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Abstract: A microgrid is an appropriate concept for urban areas with high penetration of
renewable power generation, which improves the reliability and efficiency of the distribution
network at the consumer premises to meet various loads such as domestic, industrial, and
agricultural types. Microgrids comprising inverter-based and synchronous generator-based
distribution generators can lead to the instability of the system during the islanded mode of
operation. This paper presents a study on designing stable microgrids to facilitate higher
penetration of solar power generation into a distribution network. A generalized small signal
model is derived for a microgrid with static loads, dynamic loads, energy storages, solar
photovoltaic (PV) systems, and diesel generators, incorporating the features of dynamic
systems. The model is validated by comparing the transient curves given by the model and
a transient simulator subjected to step changes. The result shows that full dynamic models
of complex systems of microgrids can be built accurately, and the proposed microgrid is
stable for all the considered loading situations and solar PV penetration levels according to
the small signal stability analysis.

Key words: converter, dynamic system, robustness, stability, synchronous generators

1. Introduction

Nomenclature

Vodq  d and g-axis voltage of the capacitor of the LC filter of the considered inverter,
Weom common frequency,

liaqg  d and g-axis current on the inverter side of the considered inverter,
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I,aq  d and g-axis axis grid side current of the considered inverter,

Vbag  d and g-axis voltage of inverter at grid connecting point,

Viag+ d and g-axis axis desired voltage on the inverter side of the considered inverter,
Ligq«  d and g-axis axis desired current on the inverter side of the considered inverter,
0 angle of the individual reference with respect to the common reference frame.

The concern for sustainable energy growth has increased due to global warming and envi-
ronmental pollution, and renewable power generation has been considered a means to satisfy
the increasing energy demand. Renewable power generation sources such as solar photovoltaic
(PV) arrays, micro wind turbines, biomass power plants, and fuel cells can be connected to the
distribution network locally, and such generations are called distributed generations (DGs). Mi-
crogrids with smart and intelligent features have been emerging to facilitate the high penetration
of renewable power integration into the distribution network of urban and rural areas [1].

However, before the practical implementation of microgrids, during the design stage, it is
essential to make sure that the system is highly robust under all operating conditions. Its ability
to respond to changing operating conditions is considered an essential aspect of microgrid
development. Microgrid stability can be classified as: 1) transient stability, 2) voltage stability, and
3) small signal stability, for the purpose of analysis. Most of the reported studies on microgrids
planning have given comparatively less importance to transient stability analysis; the reasons
would include, less penetration of synchronous machines based DGs than inverter-based sources
and relatively small capacities of DGs.

However, inverter-based distributed generation having less, or nil physical inertia can lead
to system collapse even under small perturbations in the system based on the adopted control
architecture [2,3]. Voltage stability comes into action due to reactive power limits and operations
of tap changes. Also, the lack of system damping can result in undamped oscillatory states with
small disturbances such as load changes and parameter changes. Both static and dynamic loads
can be found in the power system, and static loads do not affect the stability of the microgrids.
However, dynamic loads consider the historical data to generate the present state and therefore can
affect the system stability. Also, induction motor-based loads can affect the inertia and damping of
the system [4,5]. Therefore, a comprehensive analysis of the small signal stability of microgrids
is a crucial requirement to ensure the stable operation of microgrids [6, 7].

The effect of the dynamic loads on the stability of the microgrids with parallel connected
inverters is studied in [8—10] and [11]. It is shown that the stability of the microgrids increases
when the damping and inertia increase, and system stability is affected by dynamic loads compared
to the static loads. However, the effect of the grid following converters and synchronous machines
on stability has not been studied in [8] and [9]. Also, the stability has been verified only on a single
operating point [12, 13], and therefore, stability for all the operating points cannot be guaranteed.
In a study conducted on a islanded microgrid with synchronous generators and grid-forming
inverters, the optimal placement of distributed energy resources (DER) is obtained with the aid of
a robustness matrix, which corresponds to a state matrix given by the small signal analysis [14].
However, in this study, the dynamics of the control loops of the grid-forming inverters have been
neglected. Also, the dynamics of the rotor and stator of the synchronous generators have been
simplified, and the dynamic behavior of the loads has not been considered.

The impact of the grid-forming converters on the small-signal stability of power systems
that are integrated with a phase-locked loop (PLL)-based converters, which assume ideal power
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sources, is investigated in [15]. Based on the matrix perturbation theory, it is revealed that the
placement of grid-forming inverters in the optimal grid location can increase the stability, and
strength of the power grid. However, the study does not reflect a microgrid, but the stability
of a part of the distribution network with high penetration of inverter based DGs. According
to [16] and [17], microgrids’ stability is influenced by the grid-forming inverters’ control pa-
rameters. The study presented in [16] is conducted to derive a small signal model to analyze
the autonomous operation of inverter-based microgrids. It has been observed that low-frequency
modes are susceptible to network configuration and parameters of power controller dynamics
of DGs. In contrast, high-frequency modes are susceptible to inverter inner loop dynamics, net-
work dynamics, and load dynamics. Experimental results have been used to verify the results
obtained from the model. Another study in [17] has proposed a small signal model for an is-
landed AC microgrid with distributed secondary control. The eigenvalues have been used to see
the effect of control parameters on the stability, and the result shows that the voltage controller
supports voltage restoration and reactive power sharing. However, the considered microgrids do
not have dynamic loads and grid-following inverters, and only inverter-based energy sources are
considered.

The dynamic behaviour of a microgrid is influenced by the gain setting controllers of the
inverters, line impedance, and load, as well as the power-sharing level of each DER unit. Despite
the fact that the inverter and line parameters remain constant during the primary design stage,
the gain setting can have a significant impact on the microgrid performance under different
renewable penetration levels [18]. A study presented in [19] on a hybrid renewable model based
on droop control to understand the performance of the low-frequency critical modes within
the microgrid, demonstrates the improved damping performance of the microgrid with less
renewable power generation penetration. According to the study presented in [20], renewable
sources participating in the frequency regulation of a microgrid can significantly improve the
dynamics of the microgrid. To improve the power response of the microgrid, a study presented
in [12] proposes an anti-droop controller for each converter in the microgrid. Based on the
small signal stability analysis, it is demonstrated that inverters integrated with droop control
for power sharing provide more room for adjusting the eigenvalues to improve response of the
microgrid. However, the presented studies did not investigate the effect of renewable energy
sources operated with constant active and reactive power modes on the small signal stability of
microgrids.

In summary, due to the intermittency associated with renewable power generation sources
such as solar PV and the high-cost factor associated with energy storage, microgrids in island
operation should be equipped with diesel generators to increase their resilience. However, most of
the microgrids subjected to stability analysis are not equipped with any such backup generation.
Also, the studies that consider the synchronous machine-based generators in microgrids use
simplified models of DERs [14], and models do not represent the correct dynamic behaviour of
the rotor and stator. Recently, many studies have considered the effect of the control parameters
on the stability of microgrids with grid-forming inverters [13, 16, 17]. Additionally, some critical
aspects related to practical microgrids have not been considered, such as load profile and solar
profile [8,9,12—14]. Furthermore, to the best of the author’s knowledge, most studies only analyze
the penetration of renewable sources equipped with droop control on the small signal stability.
This paper presents a generalized small signal model developed for a microgrid consisting of
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dynamic loads, rooftop solar PV systems, energy storages, and diesel generators to analyze the
stability of a proposed microgrid for all load conditions and different levels of solar PV penetration
throughout the day. In the islanded operation, the diesel generator and the solar PV system work
on the grid following constant active power control mode while energy storage is operated on grid
forming mode. An eigenvalue-based analysis is used to determine the effect of loading conditions
and the level of solar PV penetration on the small signal stability of the microgrid.

The rest of this paper is organized as follows: Section 2 presents the design details of a mi-
crogrid for an existing distribution network. Then, Section 3 presents the details of constructing
a generalized state space model for a microgrid with energy storages, solar PV systems, and
diesel generators. Section 4 illustrates the validation of the proposed model by comparing the
transient curves given by a transient simulator. Results given by the small signal analysis on the
robustness of the microgrid are presented in Section 5. The paper concludes with the conclusion
and suggestions for possible future research directions.

2. Location for the study

An existing distribution network in Colombo City, Sri Lanka, was converted into a cluster
of microgrids with appropriate integration of DERs to facilitate higher penetration of renewable
power generation. Each microgrid in the cluster was designed to be self-sufficient to maintain
stability and scalability while the excess energy is transferred to the cluster [21]. Therefore, the
sizing was done for a single microgrid in its islanded operation.

In this process, energy balance calculations were performed using the HOMER Pro v13.10
software for a microgrid comprising a PV array, diesel generator, and energy storage.

Figure 1(a) shows the basic configuration of the proposed microgrid with capacities. The
energy profile of the microgrid observed on 13" December 2021 with maximum demand is
shown in Fig. 1(b).

Static Load 1

Diesel Generator
Sl A Husl 2.2 MVA/4 KV 3 /\
\ 2 [-/\\&
I AT
ey Static Load 2/ % 1 L /J
¥ 1626 KVA = T f‘
Dynamic Load o, . : 03) 0 —_— -
— nergy Storage . . . .
[1)125}:\\//A/ Bus 2 3 3 MWi4 kv n? 1O.OO 6:00 12:00 18:00
' - ) Time(hours
= ( )
n acd of -2
Dynamic Load 2/ == Solar PV ——Load
Solar PV /10 MW /4 kV 287 KVA / 0.4 kV Disel Generator Energy Storage
() (b)

Fig. 1. Details of the proposed microgrid: the basic configuration (a); energy management (b)
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3. State space model of the microgrid

Small or transitory load changes and system damping can cause small perturbations in the
system states of the microgrid and can lead to stability problems. Local oscillation can be
observed with the interaction of the controls in the microgrids. Therefore, small signal stability
of the microgrid should be analyzed in detail as explained in the introduction [22,23]. The state
space-based model is a well-established method of stability analysis by researchers, while the
other methods are still in the research stage [24,25]. Therefore, the state space-based small signal
analysis is used in this study.

The complete small-signal state model presented in this article divides the whole system into
five major subsystems: 1) solar PV system, 2) energy storage, 3) diesel generator, 4) dynamic
load, and 5) network. The solar PV system and the diesel generator work on the grid following PQ
mode and energy storage is operated in grid forming mode. Also, modelling a single unit of each
DERs and a dynamic load is necessary. Each DER is modelled on each own reference frame. The
power variant version of park transformation explained in [26] is used to convert all the quantities
of the subsystem from abc reference frame to the individual dq reference frame, which rotates at
their individual angular frequencies. Also, the state equations of the loads and the network are
defined on the common reference frame. All the other reference frames are transformed to this
common reference frame using the transforming technique shown in Fig. 2 and defined in (1)
and (2) [21]. Here, the axis set (D — Q) is the common reference frame rotating at a frequency
weom, Whereas axes (d — g); is the reference frame of i-th converter rotating at w;, respectively.
Furthermore, the axes (d — ¢q); is the reference frame of the j-th diesel generator rotating at
w; [26,27].

AVagi = (0T5"'/36)Vpoi + Ts ' AVpoi » (1)
Alpgi = (0Ts/06)1agi + TsAluy; , 2

where:
. T . 7
TS:[[coséi sind;|” [ -sind; cosd;] ] )

D Common
Reference Frame

d Reference A

Frame

VD
Vg g Reference Frame
d Reference

Frame
q Reference

Frame

Q Common
Reference
Vq Frame

Fig. 2. Reference frame transformation
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3.1. Solar PV system

In a microgrid, it is common to export the power generated by solar PV into the network via
an inverter by setting a current reference to it and making it operate in the grid feeding mode.
Also, the inverter is provided with the DC link voltage from the original energy source. However,
the dynamics of the boost converter and maximum power point tracker (MPPT) are neglected,
considering ideal current sources. Moreover, the inverter dynamics can be neglected with the
realization of high switching frequencies.

The PLL is used to track the frequency of the network and the phase angle of the voltage
at the point of the interconnection [21]. This process ensures the alignment of the phase in the
direction of the g-axis; therefore, the g-axis voltage is regulated to zero. The PLL is realized as
shown in Fig. 3 [28,29]. The phase detector compares d and g-axis input signals and the output
generates the phase and frequency. Equations (3) and (4) represent the dynamic behavior of the
PLL illustrated in Fig. 3. Here o, P, wo and w are the offset angle and integral of the phase
error, base frequency, and frequency tracked by PLL block, respectively. Also, V,,4 and V,, are d
and g-axis input voltage of the inverter. It is measured across the capacitor of the LC filter of the
inverter.

Voo 5
Angle Inte
grator .
__»|Measurement Controller > —» Theta
Vod
Offset Angle w,

Fig. 3. Block diagram of the phase-locked loop

w=wo+Kp(tan™ (Voq/Vog) — ) + KiPLL, (3)
P = (tan™! (Voq/Vog) — o). @)

By linearizing and rearranging the above equations, the small signal model of the PLL block
can be written in a state-space form as in (5) and (6).

. R T
(A6 APLL]" =Aprrs [A6 APLL]" +BipLrsAweon

T
+B2PLLS [Alidq AVodq Alodq] P (5)
T
Aw=Cprrs [AS APr)" +Dprrs [Aliag AVoag Aloag| (6)
where:
0 K;
AprLs [0 0],
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Dprrs = (1/(V2,+V24)) [0 0 KpVoy = KpVoa 0 0],
2 2 T 7

Boprrs = (1/(V2, 4 V20)) [[0 0 KpVag = KpVoa 00]" [00 Vag =Voa 0 0]" |

The DC-link stability is guaranteed by maintaining the power generated by the solar panel
(Pjn) being equal to the power flowing to the grid (P). Therefore, the active power control is done
by maintaining the DC link voltage (Vpc) at the reference value. The error between the reference
DC-link voltage and the measured DC-link voltage, which is affected by the MPPT to generate
the d-axis current reference. Equation (7) illustrates the dynamics of the DC link voltage in terms
of the input power and the output power. Instantaneous active power (P*) and reactive power (Q™)
defined in (8) and (9) are subjected to low pass filtering, and the resultant active (P) and reactive
(Q) power is illustrated in (10) and (11) [30]. Here, Cpc is the capacitance of the DC link. Also,
wc1 and we) are cut-off frequencies of corresponding filters.

Ve = (1/CpcVbe) (Pin — P), (N
P =1.5(Vyqlyoa + Voqloq), (8)
Q" = 1.5(Voalog — Vogloa), ©)

P=-wP+w P, (10)
0 = ~waP + w2 0" (n

By linearizing and rearranging the above equations, the small signal model of the DC link
can be written in a state-space form as in (12):

[AVbe AP AQ| = Ay, [AVoe AP AQ|" +BPi [Aliag AVoag Aloag]’

+ BPQSAPin, (12)

where:

T

Apg =

T
[0 —wei O]T [00 _WCQ]Tl s

( 1 ) [_Pin + P 10
CpcVpe Vbc

BPy; = (1/CpcVie) [1 0 0],
BP,, =15 [[o 00000]" [00 wetloa Weilog wetVoa werVg|”

1T
[0 0 wealog —wealoa — wWe2Voq chVOd] ] .

Equations (8) and (9) can be further simplified by making V,,, zero, and then they can be used
to control the active power (P) and reactive power (Q) delivered by the converter. The dynamics
of the DC link voltage can be easily controlled at the reference value (Vpcret) to regulate the active
power delivered to the grid. Also, reactive power is regulated at fixed reference value (Qrf), and
corresponding dynamic equations can be constructed as listed in (13), (14), (15), and (16). Here
¢a and ¢, are variables used to represent the d and g-axis input errors. Also, 7, and I;q are d
and g-axis desired current on the inverter side.

Oref— Q0 = ¢q > (13)
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Vbc = Vbcret = @ » (14)
I}y = Kpo1s(Vbc = Vbcret) + KiolsPa » (15)
I;‘kq = pon(Qref -0)+ Kio2sq - (16)

By linearizing and rearranging the above equations, the small signal model of the power
control block can be written in a state-space form as in (17) and (18), respectively.

[Adag] = Aos [Apaq] + Bois [AVpe AP AQTT, (17)
[Aljdq] = Cps [A@ag] + Dots [AVDe AP AQ]”, (18)
where:
Aoe=[[0 0] [0 0]"]",
Bos=[[1 00" [00 —1]"]",
Cos = [[Kiots 0" [0 Kiozs]T]T,
Dy = [[Kpols 00]" [00 —Kpozs]T]T

Feedback responses of voltage and current improve the stability and the transient response of
the inverter current. The reference current given by the power control loop is used as the input
of the current loop. Therefore, (19) and (20) defining the state space model of the current loop
considers the representation defined in [16]. Here, y4 and y,, are variables used to represent the
d and g-axis input errors.

. % T

[A')’dq] = Aps [A')’dq] + Bjis [Alidq] + Bias [Alidq AVoaq AIodq] s (19)
* * T

|AVisg| = Crs [Avaq] + Dins ALy | + Dis [Miag AVoug Aloag)” - 20)

The LC filter can filter out the second-order and other high-order harmonics generated by
high-frequency switching. The state space form can represent the linearized equations of the filter
equations as in (21), and it has a similar representation defined in [16].

, . . T * * r
[Aliaq AVoaq Aloaq| = ALs [Aliag AVoaq Aloag|  +BLCig [AVM AViq]
+ BLCa; [AVpagq| + BLC3, [Aw] . (1)

The voltage at the point where the inverter is connected to the grid is considered as the input
to the system and subjected to the transformation in (1) and the simplification in (22). The models
of the subsystems given by (12), (17), (18), (19), (20), and (21) should be interconnected to get
the complete state space model of the grid following inverter shown in (23).

T, - A6 = (3T, '/36) - Vpo, (22)
Ax = Ay [Ax] + By [AVpag] + Cs [Aweom] + Dy [APw] (23)

where:
Ax = [A6 APLL AVpe AP AQ Ag Ay Aliay AVoag AMoay]”
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AprLs 0 0 0 BaopLLs
0 Aps 0 0 Bpls
0 Bols Aos 0 0
Ay = 0 Bris'Dots Bi1s:Cos Ags Bpas

ALS
) BLC-Cyy +BLC5-Djas

BLC3-Cprrs ) ( BLCi; ) (BLClS
+BLC3s-Dprrs

+BLC2S [Tv_l 0] 'DI 1s 'Dos ‘Dlls 'C()s

B, =[000 BLCy T;']". Cy=[BiprLs 001", Dy=[0 Bp2s 0 0] .

S

3.2. Energy storage

The energy storage system operates in the grid-forming mode during the islanded operation
and the grid following mode during the grid-connected operation. A bidirectional buck-boost
converter and associated control facilitate the charging and discharging process [31]. Based on
the assumption: energy storage being an ideal source, the DC bus dynamics are neglected, and the
inverter dynamics are also neglected with the realization of high switching frequencies. Therefore,
the state space model of the energy storage is derived considering the dynamics of the inverter.

Therefore, the final state space model takes the representations given in (24) and (25). It is
similar to general state space modeling of grid forming converters. More details on the state
space modeling of grid-forming converters can be found in [16]. Here, m,, and w are (P—f) droop
coeflicient and output frequency set by the converter, respectively.

Ax = Ap x| + By [AViag ]| + Cb [Awcom] , (24)
Aw = Cipye - Ax, (25)

where:

Ax = [AS AP AQ Ap Ay Aligy AVodg Modg]’ s Cine =10 —mp00000000000].

3.3. Diesel generator

The synchronous generator-based diesel generator, i.e., Genset, consists of a prime-mover (the
engine) driving a synchronous machine through a mechanical shaft. A generator excitation system
regulates its terminal voltage, and frequency is controlled through the engine speed governor if
it is in droop mode [14]. If the unit operates in the PQ control mode, the reference power to the
governor is set based on the desired output active power [32]. Considering the slow response of
the governor and the time constants associated with the excitation control system, the dynamics
of the active and reactive power control were neglected, considering the fast response of the
rotor angle [26]. Therefore, the state space model of the diesel generator was represented by the
dynamics of the synchronous machine only.

According to [26], the state space equation illustrated in (26) can be obtained by developing
the dynamic equations for the stator, field winding, damping windings of a general model of
a synchronous machine, and linearizing around a steady point. Here, V,, and I, are the voltage
and the current of the winding denoted by the subscript (d and ¢ for stator winding, F for field
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winding, DD and QQ for damper winding). Also, T is the mechanical torque of the generator.
Av = —kAx — MAx, (26)

where:

Av = [AV AV, AVE AVpp AVpo AT Aweom|’>  Ax = [Aig Aig Aip Aipp Aigo Aw, AS]".

Also, the voltage at the point where the generator is connected to the grid is considered as the
input to the system, and it should be subjected to the transformation in (1) if necessary. Here, k
and M are (7 X 7) matrices, and their detailed representation can be found in general synchronous
machine modelling as presented in [26]. Equation (26) can be further simplified and can be
expressed as in (27).

Ak = AgAx + BgAVy + CoAT + DgAweom + Eg [AVE AVpp AVpo|' | (27)

where A, = -M 'k, and B,, Cq, Dg and E, correspond to elements in M1,

3.4. Dynamic load

In stability studies of microgrids, the dynamics associated with the induction motors are an
important aspect of the dynamic characteristics of the system loads [33]. Even if the modelling
of the synchronous generator was done considering a reference frame rotating with the rotor, the
reference frame for induction motor modelling is considered as the one rotates at the common
system frequency. The d-axis is assumed to be 90°ahead of the g-axis in the direction of rotation.
The stator (subscript, s) and rotor (subscript, r) voltage can be derived in terms of the d and
g-components as illustrated in (28), (29), (30), and (31), respectively [33]. Here, v, is the flux
linking the winding denoted by the corresponding subscript. Ry and R, are stator and rotor per
phase resistance, respectively. Also, w and w, are the common system frequency and speed of

the rotor respectively, while p representing a differential operator, T and P@, representing the

difference between wy and w,.

Vas = Rsias + ws(Lgsigs + Liniqr) + p(Lssias + Lmiar), (28)
Vys = Rsigs — ws(Lgsigs + Lyigr) + p(Lml’qS + Lmiqr), 29)
Var = Ryiar + (pO;)(Lyyigr + Limigs) + p(Lyriar + Linias), (30)
Var = Rrigr = (p0,)(Lyriar + Liias) + p(Lrrigr + Linigs), (31)

where: L,, is the difference between the self-inductance of rotor winding and the mutual induc-
tance of rotor windings; L is the difference between the self-inductance of the stator winding
and mutual inductance of stator windings; L, is magnetizing inductance.

By linearizing and rearranging the dynamic equations illustrated by (28), (29), (30), and (31),
matrix form and the state space model shown by (32) and (33) can be obtained. Here, rotor
voltages are zero as the rotor winding are short-circuited.

A [Nigs Aigs Aigr Aige|" =By [Aigs Aigs Aigy Aigr]”
+ BzAa)r + B3Aws + By [Avdx Avqs]T , (32)
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where:

A=, 0 L, of
0 L 0 Ly,
—Rs —ws L 0 —wsLy
B, = WLy —R; wsLpy 0
0 _(ws - wr)Lm _Rr _(ws - U)r)er ’
(wS - "‘)V)Lm 0 ("-)s - "-)r)er —R,

Bz = [0 0 eriqr""LmiqS - eridr - LmidS]T )
_Lssiqs _Lmiqr ’
B: = Lggigs +Llar

3= . .
_erlqr _Lmlqs
Lyriar +Lmnias

By=[[1 000" [o10 0[]

Ax = A7'BiAx + A7 ByAw, + AT BsAw + AT ByAvy, . (33)

The electromagnetic torque drives the mechanical load connected to the rotor, and the mis-
match between the mechanical (7,,) and electrical (7,) torque governs the rate of change in the
speed of rotor mass. Therefore, (34) defines the torque mismatch and the rate of change in rotor
speed (w,). Here, B and H are the damping constant and inertia constant, respectively.

&y 2H = (T,)3) = Ty, — B, . (34)

Writing the electromagnetic torque (7, ) in terms of stator and rotor currents [33], and substi-
tuting to (34), the state space model shown by (34) can be obtained by linearizing. Here, J = 2H,
and electromagnetic torque (7, ) should be divided by three as shown in (34), if per unit torque
base is defined on per phase base.

Ao, = C) [Aigs Aigs Digy Aigr|" +Cabw, = (1/1)AT,, (35)

where:
Cy = (1.5/3)) [Liigr —Lmiar —Lmigs Lmias], ~ Ca=[-B/J].

Models of the mechanical system and windings of the motor should be interconnected to get
the complete state space model of three phase induction motor. Therefore, the final state space
model takes the representation given in (36). If the induction motor is a two-pole machine, then
synchronous speed and common system frequency are the same. Therefore, if necessary, it should
be subjected to the transformation in (1).

Ax = AAx + BAweom + CAvgqy + DAT,, , (36)
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where:

Ax = [Aldqs Aldqr Awr]T,

A=|[a'B ATB G Cz]]T,

B =|A]'B; ] ,

c=[a7'By 0],

p=[0 o -1/J]".
3.5. Network

The dynamics of the static loads and the cable network can be neglected considering the fast
response relative to the DERs and dynamic loads. Therefore, an impedance-based system can
adequately represent them, and a corresponding admittance matrix can be derived by incorporating
the static loads in terms of constant impedance loads [14]. Equivalent m-models are used to
represent the cables. The buses with zero current can be eliminated from the admittance matrix
via Kron reduction [34]. After the reduction, the admittance matrix in phase-based form as in
(37) can be derived, and the admittance matrix is transformed to a new modified matrix in the dg
framework as in (38) and (39). Note that state variables of the network have been defined on the
common reference frame.

[AIl =Y [AV], (37)
Real(Y1;) Img(Yy) --- Img(Yin)
r |~Img(Y11) Real(Yy)) --- Real(Y1,) T
[Tar g1 laa 1go -+ Ign|” = : : . : [Vai Vg1 Vo -+ Vn|
—Img(Y,1) -+ Real(Yy,)
(38)
[AVpo| =Y~ [Alpg] . (39)

The current vector defined on the common reference frame can be written as a summation of
the current injected by DERSs at each bus bar. Also, the transformation of current states explained
by (2) can be redefined as illustrated in (40) to map the current states at each bus bar defined on the
individual reference frame of each DER to the common reference frame. Equation (41) illustrates
how the current injected by a grid-following converter can be written in terms of the state vector
of the particular grid-following converter. Therefore, the current at each bus bar defined in the
modified admittance matrix can be written in terms of state vectors corresponding to the DERs
connected to the particular bus as illustrated in (42), and it can be expanded to represent the whole
bus network as represented by (43). Here, Cior and Cge, are diagonal matrices, and Cpoy; and
Cen; corresponds to the diagonal elements. Also, Ciny is a combination of two diagonal matrices
corresponding to the grid forming converters and grid following converters. State vectors of the
grid forming and following converters have been combined into a single state vector.

Alopoi =Ty iA6 +Ts; - Alyayi (40)
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where:
T,;i A6 = % “Aoagis
Alopgi = Cinvsi * [MXinysi] , (41)
where:

Cinvsi =[Tvi 000000000000 Tg;] ,
[AVbDQi] = [Y_l]an [Cinvsi * AXinysi + Cinvbi * AxXinypi + Cinoti * AXmot + Cgeni . Axgcni] , (42)

[AVbDQ] =y (CinvAxXiny + CnotAxmot + CgenAXgen)- (43)

3.6. Complete small signal model

Transformers can be represented as an equivalent series reactance, and voltage and current
transformation ratios can be added to the state space model of individual DER if necessary.

To get the overall state space model of a generalized microgrid, as shown in Fig. 4, (23),
(24), (27), and (36) defined to model a single DER should be expanded to represent all the DERs
connected to the microgrid.

) Bus 1 B
\%__' us n

Bus 2

Fig. 4. Microgrid with n number of buses

State vectors of grid-forming inverters and grid-following inverters can be considered as two
sets of vectors, and the state space model of all inverters can be represented as in (44). Here,
it should be noted that one of the grid-forming inverters should be considered as the reference
converter and its output frequency is considered as the common frequency. Therefore, Cipye
corresponds to the reference converter, and it is expanded with more zero elements to be equal
the size of Ax;jyy.

Afiny = AjnyAxiny + BinyAVppo + Ciny Pin (44)
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where:
Ap1+Cp1 - Ciye 0 0 .- 0
Cp2 - Cinve Apr 0 e 0
Ainv = : .. : 5
Csn-1) * Cinve 0 0 Agu-p O
Csn : Cinvc 0 0 e Asn
By 0 0 0 B,y 0 O 0
0 By O 0 0 0 .0
Bin = : : : . P Ciw=|Dss 0 O 0 0
0 0 0 Bsu- 0 0O O . . 0
0 0 0 e Bsn 0 0 0 ce Dsn

The state space model of all generators and motors can be represented by (45) and (46),
respectively. Here, Agen, Bgens Cgens Egens Amotors Cmotor are diagonal matrices. Also, diagonal
values in each matrix represent the corresponding matrix of the individual motor or generator.
Also, Dgen and Biyoror are single column matrices having the elements in the corresponding matrix
of the individual generator or motor. The complete state space model is obtained by combining
the individual subsystem models given by (43), (44), (45), (46) and can be illustrated as in (47).
Here, Y| = y! [Cinv], Y2 = y! [Cinot], Y3 = y-! [Cgen]~

5 T
Akgen = AgenAxgen + BeenAVDo + CoenAT i + D genAweom + Egen [AVE AVpp AVpo| . (45)

AXmotor = AmotorAXmotor + BmotorAweom + CmotorAVsDQ + Dmotor AT, (46)
; T
A% = AfinalAX + Bfinal [APin AT,]" + Cinat [AT] + Diinal [AVE AVpp AVgol', (47)
where:

Ax = [Axinv Axmot A)Cgen]T s

Ainv + Binv : Yl Binv : Y2 Binv : Y3
Afinal = | Bmot * Cinve + Cinot * Y1 Amot + Cot * Y2 Ciot - V3 P
Dgen : Cinvc + Bgen - Bgen 7 Agen + Bgen : Y3

Binar = [[Civ 01" [0 Dmod” [0 017]",
Crinal = [O 0 Cgen]Ta
[

T
Dfin = [0 0 Egen] .

4. Validation of small signal model

The microgrid model shown in Fig. 1(a) was used to validate the small signal model. Steady-
state values of DERs and loads listed in Table 1 were extracted via load flow analysis, using PSS/E
University edition. Both the state space model and transient simulation model were subjected to
step changes, and resultant transient waveforms are compared. The PSCAD/EMTDC v4.6.3
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software was used for transient simulation, and MATLAB R2020a was used to model the state
space equations and get the corresponding curves.

Table 1. Power flow at a steady state condition

Load/DER Active power (kW) Reactive power (kvar)
Static load 1 272 137
Static load 2 1452 734
Dynamic load 1 35 13.2
Dynamic load 2 160 67
Generator 493 0
Solar 2500 0
Energy storage -1070.3 966

Figure 5 shows the variation of the d-axis and g-axis stator current drawn by the motor after
a step change in dynamic load 2.

0.45

04

o
3]
n

Current (kA)
3 o
(4] w

<
[N}

(=}
-
[43]

0.1

0.05

State Model-Q axis
Simulated-Q axis
State Model D axis
Simulated D axis

0.1 0.15
Time(s)

0.2 0.25

0.3

Fig. 5. Transient of d and g-axis current of the dynamic load 2 upon a step change

The transient curves given by the state space model and simulation models are almost the
same. However, the resultant current transient at the terminal of energy storage is not visible
due to a small change in power drawn from the energy storage. Therefore, the corresponding
waveform is not presented in this article.

The transient curve of the stator g-axis current and the corresponding transient of the active
power at the terminal of the energy storage during a step change of mechanical torques of the
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generator are shown in Fig. 6(a), and Fig. 6(b), respectively. Transient and change of the stator
d-axis current is almost negligible and therefore the corresponding curve is not presented. The
g-axis curves given by the simulated model and the state space model look the same, with
a small offset. The state space model of the generator was developed, neglecting the effect of
the excitation system and governor for a short period because time constants associated with
the excitation system and governor are higher than those associated with the dynamics of the
rotor [26]. However, in the transient simulation model, the effect of the excitation system and time
lag associated with the diesel engine comes into action. It is reflected by the current offsets and
time lag between the curves given by the simulation and state space models.

-1
02 0 05 1 15
0.16 oy
—_ . —— State Space Model
< 012 2 ]
< 2, —— Simulated Model
§ 0.08 State Space Model g '
S . 1S
O o4 Simulated Model 021.3
0
0 0.5 1 1.5 1.4
Time (s) Time (s)
(@) (b)

Fig. 6. Transients upon a step change of mechanical torques of the generator: transient of g-axis stator
current (a); transient of active power at the terminal of energy storage (b)

A step change in the output power of the solar panels results in transients of the active
power at the terminal of the solar PV system under two different outer loop controller gains
(Kpots = Kpozs = 0.05 and K515 = Kpoas = 0.005), as illustrated in Fig. 7(a), and Fig. 7(b),

45 4.5

N
N

w

)
w
5

z 3 S 3
225 S2s
% 1; = Stmylated Mol qg) 1; ——— Simulated Model
* 1 —— State Space Model & ’ State Space Model

0.5 05

0! 0!
0 Timels 0.6 0 02 o 04
@ (b)

Fig. 7. Transients power at the terminal of the solar PV system upon a step change of output power of solar
panel: Kpos = 0.05 (a); Kpos = 0.005 (b)
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respectively. It should be noted that in this study, two proportional gains in each control loop
of the DERs are tuned to have the same values. Also, each integral gain is tuned in the same
way. The shape of the transient is almost the same with a slight offset between the two curves
given by the simulated model and the state space model. The deviation is due to an offset error
associated with the dynamics of the boost converter in the rooftop solar PV system. It is reflected
in the simulation results since the dynamics of the boost converter are not considered during the
development of the state space model.

The curves given by the state-space models are in a good agreement with the waveforms
given by the simulation model producing the same transient and steady-state values with the same
progression in time in most cases. Therefore, the accuracy of the developed small-signal model
is satisfactorily validated.

5. Robustness of microgrids with small disturbances

A microgrid is delivering energy from various energy sources with the help of power elec-
tronic converters. Also, power electronics interfaces offer flexible control strategies. However,
the stability of the microgrid in the islanded operation can be easily affected by the issues in
local controls [14]. Small perturbations caused by small load changes, system damping, and
mismatches in feedback controllers can cause local oscillations with the interaction of control
systems [22].

Therefore, a small signal analysis is conducted to make sure the designed microgrid is stable
with small disturbances under all operating scenarios. The microgrid is subjected to the 24-hour
load profile, generating 24 cases for analysis. The state matrix for each case is calculated by
taking steady-state points via load flow analysis. The small signal state models of dynamic load,
synchronous machine, energy storage, and solar PV system have five, seven, thirteen, and fifteen
state variables, respectively. Therefore, there will be 45 state variables in the case study. With
a high-performance PC with an Intel i7 processor, the total time taken by MATLAB was around
5 minutes. The eigenvalues are calculated for the microgrid shown in Fig. 1(a). Accordingly,
Fig. 8(a) illustrates the distribution of all 1080 eigenvalues in the real and imaginary coordinate
system for the considered system load scenario for a 24-hour period.

All the eigenvalues are located on the negative plane implying a stable microgrid irrespective
of the load profile. Also, two eigenvalues are travelling with the 24 hours’ load, as illustrated in
Fig. 8(a) (inside the ellipse). Other eigenvalues with the same index corresponding to a particular
load profile coincide with each other.

Therefore, all the eigenvalues (except travelling eigenvalues) with the same index cannot be
clearly observable in real and imaginary planes. Travelling eigenvalues were further analyzed
because of their possibility to travel toward the zero axis and jump to the positive plane, which
can make the system unstable.

In the participation factor analysis, states with participation lower than 1% are not considered.
Figure 8(b) shows the participation of the state variable on mode 1 and mode 2 (two travelling
eigenvalues).

Here, subscripts s, b, and G correspond to states associated with the solar PV system, battery
storage, and diesel generator. There are four effective state variables contributing to the travelling
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Fig. 8. Distribution of eigenvalues and details of travelling eigenvalues: distribution of eigenvalues (a);
participation in the travelling eigenvalues (b)

eigenvalues except for the d and g-axis stator current contribution of the generator around 1%.
Since modes 1 and 2 are related to two conjugate eigenvalue pairs, the contribution of the d and
g-axis states of the same electrical quantities on a particular mode is the same. Grid side d and

g-axis current of the grid forming and following converters contributes to mode 1 and mode 2 by
around 25%.

The damping ratio defines the decay rate of the amplitude of the oscillation states. Modes with
alow damping ratio can lead to longer oscillations in the system. The interaction of the oscillatory
event might lead to more oscillatory conditions, resulting in deterioration of system damping or
even unstable situations [33]. In this article, the modes with lower damping ratios below 20% and
lower damping frequencies are subjected to the participation factor analysis. There are six such
critical modes, as listed in Table 2.

Table 2. Modes with low damping ratios

Mode | Eigenvalue |Damping ratio (%) | Damping frequency (rad/s) | Natural frequency (rad/s)
8 | -1292+14504i 8.87 2309 2318
9 | -1292-14504i 8.87 2309 2318
10 | -1453+14348i 10.0 2284 2 296
11 | -1453-14348i 10.0 2284 2296
22 —7+318i 22 50 50
23 —7-318i 22 50 50




IS

www.czasopisma.pan.pl w www journals.pan.pl

POLSKA AKADEMIA NAUK

Vol. 72 (2023)  Robust microgrids for distribution systems with high solar photovoltaic penetration ~ 803

Fig. 9 shows the participation of the state variable on modes 811, 22 and 23.
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Fig. 9. Participation of the state variable on the modes

Here, subscripts s, b, and G correspond to states associated with the solar PV system,
battery storage, and diesel generator. The eigenvalues associated with lower damping ratios are
contributed by the states of the stator and rotor current of the diesel generator. The d and g-axis
stator current contribute to modes 22 and 23 by more than 25%.

The microgrid includes an energy management system to handle all possible power-sharing
scenarios. Trajectories of critical modes and travelling modes are considered under five solar
PV penetration levels of 100%, 82%, 45%, 19%, and 0% while maintaining the same load
profile as listed in Table 3 to study the effect of solar PV penetration on small signal stability of
the microgrid. Furthermore, the diesel generator is permitted to operate at a minimum load of
30% of its nominal rating. Figure 10 depicts eigenvalue trajectories at various solar penetration
levels. Eigenvalues corresponding to a particular mode coincide with each other and there is no
movement with the level of solar PV penetration. When compared to small signal stability studies

Table 3. The power profile of the microgrid under different solar penetration levels

Load (kW) Solar PV (kW) Battery (kW) Generator (kW)
1741 3121 -2039 660
1741 2724 -1642 660
1741 1409 -2069 660
1741 603 478 660
1741 0 1081 660
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on microgrids with decentralized energy management systems [19], it is discovered that the level
of solar PV penetration has no significant effect on the critical modes and the travelling modes
when the inverter is operated on the grid following mode. Thus, as a result of the impedance
changes in the distribution network caused by different load conditions, mode 1 and mode 2
travelled in Fig. 8(a).

100000
80000 X
60000 *Mode 1
40000 Mode 2
> 20000 Mode 8
T 0 gg Mode 9
o)) -20000 *xMode 10
E -40000 % Mode 11
- -60000 xMode 22
80000 xMode 23
-100000
-200000 -100000 0

Real

Fig. 10. Distribution of critical eigenvalues with different solar penetration

The gain parameters, line impedances, and loads all have an impact on the dynamic behavior
and stability of microgrids [19]. Line parameters, on the other hand, can be considered constant
according to the primary design. Furthermore, for the considered load conditions, the travelling
eigenvalues do not cross the imaginary axis and are not associated with critical damping ratios.
Therefore, the effect of the significant tunable parameters on the critical damping ratios of the
investigated microgrid is taken into account in this article to increase the stability of the microgrid.

According to the participation factor analysis of critical modes depicted in Fig. 9, critical
eigenvalues are primarily derived from states associated with the inverters. This study presents
critical mode trajectory variations with gain control parameters of the two inverters. In certain
ranges, a small variation in the proportional and integral gain of the converters in solar PV
systems and battery storage is considered, as shown in Table 4. Here, K,p and K;,p are the
proportional and integral gain of the voltage loop of the battery storage while the K, and
K;ip are the proportional and integral gain of the current loop of the battery storage. Also,
Kpos(Kpots = Kpozs = Kpos) and Kios (Kiots = Kioas = Kios) are the proportional and integral
time gain of the power loop of the solar PV system while the K ;s and Kj;s are the proportional
and integral gain of the current loop of the battery storages.

Table 4. Variation of considered control gains

Control
gain
Range | 1.18-2.17 | 563-763 | 23-43 | 2212-2612 | 1.03-2.03 | 186-386 | 1.97-21.97 | 1205-1605

Kpob Kiob Kpib Kiib vas Kios Kpis Kiis
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Figures 11(a)-11(f) illustrate the trajectory of critical modes listed in Table 2, on the real
and imaginary coordinate system upon the variation of the gain parameters listed in Table 4.
As the proportional gain (K,,p) of the battery’s voltage loop is increased from 1.18 to 2.17,
modes 810, and 11 move toward the imaginary axis as in Fig. 11(a), implying a deterioration in
dynamic response. Even though modes 22 and 23 initially do not move, instantly damping ratios
change their value from 2.2% to 100% and begin moving to the left as shown in Fig. 11(a). The
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Fig. 1. Trajectories of critical modes under the variation of the gains of the controllers: K ,,p, (2); Kjop (b);
Kpip (©); Kiip (d); Kpos (€); Kios (£); Kpis (8); Kiis (h)



www.czasopisma.pan.pl P N www.journals.pan.pl

N
S~
KADEMIA NAUK

806 W.E.P. Sampath Ediriweera et al. Arch. Elect. Eng.

changes in the K., value affect the system’s dynamic behavior, and the state variable associated
with the generator is no longer participating in modes 22 and 23.

The increase in the integral gain (Kj,p) of the voltage loop from 563 to 763, on the other
hand, has only a minor effect on the trajectories of modes 8, 9, 10, and 11 as illustrated in
Fig. 11(b) moving towards the imaginary axis. However, the effect on modes 22 and 23 is
insignificant. Trajectories of critical modes show similar behaviour as in the voltage loop when
the proportional gain (K;p,) of the current loop of the battery storage is increased from 23 to 43
as illustrated in Fig. 11(c). The increase in the integral time constant (K;;;) value from 2212 to
2612, on the other hand, does not affect the trajectories of all modes as illustrated in Fig. 11(d).

As the proportional gain (K ,,,) and integral gain (K;,,) of the solar PV system’s power loop
are increased from 1.03 to 2.03, and from 186 to 386, all modes initially do not move as shown
in Fig. 11(e) and Fig. 11(f). Modes 22 and 23 exhibit damping ratio enhancement as they move
to the left while changing the damping value to 100% from 2.2% at high K,,s and K, values,
whereas modes 8-10, and 11 are unaffected by control gains. Modes 8-10, and 11 move slightly
toward the imaginary axis as the proportional gain (K ;) of the solar PV system’s current loop
increases as shown in Fig. 11(g), whereas modes 22 and 23 do not. However, they suddenly
improve their damping ratio from 2.2% to 100%. However, the integral gain (Kj;5) of the solar
PV system’s current loop does not affect all modes as shown in Fig. 11(h).

The analysis of gain parameters on critical modes reveals that modes 8-10, and 11 move
towards the positive plane upon a slight increase in their value, reducing system stability. Further-
more, the inverter control gain parameters do not affect modes 22 and 23. However, at high gain
values, the generator no longer participates in modes 22 and 23, and therefore modes 22 and 23
suddenly achieve a damping ratio of 100% while moving away from the zero axis.

6. Conclusions

This paper presented a study on designing stable microgrids to facilitate higher penetration
of solar power generation into a distribution network, considering the small signal stability.
The considered microgrid corresponds to an urban community in Colombo City, Sri Lanka. A
generalized small signal model was introduced to analyze the stability of an islanded microgrid
with dynamic loads, static loads, energy storage, solar photovoltaic (PV) systems, and diesel
generator.

The following are the specific conclusions and recommendations:

— Inverter-based microgrids can reduce the system’s damping during contingencies and lead
to longer oscillations, although most of the reported studies on designing microgrids have
considered only the economic factors into the consideration.

— The concept of the stability of dynamic systems can be used to derive a state space
model to find the small signal stability of microgrids. A generalized state space model
was proposed for a microgrid representing all the important dynamics associated with
the distributed energy resources (DERs) compared to the existing stability analysis on
microgrids with simplified dynamic models. However, the size of the state matrix and the
number of eigenvalues increase with the size of the microgrids. Therefore, stability analysis
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of microgrids with high penetration of distributed energy resources is a topic that requires
further investigation.

— Participation factor analysis allows the identification of appropriate features of DERs that

influence oscillatory and less stable modes of a system. Eigenvalues associated with the
inverter-based DERSs travel toward the zero-axis with the variation of the load profile. These
modes can lead the system into instability. However, the effect of the synchronous machines
based DGs on the travel of the eigenvalues is negligible.

— Results of this research revealed that the stability analysis during the design stage of the

microgrids for existing distribution networks should not be limited to a single operating
point as done by all most all existing studies reported in the literature.

— Rooftop solar-based grid-following inverters can lead to the instability of the system in case

of a slight change of voltage at the point of interconnection.

— The penetration level of solar PV has no significant impact on the small signal stability

of the microgrids when they operate in grid feeding mode compared to previous studies
on droop control-based power sharing with solar PV. However, more research is needed to
determine the impact of integrating centralized controls on transient stability and voltage
stability.
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