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Abstract:

In the midst of the world's rapidly accelerating energy transition, offshore wind power is one of the
forefront technologies to be developed and implemented. With the advantage of having an extensive
coastline, the potential for offshore wind power systems in Vietnam is enormous. To ensure a reliable
and efficient power delivery system, modular multilevel converter high-voltage direct current (MMC-
HVDC) transmission systems are being increasingly preferred. Considering onshore converter stations,
occurrence of single-phase to ground (SPG) faults can cause DC line overvoltage, which triggers circuit
breakers and interrupts the power transmission process. This paper proposes a method to suppress
the overvoltage based on a model predictive control (MPC) controller for the onshore converter station.
The simulated results are directly compared with a previously proposed zero-sequence voltage control
method and show the superiority of the MPC model on controlling the DC line and the sub-modules’
voltages. Simulations were performed using Simulink/MATLAB software.
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Tém tat:

Trong b6i canh chuyén dich ndng lugng toan ciu dang dién ra nhanh chéng, dién gié ngoai khai 1a
mdt trong nhitng cdng nghé tién phong dugc phat trién va trién khai. Véi Igi thé s& hitu dudng bd
bién dai, titm n&ng phat trién hé théng dién gid ngoai khoi tai Viét Nam la vd cling to I6n. D€ dam
bao hé théng truyén tai dién ndng &n dinh va hiéu qua, hé thdng truyén tai dién mét chiéu dién ap
cao st dung bd chuyén d6i mé-dun da cdp (MMC-HVDC) dang ngay cang dudc ua chudng. Xét dén
cac tram chuyén déi trén bd, su’ 6 ngédn mach mét pha cham dat (SPG) cé thé gy ra hién tugng qua
dién ap trén dudng day DC, dan dén kich hoat cac may ct mach va lam gidn doan qué trinh truyén
tai dién. Bai bao nay dé xuit mdt phuong phap khdng ché qua dién 4p dua trén bd diéu khién du
doan md hinh (MPC) cho tram chuyén déi trén bd. Cac két qua md phong dudc so sanh truc tiép vdi
phuang phap diéu khién dién ap thir tu khdng (zero-sequence voltage control) da dugc dé xust trudc
dd va cho thdy uu diém vuot trdi cia md hinh diéu khién MPC trong viéc diéu khién dién ap dudng
day DC va dién ap cla cac md-dun con. Cac md phong dugc thuc hién bang phan mém
Simulink/MATLAB.
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T khoa:
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Pién gi6 ngoai khai, bd chuyén déi mo-dun da cip, hé thdng dién mot chiéu cao ap, diéu khién du

bao mo hinh

1. INTRODUCTION

Modular Multilevel Converter-based High
Voltage Direct Current (MMC-HVDC)
system has become a key technology for
connecting offshore wind farms to the
power grid. With the increasing size and
distance of offshore wind farms from the
shore, HVDC transmission provides a
more efficient and reliable means to
transfer large amounts of power over long
distances compared to traditional AC
systems. The MMC’s modular design,
scalability, and high efficiency make it an
ideal choice for HVDC applications. For
such systems, onshore AC-side faults can
cause disruptions in power transmission,
voltage instability, and may lead to
temporary disconnection of the wind farm
from the grid. Various types of AC faults
have been extensively reported in
literatures in terms of their characteristics
and unique impact on the components of
MMC-HVDC systems.

The reliability of MMC-HVDC systems
heavily depends on their fault tolerance,
making it a key focus in research. Several
studies, such as those in [1] — [3], have
explored DC fault behavior and strategies
for fault management. Other researches
have also addressed the impact of grid-side
unbalanced AC faults. According to
studies [4], [5], [6], a single-phase to
ground fault on the valve side in the MMC
system will lead to DC line overvoltage

and a current that does not pass through the
grid neutral point and overvoltage of the
capacitors in the upper branches of the
converter. The AC-side circuit breaker
(ACCB) difficulties  in
interrupting fault currents that do not pass

may face

through the neutral point. Overvoltage in
the upper branches can cause damage to
the SM capacitors
insulation of the converter. Reference [7]
provides a theoretical analysis of SPG
faults on the valve side of MMC, but it
focuses on system structures typically
applied to overhead transmission lines

and threaten the

with asymmetric monopolar or symmetric
bipolar structures. In this document, they
also propose the use of an MMC system
that relies on full-bridge sub-modules (FB-
SM). Adding FB-SM to the converter will,
on one hand, increase the number of
IGBTs in the converter and, on the other
hand, require a larger area of converter
stations for equipment installation. This
will significantly increase the project cost.
Reference [8] has provided the author with
comprehensive theoretical knowledge
about the characteristics of single-phase to
ground faults at the onshore converter
station for each specific location: onshore,
HVDC transmission line, and offshore. At
the same time, the document also presents
a zero-sequence voltage control method in
order to suppress the DC overvoltage.
However, the more intense the suppression
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Figure 1: MMC topology

control is, the more the capacitor voltage
of sub-modules lose stability due to the
mechanism of the proposed method.

This paper proposes a Model Predictive
Control based method to subdue the DC
line overvoltage of a MMC-HVDC
offshore wind farm in the event of a valve-
side SPG fault. The proposed controller
will directly evaluate the switching states
of the grid-side MMC and decide the
upcoming optimal switching signals in
order to mitigate the overvoltage of the DC
line as well as the sub-modules capacitor
voltage. The simulated results are
compared with the zero-sequence voltage
control method in [8] to show the
superiority of the proposed controller. The
rest of the paper is organized as follows:
Section 2 provides the topology and
modelling of a half-bridge MMC as well as
overview of the Model Predictive Control
technique. Section 3 describes the design
of the MPC controller for the MMC.
Section 4 presents the simulation results
and the conclusions are drawn in section 5.

(ISSN: 1859 - 4557)

2. MMC MODELLING AND MPC
TECHNIQUE

2.1. MMC Modelling

In general, MMC has three legs, each leg
contains two arms (upper and lower arm),
each arm is constructed with N cascaded
SMs (sub-modules) and an arm inductor. O

is the virtual midpoint of the dc link and N
is the neutral point of the AC side.
lpa ina Lpbs Unby Upe ine are the currents
flowing through the upper and lower arms
in three phases, respectively.
Vpa» Vna» Vpbs Vnbs Vper Vne  Tepresent the
voltages produced by the upper and lower
arms in three phases. Vgq, Vgp, Vs are the
equivalent AC-side output voltages of the
MMC. V4, and iy, are the DC-link voltage
and current. The voltage and current are
produced by the upper and lower arm
based on the switching states of SMs,
which are categorized:

e Inserted: S1 is turned on and S2 is
turned off, which provides the
voltage v, on the terminal of the
SM.

e Bypassed: S1 is turned off and S2
is turned on, which causes the
voltage of the capacitor to remain
constant regardless of the arm
current and the SM voltage is 0.

e Blocked: Both S1 and S2 are
turned off. This state is often used
for protection processes.

It can be seen that by selecting the
appropriate number of SMs to insert in the
arm, the desired arm output voltage can be
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generated, which is the total voltage of the
inserted SMs.

(ISSN: 1859 - 4557)
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Figure 2: Proposed control scheme

To ensure the stable operation of the
MMC, the capacitor voltage of each sub-
module needs to be maintained at the
reference value V:

_ Vac
=N €Y)

where N is the number of sub-modules.
Applying Kirchhoft’s law, the output
current of the MMC i,; and the DC current
i4c are formulated as follows:

Ve

{ lyj = Ipj — Unj @)
lagc = lpa t lng + Lpp T lnp + Upe T Unc
To describe the energy flow within the
branches of the MMC, the circulating
current is calculated as follows:

. lpjting  lac
4=77 "3 ©)

The DC voltage is formulated as:

Vdc dip] ) dlv]
T = Vpj +L0F+RS"W‘ +L5F+ U,,]' + Yo
Vd din] 3 dl-,,]
Tc = Uni +L97_R51V]’ —LSE— Uvj — Uno

(4)

Vpp + Ve — vpc), L and R, are the
inductance and resistance on the AC side.
From (2)-(4), the mathematical modelling
of iy, lgc, i) are formed as below:

I% = ﬁ(vm - vnj - ZRsiv] - ngl - zvNo)

digc _ 3
Fr E (Vdc - vsum) (5)

dizj 1
L 2 = 7 (Voum = Vnj — 1))

: 1
With Veum = 5 (Vna + Vpa + Vap +

Vpb + Vne + Vpe).
2.2. Model Predictive Control

Model Predictive Control technique deals
with the past, present, and future values of
the variable. The controller predicts future
errors and takes preventive control actions
such that the system will not be subjected
to huge errors, thereby making the overall
system robust. The operation of MPC is
mainly based on the discrete-time model of
the system, where the future values of the
state variables and control inputs are
predicted for a specific forward interval by
using the model measurements at the
present instant. The predicted values are
then evaluated by a cost function that
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defines the desired control objectives or
behavior. A typical cost function is a
nonlinear function of reference, predicted,
and input variables. The control sequence,
which minimizes the cost function, is
selected as the optimal input.

3. ZERO-SEQUENCE VOLTAGE
CONTROL METHOD AND MPC
CONTROLLER DESIGN

3.1. Zero-sequence Voltage Control
Method

The proposed method in [8] is based on the
analysis of the AC-side sequence
equivalent circuit when the fault occurs.
The study that the DC-side
oscillation = component causing the
overvoltage is equal to the zero-sequence
voltage of the faulted phase. Therefore, by
identifying the zero-sequence voltage, the
oscillation component on the DC-side can

shows

be determined. From there, by using the
zero-sequence voltage to modulate the
sub-modules inputs, overvoltage can be
suppressed. However, one drawback lies in
the selection of parameter £ in the scheme;
choosing more suppression with larger k&
will lead to overmodulation and cause the
sub-modules’ capacitor voltage to be
unstable. With the proposed MPC
controller, the suppression can be achieved
without compromising the capacitor
voltage component.

3.2. State Matrix of MMC

The simulation model of the MMC
converter is implemented using aggregate
models to represent the power models of
each arm. By selecting the appropriate
number of SMs to insert in the branch as

(ISSN: 1859 - 4557)

the input control signal, the desired arm
output voltage can be generated, which is
the total voltage of the inserted SMs. Since
the number of SMs switched on in one
phase during the PWM process is always
36, it is only necessary to examine the

[ Measurement of iy, ipj. tnjs Vies Tde ]

[ Calculation of i, Vi, Vium ]

v

[ Initialize state matrix, counter j = 1 J

v

[ iy, ide, 15 predictions

v

[ Cost Function Implementation ]
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Figure 3: MPC control algorithm

states of the upper branch models, and
from there the lower branch states will be
deduced accordingly. Each aggregate
model consists of 36 SMs, so the state of
the model will range from 0 to 36. As the
upper branches of the three-phase MMC
has three aggregate models, the total
number of possible states in the upper
branches is 37° = 50,653 states. The
number of states will increase as the
number of SMs in each arm increases, and
vice versa. With the proposed scheme, the
MPC algorithm will examine all possible
states of the converter within a pre-defined
sampling period. To achieve this, a matrix
containing all the states of the converter
needs to be created:
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0 0 0 igi(k + 1) = oty i (k) + a2 (vnj (k) — v;(k) — 204j(K) — 2vy0(k))
0 0 1 idc(k +1) = idc(k) + 3“3(Vdc - 1’sum(k))
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Figure 5: Comparison between zero-sequence method and MPC-based method

As mentioned in the previous section, the
predictions are formulated based on the
discrete time model of the equations. In

this paper, the Euler approximation
method is used to discretize the
expressions, which will represent the

future values based on the present samples.
Combining (4) and (5) then discretizing,
the expressions of i,j,ig, i in instance

k + 1 are as follows:

T
and a3 = j
o

3.4. Cost Function

After obtaining the predicted values, a cost
function evaluating the references and
predictions is implemented to complete the
optimization. As the capacitor voltage of
the sub-modules is affected by the
circulating current and the DC current,
effectively controlling the current signals
will also ensure the stabililty of the
capacitor voltages. Therefore, the final
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cost function considers the three current
signals i,j, 4, 5 and will be formulated
as follows:

J = o, Z i3 — iy (ke + D

j=ab,c

+ wg Z 5 — iy ke + D)

j=ab,c

+ w3 |lige — lac(k + D> (8)
where w1, w,, w3 are weighting factors,
i), I7j, Ug. are the corresponding reference
signals. Figure 3 shows the MPC control
algorithm. Through iterative loops, the
MPC controller will evaluate all switching
states in the state matrix, determine the
state that produces the minimum value of

J and select it as the next switching state
for the MMC.

4. SIMULATION RESULTS
4.1. Zero-sequence Method

In this section, authors simulated the zero-
sequence voltage control method from [8§]
using Simulink/MATLAB software. The
simulation examined the pole-to-ground
voltage on the DC line, the SM capacitor
voltage, and the number of active SMs
during an SPG fault at the GSMMC
converter station. The SPG fault occurred
in phase A, with the fault duration from 7s
to 7.5s. To observe the impact of the zero-
sequence voltage control method, three
cases are simulated: No control, £ = 0.45,
and £=0.8.

As analyzed above, the SPG fault causes
the pole-to-ground voltage on the DC line
to oscillate. The results in Figure 4(a) show
that this signal oscillates sinusoidally with
an amplitude of about 550 kV during the

(ISSN: 1859 - 4557)

fault when no method is applied. After
applying the method, the voltage decreases
to 490 kV and 470 kV corresponding to k
= 0.45 and k£ = 0.8, respectively. This
method has resolved the issue, and it can
also be observed that the larger the value
of k, the greater the voltage reduction.

However, by altering the number of open
SMs, the drawback of this method is
highlighted when examining the SM
capacitor voltage. Figure 4(b) shows that
when no method is applied, the SPG fault
does not cause overvoltage in the DC
capacitor within the SM. With the zero-
sequence voltage control method, this
signal increases during the fault. The larger
the value of k, the more the voltage
oscillates, leading to overvoltage. For this
reason, k= 0.45 is selected and the result is
compared with the proposed method in this

paper.
4.2. MPC-based Method

This section presents the results of the
MPC method and compare them with the
zero-sequence voltage control method.
Figure 5(a) shows that with the use of
MPC, the pole-to-ground voltage on the
DC line during a fault oscillates less
compared to the zero-sequence voltage
control method. Therefore, the MPC
controller helps the MMC-HVDC system
prevent overvoltage.

For the capacitor voltage on the SM,
Figure 5(b) shows that the zero-sequence
voltage control method causes this signal
to oscillate more during a fault. In contrast,
the MPC method helps to stabilize this
signal, both during and after a fault. This
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prevents overvoltage in the capacitor,
unlike the zero-sequence voltage control
method. The reason that the capacitor
voltage on the SM does not oscillate even
when there is no fault using the MPC
method is that the MPC algorithm
effectively finds the minimum optimal
function, ensuring that the circulating and
DC current signals, i,; and 4., follow the
reference  signals thereby
adjusting the capacitor voltage of the SM.

correctly,

5. CONCLUSION

This paper presents a MPC algorithm
model aimed at optimizing the switching
signal of the MMC, thereby reducing the
DC pole-to-ground overvoltage during a

(ISSN: 1859 - 4557)

single-phase ground fault at the onshore
converter station. Compared with a
previously  proposed
voltage control method, the simulation
results show that the MPC method not only
the pole-to-ground voltage
oscillations on the DC line but also does
not affect the SM capacitor voltage during

ZLero-sequence

reduces

faults. Future works may include: the
application of MPC control for MMC-
HVDC transmission systems for Type 4
wind farms, not only in SPG fault
scenarios but also in other potential fault
situations, to enhance the offshore wind
power transmission capability to the grid.

(1]

(2]

(3]

[4]

[5]

[6]

(7]

REFERENCES

X. Li, Q. Song, W. Liu, H. Rao, S. Xu, and L. Li, “Protection of nonpermanent faults on DC overhead
lines in MMC-based HVDC systems,” IEEE Trans. Power Del., vol. 28, no. 1, pp. 483—490, Jan.
2013.

W. Leterme, J. Beerten, and D. van Hertem, “Nonunit protection of HVDC grids with inductive DC
cable termination,” IEEE Trans. Power Del., vol. 31, no. 2, pp. 820-828, Apr. 2016.

R. Li, L. Xu, D. Holliday, F. Page, S. J. Finney, and B. W. Williams, “Continuous operation of radial
multiterminal HVDC systems under DC fault,” IEEE Trans. Power Del., vol. 31, no. 1, pp. 351-361,
Feb. 2016.

J. L. A. Nami and P. Lundberg, “Analysis of modular multilevel converters with dc short circuit fault
blocking capability in bipolar hvdc transmission systems,” Proc. 17th Eur. Conf. Power Electron.
Appl, pp. 1 - 10, 2015.

J. L. G. Li and H. Li, “Analysis of single-phase-to-ground faults at the valve-side of hb-mmcs in
bipolar hvdc systems,” Proc. IEEE Energy Convers. Congr. Expo, pp. 2659 — 2665, 2017.

J. L. G. Li and H. Liang, “Analysis of single-phase-to-ground faults at the valve-side of hb-mmcs in
hvdc systems,” IEEE Trans. Ind. Electron, vol. 66, no. 3, pp. 2444 — 2453, 2019.

J. L. G. Li and Z. Song, “Protection for submodule overvoltage caused by converter valve-side
single-phase-to-ground faults in fb-mmc based bipolar hvdc systems,” IEEE Trans.Power Del, vol.
35, no. 6, pp. 2641 — 2650, 2020.

117

S6 37



TAP CHi KHOA HOC VA CONG NGHE NANG LUONG - TRUONG DAI HOC DIEN LUC

(ISSN: 1859 - 4557)

[8] J. W. Hongyu Zhou, Wei Yao and S. Cheng, “Characteristic investigation and overvoltage
suppression of mmc hvdc integrated offshore wind farms under onshore valve-side spg fault,” IEEE
TRANSACTIONS ON POWER SYSTEMS, vol. 39, no. 1, pp. 1346 — 1359, 2024.

Gigi thiéu tac gia:

Nguyen Hoang Nam is currently a final-year student at Hanoi University of
Science and Technology majoring in Power System and Renewable Energy. His main
research interests include wind turbine control system, HVDC transmission system
for offshore wind farms, Hosting Capacity of distribution grids considering
renewable energy sources.

Nguyen Nhu Tung is currently a final-year electrical engineering student at Hanoi
University of Science and Technology. His research orientation consists of wind
turbine control, HVDC transmission system control and renewable energy in general

Dr. Tran Thanh Son received a B.E. degree in Power Systems in 2007, M.S. in
Power Systems in 2011 from Hanoi University of Science and Technology,
Vietnam. He got a Ph.D in 2019 from Shibaura Institute of Science and
Technology, Japan. He is a lecturer at School of Electrical, Electronic Engineering,
Hanoi University of Science and Technology, Vietnam.

His research focuses on renewable energy systems, smart grid, and battery energy
storage systems.

Assoc. Prof. Dr. Nguyen Duc Tuyen is currently a lecturer at Hanoi University
of Science and Technology and an adjunct associate professor at Shibaura
Institute of Technology, Japan. He received his Master’s degree (2009) and Ph.D.
(2012) from Shibaura Institute of Technology. Before returning to Vietnam, he
worked at Chiba University, Tokyo University of Science, and AIST (Japan) until
2018. Assoc. Prof. Tuyen has published around 200 scientific papers and serves
as an active reviewer for various international journals such as IEEE, IET, MDPI,
Springer, Elsevier, etc. He was conferred the title of Associate Professor in 2023
and is a member of the Clean EDGE Asia Fellow program.

His main research interests include renewable energy, smart grids, energy storage, electric vehicles, and

energy policy..

118

S6 37



