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ARTICLE INFO ABSTRACT

Keywords: In this paper, we propose a new decentralized control and power-sharing strategy to manage the power
DC microgrid flow among energy sources (ESs), energy storage systems (ESSs) and the common dc-link. In the proposed
Power"Sharing technique, we eliminate all communication among the ESSs, to reduce the complexity and increase reliability,
Batteries maintaining dc-link voltage restoration. In this context, batteries and ultracapacitors (UCs) are the ESSs,
Ultracapacitor

while ESs can be any power source such as photovoltaic, wind, fuel-cell and etc. This technique shares
the microgrid power imbalance between batteries, proportionally to their state-of-charge (SoC) and energy
capacity, achieving SoC equalization. The technique also promotes voltage restoration for the UCs, keeping
their average voltage constant after supplying the power peaks during power transients. For all ESSs only local
variables are measured, such as local current and dc-link voltage, with no shared data between ESSs. Small
signal and stability analysis are performed, along with experimental results in a lab bench show the feasibility

DC-link voltage restoration

and performance of the technique.

1. Introduction

The concepts of dc microgrids were introduced several years ago [1]
to integrate different renewable energy sources (RESs), energy storage
systems and loads. Because of the dc characteristic, all kinds of ESs
and ESSs are connected to the dc-link via dc-dc power converters,
i.e. this type of solution does not need a mechanism of synchroniza-
tion, a methodology to control the reactive power flow, a strategy for
harmonic compensation or a method of phase balancing as well.

This type of solution shows reduced level of complexity when
compared to ac microgrids, at the same time the global efficiency and
the power quality are increased [2-5]. In this context, the key factor in
terms of management and operation of a dc microgrid is the controller
interface used to manage the ESs and ESSs, which needs to ensure the
stability of the dc microgrid and to provide power-sharing among the
ESs and ESSs [2].

A great number of control methodologies for power-sharing in
microgrids have been published in the last years [2-19], however,
all of them have either some communication line between ESSs, or
voltage error in the dc-link. In [2], a low-bandwidth communication
(LBC) combined with a droop control method was introduced to share

* Corresponding author.

the power among ESSs and to achieve dc-link voltage restoration. To
achieve power-sharing combined with voltage restoration, all the ESSs
communicate between themselves. Moreover, the Authors also did not
consider a composite storage system with batteries and ultracapacitors
(UCs), but only a battery storage system to absorb the whole load
transients.

In [6], the Authors apply a centralized droop strategy to manage
the microgrid and to share the power among batteries, however, the
technique does not include UCs as shown in [2]. A decentralized control
strategy is proposed in [7-9], where the dc-link voltage deviation was
used as load sharing signal, resulting in unavoidable voltage deviation
in the dc-link. Furthermore, a composite energy storage system with
UCs and batteries was also not considered, requiring from the storage
device the total effort to supply power steps produced by the load
connection as illustrated in [2].

In [10-12], the Authors considered a composite storage system,
combining UCs and batteries to share the power transients and steady-
state regimes. The dc-link voltage restoration was also implemented;
however, these functionalities use a centralized control strategy with
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Fig. 1. A general circuit of a dc microgrid. Because there is no need for a commu-
nication link, the ESSs and ESs do not need to be close to each other, allowing the
microgrid to be expanded in a big physical area.

a high-bandwidth communication (HBC) link between the battery con-
trollers and UC controllers as well. In addition, neither of these papers
considered the battery equalization nor the UC voltage restoration.

In [14], the concept of frequency-coordinating virtual impedance
is proposed for the autonomous control of a dc microgrid. With an
effective frequency-domain shaping of the virtual output impedances,
the battery and UC converters are designed to absorb low-frequency
and high-frequency power fluctuations, respectively.

However, despite achieving decentralized power-sharing among UC
and battery, with UC voltage restoration, this paper does not discuss a
scenario of multiple batteries (and equalization) or multiple UCs, nor
the effect of the time constant of their filters in the dynamic or stability
analysis.

Based on the aforementioned literature, we present the contribu-
tions of this paper to overcome the limitations presented in [2-19].
We propose a plug-and-play decentralized power-sharing strategy to
allow multiple batteries and ultracapacitors in a composite storage
system, with UC and dc-link voltage restoration, SoC equalization for
batteries and no communication required between EESs. The only com-
munication link among the ESSs is performed via physical connection
over the dc-link. The battery power-sharing strategy is based on simple
PI controllers with a high-pass filter (HPF) synchronization feature
(combined with a SoC based equalization gain). Stability analysis is
performed for many scenarios to prove the effectiveness of the proposed
approach.

Because this new strategy has a plug-and-play capability, the dc
microgrid can be expanded by simply adding new ESSs without the
need for redesigning the controllers or even reprogramming a cen-
tral controller, since the ESS control strategy is done independently
of each other. This paper is organized as follows: in Section 2 the
general description of the dc microgrid is presented, along with the
state-space model and the analysis of the power-sharing structure.
In Section 3, a mathematical analysis of the system is made, where
the root locus is performed to prove the system’s stability and the
influence of the SoC on the stability. In Section 4, simulation results are
presented, showing the performance of the proposed techniques under
different circumstances. Section 5 presents the experimental results,
corroborating the simulation and proving the effectiveness of proposed
techniques. Finally, Section 6 presents the conclusions of the paper.
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Fig. 2. Electrical representation of the dc microgrid.

2. System description, average model and proposed control tech-
nique

A general microgrid structure with the proposed ESSs control de-
vices are depicted in Fig. 1. As it can be noticed, the ESSs do not
have any communication channel between themselves, except the dc-
link physical connection. All the ESSs only measure local variables,
such as: the dc-link voltage (v,.), output current (ip,) and estimated
SoC for the batteries. For the UCs, the measured variables are the
dc-link voltage, output current (i) and the UC terminal voltage
(vye)- For equalization purposes, each battery estimates its own SoC
by integrating the output current (ip,) and the UCs calculate its total
energy by the terminal voltage (vy ().

2.1. Microgrid state-space model

The power electronic structure from Fig. 1 can be described as
Fig. 2, with four non-isolated bidirectional dc-dc converters, a dc
resistive load (R), a dc-link capacitor (C) and a current source (i,
+ depending on the power balance) to represent the ESs and Grid-tie
converter. The ESSs are described as two battery packs, one defined
as the Master and another as the Slave (BatM and BatS), modeled as
two independent dc sources (Vp,;, and Vp,s) and two ultracapacitor
devices (UC, and UC,) modeled as ideal capacitors. Additionally, the
dc—dc converter’s inductance is L,., R; for the inductance losses and
d,,...,d, are the converter’s duty-cycle. Each dc-dc converter can be
modeled using the general operator & =1-d; where j = 1,2,3,4. The
complete state-space model for Fig. 2 can be represented by Eq. (1)
and it will be used for the average simulation of the microgrid with
the proposed control strategy (see Eq. (1) Box I).

In order to design the current controllers and perform stability
analysis, each arm of the converter from Fig. 2 is represented by a
generic bidirectional converter (Fig. 3). This simplification is done
in order to obtain the small signal transfer function of each arm. In
this representation, the ESSs are modeled as an ideal voltage sources
(V;n) with a series resistance (R; ). Even the UCs will have the same
representation, since they are very large capacitors and the control
strategy will keep their average voltage constant. C;y is the input
capacitor for the converter and the dc-link is defined as an ideal dc
voltage source, based on the fact that in normal operation v,;, will be
controlled with constant average value.

Obtaining the state-space model of Fig. 3 and applying the small
signal analysis, Eq. (2) can be written

i (s
Ge(y = L =
d(s) @
_ Vie(RinCrys + 1)
RiNCinLyes? + (R R NCyy + Ly)s + Ry + Ryy

and represents the dynamic response for each dc-dc converter of the
microgrid. This representation will be used to design the current con-
trollers for all the microgrid arms.
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Fig. 3. Generic model for all ESSs converters.
Fig. 4. UC control unit.
2.2. Proposed power-sharing
Battery equalizer
it Master battery controller
The proposed control structure for management of the UCs and =
batteries are depicted in Figs. 4 and 5, respectively. The goal of this iBam
technique is to share the peak transient power among the UCs with
terminal voltage restoration, share the steady-state power among the
batteries with SoC equalization and dc-link voltage restoration, all Battery Power
without communication among ESSs. controllert converter
Resuming the UC control strategy (Fig. 4) in simple terms, the
current reference is generated by a HPF response (Eq. (3)) on the
dc-link voltage error, generating a peak current for every fast load (a)
transient.
Battery equalizer
1 i Slave battery controller
LPF(s) =K, 1Buts [ y
A @
Ts D
HPF(s) =K, f
®) ‘rs+1 i reset(t) Bars
. . o . . *_ 1 LA (4
This current peak will then create a voltage deviation in vy, which Vac—0 ’ e e®
is restored by the UC voltage compensation branch. This compensation Ve reset(t) B regt(t +t0) Battery Power
- » controller converter
hold

deviation. In order for the voltage compensation not to disturb the HPF
response, a low-pass filter (LPF) is applied on the voltage error, thus
delaying the restoration process to act only after the HPF. For that to
be effective, the time constant of both filters () have to be equal, or
the LPF slower than the HPF.

For a microgrid with multiple UCs, the control technique applied
for each of them is identical (Fig. 4), except for the gains, in case each
UC has a different size. The HPF gain (K,) is adjusted according to the
UCs capacity, where the biggest one is K, = 1.0 and the others will
be defined proportionally to their size. Thus they will share the power
transient peak proportionally to their energy capacity.

The battery control system (Fig. 5), when multiple batteries are
used, is built with one battery defined as the master (Fig. 5(a)) and
all the others are set as slaves (Fig. 5(b)). In this case, only the master

HPF~||—

reset(t+to)
(b)

Fig. 5. Battery control unit. (a) Master battery controller and (b) Slave battery
controller. In this technique an infinite amount of slaves can be part of the microgrid.

is responsible for the dc-link voltage integrity, while the slaves only
share the load, without any stability concern.

The master battery (BatM) works based on a simple dc-link voltage
PI controller (PI,) in series with a LPF and a current PI loop (PI}). In
order for the batteries to equalize their SoC, a proportional gain K(SoC)
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Fig. 6. Effect of the SoC on the battery controller, adjusting K(.SoC), making the battery
with higher SoC to supply higher current when discharging and absorb the lowest
current when charging.

adjusts the PI, output according to Eq. (4).

SoC if
1-SoC if

PI, >0

PI, <0 “

K(S0C) = {
This gain makes the battery with higher SoC supply the highest current,
when discharging, and absorbs the lowest current, when charging,
leading to a point where all the SoCs and currents will be equal. The
effect of K(SoC) in the battery current can be illustrated by Fig. 6.

It is important to remark that is not possible to ensure full equal-
ization for all circumstances, since there is no communications among
ESSs. The only guarantee we have, is that the ESSs will always try to
converge by sharing the load proportionally to their SoC, and eventu-
ally equalizing. However full equalization will depend on the behavior
of the load and power generation, which are random. The only way
to ensure full equalization is to include a communication layer with a
central management, forcing each device to a specific setpoint for each
situation. However this is not the proposition of this paper, and is a
consequence for the simplicity of the technique.

The LPF has the function to make the battery current reference to
change slowly during power transient and preserve the battery’s life.
This is possible since the UCs are responsible for the fast transient, thus
the battery response can be slower. For this technique to be effective,
the time constant (z) of the LPF of the battery has to be equal to the
HPF of the UCs controller. The filter gain (K,) can also be adjusted,
when batteries have different capacities, making them to share power
according to their size.

In order for the master battery to be synchronized with all the
slaves, with no communication, all the PI, gains have to be identical
and a reset feature is included in it (reset of the integral). The reset
is performed by a HPF combined with a threshold trigger, thus every
time this trigger is activated the integral of the PI, is reset. This means
that at every power transient in the dc-link, the voltage controller is
restarted. This feature will be further explored and better understood
after the slave control is presented.

The slave battery controller is an adaptation of the master control.
As it can be noticed in Fig. 5(b), the main line of the controller is
identical to Fig. 5(a), with the K(SoC) gain for equalization and the HPF
for reset and synchronization of PI,. The main difference is a selection
switch between the PI, output (position A) and a HOLD block output
(position B), that holds the PI, value when it is triggered. In steady-
state, the switch is always in the position B, with a constant current
reference value from the hold block. After a random fast transient, if a
reset happens (at instant r), the PI, is reset and the switch moves to
position A, and going back to position B after 7, seconds (Fig. 7). At
the moment the switch goes back to position B, the hold block saves
the final value of PI,, keeping it until the next reset event.
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Fig. 7. Behavior of the switch in the slave control systems. After every fast transient,
resulting in a reset signal, the switch goes to position A and back to B after 7, seconds.
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Fig. 8. Flow chart of the dc microgrid and control technique.

In simple terms, the slave batteries will keep a constant current
delivery in steady-state, and at every power transient they use a tempo-
rary PI controller only to define the new reference. Since all batteries,
master and slaves, are reset together at every transient, their PI,
controllers will accumulate approximately the same value after ¢, (if
they have the same parameters), sharing the current equally. Using the
K(SoC) and the LPF gain, the power share can be modulated according
to SoC and battery size.

It is important to remark that the slave controller cannot stay for
long time in the position A, because small differences (for long periods)
between the master and the slave voltage measurements can lead to
uneven sharing. The switch should stay in position A just enough time
for the dc-link voltage to be recovered. Since there is no communica-
tion between the ESSs, more slave batteries can be connected in the
microgrid at any time. The only procedure a new incoming battery has
to perform is a fast forced current transient, in order to reset all the
controllers and synchronize the master and the slaves.

3. Stability analysis

To analyze the stability of the proposed system, the transfer function
of the microgrid from Fig. 2 is built and the root locus will be analyzed,
evaluating the ESSs stability on the dc-link compensation. Additionally,
we plot the behavior of the poles of the main control loop when K (SoC)
assumes different values, affecting the global stability.

Representing the dc microgrid in a flow chart, considering only one
battery (master battery) and one UC, for stability analysis, we obtain
the model in the frequency-domains as shown in Fig. 8. In the same
figure, the dc—dc converters are represented by the transfer function
G(s) and its controller, PI;(s).

In Eq. (5), we represent the effect of the dc-link voltage error (9,.(s))
in the UC current (i, (s)).

fyc(s) Fes) G (s) PI,(s) ®)

Dge(s) — L+ Ge(s) PI(s)

For this case we consider the UC terminal voltage constant, so we
neglect the UC voltage restoration branch. The effect of the dc-link

G(s) =
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Table 1

System parameters.
Parameter Symbol Value
ESS equivalent model voltage Uro 80V
dc-link voltage reference v 250V
UC voltage reference Vie 85V
dc-dc converter input capacitance Cin 1000 pF
dc—dc converter inductance Ly, 3mH
Microgrid load R 70 Q
ESSs equivalent model resistance Rin 0.01 @
Resistance of the inductance R, 0.1Q
P1I, proportional gain P, 2
PI, integral gain 1, 2
PI; proportional gain P, 0.01
P1I; integral gain I, 1
HPF gain K, 1
LPF gain K, 1
LPF and HPF time constants T 0.05s
Equalization gain K(SoC) 0.5
Reset timer t, 200 ms

Root Locus Root Locus

Imaginary Axis (seconds’')
—_—

Real Axis (seconds™! Real Axis (ssconds™)

Fig. 9. Root locus of G, (s)|. 10 for K(SoC) = 0.5 and K(SoC) = 0.1, respectively.
s ()=

This shows that the lower is “1\<(SnC), less stable is the system, since the highlighted
pole moves to the right when the gain is reduced.

voltage error in the battery current (ig,(s)) can be represented by
Eq. (6).

Ipar(5) Ge(s) PI(s)
Dgc(s) 1+ Ge(s) PI(s)
Finally, the dc-link with its resistive load can be represented by Eq. (7).

Gy(s) =

= PI,(s) K(SoC) LPF(s) (6)

_ ﬁdc(s) _ R
i(s) RCs+1

7

Combining these sub-systems, as in Fig. 8, we have a simplified repre-
sentation for the microgrid as Eq. (8).

G () _ (G1(9) + Gy(5)G5(s)
T =0 1+ (Gy(5) + Go(5))G5(s)

The parameters used for the root locus are presented in Table 1 and
are applied in Eq. (5) to (8) for two different values of K(SoC).

The result from Fig. 9 gives a very interesting conclusion: the
smaller is the K(SoC) gain for the master controller, less stable the
microgrid becomes. Since this gain is adjusted automatically according
to the SoC of the master (Eq. (4)), the technique has to limit this gain,
avoiding low values to prevent instability. This result is obvious if we
consider that the gain K(SoC) modulates the PI, output, thus if the
gain is small, then the PI, action reduces, resulting in less stability.
As a consequence, in practice, the master battery must have a SoC
equalization band zone, with a higher and lower limit, when out of
that, the equalization feature is disabled. For the slave batteries, this
feature has no consequence for the stability of the microgrid, since only
the master is the responsible for the dc-link voltage integrity.

As mentioned before, the time constant of the LPF of the batteries,
the HPF and LPF of the UC must have the same value in order to work
with harmony. These filters work to preserve the batteries from fast

(€))
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Fig. 10. Root locus of G,,(s) for K(SoC) = 1 and = changing from r = 0.05s to z = 0.15s.
As consequence some poles move to the right, reducing the stability of the system.

Table 2

Simulation parameters.
Parameter Symbol Value
Battery voltage Veass Vaas 75V
Ultracapacitor 1 uc, 0.2F
Ultracapacitor 2 uc, 0.1F
dc-link capacitor C 1000 pF

current transients, transferring them to the UCs. Low r means fasts
transients, bigger = slower transients, sparing more the batteries. Using
Eq. (8) for K(SoC) = 1 and changing the time-constant of the filters
from r = 0.05s to = = 0.15s, we can also analyze the influence of =
in the stability of the system. From Fig. 10 it can be seen that when
7 is increased, some poles move to the right, reducing the stability of
the system. This means that, the slower the battery transient is made,
less stable is the system. However, since 7 is fixed during the operation
of the system, its value can be chosen to have a good overall stability.
We advise 7 in the range of some milliseconds, for good stability, and
providing enough current damping for the batteries.

4. Simulation results

In this section, average simulations using Eq. (1) are performed
in order to validate the proposed techniques from Figs. 4 and 5. The
controllers and converters are set with the same data from Table 1 and
the EESs are built as Table 2.

The connection of a slave battery into the microgrid can be seen
in Fig. 11. In order to be connected, the slave battery has to create
a power transient (current step), resulting in a reset in all the PI,
controller of the grid, synchronizing all ESSs. If the master and the slave
batteries have the same constant SoC, they share the current equally,
as in Fig. 11.

From Fig. 11 it can also be noticed that the two UCs share the power
peak proportionally to their capacitances (UC, is double size of UC,).
This is performed by adjusting the H PF gain as K,; = 1 and K, = 0.5
for UC, and UG,, respectively. The dc-link voltage and UC terminal
voltage are restored to 250V and 85V respectively, as expected.

The equalization procedure can be seen in Fig. 12, where the SoC
was modeled by integrating the battery current. The capacity of the
batteries was defined very low, in order to achieve equalization in a
few seconds. As it can be seen, for different SoCs, the batteries share
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Fig. 11. Average simulation using Eq. (1) and the proposed control technique from
Figs. 4 and 5. The slave battery is connected to the system at 5s by creating a current
transient. At 8s and 12s i,, changes in step, from 6 A to 0A and back to 6A. In this
case both batteries have the same constant SoC, sharing the load equally.
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Fig. 12. Average simulation considering variable SoC. After some cycles of charge and
discharge the master battery equalizes with the slave, sharing equally the load.

the current proportionally and after some charge and discharge cycles,
their energy level equalizes, as proposed.

These simulation results show that the proposed goals are achieved,
sharing peak power between UCs, steady-state power between batteries
with battery equalization, UC and dc-link voltage restoration, using no
communication line between EESs.

5. Experimental results

In this section the experimental results are performed in order to
prove the effectiveness of the proposed strategies in a real scenario.
Fig. 13 shows the experimental setup built according to Fig. 2, with
the same parameters as the simulations, Tables 1 and 2, except for the
UCs that both are identical 0.1 F. Each ESS is controlled by a separate
processor (32-bit SAM3X8E ARM Cortex-M3) with no communication
between them.
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and the voltage deviation is restored after every burst to 85V. The dc-link voltage is
also restored to 250V after every transient.

The transient behavior of the UCs and dc-link can be seen in Fig. 14,
when subjected to i, steps. As expected, their terminal voltages are
being restored to their original state (VJ c= 85V and VL’; c= 250V) after
every power transient. The UCs also supply the peak transient current
required at every power step in i.

The UC voltage reference (V) is defined according to the max-
imum voltage gain of the DC-DC interface converter. In this case it
was chosen to be 3x smaller than the DC-link voltage, but it could be
any value from 250V > V. > 85V or IX < gain < 3x. If another
DC-DC converter topology is used, this range can be reevaluated to
the gain range of the chosen converter. The stability of the system is
affected only by the dynamic of the interface DC-DC converter and is
not affected by the chosen UC steady state voltage.

In order to include any extra battery into the microgrid, a simple
procedure should be followed: the new slave should create a power
transient, resetting all the controllers and synchronizing the ESSs.
Fig. 15 shows exactly this procedure, when ip, ¢ goes from 0A to 20A
and back to 0 A. After this step is over, the slave battery is synchronized
with master, sharing equally the current, because they have the same
SoC.

As discussed in the previous sessions, the time-constant of the LPF
and HPF have the function to spare the batteries of fast current tran-
sitions. Fig. 16 depicts the behavior of the UCs under power transients
in the microgrid, when 7 is changed from r = 0.05s to 7 = 0.15s. As it
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Fig. 15. Experimental result, ig,g, igyy> Vpe and iyc; respectively. In order to be
connected to the system, the slave battery creates a voltage transient in the dc-link
using a current step. Thus resulting in a reset and synchronization of the controllers,
master and slave. After the reset the batteries deliver the same current because they
have the same SoC.
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Fig. 16. Dynamic behavior when time-constant of the filters are increased from 7 =
0.05s (A) to 7 =0.15s (B). All the transients become slower and the voltage deviation
of the UC increases, but it is restored right after to the intended value of 85V. In this
case SoCg,y = 0.4 and SoCy,s = 0.7 creating a proportional sharing.

can be seen, when the constant is increased, the current transients of
UCs and batteries become slower, sparing the batteries from fast current
change and creating bigger voltage deviations in V. This shows how
the time-constant performance is an important role in the behavior of
the system, however it was shown in the previous session that, bigger
7, results in less stability.

The normal operation behavior of the master and the slave after the
synchronization is depicted in Fig. 17. As expected, the batteries share
the steady-state power and the UCs the fast transient, restoring the UCs
and dc-link voltages. As proposed, it was not necessary to exchange any
data between the ESSs to achieve these results, thanks to the proposed
technique.

In case a smooth power transient is created by i, not strong enough
to trigger the reset feature from the technique (Fig. 5), the slave battery
will not take to itself any share of the extra power. Thus, the master
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Fig. 17. Experimental result, i, i gy Vpe and iyc, respectively. Batteries supplying
steady state regime power and UCs the transient power. After synchronization, in every
power transient the batteries share the transient equally, because their SoC is the same.
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Fig. 18. Experimental result, ig,g, igun> Vpe and iyc, respectively. If the master
battery have a change in the delivered current, created by i,, without detecting
any reset in the system, it will automatically create a disturbance and force a
synchronization reset, to recover the power share.

battery has to deal with all the extra energy alone, creating a sharing
error between master and slave. In order to solve this sharing error, the
master battery will always analyze its power deliver using a threshold
limit (defined by the operator). Thus, after every synchronization reset,
the master battery will save the current deliver value (igy ;) and
keep comparing it to the instantaneous deliver.

If the threshold limit is hit, before a reset, means that there is shar-
ing deviation. Then, the master battery will create a power transient,
synchronizing again all the ESSs. Fig. 18 shows this procedure being
performed, equalizing the master and slave after an uneven sharing.
This method ensures that even if there would be a power-sharing
unbalance, it will not be too big. The size of this deviation is up to
the operator, since the threshold is adjustable. However, the smaller
the limit is; more reset events will be triggered during operation.

As it was proposed, the technique is plug-and-play, with the possi-
bility to integrate more EESs at any time. Fig. 19 depicts the microgrid
with three batteries and one UC, where we have one master and two
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Fig. 19. Experimental result, Vi, iguas igas: and ig,s,, respectively. Initially only
the master battery is connected, and then a first slave battery is connected, sharing the
load with the master. After some time, a second slave battery is connected, sharing
the load with the master and the Slavel. For this example, all three batteries have the
same SoC.

IgatM  1Bats1 1Bats2
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Fig. 20. Experimental result, V¢, iguars ipasi and ig,s,, respectively. The master
battery sharing the load with the two slaves equally during power transients in i,,. All
three have the same SoC.

slave batteries connected. For multiple batteries the procedure is the
same as in Fig. 15, every new incoming battery should create a power
transient, synchronizing with the master and the other slaves in the
system. In Fig. 19, the Slavel is the first to be connected, sharing
equally the load with the master after the reset. After some time, the
Slave2 repeats the connection procedure, sharing the total load equally
with the master and the Slavel.

Since the master, Slavel and Slave2 have the same SoC, they share
the same current after all synchronization, as in Fig. 20, showing the
behavior of the three ESSs during power transients created by i . If the
ESSs have different SoC, the technique will ensure proportional sharing
according to Eq. (4), as in Figs. 21 and 22.

The power-sharing if the master has a SoCp,,;, = 0.5, the Slavel a
SoCpus1 = 0.3 and the Slave2 SoCp,, s, = 0.5 is depicted in Fig. 21. If
the master has a SoCg, s = 0.5, the Slavel a SoCp,g; = 0.3 and the
Slave2 SoCp, s, = 0.7 is depicted in Fig. 22. In both cases, it is clear that
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Fig. 21. Experimental result, V¢, iguns igas: and igys,, respectively. In this case
S0Cpp = 0.5, SoCpyg; = 0.3 and SoCy,,s, = 0.5, resulting in the master and the Slave2
to share the same current, with Slavel with a smaller current delivery.
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Fig. 22. Experimental result, V¢, iguas ipusi and ip,s,, respectively. In this case
S0Cpypy = 0.5, SoCp,sy = 03 and SoCy,s, = 0.7, resulting in a power deliver
proportional to their SoC.

the proposed technique behaves as expected, sharing the load according
to the SoC with dc-link voltage restoration (V;, = 250V) even though
the ESSs are not using any communication channel among them.

6. Conclusions

In this paper a decentralized control strategy was proposed in order
to manage the power-sharing between EESs without communication
among the storage devices. In this strategy, the batteries are responsible
for supplying/absorbing the steady-state power transients and UC the
fast power transient, achieving UC and dc-link voltage restoration and
battery equalization. In addition, the proposed strategy presents plug-
and-play capability, without requiring any control redesign in case of
system expansion, increasing the system reliability and versatility.

A stability analysis was made; and it was shown that it is affected
by K(SoC) on the master battery. Thus, this gain has to be limited in
order to keep the system stable. The average simulation showed a high
degree of precision, since all the results obtained in the simulator were
observed in the experimental bench.
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The lab results show that the proposed technique is a very simple
and powerful way of integration for ESSs into a microgrid. Seeing that
it uses simple PI controllers with some very straightforward adaptations
and does not require a communication channel among ESSs. A big
advantage compared to other proposed techniques in the literature,
where most of them use very complex mathematical functions or very
complex control structures, combined with a communication link in
some cases. The lab results also showed how effective the proposed
technique is in integrating several ESSs in a plug-and-play operation,
where batteries were inserted in to the microgrid on the fly.
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