symmetry MDPI

Article

Research on a Non-PLL Control Strategy for a Flexible Fault
Current Limiter and Its Application in Improving the FRT
Capability of Microgrids

Feng Zheng 1, Guojing Wu !, Bo Qu ?, Xingyao Xiang ? and Song Zheng 1-*

check for
updates

Citation: Zheng, F.; Wu, G.; Qu, B.;
Xiang, X.; Zheng, S. Research on a
Non-PLL Control Strategy for a
Flexible Fault Current Limiter and Its
Application in Improving the FRT
Capability of Microgrids. Symmetry
2022, 14, 2652. https://doi.org/
10.3390/sym14122652

Academic Editor: Jan Awrejcewicz

Received: 30 October 2022
Accepted: 10 December 2022
Published: 15 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

College of Electrical Engineering and Automation, Fuzhou University, Fuzhou 350100, China
Shiyan Power Supply Company, State Grid Hubei Electric Power Company, Shiyan 442000, China
*  Correspondence: s.zheng@fzu.edu.cn

2

Abstract: Aiming to achieve fault ride-through (FRT) in a microgrid under the condition of an asym-
metric power grid, this paper proposes a scheme that applies the cascaded H-bridge flexible fault
current limiter to realize both voltage regulation and current limiting at the point of common cou-
pling (PCC). In order to overcome the instability of phase-locked loop (PLL) and its other problems,
in the double-synchronous rotating coordinate system, the dg-axis components of each sequence
electric quantity can be extracted without PLL by setting the rotational angular frequency of the
coordinate axis to a given value. To eliminate the deviation between the set frequency and the ac-
tual frequency of the power grid, the calculation formula for the frequency correction amount is
deduced, and, based on this, an iterative correction method for the set frequency of the rotating coor-
dinate system is proposed. In this way, the set frequency can adaptively follow the actual frequency
of the power grid, which ensures the effectiveness of the non-PLL scheme. Based on this, a sequence
decomposition and compensation control strategy for the CHB-FFCL is presented. Finally, through
the MATLAB/Simulink platform simulation, the effectiveness of the proposed strategy is verified
and thereby shown to improve the FRT capability of microgrids under complex grid conditions.

Keywords: flexible fault current limiter; fault ride-through; no phase-locked loop; frequency
correction; sequence decomposition and compensation control

1. Introduction

In recent years, with the development of renewable energy generation technology,
microgrids using new energy sources have become effective ways to solve the conflict be-
tween energy demand and environmental protection. When a microgrid is connected to
a grid, the protection device will disconnect the microgrid from the external grid if a fault
occurs in the external power grid. However, when grid-connected power is high, the un-
planned removal of a microgrid may lead to grid power imbalance and affect the safe and
stable operation of the system; therefore, the microgrid system should have FRT capability
to reduce the impact of off-grid events caused by external faults [1].

The fault current limiter (FCL) is an effective measure to limit short-circuit current in
power systems. With the improvement of its power quality-control function, its applica-
tion scenarios have been expanded. For microgrid systems, a FCL can limit fault current,
reduce bus voltage sag and improve FRT capability.

At present, a considerable number of articles have reported research on superconduct-
ing FCLs to improve the FRT capability of microgrids [2—4]. The results show that FCLs
of this sort can limit short-circuit current and improve the FRT of systems, but these FCLs
have some problems, such as high dependence on cooling systems and long recovery times
after operation. Relying on power electronic devices, the solid-state FCL has better control-
lability and fast action speed. However, limited by the device’s low withstand voltage level
and current withstand level, this type of FCL cannot be widely used at present [5-7]. The
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current work on the abovementioned FCLs to enhance the FRT capability of microgrids
mainly focuses on fault current limiting, and the voltage regulation capability of FCLs has
not been studied in depth. In Ref. [8], a dynamic voltage restorer (DVR) with current limit-
ing function was proposed which limits short-circuit current by inputting current limiting
impedances in the grid during faults and switches to DVR working mode after the fault is
cleared. However, this scheme still has some problems that need to be solved, such as high
heat dissipation requirements and the insufficient withstand voltage of devices. In ref. [9],
the cascaded H-bridge flexible fault current limiter (CHB-FFCL) was proposed, which is
connected to the grid through capacitive coupling instead of a transformer, thereby reduc-
ing the device size of the FCL. In addition, the cascaded multi-level structure adopted has
the advantages of large capacity, good output characteristics, flexible controllability, etc.,
and reduces the withstand voltage and current of a single power electronic device. There-
fore, applying the CHB-FFCL to improve the FRT of a microgrid can overcome many prac-
tical application problems that beset traditional FCLs.

Since the negative sequence components of unbalanced grid voltage will have a seri-
ous impact on the quality of PCC voltage, it is of great importance to study the recovery
control strategy for PCC voltage under the condition of unbalance [10]. In ref. [11], a PCC
voltage control scheme based on a sliding mode structure was proposed which can reduce
the impact of grid voltage disturbance on PCC voltage. However, this scheme did not
consider the influence of grid unbalanced voltage.

Considering the three-phase independent structure of the CHB-FFCL and the flexi-
ble output characteristics of the multi-level inverter structure, the CHB-FFCL has advan-
tages in dealing with unbalanced grid faults. Usually, the realization of its control re-
quires the obtainment of amplitude and phase angle information on the electric quantities
through PLL. However, the feedback control-based PLL technique suffers from weak anti-
interference capability and poor dynamic performance [12], especially in the case of an un-
balanced power grid. For this reason, many scholars have proposed improved schemes for
PLL. In ref. [13], the first-order low-pass filter (LPF) was used in the control structure of the
traditional PLL to eliminate the impact of negative sequence or harmonic voltage compo-
nents, but the delay and phase offset of the LPF affected the identification speed of the PLL.
Therefore, in ref. [14], a notch filter was used to replace the first-order LPF to improve the
stability of PLL. However, if the grid voltage contains multiple disturbance components,
it is necessary to connect multiple notch filters with different frequencies in series, which
increases the difficulty of PLL implementation and computational burden. In ref. [15], a
positive-sequence fundamental frequency voltage component extraction method based on
a differential equation was proposed which ensures that PLL is free from the influence of
non-ideal voltage components. However, due to the differential calculation involved, the
anti-interference performance of the system is reduced. The abovementioned improve-
ment scheme increases the order of PLL and the poles of the original closed-loop transfer
function, which may reduce the stability margin for PLL and cause instability in PLL. In
addition, impedance modeling analysis shows that the introduction of PLL increases the
coupling between system parameters in a grid-connected inverter system. Moreover, the
increase in proportional or integral parameters in PLL will lead to large amplitude and
phase fluctuations in the fundamental frequencies of the inverter impedance characteris-
tics, which will lead to potential system stability problems [16,17]. Therefore, it is necessary
to study the inverter control scheme without PLL to overcome the abovementioned prob-
lems caused by PLL. In refs. [18,19], the control scheme for an inverter without PLL based
on preset rotational frequency was studied which improved the operating performance
of a DFIG in an unbalanced grid. However, this strategy cannot adapt to grid frequency
offset.

To address these problems, this paper analyzes the principle of achieving FRT with
the CHB-FFCL as the research object. The dg-axis components are extracted without PLL in
a double synchronous rotating coordinate system by setting the rotation angular frequency
of the coordinate axis. Aiming to solve the problem of the set frequency deviating from the
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frequency of the grid, a calculation formula for frequency correction is derived. Through
iterative correction, the set frequency can be corrected without feedback control. A se-
quence decomposition and compensation control strategy for the CHB-FFCL is presented.
Finally, through simulation analysis, the effectiveness of the above strategy is verified.

2. The Topological Structure and Working Principle of the CHB-FFCL

The topology of the CHB-FFCL is shown in Figure 1, where Us is the power supply on
the distribution grid side and Uyg is the power source on the microgrid side. It adopts a
three-phase independent inverter structure with independent control of each phase, aim-
ing to reduce the coupling between the three phases and more flexibly cope with three-
phase unbalanced faults. In the figure, Cyipi/ei and Lgijpisei (i = 1...m) are the filter partial-
voltage capacitors and filter inductors of CHB-FFCL, n and m represent the number of cas-
cades and the number of partial-voltage capacitors (also called the number of multiples)
of each phase of the CHB-FFCL, and Uy, is the DC side voltage of the H-bridge inverter,
which is supplied by the distributed generation (DG). By connecting m partial-voltage ca-
pacitors in series and connecting n H-bridge units in cascade, the voltage drop added to an
individual power electronic device is greatly reduced, and it is also convenient to expand
the capacity of the CHB-FFCL.

wm(1,1
|p<—(r‘2— controller
| :
|p\ﬂm(n,m)

Figure 1. Topological structure of the CHB-FFCL.

Based on this topology, the operating principle of the CHB-FFCL for achieving both
fault voltage recovery and fault current limitation is discussed.

Firstly, the regulation effect of the CHB-FFCL on PCC voltage when a fault occurs
outside the microgrid is discussed.

As shown in Figure 2a, when a fault occurs outside the microgrid, the CHB-FFCL can
be equivalent to a voltage-controlled voltage source (VCVS), which is shown in Figure 2b.
The output voltage of the VCVSis Uc, and for the fault point f the direction of U is oppo-
site to the direction of the microgrid supply voltage Uypis. The voltage of the bus W can be
expressed as:

Uw = Ui+ Uc 1)

where Uy is the voltage of bus W in case of a fault without the CHB-FFCL, and its value
is equal to the voltage of short-circuit point f when the line impedance between the short-
circuit point f and bus W is not considered. It can be seen from Equation (1) that by con-

trolling the output voltage l.lc of the CHB-FFCL, the bus W voltage can be compensated,
thereby reducing the voltage sag of the PCC.
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Figure 2. Schematic diagram of the CHB-FFCL voltage regulation principle (single-phase). (a) Grid
connection diagram of the CHB-FFCL. (b) Equivalent circuit diagram of when a fault occurs.

Next, this paper analyzes the current limiting principle of the CHB-FFCL when a fault
occurs. The system in Figure 1 can be equivalent to a complex power system shown in
Figure 3, where Gl is the distribution network power endpoint and G2 is the microgrid
power endpoint.

0Gl1 f
0G2

G
G

Figure 3. Complex power system diagram.

According to the symmetrical component method, the short-circuit fault current of
this power system is analyzed using the general compound sequence network. Taking the
two-phase (phase b and phase c) short-circuit fault at point f as an example and considering
the boundary conditions, the short-circuit current expression of fault phase without the
CHB-FFCL is obtained as follows:

9 9 ° ° iIf\O\ . iIf\0|
Ity = —Ife = Iy +algpy = (@ —a) —————— = *J\/gi (2)
‘ e 2y (1) +2x ) 2y (1) +2x )
where _
a= 61.1200 —% +j§ 3
22 — o240° _% —j?

L] [ ]
and I¢q) and I¢) represent the positive and negative sequence currents flowing into the
[ ]

fault point, respectively; Uy o is the open-circuit voltage at point f when no fault occurs; and
zy (1) and zy () are the positive sequence and negative sequence equivalent impedances
viewed from fault point f, respectively.

The CHB-FFCL is switched on when a fault occurs, which is equivalent to connecting
a voltage source whose value is k (0 < k < 1) Ugo and whose direction is opposite to the
power supply voltage in series, as shown in Figure 4. In this case, the open-circuit voltage
at fault point f is reduced to 1-k times the original value, and the short-circuit current of
the corresponding fault phase is reduced to:

L] L] L] (] 1_kl.l 1_kl./l
T = —Ti = @l +aliy = (@ — ) 0o _p LW

Zy (1) T 25 (2) Zy (1) T2y (2)
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Figure 4. Currents and voltages at the fault point in the case of a two-phase short-circuit fault with
the CHB-FFCL.

Similarly, when other types of short-circuit fault occur on the distribution network
side, combined with ref. [20], the corresponding fault current expression after the CHB-
FFCL input can be obtained according to the above analysis method. It can be seen from
Figure 2 that the fault current is the current flowing through the PCC during the fault.

Comprehensive analysis shows that the structure of the CHB-FFCL ensures the con-
trol of output voltage, which helps to realize the dual function of voltage regulation and
current limitation in case of a fault, thus improving the FRT capability of the microgrid.

3. The Non-PLL Control Principle of the CHB-FFCL in a Decoupled Double
Synchronous Rotating Coordinate System

When designing the controller, compared with the scheme for controlling the AC sig-
nal in three-phase and two-phase stationary coordinates, converting the AC signal to the
DC quantity in dq rotating coordinates for PI control can better realize the zero steady-state
error characteristics of the control [21,22]. Ignoring coupling disturbance, when the load
is only powered by CHB-FFCL, its d-axis voltage and current double closed loop control
block diagram is shown in Figure 5. In the figure, G,(s) and Gj(s) are PI regulators of volt-
age loop and current loop, respectively; the electric quantities with the subscript “refd”
represent the corresponding d-axis reference values; the subscript “od” indicates the value
of the load; and Kpwm is the inverter gain.

H - Iod
u I u
refd GV (S) refd Gi (S) ] prm 1 i od
¥ ¥ Ls+R |+ Cs

Figure 5. Block diagram of double closed-loop control for d-axis voltage and current.

The g-axis electrical quantities have the same control structure and each order’s har-
monic quantities can be controlled through the control loop, and the controlling vectors
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are synthesized and outputted. Therefore, obtaining the dg-axis components of the electric
quantity for each order is a prerequisite for realizing the above CHB-FFCL control strategy.

In this paper, the current is taken as the object of analysis, and the voltage component
is subjected to the same analytical process.

Referring to the principle of the decoupled double synchronous reference frame phase-
locked loop (DDSRE-PLL), positive sequence and negative sequence rotation coordinate
systems are added to the static abc three-phase coordinate system, as shown in Figure 6.
When the synchronization condition is reached, Equation (5) is established. After that,
Equation (6) is transformed into Equation (7), so the required positive and negative se-
quence dg-axis DC electrical components can be extracted through the decoupling network
and low-pass filter [23]. In addition, the decoupling network of the DDSRF-PLL cancels

out the double frequency oscillations at 2w in i; .1 (feedback control estimates the current
_DC
of the DDSRF-PLL); therefore, there is no need to reduce the control loop bandwidth, and

the real amplitudes of the positive sequence and negative sequence components can be
exactly detected. The amplitudes of positive sequence and negative sequence components
can be obtained from Equation (8).

W' = wi 5)

cos(wt + ¢+1) cos(—wt + ¢~ 1)
[ +171 [ (6)

cos(wt — 2L +¢T1) cos(—wt — ZL 4+ ¢71)
cos(wt + 2 +¢T1) cos(—wt + Z +¢71)

7]

S O R s G S E |

lape = || = Labe + labc =1
ic

. lig] . x[cos(¢¥) _y[cos(—=2xwt + ¢~) _
agr = qu] =1 [sin((px)] 1 {sin(—wat—pr)} o (x==1) @

DC AC

I* = \/(Ix cos(¢p¥))? + (I*sin(¢p¥))* = \/(idx_DC)z + (iqx_Dc)z, (x = 1) 8)

c

Figure 6. Schematic diagram of asymmetric current vector decomposition and the double syn-
chronous reference coordinate system.

DDSRF-PLL achieves the above synchronization conditions through PLL, but this
method has problems, such as frequency oscillation and poor anti-interference. Accord-
ing to the national standard, the power frequency of the power grid is a stable quantity.
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Therefore, the synchronization condition can be guaranteed by directly setting the rotation
angular frequency of the rotating coordinate system to be equal to the angular frequency
corresponding to the power frequency, so that the dg-axis DC electrical components can
be extracted without PLL.

4. Frequency Adaptive Correction Strategy of The Proposed Non-PLL Method

The realization of the abovementioned non-PLL method and the corresponding con-
trol strategy presupposes that the given angular frequency «w’ of the rotating coordinate
system is the same as the angular frequency w of the fundamental wave of the power grid,
which requires the power frequency of the power grid to remain constant. However, in
national regulations, the actual frequency of the power grid is not constant but fluctuates
within a certain range. Taking the Chinese standard as an example, the nominal frequency
of the power grid is 50 Hz, the frequency offset of high-capacity power grids cannot exceed
+0.2 Hz and the frequency offset of low-capacity power grids can be relaxed to 0.5 Hz.
Therefore, there is an error between the given w’ and the fundamental angular frequency
of the power grid, and an adaptive correction of the frequency is required.

It is assumed that there is a deviation Aw between the rotation angular frequency of
the given positive sequence fundamental wave rotating coordinate system and the actual
power grid fundamental wave rotation angular frequency w, as shown in Equation (9):

W =w—Aw )

then
0 = (w— Aw)t (10)

Taking the positive sequence fundamental current into consideration, Equation (7) is
converted into Equation (11), and, similarly, the same equation structure can be deduced
when considering the negative sequence fundamental current.

I | [+ cos(Awt + ¢T1) _1[cos(—2wt + Awt + ¢1) (11)
AR T Ay sin(Awt + ¢*1) sin(—2wt + Awt + ¢~ 1)
AC1 AC2

It can be seen from Equation (11) that in the case of deviation the dg-axis component
is composed of two AC oscillation quantities. According to the Chinese national standard,
the value of Aw is within [, 7]. Obviously, w is much larger than Aw, and therefore
the first AC quantity “AC1” in Equation (11) can be retained after passing through the low-
pass filter. As a result, the decoupling network [23] regards the first AC quantity “AC1” in
Equation (11) as the DC quantity obtained after filtering.

K i w0s(20)) — i - sin(28
ldjplc g — g1 cos(26") fy e sin(26") W)
i, = lgn Ty - cos(20) + g - sin(26)

Through the decoupling network, the decoupling expression of the positive sequence
current is obtained, as shown in Equation (12). Inserting Equation (7), Equation (10) and
the first AC quantity of Equation (11) into Equation (12), the estimated value of the dg-axis
DC quantity can be obtained, as shown in Equation (13).

iy = ! cos(Awt + ¢T1)
A0l g +1 (13)
i*,, =ITsin(Awt + ¢
_DC
From Equation (13), it is not difficult to see that, after decoupling, the obtained dg-
axis DC estimator is the first AC component of Equation (11), which indicates that the
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decoupling network is still applicable in the case of frequency deviation. However, the
dg-axis components obtained in this case are AC components, and it is difficult to obtain
the target electric quantity in the control of CHB-FFCL. Therefore, it is necessary to correct
the given frequency.

According to the analysis of Equation (13), in the case of frequency deviation, the
frequency deviation amount can be calculated by the dg-axis DC estimated value obtained
without PLL, and the calculation formula is shown in Equation (14).

l'*
Ao 1 d(Awt+¢th) 1 9'pe
f= D P Ed arctan(

) | /at (14)

e

The deviation of the given frequency between the actual power grid frequency can be
determined by Equation (14), and so the adaptive correction of frequency can be realized.

It is worth noting that in the case of no feedback control on the given frequency, di-
rectly adding the correction amount calculated each time to the initial given frequency will
lead to a large amplitude oscillation in the set frequency. Therefore, during frequency cor-
rection, the correction amount should only be superimposed on the initial given frequency
the first time and then on the latest corrected frequency. The correction process is an iter-
ative process, and the expression is shown as follows:

s(e(:)t) = f(o)

fg = fE(l); +AfO
foit = foel +OFD (15)

F = foD p apey)

where fs(:t) is the set frequency after n times of correction; f(©) is the initial given frequency,
which is usually taken as the power frequency of the power grid; and Af(") is the amount
of deviation correction between fs(:t) and the actual grid frequency.

Based on the above analysis, combined with the inverter dual-loop control strategy [24],
the sequence decomposition and compensation control strategy of the CHB-FFCL without

PLL is obtained, as shown in Figure 7.

Eq. (14). (15)

* iﬁ iﬁ
fy =50Hz d'be b

Synchronization
angle generation
without PLL

| Positive sequence fundamental ~ T T T T T T T ;: C 7 Tsynthesizethe driving pulses 1

I component control scheme l”{" C{ ‘3 i !

| i “Yu 1 !

I - Il e N e | i

\ f - ¥ abe |a Ya com |
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|
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Figure 7. The overall control block diagram of the CHB-FFCL designed to achieve FRT.
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Combining the control block diagram shown in Figure 5, ignoring the inductor’s re-
sistance, the open-loop transfer function of the control system can be obtained, as shown
in Equation (16).

Go(5)Gi(s) Kpwm

pr— 1
Gopen(S) 1.Cs2 T Gi(S)KmeCS +1 ( 6)
where
udc
K = 10 17)
c
ZKviwCS
GolS) = Kep s + o (9
Gi(s) = Kip (19)

and U, is the amplitude of the triangular carrier wave, the value here being 1; w, is the
bandwidth of the controller; and wy is the resonant frequency.

Through this control strategy, the flexible control of the output voltage of the CHB-
FFCL is realized, thereby improving the FRT capability of the microgrid in the case of
asymmetric faults.

5. Simulation and Discussion
5.1. Effectiveness Analysis of the Proposed Non-PLL Strategy

The three-phase asymmetric fault was set in the simulated power grid, and the re-
sultant current waveform is shown in Figure 8. In the figure, when there was no fault,
the three-phase current amplitude was 10 A, and the initial phase angle was 0°. During
0.3-0.5 s, the positive sequence fundamental current and negative sequence fundamental
current were injected into the power grid. The amplitude and initial phase angle of the
former were 20 A and 45°, respectively. The amplitude and initial phase angle of the latter
were 10 A and —15°, respectively. The three-phase asymmetric fault in the power grid
could be simulated. DDSRE-PLL and the proposed non-PLL strategy were respectively
used to extract the dg-axis components of the positive and negative sequence fundamental

currents of the power grid.
T

Wil
UL

0.2 0.3 0.4

t/s

Figure 8. Simulated three—phase current waveform in the case of an asymmetric fault in the power
grid.

Since the proposed non-PLL scheme only needs to ensure that the angular frequency
of the rotating coordinate system is equal to the angular frequency of the positive sequence
fundamental electric quantity, it does not need to ensure that the initial phase angle is equal
to it, which is different from the DDSRF-PLL method. Therefore, for the same asymmet-
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ric current vector, when the output values of the DDSRF-PLL and the proposed non-PLL
scheme reach a steady state, their phase angles for the generated dual synchronous ref-
erence coordinate axis relative to the stationary coordinate axis of phase a are different,
so the DC electrical quantity components extracted by the two methods are also differ-
ent. However, for the same asymmetric electric quantity, the amplitudes of the positive se-
quence and negative sequence fundamental electric quantities obtained from Equation (8)
are equal. Therefore, this study first compared the extracted amplitudes to verify the effec-
tiveness of the proposed non-PLL scheme and set the DDSRF-PLL bandwidth to 38.4 Hz.
The simulation results are shown in Figure 9.

30
12
40 . 20 - 5 -6 . .
L v } 20 DDSRF-PLL|
30t i -4 10
< | : DDSRF-PLL]
=2t I y
|
10 Non-PLL—"
5 X scheme . . 5 . S X .
0.2 0.3 0.4 0.5 0.6 0.65 0.2 0.3 04 0.5 0.6 0.65
t/s tls
(a) (b)

Figure 9. Amplitude separation results for positive and negative sequence fundamental components
of current. (a) Positive sequence fundamental component. (b) Negative sequence fundamental com-
ponent.

It can be seen that the proposed non-PLL scheme and DDSRE-PLL could quickly ex-
tract the amplitudes of positive and negative sequence fundamental currents when a fault
occurred (0.3 s), and the extracted results conformed to the parameters of the set fault (pos-
itive sequence fundamental current vector: i*! = 10£0° + 20/45° = 28./30.36° A; negative
sequence fundamental current vector: i~ = 10/—15°). It can be seen from the detailed
diagram that the proposed non-PLL scheme could reach the new stable state more quickly
and smoothly than DDSREF-PLL. At the end of the fault, DDSRF-PLL was prone to oscillate
for a long time, and the proposed non-PLL scheme still had good stability performance.

Then, the performances of these two methods were compared to extract each dg-axis
DC component. The dg-axis DC components of each sequence current mapped in the dou-
ble synchronous reference coordinate system were extracted, as shown in Figure 10. In the
figure, At; and At; are, respectively, the transition times required for the non-PLL scheme
and DDSRF-PLL to reach a new steady state when a fault occurs. Comparing At; and At,,
the dynamic characteristics of the proposed scheme can be measured.

It can be seen from Figure 10a—d that the tracking results of other axes all satisfied the
relationship Aty < Atp, except that the g*-axis used for DDSRF-PLL feedback control satis-
fied the relationship Aty > At, and the |At; — At| value on the other three axes was obvi-
ously greater than that on the g"-axis. This shows that in case of a fault, given the premise
that the control parameters of the DDSRF-PLL are appropriate (shown as the short transi-
tion time of the g*-axis), the DDSRF-PLL has a speed advantage only when detecting the
DC components on the controlled axis and that the advantage is relatively insignificant,
while the speed of reaching the steady state value in the other three axes is significantly
slower than with the proposed non-PLL scheme. In addition, at the end of the fault, the
DDSRF-PLL had large oscillations in the transition phase of the four axes, and the transi-
tion time was long. As a comparison, the proposed non-PLL scheme could still maintain
a smooth and rapid transition with excellent dynamic characteristics.
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30 T 20
: 1 15 - 4
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20 + ; 1 10 + /scheme
< : Non-PLL < DDSRF-PLL
= : scheme =
10 | T
<—A,tl-> At,
! At, S
Mg | ‘ ‘ 10 i i ‘
t/s t/s
(a) (b)
15 " " 10 .
/Non—PLL 5 Non-PLL
10 scheme 7 r
; 0 . /scheme
5¢ o 5t :
< b < !
=0 i i DDSRF-PLL =10+ i :
At, o \ 1
D2 -15 + i : DDSRF-PLL
5t :2 i 'L'
(gl). ! -20 + At 4
-10 L H H H .25 E(_‘_): H H i H
0.2 0.3 04 0.5 0.6 0.65 0.2 0.3 04 0.5 0.6 0.65
t/s t/s
(o) (d)

Figure 10. Separation results for the positive and negative sequence components of current in
the double synchronous reference coordinate system. (a) d*!—axis. (b) g*! —axis. (c) d~'—axis.
(d) g~ —axis.

When phase jumps occur in electrical quantities, PLL based on feedback control is
prone to instability, while the non-PLL scheme can better deal with phase jumps due to the
fact that a feedback control loop is not required. In this study, the phase jumps of current
in the three-phase unbalanced system were simulated and analyzed. The amplitudes of
positive sequence and negative sequence fundamental currents were extracted through
the non-PLL scheme and DDSRE-PLL, respectively, and the results are shown in Figure 11.
The amplitude of the positive sequence fundamental current was 10 A, and the initial phase
angle was 0°. Setting the negative sequence unbalance factor to 0%, 30%, 60% and 90%,
respectively, we obtained simulation results with the corresponding labels “0”, “1”, “2”
and “3”. At 0.3 s, the phase of the positive sequence fundamental current jumped —60°;
the jump process can be clearly seen in Figure 11a. In the figure, trajectories 1 and 2 are
current vector trajectories before and after phase jumps respectively. It can be seen from the
extraction results for positive sequence and negative sequence fundamental amplitudes in
Figure 11b,c that the impact of phase jumps on DDSRF-PLL was significantly greater than
for the non-PLL scheme. With the increase in grid unbalance, the impact on DDSRF-PLL
also increases. When the negative sequence unbalance factor is too large (such as 90%),
DDSREF-PLL cannot recover to a stable state. As a comparison, the non-PLL scheme was
less affected and could quickly self-recover to the stable operation state. With the increase
in grid unbalance, the impact on the extraction of positive sequence components did not
increase significantly. This scheme has good stability.
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Figure 11. Comparison of simulation results for phase jump faults occurring in the unbalanced
power grid. (a0—a3) Trajectories of the current vector. (b0—b3) Comparison of amplitude extraction
results for the positive sequence fundamental current. (c0—c3) Comparison of amplitude extraction
results for the negative sequence fundamental current.

5.2. Effectiveness Verification of the Proposed Frequency Adaptive Correction Method

To verify the effectiveness of the proposed self-adaptable frequency rectifying method,
it was assumed that a complex three-phase fault occurred in the power grid; its voltage
waveform is shown in Figure 12. Within 0-2 s, the power grid operated normally without
fault. Starting from 2 s, a negative sequence fundamental voltage component with an am-
plitude of 0.6 p.u. and an initial phase angle of —30° was superimposed on the normal
voltage. The fundamental frequency of the power grid decreased to 49.5 Hz in 4 s and
increased to 50.5 Hz in 8 s. The dg-axis components of each sequence voltage of the three-
phase voltage signal were extracted and the simulation results are shown in Figure 13.
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Figure 12. Voltage waveforms when a complex three—phase fault occurred.
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Figure 13. Simulation result diagram of the effect of frequency correction. (a) Frequency correction
value (compared to the initial set frequency). (b) The set frequency of the positive sequence funda-
mental wave rotating coordinate system. (c) Extraction results for the dg-axis components of each
sequence voltage.

The deviation between the initially given frequency of the fundamental wave rotat-
ing coordinate system and the actual frequency of the power grid calculated by applying
Equation (14) is shown in Figure 13a. It can be seen that the calculated correction value can
accurately reflect the deviation. Using Equation (15), the calculated deviation value A f was
used to iteratively correct the set frequency, the correction of which started at 6 s. The set
frequency obtained is shown in Figure 13b. It can be seen that the set frequency could
quickly track the actual grid frequency after the correction. Based on the set frequency, the
dg-axis components of each sequence voltage extracted by the non-PLL method are shown
in Figure 13c. It is easy to see that when the initial set frequency is consistent with the
grid frequency (0—4 s), the dg-axis components of each sequence voltage can be accurately
and quickly extracted through the proposed non-PLL method. However, when the two
frequencies were inconsistent (4-6 s), the dg-axis components extracted were AC electrical
quantities, and it can be seen from the figure that the waveforms of these AC components
conformed to Equation (13), which verifies the inference made in Section 4 that the decou-
pling network is still effective in the case of frequency deviation. Obviously, the dg-axis
components extracted after frequency correction, which started at 6 s, are DC electrical
quantities equal to the value at synchronization, which verifies the correctness of the fre-
quency correction strategy. At the moment of 8 s, the actual frequency of the power grid
suddenly changed from 49.5 Hz to 50.5 Hz (which is still within the change range of the
Chinese national standard), and the set frequency was also rapidly adjusted to 50.5 Hz,
which verifies the adaptive ability of the proposed frequency correction scheme.
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5.3. Verification of the CHB-FFCL’s Ability to Improve FRT in Microgrids

In order to verify the ability of the CHB-FFCL to improve FRT in the microgrid grid-
connected system, a power system, shown in Figure 1, was built for simulation analysis.
The system used three-phase, three-wire connection for power supply. In order to simplify
the research, the microgrid only used energy storage for power supply. The main parame-
ters of the simulation model are shown in Table 1. In addition, the sampling frequency of
the simulation system was set to 100 kHz. The asymmetric short-circuit fault was set on
the distribution network side for analysis.

Table 1. Main parameters of the system.

Equipment Parameter Value
Filter capacitor/pF 0.5
Filter inductor/mH 8
Number of cascades 5
Number of multiples 3
CHB-FFCL DC voltage of H-bridge/V 750
Modulator frequency/kHz 1.8
Output power/MVA 0.125
Voltage control loop Kvp, Kvi 1.5,10
Current control loop Kip 10
Distribution network Llj;iq:(irtl e:ge/el/_lI(ZV 1%(.)5
system Capacity of main transformer/MVA 10
Frequency/Hz 50
Microgrid system Line voltage/kV 10.5
Capacity of main transformer/MVA 0.8

Based on the above parameters, the stability of the control system was analyzed first.
According to the system’s open-loop transfer function (Equation (16)), the Nyquist dia-
gram shown in Figure 14 was obtained. Substituting the parameters, it could be deduced
that the open-loop transfer function has no pole in the right half s plane, that is, the pole
number p = 0. It can be seen from the enlarged view of Figure 14b that the trajectory does
not surround the point (-1, j0), that is, N = 0. According to the Nyquist stability criterion,
Z=P-N =0, the closed-loop control system is stable and the set parameters were reasonable.
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(a)

(b)
Figure 14. Nyquist diagram of the control system. (a) Full view. (b) Zoomed in (—4, 0).

In this paper, a bc two-phase short-circuit was selected for the analysis of an asymmet-
ric fault. The simulation time was set to 0.6 s. The fault occurred at 0.3 s and disappeared at
0.5 s. The simulation waveform when the CHB-FFCL was not put into operation is shown
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in Figure 15. It can be seen that the fault voltage and current had obvious three-phase
unbalance. As transformer T2 in Figure 1 is connected by Y-D form, the b-phase voltage
of the PCC rises, making the voltage and current waveform different from the normal bc-
phase short-circuit waveform. The output power of the microgrid connected to the grid
increased, and it was difficult for the output power to maintain the PQ control target value.
To protect the local load and ensure the safety of the grid-connected inverter, the microgrid
system may be switched to island operation.
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Figure 15. Simulation waveforms for when a two—phase short—circuit fault occurs on the distribtion
network side. (a) The voltage of the PCC. (b) The current injected into the PCC. (¢) Grid —connected
output power of the microgrid.

The application of the CHB-FFCL for voltage regulation and fault current limiting
can improve the FRT capability of the microgrid in the case of an external fault. In order to
compare the DDSRF-PLL with the proposed non-PLL scheme, this simulation first applied
the DDSRE-PLL to provide DC component signals for the sequence decomposition and
compensation control of the CHB-FFCL. The CHB-FFCL was switched on at the moment
when a fault occurred (0.3 s) and switched off at the end of the fault (0.5 s). The simulation
waveform on the microgrid side is shown in Figure 16.
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Figure 16. Simulation waveform using DDSRF—PLL. (a) The voltage of the PCC. (b) The current
injected into the PCC. (c¢) Grid —connected output power of the microgrid.

It can be seen from the figure that when the CHB-FFCL was put into operation the
PCC voltage and current were soon controlled. However, when the system ran to 0.44 s, it
became unstable, and the oscillation could not be eliminated until the fault ended, which
indicated that the CHB-FFCL controlled by applying DDSRF-PLL can have a good control
effect at the beginning of a fault but may not remain stable for a long time. The control
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of the grid-connected output power also oscillated greatly with the system instability. In
such a case, it is difficult for the grid-connected inverter to continue to operate in PQ control
mode, and the microgrid may go off-grid and fail to achieve stable and long-term FRT.

As a comparison, the proposed non-PLL was used to provide control signals for the
CHB-FFCL; the simulation waveform is shown in Figure 17. It can be seen from the figure
that in this case, the CHB-FFCL could also quickly control the voltage and current of the
PCC to ensure that the phase angle did not jump. Moreover, the effect of the CHB-FFCL
could remain stable for a long time with good operation stability. As the non-PLL scheme
does not have the problem of frequency oscillation, when the power grid transits from the
end of the fault to the normal and stable state, the output compensation voltage of the
CHB-FFCL is still accurate, which can assist the power grid in transitioning to the stable
operation state smoothly. When the power grid is stable, the CHB-FFCL is switched off
(the CHB-FFCL was switched off at 0.52 s here) and its switch-off action will not impact
the system. In addition, the negative sequence unbalance factors of the compensated PCC
voltage and current were both within 2%, so the waveform quality meets the requirements
of the Chinese national standard. The grid-connected output power of the microgrid is
maintained at a constant value, meeting the requirements of microgrid PQ control, and
the FRT of the microgrid is realized.

A TN 8% A% R Y% W VI % %%
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tls
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Figure 17. Simulation waveform using the proposed non—PLL scheme. (a) The voltage of the PCC.
(b) The current injected into the PCC. (c) Negative sequence unbalance factor of the PCC voltage and
current. (d) Grid—connected output power of the microgrid.

6. Conclusions

This paper has proposed a scheme to improve the FRT capability of microgrids by
using the CHB-FFCL to reduce the impact of faults in external power grids on microgrids.
The main conclusions are as follows:

(1) Based on a cascaded inverter structure, the CHB-FFCL has good withstand voltage
level and dynamic output characteristics. It can realize voltage regulation and current
limiting functions, thus assisting the microgrid to realize FRT.

(2) By setting the angular frequency of the positive sequence fundamental rotating
coordinate system so that it is consistent with the power frequency of the power grid, the dg-
axis DC components of each of the sequence electrical quantities can be extracted without
PLL. When there is a deviation between the set frequency and the actual frequency of the
power grid, the decoupling network is still effective. Therefore, the correction value of the
frequency can be calculated from the AC components of the dg-axis electrical quantities so
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as to realize the iterative correction of the frequency. The frequency adaptive correction
ability of the proposed non-PLL scheme is guaranteed.

(3) Compared with DDSRE-PLL, the proposed non-PLL scheme does not have the de-
fect of frequency oscillation, and because there is no need to design a controller it avoids
the problem of complex parameter setting when designing the controller. At the same
time, the dynamic response speed of the FCL control system was improved. The simula-
tion results showed that the proposed non-PLL scheme ensured the accuracy of the control
and had excellent tracking speed and stability. The CHB-FFCL, which uses non-PLL tech-
nology, can eliminate the impact of external asymmetry short-circuit faults on microgrid
systems and improve the FRT capability of microgrid systems.
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