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Abstract—Electromagnetic transient (EMT) simulations are
often performed to analyze disturbances which occur during a
steady-state operation of the power grid. In modern transmission
and distribution power grids, a number of voltage-source
converters (VSCs) are used for renewable energy interconnections
and system control. To perform EMT simulations with such
VSCs, a time step of the order of microseconds is used to
represent the switching operations of the VSCs. In order
to avoid a prohibitively-long computation time, a steady-state
initialization method is required to directly start from a steady
state. This paper proposes a systematic and heuristic procedure
for the steady-state initialization of generic VSCs. Using an AC
steady-state solution, detailed portions in the circuit part and
the control-system part of a VSC are systematically initialized.
For validation, EMT simulations of a 6.6-kV distribution grid
with two VSCs are performed with and without the proposed
initialization procedure in this paper. Practically no transient is
observed in the result with the proposed procedure, and therefore
it is confirmed that directly starting from a steady state is made
possible. On the other hand, the result without the proposed
procedure does not reach the steady state even after continuing
the EMT simulation for 300 ms.

Keywords—Control-system part initialization, Electromagnetic
transient simulation, Heuristic procedure, Steady-state initializa-
tion, Systematic procedure and Voltage-source converter.

NOMENCLATURE

Vh, Vh∆ Phase voltage at the ideal transformer primary
side and its line-to-line counterparts.

Ch, Ch∆ Capacitor’s capacitance for the Y-connected
and the ∆-connected LC filters.

θ Phase angle of V̂g.
θ̂ Value of θ measured by the PLL block.
vdc VSC’s DC voltage.
v̂dc Value of vdc in pu.
v̂∗dc Reference value of v̂dc.
ia, ib, ic Currents flowing through the filter inductor

and VSC’s converter part.
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îa, îb, îc Values of ia, ib, ic in pu.
îd , îq Values of îa, îb, îc in the dq domain.
î∗d , î∗q Reference values of îd , îq.
P̂ Active power injected into the grid, in pu.
P̂∗ Reference value of P̂.
V̂g Value of Vg in pu.
Q̂ Reactive power injected into the grid, in pu.
Q̂∗ Reference value of Q̂.
vga, vgb, vgc Voltages at the grid connection point.
v̂ga, v̂gb, v̂gc Values of vga, vgb, vgc in pu.
v̂gd , v̂gq Values of v̂ga, v̂gb, v̂gc in the dq domain.
Ĉh Value of Ch in per-unit (pu).
V̂h Value of Vh in pu.
Vg Positive-sequence voltage at the grid

connection point.
V̂ ∗

g Reference value of V̂g.
v̂∗ga, v̂∗gb, v̂∗gc Reference values of v̂ga, v̂gb, v̂gc.
AQR Automatic reactive power regulator.
PLL Phase locked loop.
PWM Pulse width modulation.
ACAVR AC automatic voltage regulator.
LPF Low-pass filter.
PI Proportional-integral.
DCAVR DC automatic voltage regulator.
ACR Automatic current regulator.
PID Proportional-integral-differential.

I. INTRODUCTION

ELECTROMAGNETIC transient (EMT) simulations are
often performed to analyze disturbances which occur

during a steady-state operation of the power grid. In modern
transmission and distribution power grids, a number of
power-electronics converters are being used. Most of those
power-electronics converters are voltage-source converters
(VSCs) [1]. To perform EMT simulations of such modern
power grids with VSCs, the time step needs to be in the
order of microseconds to represent the switching operations
of the VSCs. If the simulation was started from a zero initial
condition, a prohibitively-long computation time would be
required to establish a steady state. In some cases, a steady
state will not be reached at all [2]. Therefore, it is essential to
use a steady-state initialization method to start directly from
a steady state [3], [4].

Mathematically, the existing steady-state initialization
methods can be classified, in general, into the following



categories: time-domain methods, frequency-domain methods
and hybrid time-frequency domain methods. Most of them are
based on power flow calculation, and linear circuit elements
can be initialized in a straightforward way based on an
AC steady state obtained by a power-flow solution [4]–[7].
Nonlinear elements can also be initialized, if the method
proposed in [8] is used. Some methods can be expanded
to consider harmonics [9], [10]. The methods proposed
in [11] and [12] are based on the shooting method, and
therefore they involve a significant number of unknown
variables for the calculation. On the other hand, the method
proposed in [13] reduces the number of unknown variables
by applying the chain-matrix concept to represent the
VSCs. The method proposed in [14] is able to initialize
a modular multilevel converter (MMC), which is a more
complicated power-electronics converter. The methods above
are algorithmically sophisticated and general. Since they are
general, however, they involve iterative calculations requiring
a relatively large amount of computations. It should be noted
that some experts often implement custom-made initialization
procedures based on their own heuristic knowledge to speed
up the simulation.

Rather than exploiting algorithmically-sophisticated general
methods, this paper proposes a heuristic but systematic
procedure for the steady-state initialization of generic VSCs
in EMT simulations. The main contribution of this paper is to
avoid a prohibitively-long computation time when performing
EMT simulations of modern power grids with VSCs by
providing a practical steady-state initialization procedure. To
apply the proposed procedure, first, an unbalanced AC steady
state is obtained by a power flow solution using the method
proposed in [7]. Then, detailed portions in the circuit part and
the control-system part of a VSC are initialized using their
own calculation procedures. For each portion, an initialization
procedure is established by heuristic knowledge considering
the operation of a VSC, and those are organized as a
systematic procedure. In this paper, EMT simulations of a
6.6-kV distribution grid with two VSCs are performed with
and without the proposed initialization procedure to show its
effectiveness.

First, Section II describes the overall steady-state
initialization procedure. Sections III and IV respectively
describe the detailed initialization methods of the circuit
part and the control-system part of a VSC. For validation,
Section V presents EMT simulation results with and without
the proposed procedure, and Section VI discusses the results.
Finally, Section VII concludes the paper.

II. OVERALL STEADY-STATE INITIALIZATION PROCEDURE

The overall steady-state initialization procedure proposed in
this paper consists of the following three stages.

• Stage 1: Positive-sequence power-flow calculation,
• Stage 2: Three-phase AC steady-state calculation, and
• Stage 3: Initialization of individual component models.

Actually, Stages 1 and 2 have already been proposed in [7],
and this paper proposes the VSC part of Stage 3 only. The
flowchart of the overall steady-state initialization procedure is
shown in Fig. 1.

At Stage 1, the positive-sequence or balanced power-flow
solution of the simulation case is calculated with the slack
node, P–Q nodes and P–V nodes which appropriately replace
component models in the simulation. In most cases, generators
and upper-voltage substations are replaced by P–V nodes, and
loads are replaced by P–Q nodes. A VSC is replaced by a P–Q
node or a P–V node depending on its control mode. When the
control system is in a constant reactive-power mode (AQR),
the VSC is replaced by a P–Q node. When the control system
is in a constant voltage mode (AVR), on the other hand, it is
replaced by a P–V node.

At Stage 2, the three-phase AC steady-state solution is
calculated based on the power-flow solution obtained at
Stage 1. The generators and the upper-voltage substation
busses among the P–V and P–Q nodes are replaced by
three-phase voltage sources whose voltages and phase angles
are obtained by the power-flow solution from Stage 1. The
loads which are usually represented by P–Q nodes at Stage 1
are represented by RLC circuits of the user’s choice, and the
circuit parameters are obtained by the power-flow solution.
A VSC is represented by a three-phase balanced current or
voltage source depending on its control mode. When the
control system is in a AQR mode, the VSC is represented
by a three-phase balanced current source whose magnitudes
and phase angles are calculated by the power-flow solution
obtained at Stage 1. When the control system is in a AVR
mode, the VSC is represented by a three-phase balanced
voltage source whose magnitudes and phase angles are also
calculated by the power-flow solution obtained at Stage 1.
With these replacements, now the three-phase AC steady-state
solution can be calculated in the jω domain. This is an
unbalanced AC steady-state solution in a practical sense. The
details are described in [7].

At Stage 3, all component models including VSCs are
individually initialized using the solutions obtained at the
previous two stages. The circuit element components such as
inductors and capacitors are initialized as follows. First, the

Start

Stage 1
Positive-sequence power-flow calculation

Stage 2
Three-phase AC steady-state calculation

Stage 3
Initialization of individual component models
• VSCs 
• The circuit components other than the VSCs

EMT simulation

Fig. 1. Flowchart of the overall steady-state initialization procedure.



state variable of the component, current or voltage, at time zero
is calculated from the three-phase AC steady-state solution,
and then the calculated value is set to the past history of the
integration formula used for the subsequent EMT calculation.
When the trapezoidal rule is used for the numerical integration,
the integration of the state variable x to proceed from t = 0 to
t = h is approximated by the following equation [15]∫ h

0
xdt ∼=

h
2
(x0 + x1) (1)

The time step is denoted by h, and t = 0 and t = h respectively
correspond to subscript 0 and 1. At the beginning of an EMT
simulation, the value of x0 as the past history of x is needed.
Appendix A describes the case where the 2-stage diagonally
implicit Runge-Kutta (2S-DIRK) method [16] is used for the
numerical integration. More complicated circuit components
such as line models and generator models have their
own initialization routines. The next two sections describe
procedures to initialize both the circuit and control-system
parts of a VSC using its terminal voltages and currents.

III. INITIALIZATION OF THE CIRCUIT PART

As shown in Fig. 2, the circuit part of a VSC is further
divided into the AC circuit part, the converter part and the
DC circuit part. From the grid side, the AC circuit part is
composed of an interconnection transformer and a harmonic
filter. The converter part is the core power-electronics bridge
circuit of the VSC consisting only of semiconductor switches
and diodes. The DC circuit part is composed of a DC capacitor
bank only. Systematic procedures to initialize those component
models are described in this section.

A. Initialization of the AC Circuit Part

Since a VSC is represented by a three-phase balanced
current or voltage source during Stage 2, the voltages and
currents at the grid connection point are assumed to be
balanced. This assumption is realistic, because the VSC is
controlled so that it generates balanced voltages and currents.
Starting from those balanced voltages and currents at the
grid connection point, the interconnection transformer is first
initialized and then the harmonic filter is initialized.

1) Interconnection transformer is used for stepping-down
the grid voltage to the operation voltage of the VSC and also
for electrical insulation. According to the practical experience
of the authors, the winding connection of interconnection
transformers used in distribution systems is ∆–∆ in most cases,
and therefore the ∆–∆ connection is taken as the example
for this illustration. However, since a three-phase transformer
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Fig. 2. Circuit part of a VSC.

with any winding connection can be considered a set of three
single-phase transformers connected each other according to
the connection type, the following illustration can be extended
to any connection without problems.

A single-phase transformer can be represented by
Steinmetz’s equivalent circuit. Since the magnetizing circuit
does not have a major impact on simulation results, the case
where it is neglected is illustrated in Fig. 3. If the magnetizing
circuit needs to be considered, the method described in
Appendix B can be used. Steinmetz’s equivalent circuit now
consists of the winding resistance and the leakage inductance
on the primary winding (converter side), Rp and Lp, those on
the secondary winding (grid side), Rs and Ls, and the ideal
transformer whose turn ratio is 1 : a.

The positive-sequence voltage and current at the grid
connection point is denoted by Vg and Ig. As mentioned earlier,
they are balanced, and the direction of Ig is taken so that the
current injected from the VSC to the grid is positive. In order
to initialize the interconnection transformer, it is necessary to
initialize the currents through the two sets of the inductances
Lp and Ls. Since the winding connection of the gride side is
∆, the current through Ls in the winding from phase a to b
can be calculated by

Is =
Ig√

3
exp

(
j
π
6

)
(2)

The current from phase b to c and that from c to a can
be calculated by multiplying the factors exp

(
− j 2π

3

)
and

exp
(
+ j 2π

3

)
respectively. Using the information obtained from

(2), the currents through the three Ls at time zero are calculated
so that the x0 terms in (1) of those inductor currents for
the subsequent EMT calculation are initialized. The current
through Lp from phase a to b can be calculated by

Ip = aIs (3)

In the same way as Is, the current from phase b to c and that
from phase c to a are calculated by multiplying the factors
exp

(
− j 2π

3

)
and exp

(
+ j 2π

3

)
respectively. Then, those currents

at time zero are obtained so that the x0 terms in (1) of those
inductor currents are initialized.

Before initializing the harmonic filter, the voltage Vh applied
to it must be calculated. This voltage is calculated via the delta
voltage Vh∆ as follows.

Vh∆ = (Rp + jω0 Lp) Ip +
1
a
{( jω0 Ls +Rs) Is +Vg} (4)

Vh =
Vh∆√

3
exp

(
− j

π
6

)
(5)

where ω0 is the angular frequency of the grid.
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Fig. 3. Steinmetz’s equivalent circuit used for the interconnection transformer.



2) Harmonic filter is used to eliminate harmonics due to
high-frequency switching of the semiconductor switches used
in the converter. As a harmonic filter, the two topologies shown
in Fig. 4 are the most used ones. One phase of both topologies
can result in the same equivalent circuit shown in Fig. 5, if
the capacitance Ch∆ and its series resistance Rc∆ are converted
to Ch and Rc in the case of Fig. 4 (b) using the following
equations.

Ch = 3Ch∆, Rc =
Rc∆
3

(6)

The voltage applied to the capacitor of phase a is calculated
from (5) as Vh/(1+ jω0 ChRc), and those applied to the
capacitors of phase b and c are calculated by multiplying
exp

(
∓ j 2π

3

)
respectively. Therefore, their voltage values at

time zero can be obtained, and they are set to the x0 terms
in (1) of the capacitor voltages. Note that the equivalent
seriers resistance Rl of the inductors do not contribute to the
initialization.

The current I flowing through the phase a of the inductors
Lh can be calculated by

I =
√

3exp
(
− j

π
6

)
Ip +

jω0 ChVh

1+ jω0 ChRc
(7)

Those flowing through the phase b and c can be calculated by
multiplying exp

(
∓ j 2π

3

)
, and the value at time zero for each

inductor current is obtained to set the x0 term in (1).

B. Initialization of the Converter Part

As shown in Fig. 6, the converter part is composed
only of semiconductor switches and diodes. There is no
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Fig. 4. Common topologies of harmonic filters. (a) Y-connected LC filter. (b)
∆-connected LC filter.

Lh

I

Ch

Rc

Rl

Vh

--

-

Fig. 5. Equivalent circuit of the harmonic filter.

D
C

 t
e
rm

in
a
l

A
C

 t
e
rm

in
a
l

Fig. 6. Converter circuit.

need to initialize the diodes. Regarding the semiconductor
switches, their initial ON/OFF states should be set for better
initialization, but its impact on the simulation result is quite
small. This is because the simulation time step used for EMT
simulations with VSCs is fairly small. This point will be
mentioned in Section V.

C. Initialization of the DC Circuit Part

The DC circuit part is composed of a DC capacitor bank
only. Its voltage is controlled by the control system, and the
voltage is regulated to a value designated by the user. In most
cases, the value is the rated DC voltage of the converter. There
may be a small ripple superimposed on the DC capacitor
voltage, but it is small in a steady state and can be ignored
in the initialization process. When several capacitors are used
to form the DC capacitor bank and connected in series, their
voltages are controlled to be equal. Once the voltage to which
the voltage value of the DC capacitor bank is regulated is
obtained, the voltage across the capacitor is initialized so that
its x0 term in (1) is set to that value.

IV. INITIALIZATION OF THE CONTROL-SYSTEM PART

As shown in Fig. 7, a generic control system is assumed,
which can be further divided into the voltage/current
measurement blocks, the abc–dq transformation blocks,
the phase locked loop (PLL) block, the regulator blocks,
and the pulse width modulation (PWM) signal generator
block. A selector is used to choose one of the Automatic
reactive power Regulator (AQR) and the AC Automatic
Voltage Regulator (ACAVR) block, as these blocks can not
be used simultaneously. This section describes systematic
procedures to initialize those components. Note that only
dynamic components whose outputs are dependent on their
past-history values require initialization. Since the outputs of
the remaining components can readily be calculated by their
inputs using algebraic or logical expressions, they do not
require initialization. By the way, it is interesting to note that a
VSC can be represented by an impedance including its control
system for stability analysis [17].

A. Voltage/Current Measurement Blocks

They are used to measure the voltage of the DC capacitor
bank and the voltages and currents at the grid connection point
as the inputs to the control-system part. Any actual (physical)
voltage or current measurement device is subject to a delay
in its time response, and this delay must be represented in
the model. In most cases, the delay can be approximated by a
first-order low-pass filter (LPF) with sufficient accuracy. The
transfer function of an LPF is expressed by the following
rational function of jω [18]

H( jω) =
1

1+ jωτ
(8)

where τ is the time constant of the LPF. Since the control
system generally uses per-unit quantities, the output from
the LPF is multiplied by a constant K so as to convert a
volt-based voltage or an ampere-based current into its per-unit
counterpart. Fig. 8 shows the voltage/current measurement
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Fig. 8. Voltage/current measurement block.

block, where x is the input voltage/current in volt/ampere and
x̂ is the output voltage/current in per-unit.

Since the LPF block is a dynamic one, it must be initialized.
The steady-state voltage of the DC capacitor bank is given by
the user. It is usually the rated voltage of the DC capacitor
bank. The AC steady-state voltages and currents at the grid
connection point are obtained at Stage 2. Once those DC
and AC steady-state voltages and currents are obtained, each
value is substituted as the input to (8) in the jω domain to
obtain its output. Using the output value in the jω domain, the
time-domain value at time zero is calculated. With this value,
the x0 term in (1) of the LPF block output is initialized for
the subsequent EMT calculation.

B. abc–dq Transformation Blocks

Among the voltages and currents measured by the
voltage/current measurement blocks mentioned above, the
three-phase voltages and currents are transformed from the
abc to the dq domain by the abc–dq transformation blocks.
This is because the main controls carried out by the regulator
blocks are performed in the dq frame.

Since the abc–dq transformation blocks which do not
include differential equations thus are not dynamic blocks,
those blocks do not require initialization. However, the
accuracy of the phase angle which is one of the input
variables of these blocks gives a significant impact on the
accuracy of their outputs. Therefore, the accuracy of the
phase angle identified by the PLL block mentioned in the
following subsection is the key to perform accurate abc–dq
transformation.

C. PLL Block

The PLL block identifies the phase angle of the voltage at
the grid connection point, and the identified phase angle is
used for the synchronization of the regulator blocks described
below. Fig. 9 shows the diagram of the PLL block used
[19], [20]. It is composed of an abc–dq transformation block
mentioned in the previous subsection, a proportional-integral
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Fig. 9. PLL block.

(PI) controller and an integrator. It identifies the phase angle
so that the q component becomes zero.

The PLL block includes the PI controller and the integrator
which are dynamic, and thus those components must be
initialized. Since the output from the PI controller is the
angular frequency deviation, its steady-state value should be
zero. Therefore, the x0 term in (1) of the PI controller output
is set to zero. On the other hand, the output from the integrator
will converge to the following value

θ̂ = θ + ̸ H( jω) (9)

where θ is the phase angle of the voltage at the grid connection
point and ̸ H( jω) is the phase angle of (8) at the power
frequency. The value of θ̂ calculated by (9) is set to the x0
term in (1) of the integrator output.

D. Regulator Blocks

There are four major regulator blocks in the control system
part: DC Automatic Voltage Regulator (DCAVR), Automatic
reactive power Regulator (AQR), AC Automatic Voltage
Regulator (ACAVR), and Automatic Current Regulator (ACR).

Fig. 10 shows the DCAVR block. The PI controller requires
initialization, since it is a dynamic one. In the steady state,
the DC voltage v̂dc multiplied by the DC current î∗d that is the
output from this PI controller should match the active power
P̂∗ designated to this VSC. Therefore, the initial value of îd
can be calculated by

îd =
P̂
V̂g

(10)

and it is set to the x0 term in (1) of the PI controller output.
Fig. 11 shows the AQR block in which the PI controller

requires initialization. The reactive power Q̂ is calculated by
multiplying the d-axis voltage v̂gd and the q-axis current îq,
and this value is controlled to match Q̂∗ designated to this



VSC. In the steady state, Q̂ reaches Q̂∗, and therefore, the
q-axis current can be calculated by

îq =
Q̂
V̂g

+ω0 ĈhV̂h (11)

where the second term is due to the harmonic filter. The value
obtained by the equation above is set to the x0 term in (1) of
the PI controller output.

Fig. 12 shows the ACAVR block. In the first half of the
process, the voltage magnitude is calculated by v̂gd and v̂gq and
then compared with its designated value V̂ ∗

g . The q-axis current
îq is controlled so that the voltage magnitude reaches V̂ ∗

g by the
final PI controller which requires initialization. In the steady
state, V̂g reaches V̂ ∗

g , and therefore, the q-axis current can be
calculated by (11), and it is set to the x0 terms in (1) of the
PI controller output.

Although the preceding three blocks are similar, the ACR
block shown in Fig. 13 has a different structure. It consists
of two proportional-integral-differential (PID) controllers (one
for the d-axis current and the other for the q-axis current),
crossing feed-forward blocks, and a dq–abc transformation
block. Among them, only the integration part of the two PID
controllers require initialization. Since the outputs from the
PID controllers become zero in the steady state, their x0 terms
in (1) are set to zero.

E. PWM Signal Generator Block

The PWM signal generator block shown in Fig. 14 is
based on a generic triangular-carrier comparison with a
third-harmonics injection for increasing voltage efficiency.
Dead-time generators, which are dynamic blocks, are used to
generate the ON/OFF signals of the semiconductor switches
of the converter. Since the impact on the simulation result is
quite small, the initialization may be omitted.

V. SIMULATION RESULTS

For the validation of the proposed procedure, EMT
simulations are carried out for a 6.6-kV distribution grid
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Fig. 12. ACAVR block for the control of the voltage at the grid connection
point.

with two VSCs, one for representing the power conditioning
system (PCS) of a photovoltaic (PV) power generation
system and the other for representing a STATic synchronous
COMpensator (STATCOM). The simulations are performed
using the eXpandable Transient Analysis Program (XTAP)
[21]. Fig. 15 shows the distribution grid. A time step of 0.5
µs is used for all simulations. The distribution substation is
represented by a three-phase 50-Hz, 6.7-kV voltage sources
with series inductances. The total length of the distribution
line is 18.5 km, and the three wires are horizontally arranged
at a height of 11.5 m with a separation of 72.5 cm. As shown
in Fig. 15, the wires are OC 150 mm2 or OC 60 mm2,
and a ground resistivity of 100 Ωm is assumed. With these
conditions, π-equivalents are created for the distribution-line
sections by calculating the line constants [22]. The PCS of the
PV power generation system injects 1.8 MW of power into the
distribution grid. The PV array is represented by a DC current
source, and the PCS is operated in the AQR mode with the
reference reactive power set to zero. The STATCOM is used to
prevent the grid voltage from exceeding the operating range.
It is operated in the ACAVR mode with the reference voltage
set to 1 pu, which is 6.6 kV.

Fig. 16 shows the calculated result without the proposed
initialization procedure, where the initial values of the
variables requiring initialization have been set to zero. On
the other hand, Fig. 17 shows the calculated result with the
proposed initialization procedure. Discussions on these results
will follow in the next section.

VI. DISCUSSIONS

As observed from Fig.16, without the proposed initialization
procedure, the VSCs do not reach their steady states within
300 ms which is the maximum simulation time. Initially, the
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Fig. 15. 6.6-kV distribution grid with two VSCs.
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Fig. 16. Calculated result without the proposed initialization procedure. (a)
line-to-line voltages and line currents of the PV power generation system. (b)
line-to-line voltages and line currents of the STATCOM.

voltages and currents of the PCS and the STATCOM quickly
increase from zero until t = 150 ms. Since the voltages
and currents are the input to the control system part as the
feedback, variables in the the control system part diverge due
to the large input values. Then, the voltages and currents of the
PCS and the STATCOM converge to operating points which
are different from the correct ones. It is interesting to note that
the voltage waveforms are highly distorted with low harmonics
due to the wrong operating points.

As observed from Fig.17, with the proposed initialization
procedure, both VSCs namely the PCS and the STATCOM
immediately reach their steady states after a fairly small
transient. This transient occurs due to the fact that the
initialization of the ON/OFF states of the semiconductor
switches is omitted as mentioned in Section IV-E. But the
impact is negligible.

From the simulation results, the effectiveness of the
proposed procedure is obvious. In addition, it should be noted
from Fig. 17 that necessary harmonics quickly develop in the
waveforms right after starting the simulation at t = 0 although
harmonics are not considered in the proposed initialization
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Fig. 17. Calculated result with the proposed initialization procedure. (a)
line-to-line voltages and line currents of the PV power generation system.
(b) line-to-line voltages and line currents of the STATCOM.

procedure.

VII. CONCLUSION

To start an EMT simulation of a modern transmission or
distribution power grid with VSCs directly from the steady
state, this paper has proposed a systematic and heuristic
procedure for the steady-state initialization of a VSC. Using
an AC steady-state solution obtained by the EMT simulation
software, detailed portions of the power-circuit part of a
VSC including the DC side and the control-system part are
systematically initialized, and the EMT simulation can be
performed directly from the steady state. For the validation of
the proposed procedure, EMT simulations have been carried
out for a 6.6-kV distribution grid with two VSCs, and the
following result has been obtained. The EMT simulation case
with the proposed initialization procedure immediately reaches
the steady state right after the beginning of the simulation,
while the same simulation case without an initialization
procedure does not reach the steady state within 300 ms which
is the maximum simulation time in the case of this paper.



The proposed initialization procedure is applicable only to
generic VSCs as also mentioned in the title of this paper. Of
course, it cannot be applicable to specific types of control
system. This may be considered as a limitation. As future
work, the proposed method will be extended to include generic
three-level converters and MMCs. In addition, a comparison
with other methods is considered an important future work.

APPENDIX A
INITIALIZATION IN THE CASE OF 2S-DIRK

The value of the state variable x at time zero, or x0, is
also required in the case where the 2-stage diagonally implicit
Runge-Kutta (2S-DIRK) method [16] is used for the numerical
integration of the EMT simulation. The 2S-DIRK method
performs numerical integration using two stages. In the first
stage, the value of x0 is required to proceed from t = 0 to
t = (1− 1/

√
2)h at the beginning of the EMT simulation in

the same way as the trapezoidal method.

APPENDIX B
CONSIDERATION OF THE MAGNETIZING CIRCUIT

When the magnetizing circuit consisting of a magnetizing
inductance Lm and a core-loss resistance Rm in parallel is
considered in the interconnection transformer, Lm must be
initialized. The current Im of Lm from phase a to b is

Im =
Is (Rs + jω0 Ls)+Vg

jω0 Lm a

and (3) can be brought to

Ip = aIs + Im +
Is (Rs + jω0 Ls)+Vg

Rm a

In the same way described in Subsection III-A-1, the
initialization of the magnetizing inductances of all windings
can be performed.
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