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The application of SOP instead of traditional tie line switches in distribution
networks can im-prove the controllability, flexibility, and renewable energy
accommodation of the distribution grids. Compared with traditional tie line
switches, SOP have high costs and large land occupation. When power
transfer is not considered, the location and capacity of SOP can be optimized
through planning algorithms to reduce the overall costs. However, the main
function of tie line switches is power transfer. If SOP as alternative devices do
not meet this requirement, their ex-tensive application will be restricted.
Therefore, this paper designs the direct current volt-age-power smooth
switching control strategy, phase angle pre-synchronization control strategy,
and voltage support control strategy based on the parallel structure of SOP
and tie line switches to ensure stable operation during the power transfer
process, through this complete control strategy, smooth switching can be
achieved to keep the DC voltage stable during the switching process,
effectively suppress the impulse current and maximize the utilization of SOP
capacity Simulations on the SIMULINK plat-form verify the feasibility of the control
strategies.
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1 Introduction

In recent years, in order to realize the adjustment of energy structure, great efforts have
been made to vigorously develop new energy sources such as wind power and photovoltaics,
which has become a national energy development strategy (Yan et al., 2022). It is predicted
that by 2030, the installed capacity of new energy power generation will account for more
than 50% of the total installed capacity of power generation, which will lead to large-scale
grid connection of new energy power generation in distribution networks. At the same time,
new types of loads such as electric vehicles and energy storage power stations have also begun
to connect to the grid. The grid connection of these new types of distributed power sources
and loads will bring great challenges to the safe and stable operation of distribution networks
(Chengshan et al., 2022).

First of all, there are problems on the power source side. Photovoltaic power generation
fluctuates greatly under the influence of weather, and wind power generation is also unstable
under the influence of wind speed. Their large-scale access will cause great fluctuations in
system power. The fluctuation on the power source side affects adjacent lines through the
power exchange between feeders, causing voltage and frequency to surge greatly, posing a
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threat to system stability (Long et al., 2016). On the other hand,
electric vehicles, energy storage power stations and other new types
of loads highlight the uncertainty on the load side. Large-scale access
of new loads makes the load curve present new stochastic
characteristics, increasing the difficulty of load forecasting. Due
to the concentrated access of new loads, unbalanced load
distribution is formed between different feeders (Qi et al., 2017).
The overlay of uncertainties on both the power source side and
load side leads to more frequent and violent power exchange
between feeders. This also brings two major problems. First, as
the frequency of power exchange increases, the switching frequency
of interlocking switches will also increase, greatly reducing the
service life of interlocking switches. Second, when interlocking
switches transmit large power, huge inrush currents will be
generated without buffering measures, endangering the safety of
interlocking switches and even the entire power system. In the past
few years, thanks to the continuous development of power
electronics technology, intelligent soft switches can be applied in
distribution networks. As a new type of intelligent terminal
equipment, the intelligent soft switch has the unique function of
achieving flexible closed-loop interconnection between feeders, and
has attracted much attention. Compared with the traditional
interlocking switch which can only be fixed open or closed, the
intelligent soft switch can gradually adjust the power sharing
between flexible
reconfiguration for peak clipping and valley filling, easing the

feeders and achieve more network
pressure on a single feeder. This is very important in dealing
with the challenges brought by large-scale new energy access.
However, if intelligent soft switches are used to meet the large-
capacity power transfer between feeders, the capacity requirements
will be high, and the investment and operating costs will also be
large, making it difficult to replace interlocking switches in a short
time. Considering the advantage of interlocking switches in carrying
large-capacity power transmission, the two should be used as
complementary technologies to give full play to their respective
technical strengths (Cao et al., 2016). One feasible idea is to use
intelligent soft switches and interlocking switches in parallel in the
distribution network, with the latter meeting the demand for large-
capacity power transfer, and the former achieving flexible
interconnection between feeders. This not only makes full use of
the technical advantages of both, but also facilitates the large-scale
application of intelligent soft switches.

In order to use the SOP in parallel with the interlocking switch for
auxiliary loop closing or flexible interconnection, a complete control
strategy is needed to ensure normal operation of the device.
Document (Chengshan et al, 2016)takes SOP as the research
object, interconnects two AC systems using SOP, models and
analyzes it in the dq coordinate system, and completes the power
exchange between the two systems with dual closed-loop control
strategy. Document (Qunhai et al., 2018)proposes a composite control
of SOP, with the converters on both sides of the SOP participating in
the control of the DC bus voltage, which can realize independent
adjustment of active power and reactive power compensation
simultaneously. Document (Cong et al, 2020)proposes a DC
voltage control strategy based on improved linear expansion state
observer, which improves the dynamic response and anti-disturbance
ability of DC voltage compared with the traditional linear expansion
state observer. Document (Guorong et al., 2019)proposes a steady-
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state. model with AC voltage amplitude and phase as control
objectives, active and reactive power as controlled objectives, and
uses the control of fundamental amplitude and phase to indirectly
control the grid-side current, i.e., indirect current control method.
Document (Guorong et al., 2020)proposes a flexible multi-state switch
smooth switching control method for grid connection and
disconnection, which can reduce voltage and current shocks
compared with traditional hard switching. However, this method
only considers AC grid faults on the PQ side converter.

Nowadays, there are many other control strategies for SOP, such
as predictive integral resonant control, which combines model
predictive control and PIR control to solve the problem of
periodic interference caused by dead zone effect and current
sampling error in the system, the output voltage control of the
boost converter is designed based on the repetition scheme of
delayed positive feedback plus feedforward path, and a fractional
delay variable frequency repetition control for torque control is
proposed by combining the phase Angle repetition controller and
the beat free current control. Based on the above analysis, most
literature focuses on improving the control strategy of SOP under
separate operation mode, which is not enough to support the control
of the parallel structure of SOP and tie switch. Therefore, based on
the parallel structure of SOP and interlocking switch, this paper
designs a series of control strategies to enable the parallel structure to
have smooth switching between control strategies and voltage
support capability under power failure conditions.

2 Topological structure and
mathematical model of SOP

2.1 The topological structure of SOP

SOP is a back-to-back topology composed of two voltage source
converters (VSCs), VSCI and VSC2, which consist of high-power
fully controllable power electronic devices IGBTSs, connected in
parallel through a DC capacitor C.

SOP is often used to replace tie switches to connect two feeders.
When tie switches in the distribution network are replaced by SOP,
accurate power control and flexible power exchange can be achieved
through appropriate control strategies.

2.2 The mathematical model of SOP

The AC-side mathematical model of the SOP converter is time-
varying AC quantities in the abc coordinate system. If controlled in
this state, it will affect the state tracking speed and error of the
control system, and the control design is complex. To simplify the
control system and ensure fast and precise control, the time-varying
AC quantities can be transformed into DC components in the
coordinate

synchronously rotating dq system,

decoupling between variables. The specific steps are divided into

realizing

two parts: First, the abc coordinate system is transformed into the
two-phase stationary af coordinate system through Clark
transformation. Second, the coordinate system is transformed
into the dq coordinate system through Park transformation
(Husam and Spyros, 2022).
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FIGURE 1
Constant power control block diagram.

According to the transformation matrix, the mathematical
model of the SOP system can be transformed into the dq
coordinate system:

R 1 [ UacMar — E1a ]
C — w | _—
dlin] | L i L o
dt iql Rl iql UgcMg — Elq
= = —w —_— - = S
L L, L L |
I R, ] [ Exi — tacan
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dlin|_ | L taz L, @)
dt iqz R, iqz EZq — UdcMgp
- = —w —_— - = —_—
L ™ L, L L J
dug, _ Marig + Mgig _ Maiay + Mypig 3)
dt C C

2.3 The fundamental control strategies
of SOP

2.3.1 Current inner loop control

Due to the flexibility of the SOP device, which enables
bidirectional power ex-change capabilities, the VSCs on both
sides can switch operation modes, transitioning between
rectification and inversion. Therefore, a dual closed-loop control
strategy is selected to control the system (Xiaodong et al., 2021;
Chengwei et al., 2022).

First, the inner loop needs a decoupled design for PQ (Dejan and
Predrag, 2021). Expanding the mathematical model of VSCI in the

dq coordinate system yields (Chengwei et al., 2020):

dig . .
le_: —Riigy + w Lyigg = Vg + Epg
t
di )
1 . .
le—i: _Rllql + w1 Lyig — qu + Elq

At this point, it can be seen that initially the d-axis and q-axis are
coupled to each other. However, in the mathematical model, the
terms V4 and V4 can be designed. Therefore, the coupling terms
and grid disturbance terms can be added to V4 and V4 respectively
to counteract:
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Via= _KPl(idlref - idl) - K“(idlref - idl) +w,Liy + Eyg “
Vig= —Km(iqlref = iql) - Kil(iqlref - iql) +w Lig+ Ey
LI% + Ryigi= =K (iaires = iar ) = Kin(iarres — iar)

] (6)
L1% + R1iq1: _KPl(iqlref - iql) - Kil(iqlref — iql)

At this point, from Equation 6 it can be seen that the obtained
new model achieves decoupled control of PQ, which enables
separated control of active and reactive power output.

2.3.2 Active power control

For the inner loop control strategy to function properly, it requires
reference inputs for the d-axis and q-axis. The role of the outer loop
control strategy is to convert the input power or DC voltage references
into current references. Based on the control method, it can be divided
into constant power control and constant DC voltage control.

The SOP can implement inter-port power flow control. The
outer power control loop determines the AC and circulating current
references for the inner loop based on the active power p* and
reactive power q* references of the converter output. The control
block diagram is shown in Figure 1.

2.3.3 DC voltage control

For normal operation of the SOP, the DC voltage needs to be
kept constant. Therefore, during actual operation, one side of the
SOP always needs to maintain constant DC voltage control. Also, in
case of a fault, this control strategy needs to be im-mediately
transferred to the non-fault side. The control block diagram is
shown in Figure 2.

3 Analysis of inrush current during loop
closing

As shown in Figure 3, r represents the rectification side of the
SOP system, and i represents the inversion side.

Based on different control systems, the SOP converter node can
operate with PV node characteristics, such as rectification side
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Constant DC voltage control block diagram.
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FIGURE 3
(A) Rectifier side; (B) inverter side

constant power control - inverter side constant voltage control; it can
also operate with PQ node characteristics, such as rectification side
constant power control—inverter side constant reactive power control.
Regardless of which node characteristic state it operates in, the power
characteristics of the converter station, while satisfying the power flow
equation constraints, will also be constrained by the value range of its
own state variables, which can be expressed mathematically as:

X min £ X < X may (7)

Here, the state variable x mainly includes the bus voltages and
their angles, active and reactive powers at both ends of the SOP, and
DC current or DC voltage, as shown in Figure 4.

The power injected from the AC system into the SOP system,
i.e., the power flow equation for the common node between the AC
network and the SOP system is:

P, =|Y|[U?cos 8 = UU, cos (8 + 0)] (8)
Q. =[Y|[U?sin 0 — U U, sin(8 + )] + Q. 9)

Based on this power flow equation, the power injected into the
SOP converter can be obtained as:

P, =|Y|[U,U;cos(8 - 6) — U, cos 6] (10)
Quc = [Y|[-UuUssin (8 - 8) - U sin 0] (11)
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Based on the assumption that converter active power losses are
neglected, the following equation exists at the AC-DC interface of
the SOP system:

Po =Py, (12)

For the DC line, the following power balance relationship can be
established:

Pdcr - Pdci_ZRdclsc: 0 (13)

Simplifying gives

Uder = Usei — Raclac=0 (14)

The formula for the loop closure impact current of the tie switch
can be derived as:

(V= V2o

L'=I+
N T B (X + jXmn + Zy + Z)

(15)

It can be seen from Equation 9 that under the premise that the
parameters are determined, the value on the numerator is constant.
So as long as it is proved that the voltage difference between the two
sides when SOP is present is less than that when SOP is not present,
the conclusion can be obtained.
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FIGURE 4

Smooth transition control block diagram between DC voltage control and power control.
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FIGURE 5
Overall control flow chart.

4 Improved control strategy for SOP

The power supply transfer involves three main improved control
strategies: 1) Smooth transition control strategy of DC voltage-
power control. 2) Phase angle pre-synchronization control strategy.
3) Voltage support control strategy.

When the monitored voltage per unit value at the load drops
below 0.9, since one side of the SOP must be ensured to have DC
voltage control and be operating normally, first it is determined
whether the voltage drop node corresponds to the DC voltage
control side. If voltage drop is detected on the DC voltage
control side, then the normally operating active power control
side is switched to DC voltage control. Otherwise, no switching
is required. Then, a series of voltage support controls are activated,
followed by smooth phase pre-synchronization control. Finally, the
tie switch is closed, and the SOP output is set to 0. The specific
control process is shown in Figure 5.

Frontiers in Energy Research

4.1 Smooth switching control strategy
between DC voltage control and power
control

DC voltage control side converter is the key to ensure the stable
operation of SOP. When the power grid fails on the DC voltage
control side, it must be switched to the non-fault side. However, in
this switching process, the direct switch inevitably causes a sudden
change in the current of the q axis and the d axis, thus affecting the
stability of the DC voltage, which is not desirable. In order to solve
this problem, the smooth switching control strategy is adopted in
this paper. The smooth switching control policy records the current
reference value output by the active power control module at the
switching moment. This reference value is the sum of the output
current reference value of the DC voltage control module after
resetting the PI controller. In this process, a weight ratio is assigned
to the reference value recorded instantaneously, and gradually
decreases from 1 to 0, which realizes the smooth switching of
control strategies. In this way, the sudden change of q and d axis
current caused by the switching process is successfully reduced, and
the stability of DC voltage is improved.

4.2 Phase angle pre-synchronization control
strategy

After the distribution line circuit breaker is tripped and before
the tie switch is closed, the SOP needs to provide voltage and
frequency support to the blackout area. To stabilize the
frequency and adjust the voltage phase of the SOP port on the
fault feeder side, a smooth voltage phase pre-synchronization
control is set. Taking the VSCI1 side as an example to introduce
this control strategy, when this side is operating normally, the
selector chooses position 1, and the PLL outputs the phase
01 normally. When voltage sag occurs, the selector chooses
position 0. At this time, the input of the PI controller is the
difference between the angle obtained by the PLL on the voltage
sag side and the angle of the PLL on the normal operation side. By
summing the PI controller output with the original output angle, the
phase can be adjusted. The specific control block diagram is shown
in Figure 6.
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FIGURE 6
Phase angle pre-synchronization control strategy block diagram.
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FIGURE 7
Voltage support control strategy flowchart.

4.3 Voltage support control strategy

The specific control block diagram of the voltage support control
strategy is shown in Figure 7. Under the voltage support control, the
capacity of the SOP should be used as much as possible to restore the
voltage, and then the active power is provided to the load to the
maximum extent within the capacity range of the SOP. After
SOP
transmitting power from 0 until its capacity limit. During this

activating the voltage support control, the starts
process, the voltage at the voltage sag node is monitored
continuously. According to the monitoring results, there can be
two cases. First, the first case is introduced where the voltage value at
the node still does not reach 0.9 p.u. until the SOP capacity limit. The
premise of this case is that the planned SOP capacity is small and the
maximum reactive power output will not lead to overvoltage. At this

time, the power reference value can be obtained from Equation 16.

Quus = Qsop.max> (t>tp +t7)
ref C- (t—tp)/T - Qsop.max> (t<tp+17) 6
P VS50p. max ~ Qsop. max > (£ > tr +12) (16)
o C . (t - tF)/T : VSSOPAmax - QSOPAmax > (t < tF + tz)
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In the equation: Qgop.max i the reactive power capacity upper
limit specified for the SOP, tr is the fault time, ¢, is the time used for
power supply transfer, C is a time constant that varies with changes
in tz, T is the unit time.

Case 1 assumes a small planned SOP capacity, where the
output at maximum reactive power capacity of the SOP will not
exceed 0.9 p.u. However, exceeding 0.9 p.u. may actually occur in
practice. In such cases where the voltage level already meets the
requirements, active power can be transmitted as much as possible.
The power reference value at this time can be obtained from
Equation 8.

Q = c- (tstop - tF)/T . QSOP.max; (t > tstop)
! C-(t- tF)/T * Qs0p. max> (t < tsmp)

SéORmax - 3ef > (t>tF + tZ)

Poj=4C-(t- tF)/T- \S0p mas = Qs (tatop <t <tp +17)
C-(t- tF)/T ' VS§OP.max - Q§OP.max 4 (t<t5t017)

(17)

In the equation: £, is the time when the voltage per unit reaches
0.9, i.e., the time when reactive power stops increasing.

5 Numerical example analysis

To verify the correctness of the power supply transfer strategy
and control strategy mentioned in this paper, a model was built
using the SIMULINK simulation platform according to Figure 8. In
the 33-node distribution system shown in Figure 8, the SOP device
with auxiliary hybrid DC circuit is connected in parallel with the tie
switch be-tween node 18 and node 33. In the simulation, voltage sag
is set at node 18. According to the extent of voltage drop, it
corresponds to case 1 and case 2 of the voltage support control
strategy, respectively.

5.1 Smooth switching control strategy

5.1.1 Smooth transition control between DC
voltage control and power control

Under the initial system conditions, VSC1 side is under active
power-reactive power control, and VSC2 side is under DC voltage-
reactive power control for normal system operation. It is set that
voltage sag occurs on the VSC2 side at 1s. The system determines
that the VSC2 side loses DC voltage control capability, and the
normally operating VSC1 side needs to be switched to DC voltage-
reactive power control to ensure normal operation of the intelligent
soft switch. When the fault occurs, direct switching control strategy
and smooth switching control strategy are used to switch the system
control strategy, respectively. The specific DC voltage waveforms are
shown in Figure 9.

It can be seen that when using the direct switching control
strategy, the DC voltage fluctuates greatly and only returns to
normal after 0.2s (Figure 10). When using the smooth switching
control strategy proposed in this paper, the DC voltage only has
slight fluctuations within 0.1s, and the maximum fluctuation does
not exceed 0.05%. Therefore, the method proposed in this paper can
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achieve smooth switching of the control strategies between the
VSC1 and VSC2 sides.

5.1.2 Smooth voltage phase pre-synchronization
control

After the voltage sag, the system voltage phase starts to deviate,
and the degree of deviation depends on the severity of the fault.
Before closing, it will detect whether the phase deviation at both ends
is less than the preset value, as shown in Figure 11. At 2s, it is
detected that the phase deviation on both sides is greater than the
preset value, and the voltage phase smooth pre-synchronization
control is started to adjust the phase deviation to be less than the
preset value within 5 cycles, after which a signal is issued to close the
tie switch.

5.2 Voltage support control strategy

Under the initial system state, VSC1 side is under active
power-reactive power control, and VSC2 side is under DC

Frontiers in Energy Research

07

1.5 2
Time (s)

2.5 3

voltage-reactive power control for normal system operation.
At 1s, the system detects voltage sag on the VSC2 side. The
SOP starts to transfer power from VSC1 side to VSC2 side. Based
on the voltage value during the voltage recovery process, there
can be two cases:

5.2.1 Voltage did not reach 0.9 per unit during
restoration process

At 1s, the control system detects the voltage sag. The active
power and reactive power start to increase, as shown in Figure 12. In
the time period from 1s to 1.5s, the active power and reactive power
gradually increase at a certain ratio until their capacity upper limit.
At 2s, due to the closing of the contact switch, the power transmitted
by SOP is affected and fluctuates to a certain extent. At 2.5 s, SOP
exits operation and the transmitted power returns to zero.

As can be seen from Figure 13, until the power transfer is
completed at 1.5 s, the per unit value of the load voltage still does not
reach 0.9, which proves that even if the re-active power is fully
delivered, the load voltage cannot be raised to normal levels. Ac-
cording to the principle of using the limited SOP capacity for voltage
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recovery, in this case, the reactive power will naturally not be
reduced to increase the active power. Therefore, the control

strategy does not change between 1s and 1.5s.
At 2s, the SOP operation is completed and the tie switch is

-

6 I frar l ‘, | | | | | ‘}

s |l [ I "" ’/ closed. As can be seen from the figure, at the moment of tie switch

: N ; ',‘ | closure, the remaining part of the power is transferred. The amount
of power transferred is smaller than before the SOP operation. At

- 2.5s, the SOP exits operation, and the part of power originally
transferred by the SOP is again transferred through the tie switch,

-
T

] thereby achieving staged power transfer.

N |
5.2.2 Voltage reached 0.9 per unit during

T T
‘ ‘ restoration process
As shown in Figure 14, at 1.27 s, the per unit value of the voltage
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™ w
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reaches 0.9, and the voltage is raised to normal levels. According to
2.00 2.05 2.10 2.15 2.20 the principle that the SOP capacity is prioritized for recovery, when
Time(s) the voltage reaches normal levels, the remaining capacity will be
used to transfer active power. As shown in Figure 15, the reactive

power stops increasing at this point, while the active power grows

FIGURE 10
Phase angle across the tie switch.
faster until the SOP capacity upper limit.

10° 10"
T 1
| |
| |
12 | r——— 12 |
| [
| |
10 ! 10 }
|
-_ o |
z 8 z 8 |
-4 B |
6 Z [
H
3 g ° \
e | 2 |
€ € 4 \‘7 I
< E )
: 2
0
: ’ !
.5 5 5 .
0 L L ! 2 2 3 0 05 1 s 3 25 3
Time(s)
Time(s)

FIGURE 11
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6 Conclusion

A complete control strategy is designed for the parallel structure of
SOP and tie switch. The simulation results show that on one hand, this
control strategy can first achieve smooth switching between different
control strategies, which is especially reflected in the switching between
DC voltage control and power control. The impact on the DC current
during the switching process is significantly suppressed. In addition, it
is also reflected in the phase calibration before closing the loop, which
can adjust the phases on both sides to the required range within
5 cycles. On the other hand, under this control strategy, based on the
principle that the transmitted power is primarily used to support the
voltage, the SOP capacity can be utilized as much as possible to reduce
the impact during loop closing. In summary, the proposed control
strategy achieves smooth transition between different control modes
and coordinated operation of SOP and tie switch to maximize SOP
capacity while minimizing impact during loop closing. In conclusion,
the proposed control strategy can firstly achieve smooth switching
when switching between different control modes. During the switching
process, DC voltage remains stable, and SOP delivers power stably to
track reference values. Secondly, part of power is transferred first
through SOP, and then the other part is transferred through the tie,
which can effectively suppress impulse current and extend service life.
Finally, the control strategy can maximize the utilization of SOP
capacity and transfer as much active power as possible under the
premise of ensuring that the voltage meets the requirements. The
simulation verifies its effectiveness.
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