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Abstract: In this paper, a centralized control strategy for the efficient power management of power
converters composing a hybrid AC/DC microgrid is explained. The study is focused on the
converters connected to the DC bus. The proposed power management algorithm is implemented
in a microgrid central processor which is based on assigning several operation functions to each of
the generators, loads and energy storage systems in the microgrid. The power flows between the
DC and AC buses are studied in several operational scenarios to verify the proposed control.
Experimental and simulation results demonstrate that the algorithm allows control of the power
dispatch inside the microgrid properly by performing the following tasks: communication among
power converters, the grid operator and loads; connection and disconnection of loads; control of the
power exchange between the distributed generators and the energy storage system and, finally,
supervision of the power dispatch limit set by the grid operator.

Keywords: power management algorithm; microgrid; communication with power converters

1. Introduction

Most countries are dependent on fossil fuels and nuclear energy for electric power generation.
However, due to the increasing energy demand and the proliferation of new forms of energy
generation which are cheaper and environmentally-friendly, many distributed generation (DG)
systems have been integrated into the power grid. Some DGs consist of Renewable Energy Sources
(RES), such as Photovoltaic (PV), wind, biomass and geothermal [1]. The DGs are the basis of
Microgrids (MGs), which can operate as a single power system that provides a safe and reliable
operation at certain voltage and load levels. MGs may work in island-mode or in grid-connected
mode, so that they can connect to DGs placed at various locations and inject their energy to the grid
if it is needed [2]. The transition between these two operation modes is a process that can destabilize
the voltage at the MG buses and damage the MG. In [3], a methodology to recover the MG operation
during this transition was presented, along with the main technical problems which should be taken
into account. There are three basic MG topologies that can be classified according to the nature of
their voltage: DC microgrid (DC MG), AC microgrid (AC MG) and hybrid AC/DC microgrid [4],
which is a microgrid with AC and DC buses. Hybrid AC/DC microgrids are currently of great interest
to researchers and are considered the distribution and transmission systems of the future, because
they enable the coexistence of both AC MGs and DC MGs. The main drawback of the hybrid AC/DC
microgrid is the protection strategy because it is more complex than the traditional MG [5,6]. The
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large amount of required power converters may complicate the control, management,
communication and power dispatch among devices.

Early proposals for the control of a hybrid AC/DC microgrid were presented in [7-9]. In [10] a
decentralized control of a MG was proposed, based on using an interlinking converter (ILC) in order
to coordinate the power flows among the power converters connected to the AC and DC buses. Droop
methods [11] were used to share power among converters. In [10], droop was applied to the power
converters connected both to the DC and AC buses. This control concept was extended in [12-14] to
implement power interchange among sub-grids comprising a hybrid AC/DC microgrid. Several
studies about power management in hybrid AC/DC microgrids using droop strategies for power
dispatch have been recently presented [15]. In [16], the droop concept was extended in combination
with a cost function defined for the power sharing. Overall, the droop control has a drawback for
MGs that result from their small scale. The voltage and the frequency of these systems can fluctuate
significantly under load variations or system failures. In order to solve this problem, a
communication system between the power converters through a smart centralized system could be
used [17-19]. Centralized systems allow optimization of power sharing and integrating different
types of RES into the MG. The experimental results of an MG which integrates commercial generators
to the distribution grid without any droop control was presented in [20]. In that work, power
management of the MG was implemented through an energy management system (EMS). In [21] an
EMS was proposed whose aim was to minimize the operational costs of an MG working in grid
connected mode. However, local autonomous controllers are necessary in the case of communication
failures with the central controller. Those local controllers have been explained in many previous
works, such as [22,23]. In [23], a distributed control scheme for the MG was proposed, in which the
local controllers were linked to a central controller through a low bandwidth communication device.
The central controller managed an optimal EMS.

In this paper a centralized power management algorithm of the DC bus connected DC/DC
converters in a hybrid AC/DC microgrid is presented. As shown in Figure 1, the AC bus of the MG
is connected to the grid, and the DC bus is connected to the AC bus through an ILC. The ILC is an
AC/DC bidirectional converter which regulates the DC bus voltage, managing the power flow
between the DC bus and the AC bus. If the microgrid is in island-mode, the distributed generators
connected to the AC bus can regulate the AC bus voltage using droop methods. In that case, the ILC
can keep regulating the DC bus voltage. The use of centralized communications among all the
microgrid elements makes that task feasible [19]. A centralized control decides the status of the DGs,
the loads and the energy storage system (ESS) in the MG by applying a set of predefined operation
functions. The power exchange with the grid is calculated by an algorithm implemented in the
microgrid central processor (MGCP). The algorithm uses the information of the PV available power,
the load connected to the DC bus, the battery state of charge (SOC) and the power exchange limits
provided by the grid operator. The goal of this algorithm is to import the needed power from the
grid, keeping it below the limits established by the grid operator, feeding the loads and keeping the
SOC inside a safe range. If a surplus of energy is available from the PV generation, power is injected
to the grid below another limit imposed by the grid operator. It is worth pointing out that this work
is focused on the centralized control of the power flow in the MG. It is assumed that each power
converter in the MG has a local controller for operating in case of communications failure. The
proposed system has a load shedding functionality at the DC bus. This function is performed when
the power imported by the microgrid from the grid tends to surpass its pre-defined limits. If there is
not enough energy in the distributed generators and batteries, the load shedding functionality will
be activated. In addition, in order to avoid the erratic connection/disconnection of loads, a hysteresis
level is introduced through a set of power thresholds. The load shedding is used in industrial practice
for preventing blackouts, cascading events and the collapse of the power system [24-26].

The main contributions of this manuscript are (i) the definition of twelve operation functions for
the management of the DC bus connected converters of the hybrid AC/DC microgrid and (ii) the
implementation of load-shedding hysteresis levels in cases where the aim is to keep the battery
energy backup as high as possible without exceeding a certain power limit imported from the main
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grid. This strategy is usually the preferred one when the electricity tariff is low [27,28]. Moreover, the
experimental validation of the centralized power management algorithm in a hybrid AC/DC
microgrid is shown. The power management algorithm has been implemented in a MGCP based on
TMS320F28335 DSC. Both, the control and the communications of each power converter have been
implemented by means of TMS320F28335 DSCs.

This paper consists of five sections. In Section 2, a description of the hybrid AC/DC microgrid
under study is provided. In Section 3, several concepts of the power management algorithm are
explained. In Section 4, simulation and experimental results at different scenarios of the MG are
presented. Section 5 contains the conclusions of the study.

2. Description of the Hybrid AC/DC Microgrid under Study

The hybrid AC/DC microgrid is depicted in Figure 1. The parameters of the communication
system inside the MG are shown in Table 1. The MG under study is based on a single DC bus and a
single AC bus, connected to the Point of Common Coupling (PCC) of the public grid by means of a
static switch. The connection between the DC and AC buses is performed by the ILC, allowing a
bidirectional power flow. In grid connected mode, the ILC may work as a current source that injects
power to the grid synchronously with the AC bus voltage. An anti-islanding protection, based on
[29], has been performed on the DSP of the MGCP. In that case, the operation of the distributed
generators connected to the AC bus changes to droop mode so that they can regulate the voltage at
the AC bus. The ILC keeps controlling the voltage at the DC bus.
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Figure 1. Conceptual scheme of the hybrid AC/DC microgrid under study.

Table 1. Communication parameters of the system.

Communication Parameters between the Devices of the Microgrid (MG) and the Microgrid Central

Processor (MGCP)
DC MG ACMG

ESS ILC PV DC Load DGs AC Load
VDc_ref Sw1
Operations functions IDis_ref ¢ Swa2

Prv_Lim
Tcn_ref Voenf Sws
vC - Swa
Measurements IBat Iiec_ac Irv1 Ipc_Load Tac_pcs Tac_Load
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Communication Parameters between the MGCP and the Grid Operator

High-level control EDL, Pcyid,w,MG, pMc,m,crid

The MGCP sets the operation functions of the power converters, loads and the ESS, depending
on the MG scenarios. These scenarios depend on the internal and external changes that affect the
power dispatch, such as changes in the solar irradiation, the load, the ESS and the power limit
established by the public grid operator.

The MGCP optimizes power sharing by applying several control actions to the microgrid
devices: (i) to connect/disconnect the loads as a function of the generated power and the available
energy in the batteries; (ii) to share the available power between the priority loads [30] and the ESS;
(iii) to adjust the hysteresis levels for avoiding oscillation in the DC bus due the connection-
disconnection of loads and (iv) to accomplish the power limits established by the grid operator. Note
that the grid operator can establish different power exchange limits at any moment by means of serial
communication. In fact, the power generated by the energy sources connected to the DC bus must be
limited by the MGCP, in order to prevent an excessive power injection to the public grid beyond the
limit set by the grid operator.

The MGCP defines the internal functionality depending on the possible scenarios of the MG.
The communications allow control of the PV DGs, the ESS and the load connection/disconnection. In
Figure 1, a 10 kW ILC, which connects the AC bus and the DC bus, can be observed. The AC bus is
single phase and works in grid-connected mode with a grid voltage: Veria = 230 Vims and Feria = 50 Hz
+1 Hz. In the MG under study, two additional elements are connected to the AC bus: a 5 kW AC DG,
and a 4 kW AC load. The nominal DC bus voltage is Vbc = 420 V, being regulated by the ILC. Three
elements are connected to the DC bus: a 3 kW bidirectional DC/DC converter connected to a battery
bank and two 5 kW DC/DC converters connected each one to one PV array. The voltage at the battery
bank (Vea) ranges from 192 V to 252 V, whereas the voltages at the PV arrays (Vevi and Vrw2) vary
from 306 V to 378 V. Additionally four ‘shed-able’ 2 kW DC loads are connected to the DC bus. The
loads can be connected or disconnected to/from the DC-bus by means of individual switches
controlled by the MGCP (Sw1 to Sw4).

3. Management and Control of the MG

3.1. Parameters of the MGCP

In this section, several concepts and parameters of the MGCP are explained in order to define
the features and control functionalities of the proposed algorithm.

3.1.1. High-Level Control Limits

The grid operator establishes a tertiary high-level control strategy which controls the power flow
between the MG and the main grid. That power flow imposes a limit of the power injected from the
MG to the main grid or vice versa. The limits established from the high-level control are:

Energy Dispatch Limit (EDL)

The EDL is a digital flag that is inside the MGCP which indicates that there is an energy dispatch
limit in the MG, set by the grid operator. The EDL allows the MGCP to set a suitable control strategy
by taking into account the values of the maximum power extracted/injected from/to the grid to/from
the MG. When EDL = Off, there is no energy dispatch limit, and the MGCP can inject or extract
unlimited power to/from the grid. In the opposite case (EDL = On), the MGCP establishes a set of
power management criteria which depends on the load connected to the AC or DC buses, the power
available in the MG and the SOC of the batteries.
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Maximum Power Extracted from the Grid

The power flow scenarios between the grid and the MG are shown in Figure 2. Two general
cases are possible: Pcria <0 and Pcrie > 0, being the power flow from the main grid to the microgrid or
vice versa. Parameter Pg,ig.vc iS established by the grid operator and represents the maximum
power that can be extracted from the main grid to the MG, |P,is|< Pgyig-ro-mc-
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Figure 2. Power flow scenarios between the grid and the MG: (a) power flow from the grid to the MG,
Pcria < 0; (b) power flow from the MG to the grid, Pcria > 0.

Maximum Power Injected to the Grid

Parameter Py .crig Stands for the maximum power that can be injected from the MG to the
main grid. This parameter is established by the grid operator, imposing the condition,
Pgyig< Pric-to-Gria-

3.1.2. Parameters of the MGCP

The MGCP establishes some parameters for the secondary control strategy, which is responsible
for the power flow between the AC bus and the DC bus of the MG. The MGCP must limit the power
generated by the RESs, if the available power is higher than that necessary at the MG buses.

Maximum Power Extracted from the AC Bus to the DC Bus Measured at the AC Side of the ILC

The power that flows from the grid to the MG is depicted in Figure 2a. In that case (Pcric <0 and
Pic ac < 0), the value of Picac can be calculated by Equation (1). The parameter Pj; - | Grid-to-MG
stands for the maximum power which can be extracted from the AC bus to the DC bus. This power
is measured at the AC side of the ILC (2). The value of Pj ¢ | Griato-mc depends on the MGCP,
because the value of P,z is set by the MGCP. The absolute value of Pic ac must meet the
condition expressed by Equation (3) at any time, taking into account the rated power of the ILC.

Brcy=Bicpes T Forial “Pacyy g (1)
el Gria-to-mc=Facpgst Ferid-to-mcFac, g (2)
|HLCAC| SM[N(PILCRated, Piic,cloria—to-ma) 3)

Maximum Power Injected from the DC Bus to the AC Bus Measured at the AC Side of the ILC

The power that flows from the MG to the grid is depicted in Figure 2b. In that case (Pcri« > 0 and
Pic_ac > 0), the value of Pirc_ac can be calculated by Equation (4). Parameter Py | MG-to-Gria stands
for the maximum power which can be injected from the DC bus to the AC bus, measured at the AC
side of the ILC (5). The maximum power injected from the DC bus to the AC bus by the ILC must
meet the conditions of Equation (6).

ey = Foriat Pacy 0 Pacpes 4)

Bl mc-to-Gria = Bug-to-riat Pac,,,y~Fac DG (5)
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Py M[N(PILCRated, Pic,clMG—to-cria) (6)

PV Power Generated in the DC Bus

The power outputs generated by the PV DGs connected to the DC bus are measured
individually. Parameter Prv is the overall PV power generated in the DC bus of the MG. The total
power generated by two PV DC/DC converters connected to the DC bus is shown in Equation (7).

FPoy= Boyy - Npyy + Foyz - Npyz (7)

Power Consumed by the Loads Connected to the DC and AC Buses

The power consumed by the loads connected to the DC bus is Ppc, ., = Ipc,,..-Vpc and to the

ACbus is PACLDad = IACLuad,‘ms ’ VGridrms'

Maximum Power Consumed by the Loads Connected to the DC Bus

Parameter ?DCLDQ ;, stands for the maximum overall power which the DC loads are allowed to
consume. The load shedding functionality at the DC bus performed by the MGCP depends on this
parameter. ?DCLDE 1< Piicg,. establishes an upper limit for the maximum power as a function of the
ILC power rating.

PV Power Limit

Parameter Prv_rim is the maximum power that should be extracted from the PV sources at any
time, so that it can be consumed by the DC loads and by the batteries (Pess > 0) and/or it injected into
the grid. Prv_Lin is represented by Equation (8), where Pess = (Vo Ipat)/nEss.

Bovy = Bucyelmc-to-criat Focyppqt Pss (8)

PV Generation Power Available in the DC Bus

Parameter Pawiabieoc_mc is the extra power available from the PV DGs of the DC bus after feeding
the load connected in the DC bus. The available PV generation power is defined by Equation (9).

Favaitavlepc g = FPv = FC0aq )

DC Load Switch

The flag of DC load switch takes two possible states, Swrowi = On and Swrea = Off, depending on
the connection or disconnection of loads to the DC bus, respectively.
DC Load Hysteresis

Parameter DCrouinyst is calculated as 10% of the overall power consumed by the DC loads,
DC, Loadyys = 0.1-Ppc; g DCroad_nyst is the hysteresis level which has been established for avoiding erratic

connection/disconnection of the loads.

Power Consumed for the Batteries to C10

Parameter PESScuo is the maximum power consumption for the charge of the batteries of the ESS,
PESScio = (VBarIci0)/ness. It has been established that the batteries are charged with a current equal to
Ic10= C10/10, where C10 the specified battery capacity (measured in A-h) for a discharge time of 10 h.
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3.2. Power Management Algorithm

Several calculations and functions are necessary for the suitable power management of the MG
control algorithm. These calculations and functions depend on the SOC of the battery, the availability
of power in the buses, the limits set by the grid operator and the status of Swroa.

3.2.1. Operation Functions of the MGCP

The power management algorithm embedded in the MGCP executes 12 operation functions
according to the various operating scenarios. The operation functions of the MGCP and their
interactions with the power converters of the MG are described in the following paragraphs.

Operation Functions in DC Load Connection Mode (Swrou = On)

Function 1 (F1): All DC loads are fed. When SOC < SOCrui (SOCrui = 100%), the DC/DC converter
of the ESS charges the batteries from the DC bus with a current (Ic). The PV DGs work at their
maximum power point (MPP), so that MPPT = On. If there is not enough power available from the
PV DGs connected to the DC bus, the ILC can extract the rest of the power from the AC bus with the
only restriction being |Py;c AC|SPILCR41 v taking into account that EDL = Off.

Function 2 (F2): All DC loads are fed. When SOC < SOCrui; the DC/DC converter of the ESS
charges the batteries from the DC bus with a current equal to Icio. The PV DGs work at their MPP
(MPPT = On). In this case, the PV DGs connected to the DC bus may produce excess power which
can be injected into the AC bus by the ILC if necessary, with the only limitation being its rated power:
Pricpc 2 Piicgye-

Function 3 (F3): All DC loads are fed. When SOC < SOCrui; the DC/DC converter of the ESS
charges the batteries from the DC bus with a current equal to Icio. The PV DGs do not work at their
MPP (MPPT = Off). In this case the PV DGs connected to the DC bus produce a limited amount of
power, because the power which can be injected to the AC bus by the ILC is limited by the grid
operator. The power injected from the DC to AC bus by the ILC is given by: Py c,< D¢ e | MG-to-Grid-
Figure 3 depicts the power dispatch inside the MG after applying the operation functions: F3, F§, F10
and F11.

Function 4 (F4): All DC loads are disconnected. When SOC £ SOCumiv (SOCmin = 20%), the ESS is
in standby mode. The flag Swroa changes from On to Off, entering the DC load disconnection mode.
The PV DGs work at their MPP (MPPT = On).

Function 5 (F5): All DC loads are fed. While SOC < SOCrui, the DC/DC converter of the ESS
charges the batteries from the DC bus with a current equal to Icio. The PV DGs work at their maximum
power point (MPPT = On). The ILC injects the excess power at the DC bus to the AC bus. The power
injected to the AC bus must comply with the following conditions: Pyc,. < Pc | MG-to-Grid-
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Figure 3. Power dispatch inside the MG after applying the operation functions: (a) F3; (b) F8; (c) F10
and (d) F11.

Function 6 (F6): All DC loads are fed. As the SOC has reached SOCruu, the DC/DC converter of
the ESS stops charging the batteries, putting the ESS in standby mode. The PV DGs work at their
MPP (MPPT = On), producing an excess of power which can be injected to the AC bus by the ILC.

Function 7 (F7): All DC loads are fed. While SOC < SOCrui, the DC/DC converter of the ESS
charges the batteries from the DC bus with a current whose value is shown by Equation (10) which
is smaller than Ici. The PV DGs work at their MPP (MPPT = On). If there is not enough power
available from the PV DGs, the ILC can extract the rest of power from the AC bus subject to the
following limit: |PILC AC|S Pc ¢ | Grid-to-MG-

Pavaitabiepc yg T PILCAchrid—to—MG)

[Cbref = M[N<IC10I V.
DC

(10)

Function 8 (F8): All DC loads are fed. When SOC > SOCwmin, the DC/DC converter of the ESS
operates as a controlled current source discharging the batteries to the DC bus. In F8, the PV DGs
work at their MPP (MPPT = On). The sum of the power coming from the ESS and from the PV DGs
is not enough to energize the DC loads, so that the required extra power can be transferred from the
AC bus to the DC bus through the ILC. That extra power is limited in order not to override the power
which can be absorbed by the DC loads. Equation (11) shows the expression of the discharge current.
In this case, the extra available power is negative (Pawiaioc_mc < 0), because the power coming from
the PV DGs is not enough to energize the DC loads. The power flows in the MG when F8 is active are
shown in Figure 3b.
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)

Function 9 (F9): All DC loads are fed. As the SOC has reached SOCrui, the DC/DC converter of
the ESS stops charging the batteries and enters standby mode. The PV DGs do not work at their
maximum power point (MPPT = Off), because the DC loads cannot absorb the sum of MPP powers.
The ILC injects a limited amount of power from the DC to the AC bus which is the required extra
power to feed the DC loads.

Pavaitabiepe yet Fircacl Grid-to-mc

[Dis,efz MIN <1010/ v
at

Operation Functions in DC Load Disconnection Mode (Swrou = Off)

Function 10 (F10): In F10, the flag Swie switches from Off to On. All DC loads are fed. The ESS
is in standby mode. The PV DGs work at their MPP (MPPT = On). The power flows in the MG when
F10 is active are shown in Figure 3c.

Function 11 (F11): Some DC loads are fed by the load shedding functionality, as is shown in
Figure 4. This function each of the DC loads on and off automatically. While SOC < SOCmax (SOCmax
= 80%), the DC/DC converter of the ESS charges the batteries with a current smaller than Ici, given
by Equation (10). The power flows in the MG when F11 is active are shown in Figure 3d. Cal.0 is the
calculation of the available PV power plus the maximum power that can be transferred from the AC
bus to the DC bus by the ILC. This expression is shown in Equation (12). A decision tree can be
observed in Figure 4, which depicts how 1 to 4 DC loads are connected—disconnected as a function of
the value of Cal.0. If Cal.0 is not enough to energize all the DC loads, F11 begins their disconnection
depending on the values of Cal.0 and the state (1 or 0) of the logic variables, Comp.1 to Comp.3, which
are calculated as AND functions. Note that a 10% hysteresis band of the power of one DC load has
been chosen for establishing the comparison: DCroai_nyst = 0.1-2 kW = 0.2 kW.

Cal.0= Byt Fcyclcrid-o-mc (12)
l
T Fi1 Poc Load E’qu =8kw
—Cal.02 (BXDC, s + DCpppir) 1y DCpuy =0LPy
oad hyst = Load

3 [ 1XDCLDad = 2kW

4xDC . |

~— Comp.1=1—"- S’S"‘vﬂvff’ozﬁon 3XDC g4 |

\N/( 2xDC,,,, |

IXDC .4
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_ Y
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—
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— Y

— T
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—OMP-e =2 3 of
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Figure 4. Load shedding functionality.

Function 12 (F12): All DC loads are fed. When SOC < SOCumax, the DC/DC converter of the ESS
charges the batteries with a current smaller than Ici, given by Equation (10). The PV DGs work at
their MPP (MPPT = On). If the power coming from the PV DGs is not enough to energize the DC
loads, the required extra power can be transferred from the AC to the DC bus through the ILC.
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3.2.2. Power Management Algorithm of the MG

The flow diagram of the power management algorithm is shown in Figure 5. Comp.4 is a logic
variable calculated as an OR function. The flags, Swio and EDL, are fundamental parameters for the
power dispatch in the MG. When EDL = Off, there is no energy dispatch limit, so that functions F1 or
F2 can be applied. When EDL = On and Swro = On, the MGCP applies functions F3 to F9. The flag
Swrod can be turned Off by F4; after that, the MGCP can apply functions F10 to F12. The functions are
implemented so that the power transfer limits between both buses are not exceeded. The calculations
performed by the power management algorithm, Cal.0 to Cal.4, are shown in Equations (12)—(15) and
allow the power availability of both buses to be checked, taking into account their power dispatch
limits.

Equation (13) stands for the power availability in the DC bus coming from DGs and batteries
plus the maximum power which can be extracted from the AC bus to the DC bus.

Cal1= Piaiateperset Brcclerid-to-mc (13)
Equation (14) stands for the maximum power that can be injected from the DC to the AC bus
plus the power consumed for charging the batteries at a current (Ic).
Cal2= ELCAC/MG—to-Grid-I'PESSCM (14)

Equation (15) stands for the power available in the DC bus plus the maximum power which can
be extracted from the AC bus to the DC bus.

Cal.3= Fpy+ By, c/erid-comc-Poc,,,y (15)
(/\S tart > Yes=Y ~
No=N
N o oy Comp.4=(Cal.0=Ppc,_,, )JOR
Y — T N //S\N_oad = O\n\ Y (Calo < (PDCLoad + DCLoad hyst))
( GO0,
N Y—soc< SOCF/U\L\/
—S0C> soqm\% N
" S0C<S0G
J—<\N/ /////// -
F10 P s P
—cai3> Dcmdy/{ . T Fh e > P~
—Ca 11> PESS Y N
gl e
il C N 5 %
\ < %ble e > Cal
N
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Figure 5. Power management algorithm of the MG.
4. Simulation and Experimental Results

4.1. Simulation Results

The proposed power management algorithm has been simulated by means of PSIM™ [31] under
various scenarios. This study is focused on the particular case in which the MG is operating in grid
connected mode. The characteristics of the power electronic converters comprising the MG are listed
in Table 2. The simulation scenarios of the MG are explained in Table 3. It is worth pointing out that
step changes of irradiation shown in Table 3 do not correspond to reality, but they allow us to study
the behavior of the MG and the stability of the buses in very extreme cases. In order to check of the
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proposed algorithm in different situations with a short simulation time, the algorithm was run in
simulations at 25 Hz. The duration of the operation functions F4 and F10 is one clock cycle (40 ms),
because their main function is to change the load shedding functionality. It is assumed that the ESS
is initially discharged (SOC < SOCwm). A selected number of possible scenarios have been studied in
order to demonstrate the suitable behavior of the MG in its most common and critical situations. In
the scenarios under study, step changes of the irradiation, the DC load and the EDL were considered,
as can be observed in Table 3. The behavior of the proposed algorithm and the application of
particular functions F1 to F12 by the MGCP can be observed from the following graphs: Figure 6
depicts the behavior of the currents, Isa, Irv = Irvi + Irv2, and of the SOC versus time. The evolution of
the powers, Psa, Ppv, Ppcroa, Pirc_ac and Pcria, can be observed in Figure 7. Figure 8 provides detail
about the most sudden transients of Iic_ac, Voc and Pic_ac, which take place throughout the whole
simulation, corresponding to the time span, 34.8 s to 35.4 s. The analysis is performed according to
the following time intervals:

Interval 1 (0 <t <1 s): This interval is divided into two subintervals.

0<t<40ms: Att=0s, the ESS is initially discharged (SOC < SOCwmmw). The irradiation is 300 W/m?
and the overall DC load absorbs 8 kW. Due to the fact that the PV available power, Prv, at that low
irradiation level is not enough to feed the loads, the MGCP applies function F4, internally activating
flag Swioat = Off.

40 ms <t <1 s: After to F4, F11 is applied to disconnect two DC loads (overall DC load = 4 kW),
and the batteries are charged with a current given by Equation (10).

Table 2. Characteristics of the power converters of the MG.

ILC 2 PV DC/DC Converters (DGs) ESS
Pess_ug =3 kW
Prvi,2_poost = 5 kW Vi =216 V
Vov = 306 \V, st_ESS = 16 kHZ
Pirc_ratea =10 kW Fuo v = 16 KHz Battery Bank: 18 batteries type
VGria =230V PV Panel: Atersa A-250P GSE SUN POWER YRM 1.2V105
Faria =50 Hz Vv =3761V connected in series
Vbc=420V Iov z\_/mx _ 8. 18 A VBat_Nom = 216 V
Fswunc=12.8 kHz - ) VBatmin =185V
Vprv_max = 30.58 V
v cc=8.71 A VBat_max =259.2 V
B C10=105 A'h
Ic10=105 A
Table 3. The simulation scenarios of the MG.
SIMULATION Scenarios
Time Intervals (s)
Time interval number 1 2 3 4 5 6 7
Time span (s) 0<t<1l 1<t<10 10<t<18 18<t<20 20<t<28 28<t<35 35<t<40
Irradiation (W/m2) 300 600 400 800 800 800 100
4loads 4loads 4 loads 4 loads 2 loads 2 loads 2 loads
Load connected to the DC bus BKW) (8 kW) (8 kW) (8 kW) (A KW) @ kW) @ kW)
EDL® On On On On On Off Off
ILC The MG is operating in grid-connection mode
ESS The batteries of the ESS are initially discharged. SOC < SOCmin
Power limits Prc-to-cria =4 kW, Poria—to-mc =1kW, Ppc,, .. =8 kW
AC bus Pacioaa = 4 KW, Pacpes =5 kW

! Energy dispatch limit.

Interval 2 (1s<t<10s): Att=1s, the irradiation undergoes a change from 300 W/m? to 600 W/m?,
whereas the SOC keeps growing below SOCwmax. The MGCP goes on applying F11. The PV generation
is increased and F11 connects an additional 2 kW DC load (overall DC load = 6 kW) to the DC bus.
The MGCP makes both PV DC/DC converters operate at their MPP, whereas the DC bus voltage is
regulated to 420 V by the ILC.
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Interval 3 (10 s <t < 18 s): This interval is divided into five subintervals.

10<t<10.2 s: Att=10 s, the irradiation decreases from 600 W/m?2 to 400 W/m?2, whereas the SOC
keeps growing below SOCumax. The MGCP maintains F11. The power generated by the panels, Ppv,
with this irradiation is insufficient to feed three loads, and F11 disconnects one load (DC load = 4 kW)
in the DC bus.

10.2 s <t <10.24 s: At t =10.2 s the SOC surpasses SOCmax, whereas the irradiation stays at a
constant value of 400 W/m2. The MGCP applies F10 after detection of SOCmax, which internally
activates the flag, Swro = On.

10.24 s <t <154 s: At t =10.24 s, the generated PV power at the current irradiation level is not
enough to feed all the DC loads, so that the MGCP applies F8§ in order to get additional power from
the ESS, and the battery bank is discharged at a current given by (11). F§ connects all DC loads (8 kW)
to the DC bus and extracts power from the AC bus taking into account the limit that the maximum

power that can be extracted of the same (|P1Lc AC|S( P ¢ | Grid-to-mc), and the ESS injects the current
required by the DC bus to feed the DC loads.

154 s <t <1544 s: At t =154 s the SOC goes below SOCummw, so that the MGCP applies F4,
internally activating flag Swrea = Off.

1544 s<t<18s: Att=15.44s, the MGCP applies F11. F11 disconnects two DC loads (overall DC
load = 4 kW), so that the batteries are charged with a current given by (10).

Interval 4 (18 s < t<205s): At t=18 s, the irradiation undergoes a linear change of 400 W/m? to 800
W/m?, being SOC < SOCumax. The generated PV power and the extracted power from the AC bus are
enough to feed all DC loads. Due to limitations on the amount of power that can be interchanged
between the buses, the MGCP applies F12, and the batteries are charged with a current given by
Equation (10). F12 connects all the DC loads and also sets the PV sources at their MPP.

Interval 5 (20 s <t <28 s): This interval is divided into three subintervals.

20 < t< 20.04 s: The irradiation keeps a constant 800 W/m? value, whereas SOC remains below
SOCrun. At t =20 s, the load connected to the DC bus decreases from 8 kW to 4 kW. The PV-generated
power (Prv) at the current irradiation is enough to feed all DC loads. The MGCP applies F10 which
internally activates the flag, Swrou = On.

20.04 < t<23.7 s: At t =20.04 s, MGCP applies F5. F5 sets the charge the batteries with a current
(Ic10). The PV sources work at their MPP. The ILC injects the power excess to the AC bus.

23.7 s £ 1< 28 s: Both the irradiation (800 W/m?2) and the DC load (4 kW) remain constant, whereas
the SOC has reached 100%. The power generated by the panels is higher than that necessary for
feeding the DC loads: Prv >4 kW. The MGCP applies F9 to stop charging the batteries and to set the
PV generators outside their MPP (MPPT = Off). In this case, (Pjc < Pjc ac | MG-to-Grid)-

Interval 6 (28 s < t < 35 s): The irradiation and the SOC remain constant: 800 W/m?2 and 100%,
respectively. EDL switches from On to Off. The MGCP applies F2, and the ILC injects power into the
grid to its rated power, if necessary ( Pi.c ,<Picy,,..)- At t =30 s, MPPT switches from Off to On.

Interval 7 (35 s < t < 40 s): The irradiation undergoes a change from 800 W/m? to 100 W/m?. The
MGCP applies F1, so that the ILC can extract power from the grid ( |Pjc AClspchRam ,) when
MPPT = On.
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Figure 6. Simulation waveforms, Isa, Irv = Irvi+ Irv2 the SOC over time.
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Figure 8. Simulation waveforms of the most sudden transients of Ii.c_ac, Vbc and Prc_ac.

4.2. Experimental Results

The experimental power electronic converters, whose characteristics are summarized in Table 2,
were built to validate the proposed power management algorithm. The following devices have been
connected to the DC bus of the MG available in the lab: a 3 kW battery ESS, a 2.5 kW PV source and
four electronic switches to connect/disconnect four DC loads of 0.6 kW (Py¢, ., = 2.4 kW). Figure 9
shows a picture of the experimental setup. The batteries were emulated by a bidirectional DC
source/battery emulator, model TC.GSS-Bidirectional-DC-PSU, from Regatron. The PV array was
emulated by means of a 10 kW PV array simulator, TerraSAS ETS1000/10, from Ametek (Berwyn, PA,
USA). Three experiments were carried out. The experimental scenarios are summarized by Table 4.
Figures 10 and 11 depict the waveforms of the currents, voltages and powers of the power converters
that form the DC bus of the MG, with Figure 10 corresponding to Experiment 1 and Figure 11
corresponding to Experiment 2. Figure 12 corresponds to Experiment 3.

Experiment 1 and Experiment 2 show the behavior of the system with the same change in the
irradiation level at the PV source, but with a different SOC of the ESS. The available power injected
from the AC bus to the DC bus by the ILC is Pic_oc = -1 kW.

Exerimentl MG

s

Figure 9. Experimental setup picture.
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Experiment 1: The ESS is initially at an SOC = 80% (charged). The four loads remain connected
throughout the whole experiment, as can be seen in Figure 10. (Ppc_toad = 2.4 kW). The hysteresis level
for comparisons with power thresholds is DCroat_tyst = 0.24 kW.

Intervall 1 (0s<t<8s): Theirradiation level is 100 W/m?2 and the PV source works at its maximum
power point (MPP), providing Prv=0.14 kW to the DC bus. That irradiation is not enough to feed all
of the loads. Taking into account that the ESS is charged (SOC = 80%), the MGCP transfers the
maximum possible power from the AC bus (Pic_oc = -1 kW) to the DC bus through the ILC and
applies F8. This keeps all the DC loads connected and orders the ESS supplying all the power required
by the DC bus, Psa =-1.26 kW.

Interval 2 (8 s <t <11 s): The irradiation increases from 100 W/m? to 800 W/m? in 3 s. The MGCP
keeps F8 activated and the power delivered by the ESS can be reduced.

At t=28.6 s, MGCP detects increasing generation, and the PV source works at its MPP, delivering
Prv=0.64 kW. The MGCP keeps F8 activated and transfers the maximum possible power from the
AC bus (Pircoc = -1 kW) and keeps all of the DC loads connected. The ESS supplies the power
required by the DC bus; the power delivered by the ESS is reduced to Pz« =-0.76 kW.

At t =10.5 s, the PV source works at its MPP delivering Prv =1.64 kW, with Pic.oc=-1 kW. At
this moment, the MGCP detects that the available power at the DC bus to fed all the DC loads is
higher than the hysteresis level (Cal.1 > DCroui_tyst). The MGCP changes from F8§ to F7. F7 forces the
ESS to change its operation to energy storage mode; the batteries are charged with a current given by

Equation (10). The MGCP changes the setpoint of the ESS charge current, Ici_rs, until the available
power generation is stable (At t = 11.6 s, Ps«t = 0.5 kW). The power flows in the MG when the MGCP
changes from F8 to F7 are shown in Zoom 1 of Figure 10.

Table 4. The experimental scenarios of the MG.

Experimental Scenarios !

ESS Experiment 1: The batteries of the ESS are initially charged. SOC = SOCmax
Time span (s) 0<t<8 8§<t<11 11<t<41 41<t<44 44 <t <50
Irradiation (W/m?) 100 100-800 800 800-100 100
ESS Experiment 2: The batteries of the ESS are initially discharged. SOC < SOCwmin
Time span (s) 0<t<7 7<t<10 10<t<40 40<t<43 43 <t<50
Irradiation (W/m?) 100 100-800 800 800-100 100
Load connected to the DC bus 4 loads (2.4 kW)
EDL On
ILC The MG is operating in grid-connection mode
Power limits Pyg—to-cria =4 kW, Peria_to-mc =1kW, Pp¢,, . =24 kW
AC bus Pacious = KW, Pocp. = SKW

! The algorithm is running in the experiments at 1 Hz.

Interval 3 (40.4 s < t <44.2 5): The irradiation decreases from 800 W/m? to 100 W/m? in 3 s. The
MGCP keeps F8 activated and the power delivered by the ESS can be reduced. The power flows in
the MG when F8 is active are shown in Zoom 2 of Figure 10.

Experiment 2: The ESS is initially at an SOC < 20% (discharged).

Interval 1 (0s<t<7s): Theirradiation level is 100 W/m?2, and the PV source works at its maximum
power point (MPP), providing Prv=0.14 kW to the DC bus. That irradiation is not enough to feed all
of the loads. Considering that the ESS is discharged (SOC < 20%), the MGCP transfers the maximum
possible power from the AC bus (Pi.c_oc = -1 kW) to the DC bus through the ILC and applies the load
shedding functionality, F11. Taking into account that the available power at the DC bus (1.14 kW) is
not enough to feed two loads, F11 connects only one DC load (0.6 kW). The rest of the available power
is used for charging the batteries at Psat = 0.54 kW. The power flows in the MG when F11 is active are
shown in Zoom 1 of Figure 11.

Interval 2 (7 s <t <10 s): The irradiation increases from 100 W/m? to 800 W/m?in 3 s. The MGCP
keeps function F11 activated.
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At t =8 s, the PV source works at its MPP, delivering Prv = 0.6 kW, whereas Pi.c_.oc = -1 kW. At
this moment, the MGCP detects that the available power at the DC bus, taking into account the
hysteresis level is enough to feed two of the loads. F11 connects two loads and changes the setpoint
Icn_re of the ESS from 2.9 A to 0.78 A, where Psa = 0.15 kW. Note that at t = 8 s, after the connection of
the two loads, only |Prcocl <0.75 kW is taken from the AC bus. This ensures a minimum level of
power is available in the DC bus.

At t=9.8 s, the PV source works at its MPP, delivering Prv = 1.7 kW, where Pic_.oc = -1 kW. At
this moment, the MGCP detects that the available power at the DC bus to feed all the DC loads is
greater than the hysteresis level (DCronyst). The MGCP applies function F10 which internally
activates the flag, Swrot = On. After that, the MGCP starts a transition from F10 to F7. F7 connects all
the DC loads and changes the setpoint of the ESS to Ici_r=1.82 A until the available power generation
is stable at the instant t = 11.4 s, where Psa = 0.35 kW. At t = 9.8 s, the MGCP applies function F10
during an execution cycle of the algorithm, i.e., for 73 ms. After that, function F7 is applied.
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Figure 10. Experiment 1.
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Figure 11. Experiment 2.

Interval 3 (39.2 s < t <42.8 5): The irradiation decreases from 800 W/m? to 100 W/m? in 3 s. Note
that at t =40 s, the MGCP applies function F4 which internally activates the flag, Swioa = Off. Then,
the MGCP starts a transition from F4 to F11. The MGCP keeps F11 activated and the power delivered
by the ESS can be reduced. The power flows in the MG when the MGCP starts a transition from F4
to F11 are shown in Zoom 2 of Figure 11.

Experiment 3: The operation functions broadcasted by the MGCP to the MG elements have a
communication delay which depends on the R5485 communication system. In the experimental MG,
the computing time of one operation function and its delay to be broadcasted and processed by one

of the elements is lower than 74 ms, as can be observed in Figure 12.
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Figure 12. Experiment 3.

4.3. Discussion

In Figure 7, the power exchange between devices of the MG is shown. In the first part of interval
5 (20 <t<23.7 s), the MGCP causes the battery system to be charged to its maximum capacity, PESSci,
using the power available from the PV DGs. In the second part of interval 5 (23.7 s < t < 28 s), the
MGCEP limits the generation from the PV DGs, setting their operation points out of the MPP (MPPT
= Off).

The ILC controls the DC bus voltage, because the AC bus works in grid connection mode. The
ILC also carries out the synchronization of the AC bus with the grid, causing the current, lic_ac,
flowing through the ILC to/from the AC bus to have low distortion and to be synchronized with the
grid voltage, Vcri, when the MG exports/imports power to the grid. Figure 8 shows the waveforms
of Iirc_ac and of Vit in both situations, where a smooth transient, a good synchronization and a low
distortion of Ii.c_ac can be observed in the transition from exporting to importing power to/from the
AC bus. A smooth transient of the DC bus voltage, Vb, is also observed in that transition at t =35's,
which is the most sudden transient during the whole study, producing a transient undervoltage of A

A

Vpc =34V, ie, less than 10% of the DC bus voltage. It should be considered that the power, Pic_ac,

interchanged between the ILC and the AC bus, undergoes an abrupt change from 3.8 kW to -3.2 kW
(7 kW step) at t = 35 s, provoked by a fast irradiation decrease.

Figure 10 shows the power exchange among the MG devices in Experiment 1. In time intervals
1 and 3, the MGCP applies the operation function F8. In this case, the demand of the DC bus is higher
than the sum of the available PV power and the power import limit established by the grid operator.
In that case, the MGCP requests the ESS to extract energy from the batteries to temporary feed the
DC bus. This functionality reduces the cost of the electric bill.

The power flow in the MG after the application of the load shedding functionality can be
observed in the zoom areas of Figure 11. No oscillations during those transients are observed.

In Experiment 3, the overall computing + transmission + processing delay of one operation
function is 74 ms, where the ESS is at a distance of 2 m from the MGCP. According to the TIA/EIA-
485-A standard, the maximum bandwidth at a 1.2 km distance is 100 kbps, which is much higher
than the 9600 bps used in the experimental microgrid. The delay of a CAT5e twisted pair wire is less
than 10 pus/km [32]. Therefore, if the distance between the ESS and the MGCP increases to 1 km, taking
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into account that the messages between the MGCP and the ESS run through the twisted pair four
times (see the green and pink waveforms of Figure 12), the overall delay would increase to about 40
us, i.e.,, about 0.05% of the total delays considered in the tests (73.6 ms). Further, the proposed
algorithm is executed every second in the microgrid under study, so that the communication delays
produced by moderate distances up to a few kilometers are not critical.

5. Conclusions

A new algorithm for the efficient management of the power converters of the hybrid AC/DC
microgrid working in grid-connected mode has been presented. The algorithm is based on
categorizing the devices according to their type: generation, storage, interlinking converter and load.
Twelve operations functions have been defined and programmed in a Microgrid Central Processor
for managing the power flow in the MG. The choice of the active operation function depends on the
status of the distributed generators, the loads, the energy storage system and the energy dispatch
limits between the AC and DC buses established by the grid operator. The MGCP broadcasts the set
points of each converter through a R5485 communications system. The experimental and simulation
results confirm that the proposed power management algorithm allows a suitable power balance
among the MG devices when changes in PV generation, load demand and state of charge of the ESS
occur. At any time, the power dispatch limits set by the public grid operator can be accomplished.
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Nomenclature
Prvi, Prv2 Power supplied by the PV arrays 1 and 2
Prv Total PV power generated by the DC MG
Poctoa Total power consumed by the DC loads
Pcria Power injected from the hybrid AC/DC microgrid to the main grid
Power injected from the DC bus to the AC bus by the ILC, measured at the AC side
Pic_ac
of the ILC
Power injected from the DC bus to the AC bus by the ILC, measured at the DC side
Pic_bc
of the ILC
Pess Power absorbed by ESS from the DC bus
Pgat Battery bank charge power
Pactoad Total power consumed by the AC loads
Pac_pes Power supplied by the AC DGs
nEES Efficiency of the ESS
npvi, TPV2 Efficiency of the PV DC/DC converters 1 and 2
nic Efficiency of the ILC
Icria RMS Current injected from the hybrid AC/DC microgrid to the main grid
Vria RMS value of the grid voltage
1) Grid angular frequency
Q@ Grid phase
Tacrond Total RMS current consumed by the AC loads
Ipctoad Total current consumed by the DC loads
Ve DC bus voltage
Iic_ac RMS current injected from the ILC to the AC bus
s0C State of charge of the battery bank
IBat Charge current of the battery bank

Vat Voltage of the battery bank
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I Ch_ref
IDis_ref
Ipvi, Ipv2
Ppv _Lim
IpcLoad
SW1,2,3,4DC_Load
EDL
e Grid—to—MG
Prc-to—Gria

Piic,cleria—to-ma

Prrcaclme-to-cria

PI LCRated
Ppc Load
P AvaitableDC_MG

D CLaad_hysl
PESScio

Reference of the charge current of the battery bank

Reference of the discharge current of the battery bank

Current supplied by the PV arrays 1 and 2

Limit of the PV power generation

Total current consumed by the DC loads

Switches of the DC loads (loads 1 to 4)

Energy dispatch limit

Maximum power drawn from the grid to the hybrid AC/DC microgrid

Maximum power injected to the grid from the hybrid AC/DC microgrid

Maximum power drawn from the AC bus to the DC bus measured at the AC side of
the ILC

Maximum power injected from the DC bus to the AC bus, measured at the AC side
of the ILC

Rated power of the ILC

Maximum power consumed by the DC loads

Power available at the DC bus of the MG

Power hysteresis level used by the load shedding functionality

Power drawn by the ESS from the DC bus at a charge current of the battery bank

equal to Icio
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