ISSN: 2277-3754
ISO 9001:2008 Certified
International Journal of Engineering and Innovative Technology (IJEIT)
Volume 3, Issue 2, August 2013

MMC Based HVDC System
Harikrishnan K, Rinku scaria
Abstract— This paper presents modelling and simulation of a
high voltage HVDC transmission system. Instead of using
conventional voltage source converter Modular multilevel
converter is used in this system this paper presents a generalized
mathematical model for MMC in realistic HVDC applications. In
the model, as the number of levels in the converter increases,
consequently, the number of redundant switching states increases.
This thesis has provided a dc capacitor voltage balancing method
for multi-level converters that in each sample of time selects the
proper redundant switching states to solve the voltage drifting
problem at the dc capacitors. From the simulation results, it is
observed that the developed method is able to equalize the dc side
capacitor voltages without using any additional power circuits.
Based on the simulations, it is shown that among all the switching
strategies, the provided balancing method leads to better capacitor
voltage balancing at the side and also better harmonic spectrum
for output voltage at the ac side. The aim of this project was the
analysis of a Modular Multilevel Converter (MMC) for HVDC
applications. The modelling of control scheme of The proposed
system is simulated using MATLAB/SIMULINK software.
Index Terms—HVDC, VSC (voltage source converter), MMC
(modular multilevel converter).

II. MODULAR MULTILEVEL CONVERTER
Modular multilevel converter is a type of voltage source
converter which converts ac voltage into dc voltage. The
modular multilevel converter (MMC) was first introduced in
2001 [3]. This converter is an emerging cascaded multilevel
converter with common dc bus, and considered suitable for
VSC-HVDC transmission [4]–[10]. MMC is well scalable to
high-voltage levels of power transmission based on cascade
connection of multiple sub modules (SMs) per arm [4], which
also means a high number of output voltage levels (e.g.,
“Trans Bay Cable” Project is at 400 kV dc voltage, and about
200 SMs per arm [6]). The high number of voltage levels
provides high quality output voltage with low common-mode
voltage, also known as zero-sequence voltage in a three-phase
ac system [11]. Thus, only small or even no filters are
required. Another advantage of the high-level number is that
low switching frequency modulation scheme can be adopted
to reduce semiconductor switching losses.
III. DESCRIPTION AND PRINCIPLE OF OPERATION
OF MMC

I. INTRODUCTION
The development of new technologies and devices during
the 20th century enhanced the interest in electric power
systems. Modern civilization based his operation on an
increasing energy demand and on the substitutions of human
activities with complex and sophisticated machines; thus,
studies on electric power generation and conversion devices
become every day more and more important. The recent
attention in environment protection and preservation
increased the interest in electrical power generation from
renewable sources: wind power systems and solar systems are
diffusing and are supposed to occupy an increasingly
important role in world-wide energy production in coming
years. Not only house utilities, but industrial applications and
even the electrical network requirements display the
importance that energy supply and control will have in the
future researches. As a consequence, power conversion and
secondly control is required to be reliable, safe and available
in order to accomplish all requirements, both from users and
legal regulations, and to reduce the environmental impact.
Voltage Source Converter (VSC) technology is becoming
common in high-voltage direct current (HVDC) transmission
systems (especially transmission of offshore wind power,
among others). HVDC transmission technology is an
important and efficient possibility to transmit high powers
over long distances.

Fig .1 - Schematic of a three-phase Modular Multi-level
Converter

The typical structure of a MMC is shown in Fig.1, and the
configuration of a Sub-Module (SM) is given in Fig.2. Each
SM is a simple chopper cell composed of two IGBT switches
(T1 and T2), two anti-parallel diodes (D1 and D2) and a
capacitor C. Each phase leg of the converter has two arms,
each one constituted by a number N of SMs. In each arm there
is also a small inductor to compensate for the voltage
difference between upper and lower arms produced when a
SM is switched in or out. With reference to the SM shown in
Fig..3, the output voltage U0 is given by,
U0 = Uc if T1 is ON and T2 is OFF
U0 = 0 if T1 is OFF and T2 is ON
Where Uc is the instantaneous capacitor voltage.
The configuration with T1 and T2 both ON should not be
considered because it determines a short circuit across the
capacitor. Also the configuration with T1 and T2 both OFF is
not useful as it produces different output voltages depending
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on the current direction. Fig. 4 shows the current flows in both must be used alternatively. The voltage waveform generated
useful states. In a MMC the number of steps of the output by the three level converters is shown in Fig2.5.
voltage is related to the number of series connected SMs. In
order to show how the voltage levels are generated, in the
following, reference is made to the simple three level MMC
configurations shown in Fig 4.

Fig .5 - Voltage waveform of a Three-Level Converter

The principle of operation can be extended to any multi-level
configuration as the one represented in Fig. 2.6.
Fig .2 – Chopper cell of a Sub-Module

Fig .6 - Schematic of one phase of Multi-Level Converter

In this type of inverter, the only states that have no
redundant configurations are the two states that generate the
maximum positive and negative voltages, + UD/2 and –UD/2.
For generating the other levels, in general there are several
possible switching configurations that can be selected in order
to keep the capacitor voltages balanced. In MMC of Fig. 6,
the switching sequence is controlled so that at each instant
only N SMs (i.e. half of the 2N SMs of a phase leg) are in the
on-state. As an example, if at a given instant in the upper arm
SMs from 2 to N are in the on-state, in the lower arm only one
SM will be in on-state. It is clear that there are several
possible switching configurations. Equal voltage sharing
among the capacitor of each arm can be achieved by a
selection algorithm of inserted or bypassed SMs during each
sampling period of the control system. A typical voltage
waveform of a multi-level converter is shown in Fig . 7

Fig .3 - States of SM and current paths

Fig .4 - Schematic of one phase of Three-Level Converter

In this case, in order to get the positive output, +UD/2, the
two upper SMs 1 and 2 are bypassed. Accordingly, for the
negative output, - UD/2, the two lower SMs 3 and 4 are
bypassed. The zero state can be obtained through two possible
switch configurations. The first one is when the two SMs in
the middle of a leg (2 and 3) are bypassed, and the second one
is when the end SMs of a leg (1 and 4) is bypassed. It has to be
noted that the current flows through the SMS that are not by
passed determining the charging or discharging of the
capacitors depending on the current direction. Therefore, in
order to keep the capacitor voltages balanced, both zero states

Fig .7 - Voltage waveform of a Multi-Level Converter

IV. MMC MODEL
The typical structure of an MMC, shown in Fig. 1, can be
summarized into 3 levels:
I. sub-modules SM (the lower level, usually Chopper cells)
II. arm (second level of the converter, half of the leg-phase)
III. leg (can be considered one phase)
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If a two-level control structure is considered, for instance a
Master-Slave structure, lower level of control is assigned to
sub-models (level I), instead upper level of control deals with
arm-leg voltage and currents control (level II, III). It is
assumed that a lower level control for the sub-modules is
present ensuring that all capacitors are equally charged. As
suggested in [13], most of existing investigations and
simulations are based on switched or discrete models.
However, discrete models have two main disadvantages:
Fig 8 - Simplified Circuit Used for the Analysis
a) Discrete models do not allow an analytical approach to
model the converter and to design the control system; b) Again, apex m represent the arm, n(t) is the insertion index,
Numerical solution of complex converter configurations instead ucΣ(t) is the sum of all capacitance voltage in the m
using a high number of SMs requires considerable simulation arm. Then equations (3.2.1) and (3.2.2) follow
time. A continuous model can overcome these disadvantages.
Therefore, to clearly understand the operation of this
ucm  n(t ) uc (t )
converter it is necessary to write the voltage-current equations
(3.2.1)
and to determine a continuous model suitable to design a
control scheme. In the following, an analysis is carried out
with the aim to control the upper and lower arm voltages,
C arm
d u c (t ) i (t )
m
C 
 m
using the continuous model presented in [8], that considers
n(t )
dt
C
with
(3.2.2)
only one converter phase and is based on time-variable
With reference to Fig 9, where only one phase is considered, it
capacitors.
is possible to write a set of equations for currents: currents
from upper and lower arms, respectively iU and iL, will
V. MATHEMATICAL MODEL OF MMC
Considering a converter with N sub-modules per arm, each constitute the output current iV. the idiff current represents
arm can be controlled with an insertion index (modulation the current that circulates from the phase leg to the DC link
index) n(t), where n(t)=0 means that all sub-modules in the (and/or to another phase leg).
arm are by-passed, on the other side n(t)=1 means that all the
sub-modules in the arm are inserted. Ideal capacitance of the
iV  iU  iL
(3.2.3)
arm should be:





C

arm

Cm 

C

N
C arm
n(t )

idiff 
(3.2.1)
(3.2.2)

Where the m apex means the number of the arm (for
instance, in a three-phase converter m=1,2,3,..,6). It would be
possible to have a full representation of the MMC converter,
including operation of each sub-module, but this approach
tends to be fairly complicated and not easy to be used as a
base for control schemes development. A simpler way would
be to consider a continuous model, but 2 important
assumptions are necessary in order to develop this approach:
1. the switching frequency is much higher than the frequency
of the output voltage
2. The resolution of the output voltage is small, compared to
the amplitude of the output voltage (i.e. high number of
sub-modules)
Assuming 1 and 2, it’s possible to create a continuous
model which represents the overall operation of the converter,
neglecting the single sub-modules behavior: this type of
model is suitable for control system design and makes it
possible to focus on the energy stored in the converter and its
balance between arms. The simplified model is shown in Fig.
8

iU  iL
2

These equations are representing the ideal condition in
which the contributions of upper and lower arms to the output
current are equal. The difference current is introduced to
consider the possible situation in which the capacitors are not
equally charged to the reference value. In this MMC
configuration the sum of all capacitor voltages of one arm is
assumed to be equal to the DC Voltage uD. Equations (3.2.4)
and (3.2.5) are just emphasizing the contributions of upper
and lower arms in terms of voltage and current


duCU
dt

(t )



nU iU
C arm

(3.2.4)


(3.2.5)
duCL
nLiL
 equations
With all these
and the simplified circuit shown in
arm
dt
C
(t )

Fig. 9, it is possible to write equations (3.2.6) and (3.2.7) as
simple Kirchhoff voltage equations
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 uV
2
dt
u
di
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 uV
2
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Subtracting equation (3.2.7) to (3.2.6), and substituting the
1  m(t )
nU (t ) 
following equations

2

di
diU diL

 2 diff
dt
dt
dt

(3.2.8)
it is possible to obtain this dynamic equation of the current
idiff :
didiff
dt



n
uD R
n
 idiff  U u CU  L u CL
2L L
2L
2L

(3.2.9)
From equations (3.2.6) and (3.2.7)substituting iU and iL with
the expressions given in (3.2.3) two dynamic equations of
upper and lower arm voltages are obtained

duCL
nL
n
 arm
idiff  Larm iV
dt
C
2C

(3.2.10)

From (3.2.10) it can be noted that with idiff equal to zero, the
load current acts in order to unbalance the upper and lower
arm voltages. In steady state conditions the load current is
changing assuming positive and negative values, then, the
time derivative of the arm voltages are also changing, and in
ideal conditions the arm voltage should oscillate around a
constant mean value. The presence of non idealities and losses
may lead the converter to be unstable. As a consequence, it
can be concluded that only the presence of a suitable
difference current allows the converter to operate correctly.
Using (3.2.9) and (3.2.10) a dynamic and continuous model is
thus obtained and shown

 R

 idiff   L
d     nU
uCU 
dt     C arm
 uCL  
 nL
arm
 C

nU
2L
0
0

nL 
 uD 

2L  i   2 
 diff


nU iV 

 


0 uCU  
 
 2C arm 
  uCL  

nLiV 


0
arm
 2C 


Assuming that a sinusoidal output voltage is desired, the
reference signal for modulation is

ˆ cos(N t )
m(t )  m

(3.2.12)

And the ideal terminal voltage is given by

uV (t ) 

uD
m(t )
2

(3.2.13)

In order to solve the system of equations (3.2.11) the load
current should be known. Here, the following alternating
current is assumed as the output load current

iV (t )  iˆV (t )cos(N t   )

(3.2.14)

Where φ is the load phase angle and is arbitrary.
Using the reference signal in (3.2.12) the modulation indices
for upper and lower arms can be expressed as

nL (t ) 

1  m(t )
2

(3.2.15)

(3.2.16)

It can note that the sum of upper and lower modulation
indexes is always equal to 1. As a consequence, assuming the
capacitor voltages of all modules equal to the reference value,
the sum of the voltages of upper and lower arms is always
equal to the DC voltage uD . In real operating conditions the
capacitor voltages will not be exactly equal to the reference
value and as a result a difference voltage will be present
forcing a difference current to flow between the leg and the
DC source. A suitable control of this current is crucial for
achieving a correct operation of the converter and an equal
sharing of the DC voltage among all modules. A possible
control strategy is the one based on adding an offset voltage to
upper and lower arm voltages uCU and uCL defined trough
(3.2.15) and (3.2.16). This offset voltage (udiff) is determined
with some criteria aimed to keep the module voltages as close
as possible to the reference value or to keep the energy stored
in upper and lower capacitors equalized. It will be shown in
the next section that udiff will not affect the terminal voltage
(as uV is related to the difference between upper and lower
arm voltages), but will impact on idiff current instead.
The number of levels that can be obtained depends on the
assumptions made for the analysis. When assuming a constant
DC voltage, actually it is possible to generate output voltages
having a number of levels equal to 2N+1, whereas the number
of levels must be reduced to N+1 if the DC voltage has to be
kept under control by the converter itself. This is the situation
that occurs in HVDC systems composed by two MMCs
connecting the two ends of a DC cable. In this case there is no
DC capacitor between the DC voltage terminals and a DC
voltage controller is necessary. In this analysis a constant DC
voltage will be assumed as the aim is to develop a strategy for
keeping under control the total energy stored in each leg and
the unbalance between the energy stored in upper and lower
arms.

VI. CONTROL STRATEGY
It is necessary to make an important remark: the equations
wrote and discussed in previous section lead to a continuous
model, suitable for analysis and understanding of operation
principle of the MMC. On the other hand, from the control
point of view, these equations are not easy to use: even if it is
possible to decouple continuous and alternate component of
differential current, in order to properly track references,
non-linear couplings make really complex advanced control
structures. Neglecting this low pass filter it is possible to
consider that input variables are a “square” input for the
system: this condition makes more difficult the development
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of advanced control strategies and the study of complex
control strategies. Thus, a different approach in the modeling
will be developed in order to simplify the analysis from the
control point of view. Two different loops will be
implemented, the first one to control the overall energy of the
MMC leg, the second to control the balance between upper
and lower arms of the phase-leg. The interaction between two
loops may lead to instability: because of the non-linear
configuration of system equations, it is hard to analyze
systems coupling properly (for instance Relative Gain Array
analysis). It is however evident that total energy and energy
balance interacts dynamically in system operation: in order to
make a decoupling, balance of energy loop is tuned in order to
VIII. CONTROL
be greatly slower than the overall energy loop. This frequency
Fig. 10 shows the schematic diagram of an MMC-HVDC
decoupling will highly benefit differential current waveform:
if not performed, overall energy and balance interaction leads system. When asymmetrical faults occur at the ac system,
to a really distorted differential current. This current, flowing there will be negative- and zero-sequence components in grid
in the phase-leg, would produce a voltage drop on the phase voltages. In conventional converters with concentrated energy
impedance, increasing losses and disturbances in the stability storage capacitors at the dc side (e.g., two-level converter),
only positive and negative-sequence current components are
of the system.
fully controllable. Thus, the converter transformer is
connected in the Y/Δ configuration to exclude the
VII. CONVERTER OPERATION MODEL
The first system implemented in MATLAB-Simulink zero-sequence components from the converter. However,
includes only the equations in (3.2.11), but it is however zero-sequence components will appear in the event of
important to understand the operation of the converter: in asymmetrical faults on the converter side of the converter
particular, the necessity of controlling the differential current transformer. On the other hand, zero-sequence components
and thus the energy stored in upper and lower arm becomes are unavoidable in transformer less scheme under
clear. In this simulation, output voltage and current are asymmetrical fault conditions. In MMC, the distributed
imposed and the operation of the system is then observed: location of energy storage capacitors permits independent
modulation indexes are calculated ideally, neglecting control of each phase. Thus, a zero sequence current control
differential voltage usage (no control strategy is implemented becomes possible in addition to the positive- and
yet) and neglecting also the voltage drop of the output current negative-sequence current control.
on the arm parameters.
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Fig 9. Model of MMC for HVDC system

Fig. 10. Schematic diagram of an MMC-based HVDC system.

Calculate the upper and lower arm current. Output voltage
and current, and other system parameters are listed below in
Table 1.

Control of Positive- and Negative-Sequence Currents
If there are no zero-sequence components, only positive- and
negative-sequence components are taken into consideration.
The positive- and negative-sequence current control of
conventional converters (e.g., two-level converter and
three-level NPC converter), which is explained can be
directly applied to MMC; therefore, a brief description is
given here. The control scheme is divided into two separate
loops: an inner fast current loop and an outer slow loop.

Table 1 List of system parameters

4.4.1 Inner Loop Current Control:
The inner current control is developed to regulate the
positive- and negative-sequence currents at their command
references by adjusting the control inputs respectively. The
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disturbance inputs could be canceled by feed-forward
compensation.
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X. SIMULATION RESULTS
upper arm current response using MMc
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4.4.3 Outer Loop Power Controller for MMC:
In conventional converters (e.g., two-level converter and
three-level NPC converter), the dc-side voltage is supported
by centralized energy storage capacitors arranged at the dc
side. The positive and negative-sequence components of the
power ripple in each phase, which are circulating between
three phases, have no effect on the three-phase real power and
the dc-side voltage. In MMC, the energy storage capacitors
are separately distributed in three phases and the dc-side
voltage is supported by three phase units. Thus, power ripple
in a single phase will result in a dc-side voltage ripple. Since
power ripple in three-phase real power is eliminated with the
power controller 2, the zero-sequence component in the
single-phase power ripple is also eliminated. The dc-side
voltage ripple at double line-frequency in conventional
converters can be eliminated with the power controller 2.
In MMC, not only the zero-sequence component but also the
positive- and negative-sequence components of the power
ripple in single-phase will cause dc-side voltage ripple. Thus,
the dc-side voltage ripple in MMC cannot be eliminated with
the power controller 2.
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4.4.2 Outer Loop Control for Conventional Converters:
The outer loop control is designed to provide the command
references for the inner loop current control. Two different
power controllers have been proposed for conventional
converters
under
unbalanced
conditions
[15].
The power controller 1 is developed to eliminate negative
sequence Current components by setting their command
references as zero [9], [15]. The power controller 2 is
developed to eliminate the double line- frequency ripple in
dc-side voltage by canceling the double line- frequency ripple
in the three-phase real power input to the converter.
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2633–2642, Aug. 2010.
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XI. CONCLUSION
This paper presents a generalized mathematical model for
MMC in realistic HVDC applications. In the model, as the
number of levels in the converter increases, consequently, the
number of redundant switching states increases. This thesis
has provided a dc capacitor voltage balancing method for
multi-level converters that in each sample of time selects the
proper redundant switching states to solve the voltage drifting
problem at the dc capacitors. From the simulation results, it is
observed that the developed method is able to equalize the dc
side capacitor voltages without using any additional power
circuits. Based on the simulations, it is shown that among all
the switching strategies, the provided balancing method leads
to better capacitor voltage balancing at the side and also better
harmonic spectrum for output voltage at the ac side. The aim
of this project was the analysis of a Modular Multilevel
Converter (MMC) for HVDC applications and the
development of a control scheme to monitor the energy
behavior. The analysis was based on the use of a simplified
circuit, constituted by a single leg of the converter, where all
the modules in each arm were represented by a single variable
voltage source. The circuit model was derived as a system of
differential equations, used for analyzing both the steady state
and dynamic behavior of the MMC, from voltages and thus
energy point of view.
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