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Abstract—Three Voltage Source Inverter (VSI) based distributed
renewable sources are considered in a microgrid (MG). This research is
important for developing more reliable and resilient power systems,
specifically by investigating the transient behaviour of VSI frequency
and voltage under sudden changes, to ensure an uninterruptible supply
of power to critical loads. A smooth transfer from islanded (IS) mode to
grid-connected (GC) mode is necessary to provide higher reliability
when excess power is needed in the isolated network or vice versa. The
key objective of this research is to evaluate how sudden load
fluctuations at particular distributed generation (DG) units affect the
MG when it’s operating in IS mode. To accomplish this, we introduce a
state-space model for analyzing MG stability. We also investigate the
transition from IS mode to GC mode to ensure a smooth and stable
progression. This modelling approach significantly enhances the
practical reliability and efficiency of MGs. The case study has been
realized through implementation in the MATLAB/SIMULINK with m-
file to observe the MG and grid stability under transient conditions.

Index Terms—Muicrogrid, Droop control, Seamless transition, Grid
synchronization, Stability.

I. INTRODUCTION

A MG can operate in either of the GC or IS mode, and its
controllers must meet the criteria outlined in the IEEE Std
2030.7 standard [1]. These specifications are designed to assist
in the planning and definition of MG operating parameters when
transitioning between GC and IS modes or vice versa. In GC
mode, the MG relies heavily on the main grid’s dynamics,
mainly due to the relatively small scale of the DG units.
However, when operating in IS mode, the MG becomes
selfsufficient, enabling autonomous regulation of power output,
as discussed in [2]. Managing an MG encompasses a complex
array of control objectives, including load sharing, voltage and
frequency regulation, power quality maintenance, participation
in energy markets, and scheduling across various temporal
scales and operational levels. To effectively address these
complex challenges, the adoption of a hierarchical control
framework has become the prevailing solution for the efficient
management of MGs.

Investigating any potential disturbance in MGs, particularly
in the IS mode, is crucial because the inertia is low and MGs are
typically connected to Renewable Energy Sources (RESS).
Comparable to a traditional power system, the voltage stability
(and frequency stability in AC/hybrid MGs) and small — signal
(steady-state) stability problems in MGs can be categorized [3].
Since the grid will predominate in GC mode, MGs are presumed
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to be stable. As a result, most studies focused on the small-signal
stability (SSS) analysis of MG in IS mode concerning control
gains and load variations [4]. Some significant challenges for the
smooth operation of the MG include power sharing among DG
units, unbalanced load compensation, reactive power
compensation, and transition between IS and GC mode or vice
versa [5].

To prevent blackout conditions during IS operations, avoiding
the overloading of inverters is crucial. Therefore, sudden load
changes must be effectively controlled. The inverter controlling
should be capable of a smooth transition between current control
for GC operation and voltage control for IS operation [6]. The
grid interfacing and synchronizing characteristics of the
inverter-based sources have dynamics set by the controlling
algorithms, which brings flexibility to the system but could be a
good reason for the instability issues [7]. In [8], the suggested
voltage-frequency controller achieves an ideal balance between
load distribution and frequency regulation by accurately tuning
the droop gains. The droop control strategy allows the MG
network to operate more flexibly, whether in GC or IS mode [9].
However, minor disturbances can occur during the mode
transition process, which leads to transient oscillations in the
network. Therefore, the emphasis is on achieving a smooth
transition between different operating modes.

The effectiveness of DG control unit significantly influences
the stability and robustness of an MG. Various control strategies
in the literature can be used for Distributed energy resources
(DERS) in both GC and IS modes. These techniques can be
broadly classified into two types: a) One unified control
technique, often dependent on voltage regulation, which
operates in both modes and offers additional capabilities, b) Two
distinct control techniques, each designed for its specific mode
with predefined control objectives [10], [11], [12].

This paper comprises of the following sections: Section
Il provides a comprehensive description of MG. Section Il
presents the modeling of the controller. Section 1V is dedicated
to explaining the seamless transition control logic of the MG. In
Section V, we present the results and engage in a discussion of
different modes of operation. Finally, Section VI offers the
conclusion, summarizing the key findings and contributions of
this work.
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[l. SYSTEM DESCRIPTION
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Fig. 1: DERs connected to main grid
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MGs integrate diverse RESs to enhance the efficiency and
power quality of DG units in the utility grid. MGs are defined as
controllable groups of DGs and interconnected loads within
specific electrical boundaries, as represented in Fig. 1,
functioning as a single controllable entity concerned with the
grid [1], [6]. Unlike traditional distributed systems with
significant inertia from large synchronous generators, MGs rely
mainly on inverter-based DG systems, offering reduced inertia.
In IS mode, micro-sources must fulfill requirements like voltage
and frequency control for load sharing. Assuming ideal
inverters, in standalone mode, voltage and current controllers
precisely track reference values. However, this may not apply to
large size inverters with low switching frequencies, which can
limit control bandwidth and potentially cause transients.

MGs must be able to smoothly switch between GC and IS
modes in response to changing operating conditions. During IS
mode, at least one inverter must act as a grid-forming source to
maintain frequency and voltage regulation. Smooth switching
between GC and IS modes depend on carefully coordinated
synchronization control techniques, point-of-common-coupling
(PCC) circuit breaker, and MG controller. Instability can occur
if inverters independently adjust their output voltages and
frequencies without feedback from other MG inverters.

[ll. CONTROLLER MODELLING

At the primary control level, voltage and current controllers
are tasked with the local regulation of the power converter’s
output variables. These controllers need to exhibit a high
bandwidth and performance capability to ensure a rapid
response across various operational conditions. The primary
controller plays a crucial role in coordinating the stability of MG
at a higher control level. By employing droop control equations,
these controllers effectively manage the distribution of power
demand among the DGs within the MG [13].

DERs in a DG system are typically connected through a VSI.
The key components of the VSI include power control, voltage-
control-loop (VCL) and current-control-loop (CCL), as
illustrated by Fig. 2.
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Fig. 2: Schematic control structure of V/SI for parallel operation
ina MG

The following sections contain the state-space models (SSMs)
for each of them.
A. Power controller : Droop control determines the
necessary modifications to the voltage and frequency
amplitude while also simulating the behavior of the
traditional rotating machines for sharing the power. The
droop characteristic equations are represent as;

f = fret - m.(P - Pref) (1a)

V=V ref— n(Q - Qref) (1b)
It can also be represented in a generalized form, where the
symbols retain their conventional meanings.;

Wi = wni — MiPi - Awi = Awni — MiAPi 2

Finding the instantaneous power requires first separating
the dq components from the output voltage and current,
then using a low-pass filter (LPF) to eliminate high-
frequency components [14].

P = Vodlod + i-’oqiuq — P = (’5:_)—([‘0(}]]
(3a)
q = 'Uu(ii'r)q - 'Uuqif)d — Q = (‘S‘F—(u},)q
(3b)
AQ = _((A)QAQ) + ((A)c.AVod.Aioq) - ((A)c.AVoq.Aiod) (3d)



The angle of a single inverter is used as the common
reference frame in all modelling equations for the entire
MG.

oi=f( - ) - =( - ) (4)

Equations 3(c), 3(d) and 4 lead to the formulation of the
SSM for power controller of the VSI.

Ad; Aé; Adygq
AP[ - AP,' AR + Bpl A’Uodq + BP[Awr:rrm}
AQ‘[ AC?! Air)r!q
(5a)
Aw ] [Cpo] |20
A'U:;“,q B CP v ﬁpt
B. Voltage and current controller with filter :
- do .
th = Uqp — Udl, T: = Vgt — Vgl (6a)
?:I = F(';ﬂ'" o L""(}”r,'l + I(TH‘(?":}[ - ‘i,-’d,!) + B"[r@d (6b)
f:; = }ﬂl:qi —+ (.UCL’(” + I{ill'('l";l —_ ’l.’()[) + I(‘i'véq (60)
For CCL,

dég ., . déqg

a (i —ia) o (?'q - ?q) (7a)

ug = —wLiq + Kpe(iy = ia) + Kicda - (7p)
U; = waid + I(ﬁfl("iz — ‘I:q.) + K,-(ﬁq (7C)

For LCL filter;

A A
A 1= A 1+ 1A ]
A A

+BLcL2i[AVhdg] + BLcwsi[Aw] 8)

The following represents the entire state space vector for
the VSI:

A 1=[a A & & A A A A ]
(92)

[A . 1= [A 1+ [ ]+ Biwcom[Awcom]

(9b)
[A I=la 48 4 4] (9c)
e A + [A 1+ a1
{ A 1= o]
[a 1= a0 ]
(9d)

C. Network and R-L load : The following equations can
be used to represent R — L load related to the i node of the
MG:

diiomﬂDf Rioadi . . 1
3 - — oadDi + W.loadQi + UbDi
dt Llr)(l.d'i toadD foadq Llnud'ﬁ, bp
(10a)
ditoadqi _ [ Rioadi ; . wid . 1 .
dt Linr),r.i-i HoadQi HoadDi Lf(m.rii b
(10b)

The SSM for R-L load can be expressed as follows by
linearizing equations around operating point:

A 1= A 1+ . [ 1+ 6 1 ()
ditinepi o Tlinei \ . . 1 )
dt - L,ijnm' AineDi T W.lineQi + Lf”,ﬂj UbDj

dili'n,r:(};" _ Tlinei
dt Liin(:i

. . 1
) ineQi — WlineDi T I “UbQj
linei

- UbQk
Llwr_:z @

(12b)
The following state equations are given in a common reference-
frame for the line current of the i line that connects nodes j and
k:

The linearized representation of these equations is expressed in
the state-space form as follows:
[AXNer| =Anpr[AXNEr] + Biver[Avpg]
(13)
+ BQI\"ET[AM(JUHL]
D. Complete MG model : The voltage of the i node can
be represented as;

o= _ . - + D) (14a)
= ( - + ) (14b)
For a network having *m’ number of nodes,
[Av o] =R_n.(Mysr[Aiong] + Misad[Dilieadno)
+ My er[Aiineng))
(15)

The complete small-signal SSM for MG, along with system state
matrix, can be constructed by utilizing individual sub-system
models defined by equations 9d, 11, 13, and 15.

AXvsr AXvsr
AiiincUQ = Amg Aih‘u(:DQ
Aljoad DO Aiload Do (16)

where, Ang represents the complete system state matrix.
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IV. SEAMLESS TRANSITION CONTROL LOGIC OF MG

In IS mode, when the MG is operating autonomously, the DG
converters must establish and maintain a stable voltage and
frequency to continue supplying power to the isolated network.
Conversely, in the context of grid-forming power converters, the
synchronization mechanism is paramount for ensuring their
reliable operation when connected to the grid for GC mode
operation. The proposed mechanism allows these converters to
seamlessly align with the grid’s voltage, frequency, and phase
angle, ensuring a stable voltage within the MG. It plays a pivotal
role, especially during mode transitions, to maintain consistent
performance [15]. Since communication is not required for
synchronizing DGs with the main grid, the droop control based
approach offers advantages in terms of reliability and flexibility.

As per the synchronization specifications given in IEEE std
1547.2003 [16], the defined standard range encompasses a
voltage magnitude difference (V') within £10%, a frequency
difference of 0.3 Hz, and a phase difference of 20 degrees. The
windowing factor-based control logic is described in [17], which
is employed to determine the grid’s frequency, voltage (Vg) and
phase angle. The resynchronization process at PCC, as
illustrated in Fig. 3, involves checking conditions for frequency,
voltage amplitude and phase angle fall within desired operating
range. If the MG parameters match the grid parameters, the
circuit breaker is closed; otherwise, it remains open.

Measure Vy, fy » (0, — 1)

(8 — 1) gmar < (8,

Fig. 3: Grid — synchronization seamless transition control logic

V. RESULTS AND DISCUSSION

The MG structure presented in Figure 2 has been
implementation in the MATLAB/SIMULINK environment. In
the analyzed test system, all VSIs have equal ratings (given in
table I) with load - 1 (7 kVA), load - 2 (8 k\VVA), load - 3 (20 kW),
and their droop gains are set equally to evenly distribute
fundamental power. The nominal frequency droop is 3% for
maximum real power output, and nominal voltage droop is 2%
for maximum output of reactive power. The paper aims to
investigate MG stability under these specific droop gain values
(m and n), see table I, when MG is switching from IS to GC
mode. The MG stability is investigated under both mode of
operations as given following;

TABLE I: Selected Parameters for the experimental set-up

VSI set-up values (10 kVA)
Parameters Values Parameters Values
fs 8kHz m 9.4 X107
L¢ 1.35mH n 1.3 X102
C 50 pH Kpv 0.05
R¢ 0.1Q Kiv 390
Lg 0.35mH Kpc 10.5
Rq 0.03Q Kic 16e°
A 31.41 F 0.75
4
1 x 10 i
0.8 *a
13
0.6
041} 2 |
g y 3 :"4.' ‘
gL 0f » BR—— *
= 0.2 -
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Fig. 4: Eigen value spectrum of the system indicating the
presence of different modes.

(a). before transition : IS mode

To assess the SSS of the MG, we need to compute the entire set
of eigen values of the system using the initial conditions. Fig. 4
illustrates the controller’s effectiveness, with negative eigen
values confirming system stability during standalone operation.
The analysis results indicate that line currents and the LCL filter
inverter’s state variables have a specific impact on Cluster 3’s
high-frequency modes. The voltage, current, and output filter
state variables are the main factors that affect the modes in
Cluster 2. On the other hand, Cluster 1’s low frequency
dominant modes show a significant sensitivity to the power
controller’s state variables. The MG stability is investigated
under small load variation at DG-1, with sudden increase in
20% of load-1 (represented as load - 4 in Fig. 2) at time t = 0.5
sec. Total Harmonic Distortion (THD) levels in the output
voltages of multiple DG units during a sudden load change while
operating in an IS mode, which are quite satisfactory, and they
meet the stringent standards established by IEEE std. 519, as
shown in Fig. 6.

(b). after transition : GC mode

The Fig. 5 depicts the MG transitioning from 1S mode to GC
mode, assuming favorable grid conditions for synchronization.
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The figure shows the proportional variations of (P —f) and (Q - Fig. 6: THD analysis of DG units during a sudden load change
V) with respect to the network transient conditions. However, the in IS mode.
oscillations in active power can be analyzed in parallel
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Fig. 5: MG transition from IS mode to GC mode, where load switching occurs at t = 0.5 sec and mode switching att=0.8 sec

DGy, = 159 % EEDG2,,, =156 % EEDGL,, - =156 % inverters when load fluctuations and operating mode
transitioning occur in the network. It’s noteworthy that these
fluctuations are effectively managed by the controlling
parameters used in the MG without the need for external
damping techniques, resulting in a consistently smooth power

0.8 flow, even during IS mode.

Fig. 7 depicts the direction of power flow between MG and
grid under different operational scenarios. Att = 0.8 sec, the MG
establishes a connection with the grid. Prior to this connection,
the grid was only supplying power to load-3. Once the grid is
connected to the MG, it begins sharing power with the other
connected loads within the MG. Fig. 8 shows the THD level in
output voltage of different DG units operating in GC mode.
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VI. CONCLUSION

The primary objective of this research is to develop a state-
space model of a MG to analyze the impact of abrupt load
changes at specific DG units in IS mode. The focus is on
assessing the overall network stability and frequency and
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Fig. 7: The direction of active and reactive power flow into grid
from MG, mode switching occurs at t = 0.8 sec.
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Fig. 8: THD analysis at steady state condition in GC mode.

voltage transients under these conditions. The results are used to
develop synchronization control strategies and design features to
improve the resilience and stability of MGs. The seamless
transition implementation has proven effective, with the system
operating stably after the mode switch. The obtained results
show the stable MG operation in both modes and grid stability
after connection. The THD level represents the power quality of
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the MG in both mode of operations. For further research in the
same field, considering virtual impedance at the output of power
converter can improve the stability of the MG. These factors
collectively make the MG well-suited for practical, efficient, and
reliable implementation.
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