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Abstract: Implementation of power electronic devices has introduced novel challenges in microgrid (MG)
operation and control; and hence the condition of power electronic devices should be monitored for stable
operation of the entire grid. This paper presents detailed small signal model of the MG based upon
Renewable Energy Resources (RESs), focusing on the dynamic behavior of power electronic devices and
associated controllers. Variations on inverter modulation indices and boost converter duty cycles were
applied to observe small signal stability performance of the MG. Eigenvalues and participation factor
analysis were presented to identify weak modes and stability margin. Analysis of eigenvalue loci shows
motion of low frequency loci toward the right-half complex plane as the parameters of power electronic
devices varied. More severe oscillatory behavior was experienced when fluctuation occurred at the grid-
side inverter, which indicates fast degradation of damping and stability margin. The presented work
contributes to help utilities in designing a stable MG for seamless integration of renewable energy into

power systems.
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1. INTRODUCTION

Distributed generations (DGs) based on renewable energy
resources (RESs) have offered viable solution for remote area
electrification. Moreover, increase of local loads with DGs in
distribution system has lead to a configuration of small-scale
power system called microgrid (MG). The MG has been
defined as a system with distributed energy resources,
equipped by energy storage system (ESS) and associated load
with both grid-connected and islanding operation capabilities.
In the grid-connected mode of operation, most of the power
demand is supplied by the main grid, hence a constant power
output from MG should be maintained. During the islanding
or autonomous mode of operation, DGs and energy storage
systems must keep the local voltage and frequency stable.
Power fluctuations in MGs, furthermore, contribute to the
voltage and frequency stability degradation of the entire
system. Except for large disturbances, power fluctuation in
MG can be regarded as small signal stability problem
(Majumder, 2013).

Power electronic devices have played an important role to
admit the fluctuating characteristics of MG. A typical MG
system has incorporated power electronic devices as
interfacing equipment to meet grid voltage and frequency
requirements (Justo et al., 2013). Recent development of PV
technologies has encouraged integration of DC/DC step-up
converter and DC/AC inverter within the system. DC/AC
inverter has been appropriate for fuel cell and ESS. Since then,
back-to-back inverter system has improved performance of the
wind energy conversion system (WECS). In the DC-MG

architecture, DC/DC step-up converter has been embedded to
PV, fuel cell and ESS. Whereas, AC/DC conversion system
has been applied to WECS to produce controllable DC voltage.
Implementation of power electronic devices, however, has
introduced some challenges in MG operation and control.
Power electronic devices are complex active systems which
are sensitive to oscillations resulting from network
disturbances because of their negligible physical inertia
(Pogaku, Prodanovic, and Green, 2007). Fluctuating energy
sources presuppose adjustment in the control scheme of
switching equipment, and hence, the modulation indices and
duty cycle of power electronics devices will be fluctuating as
well.

It is necessary to establish the stability boundary of the DG
interfacing system in order to ensure proper operation and
acceptable stability performance of the grid (Kroutikova,
Hernandez-Aramburo, and Green, 2007). Full order models of
DGs and coupling devices are required to obtain complete
picture, especially for small signal stability concern (Tang,
Deng and Qi, 2014). To date, however, there are lack of MG
models involving dynamic switching action and common
PWM control system associated with power electronic devices
in small signal stability analysis. Presenting power electronic
devices as ideal voltage sources in stability investigation
carried incomplete analysis since it would not contribute to
dynamic stability of the system (Katiraei, Iravani, and Lehn,
2007; Nimpitiwan and Kaitwanidvilai, 2012; Kroutikova,
Hernandez-Aramburo, and Green, 2007).

A small signal stability analysis in a typical AC-MG consisting
of PV, WECS and salient pole synchronous generator is
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addressed in this paper. The analysis emphasizes on power
electronic dynamics in inverting, rectifying and boosting
operations. Duty cycle and modulation indices which indicate
the ability of control scheme of the converter to deliver power
are varied. Stability margin of the open-loop system afterward
will be identified through participation factor and eigenvalue
trajectories analysis.

2. MODEL OF MICROGRID COMPONENTS

Typical model of AC-MGs analysed in this paper consists of
three DGs; WECS, PV and diesel engine generator as shown
in Fig. 1.
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Fig. 1. AC Microgrid Model.

Power electronic devices have become substantial parts in MG
topologies. PV system is equipped with two stages of
converters. The DC/DC boost converter adjusts fluctuating DC
voltage from solar array panels into a desired DC voltage level
and DC/AC inverter then converts the DC voltage into a
specified AC voltage. The WECS incorporates a back-to-back
AC/DC/AC converter to obtain regulated AC voltage with
desired magnitude and frequency.

Averaged and linearized state-space models with variation on
modulation indices and duty cycle will be derived for small
signal stability studies. State-space models of the components
in the entire system are represented on their individual
reference frame hence all DG units need to be aligned into the
common reference frame using transformation technique
presented in (Pogaku, Prodanovic, and Green, 2007). Output
current and input bus voltage of DG units in common reference
frame are presented as
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where §;refer to the phase angle of individual DGs respect to
their reference frames and

2.1 State-Space Model of DC/DC Step-Up Converter

The DC-DC boost converter has two stages of operation modes
over one period. Duty cycle (d) denotes time range when the
power electronic switch is on. Inductor input current (i),
inductor output current (i;.), and capacitor voltage (v,.) are
chosen as state variables. Input DC voltage (vg) is dictated as
input variable. Complete model of DC/DC boost converter is
obtained through the averaged technique in (Erickson and
Maksimovic, 2001) given by

(1-d)Rep + Ry (1-d)Rep (1-a)
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(3)
2.2 State-Space Model of DC/AC Converter

For small signal stability analysis, only low frequency model
of inverter is considered, assuming that high frequency
components are attenuated by interface low pass filter
(Nimpitiwan and Kaitwanidvilai, 2012). Dynamic operation of
PWM control can be approximated into discrete switching
function corresponding to the duty cycle and modulation
indices (Abdel-Rahim and Quaicoe, 1996). State variables of
inverter system consist of DC side current (ig), DC side
voltage (v, ), VSI current (iwd,iwq ), coupling inductor
current (ioq, ivd ), and capacitor voltage in the interface low
pass filter (vod,voq) as presented in (Abdel-Rahim and
Quaicoe, 1996) is given by

where mg; and mg; are modulation indices of VSI.
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2.3 State Space Model of AC/DC Converter

State variables of rectifier consist of AC side current (im, irq)
and DC side voltage (V4coyt)- General state-space model of
AC/DC rectifier in the rotating frame reference by ignoring
zero sequence component (Wu et al., 1990), is given below.

R 3
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Nipg |=| @ =% IO A, (401 0 |l
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mel3 w3 Cont
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where m,. is the modulation index of the rectifier.
2.4 State-Space Model of Lines and Load

There are three line impedances which connected each DG
with the point of common connection (PCC). Moreover, all of
DG units supplied a central load, through the single PCC bus.

Linearized state-space model for line (ilka' iqu) and load
(izo D ion) currents in the common reference frame is given by

A = A Mg + Blig Avipipo + BioAV peeno

Axye = [AilinekDQ }T »Avpipo = [Avka Avprg }T
T

(6)
AVpchQ = |:Avpch AVpccQ}
where k indicates the DG bus number. State equation of lines
and a central load are given by
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T
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State matrices of line and load currents in the previous
equations are presented as Ay, and A;, respectively.
Estimation of bus voltages is then obtained by assuming
implementation of virtual resistance (Ry) as presented in
(Pogaku Prodanovic, M. & Green, 2007).

3. MICROGRID STATE-SPACE MODEL
3.1 State-Space Model of Two Stage PV System

State-space model for two stage PV conversion system
composed of DC/DC boost converter and DC/AC inverter is
presented by (3) to (4). Linearized small signal model of the
two stage PV system is

Axpv = Avaxpv + prA"‘pv + vavAVbldq
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Output current of PV system has to be translated into the
common reference frame according to (1) as given by
|:AioDQ _ pv} = va [Axpv} +T1.s |:A5pv:|’ va = |:02><8 TC:I (10)
Reverse transformation into an individual reference frame for
the bus voltage is needed. This transformation procedure can
be conducted by implementing (2) in (9). Equation of input bus
voltage in PV system is obtained as
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where L is coupling inductance between PV system and local
bus. §; is phase angle deviation of the PV system respect to
the common reference frame.

3.2 State-Space Model of Fully Rated WECS System

Fully rated converter model for WECS mainly consist of wind
turbine, induction generator and inverter system. This
configuration has some advantages regarding the capability of
variable speed operation and additional isolation of inverter
system (Ugalde-Loo and Ekanayake, 2013). AC/DC/AC
model can be obtained from integration of (4) and (5).

Induction generator model presented in this paper is adopted
from (Krause Wasynczuk, and Sudhoff, 2002; Ugalde-Loo
and Ekanayake, 2013). Stator and rotor currents in rotating
frame reference (isd, lsqr bras irq) become state variables while
input variables are stator (vsd, vsq), rotor (vm, vrq) and bus 2
voltages (vad, vaq)' The model is completed by mechanical
equations of wind turbine and electromagnetic torque,
respectively, as
dw, 1

o =2 I Te)

(12)

T, =X, (iqsidr _idsiqr) (13)

State-space equation for fully rated converter WECS is derived
from combination of equations (4), (5), (12) and (13).
Linearized state space equations of WECS are presented as

Ax,, = Ay Axy, + By, Auyy, + By Avpo
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Current output and voltage input equations of WECS after
synchronization process are determined as

|:AioDQ _ w:| = Cw I:Axw] + Tc§ [Asvv' :| ’ Cw = |:02><14 Tc :| (15)
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[Avvdeq} = Bwb I:AXW:I + B, [AilineZDQ] + Bé‘w I:Aé‘z:l

e (16)

By, =RyB,,, w> By =RyB,,T,, Bs, =B, (TVRNTcﬁ + Tv5)

&, is the phase angle deviation of WECS system respected to
common reference frame.

3.3 Diesel Engine Generator System

Synchronous generator in diesel DG unit is presented in the
form of non-reduced order involving dynamics at stator, rotor
and damper winding. Rotor is modelled as two ¢ axis
(ikql,iqu) and one d axis (ixy) currents, while stator is
modelled as one g axis (iqs) and one d axis (i) current. Rotor
excitation can be stated as generator field current (ifd). Input
of state-space model are stator (vgs, Vys) and field winding
voltage (V¢4). Output variables are stator current (g, igs)-
Electromagnetic torque is expressed by

T, =(Xw Xy )i_vdiw +X,, (iﬁ, +igy )i_vq - X, (ikq, +ikq2)ixd (17)

Synchronous machine unit is determined as the common
reference frame. Reference frequency for MG system is
provided by these units, hence equations which reveal
relationship between frequency deviation and rotor angle in
synchronous generator should be involved in the state variable.
State-space equation of this DG unit is completed by
connecting diesel unit to local bus 3. Linearized state equation
of synchronous machine derived from (Krause, Wasynczuk,
and Sudhoff, 2002, Ugalde-Loo and Ekanayake, 2013) is
presented as

A)'Cd = AdAxd +BvdAMd

A 1 0 0
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Since diesel unit is operated as reference, translation of output
and input variables in this DG unit is not necessary. Equation
related to output current and input bus voltage for diesel are
given by

[AioDQ_d } =Cy[ Ay ]
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19)

3.4 Connection between Lines and DG Units

Relationship between lines and DG units are provided by bus
voltages. From (6), bus voltages are obtained from
multiplication of aligned output currents from DG units and
the virtual resistance as given by

Axyip = A Axgip + Byj_ pyAx,
Ay = ApAxgip + By, Ax,. By, =RNC,,

A3 = AjsA3 + By gAxg. By g =RyCy

By pv = RNva

(20)

3.5 Connection between Lines and Central Load

Substitution of input bus and PCC voltage with lines and loads
currents in (6), (7) and (8) yield the complete line and load
state equations as given by

AXjine = AlineMine + ByiAljinepo + Bli _1o Alppo

Bj; = Ry Bjjxc s Bl 1o = RnBji _jok (e2y)
Ay, = Aloaa Mo + BioAipadpo + Bio —ii Mlinepo
Bj, =Ry By s By _1i = RN By _jik (22)

3.6 Complete Model of Microgrid

Complete linearized state-space model of MG system consists
of PV, WECS and synchronous generator involving
connection among DG units, network and central load. State
equation of these model is presented as

Ay = AucAme + Bucdipc + Bumc A + BiamG AV pec
T

Axyg = |:Axpv Ax,, Axg Axyy Axloadi|

A"’MG = |:Avgpv Avsdw Avsqw AVrdw
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Apy+ By, 0 Bspy By 0
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4. SIMULATION RESULT

The AC-MG system consisting of PV, WECS and
synchronous generator was investigated. Each DG’s local bus
were connected to PCC bus through appropriate line
impedance. A specific central load was connected to the PCC
bus. Wind induction generator and salient pole synchronous
generator parameters were adopted from (Ugalde-Loo et al.,
2013; Ugalde-Loo and Ekanayake, 2010).

Variation on control parameters of power electronics devices
were applied to analyze small signal stability performance of
the MG. PV system duty cycle (d) and modulation indices
(mp,,). WECS modulation indices both in generator and grid
side inverter (m,,,m,,) Wwere varied to investigate
contribution of fluctuated condition of power electronic
devices to dynamics stability performance in MG system.
Participation factor and trajectory analysis of eigenvalues were
then conducted to obtain important information relating to
system behaviour and response when it was subjected to small
parameter variations.

Investigated MG model had 42 modes, with all loci of
eigenvalues located at open left-half plane as shown in Fig. 2.
This indicated that MG system was stable around its operating
point. Participation factors of these eigenvalues were
considered to investigate sensitivity of different state variables
during selected parameter variations. This analysis showed
that synchronous generator stator currents and load currents
participated more to modes in cluster 1 while output currents



286 Awan Krismanto et al. / IFAC-PapersOnLine 48-30 (2015) 282-287

Table 1. Participation Factors of Low Frequency Eigenvalues.

Modes 414,15 Modes 416,17 Modes 44519 Modes 45021 Modes 47 23 Modes 4,425 Modes 456 27
State P State P State P State P State P State P State P
Vg pv 0.018 Vg py 0.009 Vg py 0.221 V4 py 0.301 Vg w 0.392 Vg w 0.099 Vg w 0.008
linvd PV 0.249 linvd PV 0.249 linvd_pv 0.002 linvd pv 0.001 linvd w 0.081 linvd w 0.198 linvd w 0.223
linvg PV 0.249 linvg PV 0.249 linvg PV 0.002 linvg PV 0.001 linvgw 0.081 linvg w 0.198 linvgw 0.223
Vod PV 0.241 Vod PV 0.245 Vod PV 0.008 Vod PV 0.007 Vod w 0.024 Vod w 0.213 Vod w 0.240
Vog PV 0.241 Voq_PV 0.245 Voq_PV 0.008 Voq_PV 0.007 Vogq w 0.024 Vog w 0.213 Vogq w 0.240

is py 0.000 is py 0.000 is py 0.488 is py 0.430 is w 0.280 isw 0.121 is w 0.067

P: participation factor

from PV and WECS associated with modes in cluster 2.
Eigenvalues in both clusters 1 and 2 were highly damped and
did not contribute to small signal stability of the MG system.
Angular frequency, stator and rotor current of WECS
associated with high frequency of modes on cluster 3. All of
the aforementioned groups of eigenvalues were asymptotically
stable, indicated by their relative fixed positions during small
variation on power electronic devices control parameters. Low
frequency component of eigenvalues in cluster 4 were very
sensitive when system was exposed to small fluctuation on
power electronic devices parameters in PV and WECS system.
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Fig. 2. Microgrid eigenvalues in steady state condition.

Modulation indices and duty cycle of power electronic devices
varied in accordance to different input power of the DG units.
Circumstances related to the variation of these parameters
would impact MG operation especially on the islanding mode.
Specifically, this would cause dynamic condition in DC link
of inverter system and output state variables of the DG unit
which would influence system stability. DC link and output
voltage of DG units should be maintained at specified limits
through power electronics controller, to prevent instability.
Table 1 showed participation factors analysis result which
indicated connection between state variables and the modes
due to variation on the power electronic devices parameters.

Fig. 3 showed trajectories of eigenvalues in the MG due to
small variation on PV system duty cycles of DC/DC boost
converter. As duty cycle decreased from 0.75 to 0.3, trajectory
analysis of modes A;g;9 and A,0,; showed right shift
movement toward open right-half plane. It could be noted that
DC link current and voltage of PV system which participated
dominantly in modes A;519 and A, ,; were highly sensitive
due to duty cycle variation.

Trajectories of eigenvalues during modulation indices
variation in PV system DC/AC inverter is depicted in Fig. 4

consisted of medium frequency and low frequency oscillation
modes. Loci of eigenvalues became more sensitive than in
previous fluctuation. It can be seen that two of four pairs loci
eigenvalues, i.e., A1g19 and A,q,; shifted toward the right of
imaginary axis while the other pairs of 114 15 and 1,4 1, moved
toward left as modulation indices decreased from 0.785 to 0.3.
Medium frequency oscillation modes, marked with A, 15 and
A16,17, shifted toward left side of open left-half plane. This
revealed that during modulation indices fluctuation, inverter
current and output voltage in PV system became more stable.
Low frequency modes however, experienced degradation of
stability limits during these variations. DC link current and
voltage which referred to modes A;519 and 4,4,; moved
toward open right half plane. Extensive motion of A;g49 to
zero axis implied rapid deterioration of damping and increased
of oscillations would occur in low frequency region.
Furthermore, this eventually tended to instability.
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Fig. 3. Low frequency eigenvalues in PV duty cycle variation.

Loci eigenvalues shifting due to variation on control
parameters of power electronic devices in WECS was system
depicted in Fig. 5. As modulation indices of grid-side DC/AC
inverter in WECS was varied from 0.785 to 0.3, both DC side
and AC side of WECS were impacted. Improvement of
stability boundary were experienced by inverter current and
output voltage in modes A,4,5 and A4 57, indicated by left
shift movement of the eigenvalues. On the other hand, DC link
voltage and current between AC/DC and DC/AC in WECS
faced fast stability degradation. It was represented by
extensive right movement of modes 4,; ;3. This might result
in more oscillatory condition in DC link current and voltage.
However, when dealing with variation on induction generator
side AC/DC rectifier, eigenvalues A,; 53, Ad425, and Ay¢ 57
were relatively remaining in their idle position. It could be
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noted that small deviation on this rectifier circuit would not
contribute significantly to the MG’s small signal stability.
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Fig. 4. Microgrid eigenvalues in DC/AC PV system
modulation indices variation at (a) medium, (b) low frequency
modes.
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Fig. 5. Low frequency eigenvalues in WECS modulation
indices variation in the grid-side converter.

5. CONCLUSIONS

A detailed small signal model of RESs based MG focused on
dynamic behaviour of power electronics devices is presented.
Small signal stability analysis is conducted to investigate
damping and stability limits during applied small fluctuation
on inverter duty cycle and modulation indices. Eigenvalues
and participation factor analysis are then carried out to
recognize weak modes of MG system. The simulation results
reveal new concern on small signal stability in the MG. It is
monitored that variation of control parameters of power
electronic devices causes fast damping degradation of DC link

and output variables of DG units. Furthermore it can lead to
instability when variation occurred in the grid-side inverter.
This should be considered to provide reliable control system
ensuring stable operation of MG. This paper provides general
theoretical approach on the influence of power electronic
devices in small signal stability. It contributes in the design
consideration and the prediction of stability margin of an MG
system.
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