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Modern microgrids are systems comprising both Alternative Current (AC) and Direct Current (DC) subgrids,
integrated with Distributed Generations (DGs), storage systems, and Electric Vehicles (EVs) parking facilities.
Achieving stable and reliable load flow control amidst varying load, generation, and charging/discharging
strategies requires a hierarchical control scheme. This paper proposes an hourly power flow (PF) analysis within
an Energy Management System (EMS) for AC/DC Hybrid Microgrids interconnected via an Interlinking Con-
verter (IC) in both grid-connected and islanded modes. The framework operates within a two-level hierarchically
controlled platform. Tertiary control at the top level optimizes DGs’ reference power for generation and con-
sumption, minimizing power purchase costs and load shedding in grid-connected and islanded modes, respec-
tively. DG converters employ current control mode to share their power references as the primary controller.
While no secondary controller is adopted in this scheme, the Battery Energy Storage System (BESS) in islanded
mode utilizes P/Q droop control to maintain voltage and frequency in the AC subsystem. Power sharing between
AC and DC subgrids through IC is determined by the difference between AC grid frequency and DC link voltage.
Integration of controlled converters’ buses into PF equations enables solving the unified system using the
traditional Newton-Raphson (NR) method. A segment of a real distribution grid planned for installation in Italy
under the HYPERRIDE project serves as a case study. Comparison with MATLAB/Simulink results confirms the
effectiveness, precision, and convergence speed of the proposed model and control schemes, demonstrating
efficient load distribution and voltage/frequency restoration in islanded mode.

islanded mode [1]. However, some challenges have emerged for this
configuration, particularly related to control context, because of the

1. Introduction

Microgrids have become an efficient and reliable solution integrated
into power grids, especially in low voltage ones, due to encompassing
widely range of AC and DC systems such as Distributed Generations
(DGs), Renewable Energy Sources (RESs), Battery Energy Storage Sys-
tem (BESS), AC/DC cables and loads, among others, that could operate
in both grid-connected and islanded modes. Due to an increase in DC
loads and penetration of RESs with DC power generation in the last
decades, implementing hybrid AC/DC microgrids leads to have the ad-
vantages of both AC and DC subgrids simultaneously including a drop in
power conversion and more reliable load supply while operating in
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presence of the coupling of AC and DC subgrids through converters
[2-4].

Obviously, power flow (PF) analysis, as the elementary tool in power
systems, plays a significant role for other important assessments such as
control, protection, design, planning, and energy management, among
others. Unlike the conventional power systems, where power flow is
characterized using known bus types, in AC/DC hybrid microgrids,
particularly in islanded mode, due to the limit and non-robust genera-
tion source as a slack bus to keep the voltage and frequency of the
network at the rated values, the corresponding buses are not categorized
into traditional ones. Additionally, interconnection and power sharing
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Nomenclature

Indices and Sets

t Index for time interval
n,m Index for bus in AC/DC grids
Qac Set of buses in AC grid
Qe Set of buses in DC grid
Tout Set of hours EVs are out of the parking lot
Parameters
K. Active power droop coefficient for interlinking converter
o/w* Operation and reference frequency [Hz]
@™ /@™"  Upper and lower limit for frequency [Hz]
Ve Reference voltage at DC link [V]
max /ymin - Upper and lower limit for DC link voltage [V]
cg Price of power purchased from the main grid [€]
P /p¥  Active power consumption in AC and DC grids [kW]
Qr Reactive power consumption in AC grids [kVar]
M Large positive constant

Py™/Q™  Upper limit for active and reactive power purchased from
the main grid [kW/kVar]

. Upper limit for active power generated by PV systems [kW]
P Active power transmission capacity of the IC [kW]
Sic/Spy  Apparent power of the interlinking and the converter

connected to PV systems [kVA]

Ss/Se Apparent power of the converters connected to BESS and
EV parking lot [kVA]

P;’g‘i“ /P35 Lower and upper limit for discharging power at BESS in
AC and DC grids [kW]

P /i 1 ower and upper limit for charging power at BESS in AC
and DC grids [kW]

PZ‘,;“i" /P37 Lower and upper limit for discharging power at EV lot in
AC and DC grids [kW]

Pi}f“i“ /P& Lower and upper limit for charging power at EV lot in
AC and DC grids [kW]

Ugc/ac(0) Initial available energy at BESS in AC and DC grids [kWh]

a

Uec/dc (O)

a

Initial available energy at EV’s parking lot in AC and DC

grids [kWh]

E™> /EMin Upper and lower limit for stored energy at BESS in AC and
DC grids [kWh]

EM™> /EMin Upper and lower limit for stored energy at EV parking lot

in AC and DC grids [kWh]

0 Efficiency of the batteries in storage systems and EV
parking lots [%]

N Total number of EVs in each subgrid

D Average distance of movement each EV traverses a day
[Km]

4 Time that EVs leave parking lot

A Discharge rate of EVs’ battery per Km [kW/Km]

G/B Conductance/susceptance of the admittance matrix in AC
grid

g Conductance matrix in DC grid

Variables

Cr Total price for importing power from the main grid [€]

Py Active power injected from the main grid [kW]

Qg Reactive power injected from the main grid [kVar]

P2 /Qds  Active and reactive power generated by PV in AC grid
[kW/kVar]

P3¢ /P Charging/discharging active power at BESS in AC grid
[kw]

Pec/PSY Charging/discharge active power at EV parking lot in AC
grid [kW]

*./Q%  Reactive power generated by BESS and EV parking lot in

AC grid [kVar]

Pi./Qic  Active and reactive power transferred through the IC [kW/
kVar]

Py Active power generated by PV in DC grid [kW]

Pfi'gc /PZ",S’C Charging/discharging active power at BESS in DC grid
[kw]

ngc /P‘j;ldC Charging/discharge active power at EV parking lot in DC
grid [kW]

I/ Binary variable showing charging/discharging status of
BESS in AC grid

I55°/IZC Binary variable showing charging/discharging status at EV
parking lot in AC grid

Isd'gc /Iifc Binary variable showing charging/discharging status of
BESS in DC grid

Igﬁc /Iﬁfc Binary variable showing charging/discharging status at EV
parking lot in DC grid

I Binary variable showing the direction of power transferred
by IC

Eqc/ac/Ecejac Energy available at BESS and EV parking lot in both AC/
DC grids [kWh]

Lt Total load shedded

7%/y®  Rate of load shedding in AC and DC grids

P/Qf  Active/reactive power consumption in islanded mode in
AC grid [kW/kVar]

pk Active power consumption in islanded mode in DC grid
[kw]

P/Qr¢  Active/reactive power injected to the nth bus in AC grid
[kW/kVar]

pl Active power injected to the nth bus in DC grid [kW]

|Val/|Vm| Voltage magnitude of the nth/mth bus [p.u.]

6n/Om Phase angle of the nth/mth bus [radians]

between AC and DC subgrids needs to adopt a proper control scheme,
preventing buses to fall into PQ or PV buses [5-7]. Therefore, a
comprehensive control framework is integrated to power flow analysis
in coupled AC/DC microgrids. Since solving control-integrated PF in
power management prospective, it is crucial to implement hierarchical
control scheme, and to adopt a proper power flow calculation technique.
Therefore, literature below discusses different inner control layers as
primary and secondary controllers, top layer playing the role of power
management, and PF analysis techniques respectively, in various AC/DC
hybrid networks topologies.

Power flow analysis in controlled hybrid microgrids has increased
researchers’ interests in the last decade. They mainly have focused on
the islanded operation mode. To PF assessment in AC/DC hybrid

microgrids, authors in [8-16] have tried to define new controlled buses
for both AC and DC buses in islanded mode, applying well-known droop
control. In [8], authors integrated a two-level, primary and secondary,
well-known drooped-based control schemes into traditional
Newton-Raphson (NR) power mismatch formulations for islanded
AC/DC microgrid to manage power sharing among DGs and restore
AC/DC voltages and frequency at point of common coupling (PCC) bus;
in addition, a voltage-frequency droop controller is characterized for IC
to control power sharing between both subgrids. The same droop based
primary controller has been suggested in [9-11] for DG’s converters and
IC in PF analysis, where [9] tries to evaluate different hybrid microgrid
structures, where the model is also applicable for grid-connected mode,
and [10] implements the addressed controlled power flow analysis for
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Table I
A comparison between the existing literature and the proposed model.
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Ref. Network type Operating mode Control scheme Source/Load contribution PF calculation Daily load flow
primary secondary tertiary RES BESS EV

[61 AC islanded v v v v v v

[8] AC/DC islanded v 4 unified

[9] AC/DC Islanded/grid-connected v unified

[10] AC/DC islanded v unified

[11] AC/DC islanded v sequential

[12] AC islanded v

[13] AC/DC islanded v v v v sequential

[14] AC/DC islanded v 4 v unified

[15] AC islanded v v

[18] AC/DC Islanded/grid-connected v v v v

[19] AC grid-connected v v v v

[20] AC/DC islanded v v v v

[21] AC/DC grid-connected v v 4 v v

[22] AC/DC islanded v v v

[23] AC/DC grid-connected sequential

[24] AC/DC grid-connected unified

[25] AC/DC Islanded/grid-connected v unified

[26] AC/DC Islanded/grid-connected v

This paper AC/DC Islanded/grid-connected v v 4 v v unified v

multiple AC-DC hybrid structures. Different droop characteristics, based
on the output impedance of DGs, have been included in PF mismatch
equations [12], where change the Jacobian and variable matrices. In
[13], popular P-w/Q-V droops in AC grid and P-V droop in DC one are
adopted in a backward-forward sweep (BFS) algorithm for calculating
load flow sequentially. This approach is developed for decomposed AC
and DC subgrids which are coupled using normalized V-» droop [3,8]
for IC. Unlike works above, [14] consider Renewable Energy Sources
(RESs) and storage systems in AC and DC subgrids as well. The most
significant point in this work is to control charging/discharging status of
storage systems in AC and DC grids through frequency and DC terminal
voltage respectively. Droop characteristics and voltage reference of DG
units in [15] are extracted from Optimal Power Flow (OPF), which play
as reference roles for voltage source control converters in islanded AC
microgrid. A new idea is developed in [16] to control power exchange
between AC and DC subgrids in grid-connected mode, where a modified
unified interphase power controller is implemented, including one line
power converter and one bus power converter regulating dc link voltage.

Regarding top control level, including tertiary control in the EMS
framework, some authors have addressed power management [17-22].
Ref. [17] provides a comprehensive review of power management
strategies in AC/DC hybrid microgrids including different system
structures, different operation modes in both steady-state and transient
conditions. A hierarchical energy management for storage-photovoltaic
based hybrid microgrids is applied in [18], where it comprises a
centralized supervisory system to decide the control scheme and power
reference sets, for both islanded and grid-connected modes, to the
converters’ local controllers. However, [19] and [20] adopted energy
management only in tertiary level, which calculates hourly optimal
charging/discharging strategies for storage systems [19], and a sto-
chastic optimal load flow is adopted in [20] to measure power sharing
among DGs and RESs considering uncertainty of variables. Authors in
[21] and [22] suggested hierarchically power management, where it is
divided into two system-level and devise-level perspectives [21], at
which the former is implemented by mixed-integer optimization pro-
gram, then power reference control mode is applied to converters as the
latter level. Meanwhile, [22] includes only autonomous primary and
centralized secondary controllers. In addition, small-signal stability
analysis is conducted to investigate the influence of the communication
delays on the system stability.

In general, power flow calculations in AC/DC hybrid grids are solved
using two methodologies: sequential and unified. In the former [11,13],
and [25], parameters in one system (usually in DC one) are estimated,
then power flow for another one is solved, and finally estimated

parameters are updated till convergence is reached. However, in the
latter approach [8-10,14], AC and DC power flow equations are solved
simultaneously. Since convergence problem in sequential method might
rise [23], and to have better convergence characteristics in unified one
[24], this paper solves power flow equations as a unified system.

Almost all the works mentioned above have only considered islanded
mode. Modern microgrids consist of RESs, storage systems, and modern
loads such as Electrical Vehicles (EVs), where they can operate in grid-
tied or islanded modes. On the one hand, the steady-state dynamics in
each operation mode require specific decision making taken by the top
control (tertiary level in this paper) and might change the control
scheme of some sources. On the other hand, the intermittent dynamics of
RESs and EVs during a day cause changes in load supply, charging/
discharging states for BESS and EV parking lots. Therefore, a top control
layer is needed for daily power flow analysis in both operating modes. A
few works have studied controlled-power-flow analysis in both grid-
connected and islanded operating modes [25], and [26]. These articles
do not address the research gaps mentioned above, as authors propose
constant power DGs in hybrid microgrids, incorporating them into
power flow formulation using droop control.

This paper aims to present a comprehensive hierarchically controlled
power flow analysis for AC/DC hybrid microgrids in both grid-
connected and islanded operating modes, considering the challenges
above. For each operation mode, a centralized tertiary controller, as an
energy management system, runs an optimization problem to calculate
power generation, charging/discharging references for PVs, BESSs, and
EVs. This could be mentioned as a drawback of the proposed control
scheme, as a single point centralized unit leads to a decrease in reli-
ability, and its failure results in a loss of power-sharing control for the
entire system. Furthermore, the paper studies the case of a real grid, as a
part of a project named HYPERRIDE, that is going to be installed as a
part of the Italian distribution power system with fully embedded RESs
and flexible sources like BESS and Electrical Vehicles (EVs) stations in
both AC and DC subgrids, whereas works discussed in the literature
study experimental test systems, and such a configuration with EV
contribution has not been studied. Another novelty is that the proposed
model incorporates a flexible primary controller for the converter inte-
grated with BESS installed on the AC side, depending on the operating
mode. In grid-connected mode, current reference control mode is
adopted for DGs in both AC and DC grids, since the main grid is
responsible to keep voltage and frequency at PCC bus. Interlinking
converter uses a frequency-voltage droop to calculate power reference
for its corresponding AC/DC buses, and to exchange power between
both subgrids, keeping DC link voltage close to its nominal value. In
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Distributed primary control level:

Local controller

* Current reference generation (grid-connected/islanded)
* droop control to generate voltage and frequencey references for BESS (islanded)
® Primary controller: inner voltage and current loops

Energy management system

+ Collect day-ahead data like irradiance, load, energy price, etc.
Calculate power reference for DGs by minimizing energy purchased (grid-
connected)/load shedding (islanded)
Send reference set points to local controller of converters

Fig. 1. General Framework of the proposed hierarchically controlled optimal power flow.

islanded mode, all converters remain with the same control mode, but
the one connected to BESS in AC subgrid. Note that in previous studies,
authors almost propose at least one voltage source converter (VSC) in AC
and DC grids, making control schemes more complicated; however, in
this paper, the VSC connected to BESS in AC side generates voltage and
frequency references at PCC bus using V-f droop control. This platform
leads to have a simple and fast control scheme, while no need to change
other converters’ control mode. In addition, it is not necessary to adopt
voltage and frequency restoration controllers as secondary one.

To have power reference for buses as schedule set points, power flow
equations for both AC and DC subgrids are solved in a unified system
using NR algorithm, which results in sufficiently fast convergence, as
shown in the case study section. Finally, the results for mathematical
model are validated by comparing against the professional simulation
software MATLAB/ Simulink, approving the effectiveness and precision
of the proposed model and control schemes.

This article focuses on studying power flow in hybrid microgrids,
exclusively addressing steady-state operation for both grid-connected
and islanded modes. Consequently, the transient period is not consid-
ered in this paper. It is important to note that in transient studies, sec-
ondary voltage/frequency regulation becomes essential for rapid

voltage restoration. As a result, the proposed model may not be deemed
feasible or practical in transient states. Based on the identified research
gaps in the literature and the novelty of this study, Table I represents
comparison between existing literature and the proposed model.

The rest of the paper is organized as follows. Section II explains the
procedure of the proposed model and hybrid system in detail. In section
III, the control schemes for DGs’ converter in AC and DC subgrids are
shown, and the interlinking converter controller and its integration in
power flow model are presented. The optimization and power flow
problems for 24-hour period are modeled in Section IV. Section V con-
tains the case study analysis and the related result discussion. Finally,
Section VI reports the conclusion of the paper.

2. Hierarchically controlled optimal power flow in AC/DC
hybrid microgrids

In this section the proposed model and hierarchical control scheme is
presented in detail. First, it is vital to recognize the proposed AC/DC
hybrid microgrid and its elements. Therefore, Fig. 1 shows an outlook of
the system under study including electrical component, and controllers.
In this hybrid structure, AC subgrid is connected to the main grid at PCC
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Fig. 3. Hierarchical control scheme for BESS ad EV station in DC subgrid.

bus. AC and DC subgrids are connected through a bidirectional AC/DC
IC. In each subsystem, there is a PV-Storage system and an EV charging/
discharging station which are connected to the corresponding AC/DC
buses by proper converters. Local AC and DC loads are located at PCC
and DC link respectively, another AC load is supplied from DC subgrid
through a DC/AC inverter, as well. In addition, Fig. 1 depicts the pro-
posed hierarchically controlled optimal power flow, which is explained
in the following subsections.

2.1. Tertiary control

In the present work, tertiary control plays the role of the energy
management system and is responsible for determining the hourly
optimal power shares for the main grid (in grid-connected mode), PV
systems, BESSs, and EV stations. The system also determines charging/
discharging of storage systems and from EV stations, as well as the
power exchange between AC and DC subgrids through IC, unlike the
literature where changes in loads and RESs’ output power over time are

not addressed [6], or where only power exchange between microgrid
and the main grid, along with charging/discharging for storage systems
are considered [19-21]. Tertiary controller collects day-ahead data for
AC and DC loads, output power for PV systems, and energy price, and
characterizes an optimization problem, where the objective function is
to minimize total cost for purchasing energy from the main grid in
grid-connected mode, and load shedding in islanded mod. The refer-
ences set given by the tertiary control are delivered to the converters
local controllers using communication network, considered as sched-
uled power, as well, for power flow mismatch equations. Tertiary con-
trol’s mathematical model and power flow equations are described in
detail in section IV.

2.2. Primary control

Power set points calculated in tertiary control level are delivered to
the converter’s local controller, including primary control level. As it is
mentioned in the introduction section, in the proposed control scheme,



%]

Moradi et al.

DC Load

—w—lr
DC Line
—wn J_ <

DC Link

1=
1

m|n
Ad
|

V 5
‘?. B VJFP‘
MPPT/CPG Pl rwm |=E

‘J;'- y A
Primary level
- Tertiary level
£
°| Grid-connected
5
}i
1| Islanded

Fig. 4. Hierarchical control scheme for DC-side PV system in grid-connected
and islanded modes.

there is no need to have voltage and frequency restoration at the PCC bus
in the AC subgrid in both grid-connected and islanded modes as a sec-
ondary control level. In addition, since the interlinking converter
controller uses a frequency/DC-voltage droop to supply the missing

Pr.u.-m

Sustainable Energy, Grids and Networks 38 (2024) 101384

power to both subgrids, the DC link voltage is regulated autonomously
and there is no need to control the DC bus voltage.

In grid-connected mode, voltage and frequency at PCC bus are
regulated by the main grid. In this case, all RESs’ converters, in both AC
and DC subgrids, follow current control mode to generate reference
powers [27]. Therefore, current reference generation, and inner voltage
and current loops act as the primary controller. Note that, RESs generate
power references, while the main grid supplies active and reactive
powers close to its references (from the tertiary controller) to compen-
sate power losses of the converters’ filter and dc line resistances.

In islanded mode, all converters remain on the current control mode
but that one is connected to the battery storage system in the AC subgrid
being responsible to restore voltage and frequency at PCC through fre-
quency/active power and voltage/reactive power droops as the primary
controller [27]. BESS in AC subgrid projects like the main grid in
grid-connected mode, keeping voltage and frequency respect to char-
ging/discharging power reference values. For example, assuming a
discharge operating mode, BESS tries to supply powers a little bit more
than references to offset power losses, regulating voltage and frequency.

3. Hybrid microgrid control scheme

This section presents control schemes for RESs converters and IC
converters for AC and DC subgrids in both grid-connected and islanded
operation modes. The following subsections depict these control speci-
fications for AC and DC grids.

3.1. Grid-connected mode

In grid-connected operating mode, since the main grid keeps the AC
subgrid voltage and frequency at their reference values and compensates
the power losses of the lines and filters, all converters in both AC and DC
subgrids conduct current reference control mode to generate a fixed

ACtoDC

L

@ —*

v e

]
i

DCto AC
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Fig. 5. (a): IC droop control for active power sharing, (b): Hierarchical control scheme for IC.
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power calculated in the tertiary control level as optimal power sharing.
Hierarchical-based current control schemes for RESs in both AC and DC
subgrids are illustrated in Figs. 2 and 3, respectively. For RESs’ con-
verters in AC subgrid (Fig. 2), the three-phase inductor currents and
voltages at the PCC are measured to be transformed into synchronous d-
q frame using Park’s transformation, and its angular position is gener-
ated and controlled through Phase Locked Loop (PLL) so that v,
component matches to zero [21,27,28]. Dynamic equations to calculate
current references in d-q frame are as follows:

2P*
. 1
iy v 1)
20*
. 5
=3 2

where, P* and Q* are active and reactive power references, coming from
the EMS and delivered to the primary local controller of the converters.
Using these power references, Eqs. (1) and (2) calculate current refer-
ences in d-q frame. Finally, the inner current loop generates the voltage
reference required for Pulse Width Modulation (PWM).

In DC subgrid, however, battery storage system and electrical vehi-
cles station are connected to the DC link through a bidirectional buck-
boost converter and a line (represented as a resistance in Fig. 3). Cur-
rent control principle for DC/DC converters follows the same as that for
AC/DC converters in the AC subgrid. P* from the tertiary controller is
transferred to the local controller. Then, using measured dc voltage of

the battery, current reference is produced, followed by inner current
loop as the primary control level to generate voltage reference. This
voltage generates PWM signals, applying to buck-boost converters.

For a DC/DC boost converter connected to PV system, Fig. 4 depicts
the control block diagram for both grid-connected and islanded opera-
tion modes since they follow almost similar structure. In islanded mode,
microgrid needs to use maximum output power of PV system to imple-
ment minimum load shedding. Therefore, in optimization process (ter-
tiary level), a fixed PV output power (P;) is taken into account for each
hour depending on irradiance and goes to perturb and observe
maximum power point tracking (P&0O-MPPT) algorithm. However, in
grid-connected mode, optimization program might choose PV output
power lower than maximum available power. By this case, boost con-
verter is going to generate P, using P&O constant power generation
(P&O-CPG), see Fig. 4. In this algorithm, the PV output voltage is
continuously perturbed away from the maximum power point in the
CPG operation mode in order to match the PV output power according to
the set point. Readers may refer to [29,30] to have a deeper under-
standing of CPG control mode in PV system. In both cases, finally, an
inner voltage loop is conducted to generate PWM signals.

The Interlinking Converter (IC) is the most important component in
hybrid grids to share power between both AC and DC subgrids. A
properly controlled IC leads to a stable and robust power exchange be-
tween AC and DC subgrids. According to the power references charac-
terized by the tertiary controller, if total output power of the RESs in DC
grid is not sufficient to supply DC local load, IC transfer power shortage
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from AC to DC grid to keep DC link voltage close to the nominal value,
and vice versa delivers surplus DC active power to AC grid to keep fre-
quency at PCC. Therefore, in this paper a well-known P/wp, —Vld,ﬁ droop
control is conducted and shown in Fig. 5(a), meaning IC shares active
power based on the difference between frequency at PCC and DC link
voltage [3, 8, and 27]. This active power is purposed as scheduled active
power in mismatch equations in NR algorithm, and calculated as
follows:

dc
_ Wpu — Vpu

K

ic

P 3

Where, o,, and Vgﬁ are normalized (per unit) measured frequency at
PCC and dc link voltage, respectively, to be comparable, and calculated
as:
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-
Opu = O.S(wmax _ wmin) (4)
Ve =V,
Vdc — c dc 5
P05 (Ve — 2

VE)

According to Eq. 5(a) and Eq. (3), whenever per unit frequency is
greater than the per unit DC link voltage, active power is delivered to the
DC grid to compensate deficient available power there, and inversely,
lower frequency at PCC due to power shortage makes IC to transfer
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Fig. 9. Hourly load demand and PV generation in p.u.

Table II
Capacity of the resources and load demand in AC and DC subgrids.

subgrid PV [kW] BESS [kWh] EV station [kWh] Load [kW/kVar]
AC 10 50 50 30/10
DC 5 50 50 Load #1 — 20
Load #2 — 25
Table III

Energy price in Italian case study.

weekdays Time (hour) Price (€/kWh)
Monday-Friday 23:00-7:00 0.4121
Monday-Friday 7:00-8:00 0.4955
Monday-Friday 8:00-19:00 0.4417
Monday-Friday 19:00-23:00 0.4955

DC/DC

@ Line 2

o o
PV | ry

¥l
AGEG @ DC/DC
Line 3
o\
o
BESS
DC/DC

E—/}. m

EV Park

=

AC/DC IC

DC Load 2

—

DC Load |

Fig. 8. Terni AC/DC hybrid microgrid: Italian Pilot.
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Fig. 11. Hourly power generated by PV system: (a) DC grid, (b) AC grid.

surplus DC active power from DC side to AC one. Note that the reference
set-point for the reactive power is calculated in the optimization process,
done by the tertiary level controller. It is worth to mention that, only if
there is power sharing from DC to AC side, IC may deliver reactive power
to AC grid [27]. Fig. 5(b) illustrates the hierarchical control block dia-
gram that is the same as that for RESs’ controllers in AC side (Fig. 2), but
active power reference is coming from Eq. (3).

3.2. Islanded mode

As itis discussed in the introduction section, this paper proposes that,
in the islanded mode, the control scheme of all converters remain the
same as in grid-connected mode with the exception of that connected to
BESS in AC subgrid. Since PV system and EVs are not able to generate
energy for a 24-hours day, BESS need to change its control mode to
voltage control mode [31] as depicted in Fig. 6. Active and reactive
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Fig. 12. Hourly charging/discharging power at BESS: (a) DC grid, (b) AC grid.

power are calculated and compared to references values coming from
the upper level, which could be positive or negative dependent on
charging/discharging operation modes. Then, a droop-based primary
controller is applied to generate reference voltage and angular fre-
quency. Then, using these values, inner voltage and current loops
generate PWM pulses for the converter. In fact, this control scheme aims
to keep voltage and frequency at PCC, while trying to follow power
references. In other word, when storage system operates in discharging
state, it may generate active and reactive power a little more than
reference values and consumes a little lower than reference active power
in charging mode. In fact, this difference is due to power losses
compensation by storage system to hold nominal voltage and frequency
at PCC.

4. Tertiary level and power flow formulation

In this section, the tertiary control level, that is an optimization
program, and the Newton-Raphson power flow equations are mathe-
matically modeled for both AC and DC subgrids in grid-connected and
islanded operating modes. Although the proposed model is formulated
in general for any AC/DC power grid outline, readers may refer to Fig. 1,
as it presents the same system used in the case study (single-line diagram
is shown in section V), to better understand the concept of the mathe-
matic model. The two first following subsections describe and formulate
the daily optimal load sharing for both operation modes, then unified
AC/DC NR power flow equations are solved integrating scheduled

10

powers from the optimization, and the control scheme for the inter-
linking converter.

4.1. Grid-connected mode

In grid-tied operation mode, the aim of tertiary control level, which
plays an EMS, is to determine power generation references for RESs
along with charging/discharging states for batteries of BESSs and EVs
each hour, meanwhile minimizing the total cost of the power purchasing
from the main grid. In this scenario, all RESs follow current control
mode to generate the reference powers, and PV system switches to
constant power generation mode (position “0” for the switch in Fig. 4)
that implies it might generate power lower than maximum power each
hour. So, if all RESs in both subgrids follow their power set-points, the
main grid also deliver power to the microgrid as much as calculated
from the optimization program. Therefore, the objective function is:

24

Cr= ch(t) * (Pg(t) +Qg(t))

=1

(6)

From (6), it is worth noting that, although energy price is often based
on active power, utilities sometimes charge customers for a poor power
factor. In addition, PV and storage system on the AC subsystem may
inject reactive power into the microgrid. Therefore, importing reactive
power from the main grid is considered as a penalty in this article.

Constraints are categorized into two types including load sharing-
related and battery-oriented ones. Equations and inequalities (7)-(17)
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Fig. 14. Hourly power transferred through interlinking converter.

represent the first category. Eqs. (7)-(9) represent active and reactive
power balance. For active power, there are two sets of power balance
equations meaning Eq. (7) and Eq. (8) depending on the direction IC
transmit active power. In the first set, it is from AC to DC implying IC is a
load for AC subgrid, meanwhile playing a role as a source for DC subgrid.
Unlike the first equations set, in the second set, characterized in (8), IC is
a load for DC side, while a source for AC one. To mathematically model

11

this aspect in optimization process, a very large number M and an
integer variable I;; for the direction of active power sharing for IC are
defined. If program makes IC to send active power from AC to DC, I
would be 1, equations in (7) must be zero and those in (8) are free.
Inversely, when optimization prefers to transmit active power from DC

to AC side, I, would be 0, equations in (8) are chosen, and those in (7)
are relax.
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Table IV
NR power flow results comparison between the proposed model and MATLAB/Simulink for grid-connected mode.
Proposed Model MATLAB/Simulink
time 1:00 3:00 5:00 7:00 9:00 11:00 1:00 3:00 5:00 7:00 9:00 11:00
V2 0.999937 0.999724 0.999816 0.999873 0.99954 0.999459 0.999937 0.999723 0.999815 0.999873 0.999539 0.999459
V3 0.999937 0.999724 0.999816 1.001115 1.001798 1.001742 0.999937 0.999723 0.999815 1.001115 1.001797 1.001742
V4 1.000248 1.000458 1.001767 1.00146 0.999851 0.999459 1.000248 1.000458 1.001766 1.001459 0.999850 0.999459
V5 0.999937 1.000741 1.000833 0.999873 0.99954 0.999459 0.999937 1.000740 1.000832 0.999873 0.999539 0.999459
V6 1.001987 0.998186 0.998293 0.998894 0.997705 0.997315 1.001986 0.998185 0.998293 0.998893 0.997704 0.997315
v7 1.000104 0.999314 0.99945 0.999506 0.998301 0.998309 1.000103 0.999313 0.999449 0.999506 0.998300 0.998309
V8 1.000103 0.999317 0.999452 0.99951 0.998377 0.998474 1.000103 0.999316 0.999451 0.999510 0.998376 0.998474
V9 1.000103 0.99891 0.999452 0.999508 0.998104 0.997706 1.000103 0.998910 0.999451 0.999508 0.998104 0.997706
V10 1.001195 0.999317 0.998984 0.999508 0.998308 0.998316 1.001194 0.999316 0.998984 0.999508 0.998307 0.998315
Vi1 0.999565 0.998991 0.999167 0.999152 0.997718 0.997798 0.999564 0.998991 0.999167 0.999152 0.997718 0.997797
52 -0.00315 -0.00928 0.000107 8.99e-5 -0.01475 -0.01598 -0.00314 -0.00927 0.000107 8.98e-05 -0.01474 -0.01598
63 -0.00315 -0.00928 0.000107 -9.33e-5 -0.01391 -0.01355 -0.00314 -0.00927 0.000107 -9.3e-05 -0.01390 -0.01354
54 -0.00138 -0.00759 0.009761 0.009302 -0.01298 -0.01598 -0.00137 -0.00758 0.009761 0.009302 -0.01297 -0.01598
85 -0.00315 -0.00764 0.001748 8.99e-5 -0.01475 -0.01598 -0.00314 -0.00763 0.001748 8.98e-05 -0.01474 -0.01598
56 -0.00246 -0.01777 -0.0083 -0.00537 -0.02484 -0.02772 -0.00245 -0.01777 -0.00830 -0.00536 -0.02483 -0.02772
time 14:00 16:00 18:00 20:00 22:00 24:00 14:00 16:00 18:00 20:00 22:00 24:00
V2 0.999973 0.999466 0.999346 0.999519 0.997034 0.997154 0.999973 0.999466 0.999346 0.999519 0.997034 0.997153
V3 1.000573 1.002079 1.001942 1.002774 0.997034 0.997154 1.000573 1.002078 1.001942 1.002773 0.997034 0.997153
v4 0.999973 0.999813 0.999346 0.99983 0.998054 0.998786 0.999973 0.999812 0.999346 0.999830 0.998054 0.998786
V5 0.999973 0.999466 0.999346 1.001627 0.998054 0.995545 0.999973 0.999466 0.999346 1.001626 0.998054 0.995544
V6 1.00248 0.997274 0.99716 0.997406 0.994882 0.994963 1.002479 0.997273 0.997160 0.997405 0.994881 0.994963
V7 1.00035 0.997864 0.997646 0.996798 0.996428 0.997615 1.000350 0.997863 0.997645 0.996798 0.996427 0.997614
V8 1.000546 0.998035 0.997743 0.996815 0.996442 0.997625 1.000546 0.998034 0.997742 0.996815 0.996442 0.997624
V9 1.001526 0.997403 0.997352 0.997095 0.996239 0.998234 1.001525 0.997402 0.997352 0.997095 0.996238 0.998234
V10 1.000349 0.997872 0.997655 0.996811 0.997034 0.996836 1.000348 0.997872 0.997655 0.996811 0.997033 0.996836
Vi1 0.999759 0.997252 0.996985 0.995876 0.995436 0.996934 0.999759 0.997252 0.996984 0.995876 0.995435 0.996933
52 -0.0001 -0.01541 -0.01938 -0.00793 -0.0208 -0.02527 -0.00010 -0.01540 -0.01937 -0.00793 -0.02080 -0.02526
83 0.003323 -0.01296 -0.01827 -0.00844 -0.0208 -0.02527 0.003322 -0.01295 -0.01827 -0.00843 -0.02080 -0.02526
54 -0.0001 -0.01365 -0.01938 -0.00616 -0.01915 -0.02007 -0.00010 -0.01364 -0.01937 -0.00616 -0.01915 -0.02007
85 -0.0001 -0.01541 -0.01938 0.004423 -0.01915 -0.03417 -0.00010 -0.01540 -0.01937 0.004423 -0.01915 -0.03416
56 0.002161 -0.02741 -0.03134 -0.01951 -0.03262 -0.03728 0.002160 -0.02740 -0.03134 -0.01951 -0.03261 -0.03728

12
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Table V
NR power flow results comparison between the proposed model and MATLAB/Simulink for islanded mode.
Proposed Model MATLAB/Simulink
time 1:00 3:00 5:00 700 9:00 11:00 1:00 3:00 5:00 7:00 9:00 11:00
V2 0.999893 0.999939 1 0.999928 0.999893 0.999745 0.999893 0.999939 1 0.999928 0.999893 0.999745
V3 0.999896 0.999941 1 1.000172 1.000087 1.00103 0.999896 0.999941 1 1.000172 1.000087 1.00103
V4 1.001018 1.000422 1 1.000211 0.999055 0.999754 1.001018 1.000422 1 1.000211 0.999055 0.999754
V5 0.998887 1.001719 1 0.999931 0.999896 0.999754 0.998887 1.001719 1 0.999931 0.999896 0.999754
V6 1.000306 0.997979 1 0.999757 1.001069 0.999716 1.000306 0.997979 1 0.999757 1.001069 0.999716
v7 0.999975 1.000275 0.999991 1.000014 0.999862 0.999989 0.999975 1.000275 0.999991 1.000014 0.999862 0.999989
V8 0.999975 1.000274 0.999991 1.000016 0.999932 1.000148 0.999975 1.000274 0.999991 1.000016 0.999932 1.000148
V9 1.000788 1.000274 0.999788 1.000014 1.000599 0.999989 1.000788 1.000274 0.999788 1.000014 1.000599 0.999989
V10 0.999396 0.999228 1.000297 1.000014 0.999863 0.999989 0.999396 0.999228 1.000297 1.000014 0.999863 0.999989
Vi1 0.999867 0.999949 0.999934 0.999943 0.999745 0.999885 0.999867 0.999949 0.999934 0.999943 0.999745 0.999885
52 -0.0002 -0.00011 2.83e-15 -0.00013 -0.0002 -0.00047 -0.0002 -0.00011 2.83e-15 -0.00013 -0.0002 -0.00047
83 -0.0002 -0.00011 2.84e-15 -0.00014 0.001004 0.002125 -0.0002 -0.00011 2.84e-15 -0.00014 0.001004 0.002125
54 0.006873 0.001616 2.84e-15 0.001636 -0.0055 -0.00047 0.006873 0.001616 2.84e-15 0.001636 -0.0055 -0.00047
55 -0.00656 0.011095 2.84e-15 -0.00013 -0.0002 -0.00047 -0.00656 0.011095 2.84e-15 -0.00013 -0.0002 -0.00047
56 8.65e-05 -0.01249 2.84e-15 -0.00123 0.004895 -0.00071 8.65e-05 -0.01249 2.84e-15 -0.00123 0.004895 -0.00071
time 14:00 16:00 18:00 20:00 22:00 24:00 14:00 16:00 18:00 20:00 22:00 24:00
V2 0.999866 1 0.999982 0.999893 1 1 0.999866 1 0.999982 0.999893 1 1
V3 1.000415 1.000449 1.000283 0.999908 1 1 1.000415 1.000449 1.000283 0.999908 1 1
V4 0.999481 1.000723 0.999982 1.000177 1 1 0.999481 1.000723 0.999982 1.000177 1 1
V5 0.999871 1 0.999982 0.999382 1 1 0.999871 1 0.999982 0.999382 1 1
V6 1.000367 0.998829 0.99977 1.000641 1 1 1.000367 0.998829 0.99977 1.000641 1 1
v7 0.999943 1.00015 1.000009 0.993783 0.999968 0.999978 0.999943 1.00015 1.000009 0.993783 0.999968 0.999978
V8 1.000141 1.000312 1.000097 0.993787 0.999968 0.999978 1.000141 1.000312 1.000097 0.993787 0.999968 0.999978
\'% 1.000147 0.999361 1.000009 0.993578 1.00033 0.999775 1.000147 0.999361 1.000009 0.993578 1.00033 0.999775
V10 0.999944 1.00015 1.000009 0.99461 0.999968 1.00043 0.999944 1.00015 1.000009 0.99461 0.999968 1.00043
Vi1 0.999826 1.000026 0.999875 0.993594 0.999767 0.99984 0.999826 1.000026 0.999875 0.993594 0.999767 0.99984
52 -0.00025 2.84e-15 -3.3e-05 -0.0002 2.83e-15 2.83e-15 -0.00025 2.84e-15 -3.3%e-5 -0.0002 2.83e-15 2.83e-15
83 0.003183 0.002828 0.001475 -0.00013 2.84e-15 2.84e-15 0.003183 0.002828 0.001475 -0.00013 2.84e-15 2.84e-15
54 -0.00271 0.004556 -3.3e-05 0.00157 2.84e-15 2.84e-15 -0.00271 0.004556 -3.37e-5 0.00157 2.84e-15 2.84e-15
85 -0.00025 2.85e-15 -3.3e-05 -0.00344 2.84e-15 2.84e-15 -0.00025 2.85e-15 -3.37e-5 -0.00344 2.84e-15 2.84e-15
56 2.08e-05 -0.00738 -0.00137 0.002196 2.84e-15 2.84e-15 2.08e-05 -0.00738 -0.00137 0.002196 2.84e-15 2.84e-15
; 5 IC, only if power is transmitted from DC to AC subgrid. Since this paper
Quc(r) < (1 - Ii"'(t)>' Sic” = (Pic())"v1 ar projects to solve a linear optimization problem, Eqs. (14)-(17) need to be

Inequality constraints (10)-(12) restrict active power for the main
grid, PV system, and IC to their capacities. Eqs. (13)-(17) are reactive
power constraints for the utility, PV system, battery-based sources, and
IC that explain injected reactive power by converters can follow their
reference values as long as they do not exceed corresponding capacity
[1,10,11]. Note here, for BESS and EV parking lot, reactive power could
be injected to the microgrid only if it is in the discharging mode; and for

removed from the optimization process. To handle this problem, MAT-
LAB and GAMS applications are linked so that data are transported from
the former to the latter. Then GAMS is run, and optimal results are sent
back to MATLAB to check converters reactive power constraint for the
converters. There, if reactive power value exceeds its limit, converter
switches to PQ mode and keep its reactive power upper limit as a new
reference. At the end of this section, the interlinking process between
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Fig. 15. Active power flow in the AC subgrid.
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MATLAB and GAMS is outlined. The same optimization algorithm con-
straints are already used in our last works for self-healing analysis and
planning program in AC/DC hybrid microgrids [32] and [33].

Following equations characterize constraints for batteries in BESS
and EV station. Inequalities (18)-(25) imply charging/discharging
power for the batteries of BESS and EV station in both AC and DC sub-
grids could not be exceed the corresponding upper and lower limits.
Subsequently, (26)-(29) represent that charging and discharging of these
batteries might not be done simultaneously through integer variables.
Energy available of these sources at each hour are calculated and
restricted by (30)-(35). It is vital to consider EVs’ batteries are not able
to charge or discharge as long as they are out of the lot which are rep-
resented in (36) and (37). Finally, constraint (38) makes the optimiza-
tion program to keep a threshold energy at EVs’ batteries at the time
they leave the lot.
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Fig. 17. Active power flow in the DC subgrid.
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4.2. Islanded mode

Microgrids could be disconnected from the main grid at PCC, in this
case, hybrid microgrid needs to operate autonomously. Assuming there
might not be sufficient available energy from generators to supply all
loads at specific hours, operators must conduct a proper load shedding to
implement a stable and reliable operation. Therefore, in islanded mode,
the objective function of the tertiary level controller is minimizing total
load shedding rates as:
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Fig. 19. DC link voltage connected to IC.
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Fig. 20. Hourly power generated by PV system: (a) DC grid, (b) AC grid.

Ly = 7 (0. (P + Q1(0) + 7" (0).P (0)vr (39)

Constraints in this scenario are like those for grid-connected mode
but there is no more power from the main grid. In addition, to minimize
the load shedding rates, converters connected to PV systems operate in
MPPT control mode. Load demand in power balance set equations is
modified as follows:

Pt = (1 =) P(0)
o0 = (1-70)-0r () vt
Pl = (1=7()) P

(40)

4.3. NR power flow problem

To model NR power flow analysis in AC grids, buses need to be
defined as one of the three types of buses including slack bus with
voltage magnitude and phase angle are 1 and O respectively, which here
it is the bus connected to the main grid in grid connected mode, PV buses
with fixed active power generation and voltage magnitude, and the last
type is PQ or load buses with scheduled active and reactive power. In
this paper, all converter buses are referred as load ones where schedule
powers come from the tertiary level, and PCC bus and DC link are load
buses connecting to AC and DC loads, and corresponding AC system
frequency and voltage are regulated by the main grid. For a bus in AC
subsystem, the injected active and reactive power are calculated as
follows:
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P =|V,’G | non |+ D |Val[Via G(n, m)cos(s, — 8,)

= (41)
j#n
+|Val|Vin|B(r, m)sin(8, — ,,)V1
0 =—V,’B| n.n | + 3 [VallValG(n, m)sin(8, — 5,,)
e (42)
J#n

- ‘Vn ‘ ‘ Vm ‘B(I’l, m)COS(ﬁ,, - 5,,1)Vt

where n and m represent the different buses of the AC system, and G and
B are respectively conductance and susceptance of the admittance ma-
trix. In DC subgrid, however, there are only two categories for buses: P/
load bus or V bus with fixed voltage magnitude. Due to the lack of fre-
quency in DC grid, formulation for calculated active power is the
following equation where admittance matrix has only conductance part
g

PE=ValPg [ non | + D [VallVilg(n,m)Ve

JE€Quc
J#n

(43)
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Fig. 21. Hourly power generated by BESS system: (a) DC grid, (b) AC grid.

Expanding (41)-(43) in Taylor’s series about the initial estimate and
neglecting all higher order terms, a set of linear equations as follows is
extracted to calculate the difference between calculated and scheduled
power and solved iteratively.

oP oP QP
06 0Vie OVa

AP - | [ 4o

00 00 90
Ao™ g& al\Q/d \ a\Q/ AlVa 44
APdc ac dc A Vdc

opde gpic gpee
35 0|Vae| 0V

Note that for the AC bus connected to IC, scheduled active power is
calculated by Eq. (3), which is the same for DC bus connected to IC with
opposite sign since power losses in IC is neglected. For the case that
active power is injected to DC grid, this calculated active power is
considered as a generation power for DC link, and, inversely, it adds to
the DC load when power is transferred from DC to AC grid. Reactive
power for the AC bus connected to IC, however, comes from the opti-
mization program. The interlinking process between MATLAB and
GAMS is illustrated in Fig. 7. Initially, data is loaded into MATLAB,
followed by its transfer to GAMS. The tertiary level is addressed using
Mixed Integer Linear Programming (MILP) via GAMS Cplex solver, then
the optimal load sharing results, including scheduled active and reactive
powers for all resources, are sent back from GAMS to MATLAB, where
power flow problem is solved. Before solving PF, MATLAB checks the
non-linear constraints (14)-(17) in each power flow iteration. By doing
this, there is no need to run a non-linear optimization in GAMS, as PF is
inherently a non-linear problem. If the reactive power value exceeds its
limit, converter switches to PQ mode and keep its reactive power upper
limit as a new reference. Then, new data is sent again to GAMS to solve a
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new optimization problem.

5. Case study analysis

Fig. 8 shows an 11-bus AC/DC hybrid microgrid that is going to be
installed for Italian pilot as a part of a project named HYPERRIDE. This
microgrid is a part of Italian distribution system where is connected to
the distribution station ASM at PCC (bus #2) through line 1 at 400 V,
while + 700 V DC lines are constructed in DC subgrid. In both AC and
DC sides, there are PV systems as RESs, and the base apparent power is
100 kVA. In addition, flexible resources such as BESSs and EV stations
are available in both subgrids. AC/DC converters are connected to the
PCC bus through LCL filter, meanwhile DC ones are connected to the DC
link (bus #7) via dc resistances [34]. IC couples both subgrids to share
powers between them and help DC link voltage regulation in both
operation modes. In islanded operating mode, the IC is also projected to
transfer power between both AC and DC subgrids to guarantee power
balance, where AC voltage and frequency restoration is reached.

Since this microgrid has not been operated yet, hourly load data,
irradiance to calculate PV output power, and EVs data are not available;
therefore, corresponding data for another part of Italian distribution
systems are used referring to the database from ARERA, the Italian
Regulatory Authority for Energy, Networks and the Environment
providing the most recent technical reports on the energy transition in
Europe and Italy [35-39]. This problem does not reduce the effective-
ness and application of this work because a general and robust model
has been proposed that may be conducted to any hybrid systems. The
pattern for load consumption, and maximum generation of PV systems
in a 24-hours day in April for the proposed case study are illustrated in
Fig. 9, where these values are in per unit (p.u.) system. However, the
capacity of converters connected to PV, BESS, and EV station systems,
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and peak loads consumption have been designed and reported in [34]
and presented at Table II. In AC and DC subgrids, there is a small-scale
parking lots for EVs each including five mid-size sedans with 10 kWh
battery capacity, means that maximum available energy at each lot is
50 kWh. It is assumed that charging station is a fast charge type so that
each EV could be fully recharged by one hour; therefore, maximum
charge/discharge power is 50 kW at each time interval. In this paper, the
efficiency of converters in BESSs and EV parking lots is 95%.

Energy price is one of the most noticeable parameters that could
affect considerably the pattern of charging/discharging of the flexible
resources, power purchased from the main grid, and finally power
generated by the RESs and power flow calculations. In addition, it is
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clear that this parameter varies depending on the weekdays and the time
a day. Therefore, taking a realistic energy price into account leads to
improvement of the analysis. Table III represents the energy price for
different days and hours in the Italian market in 2023.

To conduct a more close-to-real model for EVs, many authors have
implemented stochastic approaches like Monte Carlo Simulation (MCS)
to characterize the pattern of leaving and arriving time at lots, and
journey distance each day. These models are practical for the cases with
a lot of EVs, while there is only a small fleet with five EVs. On the other
hand, since this paper aims to calculate daily power flow and considers
the buses connected to EVs stations as load ones, it is required to have an
active and a reactive power reference, while stochastic models aim to
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evaluate the effect of unpredictable specifics of EVs on other parameters.
Therefore, deterministic pattern for EVs is proposed in this paper, where
it is assumed leaving and arriving time for these vehicles are 7:00 and
19:00, respectively. The average trip distance each day is 10 km and the
initial energy available (state of charge) in EVs’ batteries and BESS is
60% of the total capacity meaning 5 and 30 kWh each subgrid.

5.1. Power flow analysis in grid-connected mode

In this section, power flow problem is solved for 24 hours a day in
grid-connected mode. First, tertiary controller, that is an optimization
program, is solved, then active and reactive power generation by
photovoltaic systems, and generation/consumption powers by BESS and
EVs are called and sent to the operator to calculate power flow, and to
the local controllers of the converters to perform primary control. It is
worth to mention that local devices measure the frequency at PCC and
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dc voltage at DC link utilizing Eq. (3) to calculate active power trans-
ferred through the interlinking converter. Starting with the tertiary
level, Figs. 10-13 illustrate the active and reactive powers generated by
different sources for a day.

Fig. 10 shows the active and reactive power purchased from the main
grid. Figs. 11-13 depict power generated by PV systems, charging/dis-
charging powers at BESSs units and EV parking lots, respectively, for
both DC and AC subsystems. Looking at Fig. 12 and Fig. 13, it is clear
that charging and discharging could not be issued simultaneously, and
the corresponding converters at the AC grid inject reactive power only in
discharging modes (see Fig. 12 (b) and Fig. 13 (b)). In addition, Fig. 14
depicts the hourly active and reactive power exchange between AC and
DC subgrids through the interlinking converter, where only at 1:00,
4:00, 6:00, 8:00 and 14:00 DC subgrid injects active and reactive power
to the AC one. It is expected because DC grid has higher load demand
than AC one (see Table II).
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Fig. 27. Active and reactive power flow in the IC.

At each hour, scheduled (reference) active and reactive powers for
buses #3-5 in AC grid and active scheduled power for buses #8-10 in
DC side come from the tertiary level (Figs. 11-13). Reactive powers in
Fig. 14 are utilized as the scheduled values for the bus #6 connected to
the AC side of the IC, while the corresponding scheduled active power is
calculated via Eq. (3). PCC bus #2, DC link bus #7, and bus #11 are
considered as PQ/load buses with fixed hourly demands and negative
scheduled active and reactive powers. Bus #1 is a slack connection with
voltage magnitude 1 p.u. and phase angle 0. NR power flow model is
implemented at each hour a day for the case study. Table IV presents a
comparison between power flow results for the proposed model and
MATLAB/Simulink (power flow tool) including voltage magnitudes in p.
u. and phase angles in radian. First column indicates Vn and &n which
are voltage and phase angle of nth bus. The proposed power flow model
is run by about 0.0155 second that is sufficiently fast. The simulation is
run for 2 seconds, representing almost steady-state since voltage

20

magnitudes and phase angles match those from the proposed model
shown at Table IV with an error 4.0051e-11.

In addition, to show how converters’ controllers work perfectly in
steady-state, for both grid-connected and islanded modes a two-hour
time interval is set each. To accomplish this, the microgrid under
study, PV-storage systems, and parking lots, along with the corre-
sponding controllers for the converters (Figs. 2-6), are designed and
simulated using MATLAB/Simulink for two purposes. First, to demon-
strate that the controllers work perfectly by following the references
powers coming from the optimization in both grid-connected and
islanded modes. It also proves that storage system in AC subgrid
perfectly regulates voltage and frequency at PCC in islanded mode.
Second, power flow toll in Simulink is used to perform power flow
analysis, validating the power flow results from the proposed model
(Tables IV and V). In grid-connected operation mode, the simulation
results, relating powers transferred through converters and dc link
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voltage, are exploited for 1 second, where the first half second repre-
sents the powers for the first hour, while the second half relates to the
second hour of the time interval. Figs. 15- 17 show active and reactive
powers imported from the main grid, and those from the PV, BESS and
EV lot, respectively, in the AC and DC subgrids at the time interval
3:00-4:00 a.m. Comparing these figures to Figs. 10-13, the powers
imported from the main grid, PV generation, charging/discharging
powers of the converters in BESS and EV parking lots perfectly match the
set points that the tertiary controller sends to the local controllers. Note
that PV systems in both AC and DC subsystems cannot generate power
from 3:00-4:00 a.m. The storage system and parking lot in the AC
subgrid start discharging (positive power) at 3:00, followed by dis-
charging (negative power) at 4:00. In the DC subgrid, only BESS is
active. It is first charged (power with a positive sign) and then starts
discharging (negative power). Once all DGs follow the reference powers,
the main grid injects active and reactive powers based on the values
from optimization.
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These converters operate in current constant mode so that the cor-
responding controllers follow the references powers from the tertiary
level. Figs. 18 and 19 depict the power exchange between two AC and
DC subgrids through IC and dc link voltage respectively. IC follows a
constant current mode where the reference active power is calculated by
difference between normalized frequency and dc voltage leading to a
stable dc voltage. In this case, at 3:00 active power is transferred from
the AC side to the DC one (zero reactive power), whereas at 4:00 active
and reactive powers are injected to the ac grid from the DC one.

5.2. Power flow analysis in islanded mode

Hierarchal power flow analysis is also conducted for the case study in
islanded operating mode. To avoid repetitious expressions, only results
and analysis related to islanded mode are discussed. In this case, AC/DC
hybrid grid is disconnected from the main grid. As it is discussed in the
section III, in islanded mode, PV systems and flexible sources may not
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supply total AC and DC loads at each hour. So, tertiary level optimizes
the rate of load shedding so that the remind load could be powered. In
such a case, converters connected to the PV systems, EV parking lots,
BESS in DC system, and the IC follow the same corresponding control
modes as those in grid-connected mode, but BESS in the AC grid switches
to voltage source mode where it tries to follow the reference powers
aiming to keep voltage and frequency in the reference values at PCC bus.
Starting with the tertiary level, Figs. 20-23 illustrate the active and
reactive powers generated by different sources for a day. The note is
that, since the hybrid grid is disconnected from the main grid, load
consumption in DC grid is lower than AC one as well, IC injects active
and reactive power to AC grid more hours than in grid-connected
operating mode (see Fig. 23).

Power flow calculations by the proposed model and simulation are
reported in Table V. Like in grid-connected mode, power flow results by
simulation match those from the model perfectly by an error 2.0007e-
13, where the proposed model takes 0.013 second which is meaning-
fully fast.

To assess the behavior of the primary controller of the converters in
islanded mode, the controlled hybrid AC/DC grid is simulated for one
second (like that in grid-connected mode) in the period 9:00-10:00 a.m.
using MATLAB/Simulink. Corresponding power outputs are illustrated
in Figs. 24-27. Comparing these figures to Figs. 20-23, PV generation,
charging/discharging powers of the converters in BESS and EV parking
lots perfectly match the set points that the tertiary controller sends to the
local controllers. Looking at Fig. 25, at 9:00 a.m. BESS is charged at a
value lower than the reference point, while at 10:00 it starts discharging
where its power output is a little higher than the reference value to keep
voltage and frequency at

PCC close to their nominal values. Voltage, frequency, and load
current at PCC are depicted in Fig. 28, DC link voltage is shown in Fig. 29
as well. Although the operation mode of BESS, the rate of loads, and
injected power direction at IC are changed for two hours, voltage and
frequency at PCC and DC link voltage remain stable.

6. Conclusion

This paper proposes a power flow analysis for a two-level controlled
AC/DC hybrid microgrid in both grid-connected and islanded operating
modes. In grid-connected mode, the tertiary level controller, playing
energy management system role, minimizes the daily cost of the energy
purchased from the utility, leading to active and reactive power refer-
ences calculation. These scheduled power set-points are then sent to the
converters’ controller connected to the RESs and the flexible resources
and are used in Newton-Raphson power flow calculations. Local
controller adopts current control mode as the primary controller to
generate and follow the power references. In islanded mode, however,
tertiary level tries to minimize the load shedding to obtain a stable and
reliable load supply. To keep a stable voltage and frequency in the AC
system, the converter connected to the storage system implements P-
®/Q-V droops to generate voltage and frequency references, meanwhile
tries to produce powers close to the corresponding references. Other
sources, however, remain in current control mode. In both operation
modes, interlinking converter plays the most significant role to transmit
power between two grids. The difference between DC link voltage and
frequency is used as a droop control to identify the direction of injected
power so that voltage of dc link and frequency at PCC (especially in
islanded mode) are kept stable. Power flow equations are solved using
the unified NR technique sufficiently fast. Results from the optimization
program are obtained for the proposed case study and shown at bar
charts. In islanded mode, it is noticeable that some loads must be
shedded since RESs and storage systems may not power them. Power
flow analysis results from simulated hybrid grid by Simulink perfectly
match with those from the NR model with a high accuracy. In addition,
control schemes are simulated and results at graphs represent controllers
precisely follows the set points came from the optimization level, and
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the converter connected to the AC storage system keep voltage and
frequency stability in islanded mode. The point is that the proposed
methodology is a general model applicable to real existing grids with
diverse configurations comprising various resources and loads. These
highlights mentioned above prove the effectiveness, precision model
with a sufficient convergence speed. Power flow analysis model pro-
posed in this paper could be implemented for other vital issues in power
systems such as fault and cascading failure analysis, stability, among
others, where cascading failure analysis is going to be the next authors’
research interest.
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