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Abstract — Transient overvoltages in converter station
equipment are difficult to predict using analytical tools, therefore
it is conducted by means of EMT simulations. To gethe worst
case values, several HVDC set point configurations(as
active/reactive power set points) and fault locatios inside the
converter station must be simulated. Parametric stdies using
EMT-type software is conducted, in this paper, to isulate this
high number of scenarios. A generic HYDC-MMC link aad the
impact of arm inductance location are considered. fnsient
overvoltages at each electrical nodes in the conver station are
provided and analyzed. These set of results and sties provide
insights for researchers and engineers who are inlked in
insulation coordination of HYDC-MMC link.
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I. INTRODUCTION

Several articles and research work have been pesfbron
insulation coordination (and fault behavior) of HEZRL.CC
link as in [2] and [3]. However, there is only feavticles
regarding insulation coordination on HVDC-MMC link
dealing with internal converter station faults. [f], an
overview on the overvoltages in MMC station is prded and
in [5]-[4] studies on transient overvoltages ane tmpact on
the dc cable is performed. In this paper, paramettidies
using EMTP-RV software [8] is conducted to simuléités
high number of scenarios and to identify the warase
scenario.

Circuit configuration of converter station can vary
depending on project specification and manufacsurdhe
impact of the arm reactor location on equipmenésses is
also studied. A generic HYDC-MMC link based on &fid on
the Cigré DC grid benchmark [6] is considered. @gkage at
each electrical node in the converter station aesented.

he inclusion of High Voltage Direct Current (HVDC)These set of results and studies are useful fearekers and

transmission link in ac grids is expanding rapidie
use of voltage source converters (VSCs) based oduMp
Multilevel Converter (MMC) topology is becoming neor
attractive mainly due to their higher performanees lower
cost.

During the design phase of a HVDC project, insaolati
coordination studies is a crucial point for theetiine of the
system and, therefore, should be addressed carefulh
HVDC-MMC link system, if the equipment withstandltage
is chosen to be too high, manufacture of convertgripment
can be difficult and will increase the total cobtte system. If
the withstand voltage of equipment is chosen ttobdow, the
failure probability because of malfunction and faulvill
consequentially increase, causing unavailabilitghef HYDC
link in return.

Therefore, one of the main objective of the insatat
coordination studies is to establish the maximueady-state,
temporary and transient voltage levels to which theous
components of the system will be exposed [3]. hdkfaults
in the converter station must be evaluated to deter these

engineers who are involved in insulation coordiomtiof
HVDC-MMC station. XLPE technology is used more and
more for HVDC cables projects. The main advantagks
XLPE cables compared with Mass Impregnated (Ml) éxd
(oil-filled) cables are their cost and their envineent impact.
Nevertheless they are more sensitive to voltagssigats and
especially polarity reversal [5]. This paper alsattibutes to a
better assessment of transients that can strexabI€s.

The paper is organized as follow: Section Il introgls the
VSC-HVDC generic model used in this study. Sectldn
describes the parametric test setup consideredifiming fault
transient studies. Section IV displays and analtlsesnaximal
voltage stress on different components, while mhog time
domain results for relevant situations. Sectionnélgses the
behaviour of the worst case faults. Finally, Secti resumes
the overvoltage study considering DC surge arresteprotect
the XLPE cable.

II. HVDC seTup
The generic monopolar HVDC point-to-point link bdsen

maximum overvoltages at each equipment. These nuximthe Cigré brochure B4-57 [6] and discribed in [H i

overvoltages are difficult to predict using anagti tools,
therefore it is conducted by means of EMT simulaio
However, to get the worst case value, several H\$B{point
configurations (as active/reactive power set ppiatsd fault
locations inside the converter station must be kitad.
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considered (Figure 1). The ac grids are presergextjaivalent
sources with a short-circuit level. The transmissiapacity of
the link is 1,000 MW. The dc cable is rated + 320Wkith
200 km lentgh and is modeled using a wideband tielel
[9]. A MMC 201-level (200 SMs/arm) is consideredthwia
time step of 50 us. The control strategy considars
active/reactive power flow control on MMC-1 and & d
voltage/reactive power control on MMC-2. Controlstgm
details are reported in [6]. In this paper, thet@ction system
has been further developped to trip the link wheasitfoccurs.
The considered protections are: AC undervoltages,coirrent



on each arm, DC overcurrents and overvoltage on DBR@nulated is 512. DC pole-to-pole fault and AClfawn the

terminals.

After fault occurence, the protection system sdmal ttip
order, i.e. the converter is blocked and the azuibreaker is
opened. In order to account for delays betweeneption
system and power circuit equipement, artificial agsl are
added between the order reception and the acti@hu? for
blocking the MMC and 40 ms for opening the AC citcu
breaker (BRK1 and BRK2 in Figure 1) .
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Figure 1: MMC-HVDC transmission system

Accurate MMC model must be used, because inteenadl f
leads to fast dynamic transients. Non-linear |GBddds
model are used in the converter model to accourgviitching
surge when MMC blocks [7] and [10].

To identify the worst case scenario that leads he t
maximum transient overvoltage on each convertetiosta
equipment, a wide range of scenarios is simuldadametric
studies are conducted using EMTP-RV software. Marim
active/reactive power transit and solid faults @asidered for
all scenarios. Parametric studies considers:
active/reactive power transit directions, interfallt types,
internal fault instant occurring on the AC point wave and
AC grid short-circuit level (SCL). Table 1 summaszthese
parameter variations and the number of configunation
Figure 2, MMC topology and fault locations are dégd.

PAREMETRIC STUDY SETUP

Table 1: Setup configuration for parametric study
Paramete Number of configuratior

8 configurations see Figure 2:

F1 - Phase-to-ground fault

F2 - Three phase-to-ground fault

F3 - Two phase-to-ground fault

F4 - Phase-to-phase fault

F5 - Positive arm-to-ground fault

F6 - Negative arm-to-ground fault

F7 - Positive DC pole-to-ground fault

F8 - Negative DC pole-to-ground fault

8 configurations : Fault instant with equal

distrubtion at each 2,5 ms

Fault type

Fault instant Vacyp,

Time
instant

Transit of active power
Transit of reactive power

2 configurations : +1000 MW
2 configurations : +300/a
2 configurations for S1/S2
SCLmax =50 GVA andSCLmin =3 GVA

Short circuit level

From Table 1, the total number of configurationsbi®

HVDC

primary side are not considered since it is exgkttat such
faults will not lead to higher overvoltages on cerier
equippiment. Metalic faults (i.e. with no impedancare
considered because they intend to generate thet wors
transients.

For each configuration, absolute maximum peak
overvoltage values are measured at each electricid of the
converter station as depicted in Figure 3. Theofalhg
voltages are: AC primaryVy, ), AC secondary ¥, ).

9
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Figure 3: Overvoltage measuring locations

IV. OVERVOLTAGE RESULTS
In this section, the EMT parametric studies resalts
presented and analyzed.
A. Maximum overvoltages without surge arresters

First step, the 512 configurations are simulatedtiime
domain with no surge arresters in order to getntfaimum
transient overvoltages of the converter station.



1) DC pole-to-ground overvoltage
For the simulated test cases, the maximum peak/oltage

measured aV,. and V. are plotted in Figure 4. The x axis

represents the 512 simulated number and the fgpkst
Whereas, the y axis presents the absolute maxinaitching
overvoltage peaks registered for each simulatefigioation.
It is observed that F7 and F8 (i.e. positive andatige DC
pole-to-ground faults) represent the worst caseasie that
lead to the highest overvoltage values. NevertkelES/F6
lead also to high overvoltages. The maximum switghi
overvoltage registered is equal to 685 kV. Gengiskaking,
the configuration of the link, fault instant and IS@Gave a
small impact on this overvoltage. We notice thaghhSCL
tends to increases the overvoltage in the considierst case.

Figure 5 shows the time-domain results \4f. due to F8

including the impact of SCL and active power trarsican be
noticed, that the configuration -1000 MW/ -300 MW¥ar

SCLmax leads to the highest overvoltage peak far th

considered test case.
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Figure 6: Overvoltage on AC primary side
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3) AC secondary overvoltage
Figure 8 shows the maximum overvoltage W, of

each configuration. The phase-to-ground fault @Bms to be
the fault type which generates the highest oveagelt on

S
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Figure 5: Time domain waveforms wf;. due to F8

2) AC primary overvoltage
Figure 6 shows the maximum overvoltage registemd f
each simulation for the primary three phasq,ﬁmabc. The

maximum value is equal to 532 kV. Typical configioa that
leads to this overvoltage is F1 fault type. Neveldhs, for the
simulated test cases, the maximum overvoltage empitimary
AC side is lower than the overvoltage that can beegated
from the AC network. The impact of the SCL strenggh
illustrated in the time domain waveforms (Figure @pe can

notice, that the maximum peak overvoltage occurinduhe ground measurements) are provided

AC breaker opening
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4) Arm-to-ground overvoltage
The maximum overvoltage results vﬂzabc (i.e. six arm-to-

in Figure 10. The

instant (around 50ms after fauttaximum peak reaches 814 kV during F1 fault. Stre@i

occurrences) and not during fault instant. Thetfautrent is and with an inductive reactive power transit tetméncrease

inductive and leads to a switching overvoltage wiliteiis
interrupted by BRK1.

the overvoltage value as depicted in Figure 11.
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Figure 10: Maximum overvoltages oﬂ[abc
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Figure 11:v§’c waveforms due to F1

5) Arm pole-to-pole overvoltage
The maximum overvoltage results of, =~ (i.e. six arm

pole-to-pole measurements) are provided in Figite The
maximum peak reaches 1036 kV during F5/F6 and Eit. fi
this test case, strong SCL and with a positivevactiower
transit tends to increase the overvoltage valudegicted in
Figure 13.
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Figure 13:v,  waveforms due to F1

B. Impact of arm inductance location

Converter station can have different circuit couafaion
depending on manufacturers and/or project spetiics. In
this section, the impact of arm inductance locatisn
evaluated. The arm inductance that is located enath side
terminal in Figure 3 is now placed on the dc sieleninal of
each arm. Faults F5 and F6 are kept between thves/aind
arm inductance. Same parametric studies, as ddpicfEable
1, are simulated. Maximum overvoltage measuremehthe

voltages are plotted in Figure 14, Figure 15 angufe 16
respectively.
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Figure 14:V,. Vg4 overvoltage - Arm reactor at DC side
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Figure 15:Vge, OVervoltage - Arm reactor at DC side
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Figure 16:v,,_  _overvoltage - Arm reactor at DC side
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Based on these results, it can be noticed tharnieeactor
location has an impact on the overvoltage valugsaso on

the fault type that lead to the worst case scen&doV,, and

V. overvoltages, comparison between Figure 4 and Eigdr

reveals that when the inductance arm is placecherdt side
(instead of the ac side), the worst case are celatdh F5/F6
(rather than F7/F8). In addition, the maximum peak
overvoltage is increased and reaches around 776-&Wthe
ac secondary overvoltages (Figure 15), the F5/& fgipe
becomes the worst case (instead of the F1 fauét gen in
Figure 8). Also the maximum peak overvoltage equal
730 kV is increase when arm reactor is installedtien DC

side. Fory,,  overvoltages, arm reactor location does not

have an impact on the maximum overvoltage valu8{1)
and, as can be expected, when arm reactor is aiddconly
F1 faults lead to such high overvoltage.

C. Fault transient analyses

In this section the general behavior of the woasitfcases
is analyzed. Based on previous results (sectioh)]l.it is
noticed that the most critical faults are the Ftl &5 to F8.

DC pole-to-ground, AC secondary and arm pole-tepol e general behavior of the DC pole-to-ground fa(ile. F7



and F8) is reported in [5] and will not be furtleplained due
to space limit. Moreover, the F5 and F6 faultssmametrical,
therefore only F5 is investigated because the behds
identical.

In this section, the setup configuration of thekliis -
1000 MW/-300 MVar/ SCLmax and fault instant occatghe
maximum negative peak ogecﬁ (see Figure 17).

1) Phase-to-ground fault (F1)

For the considered configuration, F1 fault instaoturs at
0.532 sec. Overcurrent protection blocks the cdevéd00 ps
after the fault instant and the AC breaker operarmund
0.58 sec. As shown in Figure 17, a solid groundt fam phase
A at the secondary side of the wye-delta transforeneates an
overvoltage on phase B and C because the deltaefielence
to the ground has a high impedance. During fadtaint, the

faulty phase voltage is zero, thereforg,, and vs,, become

equal to the phase to phase voltage of delta winsiitie (until
the AC breaker opens).

The DC voltages and arm voltages of phase A aridep
in Figure 18 and Figure 19 respectivly. Before woter
blocking, the voltage raise is limited by the ammductor. It
limits the inrush current coming from the SMs cafuas.
Once the converter blocks, since the healthy plaggound

voltages become higher than the DC voltage, theerlowS

freewheeling diodes of the each SM conduct (onptbstive

arm, whenvge, and vg.. are higher thaw,, , and vice versa).
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2) Positive arm-to-ground fault (F5)
Converter behavior due to F5 is close to F1 singth b
faults are rather electrically similar (Figure 2).

Similar to previous case, the,, and Vg, following the

fault, significantly increase as shown in Figure BQt not as
much as previous since the fault is not directly the
secondary winding side.

Overvoltages on DC voltages and arm voltages e
in Figure 21 and Figure 22 respectivly. Differemthbvior is
noted between F1 and F5 faults during the time &etwthe
fault and blocking instant (around t=0.532 s). Aquiealent
circuit and a zoomed waveform, during this perioigieval, is
presented in Figure 23, Figure 24 and Figure 25vokage

pike of around 640 kV is observed ¥fj. . This overvoltage
corresponds to the prefault arm voltagevg)a]c equal to 640kV

(Figure 25) where one pole is abrutly clamped tm zaghen

R _ .
ThereforeY,, andVy, becomes almost equal to the maximumyyit occurs. Unlike, internal bus fault in thisseathere is no

and minimum value o/, and Ve, -

negative DC voltages oscillate at the frequencythaef AC
system.
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Hence the positive and arm inductance between the fault and the arms pexite

IGBTs and diodes stray inductor) to limit the cuatreaise.
The current spike magnitude depends on the submodul
capacitor values, the power electonic devices Haras
elements and the DC cable characteristics, therdfsrvalue
rely on the data accuracy. Nevertheless, switchirggvoltage
values of this phenomenon will not change drastical
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Figure 23: Equivalent circuit between fault and diiag
instant (around t=0.532 s) of F5 fault
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V. INFLUENCE OFDC SURGE ARRESTERS

DC pole-to-ground surge arresters was chosen td thée
requirement.

Similar to previous sections, the same parametiicys
setup (section Ill. ) has been simulated including surge
arresters, the MMC circuit and faults in FigureThe results

of Vg and Vg including the surge arresters are presented in

Figure 26. The total energy absorption of the surgesters
installed at the DC terminal are presented in FE@if.
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Figure 26: V. (blue) and V4 (green) overvoltage
including surge arresters
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Figure 27: Energy absorptions of DC surge arresters
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From Figure 26, we can notice that the maximumdresi
voltage is related to F5/F6 faults. As described tlme
subsection IV. C. , this overvoltage depictedirtu=5/F6
faults are expectable (when the arm inductance & side -
Figure 2) and are short (tens to hundreds of u#) Wigh
current value. Unlike F7/F8, the residual overvgdtanduced
by F5/F6 are only limited at 584 kV by the surgeesters
since the inrush current produced from the capgsitrm is
high. Nevertheless, in case of F5/F6 faults, thergn
absorbed by the DC pole-to-ground surge arresterather
low (around 2 MJ) with respect to F7/F8 faults whieaches

Based on the maximum switching overvoltage at ti& A;2 mJ.

primary, AC secondary and arm to ground nodes,
Switching Impulse Protective Level (SIPL) can béested
accordingly to meet the insulation withstand lenegjuirement.
However, transient overvoltages at DC poles (Figyrdo
not meet XLPE DC cable requirements. This overgelt#s
composed of switching and temporary overvoltages does
not respect insulation coordination of the DC cadohel can
damage the XLPE insulation and cable junctions $gveral
solutions exist to limit such overvoltage. A simgelution
consists in the installation of several surge &erssat DC
terminals. They must have a high energy ratingesthey are
not only designed to limit switching overvoltagest kalso
temporary overvoltages [5]. Based on the type
recommended in [11], a typical value that cable wihstand
is in the range of 1.8 pu. In this paper, the cottarsstics of

test

e Time domain results of/y. due to F8 faults are illustrated

in Figure 28. The maximum peaks are now limite$2@ kV.
These overvoltage values will change accordinghéodesign
and characteristics of the surge arresters.

380

voltage (kV)

320
0.52
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Figure 28:Vy. including surge arresters due to F8



VI. CONCLUSIONS

This article has presented a methodology to stratystent
overvoltages for HYDC-MMC link. A parametric studiéwith
512 simulated configurations) using a generic HVRIRIC
link has been used. Transient overvoltage resukstal several
internal faults have been presented. It can beleded that
the main internal faults that lead to the highesreoltages
are the DC pole-to-ground, one phase-to-ground aangto-
ground faults. Short-circuit level, active/reactpewer transit
have an impact on these overvoltage values.

The impact of the arm inductance location has baea
investigated. The worst case scenario and oveg®ltalue
are affected by the arm reactor location.

Finally, the inclusion and impact of the surge stee
design at DC terminal has been presented. It has sleown
that for this specific example the higher residea@tage at dc
terminal is related to F5/F6 faults (instead of A8/ faults).
However, the highest energy absorption are relaieH7/F8
faults.
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