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For the black start-up of DC micro-grids, three-phase charging resistors are
required to limit the uncontrollable surge current. Themain drawback of this start-
up method is the difficulty in determining the appropriate resistance value to
achieve a rapid start-up and limit the surge current with the change of grid
parameters. To address this problem, this article proposes a soft start-up method
for the DC micro-grid based on an improved two-level voltage source converter
(VSC). Specifically, an silicon controlled rectifier and anti-parallel diode are added
in each up-bridge-arm in the improved VSC. By conducting a dynamic control
strategy of the firing angle on the SCRs, the start-up current can always be
maintained near a given value to achieve rapid start-up. Moreover, the improved
VSC has DC fault ride-through capability. The simulation results based on PSCAD/
EMTDC are provided to validate the feasibility of the proposed start-up method.
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1 Introduction

During the past decades, due to the increasing demand for low-carbon power grids
and progressive penetration of renewable energy sources, micro-grids with flexibility
and high controllability are considered to be one of the most promising solutions to
integrate and consume renewable energy sources (Hatziargyriou, 2008; Kakigano et al.,
2010). Considering that most of the loads and distributed sources, such as photovoltaic
arrays and energy-storage systems, are with DC output (Dragicevic et al., 2014), the DC
micro-grid is believed to have advantages over the AC micro-grid (Singh et al., 2021)
because of the reduced conversion step (Zhu et al., 2018), higher reliability
(SumanthAkash and Modi, 2020), and ease of control (Sreedhar Kumar and
Chandra Sekhar, 2015).

A schematic of a DC micro-grid is shown in Figure 1A, where a two-level VSC is the key
interface between the AC sources and DC grid due to the simplicity of the control system,
small footprint, and less investment (Georgios andMassimo, 2016; Changizian et al., 2022a).
For the conventional two-level VSC shown in Figure 1B, its small equivalent resistance can
lead to rapidly rising charging currents during the start-up process, which can damage the
vulnerable power electronic components inside the converter, therefore a proper start-up
strategy for the DC micro-grid is required (Chengyong and Ying, 2006; Li et al., 2007; Liu
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et al., 2019). It has been reported that there were accidents those
happened in the Murrylink project and Cross-Sound Cable project
because of the lack of a proper start-up operation, which caused
power electronic components to burn down and malfunctioning of
protection (Mattsson et al., 2004; Railing et al., 2004).

At present, in practical DC micro-grid demonstration
projects, only one two-level VSC is being used for start-up.
With all the other converters blocked, looking from the DC
side, these converters can be equivalent to a capacitor (Díaz
et al., 2015; Changizian et al., 2022b). As a result, the start-up of
the DC micro-grid could be considered as an equivalent capacitor
at the DC side charged by the AC sources through a two-level
VSC. Depending on the control strategy of the two-level VSC,
this start-up process of the DC micro-grid could be divided into
two stages (Lin et al., 2018).

1.1 Uncontrolled rectifier stage

In this stage, the common practice is to block all the Insulated
Gate Bipolar Transistors and install three-phase charging resistors
at the AC side to limit the starting current (Li et al., 2010;
Changizian et al., 2022b). The DC-link capacitors are charged
to the maximum line-to-line voltage at the AC side through the
charging resistors and AC-side inductor. During this period, the
starting current is closely related to the circuit parameters, that is,
the charging resistance should match the AC-side sources and DC-
link capacitance. If it is too small, an overcurrent will be generated
inside the converter, causing potential damage to the power
electronic components inside the converter or the false trip of
the relay protection on the AC side. If it is too big, the duration of
the start-up process would be quite long, that is the power supply
reliability would deteriorate, especially the system recovery process
would be prolonged significantly. In addition, since numerous
converters are connected into one DC micro-grid, the number of
converters and the equivalent DC-link capacitance are variable,
therefore it is impossible to ensure a perfect match between the
charging resistance and equivalent capacitance. Furthermore, as
for the two three-phase AC switches shown in Figure 1B used for
start-up, its closing and open time is in the order of tens or even
hundreds of milliseconds, resulting in additional cost and extra
start-up time. According to the real project, the start-up time for a
micro-grid could be several seconds.

1.2 IGBT control stage

In this stage, the DC voltage slope controllers (Jing et al., 2009a;
Song et al., 2010; Tan, 2013; Wang et al., 2016) are used to control
IGBTs such that the DC-side voltage increases gradually according
to the reference value with controllable charging current, and thus
no overcurrent or overvoltage exists during this period.

To limit the starting current of the uncontrolled rectifier stage,
different methods have been proposed. In Ned Mohan and William.
(2003); Jing et al. (2009b); Hairong et al. (2009), the most appropriate
position to install the charging resistors has been investigated, taking
into account the location of the DC outlet of the three-phase bridge, AC
side of the converter, andAC side of the power grid. In Ke et al. (2011), a
universal parameter designmethod for the charging resistors on the AC
side of the converter has been proposed based on Laplace transform.
However, it is also hard to adjust the resistance dynamically according
to the variable equivalent capacitance for these charging resistors based
start-up methods. A DC voltage regulator was used by Changizian et al.
(2022b), where the charging speed and starting current could be
controlled at any level needed, but it was not practical in an actual
project due to the high cost. An alternative method for the conventional
start-up is to use SCRs to replace charging resistors. By slowly reducing
thefiring angle of the SCRs, the starting current could be limited (Dalian
dagong andao ship technology Co. and LTD, 2011). However, the rate
at which the firing angle decreases has to be reset when the equivalent
DC-link capacitance changes. According to the thorough literature
review, the existing start-up methods for the first stage are not suitable
for the starting converter of a DC micro-grid because of the variable
equivalent DC-link capacitance.

To address this problem, an improved two-level VSC with the
advantages ofDC fault ride-through and soft start-up is proposed in this
article. The topology and control sequence of the improved two-level
VSC is briefly introduced in Section 2. The theoretical analysis of the
starting current is discussed in Section 3. Simulation is carried out for
verification in Section 4. In the end, Section 5 concludes this article.

2 Brief on improved two-level VSC

The topology of the improved two-level VSC is illustrated in
Figure 2A. Compared with a conventional two-level VSC, a SCR
(T1~T3) and an antiparallel diode (DT1~DT3) are added in the up-
bridge-arm of each phase. Referring to Figure 2A, IGBTs and the

FIGURE 1
Typical schematic of DC micro-grid and the topology of conventional two-level VSC during start-up process. (A) Typical schematic of DC micro-
grid; (B) topology of conventional two-level VSC.
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corresponding freewheel diodes are indicated by VT1~VT6 and D1~D6,
respectively. The corresponding control sequence is shown in Figure 2B.

2.1 Soft start-up process

Suppose the start-up process begins at t0. During the start-up
process, variable firing angle control is employed in the starting
converter, and all the other converters are blocked. Before the DC-
side voltage (udc) reaches the amplitude of the AC-side line-to-line
voltage (t1), with VT1~VT6 of the starting converter blocked, udc and
the current in the bridge-arm of each phase could be controlled by
adjusting the firing angle (α) of T1~T3 in the range of 0°–180°

dynamically. During this period, the ultimate safety current of the
diodes and SCRs is taken as the reference value to adjust α of T1~T3 in
each control period. In this way, udc can rise to the amplitude of the AC-
side line-to-line voltage at t1 with the maximum allowable current,
meaning the start-up time is the shortest. It should be noted that when
equivalent capacitance changes, this control method will still be valid,
and the starting current could be the invariant by adjusting α of T1~T3

properly. In this case, the start-up time becomes variable with the
equivalent capacitance.

The following is the IGBT control stage (t1~t2 in Figure 2).
Triggering signals are continuously applied on T1~T3, that is, T1~T3

are equivalent to the diodes and the improved two-level VSC is
equivalent to the conventional two-level VSC. The control signals
that are generated by the pulse width modulation (PWM) are sent to
VT1~VT6 to control udc to follow the preset DC-side voltage
reference. It should be noted that the slope reference value is
employed to prevent excessive starting current in each bridge.
When udc is finally stabilized to be the rated DC voltage, the soft
start-up process of the improved two-level VSC is completed. After
this, all the other converters in the DC micro-grid are unlocked and
begin to operate normally.

2.2 Normal operation

During the normal operation (t2~t3 in Figure 2), with T1~T3

continuously triggered and equivalent to the diodes, the improved

two-level VSC is equivalent to the conventional two-level VSC. The
constant voltage control mode or constant power control mode is
adopted by the corresponding converters connected in the micro-grid.

As for the two-level VSC, with the maximum AC-side line-to-line
voltage alternates, the corresponding IGBT and diodes constitute a boost
chopper to realize conversion from AC to DC. As a result, udc is higher
than the AC-side voltage at any time during the normal operation.

2.3 DC fault ride-through

For the DC micro-grid based on the conventional two-level
VSC, when a DC fault occurs, the DC-link capacitors discharge
rapidly, resulting in the DC voltage collapsing and surge current
with high amplitude, a long decay time constant, and no zero-
crossing point (Wang et al., 2021). Triggered by the overcurrent,
IGBTs are blocked rapidly, leaving the freewheel diodes exposed to
the long-lasting overcurrent, which can lead to the damage of the
diodes (Islam et al., 2020). Therefore, the conventional two-level
VSC lacks DC fault ride-through ability, which has been regarded as
a technical bottleneck that limits the wide industry application of the
DC micro-grid.

As for the improved VSC, when a DC fault is detected at t3 in
Figure 2B, triggered by an overcurrent, turn-off signals are sent to
IGBTs, and the triggering signals for SCRs are withdrawn after a
short time delay. By adding a small inductor at the DC outlet, udc
would drop slowly at the early stage of DC fault. Under the effect of
udc, which is larger than the AC-side voltage, the currents in T1~T3

would drop to zero in a short time. As a result, T1~T3 can be turned
off, and the electrical path from the AC source to fault point can be
blocked. In this way, almost no surge current flows through the
power electronic components inside the converter, that is, the
improved converter has the ability for DC fault ride-through.

3 Theoretical analysis of soft start-up
for DC micro-grid

As mentioned before, to achieve soft start-up of the improved
two-level VSC, on the one hand, the start-up current is expected to

FIGURE 2
Topology and control sequence of the improved VSC. (A) Topology of the improved VSC; (B) control sequence for the improved VSC.
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be always within an allowable value of power electronic components,
while on the other hand, the DC voltage is expected to rise as rapidly
as possible to realize rapid start-up. In fact, there is a contradiction
between the starting current value and rise rate of the DC-side
voltage. Therefore, the ultimate objective of the soft start-up is to
maintain the starting current in each bridge-arm close to the
allowable value by adjusting α of T1~T3 dynamically, making the
starting current independent of the equivalent capacitance, such that
the DC voltage could rise as rapidly as possible.

To provide the theoretical basis for the soft-start control
strategy, the theoretical analysis about the maximum, generation
mechanism of the starting current, and influencing factors are
conducted in this part.

3.1 Equivalent circuit of soft-start process

Since DC voltage of the DC micro-grid is established by one
starting converter, looking from the DC side, all the other converters
are equivalent to capacitors. Therefore, the equivalent circuit in the
SCR control stage is shown in Figure 3A, where Lac is the inductor on
the AC side and Cdc is the equivalent DC-link capacitor. For a DC
micro-grid, due to the small value of the AC-side inductor, at any
given time, only an up-bridge-arm connected to the highest voltage
and a down-bridge-arm connected to the lowest voltage on the AC
side are in the conducting state, that is, the maximum AC-side line-
to-line voltage source charges the equivalent capacitor of the DC
side. Based on Figure 3A, the on-state power electronic components
at different maximum line-to-line voltage are listed in Table 1. As a
result, the equivalent circuit can be simplified as shown in Figure 3B,

where uac_max is the maximumAC-side line-to-line voltage, T and D
indicate the corresponding SCR and diode in Table 1, respectively,
and uac is the equivalent AC-side voltage under the effect of the
firing angle of SCR.

By changing the firing angle (α) of T1~T3, the waveform of
uac will be changed. When α = 0°, as shown in Figure 4, each SCR
is commutated at the natural commutation point and the
waveform of uac is the envelope curve of the maximum line-
to-line voltage. With the increase of α, the average value of uac
gradually deceases and finally drops to 0 when α = 180°.
Furthermore, it is also seen that the triggering signal for SCR
in phases A, B, and C should differ by 120°. In this way, by
adjusting α, the waveform of uac can be changed and then affect
the starting current in half-bridges and rising rate of udc. When
udc reaches the amplitude of the AC-side line-to-line voltage, no
matter how α changes, udc would no longer increase, therefore
udc at the end of the SCR control phase would be the maximum
AC-side line-to-line voltage.

During the IGBT control phase, the improved two-level VSC is
equivalent to conventional VSC, and the control methods are the
same. Therefore, to avoid repetition, details about this period is not
discussed in this article.

3.2 Relationship between maximum starting
current and firing angle (α)

3.2.1 Quantitative calculation method
According to the analysis in Section 3.1, the triggering signal for

each SCR differs by 120°, therefore when the rated frequency at the

FIGURE 3
Equivalent circuit of the improved VSC in SCR control phase. (A) Equivalent circuit and (B) simplified equivalent circuit.

TABLE 1 Power electronic devices in on-state at different maximum line-to-line voltages during SCR control phase.

Maximum line-to-line voltage SCR in high-side half-bridge Diode in low-side half-bridge

uAB T1 D6

uAC T1 D2

uBC T2 D2

uBA T2 D4

uCA T3 D4

uCB T3 D6
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AC side equals 50 Hz, the basic control period of the firing angle α
becomes 6.67 ms.

Referring to the simplified equivalent circuit in Figure 3B, the
maximum current in each bridge-arm iS and DC-side voltage udc in
each basic control period can be calculated based on the equivalent
circuit shown in Figure 5, where Lac is the equivalent inductance of
each phase at the AC side, and Cdc is the equivalent capacitance at
the DC side. Due to the existence of diode seen in Figure 3B, there is
no discharge loop for Cdc, therefore udc at the end of each basic
control period is the maximum of udc_e as shown in Figure 5, and the
maximum of iS is the maximum of iS_e also seen in Figure 5.

Referring to Figure 5, the differential equation with udc_e and iS_e
as the variables is

Cdc
dudc e

dt
� iS e

2Lac
iS e

dt
+ udc e � uac

⎧⎪⎪⎪⎨⎪⎪⎪⎩ .

The corresponding state equation can be derived as follows:

dudc e

dt

diS e

dt

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �

0
1
Cdc

−1
2Lac

0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ udc e

iS e
[ ] +

0
1

2Lac

⎡⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎦ uac[ ].

During a certain basic control period, the initial value of iS_e is 0.
As a result, at a certain α and an initial value of udc_e, the numerical

solutions of udc_e and iS_e during each control period is obtained by
solving the above stated equation with the Runge–Kutta method.

3.2.2 Qualitative analysis
The numerical solution cannot clearly indicate the relationship

between the control variable (α) and controlled variable (iS),
therefore a qualitative analysis is conducted in this part.
According to Figure 3B, in a control period, based on the
Kirchhoff’s Voltage Law, the following equation is satisfied:

uac − udc � 2Lac
diS
dt

.

Bu integrating both the sides of this equation over time,

∫ uac − udc( )dt
2Lac

� iS.

Taking α = 90° as an example, the waveforms of uac and udc are
shown in Figure 6. In the control period shown in Figure 6, iS reaches
its maximum at the red dot, and its peak value is determined by the
area of the shaded part enclosed by udc and uac. As a result, when iS
exceeds the reference value, by increasing α in the next control
phase, the area enclosed by udc and uac would be reduced, and thus
the maximum of iS in the next control would be reduced. Similarly,
when iS is lower than the reference value, by decreasing α in the next

FIGURE 4
Typical waveform of uac at different firing angles of the SCRs in the improved VSC.

FIGURE 5
Equivalent circuit for the calculation of iS and udc in each basic
control period.

FIGURE 6
Typical waveforms of uac and udc when α = 90°.
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control phase, the maximum of iS in the next control would be
increased. In this way, the maximum of iS in each control period
could be maintained around the reference value to charge the
equivalent DC-link capacitor rapidly.

3.3 Dynamic control strategy of firing angle

Based on the above analysis, a dynamic control strategy of the
firing angle (α) is proposed with the goal of maintaining the
maximum for the current in the bridge-arm close to the
reference value, such that udc could rise up to the maximum AC-
side line-to-line voltage as soon as possible without causing any
overcurrent.

The flow chart of the control strategy is shown in Figure 7. In
every control period, the maximum of the bridge-arm current is
measured and compared with the reference value to calculate the
control error, which is then used as the input for the PI controller to
calculate the reference value of α for the next control period. When
udc reaches the amplitude of the AC-side line-to-line voltage, the
SCR control phase is completed.

4 Case study

To verify the proposed soft-start control method, a simplified
typical DC micro-grid model, as shown in Figure 8, is established in
PSCAD/EMTDC, the parameters of which are listed in Table 2
(Salomonsson et al., 2009). In the simulation model, VSC1 is set as
the starting converter. According to the analysis before, in the start-

up process of the two-level VSC, the current in each bridge-arm and
the duration of the start-up process should be limited. Therefore, the
maximum of the current iac and the duration of the start-up are used
to evaluate the effectiveness of the proposed soft start-up method in
this part.

4.1 Simulation results

In simulation, the soft start-up process begins at 0 s, taking the
rated current of the AC side as the reference value for the maximum
current in each bridge-arm in the SCR control phase, which is 800 A.
Once the DC-side voltage udc reaches the amplitude of the AC-side
line-to-line voltage (~465 V), triggering signals are continuously
applied to the SCRs. By controlling IGBTs with PWM, udc rises up
gradually to the rated DC voltage (500 V) in 0.1 s.

The simulation results of udc and iac are shown in Figure 9. As
shown in Figure 9, at the early stage of the SCR control phase (t <
0.25 s), due to the small value of udc, by controlling the firing angle α
for SCRs, the maximum bridge-arm current in each basic control
period can be maintained at approximately 800 A. After 0.25 s, as
udc rises, the current in each bridge-arm gradually decreases and
eventually drops to 0 with udc reaching the maximum AC-side line-
to-line voltage at 0.42 s. After this, the soft-start process enters the
IGBT control stage, and udc follows the slope reference value to the
rated DC voltage at 0.52 s. As a result, during the whole start-up
process, there is no overcurrent (>800 A) in each bridge-arm, and
udc can reach the rated DC voltage within 0.52 s. The simulation
results are consistent with the theoretical analysis in Section 3.

4.2 Discussion and comparison

To present the advantages of the proposed soft start-up method,
comparisons between the proposed soft start-up method and
conventional start-up method that have been mentioned in
Section 1 are conducted in this part. As for the conventional
method, the starting resistance is set as 0.2Ω in the typical DC
micro-grid, and the operation time of the AC switch is set to be 0.1 s.

4.2.1 Flexible starting current control
The simulation results of udc and iac using the conventional

start-up method is shown in Figure 10. As shown in Figure 10, the
start-up process begins at time 0. At first, it takes 0.1 s to switch the
starting resistors to the AC side. Then, the equivalent DC-link
capacitor is charged by a three-phase AC source through the
uncontrolled rectifier circuit. Due to the small value of the
charging resistor, iac with the peak value of 1,250 A exceeds the
rated AC phase current significantly. When udc reaches the
amplitude of the AC-side line-to-line voltage at 0.33 s, it takes
another 0.1 s for AC circuit breaker to close so that the charging
resistors are bypassed. In this case, the whole duration of the start-up
process using the conventional starting method is 0.53 s. Compared
with the proposed soft start-upmethod, the starting time is the same,
but the starting current using the conventional starting method is
uncontrollable and exceeds the limit significantly. Increasing the
value of the starting resistor is a method to solve this problem, but
the duration of the start-up process will be prolonged.

FIGURE 7
Flow chart of the dynamic control strategy of firing angle.
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More importantly, as the number of equivalent DC-link
capacitors of converters (Cdc in Figure 4) in the DC micro-grid is
variable, the charging resistance should be adjusted dynamically

according to Cdc. Since idc and udc in the start-up process using the
conventional start-up method are only dependent on the circuit
parameters before the IGBT control phase, the maximum of idc will
increase with the increase of Cdc, thus the starting resistor with a
bigger value is required. By calculating numerally, the relationship
between Cdc and the charging resistance has to limit the maximum
of iac within the rated AC phase current, as illustrated in Figure 11.

FIGURE 8
Simplified typical DC micro-grid model.

TABLE 2 Parameters of simplified typical DC micro-grid.

Parameter Symbol Value

Rated DC voltage Urated,dc 500 V

Rated AC phase-to-ground voltage Urated,ac 190 V

Rated AC phase current Irated,ac 800 A

Resistance of AC side of VSC Rac 1.36 mΩ

Reactance of AC side of VSC Lac 43.2 μH

DC-link capacitance of VSC Cd 28 mF

Length of DC cable S 100 m

Reactance of DC cable Ld 0.34 μH/m

Resistance of DC cable Rd 0.64 mΩ/m

FIGURE 9
Simulation resultsofudcand iacusing theproposedsoft start-upmethod.

FIGURE 10
Simulation results of udc and iac using conventional start-upmethod.

FIGURE 11
Relationship between Cdc and charging resistance.
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As shown in Figure 11, when Cdc is 140 mF in the DC micro-grid
during the start-up process, a starting resistance of more than 0.33Ω
is required to avoid overcurrent inside the starting converter, while
the increased starting resistance would extend the duration of the
start-up process to 0.88 s when Cdc is 56 mF.

Based on the above analysis, as for the conventional start-up
method, there is a contradiction between the start-up speed and
starting current. Therefore, it is almost impossible to adjust the
charging resistor dynamically according to the variable Cdc without
causing any overcurrent.

However, as for the proposed soft start-up method, udc can
always increase at the fastest possible speed, regardless of the
equivalent capacitance of the DC micro-grid.

4.2.2 DC fault ride-through capability
As mentioned previously, besides the ability of the soft start-

up, the improved two-level VSC is also capable of DC fault ride-
through.

In the simulation model shown in Figure 12, taking VSC1 as
an example, an inductor with a value of 20 μH is installed at the

DC outlet. A DC pole-to-pole fault occurs at t = 1s, and after a
fault detection time of 1 ms, the fault is detected. At this point,
turn-off signals are sent to VT1~VT6, and triggering signals for
T1~T3 are withdrawn after 400 μs. The simulation results are
shown in Figure 12. As shown in Figure 12A, after the DC fault
occurs, with the effect of the inductor installed at the DC outlet
when the fault is detected, the DC-side voltage is still bigger
than the amplitude of the AC-side line-to-line voltage. As a
result, fault currents inside the converter are eliminated in
0.623 ms, and there is no overcurrent inside the improved
two-level VSC.

As for the conventional two-level VSC, because of the lack of
DC fault ride-through capability, there will be a long-lasting
overcurrent in the freewheel diodes when DC fault occurs. The
simulation results of the conventional two-level VSC during the
same DC fault are shown in Figure 13. When the fault is
detected, turn-off signals are sent to IGBTs immediately,
leaving the freewheel diodes subjected to an overcurrent,
which is up to eight times the current during a normal
operation and can lead to permanent damage.

FIGURE 12
Simulation results of the improved VSC during DC fault ride-through. (A)DC-side voltage; (B)DC-side current; (C) currents in D1~D6 and T1~T3; and
(D) currents in VT1~VT6.
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According to the above analysis, when compared with the
conventional two-level VSC and start-up method, the improved
VSC can achieve flexible starting current control without depending
on the DC micro-grid parameters with the proposed soft start-up
method and have DC fault ride-through capability.

5 Conclusion

Due to the vulnerability of the power electronic components
inside the DC micro-grid, the surge current caused by charging
the DC-link capacitors during the start-up process should be
limited. The conventional start-up method for the DC micro-grid
is based on the three-phase charging resistors on the AC side
which lack controllability, thus it is hard to balance the start-up
speed and the value of the starting current. Aiming at this
problem, an improved two-level VSC with a module of an
SCR and anti-parallel diode in each up-bridge-arm is
proposed in this article. By controlling the firing angles of the
SCRs with a dynamic control strategy, not only can the starting

current be limited to a given value but also can the fast start-up of
the DC micro-grid be realized. Moreover, by rapidly turning off
all the SCRs after DC faults, the fault currents in the improved
VSC can be eliminated, which means it has DC fault ride-through
capability. The topology and control sequence of the improved
two-level VSC are introduced. The relationship between the
transient starting current and firing angles of the SCRs inside
the improved VSC is analyzed both quantitatively and
qualitatively based on the equivalent circuit during the start-
up process. According to the theoretical analysis, a dynamic
control strategy of the firing angle is proposed with the goal
of maintaining the maximum current in the bridge-arm close to
its limits so as to achieve rapid start-up without causing any
overcurrent. In the end, a simplified typical DC micro-grid model
is established in PSCAD/EMTDC for verification. The results
show that for the conventional start-up method based on the
charging resistors, the start-up time is long, and the starting
current may exceed a given value with the change of grid
parameters. For the proposed start-up method in this article,
the start-up current can always be controlled to a given value to

FIGURE 13
Simulation results of the conventional VSC during DC fault ride-through. (A) DC-side voltage; (B) DC-side current; (C) currents in D1~D6 and T1~T3;
and (D) currents in VT1~VT6.
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achieve rapid start-up without depending on the grid parameters.
The proposed start-up method can shorten the start-up time and
make the starting current controllable to significantly reduce the
risk of damage to power electronic components, thus having the
guiding significance for future constructions of the DC micro-
grid.
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