2023 10th TEEE International Conference on Power Systems (ICPS)

13-15 December 2023, Cox’s Bazar, Bangladesh

Autonomous Power Management and Control
Among Interconnected Standalone Hybrid
Microgrids

Moshammed Nishat Tasnim', Tofael Ahmed?, Shameem Ahmad?, and Saad Mekhilef*
2 Advanced Power System Laboratory, Department of Electrical & Electronic Engineering, Chittagong University of
Engineering and Technology (CUET), Chittagong 4349, Bangladesh
*Department of Electrical & Electronic Engineering, Faculty of Engineering, American International University -
Bangladesh (AIUB), Dhaka 1229, Bangladesh
‘Distinguished Professor, Swinburne University of Technology, Hawthorn, Melbourne, Victoria 3122, Australia
Email- mnishattasnim1@gmail.com, tofaecl@cuet.ac.bd, ahmad.shameem@aiub.edu, smekhilef@swin.edu.au

Abstract— Multiple microgrids (MGs) being interconnected
permits a high penetration of renewable energy sources while
also improving the reliability and generation efficiency of the
interconnected MG system. However, an effective power
management strategy (PMS) and reliable control structure are
required to ensure suitable operation and proper power sharing.
Therefore, an effective clustering method of three hybrid MGs
with a decentralized control structure is proposed in this paper
to ensure sufficient power supply in three MGs depending on
their available power generation in islanded mode. The
interconnection takes place among the DC buses of each hybrid
MG using a bidirectional DC/DC converter, which eliminates
the complexity of reactive power management and
synchronization and reduces power losses and costs. Moreover,
the proposed decentralized PMS is based on the system voltage
deviation to achieve proper power sharing without any
communication link. Different scenarios for power sharing
among interconnected hybrid MGs, including load variations,
source failure, and energy storage systems charging or
discharging, are analyzed. The performance of the proposed
interconnection method and PMS is analyzed and validated
using MATLAB/Simulink and a real-time-based OPAL-RT
digital simulator. The simulation outcomes show that the
proposed method and PMS ensure reliable operation and
provide proper power sharing among the three hybrid MGs.

Keywords—  Hybrid  microgrid, =~ DC/DC  converter,
interconnected microgrids, islanded mode, power sharing

I. INTRODUCTION

The microgrid (MG) is a type of electrical network that can
effectively integrate distributed energy resources (DERs),
energy storage systems (ESSs), utility grids, and loads that
may function in both islanded mode and grid-connected mode
[1]. In recent years, these renewable energy sources (RESs)-
based MG systems have gained popularity as a way to meet
the growing energy demand while also addressing difficulties
such as losses in long transmission lines, diminishing fossil
fuel resources, and environmental concerns [2]. However, a
single MG can only produce and distribute power within a
specific area, and the intermittent nature of RES units results
in fluctuations in output power, voltage, and frequency.
Moreover, due to the constrained generation capability during
the islanded mode, the single MG cannot guarantee the
security of the load requirement. As a result, it will use load-
shedding techniques to maintain demand when one or more
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DER units are wunavailable or fail. Therefore, the
interconnected MG (IMG) system has evolved into a flexible,
integrated framework that includes numerous distinct MGs
that are adjacent to one another [3]. The IMG system's primary
features involve promoting efficient management of energy
consumption as well as high utilization and effective sharing
of DERs. IMGs, whether in the grid-connected mode or the
islanded mode, exhibit favorable economic traits. In IMGs,
power sharing across the MGs enables the MGs to meet their
power needs with their own less expensive RESs and lowers
the energy losses associated with long-distance transmissions.
Moreover, the IMGs in the distribution network will
significantly increase the application of RESs and lessen the
load on the main grid by facilitating energy exchanges,
alleviating overstress on distribution lines, and enhancing their
own and the main grid's reliability [4].

DC interlinking devices and DC/DC converters are used to
interconnect DC IMGs; AC interlinking devices and AC/AC
converters are used to interconnect AC IMGs; and mixed DC
and AC MGs are interconnected through DC/AC converters.
In [5], a comprehensive model and small-signal analysis for
photovoltaic (PV)-based MG clusters are developed,
considering the local adaptive dynamic droop control structure
of the voltage-source PV system. To design high-level
controllers, such as inter-MG energy trading controllers, for
large-scale interconnected AC MGs that are interconnected by
interlinking lines, a low-frequency and small-signal model is
proposed in [6]. A distributed control strategy with primary,
secondary, and tertiary levels is proposed in [7] to regulate
power sharing among a group of DC MGs. Whereas primary
and secondary controllers control power sharing among the
sources in a single DC MG, tertiary controllers are necessary
to provide higher-level power sharing among MGs. In order to
regulate DC-bus voltages in DC MGs with ZIP (constant
impedance, constant current, and constant power) loads and
achieve proportional power sharing, a consensus-based
technique is provided in [8]. However, a more flexible
operation in terms of voltage, frequency, and power controls
can be accomplished with the use of converter interfaces, even
though interconnecting MG clusters with interlinking lines is
simpler [9]. In [10], a network of MG clusters is constructed
by interconnecting several MGs through an inverter, where
each MG consists of DER units and ESSs and operates in
islanded mode. Future MG implementation will be facilitated



by hybrid MGs, which connect AC and DC MGs. In [11], a
three-phase back-to-back active power converter for MG
clusters is suggested using a DC-link voltage-controlling
approach. In order to achieve high stability, the converter's
required active and reactive power can help control the
frequency and voltage of MGs. The back-to-back converter's
DC-link capacitor is also essential for power decoupling and
power balancing. In [12], numerous interlinking techniques,
control challenges with AC and DC MGs, and finally, various
interlinking converter control strategies are comprehensively
discussed. The frequency of each AC MG is different in the
stand-alone IMG system proposed in [13], and a back-to-back
converter is used to connect the nearby MGs. By creating a
suitable controller for the back-to-back converter, the IMG
system's frequency performance can be enhanced.

However, researchers are becoming increasingly interested
in interconnection utilizing DC buses because of their benefits
in reducing control complexity, synchronization, reactive
power, and harmonics. Additionally, DC MGs have many
advantages over AC MGs, including no frequency
synchronization, no reactive power management, simplicity of
the control topology, dependability, and efficiency. The
planning, operation, stability, and control of DC MGs are the
subject of several studies. In [14], a comparative evaluation of
recent studies on the management of DC MG clusters is
proposed. In order to perform voltage management and power
sharing, a cascaded control structure is suggested in [15]. In
[16], a networking method for two MGs using a static switch
with a proper power sharing approach is proposed to ensure
power supply in both MGs. However, interconnection using a
converter interface provides more flexible operation in terms
of voltage and frequency control and power sharing [17].
Moreover, all the above-mentioned studies did not provide a
good insight into the interconnection of hybrid MGs using
DC/DC converters, power sharing, and power balancing,
considering ESS's functionality and the power management
system (PMS) of the IMG system. Therefore, to address these
issues, this study presents a clustering method for three hybrid
MGs using a bidirectional DC/DC converter (BDC) and a
control structure. The contributions to this paper are given by:

e A clustering method to interconnect three hybrid
MGs operating in islanded mode using the converter
interface of a BDC is proposed.

e A decentralized control structure is proposed to
ensure continuous power supply to all the hybrid
MGs during islanded mode.

e  The performance of the proposed method is analyzed
with a PMS, considering load variations, DER unit
failure, and ESS charging and discharging phases.

The paper is organized as follows: Section II describes the
configuration of the IMG system. The clustering method using
BDC and control structures is also presented in this section.
Section III contains the results based on the IMG system’s
performance analysis under different scenarios. Finally, the
conclusion of this study is presented in Section IV.

II. IMG SYSTEM CONFIGURATION

The IMG system structure and the structure of the DC/DC
interconnecting converter and controller strategy are presented
in this section. The required parameters for the IMG system
framework are listed in Table 1. In this study, similar DERs
have the same rating for better and simpler analysis. The

maximum generating capacity of each hybrid MG is 101kW
and the overall capacity of the IMG system is 303kW.

TABLE 1. IMG SYSTEM PARAMETERS

Systems Parameters and Symbols Values
Maximum ower at irradiance
PV generator 1000W/m? andp tenperature 25°C Alkw
Wind generator | Maximum power at wind speed 15m/s’ 40kW
Lithium-ion battery
Rated Voltage 12V
ESS No of batteries in series 27
Rated power 25kW
SoC 20<SoC=<80
Capacity 77Ah
RMS AC-bus voltage 220V
DC-bus voltage, Vp,.s 800V

Sampling time, T 50us

System frequency, f 50Hz
System aspects DC-bus Capacitance, ib(‘l:ti — 5000puF

Grid-side Inductance, L, 6mH

Capacitance, Cf 10pF

Damping Resistor, R, 5Q

VSC-side Inductance, L, 0.5mH

Inductance 10mH

Capacitance 500uF

Proportional gain, k le-4

Swithching frequency 3kHz

BDC PI Controllers
1 7 dc ac

Proportional gains, ( k%, , k%, , 1,05, 0.5

kpl)

Integral gains, (k;,, k%, , k;) 5,3,1

A. System Configuration

The configuration shown in Fig. 1 has been employed to
analyze the power sharing in an IMG system. The system
consists of three hybrid MGs operating in islanded mode. Each
hybrid MG consists of PV generators, wind generators, and
ESSs. PVs and ESSs are designed as DC sources, and wind
generators are designed as AC sources. The generation of PV
and wind generators varies according to solar irradiance and
wind speed. Therefore, each MG undergoes significant power
variations because of the intermittence characteristics of PV
and wind generators. Therefore, a backup or dependable
power supply is required to meet the load requirements,
regardless of the DER's power variation. ESSs are
recommended as a reliable power source since they are able to
deliver a consistent supply for extended periods of time.

A unidirectional DC/DC boost converter connects the PV
array to the DC bus. In order to get the maximum possible
power from the PV system, it should be run with maximum
power point tracking (MPPT). The perturb and observe
algorithm (P&O) has been employed as the MPPT in this
study.

A doubly-fed induction generator (DFIG)-based wind
generator with a back-to-back converter is used. The back-to-
back converter consists of an IGBT-based rotor-side converter
and a grid-side converter. Such converters are capable of
MPPT, controlling voltage and reactive power, compensating
for unbalanced grid conditions, and stabilizing oscillations.
The lookup table is used in the rotor-side converter control
loops to determine the reference torque and capture the
maximum wind power. Reactive power is regulated by the d-
axis loop, whereas active power is regulated by the g-axis loop.
The d-axis loop controls the terminal voltage, whereas the q-
axis loop controls the DC-link voltage in the grid-side
converter control loops [18].



In this study, a battery-based ESS is connected to the
system DC bus using a BDC. ESSs may be utilized by a
distributed generator or individually coupled to a MG. BDC
are crucial for connecting ESSs with the MG system,
controlling the amount and direction of power in ESSs, and
regulating the DC-bus voltage, regardless of the type of MG.
When there is excess power in the system, the BDC transmits
power to charge the battery, and when DER power is
insufficient to meet load demand, the same BDC transfers the
battery's stored energy.

Interconnecting

Converter-2
DC

DC

Interconnecting
Converter-1

DC

Hybrid
Microgrid-1

Hybrid
Microgrid-2

Hybrid
Microgrid-3

Hybrid Microgrid Configuration

Fig. 1. Configuration of the serial interconnecting MG system using DC/DC
converter.

B. Converter structure and Power Management System

The interlinking converter of each hybrid MG is controlled
based on the active power and frequency (P-f) droop
characteristics as given by

fi=f" —mP, (1)

Pi = PPV,— + Pwindi t Pessi (2)
Where i indicates the number of hybrid MG, m; is the
droop coefficients, P; is the active power of the equivalent AC
and DC DERs of the individual MG, f7¢/ is the reference
frequency of the individual MG, f; is the measured frequency,
Ppy, is the PV generation, Py;nq, is the wind generation, and

Poss, 1s the charging or discharging power of ESS.

The outer control loop of the interlinking converter is
based on an AC voltage controller. PI controllers are used to
reduce the error between the reference voltage and their
corresponding measured voltage magnitudes. The signals
obtained from the inner current controller are used to obtain
the switching signals of the voltage source converter (VSC)
using the SPWM technique [19].

The configuration of the BDC and its related controller is
shown in Fig. 2. A buck converter and a boost converter are
combined to create the BDC circuit. This method enables 4-
quadrant operation; as a result, this topology operates in both
buck mode and boost mode. The most adaptable topology is
this one because of its 4-quardant operation. PI controller-
based control technique is used, as shown in Fig. 3, in order to
avoid control complexity and increase physical flexibility
[20]. The outer controller of the BDC consists of a DC voltage,
Gy, (s), and an AC voltage controller, G, (s), and the inner

current controller consists of a current controller, G,(s). The
transfer functions of these controllers are given by,
kdci
— 1.d \4
Gy, () = k%, + = 3

Gy (5) = ko6, + =2 )

6(5) =y, + )
Where k%, and k?;  are the proportional and integral
gains of the DC voltage controller, k%, , and k%, are the
proportional and integral gains of the AC voltage controller,
and ky, , and k;, are the proportional and integral gains of the
current controller.
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Fig. 2. Configuration of the bidirectional DC/DC interlinking converter and
its associated control strategy.

The operation of the proposed IMG system can be
categorized into three cases, as shown in Table 11, and Fig. 3
illustrates the PMS for the IMG system operation under these
cases. This flowchart is designed to represent the power
sharing and power balance in the IMG system. If any MG has
a net surplus (or deficit) of power, the PMS guarantees that
power is exported to (or imported from) the neighboring MGs.
This ensures that the voltage and frequency of the whole
system are within the prescribed limits and that effective
power sharing among the three MGs is allowed. In this system,
negative power indicates the discharging operation of all ESSs
(SoC decreases), and positive power indicates their charging
operation (SoC increases).

TABLE II. OPERATING SCENARIOS OF IMG SYSTEM

Cases Description

Casel | Nearly zero power sharing among MGs.

Case I | Power sharing from MG-1 to MG-2; MG-2 to MG-3
Case III | Power sharing from MG-3 to MG-2; MG-2 to MG-1

Pges; = Generation of all RESs
Pgss; = Generation of all ESSs
P,_mi =Demand of each MG
PSI = Sharing power

Ps, = 07
i {MG, MG, j
~ MG, to MG,

No

Power is transferring from
MG; to MG, to MG,

o | ESS is discharging
Pess, ~ i, ~ Pres,

ESS remains idle
Pyss, ~ 0

ESS is charging | [Power is transferring from|

MG to MG; to MGy

Pess, ~ Pass, — iy,

ESS;_ is discharging
Pss, = Pres; = Pryg, = Py

ESS;_ is charging

ESS,_ is discharging
Puss, ~ Pass, — Piy, — Py,

IPess, = Przs, — Pry, — Ps|
ESSi=23 remains idle

Fig. 3. The flowchart of the power management system.

ESS;_ is charging
Pess, = Pres, — iy, — Py,

III. RESULT AND ANALYSIS

The performance of the whole IMG model is verified with
a time step of 50us or a sampling frequency of 20kHz utilizing
a real-time simulator called OPAL-RT (OP5600),
MATLAB/Simulink, and RT-LAB software, as illustrated in



Fig. 4. The parameters listed in Table I are used to design the
whole IMG system. Three power sharing cases, as described
in Table II and Fig. 3, have been considered to analyze the
performance of the proposed IMG system. A summary of
power generation, consumption, and sharing in three cases is
presented in Table III.

Host PC Real-Time Digital Simulator

Ethernet

Fig. 4. Real-time software-in-the-loop implementation.

A. Casel

Fig. 5 illustrates the performance of the IMG system in the
case of nearly zero power sharing, i.e., when the generation of
individual hybrid MGs is sufficient to satisfy load
requirements. In this case, a certain load consisting of constant
power loads (resistive inductive) and dynamics loads
(induction motor) is maintained in all three hybrid MGs, as
shown in Fig. 5 (a). The generation of each source in each
hybrid MG is illustrated in Figs. 5 (b), (¢), and (d). The PV
generations are at 33.5kW at 800W/m?, 38kW at 900W/m?,
and 41kW at 1000W/m? irradiance, and the wind generation is
25kW at 11m/s? wind speed, as shown in Figs. 5 (b), (c), and
(d). The ESS of each hybrid MG is charging at nearly 20kW,
as the state-of-charge (SoC) of the ESS is increasing from
70%, as shown in Fig. 5 (e). The sharing of power among the
three MGs is 200W, as in each hybrid MG there is sufficient
power to fulfill load demand. The system parameters, such as
AC voltage at 220V rms, frequency at 50Hz, and DC voltage
at 800V, are fixed to their rated limits, as shown in Figs. 5 (g)
and (h).
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Fig. 5. Simulation results under nearly zero power sharing: a) Load power,
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of'the ESS, f) Shared power, g) g) System frequency, i) AC rms voltage
and DC-link voltage.

B. Casell

Fig. 6 shows the performance of the IMG system in the
case of positive power sharing, i.c., when the power is
transferred from hybrid MG-1 to hybrid MG-2 and hybrid
MG-2 to hybrid MG-3 to satisfy load requirements and
balance power in the system. A 45kW load is maintained in all
three hybrid MGs from t = 0 to 1.5s, as shown in Fig. 6 (a). At
t=1.5s, a 30kW load is added in the hybrid MG-3, and at t =
3.5s, a 25kW load is added in the hybrid MG-2. At t = 4.5s,
the PV generation in hybrid MG-3 is zero. The sharing of
power is positive, i.c., from hybrid MG-1 to hybrid MG-2 and
from hybrid MG-2 to hybrid MG-3, in order to balance the
power in the entire IMG system. Fig. 6(f) indicates the power
sharing curve, and a detailed analysis is presented in Table I11.
The charging rate of the ESS in each MG decreases, due to
which the SoC of the ESSs decreases, as shown in Fig. 6(e).
The system parameters at the moment of load changes, such as
AC voltage, frequency, and DC voltage, are decreased when
load increases and vice versa, as shown in Figs. 6 (g) and (h).
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Fig. 6. Simulation results under positive power sharing: a) Load power, b)
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C. CaseIll

Fig. 7 illustrates the performance of the IMG system in the
case of negative power sharing, i.e., when the power is
transferred from hybrid MG-3 to hybrid MG-2 and hybrid
MG-2 to hybrid MG-1 to satisfy load requirements and
balance power in the system. A 45kW load is maintained in
three hybrid MGs from t =0 to 1.5s, as shown in Fig. 7 (a). At
t=1.5s,a25kW load is added in hybrid MG-1, and at t = 3.5s,
a 20kW load is added in hybrid MG-2. The generation of each
source in each hybrid MG is considered to have the same
rating. The PV generation is fixed at 41kW at 1000W/m?
irradiance, and the wind generation is 25kW at 11m/s> wind
speed. Att=5s, there is another load increment of about 10kW
in the hybrid MG-3. The sharing of power is negative in order
to balance the power in the entire IMG system. Fig. 7 (f)
indicates that 10kW of power is flowing from hybrid MG-2 to
hybrid MG-1 and another SkW from hybrid MG-3 to hybrid
MG-1. The charging rate of the ESS in each hybrid MG
decreases, due to which the SoC of the ESSs decreases from
70%, as shown in Fig. 7 (e). The system parameters at the
moment of load changes, such as AC voltage, frequency, and
DC voltage, are slightly decreased when load increases and
vice versa, as shown in Figs. 7 (g) and (h).
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Fig. 7. Simulation results under negative power sharing: a) Load power, b)
MG-1 generation, c) MG-2 generation, d) MG-3 generation, ¢) SoC of
the ESS, f) Shared power, g) System frequency, i) AC rms voltage and
DC-link voltage.

IV. CONCLUSION

In this paper, a clustering method and a decentralized
control structure for an IMG system are proposed in order to
control the power flow among multiple hybrid MGs operating
in islanded mode. The most crucial factor is that in the
proposed interconnection method, the three hybrid MGs are
connected to each other using a BDC instead of a direct tie-
line connection. The proposed control structure for the DC/DC
converter and decentralized PMS of the IMG system provides
reliable and flexible interfaces and a framework for
interconnecting several hybrid MGs. Also, the interconnection
using converter interfaces enables this system to provide more
flexible operation in terms of voltage, frequency, and power
sharing regulation. This technique is applicable for any
number of interconnected hybrid MGs operating in islanded
mode. The performance of the proposed method with control
strategies is evaluated in MATLAB/Simulink and the OP5600
digital simulator. The results of the system analysis under
different conditions, including load variations, ESS
functionality, and source failure, demonstrate that the
proposed method with PMS ensures proper power sharing
among interconnected hybrid MGs. The results also show that
the MGs in the system support one another in the event of DER
unit failure in individual MGs (PV failure in hybrid MG-2 at t



TABLE III. A SUMMARY OF THE POWER GENERATION AND CONSUMPTION OF THREE HYBRID MGS

. Time Hybrid MG -1 Hybrid MG-2 Hybrid MG-3 S
ases DERs DERs DERs harin;
(s) PV Wind ESS | Load PV Wind ESS | Load PV Wind ESS | Load 8
Casel | 0-10 33.5kW 25 19 40 38 kW 25 199 | 42 41 kW 25 1226 | 45 IMG2toMG1-(-0.5kW)
(800W/m?) | kW | kW | kW | (900W/m?) | kW | kW | kW [(1000W/m?) | kW | kW | kW |MG 3 to MG 2 — (- 0.6 kW)
0—15 41 kW 25 | 208 45 41 kW 25 | 21 | 45 41 kW 25 (212 ] 45 [MG2toMG1-(-0.2kW)
< | (1000W/m?) | kW | kW | kW | (1000W/m?) | kW | kW | kW [(1000W/m?) | kW | kW | kW |MG 3 to MG 2 — (- 0.2 kW)
15 35| 41kW 25 | 18 | 45 41 kW 25 [ 125 45 41 kW 25 | 75 | 70 [MG1toMG2—-(3 kW)
<777 (1000W/m?) | kW | kW | kW | (1000W/m?) | kW | kW | kW | (1000W/m?) | kW | kW | kW |[MG 2 to MG 3 — (11.5 kW)
35 45| ALKW 25 | 13 | 45 41 kW 25 |5 w65 41 kW 25 5wl 70 [MG1toMG2-(8kW)
Case Il (1000W/m?) | kW | kW | kW | (1000W/m?) | kW kW | (1000W/m?) | kW kW |MG 2 to MG 3 — (7 kW)
45 65| AKW 25 w45 41 kW 25 | -11 | 65 0 kW 25 | <19 | 70 MG 1to MG 2— (14 kW)
<7221 (1000W/m?) | kW kW | (1000W/m? | kW | kW | kW | (0W/m?» | kW | kW | kW |[MG 2 to MG 3 — 26 kW)
65_85| A4LkW 25 | 115 45 41 kW 25 | 9 | 45 0 kW 25 | -15 [ 70 [MG1to MG2—(9.5kW)
<2702 (1000W/m?) | kW | kW | kW | (1000W/m?) | kW | kW | kW | (OW/m>) | kW | kW | kW |MG 2 to MG 3 — (30 kW)
g5 11| ALkW 25 | 55| 45 41 kW 25 o w| 45 0 kW 25 | -1.5 ] 45 [MG1toMG2-(5.5kW)
: (1000W/m?) | kW | kW | (1000W/m?) | kW kW | (0W/m?) | kW | kW | kW |MG 2 to MG 3 — (18.5 kW)
0-15 41 kW 25 [ 208 45 41 kW 25 | 21 | 45 41 kW 25 [212] 45 [MG2to MG 1-(-02kW)
8.5— 11| (1000W/m? | kW | kW | kW | (1000W/m?) | kW | kW | kW |[(1000W/m?) | kW | kW | kW |MG 3 to MG 2 — (- 0.2 kW)
L5_35 A4kW 25 |y w75 41 kW 25 [ 17 | s 41 kW 25 | 14 | 45 [MG2toMG1—(- 11 kW)
<771 (1000W/m?) | kW kW | (1000W/m2) | kW | kW (1000W/m?) | kW | kW | kW |MG 3 to MG 2 — (- 7kW)
35_5 41 kW 25 | -4 75 41 kW 25 [ 35 ] 70 41 kW 25 | 85 | 45 [MG2toMG1—(-5kW)
Case I — (1000W/m?) | kW | kW | kW | (1000W/m?) | kW | kW | kW | (1000W/m?) | kW | kW | kW |MG 3 to MG 2 — (- 12.5 kW)
5 6 41 kW 25 |-55] 75 41 kW 25 [-02] 70 41 kW 25 | 25 | 55 [MG2toMG1—(-4kW)
(1000W/m?) | kW | kW | kW | (1000W/m?) | kW | kW | kW | (1000W/m?) | kW | kW | kW |MG 3 to MG 2 — (- 8 kW)
6—65 41 kW 25 | -4 | 75 41 kW 25 5wl 70 41 kW 25 [ow| 45 [MG2toMG1—(-5kW)
< | (1000W/m?) | kW | kW | kW | (1000W/m?) | kW kW | (1000W/m?) | kW kW |MG 3 to MG 2 — (- 12 kW)
65_85| ALkW 25 | 15| 75 41 kW 25 | 175 45 41 kW 25 | 14 | 45 [MG2toMG 1—(-10.5kW)
2752 (1000W/m?) | kW | kW | kW | (1000W/m?) | kW | kW | kW | (1000W/m?) | kW | kW | kW |MG 3 to MG 2 — (- 7 kW)
= 4.5s) and minimize the need for unnecessary load shedding [10] K. Koyanagi, Y. Hida, R. Yokoyama, S. Nagata, K. Nakao, and T.

techniques to balance supply and demand.
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Abstract—Microgrids (MGs) have emerged as a promising
solution to enhance the reliability and sustainability of modern
power distribution systems. In recent years, there has been a
growing interest in interconnecting multiple microgrids to
create more resilient and efficient energy networks. However,
the performance of interconnected microgrids under various
dynamic load scenarios remains a critical research area. In this
paper, problems like low-frequency oscillations (LFOs) and the
dynamic performance of multiple induction motors (IMs) in
microgrids instead of a single motor with the same rating
under a wide range of operating conditions are looked at. A
single microgrid and an interconnected microgrid are two
alternative model configurations designed in Matlab/Simulink
that are considered in this study's comparison of non-linear
dynamic simulations. The findings show that, compared to a
local microgrid system, the performance of an interconnected
microgrid system is more susceptible to being impacted by
several parallel IM loads. Furthermore, it has been discovered
that large IMs have lower LFO damping capabilities than
parallel multiple small IMs.

Keywords—dynamic loads, interconnected microgrid, local
microgrid, induction motor (IM), low-frequency oscillations
(LFOs).

I. INTRODUCTION

Microgrids are small-scale, localized energy systems that
can operate independently or in conjunction with the main
grid. They are characterized by their ability to integrate
various distributed energy resources, including renewable
sources, energy storage systems, conventional generators,
and multiple types of loads [1]. This microgrid can be
represented as a local microgrid. The dynamic performance
and stability of microgrids are essential for ensuring a
reliable and resilient power supply. Advanced control,
security, and communication technologies are essential for
the successful expansion of a microgrid framework because
they guarantee superior power quality, effective power
management, balance in power distribution, and intelligent
monitoring [2]. One approach to further improving the
performance and reliability of microgrids is to interconnect
them with another microgrid system to form a larger network

979-8-3503-1873-9/23/$31.00 ©2023 IEEE

[3]. Interconnected microgrids can share resources, increase
overall system stability, and provide better support for loads.
Moreover, the integration of microgrids has a profound
impact on various aspects of the network, including power
quality, voltage, and frequency control, which significantly
influence the dynamic stability of the system within
acceptable limits when subjected to disturbances [4, 5].

Since electrical loads are the main component of a power
system, the effect of dynamic stability on microgrids can
differ depending on the types of loads connected to the
microgrid [6]. Induction motors (IMs) are so widespread in
industry that they account for more than 30% of the world's
total energy usage [7, 8]. Managing induction motor loads,
which can have a significant impact on system stability and
performance, is one of the key issues in the successful
implementation of microgrids, alongside other loads such as
constant impedance, constant current, and constant power
[9]. Moreover, the dynamic characteristics of induction
motor loads can introduce challenges related to voltage dips,
frequency variations, harmonic distortions, and control
requirements in overall microgrid operation. It would be
impractical to analyze a local or interconnected microgrid
without taking IM dynamics into account due to their non-
linear dynamics and the fact that both large and small IMs
are usually directly connected to low- or medium-voltage
distribution networks. In an induction motor, an air gap
between the rotor and stator generates an electromagnetic
field that forces the rotor to turn. In normal, steady-state
operation, the electrical torque produced by the interaction of
the electromagnetic field with the rotor is equal to the
mechanical torque required to turn the load, ensuring a
constant rotor speed and smooth motor operation. However,
sudden changes or disturbances can disrupt this balance,
leading to low-frequency oscillations (LFOs) in the rotor
speed, as IM’s rotor speed oscillations are directly coupled
with the system frequency. These LFOs can affect the
microgrid system in multi-oscillatory modes. To stabilize the
local and interconnected microgrid system in the presence of
IM loads, a tri-band damping controller is proposed for
sustaining transient



sustaining transient disturbances [10]. The rotor time
constant is another significant IM component, which depends
on rotor resistance, rotor resistance, and mutual inductance
and increases when machine power rating rises. The rotor-
circuit time constant is relatively low for small IMs
compared to large IMs with the same power rating, resulting
in a fast decay of rotor electro-mechanical dynamics [11].
Therefore, it is necessary to investigate the performance of a
microgrid system under multiple small IMs and a large IM
with the same power rating.

Microgrids are expected to become more prevalent in
future power networks due to their high penetration and
advancements in power converter ratings and topologies.
Interconnected microgrid systems will be subjected to a wide
range of static and dynamic loads where electromechanical
rotor oscillation phenomena occur due to the highly
nonlinear load dynamics, as large IM loads can interact with
synchronous generator rotor dynamics and excitation
systems, leading to modal resonances, limit cycles, and
voltage oscillations [12]. Therefore, it is crucial to consider
the non-linear dynamic behaviors of large IMs while
studying the stability of an interconnected microgrid system.

This paper focuses on assessing the impact of multiple
dynamic loads on the performance of a local microgrid
system and an interconnected microgrid system. To better
understand these effects, we compare the performance of
microgrids under multiple dynamic loads to that under single
dynamic loads with equivalent ratings in Matlab/Simulink.

The remainder of this document is structured as follows:
In Sections I and III, we provide concise discussions on the
simulation platform and modelling of IM (induction motor)
respectively. Section IV presents the induction motor’s
torque-speed characteristics and variations. Section V briefly
explains the non-linear dynamic simulation results. Finally,
in Section VII, we summarize the conclusions drawn from
this study and provide a brief overview.

II. DESCRIPTION OF THE SIMULATION PLATFORM

A. Local Microgrid System

The local microgrid system is made up of several
components, including two photovoltaic (PV) systems, one
energy storage system (ESS), a diesel generator, a wind
generator, constant impedance loads, and induction motor
loads in fig.1. This system has a power generation capacity
of 900 kW, operates at a 400 V AC bus voltage, and has a
frequency of 50 Hz. To deal with the variability in power
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Fig.1. Schematic diagram of local microgrid system.
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Fig.2. Schematic diagram of interconnected microgrid system

generation from renewable sources like wind and solar, a 200
kVA ESS is connected to the AC bus to provide backup
power when needed. Both the ESS and the diesel generator
are used as backup power sources to counter the
unpredictable nature of wind and solar energy. This
microgrid comprises two PV farms generating 200 kW each,
a 350 kW wind generator, and a 150 kW diesel generator.
The system is linked to the distribution feeder through a 25
kV/400 kV distribution transformer at the point of common
coupling (PCC).

B. Interconnected Microgrid System

The interconnected microgrid system comprises two
parts: MG-1 and MG-2, as depicted in fig. 2. MG-2 is
designed as another local microgrid system with two PV
systems of 200 kW each, a 350 kW wind farm, a 200 kVA
energy storage system, and constant impedance loads. Both
microgrids share a common AC bus but are connected
through a static switch. They each maintain their own unique
configurations. The combined installed capacity of the
interconnected microgrid system is 1650 kW. There are
individual voltage source converters (VSCs) for each
distributed generation and an ESS with a damping control
architecture in each microgrid [10]. Frequency measurement
employs a phase-locked loop.

III. MATHEMATICAL MODELLING OF AN INDUCTION MOTOR

A fourth-order state-space model of the machine's electrical
component and a second-order system of the machine's
mechanical component are used to depict them. The arbitrary
two-axis dg reference frame is used for all stator and rotor
quantities. The fundamental voltage equations of an
induction motor in a stationary dq reference frame are given
in terms of currents and fluxes for both stator and rotor [13]
in equations 1-4:

Vgs = Rslgs + d;’gs T OPqs (1)
Moo = Bl + d:;ss T W9qgs (2)
Vgr = Rpigr + dz% + (0= )@ar 3)
Var = Ry ig + % —(w—w,)eg 4)



Here, the reference frame angular velocity and electrical
angular velocity are denoted by o, o respectively. R, Rsare
rotor and stator resistance, respectively, while the subscripts
r and s stand for rotor and stator quantities, respectively. In
equation 5, Te denotes the electromagnetic torque expressed
in terms of stator fluxes and currents, where p is the number
of poles of the induction motor.

3 . .

T, = 2 P (@as lgs — Pgs las) )

The flux linkages of an induction motor are represented
by the parameter ¢, with suitable subscripts mentioning the
reference frame axis with rotor and stator, and the equations
can be expressed by equations 6-11 [14]:

Pas = Lsigs + Linior (6)
Qas = Lsigs + Lyplar (7)
@gr = Lylge + Lipigs ®)
Par = Lylgr + Linias )
Ly = Ly+ Ly (10)
Ly =Ly + Ly (11)

Where L stands for an induction motor's inductances with
the appropriate subscripts. While the subscripts lis and /ir
denote the leakage inductance of the stator and rotor,
respectively, the subscripts m, r, and s denote the
magnetizing components, rotor, and stator, respectively.

The torque created when electrical power is transformed
inside a machine into mechanical power is referred to as
induced torque. This torque is countered by the torques
created by friction and wind resistance within the machine;
thus, it differs from the torque that can be measured at the
motor's terminals [15]. The following is the formula for
determining the induced torque, Ting:

R
_Row _ Ry _ 3V s

Tina = = =
n Voo (R + MR Ret B (12)

Syt T D o o3

(©
Fig. 3. Torque-speed characteristics curves, (a) for small IM with
deviation of rotor resistance from preset values, (b) for small IM with
deviation of stator resistance from preset values, (c) for large IM with
deviation of rotor resistance from preset values, and (d) for large IM
with deviation of stator resistance from preset values.

Where Pcony is converted to power in mechanical form in
an induction motor, Py, represents air-gap power; s denotes
slip of the rotor, ®m and ®sne denote rotor speed and
synchronous speed, respectively; and subscripts th denote the
thevenin equivalent quantity.

IV. INDUCTION MOTOR TORQUE-SPEED CHARACTERISTIC
VARIATIONS

For both small and large IMs, a torque-speed
characteristics curve will be drawn. By altering the default
IM parameters, comparison research will be conducted
using the torque-speed characteristics curve. Fig. 3 (a) and
(b) indicate the torque-speed characteristics for a small IM
(5.4 hp IM) for a change in rotor resistance (Rr) and stator
resistance (Rs), while Fig. 3 (c) and (d) indicate the torque-
speed characteristics for a large IM (215 hp IM). For both
forms of IM, it can be seen that torque fluctuates as rotor
resistance deviates from set levels. Initial torque is higher
when rotor resistance is raised than when it is decreased as
the positive primary factor. When the stator resistance
changes, however, the situation reverses as a negative
secondary factor.

V. SIMULATION RESULTS

The performance of the two microgrid systems was
evaluated considering LFO characteristics using nonlinear
dynamic simulations that considered small and large IM
loading patterns with equal power ratings as well as
disturbances in the microgrid systems.

The simulation and analysis were done while comparing
the dynamic performance of 40 parallel 5.4-hp (4 kW) IMs
and a 215-hp (160 kW) large IM at the different microgrid
systems. The following scenarios are considered for dynamic
simulation studies and analysis:

A. Casel: Local microgrid system taking into
consideration 15.09% of IM loading patterns under
37.74% of load disturbances for several small IMs and a
large IM separately

In this case study, the local microgrid system has been
considered among the two types of microgrid configurations
stated before. The local microgrid has a 900-kW total
generation capacity and is operating at 73.33% loading
(with a 500-kW constant impedance load and a 160-kW IM
load). At t=2s, a 400-kW step load is added to cause the
disturbances. At t=3s, the load is withdrawn, and the
performances of the microgrid system are recorded for
further analysis. AC microgrid system’s point of common
coupling (PCC) voltage and frequency are illustrated in fig.
4 (a) & (b) respectively. Furthermore, when a 400-kW step
load is introduced into the microgrid, single IMs loading
exhibits a maximum frequency deviation of 49.89 Hz
whereas, 49.86 Hz frequency deviation holds for multiple
small IMs loading condition. With the increase in IM
loading numbers within equal power ratings, 4 volts of
system voltage are fluctuating during the starting of the
motor. The voltage and frequency oscillations in the
microgrid system are caused by load disturbances. Voltage
and frequency fluctuations within the microgrid can lead to
rotor speed oscillations for several reasons. Firstly, the
power consumption of induction motors (IMs), including
both active and reactive power, is affected by variations in
the stator voltage and rotor speed. Secondly, fluctuations in
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frequency directly induce oscillations in the rotor speed of
induction motors. Lastly, alterations in rotor speed can, in
turn, impact power consumption which is seen in fig. 4 (f) at
time t=2s when a step load of 400-kW is injected into the
system. The ESS's output power in fig. 4 (d) indicates that
when a step load is introduced, it supplies approximately 71
kW of active power for a single large IM, whereas it
provides only 41 kW of active power for multiple smaller
IMs. Diesel generators are typically rated to handle brief
overloads, but if the combined inrush current of all the
motors exceeds the generator’s capacity, it can lead to a
speed deviation which is visible in fig. 4 (c). For a single
large IM, the diesel generator speed deviation is lower than
the multiple small IMs. As a result, a type of LFOs
introduced in [10], is getting more severe for multiple small
IMs in a local microgrid system.

B. Case 2: Interconnected microgrid system taking account
of both several parallel small IMs and a large IM
penetration separately, with 15.09% of IM loading
under 37.74% of load disturbances in MG-1 and 53.33%
of loading condition under 26.32% of load disturbances

in MG-2

In this scenario, an interconnected microgrid has been
considered where a local microgrid system (MG-1) is
integrated with another microgrid (MG-2), which falls into
the microgrid configuration previously mentioned in fig. 5.
The system has a total generation capacity of 1650 kW and
is currently working at 64.24% capacity. The installed
capacity of the MG-1 is 900 kW, and it is operated at
73.33%% loading (500 kW as a constant impedance load
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loading under 37.74% of load disturbances in MG-1 and 53.33% of
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(d)Power generation of MG-1, (e) Power generation of MG-2, (f)
Power sharing between microgrids, (g) ESS power of MG-1, (h) ESS
power of MG-2, (i) Load power of MG-1, (j) Load power of MG-2,
and (k) Induction motor speed.



and a 215 hp IM). The total generation capacity of the MG-2
is 750 kW, and it is operated at 53.33% load with only a 400
kW constant impedance load. At t = 2s, a 400 kW step load
is added in MG-1 and a 200 kW step load in MG-2 to cause
disturbances, and at t = 3s, these loads are removed to
examine the functioning of the microgrid in more detail.

When the extra 200 kW constant impedance load is
linked to the MG-2, it draws power from the MG-2. This
decrease in power supplied from the MG-2 to the MG-1
causes a shortage of power in the MG-1. To compensate for
this power imbalance, the ESS connected to the point of
common coupling in the MG-1 is utilized, as shown in fig. 5
(d-j). As a result of this sudden change in load, the voltage
of the common AC bus of the interconnected system starts
to fluctuate as illustrated in fig 5 (b), leading to oscillations
in the speed of the IM rotor in fig 5 (k). The rotor speed
settled after about the sixth peak in the single IM case, but
after the third peak in the multiple IM case and the settled
duration is shorter in this case for this configuration of
microgrid system. Additionally, when step loads are
introduced in both microgrids, it is seen in fig 5 (a) that the
single IMs experience a comparatively smaller frequency
deviation than multiple small IMs.

135 Induction Motor Speed
——Single IM
1300 = Multgie W
1250, S
i %‘, 4
¥
EﬂUD ——
£ —a
3 1150 \ =
1 on
é
o E
w1100 Eourrmmmafl VTN,
§ et | sssiin |ttt
1050 <
fooo = “ u
-
950 1
1 2 3 4 5 6 7 ] ] 0
Time [seconds)
@
K Snfonany i —
[ =
—higel e e 7:«:'
—sgell |
[
i \
P J
i i
i ! i .
h e
¢ [ R IR
el i H oo e
L - = m
- ; ]
L \;.4; SOV MY P
[ 3 | -
4 !
1 1 H § [} ) 1] "
Tre ends) [} 1 { 5 i 1 B
T e
(b) ©
o Seiglen gl DGt

Fig. 6. An interconnected microgrid system with 15.09% of IM
loading under 37.74% of load disturbances in MG-1 and 21.05% IM
loading under 26.32% of load disturbances in MG-2 for both
several small IMs and a large IM condition, (a) Induction motor
speed, (b) AC system frequency, (¢) PCC voltage, (d) Power
sharing between microgrids, and (e) Diesel generator speed.

C. Test mode 1: Interconnected microgrid system taking
account of several parallel small IMs and a large IM
penetration separately, with 15.09% of IM loading
under 37.74% of load disturbances in MG-1 and 21.05%
of IM loading under 26.32% of load disturbances in
MG-2

In this part, IM loading in both microgrids is introduced
to better understand the dynamic behavior of both forms of
IM. Tt is significant to notice that although the scenario has
been applied with a comparable load disturbance to prior
case 2 for both microgrids, the IM loading for both
microgrids has altered due to the changed loading level. As
can be seen, MG-1 operates with 15.09% of IM loading
while experiencing 37.74% load disturbances, whereas MG-
2 operates with 21.05% of IM loading while experiencing
26.32% load disturbances. The IM rotor speed and the
system frequency are depicted in fig. 6 (a) and (D),
respectively. Additionally, fig. 6 (c) and (d) show,
respectively, the PCC voltage and the power sharing
between microgrids. It is found that having numerous
parallel working IMs increases non-linearity in the system
dynamics. Furthermore, increasing dynamic loads (i.e., IMs)
causes greater rotor speed oscillations and frequency
deviations in the interconnected microgrid, necessitating
higher damping torque. But the diesel generator's speed
oscillation settle time is reduced by 0.2 seconds when a
single IM is installed instead of the many IMs shown in fig.
6 (e).

D. Test mode 2: Interconnected microgrid system taking
account of both several parallel small IMs and a large
IM penetration in MG-1 with 22.22% of each type of IM
loading under 32.78% of load disturbances and 33.33%
multiple parallel IM load penetration under 26.32% of
load disturbances in MG-2

In this test scenario, MG-1 is subjected to both forms of
IM loading, whereas MG-2 is subjected to multiple small
IM loading categories. Fig. 7 (a) and (b) illustrate the rotor
speeds of the small and big IMs with and without
disturbances when both types of IMs are coupled in MG-1.
Small IM exhibits a 30% greater speed deviation than
without interruptions, but large IM shows a 25% greater
speed deviation. As a result, it is revealed that multiple
parallel operating IMs show more non-linearity than a large
IM.
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Fig. 7. Induction motor speed of MG-1 with and without
disturbances, (a) Rotor speed of multiple small IM and (b) Rotor
speed of large IM.



VI. CONCLUSIONS

This research delved into the dynamic effects of
introducing both small and large induction motor loads in
microgrids. The findings of this study underscore the
significant influence of IM model parameters, with rotor
resistance emerging as the positive primary factor and stator
resistance emerging as the negative secondary factor
affecting its dynamic performance. Additionally, non-linear
dynamic simulations of a large single induction motor or
several small parallel induction motors with sudden load
changes for two microgrid configurations are used to
examine the dynamic performance of IMs. It is obvious that
the sudden load fluctuations have a major impact on the IM
rotor speed, system frequency, and power sharing from
energy storage systems.

e IM Rotor Speed: Rapid load changes in induction
motors can cause significant rotor speed variations,
posing challenges in managing these variations,
particularly in systems with multiple motors.

e System Frequency: The frequency of the microgrid
system is directly influenced by fluctuations in the load.
As induction motors are sensitive to changes in
frequency, sudden load changes can lead to frequency
deviations. This can have a cascading effect on the
overall stability and performance of the microgrid.

e Power Sharing from Energy Storage Systems (ESS):
The study reveals that load fluctuations affect power
distribution from energy storage systems (ESS), which
are crucial for microgrid supply and demand balance,
affecting their efficiency and lifespan.

APPENDIX

5.4-hp (4 kW) IM parameters:

Rr = 1.395 Q, Ry = 1.405 Q, H = 0.0131 kgm?, L, =
0.005839 H, Ly = 0.005839 H, P =2, and L., = 0.00769 H.
215-hp (160 kW) IM parameters:

R: = 0.007728 Q, R, = 0.01379 Q, H = 2.9 kgm?, L, =
0.000152 H, Ly = 0.000152 H, P =2, and L., = 0.00769 H.
The specifications for the distributed generations and ESS
control of the microgrids are derived from study [10].
Parameters of the damping controller:

Global gain=1.0, Low frequency band (FL(Hz), KL) = 0.2,
30, Intermediate frequency band (FI(Hz), KI) = 1.25, 40,
High frequency band (FH(Hz), KH) = 12.0, 160, Signals
limits (VLmax, Vlmax, VHmax, VSmax) = 0.075, 0.15, 0.15,
0.15, Kp= 160, and Wash-out filter time constant = 10s

PV Farms parameters:

Power = 200 kW, Parallel string = 88, Module per string =
7, Open-circuit voltage = 85.3V, Short-circuit current =
6.09A, Voltage at MPPT = 72.9V, Current at MPPT =
5.69A

Diesel Generator parameters:

Power = 150kW, Pole pairs = 2, Inertia co-efficient, H =
3.2s, Friction factor = 0.08 pu, Rotor speed deviation =
0.05%, wrer= 1.0 pu, Stator resistance, Rs= 2.8544x103 pu
ESS Parameters:

Power = 200kVA, Rated capacity = 700 Ah, Nominal
voltage = 2000V, Initial state-of-charge (SoC) = 80%,
Capacitance = 500pF, Ly = 6x10° H, L, = 5x10*H, C =
5x10°F and R = 0.05 Q, Kp = 10, K= 95, Kpf= 1, K=
50, Kpw=10.5,Kjy=1

DFIG Parameters:

Power = 350 kW, Rotor-type = Wound, Stator resistance,
Ry = 0.023 pu, Stator inductance, Lis = 0.18 pu, Rotor
resistance, R, = 0.016 pu, Rotor inductance, Li;= 0.16 pu,
Magnetizing inductance, L = 2.9 pu, Inertia constant, H =
0.685 s, Friction factor, F = 0.01 pu, and Pole pairs, p =3
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