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Fig. 1. Circuit diagram of a three-phase positive pole HB-MMC.

In this paper, the post-fault characteristics without protec-
tion are �rst analyzed to reveal the necessity of protection.
The feasibility of the proposed protection scheme is then
demonstrated through post-fault circuit analysis. Moreover, the
peak fault current �owing into the dc-link thyristor branch is
also calculated to facilitate the thyristor branch design. The
proposed protection scheme is a cost-effective solution, since
it ensures no additional power losses during normal operation
and only requires the installation of a thyristor branch in the
dc terminal.

II. CHARACTERISTICS OF VALVE-SIDE SPG FAULTS

The circuit diagram of a three-phase positive pole HB-
MMC is shown in Fig. 1. Each phase-leg of the HB-MMC
includes N HBSMs per arm in series, and one arm resistor
(R) & inductor (L). The valve-side phase voltages (ux ) can
be expressed as (1) if circulating currents are ignored.

ux =
Vdc

2
Š

L
2

·
di vx

dt
Š

R
2

· i vx +
ulox Š uupx

2
(x = a, b, c), (1)

where Vdc is the dc-link voltage, ivx is the current �owing
into the valve-side, uupx and ulox are the voltages produced
by HBSMs in the upper and lower arms. Following a valve-
side SPG fault, the IGBTs should be blocked immediately
as large fault currents would �ow through the IGBT. Fig. 2
shows the equivalent circuits for faulted and unfaulted phases
of a blocked HB-MMC under a valve-side SPG fault occurred
at t0. The impedance Zeq in Fig. 2(b) is the equivalent ac
system and transformer impedance referred to the valve-side.

A. Upper Arms
After converter blocking, the voltages generated by all SMs

in the upper arms (uupx ) are expressed as:

uupx = Vdc Š L ·
diupx

dt
Š R · iupx Š u�

x , (2)
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Fig. 2. Equivalent circuits of a blocked HB-MMC under a valve-side SPG:
(a) faulted phase a, and (b) unfaulted phase b.

where iupx is the upper arm currents, and u�
x is the post-fault

valve-side ac phase voltages. For faulted phase a, the post-
fault valve-side ac phase voltage is decreased to zero (u�

a = 0 ),
while the ac phase voltages for two unfaulted phases in the
valve-side are changed to line voltages and the maximum value
(phase b) is [7]:

u�
b,max =

�
3 ×

�
2U, (3)

where U = mVdc/(2
�

2) is the pre-fault ac phase voltage in
the valve-side, and m is the modulation index.

The upper arm capacitors will be charged during the neg-
ative half-cycles of the post-fault ac voltages [7]. Moreover,
the dc voltage will gradually increase if the valve-side SPG
occurs at the dc voltage-controlled HB-MMC, operating as an
inverter station [10]. Therefore, the maximum values of the
upper arm voltages in the faulted phase a and unfaulted phase
b can reach to:

�
�

�

uupa,max = Vdc + � Vdc

uupb,max = Vdc + max|u�
b| + � Vdc

uupc,max = Vdc + max|u�
c| + � Vdc

, (4)

�
uupa,max = Vdc + � Vdc

uupb,max = Vdc +
�

3 ×
�

2U + � Vdc

, (5)

where � Vdc is the transient dc voltage deviation after con-
verter blocking and can be determined by [10]:

� Vdc =
P � t

3CeqVdc
, (6)

where P is the delivered power in the remote HB-MMC, � t
is the required blocking time for the remote HB-MMC, and
Ceq is the equivalent SM capacitor in each arm. m = 0 .85,
uupb,max will be increased to 1.74Vdc even if � Vdc = 0 ,
showing a severe upper arm overvoltage. Thus, the overvoltage
protection for the upper arms is necessary for the HB-MMC
under valve-side SPG faults.



B. Lower Arms

Unlike the upper arms, the diodes provide continuous paths
for the currents �owing from the dc grounding point to the ac
side in the lower arms following converter blocking (Fig. 2).
All SM capacitors are bypassed in the lower arms, hence no
lower arm overvoltage phenomenon. The equivalent voltage
loop equation in the lower arms can be derived as:

L ·
dilox

dt
+ R · ilox Š u�

x = 0 , (7)

For faulted phase a, the lower arm current will gradually decay
to zero as u�

a = 0 in (7). For unfaulted phases b and c, the
lower arm fault currents show almost no decay due to the
arm reactance (�L) being signi�cantly larger than the arm
resistance (R).

The post-fault lower arm currents further in�uence the grid-
side ac currents, which can be written as (assuming the fault
occurred in phase a) [7]:

�
���

���

�Iga = (2 �Ivb + �Ivc )/(
�

3 · k)

�Igb = Š( �Ivb + 2 �Ivc )/(
�

3 · k)

�Igc = ( �Ivc Š �Ivb)/(
�

3 · k)

, (8)

where �I = di/dt, and k are the turn ratio of the transformer
with star/delta connection. The unidirectional conduction of
the diodes ensures the lower arm currents to be always
positive, hence the valve-side ac currents ivb and ivc are always
negative leading to a positive iga and negative igb in the grid-
side based on (8). The non-zero-crossing grid-side currents
iga and igc pose a challenge for ACCBs to interrupt the fault
currents following valve-side SPG ac faults.

III. PROPOSED DC-LINK THYRISTOR-BASED PROTECTION

To ensure the zero-crossing of the ac grid currents and avoid
the upper arm overvoltage, a thyristor-based protection scheme
is proposed, con�gured so that a thyristor branch is installed
in the dc-link for each HB-MMC as shown in Fig. 3. Although
each HB-MMC station has a dc-link thyristor branch, only the
one in the faulty station requires to be triggered. The triggered
dc-link thyristor creates new current paths for all arm currents
in the faulty and remote HB-MMCs.

A. Remote HB-MMC Station

The fault current feeds into the faulty station from the
remote HB-MMC, operating as a recti�er station, will lead to
a continuous voltage increase of the upper arms in the faulty
HB-MMC, as explained in Section II-A. However, such fault
current is redirected into the triggered thyristor through the
current paths 1, 2 and 3, while it is still effective for the remote
HB-MMC located at the inverter side.

Based on the circuit analysis, the current �owing into the
thyristor branch from the remote HB-MMC includes three
current components, speci�cally the three upper arm currents.
For simplifying the analysis, the resistors on the ac side and
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Fig. 3. Current paths under the proposed dc-link thyristor protection scheme
following converter blocking.

MMC arms are neglected; hence, the peak ac currents in the
valve side can be obtained as [13]:

ivx,max =

�
2U

�(Leq + L/2)
. (9)

The upper arm currents in phase a (iremote
upa ) can be generally

expressed as:

iremote
upa =

iva,max

2
+

iva,max

2
· sin(�t + �), (10)

assuming iva = iva,max · sin(�t + �). Therefore, the current
in the dc-link of the remote HB-MMC is:

iremote
dc = iremote

upa + iremote
upb + iremote

upc

=
3
2

· iva,max =
3
�

2U
2�(Leq + L/2)

,
(11)

which shows iremote
dc is a constant value. It should be noted

that the dc current in the dc-link of the remote HB-MMC will
be less than 3 · iva,max /2 as (12) if the resistors on the ac
side and MMC arms are considered. Moreover, the dc current
�owing into the thyristor branch will be further reduced by
line resistors.

ipath 1
dc + ipath 2

dc + ipath 3
dc <

3
�

2U
2�(Leq + L/2)

. (12)

It is also necessary to open the ACCB of the remote HB-
MMC to extinguish the continuous current �owing into the
dc-link thyristor branch.

B. Faulty HB-MMC Station
The current paths (path 4, path 5 and path 6) in the faulty

HB-MMC are also shown in Fig. 3. The direction of upper
arm currents is changed after triggering the thyristor branch
that the SM capacitors are bypassed, addressing the upper
arm overvoltage issue. Furthermore, a dc short-circuit loop
is formed, creating symmetrical components within the grid-
side ac fault currents, which ensure current zero-crossings in
the grid-side ACCB.



Unlike the remote HB-MMC, the three phases are asym-
metrical after the valve-side SPG faults, thus the faulty and
healthy phases should be analyzed separately. For the faulty
phase (e.g. phase a), the upper arm current is zero that
ifaulty
upa = 0 because the valve side in phase a is grounded.

For the unfaulted phases (e.g. phase b and phase c), the upper
arm currents can be expressed as (13) and (14), if only the
inductors in the ac side and MMC arms are considered.

ifaulty
upb =

ivb,max

2
+

ivb,max

2
· sin(�t +

2�
3

), (13)

ifaulty
upc =

ivc,max

2
+

ivc,max

2
· sin(�t Š

2�
3

), (14)

where ivb,max = ivc,max =
�

2U
� (L eq + L/ 2) . Therefore, the current

in the dc-link of the faulty HB-MMC is:

ifaulty
dc = ifaulty

upb + ifaulty
upc =

�
2U

�(Leq + L/2)
· (1 Š

1
2

sin(�t)) ,

(15)
which shows ifaulty

dc is a sinusoidal waveform with maximum
and minimum values of 3

�
2U

2� (L eq + L/ 2) and
�

2U
2� (L eq + L/ 2) , respec-

tively. However, the dc current �owing into the thyristor from
the faulty HB-MMC should be less than 3

�
2U

2� (L eq + L/ 2) as (16),
if considering the in�uence of arm and ac-side resistors.

ipath 4
dc + ipath 5

dc + ipath 6
dc <

3
�

2U
2�(Leq + L/2)

. (16)

The total fault current from the remote and faulty HB-MMCs
�owing into the dc-link thyristor branch is �nally calculated
as:
idc,thy = ipath 1

dc + ipath 2
dc + ipath 3

dc + ipath 4
dc + ipath 5

dc + ipath 6
dc

<
3
�

2U
�(Leq + L/2)

,

(17)
which can be used for the peak current determination in the
thyristor branch design.

IV. SIMULATION RESULTS

The positive pole of a bipolar HB-MMC HVDC trans-
mission system with dc-link thyristor branch protection is
implemented in PSCAD/EMTDC, as shown in Fig. 4, to
demonstrate the feasibility of the proposed protection scheme.
The HB-MMC parameters are listed in Table I, while Fig. 5
shows the con�guration of used overhead line (OHL) in
PSCAD. In the used HB-MMC HVDC transmission system,
HB-MMC1 is the recti�er station and controls active/reactive
power (P/Q), while HB-MMC2, functioning as the inverter
station, adopts dc voltage/reactive power (Vdc/Q) control. The
active power and dc voltage references in HB-MMC1 and HB-
MMC2 are set to 1500 MW and 500 kV, while the reactive
power references are set to 0 MVar for both HB-MMCs.

A valve-side SPG fault in phase a occurs with a 0.001 �
grounding resistance in Vdc/Q controlled HB-MMC2 at the
inverter side, designed to mimic the most serious overvoltage
in the upper arms. The performance of the system, both
without and with the proposed protection scheme, is evaluated
through simulations.
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Fig. 4. Monopole HVDC system based on HB-MMCs.

TABLE I
PARAMETERS OF THE HB-MMC HVDC TRANSMISSION SYSTEM.

Parameters Values
MMC capacity (MW) 1500
Rated dc voltage (kV) 500
Transf. ratio (kV/kV) 230/260

Transf. leakage reactance (p.u.) 0.15
Number of SMs in each arm 40

SM capacitance (mF) 2.5
Modulation index 0.85

Arm inductance (H) 0.04
Arm resistance (�) 0.1

DC smoothing reactor (H) 0.15
AC system reactor (H) 0.01117

AC system resistance (�) 0.35092

Fig. 5. OHL con�guration in PSCAD.

A. Operation without Protection
The valve-side SPG fault (phase a) occurs at 1 s in HB-

MMC2. Figs. 6(a) and (b) show the simulation results without
protection in the remote HB-MMC1 and faulty HB-MMC2
stations. All SMs in the two HB-MMCs are blocked if any arm
current exceeds 4.5 kA or the dc terminal voltage is less than
85% of the rated voltage. The faulty HB-MMC2 is blocked
instantaneously after the fault due to the detection of large arm
currents, while the remote HB-MMC1 is blocked at 1.023 s
following the detection of a rapid decrease in the dc terminal
voltage.

The upper arms of the faulty HB-MMC2 experience a
serious overvoltage (close to 1.8 p.u.) due to the continuous
charging of SM capacitors, as calculated in (5). Although the
capacitors in the lower arms of the faulty HB-MMC2 are






