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Abstract—This paper presents a unified approach for efficiet
modeling and simulation in a multi-tool environment The
motivations are clearly defined and the approach iexplained.
While this method is applicable to a wide range otools and
applications, it is illustrated with Matlab/Simulink, for control
system development, and two EMT simulation tools, BETP-RV
and Hypersim. The sample application is a point-tggoint HVDC
link based on modular multilevel voltage source corerters: the
EMT modeling of this technology is briefly presentd as well as a
complete control and protection system. The unifyig agent in
this example is the Simulink controller but the unfied approach
could be applied with other parts of the system andr developed
in other software. Results comparison is shown toebexcellent
and fully coherent, enabling this software to be wesd with full
confidence in its respective niche applications.

Keywords: Cascaded two-level converter (CTLC), eldm-
magnetic transients (EMT), HVDC transmission, moduhr
multilevel converter (MMC), offline simulation, real-time
simulation, voltage source converter (VSC).

|. INTRODUCTION

I n order to cope with the rapid introduction ancegration

Casoria, O. Saad

presented unified approach for the EMT modeling and
simulation of power systems.

The proposed paper presents a design approacbabvets
the whole EMT-based development cycle and focusethe
collaborative simulations that integrate modelsxfrdifferent
simulation tools to shorten the various designsstagd ensure
coherent and accurate results through cross-validat his
approach is applied to the study of an HVDC linlsdxh on
CTLCs where the control system is designed in the
Matlab/Simulink environment and initially validatedth the
Matlab SimPowerSystem (SPS) toolbox. Thereafteis th
controller is exported into C code using Simulingd@r (SC)
and integrated into EMTP-RV and Hypersim (both atiag
on standard personal computers) for off-line plagnand
integration study simulations. Finally, to closes ttoop, the
same power system schematic could be effortlessiteg to
the real-time hardware platform of Hypersim for lyis@e
studies, thus providing a complete cycle of simalatand
cross-validation. Most often, this last real-tinnesation step
also implies the presence of a control system ceptif the
device under test for hardware-in-the-loop simaladi
Furthermore, other software-in-the-loop controller®r

of new technologies in power systems, electromagnefapjicas if available) could also be included ie imulation

transient (EMT) simulation tools, both off-line angal-time,
must adapt if the required time of the design cysléo be
reduced, since simulations are at the core of thenmg,
design, validation and commissioning processes. fHdwest
generation of voltage source converters (VSCshés rhain
driver for the latest evolutionary step in the EMoftware
community due to their use of a very high numbepaotver

for controller interaction and coordination studies

The paper opens with the motivations and detailshef
suggested approach, including the different tool@lved as
well as how to interface external components. MMILC
modeling is briefly presented while the control grdtection
system, the unifying component in this work, issamted in
more detail. The description of the HVDC systemduse

electronic devices. This technology, known as maduljysirate the integrated approach is then giveonglwith

multilevel ~converters  (MMCs) or cascaded two-lev&imyiation results and the paper closes with thlusummary
converters (CTLCs), generates voltages with very logng concluding remarks.

harmonic content and presents loss levels mucleictosthose
of “classic” thyristor line-commutated convertef¥][2][3].
Different modeling techniques have emerged for thaglular

[I. UNIFIED MODELING AND SIMULATION APPROACH

multilevel technology{4][5][6] and each fills different roles in A. Motivations

different simulation tools but all should give coémet results
given identical control systems. That idea is tlasi® of the

Philippe Le-Huy, Silvano Casoria and Omar Saadvatie Hydro-Québec’s
Research Institute (Power Systems and Mathematii§, UL800 Lionel-

Boulet, Varennes, Québec, Canada J3X 1S1 (e-maibroésponding author:
le-huy.philippe@ireq.ca

Paper submitted to the International Conference on Power Systems
Transients (IPST2013) in Vancouver, Canada, July 18-20, 2013.

A wide range of advanced industrial-grade EMT satiah
software is available today, each with a differdata input
method and different library of models. There amthunds to
adapt user-files or model data from one tool totlaeo but
automatic data exchange and cross-compatibilitycareently
not available. This is a major drawback in todayidustry,
since it is often required in the same organizatmmperform
studies using several different software tools mintegrate
models developed by equipment manufacturers using
proprietary tools or other incompatible packages.



To cope with this reality, large efforts must bedmao B. EMT Smulation Tools

adapt, or even develop from scratch, a similar rhodeontrol Power system simulators are strategic tools useidyolyo-
system which must then be validated and bencheihsighe Québec engineers and researchers for planning pechting
original. These extra steps obviously involve addests that e Hydro-Québec transmission system, integratmgwable
may not have been anticipated in the project afyshudget.  energies, testing new concepts and training teahrstaff.
Although there is a thrust towards unified and Wwaled yqro-Québec Research Institute’s expertise in posystem
methods in EMT simulation software, different toolll  gjmulation was built up mainly on the developmemid a
continue to coexist due to competition among sakwagperation of real-time simulation technologies (Elsgm) and
vendors, computational performance issues, estellis yodern off-line simulation tools for studying elerhagnetic
databases, various extensions in application fialit$, more ansients and power electronic-based equipmeNE FERV
importantly, corporate culture and market/busin@essure. It goftware and SPS toolbox).
is not uncommon to use certain software becausahié “de Hypersim [8][9][10] is a real-time/offine EMT simulator
facto” tools in a certain field, even if internallgher tools are (SGI supercomputers are required for real-time @ffiine
preferred, or because the “change management”iSOSI0  simylations can be done on personal computers)sds the
high. classic nodal approach with automatic partitioniof the
To reduce the cost of this multi-tool reality, dfelient power system equations. The computational burden is

approach must be taken. To do so, several pathsbeanaytomatically mapped to the available processorescor
followed such as a common data information formad an Hypersim sports several interesting features (séed c

application programming interface (API).

A major source of difficulties when using severahda-
tion tools is the difference between parameter timpethods:
depending on the level of details, the nature amahtity of

required parameters may vary and “parameter tramslamay \ye|l-known electromagnetic transient program EMERITP-

be necessary, an operation that requires intimadevledge of Rv yses a new approach for assembling network @msat
the tools involved. A possible solution for thioplem resides sparse modified-augmented-nodal analysis. Perfazesamre
in a common data format where the required paramét® onnanced through the use of a Jacobian-based eankolver
several different levels of modeling, from shoreit t0 that eliminates topology restrictions and exhikitigher rate
highly precise transient analysis, are presentesiach tool ¢ convergence. The EMTP-RV solver allows the isida of

would take from the data file the parameters regliby its external libraries and, if allowed by the extercatle, they can

solver, a single data file could be used for abldo The aiso be integrated into the iterative and criticeimping
Common Information Model (CIM)7] is a possible approach gjystment (CDA) algorithms.

and can be augmented and reused for EMT-type apiplis.

However, data portability, while highly desirabiepnly a part C- Interfacing with External Code

of the solution since it does not allow benefitifigm the Hypersim uses a code generation approach to siealat
numerical capabilities and model implementationailable in network configuration. The code for the componeatsd

references for more details) but the one explaitetthis paper
is its ability to incorporate external codes sushdgnamic or
static libraries in addition to the external C code

EMTP-RV [11][12][13] is the restructured version of the

other software.
Another very promising path to facilitate multi-tamork is
the definition of common or standard APIl. A stamb#&PI

models present in the network is generated andrdded to
generate an executable that will be simulated. (S ia
straightforward process to incorporate and embedthia

would allow EMT (or other types) software to eadilyeract process an external code such as the one genaviitethe
with each other but it would require establishingtandard set SC.
of communication channels for each type of simakatirfhese =~ The EMTP-RV program is a stand-alone applicatiod an
channels would allow the exchange of electricataigas well has a closed code architecture. It uses a differpptoach to
as control signals and parameters and other intbismeelated incorporate an external cod&4][15]. The idea is to make
to the numerical methods. The standard should &ebfe public the internal methods used in the hostindiegion for
enough to allow different levels of sophisticatias different implementing models which allows DLL-based extemaldel
tools employ a wide range of solvers and numetaetiniques equations to be inserted into the actual solutigstesn and
and methods. equations without any limitations. Linear and sitankous
While this paper does not offer a common data foonan solutions and complicated model implementations are
API standard definition, it does offer a good extenpf API- achieved in the same way as the actual modelseirhdsting
based modeling and simulation approach: Simulinksisd to code and use the same services and memory aatéiss.dase
develop a complete control and protection systemchvis of EMTP-RV, the external methods will be called esch
then incorporated into EMTP-RV and Hypersim. In BPRAT iteration to update its equations and thus padieipin the
RV, the API is implemented through a dynamic lipraractual simultaneous solution (if iterative solvarpgort is
approach while in Hypersim the source code is direcavailable).
integrated into the simulation code.



D. Approach

Since the motivations, tools and interfacing methbdve
all been described, the modeling and simulatiorra@gugh per
se will now be described. For the purpose of tlapep, the
unification factor is the control and protectiorstgm of an
HVDC link. It was developed and tested in Simulinkh SPS
for the electric part. Instead of duplicating thntrol system
in each environment, the Simulink Codgr6] is used to
convert the Simulink controller into C code for Hypim and
to create a dynamic library for EMTP-RV.

This method ensures an identical control systeallithree
software environments, which is crucial as the binaof
power electronic intensive devices is dictated Hmjrtcontrol
system. It would be futile to hope for exactly thame
responses if the controllers are not the same.

As mentioned earlier, it is often required to dovesal
studies of the same system with different toolsetplore

various aspects of system performances. The approac

presented here minimizes the ‘“translation” workd ahe
associated error risk, and brings coherence tcsitinelation
results. As the controller’'s behavior is the sadifferences in
results are therefore attributable to the levedletfils in each
tool and the simulated phenomena.

The tools used in this work were chosen becaudecal
availability: the idea of integrating a part of tkenulation
from one tool into multiple others is applicableatéver the
tools. Instead of a Simulink controller, it could b controller
from a vendor’'s specific development tool integdateto a
stability tool or other EMT simulators. Furthermpirestead of
being unified by the same controller, the simulatiools could
reuse the same device model (e.g. wind or solarep@lant
model).

The MMC modeling techniques used are describeciaild
in the following subsection while a full-fledgedrtml system
is presented in subsection B.

A. MMC/CTLC Modeling

MMC/CTLC MODELING AND CONTROL SYSTEM

As illustrated in Fig. 2, a MMC/CTLC is composed of

several fundamental units, usually referred to asvep
modules (PMs), submodules, or cells. A PM is essignta
half-bridge two-level converter, as seen in Figg)3@A large
number of basic units are then stacked to create efethe six
converter arms. A serial reactor is placed in emh and, in
some cases, a second harmonic filter is also anfdedch of
the phases.

The operating principle of this kind of convertes i
fundamentally simple: the high-level control
determines the voltage waveforms to be synthesineldthese
are then translated into a certain number of aetie inactive
PMs per arm by the low-level control algorithms. Active
module inserts its capacitor into the circuit whale inactive
one shorts its terminals. Each arm can be considasea
variable voltage source. The following section dibss in

system

more detail the control system.

In SPS, two PM models were used: an average model,
which neglects the rectifier effect of the diodeas used early
in control system tests, and a complete model,|&in® the
one in Hypersim (Fig. 3(b)) was used for the stgrisequence
and blocking tests. When porting this modeling tgpétsim,
considerable efforts were made to enhance the 8zacpeed
in order to respect real-time constraifit§]. As for EMTP-
RV, the detailed model, described[#}, was used in this work
to fully exploit EMTP-RV’s precise solver.

B. Control System

Based on[18][19], the various subsystems of the main
control are shown in Fig. 4 and are briefly deslitbelow.
The “high-level” functions are discussed first folled by
pulse generation, referred to as “low-level” funos.
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Fig. 2 Conceptual diagram of the MMC/CTLC topology
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Fig. 3 (a) Simplified PM content; (b) SPS/Hypersamd (c) EMTP-RV
PM modeling.



The measured AC and DC signals (voltages and dsregn
the PCC and at the valve side of the convertestoamer, DC
voltages and currents at the converter poles)rgrets to the
“Interface & Transformations” (IT) subsystem. Thgnals are
sampled and held to respect the control cycle tifeeavoid
noise errors, the signals are filtered and themabred (per
unit system, or pu). Through Clarke transformatitwe, three-
phase stationary coordinate system is translatetheotwo-
phasea-p stationary coordinate system. When necessary,
signal measurements on the primary side shouldta¢ed by
+11/6 according to the transformer connection (YD11Ydrl)
in order to have the same reference frame for bios of the

The “Reactive Power Control” (RPC) regulates trectioe
power (Q_ord) at the PCC. When this mode is n@&csetl, the
“AC Voltage Control” (ACVC) takes over and regulsitéhe
voltage amplitude (Uac_ord) at the PCC. The RPQid®s an
override control function that limits the RPC outpto
guarantee acceptable AC voltage. A “Current Refsren
Calculation” subsystem (CRC) transforms the power
references (Pref and Qref), calculated by the eagrd, to
tharent references (Iref_d, Iref_q) according te theasured
secondary voltages. The “Current Reference Linaiteti
(CRL), limits the current reference vector to adefined area
within the d-q plane, in order to respect the cotereratings.

transformer. Subsequently; quantities are mapped to thedn DC voltage control mode, higher priority is givéo the

dg0 domain through Park transformation.
however, zero-sequence components are not condidaree
they are blocked by the transformer’s delta coriaectA
three-phase phase-lock loop (PLL) provides the @lragle
for the d-q reference frame. The d-g componentsaigmed
with the active power and reactive power respelgtive

P_ord Q_ord
or or
Udc_ord Uac_ord

System

AC &DC Interface Active & Reactive Iref_dg Inne[ Current
measurements & 3 Power Loop - 0op
Transformations (ACC, RVC, RVL TH!
(Filters, Clarke, (ECP SCRS’SC DS\R{LC Inverse Park & Clarke)
(R (P POCRL) )
Vref_abc
Manual
block/deblock glc;:'lk SI‘( deblocked
—_— PS-PWM
Control & Pulses
larm_sign Cell Voltage
Vdc_meas Control
. block_prot Breakers
1 Protections orders
Manual Breaker |————=yp
) open/close Control
Inc/Dec
Tap Tap
Changer |-

Control

Fig. 4 Block diagram of the complete control sgste

In this ecasactive power, i.e. the d component. In power cdntiode, d

and q components, which translate to active andtixea
power respectively, are treated equally.

In the ICL, the “AC Current Control” (ACC) function
tracks the current reference vector (d-q compohenith a
feed-forward scheme to achieve a fast responsengiload
changes and system disturbances. The “Referenctagéol
Conditioning” (RVC) takes into account the actu& Boltage
and the theoretical maximum peak value of the foretgal
bridge phase voltage in relation to the former djust the
reference voltage. To avoid over-modulation, thdtage
reference is limited, within a circle of a definetlius, in the
“Reference Voltage Limitation” (RVL) subsystem. énder to
achieve better DC link utilization at high modutatiindices,
the sinusoidal reference signal is injected withthérd
harmonic component having a maximum amplitude @b68.
pu without causing over-modulation (Third Harmonic
Injection (THI) function). Finally, the inverse Raand Clarke
transformations are used to generate the threeephaitage
references (Vref_abc).

The “Block/Deblock Control” (BDC) activates or
deactivates the converter upon detection of anfalbr rising
edge respectively. In the blocked state, no finndses are
sent to the power electronic devices.

“Breaker control” (BRKC) operates the converter'sim

The “Active and Reactive Power Loop” subsystem containgrcuit breaker as well as the pre-insertion resistauxiliary

different Pl-based regulators (with anti-wind-updafeed-
forward) which provide current references to theandr
Current Loop” (ICL). The “Active Power Control” (AP
function regulates the active power flow (P_ord}ret PCC.
The APC works in a complementary fashion with thC*
Voltage Control” (DCVC), which instead regulates tBC
voltage (Udc_ord).

breaker.

The converter transformer turns ratio is controlldthe
“Tap Changer Control” (TCC) subsystem to maintalire t
converter voltage and the modulation index withigeptable
ranges.

The “Protection” (PROT) subsystem contains the seaey
AC and DC protections that will block the converitecase of

In APC mode, a “Power-Dependent Current Referengevere disturbances that could be harmful for tgpenent.
Limiter” (PDCRL) function is active: when a DC powe This subsystem can order, through the BDC and BR&C,

reduction is detected, during a system fault foaneple, the
PDCRL function limits the d component current refare in
order to obtain a controlled recovery and providpp®rt to
the DC regulating converter. This support is esakwhen the
AC fault occurs in the power system of the DCVCapiag
converter. The APC also features a power orderrimethat
maintains the DC voltage within a predefined opegatange.

converter isolation sequence which consists of actikation
of the VSC and a main breaker opening.

All the previous functions form what is referred @e the
“high-level” control. The low-level functions traliase the
voltage references into firing orders for the powésctronic
devices. Phase-shifted pulse-width modulation (P8VR is
used: the voltage references, weighted by the \G#thge



Control (CVC) according to each cell actual capacibltage, for the electric system and the low-level contrahdtions
are compared to a low carrier frequency (3.37 titmesAC while high-level control subsystems operate at S0 The
system fundamental frequency). This carrier wave lba control and protection system was developed in Biku
different phase angle for each PM. (R2012a) and imported in both simulation environteen

The CVC ensures global balancing (the sum of cdthges The dynamic performance of the link during a thpbese-
in all arms converge to the DC-bus voltage (polpdte, to-ground fault disturbance at ST2 PCC bus is lyrief
Vdc_meas) and individual balancing (each cell \g#dta analyzed.

remains in the vicinity of its voltage referenc&his function T oo —= oS T a5
L . . ST1 VSCl | vsc2  ST2 |
is |mple_mented by means of a low-magnitude ampditud pcm: Jy A L0SOMVA | LI0OMVA 5y Jpcca
modulation (set proportional to the error betweba tell- §§ CTLC [T ] crLe §§
. .. . VsC |Cablcs VSC
voltage reference and the individual cell voltatiet is added oy | 36 Ll 36
to the modulation reference voltages. Thus, ovegeth SCL 25 GVA :1°i%gVA |£320 kv | 100 aA SCL20 GA
. . . . X/IR =30 < 600 k < =

capacitors are less activated during the chargeng @f the | 330KV PR 330KV |

.. .. system | | system |
cycle (positive arm current) and more solicited tine === == -

discharging part (negative arm current), therebyatly Fig. 5 1000-MW CTLC link between two equivalentwerks.
reducing capacitor voltage excursions. The samecipte is

applied to undercharged modules. B. Results
The start-up sequence of the link consists in atitig
IV." APPLICATION EXAMPLE VSC2 first (the pulses are applied to the IGBT ehés),

. which regulates the DC voltage on the link whilgeating 0.2
A. CTLC-HVDC Link Test System pu of reactive power (Q_ord = -0.2 pu) into the SAC
A 1000 MW VSC-HVDC point-to-point link, using CTLC system. Subsequently VSC1 is deblocked: the agiiveer
technology, was modeled in EMTP-RV and HyperSine (seequested from ST1 AC system is ramped up to 1.(Ppord
Fig. 5). Both converter stations, ST1 and ST2,camposed = 1.0 pu) with no reactive-power exchange with tieéwork
of a 36 PMs per arm CTLC, its complete control ar(b_ord = 0 pu). Data acquisition starts at t =when steady-
protection system (described in last section) aMg[1 three- state conditions have been reached. Fig. 6 shawartiplitude
phase transformer with magnetic saturation. Theosts are of important measurement signals in the contralesgsat both
connected with a 600-km cable aB820 kV. Equivalent stations (ST1 and ST2) in their vector form (affeark
networks at each end of this links are perfectlgcatite to transformation) and a zoomed view of the phase fereece
illustrate the unified methodology. A G- time step is used yoltage (Vref_a ST2). The Hypersim (red) and EMT®-R
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Fig. 6 Comparison of simulation results from Hy®ien and Emtp-RV.



(blue) results are superimposed for comparison.

The tap changer control ensures that the modulaidines
(Mod_index ST1 and ST2) are within the defined eamy
adjusting the transformer turns ratio. The zoonmedignal of
the modulation reference voltage
correspondence between the two simulation restifis.effect
of the third-harmonic injection on the signal shapelearly
visible. A six-cycle three-phase fault is appliedSa2 PCC
bus at t = 0.1 s. During this severe disturbarfoe ttansmitted
DC power (Pdc_meas) dips, activating the PDCRL tionoof
ST1. This function mitigates the DC voltage inceedsy
limiting (down to 0.1 pu, according to a static wteristic)
the d component of the current reference when BGepbwer
falls below a defined value (80% of P_ord). The D®&-
voltage nonetheless peaks at 1.14 pu during thet @seST2 is
enable to extract the energy sent by ST1 beforéntpact of
the PDCRL function is felt. However, when the faetids, the
current limit is increased dynamically, and congegly the d
component increases according to a defined firdéorate (Tc
= 0.015 s). The system recovers from the fault iwith4 s,
with little or no overshoot in the AC and DC powg&he 60-
Hz oscillations observed in the reactive power messent at
ST2 are due to the presence of a DC componentkiipliase
voltages introduced by the transformer saturatiaring the
fault recovery.

From the superimposed waveforms, it is easy tdfssehe
results of both simulation tools are in good agrestmthe
slight differences are due to differences in the mRbUdeling,
nonlinear solver and CDA algorithm. With this uedi
approach, several study groups could explore differ
phenomena with different tools and, since the abslystem is
rigorously the same, have complete confidence
coherency of the results.

V. CONCLUSION

As power systems evolve, more and more complexcdevi
with elaborate control and protection systems kélldeployed
to enhance performances, to increase power trasiemis
capacity or to connect distributed power generatiih this
apparatus will have significant effects on the posystem. To
study and quantify these effects, several tool$ bl used,
from stability tools to detailed EMT simulations1 brder to
eliminate needless translation and validation werkynified
modeling and simulation approach, like the one estigely
described in this paper, is highly attractive. Anpbete control
and protection system, used at both ends of a dinkCwas
used to illustrate this approach. As the same obetrwas
used in both tools, a precise iterative offline sor and one
optimized for real-time performances, results apasestent
and each could be used to further study this DK ilneach
tool’s respective niche.

It is important to note that this approach does aymply
only to EMT tools or control systems: the entirecpum of
simulation tools could benefit from it and, while applies
particularly well to control systems, other devitesunify the

illustrates  a  gogg

ip th

different tools such as distributed power generatievices

could be used equally well.
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