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Introduction: With the rise of distributed energy resources, the interconnection
of distribution networks and Flexible Multi-State Switch (FMSS) has become a
key technology in the construction of new distribution networks. FMSS plays a
significant role in enhancing the reliability and flexibility of the system.

Methods: This paper investigates the impact of mode-switching in FMSSs
on voltage shocks, current shocks, and power fluctuations in the event of a
feeder fault in a multi-port flexible interconnected distribution system. Firstly, an
improved state-tracking control method is proposed to effectively mitigate these
impacts. Secondly, for feeder faults connected to the fixed DC bus voltage (Uq -
Q) control port, a reselection method for the Ug.-Q control port at the main
station is introduced, aiming to select the optimal port to maintain the stability
of the DC bus voltage.

Results: Simulation experiments have validated the effectiveness of the
proposed control method in reducing voltage and current shocks as
well as power fluctuations. Additionally, the proposed control strategy has
demonstrated an enhancement in the safe and stable operation of the system
under emergency fault conditions.

Discussion: The control strategy presented in this paper is capable of addressing
the challenges posed by feeder faults and ensuring the stability of the DC
bus voltage and reliable power supply to feeder loads, thereby enhancing the
overall performance and reliability of the flexible interconnected distribution
system. The research findings have been verified on the MATLAB/Simulink
simulation platform.

KEYWORDS

flexible multi-state switch, feeder fault, improved state tracking control, load regulation
strategy, smooth switching approach

1 Introduction

When distributed generation (DG) is widely accessed by a distribution system for its
system’s stability and security, a series of challenges are presented (Li et al., 2021). Each
distribution network transformer is often caught in a light- and heavy-load operation
state due to the uncertainty of the DG output and load casting, and the comprehensive
transformer loss rises (Wei et al., 2023). When a traditional distribution system operates
normally, the power of each distribution network is naturally distributed, and actively
regulating the load demand is impossible. When a traditional distribution network feeder
fails, relying only on the contact switch and sectional switch, the power interaction between
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the distribution network (Ji et al., 2019) cannot be regulated
to support the load and ensure the economic operation of the
distribution network transformer simultaneously.

A flexible multi-state switch (FMSS), a power electronic device
that can flexibly interconnect each distribution network, can
replace a traditional switch (Sarantakos et al., 2021). FMSS access
to the distribution network can strengthen the ability to regulate
the trend of the distribution network so that its trend distribution
becomes flexible, bidirectional, continuous, and controllable (Dong
et al,, 2018). When the distribution network feeder fails, the
intelligent distribution system can quickly detect the location and
nature of the fault and cut off the faulty part in time to minimize
the impact (Xiao et al., 2017). After isolating the faulted area, the
FMSS can utilize the unaffected DG and distribution routes to
restore power to the lost area by switching the FMSS port control
mode, effectively reducing the outage time (Wang C. et al., 2022).
However, the FMSS inevitably generates a transient adjustment
process when switching between different operation modes. To
suppress the voltage and current shocks generated during the
switching process and reduce the fluctuation of the DC-side voltage
and system power, a smooth switching method is needed to change
the FMSS’s operation state and ensure the reliability of the whole
system’s power supply after feeder failure.

At present, feeder failures of FMSS-containing distribution
systems generally exist in two cases: power-regulated (P-Q) control
ports and Ug.-Q control ports connected to feeder failures.
To ensure that the feeder loads do not lose power, carrying
out the corresponding mode-switching action is necessary, and
the switching process of different control modes has its own
characteristics. When the feeder connected to the P-Q control port
fails, quickly and accurately switching the port to the Droop control
mode with a constant AC voltage U, and a constant frequency
f is necessary. When the feeder connected to the Uq.-Q control
port fails, not only is switching the port to the Droop control mode
necessary, so, too, is selecting one of the remaining P-Q control
ports to switch to the Ug.-Q control mode.

Scholars have conducted corresponding studies on smooth
switching in these two cases, respectively, and for the P-Q control
port connected feeder failure, Liu and Wang (2023) proposed
a control strategy to improve the traditional energy storage
inverter, which reduces the power deficit, voltage fluctuation and
frequency fluctuation during the switching process by adding
additional power modules and additional frequency and voltage
control modules. However, there is no coordinated control of
the whole microgrid. Feng and Liu (2016) proposed a microgrid
optimization control strategy with a composite energy storage
device for switching between the grid-connected mode and the
islanding mode in the microgrid. Before and after the operation
mode switching, the frequency and voltage of the microgrid can
be kept within the permissible range to realize smooth switching.
Tian et al. (2017) proposed a smooth switching method based
on a controller state that effectively reduces the system transient
oscillations generated during switching. However, the redundant
Proportional Integral (PI) regulator in this method also brings
additional computation. Lin et al. (2021) proposed a smooth
switching method based on controllers’ state compensation that
effectively reduces the state differences between controllers by
setting appropriate reference values for the inner-loop currents
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and utilizing a compensation algorithm. However, due to the
uncertainty of the compensation amount, setting reasonable upper
and lower limits for the PI regulator makes it more complicated.
Wang X. et al. (2022) proposed a smooth switching method that
incorporates cooperative phase angle compensation, cooperative
control switching, and pre-synchronization techniques via an
FMSS. This method can quickly alleviate the impact caused by the
sudden change of the initial phase angle and control mode of the
FMSS at the switching instant, reduce the frequency and voltage
offset during the switching process, and shorten the recovery
time. The preceding method is able to suppress the impact of
the switching process to a certain extent when coping with such
fault conditions.

For Uq.-Q control port-connected feeder faults, Wang J. et al.
(2022) proposed a reciprocal control strategy for suppressing
voltage fluctuations, which significantly improves the stabilization
speed and suppression of DC-side voltage fluctuations under
single-port faults. However, a temporary uncontrollable state of the
system power occurs when a fault occurs at any port. Duan et al.
(2020) and Yang et al. (2021) proposed a load-balancing regulation
strategy based on virtual synchronous machine technology and
a main transformer heavy-load automatic regulation strategy,
respectively, which realized the balancing of feeder loads, as well
as the multimode control switching operation, but accordingly,
the overall structural design and the control strategy became more
complicated. Liu et al. (2024) proposed a smooth switching strategy
based on Linear Active Disturbance Rejection Control (LADRC),
that significantly reduces the magnitude of the current command
value change during the control mode switching by optimizing the
design of the DC voltage outer loop and introducing a decoupled
state observer and feedback of the inner-loop current command
value, thus realizing a smoother switching process, lowering the
DC voltage offset rate of the FMSS, and smoothing the transition
of the active power at the port. For this fault location, the
previously mentioned literature effectively reduces the DC-side
voltage fluctuation and power fluctuation brought by the switching
process, but no specific solution is given for reselecting the Ug.-Q
control port.

The Ugc-Q control port selection condition contains the
optimal operation objective operation of the system. Hu et al.
(2021) thoroughly discussed the significant advantages of FMSSs
in trend optimization and then constructed a distribution network
operation optimization model containing FMSSs. Wang et al.
(2024) proposed a flexible interconnection system optimization
operation strategy, taking into full consideration the degree of
load balance in the distribution area, the economic operation
of the main transformer, and the amount of power loss in the
faulty area, as well as other factors, and realized the flexible
interconnection system’s power flexibility through the precise
regulation of Soft Normally Open Point (SNOP). Wang et al. (2023)
proposed a two-stage optimization strategy that considered the loss
characteristics of key equipment, such as Soft Open Points (SOPs)
and distribution transformers, which reduces the total power loss
of Flexible Interconnection Distribution Network (FIND) while
realizing the optimal economic region operation of transformers
and significantly improved the system operation economy. Zhang
et al. (2019) proposed a Ug4.-Q coordination strategy and control
port selection method for FMSSs, but the method does not consider
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FIGURE 1
Five-port flexible interconnected distribution system. VSC, Voltage Source Converter.

the impact of DG access on the proposed adjustable capacity.
Tu et al. (2023) considered the economic operation interval of
transformers of different capacities and the minimization of the
integrated system losses to improve the system operation economy.
The previously discussed studies have achieved good research
results, providing a theoretical basis for this article to solve the
Ug4c-Q control port reselection problem.

In summary, in this article, for the problem of smooth switching
required for feeder faults in multi-port flexible interconnected
distribution systems and considering the economic operation of
transformers and the minimization of total system losses, a state-
tracking control strategy with an improved control structure that
can significantly suppress the voltage and current shocks and power
fluctuations brought about by the FMSS during the switching
process of the operation modes is proposed. For the Ug.-Q
control port-connected feeder failure, a reselection method for the
Uq4c-Q control port of the master station is proposed, and the
Voltage Source Converter (VSC) with the highest comprehensive
evaluation score in the remaining P-Q control modes is selected
to react as the master station, which continues to maintain the
DC bus voltage stability and ensure the balance of system power
transfer. The emergency power supply to the loads on the lost feeder
is ensured while fully consuming the distributed energy. Finally,
a multi-port flexible interconnected distribution system model is
built based on the MATLAB/Simulink simulation platform, and
the simulation results verify the effectiveness of the control strategy
proposed in the article.

2 Flexible interconnected distribution
system and its operation mode

2.1 Multi-port flexible interconnected
distribution system

As flexible
interconnection distribution system, the AC ports of five
VSCs in the FMSS device are connected to the 0.4 kV bus
of each distribution transformer; the DC side of the VSCs is
connected back-to-back, and the photovoltaic power generation
device is connected to the DC bus of the VSCs. Compared
with the traditional AC interconnection scheme, the flexible

shown in Figurel, a tested multi-port
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interconnection can effectively improve the efficiency of new
energy utilization, improve the flexibility of the distribution
network system and the controllability of the distribution network
trend, improve the economics of the distribution network
operation, and enhance the ability to respond to feeder faults in the
rapid regulation.

2.2 Control modes for multi-port FMSS

The VSCs in this multi-port FMSS flexible interconnected
distribution system are equipped with three key control modes
to cope with a system’s steady-state operation or fault-state
operation conditions.

2.2.1 P-Q control mode

The P-Q control mode can set the power command value
according to the feeder current distribution, load situation, and
optimized operation conditions and directly control the active and
reactive power output from the VSC. The power control accuracy
can be improved by adopting the steady state inverse model of the
system in Equation 1:

=3 e

Ei+EL 1)
i 2 EqP"+E4Q
q 3 Ei+E2

The block diagram of the control structure is shown in Figure 2,
with the superscript asterisk (*) indicating the reference value of the
corresponding physical quantity, and those containing superscript
asterisks (*) in the lower diagram also representing the reference
values of the corresponding physical quantities.

2.2.2 Uy.-Q control mode

The Ugqc-Q control mode stabilizes the DC bus voltage by
setting the DC bus voltage reference value to ensure a balanced VSC
active power transfer in the FMSS. The block diagram of the control
structure is shown in Figure 3.

2.2.3 Droop control mode
The Droop control mode is in the interconnected distribution
network system in the feeder loss of a power environment. The
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FIGURE 2
P-Q control mode.

FIGURE 3
Ugc-Q control mode. PI, Proportional Integral.

loads connected to the fault feeder lose grid support, and using
a fixed AC voltage and a fixed frequency control to ensure that
there is no loss of power to the load here. Figure 4 shows the block
diagram of the Droop control structure, in which Py, Qo, fo, and
Uy are the reference values of active power, reactive power, output
voltage frequency, and output voltage amplitude, respectively; kp
and kq are the corresponding Droop coeflicients, respectively; and
f *and V * are the frequency and amplitude of the generated
reference voltage. The Droop control adjusts the active and reactive
output power of the VSC by adjusting the phase and amplitude
of its output voltage, which enhances the fault tolerance of the
interconnection system to cope with feeder fault conditions.

3 Flexible interconnected distribution
network system operation
optimization and load regulation
strategy

3.1 Transformer loss characterization

The FMSS is directly connected to the low-voltage side of the
distribution transformer, and the line loss is negligible. Most of
the losses in the distribution system are transformer losses, which
are ~70% (Tu et al.,, 2023), and the comprehensive transformer
loss is closely related to the transformer loading rate, so it is
necessary to consider the variability of the economic operation
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FIGURE 5
The S9 series transformer comprehensive loss rate curve.

of the transformer with different models and capacities. Zhong
Guo Zhi Jian Chu Ban She (2009) puts forward the concept
of comprehensive power loss and comprehensive loss rate of
transformer, and its calculation equation is

APy jos = Pro + A*Prz (2)
APT_loss

x 100% (3)
ASTN €08 @ + APT o6

APt joss% =

where AP |6 is the transformer’s integrated power loss, Pro is
the transformer no-load loss (kW), A is the transformer load factor,
Py, is the transformer-rated load power loss (kW), APy 154% is the
transformer’s integrated power loss rate, Sty is the transformer’s
rated capacity (kVA), and cos¢ is the transformer power factor
0f 0.95.

In this article, the S9 series transformers are analyzed as an
example, and the comprehensive loss-rate curves of 315, 250, and
200 kVA for the S9 series transformers can be obtained from
Equations 2, 3, as shown in Figure 5. It can be seen that the
transformer’s light-load and heavy-load operation will lead to an
increase in the comprehensive loss rate of the transformer, and the
optimal economic operation interval of the S9 series transformer
is [0.25-0.75].

3.2 Load regulation strategies for flexible
interconnected distribution systems

3.2.1 Load regulation strategy objective function
According to the analysis of the loss characteristics of an S9
series transformer, the selected transformer capacity is different,
and the capacity of each port VSC in the FMSS is also different; in
the distribution network feeder failure, FMSSs need to carry out the
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corresponding mode switching, according to the actual situation of
the system operation, to ensure the system’s economy and stability.
This article puts forward a kind of economic operation interval
for the transformer in which the total loss amount for the multi-
port flexible interconnection distribution system is minimized. The
objective function of load regulation strategy and loss minimization
load regulation strategy are described, and the objective function is
defined as Equation 4:

min Eall_loss = min Z (APTi_loss + PFi_loss) (4)

i=1,2,3,4,5

where E,j joss is the total loss of the interconnected distribution
system and Pg; |0 is the active power transmission loss of VSC;.

Based on the objective function, define the calculation of each
type of loss as Equation 5:

AP joss = Prio + A2Priz
Ai = Pri/(StNicosp)
Prijoss = (1 — 1) |Pril

(i=1,2,3,4,5) (5)

where Prjo is the transformer T; no-load loss (kW), Prjz is the
transformer T; load loss (kW), A; is the load ratio of the transformer
T;, Pr; is the secondary-side output power of the transformer T;
(kW), Stni is the rated capacity of the transformer Ti (kVA), cosg
is the power factor of the transformer Ti, Pg; is the active power
transmitted by the converter i (kW), and the efficiency of the
converter 1 are 98%.

3.2.2 Constraints related to load regulation
strategies

The optimal economic operating interval of the transformer is
constrained to be Equation 6:

P .
0.2587ni < — 0 < 0.758ni(i = 1,2,3,4,5) (6)
cos ¢

The AC-side power balance constraint of the flexible
interconnected distribution system is Equation 7:

Pri + Ppi — Proagi = 0(i = 1,2,3,4,5) (7)
The FMSS DC-side power balance constraint is Equation 8:
Pog+ Y. PRp=0 (8)
i=12345
where Ppg represents the active power (kW) emitted by the PV.
The FMSS port capacity constraints are Equation 9:
[Pe1] < 200
[Pe2| < 150
|Pg3| < 100 )
[Pes| < 100
[Pps| < 100
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3.3 Port selection for constant DC bus
voltage control

When the VSC capacity of each port is the same, there
is no need for Ug.-Q control port selection. Therefore, this
article focuses on the optimal selection of Ug4.-Q control ports in
VSCs with different capacities. The traditional selection method
tends to choose the VSC with the largest port capacity as the
master; however, this method neglects the real-time operation
status of the port and the economic operation of the distribution
transformer in the interconnected system. The stability and
strength of the connected distribution network also affect the
control effect of the converter, which can control the DC
bus voltage more effectively in the case of higher stability
and strength of the distribution network. Based on this, the
regulation ability of the distribution transformer can directly
reflect the stability and strength of the distribution network
can be considered, which is mainly reflected in the size of
the transformer capacity. In summary, based on the actual
operation of each port VSC and the load regulation strategy
proposed in Section 2.2, the VSC with the highest comprehensive
evaluation score, CEI is selected to adopt the Ug.-Q control
mode, and the comprehensive evaluation score CEI is defined as
Equation 10:

CEl =« - Sgj + B - Tsei(i = 1,2,3,4,5) (10)
where Fy; 1is the VSC; capacity score, Ty; is the
distribution  transformer capacity score, Sy is the
VSC; capacity regulation margin score, o and B are
the weight coefficients of the scores, where (¢ + §
= 1), and the corresponding calculation is as follows
Equation 11:

S = 0t 212,34 11
Ty = O75mu=Sn (i=12,3,4,5) 63))

where Spn; and Sp; are the rated capacity and present output
apparent power, respectively, of VSC; and St; is the present output
apparent power of distribution transformer i.

3.4 Operational structure of the flexible
interconnected distribution system

By the loss characteristics of distribution

transformers and proposing the objective function and constraints

analyzing

related to the load regulation strategy, as well as the selection
method of the Ug.-Q control port of the master station, the
two-stage optimized regulation operation structure of the multi-
port flexible interconnected distribution network system in
steady-state operation and faults is shown in Figure 6. The smooth
switching method of the FMSS modes under the improved state
tracking control, mentioned in Stage II, is elaborated in detail in
Chapter 4.
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FIGURE 6

Source Converter.

Diagram of the operational structure of a flexible interconnected distribution system. FMSS, flexible multi-state switch; VSC, Voltage

Phase 1: Routine normal operation

Step 1: Define the objective function

min Eall_loss= A Pr; jostPri 10ss Eq. 4

Step 2: Setting up the constraint model

» The FMSS DC side power balance constraint Eq. 8
» FMSS port capacity constraints Eq. 9

Step 3: Solve the objective function

I
|
|
|
I
|
|
|
|
» The optimal economic operating interval of the transformer Eq. 6 |
|
|
|
|
|
|
Solve the model, record and adjust FMSS power command values :

|

I
I
I
I
I
I
I
I
I
: » The AC side power balance constraint Eq. 7
I
I
I
I
I
I
I

Phase 2: Feeder fault operation

Step 1: Determine the location of the feeder fault

Case 1: VSC(Uye-O control mode) connected feeder failure
Case 2: VSC(P-Q control mode) connected feeder failure

Step 2: Resolving the objective function

|
' |
' |
' |
' |
' |
' |
' |
' |
: |
I Record the power command value for each port: |
I Pry, Py, Prs |, Py, Prs I
| |
I Step 3: Determine if the Uy-QO control mode port needs to be reselected :
' |
' |
' |
' |
' |
' |
' |
' |
: |

In Case 1: Reselecting the Uy-QO control port via Eq. 10 and Eq. 11
In Case 2: Uy-O control port operates normally without reselection

Step 4: Smooth switching of FMSS operating modes

The improved state-tracking control strategy is used to smoothly switch
each VSC operation mode in FMSS, and adjust the FMSS power command
value

4 Modal operation regulation strategy of the FMSS, this article proposes an improved state-tracking

via FMSS

control method, which can effectively reduce the high computation
amount brought by the redundant PI in the traditional method

4.1 Improved state tracking control design  and effectively reduce the system overshooting amount, and the

control structure is shown in Figures 7A, B, which defines that

To cope with the voltage impact and power fluctuation the front-stage control adopts the Ug.-Q control mode, the
brought about by the instantaneous mode switching of each port ~ back-stage control is a Droop control mode, and the back-stage
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FIGURE 7

Schematic of the improved state-tracking control. (A) Improved state tracking in Ugc-Q control. (B) Improved state tracking in Droop control.

control is the control mode that follows the front-stage control
output. The improved state tracking control is to make a
difference between the output voltage of the back-stage control
input and the output voltage of the front-stage control during
the steady-state operation of the system, which is adjusted by
the PI controller, so that the voltage output of the back-stage
control before the mode switching follows the output of the
front-stage control in real time. When the feeder of the multi-
port flexible interconnected distribution system fails and the
FMSS control mode needs to be switched, the output voltage
of the two modes can be matched at the switching instant
to ensure the consistency of the output state, and the smooth
switching between different operation modes of the FMSS can be
realized by reasonably controlling the states of the A-switch and
the B-switch.

During steady-state operation, all A switches in Figure 7
conduct, and at this time, ©} 40 and ug_d,oap in the Droop
state-tracking control track the output voltage uj and ug of each
port in real time through the PI controller. When Ujy.-Q control
port connected feeder fault is detected, u}_j00p and uj_ydc as

Frontiersin Smart Grids

well as uz_dmap and “Z_Udc outputs are equal after current inner-
loop control due to the introduction of the state-tracking control.
when the FMSS mode is switched, all the A switches are turned
off and the B switches are turned on to adjust the port output
active voltages by generating the Droop-control reference voltage
V * and the reference frequency f * to regulate the port output
active power and reactive power. After the integrated time delay,
the VSC at the fault end is smoothly switched to the Droop
control mode by improving the state tracking control, and at
the same time, the VSC with the highest integrated evaluation
score is selected from the remaining P-Q control ports to be
switched to the Ug.-Q control mode, to maintain the stability
of the DC bus voltage and ensure the balance of the system
transmission power. The same is true of the connected feeder
fault at the P-Q side, which is only required to be switched to the
Droop control mode by this method, and the master port does
not need to be switched to the Droop control mode. Similarly,
the control port only needs to be switched to Droop control
mode under this method, and the master port does not need to
be reselected.

frontiersin.org
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FIGURE 8
Flow chart of mode smooth switching control. Pl, Proportional Integral.

4.2 Mode smooth switching control flow

When the distribution network feeder is faulty, the FMSS mode
smooth switching control flow is shown in Figure 8, if the faulty
feeder is connected to the Ug.-Q control port, switch S is connected
to 0; if the faulty feeder is connected to the P-Q control port, switch
S is connected to 1. According to the proposed load regulation
strategy and the master port selection method, respectively, state-
tracking control is carried out to realize the output matching of the
output voltage at the instant of switching to the Droop control, thus
enabling the interconnection system to smoothly transition to the
emergency control mode after a feeder failure.

4.3 Pre-synchronization design

During the switching process of the FMSS control mode,
the phase angle of the fault feeder voltage is affected by voltage
and frequency fluctuations, and a certain difference is generated
between the phase angle and the grid power. When the switching
is completed, the system is in an emergency control state for a time,
and to avoid a large transient shock due to phase inconsistency
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FIGURE 9
Schematics of pre-synchronization control.

when reconnecting to the grid, considering the new grid-
connecting conditions is necessary. Therefore, this article carries
out the design of pre-synchronization, mainly considering phase
pre-synchronization; by implementing phase pre-synchronization
control, the feeder phase can be gradually approximated with the
grid phase until the phase angle difference falls within the range
permitted by the grid-connecting conditions and then for the grid-
connecting closing process. Pre-synchronization control is shown
in Figure 9.

When the pre-synchronization starts, the collected grid phase
OGria creates a difference with the feeder phase 0, to get the
phase difference AO. The PI regulator outputs the frequency
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TABLE 1 Simulation parameters of a flexible interconnected system.

Parameters Values

Distribution network voltage level 10/0.4 kV

DC bus voltage Ugqe 750 V

AC feeder load; 5 100, 100, 100, 100, 100 kVA

Rated capacity of converter VSC;_s 200, 150, 100, 100, 100 kVA

Rated capacity of transformer T;_s 315, 250, 250, 250, 200 kVA

T P 1":+jQFi ¢ P, Loudi+jQLoadi

s, 04KV/I0kV
Qvsc, C+ iy H —Qo

" FAULT

Loadi

FIGURE 10
Equivalent circuit diagram of a flexible interconnected system. VSC,
Voltage Source Converter.

compensation quantity wy, which is summed with the frequency
signal 27tf™ 400p generated under the Droop control; then generates
the feeder phase Ojpac to be transmitted to the VSC as the
continuous reference phase by the Mod module of the residual
module, which ensures the coherence of the feeder phase with
the grid phase and the smooth continuity of switching action
before the grid-connecting and -switching action; and provides
phase guarantee for grid-connecting switching in the Droop
control mode.

5 Simulation verification

In this article, a five-port FMSS flexible interconnected
distribution system is constructed by simulation on the
MATLAB/Simulink platform, and the corresponding system
operating parameters are set, as shown in Table 1.

In normal steady-state operation mode, defining the power
inflow VSC as positive in direction, the PV power generation
system steadily outputs active power Ppg = 20 kW through
the Maximum Power Point Tracking (MPPT) control. From 0
to ~0.48s, the system operates normally when considering the
proposed load regulation strategy to optimize the transmission
power command values of each port, Pr, P2, Pr3, Prs, and Pgs,
as 0, —3.761, —3.019, —3.019, and —10.20 kW, respectively, the
combined loss is only 5.736 kW.

The failure of the distribution network i feeder at 0.48s will
result in the loss of support from the larger grid for the connected
load; on the low-voltage side of the transformer T;, and emergency
load transfer is required. At this time, the equivalent circuit of the
interconnection system can be uniformly analyzed in Figure 10.
After the action of the isolation switch K;, the intelligent power
distribution device FMSS sends out a mode-switching command,
and after the 0.02 s integrated time delay, the corresponding mode
smooth switching is carried out at the moment of 0.5 s.
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FIGURE 11

Voltage and current of bus 1 during hard switching. (A) Voltage of
bus 1 during hard switching. (B) Current of bus 1 during

hard switching.

Taking the distribution network 1 feeder fault state as an
example, at this time, distribution network 1 transmits power St}
= Pr; + jQr1 = 0 via T}, and the active power required by load
1 needs to be provided by other VSC,, VSC3, VSCy4, VSCs, and
DG, and transmitted to load; emergency power supply via VSC;.
Therefore, it is necessary to carry out the corresponding mode-
switching action and power regulation commands for each VSC in
the FMSS, and at this time, the transmitted power relationship is
Equation 12:

Ppg + Z Pri = —Proad
22345

(12)

The voltage and current of bus 1 under the hard switching of VSC;
port from Ug.-Q control mode to Droop control mode are shown
in Figures 11A, B, and it can be found that the peak value of voltage
impact of AC bus 1 under the unadopted regulation strategy reaches
404 V (the system steady-state operation amplitude up, is ~311V),
and the voltage overrun part exceeds the rated amplitude uy, by
29.9%; the peak value of current impact reaches 279 A (the current
amplitude iy is 215 A under the emergency control mode), and
the current overrun part exceeds the emergency current amplitude
im3 by 29.76%. Similarly, through real-time monitoring of bus 3
voltage and current, and the hard switching of P-Q control to Droop
control in the fault condition of distribution network feeder 3, the
peak value of AC bus 3 voltage impact reaches 375V, with the
voltage exceeding the rated amplitude uy, by 20.6%, and the peak
value of current impact reaches 260 A (current amplitude iy,3 under
emergency control mode is 214 A), with the current exceeding the
emergency current amplitude i3 by 21.50%.

Therefore, Scenarios 1, 2, and 3 are designed according to the
system failure types and recovery scenarios and are verified in
simulation as follows.
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TABLE 2 Comprehensive evaluation scores for each Voltage Source
Converter port.

Port Score situation Operational Selected
(e/3)] state results

VSC, 1.724 Emergency X

VSC, 1.230 Normal Vv

VSCs 0.919 Normal X

VSC, 0.919 Normal x

VSCs 0.761 Normal X

x: means that this VSC cannot be used as a new Ug4.-Q control port; ,/: means that this VSC
can be used as a new Ug.-Q control port.

5.1 Scenario 1—Failure of feeder
connected to Uy.-Q control port

When a fault occurs on the distribution network feeder 1, the
need to switch VSC; to the Droop control mode is urgent. To
maintain the system transmission power balance, according to the
selection method of fixed DC bus voltage control ports proposed
in Section 2.3, the port capacity regulation margin score is taken as
the main factor, its weighting coefficient « is assigned to be 0.6, the
distribution transformer capacity score is taken as the secondary
factor of port selection, its weighting coefficient # is assigned to
be 0.4, the VSC, with a higher CEI score is selected from the
remaining P-Q control ports switches to the Uq.-Q control mode,
and the specific CEI scores are shown in Table 2; VSC3, VSCy4, and
VSCs continue to maintain the P-Q control mode, and the power
is adjusted in real time by the re-optimized power adjustment
commands. Meanwhile, the transmission power commands Py,
P, Pr3, Prs, and Pgs of each port are corrected to —100, 28.71,
25.45, 25.84, and 0 kW, respectively, and the integrated loss is
9.083 kW.

As shown in Figures 12-14, when the control strategy proposed
in this article is adopted, the AC voltage impact of bus 1 at the
instant of mode switching decreases to 326V, and the voltage
overrun is only 4.82%up,. The current impact decreases to 225 A,
the current overrun is only 4.65%in,1, and the impact suppression
effect is obvious; the DC voltage fluctuates little after mode
switching, and the maximal voltage deviation is smaller than that
of the traditional smooth switching. After mode switching, the
DC-side voltage fluctuation is small, and the maximum voltage
deviation rate is smaller than that of the traditional smooth
switching method, which is only 0.134%. The active power response
of each port is fast, and the active power overshooting offset rate
is smaller than that of the traditional smooth switching method,
which is only 18.42%.

5.2 Scenario 2—Failure of feeder
connected to P-Q control port

When the distribution network 3 feeder fails, at this time, VSCs
needs to be urgently switched to Droop control mode, and load;
is supported by the other two ends VSC;, VSC,, VSCy, VSCs,
and DG. As shown in Figures 15-17, after a fault occurs at 0.48 s,
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FIGURE 12

Voltage and current of bus 1 during improved state tracking control
in Scenario 1. (A) Voltage of bus 1 during improved state tracking
control. (B) Current of bus 1 during improved state tracking control.
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FIGURE 13
DC bus voltage in Scenario 1.
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FIGURE 14
Active power transmitted by the five ports in Scenario 1.

the DC-side voltage will produce a small fluctuation, and after a
0.02 s integrated time delay, VSCs3 is switched to the Droop control
mode at 0.5s, and the power commands Pri, Pr2, Pr3, Pra, and Pgs
are corrected to be transmitted by the VSC;, VSC,, VSCs, VSCy,
and VSCs, respectively, of each port by means of the proposed
load regulation strategy; the values are 39.12, 22.62, —100, 18.26,
and 0 kW, respectively, and the integrated loss is 8.948 kW. After
adopting the FMSS smooth switching control strategy proposed in
this article, the AC voltage impact of bus 3 at the instant of mode
switching drops to 329 V, and the voltage overrun is only 5.78%u,.
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FIGURE 15

Voltage and current of bus 3 during improved state tracking control
in Scenario 2. (A) Voltage of bus 3 during improved state tracking
control. (B) Current of bus 3 during improved state tracking control.
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Active power transmitted by the five ports in Scenario 3.
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Active power transmitted by the five ports in Scenario 2

The current impact drops to 227 A, and the current overrun is only
6.07%im3, with a significant impact suppression effect. The voltage
fluctuation of the DC side is small after the mode switching, and the
maximal voltage deviation rate is smaller compared to that of the
traditional smooth switching method, which is only 0.180%. The
output active power of each port responds quickly, and the active
power overshoot offset rate is smaller than that of the traditional
smooth switching method, only 15.03%.
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5.3 Scenario 3—Grid-connected
pre-synchronization control

When the five-port VSC under scenarios 1 and 2 is in
emergency control mode, each port is in Ug.-Q control mode, P-
Q control mode, and Droop control mode, respectively. When the
abnormal state is lifted and new grid-connection conditions need
to be considered, grid-connection pre-synchronization processing
is required, and VSC;, which is in the Droop control mode under
Scenario 1, is able to quickly complete phase synchronization. At
the instant of grid-connection closing action, VSC; switches back
to Ugc-Q control mode to re-ensure DC bus voltage stability and
power transfer balance, and VSC; also switches back to P-Q control
mode from Ugc-Q control mode to reregulate system power. Thus,
the interconnected system is restored to steady-state operation.
Similarly, in Scenario 2, after VSC3 in Droop control mode starts
pre-synchronization, it can synchronize its AC voltage phase to
the grid voltage phase within 0.05s, and then switch VSCs control
mode to P-Q control mode while waiting for the grid-closing
action. Thus, the interconnection system restores the steady-state
operation. Scenario 2 phase pre-synchronization waveforms and
VSC transmission power waveforms of each port are shown in
Figures 18, 19.

6 Conclusion

The multi-port flexible interconnected distribution system
multimode smooth switching control strategy proposed in this
article, including the load regulation strategy, the Ug4.-Q control
port selection method, the improved state tracking control strategy,
and the grid-connected pre-synchronization method, can solve the
problem of reselection of the Uq.-Q control port of the main station
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due to the fault of the distribution feeder under the guarantee of
the economic operation of the interconnected system, and the need
of the FMSS control method to the feeder voltage, current impact,
and power fluctuation problems brought about when switching is
carried out. The conclusions are as follows:

(1) The method of selecting the Ug4.-Q control port of the master
station proposed in this article can cope with the situation
in which the connected feeder of the master station fails and
the master port faces reselection. The method is to select
the VSC with the largest comprehensive evaluation score CEI
from other P-Q control ports as the new master station,
which continues to maintain the DC bus voltage stability and
ensures the interconnected system power transfer balance. The
maximum voltage deviation rate is within 0.2% after switching.

(2) The improved state-tracking control strategy proposed in this
article can make the output voltages of the FMSS front and rear
control modes switching instantly match quickly, whether it is
a P-Q control or U4.-Q control port feeder failure, the voltage
and current shocks brought about during the mode-switching
process can be suppressed within 6% of its rated amplitude, and
the transient regulation process can be greatly shortened.

(3) The control strategy proposed in this article can realize smooth
switching between different modes of a multi-port flexible
interconnected distribution system and give full play to the
FMSS’s ability to regulate the distribution network current. It
is beneficial to the flexible interconnection system after large-
scale DG access to provide emergency power transfer support
for power loss loads in response to feeder failure environment,
which is of great significance to enhance the sustainable
and stable power supply and economic operation capability
of the new type of distribution network based on flexible
interconnection technology.
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