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Abstract— This paper highlights the importance of proper
initialization techniques for simulation model stability and
computational efficiency of multi-terminal direct current
(MTDC) systems. A steady-state approach is presented for
initializing grid-forming voltage source converters (GVSCs).
Moreover, for black-box GVSC models, a generic initialization
method, called decoupling interface (DI) is proposed. The method
is tested on the CIGRE BM4 benchmark using EMTP. Compared
to an existing load-flow initialization technique, both initialization
methods reduce the complete system initialization time by 6.9
times.

Index Terms-- HVDC, EMT, offline simulation, MTDC, and
initialization.

I.INTRODUCTION

High Voltage Direct Current (HVDC) systems started a
new era in efficient power transmission over long distances.
Recent innovations in voltage-source converter (VSC)
technology have contributed to the increased manageability,
reliability, and flexibility of HVDC systems [1]. Multi-
Terminal Direct Current (MTDC) networks are engineered to
facilitate the collection and seamless integration of remote
onshore and offshore renewable energy sources. Additionally,
these networks are designed to interconnect different grids and
systems, including weak networks or networks with different
nominal frequencies [2].

Successful design, operation, and maintenance of MTDC
systems hinge on the effective application of simulation
techniques and models. Within this context, electromagnetic
transient (EMT) simulation tools and models are fundamental
for the comprehensive simulation of MTDC system [3].
Simulating large-scale systems with intricate models of MTDC
converters and inverter-based resources (IBR) can lead to
lengthy computation times. Various techniques can be
employed to accelerate EMT simulations, such as parallelizing
the simulations [4]-[7], optimizing grid component models
with a heavy computational burden [8][9], and utilizing
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simulation initialization methodologies [10]. Nevertheless,
there is a scarcity of literature addressing initialization
methods for large-scale AC-DC systems [10][11].

Typically, transient studies for MTDC systems are
conducted once a system attains steady-state (SS) in time-
domain. However, for medium and large systems, the
simulation time required for initialization can become
unacceptably lengthy.

The load-flow (LF) solution method [12]-[17] can be used
to automatically initialize complex power systems with various
grid components and controls, such as exciters and governors
[17]. Challenges arise in the presence of power electronic
converters with their complex control systems. While it is
possible to initialize converter controls, the necessary
calculations can be tedious and are dependent on the system's
topology.In [10], accurate SS analysis and initialization is
proposed for the modular multilevel converter (MMC),
including its detailed control system. It is a model-based
initialization that cannot be used for generic MTDC systems.
Another concern is that grid component models might be
proprietary and in a black-box form, making their internal
details inaccessible. For such models, using analytic
initialization is not possible. The authors of [18] proposed a
technique for initializing large ac-dc systems that include
black-box models. However, it requires determining the
Thevenin equivalents for all devices. For large MTDC grid
models, such a procedure becomes time-consuming and
complex to generalize.

In HVDC systems, the main control mode used for Grid
forming VSC (GVSC) is V/f control. It is used for integrating
the ac islands into the MTDC network, for collecting
renewable power from offshore resources, and for feeding
passive loads. In case of multiple GVSCs in the same island,
V/f control can be combined with voltage droop [19][20]. On
the other hand, in cases of connecting the GVSC with ac grids,
a power synchronizing loop, a virtual oscillator, or others can
be used [19][21].
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This paper presents two methods for the automatic
initialization of V/f-GVSC connected to an MTDC system and
compares them with an existing LF initialization method. The
first method, called Control Initialization in SS (CISS), is by
performing SS analysis for the GVSC to initialize its outer
control system. The second method, known as Decoupling
Interface (DI), does not necessitate knowledge of model
parameters or access to the internal GVSC control system,
apart from an understanding of the outer control mode.
Therefore, it can be applied to black-box models. Both
proposed methods can achieve fast and stable initialization for
interacting VSC and IBR components. The proposed methods
are tested on large-scale MTDC grid benchmark model,
CIGRE BM4 [2].

This paper is divided into five sections. Section I
demonstrates an existing LF initialization method. Section 111
introduces the SS analysis required to initialize the GVSC
control. Section IV introduces the second method (DI) for
initializing the GVSC. Finally, Section V presents the EMT
simulation of the CIGRE BM4 benchmark.

I1.OVERVIEW OF LOAD-FLOW BASED INITIALIZATION

The initialization process based on LF ensures precise
computation of SS values across diverse grid components,
ultimately resulting in an effective initialization of the system.
It comprises three main steps described below.

Load-flow solution: The first step is to determine the
system SS operating point by finding the LF solution. This is
accomplished by accounting for the constraints of the
controlled buses. As MTDC systems are ac-dc systems, ac-dc
LF is required to determine the accurate SS operating point of
the system, more details about this step can be found in [15]
and [16].

Steady-state solution and initialization: Following the
acquisition of LF results, the SS solution uses lumped models
to calculate currents and voltages for all grid components.
Each grid component is initialized by computing the initial
values of its internal variables, which include power
components and control systems. In EMTP® [17] this step
allows to initialize automatically conventional systems, such
as rotating machines with related controls, and all passive
components (lines/cables, transformers, etc.).

Time-domain initialization: The last step focuses on more
complex IBR subsystems which are called time-domain
initialized subcircuits (TDISs). Initializing such subsystems
through SS analysis is complex since all control variables and
signals must be initialized in addition to converter circuit.
Therefore, this portion of the initialization is done by direct
time-domain simulation.

An existing approach in EMTP® is presented in Fig. 1 it is
named LF and source initialization (LFSI). An auxiliary
voltage source is temporarily (duration T;) added at the
terminals of each TDIS to fix the voltage at the SS phasor value

found from the LF solution. Consequently, the control system
ramps up until its SS operating point, after which the auxiliary

source is disconnected from TDIS terminals. Some important
parts in control functions, such as the PLL, are also initialized.

TDIS

Auxiliary Source

SW

(T)

| ._network
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Fig. 1. Time-domain initialization for wind park.

While the third step proves effective in certain scenarios, it
may not always work when the TDIS is a GVSC, or renewable
resource model connected to a GVSC. For instance, consider
the TDIS in Fig. 1 which contains a complete wind park model
connected to a GVSC in V/f control mode. Both the GVSC and
the wind park model are TDISs. Auxiliary voltage sources are
included at the GVSC and the wind park (or photovoltaic)
terminals. Therefore, once starting the time-domain
simulation, the GVSC control (shown in Fig. 2) measures the

voltage magnitude, |V,|, seen from the auxiliary source
instead of the actual values. Consequently, since the auxiliary
source has an amplitude of |V, |that matches the control
setpoint, the error signal (e) will be zero. Therefore, E;* will
be

EXf = Kh+V, 1)

where h is the initial condition of the integrator.
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Fig. 2 GVSC control schematic.

If this integrator is not initialized, i.e. h=0 , E; will be

set to an incorrect value of E} =\V*|. The corresponding

E"™ will also become incorrect. Since the active and reactive

abc

powers delivered to the GVSC depend on Ef | the GVSC will

abc ?
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operate at an incorrect operating point. This constitutes a
conflict between LFSI and the actual control. Once T, elapses

and the auxiliary sources are disconnected, the operating points
of the wind park and VSC will differ, leading to a long
transient that delays initialization.

Two methods are proposed below for improving the time-
domain initialization step. The first method (CISS) involves
initializing the main Pl controllers of GVSC control by
performing SS analysis. The second is a generic method called
DI. In both methods, all non-initialized converter control
variables are rapidly and automatically self-initialized through
time-domain computations due to forcing from SS solution.

I111.GVSC CONTROL INITIALIZATION BY SS ANALYSIS

This method (CISS) calculates the initial condition (h) of
GVSC’s Pl controller at the LFSI setup. This method does not
replace the LFSI method, but it fixes the conflict demonstrated
in section Il. The prerequisites for this step are the LF results
and GVSC model parameters.

Fig. 3shows the ac side of a GVSC represented by an
average value model (AVM) in pu quantities. In this figure
Exme is the internal voltage of the GV'SC, T.c is the ac current
phasor, Z« and jX,,./2 are the equivalent impedances of

the GVSC transformer and arm inductance, respectively. More
information about that model can be found in [1]. By applying
KVL:

—ref

\7PLCFC _Tac (Ztr + jXI_arm /2) = Eanc (2)

where from Fig. 2,

ref ref el V. c
Eanc =(Edf +Jqu)% (3)
Since Eqref is always zero, by utilizing (1) and (3), one can
rewrite (2) as
} 4)

h= Ki{vi |:\7PLCFC - Tac (Ztr + _Jxlz_arm j:| - P/asc(EI
i dc

Therefore, by utilizing (4), the initial condition h can be

calculated using the voltage and current phasors which are

taken from the LF. Ultimately, the integrator would be

initialized correctly and start from the correct SS operating
point.

Tac Ztr jXLarm/2

+
JLF — ref
VPCC abc

Fig. 3 AC side representation in phasor domain of GVSC modelled by its
AVM.

IV.TIME-DOMAIN INITIALIZATION USING DECOUPLING
INTERFACE

The proposed DI method replaces the auxiliary voltage
source in the GVSC time-domain initialization. It is designed
to prevent startup control conflicts and to suppress the
interactions between islanded grid subsystem (IGS)
components and their GVSC.

The high-level overview of the DI method is presented in
Fig. 4. It isolates (i.e., decouples) the IGS from the GVSC by
adding interfacing auxiliary sources (IASs). Then, the
decoupled system is simulated in time-domain until SS
operating point. Finally, the network is switched back to its
coupled mode by removing the 1ASs and reconnecting the IGS
to achieve smooth initialization. The interfacing sources can be
included in the models, to eliminate software user intervention
In the following, these steps are described in detail.

Steady-state solution
and initialization
]
Decouple the

IGSs and add
the 1ASs
!

Load-flow
solution

[ Start the decoupled simulation |
The rest of
[ 1GSs ] [the system]
1 !

! |
’ Recouple the system, disconnect the ‘
IASs, and continue the simulation

Time-domain
initialization

35S operating
point

Fig. 4. The DI initialization method.

a. System decoupling

All IGSs are disconnected from their corresponding
GVSCs as shown in Fig. 5. Two IAS are inserted: the
equivalent auxiliary source and the replicating auxiliary
source. The equivalent auxiliary source is an independent
source that represents the SS behaviour of the IGS, therefore,
it should supply the converter with the same P and Q values
found in the SS solution. Since the GVSC is controlling V,,

and f , this source can be represented by an ac current source

to achieve SS values for P and Q. The source phasor is found
from the LF solution.

1GS

N /O
N /O

Equivalent auxiliary
source

Replicating auxiliary
source

Fig. 5. The DI initialization system.
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On the other side, the replicating auxiliary source
represents the replica of GVSC in time-domain. The role of the
IAS is to ramp up the IGS independently from the GVSC. It is
modelled by a dependent source that interfaces the ac voltage
waveforms of GVSC’s at the PCC.

b. Decoupled Simulation and Recoupling

Following system decoupling, the time-domain simulation
commences. All IGS and the decoupled GVSC are initialized
separately. Once they reach their SS conditions within a
predefined tolerance, the recoupling is initiated. All 1ASs are
disconnected, and the original MTDC network is recreated.

V.PERFORMANCE EVALUATION

The new DI method proposed in this paper, is implemented
in EMTP® [17] and tested on the CIGRE BM4 benchmark [2]
shown in Fig. 6. BM4 consists of three interconnected HVDC
systems. The first one is a monopolar point-to-point (P2P) line
(Cm-D1 and Cm-D2). The second system is a five-terminal
Bipolar MTDC system (Ch-D3, Ch-D4, Ch-D6, Cb-D7, and
Cb-D9). The last one is a four terminal monopolar system
(Cm-D5, Cm-D10, Cm-D12, and Cm-D13).

The DI initialization method is compared with the CISS
method and the basic LFSI method described in section 1. The
MTDC components are modeled as described in TABLE I,
where T, represent the time for removing the auxiliary sources

from the TDIS models as explained in section Il. The shown
T. values are applicable for both the LFSI and CISS methods.

For the DI method, it is only implemented on the links
between GVSCs and their islanded grids. The rest of the
system including the other VSC types are remain initialized the
default LFSI method. Since most of the 1GSs are wind parks,
the DI is set to recouple at 0.5 s. All simulations are conducted
using a time-step of 10 us. The initialization is considered

Cm-D2

complete (i.e., the MTDC system is in SS) when the power and
voltage are within a £1% of the LF results.

TABLE I. MoDEL TYPES USED IN BM4
Device Modelled by
MMC Arm Equivalent Model (Model 3 in [3]), T, =0.2s

Ideal dc transformers

Aggregated DFIG models with controls, T, =0.5s
Electrical loads Fixed impedances

Lines /cables Wideband models

The time-domain results of the first system (the P2P line)
are shown in Fig. 7. As depicted in Fig. 7.(a), the LFSI method
starts to ramp the power and settles initially at the wrong SS
operating point due to the auxiliary sources (the GVSC and
wind park sources). Consequently, the V, controlled VSC

(Cm-D2) in Fig. 7.(b) receives incorrect dc power and settles
also on a wrong operating point. Once the wind park T,

elapses, the auxiliary sources are disconnected and the GVSC
control starts to correct the operating point to reach the correct
SS and Cm-D2 follows. LFSI finds SS within 1.45 s of
simulation interval. Both the CISS and the DI initialization
methods show comparable performance. They initialize
quickly within 0.15 s and 0.3 s, respectively.

dc-dc converters
Wind parks

Fig. 8 shows the results for the bipolar MTDC powers. In
this case, a longer time required for the LFSI method to reach
SS. The V,, controlled VSC (Ch-D6) requires 3.4 s to settle.

The main reason here is the fact that the bipolar system is
connected with the monopolar through Cd-D5 dc-dc converter,
therefore, a power oscillation can be seen through Cd-D5 in
Fig. 8.(c). On the other hand, DI and CISS show comparable
performance and allow Cd-D5 to settle within 0.4 s.

PQ «— ﬁ

C Q Cm D1 ¢

Cb-D6  / Cb-D3 ]

Cb-D9 I }
©- 1
Cb-D7
< > Cm-D5
PQ Cm-D13 PQ Cd-D5 é

= _‘ 2 '—' PQ

L y C |_| |: Cm-D10

= 1 =
PQ N I 1
Cm-DI12
—@— P controlled VSC —@— GVSC HvDCDC-Dc —»PQ  Load
Line/cable —%—Vm controlled VSC _®_ Transformer —'— Bus

Fig. 6 The CIGRE BM4 benchmark.
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Fig. 8. Initialization with LFSI, CISS and DI methods, Bipolar system in

BM4 benchmark.

The monopolar system initialization is shown in Fig. 9. The
GVSC (Cm-D5) is connected to an electrical load where there
is no auxiliary source. However, the effect of its own auxiliary
source appears in LFSI case until 0.2 s. Both DI and CISS
show comparable performances by initializing the monopolar
MTDC within 0.4 s. Ultimately, the entire BM4 benchmark
reaches SS using LFSI before 3.4 s. Both CISS and DI
accomplish SS solution before 0.5 s
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Fig. 9. Initialization with LFSI, CISS and DI methods, monopolar MTDC in
BM4 benchmark.

c. Computational time gains

TABLE Il. compares initialization and CPU times for
LFSI, CISS, and DI methods. The CPU time corresponds to
the initialization interval. The computing time gain is used to
quantify initialization performance. It represents the relative
acceleration in CPU time for initialization when compared to
LFSI method. Overall, both the DI and CISS methods
demonstrate nearly identical initialization performance,
achieving steady-state 6.9 times faster than LFSI. This
highlights the advantages of both methods over existing LFSI.
However, the DI method remains the most generic and
efficiently applicable, as it does not require manual
interventions like CISS, making it the preferred approach for
the systems presented in this paper.
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TABLE Il COMPUTATIONAL EFFICIENCY COMPARISONS

Measure (s) Initialization method
LFSI DI CISS
Initialization interval 3.4 0.5 0.5
CPU time 1714.8 249.9 248.4
Computing time gain 1 6.9 6.9

VI1.CONCLUSION

In this paper, two methods were proposed for the fast
initialization of grid-forming voltage source converters. The
methods align with load-flow solution results for traditional
network generators, loads, as well as inverter-based resources
connected to MTDC systems.

The first method named Control Initialization in SS (CISS)
is set to initialize the PI controller of grid-forming voltage
source converters. Its disadvantage is that it requires access to
model parameters and internal control details.

The second method is named decoupling interface (DI). It
can be applied to black-box grid-forming voltage source
converters connected to wind or photovoltaic parks. It is more
generic and more efficiently applied than CISS.

The presented initialization methods were tested on the
CIGRE BM4 benchmark using EMTP. The methods
demonstrated fast initialization in a simulation interval below
0.5 s. The gains are significant when compared to an existing
basic initialization technique. The presented methods are
applicable to other converter control types and systems, and
further demonstrations remain for future work.
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