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ABSTRACT Detailed switching models of ac–dc converters are available in many offline and real-time
electromagnetic transient (EMT) simulation programs. However, such discrete models typically require small
simulation time steps for accurately handling the switching events without interpolation. This paper proposes
a new parametric modeling approach for line-commutated and 2-level voltage-source ac–dc converters. The
proposed methodology is based on parametric functions that relate ac and dc variables in the instantaneous
sense, which allows the reconstruction of the waveforms of voltages and currents (with the same level of
details as the switching models of converters) without topological changes in the converter circuit. Thus, it
can operate at larger time steps without requiring interpolation, thereby enhancing simulation efficiency. The
computational advantages of the proposed models over the conventional switching models are demonstrated
in offline PSCAD and real-time RTDS NovaCor simulators in terms of maximum possible time step size
and accuracy. It is shown that the proposed models can accurately run with much larger time steps (up to
∼200 μs for LCRs, and up to ∼50 μs for VSCs) compared to detailed switching models, which are limited
to relatively small time steps of ∼10 μs.

INDEX TERMS Ac–dc converter, interfacing, line-commutated, modeling, nodal analysis, real-time, simu-
lation, switching, VSC.

I. INTRODUCTION
Power-Electronic converters play an important role in mod-
ern energy systems by connecting new energy resources to
conventional power grids. In many applications, the 2-level
diode/thyristor-based line-commutated rectifiers (LCRs) and
voltage-source converters (VSCs) are used as basic building
blocks due to the simplicity and reliability of this technology
[1], [2]. Such applications include the classic HVDC trans-
mission systems [3], [4], [5], power systems of vehicles [6],
[7], ships and aircraft, induction furnaces [8], excitators of
synchronous generators [9], [10], [11], etc.

The LCRs and VSCs also produce ac harmonics and dc
ripples [12], [13], which may affect other components in
the power system [14]. Therefore, offline and real-time elec-
tromagnetic transient (EMT) simulations of systems with
such converters are often conducted to analyze waveforms
of ac and dc terminal variables, design harmonic filters,
etc.

For such purposes, the conventional detailed switching
models of these ac-dc converters are typically available
as standard library components in many commercial EMT
simulation programs. Such switching models offer accurate
solutions by considering the operation of every semiconductor
device individually. However, these models typically require
significant computing resources due to many discrete switch-
ing events that need to be detected and processed [15]. For
example, offline programs may apply interpolation and zero-
crossing detection to facilitate simulations with larger time
steps without compromising accuracy. This can help eliminate
(numerical) voltage spikes and/or chatter in systems with VSC
circuits, etc., avoiding the need for unrealistic snubber cir-
cuits for numerical damping [16]. Additionally, they can allow
precise modeling of non-characteristic harmonics originating
from switching devices [17], etc.

However, interpolations can be numerically costly and im-
practical for real-time simulation [18]. Consequently, while
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some switching prediction algorithms [19], [20] have been
developed for real-time EMT programs, they often need small
time-step sizes for simulations to handle the switching events.
This makes detailed switching models (DSMs) of converters
simulation bottlenecks for system-level studies with many
switching components. For example, this may result in a very
long run time in offline simulations; or cause time-step over-
flow (i.e., overrun) in real-time simulations when the compu-
tations in each step exceed the time-step window [21], [22].

To avoid the computational cost of DSMs, efficient alter-
natives, such as the dynamic phasor models [23]–[26] and
average value models (AVMs) [27], [28], [29], [30], [31],
[32], [33], have been developed. These models facilitate the
simulation of large-scale power systems by adopting larger
time steps at the cost of neglecting the switching details
of individual semiconductor devices. The parametric AVMs
(PAVMs) [34], [35], [36] were developed for LCRs, and
have proven accurate under various operating conditions. In
PAVMs, algebraic formulations are used to relate the average
values of the dc-side and ac-side transformed variables (in qd
coordinates) using the so-called parametric functions that are
obtained numerically [34]. A generalized PAVM (GPAVM)
for LCRs was presented in [37] that is able to reconstruct
selected harmonics of the ac variables in addition to their
fundamental frequency components (by transforming them
into multiple qd reference frames corresponding to differ-
ent selected harmonics). Including more harmonics increases
the complexity of the GPAVM. To reduce this complexity, a
hybrid PAVM/detailed model (HPAVM) of LCRs was pro-
posed in [38], which uses only one qd transformation. This
was done using extra parametric functions for the oscillatory
components for reconstructing ac harmonics and dc ripples as
accurately as the DSMs. However, in the HPAVM, the har-
monics of the ac variables and the ripples of the dc variables
are computed separately from their fundamental frequency
components and averages, respectively, which comes with an
additional computational cost.

The AVMs, PAVMs, GPAVM, and HPAVM are typically
interfaced with the external networks using controlled volt-
age/current sources [33], [34], [35], [36], [37], [38]. Some
state-variable-based programs [39] can solve the external net-
work simultaneously with the AVMs. However, in EMTP-type
programs with non-iterative solution (e.g., PSCAD), one time-
step delay between the solution of the external network and
the AVM interfacing variables is applied inevitably by the pro-
gram [40] (referred to as indirect interfacing). This delay may
cause numerical inaccuracy or instability at large simulation
time steps.

Direct interfacing techniques have been developed in [41]
and [42] for AVMs of LCRs and VSCs in the nodal analysis-
based solution, eliminating the interfacing time-step delay.
This was done by linearizing the average-value relations and
formulating a conductance matrix for the LCR PAVM and
VSC AVM to be solved as part of the overall network solution.
However, the directly interfaced methods are based on the
classic AVM of the converters and are only able to preserve

the fundamental frequency components of the ac waveforms
and the average values of the dc variables.

This paper proposes a new parametric detailed non-
switching model (DNSM) for the widely-used 2-level ac-dc
converters, i.e., LCRs and VSCs. The contributions of this
paper and the features of the new modeling technique are
summarized as follows:
� The proposed DNSM is able to reconstruct the ac and

dc waveforms similar to the DSMs of converters, in-
cluding all harmonics and ripples. This is achieved by
formulating the parametric functions defined based on
the instantaneous values of ac and dc variables. This is
a fundamental departure from all previous parametric
AVMs [33], [34], [35], [36], [37], [38], including the
GPAVM and HPAVM, which are based on average-value
relationships.

� Two interfacing methodologies for DNSM, denoted as
indirectly-interfaced DNSM (IDI-DNSM), which uses
a time-step relaxation, and directly-interfaced DNSM
(DI-DNSM), which uses linearization and simultaneous
solution [41], are formulated.

� The advantages of the proposed models over the DSMs
are demonstrated on generic LCRs and VSCs imple-
mented in PSCAD (offline simulations) and RSCAD
(real-time simulations using NovaCor of RTDS). It is
verified that IDI-DNSM and DI-DNSM allow much
larger simulation time steps compared to the conven-
tional DSMs while providing accurate waveforms for ac
and dc variables.

II. DETAILED PARAMETRIC MODEL OF AC-DC
CONVERTERS
Without loss of generality, a generic three-phase 2-level ac–dc
conversion system depicted in Fig. 1 is considered to de-
fine the proposed methodology. The ac and dc subsystems
are interconnected by either a six-pulse LCR (composed of
diode or thyristor switches) or a VSC (composed of forced-
commutated transistors, e.g., IGBTs). The dc subsystem may
consist of a dc network and an optional low-pass filter to
smoothen the dc terminal voltage. The ac subsystem may
include rotating electrical machines, ac filters, ac loads, trans-
mission lines, etc. The Thévenin equivalent is utilized to
represent the ac subsystem where equivalent voltages eabc are
assumed to be balanced and sinusoidal as

eabc =
√

2 Erms
[
cos(θs) cos

(
θs − 2π

3

)
cos

(
θs + 2π

3

)]T
.

(1)

Here, Erms is the rms value of phase voltages, and θs indi-
cates the angle of phase a of the equivalent ac sources. The ac
side Thévenin equivalent impedance is represented by rs and
Ls. The converter terminal voltages are denoted by vabc whose
fundamental frequency component has the angle

θe =
∫

(2π fe) dt, (2)
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FIGURE 1. Generic ac–dc converter system consisting of an LCR or VSC.

FIGURE 2. Vector diagram of the converter ac currents and voltages in two
qd reference frames rotating with angles of ac sources and converter
terminal voltages.

where fe is the frequency of the ac subsystem in Hz. The
angles θe and θs are related as

δ = θs − θe, (3)

where δ is referred to as the power transfer angle.
As depicted in Fig. 1, the firing angle α and angle θs,

or θe, are the inputs into the firing pulse generator for the
thyristor-based LCRs. The firing angle α may be computed
with respect to either the angle θs or θe, which can be identified
by a phase-locked-loop (PLL). For the VSC, the modulation
index M, angle δ, and angle θs are the inputs into the pulse
generator. Here, δ is used to specify the angle of the fun-
damental frequency component of the VSC ac voltages θe

based on (3). Also, the modulation index M determines the
amplitude of the fundamental frequency component of VSC
ac voltages with respect to the dc terminal voltage.

A. FORMULATION OF DNSM
For the purpose of derivation, the converter ac voltages vabc

and currents iabc are transformed to the source qd synchronous
reference frame with angle θs, as shown in Fig. 2, and com-
puted using Park’s transformation matrix K [4] as

vs
qd = K(θs)vabc, isqd = K(θs)iabc, (4)

where vs
qd and isqd are the transformed ac variables. In the

source qd reference frame, the axis qs is aligned with the phase
a of the equivalent source voltages eabc.

FIGURE 3. Typical waveforms of terminal variables for six-pulse LCRs over
one ac cycle: (a) dc voltage, (b) dc current, (c) ac transformed qd voltages,
(d) ac transformed qd currents.

Typical waveforms of dc and transformed qd ac variables
for the LCR-based ac-dc system in Fig. 1 are illustrated in
Fig. 3. As seen in Fig. 3, similar to the dc-side variables,
the transformed qd ac variables are also composed of dc av-
erage values and oscillatory components (i.e., ripples) which
correspond to the sum of all the ac harmonics in the abc coor-
dinates. Also, the dc average values of qd variables correspond
to the amplitude of the fundamental frequency component of
the ac variables in the abc coordinates.

In the VSC-based system, the dc and qd variables also
contain dc average values and ripples generated by the high-
frequency switching. Their average values will correspond to
the fundamental frequency components, and the ripples will
correspond to the ac harmonics.

The proposed technique captures the relationships between
the entire waveforms of the dc and qd ac variables using
parametric functions structured similarly to the conventional
parametric functions [34], [38]. However, as opposed to
all previous PAVM [34], GPAVM [37], and HPAVM [38],
in the proposed DNSM, these relationships are formulated
based on the instantaneous values of the dc and qd ac vari-
ables/waveforms. For this purpose, a parametric function
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FIGURE 4. Typical waveforms of the instantaneous parametric functions
and dynamic impedance of the LCR-based system for the proposed DNSM
over one ac cycle: (a) parametric function wi (.) defined in (5), (b)
parametric function wv (.) defined in (6), (c) parametric function ϕ(.)
defined in (7), (d) dynamic impedance zd defined in (8), and (e)
reconstruction angle θrec defined in (11).

wi(.) is defined as

wi (.) = idc∥∥∥isqd

∥∥∥ , (5)

which at any moment relates the instantaneous values of the
dc current and the magnitude of the qd ac currents. Similarly,
a parametric function wv (.) is defined as

wv (.) =

∥∥∥vs
qd

∥∥∥
vdc

, (6)

which at any moment relates the instantaneous values of the
dc voltage and the magnitude of the qd ac voltages.

The phase shift between the instantaneous angles of the ac
currents and ac voltages is also captured with a parametric
function ϕ(.) defined as

ϕ (.) = tan−1

(
isd
isq

)
− tan−1

(
vs

d

vs
q

)
. (7)

The parametric functions (5)–(7) are defined at any moment
and for the desired operating conditions of the ac-dc converter.
For this purpose, the loading condition of the converter is
specified by defining an instantaneous dynamic impedance as

zd = vdc∥∥∥isqd

∥∥∥ . (8)

The profiles of the parametric functions wi(.), wv (.), ϕ(.),
and zd calculated based on the typical waveforms in Fig. 3 for
the LCR system are depicted in Fig. 4 over one ac cycle. It
is observed that these functions are also periodic, similar to
the ripples on the dc and qd ac variables when considering
their instantaneous values. The period of these ripples for an

LCR-based system is obtained as [38]

β = 2π/p, (9)

where p denotes the number of LCR pulses (in Figs. 3 and 4
p = 6).

For VSCs, the period of ripples β on the dc and qd vari-
ables, and parametric functions is equal. However, β of VSCs
will also depend on the switching strategy, unsynchronized
or synchronized carrier frequency, symmetry or asymmetry of
the carrier about a sinusoidal reference waveform of SPWM,
etc. [1], [44].

In this article, a synchronous modulation with odd and mul-
tiple of 3 switching frequency ratio is considered to eliminate
the even and triple harmonics, and the harmonics of the order
of the carrier frequency, resulting in the ac harmonic order of
[45]

n = 6m ± 1, m ∈ {1, 2, 3, . . .}, (10)

which results in the harmonic order of 6m on dc and qd vari-
ables. Therefore, the period of ripples is specified as β = π

3
for the subject VSC system [45].

After determining the period β, adequate samples of the
parametric functions can be collected over only one period β

as illustrated in Fig. 4. For this purpose, the so-called recon-
struction angle θrec is defined as [38]

θrec = mod (θs/β ) . (11)

The profile of θrec is shown in Fig. 4(e).

B. ESTABLISHING PARAMETRIC FUNCTIONS
It is generally impractical to derive the instantaneous para-
metric functions (5)–(7) analytically under various operating
conditions, especially when considering the nonlinearity and
losses of the converter. Here, Algorithm 1 is used to numer-
ically establish the parametric functions of the LCR-based
ac–dc system. A similar approach is used for constructing
parametric functions of the VSC-based system.

In this approach, the system is simulated using the DSM of
the converter for short periods of time over different loading
conditions, and the parametric functions are computed numer-
ically. As shown in Algorithm 1, the system is simulated over
the desired range of firing angles (in the case of thyristor-
based LCR) denoted by its minimum αmin and maximum αmax

values with step αstep.
The system is also simulated over the desired range of

loading conditions. Here, the loading condition is varied by
changing the load in the dc network, which is represented by
an equivalent resistance Rl , which steps with Rl,step from min-
imum Rl,min to maximum Rl,max. It is important to note that
the parametric functions obtained by varying a resistive load
in the dc network are also valid for other load compositions in
the dc networks, such as inductive loads.

Once the simulations start, the parametric functions are
computed based on (5)–(7). Also, the dynamic impedance zd

and the reconstruction angle θrec are also established based
on (8), (11), respectively, for that operating condition. Then,
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Algorithm 1: Algorithm for Construction of Lookup Ta-
bles.
1. for α = αmin to αmax step αstep do
2. for Rl = Rl,min to Rl,max step Rl,step do
3. Initialize the system with α and Rl using DSM for

LCR
4. Start the simulation
5. for k = 0 to N step 1 do
6. Establish θrec based on (11)
7. Compute functions wi(.), wv (.), ϕ(.) based on

(5)–(7)
8. Compute dynamic impedance zd based on (8)
9. Store the parametric functions in 3-D lookup tables

in terms of zd , α, θrec

10. end for
11. End the simulation
12. end for
13. end for

FIGURE 5. Typical parametric functions for the proposed DNSM of a diode
rectifier stored in lookup tables: (a) wi (.), (b) wv (.), and (c) ϕ(.).

N samples of the parametric functions are collected over one
period β, and stored in three-dimensional (3-D) lookup ta-
bles in terms of α (for thyristor-based LCR), zd , and θrec.
Typical profiles of instantaneous parametric functions for the
proposed DNSM of a diode rectifier are shown in Fig. 5.

For the VSC system, applying the same Algorithm 1, four-
dimensional (4-D) lookup tables in terms of modulation index

FIGURE 6. Implementation of the proposed DNSM using indirect
interfacing with external networks.

M, angle δ, zd , and θrec are constructed and stored as the
instantaneous parametric functions over the desired range of
operation.

It is noted that the construction time and size of the lookup
table data are determined by the desired resolution of para-
metric functions and the range of operating conditions. This
is a one-time procedure, and once the lookup tables are estab-
lished, they can be used for various studies.

It should be noted that linear interpolation is used to predict
the output value when an input of the lookup tables (e.g.,
firing angle for thyristor-based LCRs or modulation index
and angle for VSCs) falls between two stored values. This
enables a more precise extraction of the values of parametric
functions for various conditions during simulations, provid-
ing the ability to respond to the outputs of control systems
effectively.

III. INTERFACING METHODS
Once the parametric functions are established as lookup ta-
bles, the proposed DNSM is readily implemented, as shown
in Fig. 6. As seen, the firing angle α (in case of thyristor-based
LCR) or modulation index M and angle δ (in case of VSC),
the source angle θs, the dc voltage vdc, and the ac currents iabc

are the inputs to the DNSM. The ac voltages vabc and the dc
current idc are the outputs.

According to Fig. 6, the currents iabc coming from the
external system are transformed to the qd coordinates based
on (4). Then, zd and θrec are computed based on (8), (11)
using the input variables vdc, θs, and isqd . The values of zd

and θrec are then used along with the LCR firing angle α (or
VSC modulation index M and angle δ) as the inputs to the
lookup tables to compute the values of parametric functions
wi(.), wv (.), and ϕ(.). Afterward, the value of the output dc
current is calculated based on (5) using isqd and wi(.) as

idc = wi (.)
∥∥∥isqd

∥∥∥ . (12)

Also, the converter output ac voltages in qd coordinates are
calculated based on (6), (7) using the inputs vdc, isqd , and the
computed parametric functions wv (.) and ϕ(.) as

vs
q = wv (.) vdc cos

(
tan−1

(
isd
isq

)
− ϕ(.)

)
, (13)
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FIGURE 7. Indirect interface of the proposed DNSM with the external
network using controlled current and voltage sources.

vs
d = wv (.) vdc sin

(
tan−1

(
isd
isq

)
− ϕ(.)

)
. (14)

Finally, the abc voltages are computed using the inverse of
Park’s transformation matrix as

vabc = [K(θs)]−1vs
qd . (15)

A. INDIRECT INTERFACING METHOD USING CONTROLLED
SOURCES
To interface the proposed DNSM with external networks us-
ing circuit components, the discrete switches of the converter
are replaced with dependent voltage and current sources, as
depicted in Fig. 7. Therein, the three-phase voltage sources
are used to interface the output vabc with the ac subsystem,
and the controlled intermediate dc current source, calculated
based on (12), is used to interface the output i′dc with the dc
subsystem.

As shown in Fig. 7, depending on the composition of the
dc subsystem, a snubber resistor Rx may be needed in parallel
with the dc current source i′dc when the dc subsystem cannot
accept the current source at the inputs (e.g., when there is a
line inductor in series with the dc current source) [46]. If a
snubber is used, a compensation current source icomp should
be used to eliminate the steady-state error caused by the snub-
ber current. To achieve an explicit and non-iterative interface,
the compensation current icomp is calculated using the input dc
voltage from the previous time-step as

icomp(t ) = vdc(t − �t )

Rx
. (16)

In EMTP-type programs without an iterative solution, e.g.,
PSCAD and RSCAD, the inputs to the DNSM block (i.e., dc
terminal voltage vdc and the ac currents iabc in Figs. 6 and 7)
use their values from the previous time-step (i.e., vdc(t − �t )

and iabc(t − �t )) since their values are not computed at the
present time-step yet.

The method presented here is referred to as indirect in-
terfacing due to using the time step delay in the interfacing
variables. The interfacing delay can cause numerical inac-
curacy and instability in simulations with large time steps.
Therefore, the proposed indirectly-interfaced DNSM (IDI-
DNSM) may not be able to run with large time-step sizes,
although it still allows larger time-step sizes compared to the
DSMs of converters.

B. DIRECT INTERFACING FOR THE PROPOSED DNSM
Inspired by [41], a direct interfacing method is developed
for the proposed DNSM. The proposed directly-interfaced
DNSM (DI-DNSM) is aimed to allow large time-step sizes in
EMTP-type programs without the need for iterative interfac-
ing solutions. To eliminate the one-time-step delay, the DNSM
of the ac-dc converter is reformulated in the nodal solution
form so that its resultant matrices and vectors can be merged
with the overall network solution and solved simultaneously
without a time-step delay.

The nodal equation of the overall system, including the
converter, has the following general form

G V I⎡
⎢⎢⎢⎣ GCON

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣VCON

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣IhCON

⎤
⎥⎥⎥⎦ , (17)

where V is the vector of system nodal voltages, G is the sys-
tem’s conductance matrix, and the vector I represents the sum
of injected currents to the nodes, including history currents
and independent sources. Similarly, GCON is the conductance
sub-matrix of the converter DNSM model, whose voltages are
defined in a vector form as

VCON = [va(t ) vb(t ) vc(t ) vdc(t )]
T
. (18)

The converter currents are defined in vector form as

ICON = [ia(t ) ib(t ) ic(t ) idc(t )]
T
. (19)

The vector of history currents is defined as

IhCON = [
iha(t ) ihb(t ) ihc(t ) ihdc(t )

]T
. (20)

First, to obtain the nodal equations for the proposed DNSM,
its voltage equations are reformulated as functions of the con-
verter currents. Then, the resultant nonlinear functions of the
qd ac variables and dc variables are linearized at the time step
(t − �t) [41]. The linearized qd-dc voltages are written as⎡
⎣ vs

q(t )

vs
d (t )

vdc(t )

⎤
⎦=

⎡
⎣ Rqq Rqd Rqdc

Rdq Rdd Rddc

Rdcq Rdcd Rdcdc

⎤
⎦
⎡
⎣ isq(t )

isd (t )
idc(t )

⎤
⎦+

⎡
⎣ ehq(t )

ehd (t )
ehdc(t )

⎤
⎦ ,

(21)
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where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Rqq = ∂vs
q

∂isq

∣∣∣∣∣
t−�t

=Rx

(
wv (.)

[
wi(.) cos (ϕ(.))+

(
vdc

Rx
−idc

)

×isd × isd cos (ϕ(.)) − isq sin (ϕ(.))∥∥∥isqd

∥∥∥3

])∣∣∣∣
t−�t

Rqd = ∂vs
q

∂isd

∣∣∣∣
t−�t

=Rx

(
wv (.)

[
wi(.) sin (ϕ(.))+

(
vdc

Rx
− idc

)

×isq × isq sin (ϕ(.)) − isd cos (ϕ(.))∥∥∥isqd

∥∥∥3

])∣∣∣∣
t−�t

Rqdc = ∂vs
q

∂idc

∣∣∣∣
t−�t

= −Rx

(
wv (.) cos

(
tan−1

(
isd
isq

)
− ϕ(.)

))∣∣∣∣∣
t−�t

,

(22)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Rdq = ∂vs
d

∂isq

∣∣∣∣∣
t−�t

= Rx

(
wv (.)

[
wi(.) sin (ϕ(.))+

(
vdc

Rx
− idc

)

×isd × isd sin (ϕ(.)) + isq cos (ϕ(.))∥∥∥isqd

∥∥∥3

])∣∣∣∣
t−�t

Rdd = ∂vs
d

∂isd

∣∣∣∣
t−�t

=Rx

(
wv (.)

[
wi(.) cos (ϕ(.))

+
(

vdc

Rx
−idc

)
× isq × isq cos (ϕ(.)) + isd sin (ϕ(.))∥∥∥isqd

∥∥∥3

])∣∣∣∣
t−�t

Rddc = ∂vs
d

∂idc

∣∣∣∣
t−�t

= −Rx

(
wv (.) sin

(
tan−1

(
isd
isq

)
− ϕ(.)

))∣∣∣∣∣
t−�t

,

(23)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Rdcq = ∂vdc

∂isq

∣∣∣∣∣
t−�t

= Rx

⎛
⎝wv (.)isq∥∥∥isqd

∥∥∥
⎞
⎠
∣∣∣∣∣∣
t−�t

Rdcd = ∂vdc

∂isd

∣∣∣∣
t−�t

= Rx

⎛
⎝wv (.)isd∥∥∥isqd

∥∥∥
⎞
⎠
∣∣∣∣∣∣
t−�t

Rdcdc = ∂vdc

∂idc

∣∣∣∣
t−�t

= −Rx

, (24)

and⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

ehq(t ) =
(

vdcwv (.) cos

(
tan−1

(
isd
isq

)
− ϕ(.)

))∣∣∣∣∣
t−�t

ehd (t ) =
(

vdcwv (.) sin

(
tan−1

(
isd
isq

)
− ϕ(.)

))∣∣∣∣∣
t−�t

ehdc(t ) = vdc|t−�t

.

(25)

Then, the qd variables in (21) are transformed to the abc
coordinates. After applying Park’s inverse transformation to
the qd variables in (21), and some algebraic manipulations,
the equivalent resistance matrix of the converter DNSM in abc
coordinates yields

RCON =

⎡
⎢⎢⎣

Raa Rab Rac Radc

Rba Rbb Rbc Rbdc

Rca Rcb Rcc Rcdc

Rdca Rdcb Rdcc Rdcdc

⎤
⎥⎥⎦

=
⎡
⎣[K(θs)]−1

[
Rqq

Rdq

Rqd

Rdd

]
[K(θs)] [K(θs)]−1

[
Rqdc

Rddc

]
− ([Rdcq Rdcd

]
[K(θs)]

)
Rdcdc

⎤
⎦ .

(26)

Here, the positive dc current is considered outward of the
converter. Therefore, a negative sign is used with the dc-abc
equivalent resistances to account for this convention.

Also, the vector of voltage history terms ehCON in abc
coordinates is obtained as

ehCON =

⎡
⎢⎢⎣

eha(t )
ehb(t )
ehc(t )
ehdc(t )

⎤
⎥⎥⎦ =

⎡
⎣[K(θs)]−1

[
ehq(t )
ehd (t )

]
ehdc(t )

⎤
⎦ . (27)

To organize the equations in the form of (17), the converter
conductance matrix GCON and history currents IhCON are cal-
culated as [41]

GCON = [RCON]−1, (28)

and

IhCON = −[RCON]−1ehCON. (29)

The equivalent conductance matrix GCON calculated using
(22)(23), (24), (26), (28) and vector of current history terms
IhCON calculated using (21)–(27), (29) are then directly incor-
porated into the overall network nodal equations (17) when
the EMT program permits. Alternatively, the proposed DI-
DNSM can be interfaced using circuit components according
to Fig. 8 based on its Norton equivalent circuit.

As demonstrated in Fig. 8, in contrast to the indirect in-
terfacing method shown in Fig. 7, the external snubber and
compensation current are not required for the DI-DNSM
as the model is already integrated into the nodal formula-
tion. Furthermore, no input variables from the previous time
step are required, and the simultaneous solution of the con-
verter’s nodal equations with the overall network variables is
achieved.

The flowchart in Fig. 9 summarizes the procedure for
implementing the proposed DI-DNSM in an EMTP-type so-
lution. As depicted in Fig. 9, the nodal equations of the
overall network are solved to determine the node voltages.
Subsequently, the converter currents are calculated based on
the obtained voltages. With the voltages and currents of the
ac and dc subsystems available, the instantaneous dynamic
impedance can be determined at any moment during the
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FIGURE 8. Direct interfacing of the proposed DNSM with the external
network using Norton equivalent circuit.

FIGURE 9. Flowchart of procedure for implementing the proposed
DI-DNSM in EMTP-type solution.

simulation. Using this impedance, in conjunction with other
parameters (such as the firing angle of thyristor-based con-
verters), values of parametric functions are computed from
lookup tables at each simulation time step. The converter
resistance matrix and voltage history terms are computed as
the Thevenin equivalent of the converter equations. Then,
the Norton equivalent of the model is calculated to obtain
the conductance matrix and current histories/injections, which
are then incorporated into the overall nodal equations. This
procedure is repeated at every simulation time step.

IV. COMPUTER STUDIES
To investigate the performance of the proposed modeling ap-
proach against the conventional detailed switching models of
LCRs and VSCs, the ac–dc system in Fig. 1 is considered with

diode- and thyristor-based LCRs, as well as VSC. The system
parameters are summarized in the Appendix.

The systems with the conventional DSM of the convert-
ers have been implemented in PSCAD (offline) and RSCAD
(real-time) using their standard library components. Also, the
proposed DNSM is implemented in PSCAD with the indi-
rect and direct interfacing methods, denoted as IDI-DNSM
and DI-DNSM, respectively. The IDI-DNSM of the LCRs
and VSCs presented in Section III-A is also implemented
using basic library components of PSCAD based on Figs. 6
and 7. The DI-DNSM presented in Section III-B is im-
plemented as a PSCAD user-defined block by defining a
conductance G matrix and a vector of history currents based
on (26)–(29) and Fig. 8.

All the simulations with LCRs in PSCAD are run with
disabled interpolation for the switching events for consistency
with real-time simulations in RSCAD. Also, to enhance the
numerical stability of the DSM in simulations without switch-
ing interpolations, artificial snubber circuits are used for the
switches in the DSM for fair comparisons [47].

A. STUDIES WITH DIODE- LCR
Here, it is assumed that the LCR in Fig. 1 consists of six
diodes. The system is initially in steady-state with the LCR
operating in CCM-1 mode supplying a load with Rl = 5 


and Ll = 2 mH. At t = 2 s, the load is stepped down to Rl =
0.5 
, which changes the operating mode of the LCR to CCM-
2. The transient response of the ac and dc variables obtained
by the four subject models (i.e., DSM in PSCAD, DSM in
RSCAD, and the proposed IDI- and DI-DSM in PSCAD) are
shown in Fig. 10.

The results in Fig. 10 are obtained when the DSM in
PSCAD and RSCAD are both run with a time-step of
�t = 10 μs, which was the maximum possible time-step to
achieve accurate results without interpolations. The two pro-
posed IDI-DNSM and DI-DNSM are able to use much larger
time steps and are run with �t = 70 μs and �t = 200 μs,
respectively.

As can be observed in Fig. 10, the simulation results with
the DSM run in offline mode (using PSCAD) and in real-time
mode (using RSCAD) match almost precisely. It is also ver-
ified that the proposed IDI-DNSM and DI-DNSM are able
to provide an accurate reconstruction of the entire ac and
dc waveforms, consistent with the switching models, both in
steady-state and in transients using much larger time steps
(i.e., 70 μs and 200 μs, respectively).

Fig. 11 depicts the waveforms of the diode LCR obtained
by the conventional DSM and the proposed IDI-DNSM while
both simulations are conducted in real-time using RSCAD
with 70 μs time-step. As can be observed, the conventional
DSM cannot accurately reproduce the ac and dc waveforms at
such large time steps due to the errors in handling switching
events; however, the proposed DNSM still achieves accurate
results, similar to the waveforms in Fig. 10.
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FIGURE 10. Transient response of diode LCR variables as obtained by the
subject models for: (a) phase a voltage va, (b) phase a current ia, (c) dc
voltage vdc , and (d) dc current idc . The DSMs in PSCAD and RSCAD are run
with �t = 10 μs, IDI-DNSM with �t = 70 μs, and DI-DNSM with
�t = 200 μs.

FIGURE 11. Steady-state waveforms of ac- and dc-side variables of diode
LCR in CCM-1 condition as obtained by the conventional DSM and
proposed IDI-DNSM run on RSCAD with �t = 70 μs: (a) phase a voltage va,
(b) phase a current ia, (c) dc voltage vdc , and (d) dc current idc .

B. STUDIES WITH THYRISTOR-LCR
Here, it is assumed that the LCR in the system of Fig. 1 is
composed of controlled thyristor switches. Initially, the sys-
tem is in steady-state with the LCR operating in CCM-1 mode
where the firing angle of thyristors is set to α = 35◦, and the

FIGURE 12. Transient response of thyristor LCR variables as obtained by
the subject models for: (a) phase a voltage va, (b) phase a current ia, (c) dc
voltage vdc , and (d) dc current idc . The DSMs in PSCAD and RSCAD are run
with �t = 10 μs, IDI-DNSM with �t = 50 μs, and DI-DNSM with
�t = 150 μs.

LCR feeds a series RL load with Rl = 3.5 
 and Ll = 10 mH.
Then, at t = 2 s, the dc load resistance is stepped to Rl = 1 


and the firing angle steps to α = 15◦.
The transient response is shown in Fig. 12 as obtained by

the DSM in RSCAD and PSCAD (with �t = 10 μs), the
proposed IDI-DNSM (with �t = 50 μs), and the proposed
DI-DNSM (with �t = 150 μs).

In line with the observations in Fig. 10 for the diode-LCR,
it is observed in Fig. 12 that the results with the DSM run
in offline mode (using PSCAD) and in real-time mode (using
RSCAD) are consistent. It is also seen that the proposed IDI-
DNSM and DI-DNSM are able to capture the entire ac and dc
waveforms (including their ripples, harmonics, sharp edges,
etc.) consistently with the switching models, both in steady-
state and in transients. It is emphasized that the IDI-DNSM
and DI-DNSM achieve this with such large time-step sizes
(i.e., 50 μs and 150 μs, respectively), which is a significant
numerical advantage over the DSM, which can run only with
small time-steps (10 μs).

C. STUDIES WITH VSC
Here, the VSC in the system of Fig. 1 is considered to have
a conventional two-level topology. The switching frequency
fc is assumed to be 900 Hz using the sinusoidal pulse-width
modulation (SPWM). The simulation starts from zero initial
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FIGURE 13. Transient response of VSC variables as obtained by the subject
models for: (a) dc subsystem voltage source Edc , (b) phase a voltage va,
(c) phase a current ia, (d) dc voltage vdc , and (e) dc current idc . The DSMs in
PSCAD and RSCAD are run with �t = 10 μs, IDI-DNSM with �t = 25 μs, and
DI-DNSM with �t = 50 μs.

condition while the modulation index and angle are set to
M = 0.6 and δ = −15◦, transferring 80 MW in steady-state
from the ac subsystem to the dc subsystem. Without loss of
generality, the dc subsystem here is composed of a series
RL branch with Rl = 5.99 
 and Ll = 84 mH, and dc voltage
source Edc = 150 kV, representing the inverter side of an
HVDC system. Then, at t = 1 s, the modulation index and
angle are stepped to M = 0.8 and δ = −10◦, decreasing the
transferred power to 70MW. Then, at t = 2 s, the dc subsys-
tem voltage source Edc starts to fluctuate based on the profile
in Fig. 13(a). The transient response of the system variables
is depicted in Fig. 13(b)–(e), where the results of the DSM
in RSCAD and PSCAD are obtained with �t = 10 μs, and
proposed IDI-DNSM and DI-DNSM with �t = 25μs and
�t = 50 μs, respectively.

It can be observed in Fig. 13 that the proposed IDI-DNSM
and DI-DNSM accurately replicate the entire ac and dc wave-
forms, aligning with the DSMs. This accuracy is maintained
in steady-state and transients, with larger time-step sizes of
25 μs and 50 μs for IDI-DNSM and DI-DNSM, respectively,
achieving numerical advantages.

For the DSM of the VSC system in this paper, an accurate
solution cannot be obtained without interpolation, even at very

TABLE 1. Maximum Possible Simulation Time-Step With the Subject
Models of LCR and VSC Systems

TABLE 2. Computational Performance of Conventional Switching and
Proposed Non-Switching Detailed Models of Diode and Thyristor LCRs and
VSC Systems for the 30-Second Transient Study in PSCAD

small time steps �t < 0.01 μs, due to high-frequency switch-
ing. Therefore, the DSM of VSC in PSCAD is presented here
with interpolation enabled to verify the solution provided by
the proposed models. Also, the RSCAD DSM is implemented
using their substep 2-level VSC [48].

The maximum possible time-step sizes to obtain numeri-
cally valid results with the subject models are summarized
in Table 1. As seen, the conventional DSM, IDI-DNSM, and
DI-DNSM are valid up to 10 μs, 70 μs, and 200 μs for the
diode-based LCR system, respectively; 10 μs, 50 μs, and
150 μs for the thyristor-based LCR system, respectively; and
10 μs, 25 μs, and 50 μs for the VSC system, respectively.

D. COMPUTATIONAL PERFORMANCE COMPARISON
Here, the computational performance of the IDI-DNSM and
DI-DNSM is benchmarked against the conventional DSM of
LCR and VSC systems. The offline CPU times taken with the
three subject models to run identical 30-second transient stud-
ies discussed in Sections IV-A, IV-B, and IV-C with different
time-step sizes are summarized in Table 2 for the diode LCR,
thyristor LCR, and VSC systems, respectively. These CPU
times are available in the PSCAD build message pane after
each simulation.

As observed in Table 2, with �t = 10 μs, the proposed
IDI-DNSM of diode and thyristor LCRs is computationally
as expensive as the conventional DSM (taken 20.7s and 16.4s
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CPU time for diode LCR and 20.7s and 19.6s for thyristor
LCR, respectively). In contrast, the proposed DI-DNSM re-
quires slightly more computations (i.e., 28.6s CPU time for
diode LCR and 28.6s for thyristor LCR). However, the pro-
posed IDI-DNSM and DI-DNSM can run with larger time
steps. For the diode LCR system with �t = 70 μs, they can
run in 3.02s and 4.2s, respectively. Also, for the thyristor-
based system at �t = 50 μs, 4.2s and 5.8s CPU times are
required for IDI-DNSM and DI-DNSM, respectively. The DI-
DNSM can be simulated with even larger time-steps of up to
�t = 200 μs for diode LCR and �t = 150 μs for thyristor
LCR for which only 1.9s and 2.1s is taken by the CPU,
respectively.

For the VSC system, it is seen in Table 2 that the conven-
tional DSM requires 43.1s CPU time with �t = 10 μs. It is
noted that this time step was possible only by enabling the
switching interpolation, without which the time step would
have been limited to less than 0.01 μs. The proposed IDI-
DNSM and DI-DNSM also have comparable performance
and required 37.2s and 42.3s, respectively. The IDI-DNSM
and DI-DNSM can also run faster (i.e., 15.9s and 18.6s) by
increasing the time-step to �t = 25μs. The proposed DI-
DNSM is even able to run with �t = 50 μs in only 10.1s.

V. DISCUSSIONS
It is worth mentioning that the methodology presented in this
paper can be applied to other types of converters. For instance,
the parametric functions for the DNSM of line-commutated
inverters or voltage-source inverters with different modulation
strategies can be defined in a similar procedure to that out-
lined in this paper with respect to the instantaneous values of
the converter variables. Once these instantaneous parametric
functions are established for the considered converter, the
DI-DNSM of such converters can also be formulated as in
(28) and (29). This enables their incorporation into the exter-
nal network equations in EMTP-type programs in accordance
with the process outlined in Fig. 9.

It is also worth mentioning that the proposed model can
replicate any feature of detailed switching models if the ref-
erence model used to generate the lookup tables includes
them. This encompasses features like dead bands, transients
occurring within the time range of the switching period, etc.
However, while DNSM excels at predicting the accurate val-
ues of converter variables at any moment in fixed-time step
simulations, the precise moment of switching is unknown to
the model in situations where switching events occur within
a time-step interval. Some predictive algorithms, such as the
improved firing of UCM in RSCAD, have been developed to
accurately predict the switching moment with high precision
[49]. Taking inspiration from the UCM algorithm, a modified
predictive DNSM based on predefined parametric functions
could be developed to enhance the accuracy of the model.

Additionally, the development of an optimal algorithm for
lookup table construction can be an intriguing study aimed
at streamlining the initial stage of the proposed methodology

to avoid any unnecessary primary computation and memory
occupation.

VI. CONCLUSION
This paper has proposed a new technique for modeling ac–
dc switching converters in EMT simulators. The proposed
technique can provide detailed waveforms consistent with
the conventional switching models of converters and be used
in simulations with large time steps. This was achieved by
formulating parametric functions that instantaneously relate
the converter’s ac and dc variables. Two interfacing methods
were presented for the proposed models. With the indirect
interfacing method, the proposed model was able to provide
accurate results with time steps up to ∼70 μs for diode
and thyristor-based LCR systems, and up to ∼30 μs for
VSC-based systems. Meanwhile, the proposed model with
direct interfacing could accurately run with time steps up to
∼200 μs for LCRs, and up to ∼50 μs for VSCs. The proposed
methodology has been demonstrated to surpass conventional
detailed switching models in terms of computational speed
while providing sufficiently accurate solutions. This is es-
pecially valuable in real-time applications where achieving
efficient performance with a non-iterative solution is highly
desirable.

APPENDIX
LCR system parameters:

Erms = 90 V, fe = 50 Hz, rs = 1 
, Ls = 1 mH,

Cf = 500 μF, Rx = 100 
,

Ron_switch = 0.091 
, Von_switch = 0.637 V.

VSC system parameters:

Erms = 70.7 kV, fe = 60 Hz, fc = 900 Hz, rs = 1.5 
,

Ls = 37.14 mH, Cf = 3000 μF, Rx= 150 
 .
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