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18 Abstract: This paper presents the design and implementation of a digital control system for modular
19 multilevel converters (MMC) and its use in a 5-kW small scale prototype. To achieve higher system
20 control reliability and multi-functionality, the proposed architecture has been built with an effective
21 split of the control tasks between a master controller and six slave controllers, one for each of the six
22 arms of the converter. The MMC prototype have been used for testing both converter and system
23 level controls in a reduced scale laboratory set up of a Multi-Terminal DC transmission network

24 (MTDC). The whole control has been tested in order to validate the proposed control strategies. The
25 tests performed at system level allowed to explore the advantages of using an MMC in a MTDC

26 system.

27 Keywords: Digital controller; digital signal processors (DSP); modular multilevel converters
28 (MMC), multi-terminal DC network (MTDC)

29

30 1. Introduction

31 Due to the energy challenges the world is facing nowadays, the interest in the integration into
32 the utility grids of renewable energy sources has significantly increased in recent years. In this
33 context, high voltage direct current (HVDC) systems are considered as one of the best options to
34 achieve high reliability in future long distance offshore grids that are needed to interconnect offshore
35  wind farms, loads and large-scale storage facilities [1].

36 Among the different power converter topologies proposed in the literature on high voltage
37  direct current (HVDC) applications, Modular Multilevel Converters (MMC) [2] have emerged in
38  recent years due to their attractive properties such as low harmonic distortion, scalability and
39  flexibility. The use of MMC for HVDC systems has been largely studied by the scientific community
40  and some commercials products have been developed by constructors such as ABB, Siemens and
41  Alstom [3,4].

42 HVDC systems using MMC installed last decade are mostly point-to-point systems [5-7].
43 However, the needs to strengthen the existing AC transmission grids and to balance the intermittent
44 power of offshore wind farms over a wider area by interconnecting multiple neighboring HVDC
45  systems have increased the interest on Multi-terminal HVDC systems (MTDC) [8-10] . The use of
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46  MMC in MTDC systems instead of conventional two-level voltage source converters (VSC) has the
47  already cited advantages to be redundant and scalable, to reduce or eliminate bulky harmonics filters
48  on the AC side and to avoid DC link capacitors banks. Despite these advantages, many technical
49  challenges have to be tackled to allow their large scale use. Among these challenges, the lack of a
50  standardized grid code for interconnecting adjacent HVDC systems [11], the DC faults protections
51  management [11,13], the experimental validation of system control strategies to ensure power flow
52 and DC voltage control can be cited.

53 Concerning this last issue, MMC-based MTDC system control can be splitted among a high-level
54 (or system level) control and a low-level (or converter level) control [16-19]. In order to test and verify
55 these control levels under realistic conditions, as well as their interactions, it is really useful to make
56  use of small scale laboratory prototypes, able to handle the various operational modes. Some small
57  scales prototypes have been proposed in the scientific literature since the introduction of MMC. For
58  instance, a prototype of MMC is built in [20], with 44 submodules (SM) per arm, each SM capacitor
59  with anominal voltage at 10 V. In [21], a 20kW back-to-back MMC-based system with 3 SM per arm
60  is presented, while [22] presents a 25kW six-level MMC prototype. In [23], a hybrid small scale
61  prototype is proposed for Alternate Arm Converter (AAC) and MMC.

62 Considering all these previous studies, it is obvious that, given the large number of submodules
63  used to form the whole structure of a MMC [6], the complex command and control schemes require
64  efficient architectures. This can only be implemented by digital control techniques, making use of
65  advanced FPGA (Field Programmable Gate Array) or DSP (Digital Signal Processors) for fast
66  calculation and accurate timing of the switching signals of the multiple power semiconductors. An
67  FPGA-based control of an MMC has been proposed in [24], making use of a lookup table for the
68  generation of the output references. This approach is not well suited for closed loop control of both
69  the external and internal dynamic behavior of the MMC. It's quite obvious that a single
70 microcontroller will have difficulties in effectively performing the complex control schemes and the
71 communication with external peripherals. Most of previous works [25-29] propose a combination of
72 DSP and FPGA boards to handle the control and communication. In [28], the combination of both
73 processors (DSP and FPGA) is used as a central supervision unit. The DSP performs the analog to
74  digital conversion and all the high-level control tasks, while the FPGA manages the modulation, the
75  capacitor voltage balancing and the communication with the submodules tasks. This allow to achieve
76  the advantage of a central modulator, that generates all naturally synchronized PWM signals for all
77  switches. However, the capacitor voltage balancing in an MMC usually uses a sorting algorithm
78  which is in itself a sequential process, not leading to an efficient use of parallel logical resources.

79 Distributed controller architecture can meet these challenges. A distributed architecture fits very
80  well with the scalability of the converter’s structure and the computational load is shared between
81  several microprocessors. Nevertheless, a distributed architecture of the controller requires an
82  effective synchronization of all arm controllers to ensure that the gate signals of all submodules are
83  synchronous. A robust and fast communication link between the master controller and arm
84  controllers must also be assured.

85 In this paper, a small scale MMC prototype with a controller architecture designed with only
86  DSPs is presented. The master controller uses a dual core processor which combines a C2000 Texas
87  Instruments (TI) MCU for real time control tasks and an Arm Cortex-M3 processor for the
88  communication purposes. This master controller interacts with six slave controllers, one for each arm,
89  implemented with another C2000 Texas Instruments MCU. This MMC prototype is used in a reduced
90  scale laboratory setup of a MTDC [30] to implement both system level and converter level controls,
91  and to study MMC interactions with other VSC in an existing MTDC system.

92 Novelty of the paper concerns the experimental verification of the usefulness of the proposed
93 MMC control structure to ensure power flow and DC voltage control in MTDC systems. Testing on
94 areduced scale moke-up is, in the opinion of the authors, a step further in comparison to the various
95  HIL (Hardware In a Loop) real time simulation systems options available on the market. Moreover,
96 it will give to the reader a deep description of several implementation details, concerning both
97  hardware and software choices made.
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98 The paper is organized as follows: Section 2 presents the topology of MMC and a brief review

99  of its control and MTDC control strategies. Section 3 describes the controller structure, the task
100  partitioning as well as the communication protocols. The actual implementation and the
101  experimental validation of the proposed architecture are presented in section 4. A discussion on how
102 this architecture may be practically extended to be used in MMC systems utilizing more submodules
103 is done in Section 5. Finally, conclusion is given in Section 6.

104 2. Structure of MMC and control strategies

105  2.1. Structure

106 . Figure 1 presents the typical structure of an MMC converter [1]. It consists of six arms, working
107  as voltage sources. Each arm is made of N power submodules. A submodule consists of a storage
108  capacitor and a half or full bridge converter. The bridge is used to insert or bypass the capacitor. The
109  three-phase AC voltages and the total arm voltage are respectively composed of 2N+1 and N+1 levels
110 per signal cycle, corresponding to different insertions or removal of capacitors. This minimizes
111 voltage harmonic distortions and consequently allows to reduce/eliminate the filter on the AC side.
112 Furthermore, a large and bulky capacitor on the DC side is no longer necessary. The modularity of

113 the converter allows the use of power semiconductors with reduced voltage to achieve high AC and
114 DC voltages.
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117 Figure 1. Structure of the Modular Multilevel Converter.
118  2.2. Converter level control
119 MMCs need controllers fulfilling several purposes: the control of external voltages and/or

120 currents loops, the control of internal current loops and the control and balancing of the capacitor
121 voltages [4].

122 2.2.1. Modulation strategies of MMC

123 Several modulation techniques have been proposed in the literature [4, 31-35]. In this paper,
124 phase shifted carrier pulse width modulation (PS-PWM) has been chosen, given the low number of
125  submodules used in the prototype [31]. For a full-scale application with an increasing number of
126  modules, other modulation schemes should be preferred, e.g. the Nearest Level Control [36].

127 2.2.2. Output current and energy stored control

128 The output currents control in the MMC is similar to the control used in conventional 2-level
129  VSC. For the internal control of MMC, two approaches can be used: Non-energy based approach,
130  where the output DC current is uncontrolled [37] and Energy-based control, where the energy stored
131  in converter is controlled making use of the circulating currents [38], which are an intrinsic feature of
132 the MMC converters. In this paper, an Energy-based control, already presented by the authors in [39],
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133 hasbeen used to decouple the capacitors voltages from the DC bus. Figure 2(a) illustrates its working
134 principle.

135  2.2.3. Capacitor voltage balancing

136 The sub-modules voltages balancing is implemented to prevent the divergence of capacitors
137  voltages, which would eventually result on the collapse of the whole system. Many researches have
138  dealt with SM voltages balancing techniques [31-32]. The strategy retained in this paper is based on
139  what was presented in [39]. Figure 2(b) summarizes this balancing strategy; the meaning of all the
140  involved signals is explained in the caption of figure 2. In principle, each sub-module capacitor
141  voltage is measured and compared with the mean value of all arm capacitor voltage. The difference
142 resulting from this comparison, with a sign given by the arm current direction, is used by a
143 proportional controller to provide a correction value which is added to the set point voltage given to
144 the sub-module PWM generation.
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148 Figure 2. (a) MMC control strategy diagram. Iarm are the six arm currents of the MMC, Icrip are the
149 three line currents of the utility grid computed using the block F(Iarv) from the arm’s currents. Icire
150 are the three-circulating currents in each phase of the MMC computed by the block F(Iaru). Icike_reris
151 the circulating current reference in each phase. Inq rer are the AC line current references in the dg
152 frame. Upq crio are the three AC grid voltages in the dq frame. Vrer_ourare the three AC grid voltages
153 references given by PI controllers. Vror aruv are the six total arm’s voltages. Veuase_tor is the total
154 voltage of each phase of the MMC. Vrhase piris the voltage difference between the upper and lower
155 arms of the same phase. Vorr_rer is the voltage difference reference between the upper and lower arms
156 of the same phase. Ubc_tow and Upc_ur are the half of DC grid voltage. Vuean is the mean voltage of
157 each phase. Varu_rer are the six arms voltages references given by the controller. P is a proportional
158 controller ; (b) Submodules capacitors voltage balancing strategy: Vmean is the mean voltage of each
159 arm. Vcar is the capacitor voltage of each submodule. Vrer is the voltage reference of each submodule
160 capacitor. IroL gives the sign of the arm current. PWM is the block generating gates signals.
161  2.3. MTDC control strategies
162 The control of a MTDC system focused on DC line voltage control and the control of the power

163  exchange among HVDC stations. Several control strategies have been proposed in the literature.
164  These include voltage margin control, voltage droop control, dead-band voltage droop control and
165  non-dead band voltage control [40].

166 The voltage margin control method is an extension of the point-to-point HVDC transmission
167  systems control. One of the terminals (also called master terminal or “slack-bus”) controls the DC
168  voltage and the other terminals (slaves terminals) can arbitrarily (or on the basis of available
169  resources) inject or draw power. Controlling the MTDC network voltage at a single terminal has the
170  drawbacks that the master converter is the only one to participate in the regulation of the DC voltage.
171 It is therefore necessary that the AC network associated with the master converter can absorb or
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172 provide all the power variations necessary for the balance of the MTDC system, in particular in case
173 of a fault. Moreover, the single terminal used as balanced terminal must be sized to cope with all
174  power variations situations. This result in a weakness of the whole system since if the master
175  converter is lost, the MTDC system will be no longer regulated and collapses [9].

176 In the voltage droop control method, the DC voltage variation is used as a common signal by all
177  converters that adjust their power based on this DC voltage. Thus, the task of controlling the DC
178  voltage is shared among all the converters. In order to stabilize the MTDC system, a dead zone can
179  be added to the droop control setting, also called dead-band voltage droop control. This allows
180  discriminating between normal and disturbed operation of the MTDC system. However, the control
181  activity of the converters within the band (normal operation) is fully lost. This has the disadvantage
182  that some of the droop control parameters are set to zero and infinity, which does not gives any
183  degree of freedom for optimization [41]. In the non-dead band voltage droop control, the dead zone
184  isreplaced by a real power-voltage characteristic slightly inclined. So, different droop constants can
185  be used, depending on the deviation between DC voltage set-point and measure. Several control
186  characteristics of a non-dead band voltage control scheme are shown in Figure 3: a reference voltage
187  and power is set for each converter, and the balancing of the system occurs by increasing the DC
188  voltage in case of excess of power, while decreasing it otherwise. The slopes of the different sections
189  of the characteristic are chosen according to the connected loads or sources (e.g. wind generators
190  cannot usually provide large amounts of additional power). This method is effective to ensure stable
191  operation of the DC network, also in case of a failure of one or even several converters.
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193 Figure 3. Power-voltage control characteristics of a non-dead band voltage control [40].

194 3. MMC control system design

195 3.1. Overall controller operation

196 The MMC controller architecture is presented in Figure 4. A distributed controller architecture
197  has been chosen, given the computational limitations of a centralized controller [42]. Compared to
198  the distributed architecture presented in [42], a dedicated synchronization signal has been used here
199  for an effective synchronization of all arm controllers. More details about the synchronization method
200  are given in section 3.4.4.

201
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206 Figure 5. Power submodule schematic (principle).
207 Table 1. Main power submodule devices
Main devices References
CPLD XILINX XC9536XL-10VQG44C
VCO AD654JRZ
IGBT IXBH16N170
Optical transmitter AVAGO HFBR-15227
Optical receiver AVAGO HFBR-25227
IGBT gate driver ST TD350E
Electrolytic capacitors ESMH451VND102MB63T
Film Capacitor MKP1848C63012JY5
208
209 All control and communication tasks are distributed between the “master” controller and the

210  arms “slave” controllers. The master controller manages the real and reactive power flow, and the
211  communications tasks with the external world. The master controller communicates to the six slave
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212 controllers the voltage references, the arm current signs, the synchronization signal of the arm
213 controllers and other commands such as start driving submodules. Each slave controller periodically
214  sends back to the master the total arm voltage and performs the balancing of its arm capacitor
215  voltages using the arm current sign received from master.

216 3.3. Slave controllers and power modules

217 The main tasks of the slave controllers consist in receiving each capacitor voltage, performing capacitor voltage
218  balancing and generating command signals for each submodule. The slave controllers communicate with the
219 master board using inter-integrated circuit bus (12C), and with submodules using optical fibers. This ensure
220 the insulation requirements between the control board and the power boards. The advantages of 12C bus are the
221 reduced number of wires and the quite simple implementation in a multi-slave environment. The 12C fast mode
222 has been chosen with a clock frequency of 350 kHz. Each arm controller is implemented using a TMS320F28335
223 TI C2000 DSP family. The frequency sent by the power submodule for the capacitor voltage measurement is
224 measured by the enhanced capture (eCAP) peripheral of the DSP and then converted into voltageThe power
225 submodules are driven by the slave controller through optical fibers. To prevent faults and generate the dead-
226  times, the signals are pretreated by a programmable logic device (CPLD) before being sent to the gates. The
227 capacitor voltages are measured using a voltage-controlled oscillator (VCO) which converts the capacitor
228  woltage into a variable frequency signal. It is then sent to the corresponding arm controller through an optical
229 fiber link. In this application, for a capacitor voltage range between 1 and 250 V, the VCO frequency varies
230 linearly from 3 to 450 kHz. Each module has DC bus connectors and AC output connectors (middle points of
231 H-bridge arms). Two PWM input signals are available to control the two IGBT legs. A 3.2mF capacitor is
232 connected between the DC bus for local power storage. In this paper, two IGBTs only (half-bridge operation)
233 are mounted in the power module, requiring just one PWM input. The nominal ratings of the module are 10 A
234 and 200V, with some 1 kV isolation voltage. The low power supply for the sub-module is provided by a medium
235 frequency current fed system, consisting of an isolated power supply and a cable passing through thirty small
236 torus from the secondary of each torus, one for each sub-module [43]. An inverter fed a nominal current of 5 A
237  in the cable at 45 kHz. Figure 5 presents the sub-module schematic and its hardware implementation. Table 1
238  give some specifications of the main power submodules devices.

239  3.4. Master controller

240 The master controller board is designed using a TI DSP Concerto F28M35x. The main tasks of
241  the master board are the communication with the user or host, the digital conversion of

242 measurements, the energy flow control, the start and stop tasks and the communication with the
243 slave boards.

244 3.4.1. User communication

245 The master communicates with operator through a User Interface (UI). It interacts with the M3
246  core of the master board using Ethernet protocol allowing, for instance, the converter to be compliant
247  with IEC61850. Information such as real power, reactive power, nominal current, start and stop
248  command are send to the master by the user through the UL This feature allows commanding the
249  converter remotely in a Wide Area Network (WAN).

250  3.4.2.Start and stop tasks

251 Once the master controller receives start command from UlI, switches connect the converter to
252 the grid through pre-charge resistors. Flowcharts of the pre-charge and the shutdown of the MMC
253 are presented in Figure 6.

254  3.4.3. Currents and voltages measurements and energy flow control.

255 ADC operations are performed by the C2000 core. Afterwards, PLL based grid synchronization,
256  AC current PI controllers and energy balancing are executed. The master controller is then able to
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257  send the six voltage references to each individual arm controller. To increase the bandwidth of the
258  communication between master and slaves, the switching frequency has been chosen as one half of
259  the sampling frequency. The arm voltage references are then updated every half period of the
260  switching frequency, see details next section.

261  3.4.4. Communication and synchronization with slave boards.

262 Figure 7(a) shows the master controller data transfer process to the slaves in six sampling
263  periods. Figure 7(b) and 7(c) show the communication protocol developed to meet the data transfer
264  needs. The voltage references are coded with 12 bits.

265 The four remaining bits are used to send the corresponding arm current sign and other
266  commands to each slave such as the commands to start and stop the driving of submodules. All
267  sending and receiving operations are performed within one sampling period. This protocol ensures
268  that the voltage references and arm current sign, which are key information for the control, are
269  updated and sent to slaves every sampling cycle. After three switching periods, the master has
270  received the six arm voltages. This reception delay, caused by the low speed of 12C, is not so critical
271  for the control since the capacitor voltage balancing is performed by the arm controllers.. This delay
272 hasbeen taken into account in the controller design.
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284 Figure 7. Master to slaves communication protocols. (a) Master controller data transfer with slaves
285 per ADC cycle of conversion. Tx i = transmit to slave i; Rx i = receipt from slave I, (b) data protocol
286 used when sending messages to each slave, (c) data protocol used to receive message from each slave.
287 A distributed architecture of the controller requires an effective synchronization of all arm

288  controllers, to ensure that the gates signals of all submodules are synchronized. To manage this issue,
289  a dedicated synchronization signal is used as event trigger to adjust the phase of the first PWM on
290  each of the six slave controllers. The other carriers of the same slave controller are referenced to the
291  first carrier.

292 3.5. Protections functions

293 Protection functions are included at various levels of the control system. The master controller
294  redundantly checks for possible failures by analyzing the measurements received from ADC module.
295  If afailure is detected, it sends the appropriate command to slave controllers to stop the submodules.
296 The master also checks if a slave controller fails to communicate. In that case, it will also send the
297  suitable command to the other slave boards to stop the whole converter. Submodule protections
298  concerning power section faults, overvoltage and undervoltage are directly performed by the slave
299  controllers. Their thresholds values are included in the capacitor’s voltage balancing scheme. If anon-
300  critical failure occurs on a submodule, slave controller sends the appropriate command to bypass the
301  faulty submodule. If the occurred failure is critical for the safe operation of the converter, the slave
302  controller sends the appropriate command to the master and stops the entire arm. The last protection
303 layer is performed by the CPLD on the submodule board. The CPLD uses a logic to protect the
304  semiconductors in case of improper commands or incompatible capacitor voltage.

305 4. Experimental validation

306 The proposed architecture has been implemented on a 5-kW reduced scale MMC demonstrator.
307  Figure 8 shows the whole MMC demonstrator. The main system parameters are shown in Table 2.
308  Tests have been carried out with MMC working as inverter on a three-phase passive load with a DC
309  link of 800 V and in a reduced scale laboratory setup of a MTDC transmission network [30,44].

310 The experimental validation of the control architecture and the overall functionality of the MMC
311  includes several aspects. The communication between the master board and an UJ, the data flow
312 between the master and slave boards together with the synchronization of the generated PWM

313 signals, the operation of the modules driven by the slave boards have been tested.
314
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]
Branch 1,
Branch 1, Low side
High side
Branch 2,
Branch 2, Low side
High side
Control 2
Control 1
Control 1
Branch 3,
Branch 3, Low side
High side
315 - -
316 Figure 8 Whole converter reduced scale prototype.
317
318 The current and voltage waveforms as seen from the AC side, the MMC output current and
319  energy stored control and the power flow control in a MTDC network have been tested too.
320
321 Table 2. Experimental setup
Symbol Quantity Value
Ugrid RMS grid AC voltage 230V
Inom RMS nominal current 7A
Ubc DC voltage 800V
L Arm inductance 6 mH
fs Switching frequency 1kHz
fecn Sampling frequency 2 kHz
forid Grid frequency 50 Hz
C Submodule capacitor 3.3mF
Vc Submodule nominal voltage 160 V
N Number of submodule per arm 5
Rioad AC passive load resistance 100 Q
Licad AC load Inductance 3 mH
322 4.1. Communications tests
323 To check the communication between master board and the Ul, a hypertext transfer protocol
324  (HTTP) has been used, allowing the master board to host a web page.
325 The correct flow of data between master board and slave boards has been tested, checking the

326  information timing on the serial data line (SDA) and serial clock line (SCL) of the 12C bus. Figure 9
327  shows communication signals in compliance with the protocol presented in Figure 7(a). The
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328  communication between master and slaves is effectively performed at each sampling period (half of
329  the switching period). Data transfer duration between boards at each sampling cycle is about 400 s,
330  ie. 80% of the period. The synchronization of PWM signals between two slave boards is also
331  highlighted in Figure 9.

332  4.2. MMC control tests

333 4.2.1. Pre-charge test

334 The pre-charge is performed directly from the AC side without using any external power supply,
335  in accordance with the flowchart presented in Figure 6(a) and to the fact that the module’s control is
336  supplied independently of the capacitor voltage. The transient behavior of the voltage of a single SM
337  capacitor during the pre-charge is presented in Figurel0.

338
Fichier Vertical Base detemps Déclenchement Affichage Curseurs Mesure Math Analyse Utilitaires Aide
PWM;Arm; PWM;Arm,
Cc2 . |
8DA signal of the I2C
(‘.‘i
Synchronization signal
Measure P1:freq{C1) P2:mean{C2) P3:pha;e(c3,04) P4:median{F3) P5:--- PB:- - -
value 1.000082 kHz
status v
T1 [F&] - base 0.00 ms| [Déclench GG
2.00 Vidiv 2.00 Vidiv| 5.00 Vidiv, 500 psidivj Arréter 234V
339 2000V ofst 500kS 10 MSis|Front  Positive,
340 Figure 9. Signals on the converter: PWM 1 signals of two arms controllers (dut cle 25%), Serial
g gn gn y ¢y
341 data (SDA) line of the I2C (blue trace) and arms’ synchronization signal (green trace).
180 T T T - T
o Uncontrolled phase LlAcontroll phag
|« »le
160
o ' | A 1 1 1 ' 1
0 5 10 15 20 25 30 35
342 time [s]
343 Figure 10. Evolution over time of a submodule capacitor voltage during pre-charge
344 During the uncontrolled phase, this evolution corresponds to the exponential charge waveform

345  of a capacitor as expected. Bypassing the pre-charging resistors creates a voltage jump of
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346  approximately 15 V, due to the direct connection of the MMC to the AC network. The evolution of
347  the voltage of each capacitor during the second phase is approximately linear, thanks to the output
348  current controller that limits the current withdrawn from the AC side. With the chosen parameters,
349  the entire pre-charge takes less than one minute.

350  4.2.2. Capacitor voltage balancing test

351 During this test, the capacitor voltage balancing algorithm has simply been disabled and enabled
352 for short periods to evaluate its impact on the operation of the MMC. This test has been performed
353  with the DCbus at 150 V to prevent any accidental capacitors failures. In order to better illustrate the
354  dynamics of the balancing strategy at nominal voltage, some simulations were performed where all
355  capacitor voltages were unbalanced with a large spread. Their initial values are: Vci =240V, Ve = 80
356 V, V=192V, V=128 Vand Vs =272 V.

357 Figure 11 presents the evolution over time of the capacitor voltages on the same arm in the two
358  situations. It can be observed in Figure 11(a) that, when the algorithm is disabled, the SM capacitors
359  voltages will not converge to their average value. Figure 11(b) shows that, when the balancing
360  algorithm is activated, after about 0.2 s, all SM capacitor voltages converge to their average value.
361  This result confirms the effectiveness of the SM capacitor balancing algorithm presented in § 2.2.3.

300 v

2 200 v, S
5 Ve 3
o —_— |y | o
5100 - g 3

o
>

0 503 D1 DA 02 023 03 035 04 0 005 01 015 02 025 03 035 04
362 time [s] time [s]
363 (a) (b)
364 Figure 11. Capacitor balancing test on the MMC, (a) With the balancing algorithm disabled, (b) With
365 the balancing algorithm enabled.

366  4.2.3. Output current and energy stored control tests

367 The output current controller has been tested with the MMC working as an inverter, supplied
368  byaDC voltage of 800 V and injecting power into the AC utility grid. Figure 12 presents the dynamics
369  of the controller during a change of the reference of the output current from 1 A to 3 A. The new
370  reference value is reached in less than half a period of the output current denoting thereby a good
371  dynamic of the regulator. The control of the energy stored in the converter is performed as presented
372 in §2.2.2. Figure 13 presents the control of total arms voltages. In Figure 13(a), the total arm voltages
373 are not controlled. When the DC voltage changes, the total voltages of the upper and lower arms
374  follow the DC voltage.

375 Hence the DC voltage is not decoupled from capacitors voltages. If a short time brake occurs in
376  the DCbus, this will directly affect the capacitor voltages. In Figure 13(b) and 13(c), the energy control
377  is enabled. In Figure 13(b), the total arm voltages are controlled at 800V and the DC voltage steps
378  successively from 800V to 850 V, from 850 V to 750 V and from 750V to 800V. After a short transient
379  phase, the total arm voltages remain at their reference value. In Figure 13(c), the DC voltage is held
380  at 800V and the total arm voltages are set to step successively from 800V to 850 V, from 850 V to
381 750V and from 750V to 800V. The energy control allows a decoupling between capacitor voltages
382  and the DC bus voltage. The dynamics of the total arm voltage control loop has been intentionally
383  reduced to avoid overvoltage on the capacitors.

384
385
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Figure 12. Output current control: output currents and output voltage of the phase A
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Figure 13. Energy control tests results, (a) DC voltage, upper and lower arms total voltages without
an energy control, (b) DC voltage, upper and lower arms total voltages with an energy control and
step change in the DC voltage, (c¢) DC voltage, upper and lower arms total voltages with an energy
control and step change of total arm voltages.

4.3. Power flow control in a MTDC network

The MMC has been implemented in a reduced scale laboratory setup to test system level control
algorithms. Figure 14 shows the MTDC mock-up previously developed and described in [1]. The
laboratory set-up presented in Figure 14 (b) simulates the following imaginary situation: Three
converters, namely VSCpecra, VSCcamma, and the MMC, simulate an MTDC connection between three
different AC grids. This could be the case as an example of the connection between Italy, Sardinia
and Corsica, actually made with thyristors technology. All converters are implemented with
independent controllers to test the stability of the DC grid. A non-dead band voltage control [44] has
been implemented on VSCDELTA and VSCGAMMA converters while the MMC controls the power
injected in the AC grid. Several tests have been performed in order to verify the functionalities of the
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406  MMC when connected to a MTDC transmission network. The DC lines have been (roughly)
407  simulated with a lumped parameters n equivalent circuit.

408
409
4 1 0 MMG 1'653“
Real scale  Reduced scale mockup

Voltage 400 kV 400V

Current 3,5 kA 35A

Impedance 1Q 1Q
41 1 Power 16W 1kW
412 (a) (b)
413 Figure 14. MTDC mockup, (a) MTDC mockup on laboratory, (b) Single line diagram of the laboratory
414 setup.
415 In a first test, different power profiles have been imposed on the AC side and corresponding

416  powers are absorbed by the MMC on the DC side, as illustrated in Figure 15(a). On the DC side, the
417  stability of the DC network is secured, showing the effectiveness of the non-dead band voltage
418  control. On the MMC side, the energy control allows to maintain a stable voltage in the converter’s
419  sub-modules, decoupling them from the DC-link voltage variations as illustrated in Figure 15 (b).

420 A second test was performed in order to observe the whole MTDC system behavior when the
421  SM of the MMC are used to store and restore energy in the system. The power transmitted between
422 the DCand the AC1 grid remains constant. The DC link and two arms of the MMC voltages variations
423 voltages are shown in Figure 16(a), and the power variations on the three VSC are shown in Figure
424  16(b). It can be seen in Figure 16 that the DC bus is not affected by these energy variations on the

425  MMC and that the transients due to these charges and discharges are well absorbed.
1000 : ; Power on the DC side ‘ ‘

I
500 W

‘_Pnc MMC_P
T

DC Gamma PDC Delta‘
1 1

2 4 6 8 10 12 14 16
426 time [s]

427 (a)
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430 Figure 15. MTDC results with a variation of power transmitted in the onshore AC grid, (a) Power
431 variations in the experimental set-up with controlled MMC and two inverters implemented with non-
432 dead band voltage control, (b) DC voltage variation and two arms of the MMC voltages during power
433 flow
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438 Figure 16. MTDC results when the stored energy in the MMC varies, (a) DC voltage variation and
439 two arms of the MMC voltages, (b) Power variations in the experimental set-up with controlled MMC
440 and two inverters implemented with non-dead band voltage control.
441 A third test was run to test the MTDC system with all VSC implementing the non-dead band

442 droop control. Figure 17 presents the DC link voltage and power variation over the three converters
443  when slight power variations are provoked. It can be seen on Figure 17 that the DC bus is well
444  controlled and the transients are well absorbed by the three converters when the whole system is
445  facing power variations. This third scenario also highlights the contribution of each converter to the
446  stability of the DC bus.

447 Those results confirm the correct behavior of the MMC in a MTDC system and against power
448  variation.

449 5. Discussion and further improvements

450 Concerning the controller architecture presented in this paper, the goal was to propose a light
451  architecture with well-known DSP that could be quickly built and that could successfully be
452  implemented in a small-scale prototype to test the control strategies developed. One critical point of
453 this control structure is its scalability in case of a higher number of modules. Due to its decentralized
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454  architecture, in principle it is suitable for a higher number of SM in each arm, because all the
455  operations assigned to the master controller and the communication between the master and the slave
456  controllers do not depend on the number of SM to control. The local management of each arm is
457  performed by an independent controller sending the reference set-points to all PWM modulators.
458  However, the DSP used has twelve independent PWM outputs, so a maximum number of 12 modules
459  canbe controlled, without acting on the slave hardware.

1000 T ‘ ‘
MMWMMMV _PDC MMC
S 500 T I P00
:é, _pDC Gamma
S —vd
5 O [
>
E -500
3
5
o -1000
-1500 : ; *
0 5 10 15 20
460 time [s]
461 Figure 17. MTDC results when all VSC implement Non-dead band droop control
462 For more modules, the slave controller could be combined, or even replaced by a low-cost FPGA

463  that would produce as many PWM outputs as required. In case of combination of the slave DSP and
464  an FPGA, the capacitor balancing and sorting algorithms which are sequential operations remain the
465  task of the DSP. These aspects are under development and will not be discussed further in this paper.
466 The proposed hardware structure will be used for a lower demanding application in terms of
467  voltage rating, i.e. a medium voltage application like a MV-Statcom or MV-SOP (Soft Open Point). In
468  this case, the number of modules to be managed is about 20-24, which is feasible with the proposed
469  multi-DSP approach.

470 Another critical point is the robustness of the I2C bus. It appeared a few times during tests in a
471  highly EM perturbed environment that the I2C bus was perturbed when the bus was not shielded
472  enough. However, all the EMC problems in the prototype have been solved with suitable shielding
473 and accurate state-machine and communication tuning to avoid critical situations, like the switching
474  of the main contactors.

475 6. Conclusion

476 This paper presents the design and the implementation of a small scale modular multilevel
477  converter. The proposed MMC prototype has been used to test both converter and system level
478  controls in a reduced scale MMC-based MTDC network. Several MMC control levels have been tested
479  and the results obtained validated the control strategies implemented and the controller architecture
480  designed. The tests performed at system level have enabled to explore the advantages of using an
481  MMC-based MTDC system. Among these, the capability of the MMC to store and restore the energy
482  in the system, its scalability which allow the extend the DC link voltage as desired or to improve the
483  ACside voltage harmonics contents.
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