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Economic Operation Optimization under
Real-Time Pricing for an Energy Management
System in a Redundancy-Based Microgrid

Thales Augusto Fagundes, Guilherme Henrique Favaro Fuzato, Member, IEEE,
Rafael Fernando Quirino Magossi, Manuel Antonio Barrios Flores, Juan C. Vasquez, Senior Member, IEEE,
Josep M. Guerrero, Fellow, IEEE, and Ricardo Quadros Machado, Senior Member, IEEE

Abstract—DC microgrids (MGs) represent self-contained
systems for distributing and managing electricity locally,
offering advantages in terms of efficiency and control. This
paper proposes the optimization of redundancy-based dc
MG, emphasizing the integration of an intelligent algo-
rithm to minimize operational costs under real-time pricing
conditions and also increase the efficiency operation. The
redundancy-based dc MG consists of a cascaded bidirec-
tional Cuk converter (CBC) linked to a cascaded bidirec-
tional boost converter (CBB), sharing two battery energy
storage system (BESS) units as common inputs. Thereby,
two boost converters interface the dc utility and FC to the
dc-link of the CBC. The redundancy-based dc MG operates
with a coordinated and decentralized control among the dc
utility, fuel cell (FC) and two BESS units. The energy man-
agement system (EMS) employs droop control for the dc
utility and FC, while BESS units adhere to a state-of-charge
(SoC)-Sharing function. Additionally, the particle swarm
optimization (PSO) dynamically adjusts EMS parameters for
optimal real-time performance. Then, a stability analysis
determines MG operational boundaries, and the effective-
ness of the method is confirmed through experiments using
Typhoon HIL and dSPACE setups. Finally, comparative eval-
uations against traditional SoC based droop and Genetic
Algorithms (GA) demonstrate the cost reduction of the
proposed approach.

Index Terms—battery energy storage system (BESS),
energy management system (EMS), operating cost, particle
swarm optimization (PSO), state-of-charge (SoC) equaliza-
tion.
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S the employment of renewable energy sources (RES)

has grown to reduce the negative impact of pollution
produced by conventional power plants that use fossil fuels,
several studies have proposed methods to enhance the opera-
tion of RES connected to power converters in dc microgrids
(MGs). Consequently, the power flow coordination is managed
through the energy management system (EMS), while the
optimization process ensures that the MG operates at an
optimized operating point [1]. In the context of EMS, droop
control techniques were employed to regulate the dc-link
voltage in [2]. As a result, the droop control stabilizes the
grid voltage in the primary control, while the power balance
is restored after uncertain events in the secondary control level
[3], and the tertiary control layer coordinates power flow using
the EMS [4].

Furthermore, the state-of-charge (SoC) based droop is
crucial for effectively managing the energy transfer within
the battery energy storage system (BESS) units in a MG.
It ensures the SoC equalization and prevents unpredictable
charge/discharge rates that could potentially decrease battery
lifespan, as highlighted in [5]. In line with this, the work in
[6] proposed a traditional SoC based droop approach incorpo-
rating a modified virtual resistance as an SoC function, while
in [7], a Fuzzy controller is introduced to integrate the virtual
resistance into the SoC based droop approach. Additionally,
[8] implemented a scaling coefficient by weighting the SoC.

Importantly, the focus is not only on modifying the coeffi-
cients of the virtual resistance in a droop control to achieve
SoC balancing among the BESS units. Alternatives include a
sigmoid function, as proposed in [5], and a Fuzzy controller
which coordinated the power flow through the dc-link, as
discussed in [9]. Nevertheless, in terms of SoC equalization,
economic dispatch specific to BESS operation and concerns
related to minimizing energy losses in dc MGs were not
addressed in [5], [7]-[10].

Conversely, numerous strategies have been explored to
enhance the optimal functioning of a MG, taking into account
objectives such as minimizing energy losses, implementing
economic dispatch, and improving load balancing. For in-
stance, a cost-effective solution was implemented in [11] using
a genetic algorithm (GA) within a droop control six-bus dc
MG. However, aspects regarding SoC equalization were not
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addressed in this study. Similarly, a distributed optimal control
technique was introduced in [12] to mitigate operational losses
and maintain stable the dc-link voltage in a dc MG using
the Karush—-Kuhn-Tucker conditions, although this type of
solution did not involve any application based on the BESS
units.

Concerning [13], the economic dispatch employed the La-
grange multipliers approach but omitted SoC balancing among
BESS units. Conversely, [14] proposed the use of a particle
swarm optimization (PSO) to determine optimal parameters
for a virtual-battery model, with the objective of minimizing
daily operating costs within a dc MG. Remarkably, this
approach took into account SoC equalization within a conven-
tional dc MG structure. Lastly, [15] focused on implementing a
pure voltage-based optimal control method in a dc MG, where
there was a lack of BESS applications.

In the context of dc MG structures, most optimization
problems were applied to generic models, such as multiple
sources connected to a common dc-link [14], or multiple buses
[11], [12], [15]. However, the topology of dc/dc converters,
which impacts the performance, was often overlooked. Redun-
dancy in power converter structures addresses the challenges
of unpredictable operation in shipboards [16] and also ensures
the operation of military, aerospace systems, and healthcare
devices [17]. In addition, parallel modules in dc/dc converters
are crucial for improving reliability in dc MGs coordinated by
an EMS, as mentioned in [18]. For instance, [19] addressed
the EMS in a redundant hybrid dc MG, while [20] proposed
a multilevel bidirectional dc/dc converter for shipboard appli-
cations. However, there are no optimization strategies related
to EMS parameters in [19], [20].

Accordingly, this paper presents a solution for an optimiza-
tion problem that considers the operating cost of the fuel cell
(FC), dc utility and the BESS units in a redundancy-based dc
MG. Thus, the EMS employs the droop control to manage the
FC and dc utility, and it utilizes the SoC-Sharing function to
balance the SoC among the BESS units, with their parameters
(droop control and SoC-Sharing function) modified by the
PSO technique according to the real-time pricing of electric-
ity and hydrogen (H3). In this context, Fig. 1 defines the
redundancy-based dc MG, which connects each BESS unit into
two distinct common inputs, along with two boost converters
to integrate the FC and the dc utility into the main dc-link.
Additionally, Fig. 2 illustrates the redundancy arrangement
composed of a cascaded bidirectional Cuk converter (CBC)
and a cascaded bidirectional boost converter (CBB).

Since real-time measurements from the redundancy-based
dc MG are sent directly to the PSO, the CBC is suitable
for calculating the power demanded on the main dc-link
within a specific time range defined by the PSO algorithm.
Furthermore, the CBB equalizes the BESS units using a
battery-to-battery (B2B) method through the secondary dc-
bus. Additionally, the redundancy accomplished through the
CBC and CBB is suitable for maximizing the BESS operation
and also reducing the operating cost of the FC and dc utility
when the parameters of the SoC-Sharing function are adjusted
by the PSO.

The authors also analyze the stability of the redundancy-

based dc MG by employing Lyapunov’s indirect method as
applied by [21]. Therefore, the redundancy-based dc MG
average model is defined by coupling the CBC, CBB and
the two boost converters used as interfaces on the FC and
the dc utility terminals via dc-link, with the CBB and CBC
incorporated as one single power structure.

Finally, as the objective is to assess the behavior of SoC and
current dynamics in a redundancy-based dc MG, it is assumed
that the State-of-Health (SoH) is the same for each BESS.
Therefore, BESS units operating with similar SoC levels
degrade their SoH equally, as indicated in [22]. Additionally,
the SoC-Sharing function optimized via PSO is compared with
the SoC based droop, also optimized by the PSO, as well as
the SoC-Sharing function optimized via GA.

Accordingly, the main contributions of the paper are de-
scribed as follow.

1) By incorporating redundancy into the dc MG, the re-
liability and stability of the system can be increased.
This is achieved by dividing the BESS currents, while
considering the economic cost of operation and adhering
to the constraints of the redundancy-based dc MG;

2) EMS parameters are integrated into a real-time optimiza-
tion algorithm based on economic dispatch;

3) A cost-effective strategy that considers a redundancy-
based dc MG and SoC equalization for BESS units.

The paper is structured as follows: Section II discusses
the proposed redundancy-based dc MG. Section III explains
the EMS with the droop control and SoC-Sharing function
modified by PSO. In Section IV, the optimization problem
with the operating cost is addressed. In Section V, the stability
analysis using Lyapunov’s indirect method is presented. The
experimental results of the EMS operating with PSO are shown
in Section VI. Lastly, the paper concludes with Section VII.

[I. SYSTEM DESCRIPTION

The proposed redundancy-based dc MG presented in Fig. 1
consists of CBC and CBB modules. The FC and dc utility
are connected to the dc-link through boost converters, while
BESS1 and BESS?2 are tied to the CBC and CBB inputs. In
the same picture, vy, Vytilitys Ubat1,» and vpqso TEpresent the
voltages at the FC, dc utility, BESS1, and BESS2 terminals,
respectively. The corresponding currents supplied by them
are denoted as iy, tutilitys tbatl, and ipgeo. In this way, R,
represents the dc load connected to the CBC dc-link, while
the inductance currents through L1, Lo, L3, L4, L5, and Lg
are denoted as ir1, ir2, i13, 14, i15, and ipg, respectively,
with ipgs1 = ip1 +4ir5 and ipat2 = i3 + iLe-

The CBC dc-link capacitance with terminal voltage v, is
C,, and Cj3 represents the secondary bus capacitance with
voltage vc3 measured at the CBB output. The capacitance C
receives energy from BESSI1, and Cy receives energy from
BESS2, with the voltages v¢cp and veo computed at their
respective terminals. Both bidirectional topologies utilize con-
trolled semiconductors S, Sa, S3, and S, (direct command),
as well as Sy, S5, S3, and S, (complementary command),
driven by classical PWM, as shown in Fig. 2.
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Fig. 1. Optimal EMS designed to the redundancy-based dc MG.

[1l. EMS METHODOLOGY

The EMS proposed in [5] coordinates BESS1, BESS2, FC,
and dc utility in a decentralized manner. It balances SoC; and
SoC, of BESS1 and BESS2, and supplies power to the dc
load connected to the dc-link.

A. System Control

The current references, denoted as ir1 oy and 13 ref, are
defined by two SoC-Sharing functions using Sigmoid 1 and
Sigmoid 2. These SoC-Sharing functions take SoC1, SoC,, and
v, as inputs to process current references for both inductances.
Additionally, the voltage vc3, combined with SoC; and SoCo,
provides %15 rey and iz res using Sigmoid 3 and Sigmoid
4, respectively. Subsequently, the current references (ir1_pef,
113 refs LL5_refs and ir6_ref) are compared to the measured
inductance currents (i1, ¢13, ¢15, and i1g), with the resulting
values processed through the PI controllers. It is important
to emphasize that PI tuning is crucial for achieving a rapid
response from current steps during the optimization process.

In the context of the the FC and dc utility, a classical
droop controller is employed on the FC management to

raw Cascaded Bidirectional Boost
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Fig. 2. BESS1 and BESS2 connected to the CBC and CBB.

determine i._r.y, taking the voltage v, as its input. Similarly,
the dc utility management employs another droop control,
also utilizing v, as input to calculate 7,41y rep. Later, the
measured currents, namely 4y, and %44y, are compared with
their references. Finally, the results are then processed through
their respective PI controllers to produce their duty-cycles.

B. Optimal Droop Control

The authors propose a droop control, optimized by the PSO,
to produce the current reference ¢soyrce_rey. This reference
takes the form of iy, ..y for the FC and 4y415¢y_res for the dc
utility, as defined in (1).

50 PSO

P P

, Vo  Upco+Av

tsource_ref = Qldroop _A’U + T (1)

term in p.u.

where v, is the dc-link voltage (although the Cuk’s terminal
voltage is negative, the voltage sensor provides the absolute
value of the measured voltage), and Av is its voltage range.

The PSO algorithm modifies two key parameters in the
mathematical model defined by (1), namely ag;.00p and vpco.
The parameter /g,.,0p, determines the maximum current that
the source can supply by multiplying the per unit (p.u.),
while vpco affects the minimum dc-link voltage. Addition-
ally, the PSO algorithm adjusts both parameters to optimize
redundancy-based dc MG performance and maximize the
power production from each source.

Fig. 3(a) illustrates the optimal droop control and its impact
on the virtual resistance, which is calculated as 7y;rtua; =
Av/groop, considering the influence of cgro0p and vpco.

C. Optimal SoC-Sharing Function

The definition for the SoC-Sharing function is provided in
[5], and it is subsequently implemented in this study within a
redundancy-based dc MG. Thus, the currents reference from
the inductances L, L3, L5 and Lg are calculated considering
the mathematical model shown in (2).

Viink (V)

VpcotAV -

Vbco ...

Vpco+AV

[ Vooo+0.5Av [l
Vbco v o

v/ink ™)

(a) (b)

Fig. 3. PSO parameters: (a) modifying the droop control and (b) the
SoC-Sharing function.
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where efqct0r 15 the equalization factor and SoC is SoC; on
Sigmoid 1 and Sigmoid 3, while Sigmoid 2 and Sigmoid 4
receive SoCy as input. In (2), vy is the dec-link voltage
with v, for CBC and vc3 for CBB, vpcg is the minimum
voltage on dc-link according to CBB and CBC, while Av
is the voltage range. Additionally, the SoC-Sharing function
was plotted in Fig. 3(b) using 3-D reference frames, where
the current reference iz, ,.s is evaluated considering the dc-
link voltage v, and the SoC from the BESS. According to
this picture and (2), the parameters «;4 and vpco, which are
used in the SoC-Sharing function, are also addressed in the
PSO algorithm, thereby modifying the behavior of the SoC-
Sharing function.

For instance, Fig. 4 indicates the SoC-Sharing function in
relation t0 ¢7_rey (from -1 to 1 p.u.) and vy, (from 200 to
215 V), considering the EMS when the BESS has SoC levels
of 0%, 25%, 50%, 75% and 100%. As a result, if the BESS
is completely discharged (SoC lower than 25%), the current
reference is responsible for charging the BESS according to
the dc-link, except in cases of substantial power demand.
Conversely, when the BESS is fully charged, the algorithm
works to provide power according to the dc load demand.
Thus, the SoC-Sharing function can also play a crucial role
in managing the SoC limitations within the redundancy-based
dc MG.

Concerning Sigmoid 1 and Sigmoid 2 on CBC, the modified
PSO parameters are osig_cuk and vpco_o for the main dc-link,
while Sigmoid 3 and Sigmoid 4 on CBB receive osi4_poost and
vpco_ca for the secondary dc-bus. As (2) has a term defined in
p-U., Qisig cuk 18 responsible to define the amount of power on
CBC, while a4 _poost specifies the amount of power on CBB.
Furthermore, vpco_, is the same parameter for the droop
control which can define the minimum voltage on the main
de-link (on C,), while vpco_c3 can set the minimum voltage
on the capacitance C'3 according to the SoC equalization.

vlink ™)

Fig. 4. SoC-Sharing function considering the relationship between vy;,x
and iy, .y according to the BESS SoC-level.

V. OPTIMIZATION PROBLEM

Optimization is extensively employed to address operational
challenges within MG systems by identifying the most vi-
able solutions [23]. However, due to the presence of various
nonlinear elements in dc MGs, such as dc/dc converters,
dynamic response of FCs and BESS units during charging and
discharging, the optimization problems associated with them
are categorized as non-convex. Consequently, evolutionary and
particle swarm intelligence exhibit suitability for optimizing
the operation of the redundancy-based dc MG. In this context,
the PSO stands out as a well-known technique within swarm
intelligence, while GA holds a prominent position among
population-based meta-heuristic algorithm founded on the
evolutionary process [1].

The benefits of PSO in comparison to GA encompass its
simpler implementation requiring fewer tuning parameters, its
adeptness in retaining valuable information, and its efficiency
in preserving swarm diversity [24]. Therefore, the PSO is
a computational strategy inspired by bird flocking and fish
schooling behavior, aiming to find the best solution for a
given problem. It involves updating the particle swarm in the
search-space based on the mathematical operations involving
particle position and velocity. Initially, particle positions are
randomly generated, and their velocities are updated according
to their positions and the best cost obtained from the objective
function. Consequently, the particles move around the best-
known position in the search-space [25].

Therefore, the optimization structure designed to provided
the best parameters (particle position of PSO) to the EMS
are: Upco_o» VDC0_C3> Usig_cuks Usig_boosts droop_fec and
Qldroop_utility- Thus, the dc-link voltage v, is influenced
by vpco o, variation, while ves is impacted by changing
vpco_c3- Moreover, o;q cur defines the equalization current
on CBC by modifying Sigmoid 1 and Sigmoid 2, while
Qlsig boost impacts Sigmoid 3 and Sigmoid 4 designed to CBB.
Finally, the droop controllers on the FC and dc utility are
adjusted by Qgroop_fe aNd Qgroop_utility> T€SPeCtively.

A. Objective Function

The PSO receives from the lower level of control the
average currents Iy, I13, Irs and I from the inductances,
the average voltages Vpei1 and Vigeo from BESS units, the
average dc currents and voltages Lytitity, Vutitity, Lfec and Vi
from dc sources and the average power demanded on the main
de-link Pj,qq within a specified time interval At,;.

In addition, the redundancy-based dc MG cost is obtained
by the cost of the power flow through the BESS units (Zpq¢1
and Zjpq2), the FC (Zy,), the dc utility (Z,15¢) and the MG
power losses (Z;,ss). Then, the main objective of PSO is to
reduce the operational cost of dispatchable units according
to the real-time pricing by using the objective function (OF)
defined in (3) and described in [11].

After the process of data acquisition/transference within
the At,,; time frame to process the average information,
the PSO is turned-on to minimize the OF. To achieve the
aforementioned targets, the total costs are calculated according
to the real-time generation fees for electricity (Beje.) and Hy
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cost (Brr,). In sequence, the optimal parameters are adjusted to
decrease the operational expenses from the redundancy-based
dc MG, while also adhering to technical constraints.

minimize OF = Zbatl + Zbat? + ch + Zutility + Zloss (3)

B. Cost Assigned to the BESS

The operating cost of the BESS has the influence from the
battery charging efficiency (7.1,), discharging efficiency (14;s),
the real-time pricing of electricity (8¢;ec) and the BESS power,
as can be defined in (4).

Prot(Men—1
Belec %) 7Pbat <0

Zpat =
Pyat(1—1/m4is
ﬂelec bat( AT/nd )> 7Pbat >0

“4)

where P, is the BESS power, while AT identifies the
number of PSO steps in one hour.

C. Cost Assigned to the FC

The FC cost assigned to this type of alternative energy
source can be defined according to the Hy consumption, and
it is related with the power at its terminals, as shown in (5).
In this expression, the FC average current is Iy, the average
voltage is defined by V., while as. and by, represent the fuel
consumption in the FC and S, the real-time pricing of Hs.

are(Vielre)*+bse(Viclse
Zie = Bu, ( se(Viely )A-;r (Viely )) 5)

D. Utility Power Cost

The dc utility is held as the source that can provided power
to the grid according to the market price, which cost is defined
in (6), where Vity and Iy, correspond to the average
voltage and current at the grid terminals.

_ VutitityLutitit
Zutility - ﬁelec (W) (6)

E. Cost of the Power Losses

By analyzing the power flow during the redundancy-based
dc MG operation, the cost of the power losses can be calcu-
lated according to (7). In this mathematical solution, the aver-
age power through the FC, the dc utility, produced/absorbed
by the BESS units and demanded by the load are Py, Pytility
Pyat1s Poarz and Ppyqq, respectively.

Pye+Putitity+Poat1+Poat2— Pioad
Zioss = Belec ( L Y A’]ﬁ o = ) (7)

F. Constraints

The constraints are important to restrict the solution of
the optimization problem by setting conditions according to
the limits of operation in which the redundancy-based dc
MG works. Thus, a penalty is added to the operating cost if
some boundary are exceeded. Therefore, as the redundancy-
based dc MG operates with EMS, there is no need for
equality constraints. The constraints based on the inequalities,
defined in (8), are crucial to achieve the aforementioned

requirements, where 7" represents the lower limit of current
and I;¢" represents the upper limit of current for the BESS.
Subsequently, the BESS is able to operate within a secure
operational SoC range by imposing constraints of SoC based
on SoC™™ and SoC™"", along with the power gradient
limitation V Pyor = Pyat — Ppar(t + 1) [26].

Additionally, the minimum values for the dc-link average
voltages V,, and Vg3 are V™™ and V™, while the maximum
values are V_)"** and V/25*®. The average power produced
by the FC has to be inside the interval P}’c”" and P{e,
while the average power supplied by the dc utility between

;’t‘jﬁty and PJi%, . Moreover, the FC and dc utility must
operate with their power coordinated between £”**" and £™%*,
while the average power on the dc load terminals has to be
no greater than the upper limit P7%F and no inferior than
the lower limits P/ Finally, the PSO parameters have the
following lower limits: Vit . VEES oq, amin

min 7
sig_cuk?® “sig_boost?
max

min min : LN
Xdroop_fer Vdroop_utility> while the upper limits are VDCO_O,
Y maz Qmaz amaz qma QmaT

DC0_C3> “sig_cuk> “*sig_boost> “droop_fc’> “droop_utility*

min max
Ibat < Tyt < Iba,t

SoC™m < SoC' < SoC™®

|V Ppat| < APyas

vy <V, S yner

Vag™ < Ves < VA

Prt < Ppe < Pre®

Pﬂfﬁtq < Putitity < Pz?tlzalczcty

M < Pugitivy + Ppe < €M7 (3
Py < Ploas < Pl

V&S0 < Vbcoo < VBET

min max
Vet o3 < Vpoo_es < VBEy o3

min max
sig_cuk sig_cuk
min X mazx
CYsig_boost < Asig_boost < asig_boost

min max
adroop_fc < Qdroop_fc < adroop_fc
<

min - max
adroop_utility = Qdroop_utility < adroop_utility

« < Usig_cuk <a

G. Operation of the PSO

The PSO flowchart is presented in Fig. 5, where a random
solution is generated with the particle position being the
parameters provided to the EMS. After the time step of the
PSO, the average currents and voltages (in accordance with
the At,,; time frame) from the redundancy-based dc MG are
calculated, and used to evaluate the total operating cost, taking
into account the real-time pricing of electricity, the cost of Ho,
and the penalty for each constraints violation.

Additionally, if the calculated total cost is lower than the
local best cost produced in the swarm size (PSO population)
and the global best solution, then these values are updated as a
new total cost. Subsequently, the velocity and particle position
are adjusted based on the updated local and global best
positions, where the particle position represents the parameters
updated in the EMS operation. Finally, the performance of
PSO continues until the specified number of iterations is
achieved; then, the global best solution remains as the EMS
parameters. For instance, the best cost regarding the iterative
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Generate random solution
Provide particle position to EMS
applied on dc MG

Is the Aty satisfied?

Collect the average measurements
from dc MG in the interval of Atoy

Collect the price from electricity and H,

Evaluate the operation cost of the dc MG with
the objective function

Apply penalty in the objective function
according to constraints

Update the local best and global best solution

Update the velocity and position of each particle

Is the number of
iterations achieved?

Keep the best particle position on EMS
End

Fig. 5. Flowchart of the PSO.

cycles is evaluated, as exemplified in Fig. 6, and then the best
parameters are maintained in the EMS.

V. STABILITY ANALYSIS

The Lyapunov’s indirect method was applied to verify
the operation stability of the EMS employed in the dc MG
according to [21]. The interaction among dc utility and FC
converters, CBC, CBB and their controllers is represented in

).

Vo dCeoupled
if,ll,zg) Ach(ky, ka3, k) 30110 @y 4+ Bey(ky, ko, ks, ka) B0 2 ugy,
éir1 ip1_ref — Hipiip
éiL3 irs_rep — Hirsirs
éiLs irs_ref — Hirsirs (9)
Gine | iro_ref — Hireire
&y (G + kpe AT e e + (Bl + kB3 Juge
Ese iteves — Higeige
iff,ﬁftu (A(ulnizi)/l(l + kuh/vWAE,liiﬂk)m"”/lfz/ + B(ulzli?iyn + kuh/mtyB(ulzlizwﬁumr/'fy
| Eutitity | Tutitity_ref — Hiutititylutitity

Additionally, the term:

decoupted =(Aep(k1, ka, ks, ka) POz ) 4 (B (Ko, o, gy ka) 1011
2,1:2 2,1:2 2,1 2.1
= (AR 4 ke AT N — (BG4 ke B uge .

(2,1:2) (2,1:2) (2,1) (2,1)
<= (Aititgo t Futitity Ayitizgi)Tutitity = (Bugitirgo + Futitity Bugiiivg) Wutitity - - -

+ (2R

Best Cost

20

Iteration

Fig. 6. Example of best cost vs. iterative cycles.

specifies the influence of all power converters in the main dc-
link v,.

Thereby, the movement of the eigenvalues is
evaluated according to the Jacobian’s matrix. From
(9), the state and input vectors of the CBC and
CBB, modelled as one topology, are x. =
licy ir2 wver ins ipa Vo2 iLs ire UC3 Uo]T
and Uepb = [Vbat1 Vbat2 vO]T. In addition, the state and
input vectors of the dc utility and FC are x ;. = [z fe vO]T,
Tutitity = |Tutitity UO}T7 Uy and Uygi146y, While the error
of currents from the PI controllers are €;1.1, €;1.3, €5, €iL6»
éfc and éutility-

Regarding the state space, from the model illustrated
in Fig. 2 and (9), it is defined the weighted matrix
Ap(k1, ko, ks, kq) according to the PWM duty-cycles (k1, k2,
ks and k4) applied to the semiconductors, including the matrix
indices (1:9,1:10) that discarded the matrix row related to v,,
while (10,1:10) considered it.

Considering the dc sources, the state space matrices are
calculated as Ay = Ayco + kfcAjfer for the FC and
Avritity = Autilityo T Kutitity Autitityr for the dc utility.
In this set of matrices, the matrix indices (1,1:2) select the
row related to dc-link voltage, while (2,1:2) avoid it. Aiming
at the input matrices from the redundancy-based dc MG
model, B, (k1, ko, k3, k4) represents the model for the CBC
and CBB, while By, = By + kfeByer and By =
B titityo + Kutitity Butitityr are the input matrices for the
FC and dc utility. In the input matrices for the FC and dc
utility, the indices (2,1) neglected the parameters related to v,,
while (1,1) consider them. Finally, the current gain sensors
are Hiry, Hips, Hips, Hipe, Hif. and Hiygizeey, While

2 RZ"’CO> removes the redundant integration among FC, dc
utility and CBC converters.

A. Behavior of the Eigenvalues at Different Scenarios of
Analysis

In the study of stability, the movement of the eigenvalues
is calculated according to the Jacobian applied in the ma-
trix (9) and then the maximum real part of the eigenvalues
max(Re();)) is evaluated. In this analysis, four scenarios
were examined by considering combinations of variations in a
pair of parameters: the first scenario involved varying vpco_o
and vpco_cs3, as shown in Fig. 7(a). The second scenario
integrated g5 cur and Qigig poost Variations, as shown in
Fig. 7(b). In sequence, Fig. 7(c) represents the influence of
the dc source parameters (Qtdroop_fe aNd Qgroop_utility), While
Fig. 7(d) analyzes SoC equalization (represented by ASoC
— 0) during load maneuvers.

Taking into account all subplots in Fig. 7, when the pa-
rameters are not under analysis, they are set as constants
according to the following definitions: vpcg » = 250 V,
Upco_c3 = 150 V, Asig_cuk = Osig_boost — 5 (A/Pu),
Adroop_fc = Qdroop_utility = 10 (A/pu)v Pioaa = 200 W,
SoC; = 80% and SoC; = 20%. According to the obtained
results, the system is stable because the maxz(Re();)) is
negative (on the left side of the complex plane) in the complete
analysis.
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Fig. 7. Movement of maxz(Re()\;)): (a) considers dc-link variation
(vpco_o and vpco_c3), (b) applies SoC-Sharing variation (asig_cuk
and agig poost), (C) evaluates optimal parameters from droop control
in EMS of dc utility and FC (agroop_utitity @nd Qgroop_rc) and (d)
load variation on dc-link as a function of maxz(Re(\;)) and equalization
process when ASoC — 0.

Typhoon: DC microgrid
operation in real-time

Typhoon HIL

Typhoon output:
current, voltage and
SoC measurements Y

Typhoon
input

A output: PWM
signals

dSPACE

dSPACE: optimization, energy managament
system, SoC equalization and P1 controllers

read measurements

Fig. 8. HIL test model platform with the diagram showing the interaction
between dSPACE and Typhoon HIL.

VI. EXPERIMENTAL RESULTS

In the experimental results, the Typhoon HIL system pro-
vides the real-time performance of the redundancy-based dc
MG, while the dSPACE is responsible for sending the PWM
signals calculated by the controllers according to the optimal
operation mode of the EMS. The HIL test platform is showed
on Fig. 8, which includes a diagram depicting the interaction
between the setups through a printed circuit board (PCB).

The FC has the same parameters of H-1000 FC from
Horizon Technologies with a rated power of 1 kW and 20 A
as maximum current, while BESS is composed by a battery
pack of Li-Po batteries with a rated capacity of 60 Ah,
Nen = 95%, Nais = 95%, rated voltage of 36 V and maximum
current supplied/absorbed as 10 A. In addition, the dc utility
is represented by an additional dc source with 36 V and
maximum current of 20 A, the switching frequency is 20 kHz
and the dc-link voltage range Aw is set to 15 V.

Considering the PSO, At,,; = 9.6 s with a population of
25 individuals and 15 iterations. In order to reduce the impact
on the FC current dynamics, its droop control requires 1.2
s to change smoothly through gradual implementation, thus
minimizing the effect on its internal membranes. Furthermore,
Table I shows the values designed as constraints to the
PSO, which they are based on the redundancy-based dc MG
operational conditions and their limitations.

A. MG Evaluation with Load Maneuvers and failure in
BESS1

The redundancy-based dc MG operates according to the
real-time pricing for the Hy and the electricity in the period
of 3 h, as showed in Fig. 9. In this scenario, the initial SoC
levels for the BESS units are SoC; = 90% and SoCy = 10%,
there are steps of load on the main dc-link, and BESSI1
failure between 0.6 and 0.8 h. Although the PSO algorithm
may require more time to reach convergence due to the
EMS parameters being updated during each At,,;, the EMS
effectively manages the redundancy-based dc MG by keeping
its dynamics capable of handling load variations.

Evidently, 771 and ip3 follow the load maneuver on dc-link
because the SoC-Sharing function is responsible to provide
more current when the load increase. Conversely, iz5 and i1
are operating only with the optimal parameters calculated by
the PSO because there is no load tied on C'5. Therefore, both
currents go to zero when BESS1 enters the process of failure.

In addition, %454y and ¢y, remain able to respond the
changes produced by the events in the main dc-link, while
they are adjusted based on real-time pricing of Sejec, S, and
the constraints outlined in Table I. In terms of the dc-link
voltages vcs and v, there is no significant voltage deviation
with load maneuvers or BESS1 failure.

Furthermore, the SoCs of the BESS units continue the
balancing process, with SoC; remaining constant when BESS1
is under failure. In sequence, the BESS units approach 30%
towards the end of the redundancy-based dc MG operation at
3 h. Finally, the comparison between the total operating cost
is depicted in Fig. 10 when the authors are utilizing PSO, and
when they are not employing any method of optimization.

TABLE |
VALUE OF THE PARAMETERS SET ON THE PSO CONSTRAINTS.
Iy and -10 A e 10 A
SoCmm 10% SoC™maT 90%
|VPpEss] 15 W - -
Vman 200 V yma 415V
Vo™ 150 V Ve 165 V
Pre™ ow ppiow 250 W
wtility ow ey 250 W
gmem 100 W gmaz 500 W
S| MW | gmE | Y
DCO_o DCO_o
Vbéo_os 150 v VB&a o3 400 V
ag;,fzﬁcuk 0 A/pu. aﬁ;fcuk 10 A/p.u.
Z;ZI’I_LbOOSt 0 A/pu Z;_Iboost 10 A/pu
droop_fe 0 Afp. droop_fe 20 A/p.u.
Odroop_utitity | O AP | OGCT, writity | 20 Afpu.




IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS
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o failure in BESS1
—

15
Time (h)

Fig. 9. MG under operation from top to bottom: real-time pricing (Beicc
and Sy, ), current inductances (ir1, irs, irs and irg), FC and the dc
utility currents (iz. and i,¢i4¢4), de-link voltages (v, and vcs), load
variation (R,) with steps at 0.125 h and the SoC equalization process.

B. Redundancy-based constraint designed for the dc MG
operation under real-time pricing

In this analysis, the load is constant (400 (), the initial
values of SoC are SoC; = 90%, SoCy = 10% and the real-
time pricing is indicated in Fig. 11. Taking into account the
data from Table I, the redundancy-based constraint function
Vpat1iL1 + Vbat2trz < 30 W is addressed on the PSO, which
starts at 1 h and ends at 2 h. Thus, the SoC equalization should
occur through the CBC and CBB from 0 h to 1 h and then

[ load maneuver [ comparison | ©10°3
.
506 506 S 40
Q04 Qo4 Ef
S N 2 20
& 02 502 S
0 0 0
12 3 1 2 0 10 20
Time (h) Time (h) Iteration

B PSO [Ino optimization MGA W SoC based droop

Fig. 10. Comparison of the operation cost taking into account four
levels of analysis, one considering the PSO with SoC-Sharing function
(proposed approach), the second without optimizing the parameters, the
third based on the GA and the SoC-Sharing function and the latest
based on the PSO and SoC based droop. It also presents the best
cost vs. iterative cycle for each optimization as compared across each
experimental result.

through the CBB from 1 h to 2 h. In this context, the complete
test process is evaluated in Fig. 11(a), considering the SoC-
Sharing function optimized via PSO. Fig. 11(b) presents a
contrast with the SoC-Sharing function enhanced using the GA
algorithm. Finally, an additional comparison is illustrated in
Fig. 11(c), where the conventional SoC based droop is refined
via PSO method (SoC based droop proposed in [6]).

For achieving the GA convergence, the number of popu-
lation has to be increased from 25 to 40. Consequently, the
Atype is reduced from 9.6 s to 6 s which also decrease the
gradient time of the FC droop control parameters from 1.2 s
to 0.75 s. In addition, the comparison of total operating costs
among each method is shown in Fig. 10, and also the best
cost for each iterative cycle, highlighting the significance of
the proposed method.

1) Comparison between PSO and GA: considering
Fig. 11(b), it is evident that there are some individuals from the
GA population that fails to achieve the convergence, resulting
in more spikes in the behavior of i1, ir3, irs, ir6, ifc and
tutility When the GA is compared with the PSO in Fig. 11(a).

In addition, as the both methods present similar characteris-
tics in their operation cost, another optimization method would
present similarities. Therefore, in order to classify the best
approach between PSO and GA, it is possible to incorporate
the dynamics derived from the operation of the redundancy-
based dc MG to alleviate stress on the BESS and FC, and
the best cost in the objective function regarding iterative
cycles, as indicated in Fig. 10. In terms of implementation,
the GA convergence was achieved with a higher number of
individuals compared to PSO, which leads to a reduction in
the optimization time step that may also impact the dynamics
of redundancy-based dc MG.

2) Comparison between SoC-Sharing function and tradi-
tional SoC based droop: the BESS units take a longer period
of time to achieve SoC balancing when applying the SoC
based droop method in the PSO instead of the SoC-Sharing
function, as shown in Fig. 11(c).

Another disparity between the two approaches is the suc-
cessful operation of the redundancy-based constraint within
the SoC-Sharing function between 1 h and 2 h, while the power
demand remains confined to 7. and %4, in the SoC based
droop method, as depicted in Fig. 11(c). As a consequence, the
currents i75 and ¢y are significantly high enough to facilitate
SoC equalization in the SoC-Sharing function when compared
to the SoC based droop. Additionally, the best cost at each
iterative cycle is higher for the SoC based droop than for the
proposed approach, as indicated in Fig. 10.

VIl. CONCLUSION

This paper introduces a novel approach utilizing a PSO
algorithm to enhance the EMS responsible for coordinating
dc utility, FC and BESS units. The proposed methodology
involves gathering measurements from a redundancy-based dc
MG, followed by deriving optimal parameters that improve the
performance of the droop control and SoC-Sharing function
align with electricity and Hy costs. Consequently, the eco-
nomic operational expenses of the redundancy-based dc MG
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MG under operation at constant load with 400 €. Real-time pricing (8. and Bg,), current inductances (ir1, i3, irs and ireg), SoC

equalization behavior, FC current and dc utility current (i ¢. and i,414¢,): (&) SoC-Sharing function optimized by PSO. (b) SoC-Sharing function

optimized by GA. (c) SoC based droop optimized by PSO.

are reduced, and system efficiency is increased by factoring in
power electronics losses within the optimization process.

Furthermore, the integration of the PSO algorithm with the
dc MG configuration allows the use of redundant modules,
including CBC and CBB, during the SoC equalization process.
The paper also outlines the redundancy-based dc MG topology,
introduces the PSO approach for optimizing droop control and
SoC-Sharing function, and subsequently employs Lyapunov’s
indirect method to establish the stability of the proposed
structure. Experimental results are presented to validate the
effectiveness of the proposed approach.

Importantly, the utilization of the PSO algorithm signifi-
cantly reduces the overall operational cost when compared
to an EMS operating without any optimization strategy. In
comparison to the GA approach, PSO leads to lower stress
levels on BESS units and FC, and stands out for its easier
implementation. Furthermore, when compared to the conven-
tional SoC based droop, the SoC-Sharing function achieves a
faster balance in the SoC of the BESS units. As a potential
direction for future research, the consideration of the SoH
could be integrated into the operation of the redundancy-based
dc MG. This integration would involve assessing the operation
related to SoC equalization among BESS units.
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