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1 | INTRODUCTION

| Johan Boukhenfouf' |

Xavier Guillaud'!

Francois Gruson' | Shabab Samimi’

Abstract

The future multi-terminal direct-current (MTDC) grid will require the interconnection
of point-to-point high-voltage (HV) DC links with different specifications such as DC
voltage level, system grounding configuration and HVDC technology. To adapt these dif-
ferences, it is obligatory for DC/DC converters to interconnect HVDC links. Additionally,
they are capable of providing supplementary functionalities as they are highly control-
lable devices. In this article, a primary virtual resistance DC voltage controller associated
with DC/DC converter is proposed for managing DC grid voltages of the interconnected
HVDC grids, increasing the reliability of the system. The commonly known topology,
Front-to-Front Modular Multilevel Converter (F2F-MMC) is adopted for DC/DC con-
verter. Time-domain simulations are performed using EMTP software for validating the
controller behaviour under power disturbances and large events of loss of one converter in
a MMC-based MTDC system. The converters ate modelled using reduced order modelling
(ROM) methodology. Apart from this, dynamic studies have been carried out using a linear
state space model for small-signal stability analysis of a HVDC system integrating DC/DC
converter with a virtual resistance DC voltage controller. The results are examined through
parametric sensitivity analysis.

global or local DC Supergrid [2]. In the future and for creating a
flexible DC grid, instead of creating new MTDC networks, the

With the rising need for the utilization of renewable energy,
HVDC transmission has been recognised as the best solu-
tion for long-distance bulk power transfer. The most common
HVDC systems are point-to-point (P2P) schemes, connecting
an individual converter directly to another through a DC cable
or line. Multiterminal DC (MTDC) schemes have emerged to
be more advantageous for HVDC transmission as they offer
more reliability, flexibility, and balanced and coordinated power
dispatch. Nowadays, MTDC systems are gaining more interest
and few are already in operation while some projects are under
study [1]. With the benefits of the MTDC grid, soon, a meshed
HVDC system would increase interconnecting more than one
terminal. Further, several MTDC networks could aggregate and
form a DC grid, which could eventually evolve and result in

more reliable and practical option is to interconnect the existing
P2P links. To date, the HVDC system does not have an estab-
lished standard characteristic and so its installation properties
vary from project to project. The independent P2P links can
have different voltage levels, technologies (Line-commutated
converter LCC, Voltage source converter VSC) and grounding
characteristics (bipolar, monopolar) depending upon the instal-
lation features. Therefore, to adapt these differences, DC/DC
converters are mandatory as an intermediate component [3, 4].

Over the last few years, the focus on the study of DC/DC
converter for HVDC grids has increased. Many studies have
been proposed in literature discussing the different topologies,
control and validation of operation of DC/DC converter in the
MTDC grid [5-10]. Some application scenarios of integrating
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DC/DC converter in HVDC grid has also been investigated.
Reference [11] discusses the interconnection of HVDC links
with different grounding schemes. Reference [12] presents the
case where a2 DC/DC converter is used for the interconnec-
tion of LCC and VSC-based HVDC links. Besides working
in normal operation, the fault-blocking capability and opera-
tion of DC/DC converters under DC faults have also been
presented in some research studies [13—15]. Few publications
have also presented the multi-port DC/DC converter topolo-
gies to connect multi-port HVDC network [16, 17]. However,
in the majority of studies, DC/DC converter works with
constant reference power and the additional functionality of
DC/DC converter to control DC voltage has not received
much attention.

One of the major aspects of the HVDC system is to ensure
robust control of DC grid voltage for power flow balance [18,
19]. As of now, the DC bus voltage of an MTDC grid is con-
trolled by the AC/DC converter. On the other hand, due to the
high controllability of DC/DC converters, it has the capability
to provide supplementary functionalities in addition to adapt-
ing DC grids with different characteristics. DC/DC converter
could be controlled to contribute to the DC grid voltage control
and so participate in the DC voltage management system. This
would bring more reliability and flexibility to the MTDC grid.

Reference [20] has highlighted the operation of the DC/DC
converter in power and voltage control mode. A dual droop
controller has been introduced in [15] to control the DC grid
voltage of both P2P networks. However, the stability effects of
integrating a DC/DC converter on the HVDC system are not
studied. To date in the literature, all DC voltage control possi-
bilities have not been analysed in detail associated with DC/DC
converter, which could enable the control of DC grid voltages
of both interconnected grids simultaneously. Thus, in this arti-
cle, a modular DC/DC converter is explored in voltage control
mode and a controller is proposed interconnecting two HVDC
links and contributing towards DC voltage management of both
DC grids.

Morteovert, the addition of a new component affects the sta-
bility of the system. So, the integration of a DC/DC converter
in the HVDC system would have an impact on the stability of
the MTDC network. However, this topic is yet to be explored
as there are no studies in literature analysing the stability effect
of integrating DC/DC converter. Therefore, a dynamic analysis
has been presented in this paper based on the small-signal stabil-
ity study of an MTDC system integrating a DC/DC converter.
The main contributions of this paper are:

* A DC voltage controller named virtual resistance DC voltage
controller similar to dual droop control is presented associ-
ated with DC/DC converter. It contributes to the DC voltage
management of both DC grids simultaneously and requires
tuning only one parameter. The methodology to design this
parameter is proposed in this paper.

* The stability of the system is analysed on integrating a
DC/DC converter through a small-signal stability analysis.
Various parametric sensitivity studies have been made to
present the optimal values of system parameters.

The test of the paper is as follows. Section 2 presents in
detail the idea and design of a DC/DC converter in DC volt-
age control mode in an MTDC network. Section 3 illustrates the
modelling and control scheme employed by the components of
the MTDC system. Then in Section 4, EMT simulations were
carried out on the case study system, highlighting the behaviour
of the DC/DC converter with a virtual resistance controller. In
Section 5, a small signal stability analysis of the MTDC system
integrating the DC/DC converter is presented.

2 | DCVOLTAGE CONTROL WITH
DC/DC CONVERTER

In this section, a test case representation of the MTDC system
with a DC/DC converter is presented. Then, the possibilities
of DC voltage controllers linked to DC/DC converters atre
explored to establish an interaction between the interconnected
networks in case of power disturbance. Further, the proposition
of a new DC voltage controller is presented.

2.1 | Representation of MTDC system

The configuration of the studied MTDC system is shown in
Figure 1. It consists of two DC systems with different voltage
levels connected through a DC/DC converter. Each DC sys-
tem is a point-to-point HVDC link with MMC technology and
has a symmetric monopole configuration. The AC grid at each
terminal is considered ideal and modelled with an AC voltage
source with a series impedance. Front-to-Front MMC (F2F-
MMC) topology is considered for DC/DC converter [13] as it
is the most studied and known topology in literature.

Grid 1 is a 640 kV network formed by two stations where
MMCI11 is in voltage droop control mode with droop coef-
ficient £, and MMC12 in power control mode, connected
through a cable of 300 km length. Similarly, grid 2 is a 500 kV
network with two stations MMC21 (voltage droop control
mode with droop coefficient £,,,) and MMC22 (power control

1DC grid 1 DC grid Vyer = + 320KV
e
— MMC 11 MMC 12—

AC giid | I oot L AC grid
| Pie = 1000MW = =e 300km - Fa=1000MW | ©
Voltage Droop Control | | Power Control

F2F-MMC| /i tual resistance control
Py, = 400MW
DC grid 2 < -
" aiig| | O00km
o MMC 21 MMC 22 :
o 2110 ! T ori
B RTTI00MI DC grid Vo — 4 2505V Pae= 1000w | AC&Hd
Voltage Droop Control Power Control
FIGURE 1 Case study MTDC system layout.
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mode) connected through 500 km cable. / (ot 5) is the ratio of
the length between MMC11 (or MMC21) and F2F-MMC with
the total length of the grid in its P2P link.

2.2 | DC voltage controllers possibilities

Exploring the possibility of the DC/DC converter in voltage
control mode, by extending the known DC voltage controllers
for VSC to DC/DC converters [18, 19]. Employing master-
slave control with a DC/DC converter, will impose a power
reference and thereby, making the converter work in power
control mode and therefore decoupling the interconnected net-
works. This solution will not be considered in this work since
the main objective is to propose support to DC grids. Further-
more, using the widely used DC voltage droop controller with
DC/DC converter will participate in only one of the HVDC
network DC voltage regulations and would not be able to
support both DC grid voltages.

In addition, the droop control principle known for AC/DC
converters could be extended and adapted to dual droop con-
troller in order to control the two DC grid voltages of the
interconnected network simultaneously with DC/DC convert-
ers [15]. But this type of controller would require to design
two droop coefficients related to the respective DC network.
Thus, in 2 meshed MTDC or multi-port system, the tuning and
designing of coefficients would be complex to study. Unlike this
approach, a similar controller is proposed in this paper named
virtual resistance DC voltage controller. It simplifies the tuning
process by requiring adjustment of only one parameter.

2.3 | Virtual resistance DC voltage controller

The main objective of the DC/DC converter is to exchange
some power between the two HVDC grids. However, both
HDVC networks can also provide support to each other in case
of a power disturbance or if a large event occurs on one of the

grids. Hence the reference power PZ}/[{[ for the DC/DC con-

verter can be divided into two parts as shown in Equation (1).
defdec . .

Here, P,,[/M is the constant nominal power of the DC/DC

converter. On the other hand, the power AP/ is associated

with DC voltage support depending upon the virtual resistance

controllet.

de/ de

PUE = pt g apii ()

ref

The virtual resistance DC voltage controller is based on
the idea of a DC/DC converter acting as a virtual resistance
in series, incorporating the voltage ratio z#r as presented in
Figure 2, connecting the different HVDC links. The ##r coef-
ficient is the rated DC voltage ratio (I7,5/171). The control
methodology is inspired by the DC voltage droop control, a
method already known for the MTDC grid. The relation is given
by Equations (2) and (3) and the control structure is shown in
Figure 3, where the variables 17,1, 17, are the measured DC

3
DC/DC converter :
; ;
‘/dcl T ntr T ‘/dcl/ : T Vch
FIGURE 2 DC/DC converter representation as a virtual resistance.
Virtual resistance control
/ lc/dc
~ A['/(" de A P + de/dc
Viez ] Prej
+
‘:] cl ‘/(/ 2
lc/d
])’1) C/dc
FIGURE 3 Virtual resistance DC voltage controller.
\ P
Pdc /dc
77777777777777 rated
|
i de/dc
i Apm,u,z:
v
FIGURE 4 PA1"? characteristic with virtual resistance DC voltage
controller.
grid voltages, Ry, is the resistance droop coefficient and #zr.
A]d[/(/[ — <_1/Rdr>A V//[/zir, @
defde —
AL = (1) Ry) (Vi = mtV ). ©)

In case of any deviation in the DC grid voltages from their
rated value due to the occurred power disturbance in the MTDC
grids, the virtual resistance control depending on the DC
voltage difference and resistance droop coefficient acts and gen-
erates the injected compensating current reference A][[[/d[, in
order to help share the power disturbance among MTDC grids.
The corresponding compensating power reference AP/ i
derived as in Equation (4). Thereby, the power flow can be con-
trolled by PV? (power-voltage®) droop characteristic presented
in Figure 4. Thus, working DC/DC converter in voltage con-
trol mode and enabling a coupling between connected grids for
sharing the power disturbance and managing the DC grid volt-
ages. Thereby, increasing the reliability and reducing the stress
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of the DC system. maximum DC voltage deviation limit of +5%.

APHIE = (=1 /Ry) (Vi3 = ntrViua Via)- © Case s Mg, =~k (-, @)
24 | Resistance droop coefficient R, design Case 2: Similar to case 1, considering DC voltage droop con-

The resistance droop coefficient R, can be designed using the

relation in Equation (4), following the steady-state constraints

on the power variation APl 304 considering the maximum

deviation of the DC grids voltages 17, and 17,4.

Step 1- Definition of the constraint on APE/ e,

dc/

. de
Let’s consider the reference power P/ ‘ equals to the max-

ref
imum value, that is, equal to the rated power of DC/DC

de/ de . . .
converter P/ % Now using Equation (1), the maximum change
rated >

. de [ d .

in DC/DC converter power AP,,,Z. ‘, related to its rated power
de/ de

I?rctled . ] .

sign is related to the direction of power flow.

and nominal power Pﬂd[/ “is as given by Equation (5). +

I [ d e/ de
AP —  ptl

= rated

_ ]30{][ [ de 5)

Step 2- Definition of the constraint on 1/, and 14:

To consider the constraints, the DC grid voltages are written
as given in Equation (0), where 174 , ;o are the nominal volt-
ages and Avy

,Avyo are their respective maximum voltage

max max

deviation. Usually, the acceptable voltage deviation limit is con-
sidered as +5%. Also, individual local DC voltage controllers
are implemented at both DC grids; therefore, the deviation of
V1 and 17, will also depend on their respective DC voltage
controller methodology.

Var = Vo, — Aoy

©)

Vie = Vi, —Avgo, -

Now, to have the maximum constraint, the worst-case sce-
nario is considered, where only one AC/DC converter (MMC)
out of the four is controlling the DC voltage. In this scenario,
the whole burden of DC power imbalance of both grids will fall
on one converter. Two cases have to be considered depending
upon which converter is controlling the DC voltage.

Case 1: Considering DC voltage droop controller to be
present only at DC grid 1, that is, at converter station MMC11.
Whereas, considering no DC voltage controller to be present
at DC grid 2. So only MMCI11 has the ability to compensate
the power disturbance. Now;, in case of power disturbance at
DC grid 2, the disturbance will be compensated by sharing the
power from DC grid 1 (MMC11) through a DC/DC converter
with the virtual resistance controller.

The power disturbance is considered as the maximum power

change possible for DC/DC converter AP,Z{CJ *. Since this whole
power disturbance is compensated by MMC11 (with droop
coefficient &), then the DC grid 1 voltage deviation Azg

would be given by Equation (7). Now, the R, is designed
such that the DC grid 2 voltage deviation Az, is under the

troller only at DC grid 2 (MMC21) and no voltage controller at
DC grid 1. So, any power disturbance on DC grid 1 will be com-
pensated by DC grid 2 (MMC21 with droop coefficient £,,;)
through DC/DC converter. Thus, the voltage deviation Azg,
can be given by Equation (8). &, is designed to limit Az to
+5% deviation limit. ‘

Case2 : Avgp = —/éd,ZAP,ZZNd[. ®

Step 3- Calculating R,: Rewriting Equation (4) and consider-
ing the constraint on API% R, s presented by Equation (9).
R, is calculated considering the above cases and the constraints
given by Equations (5)—(8). Thus, for case 1 and case 2, Ry,
and R, are calculated as presented by Equations (10) and (11),
respectively. The best suitable value of R, for a given MTDC
system is the minimum value obtained in the calculation (Equa-
tion 12), in order to satisfy all the constraints simultaneously.
Here, the value of R, changes with the operating point of the

DC/DC converter (P:Z[/ d[) and system parameters (£, £;0)
and so it has to be updated following a change in the system

specification.
(T/;ifz - ””T/;Zfl T/d£2)
Rz/r = {f[/{f[ (9)
AI)}//&I.X‘
2
(Vao, £5%) " = ntrV i (Vao, % 5%)
Case 1 : R:/r] = de/ de de/ de ’
ipm/cd _P”
(10)
where,
Vin=Va, — (kdn AP [) .
Vi = ntr (Vaa, £5%) Vio
Case2 . Ry, = - , (11)
2 Pdf///[ P[/[/fz:
+ rated 10
where,
de [ d
T/;l[Z = T/;/fZ,, - <_’édr2APz//;{c [) )
Ry, = min(Ry,, Ryy,).- (12)

2.5 | Numerical illustration of designing the
resistance droop coefficient R,

In this section, the numerical calculation of R, is presented,
considering the MTDC test case shown in Figure 1.
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Step 1- Constraint on AP/,

Considering Pod[/ “"as 200 MW and P:ZL/ dd[ as 400 MW,
Equation (5) gives,
de/de _
AP, = [—600 MW 200 MW] (13)

Step 2- Constraint on I, and 14:

The nominal DC voltages are: 174 =640 kV and 17, =
500 kV.

Case 1: Let the DC voltage droop controller to be present
only at DC grid 1, at converter station MMC11 with droop coef-
ficient: £,,1 = 3.2¢ — 5 (0.05 p.u.). Using Equations (13) and (7),
the deviation in 17, is given by:

Avgq, = [=19200V 6400 V] (14)
Thus, from Equation (0), 14 is calculated as below,
4 = [659.2kV 633.6 kV] (15)

Now, the R, is designed such that the DC grid 2 voltage
deviation Ay, is under the limit of +5%, that is

Avgy = 500kV (£5%). (16)
So, from Equation (6), I, is calculated as:
Vo = [525 kV 475 kV]. a7

Case 2: In this case, the DC voltage droop controller is con-
sidered to be present only at DC grid 2, at converter station
MMC21 with droop coefficient: &4 = 2.5¢ — 5 (0.05 p.u.). So,
from Equations (13) and (8), the deviation in I, is given by:

Ay, =[15000V — 5000 V]. (18)

max

From Equation (0), 1, is calculated as:
V0 = [485kV 505 kV] (19)

Now, the R, is designed such that the DC grid 1 voltage
deviation Az, is under the limit of 5%, that is

Avyy =640 kV (£5%) (20)
So, from Equation (6), I is calculated as:
1 = [608 kV 672 kV] (21)

Step 3- Calculating R,
For casel, from the value of constraints AP,ZZ[{[, Vi
and 17, obtained as given in Equations (13), (15) and (17),

respectively, the R, is given using Equation (10) as:
R, = [8.7 47.5]. (22)

Similarly, for case 2, using the values obtained in Equa-
tions (13), (19) and (21), the R, is given using the Equation (11)

w L?;qu [ac Rac

E eq Tleq

Tvm d T”_{/d

lc 1de .
F o O el *
Ude Umnde || Ve my - .
de mde yY VCtot T o j 7 WLz:ﬂ_r/d L:z([l RZ{]
Ide ﬁ ; i < oo \
M Mylgq 09 1TU"”J T/U‘W
-t Tgq
my
FIGURE 5 MMC reduced order model.
as:
R, = [8.0833 50.5]. (23)

At last, as presented in Equation (12), the minimum value of
R, is selected to meet all the constraints simultaneously, that is

R, = 8.0833. 24)

3 | MODELLING AND CONTROL OF
THE SYSTEM COMPONENTS

In this section, the modelling and control methodologies
adopted for different components (converters and cables) of
the MTDC system are discussed. The studied MTDC system
(Figure 1) consists of 4 MMC converters, a F2F-MMC converter
and DC cables.

3.1 | Modular multilevel converter (MMC)
MMCs are modelled with a Reduced Order Model (ROM)
methodology suitable for large-scale dynamic studies and small
signal stability analysis as presented in [21]. This model is
derived from an average-arm model with the assumption of
well-achieved low-level control of MMC, that is, it is considered
that the internal energy of the sub-modules (SMs) capacitor are
balanced and there are no circulating currents in the arms. The
ROM model reduces the number of state variables in the sys-
tem and preserves the average internal dynamic behavior of the
MMC. The MMC ROM circuit is presented in Figure 5 [21].
The control structure of the MMC ROM is illustrated in
Figure 6. The control of AC and DC side is decoupled. The
inner loops consists of AC currents (,4,7,) and DC current
(44;) controllers. The reference for DC current (i, s) is pro-
vided by the output of energy stored control loop controlling
the total energy stored in capacitor (). In order to help in
DC bus voltage dynamics, the reference for I, ,, r is associated
with DC voltage v, [22]. The 7,4 ,,  depends on AC power refer-
ence £,y which further depends on the MMC control mode,
that is, controlling the power transfer or the DC grid voltage.
In our case study, MMC11 and MMC21 ate in voltage control
mode using DC voltage droop control whereas, MMC12 and
MMC22 are in active power control mode. The voltage droop
coefficient £, and £, for MMC11 and MMC21, respectively,
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FIGURE 6 MMC ROM control scheme.

are computed depending on the usual condition of maximum
5% voltage deviation for a 1p.#. power change [19].

3.2 | Front-to-front MMC (F2F-MMC)
The ROM model of the F2F-MMC can be deduced using the
same approximation as with MMC. The structure is similar to
cascading two ROM MMC models, front to front with a trans-
former on AC side as presented in Figure 7. The internal energy
stored (W,,,1, W,,;») and DC currents (7;., 7,,) of both MMC is
independently controlled same as the DC side control of MMC
as discussed previously. Whereas, the AC current is controlled
differently as both sides are coupled with transformer and there
is no external AC grid.

Thus, the adopted control scheme is presented in [13, 23],
where one MMC of the DC/DC converter fixes its AC volt-
age and the other MMC is responsible for power flow, thereby,

del t"SM{: t ””” L

R(l rm
Lm“m

R(I rm

Larm

Udel

controlling the AC current. The AC voltage of the primary side
MMC of DC/DC converter (connected to DC grid 1) is fixed
to the value 2, /2, which is the optimal operating point [24].
The secondary side MMC (connected to DC grid 2) controls
the AC current. F2F-MMC will be working in voltage control

dc [ d
mode and so the power reference PN[/ ‘

output of virtual resistance DC voltage control.

is given related to the

3.3 | DC cable

To exhibit accurate dynamics in transient analysis and small
signal stability analysis of an HVDC power system, the
frequency-dependent behaviour of cable parameters is neces-
sary to include in the cable modelling. The best-known model is
the Wide-Band (WB) model, but their conversion into a state
space form required for small signal stability analysis (SSSA)
cannot be directly obtained. The most commonly used model
for these studies is a simple pi-line model but they do not
take into account the frequency dependency behaviour [25].
Thus, for EMT simulation, WB model is used in our study.
But for SSSA, an alternative pi-model with multiple parallel
branches is used proposed by [26], which accurately exhibits
the frequency-dependent behaviour of the cable up to the
desired frequency range. The parameters of the FDPI cable
model [26] are calculated using a vector-fitting approximation
of the frequency-dependent series impedance of the cable.
This model has been validated with the Wide-Band model in
EMTP software in the frequency domain. It exhibits the same
behaviour up to the first resonance cut-off frequency of the
cable using one pi-section and three parallel branches, that is,
for 10 km cable length the model is validated up to 4 kHz
frequency.
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FIGURE 7 T2F-MMC structure.
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TABLE 1  System parameters. DC Power with DC virtual resistance control
Parameter Values 600
v 640 kV 0
o 500 kV .
= . |
Voltage ratio 1/ntr 1.28 E 200 1
L h of DC grid 1 300 k = ———Prrnen
ength of DC gri B m SE' 0 Paevimcr2 1
Length of DC grid 2 500 km & === Paernrnron
-200 + Puerme |
Position of F2F-MMC /;, /, 0.5 — Pacjac
Ean 0.05 p.u. —4005::::::::::::::§:\ 777777777777777777777 .
K 0.05 p.u. 600 L ‘ . ; ; ]
e/ de W 0.3 0.4 0.5 0.6 0.7 0.8 0.9
rated +400 MW Time (sec)
R, 8.0833 Q
DC gridl voltage
L :
z 0.99 OJSOCJ 0.47031( & |
4 | INFLUENCE OF VIRTUAL oo St St it
RESISTANCE CONTROLLER ON THE > . . :
0.98 Vier with VR, — = =V, without VR |
DYNAMIC BEHAVIOR OF MTDC SYSTEM ' ;
. - X
WITH DC/DC CONVERTER IN CASE OF 03 0 0 00 07 08 09
EVENTS DC grid2 voltage
1L ]
Electro-Magnetic Transient simulation (EMT) of the study case = S S
system (presented in above section) is cartied out using EMTP =gl i
software [27]. In order to observe the behaviour of virtual resis- =
. . . . Vieo with VR - - - V0 without VR
tance controller, different scenarios are introduced in the system 0.08
0.3 0.4 0.5 0.6 0.7 0.8 0.9

and the resulting DC powers and DC voltages are studied.

4.1 | System parameters

The test case MTDC system presented in Figure 1 is considered
and the parameters are given in Table 1. Other detailed parame-
ters are given in Appendix. The resistance droop coefficient R,
is calculated using the design method discussed in section 2 and

depending on the HVDC systems parameters and constraints,
that is, DC grid voltages, MMC DC voltage droop coefficients

(Bgr1» £42) and DC/DC converter rated power (Pd"/ de

rated /*

4.2 | System under power disturbance

In this section, the system is studied under power disturbances
at the DC grids. A change in power set point at station MMC12
and MMC22 are introduced and the resulting DC voltages ate
compared between the case where DC/DC converter works
with and without the virtual resistance controller. The DC
power flowing from a MMC station is represented with a neg-
ative sign whereas the power coming into the MMC station is
represented with a positive sign.

421 | Case 1: Disturbance at DC grid 1

At + = 0.5 s, a power disturbance is introduced in DC grid
1 with an increase of 140 MW (0.14 p.u.) power at station
MMC12. The resulting DC power and DC voltages are shown

Time (sec)

FIGURE 8 Case 1: Power disturbance at station MMC12. Variation of
DC power (at MMC11, MMC12, MMC21, MMC22, F2F-MMC) and DC grid
voltages with and without virtual resistance (VR) controller.

in Figure 8. In the case where DC/DC converter is in power
control mode, that is, without the virtual resistance controller,
the whole disturbance is compensated by the voltage droop-
controlled station MMC11 at DC grid 1 with a change of DC
voltage of 0.73%. There is no effect on DC grid 2, that is, both
DC grids are decoupled. Whereas, in the case with virtual resis-
tance (VR) controller, a change in power is observed at station
MMC11 (DC grid 1) as well as at voltage droop-controlled sta-
tion MMC21 of DC grid 2, in order to compensate the power
imbalance at MMC12 and maintaining the DC grid voltage
of both grids under 5% limit. Here, the power disturbance is
shared between two stations, resulting in a lesser change in DC
voltage of 0.47% at DC grid 1 and a slight DC voltage deviation
of 0.3% at DC grid 2. The power at F2F-MMC is not constant
and it changes according to the shared power from the DC grid
2, thus establishing a link between the interconnected grids.

422 | Case 2: Disturbance at DC grid 2

At? =0.65,2100 MW (0.1 p.u.) change of power is introduced
at station MMC22 of DC grid 2 and the results are presented in
Figure 9. With virtual resistance controller, similar to casel, the
power disturbance is compensated by voltage droop controlled
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DC Power with DC virtual resistance control DC Power with DC virtual resistance control
T T T T i T T
I
600
600 | i
400 |
400 |
. 200
é 200 2 ol N ]
— — =~ Piearnent -
= g -
g 0 g
£ o E === Puenncn
-400 i
& 200 — Facmmc22 Picrrnior:
7 — P/ 600 === Pacarnion ||
Pacrnre
-800 Picjac
000 04 05 0.6 07 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
Time (sec) Time (sec)
DC gridl voltage DC grid1 voltage
: :
; 1l
E] £0.98
2 017%5 o — S
s - I Viier
- = 0.96 e
3
> .99 i i i i
.9¢ - X ;
‘ Vyer with VR — - — -V without VR 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
i \ .
0.4 0.5 0.6 0.7 0.8 0.9 1 DC grid2 voltage
— 1= 4
DC grid2 voltage 5
‘ £ 0.8
_ . e e
= 0.77% V\ > 0.96 - Vies |
= 0.46%| * ; i ; ‘
© 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
> Time (sec)
0.99 \ Viez with VR — - —- Vg0 without VR
04 U" 0.6 0‘7 0.8 0.9 1 FIGURE 10 With tripping of station MMC11: Variation of DC power (at
. Nl . . . .

Time (sec)

FIGURE 9 Case 2: Power disturbance at station MMC22. Vatiation of
DC power (at MMC11, MMC12, MMC21, MMC22, F2F-MMC) and DC grid
voltages with and without virtual resistance (VR) controller.

station MMC21 (DC grid 2) and station MMC11 of DC grid 1 to
regulate the DC voltages. Resulting a change in the exchanged
power between the two DC girds through F2F-MMC station.
As a consequence, the observed DC voltage sag (0.46%) at DC
grid 2 is less compared to the voltage sag of 0.77% without the
virtual resistance control.

Therefore, sharing of the power disturbance among the intet-
connected grids validates the behaviour of virtual resistance
controller. In both cases, as the system operates with voltage
droop controllers, the DC voltages have a steady state error
depending on the droop coefficients (£,,1, &2, 224,). Also, the
behaviour of the power and voltages of the MMC’s and F2F-
MMC are observed to be smooth with no high oscillations or
abrupt transient periods.

4.3 |

station

Tripping of a voltage-controlled MMC

In this part, the behaviour of the system under a large distur-
bance is observed. At = 0.7 s, there is a sudden loss of MMC11
(voltage droop control) station from the MTDC system and the

MMC11, MMC12, MMC21, MMC22, F2F-MMC) and DC grid voltages.

resulting DC power and DC voltages are shown in Figure 10.
At DC grid 1, there is no more power coming from MMC11
station whereas MMC12 is still in constant power mode with
the same power reference, as a result, DC grid 1 voltage v,
should start to decrease. But with the virtual resistance con-
troller, as both DC grids are coupled through F2F-MMC, the
virtual resistance acts in order to manage the DC voltages. Con-
sequently, MMC21 station starts to change its power to balance
the power flow. Thus, following a small transient, in steady state
the DC power of the remaining MTDC system is balanced and
the DC voltages are under their constrained values. DC power
of F2F-MMC station is now flowing from DC grid 2 to DC grid
1. On the other hand, in this case, if operating without a vit-
tual resistance DC voltage controller at F2F-MMC, could have
an adverse effect. As it would result in a continuous decrease
in voltage #,,1 because of the absence of a voltage-controlled
station to manage the power flow in DC grid 1.

Through the above results, it can be concluded that with
the help of the virtual resistance controller with an F2F-MMC
converter, a link can be established between MTDC grids of
different specifications. It is not only possible to have DC sys-
tems to exchange desired power flow but also the functionality
to participate in sharing the power disturbance between differ-
ent grids for the management of DC grid voltages. Thereby,
reducing the stress in DC voltage management and making the
MTDC system more reliable.
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DC Power
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FIGURE 11 Comparative result between virtual resistance and dual
droop control: Variation of DC power (at MMC12, MMC22, F2F-MMC) and
DC grid voltages.

4.4 | Comparison between virtual resistance
and dual droop controller

In this section, the behaviour of virtual resistance control is
compared with another possible DC voltage control, that is, the
dual droop control (with dual droop coefficients as 0.05 p.u.).
The power at station MMC12 and MMC22 is decreased by 100
MW (0.1 p.u)at? = 1sand # = 1.5 s, respectively. The compar-
ative results are presented in Figure 11. As can be observed, the
voltage and power waveform have similar dynamic behaviour
with the two controllers. The disturbances in the system are
being shared by the interconnected grids and the DC grid
voltages are controlled within their specified limits. The major
difference is in the steady state values and static behaviour,
which is due to the difference in the designed coefficient values
of the controllers.

Thus, it can be concluded that the virtual resistance controller
and dual droop controller have similar dynamic characteristics
with a small steady state difference. But the advantage of the
virtual resistance controller is the need to tune only one coeffi-
cient whereas with dual droop controller two droop coefficients
need to be optimized. Therefore, dual droop design would be
complex for a meshed MTDC system. On the other hand, the

virtual resistance DC voltage controller is largely simpler to
implement.

5 | SMALL SIGNAL STABILITY
ANALYSIS (SSSA) OF MTDC SYSTEM
INTEGRATING DC/DC CONVERTER

In the preceding section, the dynamic behaviour of the MTDC
system, which integrates the DC/DC converter and the DC
voltage controller, was explored through time domain analy-
sis. Additionally, further analysis is needed to investigate how
changes in various parameters of the MTDC system impact
its stability.

The models of MTDC system components used for EMT
analysis above are non-linear and has to be linearised for
small signal stability analysis. Therefore, the first part of this
section addresses the linearisation of the MTDC system and val-
idates the linear model by comparing it with the nonlinear EMT
model. Subsequently, several parametric sensitivity analyses are
conducted to assess how different system parameters influence
the system’s stability.

5.1 | Linearised MTDC system model

The HVDC system is composed of different subsystems-
MMCs, F2F-MMC converter and DC cables. The converters
are further divided into subsystems of physical models and
control systems. The linear state space model of the com-
plete MTDC system is computed using the association of the
linearised model of its different subsystems. The linearisation
and small signal modelling approach utilized in this paper are
detailed in the first chapter of the reference [28]. Additionally,
the association principle is discussed in Appendix B of the same
reference.

The linear time-invariant (LUTI) model of reduced order
model (ROM) MMC is composed of AC and DC side physi-
cal parts, along with its controllers (current and stored energy
control loop). The detailed linearisation model of MMC can be
found in [29, 30]. Apart from this, the models of the MMC11
and MMC21 converter include the DC voltage droop control
loop [29]. As previously mentioned, the F2F-MMC converter
consists of two MMCs connected front to front and the ROM
of F2F-MMC is two times the ROM MMC connected to the
DQ side (factoring in the transformer ratio gain). Thus, the
LTIT model of ROM F2F-MMC model is derived using the
same methodology as for the MMC and includes a virtual
resistance DC voltage control loop. The DC grid cables are
modelled with the FDPI model with three parallel branches
and DC bus capacitance at each station node. The linearized
state space model for DC grid cables (FDPI model) is presented
in [31].

The MTDC system with its subsystems representing the
global inputs of each subsystem is presented in Figure 12. The
individual state variables (x) of each subsystem are shown in
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DC load flow is used to calculate the operating point DC
voltages, current and powers at each station. All individual
subsystems are linearised around the operating point. At last,
to obtain a single state space representation of the complete
MTDC system, all the subsystems are concatenated to create an
aggregated model [31]. The resulting state space representation
of the MTDC system is expressed by Equation (20) [32] (where
u represents the inputs, x the states and y the outputs of the
system, A, B, C, D are related matrices). The global input and
states of the complete MTDC system are given in Equation (27).

Ak, = Ay Ay, + By Ay,
(26)
Byys = Coelhxge + Dyt

voltage response

time-invariant state-space model.

EMT- Simulation with non-linear model, LTT-Linear

Xyys = aic1n Xamc12 Xapmc21 Xumc2z -

62
e Xpomme Xrppr] € R

_p% % #
tys = B Vo W

F2F-MMC

%k * * *
w2 Loe Qac Vg Vg Wi oo

MMC11
@7)

%k % pk ok * *
- O Vodg Wiot Py O Vodg Vgt Wi -+

MMC21

51.1 |

MMC21

k) * 27
. Paf Qa[ Vo dg I'Vtat] €ER
S —
MMC22

Validation of linearized state space model

The small-signal model obtained has been validated using time

domain simulation, comparing the obtained state space model

and the non-linear model used in section IV.

The system parameters are the same as used in the previous
EMT analysis. Small disturbances are introduced in the system

and the comparative results are presented in Figure 13. At # =
0.3 s, the power at station MMC12 (DC grid 1) is decreased by
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FIGURE 14  Parametric sweep for the change of Pﬂd[/d[ to study the
influence of change in Ry,.

0.05 p.u., as a result, MMC11 and MMC21 decrease their power
in order to compensate for the power imbalance and maintain
the DC voltage deviation under the limit of +0.05 p.u. Similatly,
at# = 1 s, the power at station MMC22 (DC grid 2) is increased
by 0.05 p.u. and so the voltage droop control at MMCI11,
MMC21 and the virtual resistance control at F2F-MMC acts and
compensates the power imbalance in the system.

As observed, the behaviour of DC power and DC voltages
resulting from the linear state space model (LTT) follows the
same dynamics as the non-linear model (EMT). Thus, the linear
state space model is able to reproduce the main dynamics and
overall behaviour of the MTDC system with the integration of
DC/DC converter and is used for small-signal dynamics and
stability analysis.

5.2 | Influence of R,

Recalling Equations (5) and (9), R can be written as Equa-
tion (28). Here, it can be seen that the resistance droop

coefficient R depends on the operating power Pgdf/ “ of the
DC/DC convertet. So, to study the influence of the variation

of R, on the stability of the system, the operating point of the
converter is varied. Thus, F2F-MMC converter power Podf/df is
varied from —0.9 p.u. to 0.9 p.u. and the resulting eigenvalue

trajectories are shown in Figure 14.

(V7 = mtrVg Vo)
Ry =| = 24;/,# [4[/,; : 28)
+P - P

= rated

TABLE 2  Eigenvalues with their dominating states and damping ratio.

A;  Dominating states Critical value Damp. ratio Freq (Hz)

Ao F2FMMC 1y, 74 of  =917.964 + 79978.38 0.0916 1588.1
both sides

Asq MMC22 vy, iy —837.564 + j10155.3 0.0822 1616.3

Asg  MMC21 0y, iy —1029.61 + ;14824.1 0.0693 2359.3

Arg  MMCI2 0y, iy —670.387 + ;j12619.2 0.053 2008.4

Ag10 MMCI1 0y, iy —888.106 + /16561.7 0.0535 2635.9

x 104
0.8
o
g 0.6
g o
o <
g = 0.4
s ‘
\® Critical region 0.2
2000 -1500  -1000  -500 ‘ 0
Real v
100 _— 0.8
C —a 0.6
= .
w 0= -— ——— =
= -50 ‘— 0.4
-100 o
450 4100 .50 0
Real

FIGURE 15 Parametric sweep for the change of 4.

In Figure 14, the grey region represents a high damped region
with a damping ratio greater than 0.7. As can be observed,
some eigenvalues do not change with operating points and they
mostly correspond to the control loops of the converters. Most
of the eigenvalues that are affected and vary lie in the high
damped region. Eigenvalues 4, , corresponding to the relatively
less damped regions are related to the dynamics of the DC
voltage loop. Overall, the MTDC system is stable at all points.
The highest participation state, that is, the dominating states
corresponding to eigenvalues which are highly influenced are
presented in Table 2. Moreover, the critical eigenvalue region
with a low damping ratio is represented by a circle in Figure 14.
The critical value for A, 5 is —917.964 + 79978.38 and the corre-
sponding damping ratio and frequency of oscillations are 0.0916
and 1588.1 Hz, respectively, as presented in Table 2.

5.3 | Influence of positioning of DC/DC
converter

In this section, the effect of the position of placing F2F-MMC
in the DC grid is analysed. First, /, (ratio of length for DC grid
2) is varied from 0.1 to 0.9 and the F2F-MMC is connected at
the middle of the cable at DC grid1, that is, 4/ = 0.5. Results
are shown in Figure 15, demonstrating that the dynamics of the
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system are impacted by the placing of the DC/DC converter
on the grid. But the eigenvalues always lies in left hand side of
the plane making the system stable at all places. Most of the
eigenvalues lies in or near the high damped region. Eigenvalues
A5 related to MMC21 DC voltage and current, moves towards
high damping region as / increases (red region), that is, the F2F-
MMC converter is shifted away from MMC21 station. Whereas,
eigenvalue A3 4 related to MMC22 DC voltage and current,
moves towards low damping region with increase in 4, that is,
the F2F-MMC converter is shifting towards MMC22 station.

Now, /i and /4 both are varied from 0.1 up to 0.9 and the
eigenvalues trajectories are observed as presented in Figure 16.
The eigenvalues represented by a red circle correspond to the
case where /, 5, = 0.5. Similar to the previous case, the same
behaviour was observed with the eigenvalues related to MMC
stations of DC grid 1. Eigenvalue 4;g moves towards low
damped region with F2F-MMC shifting towards MMC12 sta-
tion (increasing /). Whereas, Eigenvalue A9 ;) moves towards
the high damped region with F2F-MMC shifting away from
MMC22 station.

Therefore, it can be concluded that the MMC station con-
nected near to F2F-MMC have more interactions between their
dynamics and so exhibit comparatively less damped behaviour.
While the MMC stations connected far from F2F-MMC exhibit
low interactions and comparatively more damped dynamic
behaviour. It can be said that the optimal region is represented
by the green area in Figure 16 for overall dynamic stability of the
system. The circular region on Figures 15 and 10, represents the
critical region and the corresponding eigenvalue, damping ratio
and frequency are given in Table 2.

6 | CONCLUSION

This paper has illustrated the behaviour of DC/DC converter
in voltage control mode establishing a link between distinct

DC grids. A virtual resistance DC voltage controller has been
proposed and compared with a dual droop controller. The con-
trol has been validated through EMT simulation of a MTDC
grid with different voltage levels under the event of power dis-
turbance and tripping of a voltage controlled MMC station.
The robustness of the MTDC system integrating F2F-MMC
with the virtual resistance controller has been analysed using
a small-signal stability analysis. The key points to conclude
are:

* It was observed that with the help of virtual resistance con-
trol, the power imbalance in one DC grid is shared and
compensated by the voltage controlled converter of other
DC grid through DC/DC converter. This sharing of power
disturbance contributes to a reliable and flexible DC voltage
management of the MTDC grid.

* The added advantage of virtual resistance controller is the
requirement to tune only one parameter, unlike the dual
droop controller. Thus, for a multi-port system or meshed
DC system, the controller is simpler to implement.

* No instabilities were observed in the system after integrat-
ing DC/DC converter in voltage control mode. The dynamic
studies have been made with different parametric analyses.
It was found that the system is stable irrespective of the
positioning of the F2F-MMC converter on the DC grids.

In the presented tresults, the MTDC system under examina-
tion has a symmetrical grounding topology. It’s important to
note that the virtual resistance controller is effective not only
in symmetrical grounding configurations but also performs well
in asymmetrical grounding setups. However, due to space limi-
tations, additional test cases have not been presented. Further,
more analysis should be done in case of DC faults in the system
and with other DC/DC converter topologies. Also, the study
could be expanded including the secondary control to optimise
the power flow and maintain the DC voltages at their nominal
values in the case of load variation.
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14 | SHAFIQUE ET AL.
APPENDIX TABLE A2 MMC’s and F2F-MMC parameters.
The cable parameters used in frequency dependent pi-model Parameter Value
for small signal stability analysis are given below in Table Al
and the parameters for all MMC and F2F-MMC converters are MMCs, F2E-MMC B, 0.05 Q2
presented in Table A2. MMC’s, F2F-MMC L, 48.94 mH
AC side resistance &, 0.06Q
TABLE A1 Cable parameters.
AC side inductor L, 60 mH
Parameter Value Parameter Value AC frequency 50 Hz
Ry 0.0984 Q/km Ly 0.1310 mH/km MMC’s grid 1, F2F-MMC primary side MMC C,, 195.31 uF
R 0.16560 Q/km Ly 1.81570 mH/km MMC’s grid 2, F2E-MMC secondary side MMC C,, 320 uF
R 0.0059 Q/km L 3.1205 mH/km Current controller (damping ratio ¢, time constant T,) 0.7, 1 ms
¢, 0.241645 uF/km G, 0.607¢™" mho/km Energy controller (damping ratio {}p, time constant Tj) 0.7, 50 ms
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