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Abstract - High-frequency responses of HYDC-MMC links are
essential to study because harmonic and resonancégmomena
may impact the AC grid. In this paper, EMT-type sinulations are
used to analyze converter station’'s frequency respse. Several
MMC station and AC network parameters are varied toanalyze
their impact. In addition, an EMT-type test case, lased on a
recent installed HVDC project, is used to illustrag potential
resonances that can occur between converter statisrand AC
networks.
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che Modular Multilevel Converter (MMC) [1] is the
predominant topology used in recent and upcomingddBY
VSC projects. For instance, several HYDC-MMC prtgeare
currently planned or operated by RTE (French TS0¢h as
the INELFE, FIL, IFA2, etc.

Harmonic emissions and resonances in a systemedage
the use of power and damage the insulation of {fstems
components if they are not limited properly. Furthere, a
system malfunction may occur if the system has kigtage
or current harmonic amplitudes. The harmonics whi

|I. INTRODUCTION

propagate in the AC network and to power electron
components can cause overheating of equipment 3R

interferences with communication circuits.
Power electronic converters can cause instabilgied/or
resonances when interacting with other equipmert power

system. These phenomena can occur in a wide rahge

, Y. Fillion

submodules (SMs) per arm and their modulation eggias,
which is specific to the manufacturer and/or prbjec
In HVDC projects, vendors and utilities perform manic

and resonance studies. These studies are conducted
frequency domain and/or using electromagnetic teahs
(EMT) tools. Frequency domain studies are used sEess
system stability [6] and are convenient for sinmialgta wide
range of configurations and scenarios. To derieeftbquency
response of a converter, analytical or small sigqmgdroaches
are commonly used. In [7]-[11] an analytical deypst@nt of a
VSC station is presented. However, during real Hvax
FACTS projects, the EMT-type model provided by the
manufacturer is often hidden (or black-boxed) dwe t
intellectual property issue. Therefore, the anafltimodel

igh Voltage Direct Current (HVDC) systems based digrivation is not possible or not sufficiently acate. In

addition, model linearization and derivation arealldnging
and complex tasks since the MMC includes severabbkes
and complex control structures. In this paper,dbgvation of
the frequency response of a converter station basedblack-
box EMT model, presented in [18], is used. Sinde EMT
model includes the detailed representation of tbeverter
station with its control system, this approach mrenpractical
than with an analytical model.

This paper is an extended version of [18]. Seuesticases

rameters (as MMC levels, control system, ACrfilegc.) on
high-frequency response (i.e. harmonics ancedtapce).
ddition, the generic EMT test case where higlydency

‘?Le performed to analyze the impact of MMC station
i

resonances can occur between the AC network and the

converter station presented in [18] is analyzedhia paper.

Parametric sensitivity studies of the AC networlcamducted

inorder to assess the impact on system stability.

frequencies (up to few kHz). Low and high frequency The paper is structured as follows. Section Il Heca

resonances have been registered in several poeetralics
based projects: in offshore HVDC link high frequgnc
resonances [2] were noted. Instability with conmextof a
photovoltaic plant [3] and in traction applicatiofi4] are
reported. In [5] low frequency oscillations aredsad between
power electronic and power system devideswer electronic
converters inject harmonics in the grid mainly dte
modulation and switching commutations. For a MM@tien,
the injected harmonics depend mainly on the numider
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harmonics and resonance phenomena. Section llepeshe
generic MMC-401-Level station and its control stuwe.

Section 1V illustrates the derivation of the freqag response
based on the EMT-type model. Section V simulatiesults of
the impact of converter station and ac network ipatars are
presented.

IIl. MMC STATION OVERVIEW

The generic EMT model includes the detailed
representation of the converter station with itetoml system,
see Figure 1 [5]. The equivalent detailed MMC moadahbkére
each SM is represented, (i.e. Model #2 as defineld.3]) is
considered. The control system uses an upper lewetrol
including inner/outer controllers and a lower leeehtrol to



regulate  MMC internal variables: capacitor balagcinbecome complex depending on the studied systermastibe
algorithm (CBA) to balance SM capacitor voltagesemch validated as several approximations are introducal.the
arm, modulation to convert the reference voltaga ttumber other hand, the EMT simulations include the detaiteodels
of inserted SMs and circulating current control @Cto of the control system and power equipment. The inbth
regulate converter internal energy. More details lsa found results are more realistic than with an analyticabdel,

in [17]. however simulation time constitutes the main draskba
400/ 320KV Lym =0.075pu This article uses the EMT simulation approach toivée
L, =0.12pu C =40kJ /MVA Norton equivalent values at each harmonic fank
" N = 400SM
Vece; Ryt =0.001pu L
| v j640kv IV. FREQUENCY RESPONSE BASED OEMT SIMULATION
% _dij The derivation of the equivalent Norton circuit d&ie 2)
b ional based on time domain EMT simulation is briefly désed in
5 ; & gatesgnas this section. The circuit setup is shown in Fig@reand the
=8 Mea§ureme”t5§ T £ flow chart computation for eadhis depicted in Figure 4. The
8 filter ! § Cl?jAland . 8 converter station is connected to an equivalentghi@ and a
T | i| Modulation || © . . “
% i ? | K- controlled ideal current sourdg;, at the PCC. The injected
g § 1 cce g current i, are varied during time domain simulations in
S, ? 3 order to computeZ(f) and iy, (Figure 2.b) [18]. The
Figure 1: Generic control structure of MMC station amplitude ofi;;;  should be a fraction of the nominal current of

the system to guarantee a small-signal perturbadiot to
avoid any excitation of the control and protectaystem. The
We can distinguish two different high frequency pmena important feature of this method is that the cdraystem is in
that can take place between power electronics amdisding normal operation, therefore, a realistic set patan be
AC networks; harmonic emissions and resonances: considered [14]. Norton equivalent values changemiing to
+ Harmonics emissions are mainly associated withe set point operations.
semiconductor switches and therefore continuously

I1l. HARMONICS AND RESONANCES

; ) HVDC-MMC link Equivalent
transmitted by the system which may affect the wave Vecon AC grid
quality. %:;u_ 2 —

« The resonances are mainly related to the contrstesy, = ' ondh
filters, delays, etc. Resonances have usually higider of fnj
magnitude than harmonics but their time intervate a = . =
shorter since system protection is used to tripvoet Figure 3: Model setup to derive the equivalent Nort
devices. circuit
Figure 2 illustrates these two different aspectee Voltage

source {/n,,) OF current source if,, ) represents the dm“:in Measure Compute F{f(?,;‘]g{:,"y

harmonic emissions and the impedad(® (wheref stands for *linjn Veocn & In Toomin & Z1 studies

frequency) depends on control loops and physicalpaeent ] ] ) )
which includes system resonances [14]. Since aetenv ~ Figure 4: Block diagram, Norton equivalent compotat
station with its control system, is a nonlinear tegs . . .
equivalent circuit values depend on the set-pojgration of ~ 1he derivation of the Norton equivalent circuit asso
the system and will vary when the converter configion Useful for frequency domain studies in power grystems,

changes. since the computation time is much faster than with
detailed EMT-model.

L] It should be highlighted that this approach caralse used

Z(9) V°°""h v Z(s) i i in real-time simulators with hardware-in-the-loojnslation

vcc,m,1 conv o o including the real-physical control system (or regs). Such

approach can provides faster simulation time andremo
a) Equivalent Thevenin circuit b) Equivalent Norigircuit realistic results since the real and complete cbrsystem is

Figure 2: Equivalent circuit for frequency response used.

V. FREQUENCY RESPONSE STUDIES

Determination ofZ(f) and i (or vcom,h) is achieved in

convj
" In this section, the impact of the converter statio
parameters on the frequency response is analydesl.tast
case used is a point-to-point HYDC-MMC 401-Levakliwith

a transmission capacity of 1,000 MW. The AC gridhisdeled

two ways: by means of an analytical approach orEB§T
simulations. The analytical approach offers theabdjy to
use classical modal analysis tools in order to ysttike
converter behavior [6]. However, analytical modetsmy



as an equivalent source with a short-circuit lef®CL) of Figure 6 shows some of the 400 SMs capacitor ve#aof

20 GVA. Converter station data can be found in fégliand phase A upper arm, using CBA #1 and CBA #2. It ban

control data is provided in the Appendix. All modebbserved that CBA #2 has higher amplitude flucaratnd

developments and simulations are performed usiedetTP- higher differences between capacitor voltages.

RV software. Figure 7 shows the impact of capacitor fluctuatiamsl
A. Harmonic studies CBA configurations over the frequency response,4(f§ and

In this sub-section, converter station parameteasimpact loony, - It 2N be observed that these parameters haviymaal

the harmonic emissions are considered. impact on the harmonic injection,,, rather than org(f).
1) Impact of MMC levels
Harmonics emitted from the MMC station are knowrb&
low in amplitude. In order to show the impact of MMevels,

Note thatwith CBA #2, high harmonic emissions are noticed
at lower frequency (around 250 Hz and 350 Hz). Bhisws

; ) i that CBA and capacitor voltage fluctuations havéngpact on

the MMC-401-Level is compared with a MMC-11-Level, e harmonic emissions. This results shows also the

this section. Voltage references, harmonic distoisi(i.e. importance of a detailed EMT model (even for MMCE40
icony, ) @nd Z(f) are compared in Figure 5. Obviously; evel) to account for such harmonics.
harmonic emissions produced from 11-Level MMC aghér 12 [ [ [ [
than those produced by a 401-Level MMC which are | | | |
negligible. For such MMC 11-Level, it is expectéatan AC
filter will be installed at the converter statianarder to limit
those harmonics. Based &(f) responses in Figure 5, one can
notice that the impedance is not affected by the ®/idvels.
This was expected since control loops are iden(eetept the . . ' .
CBA and modulation) between thoses two MMC levels. Time (sec)
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In this section, the impact of the CBA over theqgfrency Figure 7: CBA impact, frequency responsg,(, andZ)
response is investigated. The capacitor value adhtreshold
activation [15] of the CBA are varied to get théreme cases:

- CBA #1: threshold is set at 1% a@d 45 kJ/MVA

3) CCCimpact

To analyze the circulating current control impatte
reference value of the second harmonic circulatingent
control is varied between 0 and 0.1 pu, for CCCGa#d CCC
#2 respectively. Similar test case as in [18] hasnbused,

- CBA #2: threshold is set at 50% and C =25 kJ/MVA
Similar test case as in [18] has been used, howev&tMC
including 401-Level is simulated instead of MMC-ll&vel.



however, a MMC including 401-Level is simulated tims

paper, instead of MMC 11-Level. Figure 8 shows the 2000

circulating current variation impact. Figure 9 sisailve results

of i and Z(f). Since the frequency response of both CCCg

CONVh

configurations are close, it can be concluded thz
circulating current has a minor impact on the fieny
response from the AC side (as highlighted in [16]).
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B. Impedance studies

In this section, the impact of control system pagters on
Z(f) is studied.

1) Inner control loop and time delay

Inner control loop dynamic and time delay have rapdct
on Z(f). Results and analysis are provided in [18]: Thpaaot
of the inner control is increased when the dynaméponse of
the control loop is fast.

2) Impact of AC filter at PCC

Depending on Manufacturers and project specificatid\C
filter equipment can be installed at PCC. To shbeimpact
of this device over the frequency response, in $eistion a
low-pass filter is added at PCC to the MMC statioadel.
Parameters of the low-pass filter are based on [6ie, that
in practice, this low-pass filter will be tuned acotding to
project specification, however, the scope of teigtien is only
to illustrate the impact of such equipment. Resathparisons
between converter station with and without theallstion of
the AC filter is depicted in Figure 10. It can batined that the
Z(f) is mainly affected by the AC filter installatiororf
frequencies above 400 Hz.
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Figure 10: Impact of AC filter at PCC

VI. STABILITY ANALYSIS

In [12] and [18], it has been shown that low-pakers and
delays in converter station control can lead to atigg
resistance in high frequency range. Therefore, tigigative
resistance can lead to resonances or instabilipemting on
the AC network configuration and parameters.

To analyze the stability of a system, the considleviecuit
can be represented as a feedback loop system isntlad-
signal domain. Therefore, the following Laplace &ipn can
be deduced [3]:

Zgrid (S)
1+Zyiq(S)/Z(s)
where Z,i4(s) is the equivalent impedance of the AC grid.

(1)

iPCC (S) = Vconv (S)

From equ. (1), the system is stable if the expoessi
|Zgrid(s)/Z(s)| is lower than one at each frequency. However,

if the Nyquist criterion is not met, and in additjahe angle
UZyiq(s)/ Z(s)is higher than +18) then the system

becomes unstable or sustained resonances will .occur
Using the EMT time domain simulation, bofi(s) and

Z4iq(s) can be computed, and system stability tools can be

used.

The generic EMT test case where resonances carr occu
between the AC network and the converter stati@sgmted in
[18] is analyzed in this section. Parametric sérisitstudies
of the AC network is conducted, in order to asskesmpact
on system stability. The HVDC-MMC 401 Level link is
connected to an AC network (Figure 11). Networkdludes:
AC overhead lines, AC breaker “BRK”, shunt compé¢oisaf
400 MVar and an equivalent Thevenin source with @gual
to 20 GVA. Active power of 1,000 MW is transmittéidbm
Grid 1 to 2. The outer control strategy considerdD@
voltage/reactive power control on Station 2 andvatreactive
power control on Station 1.
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In the following subsections, the impact of AC netiw
parameters is elaborated.
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A. Impact of AC line length

The impact of the line length parameter on the esyst -lelJO*O* e e e
stability is analyzed. AC overhead line length éied +10% Frequency (H2)

from the initial 50km value. Figure 12 shows the EM Figure 13: Impact o€shunt
simulation results of th& 4 (s) / Z(s) amplitude and angle.

Line length has mainly an impact on the frequency C. Impact of short-circuit level

resonance value. However, the frequency bandwititit t o ) ) )
exceeds the amplitude of one (threshold that gtiesahe Short-circuit level (SCL) of the Thevenin sourceifdl) is
stability) is the same. In addition, the phase rinargvaried in this subsection. Figure 14 shows the lresfi
(1Z4:4(9)/ Z(s)is close (and even slightly higher) to 980 Zyiq(s)/ Z(s) for three different values: 50, 20 and 5 GVA.
CfBased on this result, it can be concluded that High
frequency resonances (>1 kHz), the short circuitlldhas a
minor impact on the stability of the system.

which shows that resonances can occur in this fipe
frequency range. Indeed, in [18], time domain weakmb

illustrate such resonances. )
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D. Impact AC linesin parallel

The impact of the number of AC lines connectedarapel
is depicted in Figure 15: one line to three lireparallel has
been considered. It is noticed, that when the raunalh AC
fines connected in parallel increases, the stglufithe system
400MVar, 100MVar and OMVar are considered. It igiced jncreases. In fact, with one AC line is connecthd,frequency
that when no shunt capacitor is included in thetesys the range that leads to instability is as large as HOQ1750 to
system is stable since the phase marQifyq(s)/Z(s)is 1850 Hz), however when three AC lines are in pefathe

lower than =188 When the capacitor value increasedreduency range of instabilities tend to zero.
|Zgrid(s)/Z(s)| amplitude increases andlZq4(s)/Z(s)
tends to -18Bwhich makes the system unstable.

B. Impact of shunt compensator
Shunt capacitors have also an impact on the diabilithe
system. In Figure 13, the impact of the capacitalue on
Zyiq(s)/Z(s) is depicted. Capacitor values of 800MVar
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VII. CONCLUSIONS

This paper presents the impact of MMC station patars

on the frequency responsg &nd icoth) of the converter on

the AC side. It uses the EMT simulations approant a
detailed MMC-401 Level model to derive these result

Several parameters were considered to analyzeithpact
on the frequency response: MMC levels, CBA, cirtintp
current, AC filter installation. Based on the prase results, it
can be concluded that MMC levels and CBA have tlanm
impact on the harmonic emissions. The circulatingrent
impact seems negligible on the frequency respohsieeaAC
side. On the other hand, the paper showed thatilf&sfhave
an impact on the impedanz€f).

Parametric sensitivity studies have been also ptedeto
shows the impact of the AC network on the stabitifythe
system: AC line length, shunt capacitor and the remof AC
lines in parallel play a role on the stability dfet system.
However, the short circuit level does not seemftecasuch
high frequency resonances.
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