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This paper proposes a redundancy-based cascaded bidirectional dc/dc converter designed to
interface battery energy storage system (BESS) units. With the employment of this topology, its reliability is
increased due to redundancy in power conversion, which differs from conventional structures formed by dc/dc
converters that cannot process power flow when a fault occurs. Thus, the topology is provided merging the
cascaded bidirectional Boost converter (CBB) and cascaded bidirectional Cuk converter (CBC). Subsequently,
the coupled mathematical model of the proposed topology can be readily calculated, considering all feasible
(different) sub-circuits according to the switching pattern. Therefore, small-signal analysis is applied to design
the PI controllers, followed by a closed-loop performance evaluation using an infinity norm and stability analysis
to assess the operation of the dc/dc converter in closed-loop for different values of load and current references.
Finally, a lab-scale prototype and a hardware-in-the-loop (HIL) setup prove the effectiveness of the dc/dc
converter working in various scenarios and also operating with the traditional SoC-based droop for balancing
the BESS units.

battery energy storage system (BESS) units, fault-tolerant, redundancy-based, stability
analysis, state-space.

link is usual, if a fault or an operational problem such as
cyberattack occur in the power device structure, the alterna-
tive source or the BESS connected to their inputs will not

HE application of power electronic converters such as
connecting alternative sources to the grid, flexible high-

voltage direct current transmission systems, electric vehi-
cles and the management of battery energy storage system
(BESS) by absorbing or supplying power at steady-state and
transitory regimes are crucial for the new tends in smart
grids [1], [2]. Additionally, they can control their currents
and/or voltages to match with the requirements of the dis-
tributed system and thus, the combination of them and their
topologies play an important role for voltage regulation and
management of the power flow for alternative sources.

Although the applications of conventional power convert-
ers, with two independent dc/dc converters tied to a common
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able to operate properly. On the other hand, the proposed
redundancy-based cascaded bidirectional dc/dc converter,
improves the reliability if one part of its physical structure
suffers a fault or maintenance.

Regarding the reliability, it is indispensable a system that
contain redundancies in telecommunication, aerospace sys-
tem, military devices, medical centers and renewable energy
system applications to ensure the continuity of operation
during electrical faults [3], [4]. According to [2], [5], in
several applications of power electronics, operational issues
such as damages on semiconductors can result in repair costs



This article has been accepted for publication in IEEE Open Journal of the Industrial Electronics Society. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/0JIES.2024.3446911

OPEN |

Author et al.: Preparation of Papers for IEEE Open Journal of the IES

Fault-Tolerant Solutions in Power Electronics Converters

Leg-Level

Redundant Series
or Parallel Leg

Redundant DC-Bus Midpoint Redundant Series
Switching States Connection or Parallel Switch

Fault-tolerant methods for Power Electronics Converters [2].

and operational expenses. Moreover, the improper operation
of the power module can lead to interruption fees, further
adding to the overall cost. As a result, reducing failure rate
and fault-tolerant capabilities are the solutions to increase the
reliability of dc/dc converters [6].

The methodologies addressed to fault-tolerant in power
electronics converters are presented in Fig. 1, organized in
switch-level, leg-level, module-level and system-level. Re-
garding switch-level, it can be applied to redundant switching
states [7], [8], converters with connection to the midpoint
of dc-link via extra auxiliary switch [9] and the applica-
tion of redundant switches in parallel or series to the main
switches [10]. Considering leg-level, redundant parallel leg is
employed in [11] and [12] to mitigate the impact of electrical
faults.

Additionally, cascade and modular multi-level converters
are the topologies of module-level fault-tolerant which are
divided in neutral-shift [13], [14], dc-bus voltage regula-
tion [15] and redundant series or parallel module [16]-[18].
Moreover, regarding system-level, the topology presented
in [19] is an example of redundant parallel converter. In
reference to the dc/dc converter presented in [20], the redun-
dant modules are designed to increase the voltage transfer
ratio of the topology, while the proposed approach employs
redundant modules to enhance the reliability of the BESS
units.

Therefore, this paper proposes a redundancy-based cas-
caded bidirectional dc/dc converter composed by a combi-
nation between cascaded bidirectional Cuk converter (CBC)
and cascaded bidirectional Boost converter (CBB). The pro-
posed power device is specifically designed to interface
two BESS units with a common input, offering enhanced
functionality and reliability. The CBC functionalities are per-
formed to establish the connection with the dc-link, ensuring
a continuous current flow that promotes a stable dc-link
voltage even in the presence of load variations, different from
the dc/dc converter topologies in [21]-[24]. Furthermore, the
CBB operates as an extra module, responsible for controlling
the power flow during faults. Thus, the proposed redundancy-
based cascaded bidirectional dc/dc converter can handle op-
erations with sensitive loads that must operate continuously,
such as in medical centers and aircraft applications, resulting
in reliable performance.

According to the proposed solution, the authors evaluate
its performance by employing three different tests. In the
first, the experimental results and the computation simula-
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tions are performed to verify the effectiveness of the the-
oretical analysis in open-loop conditions (error < 5%). In
the second test, the ability to regulate power flow through
the proposed structure is examined, while in the last, a
test addressing the state of charge (SoC) balancing into the
redundancy-based dc/dc converter topology by using a tradi-
tional SoC-based droop for the energy management system
(EMS) is checked according to the methodology developed
in [25].

In order to analyze the stability of the redundancy-based
cascaded bidirectional dc/dc converter, a modeling approach
is employed that takes into account the impact and interplay
of the semiconductors in both the CBB and CBC via Lya-
punov’s indirect method [26]. Therefore, the main contribu-
tion of the paper are listed as follows.

1) Reliability with redundancy on power conversion for
energy storage device applications;

2) The controllers can be designed in an independent way,
which would be suitable for EMS.

3) Fault-tolerant suitable for BESS equalization;

4) The currents from the BESS are split across the induc-
tances, allowing for a reduction in component stress.

The paper is organized as follows. The proposed topology
is presented in Section II. The detailed analytical model is
calculated at steady-state with state-space, input and output
matrices in Section IV. Section V defines the steady-state
analysis with average matrices that describe the complete
model of the dc/dc converter, while Section VI evaluates the
analysis of efficiency. Section VII performs the small-signal
analysis to apply the proportional-integral (PI) controllers.
In Section VIII, the stability analysis is checked using the
infinity norm ||H|| and the Lyapunov’s Indirect Method,
while experimental results are shown in Section IX. Finally,
Section X presents conclusions and final remarks.

The proposed redundancy-based cascaded bidirectional dc/dc
converter consists of a CBC and CBB (with shared inputs,
BESS1 and BESS2), as shown in Fig. 2. The CBB integrates
2 bidirectional Boost converters using capacitance C3, while
the CBC combines Cukl1 and Cuk2 with the common output
capacitance C,,.

Firstly, considering Cukl, the terminal voltage and cur-
rent for BESS1 are denoted as vpq;1 and ip4¢1, the currents
i1 and ipo are flowing through inductances L; and Lo,
and the capacitance C; are receiving energy from BESS1
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Redundancy-based cascaded bidirectional dc/dc converter.

and supplying the dc-link, respectively. In this context, the
controlled semiconductors for Cukl are represented by S;
with S receiving complementary pulse-width-modulation
(PWM) signals to prevent discontinuous conduction mode.

In the case of Cuk?2, the terminal voltage and current for
BESS2 are vpqt2 and ipqp2, With the inductances L3 and Ly
carrying the currents i3 and 774 and the capacitance C ab-
sorbing energy from BESS2 and delivering it to the dc-link.
Similar to Cukl, the controlled semiconductors, represented
by S, and S5, use complementary PWM signals to avoid
discontinuous conduction mode.

Regarding the CBB, current i;5 flows through L5 and
ir6 flows through Lg, the active semiconductors S3 and Ss
are placed next to wvpq¢1, While Sy and S, are positioned
close to vpqr2, With the PWM signals of Ss and S, being
complementary to S5 and Sy also to avoid discontinuous con-
duction mode. In this way, the dc-link includes the common
capacitance C,, the output load R,, the output voltage v,,
and the output current .

Additionally, the main module in the power converter is the
CBC. Since the proposed topology is suitable for receiving
sensitive loads, the CBC should receive a continuous power
on the main dc-link without any pulsed current. Therefore,
a Cuk-based topology is indicated, as shown in the charac-
teristics of Cuk converters in [27]. In contrast, the design of
CBB is sufficient, because it is responsible for improving the
operation of the proposed solution when no load is connected
to C5. Its role lies in managing the power flow between
BESS1 and BESS?2 in both directions.

The complete model incorporates internal losses of in-
ductors (rp1, rr2, TL3, TL4, TL5, and rrg), capacitances
(rc1, ro2, Te3), and ro,, controlled semiconductors (g1,
751, 7S2, TG, TS3, 753, Ts4, and rg,), and BESSs (rpa:1
and rp4¢2). Additionally, semiconductors .S, and .S, provide
isolation for Cukl in the event of a detected fault, ensuring
fault tolerance.

In the context of multiple BESS units under operation,
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Connection of the redundancy-based cascaded bidirectional dc/dc
converter to receive 4 BESS units.

the proposed topology could be connected to a similar unit
through the main dc-link, for example, Fig. 3 indicates the
connection of two power converters operating altogether in
the dc-link. Thus, each pair of BESS units has a redundant
auxiliary module, where the BESS unit current is 44,
which is split into %44y o (auxiliary module) and %pety_m
(main module), with ~ ranging from 1 to 4 in the case of
Fig. 3.

Taking into account 4 PWM signals for driving the active
semiconductors, there are 16 possible sub-circuits (2" with n
being 4) with Table 1 indicating the state (closed or opened)
of each semiconductor, resulting in 16 sub-circuits denoted
by v for closed and x for opened semiconductors.

The proposed topology features a structure with two inputs
to interface BESS units and an output that can interface with
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Operation of the semiconductors in each sub-circuit.

Amount of
Sub-circuit | S1 S S3 S; | semiconductors
closed
1 v v v v 4
2 v v v X 3
3 v v b% v 3
4 v X v v 3
5 X v v v 3
6 v v X X 2
7 v X v X 2
8 v X X v 2
9 X v v X 2
10 b% v b% v 2
11 X X v v 2
12 v X X X 1
13 X v X X 1
14 X X v X 1
15 X X X v 1
16 X X X X 0

a dc load. Thus, in this case, these similarities could be
compared to a non-isolated three-port dc/dc converter.

In general, the proposed approach is designed to coor-
dinate the power production of BESS units, allowing for
SoC equalization. Typically, three-port dc/dc converters are
designed to receive power from a system where photovoltaic
(PV) units operate together with BESS to deliver power
to the loads, as indicated in the review of three-port dc/dc
converters in [32], [33], with a rated power ranging from 15
W to 4.5 kW and a switching frequency from 15 kHz to
100 kHz. However, they are not designed to operate with
redundant modules and usually do not receive two BESS
units, thereby lacking SoC equalization, as exemplified in the
systematic method to construct three-port converter in [34].

Although the proposed topology and three-port converters
operate with two power sources and are able to supply dc
loads, their applications are different considering the reli-
ability of designing redundant modules. In addition, when
compared with redundant power converters, the proposed
topology shares some similarities in maintaining power flow
during unpredictable events (such as faults in semiconduc-
tors), ensuring that the power flow continues and the dc load
remains unaffected. However, redundant power converters
are not designed to receive two dc sources or two BESS units
to facilitate SoC equalization.

As the proposed topology is more related with power
converters with redundant modules, the authors perform a
comparison among the proposed structure and other relevant
fault-tolerant topologies based on redundancy, as shown in
Table 2. The module design of the converter structure is high-
lighted, whether it is in series, parallel, input-parallel, or input
series, with output parallel or output series configurations.
Moreover, the number of elements per module is indicated:
the number of active semiconductors, diodes, inductances,
and capacitors.

Also in Table 2 is defined whether the configuration
presents an electrical common ground among each module,
which can benefit the structure implementation, and indicates
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if the power converter is suitable for BESS, i.e., if it is
bidirectional. Finally, the comparison with other redundant
power converter topologies explores their applications, such
as wind farm applications and automotive applications with
vehicle-to-grid (V2G) and grid-to-vehicle (G2V).

Indeed, both families of power converters (three-port
dc/dc converter and fault-tolerant topologies based on re-
dundancy) are effective in their respective applications; how-
ever, they lack the capability to balance BESS units using a
redundancy-based approach.

Considering Cukl, Cuk2, and the CBB, each pair of semi-
conductors “S; and 57, “Ss and S5”, “S5 and S5 and “S,
and S,” are only affected by their respective sub-circuits.
Specifically, S; affects Cukl, S5 affects Cuk2, and the CBB
is directly influenced by Ss and Sy. Hence, it is possible to
model each structure independently and then calculate the
complete model of the proposed topology. In this context,
referring to Fig. 2, the authors derive the mathematical model
of the redundancy-based dc/dc converter topology in (1).

T
r = [ajcukl Lceuk2 Lcbe UCO} )
T

u = [Vpat1  Ubar2] (1

. . . . T
Y= ['LLl L3 'Ls lLe Uo]

. . T

Where Teurr = [iz1 ir2 vo1] . Tewkz =
. . T . . T .
[ZL3 114 'UCQ} and Lebe = [ZL5 116 ’ch} . Addi-
tionally, it is important to address that 44441 = 211 + i15 and
ipat2 = 113 + iL6-

A. CUK1

The model with S; closed is defined in (2) to obtain &1 ek
of Cukl.

diry

1 . . . .
o Io [Vbat1 = Tvat1ibarr +7s1(iz2 — ir1) — rraici,
t 1
digy 1 [ . ) ) Ry (vco +7colire +ira))
= — | —iga(rie +7rc1) —vor — rsi(ine —ip1) — ,
@ "I, r2(ree +re1) —ver —rsilice —ir1) Rt ey ,
dven 1.
=i
a o

@)

In (3), 2cuk1 of Cukl are determined with S; opened.

% - L [Vbat1 = Tbat1@bart + 751(ir2 — ir1) —iza(roy +701) —veul
t Ly

diee _ 1 [_, o Ro(veo treoline +ira))

a L, | e rs1(ize —ir1) Rt e ,
T O

dt = aLLl

(3

B. CUK2

T1cuk2 Of Cuk2 are defined with Sy closed in (4).
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Comparison of fault-tolerant structures with module redundancy for improved capability.

Method Module design .E .l ?mt‘:nts per module . Electrical common ground Bidirectional Application
(switcl -/ ) among module
20 series 4/01212 yes yes electric vehicle applications (V2G and G2V)
18 input-parallel-output-parallel 4/0/1/3 yes yes automotive power systems
28 series or parallel forward 1/3/2/2 yes (for input-parallel-output-parallel) no not mentioned
29 input-parallel-output-series / phase shifted full bridge 4/4/1/1 no no medium-voltage dc (MVDC)
[30] input-parallel-output-series / phase shifted full bridge 6/8/1/3 no no wind farm applications
[31] input-series-output-parallel / phase shifted full bridge 4/41172 no no subsea power distribution
This paper two input-parallel, one output-parallel 4/0/4/3 (for CBC) and 4/0/2/1 (for CBB) yes yes SoC balancing
dips 1 . . . .
at = Tn [Vbat2 — Tbat2tbat2 + Ts2(iLa —iL3) — T13013], yi Ts \
3
AN 4
dirg 1 . . . R, (veo + reoline +irna)) k T
= — | —ira(rpa +7rc2) —vo2 —reolipg —ir3) — A 11s
& I, r2(rea +re2) —ves — rso(iva —ir3) Fo——— ; ¢ 3
dvea 1.
= —1L4
dt C;
2 S 1

4)
Considering S5 opened, the @a¢q k2 0f Cuk2 is calculated
in (5).

dip: 1 . . . .
ﬁ = [Vbat2 — That2ibat2 + 752 (ina — in3) — ir3(rs + rc2) — veal,
dipy _ 1 —iparia = ray(ing —ing) — R, (voo + reoline +ir4))
7t In L4TLa —T52(iLa — i3 R+ e
dvcs 1.
=i
a Gy P
&)
C. CBB

To obtain the CBB model, the authors turned-on S3 and Sy
to get as result @1 ¢cpe in (6).

digs
dt

dirg
dt

dvcg

dt

When the semiconductors S3 is closed and Sy is opened,
Tocpe 1S defined in (7).

[Ubat1 — Tbat1tbats — in5(TLs +7s3)]

(6)

[Ubat2 — That2tbat2 — tL6(rre + 7g4)] s

_ 1
L
1
T I
=0

dir, 1
dt5 = In [Vbat1 — Tbatiivatr — ins(ros + 7s3)],
dire 1 . . .
% T I [Wbat2 — Teat2ibatz — ire(rLe + 54) — resive — ves], (7)
6
dvcs 1
- e
o G, e

Considering S5 opened and Sy closed, the &3¢pe for the
CBB is calculated in (8).

d’L'Lg 1
i T L. [Vbar1 = That19batt — iLs5(7Ls + 153) — To3iLs — vos],
dipg 1
& Is [Vbat2 — Tbat2tibate — ire(TLe + sa)], ®)
dvcs 1.
=
a Cy P

Finally, switching off S5 and Sy, it is calculated the 4cpc
in (9).
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diL5 1

- L [Vbat1 — Tbat1bat1 — t05(rLs +rg3) — res(ins +ins) — vesl s
dire 1 . . . .

it f [Vbat2 — Tbat2ibate — iL6(rL6 + T54) — Te3(ins +iL6) — vos),
dvcs 1. .

dr Gy e Fie)

®

D. STATE-SPACE MATRICES FOR COUPLING THE
DC/DC CONVERTERS

From the complete model, 16 sub-circuits are obtained, re-
sulting in 16 sets of state-space matrices. The computation
of & involves combining £1cuk1, L2cukls Llcuk2s L2cuk2s
T1cbe> L2ebes L3cbe, Lacbe and vo, according to the modes
of switching. Moreover, duty-cycles k1, ko, k3, and k, are
defined for S, Ss, S3, and Sy, respectively.

To clarify the analysis, the authors consider an example
in Fig. 4. Firstly, during sub-interval 1 (k37%), all semicon-
ductors are closed. In this scenario, &7 is given by &1 =
[£1cukl ®1cuk2 #icbe Uco| , and vc, is determined
by (10). Successively, evaluating sub-interval 2 with the
period of (k1 — k3)Ts, sub-circuit 3 is obtained with Sy,
So and Sy closed and S3 opened to I}roduce therefore,
T3 = [$1cuk1 Ticuk2 L3cbe Uco} . Later, sub-circuit
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10 is activated in sub-interval 3 with (k4 — k1)Ts, when

Sy and Sy are turned on and S; and Ss are off. The result

of the aforementioned sequence of switching is 19 =
T

[3‘32cuk1 Ticuk2 T3cbe ’UCO}

dvoc, 1

dt — C,

(UCo+TCo(i +1 ))
Ro+rg2o = :| (10)

[iLz +ir4 —

Subsequently, sub-interval 4 with the period of (ko —
k4)Ts generates sub-circuit 13, with only S, activated,
and :1.313 = [ib2cuk:1 i’lcukZ i4cbc UC'O]T- Finally,
in the period (1 — ko)T all switches are opened (sub-
interval 5), sub-circuit 16 is activated and x4 =
[€2cuk1  Tacukz @acbe vco|  is obtained.

In addition, the state vectors &1, &2, ..., and &1¢ from the
complete model can be obtained by combining Cukl, Cuk?2,
and the CBB. This results in the state-space matrices Aq,
As, ..., and Ag, as well as the input matrices By, Ba, ...,
and Bjg. Since vpge1 and vpgeo are common inputs for all
sub-circuits (1 to 16), the input matrices for each sub-circuit
are identical, i.e., B = By = By = --- = Bqs.

E. OUTPUT MATRICES FOR COUPLING THE DC/DC
CONVERTER

Considering the complete configuration of the redundancy-
based dc/dc converter proposed, the output matrices C' and D
are the same for any switching mode, because the analytical
model of v,, defined in (11), does not change.

R, . .
Vo = ) [vco + rooline +ira)]  (11)

(Ro + rco

Considering the switching operation, Cukl is directly influ-
enced by kj, Cuk2 by ky and the CBB by k3 and k4. In
addition, as described before, the matrices C and D are the
same for all switching operation. Thus, the state-space, that
represent the complete model, is calculated in (12) and (13).

Ary kirsitrg, (1—ki) 1k, 0 0
Fyrsybrs, (k) A i 0 Barc,
e e 2,2 I T L(Rotrco)

L & 0 0 0

0 0 0 Ay k2T52+T532(1*k2)
Rorc, orsybran(1-kz) :
A= 0 Tmitdey 0 TR As.s
0 0 0 702'2 ﬁ
—Than 0 0 0 0
0 0 0 T 0
0 0 0 0 0
o R,
| 0 CoRotros) 0 0 CoBotroo)
A= (1 = k1)(rpats +rc1 + 11 +751) + k1(Thans + 701 +751) A
1= I 2,2
Ay — (1 = ko) (rpatz + re2 +rr3 + 752) + ko (Thate + 703 + Ts2) A
44 = — Ls 5,5
_ Teatt + 703 + L5 + 153 — ksros + ksrss — ksrgs _
Arn=— Ass =
s I
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Parameters of the redundancy-based cascaded bidirectional dc/dc
converter.

Component Value
Inductances from CBC (L1, Lo, L3, Ly) 48 mH
Inductances from CBB (L5, Lg) 4.8 mH
C1 and Co 130 uF
Cs3and C, 470 puF

Parasitic Losses Value
TL1=TL2=TL3=TL4=TL5=TL6 150 mQ2
rS1=TS2=TS3=TS54=T51 =T52=T53=T3g4 30 mS2
ro1=TC2 30 mS2
rC3=TCo 150 m$Q2

T1cuk1bi + T2cur1 (1 — k1)
Tocukzke + T2curz(1 — k2)

. ; . . 12
m1cbckcbc1 + m2cbckcbc2 + m3cbckcbc3 + m4cbckcbc4 ( )
VCo
y=Cz+ Du (13)

Where the coefficients kcpe1, Kepeo, keves and kepes are
calculate according to (14).

Koot = (k3 + ka) — |k3 — k‘4|7
2
Kopeg = (ks — kq) + |ks — k4|
coc 2 b)
o = (ks = ko) & ks — ko (1
coc 2 )
kaC4 _ 1 . (k3 + k4) + ‘kg — k4|

2

Based on the CBB switching, the duty-cycle values for S5
and Sy result in two situations. If k3 > kg4, the following
values are obtained: k.pe1 = ka, keveo = k3 — k4, kepes =
0, and kcpes = 1 — kg (derived from (14)). Conversely, if
ks > ks, the values are: kepe1 = k3, kepes = 0, kepeg =
k4 — ks, and kcpeq = 1 — ky (also derived from (14)). Using
these values, (15) defines the coupled state-space model A,
with A171, A272, A474, A575, A777, and A&g presented in (16),

0 —Ian 0 0 0
' R,
(: ? 8 2 - Lg(]?‘,:»rt:o)
( ) )
T 0 — 0 0
-t i 0 0 noli|(15)
0 Ar s n:z(kerkgszafka\*Z) _ 122«3 0
0 Tcs(k3+kr1+\ﬁk3*kr1\*2) Ags _ IZL“ 0
0 o L 0 01
0 0 0 0 —Tm e
- (=k) . Rorco ki [ . Ryreo
= I rL2+1rs + R+ 1o, I rci1+rre +rs1+ R, +ron
(1— k) Rorco ko Roreo 16
g+ -2 (reatriatrsst
In TLa T 7352 Ry +rco In Tc2 + T4 T 7s2 Ro+ 1o ( )

 That2 703 + L6 + 154 — karos + karsa — kargy
L
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while the input matrix B, and the output matrices C' and D
are defined in (17), (18) and (19), respectively.

_1 -
i 0
0 0
0 0
1
0z
0 0
B = 17
1
s 0
0 1
Lg
0 0
L0 0
1 0 0 0 0 00 0 O 0
0 0 0 1 0 0 0 0 O 0
c=10 0o 00 0 0100 0 (18)
0 0 0 0 0 0 0 1 0 0
o i 00 fi 00 0 0 fim
(19)

I
cocoocoo
cocoocooo

VI. EFFICIENCY ANALYSIS

In this section, the efficiency of the redundancy-based
cascaded bidirectional dc/dc converter is evaluated ac-
cording to the parasitic losses and parameters pre-
sented in Table 3, which include the parasitic losses
rL1,TL2,TL3, L4, L5, and rpg representing the inductance
losses; 51,751,752, 759, 7S3, g3, 's4, and 7g, as the semi-
conductor losses; and finally, r¢1,7c2, 73, and r¢, repre-
senting the capacitance losses. Subsequently, the lab-scale
prototype is designed using the same parameters from Table
3. To obtain the average value of the state and output vectors,
the final value theorem is applied to the state-space model
calculated in (12) and (13).

In this sense, according to the average voltages and cur-
rents from BESS1 and BESS2 (Viat1, Vioat2, Lpat1, and Iparo),
the average values of the power flow through them are Pp,¢1
and Pp,42, while the consumed power on the load is Pjyq4,
defined in (20).

Poat1 = Viat1Ivat1 = Vear1 (Iz1 + I1s)

Poat2 = Viar2Ivarz = Vear2 (I3 + I16) (20)
V 2
Pload = }%)O

Thus, for the case where Pyq1 > 0 and Pygo < 0, the
efficiency is shown in (21).

_ ]Dload - Pbat2
Pbatl

Assuming the case where Ppg; > 0 and Pygio > 0, the
efficiency is shown in (22).
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FIGURE 5. Influence of duty-cycles on the efficiency of the redundancy-based
cascaded bidirectional dc/dc converter at a constant load (R, = 24 Q). (a)
Variation applied to k1 and ko with ks = k4 = 0.5. (b) Variation applied to k3
and k4 with k1 = k2 = 0.5.

]Dload

= ~foad 22
Pbatl + Pbat2 ( )

Ui

As the BESS units can deliver or receive power, as in-
dicated by (23), Ppat1in and Ppgeoin are defined for the
power received by BESS1 and BESS2, respectively, while
Prat1out and Pygooy: represent the output power of BESSI
and BESS2, respectively.

Pyattin = 0.5(Ppat1 + |Ppat1])
Pyat2in = 0.5(Ppat2 + |Patz])
Pyatiout = 0.5(Poat1 — |Pyar1])
Pyarzout = 0.5(Pyat2 — |Pyar2|)

(23)

Thus, if Pyg1 and Pyeio > 0, then Pogiiin = Phatt
and Pyat2in = Ppata, which implies that the BESS units
are supplying power, and Ppat100t = 0 and Ppgroour = 0.
Conversely, when the BESS units are absorbing power with
Ppai1 and Ppgio < 0, the results of (23) are Pyoi1in = 0,
Pbat2in =0, Pbatlout = Pbatl» and Pbathut = Pbat2'

Finally, the efficiency of the redundancy-based cascaded
bidirectional dc/dc converter can be calculated as shown in
(24), where P, is the total power supplied and P,,; is the
power consumed.

Pload70~5(Pbat17|Pbat1|)70~5(Pbat27|Pbat2D — Pout
0~5(Pbat1+|Pbat1|)+0-5(Pbat2+|Pbat2|) éz)

From (24), the efficiency is evaluated with different duty-
cycles, considering the average values of the output vector y.
In this context, each surface in Fig. 5 and Fig. 6 is plotted as a
function of two duty-cycles, while the others are maintained
as constant, with the load R, being 24 ).

In the case illustrated in Fig. 5(a), k3 and k4 are fixed at
0.5, with ky and ko varied between O and 1. The region of
high efficiency (close to 100%) is achieved when k; = ko.
In Fig. 5(b), the high-efficiency region for the case with k1 =
ko = 0.5 is obtained with k3 = k4. The efficiency outside the
high-efficiency region decreases faster in the first case than in
the second.

’)’]:
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k=025
ky=0.75
‘ 7(%) = 99.3743

k1 =075
k,=0.25
7 (%) = 92.4499

k2=0.25

ks=0.75 | ~ 60

k,=0.25
k=075
\m%):ss 3743

FIGURE 6. Influence of duty-cycles on the redundancy-based cascaded bidirectional dc/dc converter efficiency at a constant load (R, = 24 Q2). (a) Variation
applied to k1 and k3 with ko = k4 = 0.5. (b) Variation applied to k1 and k3 with ko = 0.75 and k4 = 0.25. (c) Variation applied to k; and k3 with k2 = 0.25 and
ka4 = 0.75. (d) Variation applied to k1 and k4 with ko = k3 = 0.5. (e) Variation applied to k1 and k4 with k2 = 0.75 and k3 = 0.25. (f) Variation applied to k; and

ka4 with ko = 0.25 and ks = 0.75.

k2=0.50
k3=0.50
ks=0.50

ky=0.50
k2=0.50

00

O] ®

(d)

FIGURE 7. Influence of duty-cycles and the load R, on the the redundancy-based cascaded bidirectional dc/dc converter efficiency. (a) Variation applied to k; and
R, with k2 = 0.25 and k3 = k4 = 0.5. (b) Variation applied to k1 and R, with ko = ks = k4 = 0.5. (c) Variation applied to k; and R, with k2 = 0.75 and
ks = ka = 0.5. (d) Variation applied to ks and R, with ky = ko = 0.5 and k4 = 0.25. (e) Variation applied to k3 and R, with k1 = k2 = k4 = 0.5. (f) Variation

applied to k3 and R, with k1 = k2 = 0.5 and k4 = 0.75.

In Figs. 6(a), (b), and (c), a unique point of high efficiency
(> 92%) is presented. To obtain the aforementioned require-
ments, Fig. 6(a) sets ko = k4 = 0.5 and (24) as a function of
k1 and k3 (between 0 and 1) to achieve the highest efficiency
(n = 98.56%) when k1 = k3 = 0.5. The same procedure is
performed in Fig. 6(b), where ko = 0.75 and k4 = 0.25, and
k1 and k3 are varied between 0 and 1 to yield the highest
efficiency (7 92.45%) at ky = 0.75 and k3 0.25.
Finally, in Fig. 6(c), k2 = 0.25 and k4 = 0.75, and k; and k;
are varied between 0 and 1 to achieve the greatest efficiency
(n=99.37%) at k; = 0.25 and k3 = 0.75.

A similar behavior is observed in Figs. 6(d), (e), and (f).
Initially, in Fig. 6(d), k2 = k3 = 0.5 is fixed, and k; and
k4 are modified linearly (between O and 1) to achieve the
maximum efficiency (n = 98.56%) when k1 = kq4 = 0.5.
In Fig. 6(e), where ko = 0.75 and k3 = 0.25, &k and k4 are
varied linearly between 0 and 1 to yield the highest efficiency
(n 92.45%) at ky = 0.75 and k4 0.25. Finally, in
Fig. 6(f), k2 = 0.25 and k3 = 0.75 are fixed, and %y and k4
are modified linearly between 0 and 1 to achieve the greatest
efficiency (n = 99.37%) at k1 = 0.25 and k4 = 0.75.

As the redundancy-based cascaded bidirectional dc/dc
converter has a symmetrical configuration, the efficiency
surfaces as functions of the pairs “k; and k3” and “k; and
k4” should be similar to those of “ky and k4~ and “k- and
ks”, respectively. As noted, the efficiency of the redundancy-
based cascaded bidirectional dc/dc converter is higher with
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duty-cycles from the CBC, presenting similar values for kq
and ko, while the CBB should have k3 similar to k4.

Finally, the influence of the load R, on the efficiency of
the redundancy-based cascaded bidirectional dc/dc converter
is studied. Fig. 7 shows each surface as a function of R, and
one duty-cycle, with the others set as constant. By analyzing
the surfaces, the load variation does not imply any changes in
the redundancy-based cascaded bidirectional dc/dc converter
efficiency.

VIl. CONTROL DESIGN AND SMALL-SIGNAL ANALYSIS
This section focuses on the small-signal analysis of the
proposed dc/dc converter, which is crucial for evaluating
its transfer function and designing closed-loop controllers.
Although the converter is composed of classical topologies,
it is necessary to develop a model that captures the complete
interplay among them.

The small-signal model of the dc/dc converter is derived
using the state-space matrices. Starting from the average
model of the matrices A in (15) (with the parameters A; i,
Az, A4, Ass, A7z, and Agg in (16)), and the matrices
B, C, and D defined in (17), (18) and (19), it is obtained
(25) by applying small-signal analysis with the second-order
(l%:ic << 1) and dc terms (AX + BU = 0) neglected.

It is assumed that k3 > k4 to simplify |k3 — k4| in the
matrix A, which does not impact on the system because
the dc/dc converter is engineered to be symmetrical and the
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controllers are designed without load on C3. Therefore, the
current i y,5 is similar to —iz ¢ (disregarding the power losses)
and consequently ks tends to present the same value of kg
and then, |k3 — k4| would not have a significant impact in the
final result of the state-space average calculated in (25).

& =(Ag + Ak, K1 + Ap, K5 + A, K3 + Ap, Ky) 2+
B+ Ap, Xk + Apa Xy + Ap, Xks + A, Xky, (25)
§ =C7 + Da
From (25), Ay is the constant matrix of A with all duty-
cycles set to zero, while Ay, , Ag,, Ak, and Ay, consider

only the influence of k1, ko, k3, k4, respectively, as indicated
in (26) .

A= Ay,

lim
(k1,k2,k3,ka)—(0,0,0,0)

hm A - Ak17
(kl,kz,kg,kz;)%(l,0,0,0)

li A=A
(1 oz s oa )+ (0,1,0,0) k2o (26)

lim A= Ak:37
(k717k27]€3,k74)—>(07071,0)

lim A=Ay,

(k1,k2,k3,ka)—(0,0,0,1)

Thus, after applying Laplace’s transform on (25), the out-
put g(s) is defined in (27).

G(s) =C(sI — A)"[Ba(s) + Fiki(s) + Faka(s) + Faks(s) + Faka(s)] 27)
+ Da(s)

From (27), F; = Ay, K; with i = 1,2,3 and 4 then,
the control-to-output transfer functions G;,,(s), G;,4(s),
G;,.(s) and G;,,(s) are obtained from the small-signal
model and defined in (28).

G’iL1(S) C’iL1 Fy (5)
G’iLs(S) _ C’iL:s _ -1 FZ(S)
G’iLs(S) B C'iLs C(SI A) F3(5) 8
G’iLe (8) C'iLG F4(5)
Where,
1 0 0 0 O
T 01 0 0 O
[C":Ll C’iL3 CiL5 C'iLe] = 001 0 0
0 00 1 0

A. ANALYSIS IN THE FREQUENCY DOMAIN
Additionally, later than calculating the control-to-output
transfer function, the PI controllers are determined by tuning
each control loop, individually. As the switching frequency is
set to 10 kHz, the bandwidths for the controllers are adjusted
at 1 kHz with a phase margin of 60.2° for G;,,(s) and
G, ,(s) and 49.9° for G;, (s) and G;,,(s). Therefore,
Fig. 8 and Fig. 9 illustrate the frequency response at open-
loop of the control-to-output transfer functions G, (s)
and G;, . (s) along with their corresponding PI controllers
(GiL1 (S)Pim (S) and GiLs (S)PiLs (S))
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Open-loop frequency response for G, ; and G, , (s)Pi , (s).
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Open-loop frequency response for G;; o and G, ¢ (s) i 5 (s).

Considering Fig. 8, G;,,(s) shows gain of 50 dB and
a phase displacement between 0° and -45° for frequencies
lower than 30 Hz. However, when the frequency is increased
(from 20 Hz up to 10 kHz) the authors visualize a resonance
at 25 Hz, a decrement of -20 dB in the gain and a phase dis-
placement that tends to 90°. In terms of G;,, (s)PI;11, the
gain is decreased at -20 dB in the entire range of frequency,
while the phase starts from -90° at frequencies lower than 10
Hz, it goes to -225° between 10 Hz and 100 Hz and returns
to -90° from 100 Hz up to 2 kHz.

In the analysis performed on Fig. 9, the authors con-
sider G;,.(s) and G, (s)PI; 15, respectively. In general
the behavior in the frequency domain is quite similar to
the statements mentioned previously. The main difference is
regarding the level of resonance, i.e., it is around 2 times
higher in terms of gain and phase deviation when compared
with Fig. 9, and observed at 35 Hz.

Additionally, as the PI controller for each PWM is de-
signed by neglecting the other duty-cycles, the authors also
propose stability analysis using infinity norm ||H| and
Lyapunov’s indirect method, as demonstrated in the next
section.

After the control design, it is necessary to evaluate the
performance to ensure that the interaction among PI con-
trollers for each inductance current i1, i13, ir5, and i
remains stable during the operation of the redundancy-based

9
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i1 ref + 61
—0: Tor = [T, €11, €iL3, €iL5, €iL6) (30)
Subsequently, the closed-loop state-space model matrix
113 ref Acy, is obtained in (31) from the Jacobian’s matrix of the
average model (29) over the state vector .
fle  Ofls ... Ofls
- Oz, Oxa 0T
IL5_ref | af2. 92, . Of%
< 0. 2] 0T,
Acp=| 770 " : 31
Bf.nx af.nz af"ﬂz
. ox1 Ox2 0T m
|L6_ref )
where m is the number of state-space variables. In se-
ks |ko |kq quence, the closed-loop input matrix B¢y, is obtained in
u X=A(K1,Kz,K3,ks)X+Bu (32) from the Jacobian’s matrix over the input vector ucy, =
» y=Cx+Du i
y= ['Ubatla Ubat2, 7'0]~

.¢y.

I |lis [ls |l

Diagram representing the interaction among the Pl controllers in
the average model.

bidirectional dc/dc converter. Thus, the interaction among
CBC and CBB from the average model is indicated in (29),
while Fig. 10 shows the complete diagram considering the
closed-loop with k,, ;r; and k;_;1,; representing the propor-
tional and integral gains for the PI;; controller, H;r; the
current sensor gains, €;7,; the errors of current and iz s
the current references calculated by a higher level of control
with j € ¥ = {1,3,5 and 6}. In this context, subsection
VIII-A defines the evaluation of closed-loop performance for
each inductance current 47,1, i13, i15, and ipg and the dc-
link voltage v, response over the load current disturbances .
Later, the eigenvalue movements derived from the Jacobian’s
matrix solution in (29) is evaluated in subsection VIII-B.

T A(k/‘l,kg,k37]€4)ﬂ§+Bu
éir1 i1 ref — Hip1ira

ér3| = 113 ref — Hir3irs (29)
éiLs irs ref — Hirsirs
€iL6 ir6_ref — HireiLe

A. EVALUATION OF CLOSED-LOOP PERFORMANCE
Since the control design neglects the interaction among PI
controllers in the redundancy-based bidirectional dc/dc con-
verter, the authors applied the infinity norm || H|| to eval-
uate the closed-loop performance in the complete average
model. To begin, the state-space representation considering
the closed-loop performance x ¢, is defined in (30).
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Ofly Of1y Ofl,
Ouy Ous duy,
Af2, 0f24 0f2,
Ouy Ouz Ouy,
Ber=| . . ) (32)
Ofng  Ofng Ofng
Ouy Ous Quy,

with k being the total number of system inputs. Furthermore,
the closed-loop output vector is defined in (33).

Yor = [i11,0103,%15, 116, Vo) (33)
which can be represented as the model in (34).
Yeor = Ccorxer + Deoruct (34)

The closed-loop output matrix C¢;, has most elements as
zero, except for those selecting the state-space variables that
define the closed-loop output vector y. . In sequence, the
closed-loop feedforward matrix D¢, is a zero matrix with
dimensions k x j, where j represents the number of outputs.

Finally, a matrix of transfer functions can be obtained to
represent the complete redundancy-based cascaded bidirec-
tional dc/dc converter. The response H (s) of the inductance
currents ¢r,1, 41,3, ¢ 15 and i 16 and dc-link voltage v, over the
load current 7, can then be used to evaluate the closed-loop
performance.

Thus, the infinity norm || H || is obtained according to

|1 H (5)lloo = sup || H (jw)]| 35
weR

where H (jw) denotes the frequency response of the system
at frequency w, and || - || represents the magnitude, with the
supremum being the maximum magnitude of the transfer
function’s frequency response across all possible frequencies.
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Bode diagram: closed-loop performance from the 1,1 over the
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Bode diagram: closed-loop performance from the i1,5 over the
load current ¢,.

1) Evaluation of iz, and i3 in the closed-loop

First of all, the frequency response ZIL 1((:)) is shown in Fig. 11,

with infinity norm ||| = 0.0338. This is identical
to the frequency response % due to the symmetry in
the redundancy-based cascaded bidirectional dc/dc converter.
Additionally, a generic system is stable when the infinity
norm || H(s)||ec < 1, i.e., considering the proposed solution,
the authors concluded that the PI controllers for ;1 and 773
do not impact the output current i, stability.

s

2) Evaluation of i5 and iz in the closed-loop

In Fig. 12 is performed the frequency response % to
evaluate the PI controller from ¢;5 over the output current
1,. In this type of analysis, the authors do not observe impact
on the level of stability because its infinity norm is smaller

than one, i.e., |iiL5((SS)) HOO = 3.0730 x 10~°. Taking into
account the frequency response iif‘(gs)), the result is identical

as shown in Fig. 12, indicating that i1 also exhibits stable
performance with its infinity norm smaller than one.

3) Evaluation of v, in the closed-loop

Vo(8)

Fig. 13 shows the frequency response ©] with the infinity
norm greater than 1, as indicated by | f;’((:)) ||OO = 98.65.

Thus, the proposed solution maintains the stability, though
the robustness is not guaranteed because v, is affected by
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Maximum real part of the eigenvalues, maxz(R[X;]), considering
ir1_ref and R, changing from 0 to 5 A and from 1 € to 300 2, while
iLSfref =5A.

the R, connected to the dc-link, which may exceed the
rated power supported by the BESS units. Consequently,
subsection VIII-B evaluates the stability analysis considering
the R, and the maximum inductance currents that the BESS
units can support.

B. LYAPUNOV’S INDIRECT METHOD

This subsection evaluates the closed-loop stability of the pro-
posed dc/dc converter via Lyapunov’s Indirect Method. First
of all, the equilibrium point is calculated from the solution
of the complete average model in (29) which considers the
effect of all PI controllers and the matrices A and B defined
in (15) and (17), respectively. In sequence, the eigenvalues
are calculated from the Jacobian’s matrix of the model shifted
to the equilibrium point [26].

1) Movement of the Eigenvalues

The stability analyzes deviations in the current references
i1 _ref and irs rof as well as in the load R, connected
to the dc-link. Thus, Fig. 14 shows that R, < 1 ) may
cause instability in the redundancy-based cascaded bidirec-
tional dc/dc converter because the maximum real part of the
eigenvalues, denoted as maz(R[\;]), is positive. However,
for R, > 1 €, Fig. 14 indicates stable performance under
load resistance and ¢y variation. Moreover, Fig. 15 shows
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FIGURE 15. Maximum real part of the eigenvalues, max (R[\;]), performing
irs res and R, change fromOto 5 Aand 1 Qto 300 Q, while iz ,c; = 5A.
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FIGURE 16. Maximum real part of the eigenvalues, max(R[X;]), making
ir1 ref @Nd ips rey move from0to-5Aand 0to 5 A with R, = 200 Q.

that modifying the resistance R, together with 715 does not
impact the stability performance.

Additionally, when 477 and 4¢;5 tend to -5 A, the
max(R[A;]) moves closer to the right side of the imaginary
axis, reducing the stability margin as illustrated in Fig. 16. In
this scenario, as there is a sweep involving the inductance
currents ¢5; and ir5 from -5 A to 5 A, the redundancy-
based cascaded bidirectional dc/dc converter operates with
the BESS1 (ipqt1 = i1 + ir5) ranging from -10 A to
10 A and the fixed load of 200 2. Because of symmetry,
the evaluation would present similar results considering the
BESS?2 unit and the inductance currents i73 and irg. Thus,
with maz(R[\;]) being negative, it is concluded that this
topology can operate with the fixed load (200 (2), considering
the maximum supplied/absorbed current (10 A) from the
BESS units as defined in the experimental results. Using
Lyapunov’s Indirect Method, the authors conclude that the
proposed dc/dc converter is stable for B, > 1 €, i.e., this
condition results in negative values for max(R[A;]).

IX. EXPERIMENTAL RESULTS

A laboratory-scale prototype was built to analyze the
redundancy-based dc/dc converter shown in Fig. 2, using
the parameters presented in Table 3 from Section VI. The
setup is depicted in Fig. 17, where each converter input is
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]
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FIGURE 18. Interaction between Speedgoat platform and dSPACE system.

connected to a battery pack with a rated capacity of 60 Ah.
The maximum voltage reached is 36 V, and the maximum
current supplied/absorbed is set as 10 A. The switching
frequency is 10 kHz performed by STM32F407VG micro-
controller with 32-bit core from STMicroelectronics. The
authors also present a group of results achieved through the
real-time hardware-in-the-loop (HIL) testing, which involved
the interaction between the speedgoat platform (where the
dc/dc converter is implemented) and the dSPACE system
(where the control algorithms are integrated), as shown in
Fig. 18. Additionally, the parameters used in the HIL as those
applied to the lab-scale prototype, ensuring the feasibility of
the tests.

A. COMPARISON BETWEEN EXPERIMENTAL RESULTS
AND COMPUTATIONAL SIMULATIONS

For this analysis, the experimental results were obtained from
the lab-scale prototype. In the first case, the waveforms are
shown in Fig. 19 with the average values of V.41 = 26
V, Viaro = 26V, k1 = 0.576, ko = 0.547, k3 = 0.507,
ks = 0.430, and R, = 24 (). In addition, there is a minimum
error (less than 5%) in the variables ip4:1, that2, 111> 11,25 1135
14, U155 LL6s VO1s Vo2, Vs, and v, when compared with the
computational simulation in Matlab/Simulink, as indicated in
Fig. 20. In this result, it is observed that BESS1 (44441 > 0)
is supplying power to BESS2 (ipq2 < 0), while 771 and
i15 are positive and iy and i1 are negative. Moreover, the
power flow through Cuk2 is almost null because both 713
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FIGURE 19. First case: experimental results with k1 = 0.576, ko = 0.547, ks = 0.507, k4 = 0.430 and R, = 24 Q. Time scale: 200 us/div.
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FIGURE 20. First case: experimental results versus computational simulations with k1 = 0.576, ko = 0.547, ks = 0.507, k4 = 0.430 and R, = 24 Q.

and ¢4 are near of zero, i.e., Cukl supplies the load, while
the bidirectional Boost converter supplies BESS2. On the
capacitances C,, C, Cy and ('3, the voltages show low level
of ripple, and v, < 0 because of the main characteristic of
Cuk converters.

Considering the second case, the experimental results are
indicated in Fig. 21, with the same variables evaluated previ-
ously. The duty-cycles are set to k; = 0.542, ko = 0.455,
ks = 0.331 and k4 = 0.280, the sources Vi1 = 27.6V,
Viato = 26.7V and the load R, = 24 (). Furthermore, the
comparison between the experimental results and computa-
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tional simulations is shown in Fig. 22, where the tests also
result in a minimum error (<5%). In this analysis, BESS1
(tpat1 > 0) is charging BESS2 (ipqt2 < 0), while 47,1 and
11,4 are positive, i1 and ¢y3 are negative and 715 and i1 are
close to 0. Therefore, the CBB is only supplying its losses,
Cukl is providing power for BESS2 and the load, while Cuk2
delivers power to BESS2. On the capacitances C,, C7, Co
and C', the voltages show low level of ripple, with the first
of them providing v, < 0 because of the main characteristic
of Cuk converters. Finally, the efficiency 7 for the first and
second cases is indicated in Table 4.
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FIGURE 21. Second case: experimental results with k1 = 0.542, ko = 0.455, ks = 0.331, k4 = 0.280, R, = 24. Time scale: 200 pus/div.
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FIGURE 22. Second case: experimental results versus computational simulations with k1 = 0.542, k2 = 0.455, ks = 0.331, k4 = 0.280 and R, = 24 Q.

TABLE 4. Efficiency of the experimental results in open-loop conditions. references as shown in Flg 23, in the lab-scale prototype.

Considering the first of them, named interval I, ipy = ir3 =

= I; g’;gga\f; S';Z"gf\;f" irs = b Aandirg = —5 A. Later, during interval II, i ;,; and
Pmt 155'50 W 195'31 W 11,3 were reduced from 5 A to 4 A and from 5 A to 3 A, while
%u 90:21% 88:08% ir5 and i1¢ remained at the same value. Finally, in interval

III, 77,1 and i3 were not modified, while 775 was decreased
from 5 A to 3 A and the magnitude of i7¢ from -5 A to -3 A.

B. CURRENT CONTROL AT CLOSED-LOOP

To evaluate the performance of the PI controllers at closed-
loop, a set of current steps were performed on the current
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Redundancy-based dc/dc converter under current steps from top
to bottom. Time scale: 1 s/div.
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Incorporating the SoC-based droop from [25] to validate
redundancy-based operation from top to bottom: dc-link voltage v,, vcs,
current inductances ir,1, ir3, 125 and ir¢ and the SoC balancing process,
starting with SoC; = 90% and SoCs = 10%.

C. SOC-BASED DROOP APPLIED TO THE PROPOSED
TOPOLOGY

This scenario, obtained in the HIL performance, evaluates the
traditional SoC-based approach proposed by [25] to verify
the SoC balancing in the redundancy-based dc/dc cascaded
bidirectional converter with load steps of approximately 200
W. In this scenario, a utility grid is also connected to the
proposed topology to deliver power when both BESS units
require power for charging. The inductance current reference
(iLreys) 1s indicated in (36).
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Z.L_Tef = Imar

—Ulink + Vlink_ref + A'U(SOC — 1)
Av

(36)
with I, = 5 A being the maximum supported current in
the inductance, vy, being the dc-link voltage (v, for CBC
and vcg for CBB), viink_res being the rated voltage (220 V
for CBC and 170 V for CBB), Av being the voltage deviation
for the SoC-based droop equalization (20 V), and SoC being
SoC; for BESS1 and SoCs5 for BESS2.

Although for some applications the CBC without load can
have bidirectional operation with the PWM signals from S
being complementary to S, and S5 being complementary to
Sy, the proposed topology is designed with different PWM
signals for each pair of semiconductor. This is because the
current reference will reach an equilibrium point according
to ves and the SoCs of the BESS units, as per (37), with each
reference being obtained from (36).

ir5_ref(S0C1,ve3) = —ire_ref(S0C2,v03) 37

1) Reliability of SoC equalization through both modules

In this scenario, Fig. 24 indicates the waveforms of the dc-
link voltage v,, vcs, current inductances ¢y1, 13, 15, and
ir6 and the SoC balancing process, with the initial values
of SoC; and SoCs being 90% and 10%, respectively. In
this context, two equalization processes were evaluated: the
first considers only the CBC operation, where the inductance
currents ir5 and ipg are O A, while the second method
performs the equalization through both the CBB and CBC
power modules. To become the analysis as fast as possible,
the BESS capacities were reduced by a factor of 500 for the
first method, and by 250 for the second analysis.

According to Fig. 24, the equalization process is improved
with the CBB topology, as i15 and i1¢ operate without sup-
plying a load. This allows for better equalization, resulting
in SoC; and SoCs having slightly higher values compared to
the situation with only CBC operation. As a result, the relia-
bility of SoC balancing is enhanced, allowing the system to
continue operating even if a module undergoes maintenance
or experiences a fault.

2) Reliability of SoC equalization under power flow
redirection to auxiliary module: stable dc-link voltage

In this case, the auxiliary module is responsible for redirect-
ing the power flow from Cuk1 to CBB during the SoC equal-
ization. Thus, Fig. 25 shows the SoC equalization process
with initial SoCs from the BESS units being SoC; = 90%
and SoCs = 60% under load steps of 200 W, with i1 going
to zero and the CBB (immediately) receiving the additional
power flow, i.e., ¢15 and i1 transport the power flow from
BESSI1 to Cuk2, which then goes to the load. Additionally,
113 is modified after the power flow redirection, receiving
power not only from BESS2 but also from the CBB (BESS1).
Furthermore, the dc-link voltage is affected by the load steps;
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SoC equalization in the redundancy-based dc/dc converter with
power flow redirection from Cuk1 to CBC, starting with SoC; = 90% and SoC-
= 60%. From top to bottom: dc-link voltage v,, current inductances i1, 713,
ir5 and ir¢ and the SoC balancing process (SoC; and SoCs).

l__power flow redirection 5

Time (s)

SoC equalization in the redundancy-based dc/dc converter with
power flow redirection from Cuk1 to CBC, starting with SoC, = 80% and SoC»
= 50%. From top to bottom: current inductances i1, and i3, BESS units
currents ip4+1 and ip4¢2 and the SoC balancing process (SoC; and SoCs).

however, it remains stable and is not modified by the power
flow redirection at 18 s of elapsed time, as indicated in
Fig. 25.

3) Reliability of SoC equalization under power flow
redirection to auxiliary module: stable BESS units currents
For this scenario, Fig. 26 indicates that the power flow is
redirected from Cukl1 to the CBB module at 22.5 s of elapsed
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time. In this mode of operation, 7;; goes to zero, while
the power demand flows into the inductances L and Lg.
Later, the transport of the total power demanded goes to
L3 until it reaches the dc load. The BESS units’ currents
under load steps of 200 W remain stable and do not suffer a
significant impact from the power flow redirection. Thus, the
SoC equalization, which starts with SoC; = 80% and SoC; =
50%, is enhanced. Finally, the power flow redirection could
be due to a fault in the Cukl or maintenance that requires the
disconnection of this power converter.

This paper presented a redundancy-based cascaded bidirec-
tional dc/dc converter which increase the reliability to inter-
face BESS units. The proposed topology is a combination
between CBC and CBB converters. Therefore, it is possible
to model the complete system by considering each dc/dc con-
verter separately. As result, the complete closed-loop state-
space model can be derived from the set of equations that
are interconnected. Additionally, the classical PI controllers
are evaluated, and the infinity norm proves the stability
among them, while Lyapunov’s Indirect Method defines the
limits of stability under different scenarios of load and power
production.

The redundancy-based in the proposed topology is suitable
for applications in shipboard, medical centers and aerospace
system. As a result, the performance of a SoC equaliza-
tion approach becomes more prominent in the event of a
fault occurrence, enhancing overall reliability with a power
flow redirection. Thus, the SoC balancing process can be
enhanced with the auxiliary module operating with the SoC-
based droop methodology, or it can be used as a standby
module to redirect the power flow from the main module
without affecting the BESS currents or the main dc-link
voltage.

In this context, the experimental setup as well as, HIL
analysis were carried out to validate the effectiveness of the
proposed procedure. Finally, in potential future studies, the
proposed topology will be developed with a methodology
to detect faults in the operation of SoC equalization, and it
will be integrated with other power converters to operate in a
redundancy-based dc microgrid.

[1] G.H. de Alcantara Bastos, L. F. Costa, F. L. Tofoli, G. V. Torrico Bascopé,
and R. P. Torrico Bascopé, “Nonisolated dc—dc converters with wide
conversion range for high-power applications,” IEEE Journal of Emerging
and Selected Topics in Power Electronics, vol. 8, no. 1, pp. 749-760, 2020.

[2] W. Zhang, D. Xu, P. N. Enjeti, H. Li, J. T. Hawke, and H. S. Kr-
ishnamoorthy, “Survey on fault-tolerant techniques for power electronic
converters,” IEEE Transactions on Power Electronics, vol. 29, DOI
10.1109/TPEL.2014.2304561, no. 12, pp. 6319-6331, 2014.

[3] L. Costa, G. Buticchi, and M. Liserre, “A fault-tolerant series-resonant
dc—dc converter,” IEEE Transactions on Power Electronics, vol. 32, DOI
10.1109/TPEL.2016.2585668, no. 2, pp. 900-905, 2017.

[4] R. Faraji, L. Ding, T. Rahimi, and M. Kheshti, “Application of soft-
switching cell with inherent redundancy properties for enhancing the relia-
bility of boost-based dc—dc converters,” IEEE Transactions on Power Elec-
tronics, vol. 36, DOI 10.1109/TPEL.2021.3081722, no. 11, pp. 12342-
12354, 2021.

IEEE OPEN JOURNAL OF THE INDUSTRIAL ELECTRONICS SOCIETY. VOLUME XX, 20XX



This article has been accepted for publication in IEEE Open Journal of the Industrial Electronics Society. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/0JIES.2024.3446911

Author et al.: Preparation of Papers for IEEE Open Journal of the IES

OPEN I

[51

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

IEEE OPEN JOURNAL OF THE INDUSTRIAL ELECTRONICS SOCIETY. VOLUME XX, 20XX

L. Ferreira Costa and M. Liserre, “Failure analysis of the dc-dc
converter: A comprehensive survey of faults and solutions for im-
proving reliability,” IEEE Power Electronics Magazine, vol. 5, DOI
10.1109/MPEL.2018.2874345, no. 4, pp. 42-51, 2018.

E. Pazouki, Y. Sozer, and J. A. De Abreu-Garcia, “Fault diagno-
sis and fault-tolerant control operation of nonisolated dc—dc con-
verters,” IEEE Transactions on Industry Applications, vol. 54, DOI
10.1109/TIA.2017.2751547, no. 1, pp. 310-320, 2018.

P. Lezana, J. Pou, T. A. Meynard, J. Rodriguez, S. Ceballos,
and F. Richardeau, “Survey on fault operation on multilevel in-
verters,” IEEE Transactions on Industrial Electronics, vol. 57, DOI
10.1109/TIE.2009.2032194, no. 7, pp. 2207-2218, 2010.

S. Xu, J. Zhang, X. Hu, and Y. Jiang, “A novel hybrid five-level
voltage-source converter based on t-type topology for high-efficiency
applications,” IEEE Transactions on Industry Applications, vol. 53, DOI
10.1109/TIA.2017.2713762, no. 5, pp. 4730-4743, 2017.

K. D. Hoang, Z. Q. Zhu, M. P. Foster, and D. A. Stone, “Comparative study
of current vector control performance of alternate fault tolerant inverter
topologies for three-phase pm brushless ac machine with one phase open
- circuit fault,” in 5th IET International Conference on Power Electronics,
Machines and Drives (PEMD 2010), DOI 10.1049/cp.2010.0052, pp. 1-6,
2010.

S. Siouane, S. Jovanovi¢, and P. Poure, “Open-switch fault-tolerant op-
eration of a two-stage buck/buck—boost converter with redundant syn-
chronous switch for pv systems,” IEEE Transactions on Industrial Elec-
tronics, vol. 66, DOI 10.1109/TIE.2018.2847653, no. 5, pp. 3938-3947,
2019.

J. A. Restrepo, A. Berzoy, A. E. Ginart, J. M. Aller, R. G. Harley, and
T. G. Habetler, “Switching strategies for fault tolerant operation of single
dc-link dual converters,” IEEE Transactions on Power Electronics, vol. 27,
DOI 10.1109/TPEL.2011.2161639, no. 2, pp. 509-518, 2012.

X. Li, S. Dusmez, B. Akin, and K. Rajashekara, “A new active fault-
tolerant svpwm strategy for single-phase faults in three-phase multilevel
converters,” IEEE Transactions on Industrial Electronics, vol. 62, DOI
10.1109/TIE.2014.2364555, no. 6, pp. 3955-3965, 2015.

J. Kucka, D. Karwatzki, and A. Mertens, “Enhancing the reliability of
modular multilevel converters using neutral shift,” IEEE Transactions on
Power Electronics, vol. 32, DOI 10.1109/TPEL.2017.2695327, no. 12, pp.
8953-8957, 2017.

S. Farzamkia, H. Iman-Eini, M. Noushak, and A. Hadizadeh, “Improved
fault-tolerant method for modular multilevel converters by combined dc
and neutral-shift strategy,” IEEE Transactions on Industrial Electronics,
vol. 66, DOI 10.1109/TIE.2018.2823659, no. 3, pp. 2454-2462, 2019.

E. Moradi, H. Iman-Eini, and S. Sheikhaei, “A simple hardware-based
fault-tolerant method for cascaded h-bridge converters,” IEEE Transac-
tions on Industrial Electronics, vol. 69, DOI 10.1109/TIE.2021.3130337,
no. 10, pp. 9711-9720, 2022.

S. Cui, J. Hu, and R. De Doncker, “Fault-tolerant operation of
a tle-mmc hybrid dc-dc converter for interconnection of mvdc and
hvdc grids,” IEEE Transactions on Power Electronics, vol. 35, DOI
10.1109/TPEL.2019.2911853, no. 1, pp. 83-93, 2020.

K. Ambusaidi, V. Pickert, and B. Zahawi, “New circuit topology for
fault tolerant h-bridge dc—dc converter,” IEEE Transactions on Power
Electronics, vol. 25, DOI 10.1109/TPEL.2009.2038217, no. 6, pp. 1509—
1516, 2010.

M. Gleissner and M. M. Bakran, “Design and control of fault-tolerant
nonisolated multiphase multilevel dc—dc converters for automotive power
systems,” IEEE Transactions on Industry Applications, vol. 52, DOI
10.1109/TIA.2015.2497218, no. 2, pp. 1785-1795, 2016.

W. Chen, X. Fu, C. Xue, H. Ye, W. A. Syed, L. Shu, G. Ning,
and X. Wu, “Indirect input-series output-parallel dc—dc full bridge
converter system based on asymmetric pulsewidth modulation con-
trol strategy,” IEEE Transactions on Power Electronics, vol. 34, DOI
10.1109/TPEL.2018.2855205, no. 4, pp. 3164-3177, 2019.

S. H. Hosseini, R. Ghazi, and H. Heydari-Doostabad, “An extend-
able quadratic bidirectional dc—dc converter for v2g and g2v appli-
cations,” IEEE Transactions on Industrial Electronics, vol. 68, DOI
10.1109/TIE.2020.2992967, no. 6, pp. 4859-4869, 2021.

P. Luo, L. Guo, J. Xu, and X. Li, “Analysis and Design of a New
Non-isolated Three-Port Converter with High Voltage Gain for Re-
newable Energy Applications,” IEEE Access, vol. 9, DOI 10.1109/AC-
CESS.2021.3106058, pp. 115909-115921, 2021.

H. Zhu, D. Zhang, B. Zhang, and Z. Zhou, “A nonisolated three-port
dc—dc converter and three-domain control method for pv-battery power

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

[24]

[25]

[27]

[29]

[30]

[31]

[32]

[33]

[34]

systems,” IEEE Transactions on Industrial Electronics, vol. 62, DOI
10.1109/TIE.2015.2393831, no. 8, pp. 4937-4947, 2015.

R. Faraji, L. DIng, T. Rahimi, M. Kheshti, and M. R. Islam, “Soft-
Switched Three-Port DC-DC Converter with Simple Auxiliary Circuit,”
IEEE Access, vol. 9, DOI 10.1109/ACCESS.2021.3076183, pp. 66 738—
66750, 2021.

T. Cheng, D. D. C. Lu, and L. Qin, “Non-Isolated Single-Inductor DC/DC
Converter with Fully Reconfigurable Structure for Renewable Energy
Applications,” IEEE Transactions on Circuits and Systems II: Express
Briefs, vol. 65, DOI 10.1109/TCSI1.2017.2712286, no. 3, pp. 351-355,
2018.

Y. Xia, M. Yu, P. Yang, Y. Peng, and W. Wei, “Generation-
storage coordination for islanded dc microgrids dominated by pv
generators,” IEEE Transactions on Energy Conversion, vol. 34, DOI
10.1109/TEC.2018.2860247, no. 1, pp. 130-138, 2019.

G. H. F Fuzato, C. R. d. Aguiar, T. A. Fagundes, W. C. Leal,
J. Vasquez, J. Guerrero, and R. Q. Quadros Machado, “Droop k-
sharing function for energy management of dc microgrids,” IEEE Jour-
nal of Emerging and Selected Topics in Industrial Electronics, DOI
10.1109/JESTIE.2021.3074889, pp. 1-1, 2021.

H.-T. Yang, H.-W. Chiang, and C.-Y. Chen, “Implementation of bridgeless
cuk power factor corrector with positive output voltage,” IEEE Transac-
tions on Industry Applications, vol. 51, DOI 10.1109/TTA.2015.2409253,
no. 4, pp. 3325-3333, 2015.

H. Wang, X. Pei, Y. Wu, Y. Xiang, and Y. Kang, “Switch fault
diagnosis method for series—parallel forward dc—dc converter sys-
tem,” IEEE Transactions on Industrial Electronics, vol. 66, DOI
10.1109/TIE.2018.2866109, no. 6, pp. 4684-4695, 2019.

Y. Lian, G. Adam, D. Holliday, and S. Finney, “Modular input-parallel
output-series dc/dc converter control with fault detection and redun-
dancy,” IET Generation, Transmission & Distribution, vol. 10, DOI
https://doi.org/10.1049/iet-gtd.2015.0789, no. 6, pp. 1361-1369, 2016.

T. Li and L. Parsa, “Design, control, and analysis of a fault-
tolerant soft-switching dc—dc converter for high-power high-voltage ap-
plications,” IEEE Transactions on Power Electronics, vol. 33, DOI
10.1109/TPEL.2017.2684832, no. 2, pp. 1094-1104, 2018.

A. Mohammadpour, L. Parsa, M. H. Todorovic, R. Lai, R. Datta, and
L. Garces, “Series-input parallel-output modular-phase dc—dc converter
with soft-switching and high-frequency isolation,” IEEE Transactions on
Power Electronics, vol. 31, DOI 10.1109/TPEL.2015.2398813, no. 1, pp.
111-119, 2016.

Z. Wang, Q. Luo, Y. Wei, D. Mou, X. Lu, and P. Sun, “Topology
analysis and review of three-port dc—dc converters,” IEEE Transactions
on Power Electronics, vol. 35, DOI 10.1109/TPEL.2020.2985287, no. 11,
pp. 11783-11 800, 2020.

G. Wang, H. Wen, P. Xu, W. Liu, J. Zhou, and Y. Yang, “A compre-
hensive review of integrated three-port dc—dc converters with key perfor-
mance indices,” IEEE Transactions on Power Electronics, vol. 39, DOI
10.1109/TPEL.2024.3366915, no. 5, pp. 6391-6408, 2024.

P. Luo, T.-J. Liang, K.-H. Chen, S.-M. Chen, and J.-F. Chen, “Syntheses
of three-port de—dc converters,” IEEE Transactions on Power Electronics,
vol. 38, DOI 10.1109/TPEL.2023.3309892, no. 12, pp. 16 196-16207,
2023.

THALES AUGUSTO FAGUNDES was born in
Jundiai, Brazil. He received the B.S. in electrical
engineering in 2017 and the M.S. degree in 2020
from the University of Sao Paulo (Sao Carlos,
Brazil). In 2014, he studied abroad at the Uni-
versity of New South Wales (Sydney, Australia),
focusing on courses related to alternative energy
sources. He is currently working on his Ph.D.
. ; in electrical engineering at the University of Sao

= Paulo and from 2022 to 2023 he will be visiting

researcher at the Aalborg University. His main research interest are in
the fields of microgrids, energy management and DC-DC converters for
renewable energy sources and storage systems.

17



This article has been accepted for publication in IEEE Open Journal of the Industrial Electronics Society. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/0JIES.2024.3446911

Author et al.: Preparation of Papers for IEEE Open Journal of the IES

GUILHERME HENRIQUE FAVARO FUZATO
was born in Varginha, Brazil, in 1989. He received
the B.S. in Electrical Engineering in 2011, the
M.S. degree in Power Electronics and Dynamic
Systems in 2015, and the Ph.D. degree in Mi-
crogrids in 2019 from University of Sao Paulo.
From 2018 to 2019 he was a visiting researcher
at the University of Aalborg. From 2012 to 2013
he worked at Siemens as a field service engineer.
From 2014 to 2015 he worked at Bosch with
power electronics in automotive applications as a temporary researcher.
Since 2016, he has been working as lecturer at the Federal Institute of Ed-
ucation, Science and Technology of Sao Paulo. His main research interests
are in the fields of microgrids, energy management and dc/dc converter for
renewable energy sources and storage systems.

RAFAEL FERNANDO QUIRINO MAGOSSI
received the B.Eng., M.Sc. and Ph.D. degrees
in electrical engineering from the University of
Sao Paulo, Sao Carlos, Brazil, in 2016, 2018 and
2020, respectively. From 2018 to 2022, he was
an assistant professor at the Federal Center for
Technological Education (CEFET/RJ) in Rio de
Janeiro, Brazil. Since 2022, he has been the CTO
at Solar21 in Sao Paulo, Brazil. His research in-
terests include control systems, power electronics,
and renewable power systems.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

ANA L. R. OLIVEIRA received the B.Eng. degree
in electrical engineering from the University of
Sédo Paulo at Sdo Carlos, Brazil, in 2019. She is
currently pursuing the M.Sc. degree in electrical
engineering at the same university. Her research
interests include renewable energy sources, power
systems and DC-DC power converters.

RICARDO QUADROS MACHADO (M’2005,
SM’2018) was born in Santa Maria, Brazil. He
received the B. S. from the University of Santa
Maria (Santa Maria, Brazil) in 1997, the M.S.
(2000) and the Ph.D. (2005) degrees in Electri-
cal Engineering from the University of Campinas
(Campinas, Brazil). From 2002 to 2003 he was
a visiting researcher at the University of Padova
(Padova, Italy) and from 2005 to 2007 he was a
post-doctorate at the Federal University of Santa
Maria, (Santa Maria, Brazil). From 2013 to 2014 he was visiting professor
at the University of Toronto (Toronto, Canada). Additionally, from 2007 to
2018 he was assistant professor at the University of Sao Paulo (Sao Carlos,
Brazil). Currently, he is associated professor at the University of Sao Paulo
(Sao Carlos, Brazil) and his main research interests are: processing of energy
in dc/dc and dc/ac converters, digital control of power converters, distributed
generation systems, smart grids and control of renewable energy sources.

IEEE OPEN JOURNAL OF THE INDUSTRIAL ELECTRONICS SOCIETY. VOLUME XX, 20XX



	Introduction
	Proposed Topology
	Comparison with others topologies
	State-Space Model
	Cuk1
	Cuk2
	CBB
	State-Space Matrices for Coupling the dc/dc Converters
	Output Matrices for Coupling the dc/dc Converter

	Steady-State Analysis
	Efficiency Analysis
	Control Design and Small-Signal Analysis
	Analysis in the Frequency Domain

	Stability Analysis
	Evaluation of Closed-Loop Performance
	Evaluation of iL1 and iL3 in the closed-loop
	Evaluation of iL5 and iL6 in the closed-loop
	Evaluation of vo in the closed-loop

	Lyapunov's Indirect Method
	Movement of the Eigenvalues


	Experimental Results
	Comparison Between Experimental Results and Computational Simulations
	Current control at closed-loop
	SoC-based droop applied to the proposed topology
	Reliability of SoC equalization through both modules
	Reliability of SoC equalization under power flow redirection to auxiliary module: stable dc-link voltage
	Reliability of SoC equalization under power flow redirection to auxiliary module: stable BESS units currents


	Conclusion
	REFERENCES
	Thales Augusto Fagundes
	Guilherme Henrique Favaro Fuzato
	Rafael Fernando Quirino Magossi
	Ana L. R. Oliveira
	Ricardo Quadros Machado


