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Abstract—Simulation of modular multilevel converter (MMC)
based high-voltage direct current (HVDC) systems assumes
significance due to their growing popularity. It could assist with
the design of hardware, control systems of MMC and HVDC
networks, and power system topology. However, simulation of
MMC-HVDC using existing software takes a long time due to
the presence of a large number of states and non-linear devices.
This paper presents an ultra-fast single- or multi-CPU simulation
algorithm to simulate the MMC-HVDC system based on state-
space models and using hybrid discretization algorithm with a
relaxation technique that reduces the imposed computational
burden. Using the developed simulation algorithm, a control
system is developed for an MMC-HVDC system that reduces
the switching losses in the system.

I. INTRODUCTION

The modular multilevel converter (MMC) has become an
attractive topology in high-voltage direct current (HVDC)
transmission systems due to its attractive features like mod-
ularity and scalability [1]. Simulation of MMC, therefore,
assumes significance. A few simulation algorithms of MMC-
HVDC have been proposed in [2]-[6]. While the simulation al-
gorithm in [3] does not consider the blocked-state of the MMC
submodules (SMs), the algorithms in [5], [6] are susceptible
to numerical oscillations and inaccuracy while simulating the
blocked-state of the SMs. The simulation algorithms in [2]—
[6] use Dommel algorithm and model the devices like IGBTs,
diodes, and thyristors with simple resistors or with voltage-
sources and resistors. However, the modeling of devices as
ideal devices can greatly reduce the computational burden
imposed without significant loss of accuracy. The loss of accu-
racy is minimal as the conduction and switching power losses
in the MMC-HVDC systems are extremely small compared to
the total power transmitted [7].

The MMC-HVDC system, when modeled using ideal device
models, represents a non-linear non-autonomous switched
system that can be deduced as a system of semi-explicit
differential algebraic equations (DAEs) like the ones defined
in [8]. The presence of diodes and thyristors in the MMC-
HVDC system introduce stiffness in the DAEs that require
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Fig. 1: Circuit diagram of MMC.

either explicit discretization algorithms with extremely small
time-steps or implicit discretization algorithms with A-stable
and stiff-decay properties [8]. Moreover, while modeling cir-
cuits with only ideal devices, state-space system models are
generated for all the different circuit topologies possible based
on the state of the diodes and thyristors [9]. This results in
a large number of possible state-space system models for
the MMC-HVDC system with the requirement of transition
algorithms from one state-space system model to another
based on an event detection algorithm [9]. The aforementioned
requirements impose a large computational burden to simulate
an MMC-HVDC system with a large number of devices.

In this paper, the MMC-HVDC system model is used to
identify the components in the DAEs and the specific operating
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conditions in which the stiffness is introduced. The stiff parts
of the DAE are separated and a hybrid discretization algorithm
is used to simulate the different parts of the DAE. The hybrid
discretization algorithm consists of an implicit and an explicit
discretization algorithm that discretize the appropriate parts
of the DAE. Moreover, a relaxation algorithm is introduced
to avoid the requirement of the large number of state-space
system models and their corresponding transition and event
detection algorithms. The proposed simulation algorithm of
the MMC-HVDC systems is validated using a reference
PSCAD/EMTDC model under various operating conditions.
It is used to develop a control system for the MMC-HVDC
system that reduces the switching losses in the system.

II. PROPOSED MMC ALGORITHM

The circuit diagram of a three-phase MMC is shown in
Fig. 1. The basics of operation of the MMC is explained in
detail in [1] and is not repeated here.

A. The MMC System Model

The dynamics of the arm currents in the MMC of Fig. 1
are given by (1), where vy, y i ; is the output voltage of SM-i
in arm-y, phase-j. It can be observed from (1d) that there are
only five independent arm currents.

The dynamics of the SM capacitor voltages in the MMC of
Fig. 1 are given by
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Equations (1) and (2) are the set of semi-explicit DAEs that
represent the overall dynamics of the MMC. Under normal
operating conditions when one of the devices in the SM is
always turned ON, (Ic) and (2) become

N
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When an SM changes its state under normal operating condi-
tions, it will be in blocked-state for a small duration (defined

by dead-time). The impact of dead-time is neglected in (3) as
it has been observed to be insignificant on the states of the
MMC-HVDC system that is controlled using the nearest level
control. Based on (1a), (1b), and (3), the dynamics of the arm
current of the MMC is given by
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Equation (4) is a linear ordinary differential equation (ODE)
if z is treated as an input variable. Similarly, the dynamics
of the capacitor voltage represented by (3b) is a linear ODE
if 4y ; is treated as an input variable. The aforementioned
partition of the system by previous algorithms either used an
artificial delay [6] or through nested fast and simultaneous
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Fig. 2: Hysteresis relaxation technique: (a) arm voltage, and
(b) approximated arm voltage.
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simulation (NFSS) [2]-[5]. While the former usually leads to
erroneous results with stiff systems as may be noticed in the
MMC blocked-state results in [6], the latter imposes additional
computational burden as will be shown later. The other means
of partitioning the system is if at least one of the partitioned
system can be discretized using an explicit algorithm, which
is possible with both the partitioned systems in this case.
When the SMs are in blocked state, (1¢) and (2) become
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The sgn(.) function in (7a) introduces stiffness in the system.
The arm voltage vy ; is defined by the system operating con-
ditions and varies between 0 and vazl Vey,i,j When iy ; =0,
which represents an open arm condition. If the arm voltage
is lesser than zero, then the lower diodes in the SMs of
the arm turn ON. Similarly, if the arm voltage is greater
than Zf;l Uey,i,j» then the upper diodes in the SMs of the
arm turn ON. The variation of the arm voltage under the
blocked scenario is shown in Fig. 2(a). To reduce the stiffness
in the system and to avoid the requirement of circuit re-
configuration, a hysteresis relaxation technique is introduced
that approximates the arm voltage as shown in Fig. 2(b). On
substitution of the approximated arm voltages in (1a) and (1b)
and using (1d), a linear ODE similar to (4) is obtained for the
five independent arm currents. An argument similar to the one
presented in the normal operation conditions scenario can be

presented in the blocked SM scenario as well, which results
in partitioning of the MMC-HVDC system in to two systems,
namely, one representing the arm current dynamics, and the
other representing the SM capacitor voltage dynamics. Each
system is represented by linear ODEs with an input vector
from the other system.

B. Hybrid Discretization

The greater the slope of the hysteresis curve in Fig. 2(b),
the greater is the accuracy of the simulation of the MMC-
HVDC system under blocked SM scenario. However, a smaller
time-step will be required to discretize the MMC-HVDC
system model with explicit discretization algorithms. That is,
for greater accuracy and to avoid unnecessarily small time-
steps, implicit discretization algorithms with stiff-decay and
A-stable properties, like backward Euler, should be preferred
to discretize the MMC-HVDC system model.

Based on (7a), (1a), and (1b), it is noticed that the stiffness
in the MMC-HVDC system model during the blocked SM
scenario is only present in the arm current dynamics. The
stiffness is introduced by the presence of sgn(.) function. The
sgn (iy,;) present in the SM capacitor voltage dynamics can
be treated as an input, thereby, making it a non-stiff system.
Therefore, instead of discretizing the complete MMC-HVDC
system model with an implicit discretization algorithm, only
the arm current dynamics can be discretized using a stiff
implicit discretization algorithm. The SM capacitor voltage
dynamics can be discretized using an explicit discretization
algorithm like forward Euler.

The use of implicit discretization algorithm on the complete
MMC-HVDC system will require the inversion of (6N +5) x
(6N +5) matrix at every time-step, where N is the number of
SMs in each of the MMC. The variable N can be of the order
several hundreds today to several thousands in the near future.
As will be shown in the next section, the hybrid discretization
algorithm will require only the inversion of a 5 X 5 matrix at
every time-step, thereby, reducing the computational burden
imposed immensely.

C. Implementation

Forward Euler based discretization of the system repre-
senting the SM capacitor voltage dynamics results in (6),
where h is the simulation time-step and & represents number

of time-steps taken from ¢ = 0. Equation (6) is used in
the SM capacitor voltage calculations under all operating
h
conditions. The terms |1 — and —— can be
R,Csm Csm

calculated once at the beginning of the simulation and they
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remain the same thereafter. Therefore, only 3 floating-point ]
operations are required to calculate each capacitor voltage in Fig. 4: Summary of MMC control system.
the worst-case. Backward Euler based discretization of the
system representing the arm current dynamics results in the
following: where
N
(My — A.h)x1[k] = (M1 + A.h)x1 [k — 1] + h.Bs[k] — - Z Syt [k — 1veyi.i[K], (13a)
+ h.Cz[k], (10) i=1
Ry ;[k] =0. (13b)

where 2 = (Tpa  Tna pb Onp Ope One) and by is
an approximated arm voltage.

The approximated arm voltage under blocked operating
condition, as shown in Fig. 2(b), is implemented as follows:

by jlk] = vy n jk] + iy [K] Ry ;[K], (11)

where vy, j[k] and R, ;[k] are defined in (8).
The approximated arm voltage under normal operating
conditions is implemented as follows:

Uy,j (k] = Vy,n,j (k] + ly,j [k]Ry-,j K], (12)

Each approximated arm voltage requires only one floating-
point operation per SM in the worst-case scenario as Syi ;[k—
1] can be implemented using a conditional statement in (13a).
That is, the SM capacitor voltage and arm voltage per SM
calculation, under the worst-case scenario, requires only 4
floating-point operations. In comparison, the nodal algorithms
[2], [4] require at least 25 floating-point operations [10]. That
is, there is more than 6 times improvement in the theoretically
required computational resources to evaluate the SM capacitor
voltages and arm voltages. A comparison of the proposed
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algorithm to the algorithms in [5], [6] is avoided due to their
ineffective blocked-state implementations (although at least a
two times improvement in theoretically required computational
resources is observed).

Substituting the approximated arm voltages from (11) and
(12) in (10) results in the following:

(Ml — Al.h)xl U{Z] = (Ml + Al.h)xl[k - 1] —+ hBS[k‘]
+ h.Cza[K], (14)

where

T
(Up,n,a Unmn,a Upnb Unnb Upne Un7n7c) )

15)

and A; is defined in (9). The inversion of (M; — Aq.h), a
5 X 5 matrix, is required at every time-step to calculate the
arm currents.

The overall implementation of the MMC-HVDC simulation
algorithm is summarized in Fig. 3. In the figure, v, refers to the
vector consisting of all the SM capacitor voltages, r., refers
to the vector consisting of R, ;, and i refers to the vector
containing all the arm currents. The SM capacitor voltage
system calculations are based on (6) and the arm current
system calculations are based on (14). Parallel computation
of the SM capacitor voltages is feasible in the SM capacitor
voltage system if a multi-core CPU is used.

Zn =

III. MMC CONTROL SYSTEM

The MMC control system comprises gd ac-side current
control and gd circulating current control of the second- and
fourth-order harmonics. The ac-side current and circulating
current control strategies are based on the strategies described
in [11]. The control of fourth-order harmonic of the circulating
current is not considered in [11], but is considered in this
paper as third harmonic injection is considered in the modu-
lation indices. The presence of third harmonic improves the
range of modulation indices, but introduces a fourth harmonic
component in the circulating current.

In addition to the ¢d ac-side and circulating currents’
control, 0-component of the circulating current and the average
of all the SM capacitor voltages in the MMC (defined by
v2) are controlled for better dynamic performance and for
greater flexibility. The reference for ’UCE, Vg ref, 15 varied based
on the operating conditions so as to avoid saturation of the
arm modulation indices (my ;Vj € (a,b,c),y € (p,n)). Its
derivation is shown below.

Defining v, = U — Upij , the corresponding peak voltage
is given by

Vjepk = ([ V2o + 05 /115, (16a)

Lo\ . R, .
Vg,c = <Uq +w <Ls + 20> Id,ref + <Rs + 20) Zq,ref) ,
(16b)

L\ . R, \ .
Vd,c = <Ud —w <Le + 2> 1q,ref + <R9 + 2) Zd,ref> )
(16c)

where v, and v, are the gd components, respectively, of the
ac-side voltages v,p.. The rest of the parameters are described
in Figs. 1 and 4. The factor of 1.15 is introduced due to the
third harmonic injection in the modulation indices. The arm
modulation index and its constraints are given by [1]

205 ¢ + Ve
-1< == 1. 17
= My,j INverer (17)
The peak value of my ; is given by
Vj,c + Ve c
My e = 5 (18)

2Z\]Uc,ref
Substituting v; ¢ pi from (16a) in (18) and re-aligning to obtain

2’Uj,c,pk + Vdc,ref

9N (19)

Ue,ref =

The reference for 0-component of the circulating current,
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Pest = ivqiq,reﬂ (21)

The variation in the average value of the capacitor voltage
reduces the switching frequency and increases efficiency of
the system, as will be shown through simulation results. For
stable operation of the MMC system, as has been noticed in
simulations, the control of the 0-component of the circulating
current assumes significance. The MMC control system is
summarized in Fig. 4. NLC in Fig. 4 refers to nearest level
control, which is described in detail in [12].

The SM capacitor voltage balancing algorithm is summa-
rized in Fig. 5. It is based on the O(XN) algorithm developed
in [11] to minimize the computational burden imposed. In
addition to the algorithm in [11], an upper limit is applied
on the SM capacitor voltages. If an ON-state SM has a
capacitor voltage greater than the upper limit and current is
positive, then it is turned OFF to avoid further charging of
the corresponding capacitor. Similarly, if an OFF-state SM
has capacitor voltage greater than the upper limit and current
is negative, then it is turned ON to allow discharge of the
corresponding capacitor. The upper limit is based on the design
of the SM and depends on the lowest of the rated voltages
of the different components of the SM. This improvement
over the algorithm in [11] is necessary to avoid over-voltage
conditions on the SM capacitors. Using this SM capacitor
voltage balancing algorithm along with the variation in v ref
helps in maintaining the average switching frequency of each
SM as close to the ac-side frequency as possible under various
operating conditions.

IV. LoSS ANALYSIS

The losses in the MMC are calculated based on losses in
each IGBT and diode. The losses in each IGBT and diode are
calculated by the sum of their corresponding conduction and
switching losses. The conduction losses are calculated based
on the product of the on-state voltage of the device and the
current flowing through the device. The on-state voltage drop
of each device is calculated based on

Vdev,on = k1 + kil | (22)

where k1, ko, and k3 are the parameters obtained from curve-
fitting on-state voltage drop data from the device’s datasheet
and i4ey 18 the current flowing through the device. The
subscript dev can be IGBT or diode based on the device being
considered.

The switching losses are calculated based on dividing the
energy losses in certain duration by the corresponding time
duration. The energy losses can be the energy lost while
turning on an IGBT, energy lost while turning off an IGBT,

and energy lost in the reverse recovery of the diode. Each of
aforementioned energies are calculated based on

Vdev,off
Edcv,x - (

. 2 3 4
El,decv + E2,xzdcv + E3,decv + E47X'dev

UH()IH

+E5 xi5ey) (23)

where F «, Eay, Fsx, F4x, and Ej5y are the parameters
obtained from curve-fitting energy losses from the device’s
datasheet; x in the subscript Fqey,x can be on, off, and rr
to represent IGBT turn-on energy loss, IGBT turn-off energy
loss, and diode reverse recovery loss, respectively; Vdey,off
refers to the voltage across the device during off-state; and,
Unom refers to nominal voltage at which the energy data is
available in the datasheet.

V. SIMULATION RESULTS & COMPARISON

In this section, a real-world MMC system is considered to
validate the accuracy of the developed simulation algorithm
and compare the developed control system with the existing
ones. A 401-level study MMC system is considered based on
the France-Spain MMC-HVDC interconnection described in
[4]. Only one MMC is considered to compare the developed
simulation algorithms and the control system with existing
algorithms and control systems, respectively. The dc-link is
assumed to be a dc-source and the ac-side is assumed to be a
3-phase ac-source.

A. Validation of Simulation Algorithm

4000k ‘ PSCAD—iw_PSCAD—iM,,,Alg—ip!a,,,Alg—in’J

Arm currents (A)
)
S
S
s 3

0 0.02 0.04 0.06 008 0l
Time (s)

5300(’ PSCAD—v_ _PSCAD-v_ __Alg—v_ ..Alg—v 4
2 cp.a cn,a cp,a cn,
£2000F ]
£ 1000 " ]
g
§ G L L L L
g0 0.02 0.04 0.06 0.08
O

N (O).l
me (S

(b)

Fig. 6: MMC phase-a states with ig .. = 2828 A: (a) arm
currents, and (b) average of arm SM capacitor voltages.

The reference results considered for validation of the pro-
posed simulation algorithm are obtained from the detailed
MMC model developed in PSCAD/EMTDC. Three case-
studies are considered to compare the results obtained from
the proposed simulation algorithm with the reference results:
(i) steady-state operation, (ii) step-change in the g-axis current
reference, and (iii) blocked-state operation under dc-link fault.
For the third case-study, the dc-source voltage is changed to
0 to consider the worst-case scenario of the possible dc-link
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TABLE I: Loss Analysis Parameters

[ Quantity [ IGBT Value |  Diode Value |
k1 0.0845 3.799 x 10~3
ko 0.0679 0.141
k3 0.522 0.38
E1 on 1.9479 x 1073
E2,on —1.626 x 106
ES,on 1.4206 x 10~?

E4,on —4.734 x 10713

E5,on 5.804 x 10~17

B o 2.805 x 1073

BEs o —1.7955 x 10~6

B3 o 1.2902 x 109

Ey o —4.125 x 10713

Es o 4.857 x 10~17

Fi 2.918 x 1073

Es r —2.337 x 10=6
B3 e 1.3075 x 1079
B —3.895 x 10713
Fs ir 4.543 x 10717

fault conditions. Once the fault occurs in the third case-study,
the IGBTs are blocked.

The MMC phase-a arm currents and average arm SM
capacitor voltages are shown in Fig. 6 for the steady-state
operation with the commanded 7, ,ef = 2828 A and g vef = 0
A. The corresponding results for the step-change in 44 ;or from
2828 A to 1000 A are shown in Fig. 7. The plots indicate that
the results obtained from the proposed simulation algorithm
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Fig. 9: MMC upper-arm phase-a SM capacitor voltages with
(@) igret = 2828 A, igrer = 0 A, (b) igrer = —2828 A,
idref = 0 A, (€) igrer = 2000 A, igrer = 1000 A, and (d)
igref = —2000 A, igrer = 1000 A.

closely match with the reference results. An error analysis
performed in both the case-studies shows errors less than
0.5%. The time taken by PSCAD/EMTDC to simulate 0.1 s is
approximately 21 hours, whereas, the time taken to simulate 1
s using the developed simulation algorithm is approximately
3.8 s. The time-step considered for simulation in both the cases
is 4 us. The aforementioned result confirm the expected speed-
up of the simulation.

The MMC phase-a arm currents in the blocked-state opera-
tion under dc-link fault are shown in Fig. 8. The plot indicates
that the results obtained from the proposed simulation algo-
rithm closely match with the reference results.

B. Comparison of the Proposed Control System

The operation of the proposed control system under various
operating conditions and a comparison of the proposed control
system with the existing ones are considered in this section.
The comparison is performed only with control systems that
consider an O(N) SM capacitor voltage balancing algorithm
like the ones in [13], [14]. These control systems impose much
lower computational burden when compared to the ones that



TABLE II: Energy Savings With Proposed Control System

Operating Conditions Energy Savings (W)
igref (A) | idref (A) | Algorithm in [13] | Algorithm in [14] | Modified Algorithm from [15]
2828 0 90238 6240898 1098568
—2828 0 87933 6277300 4092670
2000 1000 32777 5390646 3147586
—2000 1000 20010 5341966 1042076
consider an O(N?) or O(N.log(N)) SM capacitor voltage REFERENCES

balancing algorithms like [15]-[18]. The algorithm in [11] is
not considered for comparison due to capacitor voltage over-
voltage violations that were observed.

For the loss analysis performed in this section, a 3.3 kV
and 1.5 kA switch (IGBT with anti-parallel diode) with part
number ‘SSNA1500E330305° is considered. The parameters
defined in Section IV for the aforementioned device are
documented in Table 1.

With the over-voltage limit of SM capacitors set to 10%
higher than the nominal capacitor voltage, the simulation of
the study MMC system is performed using the developed con-
trol system. The individual upper-arm phase-a SM capacitor
voltages under four operating conditions are shown in Fig. 9 to
show the successful operation of the proposed control system.
The SM capacitor voltages show no over-voltage violations in
all the cases.

A loss analysis is performed on the study MMC system
under various operating conditions and using different control
systems. The different control systems considered include the
proposed control system in this paper and the ones described
in [13]-[15]. The control system described in [15] is modified
to an O(N) SM capacitor voltage balancing algorithm. The
energy savings from the proposed control system compared to
the existing control systems is summarized in Table II. As may
be noticed from the table, large energy savings ranging from
20 kW to 6.2 MW are observed under the various operating
conditions considered.

VI. CONCLUSIONS

A simulation algorithm of the MMC-HVDC based on state-
space models, hybrid discretization, and a hysteresis relax-
ation technique is proposed in this paper that imposes lower
computational burden compared to the existing simulation
algorithms. Based on the developed simulation algorithm, a
control system for the MMC-HVDC is proposed that lowers
the switching losses over various operating conditions when
compared to existing control systems. The simulation algo-
rithm is validated using a reference PSCAD/EMTDC MMC-
HVDC system simulation results. Close to 6 times speed-up of
the proposed simulation algorithm is proven theoretically with
existing algorithms and close to 200, 000 times speed-up when
compared with the PSCAD/EMTDC reference simulation.
The performance of the control system is verified through
simulation and it is compared with existing control systems
in terms of energy savings to indicate savings between 20 kW
to 6.2 MW.
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