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Abstract—Modular multilevel converters (MMCs) have
several highly desirable features for SVC applicatins but they
present a major challenge for electromagnetic simation tools
due to their extensive use of power electronic dexgs and complex
topology. This paper presents the latest work condued at
Hydro-Québec’s Research Institute to adapt its simation tools
to cope with MMC-SVCs. Following a discussion on th
importance of real-time commissioning studies for mjor
equipment such as SVCs and HVDCs, a real-time caplb
modeling of the full-bridge MMC suited for SVC application is
presented. Furthermore, Hypersim's iterative engineis briefly
discussed and the generic control scheme used fdret sample
application is shown. A fully-detailed typical fulkbridge MMC-
SVC is used to demonstrate the proposed modeling.

Keywords: Electromagnetic transient, FACTS, full-bridge
modular multilevel converter, power electronics, ral-time,
simulation, STATCOM, static var compensator, voltag-source
converter.
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installed primarily in the James Bay transmissiorridor [1].
These devices are used to provide voltage regolagiod
enhance system stability by means of variable neagower
absorption or generation [2].

Early SVC installations relied on mechanically loyristor-
operated reactive elements to provide or absorttiveapower
(i.e. thyristor-controlled reactors (TCRs) and tbtor-
switched capacitors (TSCs)) in order to raise awelothe
point of common coupling (PCC) voltage.

HQ-TE’s SVCs are approaching the end of their ojmal
lifetime and many are scheduled for refurbishmarthe near
future. Moreover, HQ-TE is planning to add SVCs it®
transmission system to further improve overall eyst
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performances. For the time being, all these prsjacé based
on the use of “classic” SVC technology (i.e. ambmation of
TCRs and TSCs) but eventually newer technologyh sag
modular multilevel converters (MMC, based on vottapurce
converters (VSCs)) operated as SVCs [3], will beednated
into the Hydro-Québec power transmission system.

The MMC-SVC technology uses several hundreds dy ful
controllable power electronic switches (typicall@BTs) to
synthesize amplitude-varying voltages in order wdify the
generated (or absorbed) reactive power. Comparealdter
VSC technology, the MMC provides spectrally purer
waveforms that reduce or eliminate the need forfit€ring,
lower overall losses and improved reliability thghuinherent
redundancy. However, as with all power electromiensive
applications, this technology presents several coatipnal
challenges for electromagnetic (EMT) simulationl$oo

This paper presents the work conducted at Hydrda@clé
Research Institute to prepare and adapt its nes-tEMT
simulation tools for the commissioning studies aiged with
such systems. This kind of study is done with dicapf the

YDRO-Québec TransEn.ergie (HQ-TE) is one of thgontrol system hooked up to a real-time EMT sinarlan a
early adopters of static var compensators (SVCsjardware-in-the-loop (HIL) configuration. At Hyd@uébec,

real-time commissioning studies (in addition toadteptance
testing) are deemed essential to validate the haha¥ the

device-under-test (DUT) and accelerate the fielohroission-

ing.

Modular multilevel VSCs for SVC applications usyall
employ full-bridge power modules to synthesize teguired
voltage waveforms. As a single modular VSC-SVC as
more than 50 power modules, the computational buisidar
greater that associated with the simulation of #s&ic”
thyristor-based SVC. Nonetheless, precise and lddtai
modeling is required in order to achieve all thaltéene
commissioning study objectives.

The present paper is divided as follows: the objestof
real-time commissioning studies are explained astified in
the first part. From that discussion, the needdetailed and
accurate models should be clearly understood. &bensl part
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its modeling, as implemented in Hydro-Québec's -tizat
EMT simulator (Hypersim), and a generic control teys
suitable for such systems. In section IV, the miodebf a
complete MMC-SVC installation adequate for comnaiegig
studies is presented (i.e. all required power aevibreakers,
surge arresters, filters, etc.) and used for thplicgtion



example. Power system disturbances are then pextbrom with the new installation control system and howiriteract
this setup and results are commented. Finally, lodiig with it on the operational level as well as the mi@mance

remarks are given in section V. level.
As stated earlier, part of the real-time testingdine
Il. REAL-TIME COMMISSIONING STUDIES concurrently with the field commissioning: plannigld tests

Real-time commissioning studies are done after fagau &€ validated with the replica setup to ensure Balg testing
turer testing (factory system tests, factory acweqe tests, and a\{oid dangerous situation_s to both people gmMare. If
etc.) but prior to and concurrently with field corssioning of Potentially ~dangerous transients are predicted Ine t
major power system devices, typically FACTS or HvD&imulations, the field tests can be modified to idvsuch
systems. In order to do this type of study, a tedaieplica of trar.ls?ents or additional precautions can be takemetiuce
the control system of the DUT is required as wsllaareal- their impact.
time EMT simulator suited for the representationtiod AC B. Prosand cons
system at the PCC. Furthermore, real-time commigsjp
studies are usually realized in-house with theatatation of
the equipment supplier since modifications to blegndware
and software might be required to fulfill technica,
requirements and specifications described in tleeyement
contract.

All in all, real-time commissioning has many obwviou
advantages such as reduced field commissioning i
ptimal operations from the get-go since much ef shtting
uning and troubleshooting are done with the replion the
other hand, such studies may not be feasible hytilitles as it
involves additional costs and requires in-houseesige and
A. Objectives know-how.

At Hydro-Québec, in-house real-time commissioning At the financial level, it marginally increases tbeerall

studies of major power equipments are deemed émisémt COSt of a project because of the cost of the raplibe
several reasons: conditioning hardware, the labor required for thelg as well

«  To validate if all functional requirements are met. 25 the real-time simulator. These additional C(mughly_add
«  To verify the control system behavior during spiecif UP 0 @ small percentage of the overall cost of ghgject,

network events. depending on the type of installation (SVC, HVD®&;.and
«  To fine-tune settings for optimal and safe operatib the complexity of the replica (e.g. fully redundamith all
the device. protection devices, without redundancy of somellocantrol

* To explore new settings, hew operating modes or né@@tgres or stripped of some protection levels.)esen
contingency responses without compromising the jgdditional costs may seem gnacceptable o sometl-lalyt
tegrity of the power system should be regarded as an investment and a riskcirgglu

e To reproduce real power system events or probler??seasure: (1) as an investment becau§e the ut@ylsg
in order to find and evaluate possible ways to Cob%valuable knowledge about the working of their new
with such occurrences installation, a vast amount of hands-on experiestdiow to

e The replica setup offers a realistic platform fbet operate and tune the .c.:ont.rol and protection syst-:gm
training of field operators and technicians assurance that all specifications are met; andafp risk-

e To validate field commissioning tests before adyual redu0|-ng. measure since it makes for ‘more efficigekd
executing them in the field to ensure safe testing commissioning with much fewer surprises, problenml a
avoid costly surprises. delays.

« And, lastly, to reduce and possibly avoid field A”O,thef limiting - factor ('js the. aga;llab.lhty o;trglldmse
commissioning delays. expertise in power system dynamic behavior andtreleag-

i deficiencies. unsuitable controller  actions _Oﬁnetic transients as well as familiarity with reiahé¢ simulation
specification characteristics or incorrect settings identified, tools, signal conditioning and hardware-in-the-losptup.
corrective actions are taken. If possible, usemeelf Such a speptrum of knowledge is not gained ovetrbgh.has
parameters are adjusted to correct the controlleelsavior. FO be acquw-ed the hard way. In the.long .run, tbquired
However, if the problem cannot be addressed that, wee mvestment. is very advantageous since it deepersson
equipment supplier is asked to make appropriateections to unde.:cstatr?dmg of his powert sdystem(,j err113L||res t.hadeaﬂce.t-
rectify the situation. Both software and hardwawifications §p?c:||ct§1 |onf t:r? f Irlespecb(.el_t. an elps in - explpitin
might be required but the former is more common aneth instafiations to their Tufl capabilities.
more convenient to implement. This goes back amth ffor C. Szeof smulated systems

several iterations to iron out all problems. Thirtpof the Another important aspect is how to determine wiegtds to
commissioning  study is usually done prior to fielghe included in the simulations to adequately eveltize DUT.

commissioning. ) It is not an easy problem and the solution is yaoélthe type
The replica setup is also a very useful tool foerapor and «ass is more”. ..

technician training as it allows them to famili@ithemselves  gayeral factors will determine the size of the sited



power system but the three most important will iEcussed. voltage of each module is determined by the stitkeopower
One of the foremost is the limitations imposed iy teal-time electronics and can present three voltage levals; ¢/, and
simulator used; there are several of these and magbses 0, where \ is the capacitor voltage. It follows that a stack
different constraints. Another major factor is thevel of chain of N full-bridge modules can present 2N+Ifedédnt
knowledge of the power system. If essential pararedor key voltage levels.

components such as transformers, power lines,cstaid
dynamic loads are not available, a simple netwaykivalent
is preferable. Again, the level of detail of theurmlent is a
function of how well one knows his system and whiatreal-
time simulator can take.

Unlike the two first factors, which usually tend teduce
the size of the simulated system, the third elemdm
proximity of other FACTS or HVDC systems or a systeith
multiple PCCs with an AC system, such as a multiateal
HVDC system, may require a larger simulated powstesn to
include neighboring devices that may interfere withe
operation of the DUT or to adequately representdyramic
of the AC system. It is wise to verify the absenéeontroller
interaction, from several different systems andimm a

system that feeds on an AC system at multiple point

However, real-time simulator limitations can prevesuch
verifications due to the sheer size or complexity tioe
required simulations.

From the previous discussion, it may be concludeat t

there is no absolute rule to determine the sizda@kimulated
power system and that each case will be differenteach
factor will have different weighting due to the sjie needs

of each study. For example, in one case the DUT by
connected to a very strong network far away frorhept
dynamic devices and in a second case a very hacmoni

sensitive equipment may be near the PCC: in thmdor a
simple network equivalent should be adequate wihielatter
will require more detailed modeling that goes beldhe
immediate surroundings of the DUT.

Ill. FULL-BRIDGEMMC-STATCOM

In the last few years, several papers have beelispat on
modeling MMCs used for HVYDC point-to-point links,uiti-
terminal systems and meshed DC grids [4][5][9]-[1These
topologies typically rely on half-bridge power mdeki (PMs)
placed in a double-star configuration (i.e. two coon DC
buses) suited for HYDC operation but they coula dde used
as a SVC. For SVC applications, MMC generally rayfull-
bridge PM chains connected either in delta or v8}¢5]. The
explored topology in this paper is the delta-cotinac

A. Power Module and Topology
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Fig. 1 MMC-SVC delta topology with filters.
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Fig. 2 Power module internal components.

B. Modeling

Hydro-Québec’s real-time EMT simulator, Hypersirs,a
large-scale multiprocessor simulator used for posstem
studies and for the development, validation, tuniagd
commissioning of control systems [7]. The compotzi
effort is automatically spread across availablecgssing units
using the natural propagation delay of the transimislines.
As a result, the large power system impedance xnadri
divided into several smaller submatrices which bansolved
in parallel by several processor cores withoutoishicing any
errors, thus drastically improving the simulatiqgresed [8]. For
computational load reasons, the network equatidnesaf
Hypersim uses piece-wise linear models for theasgmtation
of nonlinear devices such as power electronics satdrable
elements. Furthermore, reactive elements are reduce real
admittance in parallel with a current source regmnéag the
reactive elements’ inertia, exactly like the orgiEMTP [9].

Direct simulation of the MMC structure with conviemtal

As illustrated in Fig. 1, a typical MMC-STATCOM is EMT models yields very large systems of equatioesulting

composed of delta-connected full-bridge PM chaifbe
number of PMs in each chain typically comprisesveen 10
and 30 PMs and is a function of several factordsag the
power rating of the power electronics, the harmoleiel
specifications, the exact low-level control scheste,

Each full-bridge PM is composed of four IGBT/dioplairs
and a single capacitor, as shown in Fig. 2. Thenitel

in impractical execution times, as demonstratedh Wie half-
bridge MMC-HVDC in [10]. In the case of MMC-SVCs,
fewer PMs are used but the mathematical complegityains
high if no simplifying scheme is used.

In the same fashion as in [11], MMC-SVC branches ar
represented with a Norton equivalent. In the maodgeli
presented, the branch subsystem is then solved assimple



analytical solution derived from circuit laws inatkof a full-
fledged equation system solved by matrix computatio

Before constructing the arm equivalent,
equivalent must first be determined. As mentionedlier,
each module contains four switching devices andpacitor.
Each switching device is represented by,gdMR; resistor and
the capacitor by its EMT equivalent (current sourcparallel
with an equivalent resistor) as seen in Fig. 3 Each module
is then reduced to a single Norton equivalent (Bip)) where
the equivalent resistance and current injection dosingle
module are derived as follows:

[ RRw, , RRsq
B "l R + Ry R, + Rgy, (1)
Ra = RRu, , R,
RAB
R +Ru, R+ Rox,
R{ R, R ]
| R+R, R+R (2)
“ R+ RR, RR, G
R+R, R +R,

This method has the characteristic of retaining th#
operating details of the switch devices (i.e. |IG@idde states,

the modubrrents, voltages and parameters) since they eeeen to

determine the branch equivalent. Under certairunistances,
this level of detail may be unnecessary but, faal-tiene
commissioning studies, the ability to representoaimalities
and parametric differences between branches aRiMar is a
major advantage.

Mathematically speaking, using this representaisoquite
advantageous since all the internal nodes are rednfvtem the
nodal equation system, hence reducing the admétamartrix
size and the computational cost of its factorizatior
inversion, depending on the actual solver algorithm
Furthermore, computing the branch equivalent isinaple,
albeit tedious, task that only requires the voltageboth
extremities and prior knowledge of the operatingditions of
the branch PMs.

C. lterative Solution

To accurately represent the behavior of MMC systehes
natural commutation of the diodes must be takem &utcount
which explains why the PM modeling in [11] and [12§ludes

whereR;, R,, R; andR, are the switch resistances, which ar@n iterative solution to determine the status oéfsalitches.

equal toR,, or Ry depending on the switch stak;andl. are
the equivalent capacitor resistor and historic entrinjection

respectivelyRag, Rax1 andRgx; are the delta equivalent of the

elements connected between nodes A, Band X%, where the
X, star point is suppressed. The arm equivalenteis gimply
the Norton equivalent of several modules linkecetbgr. The
total admittance contribution is then

eqtot [z I%qx]
and the total equivalent current injection is givgn

= eqlotz Raqx eqx

®)

(4)

eqtot

where Ry and I are the equivalent resistance and current

injection of the ¥ PM in the chain respectively.

Fig. 3. Power module modeling (a) and equivalbint (

Determining the exact conditions of each individealdule
is then simple since the current flowing betweea delta
nodes is easily calculated and all current injetiof the
modules are known. This task, by its nature, id-sated for
recursive divide-and-conquer algorithms.

This approach was then applied to all switchingnelets [13]
and nonlinear elements [14] in Hypersim. For theppae of
the present paper, which is to present a “real-tioramission-
ing-ready” modeling of the MMC-STATCOM, the surge
arresters and the MMC-SVC branches are all hangliedy

in the iterative solver. More details on the itemtsolver can
be found in [13] and [14].

Begin
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Update
switches state
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V=Y"- 1 Inode
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Calculate V&I
Switches & non-linear

’ Update history ‘

Update Inode

End
time step

Fig. 4 lterative engine flowchart.



D. Generic Control System

The scope of the current paper does not include MN3WC
control design and a simple and generic controkseh is
therefore presented for the purpose of the appicaxample.
As shown in Fig. 5, the measurement and synchrboizanit
provides the d-q components of the voltages andeots at
the PCC as well as the positive-sequence valudefPICC
voltage. The current regulator requires the d-qresur
references to generate the d-q components of ti@geoto be
synthesized. These references are provided byehhealtage
regulator for the d-axis reference and by the pasgequence
or reactive power regulator for the g-axis refeeedepending
on the selected control mode. Several advancedrsshean
be used for the pulse generation, which enhanderpsnces
at the cost of increased complexity, but the dbscki
controllers rely on nearest-level selection with integrated
capacitor-balancing algorithm (which tolerates artaie
deviation from the nominal capacitor voltage valiel,c.p).
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Fig. 5 MMC-SVC control scheme.

IV. APPLICATION EXAMPLE

For the sample application, a system similar to. Bigs
used, as illustrated in Fig. 6. An equivalent nelwwith a
short-circuit level of 1 GVA feeds the 50-Mvar MM&¥C
through a 220/22 kV wye-delta lag transformer. Epomt of
the delta connection, as well as each branch ofd#dim, is
protected with a surge arrester. The MMC-SVC is posed
of 22 PMs per branch and the total energy storethénSVC

represents approximately 12.7 kJ per MVA of SVC.eTh

necessary parameters to duplicate this simulatierpeovided
in Table I. It is important to note that these paeters are
arbitrary and are not based on any particular liasian or
project.

provide a “black box” controller (Matlab Simulinkrgitected
model reference, precompiled static or dynamicalijpr etc.)
and simulations could be done exactly as preseintetthis
application example. Obviously, real-time commiggig
studies require a replica of the controller whicould be
interfaced with the simulator through 10s.
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Fig. 6 “Real-time commissioning-ready” modeling ah MMC-
STATCOM with a network equivalent at the PCC.
TABLE |
SAMPLE APPLICATION SYSTEM PARAMETERS
Equivalent network Value
Frequency 60 Hz
Voltage (line-line rms) 220 kV
Short-circuit level 1 GVA
XIR 7
Linear transformer 50 MVA
Connection Y g-Aiag
Ratio (line-line rms) 220/22 kV
X leakage 0.15 pu
R leakage 0.003 pu
MMC-SVC 50 Mvar
PMs per branch 22
Capacitor 7.5 mF
Capacitor nominal voltage 1.6 kV
Branch reactor 7.7349 mKl
Reactor resistance 29.1@m
Ron 1mQ
Rofr 100 K
Loads
Ld1 10 MW
Ld2 5 kw
High-pass filter
Qnom 2 Mvar
Fo 300 Hz
Quality factor 10

A. Positive-Sequence Voltage Setpoint Change
This first disturbance is a simple setpoint chafmethe

For the purpose of this example, the equivalentort can  POSitive-sequence voltage regulator to illustretie normal
be programmed with various disturbances and faelakers, Operation of the MMC-STATCOM. Initially, as seenfiyg. 7,

which are not represented in Fig. 6, are placdnigtB1.

it operates in inductive mode as it regulates 16€ Roltage at

The MMC-SVC controller was developed in Matlalf-95 p-u. (internal voltage of the equivalent poggstem is at
Simulink and is incorporated in Hypersim throughe thl P-u.). At 0.1 s, the setpoint is stepped to 1pQh which
Hyperlink interface. A separate processing unitsed for the Prings the generated reactive power a little béral/ p.u. with
controller. All simulations presented in this papere done in @ Small overshoot. The SVC is then in full capaeitmode.

real-time on a SGI UV system.

This simple case is useful to demonstrate the nodyraamic

For a preliminary study, the equipment supplier IdouPehavior of the sample application system.



B. Equivalent Network Voltage Step

As the last section, the MMC-SVC is regulating Riltage
at 0.95 p.u. while the network equivalent’s voltagd pu. To
do so, it must operate in inductive mode at neany (Qes™
-1 p.u.). Then, in order to exacerbate the surgestars, the
equivalent network’s internal voltage is steppedta@.5 p.u.
at 0.1 s with a linear decay to 1 p.u. in 0.1 staswvn in Fig. 8.
Since the MMC-SVC synthesized voltage is limited thg
capacitors’ voltage, the SVC is seen as a veryati load
(see bottom graph of Fig. 8). It is interestingotuserve that
the surge arresters effectively limit the overvgétain the
MMC-SVC to approximately 3 kV (second graph fronttbm
in Fig. 8); without them, the capacitors’ voltagses to
approximately 4.5 kV.
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Fig. 7 MMC-SVC waveforms for positive-sequencetagé reference
step at 0.1 s: positive-sequence voltage referemck measurement (top),
network and SVC voltage (second from top), netwarkage and transformer
primary current (middle), sample of capacitor vgéia from branch AB
(second from bottom) and measured reactive povegta(in).

A more complete controller would have a protecggstem
that would trip the whole SVC due to overcurreratsnpst 10
p.u.!) as seen in the middle graph of Fig. 8.

Finally, this disturbance is useful for observiig tmpact
of Hypersim’'s iterative engine: in Fig. 9, the radd blue
waveforms are obtained when the iterative engirtarised on
and off respectively. It is easy to see the impurta of
iteration in the representation of surge arrestiens the
modeling of MMC-SVC. Without the iterative engirgglays
in the application of the correct admittance andrent
injection lead to uncharacteristic behavior, agig. 9, and
possibly to numerical oscillations depending on ghreulated
network.

These two disturbances are simple examples of edrabe
done in real-time commissioning studies. Extensasting of
the DUT is often required and fully detailed modglias

presented in this paper is essential to adequatelgsure
response times, verify functional requirements aatidate
special operating modes.
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Fig. 8 MMC-SVC waveforms for a network voltagepste 0.1 s: network
and SVC voltage (top), transformer primary volta@econd from top),
network voltage and transformer primary current dgie), sample of
capacitor voltages from branch AB (second from dmjt and measured
reactive power (bottom).
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Fig. 9 Comparison of transformer primary voltage aurrent of phase A
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respectively).



C. Real-Time Performances

The system content and simulation performances 3
presented in Table Il. The sample application msutated in
real-time with a time step of 2% on two SGI UV processing

cores (Intel Xeon E7-8837 @ 2.67 GHz).
TABLE Il
REAL-TIME SIMULATION PERFORMANCES
CPU 1: Electrical system exec. timg 192
Electrical nodes 216
Passive elements 84
Nonlinear elements 6
Switches 271
Digital communications 264-in
Analog communications 78-out
CPU 2: Control system exec. time &)
Digital communications 264-out
Analog communications 78-in

V. CONCLUSION

This paper presented how detailed full-bridge MMOES
are implemented in Hydro-Québec’s real-time EMT gator,
Hypersim. The reason for such detailed models wangn a
discussion on real-time commissioning studies ahdirt
numerous advantages. Following this discussion, atteial
full-bridge PM modeling, its relation with Hypersasriterative
solver and a generic MMC-SVC controller were préseén
Finally, a sample application of a complete MMC-SVC
installation running in real-time was subjected deveral
disturbances to illustrate the usefulness of theetiog and
Hypersim's capabilities.
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