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Abstract: Research in renewable energy sources and micro-grid systems is critical for the evolving power
industry. Micro-grids can supply diverse loads while reducing dependency on the utility grid. This paper
models both pico-grids and nano-grids in the Singapore Institute of Technology Punggol campus,
incorporating solar PV, energy storage systems (ESS), power electronics converters, and both DC and AC loads,
along with utility grid connections. The pico-grid includes a battery storage system, a single-phase inverter
linked to a single-phase grid, and DC and AC loads. The nano-grid comprises solar PV panels, a boost
converter, a battery storage system, a three-phase inverter connected to a three-phase grid, and AC loads. Both
the pico-grid and nano-grid are configurable in standalone or grid-connected modes. This configuration
flexibility allows for detailed operational analysis under various conditions. The study conducts subsystem-
level modeling before integrating all components into the simulation environment. MATLAB/Simulink is
utilized to model, simulate, and analyze the power flow in both the pico-grid and nano-grid under different
operating conditions.

Keywords: pico-grid; nano-grid; micro-grid; distributed generation; modeling; simulation

1. Introduction

The global shift towards a clean energy environment has significantly driven the studies of
renewable energy sources (RES). These sources are heralded for their environmental friendliness due
to their minimal or zero emissions compared to traditional fossil fuels, which are major contributors
to carbon dioxide emissions, greenhouse gases, and overall environmental pollution [1]. As a
response to these environmental challenges, there has been a substantial move towards RES like
hydroelectric, biomass, wind, solar, wave, tidal, and geothermal energy, which are continually
replenished by nature [2].

Integration of RES within smart grid technology is a crucial development, bridging the gap
between energy demand and supply. Smart grids, equipped with advanced metering systems (AMS),
energy management systems (EMS), and advanced communication systems, manage the distribution
and optimization of renewable energy more effectively than conventional grids. They handle
challenges in supply-demand balance, power generation, distribution, and electricity pricing more
adeptly [3,4].

This paper focuses on the modeling of nano-grids and pico-grids, which are essential
components of the smart grid infrastructure. The nano-grid, suitable for individual buildings, and
the pico-grid, designed for standalone applications within a building, aim to demonstrate how
integration of solar photovoltaic (PV) systems and energy storage can optimize power flow and
enhance grid reliability. The smaller power networks, picogrids and nanogrids, should be able to
function both in an islanded (stand-alone) and a grid-connected mode and be able to operate steadily
in a cluster [5]. In [6], a comprehensive review of the recent developments in nano-grid research,
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including the control topologies and methods that allow for the nano-grid’s intelligent control are
covered. Operation of a basic nano-grid with rules-based controller and load behavior in response to
fluctuating renewable energy source electricity availability is modelled in [7]. Open Energy Systems
(OESs) concept and architecture for higher-level control of the components of a standalone nanogrid
is introduced in [8]. In [9], use of optimal energy management system to mitigate the impact of energy
uncertainties in an interconnection between microgrid nano-grid were studied. The power
management of nano-grid for grid support and deploying power converters to regulate power
quality is discussed in [10]. Recent research and development efforts in nano-grids are also focusing
on ability to interconnect nano-grids to trade energy [11,12]. A decentralized blockchain mechanisms
for demand response program in nano-grids is proposed in [13]. A predictive optimization-based
model for optimal energy sharing plan between a cluster of nano-grids is proposed in [14].

With the establishment of the Singapore Institute of Technology (SIT) in Punggol Digital District,
a Multi-Energy Micro-grid (MEMG) has been implemented and will be fully operational in late 2024,
aiming to achieve zero emissions [15]. Approximately 10,000 m? of solar panels will be installed on
rooftops to power the campus, significantly reducing reliance on the main utility grid and advancing
the institution’s sustainability goals. This development motivates the need for a testbed to model and
analyze the operation of both pico-grids and nano-grids in the campus’s west zone.

This paper aims to model and simulate the pico-grid and nano-grid using MATLAB/Simulink
to:

i. Explore and study the individual subsystems of both the pico-grid and nano-grid.
ii. Model and integrate relevant components.

iii. Develop simulation models to analyze power flow.

iv. Perform tests to assess operations under realistic scenarios.

The primary contributions of this paper include the detailed study, modeling, and simulation of
the pico-grid and nano-grid. This work constructs a comprehensive model of these systems using
MATLAB/Simulink to facilitate power flow analysis under various operating conditions. In what
follows, Section 2 discusses the proposed architecture for pico-grid and nano-grid and their
modeling. Section 3 presents test conditions and simulation results. Section 4 concludes the paper
and outlines future areas of work.

2. Systems Description and Modelling

2.1. Proposed Architecture of Pico-grid System

Figure 1 shows the proposed architecture of a pico-grid system to be implemented in various
buildings at the SIT Punggol Campus. The building is a six-storey structure with two basement car
parks and four levels of amenities, including classrooms, lecture theatres, and a server room. Each
level is equipped with a standalone pico-grid system to supply power to DC and AC loads. Every
two levels are connected via a circuit breaker to one phase of the utility grid, and each level’s pico-
grid system includes a 1P+N circuit breaker for the option of islanded or grid-connected mode. For
instance, levels B1 and B2 can be linked and connected to the single-phase grid by closing their
respective circuit breakers, allowing load sharing if one level’s demand is higher.

The major components of the building are as follows:

e Levels 1 to 4 are designated for classrooms, lecture theatres, and a server room.
e Levels Bl and B2 are used as car parks, each equipped with two electric vehicle chargers.

The pico-grid system includes a Battery Energy Storage System (BESS), a single-phase inverter,
DC loads, and AC loads. The primary energy source is the battery, connected to a bidirectional
DC/DC buck-boost converter to supply the DC and AC loads. Excess power from the system can be
sold back to the grid.
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2.1.1. Load Demand of Pico-grid System

The load demand for each level of a building can be estimated using the Gross Floor Area (GFA).
Lighting power demand is calculated according to the Singapore Standard for Energy Efficiency
§5530, with the maximum allowable Lighting Power Density (LPD) for different space types outlined
in SS530, as shown in Figure 2 [16]. The nominal values for receptacle loads for various space types
are taken from the Building Construction Authority (BCA) non-residential development Green Mark
technical guide, detailed in Table 1 [17].

The load demand estimation is divided into DC and AC loads. The lighting system, electric
vehicle chargers, and server racks are considered DC loads, while receptacle loads such as computers
and monitors, which require single-phase power, are considered AC loads. A diversity factor of 50%
is assumed for the building.

From Tables 2 and 3, the estimated lighting system for levels B1 and B2 is 2300 W each, and the
receptacle load is 1100 W each. There are two electric vehicle charging stations in the car park areas
of B1 and B2, each estimated to require 7 kW/unit as shown in Table 4.

From Tables 5 and 6, the estimated lighting system for levels L1, L2, and L3 is 4900 W each, with
a receptacle load of 4150 W each. These levels have higher power consumption due to the presence
of amenities such as classrooms and lecture theatres.

From Tables 7 and 8, the estimated lighting system for level L4 is 4350 W, with a receptacle load
of 4150 W. Level 4 includes an office area and a server room, which houses four server racks, each
estimated at 5 kW/unit as shown in Table 9.
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Figure 1. Overview of a pico-grid in a building at SIT Punggol campus.
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Figure 2. S5530 lighting power density guideline.
Table 1. Receptacle loads values for different space.
Receptacle loads Nominal values
Computer intensive office 22 W/m?2
General office areas 16 W/m?2
Large conference areas 11 W/m2
Schools (Tertiary/IHLs) 8 W/m?
Schools (Primary/Secondary) 5 W/m?

Server/computer rooms 540 W/m?
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Table 2. DC loads estimation of Level B1 to B2 of SIT Punggol Campus.

BUILDING LIGHTING POWER BUDGET

Design Data SS 530 Requirements
Areas
Description 5 Design Lighting | Lighting | Total power | Total power | Design Lighting
(M) power Budget | Diversity | Consumption | Consumption | Power Budget
(W/m?) factor (by area) (W) | (by area) (W) (W/m?)
B1 to B2 of SIT Punggol Campus
Carpark 700 3 0.5 1050 2100 3
Facilities office 100 12 0.5 600 1200 12
Stairs 100 6 0.5 300 600 6
Lift Lobby A 100 7 0.5 350 700 7
Total 1000 0 D

Table 3. AC loads estimation of Level B1 to B2 of SIT Punggol Campus.

Design Data SS 530 Requirements
o Areas
Description (mz) Design Power Power Total power | Total power Design Power
2 Diversity | Consumption | Consumption 3
Budget (W/m’) factor (by area) (W) | (by area) (W) Budget (W/m’)
Bl to B2 of SIT Punggol Campus
Carpark 700 0 0 0 0 0
Facilities office 100 16 0.5 800 1600 16
Stairs 100 1 0.5 50 100
Lift Lobby A 100 5 0.5 250 500
Total 1000 0 S

Table 4. Estimated load demand of Electric Charging Stations for B1 and B2.

ELECTRIC CHARGING STATIONS POWER BUDGET

Power
Levels Space type Quantit Power Diversit Total power
P P y (W/unit) ¥ Consumption(W)
factor
B1 Electric Charging stations 2 7000 0.5 7000
B2 Electric Charging stations 2 7000 0.5 7000
Total (W)
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Table 5. DC loads estimation of Level L1 to L3 of SIT Punggol Campus.

BUILDING LIGHTING POWER BUDGET

Design Data SS 530 Requirements
Areas N L
Description ,. | Design Lighting | Lighting | Total power | Total power | Design Lighting
(M) Power Budget | Diversity | Consumption | Consumption | Power Budget
(W/m?) factor | (byarea) (W) | (by area) (W) (W/m?)
L1 to L3 of SIT Punggol Campus
Classrooms 200 12 0.5 1200 2400 12
Lecture Theatre 200 15 0.5 1500 3000 15
Corridors 300 7 0.5 1050 2100 7
Stairs 100 6 0.5 300 600
Lift Lobby A 100 7 0.5 350 700 7
Toilets 100 10 0.5 500 1000 10
Total 1000 0 e

Table 6. AC loads estimation of Level L1 to L3 of SIT Punggol Campus.

BUILDING RECEPTACLE LOAD

Design Data SS 530 Requirements
o ot Areas
escription
? (mz) Design Power F_’owe_r Total power Total power Design Power
Budget (W/ 2) Diversity | Consumption | Consumption Budget (W/ 2)
ueee m factor (by area) (W) | (by area) (W) ueee m
L1 to L3 of SIT Punggol Campus
Classrooms 200 8 0.5 800 1600 8
Lecture Theatre 200 8 0.5 800 1600 8
Corridors 300 5 0.5 750 1500 5
Stairs 100 1 0.5 50 100 1
Lift Lobby A 100 5 0.5 250 500 5
Toilets 100 5 0.5 250 500 5
Total 1000 I S
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Table 7. DC loads estimation of Level L4 of SIT Punggol Campus.

BUILDING LIGHTING POWER BUDGET

Design Data SS 530 Requirements
o Areas . N N . L
Description 5 Design Lighting | Lighting | Total power | Total power | Design Lighting
(m°) Power Budget | Diversity | Consumption | Consumption | Power Budget
(W/m?%) factor | (by area) (W) | (by area) (W) (W/m?)
L4 of SIT Punggol Campus
Server rooms 100 13 0.5 650 1300 13
Offices 300 10 0.5 1500 3000 10
Corridors 300 7 0.5 1050 2100 7
Stairs 100 6 0.5 300 600 6
Lift Lobby A 100 7 0.5 350 700 7
Toilets 100 10 0.5 500 1000 10
Total 1000 0 B

Table 8. AC loads estimation of Level L4 of SIT Punggol Campus.

BUILDING RECEPTACLE LOAD

Design Data SS 530 Requirements
Description (mz) Design Lighting | Lighting | Total power | Total power | Design Lighting
Power Budget | Diversity | Consumption | Consumption| Power Budget
(W/m?) factor | (by area) (W) | (by area) (W) (W/m?)
L4 of SIT Punggol Campus
Server rooms 100 0 0 0 0 0
Offices 300 16 0.5 2400 4800 16
Corridors 300 5 0.5 750 1500 5
Stairs 100 1 0.5 50 100 1
Lift Lobby A 100 5 0.5 250 500 5
Toilets 100 5 0.5 250 500 5
Total 1000 0 EED

Table 9. Estimated load demand of server room.

SERVER ROOM POWER BUDGET

Power
Levels Space type Quantit Power Diversit Total power
P P v (W/unit) Y Consumption(W)
factor
L4 Server Racks 4 5000 0.5 10000
Total (W o000 ]

2.1.2. Modelling of Battery Energy Storage System

Figure 3 shows the schematic of the BESS using a bi-directional DC/DC converter [18,19]. The
topology includes a half-bridge power module, an output capacitor, and an inductor connected to a
battery. This system can operate in either boost mode for discharging or buck mode for charging,
depending on control inputs. Figure 4 shows the control scheme, utilizing a Proportional Integral (PI)
controller and Pulse Width Modulation (PWM) for precise control over battery output.
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To calculate the power stage in boost and buck modes, three key parameters are needed: input
voltage, nominal output voltage, and maximum output current. The first step is to determine the
duty cycle (D), which is essential for calculating the maximum switching current. The minimum input
voltage is used in Equation (1) to determine this maximum switching current.
Vin(min) (1)

Vout

The inductor is a key component of the topology, as its value determines the maximum output
current. Before calculating the inductor value, the inductor ripple current must be determined,
typically estimated at 20% to 40% of the maximum output current ripple. Equations (2) and (3) are
used to calculate the inductor ripple current. Once this value is obtained, the estimated inductor value
can be determined using Equation (4).

D=1-

Pout
Iout(max) = Vou (2)
out

V,
Al = (0.2 t0 0.4) X Ioye(max) X VO_ut ¥
1

_ Vin X (Vout - Vin)

4
Al X Fg X Voue @

The output capacitor value is determined by calculating the ripple voltage, typically estimated
at 1% to 5% of the output voltage. Equation (5) is used to calculate the ripple voltage. With this value,
the minimum output capacitor value can be found using Equation (6).

AVoye = (1% to 5%) X Iout(max) X Vout ®)

Io t(max) x D
Cout(min) = W (6)

For the buck mode operation of the bidirectional converter, the same calculation sequence is
used, following the buck converter formulas. The ripple current and voltage are calculated similarly
to the boost mode. The duty cycle is calculated using Equation (7), the inductor value using Equation
(8), and the minimum output capacitor using Equation (9).
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Vout
D=_—"— 7
Vin(max) ( )
L= Vout X (Vin - Vout) (8)
Al X Fg X Vi,
Al

Cout(min) = m (9)

2.1.3. Modelling of Single-phase Inverter

Figure 5 shows the schematic of a single-phase inverter [18]. This inverter uses two half-bridge
modules connected to an inductor, output capacitor, and an AC source to mimic an AC grid. The
switch pairs (51 and S4) and (S2 and S3) operate together. The switching states of the inverter is shown
in Table 10.

S, J(}Dl S5 JL:} D,

we®)

S JI:% D, S, JL:} D,

Figure 5. Proposed topology used in single-phase inverter.

Table 10. Switching states of the single-phase inverter.

Cycle s1 s2 s3 g4  VoltageatBridge o
Output
.. ON OFF OFF ON VDC 1
Positive half cycle OFF ON OFF ON 0 >
. OFF ON ON OFF -VDC 3
Negative half cycle ON OFF ON OFF 0 1

Since the single-phase inverter is connected to the BESS, it is essential to maintain the voltage at
the DC busbar. Figure 6 shows the control scheme used for this inverter. To control the gating signals
of 51, 52, 53, and S4, the actual DC bus voltage is compared to a reference value to generate an error
signal, which is fed into a PI controller. The output of the Phase Lock Loop (PLL) is multiplied with
the PI controller’s output, and the inverter current linv is subtracted from this result. This error is then
processed by a Proportional Resonant (PR) current controller, and the output is added to the voltage
set by Vgria. Finally, this output is multiplied by 1/Vpc to determine the duty cycle, which is used by
a PWM generator to generate the gating signals for the switches.
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To determine the power stage of a single-phase inverter, three critical parameters must be
considered: input voltage, nominal output voltage, and maximum output current. A key aspect of
this topology is the filter design before connecting to the grid. First, the RMS current value for the
desired grid voltage must be determined, followed by the system’s peak current, as shown in
Equations (10) and (11), respectively. Using the peak current, the inductor ripple current—typically
between 20% and 40% of the peak current—can be calculated using Equation (12). Finally, with the
calculated inductor ripple current, the inductor value is determined using Equation (13).

P,
loutrms) = v 2 (10)
out(rms)
Ipeak = Iout(rms) X \/E (11)
Alpeak = (20% to 40%) X Ipeak (12)

Vi

L=———2
4 Fg X Alyear

(13)

The value of the filter capacitor is estimated using the cutoff frequency of an LC filter. For
effective attenuation of the switching frequency, the cutoff frequency is set at one-tenth or less of the
switching frequency. By comparing Equations (14) and (15), the final equation for capacitance is
derived and shown in Equation (16).

1
F.= 14
¢ 2mVLIC (14)
Fow
< 15
Fe<75 (15)
10 1
"~ 2mF, % L (16)

2.2. Proposed Architecture of Nano-grid System

Figure 17 shows the proposed nano-grid system architecture designed to power an entire
building at the SIT Punggol Campus. Each nano-grid in the building includes a 3P+1N circuit breaker
prior to connecting to the grid. These circuit breakers are normally closed, thus each building’s nano-
grid remains connected to the utility grid. This setup enables the nano-grid to function in either
islanded or grid-connected modes. In grid-connected mode, it supports load sharing with other nano-
grids, while in islanded mode, it operates independently.
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Figure 7. Overview of nano-grid system a building at SIT Punggol campus.

The nano-grid system consists of a solar PV array, a BESS, a three-phase inverter, and AC loads.
The solar PV and battery storage serve as the main energy sources. On the DC side, the solar PV
connects to a boost converter regulated by an MPPT controller, with its output feeding into the DC
busbar. The battery connects through a bidirectional DC/DC buck-boost converter, also feeding into
the DC busbar. A three-phase inverter links to the DC busbar, with its output directed to AC loads
and the utility grid.
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2.2.1. Load Demand of a Nano-grid System

Table 11 shows the load demand for the nano-grid system. For this study, only AC loads are
included, focusing on the centralized cooling system for the building. The air conditioning is required
for four levels, with an estimated cooling power of 20 W/m? and a diversity factor of 50%. The total
power consumption is calculated to be 40 kW. This value will be used in the simulation model in
Section 3.

Table 11. Load demand estimation for centralized cooling.

BUILDING COOLING POWER BUDGET

Coolin Total power
Areas| No of € Cooling power P .
Levels Space type 2 power ) ) Consumption
(m“) | floors 5 diversity factor
(W/m°) (by area) (W)
L1to L4 | School building | 1000 4 20 0.5 40000
Total (W] o000 ]

2.2.2. Modelling of Solar PV Boost Converter

Figure 8 shows the schematic of a boost converter integrated with a solar PV system [20,21]. The
proposed design for the solar PV boost converter includes a MOSFET, a diode, an output capacitor,
and an inductor connected to a solar array module. The converter operates in Continuous Conduction
Mode (CCM). When MOSFET S1 is activated, the inductor stores energy. When S1 is deactivated, the
inductor’s current decreases, causing it to act as a voltage source in series with the input voltage, thus
regulating the output voltage. The boost converter is modelled using Equations (1) to (6).

I L.

Y o 3
.| Iﬁ

PV 31J E% Cout

Figure 8. Proposed topology used in solar PV boost converter.

Figure 9 shows the control scheme for the solar PV boost converter.A PI controller is employed
to generate the duty cycle, which is then fed into a PWM generator to produce the gating signal for
S1. An MPPT controller is utilized to maximize the power harvested from the PV panel. The Perturb
and Observe (P&O) method [22], shown in Figure 10, is adopted as it directly measures voltage and
current. The MPPT controller generates a voltage reference, which is compared with the PV voltage
to produce an error signal that is fed into the PI controller.

V. J—> MPPT Pl [ PwM

P
L. —> controller controller " gencrator
PV

— Gate signal to S,

Figure 9. Proposed control algorithm used to control boost converter.
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Sample V(n), I(n)
dP=P(n)-P(n-1)
dV=V(n)-V(n-1)

YES d4P=0
NO

Vr=Vi-dV VI=Vr + 4V Vr=Vr +dV Vr=Vr-dvV

v v v Y

Figure 10. Proposed P&O algorithm for MPPT operation.

2.2.3. Modelling of Three-phase Inverter

Figure 11 shows the schematic diagram of the three-phase inverter. The proposed design
consists of three half-bridge modules connected to three inductors and an AC source to emulate an
AC grid. Table 12 provides the switching states for the three-phase inverter.

¢ TN P Y

S, _I:} D, 84 JK}L D, Se Jl:% D, L

Figure 11. Proposed topology used in three-phase inverter.

Table 12. Switching states of the three-phase inverter.

S1 Sz Ss S4 Ss Se Vab Vie Va State No
ON OFF ON OFF ON OFF 0 0 0 1
OFF ON ON OFF ON OFF -Vbc 0 Vbc 2
ON OFF OFF ON ON OFF Vbe -Vbc 0 3
ON OFF ON OFF OFF ON 0 Vbc -Vbc 4
ON ON OFF OFF ON OFF 0 -Vbc Vbe 5
ON OFF OFF ON OFF ON Vbe 0 -Vbc 6
OFF ON ON OFF OFF ON - Vbc Vbc 0 7
OFF ON OFF ON OFF ON 0 0 0 8
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As the input of the three-phase inverter is linked to the DC busbar, it is important to maintain
the DC bus voltage. Figure 12 presents the control scheme for the three-phase inverter. This scheme
requires voltage and current sensing. The line-to-line voltage from the grid is converted into d-q
voltage using Clark’s transformation, and the PLL is implemented with the three-phase grid voltage.
The inverter-side current is also transformed into the d-q domain. Here, la represents active current,
while Iq corresponds to reactive current.

5 PIL Current
Vi controller controller
d
5 q PWM

Gate signal (o

;o / 2V
Vet L Lwl, Va 2Ve i generator Si. S5 8584 .55.5¢
Currcnt '
I, Lwly Vq 2/Vpe
Va abe —*Va
Vi
V,— dg [—=v,
PLL
L.
R
L abe — Lk
IL\ E—
L dq =1,

Figure 12. Proposed control algorithm used to control three-phase inverter.

The inverter operates with two control loops: an outer voltage loop and an inner current loop.
In the voltage loop, a reference voltage is set to maintain the DC busbar voltage, which is then
compared with the measured DC voltage to produce an error signal. This error is processed by a PI
controller to generate a reference current l4, while the reference current Iq is set to zero. In the current
loop, the reference ls and Iq are compared with the actual inverter currents, and the resulting error
signals are sent to PI controllers to obtain reference voltages Us and U,.

The reference voltage Ua is adjusted by adding the actual Va and the term Lwl4, where w is the
grid frequency and L is the filter inductor. Similarly, Uq is adjusted by adding the actual Vq and the
term -Lwlg. For the sine PWM scheme, the relationship between the modulation index and inverter
voltage is provided in Equations (17) and (18). To obtain the actual Va and Vg, the reference Va and
Vq are multiplied by Vzﬁ. These are then transformed back to the abc domain to determine the

reference duty cycle for PWM generation.

Vi

Vy = md x ¢ 5)
\%

Vg = mq X % (6)

3. Simulation Studies

This section presents the simulation of the proposed pico-grid and nano-grid architectures
described in Section 3 using MATLAB/Simulink. The models include components such as battery
energy storage systems (BESS), single-phase inverters, solar PV boost converters, and three-phase
inverters. The DC and AC loads are modeled based on the load demand estimations provided in
Section 2. Various test conditions are simulated to reflect real-time scenarios.

3.1. Simulation of Pico-grid System

Table 10. kW of power to both DC and AC loads, with the power reference set using the Iref parameter
in the BESS control algorithm. The DC link voltage of the DC busbar is maintained at 400V using the
single-phase inverter’s outer voltage loop control algorithm. The output of the single-phase inverter
is connected to the single-phase grid. The parameters of the proposed pico-grid system are shown in
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two tables: Table 13 shows the BESS parameters, and Table 14 shows the single-phase inverter and
grid parameters used in this simulation.

Table 13. Parameters of BESS.

Parameters Value
Battery nominal voltage Vbatt =48 V
Battery rated capacity Ivatt = 300 Ah
Initial SOC SOC = 45%
Switching frequency Fsw =20 kHz
Inductor value L=5mH

Table 14. Parameters of single-phase inverter.

Parameters Value

Switching frequency Fsw=>5kHz

Filter inductor L=5mH

Filter capacitor C=5uF

DC link voltage Vpc=400V
Distribution grid voltage Vgria =230 V (phase)

To integrate the BESS with a single-phase inverter, the load demand estimated in Section 2 for
each individual level is utilized in this simulation to demonstrate the system’s operation. Figure 13
shows the simulation model for this integration. In this scenario, the DC load is set at 4900 W, and
the AC load at 4150 W, as shown in Figure 14. The simulation focuses on discharging the battery to
supply both DC and AC loads. The battery begins with a State of Charge (SOC) of 45%, which
decreases as the battery discharges, as shown in Figure 15. During discharge, the battery voltage
drops from 48 V to 45 V, as shown in Figure 26, and the battery current tracks the reference current,
as shown in Figure 17. The battery has a capacity of 10 kW, as shown in Figure 18.

Lu DC+ Vgrid+ p—e
3 ? Vdc g
T —dDC- © vgrid-

Battery Energy Storage System ) Single Phase Inverter Single phase grid

Discrete
Tss.

Laptop

l
@

Measurements DC loads AC loads

Figure 13. Simulation model of BESS integration with single-phase inverter.

The battery’s input voltage is stepped up to 400 V, which is fed into the DC busbar, as shown in
Figure 19. The single-phase inverter then converts this 400 V DC into 230 V AC for grid connection.
With a total load demand of 9050 W and a system capacity of 10 kW, any surplus power can be
exported to the grid, as shown in Figure 20.
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Figure 14. Load demand estimation of DC and AC loads for pico-grid system.
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Figure 15. The SOC level of the BESS during discharging in pico-grid system.
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Figure 16. The battery voltage of the BESS during discharging in pico-grid system.
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Figure 17. Battery current of BESS during discharging in pico-grid system.
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Figure 18. Battery capacity of BESS during discharging in pico-grid system.
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Figure 19. Voltage level at DC busbar in pico-grid system.
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Figure 20. Surplus power delivered to the grid in pico-grid system.

3.1.1. Test Condition 1: Charging of Battery during Night

The simulation model shown in Figure 13 is used to simulate the process of charging the battery
from the grid during nighttime hours. Charging the battery at night is advantageous due to lower
load demand and reduced electricity tariffs. This simulation demonstrates how the battery is charged
from the grid during these off-peak hours. Initially, the battery’s SOC is at 45%, and it gradually
increases as charging progresses, as shown in Figure 21. Correspondingly, the battery voltage rises
from 47 V to its nominal level of 48 V, as shown in Figure 22.

Throughout the charging process, the DC busbar voltage is maintained at 400 V, as shown in
Figure 23, while the BESS operates in buck mode to reduce the voltage to 48 V. The power reference
for this simulation is set at -1 kW, and the battery current adjusts accordingly, as shown in Figure 24.
The battery receives power at -1 kW, indicating it is in charging mode, as shown in Figure 25.
Additionally, the grid supplies 1 kW of power, which is used to charge the battery, as shown in Figure
26.

SOC(%)

soc

45.015

45.01

SOC(%)

45.008

5
Time (seconds)

Figure 21. SOC level of the BESS during charging in pico-grid system.
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Figure 22. Battery voltage of the BESS during charging in pico-grid system.
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Figure 23. Battery voltage of the BESS during charging in pico-grid system.
Batt_current
i ‘ ! I 1
10
gL N
g
-
L-10- -
3

Time (seconds)

Figure 24. Battery current of BESS during charging in pico-grid system.
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Figure 25. Battery capacity of BESS during charging in pico-grid system.
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Figure 26. Drawing power from the grid to charge the battery in pico-grid system.

3.1.2. Test Condition 2: Charging of Battery during Night

In this simulation, two pico-grid models are connected in parallel and linked to a single-phase
grid to analyze power flow between two levels of a building, as shown in Figure 27. The load demand
for each level, as previously estimated, is used to demonstrate system operation. Levels 1 and 2 of
the building are selected for this power flow analysis. The simulation assumes a DC load of 4900 W
and an AC load of 4150 W, as shown in Figure 28.

For the time interval 0 < t < 5 seconds, it is assumed that both levels have identical DC and AC
loads. However, at t = 5 seconds, the load demand on level 2 increases, with the DC load rising to
5900 W and the AC load to 4650 W, as shown in Figure 29. This increase in demand on level 2 exceeds
the power generated by its battery, necessitating the transfer of power from level 1 to meet the load
demand of level 2. Consequently, the surplus power delivered to the grid decreases after t = 5
seconds, as shown in Figure 30.
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Figure 27. Two parallel pico-grids connected to the single-phase grid.
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Figure 29. DC and AC loads before increase for two pico-grids system.
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Figure 30. Surplus power from the system sent to the grid for two pico-grids system.

3.2. Simulation of Nano-grid System

The nano-grid system is modeled in MATLAB/Simulink to simulate various test scenarios based
on real-world conditions. In this setup, the solar PV system is designed to generate 40 kW of power,
while the BESS can provide an additional 10 kW to meet both DC and AC load demands. The solar
PV panels are connected to a boost converter, which steps up the input voltage from 400 V to 1000 V
at the DC busbar. The DC link voltage of the busbar is maintained at 1000 V using the outer voltage
loop control algorithm of the three-phase inverter. The power reference for the BESS is determined
by the Irt in the proposed BESS control algorithm.

The parameters of the nano-grid system are detailed in four tables: Table 15 lists the solar PV
system parameters, Table 16 details the boost converter parameters, Table 17 outlines the BESS
parameters, and Table 18 provides the three-phase inverter and grid parameters. Figure 31 shows the
integration of the solar PV system, BESS, and three-phase inverter.

Table 15. Parameters of solar PV system.

Parameters Value

Series connected strings 10

Parallel connected strings 10

Vimp Vmp =40.8 V
Imp Imp=9.81 A
Sun irradiance I: = 1000 W/m?
Cell temperature T=25°C

Table 16. Parameters of boost converter.

Parameters Value
Switching frequency Fsw=5kHz
Inductor value L=25mH
Input capacitor value Cin =1000 uF
Output capacitor value Cout =4000 pF

Table 17. Parameters of BESS.

Parameters Value
Battery nominal voltage Vbare =400 V
Battery rated capacity Ivatt = 300 Ah
Initial SOC SOC =45%
Switching frequency Fsw=10 kHz
Inductor value L=1mH
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Table 18. Parameters of three phase inverter.

Parameters Value

Switching frequency Fsw =10 kHz
Inductor value L=10mH

DC link voltage VDC=1000 V
Distribution grid voltage Vgrid =400 V (line)

)

DC/DC Boost Converter
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1e-05s.

Battery Energy Management System

(R
1

)
AC loads

Main measurements

Figure 31. Simulation model of integration of solar PV, BESS with three-phase inverter.

The load demand estimated in Section 2 is used in this simulation to demonstrate the system’s
operation. The solar PV array consists of 10 series-connected and 10 parallel-connected modules,
producing a total of 40 kW, as shown in Figure 32. The AC load in the simulation is set to 40 kW, as
shown in Figure 33, with both the solar PV and BESS supplying the AC loads.
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Figure 32. Solar PV array waveform.
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Figure 33. Load demand estimation of AC loads in nano-grid system.
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The solar PV panels are connected to a boost converter that raises the voltage from 400 V to 1000
V at the DC busbar. The battery starts with a SOC of 45%, which gradually decreases as it discharges
to supply the load, as shown in Figure 34. During discharging, the battery voltage drops from 400 V
to 390 V, as shown in Figure 35, and the battery current aligns with the reference current, as seen in
Figure 36. The battery’s capacity is set to 10 kW, as shown in Figure 37. The battery’s input voltage is
stepped up to 1000 V at the DC busbar, as shown in Figure 38. The 1000 V DC from the busbar is then
inverted to 400 V AC by the three-phase inverter, which is connected to the grid. With a load demand
of 40 kW and a combined power generation of 50 kW from the solar PV and BESS, the excess power
can be exported to the grid, as shown in Figure 39.
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Figure 34. SOC of battery during discharging in nano-grid system.
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Figure 35. Battery voltage of the BESS during discharging in nano-grid system.
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Figure 36. Battery current of BESS during discharging in nano-grid system.
P_batt
T T —ra
30 — —
20 |- —
10
of g
g0f -
5
2
gl —
-30 =)
-40
sof i
-60
| | | | 1 |
0 1 2 3 4 5 6 & 8 9 10
Time (seconds}
Figure 37. Battery capacity of BESS during discharging in nano-grid system.
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Figure 38. Voltage level at DC busbar in nano-grid system.
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Figure 39. Surplus power delivered to the grid in nano-grid system.

3.2.1. Test Condition 1: Charging of Battery during Night

The simulation model shown in Figure 40 is utilized to simulate the battery charging process
from the grid during nighttime hours. Due to lower load demand and cheaper electricity tariffs at
night, this scenario demonstrates the battery charging process using grid power. Initially, the
battery’s SOC is at 45%, and it gradually increases as the charging progresses, as shown in Figure 41.
During this process, the battery voltage rises from 396 V to its nominal level of 398 V, as shown in
Figure 42.

Throughout the charging operation, the DC busbar voltage is kept stable at 1000 V, as shown in
Figure 43, with the BESS functioning in buck mode to reduce the voltage to 400 V. The power
reference for the simulation is set at -5 kW, and the battery current aligns with this reference point,
as shown in Figure 44. The battery is charged with 5 kW of power, confirming its charging mode, as
shown in Figure 45. Additionally, the grid supplies 5 kW of power, which is directed towards
charging the battery, as shown in Figure 46.
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Figure 40. Simulation model to demonstrate charging of battery.
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Figure 41. SOC of battery during charging in nano-grid system.
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Figure 42. Battery voltage of the BESS during charging in nano-grid system.
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Figure 43. Voltage level at DC busbar in nano-grid system.
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Figure 44. Battery current of BESS during charging in nano-grid system.
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Figure 45. Battery capacity of BESS during charging in nano-grid system.
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Figure 46. Drawing power from the grid to charge the battery in nano-grid system.

3.2.2. Test Condition 2: Operation during Rainy Day

The simulation model shown in Figure 47 is used to analyze system performance on a rainy day.
During such conditions, solar irradiance is low, requiring both the BESS and the grid to jointly supply
the load. In this simulation, the AC load is set to 40 kW, as shown in Figure 48, with the battery
capacity configured at 10 kW. A stair generator inputs solar irradiance levels to the solar PV panel,
simulating the reduction in solar energy during rainfall, as shown in Figure 49.
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For the time interval 0 < t <2 seconds, the solar irradiance is 1000 W/m?, enabling the solar PV
system to generate 40 kW of power. During this period, the combined output from the BESS and solar
PV system supplies the load. However, at t = 2 seconds, the solar irradiance drops to 800 W/m?,
reducing the solar PV output to 24 kW. At this point, the combined power from the solar PV and
BESS becomes insufficient to meet the load demand, necessitating additional power from the grid.
As the simulation continues, at t = 8 seconds, the solar irradiance further decreases to 100 W/m?2,
resulting in a solar PV output of just 4.8 kW. Consequently, the grid must supply additional power
to meet the load requirements, as shown in Figure 50.
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Figure 47. Simulation model to demonstrate a rainy day operation.
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Figure 48. Load demand estimation of AC loads in nano-grid system.
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Figure 49. Solar PV power generated using stair generator in nano-grid system.
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Figure 50. Power supplied by the grid to the load in nano-grid system.

3.2.3. Test Condition 3: Operation on a Sunny Day

The simulation model shown in Figure 51 is used to examine the system’s operation on a sunny
day. During periods of low load demand, the required power to supply the load decreases. In such
scenarios, any excess power can be directed towards charging the battery if its SOC is low. If the
battery is fully charged, the surplus power can be fed back into the grid. In this simulation, the AC
load demand is set at 20 kW, as shown in Figure 52, while the solar PV system generates 40 kW, as
shown in Figure 53.

As shown in Figure 54, the SOC increases beyond 45%, indicating that the battery is in charging
mode. The battery is charged at a rate of 5 kW, as demonstrated in Figure 55. The remaining power
from the solar generation is exported to the grid, as shown in Figure 56.
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Figure 51. Simulation model to demonstrate a sunny day operation.
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Figure 52. Load demand estimation of AC loads in nano-grid system.
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Figure 53. Solar PV power generated in nano-grid system.
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Figure 54. SOC of battery during charging in nano-grid system.
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Figure 55. Battery capacity of BESS during charging in nano-grid system.
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Figure 56. Surplus power delivered to the grid in nano-grid system.

3.2.4. Test Condition 4: Power Sharing between Two Nano-grid Systems

The simulation model shown in Figure 57 examines power flow between two buildings by
connecting two nano-grids in parallel and linking them to the grid. The load demand estimated for
each building is used to simulate system operation. In this analysis, blocks W1 and W3 are used to
show the power flow dynamics. The AC loads for this simulation are set at 40 kW, as shown in Figure
58.

During the initial 5-second interval (0 < t <5 seconds), the AC loads for both buildings are
assumed to be identical. However, at t = 5 seconds, the load demand in block W3 increases, raising
the AC load to 55 kW, as shown in Figure 59. Since the power generated by the solar PV and battery
in block W3 is insufficient to meet this higher demand, additional power must be drawn from block
W1 to support the load in block W3. Consequently, the surplus power delivered to the grid decreases
after t = 5 seconds, as shown in Figure 60.
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Figure 57. Two parallel nano-grids connected to the three-phase grid.
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Figure 58. AC loads before increase for two nano-grids system.
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Figure 59. AC loads after increase for two nano-grids system.
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Figure 60. Surplus power from the system sent to the grid for two nano-grids system.

4. Conclusions

This paper presents the development and analysis of MATLAB/Simulink simulation models for
pico-grid and nano-grid systems, specifically designed for the SIT Punggol campus. The study
includes a comprehensive examination of the architectures, subsystem modeling, control algorithms,
and operational characteristics of both models, with simulations conducted to understand power
flow and system functionality.

In the pico-grid simulations, various scenarios were explored, including battery discharge to
loads, nighttime charging, and the parallel operation of two pico-grids to assess load sharing. The
pico-grid system proved effective for applications with lower load demands, relying heavily on
battery storage and supplemental grid power. When the battery’s State of Charge (SOC) is low,
support from the grid becomes essential. Parallel operation of multiple pico-grids demonstrated the
potential for mutual support and reduced reliance on the grid.

For the nano-grid simulations, scenarios such as solar PV and battery power supply, nighttime
battery charging, combined battery and grid power during periods of low solar generation, and the
parallel operation of two nano-grids were investigated. The nano-grid system is well-suited for
higher load demands due to its integration of solar PV generation and battery storage. However, the
variability of solar PV output, which is affected by weather conditions, requires additional support
from both the battery and the grid. Connecting multiple nano-grids in parallel enhances system
reliability and further reduces grid dependency.

The next phase involves validating the simulation outcomes with a hardware implementation.
A small-scale nano-grid system could be set up on a building rooftop using commercially available
solar PV panels, battery storage, a DC charge controller, a single-phase inverter, and a load bank.
This setup will enable practical power flow analysis, with real-time data collection facilitated by a
power quality data logger. Prior to hardware implementation, further research on life cycle costs,
manpower management, environmental impact, and battery disposal is recommended. Additionally,
investigating ways to minimize losses from circuit components and power semiconductor switching
can help improve the overall energy efficiency of the nano-grid system.
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