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Abstract: This study proposes a new modelling approach for studying low-frequency oscillations (LFOs) in a droop controlled
islanded microgrid. Due to the absence of inertia, these sources are more vulnerable to power and frequency oscillations. Their
quick response can introduce faster electrical dynamics in the system which should be monitored from time to time. To ease the
analysis process, this study proposes a simplified method for finding LFO in the microgrid. Inspired from the small-signal
automatic generation control model of the conventional grid, a transfer function based closed-loop small-signal model of
inverter-based islanded microgrid is presented in this study to study power-sharing among the various inverters. The proposed
model uses the concept of dynamic power flow through the network to find the power output of each source following load
perturbations in a system. Time domain simulation results and eigenvalue analysis is provided to verify the effectiveness of the
proposed small-signal model. By comparing the results obtained with actual system simulation in MATLAB/Simulink, it is found
that the proposed simplified model is able to predict the stability margin and the LFO of the system without using actual detailed

state-space modelling procedure.

Nomenclature

1 Introduction

Vid> Vig dg components of inverter voltage In microgrids, distributed generations (DGs) are extensively used
Vids Vig dg components of reference voltage of inverter to supply power from r engwe_lble energy sources. These DGs supply
Via Vg dq components of reference output voltage of inverter power to the locally dlstr1but§:d loads through .vol.tage source
. inverters. These power electronic-based technologies improve the
‘{Td’ VTq dq components of output voltage (?f 1nyerter control capabilities of DGs. However, due to the absence of inertia
iLay iy reference dg components of coupling inductor current as compared to conventional generators, these microgrids have
iLas g dg components of coupling inductor current reduced stability margins [1]. Therefore, following a fault or a
itg» itg dg components of output current of inverter disturbance, either small or large, these systems give rise to
iLineDO dgq components of connecting line currents di.fferenF modes of oscillations. Fpr the i.slanded operation of
iLoadDO dgq components of load currents mlcr‘ogrlds, droop control.method is extqnswely used 'for'pow.er—
Yong dg components of bus voltage sharing among sources as it does not require a communication link
Mo active and reactive power droop coefficients to cqntrol. Inverter-based DG.s operate in parallel under droop
L : . algorithm to supply load while maintaining bus voltages and
[oN nominal frequency set point of DG system frequency [2].
Va nominal d-axis voltage set point of DG State-space small-signal analysis is well established in the
F feed-forward gain of voltage controller literature for the study of oscillations in conventional systems. It
0} operating frequency of DG has also been used extensively for the past decade in microgrids to
Wref frequency of reference frame obtain various frequency modes [3]. In [4, 5], a detailed state-space
0 difference of angle between the individual reference model for stability analysis of inverter-based islanded microgrid
frame and common reference frame with passive loads is presented and the same has been widely
Py, Ois  Instantaneous value of active and reactive power followed. After this model, many studies have been presented in
Piuns Oran average value of active and reactive power the literature to model droop controlled islanded microgrids. In [6,
MG microgrid states 7]_, the _impact qf induction motor and converter type lo_ads on
Pii;, O 1nitial value of active and reactive power supplied by i microgrid  stability are presented, resp ectively. leferem
th inverter heterpgenous droop schemes are compared in [8] based on thelr
P.ai» Qcai ith inverter instantaneous active and reactive power transient performa_mcg. These y tudle_s conclugie_ tha? various
after lag of digital control frequency.modes in 1slgnded mlcrogrlfls are divided into three
A microerid state mairix separate time scales. Higher and medium frequency modes are
MG T8 . . . mainly affected by the filter and the voltage and current controller
Pij4ij Ectl\{e aé“_i reactive power through a line connecting parameters. On the other hand, low-frequency modes are affected
Spvr Spd d;slallririlc Jphasor coefficients for calculation of active by the droop controller, petwork .C(.)nﬁguration, cut-off frequency
’ of power filters and loading conditions [9]. The former modes of
power. . . . two groups are much damped as compared to later low frequency
Sqv» Sqa dynamic phasor coefficients for calculation of reactive group which affects stability margins of a microgrid. The lightly
APy ; Ir):svlrftgnt initial load power shared by the ith inverter damp eq low_-frequency oscilla_tiong (LFOs) can lead to large power
L R o S : oscillations in the system making it unstable [10]. Many controllers
P/ initial contribution of ith inverter to jth load have been proposed to damp these oscillations for improving the
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stability margins of a microgrid [11-14]. Studies based on
optimisation of droop controller parameters for improved transient
response are also presented in [15-17]. The literature mentioned so
far make use of state-space small-signal representation based
stability analysis which accurately computes the system
oscillations. However, such type of analysis is very complex
especially for inverter-based DG systems. This is because of the
fact that such systems involve detailed modelling due to the
electrical time constants associated with them. It involves a large
number of differential equations and algebraic equations to be
linearised and solved for calculating different frequency modes
which increases the dimensionality of the model and makes the
process computationally difficult for larger systems. Hence the
process of deciding the stability margin for the inverter-based
systems and obtaining the frequency modes becomes quite
complex.

To solve the aforementioned problem related to a detailed
modelling approach, many authors have come up with model order
reduction (MOR) techniques for simpler analysis such that only
those states which affect the LFO are considered in modelling and
rest others are neglected. In [18-20], authors have presented a
reduced-order model for inverter-based microgrids using singular
perturbation theory. Krons reduction of network-based reduced-
order model is presented in [21, 22] for stability analysis of such
systems. The various MOR techniques have reduced the order of
system state matrix, however, reducing states still require further
computations like calculation and inversion of state matrix.
Moreover, these techniques give results with lesser accuracy [23].

In microgrids which are converter dominated, network
dynamics also play a vital role in the low-frequency dynamics as
the power output of each inverter is actually dependent on the
network dynamics and hence, it is essential to include network
dynamics in such studies [23]. In [23], keeping in view the
importance of network dynamics, a concept of the dynamic phasor
is applied to predict the stability margin of two droop controlled
inverters. The dynamic phasor approach proposed in [23] is much
simpler than MOR techniques and also, it is fair enough in
predicting the stability margin. However, the model is not
generalised enough to be applied on any larger systems having
multiple inverters and loads at different connection points in a
microgrid. The model proposed in [23], computes the stability of
the system when two inverters are connected to a common bus.
The dynamics of the inverters are presented with reference to the
common bus but the model is not extended to study the dynamics
of the inverters with each other for a system having multiple
inverters connected at different buses. In view of the above, the
following points can be concluded as the limitations of the existing
modelling methods.

* The development of the small-signal model of a complete
microgrid is a complex mathematical process and the complexity
increases with increase in the number of inverters, lines, and loads.
Due to the fast nature of static sources, the network needs to be
considered as well in the small-signal study. This leads to the
requirement of linearisation of a large number of state equations
and the system becomes complex.

* MOR techniques can help in reducing the number of states but
the mathematical complexity is still there. Further, these techniques
give results with lesser accuracy [23].

* Although [23] presents a simple yet accurate method to include
the dynamics of the network in a simplified model, the dynamic
phasor based method presented in [23] studies only the interaction
of the sources with a reference bus. However, the power
oscillations in a droop controlled microgrid are seen among the
sources where one source oscillates with respect to others. This is
not studied in [23]. It is shown further in this paper that observing
the dynamics with reference to a fixed bus may give inaccurate
results if the bus magnitude and angle are not maintained constant.
The authors' believe that the philosophy may work in grid-
connected systems as the grid maintains the bus voltage magnitude
and angle, but the same may not give accurate results in
autonomous systems.
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* Further, in [23] the sources are assumed to be connected to a
common bus whose voltage is assumed as the reference. As
discussed previously, the same may give erroneous results.
Moreover, in a practical system, all sources may not be connected
to a common bus and therefore, LFO for any general microgrid
may not be studied by this method alone.

« In [23], the power sharing at the instant of load perturbation is not
discussed. In what proportion the load power is supplied by each
source at the instant of load perturbation impacts the system
dynamics. The same is missing in [23]. To the best of authors'
understanding, there is not enough literature that presents how
power is shared among multiple sources at the instant of load
perturbation followed by the dynamics that make the power equal
or that make the system stable/unstable as per the droop
coefficient.

* Reference [23] also does not consider a transfer function to
account for the delay in the measurement of quantities and
achieving the desired control. It is shown further in this paper that
this transfer function plays a critical role in modelling the system
dynamics with the dynamic phasor model.

1.1 Contribution

Keeping the above-mentioned challenges in view, the contribution
of the present work is to develop a new model to study the LFO in
an inverter-based microgrid which addresses the following
objectives:

* To develop a model which is simple in implementation, and
mathematical complexity needed to develop the same is reduced.

* To develop a model which enables the study of both initial power
outputs of the sources and the steady-state results and also, enables
both time-domain and frequency-domain studies as the proposed
model is a linearised model.

* To develop a model which can study the interaction among all the
sources in the microgrid and at the same time, which is generalised
and which can be easily be extended if the number of sources
change.

Bridging the gaps of model developed in [23] and to meet the
objectives mentioned above, authors have proposed a transfer
function based closed loop simplified model to study the LFO.
Concept of dynamic phasors can be extended to obtain the dynamic
power flows through various lines in the network with load
perturbations at different connection points. Thus, interaction
among various inverters through connecting lines can be obtained
based on these dynamic power flows. The proposed model is not
based upon any MOR techniques, rather this method directly
develops a simplified model which only takes into consideration
the system dynamics which are responsible for LFO and thus
making it simpler as compared to other methods developed in
literature so far. The proposed model is inspired by the well-known
automatic generation control (AGC)/automatic load frequency
control model in which change in tie-line power flow is obtained
based on the difference in angles of the buses as a result of the
frequency difference in the two areas to which the tie-line is
connected. The change in tie-line power flow adds to the source in
one area while it adds to the load in the other area [24, 25]. This
concept is used to calculate the power flow between two inverter-
based sources and then the change in power flow adds as a load to
one inverter while it adds as a source (negative load) to the other
inverter.

1.2 Organisation

The rest of the paper is organised as follows. Section 2 contains
test microgrid description and its control architecture used for
simulation. The small signal and sensitivity analysis based on
conventional approach is presented in Section 3. Section 4 presents
step by step procedure to develop the proposed simplified small
signal model for stability analysis. Time domain and frequency
domain results are presented in Section 5 followed by conclusion
of the paper in Section 6.
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Fig. 1 Test microgrid with inverter controls
(a) Test system under study, () Block diagram of inverter control, (¢) Droop

controller

2 Test and mathematical

modelling

The simulated microgrid is a 220 V per phase RMS, 50 Hz three
phase system as shown in Fig. 1a. The test system parameters are
given in Table 1. It consists of three inverter-based DGs which are
working in parallel to maintain frequency and bus voltages in the
system. The frequency and voltage droop based primary control is
used for firing inverters which supply two passive loads connected
at bus 1 and 3. The overall control philosophy for autonomous
inverters used for simulation is same as given in [10]. The
complete block diagram of inverter control is shown in Fig. 15. To
avoid redundancy, only relevant equations and schematic are
shown and complete control structure can be found in [10].

The instantaneous power at the output of the inverter is
calculated and then passed through a low pass filter to extract the
fundamental component. The resultant power is now given to the
droop controller for obtaining reference frequency and voltage for
an individual inverter as shown in Fig. 1c. The governing equations
are given as:

system structure

® = wy — my, * Py

S (D
Vid = Vn — Ny * qun
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Table 1 Test system parameters

Parameter Notation Value
resistance of output filter R¢ 0.1Q
inductance of output filter L¢ 1.35mH
capacitance of output filter Cy 50 uF
resistance of coupling branch R. 0.03 Q
inductance of coupling branch L. 0.35mH
impedance of line 1 ZLinen 0.23+0.1;Q
impedance of line 2 Zline3 0.354+0.58j Q
voltage controller proportional gain Koy 0.1682
voltage controller integral gain K; 189.345
current controller proportional gain Kope 13.5716
current controller integral gain K. 1005.310
cut-off frequency of low pass filter [oN 31.41 rad/s

where w and vy, are the new reference frequency and voltage,
respectively, after introducing droop into the nominal quantities w,
and V,. The voltage reference for g-axis is assumed to be zero so
that output voltage magnitude would be aligned with d-axis of the
inverter reference frame [4, 5]. Active and reactive power droop
coefficients are represented by m,, and n,, respectively, which are
defined as the change in frequency and voltages per unit rated
power of the DG. Py, and Qy,, are fundamental power obtained
from a low pass filter as given by:

— wc o
fun — s+ o, * (Pms)
2

.
Ofun = rcwc # (Qins)

The instantaneous power used in the above relation (Py,s and Qi)
can be calculated using the sensed value of voltage and current at
the output of the inverter terminal as shown in Fig. lc. The
references generated by the droop controller is given to voltage
controller for maintaining bus voltages followed by current control
loop which limits the input current to the switches. The voltage and
current controllers are standard proportional-integral (PI)
regulators. Equations related to these control loops are defined as:

iLq = Fig — 0Civry + G()(vq — Via) (3)
iLg = Fir g+ @Cvra + G($)(Vry — vry) “)
Vig = — oLgip g + G(s)(if g — iLa) (5)

Vig = oL g + G(s)(iLg — iLy) (6)

where vr is the capacitor terminal voltage of inverter, i is the

inverter output current, F' is the feed forward term, and G,(s) and
G(s) are the transfer function of standard PI regulator given as:

Gy(s) = Kpy + Kin/s;  Gi(s) = Kpe + Kicls 7

Neglecting switching dynamics, inverter output voltage (viy,) is

assumed to be equal to its reference value (viz,). The current and

voltage dynamics of LCL filter in local reference frame at the
inverter terminals are defined as:

Via = V1a = (R + sLy)iLg — oLy 4 (®)
Vig = vrq = (Ry + sLy)iL, + oLiir4 9
iLqg — itg = sCpvrg — wCpyvry (10)
iLg — itg = sCpvry + 0Cvyy (11)
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Sdeqi =(- RC/LL')deqi x C‘)deqi + (I/LL')(Vqui - Vbdqi) (] 2)

Connecting lines and passive loads are modelled as series RL
branches. The dynamical equations for the same are described on a
network reference frame as given in (13) in (14), respectively

SiLineDQi = (= Ruine/ LLine)iLineDQi =+ UJiLineDQi
+(1/ Liine)(Vbpoj — VbDOK)

(13)

SiLoadngi = ( — Rioad/ Lioad)iLoadD0i £ @il oadD0i
+(1/ Lioad)Vepoi

(14
The complete microgrid is described by the mathematical model
given from (1) to (14) and this model will be used for detailed
small signal analysis discussed subsequently.

3 Detailed small signal state space analysis
approach

The conventional state space analysis is based on the Taylor series
expansion of non-linear differential equations to form a linearised
set of equations. For a linear time-invariant system with p inputs, ¢
outputs and # state variables, the state-space representation is given
in (15):

x(t) = Ax(t) + Bu(r)

y(t) = Cx(t) + Du(t) (15
where x(7) is the state vector, y(¢) is the output vector, u(z) is the
input/control vector, A is the state/system matrix of the order n X n,
B is the input matrix of the order n X p, C is the output matrix of
the order ¢ X n and D is the feedforward matrix of the order ¢ X p

For developing the system state matrix, first, state space model
of multiple inverters, lines and loads are obtained. Then state space
model of individual components are combined on a common
reference frame. Any frame can be selected as a common reference
frame and all other frames are converted to the reference frame by
using (17) where, the angle 6 which is required for transformation
can be obtained using (16). &; describes the angle between common
reference frame and individual reference frame for the ith inverter.

6= /(w — Wrep)dt (16)

fpo=Tifuq (17)

where f4, represents the states in individual reference frame, fpg is
the representation of the same on the common reference frame and
T; is the transformation matrix given by (18)

cos(5;) —sin(5)

sin(d;)  cos(5;) (18)

i

In this paper, the inverter 1 frequency is selected as the common
frame. To obtain the state-space model of the complete microgrid,
(1)—(14) are linearised around an operating point and combined on
a common frame to get the complete state matrix as given in (19).

AXMG = AMG k AxMG (19)

The state variables given in (19) are

T
AXMG = [AXipy, AxLine, AXLOad]

where
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AXiny = {APfun, AQpun, AS, Apag, Ay,
Avrag, Ay ag, Aitag}

Axpine = {AlLinedq}

Axpoad = {AlLoaddq}

Each inverter will have states corresponding to power control
(APfyn, AQpun, AJ), voltage control (Agy,), current control (Ayy,)
and filter parameters (Avrg,, Aitq,). As discussed previously, the
network (Alpineqy) and load (Aljoaqqg) dynamics also play a part in
the overall system studies. Therefore, as the number of sources/
lines/loads increase in the system, the number of states also
increase. For each new droop controlled inverter, there are 13 new
states. Thus, it becomes a very computational analysis as the
number of inverter increases.

The overall system state matrix (Ayg) is a 47 X 47 matrix
which is represented in the form of various symbols and sub-
matrices. The complete matrix is not presented in this paper due to
space constraints and it can be seen in [4].

3.1 Eigen value analysis

By using system state matrix (Ayig), eigen values of the system are
obtained and their spectrum is shown in Fig. 2. There are three sets
of modes: high-frequency, medium-frequency and low-frequency
modes. Out of the three, damping of high and medium frequency
modes is sufficient to keep the system stable. However, damping of
some low-frequency modes is not sufficient and hence they are
responsible for making system unstable at different operating
conditions. These critical low-frequency modes are shown in Table
2. It can be seen in Table 2 that the critical oscillatory mode is
close to 8 Hz. The frequency of oscillation in droop controlled
microgrid is higher as compared to typical LFO range in large
power grid due to the faster electrical dynamics and lesser inertia
of inverter. The LFO in a large power grid could be of various
types ranging from 0.1-2.5 Hz, e.g. local plant mode, intermachine
or interplant mode, interarea mode, control mode etc. [24]. The
LFOs, on the other hand, in a droop controlled microgrid are due to
the lag introduced by the low pass filter delay which causes a
delayed change in frequency of the inverter when its power
changes due to change in load [10]. This leads to the supply of
power from a source which is generating the voltage at a higher
frequency to other nearby sources at a relatively lower frequency.
Thus, the oscillations are seen among the power and frequency of
one source against the other nearby source and effectively all the
sources swing against each other like the interplant mode in large
power systems. In a droop controlled microgrid these oscillations
can range around 5-15 Hz [4-13].
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Fig. 2 Eigen value spectrum of microgrid under study

Table 2 Critical low-frequency modes at m, = 1.15 % 10™*

Mode Eigen value Damping ratio, %
mode | —0.02 +49.27j 0.04
mode I —12.91 £ 29.18j 40
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Table 3 Participation factors of critical low-frequency
modes

Mode 1 Mode 2

States Participation States Participation
P, 0.21 P, 0.14

0 0.04 0 0.02

P, 0.29 P, 0.38

0, 0.04 0 0.03

& 0.56 1o 0.66

3.2 Sensitivity analysis

To find the origin of different frequency components, sensitivity
analysis is done on system state matrix to observe the participation
of different states in a particular mode [24]. The sensitivity factor
or participation factor (p,;) given in (20) is the measure of relative
participation of state variable in a particular mode which is
calculated using left and right eigen vectors and is equal to
sensitivity of eigen value (4;) to the diagonal element (a,,) of the
state matrix.

ol

Pni = aann (20)

There are two dominant low-frequency modes which are
significantly affected by the droop controller parameters. The
actual participation factors given in Table 3 show that the mode-I
and mode-1I, which are the critical ones (system stability depends
on these modes), are mostly dependent on the states of active
power loop and § which defines the interconnection of one inverter
to the other.

Hence from the analysis done above, it is found that the low-
frequency modes caused due to parallel operation of droop
controlled inverters are responsible for determining the stability of
such type of microgrid. Other control loops do not participate
significantly in shaping the critical modes of the system. Therefore,
for stability analysis, dynamics of other loops in the inverter
control can be neglected and a more simplified model can be
obtained.

4 Proposed simplified approach for stability
analysis

To reduce computational efforts, a simplified small-signal model is
developed keeping the fact in mind that only the states of power
control loop of the inverter are responsible for low-frequency
modes as discussed in Section 3. The proposed interconnected
multi-inverter small signal model uses the concept of dynamic
phasors as given in [23] to obtain the dynamic power flow through
the lines. Dynamic phasors based model has been developed for
inverter-based systems to include the dynamics of network
elements as well such that the frequency in X = wL is considered
to be dynamic and not constant.

The active and reactive power through a line connecting bus i
andj is expressed as:

~ 3 .
p,j = W(RV”Z[‘, - RVTiVTjCOS 5,1 + XVTl'VTjSln 511)

X 1)
q’/ = —(XV?TI' - XVTiVTjCOS 6,1 - RVTiVTjSiH 611)

R+X

where §; =6; — 9; is the difference in voltage angle of bus i and ;.
vr; and vp; are the magnitude of capacitor terminal voltage of
inverter i and inverter j, respectively.

A complex time domain waveform x(#) can be represented
inside the interval = € (¢ —T,¢] by the following Fourier series
[23, 26]:
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)= Y X" (22)

k= —o

where w; = 27/T and X;(¢) is the Fourier coefficient (time-varying
kth phasor at time £) which can be expressed as:

’ ,
X0 =7 s = 0 3)
t—

where (x),(?) is the average kth phase over the period T.
The derivative of the kth dynamic phasor can be written as:

a0 (d .
dkt( ) _ <d—);>k(t) — kg Xe(0) (24)

Based on (24), the current through an inductor can be related to
the voltage across it as:

N
v = L( %) + joLiy 25)

If the derivative in above equation is denoted by the Laplace
variable, the real and imaginary part of the impedance of a line
containing resistance and inductance is given by Ls + R and wL,
respectively. Using this concept of dynamic phasors, we now have
a linear but dynamic model of power flow through a line in which
(21) is transformed to:

-~ Ls+R 5
Dij= 3m(\’n — VrV1jC08 & j)
wL .
PR @y
o Ls+R . (26)
W= LRy Ly
wL

43— (V}; — V1yV1,COS b
(LS+R)2+ (C()L)Z(VTl VTiVT z./)

The linearised equations can be obtained for small disturbances

around an operating point as given in:

Ap; j = SpAvyi j+ SpaAd; j = f(Avr j, AS; ) @7
AgGi ;= SpAvr j+ SalA6; j = g(Avyi j, AG; j)

Equation (27) can be used to calculate dynamic power flow
through a line between the buses i and j having change in bus
voltage magnitude and angle as Avy; j (vr; j = vri — vr)) and Ag; ;,
respectively, where

_ 3(Ls+ R _ 3wL(vh)
" (Ls+ Ry + (L)Y P T (Ls+ R + (wL)
¢ __ oL _ —3s+ RO
YT Ls+ R+ (@l T (Ls+R) + (wL)

For calculating the dynamic phasor coefficients (Spy, Sya, Spy
and S,,), the net inductance and resistance between ith and jth
capacitor voltage are used. Due to the very small reactive power
droop coefficient (n,), the bus voltages are approximately same i.e
VI & v, = vy3 for small change in reactive power. Hence, v}; can

also be written as vy;vy; and vice versa.

4.1 Procedure to develop proposed small signal model

The proposed approach is a generalised one and it can be applied
on any size of radial microgrids having passive loads. For the
development of the interconnected small-signal model, inverter 1 is
considered as the reference frame. The small-signal power flow-
based model is obtained for stability analysis which is simpler as
that of the model described in Section 3. The step by step
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procedure for developing the simplified model is described as
follows:

(1) The first step is to initialise each inverter power equal to the
amount of load power supplied by that particular inverter bus. As
soon as a load is switched ON, the load will extract its current from
the shortest impedance path. Therefore, each load just after
switching ON will be supplied by different sources in a proportion
depending on the net impedance between the inverter and the load.
The source which is electrically far from the load will give very
small power as compared to the source which is electrically close
to the load. For example, in the system shown in Fig. la, load 1 is
connected at the terminal of bus no. 1. Therefore, as soon as this
load is switched ON, it will extract maximum power from inverter
1, some power from inverter 2, and a minimum power (close to
zero) from inverter 3. The initial power of each inverter can be
obtained by:

APy = APy; (28)
AQui; = AQy; (29)

where i = index of inverter, AP,; is the initial power output of the
inverter, and APy; is the resultant initial load power shared by the
ith inverter. Similarly, the initial reactive power supplied by each
source (AQ;y,;;) is also initialised.

Initialisation process:When a load change occurs, as the
voltage at each filter capacitor is same, the power demand by the
load is supplied by all the sources but in different ratios depending
on the electrical distance between the bus where load is connected
and the capacitor node of the bus. If the impedance of the coupling
inductance and resistance for irh inverter is given by Z; and the
impedance of the line connecting bus 7 and bus j is given by Z;;
then the relationships given in the Table 4 define the initial power
of each source depending on its electrical distance from the node
where the load is connected. The various equivalent impedances
Z.qi in Table 4 are given in (30).

Zeqy =Zpp+ 2, || (Zos + Zy)]
Zep=2n+2Z;

Zeq3 =Zn+Z

Zeqs =2, || (Zos + Z5)

Zegs =2+ 2, || (Z1n + Z)]
Zego = Zn+ 2

(30)

From Table 4, it can be seen that the initial contribution to the
load is negligible for the sources which are electrically far and

Table 4 Initial sharing of load powers

most of the power is met by the nearest source. This result can
prove useful when there are a large number of sources. It can be
assumed that the initial contribution for inverters which are far
from the load becomes quite close to zero, e.g. Py, Therefore,
when the microgrid is large, for most of the inverters the initial
contribution to a few loads will be very small which can be
approximated to zero. Thus, it is not needed to calculate the initial
contribution from each source. Only the contribution from the
sources which are electrically closer needs to be computed.
Therefore, this approach does not add much complexity even if the
size of the system increases.

Whenever the loads are turned ON, the initial power of each
source is calculated as described above and assigned to each
inverter. For example, if all the loads (Ppoadi, PLoad2 and Ppoags) are
turned ON simultaneously, then the net initial power of the each
source is given by:

APyi; = AP = Pi' + P + P}’ (31)

Similar expression is used in the case of reactive power and is not
written again just to avoid redundancy.

(2) The next step is to find out the change in bus angle and bus
voltage for all the inverter buses as per the active and reactive
power droop introduced by the power controller. The input to the
controller is the change in the instantaneous active and reactive
power of the inverter and the output is the change in power angle
and capacitor voltage of each inverter (Ad; and Avr;). The
corresponding relation is given as:

,
Aw;= — my, * (APt = — my, * {S-I-_Ca) * (AP}

A5,-= /w,-dt (32)

- * (AQcali)}

10)
S+ @,

Avpi= — ng * (AQpn) = — ng * {

where

1

APeai = 7

APinsi (33)

The instantaneous power (AP;,;) given above is the sum of initial
power (discussed in step 1) and the dynamic power flow
(calculation of which will be shown in further steps). Initially,
when the dynamic power flow is zero, the instantaneous power
becomes same as the initialised power.

Load connected at bus Inverter number

Expression for initial power Numerical value

1 (PLoadr) 1
1 (Proadr) 2
1 (PLoad1) 3
2 (PLoad2) 1
2 (Proad2) 2
2 (PLoad2) 3
3 (PLoads) 1
3 (PLoads) 2
3 (PLoads) 3

1 Zeql L
Py’ = PLoai X mag(z +Echq1) P = Proaa1 X 0.729
z 1
1 71+7‘7eq] X Zegp Pry = Proaa1 X 0.233
Py = Proaa1 X mag(W
z 1
] ﬁlzsmxzz Pr3 = Proaa1 X 0.033
Pr; = P, mag(——>——
L3 Loadl X ag( 2o+ Zeqp )
2 _ Zeq4 2 ’
PLI = PLcadZ X mag(zw +Zcq4) PL] PLUddZ x0.233
Z 2
, Zeq%‘”zﬂﬂ X Zegp Ppry" = Proag2 X 0.697
Pry" = P, mag(——————
L2 Load2 X mag( 7o+ Zegp
_ Ly, P32 = Ppoa X 0.1
pl=p Zoq3 + Zogh 2 3 oadz 7 %
13" = PLoad2 X mag(w)
z 3
\ Z?‘*‘;eqS X7 Pr;” = Ppoaas X 0.033
Pri” = Proags X mag(m)

7 3 _
T ey X Peat Ppy” = Proags X 0.1

3
Pry” = Ppoags X mag( 7o+ Zogs
Zegs )

P13 = PLo, .87
Z3+qu5 L3 Load3><08 3

P15’ = Ppoags X mag(
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Fig. 3 Flowchart representing step by step simulation procedure with the
proposed method

A first-order transfer function, given in (33) is introduced in this
path to account for the delay in the measurement of quantities and
achieving the desired control. The time constant (z) of this transfer
function can be taken roughly close to half electrical cycles. For
better accuracy this delay can be represented by e™** or its Padé
approximation of appropriate order [27, 28].

(3) Third step is to find out the dynamic phasor coefficients
using the inductance and resistance between the capacitor terminal
voltage of inverters depending upon the initial operating voltages
using the relation given in (27).

(4) Once the coefficients are known, the power flows between
any set of inverters can be calculated using (7) as given in the
following relations:

AI;n,n—l = f(AVTn,n— 15 A5n,n—1)
Aijn—l.n—z = f(AVTn—l.n—z, A(Srt—l,n—z)
Aﬁn—lvn—3 =f(AVTn—2,n—Ss Aén—z.n—a) (34)

APy = f(Avray, Ad, )
where n = index of inverter. For example, for the system presented

in this paper, there are three buses and two lines. So, the line flow
equations are:

5640

Aps, = S(Avrs,, Abs )

APy = f(Avry, AS, ) 33)
In (34) and (35), the active power flow relations are given. Same
process is to be followed for reactive power calculations as well. It
is to be noted that in these equations it is assumed that power is
flowing from higher numbered source to lower numbered source. If
the power is actually flowing in the reverse direction, the dynamic
power calculated above will appear negative.

Once the change in power flows are obtained, the change is
power generated by each inverter can be calculated. If power is
going out of the inverter bus, it signifies an increase in inverter
power output while if power is coming into the inverter bus, it
signifies a decrease in inverter output power. Thus, change in
dynamic power generated by each inverter will be equal to the
resultant change in power coming in or going out at the inverter
bus. Mathematically, it can be presented as:

AP;= Y AP =~ D Apis (36)

where Ap; ; represents the dynamic power flowing out of the bus i
and Apy ; represents the dynamic power flowing in to the bus i.

(5) The last step is to add the change in inverter power to the
initial power to obtain the inverter instantancous power (of each
inverter) which is then given to the droop controller (step 2).

APy = APy + AP, (37)

Thus, for the three inverter system considered in this work, the
instantaneous power of each inverter can be written as follows:
APipss = APini + AP,
APinsz = APiniz + Aﬁz (38)
APinsl = APinil + AIS]

where
Als3 = Aﬁs,z
AP, = APy, — Aps, (39)
AI;l = - Aﬁz,l

Reactive power generated by each inverter is calculated in the
same way as the active power (discussed above) using the function
g(Avr; j, Ad; ;). The corresponding equations are similar to the
active power equations and are not shown here to avoid
redundancy. It is to be noted that line losses are neglected in this
approach. The complete procedure for obtaining the time response
from the simulation of the simplified small-signal model is also
summarised in Fig. 3.

5 Results and discussions

To verify the procedure discussed above, detailed time-domain
simulations and eigenvalue analysis for different test cases are
presented and compared with the proposed model. The proposed
model shows how power is shared equally at equal droop
coefficients as well as it also able to find out the stability margin of
the microgrid without detailed state-space modelling.

5.1 Time domain simulation

5.1.1 When every bus is an inverter bus (three inverter
system): A simplified model for three inverter microgrid shown in
Fig. la is developed and it is shown in Fig. 4. There are two loads
connected at buses 1 and 3. Hence, the initial power of inverter 1, 2
and 3 is calculated as per their impedance ratio to the load as
described in Section 4. The inverter | is taken as the reference
inverter, therefore, the line flows from other inverters to the
reference one are calculated as given in (39). The active power,
inverter frequency, reactive power and d-axis inverter voltage of
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Fig. 4 Proposed simplified transfer function model
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Fig. 5 Simulation results of detailed and proposed small signal model for three inverter microgrid
(a) Active power of inverter 2, (b) Frequency deviation of inverter 2, (¢) Reactive power of inverter 2, (d) Voltage magnitude of inverter 2

inverter 2 obtained with detailed time-domain simulation using
MATLAB/Simulink and with the proposed small-signal model are
shown in Fig. 5. The results show that the proposed model is
closely matching with the detailed time-domain simulation with
different load perturbations at 1.5 and 2.5 sec. Results of other
inverters are not shown to avoid redundancy.

The iterative loop shown in Fig. 3, gives the power of each
inverter till the loop is running (up to simulation time). In each
step, the power of the inverters are updated and this way the
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proposed model also gives the result of power-sharing among the
inverters which is normally obtained by simulation of the actual
system which is complex and time consuming as the actual system
is a non-linear one. As seen in Fig. 5, the simulation results
obtained by the proposed method match satisfactorily with the
actual simulation. Based on this, the power sharing and frequency
deviation among all three inverters can be seen with the help of the
proposed model as shown in Fig. 6. The proposed model accurately
converges to a steady-state power-sharing between all three
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inverters and hence, it can be used for power-sharing studies in
place of detailed non-linear time-domain simulation.

The results shown in Fig. 5 are obtained by simulating the
system for a duration of 4s in MATLAB/Simulink at 50 us time
step in a Windows 10 Computer with 2.60 GHz processors. The
time taken to run the detailed simulation was 9 min and 4 s while
the time taken to run the proposed small-signal model in the same
computer was only 7 s. This shows the advantage of the proposed
model in terms of computational efficiency.

5.1.2 Effect of z: 1t is shown in [27, 28] that time delay of the
digital control must be taken into account when modelling the
dynamics of the power control loop. This delay is actually
represented by the transfer function e™*7 where 7T is the time period
of the grid frequency. It is shown in [27, 28] that if e™7 is replaced
by the first-order Padé approximation, then the transfer function
that relates the instantaneous power to the average power can be
approximately given by (1)/(1 + (T/2)s). Therefore, in this work,
we have taken the time constant roughly close to the half-cycle
time period. However, this might introduce some error and the time
constant may need to be tuned to get more accurate results.
Therefore, the time constant 7 may need to be computed
analytically. The exact method to analytically compute this
parameter will be taken as a future study by the authors.

In order to observe the effect of 7, the droop coefficient, m,, is
kept at the critical value obtained with z=0.01 (half of the
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Fig. 6 Simulation results for three inverter system with proposed model
(a) Active power sharing of three inverters, (b) Frequency deviation of three inverters
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Fig. 7 Effect of t on inverter 1 power

Table 5 Effect of 7 on critical droop

electrical time period) while the parameter 7 is changed. Results
are compared at three different values of 7. It is observed that more
stable response is observed for lower values of 7 as shown in Fig.
7.

As more stable results are seen at lower 7 values, the critical
droop values obtained are also different for different z values as
shown in Table 5. Although the variation of critical droop is in a
range close to the actual critical droop, however, these results show
that the accuracy of the model may depend on the selection of 7. As
discussed earlier, in this work 7 is taken close to half-cycle time
period but the exact method of calculating this parameter needs
further investigation and it will be taken by authors in their future
research.

5.1.3 When one bus is not an inverter bus (two inverter
system): The proposed model is also tested for a case when a non-
inverter bus is present in a system. For this, inverter 2 of Fig. 1a is
removed resulting in a two inverter system with three buses. Now
the bus number 2 becomes a non-inverter bus. The proposed small-
signal model of such a system can be easily obtained using the
procedure given in Section 4. The only difference is that, now the
two lines indicated by Zj ine;» and Zj jner; in Fig. 1a are now added to
make a single line which is used to calculate the dynamic power
flows. Fig. 8 shows the comparison results for this system with
detailed simulation and with proposed simulation. In this case,
also, results are only shown for one inverter to avoid redundancy.
The results clearly show a good match with the detailed simulation.

5.1.4 Comparison with existing model: To show the comparison
with existing methods, the proposed model is compared with the
model presented in [23]. This is because both the models (the
proposed model and the method presented in [23]) are based on
dynamic phasor approach and both models provide a simple yet
accurate model of the microgrid without involving complex
mathematical tools. Rather [23] forms the basis of the proposed
model and the improvements observed in the result as compared to
[23] will help readers understand the significance of the proposed
work.

Further, to make the comparison with [23], the 2 inverter
system in Section 5.1.3 is considered with a load at the bus where
the two lines meet. This is done to make the system similar to the
one presented in [23] where both the sources are connected to a
common bus through lines and load is connected to the same bus.

Effect of dynamics of sources against each other: The key
difference in the model presented in [23] is that for each source its
own voltage angle and magnitude are used to calculate active and
reactive power by assuming the bus voltage magnitude and angle
to be constant. On the contrary, the proposed model studies the
oscillations among the various sources by using the difference of
voltage magnitude and angle of the sources. This is a major
improvement that the proposed model presents in comparison to
the existing works. This comparison is shown in Fig. 9. It can be
seen in the results that the proposed model accurately tracks the
exact simulation results while there are significant oscillations if
the system is modelled as per [23].

Effect of exclusion of transfer function: To show this
comparison, the transfer function ((1)/(1 + s7)) is removed from
the proposed model (similar to [23]) while other aspects of the
model are kept constant. The response of the system with the
proposed model and the proposed model without the transfer
function (similar to [23]) are compared with the detailed time-
domain simulation of the actual system at a random droop
coefficient and the results are presented in the Fig. 10. It can be
seen from the results that if the transfer function is not considered,

T Critical m,
0.011 1.4 %107
0.010 1.48 x 107
0.009 1.61x 107
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Table 6 Effect of considering delay transfer function on
critical droop

Model Critical m,

detailed time domain simulation 6.3x107*
proposed 7.1x107
without 7 14.9x107*
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Fig. 11 Comparison of inverter 1 power with different methods
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more stable results are seen. This is in line with the above results
that reduction of 7 results in a more stable response. This leads to
significant error in the critical droop value as compared to the
proposed model as shown in Table 6.

Combined effect: 1t is seen from the above results that the
method presented in [23] gives two drawbacks. First, more
oscillations are seen if the modelling used in [23] is used. On the
contrary, in the second case, due to exclusion of the delayed
transfer function more stable results are seen. The two effects are
opposite to each other and the combined effect of the two is also
compared with the proposed model by using both the two together,
i.e. considering exclusion of the delay transfer function and
considering the dynamics of the sources against a fixed bus
together to make the model resemble the model proposed in [23].
The results are shown in Fig. 11. The results clearly show that the
stabilising effect of exclusion of delay transfer function helps in
reducing the oscillations in the system but the overall response still
shows larger oscillations in comparison to the actual response
while the proposed model gives more or less accurate results.

5.2 Eigen value analysis of proposed model

Eigenvalue analysis for the two cases described in the previous
section is carried out using linear analysis toolbox of MATLAB to
compare the stability limits and frequency modes of detailed small
signal model and proposed small signal model.

5.2.1 When every bus is an inverter bus: For the three inverter
microgrid system of Fig. 1a, eigenvalues are calculated. It is shown
that there are two critical low-frequency modes in the system as
tabulated in Table 2 as per the detailed small signal modelling. The
eigenvalues obtained from the proposed model also show the
critical low-frequency modes. Fig. 12 shows the trace of both
modes on varying m,, and n,. When m,, is increased up to a certain
value at fixed n,, the system becomes unstable due to the shifting
of the mode-1 from left half to the right half of the s-plane as
shown in Fig. 12a. Mode-2 also shifts towards the right (Fig. 12a),
but due to the higher damping than mode-1, its movement is
slower. Similarly, shifting of both the modes with varying n,, is also
shown in Fig. 12b. Based on these traces, it can be concluded that
there exists a critical droop value (m,) for which the system is
marginally stable. The comparison of the critical droop and the
corresponding eigenvalue using both the model of Sections 3 and 4
are tabulated in Table 7. From the results shown in Table 7, it is
found that the proposed model identifies the two critical modes as
well as the system stability limit with acceptable accuracy. Hence,
the proposed model is also able to predict the low-frequency modes
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Fig. 12 Eigen value trace of dominant low-frequency modes for three
inverter system
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and their sensitivity to droop parameters accurately for stability
analysis. Without going into detailed computational modelling, the
proposed model effectively calculates the results with very less
computation.

5.2.2 When one bus is not an inverter bus: Eigenvalue analysis
is also carried out for two inverter system using the detailed and
proposed small-signal method. The trace of critical low-frequency
mode for this system is shown in Fig. 13 and the comparison of
critical droop value is also shown in Table 8. It is found that the
proposed model also works well in identifying stability limit and
frequency modes for this system making the proposed model more
generic and simple for different configuration of microgrids.

From the simulation and eigen-value results, it is concluded that
the proposed model not only predicts the system stability but also
gives acceptable transient response in the time domain. Therefore,
the proposed model can be used to simulate larger radial
microgrids with passive loads by using linear transfer functions
only.

5.3 Discussion

The approach presented in this paper has been implemented for
two configurations of the microgrid. However, the method can be
easily applied in any other configuration of droop controlled
inverter-based microgrid using the three simple steps:

* Initialise the powers

* Calculate the dynamic power coefficients

* Appropriately add/subtract the power flowing from one source to
the another. For a new source, it will only affect its neighbouring
source while the rest will not change. Hence, the approach is easily
scalable.

6 Conclusion

This paper presents a simplified small signal stability analysis
approach based on dynamic power flow for inverter-based isolated
microgrids. Conventionally small-signal state space analysis is
used to calculate the low-frequency modes of the system. However,
the process is very complex and involves large computations for
larger systems. Therefore, for stability studies, this work proposes a
step by step procedure for developing an AGC-based simplified
model to calculate the stability margin and the various low-
frequency modes present in isolated microgrids. Dynamic phasor
based representation of the network is used to calculate the line
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Table 7 Stability limit and frequency modes for three
inverter system

Type of model Critical Critical low-frequency
stability limit modes
(myp)
detailed small 1.15x 107 mode |= —0.02 +49.27j; mode
signal [4] II=—-12.91 +29.18j
proposed small 1.48 x 107* mode |= —0.29 + 46.52j; mode
signal II=—10.31 + 26.43j
Mode-
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Fig. 13 Eigen value trace of dominant low-frequency modes for two
inverter system
(@) Trace of mode I when m,, is increased at n, = 1.3 X 1075, (b) Trace of mode I when

n, is increased at m, = 9 X 1073

Table 8 Stability limit and frequency modes for two inverter
system

Type of model Critical stability Critical low-frequency
limit (1,,) modes

detailed small signal 63 %107 mode |= —0.06 + 68.98]

[4]

proposed small signal 7.1x107* mode I= —0.15 + 65.2

power flows which follow network dynamics. Other than the
network, dynamics of droop controller of the inverter is considered
for analysis. The process is much easier as compared to the
conventional modelling and it can work effectively as verified by
the time domain simulation results as well as by eigenvalue
analysis. The added advantage obtained with this model is that it
not only provides a simplified system for study but is also provides
the flexibility of doing time-domain simulations as well as s-
domain analysis with the same system as it is a linear transfer
function-based model. Therefore, the proposed modelling
algorithm can be used for easier stability analysis of the larger
systems having a large number of inverters with distributed passive
loads. The accuracy of the model depends on the selection of the
time constant z. Although the value close to half electrical cycle is
sufficiently accurate for inverter-based systems, the exact method
of selection of the time constant will be taken by the authors as a
future work.
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