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Abstract—Developing pole-to-ground (PG) fault models for
modular multilevel converters (MMCs) is not straightforward
due to the fault asymmetry and converter switching concerning
blocking characteristics. Various studies have been carried out
regarding transient simulation of PG faults. However, there is
a lack of analytical models for the first stage of the fault.
Therefore, this work proposes an approximated analytical model
for PG faults in half-bridge MMCs. Closed-form expressions
for the MMC contribution to the fault and the fault current
are derived. We show that separating the solutions in differ-
ent resonant frequencies represents the system dynamics and
facilitates the interpretation of the phenomena. When compared
to system calculated by ordinary differential equations (ODEs),
the proposed model provided a good approximation for a wide
range of parameters. When compared to the full PSCAD solution,
the analytical model was able to precisely calculate the peak fault
current value, which confirmed its validity.

Index Terms— Analytical model, modular multilevel converter
(MMC), pole-to-ground (PG) fault, short-circuit, voltage-source
converter (VSC) -HVDC.

I. INTRODUCTION

ODULAR multilevel converters (MMCs) are viewed as

an enabling technology for the transition from ac grids

to multiterminal high-voltage direct current (HVdc) systems,
shaping the grid of the future concerning the use of renewables
and allowing the interconnection of asynchronous systems [1].
However, challenges such as dc grid control and protection
must be overcome before transitioning from point-to-point
HVdc technology to multiterminal systems [2]. In order to
design reliable and stable dc grids, control and protection
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systems must operate properly when the system is subjected
to pole-to-ground (PG) or pole-to-pole (PP) faults. Thus,
the system behavior during faults must be well understood,
which is crucial in designing control systems for unbalanced
conditions, as in [3]-[6]. Although numerical models and
simulations are more precise than approximated analytical
models, a more in-depth understanding of the system behavior
is achieved when analytical models are used, which highlights
its importance.

Developing fault models for MMC-HVdc systems is a
complex task. As the MMC submodules (SMs) can operate
in different states: inserted, bypassed or blocked, the fault
model must be separated into different time periods where
the equations defining the fault dynamics can be simplified
[7]1-[10]. It is well known that PP faults result in higher fault
currents than PG faults, and their equivalent circuit model
is simpler than for PG faults because of the fault symmetry.
In this context, various studies have been published regarding
PP faults [7]-[9], [11]-[14]. However, PG faults are much
more likely to occur than PP faults [15] and the topological
differences between both types of faults prevent the PP fault
models being used directly in PG faults. Thus, PG fault
analytical models should also be studied.

Accordingly, Vidal-Albalate ef al. [15] analyzes the influ-
ence of wind power plant control methods in PG faults.
The study was performed considering detailed models, but
focusing on the stage after converter blocking. A similar
study was performed by [16], where approximated analytical
expressions were derived for the contribution of the ac grid
to PG faults after the converters were blocked. The influence
of MMC control on the fault currents is considered in [17].
However, the study focused on developing ordinary differential
equations (ODEs) that describe the multiterminal system fault
dynamics, which are useful for numerical evaluation, but
did not provide an analytical solution. In [18], the transient
behavior of a multiterminal HVdc system during PG faults
was analyzed using simulations but no analytical equations
were given.

Precise models that consider the details of the system
dynamics can be used [19], [20]. However, due to the
system size and complexity, the analytical solutions can
become complex or lose interpretability. Thus, this research
provides approximated analytical solutions that can model
the PG fault dynamics, preserving the frequency content
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Fig. 1. MMC circuit diagram subjected to faults.

and waveform of the variables during the first stage of the
fault. We show that the system solution can be separated in
different resonant frequencies, which represents the system
dynamics and facilitates the interpretation of the phenomena.
This article focuses on symmetrical monopole configuration
with half-bridge MMCs, because it is the most common
MMC-HVdc configuration [21].

The main contribution of this article is the development of
an approximated analytical PG fault model, which can be used
in HVdc studies, e.g., design of dc reactors and dc breakers,
providing the participation of each system parameter in the
system’s currents and voltages. This article is organized as
follows. Section II introduces characteristics of the half-bridge
MMC subjected to PG faults and describes the proposed
circuit model. Section III presents the approximated analytical
solution. Section IV presents the assessment of the proposed
model. Finally, conclusions are drawn in Section V. In order
to provide seamless reproducibility, the equations and data in
Section III are available in [22].

II. MMC DURING A POLE-TO-GROUND FAULT

A three-phase circuit of a half-bridge MMC subjected to
PG faults is shown in Fig. 1. The three-phase MMC comprises
six arms; three on the top and three on the bottom. Each arm
is formed by an arm inductor (L) and N series-connected
SMs. The arm losses are represented by R,.,. The dc side
equivalent capacitance (submarine cable capacitance and dc
side filter, if fit) is represented by Cj. Fig. 1 also shows the ac
grounding, represented by the star-point-reactor (SPR), though
other ac grounding schemes may also be used, e.g., a zig-
zag transformer [23], [24]. The SPR is used to provide a
ground path in the converter’s ac side and to rebalance any
voltage unbalances due to control or monopole faults that
could cause dc current flow in the transformers [23]. The SPR
phase inductance (L) is chosen to provide a low-impedance
path for the dc current and a high-impedance path for the ac
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Fig. 2. MMC ac voltage during a PG fault, without a grounding point.

current [25]. The SPR resistor (Rg) is used to mitigate any
resonance between the SPR and the system [25].

Without loss of generality, all the analyses of this work are
performed considering that the fault happens on the positive
pole, which can be also applied to the negative pole, using
their symmetry.

The MMC fault analysis is commonly divided into three
stages [7], [8]. The first is the capacitive discharge stage, that
is the period between the fault inception and the blocking
of the converter. After the converter is blocked, the ac tran-
sient infeed stage starts, in which the energy stored in the
arm inductors is released into the fault. After the inductors
discharge the stored energy, the fault is fed by the ac grid in
the ac steady-state infeed stage. This work analyzes the first
stage, as its understanding is crucial for control and protection
systems.

A PG fault may happen in overhead lines by direct or
indirect contact with the ground, and, in cables by damage
of the insulation. In overhead lines, the fault path can be
established directly, from the conductor to the ground, or indi-
rectly, through the tower. In cables, the fault path is established
from the conductor to the sheath to the next grounding
point [19], [26].

In order to define a proper equivalent circuit for the faulted
system, the influence of each component in the fault current
must be analyzed. To simplify the circuit, components that do
not affect the fault behavior can be neglected without com-
promising the model precision. Although some consequences
of PG faults on dc systems are well known, e.g., the voltage
drop in the faulted pole and voltage rise in the non-faulted
pole [24], [26], better understanding is needed regarding the
variables and system configurations that can affect the fault
behavior. Considering this, the influence of the grounding and
fault time instant on the fault behavior is analyzed next. Then,
the equivalent circuit model of the faulted system is presented.

A. Influence of Grounding

As the interface transformer is commonly connected in delta
on the converter side, the fault loop is formed between the
fault point and the dc side capacitance and the SPR (or other
ac grounding scheme). If both grounding points are removed,
the ac voltage neutral point will be shifted to the pole dc
voltage value (Fig. 2) and the fault current will have no
contribution. This behavior, although desirable for the current,
is prohibitive because of the large overvoltage imposed to the
system [21].
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The SPR provides a fixed grounding reference on the ac
side. However, Lgy is chosen to provide a high-impedance
path for non-dc currents. As in the first milliseconds the
fault currents are composed invariably of non-dc components
(mix of oscillatory components and exponentially decaying
dc components), the SPR presents high-impedance values to
these currents. Thus, in the capacitive discharge state, the SPR
current contribution to the fault can be neglected and the
ground path formed by it can be considered an open-circuit.

The low-impedance path is provided by the dc side capac-
itance. When a fault happens, the energy stored in the
line’s/cable’s capacitance or in another dc capacitor is dis-
charged into the fault showing oscillatory behavior. Therefore,
the dc side capacitance must be taken into account during the
first stage of the fault.

B. Influence of the Fault Time Instant

As the equivalent capacitance in each arm varies over time,
preliminary analysis on the fault behavior could presume that
the dynamics would be influenced by the instant the fault
happens. However, while this might be true for a single-phase
MMC, it does not hold for a three-phase MMC. Let n7, nil’,,
and n‘, be the number of inserted capacitors at instant 7 on
positive arms of phases A, B, and C, respectively, and let
v, and v; be the upper and lower arm voltages, respectively.
Moreover, let N be the total number of SMs in each arm. The

number of inserted SMs is given by [27]
= N5 (D

where x = a, b, ¢ indicates the three phases, v, = (v, +v;)/2
is the internal voltage, v, is the output voltage, and v;: is
the sum of the voltages in each positive arm. Thus, assuming
that the converter is generating balanced output voltages at
frequency wg, v, is balanced and equal to Vy./2 and vf is
equal to Vg, the three-phase output voltages are

of = 3 Vaccos gt
vsb = EVdC cosw,t — 21 /3
) 1
vy = EVdc cos wgt + 21 /3. 2)
Taking the average number of inserted SMs (n %), it yields
nt N Vie/2 — b
n?t = L= —— 3% = N/2. 3
=2 3 T3 2 T 26
x=a,b,c x=a,b,c

Equation (3) shows that the average number of inserted
SMs across the three phases of positive and negative arms
is N /2. Hence, assuming that all SMs are charged with the
same voltage, the average voltage generated by the MMC on
the dc side is Vq./2, regardless of the fault time instant. Thus,
if the aforementioned conditions are true, no difference will
be observed if two identical faults are simulated at different
time instants. If the SMs are not balanced or alternative con-
trol methods or fault current suppression method mentioned
in [11], [28], and [29] are used, the result of (3) might change.
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Fig. 3. Superposition of waveforms recorded at different fault instants.
(a) average number of inserted SMs on the positive arms and (b) fault current.

In order to confirm this result, Fig. 3(a) shows n},® during
faults that were simulated with 1 ms of difference up to a range
of 40 ms (in the system described in Section IV). It can be
noticed that n;vg remains close to N/2, according to (3). As a
result, Fig. 3(b) shows that the current waveform is almost
the same, regardless of the fault instant. The waveforms were
shifted in time to align them with respect to the fault instant.

C. The Equivalent Circuit Model for the Arms

When defining circuit models for PP faults, the converter is
commonly modeled as three branches of equivalent capacitors
in series with L., and R,m. The initial condition for the
voltage of the equivalent capacitor is considered equal to
Vae/2. This model assumes that the SM capacitors do not
charge during the fault and that they only discharge into the
fault. Although this assumption is correct for PP faults, it may
not be correct for PG faults.

Even considering that n?,vg = N/2, one cannot define a
unique equivalent capacitance for the positive or negative
arms, regardless of time. This happens because of the nonlin-
ear relation defined by the series equivalent of capacitances.
As the inverse of the series equivalent is equal to the sum of
the inverses of each capacitance, the equivalent capacitances
of the arms will change nonlinearly over time, as well as their
sum.

Another difference between converter behavior during PG
and PP faults is the fault path. In a PP fault, a short-circuit is
formed between both arms and the fault. Thus, the converter
stored energy is dissipated into the fault. On the other hand,
in a PG fault, no short-circuit path is established between the
arms and the fault, and the converter does not discharge into
the fault. In this case, the converter energy is kept constant
with slight variations. This difference between PP and PG
faults with respect to the stored energy inside the converter can
be observed when the sum of voltage in the SMs of positive

v, and negative vy arms are analyzed. As Fig. 4 shows, v

and vy hold their value while in the PP fault v> and v
drop following a capacitor discharge behavior. In this example,

the converter was intentionally not blocked to emphasize the
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Fig. 4. Sum of SM voltages in positive and negative arms compared to the
average converter voltage. (a) PG fault and (b) PP fault.

difference in the discharge pattern due to PP and PG faults,
but in a real case, the converter would be blocked before the
voltage of the SMs collapses to zero.

As the converter keeps the voltage during a PG fault,
the simplest circuit representation for each arm would be a
dc voltage source equal to Vg./2 in series with L.y, and
Rym- Though we acknowledge that the control will influence
the arm voltages, this influence is less prominent in the first
milliseconds of the fault [30].

III. APPROXIMATED ANALYTICAL SOLUTION

The circuit model resulting from the hypotheses discussed
in Section II is shown in Fig. 5. Different from PP faults,
in which a short-circuit model can be established considering
only one converter, in PG faults both converters connected
to the faulted line must be considered. If only one converter
is considered, there will be no return path for the currents
at the sound pole, which will affect the precision of the
model. Another approximation of the model in Fig. 5 is
that the voltage at all arms on both converters is Vgc/2.
This consideration would lead to a zero pre-fault steady-state
current (/3. = 0) in both converters. However, 4. can be added
later to the solution with no loss of precision. Although the dc
side capacitance is distributed among the cables/lines and the
terminal capacitances, in the approximated model of Fig. 5 it
was considered concentrated in Cj.

In order to allow seamless reproducibility, the full equations
and data associated with this model are available in [22].

The circuit elements of Fig. 5 are defined as follows:
R, = Rum/3, Lo = Lam/3, Cp is the dc bus capacitor, Lgc
represents the conductor series inductance plus any dc inductor
used to limit the fault current, Ry represents the losses in Ly
and Ry is the fault resistance. The subscripts ; and , refer to
terminals 1 and 2, respectively.

Applying Kirchhoff’s voltage and current laws to the circuit
of Fig. 5 produces the following system of ODEs:

dig Vic — Vop1 — on1 Rar |
ot _ Yae = Vop1 = bt Rat . (4a)
dr Ly Ly
dippt  Vpp1+0pnt —Vac+ Rarict | Oppt — Ractigpr— Ry
dr L Lyc

(4b)
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dipn1  Vpp1+0pn1 — Vac+ Rarlcr | Dot ZOhm2— Raci n1
dr a L, Lgc
(4c)
dl o V — 0 — Dpy, R
c2 — dc bp2 bn2 . a? ic2 (4d)
dr Ly La
dippr  Opp2+ Vs — Vac+ Razica | Oppo— Racoi fpo— Ryl
dr La L2
(4e)
dipns  vpp2+opn2—Vac+Razica  Vpu2 —0pn1 — Raci 2
= +
dl La2 LdC
(41)
dl)},p1 1 .
_— = ——1 4
ds Cbl bpl ( g)
dvhnl 1
= ——1 4h
” c,p o (4h)
dopp2 1. .
L/ 4
” e (41)
dvpn2 1. .
= ——1 4
% e “4j)

where Lyc = Laci+Lac2, Rac = Ruc1+Rac2, and iy = i pp1+ippo.
As (4) is linear, the system has a solution. However, the size of
the problem makes an exact closed-form solution unfeasible.

The system in (4) can be transformed to the frequency
domain using the Laplace transform and then simplified to
obtain an approximated analytical solution. In the Laplace
transform, the initial condition for the voltages is V4./2 and for
the currents is 0, following the considerations described at the
beginning of this section. For the sake of simplicity, only the
development and solutions for i.y, ipp1, and iy, are presented.
The currents i, i3p2, and iz, are obtained by symmetry and
the voltages are obtained using (4g)—(4j).

At this point, it is convenient to define frequencies and
time constants to represent the expressions in the frequency
domain in the most compact form. Let the system equivalent
frequencies be

1 1
Wyl = ——— w, = —
o vChllLal “@ vChzlLaz
Wge] = —— and WOfer = ———
ol «/Cb11de a2 «/Cbzlde
Dldel = W2dc2 =

v/ Cp1 Lycl

and let the system equivalent time constants be

f _ 2La1 f _ 2La2
fal = Ral fa2 = Ra2 _ 2del
2Lge1 2Lge2 Tde1 = Racl
Tfl - Rf sz o Rf 2L§02
2de 2de and fde2 = Ry
TalR = Ta2R = 2L4
Ral Ra2 Tge = ¢
: 2Lal : 2La2 Rdc
1L — 5 2L —
¢ Rqc ¢ Rac

The Laplace transform of i.i(¢), ipp1(t), and iy, (2) are,
respectively,

I.i(s) = Qc1(s)/P(s) (5a)
Ipp1(5) = Qpp1(s)/P(s) (5b)
Ipn1(s) = Opn1(s)/P(s) (5¢)

Authorized licensed use limited to: UNIVERSIDADE DE SAO PAULO. Downloaded on February 03,2022 at 15:57:33 UTC from IEEE Xplore. Restrictions apply.



ALBERNAZ LACERDA et al.: APPROXIMATED ANALYTICAL MODEL FOR PG FAULTS

Y1 del Rdc]

Ra] . i T
2 TZC] bpl
M Cbl:
2
O%
2
Rai
2 l'anT
+
Las Co1 == Vs
2 _
2 41 de] Rdc]

Fig. 5. System in PG fault at the capacitive discharge stage.

where P(s) contains the system poles and Q.i(s), Qpp1(s),
and Qp,1(s) contain the system zeros. The complete expres-
sion of these variables can be found in [22].

Inverting (5) back to the time domain requires the roots
of P(s) to be known, so that P(s) can be factored and the
partial fraction expansion is applied. However, as it is not
possible to find an algebraic solution with a polynomial of
degree greater than four (see Abel-Ruffini Theorem), P(s)
has to be reduced to a lower degree polynomial. This can be
achieved by neglecting the system resistances. If the system
resistances are neglected, P(s) reduces from

P(s) = pos’ + pss® + prs’ + pes®
+ pss + past 4+ pas® + pas® + pis+po (6)

to
o8 6 4 2
P(s) ~ pgs” + pes’ + pas” + pas” + po @)

and one can make the substitution s> = u and P(u) becomes
a polynomial of degree four, where pg = 2 and

Pe = 2w12dcl + 2w§dc2 + 45021 + 45032 + 2w§cl + 2w§c2 )
Pa = 2(7 e + @3400) (@er + @y + 2007, + 2007

+4(0]) +02) (@i + @) +807, 02

+ 207 401 93402 — 2007, (07401 + @Gy

— 207 (02 + ©3402) €
P2 = 2004 @300 (031 + @y + O + @)

+40h 0 (07401 + Oger + 051 + Ohr)

2 2 2 2 2
+ 2007 401 (01 03 + 205,051 + 3y 050)

+ 20700 (05 W) + 207,05y + Wr05, ) (10)
PO = 207 401 D400 (03 05y + 07,055 + 03]
+ 20,05, (0401 D3er + O34 D) (11
Q.1(s) reduces from a full fifth-order polynomial to
0u(s) = =% (4 gos’ ta0)  (12)
Cp1La1Lac

7013
Rys Lacz 2
ianT
+
CbZ —_— V2 La2
— 2
| 20
Ry> Lacx 2 2
where
2 2 2 2
de2 = Wy + 205 + Wiy + W4 (13a)
_ 2 2 2 I
Ge0 = Wi (W3 + W) + Wiy — 1/} 4 02051 )
2 2 2
+ 0, (205, + W) (13b)

QOpp1(s) reduces from a full seventh-order polynomial to

Va
O () = 7 = (s° + gpas™ + @pas® + qpo) (14)
dcl
where
Aps = D340 + Oy + 207 + Wy + O3y (15a)
2 2 2 2 2
Gp2 = Wy (W) + ©F + 05 + )
2 (n 2 2 2 2 9
+ oy, (20, + 205, + 0h,) + @) 05, (15b)
2 2 2 2 9 2 2
qp0 = Wiger (07102 + O W5 + 0505
2 22 2 2 2
+ 0107 (050 + ©rge0 | OT 41 D) (15¢)

and Qp,1(s) reduces from a full fifth-order polynomial to

Vdc
4 2
Opni () = —————(s* 4+ qu2s” + qno) (16)
Cp1Lg1Lac
where
> 9
@2, o
2 2 2 2de2@a2 2
Gn2 = Wiy 205 + Wi + 55705, (17a)
ldclwal
2
»
9 2 2 2 2
Gn0 = W34en (waZ + Wy + 5 wdcl)
wal
2
2 [ 2 2de2 2
+ gy, (wdc2 + 5= wdcl)' (17b)
Olgcl

Considering this approximation and supposing the roots of

P(s) are o}, w3, w3, »F, such that

P(s) =2(s" + o) (s> + w3) (s* + @3) (s> + @}).  (18)
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The inverse Laplace transform of (5) is

. Viae/Cp1 [Sinwit  sinwpt  sinwst  sinwyt
el (t) = +
LaiLact \ kot ka2 ko3 ke
(19a)
Vie (Sinwit sinwst  sinwst  Sin wat
o (1) = de | 2 3L 4 (19b)
Lac1 \ kot ka2 ko3 ke
) Vic/Cp1 ((Sinwit  sinwyt  Sinwst  sin oyt
ipn1 (t) = +
LaiLact \ kot ke ko3 ks

(19¢)

where kg1, ko2, ko3, and kyy are different in (19) as they are
calculated using (20) and (21)

_ 201(0] — 0]) (5 — 0]) (] — @)

| =
¢ —6x 0 + qar 0] — @27 + Gox
X 20 (a)% - w%) (w% - a)g) (a)i - a)g)
2 =
¢ quwz + Q4xw2 Qwaz + qox
X 203 (0] — ©3) (cu% — 3) (a)i — 3)
3 =
¢ _Q6xw3 + 6]4x603 €I2x603 + qox
204 (0? — 02) (0% — @?) (0?2 — ©?
Koy = 4( 1 4)( 2 4)( 3 4) (20)
_q6xa)4 + qax CU4 q2x504 + qox
Q6x:0 516)::1 CI6x=O
. g =1 : Qax = qps . Gax =1
iy " ip1 1 P iy 2D
92x = 42 q2x = 4p2 q2x = qn2
qox = 4c0 qox = 4po qox = 4no-

If the system losses are not neglected, the sinusoidal terms
of (19) will be multiplied by exponential terms e ,en B , e 3,
and e , they will have a phase summed in the argument, and
Wy, @y, w3, and ws will be slightly shifted, where the time
constants 7y, 72, 73, and 74 are the real parts of the roots of
the full P(s).

As the reduced P(s) has an algebraic solution,
the undamped resonance frequencies w;, @,, w3, and
w4 can be found exactly. Nevertheless, the size of the exact
expressions would make them impractical. Therefore, it is
useful to derive approximated expressions for the resonance
frequencies. The first frequency (w;) can be derived by
transforming the circuit to the frequency domain, calculating
the Thévenin equivalent circuit connected to both Cp; and
finding the frequency that results in equivalent impedance to
be zero. Similarly, w, is obtained using the same procedure
with Cj. Next, w3 and w4 are obtained using Vieta’s formulas.
Using this approach, the undamped resonance frequencies are

2 +—w§‘>2+w§dcz+\/ Laet @jer 2+ 4 (22)
w1 = (6] (6]
: a2 "y 2 2Laor a2

(23)

2 2 2 2
2, Dac1 | Dadei Lacr 05, 4
w = |w;+——+ + +o,
? alT o 2 \/( 2Lgal ) al

\
_ l 22 2,,.2 N2 _
@3 =[5\ @tait (@t +oi—a)) —a—as) (24

1
a)4:\/5(—w%—w§+a1—\/(wlz+w§_a1)2_a2_“3) (25)
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TABLE I
TEST SYSTEM PARAMETERS

Ve =640kV | Loy =424 mH | Lap = 56.5 mH | Lye; = 115 mH

Ije =05kA | Ra1 =045Q | Re2 =059Q | Ry =10

Rf =1Q Cbl =4 ,uF Cb2 =3 ,LLF deg = 180 mH
Rgco =2Q

where

Lo > Lic1@?
_ 2 2 2 2\, =de2@Wqcy | Hdel®yen
a; = Z(a)dcl—}—a)dcz—}—a)al—i—waz) } Lo

C

2> 2 (2 9 2 2
4 207,07, (03103407 + OGer@ig1)
2 2
wiw;
4w1dc1w2d02 (walwdCZ +o decl)

)
w1,

(26a)
de2

a = (26b)

az = (26¢)

Similarly, approximated expressions for the time constants
can be derived, approximating the equivalent circuit connected
to each capacitor

-1

o= 1/2(e + o) 4 1/2(e + k) (27a)
no= 17205 + o) H1/2(cn +rok) T @7b)
73 = 2(1&} + 1&5)71 (27¢)
Ty = (rf_ll + rf_zl + 1&1)71 (27d)

Finally, the prefault dc current can be considered by adding
Iy to icl(l) and — /4. to icz(l).

Equation (19) reveals that i i (¢), ippi(t), and iy, (¢) are a
sum of four oscillations, and that the contribution of each
oscillation to the final response is governed by system para-
meters, summarized in (20). This can be extended to i.(?),
ipp2(t), ipna(t) and to the voltages vpp1 (1), Vpn1(t), Vpp2(t), and
vpn2(2). This is a benefit of the analytical solution, to demon-
strate the behavior of each system variable and to express
in closed-form expressions the frequency of each oscillation.
The system behavior subjected to faults can then be used,
for example, in protection and control systems, suppressing
unwanted oscillations caused by a fault.

IV. ASSESSMENT OF THE PROPOSED MODEL

In order to assess the precision of the proposed model,
the expressions (19)-(27) were compared in time domain with
the numerical solution of the system of ODEs in (4). The
ODEs solver was the explicit Runge—Kutta of fourth order
with a variable step and a 10~® absolute error tolerance. The
system parameters are summarized in Table I. The results for
ic1(t), ipp1(t), and ip,1(¢) are shown in Fig. 6, which confirm
that the proposed model is precise, even with slight deviations
in the end due to the approximated exponential decays.

To assess the validity of the proposed model not only for
the parameters of Table I but also for a range of values,
a parameter-sensitivity test was performed. The system’s basic
parameters Cp1, Cp2, La1, La2, Lc1, Lac2, and Ry were varied
in a range from 1/5 to 5 times the values shown in Table I and
the analytical solution and ODE numerical solution of i.y, ipp1
ad i3, were calculated and compared. The base Ry was raised
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Fig. 6. Comparison in the time domain between the full numerical solution
and the approximated solution. a) ic1(z); b) ipp1(f) and c¢) ip, (¢).

to 5 Q to increase the range of analysis. Then, the average
error during the first 5 ms was taken and the relative error
was calculated dividing the average error by the peak value
of each variable, as shown in (28), where e, is the average
erTor, X,y 1S the analytical solution, xq4e 1S the numerical ODE
solution and N is the total number of samples. The results are
shown in Fig. 7, where the bars represent the average error
and the stems represent the maximum error
N
1 Z |xan(k) B xode(k)l

N2 max(uo) 28)

Cavg =
k=1

In Fig. 7, it can be observed that the approximated solution
was valid not only for a specific set of parameters but also for
a wide range of values. From 1/5 to 5, there is a difference
of 25 times the parameter values, which highlights how the
analyzed range was wide. In most cases, the average errors
were less than 3% and the maximum average error was 5.1%
for C,; = 0.8 uF. Variations in Cp; and Lg4.; influenced the
response more than the other parameters because Cp; and L
are directly related to the resonant frequencies, which greatly
influence the solution. The higher maximum errors were due
to the approximated exponential decays, which increased the
deviation near the end of the 5 ms. Therefore, the results
confirmed that the proposed equations can be used to calculate
PG fault currents in MMC-HVdc systems that respect the
solution hypotheses.

However, the ODEs do not represent other MMC-HVdc
system characteristics, such as traveling waves, skin effect,
lines’ distributed parameters and converter control dynamics.
Thus, to analyze if the validity of the proposed solution can
also be extended to these scenarios, the approximated solution
was compared to the fault waveforms of a two-terminal
MMC-HVdc system, modeled in PSCAD. The system was
adapted from [31]. The dc link was modeled using the
frequency-dependent model. The line configuration was based
on [32]. The converters were not blocked during the fault. The
fault was simulated at 25 km from MMC 1, with Ry = 5Q.
The pre-fault values were I;c = 0.5 kA and V4 = 640 kV.
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Fig. 7. Average error between the numerical ODEs solution and the approx-
imated analytical solution of iy, ip1, and ip, for a range of parameters.

The dc inductors were equal to 40 mH and 30 mH for the
MMC 1 and MMC 2, respectively.

When transforming the line frequency-dependent distributed
parameters to fixed-frequency lumped parameters, some chal-
lenges arise. Fig. 8 shows the variation of the line resistance
and inductance with frequency.

As can be observed in Fig. 8, the lumped parameters taken
from dc are different from the ones taken at each resonance
frequency. If dc is chosen, the parameters will represent
precisely the dc power flow but will not be precise in the
transients, which have frequencies w;, w,, w3, and w4. If any
of the resonant frequencies is chosen, the parameters will be
precise for that frequency but will present errors for different
ones. A simple approach to this problem is to consider specific
Rac1, L1, Raco, and Lgep at each resonant frequency, calcu-
late the oscillatory components separately using the specific
parameters and then sum the response. Using this approach,
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Fig. 9. Comparison in time domain between the PSCAD simulation and the
approximated solution of i s, ().

the fault current iy, is shown in Fig. 9 in comparison to the
PSCAD simulation.

As can be observed in Fig. 9, the proposed approximated
solution, although neglecting the traveling wave effect, was
able to represent the first milliseconds of the fault, including
the fault current peak value, an important parameter for pro-
tection system design. The accuracy of this value explains the
previous assumptions, in which the resistances were neglected
for the calculations. This in turn is a consequence of the
PG fault, which does not result in great energy dissipation.
The dominant frequency of if,; in the PSCAD simulation
was calculated as 937.3 rad/s, a value very close to ws =
952.2 rad/s obtained with the analytical model.

V. CONCLUSION

Although transient simulations of PG faults in MMC-HVdc
systems can be found in the literature, there is a lack of
analytical models that describe the system dynamics subjected
to faults. Therefore, this article proposed an approximated
analytical model for MMC—-HVdc systems that represents the
system dynamics during the converter capacitive discharge
stage of PG faults. The analytical model revealed that the
system dynamics can be described by a sum of four oscillatory
components with defined resonant frequencies and exponential
decays. The expressions for each resonant frequency and time
constant were derived. Although numerical models and simu-
lations are more accurate than approximated analytical models,
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the description of the system behavior is an advantage of
the latter. The described behavior enhances the understanding
about the system’s control, protection, and stability. Consider-
ing this, the importance of this study must be highlighted.

As obtaining an exact solution was not feasible due to
the system size and complexity, approximations were made
using hypotheses about the converters’ control, grounding,
and steady-state values, as well as about the transmission
line transient characteristics. When comparing to the system
simulated by ODEs, the proposed model provided an accurate
approximation for a vast range of system parameters. When
comparing to the full PSCAD solution, the analytical model
was able to precisely calculate the dominant resonant fre-
quency and the peak fault current value, important parameters
for the design of control and protection systems.

The presented contributions extend those found in the
literature, providing a more in-depth understanding of the PG
fault transient behavior of MMC-HVdc systems with respect
to the converter’s voltages and currents.
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