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Abstract: This paper presents a supervisory system that considers converter efficiency for local
microgrids of commercial buildings to solve the uncertainty problem of the sources and loads while
also optimizing local microgrid operating costs and maintaining power supply quality for commercial
buildings. The supervisory system includes an energy management layer and a power management
layer. In the energy management layer, a long-term optimization approach is used to reduce the
operating costs by considering the dynamic converter efficiency. In the power management layer,
a real-time power optimization method is structured to deal with the uncertainty problem of the
sources and loads, and to ensure that the direct current bus power is balanced while also guaranteeing
the power quality by considering the dynamic converter efficiency. Four cases are proposed for
the supervisory system, and these cases are simulated in MATLAB/Simulink under three typical
weather conditions: cloud, sunshine, and rain. The comparison of simulation results for cases 1 and
2 illustrates the impact of converter efficiency on energy coordination in microgrids. The simulation
results of cases 3 and 4 verify that the performance—in terms of the power supply quality and
the operating costs—of the proposed microgrid supervisory system considering dynamic converter
efficiency outperforms that of the microgrid supervisory system considering fixed converter efficiency.

Keywords: commercial building; microgrid; supervisory system; converter efficiency

1. Introduction
1.1. Context

The world is striving to achieve net-zero greenhouse gas emissions by 2050 [1]. Re-
newable energy sources such as photovoltaic (PV) and wind energy, with characteristics
that include environmental friendliness, sustainability, low carbon generation, and poten-
tial for energy savings [2,3], provide an effective boost to the net-zero emission aims and
are showing explosive growth at unprecedented speeds [4]; however, this poses severe
challenges for power regulation and control of the power grids [5-9].

A microgrid is a small power generation and distribution system that comprises
distributed power sources, energy storage systems, energy conversion devices, loads, su-
pervisory systems, protection devices, and other components that can promote integration
and consumption of local renewable energy, ensure the reliability of the power supply,
and optimize grid operation [10-13]. Microgrids can be viewed from a triple perspective
in terms of energy, economy, and society. From the energy perspective, the proposal of a
microgrid is intended to realize flexible and efficient application of distributed power and
to solve the problem of grid connection of large numbers and various forms of distributed
power generation sources [14,15]. From an economic viewpoint, the development and
extension of microgrids can form multi-microgrid architectures [16,17], can fully promote
large-scale access for distributed power sources and renewable energy sources, and can
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realise a highly reliable supply composed of multiple energy forms [18,19], thus providing
an economical and effective way to transition from conventional power grids to smart
grids [20-22]. From the social perspective, microgrids represent the concrete embodiment
of a green and low-carbon energy production method and lifestyle, and they provide
effective assistance for ecological and environmental protection [23,24].

However, the intermittency and uncertainty of renewable energy sources and the
complexity of the load demand pose serious challenges for energy management in micro-
grids [25,26]. Many researchers have been working on energy management approaches for
microgrids. Cheng et al. [27] proposed a novel multi-time-scale dynamic robust optimal
scheduling strategy to deal with the performance uncertainties of renewable energy sources
and the variations in load demands, while also effectively reducing the microgrid’s oper-
ating cost and improving the robustness of its coordinated operation. Dashtaki et al. [28]
proposed an energy management system to determine the balance required between the
total electricity generated and the associated demand. Zia et al. [29] proposed a two-stage
supervisory energy management system for optimal operation of a PV /wind/tidal is-
landed direct current (DC) microgrid that used one-time communication to avoid excessive
use of the communication bandwidth during real-time operation. Ferahtia et al. [30] pro-
posed an optimal energy management strategy that considered various techno-economic
challenges, including power quality, system stability, fuel consumption, and system effi-
ciency. In [31], a load-shifting mechanism was considered. Chen et al. [32] proposed a
decision-making strategy to consider the uncertainties involved in both use of renewable
energy sources and the load demand. Erol and Basaran Filik [33] proposed a Stackelberg
game approach to reduce the dependency of microgrids on the utility grid (UG) by con-
sidering the flexibility of the prosumers. Alabdullah and Abido [34] proposed a deep
reinforcement learning-based approach to enable optimal management of the different
energy resources by considering the stochastic behaviour of the load-generation profile and
the pricing signals to achieve optimal cost-effective actions. In [35], a mimosa pudica-based
energy management scheme was proposed to reduce production overheads. In [36], an
energy management strategy to maintain stable and reliable operation of a microgrid was
proposed. Guo et al. [37] proposed a robust optimization algorithm that considered the
uncertainty of the renewable energy sources and industrial loads. The research above on
energy management for microgrids mainly focuses on the uncertainties of the renewable
energy sources and the loads, the supply—demand balance, the excessive pressure being
placed on the power grids, and the reliability of the local power supply, but ignores the
problems caused by converter efficiency.

1.2. State-of-the-Art

Microgrids integrate large numbers of bidirectional converters, which will cause
problems in terms of energy efficiency, power stability, operating costs, and other factors.
These problems can be resolved in two ways. The first way is to mitigate the problems
using hardware, i.e., by improving the materials or the topology of the converters to reduce
their negative impact on the microgrid. By replacing the clamp-insulated gate bipolar
transistor (IGBT) of the SiC metal-oxide-semiconductor field-effect transistor (MOSFET) in
the converter, the switching losses can be reduced, and thus the system efficiency and the
harmonic performance will be improved. Van den Broeck et al. [38] evaluated the power
conversion efficiency of a three-level buck DC-DC converter when operating in unbalanced
bipolar DC microgrids. A modelling and design topology for a bidirectional DC-DC
converter was developed which improved the efficiency of the converter, enabled efficient
usage of renewable energy sources, and reduced the switching losses [39]. Rai et al. [40]
proposed the use of converter arrays in place of centralized converters to improve the
converter efficiency in a DC microgrid. In terms of efficiency, two-level rectifiers generally
offer higher operating efficiency than modular multilevel converters because they have
lower switching and conduction losses. Diode rectifiers have the highest efficiency because
they have no switching losses or power losses in their gate driver circuits. The second
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method involves solving the problems using software algorithms, i.e., by considering
the converter efficiency in energy management algorithms, and an appropriate energy
management strategy can improve the performance of a microgrid by compensating for the
power of the converter [39,41-46]. With the aim of promoting the transmission efficiency of
the converters, a deep reinforcement learning optimization scheme with a triple-phase shift
was proposed [41]. A higher switching frequency will lead to higher switching losses, and
thus reduction of the switching frequency represents a fundamental method to improve the
converter efficiency [44,45]. A distributed optimal control algorithm was also presented for
DC microgrids to minimize operating losses, including converter losses and distribution
losses [47]. However, the energy optimization period was very short. In [43], a multi-
objective optimization dispatch method was proposed for microgrid energy management,
which considered the power losses of converters by defining the converter efficiency as 98%.
Because of the high cost issue associated with advanced converters, this paper preferred
a software approach to alleviate the problems caused by the converter. However, the
efficiency of the converters that were commonly used in the cases above is fixed.

The converter efficiency changes in real time with the voltage, current, time, and
environmental conditions, and thus it is necessary to consider the dynamic converter
efficiency to improve the effectiveness of microgrid multi-time-scale power and energy
management. Pachanapan [48] presented a dynamic model of the grid-tied inverters used
in battery and PV systems. Kong and Nian [49] proposed a transient modelling method for
DC microgrids that considered the control effects of different DC/AC and DC/DC converters;
their results showed that the proposed method can not only improve the accuracy of
transient analysis of the DC microgrids, but can also enhance the calculation efficiency. To
mitigate the effects of multiple uncertainties and realize economical operation of an AC/DC
hybrid microgrid, a temporally coordinated energy management strategy was proposed
for the AC/DC hybrid microgrid which considered the dynamic conversion efficiency of the
bidirectional AC/DC converter in [50]. However, this strategy only considered the dynamic
efficiency of a single converter connecting the AC and DC buses, and other converters,
including the converter connecting the PV sources and the DC bus and the converter
connecting the wind turbine with the AC bus, were ignored. Both AC/DC converters
and DC/DC converters are present in the microgrid, and the advantages of the energy
management system can only be exploited fully by considering the efficiency characteristics
of multiple converters.

1.3. Paper Aim

Microgrids have the capacity to be isolated. While conventional microgrids emphasize
their role in improving local energy independence and resilience, commercial building
microgrids must typically maintain a power supply for at least the time required to cope
with UG outages without damaging the system, and in some cases, these microgrids may
even be able to power the system indefinitely [51,52]. This paper is dedicated to a study of
a supervisory system for commercial building microgrids with multiple sources, multiple
storage types, and a series of interruptible appliances, for consideration as part of long-term
energy planning, while also maintaining the real-time supply-demand balance, with high
converter efficiency. The microgrid topology of a commercial building, as illustrated in
Figure 1, comprises roof-top PV sources, the UG, a battery storage (BS) system, a diesel
generator (DG), a supercapacitor (SC), the commercial building itself, and five bidirectional
converters. The proposed supervisory system uses a long-term optimization approach to
deal with the uncertainties in the PV power generation and the load demand. Errors in the
long-term optimization process can be rescheduled at the power management level of the
supervisory system.
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Figure 1. Commercial building microgrid structure.

1.4. Contribution

Overall, based on the facts discussed above, the main contributions of this study can

be summarized as follows:

1.

In this study, a microgrid-based smart power supply system that has multiple sources
and multiple storage types is constructed to ensure reliable operation and handling of
a commercial building’s load demand. In the commercial building microgrid, local PV
sources provide green energy; controllable sources, represented by the BS system and
the UG, are used to balance the power of the DC bus. The DG is used as a long-term
backup source, and the SC is used to support the power deficiency that occurs while
the DG starts up.

A two-layer microgrid supervisory system comprising an energy management layer
and a power management layer is designed in this paper to consider long-term en-
ergy planning while also maintaining the real-time supply—demand balance. The
supervisory system takes the dynamic characteristics of the efficiency of the bidi-
rectional converter fully into account, and observes the physical constraints of the
microgrid components.

Four cases are analyzed comprehensively and compared under three different weather
conditions for the supervisory system. Case 1, in which the converters are idealized
to realize an ideal conversion efficiency of 100%, provides a baseline. Simulations
show that case 3, which involves a dynamic converter efficiency model, is effective
in reducing the operating costs and improving the power supply quality of the
commercial building microgrid.

The remainder of this paper is organized as follows. Section 2 describes the DC mi-

crogrid and the converter efficiency modelling process. Section 3 presents the proposed
supervisory system, which comprises an energy management level and a power manage-
ment level. The supervisory system is then validated in Section 4. Finally, conclusions are
drawn and directions for future work are discussed in Section 5.
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2. DC Microgrid

The commercial building microgrid with a DC bus can be structured as shown in
Figure 1, with a supervisory system and several physical components. All components are
connected to the common DC bus of the microgrid via power converters. The loads of the
commercial building, which include the emergency lighting, a stair lift, multiple personal
computers, multiple printers, and other electrical equipment, are assumed to be connected
directly to the DC bus. The roof-top PV sources, a BS system, the UG, a DG, an 5C, and five
converters, including a DC/DC converter and a DC/AC converter consisting of an IGBT,
are proposed to support the loads of the commercial building microgrid.

The PV sources consist of several PV panels, and the power generated supplies the
load demand directly through the DC bus for the maximal renewable energy usage rate.
If the power generated by the PV sources cannot fully support the DC loads, the BS and
the UG will then supply these loads. If the PV sources, the BS, and the UG cannot provide
sufficient power for the loads, the noncritical loads will then be shed, including the heating,
ventilation, air conditioning, and water heater loads. If the critical loads are at risk of being
shed, the DG would then start up as a back-up source. If there is PV power in excess
of that required to support the loads, the BS and the UG would absorb this excess PV
power. If the BS and the UG cannot absorb the excess power, the PV will then be shed to
maintain the power balance of the DC bus. The power converter is as the key component
that enables power transfer between these components, and thus the conversion efficiency
of the power converters has a significant impact on the energy and power management
processes in the supervisory system. However, the conversion efficiency of the power
converters is constantly varying, and thus accurate modelling of the conversion efficiency
of these converters is essential for energy and power management in the commercial
building microgrid.

2.1. Microgrid Modelling

To maintain the power balance and keep the DC bus voltage stable, a power balance
constraint is used:

ppv(t) + ppc(t) — pev_Loss(t) = (1)
pL(t) + pes_cu(t) — ps_pcu(t) + psc_cu(t) — psc_pcu(t) + puc_i(t) — puc_s(t) ’

where ppy () is the power of the PV sources at time step t; ppg(t) is the power supplied
by the DG; pcy ross(t) represents the total loss of the converters; py (t) is the load power;
ps_cH(t) and pps pcy(t) are positive variables that denote the BS charging and discharg-
ing powers, respectively; psc cy(t) and psc_pcp(t) are the SC charging and discharging
powers; and the positive variables py;g s(t) and pyg (t) are the UG powers supplied to
and injected from the commercial building microgrid, respectively.

For the PV sources, ppy(t) is restrained to the maximum PV power ppy amppr(t)
under the current weather conditions at the time step ¢, which is expressed as follows:

prv(t) = ppv_mppr(t) — ppv s(t), ()

where ppy ¢(t) is the PV shedding power.

The load demand power p;_p(t) comprises the noncritical load p;_p nr(f) and the
critical load pr p cr(t); pr_s cr(f) is normally zero, and represents critical loads operating
in an orderly manner; p; p cr(t) directly reflects the microgrid’s ability to maintain the
key operations that must be kept running during a power outage. The load constraints are
described as follows:

pL(t) = pr_p(t) — pr_s(t)

pr_p(t) = pr_p_~Nr(t) + pr_p_cr(t)

prs(t) = pr_s Nr(t) + Pr_s cr(t)

pr_p_cr(t) =ki_cr(t) - pr_p(t), ki_cr € [0%,100%]
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where pp(t) is limited by the load demand power p; p(t) at the time instant f, and
pr_p_cr(t) is calculated by multiplying the pre-defined critical load coefficients k;_cg(¢)
and pr_ p (t)

Because of its low cost and high recycling rate, the BS is organized using a set of lead-
acid batteries, which are commonly used in small-scale microgrids. To maintain normal BS
system operation, the following constraints are given:

0 < pps cu(t) < P 5 CH(t)
0 < pgs_ pcH(t) < sz DCH(t)
ps(t) = pps_cu(t) — pes_pcu(t) (4)

nat '
socps(t) = socps(t — At) + %

SOCHIN < socps(t) < SOCKAX

where the charging and discharging powers of the BS are limited to its maximal charging
and discharging powers pMAX, (t) and pyAX . (t), respectively, at time instant t. Each
cell in the BS system is assumed to exhibit one of the two behaviours per time step ¢, i.e.,
charging or discharging, and thus the BS power pps(t) is defined as the difference between
p%AgH( ) and pg/gAgC 1 (£). The state of charge (SOC) of the BS at time instant ¢, denoted by
socpg(t), is assumed to be the accumulated pps (), Vs g is the BS’s rated voltage, and Crer
is the BS’s capacity. To mitigate the aging of the BS, overcharging and over-discharging of
the BS should be avoided, and thus socgg(t) is limited to its maximal value S OCi‘{IS‘L‘X and
its minimal value SOC%I N,

The microgrid is designed to operate within an on-grid/off-grid model, and the UG
can exchange power and information with the microgrid. The UG is assumed to receive the

following constraints in real time:

0 < puc_i(t) < pMa%(t)
0 < puc_s(t) < pif(t) , ®)
puc(t) = puc_1(t) — puc_s(t)

where pyc_;(t) and pyg s(t) are bound to p{fé‘f (t) and p{%ug( ), respectively, and the UG

power pyc(t) is defined as the difference between pM4%(t) and p{fé“é( ).
The DG is used as a long-term backup source for the DC microgrid while respecting
the following constraints:

0 < ppc(t) < ppéon(t), 6)

where ppg () is limited by the DG’s maximal output power p¥4% | (t). Because the DG
start-up stage represents slow dynamic behaviour, an SC is suggested to compensate for
the power balance during the DG’s start-up period, because of its fast response and high
power density [53]. The relevant constraints are given as follows:

0< PSC_CH( ) Psc CH(t)
0 < psc_pcnu(t) < p¥AK ()
psc(t) = psc_cu(t) — psc_pcu(t)

SOCMIN < socps(t) < SOCMAX 7
ESC(t) — CSL%C“)

_ Esc(t) _ vgc(®) 0
SOCSC(t) " Esc Rated ~ Vsc_Rated 100%

where the SC energy Egc(t) at time step t is calculated using the SC capacitance Cgsc(t)
and the SC voltage v¢(t); therefore, the calculated SOC of the SC, denoted by socsc(t),
translates to the proportion of v (#) to the SC’s rated voltage vg- g 04 (t)-



Sustainability 2023, 15, 6413

7 of 21

2.2. Converter Efficiency Modelling

The converters used in the commercial building microgrid are DC/DC converters and
DC/AC converters, as shown in Figure 1. These converters are formed by connecting the
IGBT to the surrounding inductors and capacitors directly [46,54,55]. The converter has an
input port and an output port, and the ability to transfer power bidirectionally between
physical components and the DC bus. Because of the limitations of the microgrid topology,
the measured variables, including the voltage and current, can only be measured on the
source side.

The converter efficiency (t) can be calculated using the power on the source side
ps(t) and the power 10ss pjyss_sum (f) when the power flow is from the sources to the DC
bus, as shown in Equation (8):

E(t) = ps(t) _pT:l(o;)s_sum(t) o

When the power flow is directed from the DC bus to the sources, ¢(t) can be calculated
using Equation (9):

ps(t)
O = 0 Pl o () ©)
To simplify the mathematical modelling of the converters while also highlighting the
impact of the conversion efficiency on the commercial building microgrid, the power loss
compensation circuit, which may include dedicated buffer circuits, phase-shifted full-bridge
soft switches, and auxiliary circuits, is not taken into account. The power losses of the
converters include the losses of the semiconductors, the losses of the passive components,
and the losses of the control circuits [43,56]. The losses of the semiconductors comprise the
conduction loss and the switching loss. The control circuit losses can be neglected because
they are relatively small when compared with the losses mentioned previously.
A boost/buck converter is applied as the DC/DC converter in the commercial building
microgrid. Using boost/buck converters as an example, a converter power loss model is
formulated as shown by Equations (10) and (11).

ploss_sum(t) = pcond( ) + Pcom(t) + PL( )
pcond( ) - pcondT( ) + pcondD(t)

Peonat (t) = Vo - is(t)] - d(t) +rcE - i () d(t)
PeondD(t) = Vo - |is(t)] - (1 —d(t )+VF iZ(t) - (1—d(t))
Pcom(t) = PcomT( ) + pcomD( ) (10)

Peont(t) = (Eon(is (1)) + Eogp(is(1)) ) - 5 -
PcomD(t) = %f : Vcc(t) “Qwr
pL=rL-i3(t)

where pjyss sy donates the sum of the converter power losses including the conduction loss
Pcond, the switching loss peom, and the power loss in the inductance pr. peong includes the
transistor conduction loss p,,, 7 and the diode conduction loss pouap, Vro is the threshold
voltage for the voltage drop between the collector and the emitter of the transistor, i; is the
source side current, rcg is the resistance between the collector and the emitter, which is
equivalent to the resistance sum in the transistor, and d is the duty cycle of the transistor
turn-on. Vg is the threshold voltage for the diode forward voltage drop, and rf is the
resistance of the diode. (1 — d) represents the duty cycle of the diode turn-on, p¢, includes
the transistor switching loss p.,,T and the diode switching loss pcomp- Eon/E, Ff s the
switch-on/off loss, V.. is the direct voltage applied to the diode when opening the circuit,
U, is the nominal voltage of the transistor, and f is the switching frequency. Q;; is the
reverse recovery charge, | is the internal resistance of the inductor coil.

According to Equations (8)—(10), the conversion efficiency of the converter is not a
fixed value, and this efficiency varies with the operating voltage and the transmitted power
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of the converter. An example of the converter efficiency and the transmission power loss
for a PV boost converter is shown in Figure 2. When the converter is working in the low
transmitted power and low voltage state, the converter has a low conversion efficiency and
suffers high power losses. Therefore, the conversion efficiency and the power losses are
influenced by both the operating voltage and the transmitted power. Five power converters
are included in our study, which will lead to increased transmission power losses and affect
the operation of the microgrid. Therefore, the converter loss model should be considered
within the supervisory system of the commercial building microgrid.

-

NO

Converter power efficiency({%)
o
(&)

1.5 1 i 250 300
0.5 150 200
0 100
Converter power(kW) Converter voltage(V)
=
g 200
é 100
>
5 2
1.5 1 250 300
0.5 150 200
0 100
Converter power(kW) Converter voltage(V)

Figure 2. Example of a PV boost converter.

Because is and V. are proportional to the power on the source side ps, pjpss_sum can also
be formulated approximately as Equation (11), where as, bs, and ¢ are polynomial coefficients.

ploss_sum<t) = aspg(t) =+ bsps(t) +Cs (11)

3. Microgrid Supervisory System Design

The multiple power generation sources, storage systems, and loads involved mean that
the energy management of a commercial building microgrid is complex when operating
under uncertain conditions, wherein the renewable energy sources and the load demand are
affected separately by the weather conditions and the various user behaviours. Accordingly,
a supervisory system that considers the energy and power management comprehensively
should be established to handle the discrete events of the loads and continuous regulation
of the commercial building microgrid.

The microgrid supervisory system has an inherent ability to handle the balance be-
tween supply and demand intelligently, based on the fact that the system is complex and
that it therefore needs to couple the user-defined discrete data with the continuous data on
the source side, weather data, and other data sources. The microgrid supervisory system
is designed as shown in Figure 3, including the energy management layer and power
management layer. The objective of the energy management layer is to optimize the cost of
the energy by dispatching the sources, storage, and load demands under the constraints
of the microgrid, while considering the metadata, including the PV and load demand
prediction data. The core aim of the energy management layer is long-term optimization.
The goal of the power management layer is to eliminate any decision-making errors from
the previous layer, while also controlling the power flow in real time to achieve power
balancing. The core of the power management layer is a real-time power management
strategy and a component controller. Both of these layers consider the converter loss model.
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Figure 3. Microgrid supervisory system design.

3.1. Energy Management Layer

The objective of the energy management layer is to minimize the operating cost of the
microgrid C 3;210 (t) over a time horizon H, as shown in Equation (12), while considering
the constraints of the components in Equations (1)—(7), (11), and (19):

CrotaL = min Y. Comf () (12)
teH

CPAO (1) is composed of the BS aging cost Cps(t), the UG power cost Cyyg(t), the DG

power cost Cpg(t), and the SC aging cost Csc(f), and is given as:

CRAO(t) = Cps(t) + Cuc(t) + Cpg(t) + Csc(t) (13)

The BS aging cost consists of the BS charging and discharging aging costs, which are
expressed as Cps cp(t) and Cps pcpy(t), respectively. The BS charging and discharging
states are constrained by the coefficients xgs ¢y (t) and xgs pcy(t), respectively, as follows:

Cgs(t) = Cgs_cH(t) + Cps_pch(t)

Cgs_cH(t) = cBs_aging - XBs_cH(t) - pps_cu(t) - At

Cps_pcH(t) = cBs_aging - XBs_pcH(t) - PBs_pcH(t) - At (14)
xps_cH(t) + xps_pcu(t) <1

xps_cH(t), xgs_pcu(t) € {0,1}

where Cps_cy(t) and cps_aging are affected by the BS charging and discharging aging
tariffs cps_aging and cps_aging, respectively; xps_ch(t) and xps_pcr(t) are set tobe 0 or 1 to
indicate that the BS is charging or discharging, respectively, and the sum of xgs ¢y () and
xgs_pcH () is less than or equal to 1.

The SC aging cost in Equation (15) has the same formulation that was used for the BS.

Csc(t) = Csc_cu(t) + Csc_pcH(t)

Csc_cH(t) = csc_aging - Xsc_cH(t) - psc_cu(t) - At

Csc_pcu(t) = csc_aging " ¥sc_pcH(t) - psc_pcu(t) - At -, (15)
xsc_cH(t) + xsc_pcu(t) <1

xsc_cu(t), xsc_pcu(t) € {0,1}

The UG cost considers the costs of selling and buying UG electricity to and from the
microgrid, as denoted by Cyj _s(t) and Cyjg j(t), respectively, as:

Cuc(t) = Cuc_s(t) — Cuc_1(t)

Cuc_s(t) = cuc_s(t) - xuc_s(t) - puc_s(t) - At

Cuc_1(t) = cuc_1(t) - xuc_1(t) - puc_i(t) - At (16)
xUG_IEt; + xuc_s(t I

) <1
xuc_1(t), xuc_s(t) € {0,
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where Cyyg s(t) and Cyg_;(t) are calculated using the tariffs for selling and buying UG elec-
tricity cyg_s(t) and cyg_1(t), and the selling and buying are constrained by the coefficients
xuc_s(t) and xy 1(t), respectively.

The DG cost is composed of the DG fuel cost Cpg pyei(t) and the DG aging cost
CpG_aging(t). The DG fuel cost is calculated using the DG fuel tariff cpg_pye(t) and ppg (),
and the DG aging cost is calculated using the DG aging tariff cpg_ Aging(t) and the DG
operating time, as follows:

Cpc(ti) = Cpe_ruel (t) + Cpc_aging (t)
CDG_Fuel(t) = CDG_Puel(t) : PDG(t) At (17)
Cpe_aging(t) = cpG_Aging - Ot

In the daytime, the UG and the BS are restricted from exchanging power with each
other to prevent the BS from arbitraging only from the UG and ignoring the local load
demand; this is represented by the following constraint:

sign(puc(t)) = sign (pas(t)), (18)

The modelling of the energy management problem presented above can ensure eco-
nomical microgrid system operation, but the utilization of the renewable energy and that
of the reliable power supply for the load demand are not taken into account; therefore,
the objective of the energy management problem in Equation (12) is reformulated with a
PV-shedding punishment component and a load-shedding punishment component as:

CRotu = min( Y Clad(t) + PUpy (t) + PUL(t)), (19)
fert

where the PV and load-shedding punishment components are denoted by PUpy (t) and
PU  (t), respectively.
PUpy (t) is calculated using:

PUpy (t) = pupy_pn - ppv_s(t) - At, (20)

where pupy py is the PV-shedding punishment coefficient.

The load-shedding punishment component includes the noncritical load-shedding
punishment component PU;,_nr(t) and the critical load punishment component PU;_cg(t),
and the punishment coefficients for noncritical and critical load shedding are pu;_pn nNr(t)
and pup pn cr(t), respectively, as shown in Equation (2). In principle, puy py cg is infinity,
because it may be related to human life and to huge economic losses, e.g., to the equipment
in a hospital and to the production line of an important factory, respectively.

PUL(t) = PU,_nr(t) + PUL_cr(t)
PU;, Nr(t) = pur_pN_NR - Pr_s NR(f) - At -, (21)
PU;, cr(t) = pur_pn cr - Pr_s cr(t) - At

3.2. Power Management Layer

The uncertainties of the PV sources and the loads result in prediction errors that
mean that the energy management layer cannot be used directly to control the physical
components of the DC microgrid. Therefore, the power management layer is proposed as
an intermediate layer to reschedule the power flow and maintain power balances in real
time, while respecting all the components’ constraints.



Sustainability 2023, 15, 6413

11 of 21

C

IND
TOTAL —

st :{ min(|kp-(pgy; — PLT — pev_toss) — Pes|+
|(1 =kp)-(ppy — LT — pev_toss) — puc))

In the power management layer, the results from the energy management layer are
converted into two optimization coefficients, kp and kpg, as given in Equation (22):

o B 8 .
_ if Poc > ’
kpG = { 0 others

where kp is calculated as the proportion of the powers allocated by the BS and the UG
from the energy management layer, and kp¢ indicates whether the DG is set to be on or off
based on the results from the energy management layer.

The power management layer operates in real time to dispatch the power flow based
on the current state of the microgrid; the problem formulation is given in Equations (23)
and (24), with the constraints given in Equations (2)—(7):

ikaG =0 and wsc =0

st.2 1min(‘P]§/Isf_‘£§CH + PGS + v — PET — Psc_cH — Pev_Loss ‘) if kpc =0and wsc =1 23)
st.3 min(wpg_1-|psc_pcu + Py — PR — pev_ross|) ifkpg = 1and wpg 1= 1’

st.4 min(wpg_»:|pRy + PG — Psc_cu — PR — pev_ross|) ifkpg = 1and wpg o= 1

st.5 :min(wDG_3- |p§7‘; + PDG — PBS_CH — pﬁT — PCV_LOSS‘) if kDG =1and WpG 3= 1

where the optimization objective of C%g? 41, s to minimize the power balance errors in real

time. The microgrid operating states include five power balance states. The first state is
that in which the microgrid operation relies on a controllable BS and UG to balance the
power differences between the PV and the load demand; the second state is that in which
the microgrid charges the SC to ensure that the SC retains its capability of supporting
the DG start-up while also maintaining the power balance set by the coefficient wsc in
Equation (24), and the third state, fourth state, and fifth state aim to maintain the power
balance when the DG is switched on, with the three stages being selected based on the three
coefficients wpg 1, Wpg 2, and wpg 3, respectively, in Equation (24).

wsc = Boolean(socse — SOCs¢ min)

WpG.1 = (O < tcount_on < TDG_l)
wpc 2 = (Tpg 1 < teount_on < Tpc 2)
wpG_3 = (Tpg_2 < teount-on < Tpc_3)

(24)

where wgc is the coefficient to be set if the SC needs to be charged; wpg ; is intended to
select the first stage when the DG is on, where the SC is used to compensate for the power
deficiency when the DG is turned on [53]; because of the high power tariff when the DG is
turned on, the DG is set to operate for a long period to charge both the SC and the BS to
reduce the cost of frequent DG start-ups. wpg 7 is used to set the second stage when the DG
is switched on, where the DG can provide supporting power to charge the SC and maintain
the microgrid’s power balance. Finally, wpg 3 is used to set the third stage when the DG is
switched on, where the DG can output power to charge the BS while again maintaining the
microgrid power balance.

4. Simulation Results and Analyses

The proposed microgrid supervisory system was programmed in MATLAB/Simulink,
and the optimization problem was solved using CPLEX software [57]. The hardware device
used to perform the simulation was a desktop computer with an Intel Core i7 2.6 GHz
central processing unit (CPU) and 16 GB of random access memory (RAM).
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4.1. Simulation Cases and Parameters

The commercial microgrid model and the microgrid supervisory system that were
presented in Sections 2 and 3 were applied in a simulation. The simulation parameters
listed in Table 1 are based on an existing experimental building-integrated microgrid
system equipped with 1.75 kWh of roof-top PV arrays, a 12 V/33 Ah battery with 1 kW
charging and discharging power limits, a point of common coupling connected to the
UG with a variable power limit taken from the upper distribution network, a voltage of
UG which complies with the Council Directive 93/68/EEC, a DG system with a 1.5 kW
output power limit, an SC with 1.5 kW charging and discharging power limits, and a
building load demand comprising a series of controllable electrical appliances. Because
the microgrid system operates in the low power range, the curve of converter power loss
versus converter transmitted power can be approximated as a linear function, and the
approximate parameters, a and b, are shown in Table 1.

Table 1. Simulation parameters.

Title 1 Parameter Value Unit Parameter Value Unit
PV Ppy_mppr 1.75 kW apy 0.013 -
pupy pN 5 EUR/kWh bpv 21.376 -

Load kaCR 80% or 100% - PUL_PN_NR 10 EUR/kWh

SOCgs_max 80% - BS_buc 0.074 -
50Cgs_mIN 20% - bBs puc 16.611 -
BS SOCBSJ) 50% - ABS bst 0.083 -
CrEF 33 Ah bgs pst 19.859 -

CBS_Aging 0.07 EUR/kWh Py &/ PR Ben 1 kW
pHAX )/ phidX 200 or 600 W auG._ino 0.006 -
uG AUG_rec 0.011 - bUG_inv 46.991 -

bUGJ’eC 28429 - CUG?S (f) /Cucil(f) 001 or 07 or 01 EUR/kWh

pII\DAéL‘_XON 1.5 kw ADG_rec 0.005 -
DG CDG_Fuel 1.2 EUR/kWh bpG_rec 30.181 -
CDG_Aging 0.63 EUR/kWh _

socyAx 45% - pMAX  pMAX 1.5 kW
sochiN 75% - a5¢_buc 0.141 -
sC SOCsc_o 75% - bsc buc —15.010 -
CSC 94 F aSC?bst 0.148 -
UsC_Rated 75 \ bsc_pst —11.260 -

CSC_Aging 0.3 EUR/kWh
DC bus Uhe 400 \Y%

The operation of the microgrid must account for the effects of several uncertain factors:
e.g., weather conditions, load demand, UG electricity prices, and power limits. Therefore,
to verify the microgrid’s operating performance fully, a real weather dataset that included
solar irradiation and temperature data was collected to perform a system simulation, as
illustrated in Figure 4. The dataset represents three typical weather conditions, as recorded
on 20 June (cloud), 8 May (sunshine), and 16 July (rain) in 2018 in France. The profiles
of the PV power, the scaled-down load demand of the commercial buildings, and their
predicted characteristics are shown in Figure 5.
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Figure 4. Real weather dataset.
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Figure 5. Profiles of the PV power, the scaled building load demand, and their predicted characteristics.

In Table 1, k;_cr is set at 100% in the power supply valley and at 80% at all other times.
The initial SOC of the BS, denoted by SOCjpgs , was set at 50%, and socps was limited to the
range from 20-80%. pﬁféﬁf / p{‘fé)é was set at 600 W in the power supply valley and at 200 W
at all other times. The initial SOC of the SC, denoted by SOCsc o, was 75%, and SOCj; min
was set at 45% to maintain the minimal energy required to support the DG start-up process.
Based on consideration of the power conversion efficiency between the microgrid and the
UG, the reference voltage of the common DC bus v}, was set at 400 V.

The tariff for each physical component was predefined in Table 1 using a selected pric-
ing mechanism, where the high load-shedding punishment tariff was set at 10 EUR/kWHh,
the PV power-shedding punishment tariff was set at 5 EUR/kWh, and the UG power tariff
was set at 0.01 EUR/kWh in the power supply valley, at 0.7 EUR/kWh during the power
supply peak, and at 0.1 EUR/kWh during the power supply shoulder, using the TOU
method [35]. In addition, the BS power tariff was set considerably lower at 0.07 EUR/kWh,
the BS power tariff was set at 0.3 EUR/kWh, the DG power tariff was contrastingly set
high at 1.2 EUR/kWh because of the high cost of the diesel fuel, and the DG operation and
maintenance tariff was set at 0.63 EUR/kWh [58].
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To study and demonstrate application of the microgrid supervisory system with
consideration of the dynamic converter efficiency model to the DC microgrid, a simulation
verification method was designed, as shown in the flow diagram in Figure 6. To determine
the influence of the converter efficiency on the energy coordination of the microgrid, cases
1 and 2 were designed and compared. Case 1 was set to be a baseline for integration of
the microgrid simulation with the idealized converter and the power management layer
without consideration of converter efficiency, i.e., the converter efficiency is considered to
be 100%. Case 2 is designed to be almost the same as case 1, with the difference that the
converter in case 2 was not idealized.

l PV/battery/supercapacitor/diesel generator/utility grid/load models |

T=0
]
v
Historic PV/battery/supercapacitor/diesel
P generator/utility grid/load/electricity price of next 24h Initial microgrid state
Energy management layer: [ [
L v @
Objective function: Minimize operation cost | | Minimize operation cost I
Converter efficiency model: | Fixed converter efficiency | | Dynamic converter efficiency |
v v
Scheduling decisions: | PV/battery/supercapacitor/diesel generator/load power of next 24h |
T=t+24h l
Scheduling coefficient conversion: | Equation 22 |
Power management layer:
o v v
Objective function: Power balance | | Power balance
: 3 |
—» | Converter efficiency model: | Fixed converter efficiency | Dynamic converter
‘ efficiency
I
v v
| PV/battery/supercapacitor/diesel generator/load power controlling signal of next step |
T=t+At
Physical component model: 6 @
i Objective function: No converter power loss | | Converter power loss |
i v
i Converter efficiency model: | Dynamic converter efficiency | —

w Case 1 | @@ Case 2 | m Case 3 I 246

Figure 6. Flow diagram representing the simulation and demonstration of the microgrid supervi-

sory system.

To verify the performance of the proposed microgrid supervisory system when the
dynamic converter efficiency is considered, we designed and compared cases 3 and 4. In
case 3, the conventional converter efficiency model with multiple fixed converter efficiency
values was implemented in the microgrid supervisory system. Case 4 represents integration
of the microgrid simulation with the proposed microgrid supervisory system when the
dynamic converter efficiency is considered.

As shown in Figure 6, (O and (©) represent the energy management layer considering
the fixed converter efficiency and considering the dynamic converter efficiency, respectively;
(® and (@ denote the power management layer that takes account of the fixed converter
efficiency and the dynamic converter efficiency, respectively. ) and (6, respectively, stand
for whether the physical component model takes into account the dynamic converter
efficiency. Thus, case 1 consists of (3) and (5); case 2 comprises (3 and (&); case 3 includes
(D, @ and (6); and case 4 contains (2), @ and (6). The simulation starts when the time T
is zero. The operating period of the energy management layer is 24 h. Equation (22) is
applied to deal with the optimization results from the energy management layer. The
power management layer then operates at time step At to send the control signals for the
PV, the BS, the UG, the SC, the DG, and the load demand.
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4.2. Simulation Results and Analyses
4.2.1. Simulation Results for Case 1 and Case 2

Cases 1 and 2 were applied in the simulation to provide comprehensive comparisons
of the operational feasibility, converter power loss, DC bus fluctuations, and operating costs
of the two cases. The detailed operating status of the commercial building microgrid over
the three typical days is shown in Figures 7-9.

Case 1

N W
o o
o o

100

N
A~ O

16 July 2018

20 June 2018

Total power loss of converters(W)

0  8May2018

Case 2

400

200

N
A~ O

16 July 2018
20 June 2018

Total power loss of converters(W)

0 8 May 2018

Figure 7. Total converter power loss curves for case 1 and case 2.

Case 1

410

400

Voltage(V)

390
24
16 July 2018

20 June 2018
0 8 May 2018

Case 2

410

400

Voltage(V)

390
24
16 July 2018

20 June 2018

0 8 May 2018
Hours

Figure 8. DC bus curves for case 1 and case 2.
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Figure 9. Instantaneous operating costs for case 1 and case 2.

The total converter power loss curves for case 1 and case 2 are shown in Figure 7.
This figure indicates that the total converter power loss in case 1 is zero, while that of case
2 varies with the power distribution over the three typical days. On the sunny day of 8§ May,
the converter power loss was significantly smaller when compared with that on the other
two typical days, which reflects the fact that flat PV generation on a sunny day can reduce
the variation in the power transmitted by the converter, thus levelling out the power losses
of the converter.

In Figure 8, the DC bus voltage curves for case 1 and case 2 are shown. This figure
shows that the microgrid of a commercial building can operate well under different weather
conditions while also maintaining a stable DC bus voltage. Comparison of the simulation
results for cases 1 and 2 shows that the fluctuation of the DC bus in case 2 is greater than
that in case 1, which indicates that the converter efficiency causes the fluctuations in the
DC bus to be more significant. Additionally, the simulation results for the different weather
conditions show that microgrid operation on the sunny day makes it easier to obtain lower
fluctuations in the DC bus.

Figure 9 presents the instantaneous operating costs for case 1 and case 2. The instan-
taneous operating costs are higher around dawn and during the peak hours of electricity
consumption at night; this occurs because, during these two periods, the PV generated
power is low, the UG power limit is low, and the BS cannot provide sufficient power to
meet the load demand for a long time, which leads to the higher cost of turning on the DG
to meet the load demand. Furthermore, the results show that the instantaneous operating
costs are higher in case 2 when compared with case 1, thus indicating that the converter’s
power loss leads to higher operating costs. In addition, the operating cost of the microgrid
in sunny weather is lower than that under the other two typical weather conditions. This
illustrates that the smaller fluctuations that occur on sunny days can reduce the system’s
operating costs.

A numerical comparison of the simulation results for case 1 and case 2 is presented in
Table 2, based on three quantitative metrics which are used to evaluate the influence of the
converter efficiency on the energy and power coordination of the microgrid. These metrics
are (1) the total converter energy loss, Ecy sum, (2) the root mean square error (RMSE),
Oybus, Which is commonly used to quantify the difference between an expected signal and
the real signal and is used in this paper to indicate the power supply quality of the DC
microgrid, and (3) the total operating cost, CroTaL.
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Table 2. Simulation results for case 1 and case 2.
Condition ECV_SUM (kWh) OVbus CTOTAL (EUR)

On 8 Mav 2018 Case 1 0 0.01 6.91

n o May Case 2 1.73 0.13 8.82
Case 1 0 0.04 8.53

On 20 June 2018 Case 2 1.96 0.18 10.38
On 16 Tulv 201 Case 1 0 0.03 16.34
n 16 July 2018 Case 2 213 0.17 18.90

In the scenario on 8 May 2018, as shown in Table 2, Ecy sum in case 2 is greater than
the corresponding value in case 1, which proves that the converters in case 2 operate
with a converter power loss. Subsequently, oyy,s in case 2 is observed to be worse than
the corresponding value in case 1, indicating that the converter’s power loss leads to a
poorer power supply quality. Additionally, case 2 is more costly in terms of its operating
economics, which is evidenced by the fact that the converter’s power losses result in higher

operating costs. The simulation results for the scenarios on 20 June 2018 and 16 July 2018
lead to the same conclusions.

4.2.2. Simulation Results for Case 3 and Case 4

Cases 3 and 4 were applied in the simulation to provide a comprehensive comparison
of the DC bus fluctuations and the total operating costs, wherein the converters in case 3 are
idealized for a fixed conversion efficiency ranging from 80 to 100%, and the converters in
case 4 are modelled as having the proposed dynamic conversion efficiency. The detailed
operating states of the commercial building microgrids on the three typical days in cases
3 and 4 are shown in Figure 10.
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%5 0.5
w
3

0
@ 100

16 July 2018
85 e 20 June 2018
80  8May 2018
Converter efficiency(%)

0
3 20
(8]
©
c
S 10
o
[0}
Q
© 0
©100
E 16 July 2018

85 20 June 2018
80  8May2018

Converter efficiency(%)

Figure 10. RMSE characteristics for the DC bus and the total operating costs in case 3 and case 4.

In Figure 10, the blue lines represent the results for case 3 and the dotted red lines
represent the results for case 4 on each day. In case 3, the RMSE of the DC bus evolves
as a result of use of the fixed conversion efficiency, and the RMSE is approximately a
quadratic function of the fixed converter efficiency, with the lowest RMSE appearing at
approximately 85%. The RMSE in case 4 is consistently lower than that in case 3 on all
three days. Furthermore, the total operating costs in case 3 and case 4 showed results that
were almost the same as those obtained for the RMSE. At the same time, the results show
that the total operating cost on the rainy day is much higher than that on the days with
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the other two types of weather, and the total operating cost for the sunny day in case 4 is
the lowest.

A numerical comparison of the simulation results for case 3 and case 4 is presented in
Table 3, using two quantitative metrics comprising the average RMSE of the DC bus and the
average total operating cost. The average RMSE values for the DC bus in case 4 are lower
than the corresponding values in case 3, while the average total operating costs in case 4 are
lower than those in case 4. Therefore, the results for the two metrics in case 4 are better
than those observed in case 3, indicating that the performance of the proposed supervisory
system with a dynamic converter efficiency model is better than the corresponding system
with a conventional fixed converter efficiency model.

Table 3. Simulation results for case 3 and case 4.

Condition Average Oypys Average Ctorar (EUR)
On 5 May 2015 Coee 4 005 18
ovopes ) 0
On 16 July 2018 Coned 005 1645

The results above demonstrate that all four cases ensure normal operation of the
commercial building microgrid. Additionally, the converter’s power loss results in higher
operating costs and fluctuations in the DC bus. Furthermore, case 2, case 3, and case
4 represent the three methods that can be used to resolve the drawbacks in power manage-
ment caused by converter power losses. The proposed case 3 with the dynamic converter
efficiency model performs well in both reducing the operating costs and increasing the
power quality of the DC bus.

5. Conclusions

To minimize the operating costs for a commercial building microgrid, this paper
proposes a supervision system that considers the constraints of the physical components,
the uncertainties of the PV sources and the loads, and the dynamic converter efficiency; the
proposed supervision system is applied to a scaled-down commercial building microgrid.
This supervision system consists of two layers: an energy management layer that optimizes
scheduling of the sources and loads by considering long-term optimization, and a power
management layer that reschedules the power flow for power balancing in real time and
also deals with the results of the problems of PV source power uncertainty and load
prediction. To reflect the power losses of the converters accurately, a dynamic efficiency
model of the converters was established, which provides an important basis for energy
and power loss replenishment of the commercial building microgrid. The supervision
system was verified in MATLAB/Simulink simulations under a dataset including three
typical weather conditions: cloud, sunshine, and rain. The comparison of simulation results
for cases 1 and 2 illustrates the impact of converter efficiency on energy coordination in
microgrids. The simulation results of cases 3 and 4 verify that the performance in terms of
power supply quality and operating costs of the proposed microgrid supervisory system
considering a dynamic converter efficiency is superior to that of the microgrid supervisory
system considering a fixed converter efficiency.

Multi-microgrids can increase the penetration rates for renewable energy, reduce the
power system’s interactions with the high-level power grid, alleviate the impact of the
system on the high-level power grid, and reduce the requirement for operation of DG units
in the power system. Because the research in this paper provides a good foundation for
microgrid power and energy management, a multi-microgrid energy management system
can be developed in future research work.
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