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Abstract

Microgrids are becoming a popular way to cater the sustaining power needs of urban community loads as buildings of financial districts,
universities, industrial zones, gated communities etc. Effective utilization of available energy resources and smart management of operat-
ing loads will increase level of supply reliability and reduces the utility grid dependency. With this intent, this paper proposes an original
philosophy of designing Smart Energy Management and Control (SEMC) algorithm to transform microgrids as smarter grids. Building
microgrid system is modeled using MATLAB/Simulink and is interfaced with real time controller via data acquisition system to form
Hardware In the Loop (HIL) setup. This real time controller is realized through Programmable Logic Controller (PLC) by using SEMC
algorithm. SEMC manages the available energy sources as well as operating loads based on their availability and priority to supply the
total instantaneous load on the microgrid. The proposed algorithm can also facilitate utility grid interaction for import and export of pow-
er in deficit and excess available power conditions respectively. From the implementation of the proposed algorithm, the obtained results
show that the proposed system ensures reliable and stable supply to building loads.

Keywords: Grid Exchange Unit (GEU); Hardware in the Loop (HIL); Programmable Logic Controller (PLC); Renewable Energy Sources (RES); Smart

Energy Management and Control (SEMC)

1. Introduction

The study on microgrids is fundamentally focused to meet the
electrical energy needs of the people live in remote areas to where
the enhancement of the utility grid is uneconomical [1]. In the
recent years, due to the more urbanization, the focus has been
shifting towards the urban energy sector. Especially, in the devel-
oping regions/countries, the rate of demand growth is more than
supply growth, which leads to regular grid failures. There are
many drives to design integrated and synergetic microgrids with
economic and ecological benefits to reduce burden on the utility.
But, the ecological dependent local RES may not guarantee the
stable power all the time. Hence effective use of available energy
sources is required to improve the system reliability [2]-[4].

There were many literature works discuss about the management
of available energy sources based on the use of hybrid energy
concept [5]-[8], real-time HIL control setups [9]-[15], multiagent
control methods [16], [17], artificial intelligence and machine
learning methods [18]-[22]. Apart from these, voltage/frequency
control strategy was proposed in [23], which helps the microgrid
to be an active network in the overall utility grid operations. This
method helps in penetration of higher concentration of renewable
energy and facilitates lower cost management of available energy
sources. However, this method is developed only for the local
energy management. A centralized control approach, which takes
care of utility grid level was not considered in the developed algo-
rithm. Similarly, the control of dynamic nature of integrated ener-
gy with wind power system and diesel generator system, which is
supplying microgrid loads during various disturbances and uncer-

tainties was discussed in [24]. The key shortcoming of this method
is, the major focus on the voltage and frequency control in the
islanded microgrid becomes very dependent without which man-
agement of microgrid energy sources is not possible.

The formation of a microgrid architecture with central DC bus,
independent DC-to-DC power converter for each power source,
and common DC-to-AC power inverter was discussed in [25].
This architecture requires more number of converters, which in-
creases cost of the deployment. The increase in number of conver-
sions also affects the power quality of the system. A modular,
scalable, and flexible microgrid architecture and its control
scheme was presented in [26]. Two droop control functions were
considered for the controller implementation. The advantage of
this method is, when grids operate in parallel, they can support
each other in the event of failure. But, the internal protection of
various microgrids has not been considered which may affect the
power sharing among multiple microgrids. Similarly, a hierar-
chical control scheme using wireless technology for microgrids
was presented in [27]. A rational balance between battery usage
and generation was argued with the help of an energy management
system design. However, the control strategy was established for
island mode only, but not for the grid connected mode.

Majority of the methods given in the literature discuss about the
management of available energy sources. Apart from this, the
management of available load can also play a key role in the eco-
nomic operation of microgrids. Besides, as per the directions giv-
en in the Indian smart grid roadmap vision document, utilization
of available energy resources and priority based load management
are the foremost challenges in the deployment of smart microgrids
[28]. The traditional microgrid shall have additional layers of plant
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control, automation, and communication to transform it to smarter.
As a whole, it is seen that these systems need more research in
providing stable and reliable power to local loads by proper utility
interaction, effective energy management by resource and load
management as per IEEE-1547 and IEC-61850/970 guidelines.

In view of all the aforesaid issues, this paper proposes a novel
design of energy management and control unit for operating the
available energy sources and loads effectively to leverage mi-
crogrids as smarter girds. For the implementation of the proposed
method, HIL based novel laboratory setup is developed to manage
the energy sources and loads in an urban community microgrid.

2. Proposed System Description

The proposed HIL setup for smart energy management and control
in microgrids is shown in Fig. 1. It is divided into two sub systems,
namely, microgrid model in MATLAB/Simulink and SEMC unit,
which are explained as follows.

2.1. Sub-system-1: Microgrid Model in Simulink

Photovoltaics (PV), fuel cells (FC), and wind power (WP) are
taken as the available energy resources that are coupled to DC bus
by respective local controller (LC) in the microgrid as shown in
Fig.1. This DC bus is further interfaced to AC bus using DC-to-
AC power inverter. This AC bus is interfaced with utility grid via
GEU, which performs bi-directional action based on the SEMC
command; one in onward direction for power export and other in
reverse direction for power import based on excess and deficit
power conditions. The GEU constitutes a circuit breaker and trans-
former operating on 11kV (HV) and 440V (LV) to meet the re-
quired voltage levels on both sides. GEU is ‘ON’ for grid import
or export modes and ‘OFF’ for islanding (sufficient power/faults).

Sub-system-1: MICROGRID SYSTEM MODEL

DEBUS (540V)

kY

MICROGRID
AC BUS (440V)

2.2. Sub-system-2: SEMC Unit

A novel algorithm SEMC is proposed for real time energy man-
agement and control of microgrid. It manages available resources
to meet instant load. The excess or deficit power is handled by
utility grid by operating GEU. PLC is used to realize proposed
SEMC logic in real-time using IEC 61131-3 programs such as
Ladder diagram (LD), Structured text (ST), etc.

2.3. Overall System Connection

The microgrid architecture modeled in sub system-1 is loaded into
XPC target using Ethernet or RS232 interface as shown in Fig. 1.
This xPC target model is connected to PLC to perform HIL testing.
Peripheral Connect Interface (PCI) based Data Acquisition (DAQ)
boards and relay circuitry is used to connect xPC target PC to PLC.
As voltage levels of PLC (24V) and PCI (5V) are different, to
match these, normally open (NO) and normally closed (NC) relays
are used for digital signal communication between DAQ and PLC.

3. Microgrid System Modeling

The basic units of the microgrid - PV, FC, WP with their battery
banks are modeled as per [29]-[32]. Other models are given below.

3.1. Load Arrangement

The building load is modeled as primary/priority and secondary,
where, priority load demands continuous supply at all the time and
secondary load is controllable based on energy availability. The
secondary load is activated (ON) during excess power or if power
drawn from utility grid satisfies the maximum contracted demand
limit and is deactivated (OFF) during power deficit or power im-
port limit violation conditions. Secondary load is further divided
into sub-loads to obtain smooth transition during load shedding.
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uatl
N

Utility Power Grid (3-Ph, 11kV)

S—— s

PLC Operator
(IEC61131-3 Language):

SEMC (Programmable Logic Controller)

Fig. 1: Proposed hardware in the loop (HIL) test setup for real-time energy management and control of microgrids.
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Fig. 2: Microgrid architecture modeled in MATLAB/Simulink for HIL testing.

The microgrid schematic shown in Fig.1 is modeled as shown in
Fig.2 for its real-time operation along with SEMC unit.

3.2. Local Controller (LC) Modeling

LC model shown in Fig.3 works as an agent, which supports mul-
ti-agent theory [16], [17], [33], [34]. It is basically a combination
of a switch (toggle) and DC (or AC)-to-DC converter. The LC
takes an input control signal from SEMC unit and control the cor-

responding energy source or load connectivity to microgrid. The
LCs are modeled based on speuflcatlons given in Table 1.

m\_ urrent
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Fig. 3: Local controller (LC) model develope(_j in MATLAB/Simulink.
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= ON-state: IGBT switch is closed, which leads to flow of current
(IL) through the inductor during time “t sec”. Correspondingly a
voltage (Vi) appears across the inductor as per (1).

= Off-state: IGBT switch is open. Thus, I. flows through load
according to (2). The required DC output voltage will be pro-

duced by choosing proper voltage duty cycle (D) as given in (3).

V; = L(Al_/At) @
o= (Vi —V,)/L )t @
D:l_(vi/vo) (3)

Where; Vo = Desired output voltage, Vi= Input voltage

Table 1: Modeling Specifications for Boost Converter

3.3. Modeling of The Power Inverter

IGBTs based three phase inverter is developed in MATLAB/
Simulink as per the design values shown in Table 2. The inverter
control pulses are produced in a closed PID control loop as shown
in Fig.3 through carrier wave (triangular) and modulating wave
(sinusoidal) continuous comparison. The input to PID controller is
difference signal of the reference voltage and the inverter output
voltage (as feedback).

PID Controller Tn

Sequence
Analyzer

Fig. 4: Closed loop PID control loop to produce inverter firing pulses

Table 2: Three Phase Inverter Modeling Specifications
S. No Parameter Specification
1. Type of power electronic switch IGBT (+ Diode)
2. Number of inverter arms 3
3. Snubber capacitance (Cs) oo uF
4. Snubber resistance (Rs) 1e°Q
5. Falling time (Tg) 1e® Sec
6. ON resistance (Row) 1e°Q
7. Total time (Ty) 2e® Sec
8. Carrier Frequency 1.08 kHz

S. No Component / Parameter Specification

1. Capacitance (C) 45 uF
2. Inductance (L) 255 pH
3. Load resistance (R.) 26 Q

4. Series resistance of Capacitor (Rc) 0.15Q
5. Series resistance of inductor (R)) 0.15Q
6. Switching frequency (Fs) 51 kHz
7. Required output voltage (Vrer) 220V

4. SEMC Unit Modeling

Typical inputs and outputs used for SEMC implementation and
the detailed proposed SEMC algorithm are given in Fig.5 and
Fig.6 respectively.




International Journal of Engineering & Technology

Total Power
Generation (Pg)

» Local Controller_1 (LC1)
(PV Control)

Total Load (P,) > Local Controller_2 (LC2)

(WP Control)

Primary Load (L;) » Local Controller_3 (LC3)

(FC Control)

Secondary Load (Lg) Local Controller_4 (LC4)
(Battery Control)
Battery State of

Charge (BatSOC)

Battery Charging Control (CS_B)

Fuel Cell State of > FC Charging Control (CS_FC)

Charge (FcellSOC)

Secondary Load Control (CS_Lg)

Fault Condition

Grid Exchange Control (CS_GEU)

Grid Export Control (Gexp)
Grid Import Control (Gimp)
Grid Isolation Control (Giso)

Fig. 5: Typical inputs and outputs to design SEMC strategy

[ Smart Energy Management and Control (SEMC) Unit ]

4.1. SEMC Unit Operation

= SEMC principle basically works on three conditions viz;

v' Pg =PL (Sufficient Power condition)

v' Pg>PL (Excess Power condition)

v' Pe < PL (Deficit Power condition)

= Total power generated Pc (=Pbc sus) is sum of outputs of all
energy resources. Total demand Pv is the collective demand of
all types of loads (Lr and Ls). WP and PV are always switched

ON as they do not have any input fuel cost.
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Fig. 6: Proposed algorithm for SEMC design

Pc is equal to P indicates sufficient power. SEMC unit will not
disturb the system and lets the system carry on as it is in the
previous state until unless occurrence of any fault.

P is more than PL, represents excess power generation, which
is used for hydrogen extraction in electrolyzer of FC or for bat-
tery charging. If the SEMC unit finds still excess power, it
commands GEU to export excess power to utility grid.

Pa is less than Py, indicates deficit power, in this case FC unit is
switched ON and charging of FC & battery are OFF.

Further, the batteries are also operated as per the demand, and
even further it is deficit, balance power is provided by utility.
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This process of switching among the energy resources and load
continues by depending upon generation and load, thus, leads to
reliable and economic system operation by effective use of energy.

5. HIL Test Setup Development

The proposed HIL configuration is shown in Fig.7. This is devel-
oped over MATLAB/Simulink—xPC-DAQ-PLC units, where,

= MATLAB/Simulink is used for modeling of the microgrid.

= XPC target is used as an interface between the MATLAB/

Simulink model and the hardware controller through DAQ.

= PLC is used to realize the SEMC actions.
Table 3 gives resources used for the proposed setup development.
Initially, XxPC target kernel is developed by running xPC target
executable file on target PC. It converts microgrid model in host
PC to executable at target PC for real-time interfacing. One side of
DAQ (NI-PCI 6229-MI0) is connected to target PC and other side
is connected to PLC through relays as shown in Fig.7.

Table 3: Resources Required for Proposed HIL Setup

Name of the Resource Specification Used

Industrial PCs TCS-025-01786-002

MATLAB/Simulink with xPC target, | Mathworks — R2009a
RTW target tool box Mathworks — xPC 4.3

MIO (Multi Input/output) for Data Acqui- | NI PCI 6229 - M series,
sition (DAQ), Connector, Cable SCB-68A,SHC68-EPM

PLC (CPU - 230V AC, I/0 - 24V DC) Honeywell - ML 200R

5V - NO/NC -1 No

Relay Boards 24V —NO/NC —1 No

230V AC-1No, 5V DC-1

Power Supplies No, 24V DC-1 No

Microgrid Modelin; XPC Target PC

MATLAB
MODEL

CONTROL
LOGIC

BN
SEMC Development

Programmable Logic Controller (PLC) used as SEMC unit

Fig. 7: Proposed HIL setup for real-time implementation of SEMC

6. Simulation Results

To test the proposed method, a case study with input data of a
real-time location is assumed as given in Table 4. The simulation
of microgrid in MATLAB/Simulink is carried out for 12sec with a
set of 12 dissimilar data inputs. This denotes the microgrid profile
(source and load) at different times of a day considered in each
season. Each season is divided into 3 different times of a day, i.e.,
morning, afternoon, and night. For instance, if the first 3sec of the
simulation denote the monsoon season, in that, 1% sec denotes
morning, 2" sec denotes afternoon, and 3 sec denotes night. Also,
it is assumed that the microgrid runs in grid-connected operation
for first 8sec of the simulation.

At the 9™ sec, a fault is created and is continued till 12" sec as
shown in Fig. 8. Thus, the microgrid runs in island mode for the
last 3sec. The corresponding simulation results are given by Fig.9-
Fig.11. The real-time simulation through proposed HIL setup is
conducted throughout a day and the corresponding results are
given by Fig.12-Fig.14. The SEMC unit always checks the condi-

tions of total load, generation, and fault and commands GEU to
manage available RES and load at any time instant. The cumula-
tive effect of total power exchange is shown in Table 5.

Fault Switching Signal

Enabling a Line-Fault

into the System \

. . . . Time (sec)
0 2 4 6 8 10 12

Fig. 8: Fault occurrence at 9™ second of the simulation
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Fig. 9: SEMC unit control signals to grid exchange unit
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Fig. 11: Secondary load control based on SEMC commands
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mmee 7. Conclusion
The design and development of SEMC strategy through HIL
setup for the microgrids at urban community environment was
discussed in this paper. This rises the practicality of microgrids’
design to cater the sustaining load demands and get free of utility
grid outage issues. The key benefits of this strategy are as follows.
v The proposed system possesses great design fidelity and al-
lows the operators/control personal to make a comprehensive
e o and informed decisions on the overall facility management.
Fig. 12: Real time signals indicating P of various energy sources v" The proposed SEMC can effectively manage the flow between
power generation and load demand and leads to optimal utili-
Table 4: Input Pattern Given to Perform HIL Test zation of available resources.
Energy Source Input Profile| Different Load Profile v" The proposed system can effectually connect the utility power
Ds?é’e(;gg' Tempera.| 'radia- |Wind| Pri- [Second-{ Second- grid for power import/export during deficit/excess power cases.
T Seme e tion Veloc-| mary | ary ary Hence, the proposed system tolerates the ecological and load
son ‘o) (kwh/m | ity |Load|Load-1| Load-2 | changes, thereby brings optimal use of available resources.
) (mis) | (kW) | (kw) | (kW)
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