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Abstract—Bidirectional interlinking converter (BIC) is the core
equipment in a hybrid AC/DC microgrid connected between
AC and DC sub-grids. However, the variety of control modes
and flexible bidirectional power flow complicate the influence of
AC faults on BIC itself and on DC sub-grid, which potentially
threaten both converter safety and system reliability. This study
first investigates AC fault influence on the BIC and DC bus
voltage under different BIC control modes and different pre-fault
operation states, by developing a mathematical model and equiv-
alent sequence network. Second, based on the analysis results, a
general accommodative current limiting strategy is proposed for
BIC without limitations to specific mode or operation condition.
Current amplitude is predicted and constrained according to the
critical requirements to protect the BIC and relieving the AC fault
influence on the DC bus voltage. Compared with conventional
methods, potential current limit failure and distortions under
asymmetric faults can also be avoided. Finally, experiments verify
feasibility of the proposed method.

Index Terms—Bidirectional interlinking converter, current
limiting, fault characteristic, hybrid AC/DC microgrid, variation/
oscillation of DC bus voltage.

I. INTRODUCTION

C microgrid is gaining attention for the merits of high-

power transmission efficiency, no synchronization prob-
lem, and economy. With AC utility grid and AC distributed
energy resources (DERs) still occupying dominant position,
hybrid AC/DC microgrid possesses a promising future for
providing an optimal choice combining AC, DC sub-grids
together [1], [2]. As the topology shown in Fig. 1, the AC/DC
DERs usually adopt control schemes with droop characteristics
to achieve autonomous power sharing without communica-
tion [2]. The BIC bridges the AC/DC sub-grids to promote
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Fig. 1. Topology of a hybrid AC/DC microgrid.

mutual power support and help to maintain the bus stability,
whose reliability is significant.

However, when an AC fault occurs, BIC should remain
connected [3], which may introduce overcurrent to itself and
give rise to severe variation/oscillation of DC bus voltage,
threatening the BIC safety and even power supply reliability
of DC sub-grid. Furthermore, the variety of control modes
(including the DC voltage control, power control and AC
voltage control modes [1], [4], [5]) and flexible bidirectional
power flow complicates the fault characteristics, as well as
different protection requirements. Therefore, it is necessary to
figure out fault performance due to the different operational
conditions and put forward effective fault ride-through (FRT)
strategies.

Great efforts have been devoted by many researchers to
investigating the fault characteristics of converters by now.
Ref. [6], [7] comprehensively study the fault response of
current-controlled and voltage-controlled inverters under sym-
metric/asymmetric faults. It is disclosed that the inrush current
of the later is larger. Further, Ref. [8] analyzes the AC fault
influence on BIC based on a modular multilevel converter
(MMC) topology at the pre-fault inverter state. However, the
DC side of the above works is all assumed to be an ideal
constant DC voltage source, whose conclusions may not be
fully suitable to the BIC in a hybrid AC/DC microgrid due
to the vulnerable DC sub-grid with finite capacity. Making
up for this shortcoming, it is revealed in [9], [10] that an
asymmetric fault in AC sub-grid will deteriorate DC bus
voltage through the coupling of BIC under power control
mode. Additionally, DC DERs with different controllers will
exhibit different degrees of harmonic interference. Neverthe-
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less, this research, accompanied with the above work, all focus
on the pre-fault inverter state of converters with a specific
control mode. Whereas BIC can work in both rectifier and
inverter states. The bidirectional operating state, as well as the
variety of control modes will play significant differences on the
fault characteristics, but still haven’t been revealed. Therefore,
existing study could only provide limited theoretical guidance
for the FRT technology and protection design of BIC.

When it comes to FRT control strategies for converters,
existing literature can be mainly divided into methods based
on improving controllers and the others based on improving
the limiter design. In [11], a flexible FRT control strategy
based on adapting the outer control loop is presented for
current-controlled inverters (such as PQ). It can achieve a
dynamic trade-off between active/reactive power oscillation
and inrush current suppressions. Similar to these, in [12], a
multi-objective FRT control strategy is presented for BIC with
power control mode to effectively maintain DC bus voltage
without using a chopper circuit. In [13], a FRT control strategy
based on switching to the current control mode at the fault
time is proposed for voltage-controlled inverters. However,
properties such as voltage/frequency support abilities will be
lost during the transient process, and another inrush current
may occur during the re-switch process. Furtherly, Ref. [14]
provide novel FRT methods for droop-controlled inverters
in af frame but lacking a certain commonality to other
controllers. To address this, many scholars directly analyze
and re-design the current and voltage limiters of inverters.
It is disclosed in [15]-[18] that conventional limiters may
fail to constrain the inrush current under asymmetric fault.
In [18], a current limiting method applying in both current and
voltage-controlled inverters is discussed to effectively suppress
the symmetric/ asymmetric fault current. Unfortunately, the
above-mentioned FRT strategies all consider the DC side as
a constant DC voltage source, and the fault characteristics
under a bidirectional operation state have not been taken into
account, which are not fully consistent with conditions in a
hybrid AC/DC microgrid.

Generally, to the best knowledge of the authors, there is
still no in-depth fault analysis for BIC under different control
modes in a hybrid AC/DC microgrid. AC fault impact on
BIC and on DC bus voltage in the case of bidirectional
power flow is still unclear. Additionally, conventional FRT
strategies cannot be fully suitable for BIC due to limitations to
specific controller, or neglect of the fault characteristics under
bidirectional states.

Therefore, as our first motivation, this study comparatively
investigates AC fault influence on BIC and DC bus voltage
under three commonly used BIC control modes in a hybrid
AC/DC microgrid. Based on this, a general accommodative
current limiting strategy is proposed for BIC. The main
contributions of our study can be summarized as:

1) The influencing mechanism of the BIC control modes,
as well as its limiters on the system fault characteristic are
revealed by developing a mathematical model and equivalent
network of a hybrid AC/DC microgrid. Moreover, both fault
conditions under bidirectional power flow of BIC are also

CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 10, NO. 4, JULY 2024

elaborated to disclose the different influences generated by
the pre-fault rectifier and inverter states.

2) A general accommodative current limiting method with-
out limitations to control modes and bidirectional power flows
is proposed for BIC to prevent inrush current and impact on
DC bus voltage by AC faults. Reference current prediction and
limitation are performed in abc frame for BIC thermal limi-
tations, and further adjusted in positive/negative sequence dq
frames to limit variation /oscillation of DC voltage. Compared
with conventional methods, potential current limit failure and
distortions under asymmetric faults can be also avoided.

The remainder of this study is organized as follows: In
Section II-IV, concepts of different control modes of BIC,
and their influence on the fault characteristics of BIC and
DC bus voltage are analyzed. In Section V, a comparative
summary is drawn. In Section VI, a general accommodative
current limiting scheme is presented, accordingly. Finally, ex-
perimental verifications are performed in Section VII, followed
by conclusions in Section VIIIL.

II. FAULT ANALYSIS UNDER DC VOLTAGE
CONTROL MODE

A. Principle of DC Voltage Control Mode

As shown in Fig. 1, under this control mode, DC bus
voltage is maintained by BIC and DC DERs together [19].
Fundamental scheme is shown in Fig. 2, which consists of the
outer DC voltage control loop and inner current control loop.
The outer loop tracks DC bus voltage and provides references
iy, for the inner loop as depicted in (1). Afterwards, the inner
loop tracks the references to generate the PWM signals [20].

iy = (kp1 + ki1/5) (Vaen — Vac) M

where Vicn, Vae, kp1, and ki; represent the rated, actual DC
voltage, the proportional and integral parameters, respectively.

iy is preferably set to zero since BIC is to control dc bus

voltage without providing reactive power to AC sub-grid [21].
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Fig. 2. Principle of DC bus voltage control mode of BIC.

Additionally, as shown in Fig. 2 and (2), BIC will also be
configured with current and inner voltage modulation limiters
for thermal limitation of power electronic devices.

Y 70 R o |2 2
Lglim = \/ Uim — Ydlim» €qlim = A/ €im ~ €dlim 2

where iim, €lim, tdglim and eqqlim refer to the defined current,
voltage limitations, and their components in dq frame.
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B. Fault Analysis under DC Voltage Control Mode

1) Fault Influence on BIC

The transfer function of BIC including the inner current
loop, BIC bridge and filter can be derived as (3). Then, the
AC side output current of BIC can be given by (4).

) _ (kp2s + ko) (kp1s + ki)
Gbm(S)—'L834_(R_%kpﬂ82+_kns 3)
ia = (Vaen — Vac)Ghic(s) (4)

where k2, and kig are the proportional and integral parameters
in the inner current loop, respectively.

When a symmetric/asymmetric AC fault occurs, Vg in (4)
becomes V.. Assuming the tracking process is quick, G;c(s)
can be viewed as a “K” proportion unit, the post-fault BIC
current is

ig ~ K (Vaen — Vo) (&)

[

where the superscript represents the post-fault variables
in this paper. Since DC voltage cannot be changed abruptly at
the fault time, there will be V. ~ V. Thereby, the pre-fault
and post-fault current of BIC have similar magnitude under
this control mode, that is i/, ~ i,.

Active power of BIC P/, after faults occur can be (6).
Accordingly, P/, will be mainly determined by the post-fault
AC PCC voltage ) since i/, =~ i4. Its direction is not easy
to change accordingly.

Flie = L5(uyigy + ugily) = L5uj(Vaen — Vy,)
ul, = Ulfsing'™™ — U7 sin(2wt — @) (6)

uy = Upt cos o't — U cos(2wt — o))

where U, is the amplitude of u) ., “+, —” denote the positive
and negative sequence components, ¢, is the initial phase
of ul..

To reveal the influence of BIC control and the pre-fault
power direction on the fault characteristics, Fig. 4 shows the
current and power of BIC when u,. asymmetrically drops to
70% wu, in cases of pre-fault rectifier and inverter states. As
can be observed, the current has small variation under either
pre-fault state. While the active/reactive power of BIC possess
very small oscillations without direction altered.

2) Fault Influence on DC Bus Voltage

As shown in Fig. 1, the DC sub-grid is equivalent into a
DC DER with V3. — R droop feature [2]. According to the
law of conservation of energy, the AC/DC sides active power
of BIC should be equal as shown in (7). Hence, the DC bus
voltage can be inferred as (8):

Plic = Pyico + App sin(2wt + ¢p) (7

Vie = Vico + Ava sin(2wt + ov) ®)

where subscripts “0” and “Af;” denote the DC component and
amplitude of double frequency oscillation component P/, ;; of
each variable. ¢}, and f, are their initial phases, respectively.
According to Fig. 1 and the Kirchhoff’s law of voltage and
current, the relationship between P}, , and V, can be derived

—Ky+ /K3 + 4K, P/
Vieo = F(Plico) = 2 T 3T A% bien

2K,
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K- —(R1 + R2)
' RiRps + RiRy + RoRys
K2 RQVdcn (9)

N RiR13+ RiRs + RoRy3
where R;, Ro, and Rps3 are the equivalent resistances of
DC DERs, DC loads, and DC line (from BIC to DC PCC),
respectively.

It can be deduced from (9) that Vj , is related to the
equivalent resistances of DC DERs, DC load, DC line, and the
interactive active power P/, , transmitted by BIC. Since the
influencing factors of DC sub-grid are immutable, the larger
P!, will lead to a larger variation of DC bus voltage.

On the other hand, the power oscillation component P/, j;
of BIC will cause oscillation of DC current I) ;.. According
to the DC capacitor character, the oscillation component of
DC voltage V4 can be deduced as

1 —A!
V({CH = Cidc /Iélcbicdt = QWVéfgdc COS<2Wt + 9013)

= F(Plgch)

As shown in (10), the larger P, ;; and smaller DC capacitor
Cq. will lead to more intense oscillation of DC voltage. Hence,
under this control mode, the variation and oscillation of DC
voltage is mainly determined by the fault voltage u., since
there is i/, ~ igq. As shown in Fig. 3, the post-fault DC
voltage remains stable with very little oscillation regardless
BIC operates in the pre-fault rectifier or inverter state.

Generally, the equivalent networks of hybrid AC/DC mi-
crogrid under AC fault when BIC operates in DC voltage
control mode is shown in Fig. 4. In the studied system,
BIC is ungrounded while the AC sub-grid can be viewed
as a grounded system. Hence, the zero-sequence network is
neglected due to the lack of passageway for zero sequence
current. In the AC sub-grid, BIC is equivalent to a controlled
current source in parallel with a capacitor. While in the DC
sub-grid, BIC is equivalent to a controlled DC voltage source
in series with a controlled double frequency voltage source.
Moreover, no matter BIC operates as a rectifier or inverter
initially, AC faults can hardly lead to a serious overcurrent of
BIC or severe influence on DC sub-grid.

(10)

III. FAULT ANALYSIS UNDER POWER CONTROL MODE
A. Principle of Power Control Mode

The power control mode of BIC flexibly promotes mutual
power support between sub-grids by bus signals. As indicated
in Fig. 5, the controller consists of outer power loop and inner
current loop [2], [5]. Principle of the outer loop is shown in
(11)—(12), the error between the normalized deviations of AC
bus frequency and DC bus voltage will pass through a PI unit
to generate the inner current reference iy, .

iy = 2P*/3U = 2Gp1(t) Vpu — fpu)/3Uac (11D
fou = [f = 0.5(fmax + fmin)]/0-5(fmax — fmin)
=(f = fu)ke
Vou = [Vae — 0.5(Vinax + Vanin)1/0.5(Vinax — Vinin)
= (V = Vien) kv (12)
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Fig. 3. Current, active/reactive power of BIC, and DC bus voltage when BC phase of uac asymmetrically drop to 70% wun under DC voltage control mode.
(a) Results when BIC operates as an inverter at the pre-fault. (b) Results when BIC operate as rectifier at the pre-fault.
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Fig. 4. Equivalent networks of hybrid AC/DC microgrid when BIC operates
in DC voltage control mode. (a) Positive sequence networks of AC sub-grid.
(b) Negative sequence networks of AC sub-grid. (c) Network of DC sub-grid.
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where fi, fmax> Vmax> fmin, and Vi, are the rated, maximum,
and minimum values of AC bus frequency and DC bus voltage,
respectively. V;,, and fp, are their normalized values. P*
represents the calculated reference active power of BIC.

B. Fault Analysis under Power Control Mode

1) Fault Influence on BIC

Under this control mode, the transfer function including the
inner loop, BIC bridge and filter is similar to (3). Hence, when
a symmetric/asymmetric AC fault occurs, BIC current can be:

( 2K [k (f§ + Alyy sin(2wt + ¢}) )
—fu) = kv(Vde — Vaaen)]
3(Uzeo + Ay sin(2wt + ¢))

il = (13)
where subscript “0” represents the DC components, Aﬁ{, A’UH,
;. and ¢f; are the amplitude of oscillation components, and
their initial phases. Coefficients k, and k¢ determine fault
current sensitivity to variations of bus signals. In the event
of symmetric fault, oscillation components are ignored. As
shown in (13), post-fault BIC current is determined by the
frequency, amplitude of AC bus voltage and Vj_ at the fault
time. Moreover, it will contain harmonic components due to
oscillations of AC frequency.

Under the power control mode, P/,  can be derived as
(14). Post-fault power direction depends on the error between
variations of AC frequency and DC voltage.

( 3K2u&[kf(f6 + A;H sin(2wt + <,0%) — fa) >
—kv (V3. — Vien
Pt/)ic = ’ V(/ o i o 4 (19
3(Uleo + Apg sin(2wt + ¢f))

To disclose the influence of this control mode and pre-fault
power direction of BIC, Fig. 6 shows the fault response when
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Fig. 6. Current, active/reactive power of BIC, and DC bus voltage when BC phase of uac asymmetrically drop to 70% un under power control mode. (a)
Results when BIC operate as an inverter at the pre-fault. (b) Results when BIC operate as a rectifier at the pre-fault.

Uae asymmetrically drops to 70%wu, in cases of both pre-
fault rectifier and inverter states. As illustrated in Fig. 6, BIC
current is similar to an asymmetric step response with small
oscillations in either the pre-fault state is rectifier or inverter.
The active/reactive power of BIC has a small overshoot at the
fault time without power direction conversion.
2) Fault Influence on DC Bus Voltage

Referring to (9-10), and (14), under the power control mode,
V4. will be less affected since Py, is similar to its pre-fault
value. As shown in Fig. 6, when u,. asymmetrically drop to
70% u,, DC voltage only contains small oscillations.

Generally, under this control mode, BIC can be equivalent
to a controlled current source when AC faults occur. The
equivalent networks of hybrid microgrids during fault are
similar to that in Fig. 4. Since double frequency oscillations
in the AC voltage and frequency will be introduced into the
controller during asymmetric fault, the current and power
directions of BIC, as well as the DC bus voltage are more
heavily impacted compared to that under DC voltage control
mode.

IV. FAULT ANALYSIS UNDER AC VOLTAGE
CONTROL MODE

A. Principle of AC Voltage Control Mode

Principle of the AC voltage control mode of BIC is shown
in Fig. 7, including an outer AC voltage control loop and an
inner current loop. The outer loop aims to maintain AC bus
voltage, as shown in (15) and provides references iy, for the
inner loop [4], [5].

AC bus

1. Cvic

Inner
current
loop

Fig. 7.

Principle of AC voltage control mode of BIC.

ity = Gpi(t)(eagn £ €qq) £ jwnCe (15)

where eqqn, €4q are the dq components of rated and detected
AC side terminal voltage of BIC. Cf is the filter capacitor of
BIC.

B. Fault Analysis under AC Voltage Control Mode

1) Fault Influence on BIC

According to Fig. 7, transfer function of BIC under this
control mode is given by (16). 7; represents time constant of
the inner current control loop. k., ky; denote parameters of PI
unit. AC side terminal voltage of BIC ey, is still controllable
under this control mode. As shown in Fig. 1, BIC current
amplitude I/ is determined by the error between the AC bus
voltage u,. and ef,., which can be expressed as (17).

edq = Ge(S)edgn — Z(8)iaq (16)
kyps + ki
Ge _ vp vi
(s) TiC183 + Crs? + kyps + kyi
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Z(s) = me”
1083 + Crs? + kyps + kyi
I/ — |e£)ic — u;.C‘ (17)
" R? 4+ (wL)?

where Z,3 = R + jwL, which includes the filter impedance
of BIC and line impedance between AC PCC and BIC.

As shown in (17), when the AC fault occurs, u,. will drop
immediately, while the midpoint voltage of BIC cannot be
changed abruptly and still remains symmetrical at the fault
time. Therefore, a small difference between u,,, and e},  will
directly cause rapid inrush current of BIC since Zg3 is small.
In this event, limiters can be easily activated with two cases
accordingly.

Case I: when only current limiter is activated, BIC is
equivalent to a constant current source, I, = Ijjy,. Then
there is:

Pléic = 1.5(u%2:dhm + u%i.qhm) (18)
Qbic = 1‘5(udzq1im - uqldlim)

Case II: When a voltage limiter is activated, this denotes
effectiveness of the current limiter has been destroyed. This
could occur especially when an asymmetric fault occurs (Al-
though the amplitude of current is limited by the current limiter
in dq frame, the actual current in abc frame may not be
accurately limited [15]-[17]) or when Z,3 is large. Upon this,
voltage of the overcurrent phase may larger than limitations,
ie., e, = 1. - Zg3 > enm. BIC will turn into a constant
voltage source. Then the BIC current amplitude will be (19),
and P/, can be (20). As can be observed from (18) and (20),
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power direction is prone to convert into inverter state positive
. p . . ,
(i.e., B, > 0) since there is often egqiim > (L

! — |61im - u;c| (19)
" /R4 (wL)?
P = L5(uj(eaim — wy)/Za + ug(eqim — uy)/Zy)
Qbic = 1.5(uwy(eqtim — ug)/Zy — wyleaim — uy)/Za)
(20)

To identify the influence of the control and pre-fault power
direction of BIC, Fig. 8 shows the fault response when wu,.
asymmetrically drop to 70% u,. As can be seen, BIC suffers
from large inrush current with severe distortions (about 31,
within 10 ms), which denotes the current limiter has been
destroyed. The active and reactive power of BIC increase
with intense oscillations. Moreover, regardless of the pre-fault
power direction, it is prone for BIC to shift into the inverter
state after the fault occurs.

2) Fault Influence on DC Bus Voltage

The fault influence on DC voltage under this control mode
can be deduced by combining (9)(18)(20). If only current
limiter is activated as in case I, the larger u,. will lead to the
larger P/, ., and consequently, a larger DC voltage deviation. In
case II, if voltage limiter is activated, the variation/oscillation
of Vg, depends on ejin,, Z3, and ), at the fault time since Py,
is directly determined by these as in (20). As shown in Fig. §,
the DC voltage suffers from serious sag (around 10% Vicn)
and oscillations under the same fault condition. Additionally,
the impact on Vg are both severe either the pre-fault state is
rectifier or inverter. Note that the deteriorated V. also worsen
the distortion of the AC side current of BIC.
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Current, active/reactive power of BIC, and DC bus voltage when BC phase of uac asymmetrically drop to 70% un under AC voltage control mode.

(a) Results when BIC operate as an inverter at the pre-fault. (b) Results when BIC operate as a rectifier at the pre-fault.
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Fig. 9. Equivalent networks of hybrid AC/DC microgrid when BIC operates
in AC voltage control mode. (a) Positive sequence network of AC sub-grid.
(b) Negative sequence network of AC sub-grid. (b) Network of DC sub-grid.

Generally, under this control mode, the equivalent networks
of hybrid AC/DC microgrid is illustrated in Fig. 9. In the
AC sub-grid, BIC is equivalent to a constant current source
in parallel with capacitor when only the current limiter is
activated (red), and a constant voltage source in series with
output impedance when voltage limiter is activated (blue),
respectively. BIC is still equivalent to two series-controlled DC
voltage source in the DC sub-grid. However, BIC easily suffers
from overcurrent with distortions especially when asymmetric
faults occur even with limiters, the power direction is easily
converted into inverter state, and the DC bus voltage undergoes
large variations and oscillations.

V. COMPARISON AND SUMMARY

Based on the above analysis, comparisons among different
control modes under the same pre-fault state, as well as com-
parisons between results under pre-fault rectifier and inverter
state of a specific control mode are summarized in this section.
Relevant data results are shown in Table I for a more distinct
comparison. Note the conditions for the calculated data in
Table I stay similar except for the BIC control system. The
physical circuit and control parameters are shown in Table II
in Section V. The fault event is set as a two-phase grounded
fault (BC phases of u,. asymmetrically dip to 70% u,) since
it is relatively more severe than the other asymmetric faults.
Moreover, under either pre-fault rectifier or inverter states, the
BIC operates around the rated power state initially.

TABLE I
COMPARATIVE SUMMARIZES

Peak of i, Deviation of V. Distortion of 7,1,

Control mode (p-u.) (AVy. %) (THD %)
Inv. Rec. Inv. Rec. Inv. Rec.
DC voltage control 1.20 1.19 0.18 0.25 .12 1.13
Power control 141 1.38 0.82 0.98 252 1.71
AC voltage control 3.63 372 9.0 14.0 13.75 13.38

1) Comparison of BIC’s peak current: To avoid the damage
of BIC due to the limited thermal capacity, it is significant to
figure out the peak current upon AC fault. As shown in Table I,
under the same pre-fault state, BIC with AC voltage control
mode suffer from the most serious inrush current, followed by
that under the power control mode, and DC voltage control

mode. While for a specific mode, the current responses are
similar either in the pre-fault rectifier or inverter state.

2) Comparison of power direction: It is more likely for BIC
to convert into the inverter state at fault time under AC voltage
control mode than under DC voltage and power control modes.

3) Comparison of DC bus voltage variation/oscillation: DC
bus voltage undergoes the most severe deviations under AC
voltage control mode, and least under DC voltage control
mode. Meanwhile, for a specific mode, deviations in the case
of a pre-fault rectifier state tends to be larger than in the case
of a pre-fault inverter state. Additionally, it is revealed that
if only the current limiter is activated, the smaller dip of wu,c
will lead to a larger deviation. While if the voltage limiter is
activated, situations are the opposite.

4) Comparison of BIC current distortion: distortion of BIC
current is caused by negative sequence components in the
event of an asymmetric fault, the limiter, and the reversely
coupling effect of deteriorated DC voltage. Consequently,
based on the former results, under AC voltage control mode,
distortion of BIC current ranks the highest either in the pre-
fault rectifier or inverter state.

Generally, it can be concluded that situations under AC
voltage control mode tends to be the most severe, followed
by that under the power and DC voltage modes. Therefore,
effective current limiting strategy with considerations of fault
characteristics is necessary for BIC to ensure safe and reliable
operation of a hybrid AC/DC microgrid.

VI. ACCOMMODATIVE CURRENT LIMITING METHOD
FOR BIC

As can be inferred from the former analysis the outer
loop of different control modes is the key to differences in
the fault characteristics. Therefore, we proposed a general
accommodative current limiting strategy by accommodating
the current references generated by the outer loop. It can
be extended to all three commonly used control modes with
bidirectional operation states to effectively suppress BIC fault
inrush current, and meanwhile reduce variation/oscillation of
DC bus voltage in the event of symmetric/asymmetric faults.
Additionally, power quality of BIC current and DC sub-grid
can be improved, which benefits both AC and DC loads.
Since situations under AC voltage control modes rank the most
severe, here we take this mode as an application example, the
overall control scheme is shown in Fig. 10.

At first, a positive and negative sequence separation is
performed. Afterwards, the current references for inner loop is
predicted rapidly and limited in abc frame, so that the inrush
current of BIC will be constrained for the thermal limitations
of power electronic devices. Subsequently, for the sake of
relieving the impact of AC faults on DC bus voltage, the
maximum positive and negative sequence reference current in
dq frame is predicted using real-time AC voltage. Current is
further constrained according to the relationship between the
maximum allowable variation/oscillation of DC bus voltage
and the active power of BIC. Specific principles will be
discussed as follows.
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Fig. 10. Proposed accommodative current limiting control scheme applied in the AC voltage control mode of BIC.

A. Accommodative Current Limiting of BIC in abc Frame

As shown in Fig. 10, a second-order generalized integrator
(SOQI) is employed in the proposed method to separate the
positive and negative sequence of the voltage and current for
its advantages of flexible frequency adaptability [22]. After
outer voltage control, the generated inner current references
in dg frame are transformed into abc frame and then super-
imposed together as aj, by, and c;, where the 6T and 6~
used in the frame transformations can be obtained by the
phase-locked loop (PLL) after sequence separation [22]. Upon
that, as illustrated in Fig. 11 and (21), the fast amplitude
prediction method of a sinusoid is presented to quickly figure
out the reference current. It is more precise and quicker to
calculate the instantaneous variables compared with Root-
Mean-Square (RMS)-based calculation method since the later
needs to calculate the sum of squares of all amplitudes of each
time series.

(Imagx sin(wt + (p))2

+ (Imagx sin [ @h

Imagx =

5~ (wt+<p)])2

where I« refers to the predicted current amplitude. Subse-
quently, if the predicted amplitude of the reference current
goes beyond the limitation Iy, (21,), the actual reference
current will be scaled down proportionally, or else it retains
its original value, the principle is described in (22).

Dim ¢

. T s lx1, Imagx > Ilimt

1x2 = magx , T = a, b, C 22)
ixla Imagx < Ilimt

where iy, and 751 are the accommodative limited and original
current references in abc frame, respectively.

. : 0'y

Iy fa2 it it
—> Imagabc > N abc dqrcg [maxdq daref3
iy predict | iy, dq predict
— > & > SOGI . & .

; limit | | [abe e fimit | daref3
—LyEq. 21-22) 2> dg | |Eq. 7-28)[
ot
Fig. 11. Principle of the maximum current predict and limit unit.

By this way, BIC can effectively limit the potential inrush
current of each phase without distortions especially in the
event of asymmetrical faults.

B. Accommodative Variation and Oscillation Limiting of DC
Bus Voltage in dq Frame

The former limiter only protects BIC. However, severe
variation and oscillation of the DC bus voltage may still
exist. Hence, current references need to be further constrained
according to the requirements of DC bus voltage.

As derived in (9), the influence of AC fault on DC bus
voltage is mainly caused by active power coupling through
BIC. Although the fault voltage condition is random, BIC
current could be flexibly constrained to change the interacted
power, and thereafter improve DC bus voltage. When the
positive and negative sequences are separately controlled, the
active power of BIC can be (23) [11].

Pric = Prico + Pea cos(2wt) + Pso sin(2wt) (23)

According to relationship between P and Vo in (9).
The maximum DC component of active power Phicomax can
be derived as (24).

Pbic(]max S Pbic()max - [(KQ + 2]:(1‘/vdc()rnin)2 - K22]/4K1
(24)

where Vycomin represents the lower limitation of DC bus
voltage.

On the other hand, according to the capacitor character, the
relationship between the oscillation components of DC bus
voltage and BIC power can be deduced as (25). Assuming that
AvHmax 1S the maximum allowable amplitude of oscillation
component of DC bus voltage, then there is (26).

1
—|P,
QCUVdCCdC[ ¢
-PC2 < Pc2max = AVHmax2\/§wvchdc
P82 < Ps2max = AVHmaXQ\/indCCdC

Ve = 2 sin(2wt) — Pya cos(2wt)] (25)

(26)

Thereafter, the maximum allowable positive and negative
sequence reference current i (k indicates +) in dq frame

dq max?
can be (27).

N ot ur owy; our ] [P

lz_i‘rmax d q i 3_ ICOmax
Zq max | _ g ud Uq UdJr uz_ PCQmax
L4 max 3 uz_ 7”1 7’U,q Ug PSQmax
g max Uy —ug U —Uy 0

(27
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ik
dg max .| -k > jk
-k _ -k ldqrcfQ’ qurcfZ = qu max (28)
quref?) - quref2
-k -k -k
ldqref27 qurefZ < qu max

where f, ¢ and il ., are the limited and original current
references in dq frame, respectively.

Subsequently, as shown in the right block in Fig. 11, after
the current limiting in abc frame, the three-phase current
will be transformed into the positive and negative sequence
networks by SOGI and be further constrained by (28) to
help limit the variation/oscillation of DC voltage by concrete
requirements. Upon this, reliability and quality of the power
supply of DC microgrid can be guaranteed, which could also
reduce the coupling influence on the voltage and current of
AC sub-grid.

VII. EXPERIMENTAL STUDY

In order to demonstrate effectiveness of the proposed
method, hardware-in-the-loop experiments with topology in
Fig. 1 are carried out, including performance verifications
under the symmetric/asymmetric faults, as well as pre-fault
inverter and rectifier states. Since the fault conditions under
AC voltage control mode rank the most serious, here we
also take it as an example [23]. Further, for a more intuitive
understanding, each group of experiments is compared with
conventional method with fixed limiters. The experimental
platform is shown in Fig. 12, wherein, the physical circuit
of a hybrid AC/DC microgrid is performed by the real-time
on the simulator OP5607 equipped with FPGA-based inputs
and outputs (I/Os) board. The control system consists of three
digital signal processors (DSP TMS320F28335) for AC/DC
sub-grids and BIC, respectively. Relevant circuit and control
parameters are shown in Table II. Fault time is set as ¢ =
0.3 s. Additionally, to fully verify the function of DC bus
voltage deviation/ oscillation reduction with proposed method,

Fig. 12. Experimental platform.
TABLE II

PHYSICAL CIRCUIT AND CONTROL PARAMETERS
Parameter Value Parameter Value
Pbicn (kW) 15 Lacf (mH) 3
Qbicn (kvar) 0 Cact (uF) 10
En (V) 311 Cgyc (mF) 2.5
fn (Hz) 50 R11 () 0.2
Vdaen (V) 800 Ryo () 0.2
Zg2,3 () 0.2+1.2j R13 () 0.2
Zg1 () 0.14-0.4j Piacsn (KW) 20
Pycsn (kW) 20 Qacsn (kvar) 0
fmin — fmax (Hz)  49.8-50.2 Vinin — Vmax (V) 760-840
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the maximum allowable variation of the DC bus voltage are
equal to +5% and +10% under the pre-fault inverter and
rectifier state, respectively, since there will be larger deviations
under the later pre-fault condition according to the previous
theoretical analysis.

A. Performance When Subjected to Symmetric AC Faults

This group of experiments aims to verify the performance of
proposed method under a symmetric fault with both pre-fault
inverter and rectifier states of BIC. The experimental results of
conventional method and of proposed method when subjected
to a symmetric fault under AC voltage control mode with pre-
fault inverter state are shown in Figs. 13—14, respectively. As
can be observed in Fig. 13(a) and Fig. 14(a), the fault current
of the BIC can be well limited within twice the rated value
21I,,. However, the sag of DC bus voltage V4. as shown in
Fig. 13(c) will be larger with conventional method. This is
because, although the BIC current has been limited to 27,
the transmission power of the BIC will be large with a small
AC PCC voltage dip, therefore, indirectly influencing V..
These are consistent with the theoretical analysis in Section IV.
On the other hand, as shown in Fig. 14(c), with proposed
method, the DC bus voltage can be well maintained within its
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Fig. 13.  Experimental results of conventional method when subjected

to a symmetric fault (u,p dip to around 87% of the rated value) under
AC voltage control mode with pre-fault inverter state. (a) Current of BIC.
(b) Active/reactive power of BIC. (c) DC bus voltage.
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Experimental results of conventional method when subjected to a symmetric fault (u,p dip to around 87% of the rated value) under AC voltage

control mode with pre-fault rectifier state. (a) Current of BIC. (b) Active/reactive power of BIC. (c) DC bus voltage.

allowable range 5% since the actual current reference has been
accommodatively limited with consideration of the deviation
of V4., which can also be indicated by the reduced active
power Fig. 14(c).

Figures 15-16 show the experimental results of conven-
tional method and of proposed method when subjected to a
symmetric fault under AC voltage control mode with pre-fault
rectifier state, respectively. Similar phenomena can be viewed
as results under pre-fault inverter state. Moreover, it is obvious
that the DC bus voltage can be well maintained within the
previous set value 10% with proposed method. Accordingly,
in this case, the active power of BIC as shown in Fig. 16(c)

is also relatively larger than in Fig. 14(c).

Generally, both the conventional method and the proposed
method can achieve good current limitation performance of
BIC under symmetric faults. However, only with proposed
method, the DC bus voltage can be accurately maintained.

B. Performance When Subjected to Asymmetric AC Faults

This group of experiments aims to verify performance of the
proposed method under asymmetric faults with both pre-fault
inverter and rectifier states of BIC.

Figure 17 shows the experimental results of conventional
method when subjected to a two-phase grounded fault (uy,
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Experimental results of proposed method when subjected to a symmetric fault (u,p dip to around 87% of the rated value) under AC voltage

control mode with pre-fault rectifier state. (a) Current of BIC. (b) Active/reactive power of BIC. (c) DC bus voltage.
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Fig. 17. Experimental results of conventional method when subjected to a two-phase grounded fault (uy, and uc drop to 70% wuy) under AC voltage control
mode with pre-fault inverter state. (a) CURRENT of BIC. (b) Active/reactive power of BIC. (c) DC bus voltage.

and u,. drop to 70% uy) under AC voltage control mode with
pre-fault inverter state. AC side current of BIC has inrush over
21, within 10 ms with distortions as shown in Fig. 17(a). The
BIC suffers from intense power oscillations and active/reactive
power interactions all increase. The sag of DC bus voltage
has already reached 8.6% V.. Moreover, intense oscillations
are contained. These results are consistent with the simulation
results of Fig. 8 and indicate the safety of BIC and the
reliability of DC sub-grid have been threatened.

Figure 18 shows the experimental results of proposed
method under the same fault condition with pre-fault inverter

state. The minimum DC bus voltage oscillation restraint are
set as 2% Vgc,. As shown in Fig. 18(a), the proposed method
can effectively maintain BIC current within its maximum
allowable upper limit with less distortions. As shown in
Fig. 18(b), the oscillation amplitudes of active/reactive power
of BIC have been greatly alleviated compared with that in with
Fig. 17(b). As shown in Fig. 18(c), the DC bus voltage sag has
been restrained within 5% Vj.n, and the oscillation amplitude
has been reduced from 3.7% V., to around 2% Vy.n, com-
pared with that in Fig. 17(c). Therefore, experimental results
effectively verify feasibility of the proposed method.
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Fig. 19. Experimental results of conventional method when subjected to a two-phase grounded fault (up, and uc drop to 70% wun) under AC voltage control
mode with pre-fault rectifier state. (a) Current of BIC. (b) Active/reactive power of BIC. (c) DC bus voltage.

Experimental results of conventional method and of the pro-
posed method when subjected to an asymmetric fault under AC
voltage control mode with pre-fault rectifier state are shown in
Figs. 19-20. With conventional method, similar inrush current
with distortions, and more serious deviation of DC bus voltage
(around 12% Vj.y,) than under pre-fault inverter state can be
observed. While with the proposed method, objectives of both
the BIC fault current limitation with less distortions and the
deviation/oscillation restrain of DC bus voltage (within the set
value 10% Vjy.,) can be achieved under asymmetric faults.

Generally, through the above two groups of experimental

results, effectiveness of the proposed method under the sym-
metric/asymmetric faults, as well as under pre-fault inverter
/rectifier states can be well demonstrated.

VIII. CONCLUSION

This study investigates AC fault influence on BIC and DC
bus voltage under three commonly used modes of BIC with
bidirectional pre-fault states in a hybrid AC/DC microgrid.
Based on this theoretically analysis, an accommodative current
limiting method is also presented for BIC. Conclusions are
drawn as follows:
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Experimental results of proposed method when subjected to a two-phase grounded fault (up, and u. drop to 70% wuy) under AC voltage control

mode with pre-fault rectifier state. (a) Current of BIC. (b) Active/reactive power of BIC. (c) DC bus voltage.

1) BIC control mode dominates AC fault influence on BIC
and the DC bus voltage. It is found that under DC voltage
control mode, BIC would be hardly driven into an overcurrent
state with DC voltage being less affected. Conditions under
the power control mode rank second. Nevertheless, under AC
voltage control mode, large inrush current with distortions in
BIC is observed in a few milliseconds with DC bus voltage
suffering from severe variation and oscillations.

2) Fault characteristic comparisons among the three control
modes remains unchanged regardless of the pre-fault state.
However, for a specific control mode, DC bus voltage de-
viations in the case of a pre-fault rectifier state tends to
be more serious than in the case of pre-fault inverter state.
Moreover, compared with others, the power direction under
the AC voltage control mode is prone to convert into inverter
state.

3) The proposed method manages to limit the overcurrent
of BIC by regulating the predicted references in abc frame
for thermal limitations, and adjust in the positive and negative
sequence dq frame to limit the variation/oscillation of DC bus
voltage, which can be extended to all three modes of BIC
with bidirectional power flow and can effectively improve the
quality of BIC current.
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