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Modular multilevel converters (MMC) used forDC-AC energy conversion
are becoming popular to connect distributed energy systems to the power
systems. There are many modulation methods that can be applied to the
MMC. The space vector modulation (SVM) method can produce a
maximum number of levels, i.e., 2N+1, in which N is the number of sub-

modules (SMs) per branch of the MMC. The SVM method can generate

rules to apply to MMCs with any number of levels. The goal of this proposal
is to easily expand the number of voltage levels of the MMC when necessary
while still ensuring the quality requirements of the system. The proposed
SVM method only selects the three nearest vectors to generate optimal
transition states, therefore making the computations simpler and more
efficient. This has reduced the computational load when compared to the
previously applied SVM methods. This advantage ensures an optimal
switching process and harmonic quality which will significantly improve the
effectiveness of the proposed method was demonstrated through simulations
on MATLAB/Simulink and experimental tests on 13-levels voltage MMC
converter system using a 309 field-programmable gate array (FPGA) kit.
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1. INTRODUCTION

Nowadays, solar power plants with large capacity always create challenges in converting electricity
from direct current (DC) to alternating current (AC) with high capacity and high voltage. Conventional
power electronic converters cannot meet the conversion requirements at high voltage levels due to the limited
tolerance of semiconductor valves. Therefore, new converters, specifically multilevel converters, are needed
to perform these conversion tasks. Some multi-level converters can meet high voltage power conversion
requirements such as neutral-point clamped (NPC), cascaded H-bridge (CHB), clamp diode [1], [2].
However, these converters have many structural limitations and apply control solutions when the voltage
level is too high. At that time, voltage level expansion will become difficult, and the converter will be
cumbersome, making the application of the valve opening and closing laws by conventional methods difficult
when using microprocessor devices [3]. The modular multilevel converter (MMC) multilevel converter has a
lot of advantages that can overcome the disadvantages of the above multilevel converters as: has a simple
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configuration and easy to scale to any voltage level without interfering with modulation and control process
[4]. Therefore, this converter is easily applied to large-capacity, high-voltage solar power plants to convert
electricity from DC to AC directly connected to the grid [5]. The structural feature of the MMC converter is
that it does not require a filter or an intermediate transformer on the output side, the system connecting the
converter to the grid becomes very compact and does not incur any costs [6]. Thanks to these characteristics,
in recent years, MMC converters have always been interested in research by scientists.

The main topics researched are the modulation and control algorithms applied to the three-phase
MMC converter to generate good quality AC voltage and current. A few modulation and control algorithms
have been applied to MMC such as: pulse width modulation (PWM), space vector modulation (SVM),
nearest level modulation (NLM), proportional—integral (PI), model predictive control (MPC) [7]-[11]. In
which the modulation algorithms aim to solve the problem of generating switching pulse widths for the
insulated-gate bipolar transistor (IGBT) valves of the MMC converter, control algorithms in closed-loop
circuits aim to improve the quality of the AC current and voltage of the MMC in cases where the current and
voltage parameters experience large variations outside the allowable range [12], [13]. NLM modulation has
many advantages over PWM modulation because it does not need to use many carriers and the valve
switching frequency is low [14]. Compared with the above-mentioned modulation methods, the SVM
modulation method has many advantages and can improve the performance when applied to MMC.
However, this method is computationally complex and requires the establishment of a voltage vector state
table on the output side and must compute a large number of switching states [15]. On the other hand, during
the modulation process, the SVM method uses 4 vertices of the parallelogram to calculate the switching state,
which increases the number of calculations for the microcontroller and slows down the signal response of the
MMC [15].

The problem here is that it is necessary to apply the SVM modulation method but reduce the number
of calculations without having to list the state table in detail. Therefore, in this study, the general SVM
method for MMC with any number of levels will be proposed to overcome the disadvantages of conventional
SVM methods. The process is performed by using the three vertices of the triangle to calculate the IGBT
valve switching state. In addition, this method also uses the coefficient k as a factor to create the law to
expand the SVM modulation capability with any number of levels when the MMC expands the module to
increase the number of levels. This will reduce the IGBT valve switching state and minimize the
computational pressure on the microprocessor. Given the control requirements for the MMC, the proposed
SVM method has advantages such as it can generate a maximum number of voltage levels of 2N+1, generate
the maximum number of residual states to balance the capacitor voltage. and switching state optimization,
can be easily extended to MMC with any number of levels and optimal computing power. The principle of
the method is to detect a hexagon with two levels in the large hexagon to select type 1 and type 2 triangles,
thereby modulating the voltage vector by the closest vectors in the triangle. detectable without looking up the
built-in state table. Compared with previous studies on SVM modulation, this method only performs the state
switching process of the valves on 3 vertices of a triangle instead of 4 vertices of a parallelogram like the
previous method [15], [16], which means reducing the number of calculations for the microcontroller and
making the impact process faster. In addition, this method also creates a rule to create any number of levels
when the configuration of the MMC converter is expanded to the corresponding number of levels. This
process will save time and effort when implementing specific projects in practice. The obtained results are
proved by simulation on MATLAB/Simulink software and experimental model of three-phase MMC
converter system based on Verilog programming language and field-programmable gate array (FPGA)
microcontroller kit.

The following sections of the paper will clearly present some of the contents of the proposed
modulation algorithm and verify the results of the algorithm. Specifically: in section 2, the structure and
operating principle of MMC are presented. Section 3 presents the SVM modulation method that can create
rules applicable to MMC with any number of levels. Section 4 performs verification of the results on
simulation software. Section 5 verifies the algorithm on an experimental model. Finally, the conclusion.

2.  PRINCIPLE OF OPERATION AND DESCRIPTION OF THE MMC CONVERTER

Figure 1 describes the three-phase structure of the MMC. Each phase has 2N SMs. The SMs in the
upper arm are denoted from SM; ; to SM; n(j = 4, B, C), the SMs in the lower arm are denoted from SM; y+;
to SM; 2n. The DC side of the MMC is connected to a single VDC source with the corresponding ipc current.
In each branch of the MMC, there exist upper branch currents denoted i; ;7 and lower branch currents denoted
i; 1. The AC side current denoted i; is drawn at the midpoint of the inductor L, of the upper and lower arms in
each phase. This inductor has the effect of limiting the working transients of the MMC. The losses in each
branch of the MMC are described by the resistor R, [17], [18]. MMC converter works on the principle of
VSM voltage accumulation of SMs to generate AC voltage in each phase.
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For each SM, the output voltage will be associated with one of two opposite states and is defined as
inserted or bypassed based on the switching states of the valves in the direction of the current in the circuit as
shown in Figures 2, in which: Figure 2(a) shows the current going in the positive direction, Figure 2(b) shows
the current going in the negative direction. For MMC, voltage is distributed across the capacitors of each SM
in all valve arms in each phase.
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Figure 1. Three-phase structure diagram of MMC converter
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Figure 2. Definition of the inserted and bypassed states for a submodule (SM) based on the switching states
of its valves in the current direction: (a) inserted state of SM and (b) bypass state of SM

If the total voltage of the SMs is inserted on each arm is different, the current will be generated from
the voltage imbalance across the capacitors. If instantaneous current from the AC connection point flows into
the MMC Converter and splits into the upper and lower arms side DC, then the capacitors of each SM
inserted in the upper arms will be in the discharge state, in the lower arms will be in the charging state. If the
direction of the AC current is in the opposite direction, the discharge and charge states will correspond to the
capacitors in the lower and upper arms, respectively. Because of the phase difference between the three AC
currents, the discharge and charge states of the capacitors on each phase are continuously changed from
phase to phase. Since the total number of SMs inserted in a branch is constant, the total voltage across a
branch in one cycle is a value that oscillates at the same frequency as the ac side. However, this value
fluctuates asynchronously in the arms of the converter, creating a voltage imbalance between the inserted
voltages in each arm, causing current to flow in the arms of the MMC. This current is called the circulating
current iy. The current i, has no effect on the outside of the MMC on both the AC and DC sides. However,
the current iv is the cause of the loss of the MMC [19], [20]. The inductance on each arm has the role of
reducing the effect of current 7, [21], [22]. If the inductance L, of each arm is large, the amplitude of the
circulating current will be small. However, when the value of L, is large, the response time of the system
increases, the converter will not be able to quickly change the current value, so the calculation and selection
of the inductance value should match the response of the system [23]. Apply Kirchhoff's law to Figure 1, we
have system of (1).
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Vac = —vy —Lo—~

di
1‘7AC=UL-|-L0d_:‘_ (1)
i= iL - iH
VDC = vL + UH + LO d(LL+LH)

dt

From (1) adding the first two equations together, the output voltage is expressed as (2).
L .
Vac =5 (W —vy) + 5 (2)
Therefore, the AC electromotive force of the MMC is written as (3).

Vace = %(UL —vy) 3

If the symbols kg, kz are SM numbers in the upper and lower arms are inserted, the corresponding voltage is
written as (4).

UH = kHVC' UL = kLVC (4)
Where Ve = Vpc/N is the voltage per step on each capacitor of SM assuming that the voltage across each

capacitor is the same. The number of voltage levels on each upper arm and each lower arm is N+/. From (3)
and (4), the output voltage scale will have the same level as (5).

1 1V
Vee = EVC = ;% (%)

Then, the output voltage has the form as (6).
1
vy = (k, — kH)EVC =knVees ky = ki — ky (6)
To make a voltage level ky, the corresponding levels of kg, & are calculated according to (7).

kL _ lN+1+kMJ ; kH _ lN+1—kMJ (7

2 2

3. SVM MODULATION FOR MMC WITH ANY NUMBER OF LEVELS

SVM modulation for MMC can be done by adjusting the output voltage across the load, which is
called the modulation voltage. To generate the modulated voltage, the first thing to do is to define the space
of operating states of the voltage vector in the coordinate system abc. When MMC has N number of active
SMs in each phase, the number of MMC levels will be M = 2N +1 and the reference voltage vector of the
MMC is synthesized from the coordinates of the vector space and is expressed by (8).

V=§(VA+a-vB+a2-vc) ®

Vy = kA'VDC

In there: {vg = kg.Vpc;a = ejz?n; a® = ej%n With K,,Kg, K. € {—?, ..,—1,0,1, ,?}
ve = ke Vpce
Voltage vector representation on the plane af:
V =v, + jvg;
in there
Va = Va0 = %(UB —vc) ©)
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Representing the voltage vector in the coordinate system g/ will be the system of (10).

1
Vg =V, +51, Vg = Uy — =0
s e , (10)
UBZ?U;I thﬁvﬂ

The relationship between the coordinate systems is shown by (11).

1 2
_5(173 - ) zg(VA — Vp)

1
Ug = Uy —ﬁvﬁ

2 2
Wi =§(VB —vc)

(In

v, =
From (11) see that:
vy — Vg = Vpc(ka — kp); vg — ve = Vpc(kp — k¢)
Therefore
vy = 2Vpclka — kg vy = 2 Voc (ks — ke) (12)

If 2/3Vpc is taken as the base length of the state vectors k4, ks, kc as integers, the coordinates of the
[kg, kh] = [(k4 — kg), (kg — k¢)]vectors are integers. Then the vertex coordinates of the vectors will create
equilateral triangles with side 1 as shown in Figure 3. Each vector can correspond to different level states,
called residual states. For each state vector, a combination of state levels as (13).

k kAN k
] e ko] = | k=t (13)
L k—k, — k,

kCN

Figure 3. Switching state in vector space of multilevel converter

In the first sixth corner, vectors lying on the outermost hexagon have kg+k;,=M-1, with only one
suitable value of k=(M-1)/2. In the next hexagon inside k;+k;,=M-2, k has two values: (M-1)/2-1 and
(M-1)/2, meaning that each vector has two residual states. In this way, the zero-vector k will have M values,
from -(M-1)/2 to (M-1)/2, so the zero vector will have M residuals. From this, it is possible to compute all
combinations of state vectors in vector space. Determine the modulation factor from the three nearest vectors:
The NVM method will generate the desired output vector located in any triangle synthesized from the three
vectors that are the vertices of this triangle, which can ensure the best harmonic composition for the output
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voltage waveform [6]. The equilateral triangles join together to create an equilateral thombus, whose sides
are parallel to the gh axis, the vertices are the state vectors p1, p2, p3, p4, as shown in Figure 4.

pa(kgkptl)  palkgtlkytl)

my

/'/mg
pilkky Pkl

g

>
»

o

Figure 4. Synthesis of the output voltage vector from the three vertex vectors of the triangle

The desired output voltage vector is also linearly normalized to 2/3Vpc and linearly converted to the
gh coordinate system according to (14).

1

1 —=
el =1, 2| [org] = o] (14)
V3

where M; is the transformation matrix. Let mg my; be the decimal parts apart from the integer part of the
coordinates v, v, respectively as (15).

{mg = Vg — |[vrgl] = vrg — kg (15)
my, = vy, — llvpl] = v — Ky,

where k, = Hvrg”,kh = ||v,,|] is the smallest integer of the corresponding absolute values. The figure
shows that two triangles containing vectors ¥, V> have the same integer coordinates [kg, k/.
It can be seen that the line my + m;, = 1 divides the rhombus in Figure 5 into two triangles, where

vector V| belongs to domain my + m;, < 1 and vector V; belongs to domain my + m;, > 1.V is synthesized
from 3 vectors pi1, p2, p3 as (16).

Vi =p1 +my(p;, — 1) + m(ps — 1) = (1 —my —my)py + myp, + myps (16)

V, is synthesized from 3 vectors p2, p3, p4 as (17).

Vo =p, + (1 - mg)(p3 —ps) + (A —my)(p2 — ps)
= (mg+m, — 1)py + (1 —my)ps + (1 — m)p, (16)

Since the coefficients corresponding to the vectors are all positive and sum to 1, these will be the coefficients
for the modulation process. Equations (16), (17) also show that the calculation of the modulation coefficients
is very simple, through the calculation of v, v, the integer parts kg, &, and the odd parts myg, m; through the

(15).

3.1. Locate the vector v in the large sector

When the MMC converter grows with any number of levels M then the number of sub-triangles on
the vector plane will increase rapidly. The calculation becomes simpler if we use the symmetry of the space
vector system in each of the sixths. Show on the vector plane three coordinate systems of the hexagonal angle
(Zix, Zty), (Zax, Zay), (Z3x, Z3y), as shown in Figure 5. First, it is necessary to determine the projection of the
desired output voltage vector onto the two boundary vectors of the sixth angle by projecting the coordinates

T . . . . .
v, = [vm, vrﬁ] onto the corresponding coordinate system Z;, Z,, Z3. This can be done with transformation
matrices of the coordinate system M, M2, M3 like (18).
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1 1 2
1 —— 1 = 0o =
M = Jlim, = M, = i (18)
0 & 1 & -1 -5

Through an intermediate variable t,,, = v/ /3, the remaining components can be immediately defined as (19):

(19)

— * — —
{le = Vg — tmp _{ZZx = Z1x + Z1y . {Z3x = Z1y

) — ) —
Z1y = 2tmp Zyy = —Z1x Z3y = —Zyx

After determining the z;; coordinates, the sector determination algorithm is shown in Figure 6.

ON/ O\ /ON/ON /OO
Figure 5. Three non-perpendicular coordinate systems that make up the hexagons (sectors)

Coordinates [g,h]

Sector V

Sector 111 Sector VI

Figure 6. Algorithm to determine large sector

3.2. Determine the state vectors in sectors
3.2.1. Define state vectors at sector I
The sixth angle I, the coordinate system is Z;, from (20) we have:

2
Zix = Vg = 5 Vpc(ka = kp) - klx] _ [(kA — kg) (20)

Zyy =Vp = EVDC(kB —k¢) kayl ™ Llkg = ke)

If taking the coordinates k4 = k then the word (20) will be obtained on the abc coordinate system, then the
state vector coordinates will be:

kl" IIEAN k — k M1 M-1
kl BN 1x So that: —TS k'k_klx'k_klx_kw ST (1)
Y kczv k —kix — kyy
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3.2.2. Define state vectors at sector II
Second sixth angle, coordinate system is Z», from (19) we have:

— =2 —
Zox = Zix F 2132/ =3 Voe(ka kB)The : [:2;(] _ [Cka = kc)] 22)
Zyy = TZ1x = gVDc(kB —ky) 2y (kg — k)
Choose kg=k to satisfy the condition (21), the remaining coordinates in sector II are determined as (23).
k kan k- k2y
2x
el © ["BN] = (23)
2 k— k2x — kyy
3.2.3. Define state vectors at sector III
The third sixth angle, the coordinate system is Z3, from (19) we have:
= 21y =5 (V5 — )
P Ty TSR T e f’x] - [(kB ~ke) (24)
Zgy = —Zzx = 5 (Ve — v4) 3y (ke —ka)
Choose k¢ = k to satisfy the condition (21), the remaining coordinates in sector III are determined as (25).
k kAN k — k3y 3x
el = il 25)
i k — kgx

Since the space vectors are symmetrical, it is obvious that sector IV is symmetrical with sector I. Sector V is
symmetrical with sector II. Sector VI is symmetrical with sector III. Therefore, the way to determine the state
vectors is done similarly.

3.3. Optimal order for number of switches

When space vector modulation for a two-level invertor, Symmetrical triangle modulation uses only
two edge vectors and zero vectors, such that the time using the zero-vector divided equally into two parts, At
the beginning and end of each modulation half cycle, in the other half the order of vector execution is
reversed. This will optimize the harmonic component on the output voltage [24]. This modulation is called
SVM modulation with active vectors placed between each half-cycle of the modulation. This method is
equivalent to SPWM by inserting a zero-order component, as follows [25].

_ maxVarefVhrefVeref)tminVarer Vo refVeref)
Vs = — - (26)

In there Vires Vares Varer are the desired sinusoidal settings, Vs is the zero-order component added to the
settings. The modulated signals will have the form as (27).

V’k,ref = Vk,ref + Voff:k =a,b,c. @7

The SPWWM modulation and switching process in SVM modulation is shown in Figure 7. The
signal at the PWM output through the comparator with the sawtooth voltage in one modulation cycle is
shown in Figure 7(a). The addition of the zero-order component like (26) is to determine the zero vector at
the beginning of the modulation cycle. However, in a multi-level inverter it is not possible to have a zero
vector to arrange the signals as shown in Figure 7(a). Instead, if a modulation method is used with the three
nearest vectors in each modulation half-cycle, one vector will be used as vector zero, i.e. the time spent using
this vector is divided into two equal halves, equally divided for the beginning of the half cycle T, and the end
of the half cycle Ts. T, apply the same two-level inverter to a multi-level inverter, it can be imagined that the
spatial vector of a multi-level inverter has as many small hexagons as that of a two-level inverter, and the
vector at the center of this small hexagon has role as zero vector. Consider specifically when the voltage
vector moves from triangle 2 to triangle 3 as shown in Figure 7(b).
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Figure 7. The SPWWM modulation and switching process in SVM modulation: (a) PWM output signal and
times using positive and zero vectors and (b) optimal switching order for three-phase 3-level inverters

4. SIMULATION RESULTS

In this section, the author will present simulation results when performing SVM modulation for an
MMC converter consisting of 12 SMs per phase. The simulation parameters are presented in Table 1.
The output parameters of the AC side of the MMC converter are shown in Figure 8. Figures 8(a) and (b) are
the results of phase voltage and current on phases A, B, C of the MMC converter when applying the SVM
modulation method with the selection of the nearest voltage vector. The picture shows current voltage
without going through the filter gives normal sinusoidal results, which are obtained in the first cycle and no
transients occur during the simulation. Performing evaluation of total harmonic distortion THD for voltage
and current as shown in Figure 9, the results Figures 9(a) and 9(b) show that the THD index of current and
voltage is very small. Specifically, the THD index of the output voltage in the period 0.02 to 0.08 s is 1.85%,
the THD index of the current on the load is 1.01%. This result shows that the power quality corresponding to
the proposed SVM modulation algorithm is guaranteed as required, with the results of the THD index
showing that this method can be used for MMC to connect directly to the grid to transmit power to the grid
without the need for voltage filters and without the need for transformers. This is very important to reduce
equipment costs, reduce investment costs for the project while still ensuring technical conditions according to
regulations.

Table 1. MMC parameters used for simulation

Parameter Symbol Value
Voltage of DC power supply Vpe 6000 V
Capacitor voltage Ve 1000 V
Arm inductance L, S mH
Capacitance of the capacitor SM Csy 3000 uF
Number of SMs per phase 2N 12
Frequency f 50 Hz

/\ /‘ /‘\\\/\\ /’\ 100' f \'\ \/ / \/ \ T H“. -
A iy = X A e

\ ‘ g»t\ ‘\"Hi\/\“/\;’\[/ ANAT ARAWAE

2| \ o )/ \( \/ { \,“ \VARY|

[=) / ; A

-100L \/\ /\ \/ \/ v \./\,’ 3 \/ \/ ",\/ \\//

0 0.05 0.1 0.05 0.1

Thoi éian (s) Thoi gian(s)
(a) (b)

Figure 8. The output parameters of the AC side of the MMC converter: (a) phase voltage on the AC side of
the MMC converter and (b) current on the AC side of the MMC converter
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Figure 9. Performing evaluation of total harmonic distortion THD for voltage and current: (a) THD index for
AC voltage and (b) THD index for AC load current

These results prove that the switching optimization process of the method is guaranteed to be in
accordance with the set objectives and always ensures the operation quality of the MMC converter when
applying the proposed SVM modulation algorithm. Based on the comparison of voltage and current THD
indexes of PWM methods when applied to MMC converters with corresponding number of levels in the
document [16], we find that the THD index of the proposed method in this paper is always lower in value.
The details are shown in Table 2.

Table 2. Comparison of THD of voltage between modulation methods
Modulation method THD index for voltage

PSC-PWM 8.25%

NLC 17.2%
NLC+PWM 9.7%

NLC+CRC 17.6%

Figure 10 is the voltage of capacitors in phase A. Figures 10(a) and 10(b) are the capacitor voltages
of the SM of the upper and lower arms on phase A. Observing the capacitor voltage values of SMs of the
upper and lower arms of phase A shows that the MMC converter capacitor voltage always fluctuates around
the equilibrium position of 1000 V, the maximum fluctuation value of the capacitor voltage when reaching
the equilibrium position is 25 V, i.e. 2.5%. This result will help the capacitor operate stably for a long time to
help increase the life of the MMC and improve the performance of the MMC.
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Figure 10. The voltage of capacitors in phase A: (a) voltage of upper and lower arm capacitors in phase A
and (b) voltage of the lower arm capacitors in phase A

5.

EXPERIMENTAL SYSTEM AND RESULTS

5.1. Structure of the experimental system of the MMC converter
The experimental model of the MMC system is presented in Figure 11. The experimental system is
built based on the structure of the MMC converter with 12 SMs per phase and is described by the structural

diagram as shown in Figure 11(a).

In which: MMC converter is the main structure to convert energy from DC to AC according to the

proposed SVM algorithm; The measurement block is responsible for measuring, collecting, and extracting
samples of signals from the MMC controller to serve the signal processing system; With the characteristics of
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the MMC converter, which has a large number of measured signals to implement the control algorithm, it
requires a microprocessor device with many inputs/outputs and fast action [26]. Therefore, in this article, the
author used Xilinx FPGA AX306 Kit as the main tool for the controller. The reason for choosing this device
is because of its fast signal processing speed, which can accommodate many 1/O ports for controlling IGBT
valves. of the MMC converter, and at the same time can create programmable logic circuits that cannot be
implemented by other microcontroller devices. Therefore, the SVM modulation algorithm, pulse generation,
sine wave generation, and calculation process are all done in this device. The working sequence of programming
on the FPGA is shown in Figure 12.

First, a signal needs to be generated to start and synchronize all the signals on the FPGA (here
selected as the reset signal, this signal is assigned to the reset key on the FPGA). Then, conduct
communication between the FPGA and the Mcp3208 to read the required values from the MMC in turn.
Simultaneously generate a 3-phase sine wave, placed at an angle of 120 degrees from the DDS core on the
FPGA. After reading all the voltage and capacitor values on the phases, we create a start signal to arrange the
voltage value of the capacitors on the corresponding phase branch based on the capacitor voltage balancing
algorithm, at the same time determine the number of SMs inserted on that branch according to the SVM
algorithm and generate the corresponding pulse to the MMC converter. The overall diagram of the
experimental system of MMCs with 6SMs on each branch is presented as shown in Figure 11(b).

Vpd/2 ==

VHCxj
‘_
Mda ch | vicy
q o i
0 Driver X <
in lwong [
— Ux

Vo2 =

(b)

Figure 11. The experimental model of the MMC system: (a) structure diagram of single-phase experimental system of
MMC and (b) overall model of the experimental system of the MMC converter (1) driver, (2) Vpc, (3) load, (4)
measure circuit, (5) FPGA, (6) ADC
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Figure 12. Sequence diagram for programming on FPGA

The main equipment of the experimental system:

— Power circuit: including 72 semiconductor valves type IGBT SKMS50GB063D 600V/50A type; 36
capacitors, 72 diodes, a 400VDC DC voltage source, AC side RL loads, a number of circuit protection
components.

— Measuring circuit: current measuring circuit using 9 current measuring sensors type LEM LAS5-P, of
which 6 LEMs are used to measure the current on each arm, the remaining 3 LEMs are used to measure
the current on the AC load. Voltage measuring circuit includes 36 INA128 and 36 HCPL-7800 to
measure capacitor voltage, amplify signal, and convert to control signal.

— The ADC circuit uses 36 MCP3208 with 16 pins responsible for converting analog signals to digital
signals for input into the microprocessor and vice versa.

— Driver circuit: using a series of IRF21531 components to generate AC voltage through a pulse
transformer and a diode bridge rectifier circuit to generate voltages of 15V and -5V. The PWM signals
from the ADC circuit are fed into the HCPL316J ICs. IC HCPL 316J has the function of generating
pulses to control the IGBT valve.

+The Xilinx FPGA AX309 80-pin I/O microprocessor is responsible for processing the ADC
measurement signal, implementing the SVM modulation algorithm that has been output. The signals are
taken as a digital signal and converted to an analog signal when pulses are applied to the valves of the MMC.
Experimental results in Figure 13 when implementing the SVM modulation method show that the

MMC converter works well with the SVM modulation principle. Specific: Figure 13(a) is the output AC

voltage of phases A, B, and C. The results show that the phase voltages have a sinusoidal shape with 13

levels, which is consistent with the principle of generating 2N+1 voltage levels of the SVM modulation

algorithm (here N = 6). This result has proven the correctness of the rule for selecting the coefficient k

according to the proposed SVM modulation algorithm, and at the same time proves the accuracy of the SVM

modulation process for MMC according to the experiment compared with the simulation results obtained.

The output current on the load phases A, B, C shown in Figure 13(b) has a sinusoidal form, the working

process is stable without any transients, this has met the necessary requirements of the MMC converter when

operating in DC/AC mode. The current results have demonstrated the power quality of MMC when applying
the proposed SVM modulation algorithm when implemented with FPGA 309AX microprocessor.
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Figure 13. Experimental results (a) output AC voltage shape of phase A, B, C and (b) current shape on AC
load of phase A, B, C

Figure 14 shows the capacitor voltage results in SM1 of phases A, B, C. The image shows that the
oscillation amplitude of the capacitor is 9 V. With the rated value of the capacitor according to the
experimental scenario of 67 V, the corresponding oscillation level of the capacitor is 13%. For the normal

Simulation and experimental validation of MMC capable of producing ... (Tran Hung Cuong)



5246 O ISSN: 2088-8708

operation of the MMC, this value is small and acceptable so that the capacitor can operate for a long time as
desired. The results of the capacitor voltage have demonstrated that the SVM method has met the
requirement of balancing the voltage in the capacitors of the SM on all three phases, which will help the
MMC converter to operate stably for a long time with the proposed method.

=S

Voltage (

0 20 40 60 80 100 120 140 160 180 200 220 240
Times (ms)

Figure 14. Voltage shape on the capacitor of SM1 phase A, B, C

6. CONCLUSION

The paper has implemented an improved space vector modulation law for multilevel MMC with any
number of levels. The new modulation law is implemented by choosing the voltage vector in any triangle of
the vector space, in this way the switching law will be shortened and simplified. The results are to create an
optimal switching law and can be extended when necessary. This work will make a new contribution to
improving the efficiency and quality of operation for MMC. The paper has performed simulations for MMC
converters with 12 SMs in one phase. When using the proposed law, the principle of the proposed method
has been proven to be correct and creates 2N+1 voltage levels, minimizing voltage fluctuations on capacitors.
From the simulation results, the author has demonstrated on the corresponding experimental model that the
experimental results are similar to the simulation results. This is the basis for developing practical
applications of MMC converters.
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