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Monopolar Fault Reconfiguration of Bipolar Half
Bridge Converter for Reliable Load Supply
in DC Distribution System

, Member, IEEE, Miao Zhu
and Xu Cai

Jianjun Ma

Abstract—This article proposed the concept of monopolar fault
reconfiguration for bipolar dc distribution system realized with
Bipolar Half Bridge (BiHB) converter. Monopolar fault reconfig-
uration oriented from bipolar high voltage direct current (HVdc)
transmission grid. For dc distribution, the operation aim is to pro-
vide uninterrupted power supply to critical load under monopolar
fault. It requires interfacing circuit with fault-tolerant capability
as well as control design considering both bipolar and monopo-
lar working mode. The proposed BiHB converter achieves mode
switching by reconfiguring the converter switching pattern. Con-
sidering both monopolar and bipolar working mode, a bipolar
modulation method is proposed for coordinate circuit design. Key
influence factors relating to the transient voltage spikes have been
identified, including the fault detection delay and the modulation
method. Besides, to suppress the voltage spikes caused by monopo-
lar fault, feed-forward compensation is adopted for smooth mode
transition. The proposed BiHB converter and control strategy have
been comparatively evaluated under fault protection and restora-
tion. Uninterrupted power supply of load has been attained, in val-
idation of the proposed monopolar fault reconfiguration concept.

Index Terms—Bipolar dc system, bipolar operation, fault
reconfiguration, feed-forward compensation, monopolar
operation.

1. INTRODUCTION

C DISTRIBUTION system has been deemed as the en-
D abling technology for integration of distributed energy
source and reliable power supply [1], [2]. Among the vari-
ous types of system structure, the bipolar dc system received
special attention [3]-[9]. An illustration of the typical bipo-
lar dc distribution system is shown in Fig. 1(a). It can halve
the line-to-ground voltage level compared with monopolar dc
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Fig. 1. Monopolar operation of bipolar dc distribution system. (a) System
configuration. (b) Two-module bipolar circuit. (c) Integrated-balancing bipolar
circuit. (d) Magnetic-coupled bipolar circuit. (¢) NPC bipolar circuit.

counterpart, while maintaining the same line-to-line voltage
level and transmission capacity. Besides, for distribution system,
bipolar dc offers two voltage levels and more flexible load/source
connections [3], [4].

However, due to the changeable working status of distribution
system, line disconnection and short-circuit fault often appear,
and pose challenges to reliable load supply [10], [11]. In this
article, to ensure the continuous and reliable power supply
of the critical load, a novel concept termed monopolar fault
reconfiguration has been proposed with the consideration of
the bipolar interfacing dc—dc converter. As shown in Fig. 1(a),
when fault occurs on the positive pole, continuous power can still
be supplied from the negative pole to guarantee uninterrupted
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Fig. 2. Concept of monopolar fault reconfiguration for reliable load supply in

bipolar dc system.

power supply. When fault cleared, the converter is restored to
bipolar mode for robust operation. As a result, uninterrupted
power can be supplied to critical load and the distribution system
is endowed with higher reliability. To ensure the abovemen-
tioned function, two key challenges are involved of, which are
fault-tolerant bipolar circuit and multimode control.

Existing research on the bipolar dc—dc interfacing circuit
can be grouped into four representative types, as shown in
Fig. 1(b)—(e). The two modules circuit utilizing two separate
converters and has a clear circuit structure, such as SEPIC-Cuk
[12], Dual-DAB [13], etc. At the same time, this topology
requires extra components with higher size and cost. Besides,
power sharing between the two modules is also a key challenge,
which further complicates the control. In Fig. 1(c), the integrated
balancing circuit consists of two stages, with the first stage for
power balancing and the second stage for voltage regulation.
The buck-boost circuit is often adopted as the first stage unit
and can be further merged with the second stage for more
compact topology design [14]-[18]. In Fig. 1(d), the bipolar
input ports are magnetically coupled with the load through a
three-winding transformer [19]. When short-circuit fault occurs
on one pole, the transformer is also shorted and leading to
interrupted load supply. The bipolar converter can also be imple-
mented with the diode neutral point clamped (NPC) circuit [20],
as shown in Fig. 1(e). The NPC circuit can directly match the
bipolar dc connections. Unfortunately, a common shortcoming
of Fig. 1(c)—(e) is they are intolerable to monopolar fault. As
shown in Fig. 1(c)—(e), when short circuit fault occurs on the
positive pole, the converter feeds power to the fault point, and
results in interrupted power supply. To guarantee reliable load
supply, the bipolar converter should be tolerant to the monopolar
short-circuit fault.

Apart from the converter design, the disturbance of mode
transition should also be considered during monopolar fault
reconfiguration. When considering the time sequence of fault
protection and restoration, an illustration of the converter work-
ing mode is shown in Fig. 2. The voltage outage can be caused
by short-circuit fault or line disconnection. When detecting the
positive pole voltage v, deviate from the normal range, the
protection triggers and the converter works in monopolar mode.
When the monopolar fault cleared, after receiving the restoration
command, the converter recovers to bipolar mode. During that
process, the control should maintain stable voltage regulation
under the variation of working mode and input voltage.
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Fig. 3.
capability. (a) Nonisolated converter. (b) Isolated converter.

Bipolar half bridge converter with monopolar fault reconfiguration

The bipolar mode and monopolar mode are expected to have
different dynamics. Traditional dual-loop control with rigid
parameters often leads to instability in multimode operation
[21]. A robust control scheme is necessary to maintain stable
voltage regulation during the protection and restoration process.
It is expected to simplify the control design in monopolar and
bipolar modes with coordinate modulation design. Besides,
during monopolar fault, the input voltage disturbance will be
transferred to the output port. Feedforward control has been
adopted for solving the input voltage disturbance [22], [23].
For monopolar fault protection in bipolar dc system, design, and
performance of the corresponding feed-forward control remains
to be explored.

To achieve monopolar fault reconfiguration of critical load,
Bipolar Half Bridge (BiHB) converter and the corresponding
modulation is proposed for coordinate circuit and control design.
The rest of this article is organized as follows. In Section II, the
operation of BiHB converter in monopolar mode and bipolar
mode is analyzed and a novel bipolar modulation method is
proposed. In Section III, circuit parameters are designed con-
sidering both bipolar and monopolar mode, and compared with
conventional two-module circuit. In Section IV, control of BiHB
converter is designed considering the dynamic difference in
monopolar /bipolar modes and feedforward control is proposed
to compensate the disturbance of short-circuit fault. The pro-
posed circuit, modulation, and control design are comparatively
evaluated with numerical simulations in Section IV and experi-
mentally tested in Section V, in verification of monopolar fault
reconfiguration function.

II. OPERATION OF BIHB CONVERTER

To ensure monopolar fault reconfiguration, the bipolar inter-
facing converter operates as a double-inputs single-output cir-
cuit with fault-tolerant operation capability. The corresponding
circuit topology is first investigated.

A. Fault Tolerant BiHB Topology

The nonisolated and isolated BiHB converter circuits are
shown in Fig. 3(a) and (b), respectively, where v, and v,, are
the input voltage at positive and negative pole, respectively.
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Fig. 4.  State machine for monopolar fault reconfiguration of BiHB converter.

Different from the four switches three-level circuits [24]-[26],
Vp, Vp, are determined by the interfacing bipolar system.

During normal operation, vy, v,, are the same as Vo1.. When
detecting the positive (negative) pole voltage v, (v,) deviate
from the nominal value V.1, with the preset value (AV), the
protection triggers by blocking the switch driving signals (S
for positive pole fault, S4 for negative pole fault).

The protection logic of nonisolated and isolated BiHB con-
verter are similar, and the state machine of BiHB converter is
represented by Fig. 4.

The preset AV value relates with the sensitivity of fault
detection and protection time-delay. If AV is selected too small,
it will easily lead to false trigger of the protection. If AV is
selected at large value, the bipolar converter should be robust
to ride through the abnormal period, and therefore, has more
stringent requirement on the control design. Other fault detection
logic can also be adopted to reduce the fault detection time delay.

After the monopolar fault cleared, when receiving the restora-
tion command, the driving signals of S;—S, are reset to bipolar
operation mode. Power is supplied from both the positive and
negative pole, and the converter is readily prepared for consec-
utive fault.

Due to the similar requirement of monopolar reconfiguration,
only the isolated BiHB converter is analyzed in this article.
The following analysis can be easily applied for the nonisolated
BiHB converter.

B. Monopolar Fault Operation Mode

To achieve coordinate design of the two working modes,
the monopolar mode is first analyzed, due to relatively rigid
modulation.

Without loss of generality, here assuming the short circuit
fault occurs on the positive pole. After detecting the monopolar
fault, S; is blocked and S; is constantly conducted. The BiHB
converter is configured to monopolar mode and operating as
asymmetrical half-bridge converter. The equivalent circuit and
operating waveforms are shown in Fig. 5(a) and (b), respectively.
In Fig. 5(a), v42 and vg3 are the voltages across power switches
So and Ss, respectively. iy, is the inductor current. L is the
inductance of the output filter. The primary winding resistance
of the transformer is absorbed as a part of the equivalent series
resistance (esr) r. of the clamp capacitor with capacitance Csg,
and the secondary winding resistance is merged into the esr
rz, of the output inductor rz. The leakage inductance L, of
transformer is expected at low value at the manufacture stage,
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Fig. 5. BiHB converter operation in monopolar mode. (a) Schematic circuit.
(b) Converter waveforms.
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Fig. 6. Equivalent average model of BiHB converter in monopolar operation.

due to the resulting duty ratio loss. An evaluation on the influence
of leakage inductance is analyzed in Section III.

As shown in Fig. 5(b), the duty ratio of S4 and S5 are in
complementary and given as d and 1—-d, respectively. Based on
the voltage and current waveforms in Fig. 5, the average model
of BiHB converter is shown in Fig. 6. The circuit variables are
specified in Fig. 5(a), and(-) indicates the average value of the
circuit variables in one switching cycle.

The steady-state performance can be developed from the aver-
age model. When neglecting the influence of parasitic resistance
(re, r1), the average voltage v s of Cg, the output voltage v,,
and the average magnetizing current of iz, can be determined
by voltage-second balance of L,,, L, and charge balance at Cs,
respectively. According to Fig. 6, the relationship of average
state variables v, v,, and iz, is given as

<UCS> =d <Un>
(vo) =n[d{vn) + (1 —2d) (vc)] .
<iL’rrL> =n (1 - 2d) <7L>

ey
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Fig. 7. Conventional three-level modulation waveforms of BiHB converter in
bipolar mode.

Based on (1), the steady-state capacitor voltage Vs, output
voltage V,, and magnetizing current I, can be developed as
(2), where D is the steady-state duty ratio

ch = D‘/;)ulea Vo =2n [D (1 - D)] ‘/;)ole;

The small-signal model in monopolar mode can also be ob-
tained from Fig. 6, by linearizing the dependent sources under
the small-signal assumption and given as (3), where “~” signifies
the small-signal component of the respective circuit variables in
Fig. 5(a)

Ly e — GV, + D5, — 0,
CoLes = ip, +n (2D —1)ig +2nld

T = Tos + Te [ELm tn(2D—1)ip + 2nILJ}
L4t = [ Dy + dV,—2Ved+(1-2D) 5] —rpip — 7,

dvo _ 7 Do
CO at 'L R

3

C. Bipolar Normal Operation Mode

During bipolar operation, the positive and negative pole volt-
ages vy, vy, (see Fig. 3) are operating at the same value of V,g1c.
The driving signals of S; and S3 can be assigned the same duty
ratios and shifted by half switching cycle Ts/2, as shown in Fig. 7.
This modulation method was previously applied for three-level
converter [24]-[28], and can also be applied for the bipolar
circuit. One main advantage of this modulation is zero dc bias
of transformer. However, considering monopolar operation, the
magnetizing current will be considered in transformer design
and the advantage no longer holds.

One main drawback of this modulation is the unbalanced
current flow through the positive pole and negative pole, as
shown in i), and i,,, respectively (see Fig. 7). The negative pole

A < dl. —> A dr, dr,
0 ‘ S | | S | > 0 M M =
! <— (. —— ! X — (dan —— >,
N [ s: | . o= [ S | [,
n < dl,—> Loy — (D,  —> !
0 Ss | S3 > 0 I Ss I I Ss >,
—— (9L — Lo < dr >
0 [ 5. | 1 s, o™ 2 >,
Av S N
[ \Vw [ \ . , \ L \ [ \ [ -y,
; Tr
i — N = A e — — .,
E——  E—— G P L L L
1 — 1 : 1 ——>"
v v » ¢ A i, y y g
A — 1 yr"'l >,
1 ———
£, ] !
L Fig. 8. Proposed bipolar modulation of BiHB converter in bipolar mode.
» ¢

current i, has longer charging and discharging process, and
the different pole current will result in unbalanced positive and
negative pole output power. Many works have been proposed on
the current balancing control and it often requires more complex
control design.

Moreover, with the conventional three-level modulation
method, the dynamics of BiHB in bipolar mode also differs
from the monopolar mode. With volt-second balance at the
transformer 77, the steady-state capacitor voltage V. is given
by

Voe=DV,+(1-D)V,
= Vpole- 4)

With volt-second balance at the inductor L, the steady-state
output voltage V, is given by

Vo =n[D (2Vpoie = Ve) +2(1 = D) (Vpore — Vo) + DV]
= 20DV, 5)

The maximum output voltage is nVpoe and is two times
larger than monopolar mode in (2). Thus, it will complicate the
coordinate circuit design for two modes. Moreover, the capacitor
voltage V. in (4) is also higher than V. in (1). It indicates higher
voltage stress of C; during bipolar operation.

As the alternative, when considering the monopolar operation,
the proposed bipolar mode modulation is shown in Fig. 8. The
duty ratios of S;, S, and S», S are in complementary and given
as d and 1-d, respectively. The driving signals of §; and S are
shifted by half switching cycle.

The average model in bipolar mode is developed as Fig. 9.
Like monopolar mode (see Fig. 6), the steady-state performance
can be analyzed based on the average model. When neglecting
the influence of parasitic resistance (r., r1), the average voltage
ves of Cg, the output voltage v,, and the average magnetizing
current of iy, can be determined by voltage-second balance
of L,,, L, and charge balance at Cj, respectively. According to
Fig. 9, the relationship of average state variables v, v,, and iz,
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is given as

(ves) = d [(vp) + (vn)]
(Vo) = n|d (vp +vn) + (1 — 4d) (vc)] (6)
(irm) =—n(4d — 1) (ir) .

During bipolar operation, V,, and V,, are of the same value
Vpole- Based on (1), the steady-state C, capacitor voltage V.,
output voltage V,, and magnetizing current /1, can be devel-
oped as (7), where D is the steady-state duty ratio

Ve = 2DVygie, Vo = Vo =2n[2D (1 — 2D)] Vpore,
ILm:n(l—ZlD)IL. (7)

When comparing the waveforms of Fig. 8 with Fig. 5, the
modulation in bipolar mode is similar with monopolar mode,
except the equivalent switching frequency doubled in bipolar
mode. As a result, when comparing (6), (7) with (1), (2), the
steady-state output voltage V, and inductor current iy, in bipolar
mode can be developed by substituting D with 2D in monopolar
mode. This similarity can also be observed between the two
average models in Figs. 6 and 9.

Like monopolar mode, the small-signal model in bipolar mode
can also be obtained from Fig. 9 by linearizing the dependent
sources under the small-signal assumption and given as (8). The
circuit variables are specified in Fig. 5.

In verification of the dynamic analysis, a comparison of i, ~d
frequency responses between the small-signal model (4), (9)
and the measured circuit response is shown in Fig. 10. For both
monopolar and bipolar operation, the small-signal frequency
response matches well with the measured results.
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It can also be observed that the i, ~d frequency response of
monopolar and bipolar mode are similar. The only difference is
the magnitude of G;z,_4(s) in bipolar mode is two times (6dB)
higher than monopolar mode. An explanation is the duty ratio in
monopolar mode is two times the equivalent duty ratio in bipolar
mode. As a result, by substituting the duty ratio in bipolar mode
with 1/2 duty ratio value in monopolar mode, the frequency
response will be the same. This similarity will facilitate the
following multimode control design:

L% — d(V, + V,,) + D (3, + 5) — e
CsBes = jp,, +n (4D —1)ig +4nlrd
Ve = Ues + T |:ng +n(4D —1)ig + 4nILcZ}

L4e = [D (Tp+ ) +d (Vy+V,,) —4V.d+(1—4D) ﬁc}

—TLiL — Uo
C dvo _ N- Dy

07dt R" (8)

In comparison, if adopting the conventional three-level mod-
ulation method (see Fig. 7), the i;,~d frequency response is also
illustrated in Fig. 10. A large discrepancy exists between the
bipolar mode and the monopolar mode. It has higher open-loop
crossover frequency and the position of zeros and poles are also
different. The dynamic difference will further complicate the
control design and leads to potential instability. A more detailed
analysis is given in Section IV and verified in Section V.

III. PARAMETER SELECTION AND COMPARISON

To guarantee stable voltage regulation under both monopolar
and bipolar mode, the circuit parameters should be designed
with consideration of the two working modes collectively.

A. Parameter Selection

First, consider the transformer turns ratio. Based on (2) and
(7), an illustration the output voltage (v,) with the duty ratio
(d) is shown in Fig. 11. The monopolar mode and the proposed
bipolar mode have the same maximum output voltage 0.51V ,g1c.
The output voltage reaches the maximum value at d = 0.25 and
d = 0.5 for bipolar mode and monopolar mode, respectively. To
ensure stable voltage regulation, in monopolar mode the duty
ratio Dyjono should be constrained below 0.5. In bipolar mode,
the duty ratio D g, should be constrained below 0.25.
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TABLE I
CIRCUIT PARAMETERS OF BIHB CONVERTER

Parameter Value

Input voltage (Vy,, V) 750V (375 V,375V)

Vo 48V

R [59Q, 20Q]
Switching frequency f; 50kHz

n 1:2.5

L SmH

L 300uH

C S0uF

Cs 20uF

Fe 0.1Q

rL 0.15Q

Considering the voltage regulation range, the steady-state
output voltage is designed at 0.3nV/,,1c. Based on (2) and (7), the
corresponding duty ratio in monopolar mode and bipolar mode
can be determined as 0.09 and 0.18, respectively. For given input
voltage Vo1 and output voltage V,,, the transformer turns ratio
n can, thus, be developed from (2). Besides, by combining (2)
and (7), the average current of magnetizing inductance iz, is
the same for monopolar and bipolar operation.

The inductors and capacitors are determined by the maximum
ripple ratio. Assuming the steady-state duty ratio in monopolar
mode and bipolar mode are Dy,on, and Dy, respectively. The
inductors and capacitors are developed by the given maximum
current ripple Af,, Aly,,, and voltage ripple AV,, AV s in (9)-
(12). According to (9)—(12), the circuit parameters are decided
by the monopolar mode

(0.5 — Dytono) Vo T (0.25 — D) VOTS]

L =
tax Al : Al
(05 B DMono) VoTs
= 9
AL ©))
P (VoTs 1 VT 1 ] _ VT, 1
m L 2n AILm’ 4n AILm 2n AILm
10)
VOIOTS VOIOTS VOIOTS
Cs = ma , = 11
* _‘/;)OICA‘/CS 2‘/1)oleA‘/cs:| ‘/poleAVch ( )
(AT, AIT, AIT,
C = ols ofs | o%s 12
o T WX IGAV, " 16AV, | ~ 8AV, (12)

When adopting larger parasitic inductor of transformer for
zero-voltage switching, the abovementioned discussion and the
average model in Figs. 6 and 9 can be modified considering the
duty ratio loss. The converter efficiency can also be promoted
when adopting other auxiliary circuit. Since the article mainly
focuses on the fault protection and reconfiguration analysis,
potential readers can refer to [27], [28], and [29]-[32] for
more detailed power loss analysis on the three-level circuit and
half-bridge circuit. The same work is not repeated in this article.

Based on (9)—(12), the designed circuit parameters are listed
in Table I.
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Two-module bipolar circuit based on asymmetrical half-bridge con-

TABLE 1T
COMPARISON OF BIHB CONVERTER WITH TWO-MODULE BIPOLAR CIRCUIT

Component Ttem BiHB Two-modules
omponents ems (Fig. 3(b)) (Fig. 12)
Number 4 8
Diodes Current rating ioad lioaa
Voltage rating Vo Vo
Number 4 4
Power .
switches Current rating Proad/Vpole Proad/Vipole
Voltage rating Vpole Vpote
Capacitors Number 2 3
P VOltage rating Vpole, Vicad Vpole, Vpole, Vioad
Inductors Number 2 !
Current rating ioad Lioad
Transformers Total Pioad 2Pioad

Power rating

B. Topology Comparison

Furthermore, to elaborate the characteristic of BiHB con-
verter, the topology is compared with existing solutions. Few
existing research covered the monopolar operation before. In In-
troduction, the topologies Fig. 1(c)—(e) are incapable of monopo-
lar short circuit protection. As a result, the two-module circuit
shown in Fig. 1(b) is adopted for comparison.

For a fair comparison, the power module is selected as asym-
metrical half bridge converter, and the circuitis shown in Fig. 12.
Without loss of generality, the secondary side is adopting the
same diode bridge as Fig. 5(a). The asymmetrical half bridge
converter can also be implemented with tapped transformer, and
would not affect the comparison conclusion.

Assuming the total load power is Pjoaq. To ensure unin-
terrupted power supply during monopolar fault, each of the
power module rating is designed at Pjy,q. A comparison of
the converter components is listed in Table II. A distinctive
advantage of the BiHB converter over the two-module circuit
can be observed in component rating and number.

In addition, for the conventional two-module circuit, power
sharing between the two modules is also a key challenge. In
comparison, control of BiHB converter will be much easier
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TABLE III
COMPARISON OF PROPOSED BIPOLAR MODULATION WITH CONVENTIONAL
THREE-LEVEL MODULATION

Three-level Bipolar
Items Modulation Modulation
(conventional) (proposed)

Nonzero in bipolar
and monopolar
mode

DC current bias
of transformer

Zero in bipolar mode
Nonzero in monopolar mode

Voltage Stress

of C. Vpote Lower than Ve
Current Stress
of Si~S, nly nl +m
Voltage Stress
of S1-S4 Vote Vpole
Voltage/current
stress of diode Nearly the same
Spikes during Nearly zero with
monopolar High and unavoidable low short fault
protection detection delay
Relatively easy
Contro} Potentially unstable with dual-loop PI
complexity
control
Efficiency No absolute advantage for either of the modulation

with the proposed modulation, which will be analyzed in the
following section.

C. Modulation Comparison

Under the same BiHB converter circuit, the proposed bipo-
lar modulation is also compared with conventional three-level
modulation in terms of steady-state performance and dynamic
response, as shown in Table III.

For steady-state performance, the three-level modulation has
no dc current bias in bipolar operation and lower current stress
of power switches. The bipolar modulation has lower voltage
stress of capacitor C. Efficiency of two modulation schemes
relate with the transformer and power switch parameter.

There is no absolute advantage for either of the modulations.
When d = 0.25, the power loss will be the same. For transient per-
formance, the proposed bipolar modulation can achieve smooth
mode transition in open-loop. The close-loop control can also
be easily implemented with dual-loop PI control, as analyzed in
the following.

IV. CONTROL DESIGN

To ensure stable and smooth mode transition between
monopolar and bipolar mode, the control design should consider
dynamics of the two working modes collectively.

A. Multimode Feedback Control

First, consider the multimode feedback control design. Based
on (3) and (8), the voltage loop v,~iy, transfer function are
derived as G,_;1,(s) in (13). The two working modes have the
same voltage-loop transfer function

1

Croar )= 6 R

13)
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TABLE IV
CONTROL PARAMETERS WITH DIFFERENT WORKING MODES

Working Mode Bipolar Mode Monopolar Mode

Current loop kp=0.17, kii=6531

Voltage loop kyy=0.16, £,~=2088

When neglecting the parasitic resistance r., ry, the current-
loop i1, ~d transfer function G;;,_4(s) in monopolar and bipolar
modes are given by (14) and (15) as shown bottom of the next
page.

According to the analysis in Section II, the dynamic dis-
crepancy between monopolar and bipolar mode is rigid 6dB
magnitude difference at the G;z,-4(s). To compensate the differ-
ence, the control output is multiplied with 1/2 at bipolar mode
current-loop, as shown in Fig. 13. As a result, the voltage-loop
and current-loop control parameters can be designed the same
for monopolar and bipolar mode. For applications with low
voltage quality requirement, the control diagram can operate
in open-loop with given duty ratio d.

Here, the current-loop control is designed with crossover
frequency f. = 10 kHz (f,/5). The close-loop ij,~d frequency
responses are shown in Fig. 14. It can be observed that in
monopolar and bipolar mode, the close-loop i;~d frequency
response overlaps with each other, in accordance with the
abovementioned analysis. Similarly, the voltage-loop crossover
frequency is placed at f, = 1 kHz (f./10), and the designed
control parameters are listed in Table IV.

In comparison, if adopting the conventional three-level mod-
ulation method (see Fig. 7), with the same current-loop PI
control parameters (see Table III), the i, ~d frequency response
is also shown in Fig. 14. As can be observed, if adopting the
conventional three-level modulation, the close-loop crossover
frequency will reach 1/2 switching frequency (25 kHz). As a
result, the control applicable for monopolar mode will lead
to instability in bipolar mode, due to the dynamic difference.
A further verification of the instability problem is given in
Section V-B.

Considering the varying pole voltage before protection trig-
gers and the varying load R, the designed control is checked for
stable operation. As shown in Fig. 15, the close-loop eigenvalues
all locate on left half plane, in verification of the designed
gain/phase margin and converter stability. Besides, the eigenval-
ues in monopolar and bipolar modes overlaps with each other, in
verification of the similar dynamics of the two working modes.

B. Influencing Factors on Smooth Mode Transition

Apart from stable voltage control, voltage spikes appear dur-
ing fault protection. To investigate the influencing factors, here
consider the open-loop mode transition. According to (3) and
(8), in bipolar and monopolar mode, the converter model can
be represented as Agipolar and Avonopolar, T€spectively, and x is
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the state variable

& = ABipolar® , (Bipolar mode) (16)
& = AMonopolar®, (Monopolar mode)
xr = [iLm Ves Ue UL vo} . (17)
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Assuming the fault occurs at t = 0 and converter works in
steady-state, with Agipolar X(0) = 0. At the instant of protection,
(18) holds

T = AMonopolar~r (0)

- [AMonopolar - ABi] x (O) . (]8)

With the proposed bipolar modulation (see Fig. 8), Avonopolar
= Ap;, andz = 0. It indicates no transient during mode tran-
sition. In comparison, if adopting the conventional three-level
modulation (see Fig. 7), Avonopolar A ;. Itindicates undesired
spikes and transient during monopolar protection.

Even if adopting the proposed bipolar modulation, due to
protection time delay, the input voltage varies. As a result,
the model parameter changes with time and represented by
AMonopolar(t) and Agjpolar(t). Assuming the fault occurs at ¢ =
0 and the converter works in steady-state, with Ag;,o1ar(0)x(0)
= 0. The protection triggers at ¢ = #; and (19) holds

T = AMonopolar (tl) €T (tl)
- AMonopolar (tl) X (tl) - ABipolar (O) Y (O)
- [AMonopolar (tl) - ABipolar (O)] X (tl)
Input voltage variation

+ [z (t1) — 2 (0)] ABipolar (0).
—

state change

19)

Due to the variation of pole voltage before protection trig-
gers AMonopolar(f1) # ABipolar(0). The transient during mode
transition will be introduced by input voltage variation and state
change.

In summary, the undesired voltage spikes during mode tran-
sition can be suppressed by 1) adopting the proposed bipolar
modulation method and 2) decreasing the fault detection time
delay.

C. Smooth Mode Transition

Apart from stable voltage control, voltage overshoot appears
during fault protection due to the input voltage variation and
mode transition. Based on the converter model in (3) and (8),
the influence of the input voltage v,,, v,, disturbance is described
by Fig. 16, and represented by transfer function G, 4in(s). In
Fig. 16, G;1, _q(s), G4, -;1.(s) denote the current-loop (i1, ~d) and
voltage-loop (v,~ir) transfer function, respectively. G, _yin(s)
denote the disturbance of input voltage v;,, with relation to the
output voltage v,,.

To counteract the input voltage disturbance, an additional
feedforward compensation branch of Hpp(s) is introduced. As

Monopolar : Gz, 4(8)

n(CoRs+1)[(2V3—2V—2DVy)+(21L Linn—4DI} Linn ) s+(Co L Va—2C: L Ve ) 52

= R+(Lo+Lmn2—4DL,,n24+4D2L,,n2)s+(Co Lo R+Cs Ly, R+Co Ly Rn2—4C, DLy, Rn2+4C,D?L,, Rn?) 524+ Cg Ly, Lo s3+Co Cs Ly Lo Rs? (14)
Bipolar : G, 4 ($)
n(CoRs+1)[(2Vp 42V =4V —4DV,—4DV,,)+ (411 Linn—16DI; Lyn)s+(CeLm Vi +Ca L Vi —4C: Ly V) 57 (15)

= Rt (LotLmn2—8DL,n2+16D2L,n2) s+ (CoLoR+ Cs L Rt Co L Rn2 —8Co DLy Rn2+ 1600 D2 Ly Rn2) 52+ Og L Lg 53+ Og Cy L Lo Rs? *
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Fig. 16. Feed-forward compensation of BiHB converter considering input
voltage disturbance.

shown in Fig. 16, relationship of v;,, with v, is given by

'Eo - Gvof’uinﬁin + HFFGvofiLGiLfdﬂin~ (20)
Therefore, to counteract the effect of input voltage distur-
bance, the feedforward compensation Hp is given by

Gv o_vin

Hpp = ———"7F———.
GooirGir_d

21

By substituting the transfer function of G, in(s), Gir-a(s),
and G, -1(s) into the feedforward path H pr, the compensation
duty ratio dcomp can be derived. When neglecting the influence
of parasitic resistance, dcomp 1S given as (22) shown at bottom
of this page.

During monopolar dc fault, the input voltage disturbance often
occurs at the low-frequency band, due the presence of line resis-
tance and fault current limiting inductor. An approximation of
(22) in the low-frequency band is given by (23). The steady-state
duty ratio D in (23) can be derived based on (2) with the input
voltage V01 and reference output voltage. An approximation
of D is by averaging the duty ratio output d values within last
several switching cycles

(o)~ 9D — 4D2
comp 3|5 ™ 8D — 2) (V,, + V,

) [517 (3) + Up (3)] . (23)

During practical implementation, the measured source volt-
age v, vy, can be further processed with low-pass filter. Besides,
since the feedforward duty ratio deomp, relates with the source
voltage variation, dcomp value should be reset after mode tran-
sition, due to the input source change.

In verification of the feedforward compensation performance,
an illustration of the v;,~v, frequency response is shown in
Fig. 17. With the duty ratio compensation dqmp in (22), the mag-
nitude of input voltage disturbance can be significantly reduced.
Due to the neglect of parasitic resistance r., ry,, the disturbance
is not fully compensated. In comparison, with the approximation
in (23), similar frequency response can also be attained at the
low frequency band below 300 Hz. The performance of the
feedforward control is further tested in the following Sections.
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V. NUMERICAL SIMULATIONS

In verification of the monopolar fault reconfiguration concept,
a case study with 375 V/48 V BiHB converter is simulated.
On the bipolar dc system side, the line resistance rjj,e = 0.5 €2
and the line inductance Lj;, = 20 puH. The detailed simulation
parameters are listed in Table I, and the control parameters are
in accordance with Table IV.

A. Fault Reconfiguration

Fig. 18 shows the dynamic simulation results of the BiHB
converter. Initially, the positive and negative pole voltages v,
and v,, are near, and the BiHB converter operates in bipolar
mode. The short circuit fault occurs on the positive pole with
1092 equivalent grounding resistance, and the positive pole volt-
age v, [see Fig. 18(g)] drops consequently.

In 1; = 0.03 s, the positive pole voltage v,, drops below 0.7
Vpole. After detected the fault, S; is constantly blocked and
So is constantly ON, the switch voltage v,2 drops to 0 V [see
Fig. 18(c)] and BiHB converter operates in monopolar mode.
After the monopolar fault protection, the output voltage v,
remains constantly regulated, in verification of stable voltage
regulation. Due to power balance, the negative pole current i,
doubled after entering monopolar mode.

The positive pole voltage v, recovered at t = 0.05 s. After
receiving the restoration command at ¢+ = 0.06 s, the driving
signals of S; and S> are unlocked and the converter works
in bipolar mode. During bipolar and monopolar modes, the
PI control parameters remain the same. The output voltage v,
maintains constantly regulated during the fault recovery process.
Moreover, during bipolar operation, the average output current
ip.in at the positive and negative pole are the same as 0.64 A,
which indicates equal power sharing between the positive and
negative pole.

_ (CsLimDs* + 2D — 4D?) [y, (s) + Uy (5)]

(22)

deomp (8)| =

B (4V, — V, — V,) CsLpms? + (16D — 4) nly Lys + (4D — 2) (V, + Vy,) + 4V,
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modulation methods.

The conventional three-level bipolar modulation method is
also simulated for comparison. As shown in Fig. 18(a) and
(b), the control design can maintain stable voltage regulation
in monopolar mode. As soon as BiHB converter enters bipolar
mode, the inductor current i;, and output voltage v, becomes
unstable. In accordance with the analysis in Section IV, the
control stable for monopolar mode becomes unstable for conven-
tional three-level bipolar modulation mode, due to the dynamic
difference. Besides, the input current i, i, at the positive pole
and negative pole are also unequal. The conventional three-level
modulation method will, thus, lead to unbalanced power sharing.

In summary, if adopting the proposed modulation method for
bipolar mode, the control designed for monopolar mode is also
applicable for bipolar mode. The output voltage v, and inductor
current iz, remains stable during monopolar fault protection and
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(a) Modulation method. (b) Fault detection delay.

restoration. The proposed bipolar modulation method is more
convenient for converter control design.

B. Evaluation on Influence Factors

In verification of the influences of modulation method and
fault detection time delay, a comparison of open-loop mode
transition is shown in Fig. 19.

As shown in Fig. 19(a), monopolar protection triggers at the
instant of monopolar fault. With the proposed bipolar modula-
tion, near smooth mode transition can be observed. In com-
parison, with the conventional three-level modulation, large
voltage spikes of output voltage v, and high inductor current
i1, overshoot can be observed.

A comparison of monopolar protection with different time
delay is shown in Fig. 19(b). The longer time delay results in
higher output voltage v, spikes and higher inductor current iy,
overshoot, in accordance with the analysis in Section IV.

C. Smooth Mode Transition

In verification of the feedforward compensation, the control
design is tested under positive pole short circuit fault. As shown
in Fig. 20, the short circuit fault occurs at #1 = 1 ms and the
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positive pole voltage v,, drops subsequently. At 5, the protec-
tion triggers when detecting v,, drops below 240 V (0.7 times
normal value), and the working mode changes from bipolar to
monopolar. It will lead to drop of output voltage v, and high
voltage overshoot in monopolar mode.

To compensate the voltage disturbance caused by monopolar
fault, the feedforward control proposed in Section IV is adopted.
As shown in Fig. 20(b), during the detection period, the com-
pensation duty ratio deomp is generated with the feedforward
compensation. Deviation of the output voltage v, can be reduced
before the monopolar protection triggers. The recovery time in
monopolar mode can also be reduced, in support of the design
aim. After 72, when entering monopolar mode, the compensation
duty ratio dcomp drops to 0 due to no voltage disturbance at the
negative pole.

VI. EXPERIMENTAL VERIFICATIONS

In verification of BiHB converter and the monopolar fault
reconfiguration concept, an experimental prototype has been
built. The detailed circuit parameters are listed Table V.
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TABLE V
CIRCUIT PARAMETERS OF BTHB CONVERTER

Parameter Value

Input voltage (V,,, Vi) 96V (48 V, 48V)

Vo 15v
R [5Q, 20Q]
Switching frequency f; 50kHz
n 1:1
Ln 500uH
L 200uH
C 110puF
Cy 200uF
re 0.1Q
rL 0.15Q
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Fig. 21.  Voltage regulation under monopolar short-circuit fault reconfigura-
tion. (a) Fault protection. (b) Fault restoration.

A. Fault Protection and Restoration

The converter is first tested for monopolar short circuit protec-
tion. During normal operation, the input voltage at the positive
pole and negative pole are the same of 48 V. The voltages across
the power switch Sy and S3 are determined by the positive and
negative pole voltages, and shown as vz, vs3, respectively.

As shown in Fig. 21(a), when short circuit fault occurs on
the positive pole at time #1, the switch Sy voltage vso drops
as a consequence. The protection triggers when detecting the
positive pole voltage drops below 0.7 times normal value (35 V),
and the switch S is constantly closed. The converter switches
to monopolar mode. Compared with bipolar mode, the current
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ripple in monopolar mode nearly doubled, in accordance with
the analysis in Section III.

During the fault protection process, the output voltage v, stays
constantly regulated, in verification of the protection scheme and
robust control design.

When the monopolar short circuit fault cleared, the input
voltage v, recovered to normal value. As shown in Fig. 21(b),
after receiving the restoration command at time 75, the driving
signals of S and S5 are unlocked and the converter returns to
bipolar mode.

During the mode transition, the PI control parameters stay the
same values. With the proposed modulation method, the control
maintains stable output voltage v, regulation during the fault
recovery process. After the restoration, the converter is tolerant
to successive monopolar fault, in verification of the resilient load
supply design aim.

B. Evaluation on Influencing Factors

In verification of the influences of different modulation
method and fault detection time delay, the open-loop mode
transition are comparatively evaluated in Fig. 22.

In Fig. 22(a), the protection triggers with the same fault de-
tection delay. Compared with the proposed bipolar modulation,
the three-level modulation has higher output voltage spike v, -7z,
and current overshoot i, 7. The result supports the advantages
of the proposed bipolar modulation during mode transition.

In Fig. 22(b), the modulation is selected the same of the
proposed bipolar modulation. The longer time delay leading
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with/without feedforward compensation.

to larger output voltage deviation and higher current spikes, in
verification of the analysis results in Section I'V-B.

C. Smooth Mode Transition

To suppress the disturbance caused by monopolar fault, the
feedforward control is adopted. As shown in Fig. 23, in emula-
tion of short circuit fault, the positive pole voltage v, decreases
from 48 V to 8 V in 2 ms. The protection triggers when detecting
v, drops below 35 V (0.7 V,01c), and the working mode changes
from bipolar to monopolar mode.

During that process, the output voltage v, first drops due to
the positive pole voltage v,, deviation. After the monopolar pro-
tection, high overshoots of output voltage, and inductor current
can be observed.

In comparison, with the proposed feedforward compensa-
tion, the output voltage v, have lower voltage deviation before
monopolar protection. The total recovery time and current over-
shoot can also be reduced, in validation of the design aim.

VII. CONCLUSION

In duality of monopolar operation in bipolar transmission
grid, the concept of bipolar fault reconfiguration is first proposed
for dc distribution system and validated with the BiHB converter.
Main contributions of this article are as follows.

1) To guarantee reliable load power supply, uninterrupted
power can be supplied from the nonfault pole to critical
load. This function is proposed as bipolar fault reconfigu-
ration.

2) For BiHB converter, the bipolar modulation method is first
proposed to achieve coordinated circuit and control design
in both monopolar and bipolar modes.

3) Key influence factors of bipolar reconfiguration transient
have been identified, including modulation methods in
monopolar/bipolar mode and fault detection time delay.

4) To suppress the disturbance during bipolar reconfigura-
tion, feedforward compensation is proposed for smooth
mode transition.

The abovementioned designs are validated through compara-
tive numerical simulations and experimental results, in verifica-
tion of the bipolar fault reconfiguration concept and the BiHB
converter implementation.
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This article also has limitations: Scope of the article mainly
focuses on the verification of monopolar fault reconfiguration
concept. Efficiency of the BiHB converter can be further pro-
moted. Besides, the half-bridge circuit is suitable for low to
medium power level. For higher power applications, potential
multiphase topology with monopolar fault reconfiguration ca-
pability deserves further investigation.
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