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Transient Analysis and Overcurrent Limited Strategy
for Supply Restoration-Oriented Hybrid Soft Open
Point

Zhenhong Lai
Fang Zhuo

Abstract—The hybrid soft open point (HSOP), formed by the
parallel combination of the normally open point (NOP) and the soft
open point (SOP), combines the advantages of flexibility and high
cost-efficiency. At the power outage moment, the seamless switching
process of HSOP contains a co-operation state with NOP and SOP
parallel working together. This state involves current transitions
between NOP and SOP, which may cause overcurrent and trigger
the protection shutdown. To address this issue, a wide-band math-
ematical model is established to analyze and evaluate the transiting
current, including high-frequency transiting current caused by
the phase difference of pulsewidth modulation, and low-frequency
overcurrent caused by a grid voltage step change. Based on the
analysis, a high-frequency overcurrent limitation strategy is intro-
duced, relying on the synchronization modulation strategy, and a
low-frequency overcurrent limitation strategy is proposed, based
on virtual impedance. The effectiveness of the proposed strategy
is validated by operating the whole switching process with the
simulation and a downscaled experimental platform. According
to the experimental results, the SOP can support the load voltage
within 20 ms after the power outage. Moreover, the high-frequency
currents can be suppressed to around 10% compared to extreme
cases, and the low-frequency overcurrent can be completely inhib-
ited.

Index Terms—Hybrid soft open point (HSOP), mode switching,
overcurrent limited strategy, power outage, resilient distribution
networks, transient analysis.

I. INTRODUCTION

HE resilient distribution networks have attracted signifi-
T cant attention since their self-healing ability can guarantee
power supply as much as possible under grid faults [1]. After
a power outage caused by a grid fault happens in the resilient
distribution system, distributed generations (DG) and restoration
devices are utilized to realize the structural reconfiguration of
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networks and power supply restoration [2], [3], [4]. Hence, the
restoration device plays an important role in enhancing system
resilience.

The restoration device that connects multiple networks is
typically the remote-controlled switch or the manual switch,
designed to close only in the event of a grid fault [1]. Therefore,
they are also referred to as the normally open point (NOP). With
the advancement of power electronic technology, the soft open
point (SOP) with enhanced functionalities receives significant
attention and is anticipated to replace the NOP. Among the vari-
ous SOP structures, the back-to-back (B2B) type and the unified
power flow controller (UPFC) are the two main configurations.
However, the former is more suitable to construct a resilient
distribution system despite the low cost of UPFC [5].

Compared to the NOP, the SOP usually operates in the grid-
following mode during normal conditions and automatically
switches to the grid-forming mode to support load voltage
during power grid outages [6], [7]. A mode switching control
strategy of the SOP has been proposed to realize the seamless
switching transitions in [8]. In addition to supply restoration,
the SOP can interconnect asynchronous systems and achieve
various control objectives with rapid response, such as balancing
feeders’ load [9], coordinating renewable energy resources [10],
and addressing power quality issues [11]. The ability of flexible
interconnection is the core reason that make the SOP more antic-
ipated than the NOP. However, the capacity required for normal
operating conditions is significantly lower than that needed for
the supply restoration [12]. Furthermore, the power density and
loss issues are major drawbacks of power electronic devices
[13], [14]. Utilizing the SOP for supply restoration requires
designing power electronics devices with large capacity and
volume, leading to decreased cost-efficiency. On the contrary,
mechanical switches offer the advantages of lower losses and
smaller sizes, making the NOP more widely adopted in engi-
neering applications despite its single-function design. For this
reason, combining the merits of NOP and SOP to design the
hybrid soft open point (HSOP) holds meaningful potential.

Parallel connection of the SOP and the NOP, with the SOP
operating under normal conditions and the NOP restoring load
under a power outage, leads to a typical structure of the HSOP.
In [12] and [15], the system restoration algorithm of the HSOP
is proposed; however, detailed control strategies at the device
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level have been overlooked. In [16], the control strategy of the
HSOP is proposed to realize the island mode and grid-connected
mode of the microgrid. However, grid fault conditions are not
taken into the consideration. In [17], a complete mode switching
process is provided, including the faultride through stage and the
supply restoration. The control strategy of the HSOP under grid
faults have been proposed in [18] with the objects of minimizing
the voltage fluctuation when the fault occurs and limiting the
current of the interconnection switch when the fault is elimi-
nated. Nevertheless, the supply restoration process involves the
current transitions between the NOP and the SOP, which may
lead to overcurrent and cause damage to power-semiconductors.
In [19], the equivalent circuit of the transient structure of the
HSOP is built to calculate the overcurrent, and the overcurrent
limited strategy is introduced, but only the low-frequency over-
current is considered, and the voltage sags caused by output
power saturation have been overlooked. The actual situation of
insufficient SOP capacity is critical for the analysis of HSOP’s
switching process, and the corresponding high-frequency and
low-frequency overcurrent are still the unresolved issues. Ac-
cordingly, this article aims to provide a comprehensive analysis
of the HSOP during a power outage, especially addressing the
capacity of SOP relative to the power of the load and the wide-
band transient overcurrent caused generated by the switching
process.

The high-frequency overcurrent can be mitigated through
modified modulation strategies or the use of hardware solutions.
As mentioned in [19], the HSOP is regarded as the parallel
connected converters under the short-circuit state of the switch-
ing process. In [20], a novel modulation strategy based on the
space vector pulsewidth modulation (SVPWM) is introduced to
restrain the zero-sequence circulating current (ZSCC). Addition-
ally, a novel carrier-based pulsewidth modulation is proposed
to achieve effects similar to the SVPWM and limit the ZSCC
with the autonomous synchronization of the carrier phase [21],
[22]. The implementation of these methods needs more complex
calculations. A modified LCL-filter is analyzed in [23], [24],
and [25], and ZSCC can be suppressed by the modified the
connection of LCL filter, which is easily achievable. However,
these strategies only focus on the ZSCC, which is insufficient
for the high-frequency current suppression. Fourier Series is
employed in this article to describe the transient high-frequency
component that is hardly influenced by control systems, and the
synchronization modulation strategy is proposed to suppress the
high-frequency output current, encompassing but not limited to
ZSCC.

In another respect, research on low-frequency overcurrent
suppression predominantly centers around the current limit-
ing strategy. The objectives of the current limitation for grid-
following converters include two aspects. The first one is to avoid
the output overcurrent by constraining the current reference. The
second one is to prevent other abnormal phenomena, including
suppressing the output power fluctuation [26], supporting the bus
voltage [27], and limiting the negative- and zero- sequence fault
current [28]. The virtual impedance can be employed as part of
the current limiting strategy for grid-forming converters. In [29],
the virtual synchronous machine and the virtual impedance are
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combined to suppress the overcurrent. In contrast, the virtual
impedance is added to the control system only under the grid
fault in [30] and [31]. Moreover, when the virtual impedance’s
voltage is added to the modulation waveform, it can enhance
the response speed of the virtual impedance component [31].
The design process of the virtual impedance is also critical, with
stability and response speed as key objectives [32], [33]. Com-
bining the current limiting strategy for both grid-following and
grid-forming converters, a control strategy for more effectively
completing the switching process of the HSOP is proposed in
this rticle. In addition, the proposed method’s effect is evaluated
in both the time domain and frequency domain [34].

Compared to these previous research works, the synchroniza-
tion modulation strategy and the control strategy based on the
virtual impedance are proposed to ensure the smooth operation
of the HSOP’s switching process. The rest of the article is
organized as follows.

1) InSectionII, a detailed description of the HSOP switching
process is provided, emphasizing its capability to achieve
seamless mode switching during a power outage. The
corresponding mathematical model of the system in the
co-operation state is built, enabling the theoretical calcu-
lation of the output current.

2) In Section III, the high-frequency transient component
is calculated. Through the analysis, the optimal modu-
lation strategy is identified to mitigate the risk of the
high-frequency overcurrent and prevent potential damages
during the switching process.

3) In Section IV, the design process of the proposed control
strategy incorporating virtual impedance is elaborated.
By meticulously designing the parameters, the HSOP can
rapidly support the load voltage during a power outage and
prevent low-frequency overcurrent during the seamless
switching process.

4) In Sections V and VI, the simulation and the experiment
of the proposed switching process are presented. Finally,
Section VII concludes this article.

II. SWITCH PROCESS AND MATHEMATICAL MODEL

Asiillustrated in Fig. 1, the hybrid soft open point is comprised
of an interconnection switch and a B2B-type SOP. The B2B-
type SOP consists of two voltage source converters (VSC), the
topology of which is usually the modular multilevel converter,
the cascaded H-bridge converter, the multilevel converter, and
so on [35], [36]. In this article, a three-level neutral clamped
converter (NPC) is used as a case study for analysis. Under
the normal operating conditions, VSCI is controlled to sta-
bilize the voltage of the dc bus and VSC2 is controlled to
output fundamental-frequency and harmonic current according
to the given commands. Thus, the current loop of each VSC
is important, and the proportional-resonant (PR) controller is
adopted. The detailed information about the current loop has
been omitted, as it has been applied widely and is well-known.

The interconnection switch is a mechanical device used to
divert high-power load during the supply restoration. The ca-
pacity of the SOP is much smaller than the total power of
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Fig. 1. Typical structure of HSOP.

substation outage load since the SOP is only used to regulate
the power flow and mitigate harmonic and unbalanced current
in normal operating conditions. Consequently, the switching
process signifies the HSOP transitioning from the SOP working
mode to the interconnection switch working mode.

A. Mode Switching Process Under Power Outage

The switching process of HSOP occurs only if the primary
power supply of one side is cut off. The entire process is
illustrated in Fig. 2. The diagram of the load voltage and output
current of the VSC at the fault side is also depicted.

In normal operating conditions, the SOP regulates the power
flow between feeders, as shown in Fig. 2(a). After the grid fault
happens, as illustrated in Fig. 2(b), the load voltage decreases,
and the fault ride through strategies can be immediately applied
to the grid-connected converter [26]. The relay protections will
open the circuit breakers near the fault by detecting the features
of grid fault [37], [38], [39]. Primary power may be cut off as
soon as relay protections actuate, resulting in some loads losing
the power supply. The control system of the SOP will turn into
grid-forming mode to support the load voltage and send the
close command to the interconnection switch, as depicted in
Fig. 2(c). The SOP needs to support load voltage alone because
the close action of the interconnection switches typically takes
tens of milliseconds [40]. As shown in Fig. 2(d), at the moment
the interconnection switch closes, the SOP and the interconnec-
tion switch work together, defined as the co-operation state for
convenience. After that, the SOP shuts down.

As presented in the above description, the stage (d) of Fig. 2
will introduce a transient short-circuit loop into the device.
Therefore, it is critical to analyze the principles of voltage and
current during this transient state.

B. Output Current Model Under Transient State

During the co-operation state, the converters of the SOP share
the same dc bus and ac bus, adopting a structure similar to paral-
leled interleaved converters. Each half-bridge can be equivalent
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to a controlled voltage source, with the negative electrode being
the neutral point of the dc bus [20]. With the same equivalent
method in [19], the output current can be expressed as follows:

. Z3/2 Vi
ok = Gt Za) 2 ek T Sai)

1 Vac
+ 2(Zeq+Z2) < 9 Sxk ugx+uNN’> (1)

Where x means the phase x (x = A, B, C); k means the
number of B2B converters (k = 1 or 2); Z; represents the filter
impedance of converters and Z, represents the line impedance
of the power system; Z, represents the equivalent impedance of
each converter’s filter and is equal to Z1/2; u 4, is the grid voltage
and uyp- is the common mode voltage (CMV) of HSOP; S,
represents the switching function; and V. is the rated value of
dc voltage.

By applying the switching function, (1) always holds, regard-
less of whether it is the high-frequency or low-frequency current
under the co-operation state.

III. MODULATION STRATEGY

The high-frequency current resulting from the co-operation
state is primarily influenced by the modulation strategy, switch-
ing frequency, and filter impedance. The detailed analysis of the
high-frequency current will be conducted in this section based on
(1), an aspect that has been minimally explored in this scenario.

A. Calculation of Output High-Frequency Current

The high-frequency components generated by the semicon-
ductors are associated with the modulation strategy [41]. This
article uses the phase-disposition pulsewidth modulation (PD-
PWM) as the case study, since PD-PWM is a prevalent scheme
in the practical engineering [42].

The output phase voltage of NPC using PD-PWM can be
expressed in a Fourier series to reveal the amplitude and phase
of each frequency, as written in the following [42]:

Sk = Ay, cos (wot + Oor,)

—+o00
+ Y Buokcos[(2m — 1) (wet + k)]

m=1
+o00 400

+ Z Z Crnn—t €08 [2m (wet + 0..)

m=1n=-00

400 400

+ 3 Y Dpnorcos[(2m —1) (wet + 0)

m=1 n=—0o0
n#0

+ 2n (wot + 09)] ()

where wy and 6y are the frequency and the phase of the
modulation wave; and w, and 6. are the frequency and the
phase of the carrier wave.
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The detailed expressions of Ay, Bk Conn-ks and D, 1 are

written in the following:

Ak = Mk
Jag—1[(2m—1)w M,
Bk = 7r2 2m 1 Z = (2d— I
Crn—k = == J2n+1 (2m7er) cos N @)
J [(2m—1)7w M](2k—1) nmw
Dk, = w? Z ?ékl 1+2Ln)(2k: = 2774)(27TCLOS1)1

where M, is the modulation ratio of VSC;, and J means the
Bessel function.

According to the definition of parallel converters’ CMYV, its
expression can be derived from the output phase voltage of
converters, which means that

AB,C 2

> ZSM )

Vdc

UNN' = —

The high-frequency current can be obtained by substituting
(2)-(4) into (1). From the mathematical formula, the high-
frequency output current under the co-operation state can be
influenced by the phase difference between two VSCs’ carrier
wave, filter impedance, and line impedance. It is apparent that
the output high-frequency current decreases with increasing the
switching frequency and the filter inductance. Nevertheless, the
switching frequency and the inductance are constrained by fac-
tors such as practical device limitations, engineering application
costs, etc. In engineering applications, the HSOP is often de-
signed with modularity in mind, where each converter of one port
is produced individually. Consequently, the converters within
the entire equipment may not share the same microprocessor,
potentially leading to common phase differences among the
converters’ carriers.
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TABLE I
SYSTEM PARAMETERS OF CALCULATION EXAMPLES

Item Value

Grid line-voltage 380V
Fundamental frequency 50 Hz

Line impedance (0.1+0.1) @

VSC-side filter inductance 1.2 mH
Capacitor of LCL filter 20 uF
Grid-side filter inductance 45 uH
Switching frequency 5 kHz
Modulation ratio 0.89

B. Phase Difference of Carrier Waves

Based on the system parameters listed in Table I, the influence
of the phase difference is discussed here.

According to (1), there are three components influencing
the output current: the CMV, the difference between the two
converters’ phase voltage (DPV), and the output phase voltage
(OPV). Since only the CMV and the DPV vary with the phase
difference, and the spectra of these two components are depicted
in Fig. 3.

As shown in Fig. 3, the changing principles of CMV and
DPV are completely different. The following will focus on the
switching frequency component, as it dominates the entire high-
frequency spectrum.

The switching frequency components of CMV, DPV, and OPV
are expressed in the following equations:

2Vie =
Uemy = Tstl V2[1 + cos (1 — 6e2)]

X COS (wct + Ocr £ 02 _; ber + 71') (5)
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where J; = ;L:ool %ﬂm

With the phase difference between two carrier waves increas-
ing from 0 to 7, CMV decreases, but the phase between CMV
and OPV decreases as well. The phasor diagram is drawn in
Fig. 4. This phenomenon indicates that the sum of CMV and
OPV increases although CMYV is smaller. Consequently, it is
meaningless to only consider the variation of CMV unless taking
into account the sum of CMV and OPV. Fig. 5 gives spectrum
of the sum of CMV and OPV with the carrier phase difference
changing. Combining the results of Figs. 3 and 5, increasing the
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Fig. 5. Amplitude of CMV-+OPV with different angle difference.

angle difference will increase both DPV and CMV+OPV, which
exhibits a monotonic characteristic. As a result, it is preferable
to have carrier phase synchronization and a phase difference of
0 when PD-PWM is applied to the paralleled interleaved NPCs.

C. High-Frequency Current Comparison

The above analysis of the high-frequency current determines
the optimal phase difference causing minimum high-frequency
overcurrent with the existing switching frequency and filter
inductance. Hence, the high-frequency current under normal
operating conditions (single grid-connected converter) and that
under co-operation state (equivalent to the paralleled converters)
should be compared to decide whether the high-overcurrent will
occur under the switching process of HSOP.

As mentioned before, DPV and CMV+OPV are the two
main factors contributing to high-frequency currents under the
co-operation state. The most extreme scenario of these two
factors will be calculated respectively, and the combination of
these two components can describe the maximum current of each
frequency. To express frequency more intuitively, the frequency
of m - w. + n - wy is represented as (m, n).

First, CMV+OPV of the co-operation state is calculated.
Based on the definition of CMV, upyy- is nonzero only when
m > 1land n =0, 3, 6, 9, etc. The mathematical expression is
shown in (8). The frequency making CMV nonzero is defined
as zero-sequence frequency, since the output phase voltages at
these frequencies are identical for all three phases

UNN'—mn

Uzl-mn+Uz2-mn _
_ {_122’ m>1,n=0,3,6,9......

0, others ®)

where the variable with subscript m and n means the component
of frequency (m, n).

Consequently, the sum of CMV and OPV can be written as
follows:

Ugl-—mn + UNN'—mn

Uzl-mn—Uzr2-mn
Ugl—mmn,

m>1n=0,3,6,9......
others
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TABLE II
HIGH-FREQUENCY VOLTAGE OF TRANSIENT STATE

Frequency CMV+OPV DPV
n=0 uxlfmn ~ ux27mn 0
2
n=3 ,6,9 = uxlﬂnn — ux2ﬂnn Uy = Uy,
2
others 0 Uty ™ Usd
TABLE III

HIGH-FREQUENCY VOLTAGE OF NORMAL OPERATING CONDITION

Frequency CMV+OPV DPV
n=0 0 0
n=3,6,9... 0 0
others u 0

x—mn

Second, DPV of the co-operation state is calculated. Unlike
CMYV, DPV is the difference between the output phase voltages
of two converters. The expression of it can be u,;—u,» of all
frequencies. Therefore, the high-frequency voltage expressions
of the co-operation state are listed as in Table II.

On the other hand, the output current of the grid-connected
converter is calculated in the following:

. 1 Vae
r = 5 5 7Sx_ T =
{ Z1+Zg<2 Ug +UNN)

Only the sum of CMV and OPV needs to be taken into account
when considering a single grid-connected converter. According
to the analysis of paralleled interleaved converters, the zero-
sequence frequency component of CMV is opposite to that of
OPV, and CMV is equal to O at other frequencies. Thus, the
expression of CMV-+OPV is written as follows:

(10)

0, m>1,n=0,3,6,9...

others

Ugl-mn T UNN'—mn =
Ugl—mmn

(1D

Above all, the high-frequency voltage expressions of normal
operating conditions are listed in Table III.

Substitute the high-frequency voltage expressions in Tables 11
and III into (1) and (10), and the output current of all high
frequency can be obtained. The expressions of output current
under the co-operation state and the normal operating condition
are written in the following:

177757 (Ut = Ua2) n=0
; 1 Z5/2 B
=1z, 7z T Zl(zfq+zz>> (Uz1—uz2) n=3,69...
zl(gfiﬁzg) (Uz1 — uz2) others
(12)
O n = 0
iog = 0 7113,6,9... (13)
ﬁum others.

According to (2), (12), and (13), the phases of two converters’
modulation wave influence the high-frequency current. Under
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Fig. 6. High-frequency current comparison between normal operating condi-
tion and transient state.

the switching process, the modulation wave, as the output of the
control system, may have fluctuating parameters. Therefore, it
is necessary to calculate the most extreme condition. In (2), the
high-frequency output voltage of each phase can be simplified
as follows:

400 +N
Up1= D > Fimncos|[(mwe + nwo) t + mb,. + nb]
m=1n=—N
400 +N
Uga= D > Fompcos|[(mw. + nwp)t + mb. + nbs)].
m=1n=—N
(14)

The maximum amplitude of DPV with nonzero n can be
derived from (14), the expression of which is (15). The condition
for taking “=" in (15) is nf; + nfy = 7, and it is apparent
that DPV of each frequency cannot get its maximum value
meanwhile

Ugl—mn — Uz2—mn S Flmn + F2mn~ (15)

Fig. 6 illustrates the high-frequency current of the normal
operating condition and the co-operation state. The latter rep-
resents the maximum values of each frequency, although they
cannot exist at the same time. There is about 65% increase in
the maximum amplitude of high-frequency current from Fig. 6.
According to the general grid codes, the high-frequency current
under the normal operating condition has already been suffi-
ciently suppressed, so a 65% increase is not enough to cause
damage to the equipment. Consequently, the device can tolerate
the high-frequency current by synchronizing the carrier phase
difference to zero.

D. Robustness of the Synchronization Modulation Strategy

The operation of the proposed synchronization modulation
strategy is to keep the phase difference at zero, and the current
or the voltage does not need to be measured to fed back to
the control system. Therefore, the sampling disturbance cannot
influence the suppression of the high-frequency overcurrent.
Additionally, the phase difference is synchronized at regular
intervals to ensure the consistency of the time bases between
different microprocessors. Although there may be a slight dif-
ference between the time bases of different microprocessors, it
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is negligible. Even if the synchronizing signal is disturbed, and
the phase synchronization cannot be realized for a few switching
cycles, the phase difference of the carriers will not become very
large. For the switching process, the duration time of a few
switching cycles is transitory.

In conclusion, the robustness of the synchronization modula-
tion strategy is acceptable.

IV. CONTROL STRATEGY

There are several intermediate states during the switching
process, and the voltage and current will change with the control
mode switching. The main stages and corresponding require-
ments for HSOP are as follows.

1) The SOP restores the outage load, as shown in Fig. 2(c):
During this stage, the SOP initially outputs its maximum
current at first, as it needs to quickly support the load
voltage. However, the mismatch between SOP’s capacity
and load may cause voltage sags during this stage.

2) The co-operation state, as shown in Fig. 2(d): The close
action of the interconnection switch connects the normal
grid to the fault side, the voltage of which is supported by
SOP before that. The output voltage of SOP must track
the grid voltage to avoid the overcurrent.

A. B2B-Type SOP Restores Load

The control mode switching process is proposed, and the
block diagram of the fault-side VSC is drawn in Fig. 7, where
the converter is still controlled as a current source to output
its maximum current. In the majority of cases, the power of the
outage load is larger than the capacity of the SOP. Consequently,
it is appropriate for SOP to be controlled as a current source
to output its maximum current, and the load voltage will be
below the rated value. Nevertheless, the load voltage will exceed
the rated value when the outage load power is smaller than the
capacity of the SOP. In such a situation, the SOP should restrict
its output voltage. To achieve rapid voltage support in this stage,
the open-loop control is applied instead of the voltage control
loop, which has a slow response speed.

The flowchart of this control system is depicted in Fig. 8,
and the control mode switching criterion is whether the output
voltage crosses the threshold. If not, the outage load’s power
is larger than the capacity of SOP, and it keeps outputting
maximum current. On the contrary, the open-loop control is
applied.
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Under the current control, the system’s model is drawn in
Fig. 9, and the PR controller is chosen to realize the precise
control effects. Besides the precise aims of the control system,
the bandwidth is critical as well in this scenario. The expression
of the loop gain can be easily obtained from Fig. 9. Based on the
bode plot of the loop gain, the increasing proportional coefficient
can improve the bandwidth but decreases the stability margin. In
contrast, increasing the resonant coefficient would not decrease
the stability margin but still improve the response speed. As a
result, increasing the resonant coefficient after the power outage
is detected can guarantee a better voltage supporting ability.
Eventually, the resonant coefficient under this state is set as 2.5.

B. Co-Operation State

Due to the time delay caused by the detecting threshold
setting, sampling, digital control, and the switching action of
semiconductors, the SOP cannot exit the operation immediately
at the moment of the switch closure. The voltage difference
between the two ends of the interconnection switch will lead to
the low-frequency overcurrent.

The evolution of the average model of (1), where the switching
actions are neglected, is given by (16). The approximate reason
in (16) is based on the similarity between the converter output
voltage of the normal side and the grid voltage

. Z>/2
ok = 7 (Zeq T ZQ) (ka - uw,(ka))
1
+ 5 (Uak — ugs)
2(Zeq+ Z2)
Zs/2 1

(umk - ugz) (16)

2\ (Zeq+ Z2)  2(Zeq+ Zo)

where u,; is the average value of the VSCy.

When the power of the outage load is smaller than the capacity
of the SOP, it is controlled by the open-loop. Based on (16), the
voltage reference of the open-loop control in Fig. 7 uses the grid
voltage of the normal operating side to restrain the overcurrent.

When the power of the outage load is larger than the capacity
of the SOP, the approximated system block diagram is drawn



LATI et al.: TRANSIENT ANALYSIS AND OVERCURRENT LIMITED STRATEGY FOR SUPPLY RESTORATION-ORIENTED HSOP

Grid
voltage 12
+ Vdc o + X Zeq +Z, +
Current - 2 *
reference B M
Z,+Z,

Output current

Fig. 10.  System block diagram when SOP and NOP work together.

in Fig. 10. The grid voltage, e, in Fig. 10 is the step sinusoidal
signal, with the time-domain and frequency-domain expressions
written in the following equations:

eg (1) = Eg cos (wot + 6,) € (1) (17)
0,

B(s) = 200 (18)
s — jwo

where E; is the amplitude of the grid voltage, and ¢, is the phase
of the grid voltage at the moment of the switch closure.

The output current caused by the step grid voltage can be
derived as follows:

Egejeg .

o) =3 — Jwo

H (s) (19)
where H(s) is the closed-loop transfer function of system struc-
ture, and the detailed expression can be derived from Fig. 10.

Assuming 6, is equal to 0, the time-domain waveform of
output current caused by the step grid voltage can be calcu-
lated using Laplace inverse transform. The results are shown in
Fig. 11. K, and K, represent the proportional coefficient and the
resonant coefficient of the PR controller, respectively, and T4
represents the time delay of the whole control system.

According to the theoretical computation results, increasing
the resonant coefficient can only improve the decay rate of the
overcurrent but has an insignificant effect on the overcurrent’s
amplitude. Instead, increasing the proportional coefficient can
reduce the amplitude of the overcurrent. The reason is that
increasing the resonant coefficient has no effect on increasing
the bandwidth of the system, in contrast to increasing the pro-
portional coefficient. However, increasing the proportional coef-
ficient brings about the stability issues. The effect of decreasing
digital control delay on overcurrent is negligible. Consequently,
the overcurrent cannot be suppressed by optimizing the values
of the control parameters in the conventional current control.

Based on the virtual impedance, an overcurrent limited strat-
egy is proposed in this article, the control block diagram of
which is depicted in Fig. 12(a). The voltage of filter inductance
is calculated by the sampled output current and is added to
the modulation wave directly after normalization. Ky is the
virtual impedance coefficient. The virtual impedance used in
this proposed strategy can be regarded as the modification of
the feedback coefficient, and the equivalent block diagram is
shown in Fig. 12(b). The modified feedback coefficient can be
expressed as follows:

2L

F(S) :Kffis—kl

) Var (20)
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Fig. 11. Time-domain waveform of output current caused by grid voltage

under different conditions. (a) Different proportional coefficient (K, = 2.5, T4
= 0.05 ms). (b) Different resonant coefficient (K}, = 0.03, Tg = 0.05 ms).
(c) Different delay time (K, = 0.01, K, = 2.5).

where C(s) is the transfer function of the PR controller, L is
the filter inductance derived from (16), and F(s) is the modified
feedback coefficient.

The bode plot of the modified feedback transfer function
is illustrated in Fig. 13, showing significant increases in gain
in the high-frequency band. The modified feedback coefficient
presents a characteristic of the phase compensation. After adding
virtual impedance to the control system, the loop gain of the
system can be expressed as follows:

T(s)=C(s)- %e’ns - F(s)- 21

N =
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where T4 is the delay time of digital controller, Zis the equivalent
impedance between the VSC and the grid, and 7(s) represents
the loop gain.

The order of the numerator and the denominator is equal, re-
sulting in the loop gain approaching a constant value rather than
negative infinity. The limit value is calculated by the following:

lim |T (S)‘ ZKff. (22)
§—00

Consequently, the impedance coefficient K must be smaller
than 1; otherwise, the system is unstable.

To illustrate the effect of the proposed method, three sets of
parameters are selected, as listed in Table IV. First, compare
the group A and the group B, and the function of the virtual
impedance can be demonstrated.

Fig. 14 presents the bode plot of the loop gain with these
parameters. According to this figure, the influence of the virtual
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TABLE IV
COMPARISON OF CONTROL PARAMETERS

Group number K, Ky
A 0.01 0
B 0.01 0.8
C 0.03 0.3
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Fig. 14.  Bode plots of loop gain with different control coefficients.

impedance coefficient on the bandwidth is inconspicuous com-
pared to increasing the proportional coefficient. Meanwhile, the
gain margin is decreased, which lets the loss outweigh the gain.
For better stability, the value of K is recommended to be less
than 0.5 to achieve a gain margin of around 6 dB. In addition,
due to the phase compensation of the virtual impedance, the
proportional coefficient has more zoom to be increased without
causing stability problems. Therefore, it is helpful for both
stability and response speed to choose a smaller impedance
coefficient and increase the proportional coefficient, which is
reflected by the group C. After applying the values of the group
C, the bandwidth of the loop gain increases significantly without
the stability issues.

Laplace Transform is typically used to analyze transient sig-
nals, and the frequency-spectrum of the output current caused
by the step grid voltage input is depicted in Fig. 15. Adding
the virtual impedance can slightly reduce the components of the
high-frequency band, while increasing the proportional coeffi-
cient at the same time can reduce the components except for the
fundamental component. The numerical computation results of
the time-domain output current are shown in Fig. 16. Because
of the fewer high-frequency components after adding the virtual
impedance, the overcurrent has a slower rising speed compared
to that without the virtual impedance. The overcurrent suppres-
sion effect of adding the virtual impedance and increasing the
proportional coefficient simultaneously is much better than in
the original condition.

In conclusion, based on the results of Figs. 14 and 16, the effect
of the virtual impedance can be summarized in two aspects.
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Fig. 16.  Numerical computation results of time-domain output current.

1) Compensate for the phase margin, enabling a larger pro-

portional coefficient.

2) Reduce the rate of overcurrent generation.

Building upon the aforementioned capability of the virtual
impedance, the proposed method effectively suppresses over-
current at the instant of the interconnection switch closure.

Commencing from the instant the SOP initiates the restoration
of the outage load, the virtual impedance ought to be incorpo-
rated into the control system. Fig. 17 illustrates the bode plot of
the control system with the virtual impedance when SOP restores
the load, indicating that the addition of the virtual impedance
solely influences the high-frequency range. Thus, the value of the
resonant coefficient can adopt the prior design in Section IV-A.

C. Robustness of the Control Strategy and Analysis of the
Bouncing Behavior of the Mechanical Switch

Compared to the original control system, the proposed control
strategy only requires one additional multiplication and two ad-
ditions, without increasing the complexity of the control system.
This is beneficial for the robustness.
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impedance).

In addition, the bouncing behavior of the mechanical switch
is the most significant disturbance during the switching process,
as it essentially involves repetitive switching between the ON
and OFF states. Each time the switch closes, the proposed control
system can respond to the step grid voltage, which is the primary
focus of this article. Therefore, the bouncing behavior does not
pose a threat of equipment damage. In conclusion, the proposed
current limited strategy demonstrates acceptable robustness.

V. SIMULATION VERIFICATION

The focus of this article is on the overcurrent and the overvolt-
age during the switching process of HSOP. Consequently, the
criteria for assessing the effectiveness of the proposed method
are whether the overcurrent and the overvoltage will cause
damage to the equipment. The effect of the proposed method
will be demonstrated by comparing the amplitude of the current
and the voltage with that of normal operating conditions or
conditions without the proposed method.

In this section, the simulation model of HSOP, based on
Table I, is set up in PLECS. The semiconductors (IGBT and
diode) used in the simulation model are based on the ideal
model. The high-frequency current spectrum is analyzed during
the switching process, and the proposed current limited strategy
is verified.

A. Analysis on High-Frequency Current of Switching Process

As indicated by (15), the phases of converters’ modulation
waves are typically unequal. However, a larger fundamental
frequency overcurrent occurs when there is a phase difference
in the modulation waves. To emphasize the high-frequency
current rather than the fundamental frequency overcurrent, the
modulation waves of two converters have been set to be the same,
with the difference lying in the carrier wave.

In Fig. 18, the amplitude of the current at different frequencies
isillustrated with varying carrier wave phase differences through
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both the simulation and the theoretical calculation. It is evident
that the mathematical model of current is accurate.

B. Control Strategy of B2B-Type SOP Restoring Load

Under this stage, the instability will be caused if the propor-
tional coefficient is excessively large, as shown in Fig. 19. As
depicted in Fig. 20, the overvoltage will manifest if the SOP
outputs its maximum current despite the light load. Moreover,
the overmodulation is generated when the output voltage of
the SOP is too high, leading to the harmonics caused by the
overmodulation. Fig. 21 gives the transient waveforms of the
voltage and the current when the outage occurs. The maximum
output current of the SOP is set as 10 A (the maximum capacity
of the SOP is around 5 kW). In Fig. 21(a), where the power of
the outage load surpasses the capacity, the SOP keeps outputting
its maximum current, and the load voltage is lower than the rated
value. In Fig. 21(b) and (c), when the load voltage reaches the
threshold value, the system transitions into open-loop control
since the outage load is less than the capacity.

LCL filter may be applied to some converters at its ac port to
eliminate the high-frequency ripple preferably. In such scenar-
ios, the resonance point of the LCL filter can induce oscillations
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Fig.20. Overvoltage caused by the light load without the proposed switching
control strategy (the power of the outage load is 3.6 kW).

when the control system transition to the open-loop control, as
illustrated in Fig. 22. The oscillation frequency, approximately 1
kHz in simulation, is determined by the system impedance when
the SOP restores the outage load. The system impedance can be
expressed as (23) and the absolute value based on simulation
parameters is depicted in Fig. 23

Zoad (jWLg — j/wa)

Zs stem — jWLc + - ;
yet Zload +JWLg —]/wa

(23)

where L. and L, are the filter inductance of the converter side
and the gird side, respectively, Cyis the capacitance of the LCL
filter, and Zj,.q is the impedance of the outage load.

According to Fig. 23, the impedance reaches its minimum
value at 1 kHz, which corresponds to the oscillation frequency
in Fig. 22. Several studies have explored the addition of damping
to the LCL filter using active or passive methods [43], [44]. Im-
plementing these methods can effectively address the oscillation
issue shown in Fig. 22.

C. Overcurrent Limited Strategy When Interconnection Closes

Fig. 24 depicts the current and voltage waveforms when the
interconnection switch closes under the light load conditions.
Since the open-loop voltage reference is selected as the grid
voltage of the normal operating side, there is minimal current
insurge.

Fig. 25 illustrates the overcurrent resulting from the closure
of the interconnection switch under overload conditions with
different control parameters. The simulation results show that
widening the bandwidth of the current control loop contributes
to the suppression of overcurrent. Without the virtual impedance,
the simulated overcurrent exceeds 40 A. Instead, the addition of
the virtual impedance control has a marginal inhibitory effect
on overcurrent, for offering a slight improvement in bandwidth.
However, with the proper impedance coefficient and increased
proportional coefficient, the overcurrent can be completely sup-
pressed. The simulation results are in agreement with the previ-
ous theoretical analysis.
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VI. EXPERIMENTAL RESULTS

A downscaled experimental platform of HSOP is depicted
in Fig. 26. The reverse parallel thyristors are used to emulate
the interconnection switch for their precisely controlled conduc-
tion time. The controller adopts TMS320F28377D from Texas
Instruments, and the grid simulator adopts IT7909 from Itech

TABLE V
PARAMETERS OF EXPERIMENT PLATFORM

Item Value

Grid line-voltage 110V

DC voltage 200V

Filter inductance 1.2 mH

Load power 900 W
Maximum current set for SOP 35A
Fundamental frequency 50 Hz
Switching frequency 5 kHz

Electronic. The hardware of the B2B-type SOP, along with the
control blocks and sensing terminals, is designed by the research
group. Other parameters of the experimental platform are listen
in Table V. Given that this article focuses on the transient
analysis of HSOP, the overvoltage and overcurrent may appear
during the experimental process. To safeguard the experimental
platform, the voltage and current values are deliberately selected
to be lower than those in the simulation.

The experimental results will be described and analyzed in
the sequence of the entire switching process under heavy load
or light load conditions.
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A. Stage I of Heavy Load: Supply Restoration by SOP

As analyzed before, the resonance coefficient is critical for the
response speed, while the proportional coefficient is the key to
maintaining stability during this stage. Fig. 27 shows the period
from the power outage to the load restoration with the SOP,
excluding the process of the interconnection switch closing,
which will be presented in the following part. Fig. 27(a) and
(b) demonstrate that an improper resonance coefficient impedes
the system from achieving a sufficiently rapid response speed,
and a large proportional coefficient can increase the bandwidth
but lose the stability. Fig. 27(c) indicates a responsive and stable
system with appropriately tuned parameters.

B. Stage 2 of Heavy Load: Co-Operation State

In this stage, the closure of the interconnection switch causes
an abrupt change in the grid voltage of the outage side converter.
Fig. 28 represents the waveforms of the voltage and current
during the co-operation state with different control structures
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Fig. 27. Transient experiment waveforms when SOP restores load. (a) Reso-

nant coefficient is too small (K, = 0.06, K- = 0.3). (b) Proportional coefficient
is too large (K, = 0.18, K- = 1.75). (c) Resonant coefficient and proportional
coefficient are suitable (K, = 0.06, K, = 1.75).
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Fig. 28. Transient experiment waveforms when the interconnection switch
closes. (a) Without virtual impedance (K}, = 0.06, K = 0). (b) Large impedance
coefficient but small proportional coefficient (K}, = 0.06, Ky = 0.8). (c) Suitable
impedance coefficient and increased proportional coefficient (K, = 0.18, Ky =
0.3).

or parameters. Utilizing the original control strategy without the
virtual impedance, the experimental result is as Fig. 28(a), where
the overcurrent of nearly 40 A appears, significantly exceeding
the maximum current set of the SOP. By incorporating the
virtual impedance, the overcurrent can be reduced to 10 A, as
depicted in Fig. 28(b). In Fig. 28(c), increasing the proportional
coefficient simultaneously with the virtual impedance eliminates
the overcurrent.

C. Stage 3 of Heavy Load: High-Frequency Current
Observation at the Moment When Interconnection Switch
Closes

When PD-PWM is applied to the SOP, the phase difference
between two VSCs’ carrier waves becomes a key factor influ-
encing the high-frequency overcurrent. Fig. 29 illustrates the
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Fig. 29. Experiment waveforms of the entire switching process with different
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entire switching process, encompassing the occurrence of the
power outage, supply restoration with the SOP, and the closure
of the interconnection switch. According to the experimental
waveforms in Fig. 29, the amplitude of the high-frequency
current reaches the worst situation when the phase difference is
180°, with the peak-to-peak value of the high-frequency current
reaching nearly 8 A. In contrast, the high-frequency current is
insignificant after achieving carrier phase synchronization at 0°.

D. Light Load Conditions

Under light load conditions, the control strategy of HSOP
switches to the open-loop control. Fig. 30 shows the entire
switching process when the maximum current set of the SOP is
changedto 10 A. Following a power outage, the HSOP outputs its
maximum current, and open-loop control is applied within 2 ms.
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VII. CONCLUSION

The seamless switching process of an HSOP under the power
outage is comprehensively analyzed in this article. For the fast
supply restoration, a co-operation state is introduced during the
switching process, which contains a short-circuit loop between
the parallel-operating SOP and NOP. Hence, with a focus on
the co-operation state of HSOP, the main contributions of this
article are summarized as follows.

1)

2)

3)

By keeping the phase difference at zero when PD-PWM
is applied, the maximum amplitude of the high-frequency
transiting current can be suppressed to a comparable level
to that of normal switching ripple.

In the event of a power outage with the light load, a
transiting current limiting strategy involving the open-
loop control and an increased resonance coefficient is
introduced, which can quickly restore the nominal power
supply within 20 ms.

For the power outage with the heavy load, the transiting
overcurrent is mainly caused by the grid voltage step, and
a transiting current limiting strategy based on the proper
virtual impedance is proposed.

By interconnecting the distribution networks through HSOP,
the flexibility can be significantly enhanced. This article pro-
vides a detailed analysis of HSOP from the equipment perspec-

tive.

Future research works will delve into the system level,

exploring collaborative coordination between HSOP, DG, and
protective devices, which enhance the application of HSOP in
distribution systems.
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