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Abstract

Detailed models of modular multi-level converters (MMCs¢ aumbersome for electromagnetic transient simula-
tion programs because of their high number of componentshwinivolve large simulation times. In this work, the
modeling of an MMC is addressed with the objective of redgdime simulation time. First, the MMC structure is
presented, including the modulation technique, the veltaglancing algorithm and the circulating current control
used to validate the model. Next, affi@ent simplified model is proposed. This is formed by just vagable volt-
age source, one variable capacitor and one variable repist@arm, regardless of the number of submodules. This
simplified model allows the simulation time to be reducedl&keeping the dynamics of the MMC. The comparison
through several PSCAD simulations with a detailed 5-levé® model proves its validity during both steady-state
and transient conditions (ac and dc short-circuits).

Keywords: Modular multi-level converter (MMC), modeling, circulag current control, voltage source converter
(VSC), simulation.

1. Introduction

Modular multi-level converters (MMCs) are a promising teology since they present a modular structure and
provide a high voltage dc link [13], being therefore valid their use in high voltage direct current (HVDC) grids,
STATCOMs, railway traction systems, etc. [12, 17]. Mostlué major worldwide power electronics manufacturers
such as Siemens, ABB and Alstom afféeoing this technology nowadays [7, 4, 3].

It is therefore necessary to build accurate MMC models tdyapaheir operation, especially during faulty tran-
sient conditions, and to develop new control strategies. Wised in high power and high voltage applications, the
converters may have hundreds of levels which implies theatirogl of thousands of components [5]. Detailed models
include all the components but their complexity and simaiatimes increase enormously as the number of levels
goes up. For that reason, only models with a low number ofideae typically considered in the analysis of the
MMCs [22, 6].

Different models have been reported in the literature to overdbm aforementioned problem. Their level of
accuracy and speed depends mainly on the model adoptecftieBT's and the diodes [21]. Average-value models
(AVMs) employ controlled voltage and current sources ta@spnt the arm voltages and the dc side current respec-
tively [16]. These models are veryhieient computationally since the IGBTs are not explicitlpnesented and, in
addition, they assume that all the inner variables (suclapaditor voltages or circulating current) are perfectig-co
trolled. AVMs based on switching functions take into acddte IGBT switching and, hence, the harmonics, whereas
AVMs based on fundamental frequency only consider fundaatérequency components [15, 23]. The main lim-
itation that these models present is their inability to dateidc-side transients as well as to represent the internal
converter dynamics. Therefore they may only be appropfiatsteady-state, fundamental frequency studies.

More elaborated models have been built to represent MM@sfdidly. In [8] an equivalent-circuit-based model
(based on a“nested fast and simultaneous solution” algojits used to develop a Thevenin equivalent model for the
converter. However, it was not verified during dc faults.
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(a) Structure of the MMC. (b) Equivalent circuit for one phase.

Figure 1: Modular multi-level converter.

An exhaustive comparison of all the aforementioned modefdone in [20]. AVMs &er accurate results for
steady state operation but not for transient situationsivatent-circuit-based models work properly for ac faibits
appreciable dferences appear during the simulation of dc faults.

Other models have been proposed to specifically simulate BIMEing transients, e.g., in [14] a reduced model
based on an RLC circuit is used to evaluate the first tranaiéet a dc fault.

So far, none of the reported simplified models is able to ptgmescribe the MMC behavior under every type
of conditions (steady state, ac and dc short-circuits).hla paper a new simplified and computationalfficient
MMC model, based on a Thevenin equivalent circuit for each [@6], is proposed for both steady state and transient
conditions (ac and dc short-circuits). The behavior of MMflsing dc faults is thoroughly analyzed and some
modifications are proposed in order to adapt the basic modeproduce these conditions. Moreover, unlike AVMs,
all inner variables such as capacitor voltages and armmisrege available so the proposed simplified model can be
used instead of detailed models to validat@edent control strategies such as capacitor voltage balgradgorithms
[9, 25] or circulating current controls [2, 1, 18].

2. Modular multi-level converter description

The basic structure of the MMC is shown in Fig. 1a. It con$tbiree legs, each one having an upper and a lower
arm. Each arm is composed Nfidentical half-bridge series-connected submodules (Sivid)a reactot., which
is included to control the circulating current and to lindauft currents. Usual values of the arm reactors are around
0.10 - 0.15 p.u. [16]. Capacitor voltages are in the range®kV and the stored energy is between 30-40MA
[16, 11]. All the SMs also include a thyristof 8) which is fired in the event of a dc line-to-line fault to prot the
endangered diodes [7].

During normal operation, each submodule has two possibtesstinserted (ON) or bypassed (OFF). It is con-
sidered to be ON when the upper IGHliode (T1) is conducting. On the contrary, the cell is OFF when the lowe
IGBT/diode () is conducting. The SM is blocked when both IGBTs are switlobfé

An equivalent circuit for one leg is shown in Fig. 1b. The agks that have to be inserted in the upper and lower
arm (Uq, andUg) of one phase are [1]:
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wherei, is the current in the upper army;, the current in the lower army,, the output ac voltage andp, the
pole-to-pole dc voltageR is the parasitic arm resistance.
The Thevenin equivalent circuit of the MMC is obtained whabtsacting the above two equations [24]

Uc = Uey R. L diy

b= 202 B iy - S = e - iy - oo @
whereiy is the output ac current argj is the internal converter voltage, i.e., the voltage that’etMC generates by
controlling the voltages inserted in the upper and lowersaiifence, the output curreijtcan be controlled by means
of e, when the MMC is connected to an ac grid of voltage

Ideally, for a three-phase MMC, each arm would carry halffef &ic output current plus a circulating current
whose value should correspond to a third of the dc currentveder, capacitor voltage variations lead to additional
circulating current components in addition to the dc congmtrihat increase the rms value of the arm currents, the
capacitor voltage oscillations and the overall losses.

The equivalent circuit for the circulating current is obid when adding the equations in (1):

U U+ U ) di
5 = 5 +Ric+ L 3)
wherei. is the circulating current with a value of:
. iy +i
IC = _U 2 ! (4)

Note that the term, + U )/2 can be used to control the value of the circulating current.

2.1. Modulation strategy

To date, several modulation strategies have been proposkesté MMCs. Some of them are based on pulse-width
modulation (PWM) techniques such as: phase disposition,(BlBrnative phase opposition disposition (APOD),
phase opposition disposition (POD) or phase-shifted @aRWM (PS-PWM) [10]. The voltage references iy,
andU are compared witlN carrier signals to determine the number of submodules &rtims the upper and lower
arms. Among them, note that the APOD method is the one usisimork.

2.2. Capacitor voltage balancing algorithm

The capacitor voltage balancing algorithm used in this wethkased on the capacitor voltage measurements and
the arm current direction [25]. If a new submodule is to beeited and the arm current is positive (charging the
capacitor), the algorithm chooses the SM in the OFF statiehiis the lowest capacitor voltage. If the current is
negative, (discharging the capacitor), the mechanisnttsethe SM in the OFF state that has the highest voltage.
Conversely, if a new SM is to be bypassed and the arm currgrutsigive, the algorithm chooses the SM in the ON
state that has the highest capacitor voltage. If the cuiserggative, the mechanism selects the submodule in the ON
state that has the lowest voltage. This strategy allows fowaswitching frequency as only one submodule changes
its state every time the modulator ask for a switching opamnat

2.3. Circulating current control

The open-loop control proposed in [1] is used to control ihautating current. According to Eq. 3, the circulating
current can be controlled using the first term on the leftdside of the equation. A proportional controller survaii
the voltage drop across the arm impedamﬁ@f,, is used to modify the inserted arm voltagék,(and Ug) and,
therefore, to control the circulating current:

U = Raic” ~ i) + RIS (5)

whereR, is referred as the “active resistance” aRds an estimate of RiL‘Ef is the circulating current reference.
Hereinaften'[:Ef is taken as the dc component of the circulating current. Metails about its implementation can be
found in [9].



Hence, the voltages to be inserted in each arm are [1]:
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Wheree\r,ef is the reference voltage to be generated by the MMC.

3. MMC models

A new dficient and simplified model is proposed in this section. Tosgrits validity, it is compared with a fully
detailed 5-level MMC model which is also introduced hereté\tbat although the comparison is with a 5-level model,
the simplified model proposal is general and can be applisdltstitute any MMC regardless of its number of levels.

3.1. Detailed model

The detailed model used in this work comprises all the coraptsnshown in Fig. 1a [16]. It has 4 submodules
per arm and each SM consists of one capacitor, two IGBTSs, yheHEeling diodes and a thyristor for protection
purposes. An inductot,, is also included in each arm. The modulation techniquec#pacitor voltage balancing
algorithm and the circulating current control implemenitethis model are those presented in section 2.

This model is assumed to represent the dynamics of the MM@ratdy according to previous works [20], and it
is used here to validate the proposed simplified model.

3.2. Simplified model

The simplified model, based on the equivalent circuit, issshim Fig. 2. As already introduced, it aims to reduce
the computational requirements of the detailed models. t&an be observed in the figure, the simplified model
consists of a variable voltage source, a variable capaeitaariable resistor, and a reactor for each arm. Thus, all th
SMs in each arm are reduced to these components, regarfitbesconsidered number of levels.

The proposed simplified model is based on the Thevenin eeuiveaircuit with the following considerations:
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Figure 2: Equivalent circuit of one phase.
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Figure 4: Equivalent circuit of an on-state submodule.

e Consideration 1: The IGBTs and diodes are modeled as a two-state resistRageandRorg.
e Consideration 2: The df-state resistanc&®qgg, of the IGBTs and diodes is considered to be infinite.

e Consideration 3: The df-state submodules are replaced by an equivalent redigtQrorg, Whose resistance
is (see Fig. 3):
Rsmorr = RGe'  if lsm>0 (7a)
Rsmorr = RO if lsw<O (7b)
WhereR‘C’jﬂde andR'g,\‘BT are the diode and IGBT conduction resistance respectively.
If there areNpopr submodules in the OFF state, the equivalent resistancésvill

R&Morr = Norr Rsmorr (8)

e Consideration 4: The on-state submodules are replaced by an equivalentoresisy on, a capacitorC, and
a voltage source (see Fig. 4). The value of the resistance is:

Rsmon = RA%4e jf Igy>0 (9a)

Rsmon = RGET if Isu<0 (9b)

The value of the voltage sourdg?, is the capacitor voltage at the instant of time when the Stbimected.

C is the capacitance of the cell capacitor. The initial vodta§the capacitot)., is set to zero as its voltage has
already been considered within the voltage source.

If there areNon (Non = N — Norg) submodules in the ON state, the equivalent voltage sotesistance and
capacitance will be:

REon = Non Rsmon (10a)
Non
PN (10)
i-1
C
ced= —~_ 10c
Non (10c)



Note that only the on-state submodules are considered sutmenation of eq. 10b.

To implement the above simplified model the following stepsrain within the control code for each simulation
step.

o Step 1. The voltages that have to be inserted in each arm at inktéog,(k) and U (k) ) are calculated by
using (6). For the sake of simplicity, from now on, the uppad bower variables will be denoted together, e.g.,
Ucui(K).

o Step 2: The modulation strategy determines the number of subnesdolbe connected in each arm at instant
K, (Nu,(K)).
The following steps are only executed if a new SM has to beteder bypassed, i.eNy (k) # Nyi(k - 1).

o Step 3: The total capacitor voltage increase of all inserted SMbéwupper and lower arm\Ucy(K)) is mea-
sured (see Fig. 2) and the capacitor voltage of each submadtliristank, U'cm(s M)(k), is calculated according
to:

AU¢y(K)

Noy (K~ 1) (11

Uicm(s M)(k) = U::u,l(s M)(k -1+ SL,I (k-1)

whereU'c (s (k — 1) is the capacitor voltage of the submodul instantk — 1. S u IS @ binary variable that
returns the state of the submoduldts value is 1 when the submodule is mserted and 0 when taaedule is

bypassed.

o Step 4: The voltage balancing algorithm is implemented to seldtttvspecific submodule has to be inserted
or bypassed. The vector containing the submodule stateséir arm $,,(k)) is updated.

o Step 5: The new values of the upper and lower capacitance are atdclil

C
= 12
i = o (12)
o Step 6: The new values of the equivalent variable voltage soures@mputed.
Uet ) = Z SLRULusm®) (13)
o Step 7: The new values of the equivalent resistances are detetimine
If iy >0:
REI(K) = REYNui(K) + RGET(N — Ny (K) (142)
If |u| <0:
RET() = RETE(N = Ny () + RGETNui () (14b)

Here only the conduction losses are considered. Howewegwiitching losses could be calculatetne by
means of the characteristic curve of the IGBT module as ih [IBen, a parallel resistor from the positive to
the negative pole can be added in order to take into accoesé tswitching losses.

o Step 8: The values of the variable voltage sources, the capaeitaaud resistances used in the simplified model
are updated. The capacitor voltages are set to zero.
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Figure 5: Flow chart for the simplified model.

The flow chart of the process is shown in Fig. 5. Note that thpbfied model also provides all inner variables
such as submodule capacitor voltages, upper and lower anentsior circulating current.

The above model works properly for steady-state conditipower flow changes and ac faults as it will be demon-
strated in the results section. However, some modificatimasequired to take into consideration dc faults. When a
dc fault occurs the thyristor§3 included in each cell are fired to avoid damaging overctsréfawing through the
fly-wheeling diodes. Once the protecting thyristors aredfithe converter works as an uncontrolled rectifier. To take
into account this behavior the thyristd8 is also included in each arm of the simplified model. Theyfaesl in
the event of a dc fault and at the same time the ideal switGfiewe opened. Moreover, the following issues are
considered to achieve a consistent behavior during faults:

o During a dc fault, large currents can flow through the SM capecif the protective thyristors are not fired.
Therefore, capacitor voltages might become negative. Asishimpossible due to the presence of the fly-
wheeling diodes of 2, MMC cells will be considered to be OFF when their capacitiitage reaches zero.

o When the thyristorg 3 are triggered and the IGBTEL andT2 are switched , the MMC becomes an un-
controlled rectifier. At each instant only one upper arm and lmwer arm of the three phase MMC will be
conducting in the case of a pole-to-pole fault. Howevehé submodule capacitors are discharged, the diodes
of T1 of the non-conducting arms can be forward biased. As atregtrient will flow through them until the
capacitors are charged to a voltage that will depend on theC\Mid terminal voltage during the dc fault. An
ideal diode and the switcB2are added to the simplified model in order to reproduce thésattteristic (see
Fig. 2).

When the dc fault protection is triggered, i.e., the thyrsib3 are fired, the switcheS1are opened and the
switchesS2are closed in the simplified model (see Fig. 2). In this wag,liBhavior of the actual MMC during
the fault is accurately considered in the simplified model.

The thyristors are modeled in the same way as the diodesasetwo-state resistance where thésiate
7



resistance is infinite. To obtain adequate results, tBeequivalent on-resistance will be the parallel of the
on-state resistances of the diode and the thyristor:

|0dengyr|stor

iode thyrlstor
N T Mon

R = (15)

whereRis the on-state thyristor resistance used in the simplifiedehRA% s the on-state diode resistance
andRY™ " is the on-state resistance of the thyristors used in thélegtaodel.

4. Results

4.1. Detailed and simplified 5-level MMC models

The three-phase simplified and detailed models are comjgreteans of PSCAD simulations with the goal of
proving the accuracy and validity of the simplified model.diothat, power reference changes, ac faults, and dc faults
are simulated. The system model is shown in Fig. 6 and thefdabeth MMC models are presented in Table 1. For
power reference changes and ac faults simulation, the awm$ithe MMC is connected to a 33 kV ac grid through a
step up transformeR(= 1.089Q andL = 41.6 mH, referred to the high voltage side) and the dc side is @cted to
a 6 kvdc voltage source (see Fig. 6a). For dc faults simulatiwe dc side of the MMC is connected to a dc current
source and the MMC is responsible for keeping the dc voltagstant (see Fig. 6b). The control of the converter is
formed by two nested loops: an inner loop which controls tiveent in the d-q frame, and an outer loop that provides
the current reference to the inner one according to theeaatind reactive power references or the dc voltage control
loop.

4.1.1. Power reference changes
At t = 0.5 s the reference for the active power is stepped up from 0 toAB&4 shown in Fig. 7c. The output
voltage,uy,, and the output current,, of one phase of both models are plotted in Fig. 7a. Fig. 7d/shbe diference
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(a) System model used for power reference changes and as fault (b) System model used for dc faults simulation.
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(c) Arm representation for each model.
Figure 6: System model.
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Table 1: Three-phase 5-level MMC data.

Number of levels + 1) 5

Arm inductance () 1.3 mH
IGBT ON resistancgr52") 1 mQ
Diode ON resistancédedd 0.5 mQ

Capacitor voltagel.) 1.5kv
CapacitanceQ) 7.4 mF
DC link voltage Up) 6 kV

Rated power 5 MW

Table 2: THD of the output voltage and current.

Output voltage (detailed model) 31.47 %
Output voltage (simplified model) 31.62 %
Output current (detailed model) 4.73%
Output current (simplified model) 4.80 %

between the output current (with an amplitude of 1 kA) of thtaded and simplified models, with a standard deviation
of 0.0052 KA.

Fig. 7b shows the upper and lower arm currents and the uppeB&t capacitor voltages of one phase. Note that
the capacitor voltages of the simplified model are only updiathen a new SM is inserted or bypassed in order to
speed up the simulation.

The circulating current is shown in Fig. 8. At= 1 s the control described in section 2.3 is enabled and the ac
components of the circulating current are removed.

The THD of the output voltage and current for both models éspnted in Table 2. Note how very similar results
are obtained from both models.

4.1.2. Three-phase AC faults

A three-phase fault in the ac grid is simulated in this pate &c voltage drops to 0.3 p.u.tat 1.5 s while the
active power reference is kept constant (for this test nocectilimits have been considered). Fig. 9 shows that the
simplified model is able to reproduce accurately the systelnator during the transient.

4.1.3. DC pole-to-pole faults

At t = 2 sadc fault occurs and it 2.05 s the protection system of the submodules is enabledhiesthyristors
are fired. The results for both models are shown in Fig. 10.

The protections are not triggered during the first 50 ms togtbat the model also reproduces accurately the
MMC behavior in those conditions. Due to the high currengpacitor voltage oscillations are very large reaching
zero volts in some cases, as previously mentioned. Aftexfite thyristors the capacitors are charged if they were
discharged as in the case of the lower arm capacitors (se&Gdy. Afterwards their voltages remain constant.

The minor diferences observed when the capacitor voltages reach zedoete the transient between the con-
duction of the IGBTs and the diodes. Additionally, the fordiaoltage drop of the diodes have not been considered
either.

4.2. Simplified 151-level MMC

The simplified model has been scaled to a 151-level MMC angt&gous simulations have been repeated. The
data of this model are presented in Table 3. For power reerehanges, the ac side of the MMC is connected to a
400 kV ac grid through a step up transformBr<{ 4 Q andL = 152 mH, referred to the high voltage side) and the dc
side is connected to a 300 kV dc voltage source (see Fig. 6a}h€ dc faults simulation, the dc side of the MMC is
connected to a dc current source as in the case of the 5-leMé.Nsee Fig. 6b).
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Table 3: Three-phase 151-level MMC data.

Number of levelsil + 1) 151

Arm inductance () 25 mH
IGBT ON resistancgR$®") 1 mQ
Diode ON resistancgie®d 0.5 mQ
Capacitor voltagel.) 2 kv
CapacitanceQ) 8.9 mF
DC link voltage Up) 300 kV
Rated power 400 MW
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Figure 9: Comparison of the simplified and detailed models duamac fault.

4.2.1. Power reference changes

The power reference is ramped up from 0 to 400 MW at0.05 s. The response to the power change is shown
in Fig. 11. Note that in Fig. 11c only the average capacitamitage of each arm is plotted for the sake of clarity,

however, the voltages of all capacitors are available dsdrcése of the 5-level MMC.

4.2.2. DC pole-to-pole faults

Finally, the dc side has been connected to a dc current sasricesubsection 4.1.3. The dc load is 150 MW and
the MMC is responsible for controlling the dc voltage. tAt 0.05 s a dc fault occurs and the protections are fired

2 ms later. The response of the simplified model is shown inEg
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Table 4: Computing times.

Simulation stepys) 20 40
5-level detailed MMC model (s) 260 210
5-level simplified MMC model (s) 16 10

Simulation stepys) 5 10

151-level simplified MMC model (s) 72 38

4.3. Simulation giciency

The simulations were made on a Microsoft Windows 7 platforith & 3GHz Intel Core i5, 4 GB of RAM running
PSCAD version £. The integration method used is the one included in PSCA&D Euler integration plus chattering
correction. Table 4 tabulates the CPU times for the propssedlified model and for the detailed one for twdérdrent
simulation steps. A 10 s period was simulated in every calse pfoposed simplified model leads to a 20 fold decrease
in simulation time for a 5-level MMC. The simplified 151-léWdMC only leads to a four fold increase in simulation
times over the 5-level simplified MMC, mainly due to the lovgénulation step required.

5. Conclusions

This paper has presented a simplified model that allowstamesnt and accurate simulation of modular multi-level
converters (MMCSs) during both, steady-state and transiemditions. Special attention has been paid to the response
to ac and dc short-circuits. All the submodules of each aemeplaced by a voltage source, a capacitor, and a resistor
regardless of the number of levels, so the proposed soltditunces the simulation time while it keeps the dynamics
of the MMC and makes available all the inner functioning abhes.

The modelis flexible and can be easily scaled. It only neddsriration about the number of levels of the converter
to represent, the capacitance of the capacitors includéteiconverter's submodules, the on-state resistance of the
diodes and the IGBTs used in the converter, and the arm iadoet A standard capacitor balancing strategy and a
circulation current control method have been used in thiepéaut other control techniques could be implemented
with the proposed simplified model.

The simplified model has been verified against a detailed huddlee converter which included all the individual
devices actually conforming it. The accuracy and validityhe proposal has been proven for both steady state and
transient operation modes, showing the results scaftareiices among the models behavior. Moreover, the proposed
model lead to a 20 fold decrease in the simulation time folevgl MMC.

Finally, results for a simplified 151-level MMC have also béecluded, with just a four fold increase in simulation
time with regard to that required for the 5-level simplified/@.
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