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State Trajectory Analysis for Modular
Multilevel Converter

Chen Li
(Abstract)

For the future of sustainable energy, renewable energy will need to
significantly penetrate existing utility grids. While various renewable
energy sources are networked with high-voltage DC grids, integration
between these high-voltage DC grids and the existing AC grids is a
significant technical challenge. Among the limited choices available, the
modular multi-level converter (MMC) is the most prominent interface
converter used between the DC and AC grids. This subject has been widely
pursued in recent years. One of the important design challenges when using
an MMC is to reduce the capacitor size associated with each module.
Currently, a rather large capacitor bank is required to store a certain amount
of line-frequency related circulating energy. Several control strategies have
been introduced to reduce the capacitor voltage ripples by injecting certain
harmonic current. Most of these strategies were developed using trial and
error and there is a lack of a systematic means to address this issue. Most

recently, Yadong Lyu has proposed to control the modulation index in order



to reduce capacitor ripples. The total elimination of the unwanted
circulating power associated with both the fundamental line frequency and
the second-order harmonic was demonstrated, and this resulted in a
dramatic reduction in capacitor size. To gain a better understanding of the
intricate operation of the MMC, this thesis proposes a state-space analysis
technique in the present paper. Combining the power flow analysis with
the state trajectory portrayed on a set of two-dimensional state plans, it
clearly delineates the desired power transfer from the unwanted circulating
energy, thus leading to an ultimate reduction in the circulation energy and

therefore the required capacitor volume.
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Chapter 1 Introduction
1.1.Background and History

At the beginning, the transmission and distribution of electrical
energy start with direct current. In 1882, a 50-kilometer-long DC
transmission line with 2 kilovolts was built between Miesbach and Munich
in Germany[1]. At that time, rotating DC machines is the only method to
realized conversion between reasonable consumer voltages and higher DC

transmission voltages.

In an AC system, voltage conversion is simple. An AC transformer
allows high power levels and high insulation level with low loss.
Furthermore, a three-phase synchronous generator is superior to a DC
generator in every aspect. The AC system soon became the only feasible

technology for generation, transmission and distribution of electrical

However, for high voltage application, AC transmission lines have

disadvantages, which may compel a change to DC technology[2]:

I.  The transmission capacity and the transmission distance are
limited by the inductive and capacitive elements of the overhead

lines.



ii.  Direct connection between two AC system with different

frequencies is not possible.

iii.  Direct connection between two AC systems with the same
frequency or a new connection within a meshed grid may be
impossible due to system instability, to high short-circuit levels or

undesirable power flow scenarios

In 1941, the first contract for a commercial HVDC system was signed
in Germany: 60 MW were to be supplied to the city of Berlin via an

underground cable of 115 km length[1].

The advantages of a DC link over an AC link are[2]:

I.  ADC link allows power transmission between AC networks with

different frequencies or networks, which cannot be synchronized.

ii.  Inductive or capacitive parameter does not limit the transmission
capacity or the maximum length of a DC overhead line or cable.
The conductor cross section is fully utilized because there is no

skin effect.

For a given transmission task, feasibility studies are also

considered before the final decision on implementation of an HVAC



or HVDC system can be made. Fig.1. 1 shows a typical cost

comparison curve between AC and DC transmission considering[1]:

=  AC vs. DC line costs

=  AC vs. DC station terminal costs

» AC vs. DC capitalized value of losses.

Costs
A

Total AC Cost

Total DC Cost

f DC Line

DC Terminals

AC Line

\
AC Terminals<

>

Break-Even Transmission
Distance Distance

Fig.1. 1 Total loss vs. distance for DC and AC transmission line



An HVDC transmission system is also environment friendly because
improved energy transmission possibilities contribute to a more efficient

utilization of existing power plants

The land coverage and the associated right-of- way cost for an HVDC
overhead transmission line is lower. Moreover, it is also possible to
increase the power transmission capacity. A comparison between a DC and

an AC overhead line is shown in Fig.1. 2[2].

A

AC-tower DC-tower

Fig.1. 2 DC and an AC overhead line

Recently, HVDC transmission systems and technologies associated
with the flexible ac transmission system (FACTS) continue to advance as
they make their way to commercial applications[3][4]. Fig.1. 3 shows the

structure of a combine system of HVDC and FACTS. Both HVDC and
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FACTS systems underwent research and development for many years, and
they were based initially on thyristor technology and more recently on fully
controlled semiconductors and voltage-source converter (VSC)

topologies[5].

400V 500V &9 400V
- [ ==
o o ;
4 i D o
“~ Electric Vehicle ~ Battery
Charging Station Energy Voltaic Power
Storage Cells
System

Fig.1. 3 Combine System for AC and DC Transmission Line

\oltage sourced converters require semiconductor devices with turn-
off capability. The development of Insulated Gate Bipolar Transistors
(IGBT) with high voltage ratings have accelerated the development of
voltage sourced converters for HVDC applications in the lower power

range[6]. The structure of VSC is in Fig.1. 4 However, the multi-module



VSC-based HVDC converter provides modularity[7], it requires multiple

bulky transformers.

20V
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Fig.1. 4 Structure of Voltage Source Converter

Alternatively, the modular multilevel converter (MMC) is a newly
introduced switch-mode converter topology with the potential HVDC
transmission applications[8]. The structure and application is in Fig.1. 5.
Usually, one AC side is connected to a power grid. MMC is very suitable

for the case that two power grids are connected through DC transmission
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line for electricity exchanging. Another application is to connect off shore
wind farm, for transferring wind power to onshore grid[9]. In Europe,
MMC is also used to offer power to traction intertie to provide a low

frequency AC electrical energy[10].

AC/DC DCI/AC Power grid

o 1

! 1

Power grid 1 1 1
T4 9 4

« INELFE, France to Spain
Wind farm

| —

* HelWin, Germany

Traction intertie

« Stockholm, Sweden

Fig.1. 5 Structure of MMC AC-DC combined system

1.2.Modular Multilevel Converter in HVDC

MMC is comprised of many sub-modules (SM) connected in series,
in which each sub-module has a configuration of half-bridge or full-bridge
converter[11]. MMC generates the line-frequency voltage waveform by
switching each sub-module with low switching frequency and low
harmonic level, which results in high efficiency[12][13][14]. As shown in
Fig.1. 6 a 400MW/200kY MMC-based HYDC system was installed near

San Francisco in the United States for the first time in the world[15].

7
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Fig.1. 6 Trans Bay Cable in CA with MMC Technology

The modular multilevel converter (MMC) was first introduced in
2001[16]. This converter is an emerging cascaded multilevel converter
with common dc bus, and considered suitable for VSC-HVDC
transmission[17][18][19]. MMC is well scalable to high-voltage levels of
power transmission based on cascade connection of multiple submodules
(SMs) per arm, 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 [15]). 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[20]. 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[21][22].

The structure MMC is in Fig.1. 7. Compare with the previous version
voltage source converter, the most significant difference is in MMC, the
floating capacitors are used in sub-modules instead of isolated voltage

sources. That means lots of bulky transformers are not needed at all.

DC +

Fig.1. 7 Structure of Modular Multilevel Converter

In contrast to known VSCs (including the multilevel converters) the
internal arm currents feature low di/dt and can be controlled, too. At first

glance, when being compared to conventional VSC or multilevel VSC, the

9



new topology MMC offers several features, which are quite different and
seem strange. Therefore, the main points are summarized in the

following[23][24][25]:

The internal arm currents are not chopped; they are flowing
continuously. The arm currents can be controlled by the converter control.

Half the AC current is flowing in each arm.

Protection chokes can be inserted into the arms. They do not disturb
operation or generate overvoltage for the semiconductors. The protection
chokes limit the AC-current, whenever the DC-Bus is short circuited (fault

condition).

The submodules are two terminal devices. There is no need to supply
the DC-side-storage capacitor with energy no isolated, floating DC-
supplies. This is true for real power or reactive power transmission of the

converter in any direction or combination.

\oltage balancing (of the submodules) is not critical with respect to
the timing of the pulses or the semiconductor switching times. It is assured

by the converter control on a noncritical, larger time scale [23], [25].

The DC-link voltage of the converter can be controlled by the

converter too (Fast control via the switching states). No DC-link capacitors

10



or filters are connected at the DC-Bus. The DC-Bus current and voltage are

smooth and can be controlled by the converter, dynamically.

1.3.Challenges of Modular Multilevel Converter

Modular multilevel converters are being actively developed for
offshore wind or tidal power collection and onwards transmission. Given
the difficulties of constructing and maintaining an infrastructure in a hostile
environment, it is important to keep the size as low as possible. In the
current designs of an MMC submodule (SM) for 50 or 60 Hz ac grid-
connected systems, the reservoir capacitor needs to absorb low order
harmonics and hence accounts for over 50% of the total size and 80% of
weight[26]. For most time, the energy buffering capability of the capacitor
iIs not well utilized. The SM capacitor needs to be large enough
(capacitance) to constrain the voltage ripple, while having sufficient ripple
current capability to avoid overheating. Metalized polypropylene film
(MPPF) capacitors are commonly used in MMC SMs due to their stability
and ripple current capability. The sub-modules of Siemens is shown in Fig.1.
8. In most industry products, the volume of the capacitors is more than 50%
of the volume of the MMC. Hence, a method of reducing the circulating
energy and capacitor voltage ripple has been widely pursued as an

Important research topic.

11



| MMC Module

Inverter Block Capacitor Bank

Fig.1. 8 Sub-module for MMC from Siemens

Controlling the circulating current offers opportunities for reducing
the circulating energy. Winkelnkemper, Korn, and Steimer proposed a
method of injecting a second-order harmonic current to minimize the
second-order voltage ripple of the capacitor[ 27]. By observing and
analyzing the power of sub-modules, a proper harmonic current can be
injected into the circuit with current control loop. This additional current
can eliminate the second order power in the module and then eliminate the
second order voltage in module capacitor. However, the benefits of this
method are limited, since there is still a significant fundamental component

in the capacitor voltage ripple.

12



The concept of injecting high-frequency voltage and circulating
current was proposed in [28] to facilitate the start-up of induction motors
with quadratic-torque loads. However, [28] only considers the dc and
fundamental components in the arm current, and ignores the second-order
component. Furthermore, the calculated circulating current is very

complex and contains both low frequencies and high frequencies.

Recently, a novel concept of controlling the modulation was proposed
to eliminate both the fundamental and second-order harmonic. The concept
comes also from power analysis; the modulation index is related to the
fundamental power in module. By setting a proper modulation index value,
the fundamental power in module and fundamental voltage ripple in

capacitor can be eliminated. In this method, full bridge module is required.

It should be noted that that even though there have been various
methods proposed to reduce the capacitor voltage ripple, it was mostly
done by trial and error. There is a lack of systematic approaches of
addressing the means for capacitor ripple reduction. In general, the
reported findings utilize the module power as a means to develop a control
strategy. However, the minimum power flow needed from the source

through the modules to the load is rather ambiguous.

13



A method of state trajectory analysis with the objective of delineating
the needed power flow from the unwanted circulating energy is proposed
in this thesis. The analysis method offers a graphical visualization of the
effectiveness of the various proposed methods. Furthermore, it leads to a
new proposed method that dramatically reduces the bulk of the circulating
energy by eliminating both the fundamental and second-order harmonic

components of power.

1.4.Thesis Outline

Taking into account the challenges raised during the literature survey
on the modular multilevel convertor, several issues have been addressed in

this thesis:

In Chapter 1, Research background, application, motivation,

challenges and opportunities are stated.

Due to the frequency flexibility and the cost saving for long distance
transmission, the DC transmission line is more competitive in high voltage

grid.

With the developing of semiconductor device, the new generation
MOSFET and IGBT give one the opportunity to connect high voltage DC

grid and AC grid by voltage source converters. Recently, the method of

14



using floating capacitor instead of the voltage source and bulky transformer
was proposed, the modular multilevel convertor becomes most prominent

interface converter used between DC and AC grid

The challenge of modular multilevel converter is that a large
capacitance is required in order to suppress the voltage ripple. Therefore,
reducing capacitor voltage attract lots of attention. However, there is a lack
of systematic approaches of addressing the means for capacitor ripple
reduction. This thesis also offers a graphical visualization of the

effectiveness of the various proposed methods.

In Chapter 2, Basic working principle and structure of MMC is

introduced

Pules width modulation and nearest level modulation are most
popular modulation method for MMC. Moreover, PWM could suppress all
low-order harmonics for multilevel converters and produce a sinusoidal

output for MMC.

Average balance control and individual balance control are the basic
control loop for MMC. With the basic control, the capacitor voltage of
difference sub-modules is in the same level, which is the foundation of

MMC basic operation and other control objects.

15



In order to analyze the working process clearly, MMC system can be
simplified to one phase with only one module per arm. Basing on the PWM
modulation and basic control, the complicated power flows in the MMC

circuit is in-depth studied.

In Chapter 3, the State trajectory analysis is proposed. It enables one
to gain a better understanding of the working principle of the MMC and
offers a simple way to assess the effectiveness of the various control

strategies with visual support.

Modulation index control method is proposed to reduce the
fundamental voltage ripple and analyzed with state space analysis as the

example 4

In Chapter 4, the concept is extended to the multi modules three phase
system. And the loss evaluation offers one the trade of between

semiconductor loss and voltage ripple reduction

The scaled down MMC hardware is introduced to verify the proposed

concept and enlighten one new research opportunities.

Finally, summary and future work are provided

16



Chapter 2 Basis Working Principle
2.1 Structure of MMC

Fig.2. 1 shows a three-phase MMC system with only a resistive load.
The neutral point ‘0’ on the dc side is a fictitious point which divides the
dc voltage to two equal parts of 0.5V.. The converter topology consists of
six phase arms. Each phase has an upper and a lower arm. There are n
series-connected modules with an arm inductor in each arm. Each module
has two switch devices and a capacitor in a half-bridge structure. In Fig.2.
1, the output is resistive and there is a neutral point ‘m’ of the three phases

of the load. The n modules per arm can provide n+1 voltage levels.

0.5V Ven o
Ro
0 —— M

VeN+) T,

+
Veon o

Fig.2. 1 Three phase MMC system
17



2.2 Pulse Width Modulation for MMC

The phase-shifted carrier-based PWM (PSC-PWM) method can
naturally suppress all low-order harmonics for multilevel converters[29].
The details of the modified PSC-PWM method for one pair modules in
upper and lower arm are shown in Fig.2. 2. The reference waveform for
upper and lower arm is complementary. Comparing the carrier duty cycle
waveform (Vy_ref, Vn_rer) With the triangle wave, the signal state condition of
upper and lower module can be achieved. When half-bridge module is used,
there are two switching states. The ‘1’ state denotes when the upper switch
is “on” and lower switch is “off;” the dc storage capacitor is connected in
the phase. The ‘0’ state denotes when the lower switch is “on” and the
upper switch is “off.” In the “0” state, the capacitor is bypassed from the
phase arm. With the state condition of upper and lower module (S; and S,),

a sinusoidal output can be generated.

18



0 ‘ L
Vao L
0.5V,
Fig.2. 2 PWM modulation for MMC with one module per arm
For an MMC with N number of SMs per arm, the reference arm
voltages are compared with triangular carriers, each phase shifted by an
angle of 360 degrees/N. As shown in Fig.2. 3. Compare with the same arm
duty cycle wave, each module achieves their own switch state condition.
Furthermore, in a N modules per arm MMC, the output voltage has N+1

level[ 30 ]. With 120 degrees’ phase shift on reference wave, this

modulation method can be extended to three phases system.
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Fig.2. 3 PWM for multi modules per arm MMC

2.3 Nearest Level Modulation for MMC

Another  effective modulation method is nearest level
modulation[ 31][ 32]. Fig.2. 4 illustrates the working principle of the
conventional NLM, with N module in one phase arm. The voltages are
normalized by V. to indicate the number of inserted SMs. The resulting
output voltage v, has a maximum level number of N + 1, with a step size
of V. and largest possible error of 0.5v.. The waveforms of the upper and

lower arm step voltages Vpa ref and Vina ref are Ssymmetrical to each other

20



with respect to the vertical y = N/2 line (suppose the normalized voltage
axis is the y-axis). Therefore, all the transition instants of Vpa ret and Vna ref

are aligned.

VPA_refh

Fig.2. 4 working principle of the NLM

The control diagram of the conventional NLM method is illustrated
In Fig.2. 5 The voltage reference is first normalized by the sub-module
capacitor voltage v, then the round function gives the closest integer
number of SMs to insert in order to approximate the voltage reference with
the nearest voltage level. The nearest integer function or round function, is
defined such that round(x) is the integer closest to x. The additional
convention is that half-integers are always rounded to even number [33],

for example round (1.5) = 2. The inserted upper and lower arm sub-module
21



numbers are:

N NV,
n,, = round (E+ =) 2.1)
dc
N I\IVA ref
n,, =round(——-——-=
w (2 v, ) (2.2)
nearest
voltage level
. \ voltage ot
- round(-) F—>{ balancing ENe
: signals
algorithm

Fig.2. 5 The control diagram of NLM

The voltage balancing control is based on module voltage sorting. As
shown in Fig.2. 6. , according to the sensed module voltage and arm current
direction, N modules with highest voltage or lowest voltage are connected
with phase arm. The inserted modules number N is based on the calculation

in (2.1) and (2.2).

Sort module
voltage
¢ farm> ¢
Trign A Calculate 2 Trign
modules with [ ¢—— module —» modules with
the lowest V. numbers the highest V.

Fig.2. 6 The voltage balancing control of NLM
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In the following simulation and analysis in this thesis, the pulse width
modulation is used due to its flexibility and stability, especially for MMC

with small module number.

2.4 Basic control loop for voltage balancing in MMC

Due to the large number of sub-modules and floating capacitors in
modules, the voltage balancing of modules is an important issue. The first
goal of voltage balancing is avoiding the over charge of the capacitor.
Furthermore, balanced capacitor voltage is also an assumption for
conventional modulation. Recent years, the solutions for this problem have

been found and proposed in many literature such as [34][29].

The basic voltage-balancing control can be divided into:
1) Averaging control; and
2) Individual balancing control.
Averaging Control:
Fig.2. 7 shows a block diagram of the averaging control. It forces the
one phase average voltage V. _ayr to follow its command Verer, Where V¢ avr

IS given by

1 N
Voo = 2V e



Let a dc-loop current command of iz be iz, as shown in Fig.2. 7. iz
Is a result of a PI functioned compassion between V¢ ayrand Veres . 17 1S the
current which go through the upper and lower arm at the same time (so
called “circulating current™). Vet avr IS the voltage command obtained from

the averaging control.
V f inef
“>@— Pl [ >®>{Pl}—=
- . + IZ Vref_avr
VC avr IP l
_ —IN?-» 5
N

Fig.2. 7 control diagram for average balance control

When Vet =V aur, Izret iINCreases. The function of the current minor
loop forces the actual dc-loop current iz to follow its command iz.s. As a
result, this feedback control of iz enables V¢ . to follow its command Vet
without being affected by the load current i, .

Individual balancing control.

The use of the balancing control described in [35]forces the individual
capacitor voltage to follow its command Ve . Fig.2. 8 shows a block
diagram of the individual balancing control, where v j; is the voltage
command obtained from the balancing control. It forms an active power
between the voltage at the low voltage side of each sub-module, v; and the
corresponding arm current. Since the balancing control is based on either

Ip OF Iy, the polarity of vy ;j should be changed according to that of ip Or i.
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When V= v; in the upper arm, a positive active power should be
taken from the dc power supply into the upper sub-modules. When ip is
positive, the product of vy j; and ip forms the positive active power. When
Ip IS negative, the polarity of vy j; should get inverse to take the positive

active power.

K X pH—
VCj' il ref Ij

Fig.2. 8 control diagram of individual balance control

The finial reference capacitor voltage is represented as

* _
Vref =V T Vref _j T Vref (2.4)

ref _avr

where V¢_ar cOmes from the average control loop, Vi jj is a result of
individual balancing control. The v is the original reference voltage. With
the basic control method mentioned above, the fundamental function of

MMC with multi sub-modules can be achieved.
2.5 Simplification of MMC

Base on the carrier phase shifted pulse width modulation mentioned
previous, the basic average voltage control and individual balance control,
a simulation of 3 phase MMC with 4 modules per arm as in Fig.2. 1 is

proposed. The parameters of the simulation are in Table 2. 1.
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Table 2. 1 SIMULATION PARAMETERS

DC source voltage 4800 V
Line frequency 60 Hz
Arm inductance 4 mH
Modulation Index 0.8

SM capacitance 750 F
Switching frequency 5 kHz
Load Resistor 3.2 Ohms
Number of Module 4 per arm

Fig.2. 9 shows the results of two of three phase for the simulation
above. The output currents of phase A and phase B, i, and iy, are stranded
sinusoidal wave, meaning the object of the MMC system can be achieved
by using the conventional PWM. Meanwhile, the module capacitor
voltages Vca 1-s, Vep_1-s are well balanced by the basic control. Due to the
symmetric of three phase and also from the simulation results in Fig.2. 99,
we could also notice that the performances of arm currents ipa, ipp and ina,
inpb are very similar, so are the module capacitor voltage. The only

difference is the phase shift. Therefore, in analysis aspect, we could focus
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on only one phase instead of three phases. In the following discuss in this

thesis, the analyses are mainly based on one phase system.
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Fig.2. 9 Simulation results of three phase MMC
[ R 4 AR,
dt L L L IL o
dvcl dl | r A \i
: o .. 0 1lo 0 0 Vet 0
dVN dN | . :
—N N .0 0 0 - 0
it | | ¢ R A Voo || 0 (2.5)
di, IR 0 0-; R by || b Vae
dt L L L L || Veweny | | 2L
Wiy :o 0 ol Bua o | ¢ 0
dt 1 C v
. l . L "c2N |
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¥ | 1g 0 . 0! S g 0
R | S T e
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The matrix above is the differential equations of a single-phase
MMC with N sub-modules in phase. In terms of the matrix, the upper arm
and lower arm equation are coupled by the term in the red box, which

contains only the components of load.
I, =V, /R, (2.6)

Equation (2.6) is the expression of the output current. Substituting

(2.6) into matrix (2.5), a decoupled matrix can be achieved, as follows

below.
T
dt L L ! : ]
dv, | | g, ' o Ve Ve
m s 0 0 :0 0 - 0: i oL L
Lo 0 0 0 0, °
dv,, d : :
had:\ I | |
d_||c 0 0 Flostomlelw Lol (27)
b |TrT DT o e G b Ve
dt : : L L ||V | |20 L
W) j0 0 - 0l L 0 - 0 : 0
dt '0 0 O. C 0 0 _Vc2N n .
: : | 0
Ve, lo o .. o! L 0 - 0
I O e + C :

In (2.7), with considering the load components as given value and
moving them into the constant matrix, all the terms in the red boxes are

zero, meaning that the matrix can be seen as two decoupled parts. The
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upper part of the equation represents the upper arm information of the

circuit, and the lower part of the equation stands for the lower arm.

%
dt
dv,,

dt

dv,,
| dt |

o -2
|
: L
li 0
Ic__ -
. 0
de g
C

Ve Vao
2L L
I O

. (2.8)

Matrix (2.8) is the upper part of (2.7), which contains the upper arm

information. If all the duty cycles d are assumed as same value and all

capacitor voltages v, are well balanced, the information in this complex

system can be represented by a 2X2 matrix in the red box.

Basing on the decoupling concept above, the multi module circuit

can be represented by the simplified circuit with only one module per

arm, showing in Fig.2. 10 . The differential equations of the simplified

circuit are represented as:

dt

dv,,

dt

i

_O q

L
4
L C

L

cl

}+ 2L f
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to 1} 2L L
e | [ g |LVer 0
| dt | | C |
[ p
0.5Vac| 1_3_11
R E
-v, +
0'5Vdi_ S_zl

Fig.2. 11 Replacing switching model with average model in MMC

(2.10)

Our analysis in this thesis is focused on the line frequency problems,

the switching frequency performance of the circuit is not our concern.

Therefore, as in Fig.2. 11 the switching model can be replaced with the

average model with the following equations:
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{vsm =Sev,

IC :S.Iarm
{vp =dev,
IC :d .Iarm

2.1 Analysis of simplified MMC circuit

(2.11)

(2.12)

Fig.2. 12 is the simplified one module circuit with average model. The

ac reference output voltage and current can be defined as:
v, =0.5V, M cos(wt) (2.12)
I, =0.5V, M cos(at) /R (2.13)

where M is the modulation index.

Fig.2. 12 The average circuit model with current loop
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In the conventional open-loop control law of the MMC, the duty cycle
of the upper module d; and lower module d; is set based on Kirchhoff’s

voltage law (KVL).

(2.14)

{O.SVdC =dyv, +V, +V,
0.5V, =d,v,, -V, +V,

where v¢; and v, are the sub-module capacitor voltages. For the
purpose of defining a simple modulation control law, one can first assume
that the voltage ripples of the sub-module capacitor voltage are negligible.
Hence vq and v, are replaced by Vg. Furthermore, because the arm
inductor is a relatively small value, the voltage on the inductor can also be

neglected. Thus the expression of duty cycle can be written as

d, =0.5-0.5M cos wt
d, =0.5+0.5M cos wt (2.15)

In the circuit in Error! Reference source not found., due to the KCL,

he currents have the following relationship.

io = i1 - iz (2.16)
i, =1, +i_  + 0.5 o1
i,=1, +i, —0.5i
2 dc har o0 (2.18)

where the upper arm current is i1, the lower arm current is i, and output
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current is i,. From (2.17) and (2.18), we know that the arm currents i; and
I, have three components. One of the components is from half the output
current i,, the green loop in Fig.2. 12. The other two components are the
currents which do not go to the output, but go through from the upper arm
to the lower arm and circulate in the circuit. In the Fig.2. 12, the circulating
current is in orange color. Variable ins represents the low-frequency
harmonics. Since inar does not flow into the load, inar Offers a free variable

to control.

With the simple duty cycle control law in (2.15), a simulation of the
circuit in Fig.2. 12 was made to observe the base performance of this
simplest case with the simulation parameters in Table 2. 2.

Table 2. 2 SIMULATION PARAMETERS

DC source voltage 600 V
Line frequency 60 Hz
Arm inductance 2 mH
Modulation Index 0.8

SM capacitance 750 F
Switching frequency 5 kHz
Load Resistor 3.2 Ohms

The simulation results are shown in Fig.2. 13. The output voltage is a
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sinusoidal wave with 240V peak voltage. That means even with the simple
control law in (2.15), the target output goal can be achieved. In the arm
current, there are three components, which were defined in (2.17) and
(2.18). As shown by the results, the harmonic current in, is a second-order

harmonic, and the dc bias of arm current l4. IS about 15A.

It is clear that there are significant ripples in the sub-module capacitor
voltage. The peak-to-peak value of the voltage ripple is around 127V. By
observing the spectrum, we can see that the fundamental voltage also
contributes voltage ripple. Meanwhile, the second-order voltage ripple is
also very obvious. This means a large capacitor bank and high cost are
required. Several control strategies proposed previously, aimed at reducing

the capacitor size, are analyzed in the following sections.

200 4% -t & SO o - oo 240 240
: : : 180

120f

S . YT 60

0 001 002 003 004 005 o0 1 2 3 4
80
60
37.38
40
20 15.01' 9.6
0 i | | |
0 001 002 003 004 005 0 1 2 3 4
800F 1600
e 51
40|
500 i i i : 2 | |21 .
0 001 002 003 004 006 ©Q 1 2 5 4

Fig.2. 13 Simulation results for simple control law
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In [16], the reason for the capacitor voltage ripple is explained. The
module plays a significant role for power transfer in this circuit. As
explained in [16], the module must produce a power offering to load or
transfer with the source and even other modules. The produced power has
harmonics. However, the only component which can carry that harmonic
power is the capacitor. The inductor voltage and inductor power, which are
very small, will be assumed to be negligible. In order to analyze this issue
clearly, a power flow analysis is necessary. In following power analysis,
the inductor voltage and inductor power are ignored.

Pp =LV (2.19)

pn - iZVan (220)

where py, is the upper module power and p, is the lower module power,

and i; and i, are the arm current, V4 is the upper arm voltage from point p

to point a, and va, is the lower arm voltage. Using the KVL, the expression
of vpa and va, can be derived:

Ve = 0.9V, —V, cos at (2.21)

v,, = 0.5V, +V, cos wt (2.22)

Substituting (2.17) and (2.21) into (2.19) and substituting (2.18) and

(2.22) into (2.20), the expression of the arm power can be calculated:

P, =(%|0Vdc—| Y +%Ihvo)cosa)t—%VI cosZa)t+%iharVdc+%th0 cos3at (2.23)

dc¥o o'o

pn:—(%lovdc—l Vv +%Ihvo)cosa)t—%VI COSZa)t+%ihaV %Ihvocos&ot (2.24)

dcVo o'o rVde
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In (2.25), it describes the relationship of the upper module power and
arm current. The components in (2.25) in orange color are associated with
the orange part in (2.17), which are “circulating current”. The components
in (2.25) in green color are associated with the green part in (2.17) which
are load current. Based on the common understanding of circulating
current, the circulating current produces the circulating power. However,
the question is: In this circuit, is all the circulating power produced by
circulating current? In order to answer this question, power flow analysis
IS required.

1 1 ‘l
i2

; . 1
P, =0V, = ZIOVO - ZIOVO % (2'Ionc‘— I -+ Etho)COS ot

- (lIOVo —LV,)cos2ot + ltho cos 3mt
4 2 (2.25)

To understand the function and relationship of power flows, the load

power and total source power also need to be observed.

D = 1 |V, J% I,V, cos 2wt (2.26)

1., ,. . 1 :
Ps = Evdc (Il + IZ) = E Iovo + IharVdc (2.27)

where p, is the load power which has a dc term and an ac term, and ps

Is the total source power, which also has a dc term and an ac term.

By observing the equations above, we can summarize several

relationships.
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a) The dc term in p, equals the dc terms in p;;

b) The second-order harmonic ac term in the load power equals

twice the second-order harmonic term in the upper and lower arm power;

c) The ac power in the source, which relates to inar, €quals to the

harmonic term in the arm power;

d) In the upper arm power and lower arm power equations, the

fundamental and third-order harmonic components have opposite signs.

Even though the power transfer process in this circuit is very

complicated, we can derive the following observations:

a) The dc power in the load comes from the source;

b) The phase arm contributes second-order power to the load;

c) The phase arm receives power from the source;

d) The AC power switches between the upper arm and lower arm.

The power flow analysis above can be shown in Fig.2. 14. Moreover,
the relationship of arm current and module power is summarized in Table
2. 3. By observing the table, we could notice that the circulating harmonic

power is associated with all the components of arm current, not only the so
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called “circulating current”.

Fig.2. 14. Power transfer diagram

Table 2. 3 SUMMARY OF ARM CURRENT AND MODULE POWER

i Pr | pp(DC) | Pp(@t) | Pp(20D)| p,(3wi)
| i 1 E -1,V
dc : ZIOVO: dc¥ o
KRN
3 locoswt| =21V | 5do¥ac | =21V,
> - .
lycosZat 2 1nVo 2 1Vac| S1hV,

Using Fig.2. 14 and Table 2. 3, the function of the modules can be
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explained in terms of energy storage and transfer. It can be noted that the
module has a significant role in the power flow process for this circuit.
However, the amount of energy storage and transfer that is essential for the
intended purpose is still unknown. In the sections below, the state
trajectory analysis is employed to help minimize the circulating power and

thus minimize the voltage ripple.
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Chapter 3 State Space Analysis

3.1 Introduction of State Space Analysis

In the previous section, Fig.2. 13 shows that the arm current and
capacitor voltage are the state variables in each module. Hence the four
state variables for the MMC are defined as iy, iz, Ve, and v, Because iy
and i, are related by (3.1), they are not independent. Therefore, there are
only three independent variables. Thus, one can use a 3D state trajectory,

with the three variables iy, v¢1, and v, to represent the system.

i, —1, =1, (3.1)

Fig.3. 1 illustrates the 3D state trajectories. To facilitate visual support,
the 3D state trajectory is projected into three 2-D planes, as shown in Fig.3.

2.
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Fig.3. 1 3D state space diagram for MMC

e
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Fig.3. 2 2D state plane projection for MMC

The capacitor voltage of upper and lower module can be calculated
using (6) and (7).
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= li(%—v—") I, Sinot —msin ot —ilisin 20t +1|—hsin 20t —Lsin 3ot

VN 4Co Cdw Cdw 2N, Co (3.2)

v, =V, +% gt

:———(——V—")Idcsinwt—%sina)t—llﬂsin2a)t+l|—“sin2a)t+ Voly sin3wt

&, 4Cw Cdo Cdo 24, Co (3.3)
In the capacitor voltage, there are DC components, which is the DC

voltage bias, fundamental, second order and third order harmonics. Since

the capacitor is the only energy storage device within the module, the

capacitor voltage equation is very similar to the module power equation.

The state trajectory in Fig.3. 3 shows the relationship between i; and

V1, the second-order harmonic in the arm current with clear visual support.
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Fig.3. 3 The state plane trajectory of upper arm current and module voltage

The size of the state trajectory in one cycle of operation is proportional
to its energy; i.e., a larger loop leads to a higher energy content. For
example, illustrates that the loop size decreases with a larger load resistor.

Fig.3. 4 shows the state trajectory of i, and v with different power ratings
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Fig.3. 4 State trajectory of i1 and vc1 with different power rating

Fig.3. 5 shows the 2D state trajectory in terms of the v¢; and v, planes
and the voltage waveform. The state trajectories cross paths during one-
line cycle, symptomizing the energy exchange between modules. The
waveform and trajectory can be separated to two parts. In blue interval the
voltage in upper and lower module change in different direction, that
means when one increases the other one decreases. In red interval the
voltage in upper and lower module change in same direction, when one

increases or decreases the other one also increases or decreases.
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600V
Vc1

Fig.3. 5 2D state trajectory of the vc1 and vez planes and waveforms

To explain this phenomenon, two axes are defined; the a-axis and the
B-axis. The a-axis denotes the energy storage related to odd-order
harmonics, which is associated with the blue interval in waveform. On the
other hand, the B-axis is related to even-order harmonics, which is
associated with the red interval in waveform. The above statements are
supported by examining (3.2) and (3.3). In (3.2) and (3.3), the
fundamental and third-order harmonics are represented with the opposite
sign, meaning energy exchanges between these two modules. The second-
order harmonics are represented with the same sign, meaning energy is

stored in the modules and eventually delivered out of the power phase.

If we use the power flows analysis in Fig.2. 14 as cross reference, we
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could find that the a-axis is related to power swapping between modules
and the B-axis is related to power exchange between module and source or

load.

3.2 State Trajectory Analysis for Different Control Method

In this sub-section, the proposed state-trajectory analysis is employed
to evaluate the effectiveness of various control strategies with the intent of

minimizing circulating energy and the bulk capacitor.

Example 1: Simple control law

The simple control law used in the previous section is employed here
as the first example to illustrate the power flow analysis. As noted in Fig.2.
13, the module has a significant role in energy storage and transfer for the
system. Fig.2. 14 and Table 2. 3 shows the relationship between the arm
current and the associated module power, which is broken down in terms

of dc, fundamental components and harmonics.
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Fig.3. 6 power flow mapped state trajectory of il vcl in example 1

In Fig.3. 6, the areas that embody the state trajectory of i; and v¢; in
one line cycle of operation are represented by different colors, denoting
different components of power outlined in the table. It should be noted that
the state trajectory is biased along its x-axis with the 600V bias voltage,
representing the dc average voltage of the capacitor. As shown in Table 2.
3, the sum of the dc power terms is zero. The dc power comes from the
source to the module and is immediately inverted into ac and transferred to

the load.

Since the module has to produce fundamental power, in the capacitor
voltage there is a corresponding fundamental term. The fundamental term

contributes the blue area of the state trajectory in Fig.3. 6, which also
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relates to the blue terms in Table 2. 3. As explained above, this fundamental
power switches to the lower arm, showing in Fig.2. 14. Since the net Py(w?)
IS not zero, the capacitor needed to store energy is related to the
fundamental frequency. The green area in Fig.3. 6 is caused by second-
order harmonic power. This Pp(2wt) also produces the second-order
voltage ripple in the capacitor. A portion of this power is associated with
the green terms in Table 2. 3 and eventually transferred to the load,
showing in Fig.2. 14. The second portion of Pp(2wt), marked in orange, is
the result of energy coming from source. This component of the power is

further examined in Fig.2. 14.

Ve [ (@0,30.) B3

650
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500 i i i
500 550 600 650 700
c1

Fig.3. 7 power flow mapped state trajectory of i1 vc1 in example 1

In Fig.3. 7, the fundamental power in Table 2. 3 and the fundamental

component of the voltage contribute the blue line in the state trajectory. If
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we consider both the upper arm and lower arm, the trajectory without any
distance in B-axis means that power does not transfer out of phase nor
transfer to the load nor source. This fundamental power only transfers
between the arms. However, this power does make a voltage ripple in the

capacitor, as shown in Fig.2. 143.

The green area in Fig.3. 7 represents the energy stored in the module
and eventually transferred from the module to the load. It is colored in
green in Table 2. 3 as well as in Fig.2. 14. Because this voltage ripple is a
second-order harmonic, it extends the trajectory in the B-axis. As discussed

above, the area indicates the power the phase arm contributes to the load.

Since the module also transfers power to the source, additional Pp(2w?)
power is stored in the capacitor and indicated by the orange area in Fig.3.
7.and Table 2. 3. There is also a small amount of P,(3w?) alone the a-axis.
From the diagram, it can be seen that the fundamental component

contributes most of the voltage ripple in the a-axis.

Example 2: Zero harmonic current

A very popular control method is to eliminate the harmonic current
with the idea of minimizing circulating current [36]. If the harmonic arm

current is eliminated, the arm currents are:
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I, =051 +1, (3.4

, =—0.51, + 1, (35)

With the harmonic current elimination, the voltage ripple in module

capacitor can be reduced, showing in Fig.3. 8
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Voltage/V

|13 45
1
4

Fig.3. 8 simulation results of MMC with harmonic current elimination

From Fig.3. 8, we could notice that arm current has only DC part and
fundamental part. As a result, the cap voltage ripple is also reduced. The
fundamental, 2nd order are all smaller and the 3" order harmonic is
eliminated. Meanwhile, the phase modules power is defined as

—( vV, -1,V 0)coswt—EVI cos 2t
4 (3.6)
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1 1
p, =—(=1V, —1,V,)coswt—=V | cos2wt
2 4 (3.7)
Using TABLE 3. 1 and Fig.3. 9, the function of the module power can
be clearly explained. The module provides dc and P,(2w?) power to the
load and the Py(w?) power switches between the upper and lower arms. In

this example, the module no longer exchange power with the source.

P

n

Fig.3. 9 Power transfer diagram for ihar=0
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TABLE 3. 1 POWER TRANSFER FOR Iuar=0

Er | p,(0C) | py(o) | p,Qon)
1
F s o
ldc E ZVolo: —Icho
1 Pl |
Elocoswt i—ZVOI",: EIonc

Further details of the power storage and transfer can be examined
using the state plans. In Fig.3. 10, the blue area is a result of fundamental
power Py(wt), whose support module produces power that switches with
the lower arm. The green area is caused by the second-order term Pp(2wt).

This component is needed to provide second-order power to the load.
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|

500V 550V 600V 650V 700V
Vc1

Fig.3. 10 2D state trajectory of i1 and vcl with colored areas for ihar=0
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Fig.3. 11 2D state trajectory of vcl and vc2 with colored area for ihar=0

Fig.3. 11 shows that the fundamental voltage extends the trajectory in
the a-axis, which causes the energy exchange between the two modules,
denoted by the blue line. The green area is caused by the second-order
voltage, which extends the trajectory in the direction of the B-axis. This
area represents the energy stored in the capacitor related to Pp(2w?), which

is transferred to the load.

Compared with Example 1, the area enclosed by the state trajectory is
smaller. Significant reduction of B energy and small reduction of a energy.
Since the module no longer needs to store energy that is eventually
transferred back to the source, the capacitor voltage ripple is reduced. In

this example the module still needs to store energy related to the
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fundamental frequency and its second-order harmonic.

Example 3: Second-order harmonic current injection

As discussed above, the module supplies second-order harmonic
power to the load. If a proper amount of the second-order current is injected,
the module may not need to store the second-order harmonic-related
energy [36]. The proposed second-order harmonic current injection is:

.. =1, COS2mt 8)

With this harmonic current injection, the voltage ripple in module

capacitor can be reduced, showing in Fig.3. 8
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Fig.3. 12 simulation results of MMC with 2" order harmonic injection

With the harmonic current as 2" order, the cap voltage ripple is
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reduced. In cap voltage, the fundamental part is reduced, the 2" order part

is eliminated, but introduced a small 3" order part.

the second-order component of the module power as shown in (3.9)
and (3.10) will cancel out each other. That means the module does not
provide power to the load or to the source. The power equations are

simplified significantly:

P, = (1 |V — 14V, +1 l,.V,)coswt +l | ..V, cos3mt
2 2 2 (3.9)
1 1 1
Py = _(_ Iovdc o Icho +5 Idcvo) cos wt —— Idcvo cos 3t
2 2 2 (3.10)

Using Table 3. 2 and Fig.3. 13, the function of module power flow
can be clearly explained. The module only needs to store the P,(w?) needed
to switch between the upper and lower arms. All the load power comes
from the source. From Table 3. 2, we can observe that only the odd-order

power components exist in the module.
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Fig.3. 13 Power transfer diagram for second-order current injection

TABLE 3. 2 POWER TRANSFER FOR SECOND-ORDER CURRENT INJECTION

; Pp p,(DC) | pp(wt) | Pp2wt)| p,(3wt)
S SR
Lac i Z 1V, i —IaV,
i H - ™
1 L1 .
5 locoswt :Z.I.O.V_‘i' ZIonc E—ZI oVoi
1 1 1
Incos2wt —Eldcvo i\ ZIoVo }_Eldcvo

Details of the power storage and transfer can be examined using the

third-order harmonic voltages.
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state planes. In Fig.3. 14, the blue area is further reduced compared to

Example 2. The capacitor voltage consists of only the fundamental and



0A i ; i !
500v 550v 600v 650v 700V
Vc1

FIG.3. 14 2D state trajectory of i1 and vcl with colored area representing second-
order harmonics

Fig.3. 15 clearly shows in this case the state trajectory only travels
along the a-axis; thus no even-order harmonics exists. As discussed above,
this means that no power transfers out of the phase module to the source or
load. The only circulating power that exists is P,(2wt) switching between
the arms. Moreover, due to the strong injected second order current, the

circle loop is not round like.
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Fig.3. 15 2D state trajectory of vc1 and vcz for second-order current injection

Compared with the previous cases, this case is more promising.
However, the main issue remains that the modules still need to store and
transfer line-frequency-related circulating energy; thus the capacitor bank

remains bulky.
Example 4: Controlling the modulation index

Observing the module power (3.9) (3.10), we could find that there is
only odd order harmonic power which contribute all the voltage ripple. In
(3.9),(3.10) the module power is a function of V4, Vo, lo and lg.
Meanwhile, those four variables have relationship which is associated with

the modulation index M, as following representation:

M =2V, IV, 311
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Substitute (3.11) in to (3.9) and (3.10), the module power equation

can be rewritten as:

p :(L—§M)IOVOcosa)t—lMIOVOCOSSa)t
" 2M 8 8

P, =—(i—§M)IOV0 cosa)t+1MI0V0 cos 3wt
2M 8 8

N

(3.12)

The expression of module power is a function of modulation index M.
When M changes, the power and voltage ripple also change, as shown in

Fig.3. 16.

1004 : 5 100A 10DA

00A P i ljpa 0 0 0 d1a0A PP
700V 800V V900V 500y 600V 700V 380V 480V 580V

700V 800V vc1900V 500V 600V 700V380V 280V 580V

Fig.3. 16 State plane with changing modulation index

As shown in Fig.3. 16, when M increases, the o energy decreases, that
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can be also examined in (3.12). Our team have recently proposed a new
control strategy of controlling modulation index M while still injecting the
second-order harmonic current in the same way as Example 3. By over-
modulation one can further reduce the fundamental component of
circulating energy. If M = 1.15, the fundamental component of energy can
be totally eliminated and the capacitor size drastically reduced. Since the
modulation index is always less than one in the half-bridge module, the
concept can only be implemented in the full-bridge topology. Analyzing
the module power equations in the previous case, with M=1.15 they can

also be written as:

p, = —% MI_V, cos 3wt

1
p, ==MI_V, cos3wt
8 (3.13)
However, in half bridge module, the modulation index has limitation.
It cannot larger than 1. In order to increase M to 1.15, full bridge module
could be employed. As shown in Fig.3. 17. with full bridge module, the

modulation index is limitation free.
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Fig.3. 17 modulation index control realized with full bridge module

With this modulation index control, the voltage ripple in module

capacitor can be reduced a lot, showing in Fig.3. 18
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Fig.3. 18 simulation results for modulation index control
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In cap voltage, the fundamental part is zero, the 2" order part is

eliminated, still there is a small 3" order part.

Under proposed control method, there is only a small amount of
circulating energy related the third-order harmonic, and it switches
between the upper and lower arms. From TABLE 3. 3 and we can observe
that most of the power terms are equal to zero; the only term left is a small

amount of third-order power.

Table 3. 3 Power transfer for Modulation Index control

NP2 | 5,00 | py(@t) | ppwt) pyGwl)
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Fig.3. 19. Power transfer diagram for M = 1.15
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Fig.3. 20 illustrates that the area embodied by the state trajectory is very

small and related only to the third-order harmonic voltage.

100

Iy
50A--
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-100A i
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Vc1

Fig.3. 20 2D state trajectory of il and vcl for M = 1.15

Fig.3. 21 shows the state trajectory of v and ve. The small state
trajectory is caused by the small third-order voltage. There is no
fundamental or second-order harmonic. The a energy and B energy are both

reduced near zero.
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500\ j j i
560V 550V 600V 650V VCJOOV

Fig.3. 21 2D state trajectory of vcl and vc2 with colored area for M = 1.15
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Compared with the previous cases, this case is much better. The

fundamental ripple is eliminated and there is only small third order

harmonic in capacitor voltage, whose effect is very limited. From the state

plane we could notice that in the Fig.3. 21, the voltage is fluctuating around

the middle point, that means most of the circulating power is eliminated in

this circuit.

In Fig.3. 22. a summary of proposed examples is plotted. It is obvious

that in our finial design, the modulation index control, the capacitor voltage

ripple can be significantly reduced and the circulating power in this circuit

Is almost eliminated.

Simple control Law
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Fig.3. 22 comparison of state trajectory for different control strategies
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Example 5: High-frequency injection for three-phase MMC

A more complicated case, the high frequency injection method was
proposed in [37] to reduce the capacitor voltage ripple. It was employed to
demonstrate the start-up of an induction motor with quadratic-torque loads.
However, it only considers the dc and fundamental components in the
branch current and ignores the second-order components, so the power

flow processes are very complex.

The author injected a high-frequency common-mode voltage in the
neutral point of the three-phase load. The structure of this method is shown
in Fig.3. 23. The high-frequency common-mode voltage is added between
point m and point o. This high-frequency voltage injection makes it

possible to eliminate the low-frequency harmonic power in the module.
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Fig.3. 23 Three-phase MMC for high-frequency common-mode voltage injection
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The power flow in the proposed method is rather complex to analyze,
but using the proposed state trajectory can help us gain some insight into

this approach.

Based on the concept in [37], a simulation is done with the parameters

in Table 3. 4 and the structure in Fig.3. 23

Table 3. 4 Parameters for High-Frequency Injection

DC source voltage 600 V
Line frequency 60 Hz
Arm inductance 2mH
Modulation Index 0.4
SM capacitance 750
Switching frequency 5 kHz
Load Resistor 3.2 Ohms
Magnitude of the common-mode 162V
voltage

Frequency of the common-mode 480 Hz
voltage
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Fig.3. 24 Simulation results of high-frequency common-mode voltage injection

The simulation results waveforms in Fig.3. 24 show that the high-
frequency capacitor voltage ripple dominates the voltage fluctuation. The
low-frequency voltage ripple is suppressed. The state trajectories of this

simulation are plotted in Fig.3. 25.
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Fig.3. 25 State trajectory comparison of high-frequency injection and over-

modulation

Unlike Example 4, here the high-frequency injection method encircles
the quiescent point numerous times while the over-modulation method
only encircles it once in a line cycle. In both cases, the fundamental and

second-order line frequency components are invisible.

68



100

. ; 100A— : 100
50 50A [270) o— SURRRSNS. S—— i
S 1 0 0 :
0 5 50A 50
LV |
-100 ‘ ] B -100 ' Vet 4 : ng
o M B ' 500y 550y 600V 650y 700V S0 B0 B0 B
700 ; 700y 700
va B' vq ﬁ 4 v
o c2 | ;
650 Vieo e - esoy-Ve2 y g0 L AR S -
(5771} N— 4 550\ - 550 .............................. ..............
- o ‘qu‘ soob ‘,,f ‘ ‘ VC"’! o E VC1
500 550 600 650 700 560\/ 550y 600V 650y 700V 500 550 600 650 700

Fig.3. 26 comparison of high frequency injection, modulation index control and ideal
case

Fig.3. 26 plots three state plane for the best solutions and ideal case.
The high frequency injection method can suppress the voltage ripple a lot,
especially the low frequency harmonic voltage can be eliminated. However,
due to the injected high frequency common mode voltage, in one-line cycle,
the current fluctuates many times, meaning large conduction loss. On the
other hand, the modulation index control can provide an even smaller
voltage ripple with low frequency current and voltage fluctuation.
Comparing with the ideal case without any voltage ripple, the modulation

index control method can offer a near-perfect result.

69



Chapter 4 Verification of Concept

4.1 Concept extension to multi modules

In industry application, a MMC system contains numerous of sub-
modules. All the modules share the high DC link voltage. A scale downed
three phase MMC with 12 modules per arm is demonstrated in Fig.4. 1 for
implementing the concept to real case. The parameters are shown in Table

4. 1 The sub-modules in this circuit can be half bridge or full bridge.
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Fig.4. 1 Circuit Structure for MMC with 12 module per arm
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Capacitor voltage/V
v

Table 4. 1 Parameters for simulation with 12 modules per arm

DC bus voltage

7.2kV

Power rating

1MW

Line frequency

60Hz

Arm inductor (L)

4.8mH

Module capacitance

900LF

Switching frequency

4800Hz

Modules per arm

12

Example 1: No Cir. Current Control

Mon- Grapts
V)l (VAR VDS sVad mVepd =VES eVepl =Vepd |=Vad = Vaol0 = Vapl)

Tine/s

Example 3: 2" order Cir. Current Injection

Capaci tor voltage/V
y

Ve Grgts
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41N
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660 1

LS ) a0 130 %0 430 PED 130

Time/s

Grid current/A

Capacitor voltage/V

Example 2: Cir. Current Suppression

Wi Grepis
wVapl Vg0 wVenl wVapl (mVeph |w Vg

»Vipl |=Vigh @ Vgl ® Vagi0 = Vep!t

Time/s

Example 4: Full-bridge MMC
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Fig.4. 2 Simulation results for proposed control methods

Fig.4. 2 describes the simulation results of proposed voltage ripple

suppression methods. By observing the results, we could notice that the
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concept of modulation index control and the other control methods work
well for multi modules case and they all can reduce the capacitor voltage

ripple. Fig.4. 3 gives us the summary of voltage ripple of the examples

proposed.
Capacitor voltage ripple comparison

O 100%
= 86.5%
100

80 59.6%

60
40
20

0

Simple control Law Inar=0 lhar = Iqcc0S20t M=1.15

Fig.4. 3 summary of voltage ripple of the different control method

Base on the results in Fig.4. 3, with modulation index control, the
voltage ripple can be reduce 85%. That means with the same voltage ripple
tolerance standard, the capacitance can be reduced 85%. Therefore, in this
simulation circuit, the 900 uF capacitance can be replaced with 135 uF. For
industry application, small capacitance means saving money and space.
Especially for the MMC built in the offshore platform, the volume of bulky

capacitor is a significant issue.

However, in the design 4, in order to implement a modulation index
equals 1.15, full bridge modules have to be used. Hence, the conduction

loss is increased in this case. Base on the information of a 1.2kV IGBT
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from SEMTIRON (SKM400GA12V), the semiconductor loss evaluations
of different designs has been done. A preliminary loss comparison under
different control methods is given in Fig. 11.
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Example 1 Example 2 Example 3 Example 4

100% 91.2% 86.8% 162.8%

Fig.4. 4 semiconductor loss evaluations

By observing Fig.4. 4, one can find that the loss of design 2 is about
10% less than design 1. And in design 3 the loss is reduced further.
However, the design 4 increases the loss to 162.8% of the first design. Most

of the increased loss comes from diode conduction loss.
4.2 Scaled down hardware of MMC

Computer simulation enlightens us to figure out new control and
analysis aspect. And our concepts are all verified on simulation. However,
in real case, there are unexpected problems and challenges. A scaled down

hardware of three phase MMC system is built to verify the concept and
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provide us inspiration of research outlook. The structure of the prototype

hardware is shown in Fig.4. 5.

DC Bus 7
N ’/ y4 '/ ¥ 4 /
y Power Power Power Po n{’r Po n'ver Porwer
module, module, module, module, rmodule module,
7 d 5? 7 d 7 &
2 7 2 7 2> Z
p.4 ' ' 1
3, o6 3 6 3 6
| | |
3 e s Ed S
interface interface interface
DSP1 DSP 2 DSP 3
DSP 4

Fig.4. 5 Structure of Scaled down MMC hardware

Shown as in Fig.4. 5, the system is a converter connected between DC

bus and AC output. It has 24 sub-modules which are separated to three

phases, meaning 8 modules per phase and 4 modules per arm. Each phase

has a DSP control board for most of the individual controlling. Moreover,

there is also a master control board to deal with the communication issue

between three phase and to give some general control order. The

parameters of this system are in Table 4. 2
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TABLE 4. 2 PARAMETERS OF SCALED DOWN MMC HARDWARE

DC bus voltage 600V

DC current 3A

Power rating 5.4 KW

Line frequency 60 Hz

Arm inductor (L) 0.3mH

Module 1200F
capacitance

Switching Up to 10kHz
frequency

Modules per arm 4

Load resistance 18 Ohm

PWM_
> oA
p-| Hardware Output| '
| dead time B
" |protection p. J op
£ S 2.t

| S1 S2
Driver 1 _l Driver 3 -
—I : Volmgel Cap
| s3 | e |- L] [voltage
Driver 2 —I Driver 4 _l
| | -
Isolated Isolated Isolated Isolated
Power Supply 1 Power Supply 2 | | Power Supply 3 | | Power Supply 4
| | ]
DC source Sensor Supply

Fig.4. 6 circuit of sub-module power stage
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The schematic of one sub-module is shown in Fig.4. 6. Four MOSFET
are driven by four individual gate driver which are supported by four
isolated power supply. The PWM signal are secured by the hardware
protection which can provide the dead time protection and make sure the
signals of upper switch and lower switch are complementary. The module
has two output mode. When P and N are connected to the arm, the module
works as half bridge. When A and B are connected to the arm, it works as
Full bridge. The voltage sensor on power stage can probe the capacitor

voltage of module and send the information to control board.

Aluminum

electrolytic caps
Mosfet: IPB200N25N3 250V,64A B

Driver: optocoupler driver ‘ '

Dead
time protection

Fig.4. 7 Picture of one sub-module

The picture of one sub-module is shown in Fig.4. 7. Due to the DC bus
voltage is 600V and there are 4 modules per arm, the capacitor DC bias
voltage is 150V. Moreover, the used MOSFET should have enough voltage
margin for the safety and stability of the system. Therefore, the MOSFET
we use is IPB200N25N3 with the voltage rating 250V and 64A current
tolerance. The power loop and signal loop are settle on two side of the

board to avoid the interference.
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Interface board

Control board

2 Arm inductors

Fig.4. 8 one phase leg of the scaled down hardware MMC

Fig 4.8 shows one phase leg of the MMC hardware. Each arm has four
modules and all the control and sensor signals are transferred through an
interface board to the control board. The interface board also offers low
voltage power to modules and control boards. The control board is based
on DSP chip and CPLD chip, it has enough calculating capability and speed

for our operation.

Using the one phase hardware, the concept of the voltage ripple
suppression method can already be verified. Fig.4. 9 plots the experimental
results of harmonic current elimination method (Example 2) and second
order harmonic current injection method (Example 3). For the safety
concern, the DC bus voltage rating of those experiment is only 60V.

However, the effects of harmonic current control and voltage ripple
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reducing can be implemented with this hardware prototype. The voltage
ripple with second order injection is around 20 % smaller than that in

example 2, which is same as simulation results.

Example 2: i, =0 Example 3: Inject 2" order Current

TokPrevu

Fig.4. 9 experimental results of example 2 and example 3

With modulation index control and full bridge module, as previous
proposed, the capacitor voltage ripple reducing can be improved. Fig.4. 10
plots the experimental result for it. Due to the effect of inductors and other
components in the circuit, the results is not as good as simulation. However,
when the switching frequency ripple is neglected, the voltage ripple is also

significantly reduced.
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Example 3: Full Bridge MMC with M= 1.15
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Fig.4. 10 experimental results of modulation index control method

As in Fig.4. 5 shown, there are four controller for this three phase
system. One of them is the master controller and the others are salve
controllers. When the system works as three phase, it is not as simple as
single phase. The communication between phased is important. Therefore,

the master and slave controller have different control task, showing in
TABLE4. 3

Fig.4. 11 shows three phase scaled down hardware of MMC. Besides
the components mentioned previous, there is a sensor board to measure the

output voltage and arm current.
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TABLE 4. 3 CONTROLLER TASK

Control task Measurements Communication
Master Output Voltage | Output Voltage Average capacitor
controller Control voltage from slave
Phase balance control | DC Voltage Running & Fault status
Arm balance control Arm Current

Over current & voltage

protection
slave Module balance | Module Voltage Voltage reference of
controller control each arm from master
Module protection Arm Current Running & Fault status

controllers

inductors

~ B

Fig.4. 11 Three phase scaled down hardware of MMC

With this hardware, the concept of voltage ripple reduction control

strategies can be verified. In future, it will also help us find out more
80



opportunities of improving the performance of modular multilevel

convertor.

81



Chapter 5 Conclusion and Future Work

5.1 Summary and conclusion

To gain a better understanding of the intricate operations of the
modular multi-level converter, this thesis proposes a method of analysis
that utilizes both state trajectory analysis and power flow analysis. The
flow of the circulating energy of the system is portrayed as state trajectories
on a three-dimensional state space and is further simplified to a set of two-
dimensional state plans. Subsequently, this method offers a clear portrayal
of the energy state within a module and the energy transfer in the system
over a line cycle. The method can be effectively used to assess the merits
and drawbacks of various control strategies for minimizing capacitor
energy storage for each module. The method clearly delineates the energy
storage transfer to the load and energy circulating to the sources as well as

the energy circulating among modules.

The analysis begins by breaking down the energy components into a
series of entities and identifying their association with dc, fundamental line
frequency and various harmonics. The flow of the various components of
power at the system level are displayed on the state plans with a clear
delineation of the power delivered to the load from the circulating energy

to the sources, as well as among the modules themselves. The proposed
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method enables one to gain a better understanding of the working principle
of the MMC and offers a simple way to assess the effectiveness of the
various control strategies with visual support by portraying its state

trajectories on two-dimensional planes.

Moreover, a new control strategy for reducing capacitor voltage ripple
Is proposed. Controlling modulation index with full bridge module can
eliminated the fundamental harmonic voltage ripple, which is the main
obstacles of reducing capacitance. The theoretical concept also can be

verified on the scaled down hardware.

5.2 Future work

Basing on the loss evaluation in section 4, we find that the
semiconductor loss in modulation index design is around 160% of the
original case. Therefore, a new hybrid topology which combines half
bridge and full bridge is being explored. From that hybrid topology, we

expect a balance between voltage ripple reduction and semiconductor loss

With our control concept, a 3rd harmonic voltage is still left in the
module. The next step is to analyze possible injected currents to further

reduce the 3rd order capacitor voltage ripple.
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Utilize the proposed saving capacitance method in MMC-HVDC
system, and quantify the effectiveness of the proposed method. A tradeoff
between converter loss and saving capacitance would also be analyzed

based on CPES double-pulse test results of IGBT.

An optimization design of inductors is also necessary to build a solid
fundamental for further research. The optimization design of inductors
should include the considerations of protection, THD requirement, loss and

Ccost.
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