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Abstract—To accurately capture the dynamics of a large-scale
ac/dc system as a whole and the interactions between its indi-
vidual components, a simulation method with high precision and
efficiency is in great demand. For this purpose, we develop a multi-
domain co-simulation method, in which the target system is par-
titioned into multiple dc and ac subsystems, represented by our
proposed shifted-frequency phasor (SFP) models and the tradi-
tional EMT models, respectively. SFP models can be simulated
with a much larger time step, leading to a significant improve-
ment in simulation efficiency under a given requirement of preci-
sion. Further, a new interface model, namely, hybrid multi-domain
transmission-line model (HMD-TLM), is developed to reflect the
interactions between SFP models and EMT models, with the ad-
ditional benefit of producing instantaneous and phasor waveforms
simultaneously. Thus, the multi-domain co-simulation is imple-
mented based on the efficient SFP models, the HMD-TLM, and a
designed time sequences of simulation. The performance (efficiency
and accuracy) of the proposed method has been validated on the
well-known CIGRE ac/dc system as well as a practical system in-
tegrating large ac grids and modular-multilevel-converter-based
multi-terminal dc grids.

Index Terms—Electromagnetic transients (EMTs), hybrid
multi-domain transmission-line mode (HMD-TLM), multi-domain
co-simulation, multi-terminal dc (MTDC) grid, shifted-frequency
dynamic phasor (SFP) model.
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I. INTRODUCTION

R ECENTLY, the modular multi-level converter (MMC)
has become a dominant topology for high-voltage direct

current (HVdc) applications, such as the INELFE France–Spain
HVdc project [1] and the Nanao MTDC Project in China
[2]. Compared to the conventional two or three-level voltage-
source converter (VSC), an MMC allows higher power-handling
capability with the additional benefits of reduced switching
power losses and low harmonic distortion. As more power
electronic devices, including MMC and the high-frequency-link
(HFL)-based dc solid-state transformer (DCSST), are integrated
into the power networks, system dynamics are re-shaped not
only by the characteristics of the conventional ac components
(e.g., synchronous generators, transformers, and transmission
lines/cables) but also by the nonlinearities and fast-switching
actions of power-electronic-based dc components. As a result,
the frequency band of system dynamics becomes exceedingly
higher and wider than before [3], [4]. To precisely capture the
dynamics of a large-scale ac/dc system as well as the detailed
interactions between its individual components, an accurate and
efficient electromagnetic transient (EMT) simulation method is
highly necessary.

However, traditional EMT programs are usually inefficient
to simulate a large ac/dc system containing MMC-based multi-
terminal dc (MTDC) grids because the computational burden is
dramatically increased due to the following factors:

1) a significant increase in the number of nodes because of
the expanding scale of the system;

2) a much smaller simulation time step (usually 20–50 μs or
even less) to capture the switching actions of numerous
semiconductors;

3) the time-consuming update of the system admittance ma-
trix at each switching occasion;

4) much more additional calculations aroused by nonlinear
components to solve the network equations.

To improve the simulation efficiency from the aspect of MMC
modeling, several accelerated models have been proposed in
the previous work [8]–[11], for instance, the switch-function
model [8], the Thevenin equivalent model [10], and the arm
averaged model derived from state-space representations [11].
However, the previous models have one or more of the following
drawbacks.
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TABLE I
CHARACTERISTICS OF DIFFERENT SIMULATION METHODS

1) They usually adopt a unanimous simulation time step,
which, according to the numerical stability criterion [9], has
to be limited to a very small value, for example, 10 μs or less,
to simulate nonlinear components accurately. As a result, the
advantages of the accelerated model of MMC cannot be fully
utilized.

2) The simulation efficiency could be improved by these ac-
celerated models; however, the accuracy is not always satisfac-
tory, especially when the time step is larger than 20 μs [12].

3) The previous accelerated models mainly focus on the dy-
namics at the system level, failing to give the dynamics at the
sub-module level simultaneously.

Besides, MMC-based MTDC grids generally contain emerg-
ing and sophisticated components, such as the HFL-based DC-
SST. The accuracy and efficiency in modeling the individual
component imposes a direct impact on the overall simulation
accuracy and efficiency. Therefore, developing more efficient
and accurate models for the components of an MTDC grid is
still an open issue. Although the parallel processing technique
based on transmission-line partitioning is applicable for EMT
simulations such as PSCAD/EMTDC, the time-step generally
has to be limited to 10–20 μs due to the existence of MMCs.
Consequently, it is still inefficient to simulate very large-scale
MMC-based ac/dc systems [18]–[20]. Many efforts have also
been made to counteract the skyrocketing scale of ac/dc grids,
for instance, the work listed in Table I. In [13] and [14], a multi-
port Thevenin or Norton equivalent is used to represent the ex-
ternal ac system to improve the simulation efficiency. However,
its drawback is obvious: it can hardly reflect the nonlinear and
frequency-dependent EMTs as well as the interactions between
MMCs and ac grids. The combination of transient stability (TS)
and EMT simulations (so-called TS-EMT co-simulation) is an-
other popular way for simulating large-scale ac/dc systems [15],
[16]. But in this method only low-frequency dynamics of ac
grids can be captured and projected upon the dc subsystems.
The interactions at high frequency cannot be accurately simu-
lated. Multi-rate co-simulation was proposed in [9] and [17] to
improve the accuracy of higher frequency responses. However,
the numerical stability depends heavily on the strategy of net-
work partitioning. Mostly the simulation of MTDC grids has
to be carried out with a very small time step (e.g., 10–50 μs)
to meet the accuracy requirement. As a result, the computa-
tion burden is so heavy that the simulation efficiency remains a
big problem.

To address the aforementioned issues, a multi-domain co-
simulation method is proposed in this paper. The contributions
are threefold.

1) New shifted-frequency phasor (SFP) models based on
nodal analysis and rotational matrix transformation are derived
for typical components in dc grids, including MMC, HFL-based
DCSST and long transmission lines. They use a much larger
time step than the traditional EMT models, and thus, improve
the simulation efficiency dramatically.

2) A new interface model between SFP and EMT sub-
systems, i.e., hybrid multi-domain transmission-line model
(HMD-TLM), is proposed. It produces instantaneous and pha-
sor waveforms simultaneously, and thus, either low-frequency
or high-frequency dynamics or interactions can be captured and
reflected accurately.

3) A new multi-domain co-simulation framework is devel-
oped based on SFP models, HMD-TLM, and a especially de-
signed simulation time sequence. Case studies on a benchmark
model and a practical system have fully demonstrated its capa-
bility of simulating very-large ac/dc grids with high efficiency.

The rest of this paper is organized as follows. Section II
introduces the SFP modeling. Section III elaborates the HMD-
TLM and multi-domain co-simulation. Section IV examines the
performance of the proposed method on the modified CIGRE
ac/dc system model and a practical system integrating ac and
MTDC grids. Brief conclusions are finally drawn in Section V.

II. TRANSFORMATION-BASED SFP MODELING

Several modeling techniques were proposed to capture wide
frequency-band interactions between different components in
large-scale ac/dc grids.

1) State-space-based dynamic phasor (DP) model [21],
which decomposes state variables into harmonics of dif-
ferent frequencies based on state-space equations. How-
ever, state-space-based modeling is usually more time
consuming than the nodal analysis approach because the
model order increases as each DP is included as a state to
the model. Moreover, the system-level equations will be
expanded by k times if the kth DPs are included for the
MMC.

2) Nodal-analysis-based DP model [22], [23], with which
each variable is still represented by the corresponding DP.
As a result, the interfaces between DP and EMT models
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should be carefully designed concerning the conversion
between DP and EMT quantities.

3) Frequency-adaptive model [24], [25], which, as a nodal
analysis approach, is based on the Hilbert transformation.
For instance, the models in [24] and [25] focus on the
frequency-adaptive model of traditional ac components,
however, without giving frequency-adaptive models for dc
components. In order to capture instantaneous values and
wide frequency-band phasors in an accurate and efficient
way, the nodal-analysis-based SFP model with a specific
rotational matrix transformation is proposed and detailed
hereafter.

A. Concept of Transformation-Based SFP Modeling

In a typical power system, the variables usually have bandpass
characteristics with the frequency band centering around the
fundamental frequency ωs , which can be represented by the
SFP-derived phasor form [24], [25], [30]{

S(t) = Ŝ(t)ejωs t

Ŝ(t) = sI (t) + jsQ (t)
(1)

where Ŝ(t) is the complex envelope of the time-domain signal
S(t) and reserves the low-frequency dynamics of S(t); and sI (t)
and sQ (t) are the real and imaginary parts of Ŝ(t), respectively.

Alternatively, the SFP-derived phasor can also be obtained by
the Hilbert transformation, or

S(t) = s(t) + jH [s(t)] (2)

with

H [s(t)] =
1
π

∫ ∞

−∞

s(τ)
t − τ

dτ (3)

denoting the Hilbert transformation.

B. Derivation of SFP Modeling

Suppose the dynamic equation of each component is written
as

du(t)
dt

= F (u, t). (4)

After some manipulations, (4) is converted into its SFP form,
of which the differential equation is given by

dû

dt
= F (û, t) + N û,N = ωs

[
0 −1
1 0

]
(5)

where û = [ûx , ûy ]T , and ûx and ûy are the real and imaginary
parts of û.

With the trapezoidal algorithm, (5) is discretized as

û(t) − û(t − Δt)
Δt

=
F (t) + N û(t) + F (t − Δt) + N û(t − Δt)

2
(6)

where û(t) and F̂ (t) denotes state variables and the differential
term; and Δt is the time step.

Variables of the SFP form in (6) are then transformed back
into their time-domain signals

u(t) = R(Δt)u(t − Δt)

+
Δt

2

(
F (t) + Nu(t)
+R(Δt)F (t−Δt) − NR(Δt)u(t − Δt)

)

(7)

R(t) =

[
cos ωst − sin ωst

sin ωst cos ωst

]
. (8)

And (7) is rewritten in the real and imaginary parts separately
as[

ux(t
uy (t)

]
= R(Δt)

[
ux(t−Δt)
uy (t−Δt)

]

+
Δt

2

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

F (t)+N

[
ux(t)
uy (t)

]
+R(Δt)F (t−Δt)

−NR(Δt)

[
ux(t−Δt)
uy (t−Δt)

]
⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

.

(9)

Theoretically, the nodal-analysis-based SFP model using
the specific rotational matrix transformation has the following
advantages.

1) They can use a much larger time step than the traditional
EMT models so that simulation efficiency will be dramatically
improved without the loss of accuracy.

2) The dynamics at both system level and sub-module level
are preserved.

3) They produce instantaneous and wide frequency-band pha-
sor waveforms simultaneously.

4) The implementation of SFP models is derived directly
according to (9), in which the matrix transformation can be
realized as an independent module. As a result, the coding of
SFP models for practical utilization is very simple and efficient.

Thanks to the aforementioned distinct features, the SFP con-
cept is adopted hereafter to develop the models of different
components.

III. SFP MODELING OF TYPICAL COMPONENTS IN DC GRIDS

A. SFP Models of Single-Phase/Three-Phase Transformers

In developing the SFP model of a single-phase transformer,
the couplings between primary and secondary sides of the trans-
former are represented as a controlled current source and voltage
source [see Fig. 1(c)], respectively [20]. The differential equa-
tions can be expressed in the following shifted phasor form:⎧⎪⎨
⎪⎩

RT îxy
m2 + LT

d

dt
îxy
m2 + jωLT îxy

m2 = ûxy
m2 − kûxy

m1

îxy
m1 = −kîxy

m2

(10)

where ûxy
m1 and ûxy

m2 denote shifted phasors of primary and sec-
ondary voltages; and îxy

m1 and îxy
m2denote shifted phasors of pri-

mary and secondary currents.
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Fig. 1. SFP models of a single-phase transformer.

According to the derivations of (4)–(9), (10) is discretized by
the Trapezoidal algorithm{

ixy
m2(t) = GT [uxy

m2(t) − kuxy
m1(t)] + JT (t − Δt)

ixy
m1(t) = −kixy

m2(t)
(11)

with⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

GT =

⎡
⎢⎢⎣

1 +
ΔtRT

2LT
−ωΔt

2

ωΔt

2
1 +

ΔtRT

2LT

⎤
⎥⎥⎦
−1

Δt
2LT

I2×2

JT (t − Δt) = Ku

[
ux(t − Δt)
uy (t − Δt)

]

+Ki

[
ix(t − Δt)
iy (t − Δt)

]
(12)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ku =

⎡
⎢⎢⎣

1 +
ΔtRT

2LT
−ωΔt

2

ωΔt

2
1 +

ΔtRT

2LT

⎤
⎥⎥⎦
−1

Δt

2LT
I2×2×R(Δt)

Ki =

⎡
⎢⎢⎣

1 +
ΔtRT

2LT
−ωΔt

2

ωΔt

2
1 +

ΔtRT

2LT

⎤
⎥⎥⎦
−1

×

⎡
⎢⎢⎣

1 − ΔtRT

2LT

ωΔt

2

−ωΔt

2
1 − ΔtRT

2LT

⎤
⎥⎥⎦R(Δt)

(13)

where GT is the conductance matrix; JT (t − Δt) is the equiv-
alent current; Ku and Ki are parameters for JT (t − Δt); and
R(t) is the rotational matrix.

As shown in Fig. 2, the SFP model of a three-phase trans-
former can be easily developed by combining the Norton equiv-
alents of all phase windings. Taking phase A as an example, the
primary and secondary currents have the following relation:

ixy
5 (t) = −kixy

2 (t)

= k2GT uxy
5 (t)

− k[GT (uxy
2 (t) − uxy

1 (t)) + JT a(t − Δt)]. (14)

Since no external current is injected into node 5 or ixy
5 (t) = 0,

there is

k2GT uxy
5 (t) = kGT [uxy

2 (t) − uxy
1 (t)] + kJT a(t − Δt).

(15)
Similarly

k2GT uxy
6 (t) = kGT [uxy

3 (t) − uxy
1 (t)] + kJT b(t − Δt)

(16)

k2GT uxy
7 (t) = kGT [uxy

4 (t) − uxy
1 (t)] + kJT c(t − Δt).

(17)

Considering that ixy
2 (t) + ixy

3 (t) + ixy
4 (t) = 0, it yields

3GT uxy
1 (t) − GT [uxy

2 (t) + uxy
3 (t) + uxy

4 (t)]

= −kGT [uxy
5 (t) + uxy

6 (t) + uxy
7 (t)]

+ [JT a(t − Δt) + JT b(t − Δt) + JT c(t − Δt)]. (18)

With all the equations of primary and secondary windings
combined, the SFP model of the three-phase transformer is fi-
nally obtained as⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

3GT −GT −GT −GT kGT kGT kGT

−GT GT −kGT

−GT GT −kGT

−GT GT −kGT

−kGT kGT −k2GT

−kGT kGT −k2GT

−kGT kGT −k2GT

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

uxy
1 (t)

uxy
2 (t)

uxy
3 (t)

uxy
4 (t)

uxy
5 (t)

uxy
6 (t)

uxy
7 (t)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

JT a(t − Δt) + JT b(t − Δt) + JT c(t − Δt)
−JT a(t − Δt)
−JT b(t − Δt)
−JT c(t − Δt)
−kJT a(t − Δt)
−kJT b(t − Δt)
−kJT c(t − Δt)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (19)

The saturation of the transformer is represented by additional
nonlinear compensation current [26]. Moreover, if there is ex-
ternal current, the equivalent current term can be added on the
right side of (19).
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Fig. 2. SFP model of a three-phase transformer.

Fig. 3. SFP model of a transmission line.

B. SFP Model of Bergeron-Type Transmission Line

The Bergeron-type transmission line is adopted to reflect the
effect of distributed parameters [27], [28]. Here, the single-
phase and three-phase transmission lines are adopted for dc and
ac grids, respectively (see Fig. 3). Their SFP models will be
derived as follows.

1) SFP Model of Single-Phase Transmission Line: The
equations of a single-phase transmission line, represented in
the form of shifted phasors, are given by⎧⎪⎪⎪⎨

⎪⎪⎪⎩
∂û(x, t)

∂x
+ L

∂î(x, t)
∂t

+ jωLî(x, t) = 0

∂î(x, t)
∂x

+ C
∂û(x, t)

∂t
+ jωCû(x, t) = 0

(20)

where û(x, t) and î(x, t) are shifted phasors of voltages and
currents, respectively.

Given the initial conditions of û(x, t), î(x, t), or û(x, 0) =
0, î(x, 0) = 0, the Laplace transformation of (20) is⎧⎪⎪⎨

⎪⎪⎩
∂û(x, s)

∂x
+ sLî(x, s) + jωLî(x, s) = 0

∂î(x, s)
∂x

+ sCû(x, s) + jωCû(x, s) = 0.

(21)

Applying the partial derivative for x on both sides of (21),
there is ⎧⎪⎪⎪⎨

⎪⎪⎪⎩
∂2 û(x, s)

∂x2 + LC(s + jω)2 û(x, s) = 0

∂2 î(x, s)
∂x2 + LC(s + jω)2 î(x, s) = 0.

(22)

Performing inverse Laplace transformation to (22) yields⎧⎪⎨
⎪⎩

û(x, t) = û
(
t − x

v

)
e−j ω

v x + û
(
t +

x

v

)
ej ω

v x

î(x, t) = î
(
t − x

v

)
e−j ω

v x + î
(
t +

x

v

)
ej ω

v x

(23)

where the speed of wave is v = 1/
√

LC .
By converting shifted phasors into their time-domain forms,

the SFP model of a single-phase transmission line is obtained
as {

ik (t) = uk (t)/Z + Ik (t − τ)
in (t) = un (t)/Z + In (t − τ)

(24)

with{
Ik (t − τ) = −Z−1 [un (t − τ)e−jθ ] − in (t − τ)e−jθ

In (t − τ) = −Z−1 [uk (t − τ)e−jθ ] − ik (t − τ)e−jθ
(25)

where τ = l/v, θ = ωl/v, and Z =
√

L/C.
The SFP model given in (24) can be further separated into

their real and imaginary parts as follows:{
ixy
k (t) = uxy

k (t)/[Z ⊗ I2×2 ] + Ixy
k (t − τ)

ixy
n (t) = uxy

n (t)/[Z ⊗ I2×2 ] + Ixy
n (t − τ)

(26)

where “⊗” denotes the Kronecker product, or the element-by-
element multiplication.

Finally, the equivalent current vectors are calculated as⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Ixy
k (t − τ) = −[uxy

n (t − τ)R(−θ)]/[Z ⊗ I2×2 ]

− ixy
n (t − τ)R(−θ)

Ixy
n (t − τ) = −[uxy

k (t − τ)R(−θ)]/[Z ⊗ I2×2 ]
− ixy

k (t − τ)R(−θ).

(27)

2) SFP Model of Three-Phase Transmission Line: For the
SFP model of three-phase transmission line, (20) is reformulated
as ⎧⎪⎪⎪⎨

⎪⎪⎪⎩
∂Û(x, t)

∂x
+ L

∂Î(x, t)
∂t

+ jωLÎ(x, t) = 0

∂Î(x, t)
∂x

+ C
∂Û(x, t)

∂t
+ jωCÛ(x, t) = 0

(28)
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Fig. 4. SFP model of the HFL DCSST.

where Û(x, t) and Î(x, t)are shifted phasors of three-phase
voltages and currents; and L,C are three-phase inductance and
capacitance matrix per length.

Eigenvalue analysis is applied to produce diagonal matri-
ces. Thereby, coupled equations in the phase domain can be
transformed to decoupled equations in the modal domain. Each
equation in the modal domain is solved independently by using
modal travelling time τ and modal surge impedance Z.

The transformation matrices between phase and modal quan-
tities are different for voltage and current, i.e.,

{
Û = TuÛm

Î = TiÎm (29)

where Tu and Ti are the modal-phase transformation matri-
ces for three-phase voltages and currents; and Ûm and Îm are
shifted phasors of voltages and currents in the modal domain.

Substituting (29) into (28) gives

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
−∂Ûm (x, t)

∂x
= T−1

u LTi
∂Îm (x, t)

∂t
+ jωT−1

u LTiÎm (x, t)

∂Îm (x, t)
∂x

= T−1
i CTu

∂Ûm (x, t)
∂t

+jωT−1
i CTuÛm (x, t).

(30)
As LC = CL, L,C ∈ M3 (M3 denotes the matrix of the

dimension 3), L and C can be simultaneously diagonalized. In
other words, there exists a matrix T satisfying T = Tu = Ti so
that T−1

u LCTi and T−1
i CLTu are both diagonalizable. Con-

sequently, the SFP model of the three-phase transmission line
in the modal domain is formulated into

{
imk (t) = Z−1

m um
k (t) + Im

k (t − τ)

imn (t) = Z−1
m um

n (t) + Im
n (t − τ)

, m = 1, 2, 3 (31)

with⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Im
k (t − τ) = −Z−1

m [um
n (t − τ)e−jθm ]

− imn (t − τ)e−jθm

Im
n (t − τ) = −Z−1

m [um
k (t − τ)e−jθm ]

− imk (t − τ)e−jθm

, m = 1, 2, 3

(32)
where Zm = diag{Zm1 ,Zm2 ,Zm3}; vm1 = 1/

√
L0C0 ,

vm2 = vm3 = 1/
√

L1C1 ; θm1 = ωl/vm1 , θm2 = θm3 =
ωl/vm2 ; L0 and L1 are the three-phase inductance of zero
and positive sequences, respectively; and C0 and C1 are
the three-phase capacitance of zero and positive sequences,
respectively. The SFP model of the frequency-dependent
transmission line can be applied according to [28].

C. SFP Model of HFL DCSST

To promote the efficient utilization of renewable energy, HFL-
based DCSSTs are used to achieve voltage conversion and power
transfer between HVdc and medium-voltage dc (MVdc) buses
[29]. As shown in Fig. 4, an HFL-based DCSST is composed
of multiple identical dual-active-bridges (DABs) connected in
parallel at the MVdc bus and in series at the HVdc bus. In a
single DAB module, there are two full-bridge sub-modules on
the high-frequency transformer.

To enable the flexible operations in the MVdc system, three
control modes are used, namely, HVdc control mode, MVdc
control mode, and power control mode [29]. In the HVdc con-
trol mode, the voltage of the MVdc bus is fixed, and the voltage
of the HVdc bus is controlled by the HFL-based DCSST. The
amplitude and direction of the DCSST current is passively de-
termined by the loads at the MVdc bus. In the MVdc control
mode, the voltage of the HVdc bus is fixed, while the voltage
of the MVdc bus is controlled by the DCSST. In the power

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on April 18,2022 at 18:54:22 UTC from IEEE Xplore.  Restrictions apply. 

READ O
NLY



SHU et al.: MULTI-DOMAIN CO-SIMULATION METHOD FOR COMPREHENSIVE SFP DC-GRID MODELS AND EMT AC-GRID MODELS 10563

control mode, voltages of both the MVdc bus and the HVdc
bus are fixed, where the amplitude and direction of the whole
power of the DCSST are passively determined by the load at the
MVdc bus.

The SFP model of an HFL-based DCSST is composed of
SFP models of the DABs. Each DAB module contains a high-
frequency transformer and two full-bridge sub-modules. The
SFP model of the high-frequency transformer can be referred
to as Part A. The SFP model of the full-bridge sub-module
is modeled as a switch-dependent Thevenin equivalent cir-
cuit, comprising SFP models of capacitors and switches [30].
For each full-bridge sub-module, it has two states in the nor-
mal condition, i.e., positive inserted and negative inserted [see
Fig. 4(b)]. Thus, the output voltage is the capacitor voltage or the
opposite.

According to Eqs. (4)–(9) [30], the SFP model of the capaci-
tor, denoted as its Thevenin equivalents, is given by⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Rceq = [Gcxy ]−1[
vx

ceq (t − Δt)
vy

ceq (t − Δt)

]
= −[Gcxy ]−1Kv

[
vx

c (t − Δt)
vy

c (t − Δt)

]

−[Gcxy ]−1Ki

[
ixc (t − Δt)
iyc (t − Δt)

] (33)

where Rceq is the Thevenin equivalent impedance, and vxy
ceq(t −

Δt) is the Thevenin equivalent voltage.
Parameters in (33) are calculated as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Gcxy =
2C

Δt
I2×2 − R

(
− π

2ωs

)
ωsC

Kv = −2C

Δt
I2×2 − R

(
− π

2ωs

)
ωsC

Ki = −R
(
− π

2ωs

)
.

(34)

If researchers would like to add frequency-dependent dynam-
ics of high-frequency transformers, the SFP model of frequency-
dependent high-frequency transformers can be applied
according to [24] and [28].

D. SFP Model of the MMC

The configuration of an MMC, which is composed of series-
connected half-bridge sub-modules, is shown in Fig. 5. For each
sub-module, the SFP model is the combination of the SFP model
of its capacitor and of the switches. Represented in the Thevenin
equivalent form, the SFP model of each sub-module is expressed
as [

vx
sm(t)

vy
sm(t)

]
=

[
Rsm

Rsm

][
ixarm(t)
iyarm(t)

]
+

[
vx

T h(t − Δt)
vy

T h(t − Δt)

]

(35)
where ixarm(t) and iyarm(t) are the arm current in the xy coordi-

nates;
[
vx

sm(t) vy
sm(t)

]T
is the output voltage in the xy coor-

dinates; Rsm is the equivalent resistance of the sub-module;[
vx

T h(t − Δt) vy
T h(t − Δt)

]T
corresponds to the equivalent

voltage of the sub-module; and “h” stands for historic values.

Fig. 5. SFP model of the MMC.

The equivalent resistance and voltage of the sub-module in
(35) are calculated by

Rsm =
R2(R1 + Rceq)
R1 + R2 + Rceq

(36)

[
vx

sm,h(t − Δt)
vy

sm,h(t − Δt)

]
=

[
vx

2

vy
2

]
+

R2

R1 + R2 + Rceq

×
[

vx
1 + vx

2 − vx
ceq(t − Δt)

vy
1 + vy

2 − vy
ceq(t − Δt)

]
(37)

where R1 and R2 are the Ron/Roff resistance of the switches
S1 and S2 ; vx

i , vy
i , i = 1, 2 are the corresponding ON/OFF-state

threshold voltages in the xy coordinate; and Rceq and vxy
ceq(t −

Δt) are the equivalent resistance and voltage of the capacitor.
For each sub-module, the capacitor voltage is updated only

when the sub-module is inserted. Specifically, the capacitor cur-
rent for each sub-module is calculated by

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ixc (t) =
R2i

x
arm(t) + vx

1 + vx
2 − vx

sm,h(t − Δt)
R1 + R2 + Rceq

iyc (t) =
R2i

y
arm(t) + vy

1 + vy
2 − vy

sm,h(t − Δt)
R1 + R2 + Rceq

.

(38)

By connecting the Thevenin equivalents of upper and lower
sub-modules in series, the overall switch-dependent Thevenin
equivalent model of the arm, which are determined by the switch
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Fig. 6. Framework of multi-domain co-simulations.

function Sk , k = 1, 2 . . . n, is given by[
vx

H sm(t)

v
y (t)
H sm

]
= R

∑
H eq

[
i
x(t)
arm

iarm
y (t)

]
+ v

∑
,xy

H eq (t − Δt)

=
n∑

k=1

Sk

{[
Rsm,k

Rsm,k

][
ixarm(t)
iyarm(t)

]

+

[
vx

T h,k (t − Δt)
vy

T h,k (t − Δt)

]}
. (39)

where “H” stands for the half-bridge topology.
In Fig. 5, both the normal state [see Fig. 5(a)] and the blocking

state [see Fig. 5(b)] are illustrated. Specifically, when the sub-
module is in its normal state, the capacitor voltage of each sub-
module can be charged or dis-charged according to the direction
of the arm current. However, when the sub-module is blocked,
the capacitor of each sub-module is only allowed to be charged
due to the clamping diode.

IV. SYSTEM-LEVEL FORMULATION BASED ON SFP MODELS

With all the network components represented by SFP-derived
Norton equivalents, the whole system is then formulated into
nodal voltage equations, the solution to which prompts the ef-
ficient simulation of MTDC grids [27], [28]. The system-level
equation is written as[

Re(G) −Im(G)
Im(G) Re(G)

] [
vx(t)
vy(t)

]
=
[

ix(t)
iy(t)

]
+
[

Jx(t − Δt)
Jy(t − Δt)

]
(40)

where G is the complex-value-based conductance ma-
trix; [vx(t),vy(t)]T is the vector of nodal voltages;
[ix(t), iy(t)]T is the vector of external current sources; and
[Jx(t − Δt),Jy(t − Δt)]T is the equivalent current vector.

V. MULTI-DOMAIN CO-SIMULATION OF AC/DC GRIDS

The SFP models derived in the previous section can adopt
much larger time step than traditional EMT models without
compromising the computation accuracy, and thus, improve the

simulation efficiency dramatically. To take full advantages of
SFP models in accelerating the efficiency of simulating large
ac/dc systems, the concept of multi-domain co-simulation is
proposed. The basic idea is that: the target system is partitioned
into dc and ac subsystems, represented by our developed phasor-
domain SFP models and traditional time-domain EMT models,
respectively. A novel interface model, namely HMD-TLM, is
designed to exchange the boundary information between SFP
and EMT subsystems, so as to fulfill the simulation of the whole
system in a simultaneous and interactive way.

A. Framework of Multi-Domain Co-Simulation

As shown in Fig. 6, the target system is composed of the
traditional generator-based ac grids, power electronic converter-
based dc grids and transmission lines. The interactions among
them are in different time scales. In the framework of multi-
domain co-simulation, the system is organized into SFP and
EMT subsystems, with HMD-TLMs as the interface models
among them. The MTDC grids are usually implemented into
one or more SFP subsystems so as to accelerate the simula-
tion. However, the ac grids have to been placed in the EMT
subsystem, due to the difficulties in developing SFP models for
the traditional generators and transmission lines that can rep-
resent their nonlinear and frequency-dependent characteristics.
As the interface models, HMD-TLMs can reflect the couplings,
especially those of high frequency, among EMT and SFP sub-
systems so that the interactions among different components, for
instance, generators, converters, and networks [25]–[27], can be
captured precisely.

B. Network Partitioning Based on HMD-TLM

There are two widely used network-partitioning methods,
namely the transmission-line-based partitioning method [9] and
the latency insertion-based partitioning method [34]. The for-
mer is generally adopted for the partitioning of ac grids; while
the latter is used in electronic circuits. However, both methods
require that the subsystems to be partitioned should be mod-
eled in the same way. Thus, neither of them is feasible for the
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Fig. 7. Hybrid multi-domain transmission line model (HMD-TLM).

multi-domain co-simulation, where SFP and EMT models are
adopted. To address this problem, the HMD-TLM is proposed
here to bridge the subsystems with different types of models.

As shown in Fig. 7, the HMD-TLM is a dual-port model, with
each port represented by a Norton equivalent. The ports in EMT
and SFP subsystem are of time-domain and phasor-domain rep-
resentations, respectively. There is no direct connection between
the terminals of the two ports (node k and node n). The influence
from one subsystem on the other is reflected by a Norton equiva-
lent that is composed of a paralleled impedance and a controlled
current source with a time delay (traveling time) τ . Since the
time delay is usually not an integer multiple of the time step,
historical data of current sources on either side are extracted
and interpolated to get the correct travelling time. Moreover, to
utilize HMD-TLM for co-simulations, all its equivalent param-
eters and variables should be accurately and timely updated to
reflect the interactions between EMT and SFP subsystems.

1) Update of HMD-TLM in the EMT Subsystem: The HMD-
TLM in the EMT subsystem is updated through the iterative
calculation of the equivalent current source Ik (t − τ) using the
following formula

Ik (t − τ) = −Z−1un (t − τ) − in (t − τ) (41)

where un (t − τ), in (t − τ) are instantaneous interface voltages
and currents of node n in EMT subsystems with the time delay
τ , which are converted from the shifted phasors of interface
voltages and currents in SFP subsystems.

For interface voltages, the conversion is fulfilled by

un (t − τ) = ux
n (t − τ) cos ωt − uy

n (t − τ) sin ωt (42)

where uxy
n (t − τ) = [ux

n (t − τ), uy
n (t − τ)]T are the interface

voltages in the SFP subsystem, which are calculated using in-
terpolations in phasor domain[

ux
n (t − τ)

uy
n (t − τ)

]

=
kΔt − τ

Δt

[
ux

n [t − (k − 1)Δt]
uy

n [t − (k − 1)Δt]

]
R[τ − (k − 1)Δt]

+
τ − (k − 1)Δt

Δt

[
ux

n [t − kΔt]
uy

n [t − kΔt]

]

× R[τ − kΔt] [(k − 1) Δt, kΔt] (43)

where the time delay τ is supposed to be within the interval
[(k − 1) Δt, kΔt], and k = [τ/Δt] + 1 with [.] indicating the
integer function.

For interface currents, the same conversion is used, or

in (t − τ) = ixn (t − τ) cos ωt − iyn (t − τ) sin ωt (44)

with

[
ixn (t − τ)
iyn (t − τ)

]

=
kΔt − τ

Δt

[
ixn [t − (k − 1)Δt]
iyn [t − (k − 1)Δt]

]
R[τ − (k − 1)Δt]

+
τ − (k − 1)Δt

Δt

[
ixn [t − kΔt]
iyn [t − kΔt]

]
R[τ − kΔt] (45)

2) Update of HMD-TLM in the SFP Subsystem: The update
of HMD-TLM in the SFP subsystem is fulfilled in a similar way:
first, the paralleled impedance matrix Zxy in the phasor domain
is calculated by Zxy = Z ⊗ I2×2 . Then, the equivalent current
vector Ixy

n (t − τ) in the SFP subsystem with the time delay of
τ is calculated by

Ixy
n (t − τ) = −[uxy

k (t − τ)R(−θ)]/[Z ⊗ I2×2 ]

− ixy
k (t − τ)R(−θ) (46)

where τ = l/v, θ = ωl/v, and Z =
√

L/C.
In (46), the phasor-domain interface voltage in the SFP sub-

system, uxy
k (t − τ), is obtained by applying Hilbert transform

on the time-domain interface voltages of the EMT subsystem,
uk (t − τ), i.e.

uxy
k (t − τ) =

[
ux

k (t − τ)
uy

k (t − τ)

]
= R(t)

[
uk (t − τ)

H[uk (t − τ)]

]
(47)

where R(t) is the rotational matrix; and H [.] is the Hilbert
transformation.

Specifically, when the given signal is an sinusoidal one, the
Hilbert transformation can be simply obtained by adding a de-
lay of π/2 to the signal [30]. uk (t − τ) is obtained by linear
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interpolation in time domain

uk (t − τ) =
kΔt − τ

Δt
uk [t − (k − 1)Δt]

+
τ − (k − 1)Δt

Δt
uk [t − kΔt],

τ ∈ [(k − 1) Δt, kΔt] , k = [τ/Δt] + 1. (48)

Similarly, the interface currents are calculated as

ixy
k (t − τ) =

[
ixk (t − τ)
iyk (t − τ)

]
= R(t)

[
ik (t − τ)

H[ik (t − τ)]

]
(49)

with

ik (t − τ) =
kΔt − τ

Δt
ik [t − (k − 1)Δt]

+
τ − (k − 1)Δt

Δt
ik [t − kΔt]

τ ∈ [(k − 1) Δt, kΔt] , k = [τ/Δt] + 1. (50)

Note that the HMD-TLM imposes no limits on the position of
network partitioning and waveform distortion of interface vari-
ables. Moreover, its impedance parameters are calculated much
more easily than the frequency-dependent network equivalent
(FDNE) [35] does. Thus, HMD-TLM offers higher flexibility
than the traditional methods and is suitable for different simu-
lation scenarios.

C. Procedures of Multi-Domain Co-Simulation

Fig. 8 illustrates the overall procedure of multi-domain co-
simulation. The first step is network partitioning. Then, EMT
and SFP subsystems are initialized sequentially. Next, at each
time step, they are simulated independently. Note that in our
method, the same time step is adopted for both EMT and SFP
subsystems and it can be extended to 100 μs, which, however,
is infeasible for traditional methods. The interactions between
different subsystems, especially those of high frequency, are re-
flected by the HMD-TLM. Its paralleled impedances and Norton
equivalents are updated with the method presented in the previ-
ous subsection. The obtained interfacing variables are transmit-
ted through the communication networks based on the shared
memory technique [9] due to its capability of maximizing the
simulation efficiency. Finally, as the total simulation time (Tmax)
is reached, the co-simulation comes to an end and all results are
outputted to the users.

VI. CASE STUDIES

In this section, the proposed method as well as the traditional
method is applied to two test systems, i.e., the modified CIGRE
ac/dc system and a practical ac/dc system, to evaluate their per-
formances in terms of efficiency and accuracy. Case studies on
the first system focus on dynamic interactions caused by trans-
mission lines, and thus, synchronous generators are simplified
into ideal voltage sources. But in the second system, each gener-
ator is represented by its detailed EMT model containing gover-
nor and exciter so as to investigate dynamic interactions among

Fig. 8. Procedure of the proposed multi-domain co-simulation.

generators. Different time steps (from 20 to 100 μs) are adopted
to compare the proposed method with the traditional one. Mean-
while, the simulation results obtained with a unanimous time
step of 20 μs are used as the high-fidelity reference values.

A. Modified CIGR AC/DC System

The modified CIGR ac/dc system is shown in Fig. 9. Its ac
grid is the IEEE 39-node system and the dc grid is adapted from
CIGR’s benchmark model. In the ac grid, the generator is mod-
eled as an ideal voltage source and the Bergeron model is used
for each transmission line. In doing so, the electro-mechanical
and electro-magnetic dynamics of generators are neglected. But
the EMTs of the network, mainly determined by transmission
lines, are reserved. The dc grid is divided into two MTDC sub-
systems with one in mesh and the other in radial connections,
respectively. In the MTDC grid #1, converter no. 1 is responsi-
ble for maintaining the constant dc voltage; and converters no.
2–4 control the power flow. Similarly, in the MTDC grid #2,
converter no. 5 adopts constant dc voltage control; and convert-
ers no. 6–8 adopts constant power control. The ac grid and the
MTDC grids belong to EMT and SFP subsystems, respectively.

One of the challenges confronted by the co-simulation is
to meet the accuracy requirement even when the MTDC grids
contain various power-electronics-based dc converters. Differ-
ent scenarios are simulated later to show how this challenge is
overcome by our proposed method. In all scenarios, the time
steps of SFP and EMT subsystems are set as 20 μs.
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Fig. 9. Topology of the modified CIGR ac/dc Grid.

Fig. 10. Simulation results/errors of dc voltages and capacitor voltages of Station 1.

Fig. 11. Simulation results/errors of consumed reactive power of Station 1.

1) Scenario 1-1. Step Change in the d-axis Current Reference
of a Converter: In this scenario, the d-axis current reference
(Idref) of converter no. 4 is changed step wise, which stimulates
dynamics in the dc voltages of converters as well as sub-module
capacitors. Figs. 10 and 11 show the dynamic curves obtained
with our proposed method side by side with the reference curves.
The differences are also displayed. The results match each other
very well, even during the fast EMTs. The maximum relative

errors of dc voltages, capacitor voltages, and consumed reactive
power are less than 0.003%, 0.005%, and 0.001%, respectively.
Thus, the very high accuracy of the proposed method is verified
in this scenario.

2) Scenario 1-2. A Symmetric Resistive Fault in the AC Sys-
tem: A symmetric resistive fault is triggered at Bus 29 from
t = 3.0 s and is cleared 0.05 s later. DC quantities, capacitor
voltages, as well as the simulation errors are shown in Fig. 12.
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Fig. 12. Simulation results/errors of dc voltages, dc currents, and capacitor voltages (phase A) of Station 1.

Fig. 13. Instantaneous and SFP curves of the obtained ac voltages at Bus 29.

All of plots have demonstrated that the results obtained with the
proposed method matches the reference values very well. The
maximum errors of dc voltage, dc current, and capacitor voltage
are no more than 0.04 kV, 1 A, and 0.01 kV, about 0.02%, 0.1%,
and 0.005% of the rated values, respectively.

Fig. 13 shows the ac voltages of Bus 29, including instanta-
neous values in the xy coordinate and their corresponding SFP
curves. Clearly, the latter matches the envelopes of the former
exactly. Of particular note is that the SFP can perfectly reflect in-
teractions of both high- and low-frequency EMTs, even around
the occasions of the occurrence and clearance of the fault. Since
the generators in the ac system are simplified into ideal voltage
sources, the said high-frequency EMTs are mainly aroused by
the transmission lines.

B. Practical AC/DC System

The target system is adapted from a practical ac/dc system
that has a four-terminal MMC-based ±200-kV MTDC grid. As
shown in Fig. 14, the MTDC grid is connected to the neigh-
boring ac grid at four nodes, namely, SJ, SD, GN, and MM. To
operate the MTDC grid, converter no. 1 maintains the dc voltage
and the other converters regulate power flows. An HFL-based
DCSST is connected to the dc bus at converter no. 1 to transform
the high dc voltage down to 15–40 kV so as to supply an MVdc
system. As compared with the first test system, this practical
system is much more complicated: the number of generators

and transmissions are dramatically increased and each genera-
tor is represented by the detailed EMT model with governor and
exciter models; the dc grid becomes much more sophisticated
due to the inclusion of multiple MMCs and the HFL-based DC-
SST. The DCSST example is modified according to a practical
project in Shenzhen, China. The project is now in the design
stage. The parameters are given in Appendix. In China, the DC-
SSTs will be used in distribution network. So, this simulation
case will be helpful for the design and implementation of these
projects.

Four simulation scenarios, i.e., asymmetric/symmetric ac sys-
tem faults, dc pole-to-pole fault, and step change of the DCSST
voltage, are investigated to check the performance of our pro-
posed method in terms of efficiency and accuracy. For the sce-
narios of the ac system fault and step change of the DCSST
voltage, the time steps of SFP and EMT subsystems are set as
20 μs; while for the scenario of dc pole-to-pole fault, the time
steps are extended to 100 μs.

1) Scenario 2-1. A Three-Phase Resistive Fault: The fault is
triggered at Bus SJ at t = 3.0 s and is cleared 0.05 s later. Bus
SJ is the interface bus between the dc grid and the adjacent ac
grid. DC quantities as well as capacitor voltages of converter
no. 1 are shown in Fig. 15, which indicates that the results
obtained with the proposed method match the reference values
very well. The maximum errors of the dc voltage, dc current
and capacitor voltage are no more than 0.0023, 0.04, and 0.001
p.u., respectively. Comparing the results in Fig. 15 with those
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Fig. 14. Practical ac/dc system.

Fig. 15. Simulation results/errors of dc voltages, dc currents, and capacitor voltages (phase A) of Station 1.

Fig. 16. Instantaneous and SFP curves of the ac voltages at Bus SJ.

in Fig. 12 has also revealed that the recovery of the dc current
from the fault takes more time (about 0.8 s) when the generator
is represented by its nonlinear model instead of the ideal voltage
source, due to the response of the generator’s governor control.

Figs. 16 and 17 display instantaneous and SFP curves of the ac
voltages and currents. Clearly, SFP curves match the envelopes

of instantaneous values exactly. The results also indicate that the
system has two types of oscillation dynamics. One is the high-
frequency electro-magnetic oscillation, lasting for one or two
cycles following the disturbances and sometimes accompanied
by significant current or voltage overshoots. This mainly origi-
nates from the frequency-dependent dynamics of the networks,
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Fig. 17. Instantaneous and SFP curves of the ac currents at Bus SJ.

Fig. 18. Power curves of generators.

Fig. 19. Simulation results/errors of dc currents and capacitor voltages (phase A) of Station 1.

Fig. 20. Instantaneous and SFP curves of the ac voltages at Bus SJ.

which is dominated by transmission lines. The other is the sus-
tained low-frequency oscillations of small amplitude after the
fault is cleared, as shown in Fig. 18. A deep investigation reveals
that such low-frequency oscillation is caused by the dynamics of
generators’ and converters’ control in response to power swings.
Both types of dynamics can be accurately captured by SFP mod-
els. It should be noted that if researchers would like to study the
frequency-dependent dynamics of transmission lines, their SFP
models can be applied according to [28], which is regarded as a
future research work.

2) Scenario 2-2. An Asymmetric Resistive Fault: An asym-
metric double line (phase A and phase B of Bus SJ) to ground
fault is trigged at t = 3.0 s and the fault lasts for 0.05 s. DC cur-
rents and capacitor voltages of the proposed model and PSCAD
results are compared in Fig. 19. The maximum errors of dc cur-

rents and capacitor voltages are less than 0.0052 and 0.003 p.u.,
respectively.

Figs. 20 and 21 demonstrate SFP-derived instantaneous and
phasor curves of the ac voltages and currents. The following
observations can be made: 1) SFP phasor curves match the en-
velopes of instantaneous values very closely under unbalanced
fault conditions; and ii) the comparisons between Figs. 16 and
17, and Figs. 20 and 21 indicate that the system experiences sus-
tained low-frequency oscillations of small magnitude after the
clearance of the three-phase fault. However, the low-frequency
oscillations are damped out after the double line to ground
fault is cleared. Consequently, the proposed SFP model has
satisfied the accuracy expectations under both balanced and un-
balanced fault conditions, with additional benefit of producing
wide frequency-band phasors.
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Fig. 21. Instantaneous and SFP curves of the ac currents at Bus SJ.

Fig. 22. Simulation results of dc voltages and dc currents of Station 1.

Fig. 23. Simulation results of arm currents (phase A), ac currents (phase A), and capacitor voltages (phase A) of Station 1 under different time steps.

3) Scenario 2-3. A DC Pole-to-Pole Fault: A dc pole-to-
pole fault is triggered at the dc bus between converter T3 and
T4 from t = 2.0 s. The dc voltage drops immediately. The fault
current grows rapidly. When it reaches the pre-set threshold, the
protection actions to block all MMCs. As a result, all MMCs
operate in the rectifier mode and the capacitor voltage of each
sub-module remains unchanged [see Fig. 23(c)]. At t = 2.1 s,
the ac-side circuit breaker (CB) opens to isolate MMCs. After
another 0.1 s, the dc fault is cleared. Next, the CBs are reclosed at
t = 2.3 s and the ac voltages is restored. All MMCs are restarted
sequentially from t = 2.5 s.

Fig. 22 displays the dc quantities during the dc fault. Other
quantities obtained with different time steps are depicted in
Fig. 23. For the proposed method, the maximum and mean
errors under different time steps are listed in Table II, where
the reference values are obtained by PSCAD/EMTDC with the
same time step. As can be seen, the errors are reduced to less
than 1e-3 p.u. Thus, it is well demonstrated that the proposed
method can achieve satisfied accuracy even when the time step
is extended to 100 μs.

4) Scenario 2-3. Step Change in the DC Voltage of the HFL-
Based DCSST: The HFL-based DCSST, composed of three in-
dependent DAB modules, transforms high ac voltage down to

TABLE II
SIMULATION ERRORS IN STATE VARIABLES UNDER DIFFERENT TIME STEPS

medium dc voltage (15–40 kV). In this simulation scenario, the
voltage of the MVdc bus is increased from 15 to 30 kV. Fig. 24
displays the primary and secondary voltages of DABs as well
as their inductor currents. Fig. 25 shows the dc voltage of the
MVdc bus. Again, the waveforms from the proposed method
match very well with the reference curves. The maximum error
of the MVdc voltage is below 0.03 p.u., indicating the high
preciseness of the proposed method.

5) Comparisons of Simulation Efficiency: In this paper, the
simulation efficiency is measured in terms of execution time and
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Fig. 24. HV/MV voltages and inductor currents of different sub-modules.

Fig. 25. DC voltages of the MVdc bus.

Fig. 26. Comparisons of execution time and speedup for different number of
MMCs.

speedup. The speedup is defined as the ratio of the execution
time consumed by PSCAD (base scenario) and the proposed
method. The time step of PSCAD models is restricted to 20μs
to guarantee the numerical stability of the simulation [9]. To
evaluate the simulation efficiency under different system scale,
the number of MMCs is gradually increased from 1 to 8. All
simulations are carried out on a computer with 2.67-GHz Intel
i7 CPU, 8-GB RAM, and 64-b Windows 7 operating system.
To make it fair to compare different simulation methods, the
parallel processing technique is not adopted by any simulation
method. The results are shown in Fig. 26. As can be seen, the
execution time of the proposed method is much lower than
PSCAD. The speedup is evident, especially when the time step
of the proposed method is extended to 100 μs. As the scale of
system or number of MMCs increases, the speedup grows as
a whole. Note that when the number of MMCs increases to 8,

the proposed method with the time step of 100 μs achieves a
speedup of 90 times.

The reason why our proposed method can achieve such a high
efficiency is given as follows. The calculation of the MMC by
our method is actually a two-stage model [30]. The first stage
is to solve the global node voltage equation, where each arm
of the MMC is represented by one Thevenin equivalent circuit
according to (39). The number of nodes will not expand as the
number of sub-modules increases, and only one node will be
added in the node voltage equations. This node is the connecting
node between upper and lower arms. In the second stage, the
capacitor voltages are refreshed in a parallel and independent
way [see (33)], which, taking the real and imaginary parts into
account, is only a two-dimensional equation, and thus, can be
very efficiently worked out. Similarly, the simulations of the
DCSST can be efficiently calculated. Therefore, the proposed
method has improved the efficiency significantly in simulating
large-scale ac/dc grids.

VII. CONCLUSION

To accurately simulate large-scale ac/dc systems, especially
to capture the interactions between the various components, this
paper proposes a multi-domain co-simulation method. It can im-
prove simulation efficiency considerably without sacrificing the
accuracy. The co-simulation method starts by partitioning the
target system into dc and ac subsystems, which are represented
by our developed phasor-domain SFP models and traditional
time-domain EMT models, respectively. SFP models acceler-
ate the speed of simulating dc grids by using a larger time
step. To reflect the wide-band dynamics between SFP and EMT
models, a new interface model, namely HMD-TLM, is devel-
oped. It has an additional benefit of producing instantaneous
and phasor waveforms simultaneously. Thus, the multi-domain
co-simulation is implemented in a coordinated and decoupled
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way, based on SFP models, HMD-TLM, and a designed time
sequences of simulation.

The performance (efficiency and accuracy) of the proposed
method has been validated on the modified CIGR ac/dc system
and a practical ac/dc system. The results have demonstrated the
following conclusions.

1) The curves obtained with SFP models match the envelopes
of instantaneous values exactly. In other words, SFP models
reflect both low- and high-frequency interactions perfectly.

2) With the proposed method, simulation errors are reduced
to less than 1e−3 p.u. under different time-steps.

3) As compared with the traditional method, the proposed
method has achieved a speedup of 90 times in simulating a
practical system with a time-step of 100 μs.

Therefore, the proposed method offers an efficient and accu-
rate option for analyzing very-large-scale ac/dc grids.

APPENDIX

1) Parameters of Four-Terminal MMC-Based MTDC System
(A Practical AC/DC System): MMC1: rated dc power 400 MW;
rated dc voltage 200 kV; rated ac voltage 220 kV; sub-module
(SM) number 250; SM capacitor 6 mF; MMC2: rated dc power
300 MW; rated dc voltage 200 kV; rated ac voltage 220 kV; sub-
module (SM) number 250; SM capacitor 6 mF; MMC3: rated
dc power 100 MW; rated dc voltage 200 kV; rated ac voltage
110 kV; sub-module (SM) number 250; SM capacitor 2.5 mF;
MMC4: rated dc power 100 MW; rated dc voltage 200 kV; rated
ac voltage 110 kV; sub-module (SM) number 250; SM capacitor
2 mF.

2) Parameters of DCSST (A practical AC/DC System): Rated
dc voltage: 35 kV/15 kV.
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