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Abstract: Modular multilevel converters (MMC) can be used in several applications, especially (but
not only) in high-voltage direct current (HVDC) and STATCOM. In order to develop experimental
scaled-down test benches for lab validation, several projects have developed MMCs with a limited
number of cells, but they need to use pulse width modulation (PWM) techniques to achieve acceptable
power quality (because nearest level modulation (NLM), common in HVDC applications with
hundreds of levels, cannot achieve sufficient power quality unless the number of cells is high enough).
The present paper proposes a new concept which is based on designing arms with a single cell.
This allows to have the simplest possible converter that maintains the structure of an MMC. While
all the inner controllers of large-scale HVDC MMCs are included, the only remarkable difference
is that PWM is used and NLM cannot be implemented. As this is also a limitation for other low
voltage MMC, the proposed concept is suggested for scaled-down low voltage applications. The
paper includes the design and construction of the converter, the definition and implementation
of the converter controllers, and the converter testing, with detailed dynamic simulations and an
experimental setup.

Keywords: modular multilevel converter (MMC); grid forming; grid following; single cell per arm

1. Introduction

Modern power systems are increasingly populated by high-voltage direct current
(HVDC) and flexible alternating-current transmission systems (FACTS) [1]. HVDC technol-
ogy is mainly used for bulk power transmission over long distances (approximately longer
than 600-800 km for overhead lines or 100 km for underground or submarine cables [2]),
interconnection of non-synchronous power systems (with or without the same nominal
frequency) and connection of remote renewable power plants (such as remote offshore
wind power plants) [2]. FACTS equipment is used in several applications to increase the
AC power system flexibility providing an enhanced control of its AC bus voltages and lines
currents and powers. Both for FACTS and HVDC applications, voltage source converter
(VSC) technology, based on fast-switching semiconductors, such as IGBT, is preferred over
line commutated converter (LCC) technology based on thyristors, because of the capacity
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of forming a grid (or black-starting it), requiring less (or none) filtering and reactive power
compensation equipment and allowing independent active and reactive power control.

Among the different possible VSC technologies, modular multilevel converters (MMC)
are achieving high efficiencies (comparable to LCC), while presenting all VSC functionalities
in a modular structure. Therefore, MMC is the selected technology for most recent VSC-
based HVDC projects worldwide. As far as FACTS are concerned, MMCs are being used in
modern STATCOM equipment (including STATCOM applications with storage).

MMC modeling and control has been extensively addressed in several works [3,4],
based on an energy-based control approach. Energy control approach allows to have inde-
pendent control of AC and DC power and therefore an additional degree of freedom can
be used storing (limited) energy in the cells of the MMC. Several projects have developed
scaled experimental platforms [3,5] to experimentally validate the proposed concepts.

The present work proposes an MMC concept using a single cell per arm. This allows
to maintain the MMC structure (and associated inner and energy controllers) with the
minimum number of semiconductors and cells, enabling conduction of several studies
without requiring more complex systems. The only controllers that cannot be tested are
related to the sorting algorithms associated to nearest level modulation (NLM) techniques
typically applied in high-voltage MMCs, due to the single-level implementation. Regarding
this last issue, it is important to remark that other scaled MMCs with low number of cells
share this same problem and need as well to implement pulse width modulation (PWM)
techniques in some (or all) the cells to operate the converter. Therefore, it can be stated that
the one cell per arm concept can be used to perform the same studies as similar converters
with higher number of cells per arm, since, in all cases, PWM is required anyway.

To summarize, the proposed converter is a simple and low-cost converter structure
that can include all the relevant controllers existing in an MMC.

The rest of the paper is structured as follows. Section 2 introduces the converter con-
cept, the specifications and the converter design. The control is analyzed in Section 3, pre-
senting both the theoretical foundations and the practical implementation for grid-forming
and grid-following modes. The experimental and simulation validations is discussed in
Section 4, where the converter is tested in different conditions. Section 5 includes the
discussion. Finally, the conclusions are summarized in Section 6.

2. MMC with One Cell per Arm
2.1. Conwverter Concept

Several manufacturers are developing and installing modular multilevel converters
(see Figure 1) for several purposes, especially for VSC-HVDC transmission and STATCOM
applications. When the number of cells is sufficiently high (which is the case for high-
voltage applications, due to the high number of cells required) the preferred modulation
technique is nearest level modulation (NLM), which basically modulates voltages in a
“staircase” approach, dramatically reducing the switching frequency and the associated
losses. For research and testing purposes, several research projects have developed scaled
MMC experimental platforms at low- or medium-voltage levels, where the number of
cells per arm is significantly reduced [3,5-20]. While some of the converters’ cells can be
operated using an NLM technique, in order to obtain acceptable power quality, some of
the cells need to be operated with pulse width modulation (PWM). An example of this is
shown in Figure 2, where a voltage signal is modulated with converters with 1, 2, 7 and
11 cells per arm. In the left column, only NLM is applied. As this is not sufficient to
achieve good power quality in all conditions (including disturbances and faults), PWM in
at least one level is implemented as shown in the right column. This limits the feasibility
of accurate replication of MMC modulation in scaled low-/medium-voltage setup, as real
high-voltage MMCs with hundreds of cells per levels can operate only in NLM. Following
this reasoning, the concept proposed in this paper assumes that the modulation cannot
be replicated and it proposes to develop a converter with only one cell per arm, operated
in PWM. The converter keeps the basic MMC structure and includes the inherent energy
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storage capacity in the arms capacitors, controlling the arm energies, as it happens in large
MMC converters. The converter also includes the superposition of AC and DC currents
and voltages in the arms, and the obtained waveforms are equivalent to those of large
MMCs. The only significant difference is that NLM is not applied, but, as mentioned above,
the same is true for scaled MMCs with several cells per arm, as have been developed in
previous studies.
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Figure 1. Typical modular multilevel converter scheme.
Voltage (pu) - Voltage to be modulated
1F T T ——— T T =
05 . \\ - - \\ 1 - ~
\\\ /// \‘\ ///
ok | | —t | | | — | | =
0 0.005 0.01 0015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Voltage (pu) - NLM Voltage (pu) one level W|th PWM
! ‘ 1 cell per arm
05f 4
ot S E! ! '
0 0.01 0.02 0.03 0.04 0.05 001 002 0.03 0.04 .05
e : : : : M, e
05 05H
ok | ! ! ! E o
0 0.01 0.02 0.03 0.04 005 001 002 003 004 .05
. f%wﬁ ) N ﬂwm
ot ! ! ! ! E 0
0 0.01 0.02 0.03 0.04 0.05 0 .05
T Irr:—’_‘—\l ~ ]| 11 cells per arm 1’_’J—""“'“""“—H T T T
i j b B wf HLW,—F‘I;H{ LHL
ot E ok | ! ! ! E|
0 001 003 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
Tlme (s) Time (s)

Figure 2. Example of NLM modulation and hybrid NLM-PWN modulation (PWM in only one cell
per arm).

Figure 3 shows an scheme of the proposed converter topology, in its half-bridge and
full-bridge cell versions. Each converter arm is composed of a single cell and an arm
inductor. A transformer is used to couple the converter to the grid.
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Figure 3. Scheme of the proposed modular multilevel converter with one cell per arm (half-bridge
and full-bridge versions).

2.2. Specifications

The converter can be designed for different possible specifications. In this paper, the
specifications oriented for an MMC scaled laboratory setup can be summarized as follows:

e The MMC converter (one cell per arm) includes inner energy controllers, circulating
current and relevant controls;

*  The converter can be used with half or full bridge cells;

*  The converter will be installed in a cabinet including isolation transformers, converter
reactors, filters, circuit breakers, measurements and protections;

*  The converter rated power is 10 kVA and has to control independently P and Q in
rectifier /inverter mode;

*  The converter needs to be able to operate in grid-forming and grid-following modes;

*  DC voltage shall be in the range from 450 V to 800 V and the supplied AC voltage is
of 400 V (3-ph L-L RMS);

*  The converter shall be able to operate at +/—10% of rated AC voltage supply and
withstand AC faults.;

*  The converter shall be able to operate at the frequencies between 40 and 60 Hz.

2.3. Converter Design
2.3.1. Converter Layout and Power Modules

Figure 4 shows the single-line diagram of the analyzed converter. The different
elements are labeled for easy identification of their position in the cabinet. The MMC power
converter is based on the three-phase teknoCEA PCO-10T800 inverter module [21] and the
CDA01-CU3 teknoCEA control board [22]. Each cell (1, 3, 5, 7, 9 and 11) is implemented
with 1 PCO-10T800. One CDAQ1-CU3 is used to control every two PCO-10T800. The PCO-
10T800 is a power electronics platform designed as a three-phase inverter with sufficient
adaptability to implement other topologies. Consequently, the equipment includes more
current and voltage measurements than necessary for a three-phase inverter. Additionally,
it includes several digital outputs to control the necessary switchgear associated. Operating
as a three-phase inverter, the PCO-10T800 is rated for 10 kVA, connected to a 400 Vrys grid
and DC-link voltage between 650 and 800 V. The power converter is based on Si IGBTs with
a maximum switching frequency of 20 kHz, based on a SkiiP 23AC12T4v1 IGBT4 Trench
module from Semikron. The CDA01-CU3 control board is a general purpose control board
based on a Texas Intruments F28M35 microcontroller. The CDA01-CU3 control board has a
direct interface connection with two PCO-10T800.

As shown in Figure 4 the three legs of each PCO-10T800 are used. Two of them are used
to create the full-/half-bridge cell and the third one is used to control the power dissipation
in the brake resistance, which is distributed per arm. Together with the power converters,
the inductances, capacitors and all the necessary AC/DC switchgear are installed in the
cabinet. Impedances at both the AC side and the DC side can be added to emulate grid
equivalent impedances.
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Figure 4. Single-line diagram of the converter and image of the assembled system. Front view (left)
and rear view (right).

2.3.2. Arm Inductance Sizing and Selection

The arm inductance has been sized to limit the short-circuit current of the converter
for AC faults, DC faults and possible direct connection between upper and lower arms that
can occur during switching. (This overlap will be minimized by means of the modulation
strategy implemented, but the inductance ensures that there is no problem if this happens).
Considering the above premises, the inductance of the MMC arm has been selected as
5.1 mH, which corresponds to an equivalent short-circuit reactance of 0.15 pu (association
of two parallel arms with reactance of 0.3 pu). A switching frequency of 10 kHz is selected
as it is the minimum frequency that ensures the expected ripple according to the designed
inductance, so converter losses are minimized. Figure 5 shows an example of the arm
currents simulated with a switched model, where it can be noticed that the ripple is limited
to 6.25%. Arm inductances have been selected bearing in mind only their DC and grid
frequency current components (considering specifications between 40 and 60 Hz). The core
is made of laminated steel and the winding of solid copper. The inductors are rated for a
DC current of 8.5 A and an AC component of 12.55 Arps.
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Figure 5. Cell voltages and arm currents.

2.3.3. Cell Capacitor Sizing and Selection

The cell capacitance has to be chosen considering the trade off between voltage ripple
in the capacitor cells (increases with smaller capacitances) and converter volume and cost
(increases with higher capacitances). The cell capacitance has been designed analyzing the
voltage ripple variation for different DC voltages and capacitance values. The smallest
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DC-link

capacitance, C = 1.02 mF, which secures a limited voltage ripple, has been chosen. The
capacitance obtained has been further validated using a typical ratio, pe—p = E/Puom
= CV?/(2Pyom), of total stored energy per nominal power which should be larger than
30 k] /MW [1]. The total stored energy is 61.96 k] /MW at 450 V (min voltage—worst case).

Simulations and experiments have validated that this capacitor value ensures a correct
maximum voltage cell ripple of 10 % in the worst case possible (in the case of low DC
voltage, see Figure 5).

The cell capacitor is formed by the series connection of two blocks of three parallel,
connected 680 pF electrolytic capacitors with a nominal voltage of 450 V. The total capaci-
tance is 1020 pF with a 900 V of nominal voltage. Two 47 k() resistors are used to balance
capacitor voltages.

2.3.4. Converter Control Architecture

Figure 6 shows a schematic view of the MMC converter together with the control:
human-machine interface (HMI) and three control boards. The control boards are high-
lighted in different colors. The measurements of the MMC are depicted in the same color
as the control board performing the measurement. The MMC control algorithms are pro-
grammed in the Master CDA01-CU3. The two slave control boards send the current and
voltage measurements to the master control board, and receive from the master the modu-
lation index for the upper and lower arm. All this information is shared using a precision
time protocol (PTP) Ethernet interface. The PTP Ethernet interface provides sufficient
transmission speed for the measurements sampled at switching frequency and modulation
index. The three control boards are synchronized between them using optic fiber. The
system is controlled with an external HMI, connected with a CAN interface.
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Figure 6. Overall scheme of the converter measurements, driving signals and communications.

3. Control Structure
3.1. Overall Control Structure

The MMC can operate in two control modes: grid forming and grid following. Their
description is detailed below:

¢  Grid-following mode: This converter control strategy relies on an existing AC network
to implement its controllers. They require a network orientation structure, typically
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called phase locked loop (PLL), which measures the AC grid voltage, extracting the
voltage and angle (and frequency) of the network. The control options considered are
the following:

—  PQ control: It regulates the active and reactive power exchanged by the converter.
This control needs a regulated DC link voltage to operate;

- The V;-Q control: It regulates the DC link voltage and the reactive power ex-
changed;

-  Supporting controllers: Additional loops to support network AC frequency, AC
voltage or a DC distributed voltage droop control could also be included, as
supplementary controllers.

*  Grid-forming mode: It does not rely on an existing network. The control forms a grid
and imposes voltage and angle at the point of connection to the AC network.

3.2. Operating Principle and Modeling

Once the upper level control strategies have been defined, the basic operating principle
of the MMC is explained. The suggested MMC structure has a single cell per arm, which
can be controlled to behave as a controllable voltage source (fed from a capacitor energy
storage device). Then, these synthesized arm voltage sources can be used to control the
AC and DC current components flowing through the converter. These currents references
will be defined both to implement the selected converter control mode and to maintain the
converter internal energy balance. To represent and understand the converter behavior, the
MMC circuit equations can be obtained per each phase: j (j = a,b,¢)

i

| di, di
VLPCfuLfU]g*vn _Ra11¢+LuT+RSIS+L5 di’s (1)
; .
VDC+U ¢ — U Rl L d +R Ld] §
I n = —Rai Adt it S dt N

where R, and L, are the resistance and inductance of the arm inductor; Rs and L, correspond
to the phase 1nductor VPC and VD C are the Voltages of the upper and the lower halves of

the HVDC link; vg is the AC grid Voltage v), and v] are the voltages applied by the upper
and the lower arms, respectlvely, i}, and i ll are the currents flowing through the upper and

lower arms, respectively; and i} is the AC grid current. Moreover, the following typical
variable and parameter changes are applied [4]:

J A J J
Vyee = = (=0, +0)) 1
;zsz L2 w Y v, U{isz + 5 Vsum
Usum = f]u + U{ i N 1
P v =0, =U
Lsum £ *(i]u + 1;) and ,l dl,ff ,2 s 3)
Re ks R b= 2+ i
LD i =Lyl
L é Ls + 7& 1 2 S sum
where vfi iff and véum are the differential and the additive voltages applied by the con-

verter, respectively, and iél,m is the additive (inner) current, which is common to the upper
and lower arms. Adding and subtracting (1) and (2), applying the defined variable and
parameter changes (3) [4], as follows:

jabe
it — 0g 4+ (Vopf —oa)[111]7 = RiZ™ + de— ey
abc -abc dlgll:fn
sum V [1 1 1] 2Ra sum 2La (5)

dt
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where R, R;, L and L, are 3 x 3 diagonal matrices with R, R;, L and L, terms at the
diagonal, respectively, and VO%Q is half the imbalance between the voltage of positive and
the negative DC poles (typically close to zero). These two equations are key to define a
complete control structure of the converter. Based on them, a current control strategy can
be established, which will set the foundations for the upper layer controllers, defined in the
next section.

3.3. Control Implementation

In this section, a simple design methodology for MMC controllers is suggested. First,
a high level overview of the control structure is shown in Figure 7, detailing the different
stages and possible operational modes.

w0 °

= Operatio Outer i )

a peration o Grid current Grid current 7
o mode P control P reference > I > Slhmedile =
2 > selection loops calculation activation > é
g Internal E Additive current Additi > signall ;
G energy control P S reference > itive current generation <
S control : control S
s references calculation

Figure 7. Overall MMC control structure.

The control strategy must ensure the following objectives:

e Implement the required control operation mode (grid following or grid forming);

¢  Control the different degrees of freedom of the MMC by means of specific current
components;

*  Control the currents flowing through the converter, by means of inner current controllers;

*  Balance continuously the energy stored in the converter arms, avoiding large deviations.

To meet these objectives, the following control parts should be designed:

e Current controllers: Grid and additive current regulators able to track AC and DC
current references. Controllers should be able to track AC and DC currents in the
low ms range (~1 ms). These controllers are implemented in the stationary a0
reference frame.

e Energy controllers: Design of the energy regulators to balance the energy stored in
the converter arms. Energy controllers are designed to reject disturbances (power
imbalances during operation) with a limited deviation (10%) and in a defined time
(~100 ms).

*  Outer loops: Implement the defined control mode (grid following, grid forming and
additional loops (additional control loops as frequency supporting structures or DC
droop controllers can be implemented)) based on its associated controllers. Typically,
outer loops are defined to respond slower than the inner current controllers (~100 ms).
The DC voltage and the power controls are designed as explained in [23] and [4],
respectively.

e Reference calculation blocks: Grid and additive current reference calculation strategies
defined by the outer level controllers.

In summary, Figure 8 condenses the explained control structure in a single diagram.
The different control blocks are designed based on defined design criteria. The selectors
included in red enable the operation in different operation modes. In the following section,
the actual implementation of the different control structures in the converter control boards
is detailed.
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Figure 8. General converter control scheme including grid-forming and grid-following control modes.

3.4. Control Boards Synchronization and Communication

The synchronization and communications between different control boards is a critical
point in the MMC control structure. The architecture of the experimental setup is based on
three teknoCEA CDAQ1-CU3 control boards, as explained in Section 2.3.4. A centralized
control is implemented: the Master board sends the calculated duty cycles at Slave0 and
Slavel control boards, and it receives the feedback measurements needed for the control.

3.5. Cell Modulation

The proposed converter structure presents the possibility of connecting the positive
and negative pole of the DC bus through the arm inductances depending on the switches
states. Whenever this happens, arm inductances will limit the current and ensure the safe
operation of the converter. As shown in Figure 9, the modulation technique has been
designed with two carriers phase-shifted 7t rad to have anti-symmetric switching of the
upper and lower arms. This is ensured in steady-state conditions, but when the converter
is experiencing energy balancing transients, the switching of the upper and lower arms can
lead to a direct connection. In this case, arm inductances secure the safe operation of the
system, limiting the current inside the converter.

3.6. Start-Up and Shut-Down Sequences

In Figure 10 the start-up sequence is presented using GRAFCET approach, considering
the different required sequences for the different system operation modes (grid-following
PQ or VdcQ or grid forming). From the stand-by (0), a step order received as a communica-
tion signal begins the start-up sequence (T1 or T6). If the DC link has the right voltage (T1),
it will be precharged from the DC side (1). If the DC link is discharged (T6), the precharge
will be conducted from the AC grid (2). In the case that the precharge is carried out from the
DC side (1), the DC preload resistances (PR) are connected. When the internal capacitors are
charged approximately to the DC link voltage, the sequences passes to the next stage ((3) or
(4), depending on GF or PQ modes). If the grid-forming mode was set, the DC precharge
resistance is disconnected, the grid-forming capacitors are connected, and the converter is
connected to the AC grid (3). If the converter was set to PQ, the grid-forming capacitors
are not needed, and the transformer must be energized (4). Then the converter is ready to
start the operation (6). If the precharge is done from the AC grid, the converter must be
set in VdcQ mode (2). In the precharge stage, the AC preload resistances are connected,
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and one IGBT is closed to let a half-bridge configuration. When the internal capacitors are
charged to the phase-to-phase peak voltage, and there is no DC link, the converter passes
to the next stage ((5), after T7). In the connection stage (5), the converter is connected to
the DC link, and the AC resistances are disconnected. Finally, the converter is ready for
operation (6). When the converter is in the operation stage, the controls are enabled, and
the converter control the capacitor voltage to the reference value. If there is a stop order
(T9), then the converter disconnects from the AC grid, and the DC link and the cell relays
are connected (7). When the converter is discharged the converter pass to stand by mode
(0). In any of the stages of the sequence, if the alarm signal is activated, then the sequence
moves to alarm state (8), where the converter is blocked.

vahe o - —»j[ >0 PWM S
Y s,

b
V{all-cs |u| > X S
+ 3
_ X S 4

500

375 — Upper voltage||
250 —Lower voltage?
125 Upper carr!er L
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Insert d0 0.Q02 O.Q04 0.q06 0.q08 0.91 O.Q12 O.Q14 0.Q16 0.q18 0.02
nserted - =
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Figure 9. Modulation logic implemented and example results.
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Figure 10. Start-up sequence GRAFCET.
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4. Experimental and Simulation Results
4.1. Dynamic Simulation Model

The simulation models have been developed in PLECS [24] and it includes all the
elements and IGBTs of the converter and the transformer. Discrete time controllers—
identical to the physical ones in the converter—have been implemented in the simulations.
The solver used is Radau (stiff) with variable step. The maximum step size has been set to
0.1 ms.

4.2. Experimental Setup Description

The setup scheme used to validate the MMC depends on the functional converter
mode (PQ, Vpc, G). Figure 11 depicts the configurations to validate the different modes
and the corresponding equipment used in the laboratory set-up. The DC source at the left
side, MMC on the right side, and the configurable bank resistors at the bottom right side
can be observed. PQ mode is validated by connecting the DC voltage source on the DC
MMC converter side to emulate the DC link, and the grid is connected to the MMC AC side.
However, Vpc mode is validated connecting the MMC converter to the AC grid, and the
configurable bank resistors are connected on the DC MMC side. Finally, the grid-forming
mode (Gp) is validated connecting the DC voltage source on the DC MMC converter side
and the configurable bank resistors on the AC MMC side.

PQ Control
MMC
DC DC .
source | AC Coc—— AC grid
MMC
Bank v .
resistors ﬁ ACgrid
MMC
DC DC a Bank
source| AC ﬁ é é resistors

Figure 11. General setup employed for testing the converter.
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The following subsection include the experimental and simulation results conducted
to validate the proposed concept.

4.3. Validation of Cell Energy Controllers

Different tests have been considered to validate the internal energy control. The power
set point has been changed from 0 to 1 pu Figure 12 shows experimental and simulation
results of the evolution of the arm lower and upper cells voltages for two example cases. The
DC voltage set-point has been changed from 600 to 650 V and the energy difference between
phases has been changed from 0 to 120 J. Figure 13 shows experimental and simulation
results for two example cases.The phase A energy difference between upper and lower
arms has been changed from 0 to 60 J. Figure 14 shows experimental and simulation results.

650 650 675 675
2 oo — Y o e
. ¥ AL = £ 625 625 :,
1T A = OO jo w ) :
575 575 =
0 01 02 03 05 0 01 02 03 5 0 5 01 02 03 04 O
650 650 675 675
Sl S 650 | ® -
; 600 WT%WMWXWL Ws{m ,(, ,‘\/X‘/&%Xﬂm%mw 0 - 625 / oL 625 L,
5 550 550} U s * 5 600 ——/ {600 i
0 01 02 03 0 01 02 03 o4 05 0 o1 o0z 03 o 0 01 o0z 03 o014 o5
t(s) t(s) t(s) t (s)
(@) (b)
Figure 12. Simulation (left) and experimental (right) results, (a) showing capacitors (arm) voltage
during a step change is applied to P from 0 to 1 pu (b) showing capacitors (arm cells) voltage during
a step from 600 V to 650 V in the arms capacitors voltage.
650 650 } /__..__s___J 650 650 &
— — - /M—-—
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{550 \,\_
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e, —vg_ « —Vu—s
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500 Vis 500 Vi-sff 500
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= 600|— 2600 —— /\— 600 -
1550 1550 el 550 e
~ 500 ~ 500 500 v {

0.5 1 1.5 2
(b)

Figure 13. Simulation (left) and experimental (right) results, showing capacitors (arm cells) voltage
during a step from 0 J (normal operation) to 120 J is applied to the energy difference between phase A
and phase B (a) and between phase A and C (b).
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]| 600 —v,
—visf] 550 \_/——vg,s.
s Vs
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. —or |
600 b
|
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Figure 14. Simulation (left) and experimental (right) results, showing capacitors (arm cells) voltage
during a step from 0 J (normal op.) to 60 J is applied to the energy difference between the upper and
lower arms of phase A.
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650

4.4. Validation of MMC Converter Grid-Following PQ, VdcQ and Grid-Forming Control

Reference tracking of the active and reactive power controllers has been tested. Both
control loops have been designed to have a first-order response with a time constant of
50 ms. As an example, Figure 15 shows experimental and simulation results of a step
change from 0 to the maximum active power (10 kW).

400 400
— 200 200
= 0 “ 0
=7.200 U 200
-400 =400

0 5 0 01 02 03 04
40 40

~ 20
=0
<20

p

-40 : .
~ 0 ) . E 500 01 02 03 04 5
£10 10
'&r
E 5 -
S B =
= B 4 5

Figure 15. Simulation (left) and experimental (right) results, showing AC grid voltages, currents and
powers for a step in P from 0 to 10 kW.

The Vdc control has been tested in grid-following mode, analyzing the Vdc reference
tracking and the rejection of power disturbances in the DC side. Figure 16 shown exper-
imental and simulation results of a DC voltage reference change and the response to a
sudden connection of DC resistors in the DC side (10 kW).

0 0.02 0.04

t (s)

— 700 700
2
] kﬁsovv‘—\f 650
=~
600 600
0 0.1 0.2 03 0 0.1 0.2 0.3
650 0 0
5 —~
— < B
= 600 600 = -5 5
g 550 550 3, -10 -10
=500 500 -15 -15
01 0 0.02 004 006 008 0.1 0 0.1 0.2 03 0 0.1 0.2 0.3
t (s) t (s) t (s)
(a) (b)

Figure 16. Simulation (left) and experimental (right) results, (a) showing the DC link voltage during
a step change from 500 V to 600 V. (b) showing the DC voltage and current when a R equivalent to
rated power (10 kW) is connected.

Grid forming control has been validated, by testing changes in the reference of the
AC voltage or frequency reference and also the response to sudden changes in the load
(Figure 17 shows experimental and simulation results).
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Figure 17. Simulation (left) and experimental (right) results, (a) showing AC grid voltage and current
when a step change from 400 V to 300 V. (b) showing AC grid voltage and current when a resistance
equivalent to the rated power (10 kW) is disconnected from the AC grid.

5. Discussion

The results presented above show that the proposed converter can include all the
relevant controllers existing in an MMC, such as the energy control (which allows AC and
DC power to be uncoupled) and the arm voltage control (which enables the balancing
between arms ), as shown in Section 4.3. In addition, it can have the same outer controls as
shown in Section 4.4. The control that cannot be applied is the NLM, which also cannot be
applied in the other converters presented in the literature [3,5-20].

The proposed converter is the simpler and lowest cost converter structure that can
include all the relevant controllers existing in an MMC. It is simpler since it only has one
submodule per arm. Then, it does not need to balance the energy inside the arm and
reduces the communications needed. Furthermore, having only one submodule per arm is
cheaper since fewer power electronics are needed. A comparison between the proposed
converter, MMC, other prototypes presented in the literature and the two-level VSC is
carried on in Table 1 and in Figure 18.

Table 1. Comparison between different converters.

Other Prototypes Presented

Proposed Converter = MMC Two-Level VSC

[3,5-20]

Complexity Medium Very high  High Low
Cost Medium Very high  High Low
Energy control Yes Yes Yes No
Independence between AC Yes Yes Yes No
and DC power

Arm voltage control Yes Yes Yes No
Nearest Level Modulation No Yes No No

Nearest Level
Modulation Complexity

control Cost

— Proposed converter
\ — MMC
Yes

Yes Other prototypes
Independence Energy — Two level VSC
AC and DC control

Figure 18. Spider plot comparison between the proposed converter, MMC, other prototypes and the
two-level VSC.
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6. Conclusions

The paper has proposed a new MMC concept, based on arms with a single cell.
The proposed converters allow the formulation of the simplest possible converter that
maintains the fundamental structure of an MMC. The converter includes all the inner
controllers of large scale HVDC MMCs, except for the converter modulation, where PWM
is used instead of NLM, which is commonly used in high-voltage applications with a
sufficiently large number of cells. The paper has included the design and construction of
the converter and has elaborated on how the different design decisions have been made.
The converter controllers have been presented also discussing on aspects related to the
practical implementation, including measurements and communications. Finally, the paper
has presented some of tests conducted with dynamic simulations and experimentally to
test different converter functionalities.
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Abbreviations

The following abbreviations are used in this manuscript:

MMC modular multilevel converters
HVDC high-voltage direct current
STATCOM  static synchronous compensator
NLM nearest level modulation

PWM pulse width modulation

FACTS flexible alternating current transmission system
VSsC voltage source converter

AC alternating current

DC direct current

LCC line commutated converter
IGBT insulated gate bipolar transistor
HMI human-machine interface

PTP precision time protocol

CAN controller area network

PLL phase locked loop

PR preload resistances

GF grid forming

SM submodule
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