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Fault Characteristics and Riding-Through
Methods of Dual Active Bridge Converter Under
Short-Circuit of the Load

Yangfan Chen

Abstract—The fault riding-through (FRT) capability is a key
problem in the dc distribution network. In order to achieve the
FRT, it is necessary to analyze the worst-case scenario (WCS)
of the short-circuit transient process of distribution components.
This article analyzes the whole fault characteristic in a dual active
bridge (DAB) in the WCS when a short-circuit occurs on the load
at different locations that has not been considered in the existing
literature. The short-circuit in the WCS can cause various fault
current in the whole circuit, introducing a risk of the overcurrent. In
order to overcome this problem, FRT-based methods are proposed
in this article. One of the methods is to block the power switches
for a certain period and restart the circuit, and another is to add
a series output inductor with a reasonable inductance. By these
methods, the faulty branch can be cut off by the corresponding
circuit breaker in time. The results are verified by the simulations
on a 50-kW DAB by MATLAB/Simulink, and the experiments on
a 3-kW prototype. The results presented in this article provide a
theoretical reference for FRT of DABs.

Index Terms—Dual active bridge (DAB), fault riding-through,
short-circuit, transient process.

NOMENCLATURE
FRT Fault riding-through.
WCS Worst-case scenario.
DAB Dual active bridge.
DPS Double phase shift.
VTR Voltage transfer ratio k.
CB Circuit breaker.
F1 Fault type 1 (Pole-to-pole fault).
F2 Fault type 2 (Cable-to-cable fault).
N Transfer ratio of transformer.
12 Voltage of output capacitor.
Vi Constant voltage of input capacitor.
Vs Voltage of output capacitor in normal state.
ky Voltage transfer ratio k, = V1/NVs.
fs Switching frequency.
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T, Half of switching period.

ir Current of L;.

n Number of the load branches.

ig;(i=1,2...n) Currentin load branch i.

is Sum current of all loads.

io AC output current before Cs.

I Average value of i5.

Py Maximum transmitted power of DAB.

Iy Maximum output current and basis value of
normalization of DAB.

dy Inner phase-shift.

dsy Outer phase-shift.

VAB AC side voltage of H1.

Ve AC side voltage of H2.

VI, Voltage drop of L;.

R, Short-circuit resistance.

ta Decay duration of vs.

to ~ I3 Turning moment of iy,.

Py(k) Switching period in which fault occurs.

ty Fault moment.

tro ~ ks Turning moment of iy, in Py(k).

Ti(s) Duration between ¢, and t.

) Transient maximum positive value of iy..
Iy Transient maximum negative value of i,.

ide DC bias current of iy,.

1. Initial value 14, of i4..

Liym, Transient current stress.

Girm P.u. value of I;,.,,.

Iy Steady current stress.

Gso P.u. value of /5.

Ty Decay time constant of i 4.

Ly Inductance in short-circuit loop.
Tnax Peak value of i,.

R. Equivalent series resistor of D4—Ds.
Ts Decay time constant of i,.

Ip Value of i;, when blocking.

thd Blocking duration.

L. Series inductance.

Liine Inductance of cable line.

1. INTRODUCTION

N THE dc power distribution system applications, a dc trans-
former supplies several branches of the load, so the reliability
of the dc transformer is essential for sustainable operation,
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especially when a short-circuit fault of the load occurs. To ensure
the sustainable operation of the converter, it is necessary to apply
the fault riding-through (FRT) method when facing the fault
condition. Unlike the short-circuit protection, the purpose of
FRT is to limit the fault current and cut off the fault load branch
in time. After a fault is detected, the FRT process is not to shut
down the system, but to provide a fault criterion current to cut
off the fault load branch and restore the power supply as quickly
as possible. When the FRT is considered, the fault current that
is dangerous and not helpful for the FRT should be eliminated
as soon as possible. Meanwhile, if the output current can be
controlled within a certain range, it can be treated as a fault
current criterion to trigger the circuit breaker (CB) so that the
fault branch can be cut off, which is crucial for system restoring
[1]-3].

The proliferation of renewable and storage energies requires
using a high-performance isolated bidirectional dc—dc converter
as a dc transformer in the power distribution system [4], [5]. The
DAB converter is suitable for constructing dc transformers due
to its high power density, voltage step-up/down, bidirectional
power flow, electrical isolation, and zero-switching capability
[6], [7]. In order to achieve the FRT of a dc transformer built by
DABs, it is necessary to analyze the fault characteristics and the
FRT methods of the DAB in the WCS. The fault characteristics
include the external and internal voltage, the external and inter-
nal current, which appear both in the fault transient process and
in the fault steady state, respectively.

The transient process of a DAB can generate dc bias in the
inductor current, and then, the risk of transient overcurrent
occurs. The transient process caused by a short-circuit fault also
has the same phenomenon. In the worst case, the current can
saturate the magnetic cores of the transformer and inductor, thus
leading to the converter failure [8]. In the steady state, putting a
dc blocking capacitor in series with the transformer winding
can eliminate the dc bias of inductor current caused by the
mismatch of switching devices and the asymmetry of switching
signals [9], but this capacitor is not helpful for suppressing the
dc bias in the transient process. Meanwhile, it is unsuitable for
high-power applications since they increase the volume and cost
of the converter and slows down the dynamic response [10].
The dc bias current can be limited by reducing the voltage dc
bias arising from the discretion of power semiconductors [11].
In the closed-loop control methods, duty cycles of phase-legs
can be adjusted in diverse ways to reduce the dc bias and
achieve the flux balance [12]-[19]. In [20], Yao et al. proposed
the predictive bias suppression method to achieve both current
and flux balance. It should be noted that all the mentioned
works study only the sudden change in the phase-shift, which
represents the transient conditions without a fault. However,
there has been no detailed analysis of the transient process of
DAB after a short-circuit fault. The transient process after a
short-circuit fault differs significantly from that without a fault
because the output voltage drops quickly in the fault condition,
and it is impossible to use these methods in the transient process.
The current-fed circuit can help to eliminate the output current
harmonics and minimize the dc offset of the transformer [21], but
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the voltage-fed topologies are advantageous over the current-fed
topologies with respect to reliability and cost [22].

As for the research of fault characteristics, in [23], all fault
types that can occur in dc—dc converters were briefly summarized
without providing a specific analysis. In [24]-[26], the prospects
of a three-phase DAB to limit the short-circuit current in the
future dc grids were analyzed. Furthermore, in [27], it was shown
that the short-circuit fault clearance ability could be improved
on the input side by adding the full-bridge circuits to the dc
converter, but the fault at the output terminal was not considered.
Both the pole-to-pole and the cable-to-pole dc short-circuit faults
of a DAB were analyzed in [28] and [29]. On the one hand,
in [28], the converter would be shut down immediately once
a short-circuit happened, and only the transient process of the
current in a power cable was considered. However, shutting
down a DAB is not allowed in the FRT. Moreover, the results
of [28] are not applicable to the condition of short-length power
cables. On the other hand, in [29], the focus was on the surge
current in a power cable without considering the internal cir-
cuit. In [30], the pole-to-pole short-circuit fault of a DAB was
analyzed, and the root mean square (rms) of the internal current
in the steady state after the fault was calculated. In [31], only
the fundamental component of the internal current in the steady
state after the fault was considered, while the transient process
was ignored, too. In [32], a quasi-three-level modulation can be
applied to achieve ZVS and ensure there is no overcurrent after
the short-circuit fault, however, there is no solution to deal with
FRT.

As for the research of FRT methods, using inductor on output
terminals is an acceptable choice, since it can suppress the peak
fault current [28], [29], [31]. However, the range of its inductance
value has not been analyzed. TABLE I summarizes the existing
countermeasures mentioned above for short-circuit fault. So far,
to the best of authors’ knowledge, there has been no detailed
study on all the fault characteristics and the reveal of the WCS
in DAB, and none short-circuit FRT-based method has been
discussed in the literature.

The double phase shift (DPS) modulation is widely used
in DABs because of its flexible adjustment capabilities and
extensive optimization ranges [33]-[36]. Therefore, this article
first analyzes the fault characteristics of the transient process of
a DAB using the DPS modulation with different fault types, the
pole-to-pole fault (F1), and the cable-to-cable fault (F2). Then,
this article puts forward the FRT methods.

The situation where the short-circuit resistance is extremely
small is assumed to obtain the WCS. The voltage close-loop
controls are necessary for DAB. However, it is impossible to
analyze the fault characteristics for all close-loop control types,
and it has been recognized that all close-loop control types will
undoubtedly increase the transmission power and inductor cur-
rent after a fault occurs, thus increasing the risk of overcurrent.
Therefore, the voltage controller should be shut down immedi-
ately when a fault is detected, so this article analyzes the fault
characteristics under the open-loop control. During the fault, the
transient process of the internal circuit is related to the falling
slope of the output voltage, and different fault moments result
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TABLE I
COMPARISON OF EXISTING COUNTERMEASURES FOR SHORT-CIRCUIT FAULT IN DC/DC CONVERTER

Schemes

Advantages

Disadvantages

Fault location on the cable
[31[28]

The fault location can be achieved by using the
inherent characteristics of RLC resonance

Only the external circuit is analyzed, and the
internal circuit is ignored

No scheme is used since the final steady state is

It shows the DAB characteristics of safety in steady

DAB diodes

safe state The risk in fault transient process is ignored
[24][30]

Using DC reactor on the output terminal é %Oerllztra:}?et}:)ecgz?iizgltocfu;ime current through 1. Only external circuit was considered
[28][29][31][37] . Y & & 2. The selection of inductance is various

Adding the full-bridge circuits
[27]

The short-circuit fault clearance ability could be
improved on the input side

The fault at the output side was ignored

A novel quasi-three-level modulation 1. Realize ZVS

[32]

2. Ensure the phase angle to result in no
overcurrent when fault occurs

No method to deal with removing the fault

in different fault characteristics, which introduces difficulties in
the analysis of the transient process.

Based on the fault characteristics, this article puts forward
three FRT methods. In the first method, the power switches are
blocked for a few switching periods as soon as the fault was
detected to decay the transient current, and the driving signals are
restored thereafter for DAB to generate a fault criterion current,
which can trigger the CB to cut off the fault branch. It should
be noted that the block of the drive signals is not equal to the
shutdown of converter. Shutdown means that the converter stops
working completely and cannot output any voltage or current
until the start command is received again. In contrast, the block
of drive signals turns OFF the power switches for a few switching
periods only, so the DAB can output desired current as soon as
the drive signals are restored. In the second method, only a series
inductor with a reasonable inductance is added to the output
side, as a result, the internal risks are avoided, meanwhile, a
fault criterion current is obtained to trigger the CB and the fault
branch can be cut off, then the FRT can be achieved. The third
method is putting a CLC filter on the output terminal and this is
an extension of the second method.

The remaining of the article is organized as follows.
Section IT introduces a DAB and classifies the short-circuit types.
Section IIT analyzes the transient process of the F1 fault, and
Section IV analyzes the transient process of F2 fault. Section V
introduces the methods of FRT, and Section VI validates the
analysis results of the transient process of the F1 and F2 faults
by simulations on a 50-kW, 1000/375-V DAB converter, and
experiments on a 3-kW, 400/250-V prototype, respectively;
the FRT scheme is also validated by the simulation. Finally,
Section VII draws the conclusion.

II. SHORT-CIRCUIT FAULT TYPES OF DAB

The topology and short-circuit fault types of a DAB are
shown in Fig. 1, where a high-frequency transformer 7" with
a ratio of N:1 links two full-bridges denoted as H1 and H2,
enabling the converter to conduct the dc—ac—dc conversion.
The internal circuit includes the transmitted inductor L;, the
equivalent series resistor Ry, and two full-bridges H1 and H2,

Input

Fig. 1. Topology and short-circuit fault types of a DAB.

which are implemented by power switches Q ;-0 and Q5-Qs,
respectively, and their antiparallel diodes are D;—Dg. The
input side is connected to the dc grid, and the voltages of input
capacitor C; are constant and denoted as V. There are n parallel
branches of power cables connecting n load branches on the
output side of the DAB; the voltage of output capacitor Cs is
denoted as vo, anditis equal to V5 in the normal state. The voltage
transfer ratio (VTR) k, of a DAB is expressed as V;/NVs. The
switching frequency is denoted as f;, and T's represents half of the
switching period. The current that flows through L, is denoted as
iz, and in this article, it is named the internal current. The output
current i, represents the sum of all load branch currents, that is,
is=2is (i=1,2,...,n). A distribution unit is installed on the
output side of the converter, which contains the CBs. Each load
branch connects to the converter through a CB [36], [37].
There are four operating modes of DPS modulation due to
different expressions of the transmitted power [4], which de-
pends on a combination of the inner phase-shift ratio d; and the
outer phase-shift ratio d, as given by (1). In (1), Py denotes
the maximum transmission power and also the base value used
in the power normalization. The d; represents the phase-shift
ratio between Q;(Q5) and Q,(Qg), and the dy represents the
phase-shift ratio between Q; and Q5. Further, the current before
C, is denoted as io, and its average value is denoted as /2, which
can be regarded as a controlled current source controlled by the
phase-shift ratios, as given by (2). Since the ac component of is
flows through C,, the total output current is equal to /5 in the
steady state. The maximum value of /5 is denoted as /5y, and it
represents the maximum output current of a DAB, which is also
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Fig. 2. Steady-state waveforms of a DAB in mode 2.

the base value for the current normalization. The expressions of
Py and I are given by (3)

P = Py

2 (1 — dg) (1 +dy — 2d1) Model :dy > dy,dy +dy >'1
2 (—d? — 2d3 + 2d,) Mode2 :dy > di,dy +dy < 1

*N 2(2—2dy — do)ds Mode3 :dy < dy,dy +dy < 1
2(1 —dyp)? Moded :dy < dy,dy +dy > 1

()

I, =P/Vs (2

{PN = NW1Va/8L.fs 3)

Ioy = NV /8Ly fs.

The steady-state waveforms of a DAB in mode 2 are shown in
Fig. 2, where v 4  represents the ac side voltage of H1, and vop
represents the ac side voltage of H2. The voltage drop across L,
is denoted as vy, and expressed as v, = vap — Nvop.

Before the fault, in the initial steady state, the dc bias of iy,
is zero, and values of i, at the turning points #y — 3 in a half
switching period are given by (4); the expressions of i, at 4 — 7
can be obtained using the symmetry of the steady-state current
waveform

ir, (to) = [-ViTs (1 — dy) — NVo T, (dy + 2dy — 1)] /2L,
ip (t1) = [-ViTs (1 — dy) — NVoTy (2dy — dy — 1)] /2L,
i, (tz) = [—VlTs (dl — 2dsy + 1) — NVLT (dl — 1)]/2Lt
i (t3) = [-ViTy (—dy — 2ds + 1) — NV, T, (dy — 1)]/2L,.

“)
In power distribution systems, most of the short-circuit faults
occur through cables, so the short-circuit loop contains cable
inductance. However, there is still a possibility that the most
extreme short-circuit fault occurs when the length of the power
cable in the fault loop is near zero. Therefore, two types of
short-circuit faults of a branch are considered in this article: the
F1 and the F2 as illustrated in Fig. 1.

III. F1: POLE-TO-POLE SHORT-CIRCUIT

A. Transient Process of Output Circuit

The pole-to-pole short-circuit represents the case where short-
circuit fault occurs on the terminals of Cs, and the inductance
of a power cable in the short-circuit discharging loop is close to

9581

Fig. 3. Discharging loop of a DAB under F1.

zero. When F1 occurs at branch i, the discharging loop is shown
in Fig. 3.

In F1, R, represents the short-circuit equivalent resistance,
including the internal resistance of the capacitor Cy and the bus.
Since the loop impedance of branch i is the smallest, it can be
approximated that iy = i ;. The differential equation and the
initial value of vy are given by (5), which can be used to derive
the expressions of vy and i, after the fault, which are given by
(6). The speed of the discharging process is negatively correlated
with the values of Cs and R, and the peak value of the discharge
current is positively correlated with them. With a fixed Cs, the
smaller the value of R; is, the faster the short-circuit process,
and the higher the peak value of i will be. The comprehensive
analysis of the impact of different values of R, on the discharge
process has been given in [28], and a detailed analysis will not
be presented in this article.

This article focuses on the WCS, which means that the value
of R, is relatively small. In such a case, v will decrease to
zero instantaneously, so its decay time 7, is approximately zero;
meanwhile, i will reach a large peak valued about (Vo/Rs — I5)
in a short time. In the dc power distribution system, the normal
mechanical breakers are used due to their low cost. A suitable
current with a required duration is needed to trigger the beaker
[31], and this current is denoted as a fault current criterion in
this article. However, the discharge process of F1 is too rapid to
trigger breaker CB,. Therefore, if no FRT scheme is applied, it
will be difficult to cut off the fault branch

Cs (dvp/dt) =iz = vz/ R, ®)
vy (tr-) = Va

vy (t) = i9Rs + (Vo — iaRy) e (t-tr)/RaCo ©
is (t) =iy + (Va/ Ry — Ip) e~ (t-te)/R:Ca

B. Transient Process of Internal Circuit

As displayed in Fig. 3, when F1 occurs, the discharge current
of Cy will not flow through the internal circuit. However, the
sudden drop of v, will cause a sudden change in vy, which
leads to the transient process of i;,. When the DPS modulation
is used, there are four operating modes, each of which has eight
switching states, so there will be 32 possibilities for the fault
moments, resulting in different transient processes that should
be fully considered.

Assume the fault occurred at a switch state of mode 2, as
shown in Fig. 4, the short-circuit occurs in the fault switching
period Pg(k), the turning points of inductor current under the
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Fig. 4. Transient waveforms of a DAB after F1 in mode 2.

steady state before fault are 7,9 — #s, ?; represents the fault
moment, and At denotes the time between moments 75, and
tr0. When 1, is between t;; and fy9, the inductor current value
at 1y, is given by

ir (tk) =iz (t1) + (Vi +nVa) (tk — te1)/ Ly (7

Then, the value of v, in P4(k) can be expressed by (8). Further,
due to the polarity of vy, i;, will reach the maximum positive
value [, at fx4, and the maximum negative value Iy, at fxsg,
which is expressed by (9). Furthermore, the transient current
stress of iy, denoted as Iy, is given by (10)

Vl t <t <tpg
=40  tpg <t <ips (8)
Vi tps <t <ty

Itr+:giz/2 [Ts (1 - dl - 2d2 - dlkv + kv) + 2tk] (9)
I, = ng [Ts (1 —dy — 2dy + diky — ky) + 2]
I}, = max (|Itr+‘ ’ |Itrf|) . (10)

Due to the asymmetry of vy in Pg(k), the integral of iy, is
not zero anymore. The dc bias current i4. appears in Py(k),
marking i;, enter the transient process, so the initial value of i 4.,
which is denoted as /4., can be expressed by (11). Current i 4,
is uncontrollable and decays naturally with the time constant of
7. = LR, since v 4 p 1S an ac quantity, as given by (12). Resis-
tance R; denotes the equivalent series resistance of inductor L;

Iye = (Itr+ + Itrf)/2
=nVa [T (1 — dy — 2dz) + 2t3]/(2L¢) (11)
ige = Ipee /™. (12)

In this article, the period before a fault is considered
as the initial steady state, and the period after the fault in which
the peak of iy, is still changing dynamically is considered as the
transient state. Finally, when i}, reaches a stable state again, that
period is considered as the final steady state.
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d,
(@) (b)

Fig. 5. Curve of p.u. current value. (a) G- (b) Gso.

When the analysis is extended to all the situations, the results
show that when 1 is between t1 and 74, i1, always reaches the
maximum positive value /4. at #4, and the maximum negative
value [;,. at txg due to the polarities of vz. On the contrary,
when 7y, is between 14 and f4g, i1, always reaches the maximum
negative value Iy, at tg, and the maximum positive value /;,.;
at t4 in the next switching period. The expressions of 1,4, 14,
and /4. in all cases are derived, and they are listed in Table II;
in these expressions, A, B, C, and M are given by (13). The
corresponding expressions of 75 — fxg are given in Table III.

In the final steady state, the value of i;, depends only on
vap, so the steady current stress I52 can be expressed and
normalized as p.u. value G2, as given by (14). The value of
G» is lower than one since 0 < d; < 1, as shown in Fig. 5(b),
indicating that there is no internal overcurrent in the final steady
state, this conclusion is consistent with [24], [30]. However, it
does not mean that there is no need to apply FRT method to
DAB. According to expressions given in Table II, the maximum
transient current /., is normalized as the p.u. value Gy, as
given by (15), and Gy, is defined by d; and k,. The value of
G-m decreases with the increase in d; at constant k,, or increase
in k, at constant d;. Generally, the rated power of a circuit is
about 0.7 of the maximum power, that is 0.7P y, and the rated
output current is set at 0.7/ . In general, the semiconductor
switches are selected according to twice of the rated condition,
which is 1.415 . However, as shown in Fig. 5(a), the value of
Gy, 1s greater than 1.4 in most cases, which indicates an internal
overcurrent risk in the transient state. Besides, the value of /;,,
and the decay duration of i 4. are two key factors for overcurrent
evaluation. Since the decay time of i p¢ is approximately equal
to five times of 7, the smaller the value of R; is, the longer the
overcurrent will last, and the power switches will be subjected
to more dangers. Meanwhile, if L, is designed according to the
steady state, it suffers from a

A=1—-d; —2dy
B=1+d;+2d>

C = —dyky + ky 3
M = NVy/2L,
ISQ = ‘/1Ts (1 - dl)/2Lt

{G521d1 (14
Ty = NVOTs (1 — dv) (1 + ky) /2L (15)
Girm = (1+1/ky) (1 —dy)
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I+ 1. Lae
Mode 1
Ty(di=1)(1-ky)  tro <t <ty Ty(di=1)(1+k)  tro <ty <tg T,(dy 1) tro <tp <ty
[T(A+C)+ 20 ] 1 <t <iy3 [T(A-C)+24 ]t <t <ii3 AT, +2t; 1 <ty <3
Mx{ T, (1-d))(1+k,) ty3 <ty <iys Mx{ T, (1-d))(1-k,)  tg3 <ty <5 Mx{Ty(1-d)) <t <5
I:TS(B+C)72tk] tkSSlk<lk7 I:T B- C) 2t :I tksgtk<tk7 BTgiztk tksgtk<tk7
T,(dy-1)(1-k,)  te7 <t <izs T, (dy-1)(1+k,)  tg7 <t; <ty To(dy=1) f7 <t <ty
Mode 2
[T (A+C)+24 | tro <ty <tra [T, (4-C)+2t, | tro <ty <tra (AT, +24) 1o <5 <13
T,(1-d))(1+k,) f2<t <3 Ty (di—1)(k,—1) 1y <t; <3 T,(1-d)) t3<tp <3
Mx{ [T,(B+C)-2t | t3<tr<trg Mxqy [T,(B-C)-24] t3<tx<trg Mx (BT, -2t,) tr3<ty <tys
To(di=1)(1=ky)  tre <ty <ty7 To(d=1)(1+k) e <ty <tz To(d=1) tre <ty <ty
[T (A+C-4)+2 ] 7t <tg [T (A-C-4)+24 ] 7ty <tyg [T (A=4)+24 | 7 <t; <yg
Mode 3
[T (A+C)+24 | tro <ty <ty [T (A-C)+2t | tro <t <ty (AT, +26,)  tyo <t <t
T (1=d))(1+k,) St <fi3 Ty (di=1)(k,=1) 131t <13 T,(1-d)) 1<t <ti3
Mx{ [TL(B+C)-24 | ta<t<trs Mx{ [L(B-C)-24] fa<t<trs  Mx (BT, =2t1)  tr3 <ty <tys
Ty(di=1)(1-ky)  txs <t <ty7 To(d=1)(1+k,) s <ty <tz To(dy=1)  ts <ty <tz
[T (A+C-4)+2 ] t7<t; <fg [ (A-C-4)+24 ] <t <ig [T (A=4)+24 ] 17 <t; <yg
Mode 4
T(di=1)(1-k,)  tro <tx <t T(di=1)(1+k,)  tro <t <t Ty(dy 1) 1o <t; <ty
[T(A+C)+ 24 ] 1 <t <ty [T(A-C)+24 |ty <t <ty AT +2t, 1 <4 <tpn
Mx{ T (1-d))(1+k,)  ta <ty <is Mx{ T (1-d))(1-k,)  tga <ty <iys Mx{T(1-d)) <ty <izs
[T (B+C)-2t |  trs <t <tyg [T (B-C)-2, | tys<ty <tyg BT, =2t tys <tp <te
T(d=1)(1-k,) o<t <tig Ti(di=1)(1+k,)  trs <tg <tyg T(di=1) e <t <ty

TABLE III
EXPRESSION AT EACH MOMENT OF DPS

Mode 1 Mode 2 Mode 3 Mode 4
tro 0 0 0 0
th (ditdr-1)Ts di T d, T (di+ dr-1) T
7% di T, dT; d T, dy T,
/%) T (di+dy) T (di+dy) T d, T,
s T T T; T
lys (di+dy) T, (di+1) T (da+1) T (di+dy) T,
te (di+1) T (drt1) T (di+1) T (drt1) T
ti7 (drt1) T (di+d 1) T, (di+dyt1) T (di+1) T
ts 2T, 27T 27T 2T

high risk of saturation since the values of dc bias and transient
current will increase with i7,. Once the saturation of L, happens,
iz, will reach a very large value, and the whole converter will be
damaged or shut down by the protection circuit.

In summary, when F1 occurs in the circuit, the internal current
will generate a dc bias due to sudden voltage drop, causing
risks of the internal overcurrent and more serious inductor
saturation. Therefore, FRT method is expected to avoid the
internal overcurrent and provide a more reliable selection basis

for semiconductor switches. Based on this, the corresponding
FRT strategies would be given in Section V.

Besides, the discharging speed of capacitor Cy slows down
with the increase in the short-circuit resistance, and its impact
on iy, is also different from the one presented in this section;
namely, in that case, it behaves similarly as in the cable-to-cable
short-circuit case, which is presented in the following section.

IV. F2: CABLE-TO-CABLE SHORT-CIRCUIT

The cable model used in the single-strand cable routing can be
represented by the m-equivalent circuit [39], in which the parallel
capacitance can be ignored compared to Co, so the cable can
be considered as an inductor. When the material and diameter
of cables are fixed, the cable inductance depends on its length.
Hence, when F2 occurs at branch 7, the discharging loop contains
Cs, line inductance L, and short-circuit resistor R, as shown in
Fig. 6(a).

A. Transient Process of Output Circuit

There can occur three resonance types when Cs discharges:
underdamped, critical damped, and overdamped attenuation
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Fig. 6. Case of F2 fault. (a) Discharging loops in different stages. (b) Dis-
charging waveforms.

[28]. This article analyzes the short-circuit process of under-
damped resonance as the WCS. Since the antiparallel diodes of
the switches on H2 have a negative voltage clamping effect on
Vo, once vo reaches a negative value, the overdamped attenuation
resonance ends. However, current i, still exists, and it has to
freewheel through diodes D5—Dg of H2. Therefore, the discharge
process of the output circuit can be divided into two stages, the
first stage represents the decay stage of vo, and the second stage
represents the decay stage of i, as shown in Fig. 6(a).

1) Stage 1: vy Decays to Zero: In this stage, the discharge
loop is represented by a dashed line in Fig. 6(a). The differential
equations and the initial values of v5 and i are given by (16),
where t;, denotes the fault moment. Accordingly, v and is can
be derived and expressed by (17), where the parameters are

as follows: § = Ry /2L, wo = \/1/LsCa,w = \/wi — §2, and

B = arctan(w/d)

Cy (dvg/dt) = I — i
L, (di /dt) — vy — Ryi
UQ(k)
s (tk ) - I2

(

{1)2 t) OV e—é(t tk)bln[ (t—tk)-Fﬂ]/w
(t) = Vae 00~ t)sin [w (t — ty)] /wLs + .

(16)

.

a7

At first, vo decays as i increases. Once vo reaches the value
of zero, i reaches the peak value I, that is expressed by (18).
The duration of the first stage, which represents the decay time
to of vo can be calculated by (19)

(18)
19)

Inax = ‘/2675(#73)/“, sin (ﬂ' — B)/WLS + I

te = (m—pB)/w.
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2) Stage 2: iy Decays to I5: In this stage, is freewheels
through diodes D5—Dg of H2, and the discharge loop is drawn
by a solid line in Fig. 6(a). In Stage 2, i will decay naturally to
1> with the time constant of 7, = Ls/R., as given by (20), where
R. represents the summation of the resistances of all diodes and
a short-circuit resistor. Then, the duration of the second stage,
which represents the decay time of i, can be calculated by

~Re(t—ti—ta)/Ls 4 T, (20)

2y

Zb(t) - (Imax - IZ) (S
tb = 5’7'5 = 5L5/Rg

Combining these two stages, the waveforms of vo and i in the
total discharge process can be obtained, and they are shown by
solid lines in Fig. 6(b), where can be noted that there is no risk
of overvoltage during the discharge process, but the resonance
peak current and the discharge time of i, will cause the external
overcurrent to last for a long duration.

B. Transient Process of Internal Circuit

Due to the existence of L, the decay process of v, is slowed
down, which makes the internal transient process different from
that of F1. The transient process of the internal current i;, must
be classified according to ¢,, which represents the decay time
of vo. This article considers that the DAB works in mode 2 and
assume that a short-circuit fault occurs at time f;o because the
fault moment can cause the most severe internal overcurrent
in F1. The transient process is decided by 7,, so there are three
situations considered in this article, and they are shown in Fig. 7.

1) Situation 1: t, < d,Ts: When the value of Lg is small,
the discharging speed of Cj is still fast. As shown in Fig. 7(a),
while vo decays to zero within interval 745 — f13, Whose duration
is d1 T, that situation can be approximately treated as that of F1
since vy, is equal to that in F1.

2) Situation 2: d Ty <t, <2Tg: Asthe value of L increases,
the decay time 7, becomes longer than d; T's. Compared to the F1
case, vy, lacks the shaded area in the Fig. 7(b) and (c), reducing
the dc bias current of i,. Both /4. and I;,.4 are smaller than those
of F1. Since vy, and i, change simultaneously, it is difficult to
establish the corresponding analytical formula, but this can be
conservatively approximated to F1.

3) Situation 3: t, > 2Ts: When ¢, is longer than one switch-
ing period due to larger L, vo can be regarded as constant in one
switching period, the asymmetry of vy, is negligible, and then
the dc bias current of iy, is neglectable. Therefore, i;, changes
from the initial steady state to the final steady state without dc
bias appears when v, decays slowly.

According to these three cases, f, increases as Lg increases,
while the dc bias of i;, gradually decreases. When ¢, is greater
than one switching period, the dc bias of the internal current can
be neglected, which means that there is no internal overcurrent
in this case.

V. METHODS FOR FAULT RIDING-THROUGH

The whole fault characteristics when the output is short-
circuited have been analyzed in the previous sections, and this
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section proposes the FRT-based methods for a DAB. The FRT
strategy includes the four following steps:

1) detect the short-circuit fault;

2) avoid or eliminate the overcurrent;

3) provide a fault criterion current to the fault branch;

4) cutoff the fault branch by the breaker and restore the power

supply.

According to the previous analysis, there is an internal over-
current risk, and the external current can be limited by the
cable inductance. Based on the fault characteristics, this article
proposes three FRT methods for a DAB. The first method is
blocking the switching signals to eliminate the internal transient
current when the fault is detected, then restoring the switching
signals to generate the fault criterion current. In the second
method, only a series inductor with a reasonable inductance is
added to the output side. As aresult, the internal overcurrent risks
are avoided. Meanwhile, a fault criterion current is obtained to
trigger the CB and the fault branch can be cut off. The third
method is an extension of the second, the CLC pi filter is added
on the output terminal.

A. Power Switches Blocking Method

In a DAB, the internal overcurrent during the fault transient
process needs to be eliminated. Changing d; and ds can adjust
the internal current in the steady-state condition, however, the
change in d; and d5 can only be performed at the next switch-
ing period, which cannot help for the current switching cycle.
Moreover, the mechanism of eliminating dc bias by changing
dy and ds is to generate a new transient dc bias to cancel the
original transient dc bias. Since the transient dc bias cannot be
directly measured by the sample circuit, it cannot be guaranteed
that the transient current can be canceled in all the cases. To
address this problem, this article proposes an FRT scheme for a

lialis i i s

(b) (c)

to ta 1 i3 fiatis Tt tis

The waveforms of internal circuit after fault type 1 in 7} (k)
The waveforms of internal circuit after fault type 2 in 7, (k)

Transient process of the internal circuit at slow discharging speed. (a) 1, < d;Ts (b) d1Ts <tq < Ts(c) Ts < tgq < 27T.

DAB based on the blocking of all power switches. When a fault
is detected, first, the switching signals are blocked to eliminate
the internal overcurrent, and then the DAB restarts to provide
a fault criterion current to the fault load branch. Finally, the
fault branch is cut off by the breaker, and the power supply
is restored. The flowchart of the FRT strategy is displayed in
Fig. 8.

1) Fault Detection: Generally, the converter operates under
rated conditions, and the rated power is about 70% of the
maximum power. Before a fault occurs, the output voltage is
equal to Vs, the total output current i, is approximately 0.713 y,
and the current in each load branch is smaller than 0.715 .
The maximum output current of a DAB is /5y, so when it is
detected that v, is lower than 0.6V and i, exceeds /5y, it can
be determined that a fault occurred on the output side.

2) Power Switches Blocked for Overcurrent Elimination:
According to the fault characteristics analyzed in Section IV,
the internal overcurrent risk increases when F1 occurs. Due to
the unpredictability and randomness of a fault, it is essential to
block power switches for a certain time to eliminate the possible
internal overcurrent risks when a fault is detected. Meanwhile,
to control and recover the circuit quickly, the shortest blocking
duration must be set appropriately.

In a DAB, once the drive signals of all power switches are
blocked, iz, will freewheel through different loops depending
on the polarity of iz, as given in Table IV and Fig. 9(a) and
(b). Fig. 9(a) shows the freewheel loop when polarity of i, is
positive, and Fig. 9(b) shows it when polarity of i, is negative.

The equivalent circuits of the two cases are unified and rep-
resented in Fig. 9(c), where L, is directly connected to the input
voltage to attenuate iy. Therefore, i;, will decay according to
(22), where I denotes the value of i;, when blocking is used.
When I is equal to the fault current stress /4., the longest
decay time is given by (23). The most reliable blocking duration
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TABLE IV
FREEWHEELING DEVICE TYPES

Polarity of i,
Positive (+)
Negative (-)

Freewheeling device
D, and Ds
D1 and D4

tpq 1 expressed by (24), considering that d; is zero

i = Ip — Vit/ L, 22)
Aty =Ty (1—di) (1 +1/k,)/2 23)
tha = To(1+ 1/k,) /2. 24)

The curve of t,4 with respect to k,, is shown in Fig. 10, where
iz, would decay fully within one switching period when the range
of k, is 0.5-2.0. To facilitate the digital control and the restart
of a circuit, ;4 can be set to one switching period.

3) Fault Criterion Current: After blocking all the switching
signals for #;4, the switching signals must be recovered to gen-
erate a fault criterion current immediately. Since the maximum
output capacity of a DAB is I y, the fault criterion current can
be set to 0.91 y.

4) Fault Branch Cut Off and System Restore: Almost the
entire fault criterion current flows through the faulty branch
because the impedance of this branch is the smallest among
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Fig. 9. Freewheeling loop after blocking (a) when iy, is positive, (b) when iy,
is negative, and (c) equivalent circuit.
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all the branches. The breaking action value of the mechanical
CB can be set at 0.815 . If the output voltage restores and the
branch current cannot exceed 0.8/ y with a certain time, a fault
is considered as a self-recoverable fault, which is possible in
distribution networks. In this case, the switching signals return
to normal, and the circuit recovers the power supply. Once the
current flowed through CBi exceeds 0.8/, and last over a
certain interval, the fault branch can be cut off by a breaker,
and after the fault branch is cut off, the output voltage can be
restored again, and then the power supply can be recovered.

This method is an effective and simple solution because the
short-circuit occurs at random. By conducting these four steps,
the FRT on the DAB output side is completed.

B. Series Inductance-Based Method

Using inductor on output terminals is a feasible choice in
the converters, and according to the analysis of F2 fault, a
large inductor in the fault loop not only can avoid internal dc
components but also can limit the external current effectively.
Therefore, adding an additional inductor Lg. in series at the
output terminal of a DAB can be used as a solution for the FRT
without blocking the signals. The scheme includes the following
steps: 1) detect the fault; 2) locate the faulty branch according to
the current of each branch; 3) cut off the fault branch using the
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breaker and restore the system. The corresponding flowchart is
presented in Fig. 11.

The selection of the inductor must satisfy the two following
conditions: 1) avoid the internal transient overcurrent of a DAB;
2) ensure the external current is larger than the fault criterion to
trigger the CB.

1) Avoid the Internal Transient Overcurrent: When the
length of a power cable is close to zero, the short-circuit in-
ductance L; is equal to the series inductance Lg.. Considering
the worst case, the short-circuit resistance Ry is approximately
zero. According to the analysis result of Section IV-B, if 7, >
2T, can be guaranteed in this situation, the internal transient
overcurrent can be avoided regardless of the power cable length.
According to (19), Ls. should be selected according to the
following criterion:

Lse > 1612 /Con® = 4/ (Can® £2). (25)

2) Ensure the Current Exceeds the Fault Current Criterion:
When the power cable length is long, the short-circuit inductance
L in the discharging circuit represents the sum of the line
inductance L;;,,. and the series inductance L,.: Ly = Lso+ Lijpne.
Also, I« can be calculated by (18). The breaking current of the
CB is set at 0.815 y. If I;,,,« can meet condition I, ., > 0.815 y,
i will reach the fault current criterion regardless of the distance
between the fault point and the output terminal, and the fault
load branch can be cut off by the breaker. Therefore, the range
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of L. can be obtained as

Lse <100CoVZLY 2/ (N?VE) = Liine. (26)

Once the valid range of L. is determined, the smallest value
should be chosen. Therefore, a possible compromise can be
achieved between reliability and cost-efficiency to ensure the
FRT capability of a DAB.

However, this scheme can be used only as an additional
scheme due to its high cost and volume, and also, the specific
inductance value of a power cable must be known. Besides, there
is a possibility that the range of L, is invalid.

C. CLC Filter Method

The third method is an extension of the second, CLC pi filter
has a better limited current performance than with only one
inductor. The drop of the output voltage and its change rate are
small, which means a low overcurrent risk. However, the method
also has the disadvantage of the cost and volume, therefore, this
article will not discuss the method in detail.

It must be mentioned that the first method is the main FRT
method, and the other two are both alternatives.

It should be noticed that the transient overcurrent has the risk
of damaging the devices through increased thermal stress. The
thermal stress of devices is decided by the current stress and the
rms current flowed through it. Both the current stress and the
rms current on the devices would increase significantly after
the fault, which would result in large thermal stress in power
devices. However, it should be mentioned that whether devices
fail also depends on device selection. However, the selection
criterion of power switches has not been strictly defined, and it
should be conducted based on particular design goals and control
methods, e.g., different efficiency optimization algorithms. The
evaluation of all these factors cannot be included in this article
due to the length of the article. For the other side, the result of
the overcurrent analysis in this article represents an important
reference for device selection. Meanwhile, the proposed FRT
method of blocking drive signals can avoid the overcurrent in
all situations and thus prevent the devices from the impact of
the overcurrent thoroughly.

VI. SIMULATION AND EXPERIMENTAL RESULTS
A. FI Fault

1) Simulation of F1: The DAB parameters of the F1 fault
simulated by MATLAB/Simulink are presented in Table V.

In order to analyze the influence of fault moments on iy, two
different values of #; were used. The enlarged waveforms of v,
vy, and iy, are given in Fig. 12(a) and (b). The DAB operated in
mode 2 with the phase shift angles of d; = 0.1 and ds = 0.2 in
the initial steady state. As shown in Fig. 12(a), where 1 = 1o,
a positive current surge of 208.4 A of i;, was achieved, and as
displayed in Fig. 12(b), where t;, = fg, a negative current surge
of —187.7 A of i;, was obtained; the time of 0.015 s denoted
the beginning of the switching period. The results indicated that
different fault moments had different influences on the internal
overcurrent since the /5 ; was only 133.3 A.
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TABLE V
SIMULATED PARAMETERS OF F1 FAULT

Parameter Value
/Vy 1000 V/ 375V
Nik 2/1.333
Py 50 kW
f 10 kHz
L, 187.5 uH
by 1333 A
R, 1 mQ
W /lA d.:ON 110de32:0.2 ] ’/" r:;.‘i‘:)elz
¥ 4=0.01501s 1=1 =02

2 (V)
v (V)

4=0.01507s
1= 1o

of

£ — a7 T :

2 ;__ 500
]f’L HL g 250
1 ‘ w"

[

ve (kV)
v (kV)

= 1 -
s 0 AN
1 N -250 -1t
2 v -500 -2 i v, l :
00149 0.0150 00151 0.0152 0.0149 0.0150 00151 00152
1(s) 1(s)
(a) (b)
Fig. 12.  Enlarged waveforms of vo, vy, and ir. (a) t = 0.01501 s, 15 = to.

(b) 1, = 0.01507 s, t5 = t6.
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Fig. 13. Comparison of I+, I;y-, and /4. in mode 2. (a) d; = 0, and do =

0.2.(b) dy = 0.1, and do = 0.2.

In order to verify the accuracy of the transient current expres-
sion given in Table II, two initial steady states with d; = 0.1, do
=0.2,and d; =0, dy =0.2 were used to simulate the F1 fault for
several groups of fault moments to record /4, , I;,,- and I 5.. The
comparisons of simulation records and the calculation results in
Table II are illustrated in Fig. 13. In Fig. 13(a), the DAB that
operated with d; = 0.1 and d2 = 0.2 in the initial steady state
is presented, and in Fig. 13(b), the DAB that operated with the
phase-shift angles d; = 0 and d> = 0.2 in the initial steady state
is presented; the lines with “x” denote the simulation records,
and the lines without “x” denote the calculation results from
Table II.

The subtle error was caused because, in the simulation, the
circuit resistor was considered while it was ignored in deriving
the expressions given in Table II. The comparison results showed
that the formulas provided in Table II are accurate enough to
predict the possibility of internal overcurrent.
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Photograph of the experimental prototype.

TABLE VI
EXPERIMENT PARAMETERS OF DAB

Parameter Value
/v, 400 V/ 250 V
NIk 2/0.8
Py 3.125 kW
) 10 kHz
L, 800 uH
Ly 125 A
R 1 mQ (F1)/0.1Q (F2)

2) Experiment of F1: The experimental prototype is shown
in Fig. 14, and the experimental parameters of the DAB are
shown in Table VI.

The experimental results without FRT are shown in Fig. 15, in
which #;, referred to the fault moment. As seen in the waveforms,
vy decayed rapidly and i, surged a pulse current when the fault
occurred, and the transient dc bias current in i ;, appeared at once,
resulting in the transient current stress. The discharging process
is too rapid to trigger the CB on the fault branch. Then, transient
current decreased with the decay of dc bias current. It can be seen
that the transient current stress reached /. = 25.8 A; however,
Iy is only 12.5 A. The peak current in final steady current
valued 10.8 A is smaller than /5 y, it is still necessary to apply
FRT method because it took a long time (about 90 switching
cycles) to decay the transient dc bias.

It is not rational to wait for the process to end without doing
anything, since the fault branch needs to be cut off then the
circuit can be restored.

B. F2 Fault

The experiments on F2 are also based on the parameters in
Table VI. From 100 to 1000 pH, with 100 uH as the spacing, ten
groups of inductors with different values were selected to imitate
L, to perform the experiments of F2 fault. The four groups of
experimental waveforms about vo, i, and iy, at Ly = 100, 200,
300, and 400 H are shown in Fig. 16(a)—(d), where it is shown
that, before the fault, the DAB operated in the initial steady state
with vo =250V, and iy, = 8.5 A. Next, the fault occurred at t,
leading to a decrease in vo, and an increase in i, during #,, which
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Fig. 15. Transient waveforms of v, vy, and iy, in F1 without FRT method.
(a) Overall waveforms. (b) Enlarged waveforms of i,

indicated an underdamped resonance between Cy and L,; then, i
decreased during #;, which indicated the energy decay process
of L,. Meanwhile, i;, changed from the initial steady state to
the final steady state slowly during 7,, and neither overcurrent
nor dc bias in i;, appeared. As for the influence of Ly value
on the transient process, it is obvious that, when L, increased,
the capacitor discharging process became slower, so 7, and t;
increased while I,,,,x decreased. Fig. 17 shows the experimental
data of I'nyax, 14, and t with L. According to the resultsin Fig. 17,
the accuracy of the theoretical analysis model is validated, while
the errors between the solid and dashed lines originated from the
inevitable impedance in the real circuit.

The experimental results prove the accuracy of the theoretical
analysis of the F2 fault presented in this article.

C. FRT Methods Verification

The FRT scheme was verified by MATLAB/Simulink, and the
simulated waveforms are drawn in Fig. 18. The DAB supplied
load branches 1-3, and the short-circuit fault occurred in branch
3 atr=0.03 s; then, v, dropped and i, increased so that the fault
could be detected. Once the fault was detected, the switching
signals were blocked to eliminate the overcurrent in the internal
circuit, and the transient overcurrent of i ;, was avoided. After the
blocking one switching period, the circuit restarted to provide
the fault criterion current 0.9/ y to the fault branch. When the
current of the branch was larger than 0.8/5 y for 6 ms, the CB was
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Fig. 16. Experimental results of the F2 fault. (a) Ly = 100 puH. (b) Ls =
200 pH. (¢) Ls = 300 pH. (d) Ly = 400 pH.

triggered to cut off the fault branch. Finally, the output voltage
was restored, and the FRT was achieved.

Compared with Fig. 15, the FRT scheme can protect the
internal circuit and provide the required fault current to the
fault branch and triggered the breaker, which demonstrates its
effectiveness and reliability.
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VII. CONCLUSION

In a dc distribution network, a short-circuit fault can occur on
the output, which can cause the overcurrent. This article provides
a comprehensive analysis of the fault process of a DAB, which
reveals the overcurrent phenomenon after the short-circuit faults,
and puts forward three methods to achieve the FRT. One method
is to block the power switches for a certain period and then
recover the switching signals to generate a fault criterion current
to trigger the breaker, and another is to add a series inductor with
a reasonable inductance on the output side, and then cut off the
faulty branch by the breaker. The third method is an extension
of the second, CLC pi filter is added on the output terminal. The
first method is the main FRT method because it is simple and
effective, and the second and third are both alternatives because
of their high cost.

The simulation and experimental results validate the accuracy
of the theoretical analysis results of the fault characteristics and
the FRT effectiveness. The safety and the clearance capability
are guaranteed, which provides strong support to the dc power
distribution network.

The research results in this article provide a theoretical basis
for the development of the DAB overcurrent protection, CB
selection, and FRT methods. Based on the research in this article,
the fault characteristics and FRT methods of dc transformers can
be further studied.
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