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Abstract—Resonances can have negative impact on a Voltage
Source Converter-High Voltage DC (VSC-HVDC) system. This
paper develops dc impedance models for the rectifier and inverter
stations for a VSC-HVDC system when they are viewed from a
dc terminal. The impedance models take converter controllers
into account. The derived impedance models are validated by
comparing frequency responses of the analytical model and the
impedance measured at the dc terminal from a detailed VSC-
HVDC model simulated in a real-time digital simulator. Reso-
nances are examined in frequency domain (e.g., Bode plots and
Nyquist plots) using the derived analytical impedance models.
The analysis is verified by time-domain simulations. Real-time
digital simulation in RT-Lab demonstrates that the dc capacitor
has a significant impact on resonances while power transfer level
has an insignificant impact on resonances.

Index Terms—Admittance, VSC-

HVDC.

impedance, resonance,

I. INTRODUCTION

Esonances in line commutating converter (LCC)-HVDC

systems have been studied in [1]-[3] in the previous
decades. VSC-HVDC is becoming a preferred transmission
solution to integrate renewable energy sources, especially off-
shore wind farms [4]-[8]. Since a VSC-HVDC system is a
hybrid system which consists of ac and dc parts, the harmonic
resonances can impact both sides but may have different
characteristics. Normally, high frequency harmonic resonances
exist on both ac and dc sides, which are generated by the high
frequency switching IGBTs and can be eliminated by filters.
However, there are some low frequency resonances due to the
interactions between an ac grid and a grid-connected converter
[9]-[13] or the interactions between a dc grid and a dc/ac
converters, e.g, in an electric propulsion system [14].

The harmonic resonances in VSC interfaced ac grids have
been examined in [9]-[13]. In addition, subsynchronous reso-
nances due to the interaction of a VSC and a series compen-
sated ac network are examined in [15], [16]. Most recently,
the authors have published a paper [17] with a comprehensive
examination of both the ac systems (the rectifier side and the
inverter side) of a VSC-HVDC system. Impedance models for
the two ac systems were derived and used for resonance analy-
sis. However, a comprehensive dc impedance based analysis on
the dc system while taking both rectifier and inverter stations
into account has not been seen in the literature. This paper
will address this topic.
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The VSC-HVDC system can be implemented in various
different converter topologies. Among those topologies, two-
level converters, three-level converters and modular multilevel
converters (MMC) are three topologies with most interest. At
the ac side of the VSC-HVDC system, the most significant har-
monics would be around the switching frequency (1.6 kHz) for
two-level converters. For three-level converters, the harmonic
frequency will be double of the switching frequency. The
current waveforms have significant improvement for MMC
topology, and the most significant harmonic is always higher
than two-level and three-level converters, and would depend
on the number of converter modules in each leg.

In our study of ac-side resonance analysis [17], the reso-
nance frequencies discovered are at a low frequency range far
away from the switching frequencies, such as below 200 Hz.
This implies that the topology has limited impacts on ac-side
resonances.

The dc-impedance modeling depends on the topology of
the dc-side. Topology variation will make a difference. For a
three-level converter topology, the dc side is similar to that of
two-level converters. However, the neutral point voltage clamp
structure brings additional unique inherent voltage variations
compared to two-level converters. The neutral point voltage
varies at three times of the fundamental frequency [18]. This
harmonic frequency is in a close range of the resonance
frequencies discovered in this project. Therefore, consideration
of the neutral point voltage harmonic should be considered
when studying three-level converter based HVDC.

Instead of using a single or two capacitors, the MMC topol-
ogy consists of a large number of submodules and each module
has a capacitor. The equivalent dc capacitor is now a series
connection of various capacitors [19], [20]. Furthermore, the
series number is not a constant and depends on the switching
state of each submodule. That characteristic would impose
high frequency voltage oscillations on dc side and requires
additional investigation. In dynamic analysis, an equivalent dc
capacitor can be used to simulate the series of submodule
capacitors [20]. The dc-capacitor dynamics are modified with
additional oscillating terms.

This paper will focus on the two-level converter topology
which has a single capacitor on the dc side. The results from
this paper are valid for MMC-HVDC if the dc-bus voltage
ripples are insignificant. If the ripples are significant, then
additional investigation is required to re-derive the dc-bus
dynamics and include the dynamics into the dc-impedance
model.

In order to understand resonances in electrical systems,
impedance or admittance model based analysis, a feasible
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Fig. 1. A two-terminal VSC-HVDC system.

tool as indicated in [21], will be adopted. The impedance or
admittance models of ac grid interfaced inverters are developed
in [11]-[13]. The authors developed impedance models for
both rectifier and inverter stations for a VSC-HVDC system in
[17]. In addition, impacts of a feed-forward filter, power level
and ac line length on resonances are analyzed and validated
via time-domain simulations.

The above mentioned models are from the ac side’s point of
view. Therefore, the analysis only examines resonance issues
in the ac systems. The factors affecting ac side resonances
such as control loops, feed-forward filter and power transfer
level may have different impact on dc systems. To be able to
examine resonances in the dc systems, dc impedance models
will be developed in this paper.

DC impedance modeling for converters focuses on single
converter and machine drive applications in the literature
[14], [22], [23]. In addition, few papers have presented dc
impedance models with the effect of converter controls in-
cluded. For example, Sudhoff er al in [14] derived a dc
impedance model for a dc/ac converter, where the converter
is assumed as a constant power load and the incremental
impedance is a negative resistance. In a more recent paper [23],
the dc admittance model is developed for a dc/ac converter
interfaced permanent-magnet synchronous motor (PMSM).
PMSM dynamics are included in the model. However, the
converter control dynamics are neglected.

For a VSC-HVDC system, at least two converter stations
exist and the control mechanism for each station is different,
which implies that the dc impedance models may have differ-
ent characteristics for each station. Therefore, a comprehensive
analysis of dc impedance modeling of a VSC-HVDC system
is required to better understand the dc system resonances.
In this paper, dc resonance issues will be investigated for a
two-terminal VSC-HVDC system. Typical VSC-HVDC con-
trols and a practical dc transmission line will be assumed.
Frequency-domain analysis will be applied to examine the
characteristics of the derived dc impedance models. The mod-

els will be verified by comparing their frequency responses
with the frequency responses obtained from a detailed VSC-
HVDC system simulated in a real-time digital simulator. Real-
time digital simulations will also be used to validate the
analysis results. In the sections that follow, the paper first
presents the dc impedance models derivation for both stations
of a VSC-HVDC system including controller dynamics in
Section II. The derived dc impedance models are verified and
resonances are investigated by analysis and real-time digital
simulation in Section III. The paper is concluded in Section
Iv.

II. IMPEDANCE MODEL DERIVATION

To derive an impedance model seen from the dc terminal,
three key relationship equations are used and they are:

1) the relationship between the alternating current and

alternating voltage of the grid network;

2) the relationship between the alternating voltage and
current of the VSC. We will give the relationship based
on our research work on the ac side of VSC systems in
(171;

3) the power conservation relationship of the dc side and
the ac side of a converter. From this relationship, we can
find the relationship between the direct voltage/current
and the alternating voltage/current. Further, implement-
ing the knowledge from 1) and 2), we can derive the dc
impedance observed from the dc terminal.

In the following subsections, Subsection II-A will give
the first relationship in (2) and (3). Subsection II-B will
give the dc/ac power balance relationship and its implication.
Subsection II-C will use a rectifier converter as an example to
give the second relationship. Subsection II-D follows to give
an inverter converter example.

A. Network Model

A two-terminal VSC-HVDC transmission system is shown
in Fig. 1. The basic controllers for the rectifier and inverter



stations are depicted in Fig. 1. Since the structure of both
stations are identical, each station could operate at either rec-
tifier or inverter mode. Normally, the rectifier station controls
the amount of active power transfer, and the inverter station
controls DC-link voltage in order to keep power transfer
balance. Both stations are able to compensate reactive power
to AC grid by directly injecting reactive power or control the
AC grid voltage.

An equivalent model of a VSC connecting with an AC
voltage source via an inductor is shown in Fig. 2. The
alternating voltage source is represented by an ideal voltage
source vy in series with an impedance Z4(s). The PCC
voltage is then represented by E. The equivalent output voltage
(average voltage) of the VSC is called v. At the DC side of
VSC, the DC-link voltage and current are represented by v4.
and 74.. The capacitor Cy. is used to stabilize the DC voltage,
while 74,1 is the net current flowing to the other station. (1)
describes the voltage and current relationship between grid and
converter in dq frame. The letter with upper-line represents
complex space vector, such as 7 = vg + jv, and i = ig + jig.
The angular speed within grid reference frame is w1, which is
a constant throughout this paper.
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Fig. 2. A model of VSC and grid.
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The above equation can be written in the vector and matrix
form. Let Vdqg = [’Ud ’Uq]T and idq = [id iq} T, and Edq =
[Ed Eq]T, and expressing the equation in Laplace domain,
we have:

Edq = Vdq + Zl (S)idqv (2)
where Z(s) = leL _;JLlL

Similarly, if we know the impedance matrix of the network
Zg4(s), we can write another network equation:

Edq = Us,dq — Zg(s)idqa 3)
ry + SL —w1 L
where Zg<s) - gwng ’ Tg + ng ’

1) PCC Voltage Alignment and the Implication: If we
assume that the d-axis is aligned with the PCC voltage, then
we have the following assumption: E; = 0. The phase-
locked-loop (PLL) in the controller tracks the phase of phase
A voltage at PCC. The phase information is then applied
for abc-dq transformation. Throughout this paper, we neglect
the impact of PLL dynamics. From this assumption and the

relationship presented in (3), we have the following equation
for the g-axis:

0= vsq —wiLgiq — (rg + SLg)iq. 4)
The network voltage keeps a constant magnitude, i.e.,
vfd + vﬁq = constant.
Linearizing this equation will lead to:

VsdoAvsg + UquAUsq =0= Avyy = _Uqu A’Usq. &)
Vsdo
Based on (5) and (4), we can derive the relationship between

the source voltage and the current as follows.
Avgg | _ [ —2%wiLy, —322(rg +5Lg) ][ Aig
Avgg | Aig
(6)

Vsd0o Vsdo
wiLyg Ty + 8L

With the relationship in (6), we can find the expression of

AFE, in terms of the ac currents:

AE; = Avgg — (’I“g + SLg)Aid + wngAiq

Vsd0

VsqC Vsq0 A :(
:Pﬁm%fwﬂggﬁﬂ%H%HmM{&”(n

GEradi
It is also possible to express the converter alternating
voltage Avgq in terms of Aig, combining (6) and the network
relationship in (2) and (3).

Avgg = Avs aq — (Zi(s) + Zy(s)) Aiag
_ |:7Mw1LH7"g75(L+Ly) M(7’g+5Ly)+wl(L+Ly) Aiyg,
- q

Vsdo Vsdo
—sL

7(1J1L

()

B. DC/AC Power Conservation Relationship

Assuming that there is no loss due to switches, the instan-
taneous power at the ac side should equal to the instantaneous
power at the dc side as shown in (9). Linearizing (9) and
rearranging the equation leads to the relation between Awvg,
and Aig. in (10). The variables v4, and i4, are ac side
quantities, which implies that the derivation should involve
both dc and ac side. Hence, in order to get an expression
of the dc impedance (ﬁ%’;‘:), the ac side variables (Avg, and
Aigg) have to be expressed in terms of Avg. and Adge.

Vdelde = Vglq + quq )
) T Av 7 T v T
dco dej _ |%d0 do .
|:’Ud00:| {Aidc] - qu} Avgq + |:Uq0:| Aigq (10)

Equation (10) can be simplified considering the relationship
between converter voltage Avg, and the ac current iq, in (8).

i T i T v T

dcO do d0 .
= . Zac,ne Aigg.

[”dco] [ } qlqo] ’ t+{ ] ) qu

qu
1D

Avdc
JAVER

Gda(s)

C. Rectifier Station

In this subsection, the ac side of the rectifier will be
discussed.



1) Current Control: The rectifier station controls the
amount of active power transferred to the inverter station and
the alternating voltage. The control system of rectifier stations
is shown in Fig. 3, where P is the measured active power sent
to inverter station. There are two control loops in Fig. 3, the
outer loop controls the active power transfer and grid alternat-
ing voltage. The outer control loop generates the reference of
dg-axis currents. The inner control loop regulates the dg-axis
currents and tracks the respective references obtained from
the outer control loop. The analysis of the current control is
identical to the ac impedance modeling in [17] and the details
will be skipped. The current %4, can be expressed as (12).

0 ) ]Zf + { yi(()s)

Yi(s)

?s) ]Edq (12)

7

Ge(s)

where 144, iref and Fg, are vectors of d—axis and g—axis
variables, and

_ k) s—f—ki
ge(s) = L7 hysh: 13
(s) = 5% (s+2€wo) (13)
Yils) = (L32+kps+ki)(52+2§w05+w§)'

The parameters in (13) can be found in the current PJ

controller F.(s) = k, + % and the second-order filter

Fona(s) = SH%‘:}W, which is used to feed forward the
0

measured PCC' voltage E; and E,. The cut-off frequency

wp is chosen at 1000 Hz and damping factor & is %

2) Power Control: The power conversion efficiency of
IGBTs within a two-level VSC-HVDC system is around 98%,
and the efficiency increases to 99.5% for a MMC topology
[24]. Hence, the active power loss on the IGBTs within a
switching station can be neglected. The measured active power
can also be expressed as P = vq.tq.. However, the damping
in the system would be lower than the real system during
analysis because of the neglecting of power loss. From Fig. 3,
the d-axis current reference can be expressed as (14), where
Fo(s) =kpp+ kT-" is the PI controller.

Id_ref = (Pref - Udcidc)Fp(S) (14)
Linearizing (14) yields (15).
. . Avge
A74d_ref - [_chOFp(‘S) _UchFp(S)] |:A/:;l :| (15)

The g-axis current reference can be expressed as (16), where
Fuc(8) = kp_ac + kiac ig the PI controller to track the PCC

S
voltage magnitude.

iq_ref = (Ed_ref - Ed)Fac(S) (16)
Linearizing (16) yields (17).
Ay vet = —Fac(s)AE,. 17

Combining (15), (17), and (7) yields:

Aigret | GEdi ,
|: Aiq_7-ef :| o _FaC(S) |: 0 Aldq
Gpl
—ldc0  —Vdco A'Udc
—I—Fp(s)[ 0 0 ] [ Aig. ] (18)
GPQ
Combining (12), (18) and (7), we have:
—1
Nigy = (I GGy —Y; { ngi D G.Gpo [ i;.’jc } :
M;_gc(s)
(19)

Now applying the power conservation relationship by com-
bining (19) and (11), the relationship between the direct
voltage and the direct current can be found:

T
ich A’Udc _ . AUdc
|: Vdco :| |:Aidc:| B \—Gda(S)M/—/Z_dC(S) |:Aidc:|
M(s)

A’Udc

= [ Mi(s) Ma(s) ] [Azdc]' (20)

Finally we can have the impedance as:

 Vaco — Ma(s)
tdco — Ml(s) .

Remarks: Fig. 4 shows the Bode plots of the dc impedance
model of the rectifier station with two different grid
impedances. The blue trace is the Bode plot with grid
impedance of 18.8 mH, and the green trace is the Bode plot
with grid impedance of 1.88 mH. Other system parameters can
be found in Appendix Tables III, IV, and V. The detailed Bode
plot in Fig. 5 demonstrates the impact of grid impedance on dc
impedance model is negligible. When the AC system has a low
short circuit ratio (SCR), the system becomes unstable. DC
impedance-model-based analysis cannot detect the instability.
Instead, impedance-model-based analysis for the AC system,
as presented in [17], can be used to detect the instability.

Therefore, the simplifying assumption for analyzing DC
impedance is that the ac system is well-controlled and remains
stable.

Zac(s) = (21)

D. Inverter Station

The inverter station controls dc-link voltage and ensures
power transfer balance. Fig. 6 shows control of the inverter
station. The only difference between rectifier station is the
generation of d-axis current reference where the dc-link volt-
age is measured and fed back to the controller, and the error
from the reference value is sent to a PI controller to generate
the d-axis current reference.

Therefore, the d-axis current reference can be expressed as
(22).

id_ref = (Vdc_ref - vdc)ch(S)v (22)
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Fig. 4. Bode plots of dc impedance model of rectifier station with different
grid impedances (1.88 mH and 18.8 mH). The two plots are seen all together
in this Bode plot figure.

where Fy.(s) is the transfer function of the voltage controller.
Linearizing (22) yields the expression of Aig yr as follows.

B =[0 0] [ 3|4 —Fals) 0] e
@

Since the inverter station controller also controls ac grid
voltage, (16) can be used to describe the g-axis current
reference for the inverter station. Combining (23) and (17)
yields:

A“C“] R

JAV R

Ai ref .
R

where Gp1 is the same as that in (18) and the new Gy is

5 1]
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Fig. 5. Detailed Bode plots of dc impedance model of rectifier station with
different grid impedance (1.88 mH and 18.8 mH). Here slight difference is
shown.

shown in (25).

—ch(s) 0
Gp2 T | _iacoFac(s)  _ vdcoFac(s) (25)
1do tdo

The inner current controller structure is identical with that in
the rectifier station. Hence, the derivation of impedance model
for inverter station can be implemented as the approach shown
for rectifier station. Therefore, (21) can be used to calculate
the dc impedance for inverter station as well.

ITI. RESONANCE ANALYSIS
A. Impedance Model Verification

A two-terminal VSC-HVDC system is built in Mat-
lab/Simulink via SimPowerSystems toolbox. The system pa-



rameters and controller settings are listed in Appendix Tables
III, IV, and V. In order to verify the dc impedance models
derived in Section II, the system was first divided into two
isolated parts: a rectifier station and an inverter station.

Fig. 7 shows the setup for the rectifier impedance verifi-
cation, where the 250 kV dc voltage source is emulating an
ideal inverter station. A constant magnitude variable frequency
sinusoidal alternating voltage is superimposed to the dc source.
The magnitude is set at 5 kV ( 2% of the dc source magnitude),
and the frequency fs,, varies from 1 Hz to 1000 Hz. The dc
voltage vq. and current ¢4, are measured and fed into two
discrete Fourier transformation blocks. The impedance of the
rectifier station at certain frequency then can be expressed
as Zyec(fsm) = % The verification setup in Fig. 7
contains a dc capacitor Cy.. However, the derivation in Section
II does not take the capacitor into account. Therefore, the
complete dc impedance can be found in (26).

5KV, f,,

Fig. 7. Rectifier station impedance verification setup.

ch(s)

T 1+ 5CacZac(s) (26)

Zrec(s)

The inverter station verification setup is depicted in Fig.
8, where a dc cable is included. Instead of a 250 kV dc
voltage source, a constant dc voltage source with 251kV is
used to emulate an ideal rectifier station. Based on the dc cable
parameters, the inverter station will regulate the dc voltage at
250 kV, and the active power sent to inverter station is fixed
at 100 MW. A 5 kV variable frequency sinusoidal alternating
voltage source is superimposed and is used to calculate the dc
impedance of inverter station. Since the dc cable is taken into
account, the complete dc impedance of inverter station is (27).

S f, g

cable

+

251kV C,

Fig. 8. Inverter station impedance verification setup.

ch(s)

1+ $CacZac(s) @7

Zinv(s) + anble(S)

Fig. 9 shows the verification results of the dc impedance
for the rectifier station. The rectifier station is set to send 100
MW constant active power to the dc voltage source. In Fig. 9,
the solid trace is the Bode plot of the dc impedance of rectifier
station computed via (26), while the discrete squares are the

measured dc impedance of rectifier station shown in Fig. 7.
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Fig. 9. Bode plot of the dc impedance of the rectifier station.

The following example explains the details of measurement-
based impedance extraction procedure. we intentionally im-
pose a 5 kV sinusoidal voltage source with a frequency of
100 Hz on the 250 kV dc voltage source. The ripple parts
of dc voltage Avg. and dc current Aiy. are measured for
analysis. The “Discrete Fourier” block in SimPowerSystems
toolbox can be used to extract the magnitude and phase of
Avge and Aig. at a fundamental frequency (100 Hz). Hence,
the dc impedance magnitude is the magnitude ratio of Awg.
and Aig., and the dc impedance phase is the phase difference
between Avg. and Aig.. For the rectifier station verification
simulation in Fig. 7, the magnitude ratio of Avg. and Aig. is
-1.2 dB, and the phase difference between Awvg. and Aig.
is —91°. Respectively, for the inverter station verification
simulation in Fig. 8, the magnitude ratio of Awvg. and Aiqy
is 29.3 dB, and the phase difference between Avg. and Aig.
is 84.3° at 100 Hz. Other frequencies from 1 Hz to 1000 Hz
are used to verify the dc impedance model in a broad range.

The results verify a close match obtained and therefore
validate the derivation of the dc impedance in Section II.
The dc impedance below 1 Hz is not measured since lower
frequency components are not easy to be extracted from the
large 250 kV dc voltage.

Fig. 10 demonstrates the comparison between the analytical
and measured dc impedances for the inverter station. A rea-
sonable agreement can be found for frequencies from 1 Hz to
1000 Hz which validates the inverter dc impedance derivation
in Section II.

B. DC system resonance analysis

1) Impact of dc capacitor: Once the dc impedances of
rectifier and inverter stations are obtained via (26) and (27),
the dc current can be computed as (28)

Yiee(s)

1 + }/rec(S)Zinv(S)
where vdc rec and v4c iny are the dc terminal voltages of
the rectifier and inverter stations respectively. Therefore, in-

Z.dc(s) - (Udc_rcc(s) — Udc_inv (3)) (28)
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Fig. 11. Nyquist plots of Yrec Ziny-

vestigating the loop gain Yi..Zinvy can predict dc current
characteristics [11], [12], [21].

Fig. 11 demonstrates the Nyquist plots of Yie.Ziy, with
different dc capacitor selections, which indicates the impact
of the capacitor size on dc current resonance frequencies.
The points where the Nyquist traces cross the unit circle
indicate the resonance frequencies. For instance, the resonance
frequency is 27.7 Hz for 900 pF capacitor, while the resonance
frequencies are 18.8 Hz and 12.0 Hz for 1800 uF and 3600 uF
respectively. Hence, the resonance frequency decreases while
the capacitance increases. The phase margin also increases,
indicating improvement in stability while the capacitance
increases. Table I shows the resonance frequencies and phase
margins for different capacitor sizes.

A two-terminal VSC-HVDC model is built in RT-Lab real
time digital simulator environment. The RT-Lab real-time
digital simulator is a high performance computing platform

TABLE I
COMPARISON BETWEEN DIFFERENT CAPACITOR SIZES

Capacitance [ Resonance frequency (Analysis/Simulation) [ Phase margin

900 uF 27.7 Hz/28.5 Hz 26°
1800 uF 18.8 Hz/19.5 Hz 36.2°
3600 pF 12.0 Hz/14.25 Hz 48.9°

Fig. 12. Real-time digital simulation setup using RT-Lab.

developed by OPAL-RT Technologies, which can simulate
power system and power electronics detailed models at real
time. Therefore, it can provide precise simulation results and
take the switching details of IGBTs into account. Fig. 12
shows the setup of a RT-Lab simulator and the oscilloscopes
that monitor simulation signals, such as voltage, current and
power.

In the simulation model, the rectifier station is set to send
100 MW active power to the inverter station, and the dc-link
voltage is set at 250 kV. The dc capacitor is varied to examine
the dc current resonance and comparing with the analysis
results in Fig. 11. Fig. 13 shows the simulation results for
900 wpF capacitor case. For the measurement system in this
simulation, power, voltage and current are measured in per
unit system, and are displayed on oscilloscope in Volts. For
this case, 1V (1pu) represents 100 MW for power, and it also
represents 400 A for current and 250 kV for voltage.

Fig. 13 presents the dc current and its discrete Fourier
transform (DFT) analysis results. The mean value of the
dc current is 1.12 pu. The DFT analysis shows the highest
harmonic is at 28.5 Hz and is very close to 27.7 Hz indicated
through Nyquist plots in Fig. 11.

Figs. 14 and 15 are the simulation results of 1800 uF
and 3600 pF cases. The highest harmonics are at 19.5 Hz
and 14.25 Hz respectively. Comparing with the analysis in
Fig. 11, a reasonable agreement can be found. According to
Table I, phase margin decreases as capacitor sizes becoming
smaller. This phenomenon is demonstrated in current ripple
magnitudes. With the size increasing, the current ripple mag-
nitudes found in Figs. 13, 14, 15 decrease. The time-domain
simulation results verify the analysis.
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Fig. 13. Simulation results of 900 uF capacitor.
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14. Simulation results of 1800 uF capacitor.
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15. Simulation results of 3600 uF capacitor.

2) Impact of power level: Fig. 16 shows the Nyquist plot of

YiecZinyv at different power levels. The dc capacitor is chosen
at 1800 upF. Active power transferred to the inverter station
is tested at 100 MW, 200 MW and -100 MW (reverse power
flow). The resonance frequency for each power level is almost

the same on the Nyquist plot. Table II shows the resonance
frequencies and phase margins for different power levels.
Although higher power transfer level makes the phase margin
decrease small amount, the impact on dc system stability can

be neglected.
Figs. 17 and 18 show the real-time simulation results for

200 MW and -100 MW cases. The DFT analysis of dc current
indicates resonance frequencies are 20 Hz and 19.5 Hz, which
are very close to the 100 MW case shown in Fig. 14.
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Fig. 16. Nyquist plots of dc current characteristics at different power levels.

TABLE I
COMPARISON BETWEEN DIFFERENT POWER LEVELS

Power level [ Resonance frequency (Analysis/Simulation) [ Phase margin

100 MW 18.8 Hz/19.5 Hz 35.8°
200 MW 18.8 Hz/20 Hz 36.2°
-100 MW 18.8 Hz/19.5 Hz 37°

IV. CONCLUSION

DC system resonance in a VSC-HVDC system is inves-
tigated in this paper. A frequency-domain impedance model
is developed by taking the dynamics of the rectifier and the
inverter controls into consideration. Nyquist stability analysis
is applied to examine resonance characteristics. Impedance-
model-based analysis demonstrates that dc-link capacitor size
has a significant impact on resonances. Unlike the ac system
where power transfer level affects resonance stability signifi-
cantly, it is demonstrated in this paper that power transfer level
has little impact on dc system resonances. Real-time digital
simulations in OPAL-RT RT-LAB verify the analysis.
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17. Simulation results of 1800 uF capacitor at 200 MW.
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18. Simulation results of 1800 pF capacitor at -100 MW.

APPENDIX

TABLE III
SYSTEM PARAMETERS OF VSC-HVDC MODEL

Quantity [ Value
AC system line voltage 100 kV
AC system frequency 60 Hz
Grid impedance 0.01 ©/1.88 mH
Grid filter capacity 18 Mvar
Grid filter tuning frequency 1620 Hz
DC rated voltage 250 kV
DC cable parameters 0.0139 Q/km, 0.159 mH/km, 0.231 pF/km
DC cable length 50 km
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