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Abstract — This paper discusses a solar photovoltaic (PV) DC
microgrid system consisting of a PV array, a battery, DC-DC
converters, and a load, where all these elements are simulated in
MATLAB/Simulink environment. The design and testing entail
the functions of a boost converter and a bidirectional converter
and how they work together to maintain stable control of the DC
bus voltage and its energy management. Furthermore, the boost
converter operates under Maximum Power Point Tracking
(MPPT) settings to maximize the power that the PV array can
output. The control algorithm can successfully maintain the
output power of the PV array at its maximum point and can
respond well to changes in input irradiance. This is shown in detail
in the results section.
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I. INTRODUCTION

The Department of Energy (DOE) defines the microgrid as
““a group of interconnected loads and distributed energy
resources within clearly defined electrical boundaries that acts
as a single controllable entity with respect to the grid”’ [1]. One
concern is the efficiency at which it can generate renewable
power, deliver power to a load, and operate an energy storage
system using certain methods such as maximum power point
tracking (MPPT) and smart load management (SLM).

In DC microgrids, PV arrays are often employed along with
DC-DC converters [2]. PV converters can operate in MPPT,
wherein the goal is to track and maintain the settings at which
the PV array can deliver maximum power to the grid [3], [4].
There are multiple optimization techniques employing MPPT,
such as incremental conductance [5], and the most used is
Perturb and Observe (P&O).

This work was partially supported by the NSF Grants \#OIA-1757207 (NM
EPSCoR), HRD-1345232, HRD-1914635 and funding from the Laboratory
Directed Research and Development program at Sandia National Laboratories,
and funding from the Electric Utility Management Program (EUMP) at the New
Mexico State University. Sandia National Laboratories is a multi-mission
laboratory managed and operated by National Technology and Engineering
Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell
International, Inc., for the U.S. Department of Energy’s National Nuclear
Security Administration under contract DE-NA0003525. The views expressed
in the article do not necessarily represent the views of the U.S. Department of
Energy or the United States Government.

[ac Voltage |
Source

\

Inverter

—
/

\

Vi Load<__

= | ||IT

Boost

Bidirectional
Basic topology of DC microgrid used in this example.

Fig. 1.

Energy management is achieved using a battery storage
system attached to a DC-DC bidirectional converter that can
charge and discharge the battery. The function is to discharge
the battery if the PV voltage is less than the required DC bus
voltage and to charge the battery if the PV voltage is greater than
the DC voltage [6].

II. SLM ARCHITECTURE

As shown in Fig. 1, the DC microgrid can be broken down
into four parts for further analysis: The PV array, the DC bus,
the energy storage, and the AC grid voltage. Each of these
components and the interactions between them are explained
further in the following sections.
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Fig. 2. P-V curves of the PV arrav at three different irradiance values.

The PV array is the main source of power in the microgrid.
It is connected to a boost converter operating under MPPT
control to provide the PV array with the optimal conditions for
power generation by directly controlling the duty ratio of the
converter.

The battery is a Nickel-Metal-Hydride battery rated with a
nominal voltage of 300V. It is connected to a buck/boost
bidirectional converter controlled using PID controllers to
regulate the voltage of the DC bus. The capacity of the battery
is changed to different ratings to show how the State of Charge
(SoC) is affected. For the first simulation of a grid-connected
system, the battery is rated for a capacity of 50Ah.

The AC grid voltage is a voltage source connected in
parallel to the DC bus used to simulate a connection to the main
grid. The voltage operates at 480Vrums and is connected through
an LC filter and an inverter operating at 4000Hz.

III. SYSTEM DESIGN

The parameters (capacitance, inductance, source voltage,
etc.) were selected with the purpose of optimizing the
performance of the microgrid and its components. The
configuration of this microgrid is based on the requirement that
the DC bus must operate at a controlled voltage of 380V. To test
the efficiency of this controller and the battery cycles, the
irradiance of the PV array is changed between three different
values as shown in Fig. 2, with each irradiance value producing
a different MPP. The parameters are summarized in Table I.

The converters used are a boost converter connected in series
with the PV array, a buck/boost bidirectional converter in series
with the battery, and an AC/DC inverter in series with the AC
voltage. Both capacitors for the bidirectional converter have a
capacitance of ImF while the output capacitor for the boost
converter has a capacitance of 100pF.

IV. CONTROLLER CONFIGURATIONS

The boost converter uses an MPPT setting to control the duty
ratio of the gate voltage. The MPPT controller operates on a
P&O method using a MATLAB function block. The block takes
the PV array voltage and current as inputs and outputs the duty
ratio to a PWM (pulse width modulation) generator. The
implementation of this algorithm can be explained in Fig. 3 [8].
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Control diagram of MPPT for boost converter.
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Fig. 4. Control diagram of voltage control for bidirectional converter.

This algorithm measures the voltage and current in the PV
bus, calculates the power, and compares these values to their
previous iteration then it will either increase or decrease the duty
ratio as needed. In the next time sample step, the code runs again
using the next measurements of voltage and current. This
MATLAB code is executed every lus and has a duty ratio
perturbation of 5E-6.

The DC-DC bidirectional converter is controlled by a pair of
PI controllers using the voltage reference set at 380V. The
controller takes the voltage measurement from the DC bus and
compares it to the reference voltage to regulate the DC voltage
using the battery cycles [9]. The two PI controllers have the
same configuration but each controls one MOSFET of the
buck/boost converter. When the battery needs to be charged the
controller pair shuts off the boost converter and controls the
buck converter, likewise when the battery needs to be
discharged the buck converter is shut off and the boost converter
is controlled. This configuration is taken from the setup used in
[10] and adjusted to fit into this model. The process is depicted
in Fig. 4.

The inverter uses a conventional 6-pulse PWM generator to
control the inverter IGBTs. The generator operates under uses a
carrier frequency of 4000Hz and a reference frequency of 60Hz.

V. ANALYSIS & RESULTS

The simulation starts with an input irradiance of 1000W/m?
for t =[0,10] seconds. The PV array power measurement clears
its first transient state within 90ms and settles at 17.992kW
(effectively 99.91% of the theoretical MPP 18.007kW
according to Fig. 2) with a ripple of 54W peak-to-peak. The
voltage clears its transient state in 1.5s and stabilizes at 380.5V



with a ripple of 4V peak-to-peak. At t = 10s, the battery SoC
peaks at 30.07% as the surplus power is used to charge the
battery.

When irradiance drops to 500W/m? at t = 10s the power
enters its second transient state for 200ms then settles at
9.050kW (99.49% of the current MPP 9.096kW) with a ripple
of 220W peak-to-peak. The voltage settles after 240ms at
380.5V with a ripple of 28.5V peak-to-peak. At t = 15s the
battery has discharged back to 30% as the DC bus voltage
measures short of the voltage reference.

At t = 15s irradiance rises to 800W/m?. Power settles at
14.481kW (99.85% of 14.502kW) after 60ms with a ripple of
57W peak-to-peak. Voltage settles at 380.44V after 600ms with
a ripple of 4.4V peak-to-peak. The SoC at t = 25s decreases to
29.995%. The smaller discharge is due to the DC bus voltage
being closer to the reference than with the previous irradiance.

The measurements of power, voltage, and SoC against time
are shown in Fig. 5, Fig. 6, and Fig. 7, respectively. Fig. 8 shows
the SoC against time for different battery capacity ratings while
also operating the microgrid in “islanded mode” for simplicity.
This is to show how a different capacity can affect the charging
and discharging rates without changing how much power is
being delivered or generated by the battery. Table II lists the
differences in rates and the SoC between the different batteries.
These ramp rates from the power electronics can be important
in the design of the protection system and relay settings in DC
microgrids [11-14].
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Fig 5. PV power measurements against time.
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Fig. 6. DC voltage measurements against time.
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Fig. 7. State of Charge against time.
TABLE 1
SYSTEM PARAMETERS
Parameter Value | Unit
Converter inductances 1 mH
Boost converter capacitance 100 uF
Bidirectional converter capacitances 1 mF
DC bus load resistance 10 Q
PV array Voc 226.2 \%
PV array Isc 106.2 A
PV array Ve 183 \%
PV array Imp 98.4 A
Battery nominal voltage 300 \
Battery capacity 50 Ah
Battery initial SoC 30 %
Nominal switching frequency 20 kH
AC Voltage Source 480 VRrMs
LC filter inductance 10 mH
LC filter capacitance 1 uF
TABLE 11
BATTERY MEASUREMENTS
Time 5Ah 10Ah 50Ah
Rate End Rate End Rate End
(s) SoC (s) SoC (s) SoC
(%) (%) (%)
0-10s 0.045 | 29.97 0.022 30.23 0.004 30.04
10-15s | -0.108 | 29.43 | -0.048 | 29.99 | -0.009 | 30.00
15-25s -0.005 | 29.38 -0.003 | 29.96 | -0.001 | 29.99
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Fig. 8. State of Charge against time for three different capacities.

VI. CONCLUSIONS

The goal of this simulation is to design a DC microgrid

controller that maintains the PV array’s power output at the
maximum point and uses a DC bus reference voltage to regulate
the load voltage of the microgrid. The purpose is also to
showcase the differences in battery cycles with varying Ah
capacities. The model produces satisfying results given these
select requirements.
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