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Abstract 

The automatic reclosing strategy is an effective measure to improve the reliability of a distribution network. It 
can quickly clear instantaneous faults in the grid. The traditional transformer has proven to be reliable and robust 
during the reclosing process. However, the influence of the reclosing process on the operational characteristics 
and reliability of solid-state transformers (SST) is still unclear. The reclosing action may generate a huge inrush cur-
rent, resulting in shutdown and even damage of the SST. To address this problem, this paper proposes an inrush 
current suppression strategy. First, the operational performance of the SST under a reclosing process is discussed, 
and the inrush current generation mechanism is analyzed in detail. Then, considering the controllability of distrib-
uted generation (DG), a novel DG-supported inrush current suppression strategy is proposed. The suppression ability 
of the DG on inrush current in different initial conditions is analyzed. Finally, the effectiveness of the proposed strategy 
is verified by simulation and experiment. These show that the proposed strategy can help to enhance the FRT capa-
bility of the SST, as well as support the SST to maintain continuous power supply and physical integrity during grid 
faults.

Keywords Solid-state transformer (SST), Reclosing process, Inrush current, Distribution generation (DG), Fault ride-
through (FRT)

1 Introduction
The extensive use of distributed energy resources (DER) 
and energy storage (ES) systems has promoted the mod-
ernization of the distribution network but also compli-
cated power flow management at the distribution level 
[1]. Compared with traditional transformers that enable 
only simple functions such as voltage level scaling and 
electrical isolation, a solid-state transformer (SST) pro-
vides an excellent solution for managing power flow and 
information exchange between various micro sources, 
loads, and utility grids [2–4]. In addition, SST has also 

been equipped with other additional capabilities such 
as full-range control of terminal voltage and current [5, 
6], power quality adjustment [7], providing DC ports [8], 
and FRT [9]. Therefore, SST is expected to be a key ele-
ment in modern power distribution systems [10].

Resilience to unexpected events is one of the core 
objectives of modern distribution systems. Therefore, 
transformers are required to ride-through grid faults. 
Traditional low-frequency magnetic transformers have 
proven to be highly reliable and robust, and thus possess 
an inherent ability for FRT. However, the FRT capability 
of an SST is an unresolved issue because of the general 
performance restriction of power electronic equipment 
[11, 12]. On the one hand, in the event of grid faults, an 
SST is required to maintain grid-connection and pro-
vide reactive support to facilitate voltage restoration for 
a certain period of time so as to ride-through temporary 
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faults as far as possible [12]. On the other hand, because 
of the weak robustness and tolerance of the semicon-
ductor devices used in SST, transient overcurrent and 
large short-circuit current that may occur during grid 
faults can easily lead to the destruction of the SST [13]. 
Therefore, the SST may face serious challenges in terms 
of continuous power supply and physical integrity during 
unexpected events, especially grid faults.

In terms of power supply continuity, some research has 
been conducted on the operating characteristics and reg-
ulation strategies of an SST in DC grid fault conditions 
[9, 14–17], and AC grid fault conditions [18–22]. In the 
case of DC faults, the short-circuit fault current needs 
to be interrupted or limited by active methods because 
of the lack of natural current zero crossing. Traditional 
methods of handling DC faults rely on AC or DC cir-
cuit breakers (CB). However, all kinds of CBs, including 
mechanical CBs [23], solid-state CBs [24], and hybrid 
CBs [25], do not yet offer a good combination of char-
acteristics in terms of response speed, cost, efficiency, 
and size. To avoid the use of CBs, references [9, 14–17] 
use the fact that the active management and clearing of 
a DC fault relies on the fast current control capability of 
the SST. This is an attractive FRT solution, which avoids 
the additional cost and footprint caused by CBs while 
enabling fast response. The case of an AC grid fault may 
have a much wider impact because the AC grid is usu-
ally the main power source of the SST [18]. Preliminary 
studies have been conducted for different fault types. 
For symmetric and asymmetric voltage sag conditions, 
reference [18] proposes an LVRT strategy that is suit-
able for bidirectional power transmission. When con-
nected with new energy sources, some phases of the SST 
may inversely absorb active power during the LVRT and 
thus result in system overvoltage. The mechanism and 
suppression method of active power backflow during an 
LVRT are studied in [19]. For single-phase-to-neutral 
fault conditions, the operational mode of an SST can be 
switched from three-phase to two-phase to minimize the 
outage area. The steady-state performance and transient 
performance during the two-phase operation are stud-
ied respectively in [20] and [21, 22], respectively. In sum-
mary, with proper control, an SST is able to continuously 
supply power to end-users in the event of DC and AC 
grid faults.

On the other hand, ensuring the physical integrity of 
an SST during operation is another challenge. This issue 
has not received much attention. Compared with tradi-
tional transformers, SSTs have a much lower tolerance to 
overvoltage and overcurrent, which greatly affects their 
reliability and application [26]. Reference [27] designs a 
novel soft-start procedure for an SST to limit the inrush 
current and avoid overcurrent during the startup process. 

To limit the inrush current deriving from the transition 
in the case of a power module failure, reference [28] pro-
poses a novel redundancy scheme for an SST that can 
accomplish the faulty power module replacement process 
with nearly no transition. Ensuring that SSTs are pro-
tected from damage during onset and grid faults will be 
more challenging because of the potential of high over-
current [29]. To address this problem, existing studies 
have proposed corresponding overcurrent protection 
strategies from both hardware and software perspec-
tives [30]. On the hardware side, series converters [31] 
and fault current limiters [32, 33] can be used to limit 
persistent overcurrent during voltage dips, whereas hys-
teresis compensators [34] can suppress inrush current 
when faults occur. However, these devices will increase 
system cost while they do not supply a grid support func-
tion. Compared to the hardware-based, software-based 
approaches enable device protection at a lower cost by 
flexibly modifying the control strategy [35–37] or regu-
lating the current reference value [38–41]. However, 
most existing literature focuses on the SST devices them-
selves, while ignoring the dynamic interactions among 
the devices in the distribution network. In addition, there 
are also few studies on the self-protection and continu-
ous power supply of an SST during grid faults by flexibly 
dispatching multiple available resources in the distribu-
tion system.

The instantaneous fault is the most common fault type 
in distribution networks. Its occurrence rate is far higher 
than that of the permanent fault. To deal with the instan-
taneous fault and improve power supply reliability, auto-
matic-reclosing strategies have been widely used. That 
is, the circuit breaker will trip immediately to cut off the 
power supply when a grid fault occurs and then reclose 
automatically after a predetermined period of time. For 
an instantaneous fault, the fault has been cleared so the 
circuit breaker recloses to restore the power supply. On 
the contrary, for a permanent fault, the circuit breaker 
will trip again and no further reclosing is activated. Tra-
ditional transformers have been proven to be reliable and 
robust in the process of reclosing after long-term opti-
mization. However, the operational characteristics and 
reliability of SSTs during the reclosing process are still 
unclear.

This paper studies the operational characteristics and 
control methods of an SST in the process of reclosing 
to support its safe and reliable ride-through operation 
of grid faults. In Sect. 2, the circuit topology and control 
strategy of the SST are briefly reviewed, and the opera-
tional performance of the SST in the reclosing process is 
discussed. In Sect. 3, the generation mechanism of inrush 
current during the reclosing process is analyzed in detail. 
In Sect.  4, considering the controllability of distributed 
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generation (DG), a novel DG-supported inrush current 
suppression strategy is proposed, and the suppression 
ability of a DG on inrush current under different initial 
conditions is analyzed. Finally, in Sect. 5 simulation and 
experimental results are provided to validate the theoret-
ical analysis and control methods.

2  Operating characteristics of the SST 
during the reclosing process

2.1  Review of the SST
A typical three-stage SST consists of a medium-voltage 
(MV) input stage, an isolation stage, and a low-voltage 
(LV) output stage [42]. The input stage uses a cascaded 
H-bridge (CHB) converter to interact at the MV level 
with the AC grid and create a MV DC bus (MDCB). The 
isolation stage adopts the isolated dual-active-bridge 
(IDAB) converter to isolate disturbances and form a low-
voltage DC bus (LDCB). The LV output stage is com-
posed of a three-phase four-wire converter to form an LV 
AC grid and interact with the LDCB. The MV DC and LV 
DC are available for connecting DGs and ESs. The over-
all architecture of the studied SST is shown in Fig. 1. As 
shown, eabc is the phase voltage of the MV AC grid, iabc 
is the phase current absorbed from the AC grid, u(abc)N 
is the input voltage of the CHB, while v(abc)Hi and i(abc)Hi 
(i = 1,2,…,n) are the output DC voltage and input AC cur-
rent of each CHB submodule.

Typically, each stage of the SST is controlled by its local 
controllers and is used to achieve different control objec-
tives. In the CHB control, the outer MV DC controller 
regulates the DC-link capacitor voltage, and the inner 
current controller tracks the desired current reference. 

The control strategy is shown in Fig.  2, where vH-ref are 
the reference values of v(abc)Hi (i = 1,2,…,n), and vsum is the 
sum of the DC voltages of all CHB submodules, i.e.:

vsum =

n

i=1

vaHi +

n

i=1

vbHi +

n

i=1

vcHi

Fig. 1 Overall topology of the studied SST

Fig. 2 Control block diagram of the input stage of SST

Fig. 3 Control block diagram of the isolation stage of SST
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The IDAB is designed to regulate the constant volt-
age of the LDCB and the power balance between DC/
DC converter cells, as shown in Fig. 3. The control of the 
input-side and output-side DC voltages is achieved by 
adjusting the phase shift duty cycle of the IDAB.

2.2  Operating characteristic of SST in the traditional 
control strategy during the reclosing process

A typical distribution system with an SST is shown in 
Fig.  4. As seen, the SST is connected at the end of the 
distribution network to manage the DER and ES sys-
tems. The output power of the SST is PO, and the power 
absorbed by the load and that generated by the DG are 
Pload and PDG, respectively. The automatic reclosing 
device is equipped with a breaker (QF3). For 35 kV and 
10 kV systems, the reclosing acceleration strategy is gen-
erally adopted to quickly remove instantaneous faults. 
QF4 and QF5 control the load and DG, respectively.

The sequence of the reclosing process is shown in 
Fig.  5. At time t0, the grid fault occurs at point A or B. 
Then the relay protection acts, and the breaker QF3 is 
opened at time t1. At t2, the automatic reclosing strategy 
operates, and QF3 is reclosed. The time interval between 
t1 and t2 is usually 1 s. The voltage and current waveforms 
during the reclosing process are shown in Fig. 6.

As shown in Fig.  6, the three-phase input current of 
the SST drops to 0 immediately when the breaker QF3 
is opened at 0.4 s. The MDCB voltage and LDCB voltage 
immediately begin to drop one after another, and down 
to 0 within 0.15 s when no load rejection is implemented.

When the circuit breaker recloses at 1.4  s, both the 
MDCB and LDCB voltages increase immediately. At the 
same time, the input current also rises rapidly and far 
exceeds the rated current. Such a large inrush current 
would trigger the SST’s protection system.

3  Generation mechanism and influencing factors 
of the inrush current

3.1  Generation mechanism of the inrush current 
during the reclosing process

From the topology of the SST input stage shown in 
Fig. 1, the state equation of phase A of the CHB can be 
expressed as:

where Sai is the switching function of the ith module of 
phase a, and R is the parasitic resistance of L. The neutral 
point to ground voltage is expressed as uNO, which is 0 in 
symmetric power systems. uNO and uaN can be calculated 
as:

Other physical quantities are defined in Fig. 1, while the 
state equations of other phases can be written according 
to that of phase A.

In the dq frame, Eq. (1) can be rewritten as:

where edq, idq, and udq are the components of eabc, iabc, and 
uabc on the d- and q-axes, respectively, while ω is the fun-
damental frequency.

(1)
{

L d
dt
ia = ea − Ria − uaN − uNO

Cai
d
dt
vaHi = Saiia − iaHi, (i = 1, 2, . . . , n)

uaN =
n
∑

i=1

(SaivaHi)

uNO = −
∑

j=a,b,c

n
∑

i=1

(

SjivjHi

)

(2)

[

L
did
dt

L
diq
dt

]

=

[

−R ωL
−ωL −R

][

id
iq

]

+

[

ed − ud
eq − uq

]

Fig. 4 System structure of the distribution system

Fig. 5 The time sequence of the reclosing process

Fig. 6 Voltage and current waveforms of the SST during the reclosing 
process
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PI controllers are adopted in the MV DC voltage control-
ler and the current controller, as:

where idq
* is the reference value of idq, KvP and KvI are the 

proportional and integral coefficients of the DC voltage 
controller, respectively, while KiP and KiI are the cor-
responding proportional and integral coefficients of the 
current controller.

Substituting (3) into (2) yields:

Thus the change rate of id can be obtained from (4), as:

When the breaker closes again, there is a large devia-
tion between the expected value and the measured value 
of the DC side voltage, i.e., 3nvH-ref and vsum. The large 
deviation further leads to a large d-axis current reference 
i∗d according to (3) and a large change rate of d-axis cur-
rent according to (5). Therefore, the inrush current will 
appear and reach its extreme value when the change rate 
of the d-axis current is 0. The maximum inrush current 
id-max can be calculated by:

As can be seen from (6), the closer the actual and refer-
ence values of the MDCB voltage, the smaller the inrush 
current.

3.2  Influence of the initial phase angle on the inrush 
current

The effect of the voltage phase on the inrush current is 
analyzed in this subsection. Phase A is again taken as 
an example, and its equivalent circuit is shown in Fig. 7. 
From Fig. 7, the circuit equation can be obtained as:

(3)



















i∗d =

�

KvP +
KvI
s

�

(3nvH - ref − vsum)

ud = −

�

KiP +
KiI
s

�

(i∗d − id)+ ωLiq + ed

uq = −

�

KiP +
KiI
s

��

i∗q − iq

�

− ωLid + eq

(4)

�

L
did
dt

L
diq
dt

�

=

�

KiP +
KiI

s

��

i∗d
i∗q

�

−









�

R+ KiP

+
KiI
s

�

0

0

�

R+ KiP

+
KiI
s

�









�

id
iq

�

(5)

L
did

dt
= −Rid + ωLiq + ed − ud

= −Rid +

(

KiP +
KiI

s

)

×

[(

KvP +
KvI

s

)

(

3mvH−ref − vHsum

)

− id

]

(6)id - max =
KiPKvP(3nvH - ref − vsum)

R+ KiP

where

We take the fundamental components of voltage for 
analysis. They are given as:

where θ and φ are the initial phase angles of ea and ua, 
and Em and Um are the voltage amplitudes of ea and ua, 
respectively.

According to (9) and (7), there is

where

At the moment of reclosing action, ia is 0. Solving the 
differential equation in (10) yields:

where

and

(7)L
dia

dt
+ Ria = ea − ua

(8)ua = uaN + uNO

(9)
{

ea = Em cos(ωt + θ)

ua = Um cos(ωt + ϕ)

(10)L
dia

dt
+ Ria = Uim cos(ωt + γ )

(11)

{

Uim =
√

E2
m + U2

m − 2EmUm cos(ϕ − θ)

γ = arctan Em sin θ−Um sin ϕ
Em cos θ−Um cosϕ

(12)

ia = i∗a + Ia = Im cos(ωt + γ − α)+ In exp

(

−
R

L
t

)

Im =
Uim

√

R2 + (ωt)2
; In = −Im cos(γ − α);α = arctan

(

ωL

R

)

(13)

ia = Im cos(ωt + γ − α)− Im cos(γ − α) exp

(

−
R

L
t

)

Fig. 7 Equivalent circuit of phase A
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Similarly, the start-up currents of phases B and C can 
be obtained. As shown in (13), the inrush current is 
related to the angle γ–α. Therefore, adjusting the initial 
angle is a way to reduce the inrush current.

In terms of a three-phase system, the inrush currents of 
the three phases are difficult to optimize by phase-angle 
control simultaneously. Therefore, DC voltage stability 
control will be mainly considered in the simulations and 
experiments below.

4  Proposed inrush current suppression strategy
4.1  Regulation range of DG output power to inrush 

current
Stabilizing the DC voltage of the SST around its reference 
value helps to suppress the inrush current. To achieve 
this goal, an external power supply is required to pro-
vide energy support for the DC capacitor. It is worth not-
ing that the SST is mainly used to manage the DGs and 
ES systems of an AC/DC hybrid microgrid, rather than 
simply replacing the traditional transformer, as shown 
in Fig.  8. This provides a new solution for the FRT of 
SST, that is, suppressing the inrush current by reason-
ably scheduling the energy in the DGs and ES systems. 
In order to simplify the analysis, the DGs and ES systems 
connected to the microgrid will be considered as a whole.

We assume that the output power of the DG is adjusted 
at the time tS, and that the adjustment must be started 
before the MDCB voltage drops to 0 to ensure the sta-
bility of the LDCB voltage. Then the time sequence of 
the reclosing process shown in Fig. 5 can be modified as 
shown in Fig. 9, where Δt is the time interval from QF3 
disconnection to MDCB voltage dropping to 0. Then 
there is:

where CH is the input side DC link capacitance, and

where PO, Pload and PDG have been defined in Fig. 4.
Generally, DGs in the AC/DC microgrid are in their 

maximum output state, while the power output PO of 
the SST is small. In addition, DGs are usually controlled 
by power electronic devices and can respond quickly. 
Therefore, the DG power can be adjusted in time before 
the MDCB voltage drops to 0.

At the moment of circuit breaker opening, i.e., t1, the 
DG output power PDG⟨t1⟩ may be larger or lower than 
the load demand power Pload⟨t1⟩. An analysis of the two 
conditions is provided in the following paragraphs.

(1) PDG⟨t1⟩ ≥ Pload⟨t1⟩

 Between moments t1 and tS, the energy generated by 
the DG cannot be fully consumed by the load, and 
the excess energy will be stored in the input side 
DC link capacitor. This will raise the MDCB volt-
age, and there is:

where μ is the transmission efficiency of the DAB. 
At time tS, the DG reduces its output power and 
makes it less than the load power demand. There-
fore, the surplus energy of the input side DC link 
capacitor will be consumed, and then:

where

(14)3n×
1

2
CH

(

v2H - ref − v2H - actual

)

= PO�t

PO = Pload − PDG

(15)

µPO�t1� × (tS−t1) =
1

2
CH

∑

j=a,b,c

n
∑

i=1

(

v2H�t1� − v2jHi�tS�
)

(16)

PO�tS� × (t2 − tS) =
µ

2
CH

∑

j=a,b,c

n
∑

i=1

(

v2jHi�tS� − v2jHi�t2�
)

Fig. 8 Diagram of SST for microgrid energy management

Fig. 9 Time sequence of reclosing process considering DG operation
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 According to (15) and (16), the output power of the 
DG at time tS can be adjusted as:

(2) PDG⟨t1⟩ < Pload⟨t1⟩

 Before the DG adjusts its output power, the input 
side DC link capacitor will provide energy to the 
load. Therefore, the input DC link voltage will drop, 
as:

 At time tS, it is necessary to cut off the load and the 
energy output by the DG is used to compensate 
for the energy deficiency in the input side DC link 
capacitor, thus:

where

 From (18) and (19), the output power of the DG 
at time tS can be adjusted as:

{

PO�tS� = Pload�tS� − PDG�tS�
Pload�tS� = Pload�t1�

(17)

PDG�tS� =

µCH

∑

j=a,b,c

n
∑

i=1

(

v2jHi�t2� − v2H - ref

)

2(t2 − tS)

+
µ2(Pload�t1� − PDG�t1�)(tS − t1)

(t2 − tS)
+ Pload�tS�

(18)

PO�tS� × (tS − t1) =
µ

2
CH

∑

j=a,b,c

n
∑

i=1

(

v2H - ref − v2jHi�tS�
)

(19)

µPO�tS�(t2 − tS) =
1

2
CH

∑

j=a,b,c

n
∑

i=1

(

v2jHi�tS� − v2jHi�t2�
)

{

PO�tS� = Pload�tS� − PDG�tS�
Pload�tS� = 0

(20)

PDG�tS� =

CH

∑

j=a,b,c

n
∑

i=1

(

v2jHi�t2� − v2H - ref

)

2µ(t2 − tS)

+
(Pload�t1� − Pload�t1�)(tS − t1)

µ2(t2 − tS)

 To ensure that the inrush current generated by 
the SST does not cause the circuit breaker to oper-
ate incorrectly when the reclosing operation is per-
formed, the inrush current shall be less than 1.2–1.3 
times of the rated current, i.e.:

 Substituting (21) into (6) obtains:

 From (17), (20), and (22), the compensation 
power of DG can be obtained as:

where

where the range of the MDCB voltage when the 
circuit breaker is closed is expressed as v’H(t2) and 
shall be:

(21)|id - max| < k|idN|, k ∈ [1.2, 1.3]

(22)|3nvH - ref − vHsum| < k
R+ KiP

KiPKvP
|idN|

(23)

PDG�tS� =

{

µ
(

K1+µ2K2

)

t2−tS
+ Pload�tS� ,PDG�t1� ≥ Pload�t1�

K1+K2
µ(t2−tS)

,PDG�t1� < Pload�t1�















K1 =
3nCH

�

v′2H(t2)− v2H - ref

�

2

K2 =
(Pload�t1� − PDG�t1�)(tS − t1)

µ

(24)

v′H�t2� ∈

[

vH - ref −
k

3n

R+ KiP

KiPKvP
|idN|, vH - ref +

k

3n

R+ KiP

KiPKvP
|idN|

]

Fig. 10 The DG-supported inrush current suppression strategy
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4.2  DG‑supported inrush current suppression strategy
To reduce the inrush current, the energy in the input 
side DC link capacitor should be regulated in time to 
control the capacitor voltage before the circuit breaker 
recloses. Based on this, a novel DG-supported inrush 
current suppression strategy is proposed as shown in 
Fig. 10.

From (23) and (24), the feasible region of impulse 
current suppression strategy can be obtained, as shown 
in Fig. 11 and given as:

(1) Strategy A: PDG⟨t1⟩ ≥ Pload⟨t1⟩

 After QF3 trips, the MDCB voltage rises gradually, 
while the LDCB voltage remains stable and QF4 
remains closed. At this time, after the DG response, 
it is necessary to consume the excess energy in 
the input side DC link capacitor through the load. 
Therefore the DG adjusts its output power as:

(25)



































l0 : PDG�t1� = Pload�t1�

l1 : PDG�t1� −
�

1+ t2+tS
µ2(tS−t1)

�

Pload�t1�

=
3nCH

�

v′2H�t2�max−v2H - ref

�

2µ(tS−t1)

l2 :
�

1+ (t2−tS)µ
2

(tS−t1)

�

Pload�t1� − Pload�t1�

=
2µnCH

�

v′2H�t2�min−v2H - ref

�

2(t2−t1)

(26)

PDG�tS� =
3nµCH

(

v′2H�t2� − v2H - ref

)

2(t2 − tS)
+ Pload�tS�

+
µ2(Pload�t1� − PDG�t1�)(tS − t1)

(t2 − tS)

(2) Strategy B: PDG⟨t1⟩ < Pload⟨t1⟩

 After QF3 trips, the MDCB voltage drops gradually, 
while the LDCB voltage remains stable. Since the 
DG power supply cannot meet the load demand, 
it is necessary to trip the load, i.e., QF4 is discon-
nected. At this time, after the DG response, it is 
necessary to compensate for the energy required 
for the input side DC link capacitor before reclos-
ing the circuit breaker. Therefore, the required DG 
power is:

5  Simulation and experimental results
5.1  Simulation Results
To verify the effectiveness of the proposed inrush current 
suppression method, a MATLAB/Simulink simulation 
model containing a DG, an SST and load is established. 
The system simulation parameters are shown in Table 1.

From (14) and (21), after the circuit breaker is opened, 
the minimum time for the MDCB voltage to drop to 0 is:

and the rated current value is:

(27)

PDG�tS� =
3nCH

(

v′2H�t2� − v2H - ref

)

2µ(t2 − tS)

+
(Pload�t1� − PDG�t1�)(tS − t1)

µ2(t2 − tS)

t =
3nCHv

2
H - ref

2Pload - max

=
3× 3× 2000× 10−6 × 33002

2× 640× 103
= 0.153(S)

idN = IN =
2Pload - max

3µES
= 56(A)

Fig. 11 Feasible domain of the proposed strategy

Table 1 Simulation parameters

Parameter Value

Input voltage 10 kV

AC inductance 10 mH

Number of modules cascading 3

Capacitor of the input-side DC bus 2000 μF

Capacitor of the output-side DC bus 8000 μF

Voltage of the input-side DC bus 3300 V

Voltage of the output-side DC bus 800 V

Turn ratio of the high frequency transformer 33:8

Rate power of load 640 kVA

Efficiency of DAB 0.93

Response time of DG 0.1 s



Page 9 of 13Xie et al. Protection and Control of Modern Power Systems            (2023) 8:53  

where ES and IN are the amplitudes of the grid voltage 
and rated current, respectively.

When the circuit breaker is reclosed, then from (21), to 
keep the inrush current less than 1.3 times the rated cur-
rent, the operating range of the MDCB voltage shall be:

(1) Mode I: PDG⟨t1⟩ = 500 kW ≥ Pload⟨t1⟩ = 400 kW.

 The circuit breaker opens at 0.4  s and recloses at 
1.4 s. Between 0.4 s and 0.5 s, the input side DC link 
capacitor is in a charge state, and its voltage gradu-
ally increases. It is assumed that the output power 
of the DG is adjusted to 400  kW at 0.5  s. In this 
case, if the traditional control strategy is adopted, 
the inrush current will be greater than 1.3In, as 
shown in Fig. 12.

 From (23), to limit the inrush current, the power 
adjustment range of the DG shall be:

 Based on this, the output power of the DG is adjusted 
to 386.1  kW, and the new voltage and current 
waveforms are shown in Fig. 13. As seen there, the 
inrush current is less than 1.3In, and the SST can 
remain operational.

(2)  Mode II: PDG⟨t1⟩ = 300 kW < Pload⟨t1⟩ = 400 kW.

3220(V ) ≤ v′H(t2) ≤ 3380(V )

386.1 kW ≤ PDG(tS) ≤ 394.9 kW

Fig. 12 DC bus voltage and input current waveforms with traditional 
control strategy (Mode I)

Fig. 13 DC bus voltage and input current waveforms with proposed 
strategy (Mode I)

Fig. 14 DC bus voltage and input current waveforms with traditional 
control strategy (Mode II)

Fig. 15 DC bus voltage and input current waveforms with proposed 
strategy (Mode II)
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 The circuit breaker opens at 0.4  s and recloses at 
1.4  s. Between 0.4  s and 0.5  s, the input side DC 
link capacitor is in a discharge state, and its voltage 
gradually decreases. At 0.5  s, the load needs to be 
disconnected because the DG power supply can-
not fully provide the power required by the load. 
It is assumed that the output power of the DG is 
adjusted to 0 at 0.5 s, and consequently the MDCB 
voltage cannot reach its reference value. In this 
case, if the traditional control strategy is adopted, 
the inrush current will be greater than 1.3In, as 
shown in Fig. 14.

 From (23), to limit the inrush current, the power 
adjustment range of the DG shall be:

 Based on this, the output power of the DG is adjusted 
to 18.6 kW, and the new voltage and current wave-
forms are shown in Fig. 15. It can be seen that the 
inrush current is less than 1.3In, and the SST can 
remain in operation.

 Comparing Figs. 12, 13, 14 and 15, it can be seen that 
the inrush current can be limited to the expected 
range by adjusting the output power of the DG.

5.2  Experimental results
Low-voltage experiments are carried out to further ver-
ify the correctness and effectiveness of the suppression 
strategy proposed. The experimental parameters are 
listed in Table  2 and the experiments are conducted in 
two conditions.

(1) Mode I: PDG⟨t1⟩ = 4 kW ≥ Pload⟨t1⟩ = 3 kW.
The corresponding experimental results are shown in 

Fig. 16.

7.3 kW ≤ PDG(tS) ≤ 18.6 kW

(i) The SST works under the traditional control strat-
egy. At time t1, the circuit breaker is opened, and the 
MDCB voltage increases to 510  V. At time tS, the SST 
suspends the energy exchange between the DG and load. 
Then the MDCB voltage remains constant. At time t2, the 
circuit breaker is reclosed. The MDCB voltage falls to the 
pre-set value instantaneously, and a large inrush current 
appears on the AC side.

(ii) The SST works under the proposed control strat-
egy. At time t1, the circuit breaker is opened, and the 
MDCB voltage increases to 510 V. At time tS, the out-
put power of the DG is adjusted and the MDCB volt-
age begins to decrease. At time t2, the circuit breaker is 
reclosed, and the inrush current is less than 1.3 times 
the rated current.

Table 2 Experiment parameters

Parameter Value

Input voltage 380 V

AC inductance 2 mH

Number of modules cascading 3

Capacitor of the input-side DC bus 500 μF

Capacitor of the output-side DC bus 4000 μF

Voltage of the input-side DC bus 150 V

Voltage of the output-side DC bus 90 V

Turn ratio of the high frequency transformer 1.6–1.7

Response time of DG 0.1 s

Fig. 16 DC bus voltage and input current waveforms in mode I

Fig. 17 DC bus voltage and input current waveforms in mode II



Page 11 of 13Xie et al. Protection and Control of Modern Power Systems            (2023) 8:53  

(2) Mode II: PDG⟨t1⟩ = 2 kW < Pload⟨t1⟩ = 3 kW.
The corresponding experimental results are shown in 

Fig. 17.
 (i) The SST works under the traditional control strat-

egy. At time t1, the circuit breaker is opened, and 
the MDCB voltage decreases to 485 V. At time t2, 
the circuit breaker is reclosed. The MDCB voltage 
increases to the pre-set value instantaneously, and 
a large inrush current appears on the AC side.

 (ii) The SST works under the proposed control strat-
egy. At time t1, the circuit breaker is opened, and 
the MDCB voltage decreases to 490 V. At time tS, 
the output power of the DG is adjusted and the 
MDCB voltage begins to increase. At time t2, the 
circuit breaker is reclosed, and the inrush current is 
close to 1.3 times of the rated current.

To further reduce the inrush current, the output power 
of the DG can be calculated based on Sect. 3. The experi-
mental waveforms are shown in Fig.  18. During the 
reclosing process, the MDCB voltage can be controlled 
within a reasonable range, and there is no inrush current 
on the AC side.

In summary, the inrush current suppression strategy 
proposed in this paper can guarantee the stability of the 
output side DC bus and suppress the inrush current gen-
erated during the reclosing process.

6  Conclusion
In this paper, the SST inrush current caused by the 
reclosing process after power grid faults is analyzed, and 
a new DG-based inrush current suppression strategy is 

proposed. The proposed strategy helps to enhance the 
FRT capability of the SST and supports the SST in main-
taining continuous power supply and physical integrity 
during grid faults. The main conclusions are as follows:

(1) The internal mechanism of the SST inrush current 
caused by the reclosing process is analyzed. The 
reclosing action makes the instantaneous value of 
the SST DC side voltage deviate too much from its 
reference value, resulting in overshoots during the 
dynamic regulation process.

(2) A new DG-based inrush current suppression strat-
egy is proposed. This strategy provides short-term 
energy support for the SST by reasonably sched-
uling the energy in DGs, so as to stabilize the DC 
voltage of the SST. This further limits the error 
between the actual DC voltage and its reference 
value to a certain range to suppress the inrush cur-
rent and achieve reliable FRT.

(3) The suppression ability of the DG on inrush cur-
rent, i.e., the adjustable power range of the DG, in 
different initial conditions is analyzed. It shows that 
the energy supply relationship between the DG and 
load should be fully considered, and different con-
trol strategies should be adopted for different oper-
ating conditions.

It is worth noting that in practical engineering applica-
tion, the proposed control strategy may be limited by the 
capacity of new energy sources, and therefore cannot 
achieve suppression of SST inrush current under all oper-
ating conditions. However, this paper proposes a general-
ized approach and solution to maintain the power supply 
continuity and physical integrity of an SST during grid 
faults by rationally scheduling flexible resources in distribu-
tion networks.
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