is selected is possible to run the
optimisation problem to calculate the most convenient Gy (s)
and Gp(s). Figure 6a shows the singular value decomposition
(SVD) of the system considering the VSC3 power as input (P1)
and the VSC2 DC voltage (E2) as output for the MT-HVDC
scheme using traditional droop control for different droop
gains. In this figure, a high gain around 10-70 Hz can be seen
leading to a potential overshoots and oscillations at that range
of frequencies. Also, it can be observed that the overshoot is
higher when the droop controller gain is bigger.
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Figure 6: Singular value decomposition of the system
considering the VSC3 power as input (P1) and the VSC2 DC
voltage (E2) as output for the standard droop and the proposed
droop controller

After running the optimization algorithm a suggested transfer
function for Gri(s) and gn(s) are obtained and their Bode plots
are presented in Figure 7. As it can be observed, the optimized
filters keep the DC gain at -20 dB (0.1A/V) but presents a high-
pass filter characteristics for frequencies above 5 Hz. In this
way, the potential oscillations that can occur at the area of 10-
70 Hz can be mitigated. The SVD presented in Figure 6b for
different droops shows a reduction of these peaks. For the
studied case of Kdroop=1/10 A/V the gain peak is reduced
from -84 dB to -93 dB.
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Figure 7: Bode diagram of Gf1(s) and Gf2(s)

In the time domain (some droop controller gain), this gain
reduction can be seen as an improvement in the voltage
overshoot and faster power response. Figure 8 and Figure 9
present the DC voltages and powers in front of a VSC1 (P1)
power step change in the time instant t=2 s from 100 MW to
200 MW for the standard droop and the proposed droop
control. The overvoltage in the VSC2 and VSC3 are reduced
around 70% and VSCI1 presents an overshoot improvement



around 50%. If the powers are analysed in Figure 9, the voltage
improvement is due to the faster response of the DC injected
power due to the increased sensitivity of the proposed droop
controller at the frequencies where the overshoot occurs. It
worth mention that the bandwidth of the current loop has been
not modified.
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5 Conclusions

An improved droop control structure with DC Grid resonance
damping capability has been suggested, together with a
complete methodology to design the controller. First, a generic
model for a MT-HVDC network is detailed, including the DC
grid and the converter dynamics. Then, a linear model is
derived to be used during the controller tuning process, based
on optimization techniques. The design methodology is
applied to a three termianl DC grid, achieving an improved DC
grid voltage profile, reducing the voltage oscillations
importantly, maintaining the system and converter variables
within its limits.
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