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This paper develops a comprehensive small-signal model of hybrid renewable-energy-based microgrid
(MG) in an attempt to perceive oscillatory stability performance and capture the potential interaction
between low-frequency critical modes within the MG. Trajectories of sensitive modes due to controller
gain variations were evaluated in order to determine the stability boundaries. It was noticeable that
various power-sharing schemes significantly influenced the small-signal stability of MG. Moreover, modal
interaction emerged due to the proximity of RES-based DG units and non-linear dynamic behaviour of
the sensitive modes. The interaction may result in a more oscillatory situation which potentially leads
to instability of MG. The low-frequency critical modes obtained from eigenvalues analysis were then
verified with the help of nonlinear time domain simulations. The presented work contributes to enhance
the design and tuning of controller gain and propose appropriate power-sharing scheme within MG.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The penetration of renewable energy resources (RES) based dis-
tributed generation (DG) has been increasing intensively in recent
years due to their beneficial impacts in bringing clean energy and
lowering the dependency on fossil fuel. Among various RES, photo-
voltaic (PV) and wind energy conversion system (WECS) have been
considered as the most deployed DG units due to their favourable
technical and economic benefits[1,2]. Onthe other hand, the major
concern in developing stand-alone PV or WECS based power gener-
ations is how to maintain the continuity of electricity supply. These
concerns not only influence reliability of electricity supply but also
require over-sizing of energy storage system (ESS) to manage with
frequent early discharge due to RES fluctuations [ 3]. According to
the limitations of individual DG unit, it is necessary to organize a
cluster of DG units into a single controlled and coordinated power
system known as Microgrid (MG).

Similarto conventional power system, the stabilityissues in MG
can be classified into transient, voltage and small signal stability.
Transient stability concern in MG corresponded to the ability of
MG to maintain a stable condition after being subjected to large
disturbances such as short-circuit faults, structural change in MG
due to the outage of a particular DG unit and operation mode
switching from grid connected to islanding operation [4]. Transient
instability problem is not a big concern in MG as the generating
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units considered are relatively small and mostly not synchronous
machine based. MG should be able to maintain acceptable voltages
at all buses under normal condition and after being exposed to
a disturbance. Voltage stability problem in MG mostly emerges
due to the connection of dynamic loads, reactive power limit and
tap changer operation [5]. Moreover, the MG is susceptible to the
occurrence of small perturbations as a consequence of having a
cluster of RES based DG units with less physical inertia. Lack of
system damping condition in a MG might lead to the undamped
oscillatory condition when it is subjected to small disturbances
such as fluctuating RES condition, small load change and parameter
variations [5-9]. Therefore, a comprehensive study of small-signal
stability in MG is crucial to ensure stable operation of MG.

A limited amount of small-signal stability analysis consider-
ing different RES based DE units in MG was presented in the
literature so far. In [10,11], the small-signal stability analysis of
wind-based MG was provided. However, the presented analysis
neglected WECS dynamic behaviour and control system. In previ-
ous small-signal stability studies, power electronic devices in DG
units are usually presented as an ideal voltage source which may
lead to inaccurate results [ 12-14]. Practically, various architectures
of power electronic devices are employed to get the most advan-
tages from the RES. Therefore, different dynamic responses of DG
units might emerge when various RES-based power generations
are integrated into a MG. Those typical dynamic behaviours cannot
be captured by using the simplified model as developed in the
previous literature. A comprehensive MG model considering all
possible dynamics from each of the DG units is required to provide
a complete picture of small-signal stability of MG. Moreover, in
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d axis field winding current.
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d axis field winding voltage.
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DC/DC converter input current.

DC/DC converter output current.

DC/DC converter output voltage.

DC link/DC side voltage of DC/AC inverter.
Auxiliary control state variable of DC/DC converter
Phase angle of PV system.

Active power of PV system.

Reactive power of PV system.

PV voltage control loop state variables.

PV current control loop state variables.

d and g axis DC/AC inverter current.

d and g axis output voltage.

d and g axis output current.

D and Q axis PV output current in common refer-
ence frame.

Input voltage of PV system.

PV active power droop gain.

PV reactive power droop gain.

Wind Energy Conversion System (WECS)
Induction generator

d and g axis stator current.

I-qu

irdq d and g axis rotor current.

Wy, Angular frequency.

Vsdg d and g axis stator voltage.

Vsdg d and g axis stator voltage.

Vrgg d and g axis rotor voltage.

DC/AC/DC system

y State variable of reference current calculation in
Flux Oriented Control (FOC).

Pudg FOC state variables.

iindq d and g AC/DC converter current.

Vaqin d and g input voltage of AC/DC converter.

S Phase angle of WECS.

Do Active power of WECS.

Qo Reactive power of WECS.

Pudg WECS voltage control loop state variables.

B dg WECS current control loop state variables.

liuwdg d and g axis DC/AC inverter current.

Vowdq d and g axis output voltage.

lowdg d and g axis output current.

Vgdg d and g axis stator voltage.

Vrdg d and g axis rotor voltage.

Tw Mechanical torque.

a MG with a cluster of DG units, the interaction among sensitive
eigenvalues potentially exhibit. [nvestigation of modal interaction
is needed since the occurrence of interaction introduces more
oscillatory conditions and deterioration of stability performance.

Detailed MG model was primarily developed in [ 15]. However,
the control systems were not considered in the research. Hence,
this paper develops a detailed model of each DG unit in MG
to provide a comprehensive study and better understanding of
MG small-signal stability performance under autonomous oper-
ation. A hybrid MG consists of WECS, PV and Bio-Diesel (BDG)
generator is considered in this work. Trajectories of the low-
frequency critical modes on different power sharing strategies and
gain control variations are mapped to determine the small-signal
stability boundaries. Moreover, the possibility of modal interaction
between nearby eigenvalues is thoroughly analysed. Time-domain
simulation is then performed to verify and visualize the trajectories
of eigenvalues analysis.

Rest of the paper is organized as follows. A step-by-step com-
prehensive modelling of PV-Wind-Diesel MG for small-signal in-
vestigationand a general summary of MG modelling is presentedin
Section 2, along with a brief methodology of small-signal stability
and modal interaction. Section 3 describes the simulation resultsin
details. Conclusions and contributions of this paper are highlighted
in Section 4.

2. State—space model of hybrid microgrid

Fig. 1 represents a typical model of MG system in a generic
distribution network. Under islanding mode, a synchronized oper-
ation is mandatory to maintain a stable MG operation. Therefore, it
is necessary to translate all individual reference frame (dq) of each
DG unit into a common reference frame (DQ ) which is provided
by a reference DG unit. The reference DG can be performed by a
synchronous machine based DG such as bio diesel generator (BDG)
or an inverter based DG equipped with the controller to establish
a given voltage magnitude and frequency [ 16]. Translation from
the individual to the common reference frame is facilitated using
transformation matrices of T.; and Ty . While, reverse transforma-
tion is conducted using inverse transformation matrices of T3 and
T, [17].

Bus voltages are considered as input variables that provide a
connection to each subsystem. The bus voltages (Aqu) can be
accurately estimated using the following equation [17]

Avypg = Ry (Aigpg ) — Ry (Aileng )
+ Ry {[Airu'wq],-n - [Airu'knq)our} (1)

where Ry is virtual resistance, Aiypg represents the output current
of DG unit connected to the bus k. Aiypg is related to the load cur-
rentat bus k. While the (Aiixpg ), and (Aispq ) ,,, corresponding to
a given line current entering and leaving the kth bus, respectively.

In the following sections, modelling procedure of line
impedances, load, and the DG units are presented. A compre-
hensive state-space model of BDG, two-stages PV and fully-rated
WECS based DG units are developed to examine a complete small-
signal stability performance of islanding MG operation.

2.1. State-space model of line impedances
Distribution lines presented in Fig. 1 are modelled as series RL
elements. The linearized state-space equations of line impedance

between m and n nodes is given in (2) a generalized form.

AXijine = Ajine AXjine + Biine1 AVimpg + Biine2 AVppg + BuiAwer (2)
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Fig 1. Typical MG structure in a distribution network.
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The Awyer corresponds to the reference angular frequency from the
reference DG unit. While, Ijy.pp and Iizoq represent the initial condi-
tion of line in common D and Q axis reference frame, respectively.

Coupling between DG units, lines impedance and load is pro-
vided by local bus voltages equation as given in (1). By substituting
(1) to (2), a complete state-space model of line impedance can be
derived as shown in(3).

A;(]ine = {A]ine + RN (B]ine‘] - B]inez” AXjine
+ Biipg Aigpg + Biilo Aiopg + BuiAwyer (3)

where Binc = Biio = Rn (Biine1 — Biine2). The Bupc. Bigo and By,
represent connection matrices between line and corresponded DG
units, load and reference DG respectively.

2.2. State-space model of static load
A load impedance model consists of load resistance (R;,) and
inductance (L) is developed to present an aggregated load in MG.

In general, state equation of the mth a central load is given by

Asﬁ,, = A AXjg + Byo AVipg + Bujp Awyey (4)

where
Rl'om
) I § L “o
AXpp = [Airomﬂ Aibmq] LA = o .
1

- 0
Liom 1 B, — |:fromQ ]
0 — _Il'omD

Bv]a

lom

Ripm and Ly, represent resistance and inductance of line respec-
tively.

The coupling between load, DG unit and distribution line is
represented by bus voltage equation as givenin (1). By substituting
(1)to (4), the load state equation can be rewritten as

AXjo = {Ao + RyBuio} AXio + Bionc Aiopg

+ Bioli Aiting + Bulo Acwrer (5)

where Biopc = Bioi = RyBuio. The Bigpg. Bigii and B, represent
connection matrices between load and corresponded DG units, line
and reference DG respectively.

2.3. State-space model of bio-diesel generator (BDG)

The BDG is modelled as a permanent-magnet synchronous
generator. In this research, the BDG is integrated to the hybrid
MG as a reference DG unit which is responsible for providing a
synchronization signal for other DG units and ensures the balanced
condition of power generation and power consumption when
there is a shortfall of energy from RES based DG units. The state—
space model of BDG is derived from [18,19].
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State variables of the BDG involved two g axis (ii412) and one
d axis (ipg) rotor currents, stator current[i’m] and field winding
currents [i';d]. Input variables are presented as mechanical torque
(Tupe), field winding (vg) and stator (ug,) voltage. The state-
space model of BDG is then completed with mechanical equations
of the turbine and electromagnetic torque. Qutput variables of
the BDG are stator current and reference angular frequency[wm;].
Linearized state-space model of BDG is given in (6).

Axm = AE[K;AXBM + Bmcﬂ“nm + Bwncﬂ\ﬁ,m

Aisp C
dig | = [ “"C’] Axgpg (6)
Cepc2
Aref
T
where AXgpg = [Ai'sd Algy Al Alyg Al Az Ay A.-HDE] E
T T
Augpg = [Al-“rd TMDE] ‘_AVMZK]_ = [Al-‘bg Al-‘bQ] . Cepcr =
10 0.6

. Cepgz = [l]m—, 1 l]]. Bgpcrepresents input matrix for
01 01,6

BDG corresponding to field voltage and mechanical torque. While
Byspc represents input matrix of BDG related to stator voltage. A
detailed presentation of Bgpg and Bygpe are derived from [18,19].

The local bus voltage of BDG based DG unit is determined by
using (1). Substitution of (1) into (6) yields a complete state-space
equation of the BDG. Hence, state equation of BDG can be rewritten
as

Axgoc = (Aspc + RnBuspcCanc1) AXanc -+ BepcAugne

+ Bgpcline AXiine + Bapcioad AXioad (7)

where Agpcpc = Asoc + RvBveocCeoci. Beocine = RnBispc.
Bepcraed = RyBispe.

2.4. State-space model of two-stages PV system

Small-signal model of the two-stage PV system consists of PV
array is modelled as constant DC voltage, DC/DC and DC/AC power
converter [15]. Average model of DC/DC with input current (i),
output current (i) and output voltage (vs) state variables is de-
rived from [20,21]. While DC/AC inverter model comprising of DC
link voltage (vg4 ), inverter current [i'.-m.dq), output current (iadq),
and output voltage (‘-"odq) state variables is adapted from [21,22].

The proposed controllers for the two-stage PV system are com-
prising of input and grid-side power electronic devices controllers
are presented in Figs. 2 and 3 respectively. Regulation of varying
input DC voltage from PV array can be handled by DC/DC converter.
Afterward, conditioned DC voltage is fed to the DC/AC inverter for
providing power regulation and maintaining stable output voltage.
Regulation of DC side input voltage of the DC/AC inverter are
realized by adjusting duty cycle (dpl.) of DC/DC boost converter.

Auxiliary state equation (ppl.) of the proposed DC/DC controller
loop is given by

dAppy
dt

The controller generates a control signal for DC/DC converter.
The state-space equation of DC/DC controller is given in (9.

: Av,
Apy, = 0] Appy + [1 —1] [ “““’]
Vde

= Udc_ref — Vdc- (8

Av
= D a1+ [ ]| 7

Vde

where [Alrdc_re;] represents the DC link reference voltage.
Controller of DC/AC grid-side inverter in Fig. 3 can be di-
vided into droop control, outer voltage and inner current control
loops [17,23]. Droop control method is employed to establish a
power sharing for each DG unit. The instantaneous output power
in a certain operating point is determined by linearizing the calcu-

lated instantaneous power as given by the following equations:
AP = LgAvgg + LogAvgg 4 Vg Algg + Vg Algg (10)
AQ = log Avod — log Avgg — VogAigg + VogAlgg.

The average active ( AP) and reactive (AQ) power are deter-
mined by employing first order low pass filter to the linearized
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Fig. 3. Droop control of PV system DC/AC inverter [17].
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instantaneous power as follows

dAP ) )

- s {log Avog + logAvgy + Vog g + Vg Aigg} — w AP an
dAQ ) )

o = {log Avod — lod Aveg — Vg Alag + Voa Alag} — w2 AQ

where w_ represent cut off frequency of the low pass filter.

System frequency (w) and active power sharing are set by
active power droop gain [np]. While reference of d-axis voltage
(l?Eq) and reactive power sharing is determined by reactive power
droop gain [nq). It is assumed that g-axis component of voltage
magnitude reference (Auy,) is zero. In most of the cases, output
impedance of the inverter is inductive around the fundamental
frequency [24]. Hence the reference frequency and voltage are
given by the following equations:

w = wy — Ny AP
Uog = Vo — ngAQ

where @y, and V, represent nominal values of angular frequency
and voltage respectively.

Phase angle (§) between individual inverter reference frame
and the common reference frame is determined from integral
operation of the angular frequency () [17]. By substituting (11)
to (12), state-space equation of the droop controller can be deter-
mined as given in (13).

(12)

A8 00 0 |[as
Ap| = |0 —w, 0O Ap
Ag 0 0 —wo |Agq

0 0 0 0 A
,
| 0oy @leg ©NVog Vo [ _""‘*] (13)
Aiodq
wcfoq —welyy _wcvoq w Vg

0-n, 0 |[as
[ Aw:| =10 0 A
" Ty P
AL‘OW
00 0]lag
The obtained reference values from the power droop control

are employed as input for voltage control loop. Auxiliary state
equations [(,ad,_ ;oq) of voltage control loop is given by (14).

dey * dp N
I = vy — Vod. d—: = Upq — Vog- (14)

The algebraic equations of reference currents are determined as
given by the following equations.
Ay = GAipg — wnCr Avog + Kpy (Avjy — Aved) + KivAgy
Al = GAlog + G Avad + Kpy (Avy, — Aveg) + Kin Agy.
The linearized state equations of voltage control are derived

from auxiliary state equation in (14) and the algebraic equations
of the reference currents in (15) as given by [ 16).

(15)

A0a| _ (g {A%]{‘ 0-1 ”] Aoy (16)
Ag, Age) T 01 0 =1 | Avg,
aiy | K. 0 ] [Ag
A [T Lo Kl Lag,
Av?
L [Km 0 K —wnGr GO A“’“‘?
0 K, w,G —K, 0G]|""%
Alodl]l

The proportional and integral gains of voltage control loop are
presented by K, and Kj, respectively. While, feed forward gain
control is stated as G.

Output variables from the voltage control are then applied to
the inner current controller as reference values. Auxiliary state
equations [ﬁd,_ ﬁq) of the current control loop as given by (17).
dég ., . dB .
= = bl d—: =i — . (17)

The algebraic equation of current controller loop related to
inverter modulation index is given by the following equation

m; = —wnls Alig + Kpe (Ai:j - Ai'l-d) + Kic ABa (18)
q

m; = wals Aig + Kpe (Al — Aiig) + Kic AB,.

The linearized state equations of current control are derived
from auxiliary state equation in (17) and the algebraic equations
of the modulation index in, (18) as given by (19).

[m@d] (0] [Aﬁd] N {1 01 9] [Ai;w]
AB, ABy) 01 0 —1] [Aig
Am; Kl'c 0 Aﬁd

= (19)
Am’ 0 Ki||AB,

q
[Kpc 0 —K, —wnL;:| |:Ai';§m:|
0 Ky wnly —Ky Aligg
where, the proportional and integral gains of current control loop
are presented by K. and K;. respectively.

A complete model of PV system is determined by combining
state equations of DC/DC and DC/AC in [21,25]. These converter
models are then integrated into state-space equations of the DC
link (9), power droop (13), voltage (16) and current (19) con-
trollers. Eighteen state variables are considered to obtain a detailed
model of two-stages PV based DG unit. Linearized state-space
model of two-stages PV is given by

+

AXyy = Ay AXpy + Byy Aty + Bypy AV + By, Ay

Aiogg = 20

02.16 Lowa | AXpy

where
T T
Uy, = |:ﬂvg ﬂvé‘c] AV, = [ﬂl'bpud ﬂvbmq] B
[Aiy  Aly Avy Avy Apy, ASp, Appy AQpy A@puy A¥pug
APpud APpyg Allg Alig Avgy Avgg Alpg Alsg]”
L
Kppl‘ﬂlORb

1
I
D 0 -
| =
L 0 Kppolno J
Cy
01551 01551
|_916x1 Dlﬁx1-|
1 0 051

vav = Lc B Bmpu = -1
0 1 0121

The synchronization signal for PV based DG unit is provided
by BDG which is presented by Acwyr. By substituting Ay values
as given in (6), the state equations of PV based DG unit can be
rewritten as

AXy, =

Kppy UnoRey — IspRay + Vm)'l

Bpy =

AXpy = Apy AXpy + Bpy Ay + By AVygy + Bopy Copea AXepe 2
Alodg = | 0415 L2 | AXpv-
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Fig. 4. FOC method for generator side converter [ 18,28].

Output currents of PV system have to be aligned with common
reference frame as given by

Alopyng = Cpvpg AXpy (22)

where Cpypg = [szs Tes Oz2x10 Trll-

The local bus voltage is one of the input variables for the state-
space equations of PV based DG unit. Transformation of bus volt-
age variables from common to individual reference frame can be
conducted by substituting (1) to (21) as given by

Uppys 9 .
L”P d] =T, 'RyCpung AXpy + T [Ad,,] — Ty 'Ry [ Aliang)
"bptq

+ T 'Ry {[ Alung ], — [Qining],, | - (23)
By substituting (22)and (23) into (21) and considering that the
A8y, part has been integrated to the state matrix of PV based DG

unit, the complete state-space model of two-stages PV based DG
can be stated as

Aiw Apv_nc AXpy + BpvAupy + Bpviine A Xiine

~+ Bpvioad AXjead + Bpv_epc AXepc (24)
Aigpvng = Cpupg AXpy

where ﬂw_nc 1= ﬂpv -+ RNTf 1B\'|WCIWDQ_‘- prline = RNTf 1B\vae
Bpvioad = RnT; "Bupy . Bpy 8pc = BupsCenca.

2.5. State-space model of fully rated WECS

The fully rated WECS mainly consists of a wind turbine, induc-
tion or synchronous generator, back to back AC/DC/AC inverter and
associated controllers. The two-stages AC/DC and DC/AC converter
system facilitate the interface between generator and grid side of
fully rated WECS while providing decoupling between those two
elements. Hence, for small variation of wind power, the dynamics
from the generator side due to wind fluctuation will not influence
the dynamic of the grid. Moreover, the interfacing power elec-
tronic device is enabled to facilitate the variable speed operation
capability of the generator which allows the effective regulation
of voltage and power output [26]. Small-signal model of back to
back AC/DC/AC inverter is obtained from integration of the subsys-
temn in [22,27] and [25]. While, the linearized induction generator
model is derived from [18,19]. A complete model of fully-rated
WECS is determined by integrating the WECS state-space model
in [15] with its associated controller. The controllers in fully-rated
WECS is comprising of generator-side AC/DC converter and grid-
side DC/AC inverter controllers.

Flux oriented control (FOC) strategy as shown in Fig. 4 is applied
to the generator-side AC/DC converter to facilitate variable speed
operation of induction generator, maintain generator voltage sta-
bility and perform DC link voltage regulation [28].

Reference of DC link voltage is determined from d-axis stator
voltage reference value and nominal modulation index of AC/DC
converter as given by [29]:

V6

Age ref = AV pef- (25)

Mg _rec

The calculated reference values of DC link voltage is then com-
pared with the measured DC link voltage and regulated through PI
controller. Auxiliary variables (y ) of the corresponded control loop
is denoted by
dy dy V6
E = Avye o — Avge — E = m_‘mﬂl’ds_rej' — Avg,. (26)

State-space equation corresponded to the d-axis current refer-
ence (Ai} ) can be stated as

[A})] = [0] Ay + [ 1] Avggy + [% Avgs_ref

(27)
AI—:{s = [KH ] Ay + [—Km] Avdeoue + %] Avds_ref .
The quadrature axis, g reference current (A, ) is derived from
torque-speed characteristic curve [18]. Electromagnetic torque
equation can be simplified by assuming that rotor flux of induc-
tion generator is aligned to the direct axis (y+ = 0) and optimal
operation of a wind turbine is attained [28]. The linearized g-axis
reference current can be stated as

2ew,0K,pe X, KirKopeaw X
di;s _ ( wrf. opzr rr) Awy + i oprfro rr Ay
LaosXim (f305) X3

KmKoprwrzoxrr KmKoprwfoxrr\/E
T, AVdgour + T s AVds_ref -
(i50s) X3 (i50s) " XAmao

(28)

Reference currents are compared to measured dg axis stator

current and regulated by PI controller to generate a control signal

for AC/DC converter (mj,). Auxiliary variables (p,.q) for calculat-
ing modulation indices of the AC/DC converter is denoted by

dpu' £ : dpl"' s o
dfd = iy — lsa, dr" = iy, — fgg- (29)
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Byintegrating(27)-(29), state-space equations of FOC are given
by

[Af;’u-d] _ [U 9:| {Aﬁ'u'd
Apuyg 0 0] | Apug
Isa
isq

+ Biroc ‘ Ay ‘! + Baroc [Avy]

Auvge
L AwJ (30)
[ﬂmm] _ [Kfz 0 [Af-’u-d]
Ay 0 Kip] [ APug
A%
+ Droc1 A?;’ + Drocz [ Ae] + Drocs [Al";j]
Algg
_Aiqu
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Similar control algorithm as in two-stage PV system is adopted
in WECS DC/AC inverter control. A complete state-space model for
fully rated WECS is then derived from the integration of induction
generator model [18,19], AC/DC/AC inverter model [25,27], gener-
ator side (FOC) controller in (27) and (30), and grid side controller
(13), (16) and (19). Twenty-eight state variables are considered
to determine a detailed model of WECS-based DG unit. Linearized
state equations of WECS are given by in(31).

AXy = AyAXy + By Aty + By AV + By Awys

. (31)
Alowdq = [szzﬁ [2>-:2] AXw
T
where Au, = [Al-‘sd Avgy Avy Avyy AT, Av;] LAV =
T
[Al"bu'd Al“bu'q] *
[Aiy Al Ay Aby Aoy Ay Apus Apug
AXy = Alig Al Avgin Avgin AV AS Ap Ag Aps  Agyg
. . . . . T
APs APy Aly Avge Al Mivg AVawd AVawg Alowg Alawg ] -
025\[ 025\[ D
1 13x1
— 0
By, = L ‘Bw-:[—l]
0 1 Duasr

3

While, the detailed presentation of B, is derived from [18,19].

The synchronization signal for WECS based DG unit is provided
by BDG which is presented by Acw,,. By substituting Aw,,r values
as given in (6), the state equations of WECS based DG unit can be
rewritten as

AXy = Ay AXy + By Aty + Buy AVpw + BowCancz AXanc

. (32)
Alowdq = [szzﬁ I x2] A

Output currents of WECS have to be aligned to the common
reference frame to facilitate synchronization with other DG unit.
The transformation of WECS output current from individual to
common reference frame is given by

AiawDQ = Cupq AXy (33)

where Cupg = [szm Tes 02412 Tr]-

Similar procedure as in PV system is conducted to determine
the connection between WECS, DE and line impedance. Complete
state-space model of WECS can be stated as given by

AXy = Aw_pcAXw + Bw AUy + Buwiine AXjine
+ Buioad AX10ad + Bw_spcAXgDc (34)
ﬂ'iowDQ = CupgAXy

where Aw pc = Aw+RyT; 'BvwCwpo. Bw 806 = BowCancz. Buline =
RNT; "Buw. Buioaa = RyT; 'Byw.

2.6. Comprehensive state-space model of hybrid MG, small-signal
stability and modal interaction

The proposed modelling procedure can be expanded for con-
structing a MG system which is consisting of a number of DG
units. [n general, the detailed state equation of n DG units and one
reference DG unit can be rewritten as

Axpcr = ApciAXpei + Boci Atiper + Boct_tine AXiine
] + Bog1_rer AXperer + Bpei1 10 AXio

AXpez = Ape2AXpe2 + Bpez Apez + Bpez_tine AXiine
+ Bpgz_rer AXperer + Bpez 1o AXio

S (35)

AXpen = Apcn AXpen + Boen Atinen + Boen tine AXiine
+ Bpcn_rer AXpcrer + Bpen 1o A X0
AXpret = Apcrer AXpcret 1 Bocrer Atipgret
+ Bogref tine AXiine + Bperef 10 4Xio

where Apgn and Apgres represent state matrix of a particular and
reference DG unit respectively. The input matrices of a particular
and reference DG unit are presented by Bpgn and Bpgrer respec-
tively. Connections between a particular DG unit with the refer-
ence DG, distribution lines and load are stated by input matrices
of Bpen_tine. Bocn_rer and Bpen_jo respectively. Moreover, the generic
state-space equations of line impedance and load are derived from
(3)and (5) respectively.

Considering that the n RES based DG unit, one reference DG unit
supplied m number of loads through k line impedance model, the
general small signal model of the MG system can be rewritten as

AxXpe = AygAXye + BucAlpg. (36)
where

T
AXme = [f-“xlzm AXpgz - AXpen AXperer AXiine Axload] ;

T
Ay = [Allnc-] Alpg2 - -+ Allmf] '
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Eigenvalues analysis is carried out to analyse system small-
signal stability. The system eigenvalues (1) reveal important in-
formation corresponded to oscillatory frequency (f) and damping
ratio (¢ ) of the modes. Moreover, contributions of state variables
are monitored through participation factor analysis.

The complex design of MG controller influences the dynamic
behaviour of sensitive modes. The interaction between eigenvalues
may happen since those two modes might be located closely.
They approach each other and align with a certain point known
as interaction or resonance point. Around a resonance point, the
more oscillatory condition might be observed. Hence, the modal
interaction could be a concern since it might be a precursor to
system instability. As modal interaction happened, the engaged
modes become very sensitive and depart oppositely to parameter
variations.

3. Simulation results

A hybrid MG model consisting of three DG units; WECS, PV
and BDG is investigated in this study as depicted in Fig. 5. Two-
stage converter system comprising of DC/DC and DC/AC formed a
PV based DG unit. While, typical fully rated WECS incorporating
DC/AC/DC converterwas selected due to its superior characteristics
in providing full power conversion and variable generator speed

operation capability [ 28,30]. Mitigation of high order harmonics of
DG units’ output current and voltage are handled by interfaced low
pass filter. BDG is connected as areference DG unit which provides
a synchronization signal for other DG units and additional power
when the generated power from PV and WECS are not sufficient
to supply the load. In the investigated MG system, three line-
impedances are considered to connect each DG unit with the single
load bus. Moreover, an aggregated static load is considered in this
study.

It is expected that the detailed MG model would provide more
accurate results correlated to the ability of the proposed model to
capture various dynamic response from different RES based DG
units (WECS, PV and BDG). On the other hand, it is difficult to
observe the typical dynamic behaviours from different DG unit
architectures using simplified model as presented in the litera-
ture [5,14,17,20,31-33]. The analysis of MG small signal stability
using the simplified model results in similar dynamic responses for
all the inverter based DG unit. Therefore, the simplified approach
is not sufficient to present or to model a system with different type
of RES based DG units.

3.1. Eigenvalues analysis

A complete state-space model of hybrid MG was constructed.
The capacity of each DG unit in the proposed MG; WECS, PV and
BDG, is 3 MVA which provides a power supply for 5 MW load
through the distribution network. Parameters of WECS and DE
were derived from [29] and [19] respectively. The parameters of
power electronic devices, low pass filter and line impedance are
presented in Appendix.

This study focused on low-frequency critical modes, which sig-
nificantly affect the MG stability. The low-frequency critical eigen-
values are mainly originated from the power-sharing controller in
the frequency range of 2-10 Hz [8,34]. According to participation
factor analysis, active power, phase angle and reactive power state
variables from PV and WECS contributed to modes of 442 43 and
)45 45 Tespectively. [t was also monitored that mode of iy, 43 has
a damping ratio of 17.68% while )45 45 is characterized by 4.13%
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Fig. 6. Trajectories of sensitive modes when (a) active power droop gain (n, ) varied

from 1.57 % 1077 rads/W to 1.05 » 107% rad/s/W and (b} reactive power droop
gain (ng) varied from 4.2 > 10~ V(Var to 8.8 x 10~ V{Var.

damping ratio. This indicated that the risk of instability from eigen-
values of J 45 45 is higher than that from A4, 43. Moreover, since the
investigated modes were situated closely, similar state variables
might participate in those neighbouring eigenvalues. It can be
denoted thatin this situation, the eigenvectors of the corresponded
modes might be similar [35]. As a consequence, the interaction
between those modes potentially occurred. The interaction event
might lead to more oscillatory conditions which result in deterio-
ration of system damping or even unstable situations.

Trajectories of sensitive modes from RES based DG unit under
variations of gain control parameters are presented in this study.
Small variation of droop gain, proportional and integral gain con-
trol in a certain range are considered. Fig. 6(a) shows root-locus of
the investigated modes due to the variation of active-power droop
gain (n,) of PV and WECS. As n, decreased, modes of 4.4, 43 moved
to the right, implies a deterioration of dynamic response. On the
other hand, enhancement of oscillatory condition was monitored
indicated by the left movement of A 45 45. Oscillatory frequency of
Jas.45 drastically decreased from 7.408 rad/s or 1.17 Hz to 4.01
rad/s or 0.63 Hz at lower values of n,. While the frequency of mode
J.42.43 did not change significantly around 10.682 rad/sor 1.701 Hz.
Furthermore, it was suggested that stability could be maintained if
droop gains were set more than 9.4 %10~ % rad/s/W.

Trajectories of sensitive modes due to the variation of reactive
power droop gain (n,) s depicted in Fig. 6(b). Enhancement of
system dynamic response was monitored, designated by extensive
left movement of J45 45 across the imaginary axis. Critical mode of
J.42.43 was also influenced. The slight left motion of the 43 43 was
observed during this variation. Moreover, system stability could be
maintained if the nq was tuned less than 2 10~* V/Var.
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Fig. 7. Trajectories of sensitive modes when proportional {Kw ,,.,KM,,.} (a) and
integral (Kj,.. Ki...) (b) gains of WECS voltage and current controller were varied.

Investigation of low-frequency critical modes was then con-
ducted by a varying gain of WECS voltage (Kpyu, Kivw ) and current
(Kpcuw . Kicw ) controller loops. As depicted in Fig. 7(a), eigenvalues
of A4243 departed toward left half plane due to Kp.. and Kpe.w
variations. Conversely, dynamicresponse of .45 45 deteriorated sig-
nificantly as Kj,,,, and K, were varied. From this variation, system
stability boundary was determined. Stability could be maintained
if Ky, and K., were tuned in the range of 1 to 1.5. Moreover,
small-signal stability corresponded to DG units output power due
to K;,,, and K., variations is shown in Fig. 7(b). As Kj,,, and K;.,,
were varied the observed modes departed to the left. This indicated
damping enhancements of corresponded eigenvalues.

In Fig. 8, different circumstances were observed as proportional
(Kpupo . Kpepe) and integral (Kiypo, Kicp ) gains of PV voltage and cur-
rent control loops were varied. The trajectory of low-frequency
critical modes under K,,,,, and K, variations is shown in Fig. 8(a).
Primarily, the eigenvalues of )4, 43 departed to the left-hand side.
However, as the gain controller was continuously increased, the
investigated modes of )4 43, start to move towards the imaginary
axis, indicating deterioration of system dynamic response. On the
other hand, only small movement of modes of 445 45 was moni-
tored. Moreover, small-signal stability corresponding to DG unit
output power due to Kj,p, and Kicp, variations is shown in Fig. 8(b).
As K, p, and Kj,, were varied the observed modes departed to the
left, indicating damping enhancements of the system. To maintain
a stable condition of PV output power, K, and Ky, should be
tuned more than 0.3 as depicted in Fig. 8(a). While, as shown in
Fig. 8(b}, the risk of instability potentially occurred when Kj,,, and
Kicpr were set less than 2.

Dynamic features of power electronic devices were character-
ized by higher frequency of oscillation. The sensitive modes of
these devices were represented by voltage and current of DC link
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and inverter state variables. Fig. 9 represents root loci due to the
variation of FOC gain. As the gain of the controller varied, the
modes corresponded to DC link voltage and current from WECS
(A20.21), drastically moved toward to imaginary axis, indicated
deterioration of system stability. Moreover, it was also observed
that system be unstable if the proportional gain of FOC (Kyrc)
was tuned above 0.15. Dynamic response of DC link voltage and
current of PV (Az6.27) due to the variation of proportional DC link
control gain (Kupc) is shown in Fig. 10. It was clearly seen that as
Kppc increased, system small-signal stability deteriorated severely.
Instability possibly occurred when the Kypc was tuned beyond
0.0032.

3.2. Time-domain simulation

Time domain simulations in MATLAB Simulink environment
were conducted to validate previous eigenvalues analysis. Small
perturbations of input variables associated with a voltage refer-
ence of WECS (v}, ) and PV (v} ) controller were applied to excite
sensitive modes.

Fig. 11 represents dynamic response of WECS and PV active
power due to the variation of n,. According to the previous eigen-
values analysis, at n, of 7.32 x 10° rad/s/W, the output power of
WECS and PV had an oscillatory frequency of 7.408 rad/sor 1.17 Hz
and 10.758 rad/s or 1.71 Hz, respectively as shown in Fig. 11(a).
Primarily, PV active power oscillated in the 0.58 s time period or
1.72 Hz. While WECS power output oscillated at 0.9 s time period
or 1.1 Hz Since eigenvalues related to PV output power has a
higher damping ratio of 17.48%, the dynamic response subsided
immediately. While lower frequency around 1.1 Hz from WECS
modes persisted until the stable operating point was achieved.

The critical operating point was experienced when n, was
tuned at 9.35 x 10° rad/s/W as depicted in Fig. 11(b). At this
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Fig.9. Trajectories of DC link voltage and current in WECS when the proportional
gain of FOC {Kypoc ) varied from 0.01 to 0.2,
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Fig. 10. Trajectories of DC link voltage and current in PV system when DC link gain
controller (K, ) varied from 0.001 to 0.004.

operating condition, WECS and PV active power oscillated contin-
uously. Primarily, PV output power oscillated at 0.6 s time period
or 1.67 Hz. According to root loci in Fig. 6(a), at the critical points,
positions of J4s 45 was closer to the imaginary axis than modes
of J42.43, denote the less damped condition of A45 45 than A 43,
Hence, the oscillation associated to A4z 43 dissolved immediately
and then two modes started to oscillate together in the 0.9 s time
period or 1.1 Hz.

3.3. Power sharing and small-signal stabil ity

The dynamic behaviour of MG is not only influenced by the
setting of gain parameters such as droop, voltage and current
controller gain but also influenced by parameters of the converter,
line impedances and load. Higher R/X ratio of line impedance result
in more system damping hence it can enhance the MG dynamic
response. Conversely, increasing line resistance value affects the
accuracy of power-sharing and voltage profile within MG [8].

Converter parameters such as the inductance values and cut off
frequency of low pass filter (LPF) also influenced the dynamic re-
sponses of MG. A compromise betweenenhancing dynamic system
dynamic response and providing better harmonic rejection capa-
bility has to be considered in selecting the LPF parameters [36].
Even though converter and line parameters influenced the MG sta-
bility performance, those parameters can be considered constant
according to their primary design. The presented work is focused
on the investigation of oscillatory conditions in a MG system under
different gain settings involving droop, voltage and current gain
control settings. A detailed explanation of gain control impact on
MG stability is important since MG mostly powered by RES with
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Fig. 12. The damping ratio of the low-frequency critical modes in different power
sharing schemes.

fluctuating nature characteristic. Therefore, proper gain control
adjustments and settings should be better understood to ensure
accurate power-sharing and stable MG operation.

MG is demanded to deal with all possible power-sharing strate-
gies. [t was considered that generated active power from WECS and
PV were varied by gradually adjusting active power droop gain in
each DG unit. While lack of supplied power from those DG units
is handled by BDG. In practice, minimum allowable output from
BDG is around 30% of its nominal rating (under-loading operation
of diesel engine less than 30% for extended periods can impact
uptime and engine life). Therefore, in this study it is considered
that the diesel engine generator is operated around 30%-50% of its
nominal rating. Fig. 12 shows damping ratio of sensitive modes in
different power sharing schemes. [t was observed that at higher
WECS and lower PV power-sharing, eigenvalues of 445 43 and A45 45
had 4.23% and 29.36% damping ratio respectively. MG dynamics
response enhanced as power portion of WECS and PV were de-
creased and increased respectively. The damping ratio of A4 43
significantly enhanced to 23.11%. While damping ratio of modes
of A 45 4sdecreased moderately to 21.86%.

Fig. 13 depicts MG dynamic responses associated with differ-
ent power-sharing scheme among DG units. The presented result
confirmed the previous eigenvalues analysis in Fig. 12. As shown
in Fig. 13(a), when MG was operated with dominant power from
WECS and 40% nominal rating of BDG (1.25 MW), less system
damping was monitored. The less damping situation was reflected
by more oscillatory condition when the MG was subjected to small
disturbance. Fig. 13(b) presents equal contribution from WECS and
PV based DG units with BDG was operated at 45% of its nominal

rating (1.33 MW). From this figure, it can be observed that more
damped situation than in Fig. 13(a) was monitored. Enhancement
of systemn damping was further monitored when dominant power
contribution from PV and higher power injection from BDG ( 1.48
MW or 50% from its nominal rating) were considered, as shownin
Fig. 13(c).

3.4. Modal interaction

The modal interaction could be a concern since it may cause a
resonance phenomenon which deteriorated system stability. Inter-
action among neighbouring modes may emerge due to a variation
of system parameter such as a gain controller, load changing and
disturbance. Since modes of A43 43 and A5 45 situated closely, they
could potentially interact. To investigate interaction scenarios,
trajectories of the corresponded modes due to the variation of
active power droop gain np in different WECS (Kpyw . Kpcw ) and PV
(Kpype - Kpepy) voltage and current proportional gain tuning were
investigated.

Fig. 14 shows trajectories of investigated modes in different
Koy Kpcw and Ky, Kooy Setting during n, variation. It was ob-
viously shown that with similar n, variation, different gain set-
ting significantly influenced the eigenvalues movements. [t was
observed in Fig. 14(a), primarily, two eigenvalues came closer
and interacted when Ky, and Ky, were tuned at 1.04. Around
interaction point, as marked by a circle, those two modes moved
oppositely. Modes of A4, departed to the left while 245 moved to-
wards the right side of complex the plane, indicated enhancement
and deterioration of system stability respectively. A similar trend
was observed in Fig. 14(b). It was shown that after the interaction,
PV modes moved to the right remarkably. Moreover, for lower
np, the corresponded modes be unstable. The modal interaction
emerged at Kp,p, and Kpq, setting of 0.35.

The effect of modal interaction on the oscillatory condition in
a MG system is visualized in time domain simulation as presented
in Fig. 15. The occurrence of modal interaction under variation of
WECS gain control is depicted in Fig. 15(a). When proportional
gains control of WECS (K,,,.,,. Ky, ) were tuned at 1.01, the more
damped situation was observed. In this gain control setting, the
two investigated modes were far away from each other. Therefore,
modal interaction did not take place. As the gains control of WECS
and PV were tuned at 1.04, the more oscillatory condition was
observed. At those particular gain setting, the two modes become
closer and start to interact. Around an interaction point, as marked
by a circle in Fig. 14, the engaged modes were very sensitive
to small parameter variations. When Kj,,,, and K, were further
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Fig 14. Trajectories of modes due to the variation of active power droop gain in the various setting of {a) WECS and (b) PV control gains.

increased to 1.06, a significant deviation of the root-loci was mon-
itored. The two modes departed oppositely. One of the interacting
modes departed to the left, yielded an enhancement of system
oscillatory condition. While the other modes significantly moved
toward the right-hand side of the complex plane. Those low-
frequency modes which related to PV based DG unit dominantly
affected the system stability. As a consequence, more damped
condition subsided immediately and replaced by the less damped
situation with similar oscillatory frequency as modes of PV.

A similar situation was monitored when PV gains control
(Kpupy » Kpeps) were varied. The occurrence of modal interaction
under variation of Kp,p and Kpep, 1s depicted in Fig. 15(b). Far from
the interaction point, when K, and K, were tuned at 0.31,
the more damped situation was observed. The modal interaction

was identified at the setting of Kj,,,, and K,,, of 0.35, indicated by

the more oscillatory condition. Around an interaction point, small
perturbation or variation of system parameter result in significant
deviation of the engaged modes. One of the interacting modes
departed remarkable toward the right half-open plane, resulting
in deterioration of the system stability. Severe deterioration of
the system dynamic response was identified. More oscillatory
condition after interaction event due to a significant decrease of
damping ratio was reported.

4. Conclusions

A detailed small-signal model of a hybrid MG considering
dynamics of power electronics devices and its controllers was
presented in this paper. Low and high-frequency critical modes
corresponding to DGs output power and converter state variables




respectively, were significantly influenced by variation of gain
controllers. Since the different architecture of DG units provides
distinct small-signal stability features, evaluation of MG dynamic
responses in many power-sharing strategies were investigated.
The eigenvalues analysis and time domain simulation suggested
that at higher contribution of PV and BDG based DG units, an
enhanced system dynamic response was monitored. Moreover,
the modal interaction potentially happen due to the proximity
of the low-frequency critical modes. It could be a concern since
it may cause resonance phenomenon which results in more os-
cillatory condition and lead to system instability. Obtained result
regarding the comprehensive analysis of small-signal stability in
autonomous operation of MG contributes to the design considera-
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tion and stability margin prediction of hybrid MG system.

The modal analysis is sufficient to investigate the oscillatory
stability in hybrid MG under small variations of gain controllers.
However, the presented method is not suitable for observing the
dynamic behaviour of the MG system when it was subjected to
unbalanced situations. The time domain simulation and Prony
analysis methods are required for investigating the small signal
stability performance of MG under unbalance situations. More-
over, the uncertain condition of RES and load have to be considered
in investigating the MG stability. In future works, the effect of
imbalance and uncertainties circumstances will be investigated to

provide more practical and realistic scenario of MG operations.

Appendix

System parameters

Farameter Symbol Value
Rated Voltage Viase 690V
Parasitic resistance of DC(DC inductor Ry 1me
DC/DC inductor Ly 2 mH
Parasitic resistance of DC/DC capacitor R 1mi2
DC/DC capacitor Ci 1000 . F
ACinput side Inductance of AC(DC Ly 1 mH
AC input side capacitor of AC/DC Cier 1000 F
AC Side Resistance of AC/DC converter Regew 10 m2
DC Side Capacitor of DC/AC converter Ceoutw 1000 . F
DC Side Inductance of DC{AC inverter Lejew 643 mH
DC Link inductance Ly 001 mH
DC Link resistance Ry 1m
DC Link Capacitance Cy 6500 uF
Low Pass Filter Inductance Ly 1 mH
Low Pass Filter Capacitance Cy 100 L F
Low Pass Filter Resistance Ry 1ma
Coupling Inductance L 0.1 mH
Coupling Resistance R; 1ma

X 10B
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— Kppv=0.31
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2.34 1 I
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System parameters
Parameter Symbol Value
Load Resistance Ry, 0.95 0
Load Inductance Ly 10 mH
Line Resistance {bus 1,2 and 3) Ry 10 me2
Line Inductance (bus 1,2 and 3) Ly 1 mH
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