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Abstract

Previous studies showed that at the inverter end, the AC voltage will experience a slight
increase, while further observations revealed an increase in DC current. Other findings
indicated that the AC voltage at the rectifier side will experience a decrease, while both AC
voltage and DC current will increase. This paper presents a hybrid multiterminal HVDC
system, which was modelled and implemented using Matlab/Simulink software 2018b
to investigate fault behaviors, focusing on DC line-to-ground faults and their impact on
the overall system. Calculations were performed at the input of the Graetz bridge rectifier,
the capacitor filter of the DC transmission line, and the three-phase LCL filter located at
the inverter end. Results indicated that, at the rectifier end, the grid voltage will increase
while the grid current will decrease with non-standard waveforms. It noted that at the
inverter end, the AC voltage will decrease along with grid currents. In the DC transmission
line, the DC current will decrease to near zero. Findings represent the contribution of the
behaviors observed at both the rectifier and inverter ends of the grids during fault scenarios,
providing a more profound understanding of how multiterminal HVDC systems behave
under threat.

Keywords: hybrid multiterminal HVDC; DC line-to-ground fault; Matlab/Simulink
software; inverter side; rectifier side; simulation

1. Introduction
The increased demand for sustainable energy, coupled with the need for efficient

electricity transmission systems, has led to the development of advanced technologies in
high-voltage direct current (HVDC) systems. Among these innovations are hybrid multi-
terminal HVDC systems, which provide numerous advantages over traditional AC systems,
including increased transmission capacity, reduced energy losses, and enhanced system
reliability. Despite their advantages, hybrid MT-HVDC collection systems are susceptible
to various faults [1]. Faults can lead to significant operational challenges and impact the
reliability of the entire electricity network. For example, in an investigation published by
Yuan and Cheng [2], they explored the activities of the inverter side during a DC line-
to-ground fault, finding that the AC voltage experienced a slight increase. This assertion
proceeds to highlight a vital aspect of voltage behavior in hybrid systems that merits
further examination within the broader context of ongoing research. Conversely, Torres-
Olguin and Garces [3] disputed this position, asserting that the AC voltage at the inverter
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side will indeed fall to zero under similar fault conditions. This contention introduces
critical dimensions to the discourse on faulty behavior in multiterminal HVDC systems,
showcasing the necessity for investigations into these opposing claims. Elgeziry et al. [4]
contributed further to the discussion by analyzing the behavior of voltage and current
at the rectifier side of the system during line-to-ground fault. They contended that the
AC voltage at this juncture will experience a decrease, while concurrently, both the AC
and DC currents will demonstrate an increase. The identification of this dual behavior is
vital for understanding the overall system response and how fault conditions can affect
the efficiency and safety of multiterminal HVDC operations. Indeed, the assertion made
by Elgeziry et al. [4] is corroborated by a series of studies that reinforce their findings
regarding the increase in DC current. Yang et al. [5], Mond et al. [6], Kaur et al. [7], and
Düllmann et al. [8] collectively validated the hypothesis that the magnitude of the DC
current will rise significantly during such fault conditions. Düllmann et al. [8] further
augmented this discourse by noting that the DC voltage will simultaneously experience
an increase, adding another layer to the system’s behavior during faulty conditions. In
addition, Troitzsch et al. [9] contributed to the discourse by underscoring that any fault
occurring in proximity to the converter can precipitate a substantial increase in current, thus
enhancing the understanding of spatial factors that must be accounted for in system design
and fault analysis. While these studies add to the understanding of multiterminal HVDC
systems during DC line-to-ground faults, a closer inspection raises concerns about the
completeness and coherence of the existing data, particularly concerning the DC current,
the grid voltage rectifier end; the inverter side of both grid voltage and current during fault
conditions remains inadequately addressed, and this will be addressed in this paper.

2. Materials and Methods
A hybrid multiterminal HVDC system has been developed, and various parameters,

including the capacitor filter for the DC transmission line, the input voltage for the Graetz
bridge rectifier, and the three-phase LCL filter, have been computed. In Figure 1, is a
proposed diagram illustrating a hybrid multiterminal HVDC system.

Figure 1. Block diagram of a proposed hybrid multiterminal HVDC system.

2.1. Six-Pulse Graetz Bridge

The six-pulse Graetz bridge [10] is a significant structure within power electronics
primarily utilized for converting alternating current (AC) to direct current (DC) [11,12]. The
bridge configuration consists of (D1 to D6). (D1, D3, D5) (top group) is connected to the
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positive terminal and (D2, D4, D6 ) (bottom group) is connected to the negative terminal.
Each diode conducts for 1/3 of a cycle. The average output DC voltage is derived from the
line-to-line voltage, and the equation is defined by the formula, and it also accounts for the
diode forward voltage drop

(
VdropD

)
and the equation is given as follows:

Vdc =

(
3
√

2
2

VLL(rms)

)
− 2VdropD (1)

The secondary output of the transformer is provided which represents as line-to-line
RMS voltage

(
VLL(rms)

)
:

Vdc =

(
4.2426

π
× 192, 525

)
− 2VdropD = (1.350 × 192, 525)− 2VdropD.

The 2VdropD was neglected and the DC voltage value Vdc = 259, 999.2 ≈ 260 kV.
However, in the DC line voltage, it requires a capacitor (Cfilter) to filter the unwanted noise,
and the equation is given as follows:

Cfilter =
IcurrLoad

2 × fripple × Vallow.Ripple
(2)

where the IcurrLoad represent the load current, fripple is the ripple frequency, and Vallow.Ripple

which refers to the ripple voltage. The ripple frequency for a 60 Hz Graetz bridge and
desired ripple of 1% are given in the equation:

Cfilter =
2624.3

2 × 60 × 6500
× 106 = 3364 ≈ 4700 uF.

2.2. Three-Phase LCL Filter

LCL filters are passive components composed of two inductors and a capacitor, con-
nected in a way that attenuates high-frequency harmonics from the output signal of the
inverter [13–15]. They serve to mitigate the effects of high-frequency noise produced dur-
ing the switching actions of the inverter which, without proper filtering, could lead to
resonance issues and overheating of connected equipment. To ensure ripple attenuation
and system stability, the equation and exact calculation are given. The base impedance
(Zbase.Inv) and the rated current (Irated_Inv) are considered in this equation:

Zbase.Inv =
V2

L−L_Inv

SInv
=

110002

50 × 106 = 2.42 Ω,

Irated_Inv =
SInv√

3VL−L_Inv
=

50 × 106
√

3 × 11000
≈ 2624.3 A.

At the inverter side inductor (LInv) was sized to maintain the current ripple (∆IL_Inv)

in a limited range while the15% of the peak current was used in this study. The maximum
ripple current is given as follows:

∆Imax_Inv = 0.15 × Irated_Inv = 0.15 × 2624.3 ≈ 393.6 A.

However, the equation of the inductance (LInv) at the inverter side is given as follows:

LInv =
Vdc

6 × fsw_Inv × ∆Imax_Inv
=

260000
6 × 5000 × 393.6

≈ 22.02 mH

For the filter capacitor (Cf_Inv), it was at capped at 5% (0.05) of the power to maintain
a high-power factor. The base capacitance was first considered as follows:
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Cbase_Inv =
1

ωgrid.f_Inv × Zbase.Inv
=

1
2π× 60 × 2.42

≈ 1.096 mF

Cf_Inv = 0.005×Cbase_Inv = 0.005× 0.001315 ⇒ 106 × 0.005× 0.001315 = 5.480 µF. At
the grid side inductor Lgrid_Inv = 0.5LInv = 0.5 × 22.02 ≈ 11.01 mH. Furthermore, the
damping resistor (Rd_Inv) was used in series with the filter capacitor to prevent the unde-
sired resonance frequency, written as follows:

Rd_Inv ≈ 1
3 × 2πfres.Inv × Cf_Inv

(3)

fres.Inv =
1

2π

√
LInv + Lgrid_Inv

LInvLgrid_InvCf_Inv
=

1
2π

√
33.03 mH

242.440 mH × 5.480 µF
= 793.6 Hz.

To prevent instability and ensure attenuation the frequency must be between the grid
and switching frequencies range

(
10 × fgrid_Inv and 0.5 × fsw_Inv

)
. However, both the LInv

and Cf_Inv were not adjusted in the simulation to shift resonance. The resonance frequency
stayed within the range.

Rd_Inv ≈ 1
3 × 2π× 793.6 × 5.480 × 10−6 ≈ 12 Ω

2.3. HVDC Transmission Line

HVDC technology is instrumental in transmitting electricity over long distances with
reduced losses [16–18]. HVDC maintains a constant voltage and allows for higher trans-
mission capacity over extended distances. To calculate the HVDC transmission distance,
one must consider multiple factors, the type of conductors, environmental conditions, and
system loss [19]. For overhead lines, the straight-line distance between towers is not the
actual cable length due to sag caused by gravity and thermal expansion. The cable length
equation is given as follows [20]:

L =

(
2 × σl_0

γCond_L
× sinh

(
γCond_L × l

2 × σl_0

))
×
√

1 + h2 (4)

where σl_0 is the horizontal stress at the lowest point of the conductor, γCond_L is the
specific load of the conductor, l is the span between towers, and h is the height difference
between towers.

3. Simulation of the Hybrid Multiterminal HVDC System
To substantiate the preceding analysis, a simulation is conducted using Mat-

lab/Simulink software R2018b under the assumption of a DC line-to-ground fault that
transpires at the location shown in Figure 2. Parameters of the circuit have already been
calculated in the materials and methods.
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Figure 2. Model of the hybrid multiterminal HVDC system.

4. Results and Discussion
The operational reliability of a hybrid multiterminal HVDC collection system is con-

tinually challenged by faults, particularly during critical disturbances such as DC line-to-
ground faults. In this paper, fault was deliberately induced in the DC transmission line for
a duration of two to three seconds in Matlab/Simulink software R2018b, providing insights
into the system’s response under adverse conditions. During a DC line-to-ground fault, the
dynamics at the rectifier end of the system are affected. The grid voltages will experience
a gradual increase due to the fault with the electrical characteristics of the phases A, B,
and C and will exhibit a marked decrease with non-standard waveforms in grid current
shown in Figure 3. These changes will lead to the generation of distorted waveforms,
which will deviate from the sine wave shapes expected in stable operating conditions,
and this will negatively impact the quality of power if not appropriately addressed. In
the DC transmission line, changes will occur during the DC line-to-ground fault. The
DC voltage will tend to rise gradually; meanwhile, the DC link current will experience a
significant reduction, approaching near zero levels as shown in Figure 4. At the inverter
end of the system, the consequences of a line-to-ground fault will further complicate the
operational scenario. It will be observed that there is a decrease in grid voltages, reflecting
the stress imposed by the fault condition. Similar to the rectifier end, the inverter end will
also experience diminishing grid current shown in Figure 5. The incomplete standard at
this end underscores the instability that characterizes the system during faulty conditions.
Nevertheless, an unanswered question remains: Can we achieve the same results if the
design and experimental setup are used? The answer to this question can form the focus of
another paper.

Figure 3. Grid voltages and currents at the rectifier end.
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Figure 4. DC voltage and DC current.

Figure 5. Grid voltages and currents at the inverter end.

5. Conclusions
In this study, a multiterminal HVDC system was modelled and implemented using

Matlab/Simulink software to investigate the dynamics of a DC line-to-ground fault. Pa-
rameters such as the capacitor filter of the DC transmission line, the input voltage for the
Graetz bridge rectifier, and the three-phase LCL filter were calculated and incorporated
into the model. The simulation resulted in valuable insights into the system’s behavior
under stress, specifically a DC line-to-ground fault condition. The results revealed that,
at the rectifier end, the grid voltage will tend to rise while the grid current will diminish
with non-standard waveforms. Conversely, at the end of the inverter, both the AC voltage
and grid currents will experience a decline. Additionally, the DC transmission line will
show a significant reduction in DC current, approaching zero. These findings highlight
the dynamics experienced at both the rectifier and inverter ends of the grid during fault
scenarios, thereby enhancing our understanding of how multiterminal HVDC systems will
respond under threat.
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