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Abstract--Modular multilevel converter (MMC) based high-
voltage direct current (HVDC) transmission technology has been
widely applied in practical engineering. With the continuous in-
crease in transmission voltage and capacity, a growing number of
MMC submodules (SMs) is utilized. To meet the demands for
fast electromagnetic transient (EMT) simulation of large-scale
power electronic systems, this paper proposes a simulation accel-
eration approach based on the state-space framework and applies
it to MMCs. By grouping SMs according to switching state com-
binations and introducing auxiliary state variables, the dimension
of the state matrix is significantly reduced, thereby accelerating
numerical integration. Leveraging the characteristics of state
variable grouping, an efficient capacitor voltage balancing algo-
rithm is proposed. Finally, the accuracy and effectiveness of the
proposed model are validated through simulation case studies.

Keywords: Modular multilevel converter (MMC), state-space,
electromagnetic transient (EMT) simulation, acceleration model.

I. INTRODUCTION

With the increasing capacity of renewable energy integra-
tion, transmission, and consumption, power systems are
exhibiting a pronounced trend of high renewable energy pene-
tration and high proportion of power electronics. The fast dy-
namic response characteristics and the large scale of the sys-
tem present new challenges and urgent demands for improve-
ments in simulation technology. In recent years, accelerating
the simulation of large-scale power electronic systems has
become a research focus [1]-[3].

Aligned with the trend of high penetration of power elec-
tronic devices, the primary challenge for electromagnetic tran-
sient (EMT) simulation is modeling the diverse range of pow-
er electronic equipment. Modular multilevel converter (MMC)
based high-voltage direct current (HVDC) transmission offers
flexible control and low harmonic content, making it a key
technology for transporting large-scale renewable energy.
With rapid development of MMC-HVDC transmission tech-
nologies, transmission voltage and capacity continue to rise.
Typically, MMCs need to reach hundreds of levels to meet the
requirements of practical engineering, and each submodule
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(SM) contains multiple power electronic switches [4], [5]. The
large number of power electronic devices operating at high
frequency seriously affects the simulation speed, posing a
great challenge for EMT simulation [6], [7]. To address the
issue of slow EMT simulation of high-level MMCs in practi-
cal power system studies, it is essential to develop an im-
proved simulation approach for MMC-HVDC systems.

For EMT simulation, there are mainly two algorithm
frameworks—state-space analysis and nodal analysis. Most
existing acceleration models of MMC were proposed in the
nodal analysis framework. In [8], the MMC Thevenin equiva-
lent model is introduced that balances simulation accuracy and
speed while retaining the internal information of each SM.
This approach is now widely used in practice. Further opti-
mized equivalent models were recently proposed in [9] and
[10] to improve simulation speed. Thevenin equivalent models
were also implemented for variant of converter topologies, e.g.
hybrid MMC composed of both half-bridge and full-bridge
SMs [11], and cascaded power electronic devices [12], im-
proving simulation efficiency by eliminating internal nodes.

The nodal analysis framework is efficient in model con-
struction, but its discretization formula effectively hard-codes
the simulation step and integration scheme, which limits its
flexibility in some scenarios. In contrast, the state-space anal-
ysis framework is advantageous in that the numerical method
and simulation model are relatively independent, allowing for
flexible adaption for suitable numerical integration algorithm
and simulation parameters [7], [13]. Several equivalent models
of MMC were proposed in this framework. A generic state-
space model of MMC with full current and all capacitor dy-
namics was derived in [14], which was a switching function
model, but its simulation time increases significantly with the
number of MMC levels. By grouping identical MMC SMs, the
model in [15] requires only one calculation for the same type
of SMs. Since no circuit simplification is performed, its accu-
racy matches that of the original model. But its efficiency de-
pends on the equivalent approach used. Another MMC state-
space acceleration model was proposed in [16], which as-
sumes balanced capacitor voltage, limiting its applicability. To
the best of authors’ knowledge, while the Thevenin equivalent
approach for MMC in nodal analysis is well recognized, a
comparably efficient yet general approach within the state-
space framework remains lacking. This work addresses this
gap by proposing a novel method that improves simulation
speed and accurately preserves individual SM information,
without sacrificing flexibility of state-space analysis.

The core idea of the proposed method is to group SMs
based on the combination of switching states, and define low-
order surrogate state variables that represent different groups
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and participate system-level solution of reduced matrix dimen-
sion. A dedicated mechanism is carefully designed for accu-
rate back-mapping to the full states, ensuring no added accu-
racy loss even in combination with high-order integration
schemes like the exponential integrator [13]. In addition, effi-
cient capacitor voltage balancing algorithm is proposed based
on properties of the established state variable groups. The pro-
posed method exhibits logarithmic growth in computation
time with respect to MMC levels, making it suitable for EMT
simulation of large-scale MMC-HVDC transmission systems.
Since many large-scale power electronic systems share similar
modular structure with MMC, the proposed simulation accel-
eration approach can be generalized to broader applications.
The remainder of the paper is organized as follows. Section
II briefly reviews the topology of MMC and its SMs. Section
111 develops the accelerated state-space model for MMC under
both normal operation and blocked modes. Section IV presents
the capacitor voltage balancing algorithm based on state vari-
able grouping. Section V demonstrates the accuracy and effi-
ciency of the proposed method. Section VI draws conclusions.

II. TorOLOGY OF MMC AND SM

The topology of MMC is shown in Fig. 1. It consists of
three phase units, each comprising an upper arm and a lower
arm. Each arm is composed of N SMs connected in series with
an arm inductor L. At any time, half of the SMs in each phase
unit are inserted to maintain a constant DC voltage. Desired
three-phase AC voltage is achieved by controlling the number
of SMs inserted in the upper and lower arms.
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Fig. 1. The topology of MMC.
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Fig. 2. The topology of HBSM.

The MMC commonly uses half-bridge SMs (HBSMs), as
shown in Fig. 2. It is composed of two insulated gate bipolar
transistors (IGBTs), two diodes, and an energy storage capaci-
tor C. In the detailed equivalent model of MMC, variable re-
sistors R,, and R, are used to represent the switch group
formed by the IGBT and the anti-parallel diode [17]. This pa-
per adopts this simplified piecewise linear approach. All SMs
referred to in this paper are HBSMs.

III. STATE-SPACE MMC SIMULATION ACCELERATION MODEL

The MMC Thevenin equivalent model in nodal analysis is
derived by circuit laws on the static circuit of MMC arms
formed by companion circuits of LC elements, which is in turn
results of branch-level discretization of the nodal analysis. On
the other hand, no static circuit or simple theoretic tool are
readily available in the state-space analysis, as it uses differen-
tial or differential-algebraic equations to represent the system
as a dynamic one, the equivalence and order reduction of
which are theoretically more complex. The Thevenin equiva-
lent approach cannot be applied in the state-space framework.

If each SM capacitor is treated as a state variable, the state-
space equation matrices will be high dimensional, making it
difficult to solve efficiently. Thus, it is necessary to investigate
a reduced order modeling method suitable for this framework.

A. Normal Operation State

For power systems with three-phase MMCs, we assume the
following state-space equation form for the power network.

{ X = Ax + Boyvy + Bou
iM = Cex

(1)

where x is the power network state vector, M is the total
number of MMC arms, v,, is the input vector containing port
voltage of all arms and is M-dimensional, u contains other
external input to the network, iy, is the output vector contain-
ing currents of all arms, also M-dimensional, and A., By,
B.,, and C. are coefficient matrices. For systems contain-
ing nonlinear components, their piecewise linear representa-
tion makes these matrices time-variant.
For an MMC SM on arm £, its state equation is as follows:

{ Ve = AsmVc + Bsmik
Vsm = CsmVc + Dsmix

2)

where Agm, Bsm, Csm, and Dgy, are coefficients that change
with the switching state of the SM. When the SM is inserted,
the coefficients take a subscript p and the following form:

[Ap Bp] 1 [l R .
=515 | C c
Cp Dp Ron + ROff Roff RonRoff

When the SM is bypassed, the coefficients take a subscript q
and are:

[Aq Bq] 1 [_1 _Ron W
=751 C c
Cq Dql  Ron + Rogr Ryn  RopRog

For an arm containing N SMs, the same current flows
through all SMs in the arm, and the physical ordering of SMs



does not influence the external behavior of the arm. Therefore,
SMs in identical switching state can be conceptually re-
grouped, partitioning the SMs within each arm into two
groups: the inserted SM group and the bypassed SM group, as
shown in Fig. 3. Since SMs in the same group have identical
state-space equation coefficients, a virtual state variable is
introduced for each group as the sum of capacitor voltages
within the group. The virtual state-space equations are derived
by summing up those of all SMs within the group and are
shown to have simple form.
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For arm £, suppose there are «;, SMs in the inserted group.
The new state variables for the inserted group, Py, and the
bypassed group, Qy, has the following state-space equation,
where v, is the port voltage of arm £k, and an element of v,,:

Pk = ApPk + akBpik

Qr = AqQr + (N — a;)Bqix (%)
vk = CpPk + CqQk + NDpik

By combining the state-space equations for all arms with
(1) and eliminating the intermediate variables, the overall
state-space equation for the power system is derived:

p1 [Apdu O B,E,C. p 0
ol=| o Ay BE,C. o|l+| 0 |u (6
il [C,Bey CyBey Ae+ND,B.C.|lx]l |Be,

where P and Q are M-dimensional vectors composed of all
the surrogate state variables. Iy, is the identity matrix, Ep =
diag(ay, -+, ay), Eq = diag(N — ay,*-,N — ay). The state-
space model represented by (6) has only 2 state variables per
arm. For the three-phase MMC system shown in Fig. 1, com-
pared to taking all capacitor voltage of SMs as state variables,
this approach reduces the matrix dimension by M(N — 2),
significantly improving the solving speed. Accurate solution
of the state-space model of the system is referred to [13].

TABLE I
SM BLOCKED OPERATING STATE
Condition D, D, SM State
ir(t) >0 and
Ve (¢ — At) > ve(t — AE) 1 0 Inserted
i,(t) <0 and
Ve (£ — A) < 0 0 1 Bypassed
Else 0 0 Open circuit

B. Blocked State
When in situations such as startup or DC faults, the MMC

needs to enter the blocked mode, where all IGBTs are turned
off, and the SMs' operating states are determined by the di-
odes. All SMs in the same arm share the same current, so they
will have the same operating state. Table I shows the blocked
operating state of the SMs and their corresponding judgment
conditions.

As shown in Table I, in the blocked mode, there are three
operating states: inserted, bypassed, and open circuit. The
grouping method used in normal state is not applicable in the
blocked mode. However, all SMs in the same arm share the
same state, meaning that the three groups will not appear sim-
ultaneously. Therefore, the two state variables for each arm in
the normal state can still be retained. The open-circuit group
can be treated as a bypassed group, and only the coefficients
of the state equations need to be modified during the calcula-
tion. The open-circuit coefficients can be derived as follows:

a, B 1|1 -1
c' D! :E RoffC C (7)
4 1 Rogr

In the blocked mode, switching actions could occur be-
tween integer time step nodes. It is necessary to perform inter-
polation on the switching moments and state variables to cap-
ture the accurate dynamics. Fig. 4 illustrates the process of
linear interpolation, where w;(t) represents the switching
condition obtained from Table 1. If a zero-crossing of w;(t)
is observed within the time step [t,t + At], the actual switch-
ing time moment is estimated by:

[w; ()]

t,e =t+ At,
& P W (O] + [w; (£ + AD)]
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Fig. 4. Linear interpolation of switching moment.

This paper utilizes linear interpolation to obtain the SM
state transition time and recover state variables, which is then
followed by numerical integration and resynchronization to
the original time grid, achieving precise blocked mode simula-
tion. Alternative methods for switch action handling are avail-
able in [7] and [18] to enable higher precision simulation.

C. Capacitor Voltage Calculation

After solving the main system using the equivalent model,
to retain information about each SM, it is necessary to calcu-
late the capacitor voltage of each SM. By incorporating the
coefficients of (3) into (2), the capacitor voltages of the insert-
ed SMs can be calculated. Additionally, by applying the in-
serted group's state-space equation from (5), the following
results can be obtained:
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Pea(t) = e, (1) + By [ e (r)de
t
" 9
k Pk (t) = eAp(t_tO)Pk(to) + akBp f eAp(t_T)ik(T) dt
to
where pg, represents the capacitor voltage of the inserted SM
Sq, With a =1,2,---,a;. Since both equations contain the
same integral term of the arm current i, after eliminating this
term, the capacitor voltage calculation formula for the inserted
group can be obtained as follows:

1
P (8) = e 0p, (tg) + — (Pu(t) — e WP (t)) (10)
k

Similarly, the capacitor voltage calculation formula for the
bypassed group can be obtained as follows:

Gs, (1) = e g (0) + (Qu(®) — 4, (t) ) (1)

N — [247%
where q,, represents the capacitor voltage of the bypassed
SM sy, with b =1,2,-+,(N — ay). By replacing Ag with
Ay, the capacitor voltages for the open-circuit group can be
calculated.

IV. CAPACITOR VOLTAGE BALANCING ALGORITHM BASED
ON STATE VARIABLE GROUPING

Capacitor voltage balancing control is essential for main-
taining stable capacitor voltages across the SMs and ensuring
the high performance operation of the MMC. In high-voltage
large-capacity DC transmission systems, each converter com-
prises hundreds of SMs, and traditional sorting methods result
in exponentially increasing computational complexity, which
fails to meet the demands for fast simulation.

Based on the backward Euler method and the assumption
that the switch in off state is an ideal open circuit, [10] similar-
ly divides the SMs into two groups and proposes a linear sort-
ing method. However, changes in the numerical integration
method make the grouping approach more complex, rendering
this method less universal. Therefore, it is necessary to devel-
op a voltage balancing algorithm suitable for the proposed
model to further enhance simulation efficiency.

Let the SMs s;,s,,:+, s, remain in the inserted group dur-
ing (ty,t1). It can be seen from (10) that all inserted SMs in
the same arm use the same state variables P, for calculations.
For any two SMs s; and s;, with capacitor voltages p;, (o)
and Ps; (to) at t = ty, the difference in capacitor voltages at

any time t € (ty,t;) is given by:
P (£) = s, (£) = e [pg (t0) = s, (o) (12)

From (12), it can be concluded that if ps, (o) — psj(to) >0,
then for any ¢t € (to,t;), ps,(t) — psj(t) > 0. The same ap-
plies to the bypassed group. Therefore, the order of capacitor
voltages among SMs within the same group remains un-
changed. Specifically, if the capacitor voltage order at t = ¢,
iS Sq,S3,°*, Sy, then this order will remain sq,s,,,s, at

any time within (t, t;). Based on the above property, the SM
voltage balancing algorithm is transformed into the problem of
obtaining an ordered queue at t =t; from two ordered
queues at t = t,.

In microsecond-level simulation, the change in capacitor
voltages during each time step is minimal, meaning the volt-
age ranking of some SMs remains unchanged. This property
can be utilized to reduce the number of SMs participating in
the sorting process, thereby improving efficiency.

According to these two advantageous properties, the capac-
itor voltage balancing algorithm based on state variable group-
ing can be proposed. The input of algorithm requires two
variables from the arm k: P(t,_1), Q(t,,—1), which are vec-
tors containing the indices of the inserted and bypassed SMs
in previous time step.

Algorithm: Capacitor voltage balancing for MMC control

Input: P(t,_1), Q(tp—1)
if i;, (t,—1) > 0 then
Gy =P(t,-1); G2 = Q(ty-1)
else
G = Q(th-1); G2 = P(ty-1)
end
rank =[G, G;]
Tm = length(Gl); Tn =1 TmO = Tm; TnO = Tn;
m = Gl(Tm); n= GZ(Tn)
while vc(m) > v:(n) then
10 while v.(m) > v¢(n) then
11 exchange rank(T,,) and rank(T,, + 1)
12 Tin=Tun+LT,=T,+1;n=G6G,(T,);
13 end
14 T =Tmo— 1T, =Tyo
15 m=G{(Tp);n=6G,(Ty)

[c <IN B e RV RV N S

o

16 end

17 if i, (t,) > 0 then

18 P(t,) = rank(1: ay); Q(t,) = rank(a; + 1: N)
19 else

20 Q(t,) =rank(1:N — ay)

21 P(t,) = rank(N — a, + 1:N)

22 end

23 return P(t,), Q(t,)

Fig. 5 illustrates an example of capacitor voltage balancing.
In Fig. 5, since i,(t,_;) >0, it can be determined that
P(t,—1) is the lower voltage group G, and Q(t,—1) is the
higher voltage group G,. The algorithm sets pointers m, Ty,
to indicate s,,_; and its position, which has the highest ca-
pacitor voltage in G, while n, T, indicate s,, and its posi-
tion, which has the lowest capacitor voltage in G,. By mov-
ing the pointers and continuously comparing vc(m) and
vc(n), SMs that require position changes are rearranged. The
newly order of SMs involved in the voltage comparison pro-
CeSS 1S Sj, Sy, Sj+1 '+, Sw—1, Sz, While the positions of SMs not
participating in the comparison remain unchanged. At t = t,,,



i (t,) > 0 and a; = j, then the first j SMs in the newly order
are selected as the inserted group, while the remaining SMs
belong to the bypassed group.

This approach generates the complete order of SMs for the
current time step. It not only converts the sorting problem into
sorting two ordered queues but also avoids re-sorting SMs
whose orders have not changed. This method significantly
improves the speed of voltage balancing control.

Lower-voltage Group Higher-voltage Group

G =P¢, 7T 1 G, =Q,)

ik([n-l)>0 S| Sj eor [ Swr | < | Sw S, s SN
unchange T In T”T unchange
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Fig. 5. Capacitor voltage balancing algorithm for MMC control

V. CASE STUDIES

To validate the accuracy and efficiency of the proposed
model, a state-space MMC acceleration model is developed in
MATLAB based on the approach proposed in this paper. Ad-
ditionally, a two-terminal MMC-HVDC simulation case and a
multi-terminal MMC-HVDC simulation case are constructed
in both MATLAB and EMTP, with EMTP using the MMC
Thevenin equivalent model. All studies are conducted on a
personal computer with an Intel Core i15-9300H CPU, 16 GB
RAM and 64-bit MATLAB R2024a software.

A. Two-Terminal MMC-HVDC System

The topology of the two-terminal MMC-HVDC system is
shown in Fig. 6.The rectifier-side MMC,; employs active and
reactive power control, while the inverter-side MMC, adopts
DC voltage and reactive power control. The main system pa-
rameters are listed in Table II. With the simulation step of 20
s, the accuracy of the proposed model is verified by compar-
ing simulation results under different transient scenarios.

TABLEII
PARAMETERS OF THE TWO-TERMINAL MMC-HVDC SYSTEM
Type Quantity Value
AC source voltage 400 kV
AC system nominal frequency 50 Hz
System Transformer voltage rating 400 kV/320 kV
Rated active power 1000 MW
Rated DC voltage 640 kV
Arm inductance 0.04 H
MMC The number of SMs. in a MMC arm 20
SM capacitance 0.013 F
Initial voltage of the capacitors 32kV

1) Scenario 1: Increase in Transmission Power

At 1 s, the active power reference of MMC,; is increased
from 500 MW to 1000 MW. A comparison of the simulation
results between the state-space acceleration model and the
EMTP Thevenin equivalent model is shown in Fig. 7.
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Fig. 6. Two-terminal MMC-HVDC system.
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Fig. 7. Comparison of simulation results for scenario 1: (a) MMC, active
power, (b) MMC, AC voltage, (¢) MMC, AC current, (d) relative error of
MMC, AC current.

As shown in Fig. 7, the state-space MMC acceleration
model demonstrates results that are highly consistent with the
EMTP model, with the deviation within 1%, indicating high
accuracy.



2) Scenario 2: Three-Phase Ground Fault

At 2 s, a three-phase short-circuit ground fault occurs at the
AC bus of MMC; and is cleared after 0.1 s. The simulation
results of the fault-point voltage and AC current for the state-
space MMC acceleration model and the EMTP model are
shown in Fig. 8.
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Fig. 8. Comparison of simulation results for scenario 2: (a) fault-point
voltage, (b) MMC, AC current.

From Fig. 7 and Fig. 8, it can be concluded that the state-
space MMC acceleration model proposed in this paper accu-
rately simulates both the steady-state and transient characteris-
tics after faults. The results are in close agreement with the
EMTP Thevenin equivalent model, with minimal simulation
error, meeting the accuracy requirements for EMT simulation.

3) Scenario 3: DC Short-Circuit Fault

At 3 s, a bipolar permanent DC short-circuit fault occurs at
the DC bus of MMC; in the MMC-HVDC system. After a 2
ms delay, all MMCs are blocked. The simulation results of the
DC voltage at the MMC,; side and the phase A upper arm cur-
rent for the state-space MMC acceleration model and the
EMTP model are shown in Fig. 9.
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Fig. 9. Comparison of simulation results for scenario 3: (a) DC voltage, (b)
phase A upper arm current.

Fig. 9 indicates that the proposed MMC acceleration model
and blocked state modeling method can accurately simulate
the transient process during DC faults and the uncontrolled
rectification process after blocked. The use of linear interpola-
tion calculations effectively determines the SM state transition
times with high simulation accuracy.

4) Computation Efficiency

To evaluate the acceleration effect of the proposed model,
the running time of the detailed MMC model and the accelera-
tion model under the state-space framework is compared by
increasing the number of MMC levels. With the simulation
step of 20 ps and a simulation duration of 1 s, repeat the simu-
lation 10 times for each MMC level. Due to the excessive
number of state variables in the detailed model at high MMC
levels, resulting in prolonged simulation time, the test is lim-
ited to 101 levels.
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Fig. 10. The box plot of two-terminal MMC-HVDC system running time:
(a) detailed model, (b) acceleration model.

Fig. 10 shows the box plots of the running time based on the
two models. It can be observed that the running time of the
detailed model grows approximately exponentially, while the



acceleration model grows approximately logarithmically. Af-
ter removing outliers from the box plots, the average running
time for each MMC level is calculated. The comparison re-
sults are shown in Table III.

TABLE III
RUNNING TIME FOR TWO-TERMINAL MMC-HVDC SYSTEM

MMC Detailed Acceleration model (s) Speedup
levels model (s) | runningtime [ sorting time factor

21 513.4 70.5 2.9 7.3

41 1393.2 102.3 3.5 13.6

61 3009.7 126.6 4.0 23.8

81 6353.8 137.8 4.6 46.1

101 12572.5 142.3 5.3 88.4

Time (s)

20 30 40 50 60 70 80 90 100

MMC levels

Fig. 11. Running time for two-terminal MMC-HVDC system.

As shown in Table III and Fig. 11, the running time gap be-
tween the detailed model and the acceleration model increases
significantly with the number of levels, and the speedup factor
exhibits approximately exponential growth. The sorting time
increases linearly, which is consistent with the theoretical
analysis. This validates that the acceleration model can signif-
icantly enhance simulation speed.

B. Multi-Terminal MMC-HVDC System

To further verify the simulation accuracy of the proposed
model in the multi-terminal MMC system, a four-terminal
MMC-HVDC simulation case is built in MATLAB and EMTP,
as shown in Fig. 12. The structure and parameters of this case
study are based on the CIGRE B4-57 MMC-HVDC grids with
4 MMCs [19]. The main system parameters are listed in Table
IV. The active power reference of station Cm-F1 is set to de-
crease from 500 MW to 200 MW at 2 s, and the simulation
results are compared as shown in Fig. 13.
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Fig. 12. Four-terminal MMC-HVDC system.
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As shown in Fig. 13, the proposed model maintains high
simulation accuracy in the multi-terminal MMC-HVDC sys-
tem and is suitable for high-accuracy simulation of large-scale

power system networks.

TABLE IV
PARAMETERS OF THE FOUR-TERMINAL MMC-HVDC SYSTEM
Quantity Cm-B2 | Cm-B3 Cm-F1 Cm-El
Control mode PV/Q PV/Q P/Q P/Q
Transformer voltages (kV) 380/220 | 380/220 | 145/220 | 145/220
Rated active power (MW) 800 1200 800 200
Rated DC voltage (kV) 400 400 400 400
Operating condition (MW) 400 -800 500 -100
Arm inductance (H) 0.029 0.019 0.019 0.116
The number of SMs in a
MMC arm 100 100 100 100
SM capacitance (F) 0.01 0.01 0.01 0.01
Initial voltage of the capaci-
tors (kV) 4 4 4 4
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Fig. 13.  Comparison of simulation results for scenario 4: (a) active power,
(b) AC current of station Cm-B3.
TABLE V
RUNNING TIME FOR FOUR-TERMINAL MMC-HVDC SYSTEM
System Running time (s) Sorting time (s)
two-terminal 142.3 5.3
four-terminal 256 10.1

With the simulation step of 20 us and a simulation duration
of 1 s, the running time comparison between this case and the
101-level two-terminal MMC-HVDC system is shown in Ta-
ble V. It can be observed that the simulation time is approxi-
mately twice that of the two-terminal MMC-HVDC system.
This validates that the proposed model can improve simulation
efficiency and meet the simulation speed requirements for
large networks with multiple MMCs.

VI. CONCLUSIONS

To address the issue of slow EMT simulation in MMC, this
paper proposes a simulation acceleration approach under the
state-space framework. It optimizes the MMC equivalent ap-
proach and voltage balancing algorithm, significantly improv-



ing simulation speed.

1) By combining the switching states, SMs are grouped in-
to an inserted group and a bypassed group, with auxilia-
ry state variables defined. This significantly reduces the
dimensionality of the state matrix, thus accelerating the
integration calculations.

2) Based on the property that the order of the capacitor
voltages in the same group does not change under the
state-space framework, a capacitor voltage balancing al-
gorithm based on state variable grouping is proposed.
This reduces unnecessary sorting and further improves
the solution speed.

By comparing the simulation results with the EMTP model
and the detailed state-space model, the proposed approach is
validated to maintain model accuracy while improving compu-
tational efficiency. It enables rapid simulation of high-level
MMC systems and is well-suited for EMT simulation of large-
scale HVDC transmission systems under the state-space
framework. Since power electronic devices in high-voltage
scenarios often adopt a cascaded topology which is similar to
MMC, the proposed modeling approach can also be consid-
ered for efficient EMT simulation of cascaded power electron-
ic devices.
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