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A Modified Redundancy-Based Energy
Management System for Microgrids: An SoC
Enhancement Approach

Thales Augusto Fagundes, Guilherme Henrique Favaro Fuzato, Member, IEEE,
Rafael Fernando Quirino Magossi, Lucas Jonys Ribeiro Silva, Juan C. Vasquez, Senior Member, IEEE,
Josep M. Guerrero, Fellow, IEEE, and Ricardo Quadros Machado, Senior Member, IEEE

Abstract—This paper proposes a dc microgrid (MG) com-
posed by a cascaded bidirectional Cuk converter (CBC)
connected to a cascaded bidirectional Boost converter
(CBB) sharing two battery energy storage systems (BESSs)
as common inputs. Then, the dc-link from CBC also re-
ceives a Boost converter which interfaces the dc-utility.
Thus, this configuration can coordinate the BESSs and the
dc-utility by employing the state-of-charge (SoC)-sharing
function and droop controller. In this context, the combi-
nation between CBC and CBB can improve the reliability of
the SoC-sharing function with the battery-to-battery (B2B)
equalization on CBB and can enhance the availability of
power production on the CBC dc-link. Therefore, the main
advantage of the proposed method is to ensure the SoC
equalization even when the MG is under maintenance or
electrical fault. Additionally, the dc MG involves a modified
energy management system (EMS), while the Lyapunov’s
indirect method proves the stability analysis. Finally, the
experimental setup validates the feasibility of the proposed
approach.

Index Terms—battery energy storage system (BESS),
Cascaded bidirectional Boost converter (CBB), Cascaded
bidirectional Cuk converter (CBC), energy management
system (EMS), state-of-charge (SoC) equalization.

[. INTRODUCTION

HE employment of battery energy storage systems
(BESSs) has been increased in coordination with non-
predictable renewable energy sources (RES) in dc microgrids
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(MGs) [1]. Thus, the BESSs can guarantee that the final energy
consumers have their local demand provide from the dc MG
even though the RES are facing low electricity production due
to weather conditions [2], [3]. In addition, when a fuel cell is
also included in the dc MG, a BESS can also be important to
suppress or absorb load transients from the dc-link and avoid
damages on its membrane [4].

The integration of BESSs offers various advantages but can
also present some challenges, such as the replacement of aging
devices, isolation of fault modules and compensation of load
transient can result in unbalanced SoCs when the BESSs are
integrated in a MG [5], [6]. As a result, several strategies have
been discussed to increase their operation, then, to prevent
deep discharge or over-charge, the coordination among the
sources and BESSs is required [7]. Failure to do so may result
in a reduction of the BESSs life-cycle and overall degradation,
thus, the balancing of the state-of-charge (SoC) is essential to
avoid different rates of charge/discharge that can lead them to
further damage [8], [9]. The most effective solution to improve
the operation of the dc MG is related to an intelligent control
structure that can speed up the charge and minimize disparate
wear and tear in BESSs [10]. Different equalization strategies,
such as the solutions based on the SoC, voltage, or BESS
capacity can be implemented to ensure the SoCs balancing
and the protection of individual BESSs [11].

In [12]-[14], a set of dc/dc converters to balance the SoCs
among the battery cells was proposed, while [15]-[19] worked
in the SoC equalization among BESSs connected to the dc MG
via bidirectional dc/dc converter. Aiming at the SoC balanc-
ing among the BESSs, [15] proposed a strategy considering
the product of SoC and Ampere-hour (Ah) rating (reflected
Ampere-hour capacity), while [16] elaborated a coordination
among BESSs by using the Fuzzy logic which can balance
their SoCs. In [17], [18], [20], [21] an SoC-based droop can
achieve the same performance, while [19] applied an adaptive
droop control implemented in partnership with the Fuzzy logic.

The common structure of a dc MG that operates with BESSs
is composed by the bidirectional dc/dc converters in paral-
lel connection [15]-[20], while the unbalanced SoC among
BESSs is solved with a strategy by using a modular mul-
tilevel converter in [5] for shipboard applications. However,
redundancy is important to avoid problems with navigation
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uncertainties for shipboard MGs [22] and also guarantee the
operation in aerospace systems, military devices and medical
equipment [23]. According to [24], dc/dc converters with
parallel modules can increase the reliability due to the system
redundancy, which interface RESs that operate with energy
management system (EMS).

Therefore, this paper proposes a dc MG with redundancy
similar to Fig. 1, then, a combination between cascaded
bidirectional Cuk converter (CBC) and cascaded bidirectional
Boost converter (CBB) that interface two BESSs as common
input. The CBC is responsible to connect the dc-link, thus, it
can provide a continuous current that affords a more stable
dc-link voltage with load variation, while CBB is responsible
to equalize the BESSs in a battery-to-battery (B2B) strategy.
Later, the dc-link from CBC also connects the dc-utility by the
use of a Boost converter. Thus, the dc MG operates to balance
the SoC from the BESSs by using the SoC-sharing function
proposed in [11].

As the SoC-sharing function can handle with load variations
by changing its voltage level according to SoC, the suggested
method is capable of effectively integrating with solar panels,
wind power, and fuel cells, as presented in [11], which
designed the SoC-sharing function for a common dc MG
with the specific aim of mitigating load transitions that could
potentially harm a fuel cell. Later, for the proposed approach
in this manuscript, the redundancy from the cascaded modules
can increase the dc MG reliability and guarantee the EMS
efficiency.

Aiming at the stability analysis, the CBC and CBB are
modelled as one topology and then coupled with the Boost
converter model by the dc-link to calculate the complete dc
MG average model which considers the SoC-sharing function
and droop controller. Thus, the influence and interaction
among the switches of CBB and CBC are not neglected when
the stability analysis is addressed by using the Lyapunov’s
indirect method [25]. Therefore, the main contributions of the
paper are listed as follows:

1) Incorporating redundancy into the dc MG can enhance

its reliability during uncertain events;

2) The Cuk converter provides a more stable dc link voltage

by maintaining continuous current on the dc load;

3) BESS-connected inductances divide current and reduce

stress on components;

BESS1
{@
—4 7
Il
I
Il
I
BESS2

Fig. 1. Proposed dc MG with redundancy.

4) The CBB has the capability to accommodate dc loads on
the secondary dc bus;

5) The SoC-sharing function is designed for charging and
discharging the BESSs according to the EMS, while there
are some strategies that the current references need to be
set (positive or negative) for charging or discharging the
BESSs, as proposed in [15], [18];

6) As the current reference cannot be zero during the equal-
ization process in a system without dc load, the SoC-
sharing can be used for B2B equalization in CBB;

7) No source communication is required for the EMS.

Finally, the paper is organized as follows. Section II the
proposed dc MG is addressed. On that basis, Section III shows
the EMS with the droop controller and SoC-sharing function.
Later, in Section IV, the stability analysis by Lyapunov’s
indirect method proves the proposed approach. Section V
presents the simulations via Matlab/Simulink and experimental
results of the dc MG. Finally, the conclusion is given in
Section VI.

[I. DC MG CONFIGURATION

The proposed model that receives the EMS and the re-
dundancy of SoC equalization is presented in Fig. 2. It is
composed by a CBC, which is an association of two Cuk
converters connected to the output common dc-link (on the
capacitor C,), and CBB, which is an integration of two
bidirectional Boost converters tied to the capacitance Cs.

Both CBC and CBB share BESS1 and BESS2 as common
input where BESS1 has its terminal voltage vy, connected
to the inductances L1 and L5 which are flowing the currents
ir1 and ip5 (With i11 +7215 = %pet1). Considering BESS2, the
terminal voltage vp,¢2 is connected to the inductances L3 and
Lg, with the BESS2 current defined as ipq10 = i3 + i16-

Regarding the CBC, C; (with v on its terminals) receives
energy from BESSI1, while Cs (with voe on its terminals)
absorbs energy from BESS2. In addition, L, and L, are
the inductances which are flowing the currents <72 and ¢y4,
while the dc-link voltage v, is connected to the load R, that
absorbs/supplies current from each Cuk converter. In addition,
controlled semiconductors S7 and Sy (with complementary
PWM signals S, and Ss) are used in CBC, while switches
S3 and S, (with complementary PWM signals S5 and Sy) are
used in CBB.

Fig. 2.

Power converters (CBB and CBC) with two BESSs.
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Regarding the operation of the model shown in Fig. 2,
its complementary control signals allow for a continuous
bidirectional power capability. Taking the CBB into account,
it is responsible for transferring power directly from BESS1
to BESS2 (or from BESS2 to BESS1) without involving the
dc-link. As a result, this module plays a crucial role in not
factoring in the power demand on the dc-link during the EMS
operation. In instances of high load steps in the dc-link, there
can also be a power flow between BESS1 and BESS?2 through
CBB. Additionally, the CBC is capable of processing power
from both BESSs to the dc-link (and also can charge both
BESSs). The advantage of CBC lies in its ability to handle
continuous current, making it suitable for loads that cannot
undergo stress and require low current ripples [26].

I1l. EMS METHODOLOGY

An EMS plays a crucial role in managing RES, coordinating
power flow, and maintaining system stability by monitoring
load demand and ensuring the SoC equalization for BESSs
[4]. Therefore, the redundancy-based SoC-sharing approach
significantly enhances the operation of the MG, even under
high load demand on the dc-link. As the dc MG operates
to balance the SoC among the BESSs, a Boost converter is
used to connect the common capacitance C, to a dc-utility,
which can maintain the dc-link voltage v,, as shown in Fig. 3.
In addition, each storage devices stack is composed by three
sealed lead-acid BESSs in series connection, with 60 Ah of
rated capacity and 12 V of nominal voltage (which result in
36 V per stack).

A. System control

The current references iy oy and 473,y are obtained
from the SoC-sharing functions Sigmoid 1 and Sigmoid 2
which receive the SoC;, SoC, and the dc-link voltage v, to
calculate the aforementioned current references through the
inductances Ly and L3, respectively. Additionally, Sigmoid 3
and Sigmoid 4 are responsible to determine the current ref-
erences ir5 ref and ip6 roy (through the inductances Ls and
Lg) by receiving as input the voltage vcs on the capacitance
Cs, SoC; and SoC,, respectively.

Vea,[[Sigmoid 3)j 5 L6, et [Sigmoid 4)¢Ve3
SoCs, If’ M 39C:
H H Droop

; _ v
s Y A 2 ; i
= | = Lvi, - &= utilty_ref | "
= T = = I
= = :v ‘ Jﬂity
. . | Vutitity
L £ T H
Vbatt = — = v RS dc utility
_ + ~ %Ro J‘\{o L . @ bat2 -
E - - - < BESS2
: x )
ga. Controller

Vo_,(Sigmoid 1) i i (Sigmoid 2)¢.Vo.
SoCy,| IjC» e Ty IjC» SoC;

Fig. 3. Redundancy-based EMS to increase system reliability in SoC
equalization.

Therefore, the system presents a redundancy which can
enhance the reliability of the EMS, maintaining the SoC
equalization, even though one of the cascaded modules are
non-operating or under maintenance. In sequence, each current
reference (iz1_ref, 113 ref> L5 ref a0d irg_rep) are compared
with the acquired currents through the inductances (ir1, ir3,
irs and irg) to be processed through the classical PI con-
trollers. Regarding the management applied on the dc-utility,
the droop controller is the proposed solution to keep regulated
the dc-link voltage, which receives v, to define its current
reference named 4414ty _ref. Later, the dyity_res 15 compared
with the measured current through the utility 4,44ty and then,
processed through a PI controller.

Finally, the MG coordinates the power flow from the dc-
utility and BESSs based on the redundancy in the SoC
equalization, i.e., it is also important argue that SoC-sharing
function operates with decentralized communication, thus each
Sigmoid function only need to receive the information about
its dc-link (local variable) and SoC (global variable).

B. Droop control for the dc-utility

The management of the dc-utility is performed by using
a droop controller to keep its stability. In this procedure,
the voltage v, on dc-link determines the current reference
utiliy_ref» s summarized in (1).

, ) v Vget + Av
Lutiliy_ref = lutiliy_max <_A’Z + setAon> (1)
o o

Therefore, in (1) the term 4y¢i1iy_mae 1S the maximum
current of the dc-utility, v, is the dc-link voltage measured
(even though the Cuk output voltage is negative, the voltage
sensor is set to provide the absolute value in the experimental
setup), vger is the minimum dc-link voltage applied on droop
controller and Aw, is the voltage range. In addition, the virtual
resistance that process the droop controller is also defined as
Twirtual = AUo/lytility_maz»> and it is related to the level of
slopping in the droop model.

C. Redundancy-based SoC-sharing approach

The SoC-sharing function is defined in [11] and this paper
designs the methodology in the dc MG with redundancy to
guarantee the decentralized SoC balancing among the BESSs,
i.e., the solution does not require communication among
BESSs and dc-utility. In Fig. 3, it is also noted that the
CBB and CBC are responsible for the SoC equalization,
concomitantly. Although the topology also accepts another dc
load tied to C3, for this project the CBB is responsible for
B2B equalization among BESSs, i.e., there is not load tied to
the capacitance ('3, thus one BESS transfer power to the other
BESS, while the CBC also provide power to the dc load R,
connected to the dc-link.

1) Current references: In this context, the SoC-sharing
functions are represented by Sigmoid 1 and 2 to calculate
the current references i71 s and iz3 ..y for the CBC, while
Sigmoid 3 and 4 are responsible to define i75_ror and ipg_ref
for the CBB, respectively. In the end, the current reference
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ir_res for each inductance (L1, L3, L5 and Lg) written in a
general form is illustrated in (2).

2
1+ elefactor—S0C)p B

iL_ref = 1 (2)

Also in (2), the factor SoC can be defined as SoC; for
iLl_Tef and iLS_ref or SOC2 for iL?)_ref and 7:L6_ref'

In addition, €fqctor_vo 1s the equalization factor represented
in (3) for CBC, where v, is the dc-link voltage, vse; is the
minimum voltage on the dc-link and Awv, is the voltage range
(same parameters calculated from the droop controller).

Vo — Vset
Av,

Furthermore, the Sigmoid function is designed to accommo-
date specific intervals: [-1 to 1] for BESS current (expressed
in per unit (p.u.)), [0% to 100%] for SoC, and [vse; tO Ve
+ Auw,] for the voltage range on the dc-link. Consequently,
the parameter p controls the slope of the curve within these
intervals, as illustrated in Fig. 4(a), where the Sigmoid function
slope is demonstrated for values of p equal to 5, 10, and 20.
Hence, selecting p as 10 proves to be more suitable for the
purpose of the equalization approach.

From Fig. 4(b), there is a relationship considering € t4ctor_vo
as a function of the dc-link voltage (from 200 V to 220
V). Based on this analysis, a smooth equalization process
takes place to mitigate MG instability when the €fqctor_vo
approaches zero. This is because the dc-link is nearing its max-
imum operational capacity, as evident from the minimum dc-
link voltage. In contrast, achieving BESS balancing becomes
effortless as v, approaches 220 V, due to the low load demand
on the dc-link.

Other important aspect is the 3-D surface produced by (2)
(considering €fqctor_vo) and illustrated in Fig. 5. In this pic-
ture, the SoC-sharing function calculates 7, .y as a function
of the v, and the SoC with v,.; = 200 V and Av, = 20 V. To
understand the proposed solution, the authors evaluate (2) at
two distinct situation: i7_..y versus v,, when different slices
of SoC are analyzed, as shown in Fig. 6(a), and i7_,.y versus
SoC, when different sections of v, are analyzed according to
Fig. 6(b).

Taking into account Fig. 6(a), SoC = 0% implies in the
BESS charging process regardless the v, level, while the
BESSs fully charged provides power to the dc-link for the

3)

€factor_vo =

0.2 0.4 0.6 0.8 1

UL rof (p.u.)

@ (b)

e,
factor_vo

Fig. 4. SoC-sharing design parameters. (a) i,_..s according to voltage
level v,, considering p equivalent to p; = 5, p2 = 10 and p3 = 20. (b)
efactor according to voltage level (vo).

0.5

iL_ref (p-u.)

100
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210 205 o

50
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Fig. 5. SoC-sharing surface.

entire v, range. Moreover, when the BESSs have intermediate
values (between the boundaries), they can be charged or
discharged according to the SoC range and v, levels.

Considering Fig. 6(b), v, = 200 V makes the BESSs
operate in the discharging mode apart from the SoC, while
high level dc-link voltage (v, = 220 V) forces the BESSs
absorb power from the dc-link for the entire SoC range.
Moreover, when v, is between the limits of operation, the
charging or discharging modes are preferred according to the
v, range and SoC level.

As the SoC-sharing function can operate at the same voltage
level as the droop controller, the proposed approach can be
readily implemented and designed for integrating BESSs into
a dc MG with other RES operating with a droop controller.
Lastly, to maintain the SoC-sharing function within its bound-
aries, in cases where the current reference extends beyond
these limits, the per unit current is adjusted to -1 for charging
and 1 for discharging.

2) CBB-redundancy with B2B: Considering the CBB, the
equalization factor efqctor_vc3 1S given in (4).

VC3 — Vset_C3
A'ch

“4)

€factor_vC3 =

where veg is the voltage on Cl3, vger ¢3 is the minimum
voltage and Avcg is the range of operation.

Although the currents ir5 ref = —ire_rer (neglecting
the losses), the SoC-sharing needs to be designed for both
inductances because the SoC; and SoC, define the voltage
of equilibrium veg for the equalization process. In this type
of procedure, the expected result is the B2B equalization
according to the expression shown in (5).

IL ey (p-u.)

-1
200 205 210 215

v, V)

S0C (%)
(@) (b)

Fig. 6. SoC-sharing in 2-D. (a) iz_,.s as a function of v, with constant
SoC. (b) i1_res as a function of SoC with constant v,.
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Fig. 7. Voltage vc3 as a function of SoCq, SoC, and considering the
B2B equalization designed for the CBB.

2 2
1 + e(efuctor,vCS*SOCl)P —l=- (1 + e(efaciror;vCi%*SOCQ)P - 1) (5)

1L5_ref iL6_ref

Later, taking into account the parity described in (5), a
new expression calculated in (6) and plotted in Fig. 7 can
be derived, which determines the voltage vc3 as a function of
SoCy, SoC,, Aves and vger 3, i.e., the CBB is operating in
the B2B equalization mode.

SOCl + SOC2
ves =T

Finally, this topology with redundant module can increase
the reliability, because it can guarantee the SoC equalization
even if there is a high load demand connected to the dc-
link (on C,) reducing the SoC equalization capability that
is operating on the CBC. As the CBB operates with the
SoC-sharing function by using B2B equalization through the
currents ir5 and iy, the BESS with lower SoC will receive
current from the other BESS. Thus, as the expression (SoC;
+ SoC,) has a light variation during the SoC equalization, the
ves will maintain at same level by the influence of initial SoC
from each BESS.

) AUCS + VUset_C3 (6)

IV. STABILITY ANALYSIS

This section evaluate the stability taking into account dif-
ferent scenarios by using the Lyapunov’s indirect method
which consider the complete EMS (SoC-sharing function and
the droop controller) designed for the dc MG proposed by
[25]. Thus, the interaction among the CBC, CBB and dc/dc
utility converter are analyzed observing the movement of the

2,1:2

Vel i
~ —>  —>
olam® & @O 000000 O o
Pload (W)
-0.1 —_—
N 099  -0985  -098  -0.975  -0.97 )
3
30O O o o)
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V ~
~.. 500 C2 | i3
% 0 . o ]
Ic
=~ 500 — SoC,=40%
S0C,=10%
-1000 2
[ ube) | . . T T
-30 25 20 -15 -10 5 0
Re(A :)

Fig. 8. Movement of eigenvalues in the complex plane considering the
dc load variation.

eigenvalues obtained from the solution of the Jacobian’s matrix
in (7), and which parameters are defined in the Appendix.

In addition, the analytical model in (8) represents the
influence of v, from the dc/dc converters in the common dc-
link, i.e., the dc-utility converter and CBC interactions. In the
first scenario, it is considered the dc load variation and SoCs
constants. Later, in the second case, the stability was evaluate
with SoC equalization and dc-load constant. Subsequently, the
SoC equalization and dc-load variations are accounted. Finally,
the last case analyzed the impact of the maximum power
delivery from the BESS units and dc-utility with the dc load
and SoC constants.

A. First case: load variation on the dc-link

In the first case, the power variation performed on the load
terminals from 100 W to 500 W (with Pj,qq = Vf /R, being
Pyoqq and V,, the average power and voltage on the dc-link),
when SoC; = 40% and SoCy = 10%. As BESSI is partially
and BESS?2 is totally discharged, both BESSs are forced to
consume power from the dc-link. Although the eigenvalues
are inside the stable region, the closest states to the right side
of the complex-plan are ir1, ¢r2, ¢13, ¢z4 and vop, because
BESS1 (SoC; = 40%) supplies much more power to the dc-
link than BESS2 (SoCy = 10%), as shown in Fig. 8. Regarding
ir5 and ¢, the absence of load demand on the capacitor
Cs means that its influence on the stability is negligible.
Finally, the dc-utility converter does not also impact the dc MG

Uo [ dccouplcd T
wl(gllyg) Acb(kl, kz., ]Cg, k4)(1:9>1¢10)mcb + Bcb(kl, kg, k37 k4)(1:9,1:2)ucb
éir1 in1_ref — Hipiir
éirs | ir3_ref — HirsiLs )
éiL5 B Z'LSJ"ef - HiLsiLS
€iL6 ir6_ref — HireiLe
ifllf"zlzﬁl (Afllfﬁ'tf’ilo + k“””t?/Agtlt;illﬁ;k)mUtility + (Bilf»jgfyo + k‘utilitnylltﬁgtyk)uutility
Leutitityd L tutitity_ref — Hiutilitylutility |

2,1

decoupted =(Acy(kr, k2, ks, ka) PO 1NN gy + (Bey (b, ba, ks, ka) 1011 gy, — (Afmmzo + kumuyA,(i}l,;}fzyk)muumy - (Bfm,ftyg + kuuuyBﬁ}llgtyk)uuLiLiLy - (—=&) ¥
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Fig. 9. Movement of the maxz(Re()\;)) considering the equalization
process according to ASoC — 0%, inductance current behavior (ir 1,
113, i15 and ipg), dc-link voltage v, and voltage on the capacitance C
(ves)-

stability because the real terms of their eigenvalues Re(\;)
are placed around -2,000, which does not cause any loss of
stability, as shown in Fig. 8.

B. Second case: SoC equalization with constant dc load

For this scenario, the initial conditions consider SoC; = 90%
and SoC, = 10% with a constant load demand on the common
dc-link. As can be seen on Fig. 9, the level of stability is
showed considering the maximum real part of the eigenvalues
max(Re();)) as a function of ASoC with ASoC = SoC,
- SoC,. During the equalization process, the CBC provides
power to the dc-link making the currents i1, and 13 flowing
from the sources to the load, ASoC — 0% and —v, goes
from 220 to 215 V.

Considering the CBB, as the B2B equalization is not
impacted by the dc load, vo3 assumes a constant value, the
currents ir5 and irg are responsible to enhance the SoC
equalization in the complete operation of the dc MG with
ir5 flowing from BESS1 to C3, while ipg flows from Cj5 to
BEES?2. Finally, with ASoC = 0%, the SoC equalization was
achieved and, consequently, 71 = ir3 and ir5 = i16.

. 5 S0C;=90%
® v e %o S0C,=10%
[ ] 1000
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Fig. 10. Load variation on the dc-link as a function of maz(Re();)) and
the equalization process when ASoC — 0%.

C. Third case: SoC equalization process with dc load
variation

The third case, the authors apply the SoC equalization with
dc load variation. In this type of procedure, Fig. 10 shows the
load applied on the dc-link as a function of max(Re();)),
ASoC(%) and considering initial conditions as SoC; = 90%
and SoC, = 10%. For this scenario, the load starts at 150 W,
and increments of 50 W are added until it reaches 1,300 W.
According to Fig. 10, the dc MG is stable when the maximum
Pioaq is lower than 750 W because the max(Re()\;)) remains
confined in the left-side of the complex-plan.

D. Fourth case: evaluation of power contribution from
BESS and dc-utility

In the last scenario, the power variation was applied from
BESS units (Pggss1 + Peessi) starting from 0 W and it is
increased to 500 W, along with dc utility (Pyy15¢y) also ranging
from 0 W to 500 W. Additionally, the power applied on the
dc-link is 200 W, with SoC; = 90% and SoCs = 60%. For
this scenario, the dc MG remains stable when the total power
produced by the BESSs and dc utility is not higher than the
power demanded by the load, thus ensuring that maxz(Re(\;))
is lower than zero, as illustrated in Fig. 11.

V. EXPERIMENTAL RESULTS

In this paper, the results were obtained in the real-
time hardware-in-the-loop (HIL) with the interaction between
Typhoon HIL (where the dc MG is built) and dSPACE
system (where the control algorithms are embedded) made
possible through a Printed Circuit Board (PCB), as illus-
trated in Fig. 12. The parameters from the redundancy-
based dc MG are described in Table I, where the authors
are including the parasitic losses for the entire power plant
with 711,712,703, 7L4, L5, TLe and Tyt TEPresenting the
inductances losses, rs1,751,752,752,7S3,753,7S4, 754 and
T'Sutility being the semiconductor losses, 1 pyt41i¢y Meaning the
diode loss in the dc-utility converter and finally, rc1,rc2, ro3
and r¢, acting as the capacitance losses.
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Fig. 11. max(Re(A;)) as a function of the total power from BESS units
and dc-utility.
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Fig. 12. Lab-scale prototype.

TABLE |
DC MG PARAMETERS

Component Value
Inductances (L1, Lo, L3, L4, L5, Lg) 4.8 mH
Inductances (Ly¢itity) 4.8 mH
C7 and Co 130 uF
C3 and C, 470 pF

Parasitic Losses Value
TL1=TL2 =TL3=TL4=TL5 =TL6 150 mS2
T Lutility 150 mS2

TS1 =TS2 =TS3 =154 =T5] =TG5y =Tg3 =T34 30 mS)
T'Sutility = T Dutility 30 mQ2

ro1 =TCo2 30 m)
ros3 = Trco 150 mQ2

Additionally, a dc source with 36 V and 500 W as rated volt-
age and power is connected to the dc-utility input converter, as
well as, two groups of batteries with each one having a rated
capability of 60 Ah, rated voltage as 36 V and maximum
current supplied/absorbed as 10 A from the BESSs. Aiming
at the voltage range, the —uv, is set from 200 to 220 V and
ves is set from 150 to 170 V, Finally, the switching frequency
is 10 kHz and the overall efficiency of the proposed method
is 95%.

A. Comparison between experimental and simulation
tests performed via Matlab/Simulink

For this first test, the BESS capacities were reduced by a
factor of 500 to speed up the SoC balancing, with initial values
as SoC; = 40% and SoCy, = 10%. In Fig. 13, the authors
compare the experimental results with simulations performed
via Matlab/Simulink with steps of load (A Ppyqq &~ 130 W). In
this context, the behavior of dc-link voltage (—v,), vos, BESS
currents (ipq¢1 and pqs2), the inductance currents (i71, 41,3, 15
and i) are shown. According to the operation, the elapsed
time to achieve the balancing is around 35 s even with steps
of load (APpoeq =~ 130 W) performed on the dc-link. This
demonstrates that there is no significant discrepancy between
experimental results and Matlab/Simulink simulations when
the authors are evaluating SoC; and SoC,.

Considering that load maneuvers are performed on the
dc-link, the currents through the inductances ¢5; and ip3
are modified to maintain the voltage v, inside the limits
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Fig. 13. Comparison between experimental setup and simulations via
Matlab/Simulink. Initial SoC1 = 40% and SoCz = 10%.

| =CBC = CBB =2 - modules |

Time (s)

Fig. 14. SoC equalization considering only the CBC, the CBB and the 2
modules operating simultaneously in the lab-scale prototype.

of operation, while ¢;5 and iy¢ are responsible to enhance
the SoC equalization. As a result, the dc MG configuration
achieves the SoC equalization even when a high amount of
power (dc load is changed) is maneuvered on the dc-link
(—v, =~ 205 V).

B. Reliability evaluation during the SoC equalization

In order to assess the reliability of the dc MG, the equaliza-
tion process was analyzed as a performance criterion, taking
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Fig. 15. Comparison among the EMS (experimental tests). (a) SoC-sharing function. (b) SoC-based droop. (¢c) Fuzzy method.

into account either only the CBC, only the CBB, and both
modules operating together, as shown in Fig. 14, with steps
of load turned-on and off on the dc-link (AProeq =~ 130 W),
SoC starting at 90% for BESS1 and at 10% for BESS2.

To understand the effectiveness of the proposed approach,
the regime of working were considered: the BESS capacities
were reduced by a factor of 500 when only one module
(CBB or CBC) is performing the SoC equalization, while their
capacities were decreased by a factor of 250 when both (CBC
and CBB) are accomplishing the SoC balancing. Therefore,
as the configuration has redundancy, the SoC equalization is
achieved more effectively in case of multiple module under
operation. Thus, if the dc MG has more than two modules
connected, the redundancy increases the reliability of the EMS.

C. Comparison with other strategies applied in the pro-
posed dc MG

In this section, the results are performed to compare the
SoC-sharing approach with other methodologies found in the
literature. At first, [15] presented an EMS utilizing battery
Ampere-hour capacity without droop control. Nevertheless,
this method is unsuitable for CBB module if the capacitor C'5
has no load, because the EMS generates non-zero current ref-
erences that lead to imbalanced BESSs. Later, the authors try
to apply the SoC-based droop proposed by [18] as comparable
technique, however, it is unaccepted because this methodology
does not work properly when no load is tied to the capacitor
on Cs.

Subsequently, as the SoC-based droop proposed in [20] has
flexibility to modify the rated voltage on C3 when no load
is tied to its terminals, it is suitable for B2B strategy on
CBB and a viable technique used as method of comparison.
Furthermore, the approach proposed by [16] was also imple-
mented, where SoC balance is achieved through the use of
Fuzzy controllers. Since the Fuzzy controller operates with
SoC and dc-link voltage as inputs and provides the reference
current, this solution is also well-suited for B2B equalization
in CBB when there is no load tied to Cs.

To understand the process of evaluation, by alternating the
activation and deactivation of load increments on the dc-link
(APrLoqq = 130 W), Fig. 15 shows the comparison among

=== S0C-sharing
257 ==S0C-based droop
—Fuzzy

0 10 20 30 40 50
Time (s)

Fig. 16. Time of equalization considering the SoC-sharing function,
SoC-based droop and Fuzzy method.

SoC-sharing function (Fig. 15(a)), SoC-based droop designed
according to [20] (Fig. 15(b)) and Fuzzy as proposed by
[16] (Fig. 15(c)). As can be seen, although the strategies
show similar performance, the SoC-sharing function is faster
according to Fig. 16. This occurs because the SoC-sharing
produces higher current levels at the same voltage when it is
compared to SoC-based droop and Fuzzy methods. Finally,
Table II provides information regarding the time response for
ASoC when it is decreased in steps of 5% until SoC equaliza-
tion is achieved for SoC-sharing function, SoC-based droop,
and Fuzzy methods. Therefore, according to ¢;5 and i16, the
suggested approach offers marginally greater efficacy on CBB
with the B2B strategy. To conclude, the SoC-sharing function
exhibits superior performance in the proposed redundancy-
based dc MG.

TABLE Il
COMPARING AMONG OTHER METHODOLOGIES: THE TIME IT TAKES FOR
ASOC TO DECREASE BY 5% INCREMENTS UNTIL IT REACHES 0%.

ASoC | SoC-sharing function | SoC-based droop | Fuzzy
25% 1.31s 22s 2.0s
20% 27s 50s 44 s
15% 45s 85s 72's
10% 6.8 s 135s 113 s
5% 10.5 s 22.0s 16.4 s
0% 30.1s 50.0 s 45.0s
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VI. CONCLUSION

In this paper, a modified redundancy-based EMS for MGs
was proposed, which involved designing an SoC-sharing func-
tion to balance the SoC of BESSs. The proposed dc MG
is composed by a combination between CBC and CBB that
interface the BESS, while a dc/dc Boost connects the dc-utility
to the common dc-link. As a result of this configuration, if the
dc MG face electrical faults or maintenance, the operation can
continue to balance the SoC. Thus, the SoC-sharing function
is addressed with B2B equalization on CBB and with a
contribution of power to the dc load. As a result, this dc MG
can be applied in system that electrical uncertainties events
can unbalancing the BESSs, but must continue provide power
according to load demand. Then, B2B equalizes the BESS in
the CBB module, while CBC provides more stable voltage on
dc-link.

Firstly, the SoC-sharing function was presented, then the
Lyapunov’s indirect method addressed that the proposed con-
figuration is stable, taking into account a power demand of
750 W applied to the dc-link, each BESS unit having a
capacity of 250 W and the dc-utility rated at 500 W. In
sequence, an experimental setup along with simulations via
Matlab/Simulink evaluate the performance of the proposed
algorithm to prove the feasibility of the methodology designed
for MGs. The comparison with other methodologies revealed
the following results: using the SoC-sharing function, the SoC
difference among BESS units takes 10.5 seconds to reach
5% and 30.1 seconds to achieve equalization. On the other
hand, in a SoC-based droop control scheme, it takes 22.0
seconds to reach 5% SoC difference and 50 seconds to achieve
equalization. Additionally, using a the Fuzzy approach, it takes
16.4 seconds to reach 5% of SoC difference and 45 seconds to
attain balance. In conclusion, the proposed redundancy-based
dc MG proves to be more suitable for operation when utilizing
the suggested SoC-sharing function.

APPENDIX
NOMENCLATURE FROM THE COMPLETE DC MG MODEL

CBC
topology

and
with
T

state vector of
modelled as one

Lcp-
CBB
lie1 iz wver irs ira Vo2 iLs ire VC3 Vo) ;
éir1, €13, €irs, €;re and €y, error of currents
éiL = Z‘L_r’ef - Z‘L and éutility = iutility_ref - iutility;

Ucp and WUygiiey: input vectors of CBC and CBB mod-
elled as one topology and utili;y converters defined as
[Vbat1  Vbat2 vo]T and [Vutitity]

.. . T

Tritivy: utility state vector defined as [iutitity Vo] :

Acp(k1, ko, ks, kq): state space from the model on Fig. 2
as a function of the PWM duty cycles ki, ko, k3 and k4
applied on the switches (Si, S2, S3 and S4). The matrix
indices (1:9,1:10) avoid the parameters related to v,, while
(10,1:10) considered them,;

By(k1, ko, k3, ky): input matrix with indices as (1,1) to
select the parameters related to ©¥,, while (2,1) avoid the terms
related to them;

Autitity = Autilityo+Kutitity Autitityk: state space model of
utility. The matrix indices (1,1:2) select the parameters related
to dc-link voltage, while (2,1:2) avoid them;

B titity = Butitityo + Eutitity Butitityk: input matrix of
utility with indices as (2,1) to avoid the parameters related to
v,, While (1,1) consider them;

Hirpy, Hips, Hips, Hire and Hiyg46,: current gain sen-
SOrS;

— RzOCO ): integration of the dc-utility and CBC converters.
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