Chapter 3

Small Signal Modelling

The previous chapter gives the existing background in literature for the research
work carried out in this thesis. This chapter focusses on the small signal analysis of the
microgrid system while obtaining the state space representations of complex AC
microgrid system and DC microgrid system. The detailed mathematical formulation of
these systems with the transfer function modelling has been analysed. The chapter also
includes simulation results obtained in MATLAB 2016a environment for the small signal

modelling with certain state perturbations.

3.1 Preliminaries

Some of the preliminaries to small signal modelling of AC and DC microgrid

systems in both autonomous and grid-tied mode have been discussed in this section.

3.1.1 Reference frames

The mathematical modelling in power system analysis has been greatly simplified
with the transformation theory wherein the dependent variables can be decoupled for
solving time-varying complex electrical equations[75]. The three commonly used

reference frames are:

= Three phase reference frame (ABC-Frame): The three axis are coplanar and at 120

degree from each other.
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= Two phase stationary reference frame (of-Frame): Two axis are coplanar and
perpendicular(orthogonal) to each other.
= Two phase synchronous reference frame (dg-Frame): d-axis is at 0 degree(rotating

angle) to o axis and g-axis is perpendicular to d-axis.

Among the various transformations available, the most commonly used are; Park
Transformation and Clarke Transformation [77]. Mathematical interpretations of these

transformations has been discussed below.
Park Transformation

The two axis orthogonal stationary reference frame quantities are transformed to
two axis ortogonal rotating reference frame by Park Transformation.
Xq = Xq COS 6 + xp sin 6
Xq = Xg C0S 6 — x4 5in 6 (3.1)
where, x,4is the rotating two phase quantity and x. is the stationary two phase quantity.

6 is the rotating angle.

da) =[5V cosel1F) 2

Where [ CO.S 6 sin 6)]is called the Park matrix.
—sin@ cos@

Clarke Transformation

The three phase quantities are transformed from three phase reference frame to two

phase stationary orthogonal reference frame by Clarke Transformation.
2 1
Xa = Exa - g(xb — X¢)

Xg = %(xb - X¢) (3.3)
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where, x,is the three phase quantity and x, is the two phase orthogonal quantity.

, 1 —-1/2 -1/2

R I I (34)
, 1 —-1/2 -1/2

where = X

is called the Clarke matrix.
3710 V3/2 —/3/2

ABC FRAME

CLARKE
MATRIX

aB FRAME

PARK
MATRIX

dq FRAME

Figure 3.1. Frame transformation

The inter-conversion between the three reference frames as in Figure 3.1. is self-
explanatory [77]. Further, the transformation of three phase quantities from ABC frame

to dq frame is a result of a combination of both Park and Clarke matrices.

3.1.2 Operating point evaluation in linearization

In this thesis work, the small signal modelling of a complex microgrid system by
evaluating the complete state space model of microgrid system is initiated by determining
the Operating point to linearize the non-linear model in its neighbourhood [78]. Given a

non-linear set of state equations, the general form is given as;

x=f(x,u); y=g(xu) (3.5)
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To find the linear equivalent of these non-linear equations, it is desired to evaluate
an operating point about which the model can be safely considered as linear. These set of

operating points (Xo,Uo) are calculated as;

0= f(Xg,Up); Yo =9(Xg,Up) (3.6)
Thereafter, the model is linearized by finding the deviation about the operating point as;
AX=X—Xo; Au=u—uy; AY=Y—Yp

There are several stable operating points about which a non-linear model can be
linearized but once linearized the system stability can be analyzed only in the vicinity of

that specific operating point around which it has been linearized.

3.1.3 State Perturbation

State perturbation is the analysis of perturb in the matrices constituting the state
space representation of a system so as to study the impact of such a perturbation on the
overall system dynamics. Such a perturb may occur due to variations in system parameters,

component variations, uncertainties in loading, changes in operating conditions etc.
Given a state perturbation of AA in state space, as;
%= (A+AA)x (3.7)

The perturbed eigen-triplets; i.e., eigenvalue AA, right eigenvectors A@g and left

eigenvectors A@, of the perturbed system are given as;
(QL + A@L)(A + AA) == (QL + A@L)(/l + A/l) (38)

(A + AA)(Dr + ADR) = (A + AN (Dr + ADR) (3.9
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The perturbations in state space modelling may even affect the small signal stability
and hence, needs to be considered while evaluating the complete state space modelling of
the complex system i.e., isolated microgrid system [16,79]. While a small state
perturbation, AA may not alter a stable system, but the stability of a marginally stable
system or systems on the boundary, such as those with very small real-valued poles, may
shift towards the right half of s-plane and, hence system may become unstable. This is

discussed in case 4 of Table 3.1 under ‘Simulation Results’.

3.2 Small signal modelling of AC microgrid

MAIN GRID
\I

PCC Line Impedance
R;{-m Ll’me '
S -ili-ne-12 -------

Local Bus Local Bus
1 2
DER 1 Load 1 DER 2 L02ad

Figure 3.2. AC Microgrid Architecture.

In this work, a small signal model of an AC Microgrid system using conventional

droop controlled invertor system has been developed. The individual DERSs are connected

to the load through a voltage source inverter circuit such that the gating pulses are
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controlled through an inner and outer loop droop controller. The architecture of the

microgrid is discussed in next section.

3.2.1 AC microgrid architecture

The microgrid architecture considered in this work is represented in Figure 3.2. It
consists of two DERSs connected to their individual local buses through LC filter and
coupling inductances. The two local buses are coupled through a line of impedance
Riine+jXLiine. When the Point of Common Coupling (PCC) is closed, the AC buses are
connected to the main utility grid and hence, the microgrid works in ‘Grid-tied mode’.
Whereas, when PCC is open, then the microgrid is cut-off from the main grid and is in

‘Autonomous mode’.

Although the small signal model of Microgrid exists in the literature as discussed in
Chapter 2, the small signal model with necessary mathematical formulation has been
obtained in this chapter for ease of the reader, as it is required in subsequent order
reduction analysis in the preceding chapters. The small signal modelling of the system in

Figure 3.3., requires the state space analysis of the two inverters, loads and line dynamics.

3.2.2 State space modelling in autonomous mode

Figure 3.3 shows the block diagram of an autonomous DG based inverter. The DG
is connected to the load and common bus through a Voltage Source Inverter (VSI). The
control strategy is this block diagram is implemented by three control loops: (a) outer
power loop, which evaluates the desired frequency and voltage of the inverter through
droop control technique; (b) Inner voltage control loop, which gives the reference currents

through inductor; (c) Inner current control loop, which evaluates the reference voltages
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to direct the State Vector Pulse Width Modulation (SVPWM) block to generate signal for

the inverter [80].

The basic idea behind power sharing in the power controller block is to compensate
any increase in the load side, in accordance with droop characteristics, through decrease
in the frequency and voltage amplitude of the system [7]. The instantaneous active and
reactive powers are calculated from the output currents and voltages. The average powers
corresponding to the fundamental component are then obtained by passing these

instantaneous powers through low pass filter with cut- off frequency of w..

The reference frequency and voltage signals are therefore generated using

conventional P —w and Q — V droop characteristic equations, such that,

Cl)r =C£)n _mP (3.10)
Voq' =Vogn —NQ (3.11)

where, m and n are the static droop gain.

A dg-based Phase Locked Loop (PLL) with conventional PI strategy was chosen to
measure the frequency of the system. The input signal to PLL block is the d-axis
component of the voltage measured across the filter capacitor. In voltage control loop,
the reference signals obtained from power controller are compared to the measured
angular frequency from PLL block and measured q axis voltage by using conventional Pl
controllers. The reference inductor currents generated by voltage controller are compared
by their measured values to obtain an error signal which thereby produces set-point
voltage for input to SVPWM block. Reduced Total Harmonic Distortion (THD),
simplified DSP implementation and fast processing makes, Space Vector Pulse Width
Modulation advantageous over other PWM techniques. It lowers the frequency oscillation

and is thus used in these microgrid systems.
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3.2.2.1 Local to global reference frame transformation

Generally in a microgrid system modelling, the load and line dynamics are referred
in global reference frame, whereas each inverter is mathematically modelled in its own
local frame (d-g). The individual inverter state equations are derived in terms of their
individual local reference frame [10]. The input and output quantities of individual
inverters can be transformed from their individual frame to a common reference frame
(D-Q) using the transformation matrix as given (3.12).The angle 8, as shown in Figure
3.4., represents the angle between an individual inverter reference frame and the common
global reference frame, which translates electrical quantities from local to common frame
and vice versa.

T cosd -—sinéd
“|sin@ cos@ (3.12)

where, 6 = I(w - a)common)

Considering the system to be autonomous, i.e., disconnected to main grid, the phase
angle measured by the PLL of inverter 1 can be chosen as the reference for the overall
interconnected system. The resultant reference angles calculated for both DERs can be

used as;

51 = 0p 1~ Op1 =0 (3.13)

Sy = WpLy — OpyL 2 (3.14)

where, wp;and oy, are calculated from DER1 and DERZ2, respectively.
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Figure 3.4. Local to global reference frame transformation.

3.2.2.2 Control scheme for VSI duty cycle regulation

The control scheme for the small signal model of the inverter is divided into several
modules to enhance the understanding of the functionality of its various controllers

involved.

Phase Locked Loop

LPF
(@ prr)

Vod

Figure 3.5. Block diagram of PLL

A dg-based PLL as in Figure 3.5. was chosen to measure the frequency of the
system. The input signal to PLL is the d-axis component of the voltage measured across
the filter capacitor. Therefore, the phase is locked such that v,; = 0. The PLL dynamics

for measured frequency, wp;; and measured phase angle, § are given as;

Voda,f = Wc.pLL Vod — WepLL Vod,f
Pprr = —Vodq,f
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wpr, =377 = kpprL Voar + KipLL ©pLL
8 = wpyy,

The resultant state equations from PLL as obtained by linearization around an equilibrium

point are given below:

Avod,f = WepLL AVoq — Weprr AVoq f (3.15)
AQpyy, = —Avoq r (3.16)
AS = — kp.prL AVoas + kipry APpry (3.17)

Power Controller

15 @,

g T . . p LPE P N4 ¥
Vodlod T Vaoglog m X S @
(@)
ing N
1.5 Voqm
Yod
; . 4 LPF Q - N v
Voalog —Voal n 1 >V
) ogto od*oq (@) \X/, og
og

Figure 3.6. Block diagram of Power Controller.

The basic idea of power sharing function in the power controller module is to
balance any increase in the load by decreasing the frequency and voltage amplitude of the
system according to the droop characteristics. The instantaneous active and reactive
powers are calculate from the output currents and voltages as shown in Figure 3.6 and
given in (3.18-3.19). The average powers corresponding to the fundamental component
are then obtained by passing these instantaneous powers through low pass filter with cut-

off frequency of w,.
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3 . .
p=3 (vodlod + voqloq) (3.18)
3 . .
q= E(voqlod - Uodloq) (3-19)
We . . .
P=— o P = P = —Pw¢ + 1.50c(Voaioa + Voglog)
Wy . . .
Q= s+ w, q=0Q=—-Quw¢+ 1-5(‘)C(vodlod - voqloq)

The reference frequency and voltage signals are generated using conventional P —w
and Q — V droop characteristic equations given in (3.10-3.11). The small signal dynamics

of power controller is re-written after linearization as;
AP = —wcAP + 1.50¢(Voghiog + IogAeq + VogBiog + IoqAVsq) (3.20)

AQ = —wcAQ + 1.5w¢ (Voghivg + IoaAvogq — Voaliog — IogAvog) (3.21)

Voltage Controller

o o
o, _“1>—</ J kg X)— i1
@
kpl’.q
< N )
Veg %}Tg ) ki g \>§/‘ s

Figure 3.7. Block diagram of Voltage Controller.

In this block in Figure 3.7., the reference signals obtained from power controller are

compared to the measured angular frequency from PLL block and measured g axis

33



Chapter 3. Small Signal Modelling

voltage as shown in Figure 3.6. Conventional PI controllers are used in these controllers.
As seen from the figure, the voltage controller equations are derived as;

Qg = wpy,— O ; g = kiva Pa+ kpva Pa

@q =Voq" — Voq ; L = Kivg Pq T kpvq Pq

The linearized state equations contributed by voltage controller to the inverter model are:

Ay = Awpy, + MAP (3.22)

Ap, = —nAQ — Av,, (3.23)
Throughout the modelling process, all Pl gains have been tuned by trial and error method.

Current Controller

P
I ] ked F—Q) v
Lig
Iy @O

k}x}q
z-;;%‘ i T e YA

If’q

Iz

Figure 3.8. Block diagram of current controller.

The reference inductor currents generated by voltage controller are compared by
their measured values to obtain an error signal which thereby produces set-point voltage
for input to SVPWM block. The dynamical equations from current controller as in Figure

3.8. are:
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)'/d = ildr - ild ; vidr = —wn Lf ilq + kic,d Ya + kpc,d)./d
Ya=1lq — lia; Vig' = @nlpiig+ KicqgVq+ kpeqVq

The state equations contributed by current controller to the overall state space model

dynamics are;

AVg = Kipg Dpg + kppa Apg — Aiyg (3.24)

AYq = Kivg Apq + kpy g Apg — Alyg (3.25)

3.2.2.3 LC Filter and Coupling inductor model

A passive low-pass filter is used to attenuate switching frequency ripple. By
considering the input and output voltages of inverter as equal, the state equations

governing the filter dynamics derived by Kirchoff’s laws are;

: 1 . .
lig = E (—Tflzd + Vig — 17od) + wprrlig

: 1 . .
g = ¢ (=77iig + Vig — Voq) + WprLita

lod = L_ (—Teloa + Voa — Vpa) + WprLlog
c

. 1

log = L_ (_rcloq + Voq — qu) + wprrlod
c

Voa = ¢ (i1 — ioa) + WpLL Vogq + Ry (lld - lod)
f

1 . .
voq = C_f (ilq - ioq) — Wpp Vog + Rd(ilq - ioq)

Thus, the six filter state space representation after small perturbation and

subsequent linearisation of the above equations are given as;
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: r . 1 1 .
Alld = _iAlld + ;Avid —_ ;Avod + 377Allq —_ kp.PLLIlq Avod’f -
kppriVoarAlig + Kiprr ligA@pLL + Kipri@priliyg (3.26)
: r . 1 1 . .
Ay = —émlq + Mg = - Avoq — 377Aisg + kp prihia AVoa,s + Kp.priVoa,rBia -
kiprL liaA@pr, — KiprLi@priAlg (3.27)
: C A - 1 1 .
Alod = —Z—CAlod + ZAUOd - ZAvbd + 377Aloq - kp.PLLqu Avod’f —
kppriVoa Alog + KiprilogA®prr + Kipri@prilliog (3.28)
: C A+ 1 1 .
Alpg = —Z—Cmoq + - Avoq — 1= Ahq = 377Aloq + kppirloa AVoas +
kppriVoa rAloa — KipriloaB@prL — KiprrDprilioa (3.29)

. 1, .
Avod = a (Alld - Alod) + 377A170q - kp.PLLVoq Avod,f -
kp priVoa fAVoq +kipriVoqA@prr + Kipri@prilAvVeq + Ry (Aild - Aiod) (3.30)
. 1. 1.
Avoq = C_FAllq - C_FAqu - 377Avod + kp.PLLVod Avod’f +

kp priVod fAVoa — KipriVoaA@pLL — Kipri®priAvoq + Ra(Alyy — Alyg) (3.31)

3.2.2.4 Load and line model

For the microgrid shown in Figure 3.3, the RL load dynamics for both the DERSs,

i.e., i=1,2, in the global D-Q frame are;

. 1

Hoaani = 7 (—Rioadiioaapi + Vbpi) + WpLLilioadgi
load

. 1

oadQi = —NyoadlioadQi Qi) — WpLLilioadDi

lloadoi (—Ruivaaiioaagi + Vboi) — WpLLilioad

Lload

Considering the states Ax;,,q emerging from modelling of load of both the

inverters, the load state space representation is given as;
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Ax1paq = [Alioaant AiloadQl Aljoqap2 AiloadQZ ] (3.32)
where,
Atjpgapr = — Lloa Alloadm + — Avbm + 377 Aljpaagr — kp,PLL Voa,r1 Aljpaagr —

kppir lioado1 AVoa,r1 + Kiprr Opria Alioaaor + Kiprr lioaagr APprr1 (3.33)

Rioad

Aijpgagr + —— Avpg1 — 377 Aljpgap1 + kp prL Voda,f1 Aljpgapr +

Ay .d =
1
oadq Lioad1 Lioad1

kp,PLL Iloale A"'70(1,/‘1 - ki,PLL ®PLL1 Ailoale - ki,PLL Iloale A(Z)PLLl (334)

. Rioad . 1 . .
Atjoqapz = — Llooaadz Aljoqapz + Lionda Avpp, + 377 ALloadQZ - kp.PLL Voafr2 Alloa(Jle -
kppiL lioadgz BVoa,r2 + Kiprr Dpriz Alioaagz + KiprL lioaagz ADpriz  (3.35)
Alloasz == Lz i AlloadQZ + AvbQZ — 377 Aijpgapz + kp prL Vod,f2 Aljoqapz +

Lioadz

kp,PLL IloadDZ Avod,fZ - ki,PLL QPLLZ AiloadDZ - ki,PLL IloadDZ A(DPLLZ (336)

In a similar way, the line model is considered to be in the form of a RL line
impedance such that overall inductance represents the lumped line inductance and resistor
represents the resistance due to losses in the long line. For the line impedance shown in

figure 1, connected between bus 1 and bus 2, the line dynamics is given as;

1

liineDij = I ( Tineliinen + Upp,i — vbD,j) + WpLLliineQ
line

. 1

Liinepi j = I (_rlinellineQ Tt Vpg,i — UbQ,j) + Wprrliinen
line

The states contributed by line model are; Ax;ine = [Aljinep21  Allineg21]; Where,

Tline

Liine

. , 1 1 .
Alymepa1 = Aljinepz1 + 77— AVppy — 7— AVppy + 377 Aljineqzr —
line line

kp,PLL Voa r1 Allineg21 — kp,PLL Liineg21 AVoar1 + kiprL Opria Aljineg21 +

kiprL lineg21 ADprra (3.37)
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line

. r . 1 1 .
Alynegz1 = — L Aljineg21 + P Avpgy — —— Avpgr — 377 Aljinepar +
me mne mne

kp,PLL Voa 1 Dllinenz1 + kp,PLL Liinep21 AVoa 51 — kiprL Dpri1 Aliinepz1 —

ki,PLL IlineDZl A(DPLLl (338)

3.2.2.5 State Space Representation of autonomous AC microgrid system

The solution of nonlinear state equations, results in numerous operating points as
discussed in Section 3.1. All these operating points, when substituted in the system model
converge in a unique set of eigenvalues and hence, stability remains constant irrespective
of the operating point used. Two operating points are used for linearization in this thesis

work, as in the order in equation (3.45), which are given below;

Xopen=[ 0 427.5168617327  70.6170034059  0.0023046622  0.1341087489
0.0006727867 0.8659982689 0.0755690319  3.356108065 0.0238838476
84.9226043131 0.5553074851 3.3559731423 -0.1928204754 0.0238838472 -
0.0028025069  319.8844680459 99.8188550535 0.0128811824 0.1005479992
0.0015581691  0.8615899257  0.3040973201  2.511731333  0.0000000083
84.9041184384  0.7837770177  2.5117313328 -0.1778744746  0.0000000083
0.7498537394 3.2112097558 0.4024841940 3.3356768754 0.1545880693 -
0.0685844362]"

Xoperz=[0  391.3662706302 72.05087785541  0.003603224363 0.122404418455
0.000436238942 0.864378130696 0.085978348802 3.073085590603 -0.004599444120
84.90204136555 0.565590507310 3.07311157262 -0.20035814421 -0.004599444084
0.000800633243 407.4322324061 27.91019451458 -0.01052206978 0.126689262146 -
0.001228432831 0.865079063267 -0.260438434021 3.198991901613 0.001816807069

84.908612346102  0.2192074870664  3.1989816386079 -0.200875022866
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0.001816807054 0.746751476846 3.212185062451 0.397813605348 3.338168700060

0.1816841344989 0.2235924503283] " (3.39)

The complete small signal modelling of the two inverter architecture as in Figure

3.2 is achieved by combining the models of the two inverters into a one state space as

given[10];

Xinv1 = [61 Py Q1‘Pd1qu1)’d1)’q1ild1ilq1vod1voq1iod1ioq1<PPLL1vod1,f] (3.40)
Xinv2 = [62 P, Qz‘sz‘qu}’dz}’qzildzilqzvodzvoqziodzioqz(PPLszodz,f] (3.41)
Xiny = [xinleinvz] (3-42)

The collective load and line model from the two inverters is given as, Xj;pqa =
[l10aap1 iloadQl ljoadD2 iloadQZ] andxjine = [ilinen21 ilineQZl]-
After linearization of the complete system about stable operating points as given

and rearranging the state variables and output variables in order as in (3.45-3.46), the

complete 36" order state space model for the autonomous microgrid system is obtained

from as;
Ax = AAx + BAu (3.43)
Ay = CAx (3.44)

where; A is the state matrix (36x36), B is the input matrix (36x4) and C is the output

matrix (6x36)
State vector, X = [Xinp1  Xinvz Xioad Xiinel (3.45)
Output vector, ¥ = [Aigpgr Aippgz Awppie Aa)pLLZ]T (3.46)
Input vector, u = [Avyp; Avppr Avpp, AvbQZ]T (3.47)
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Thus, the small signal model of autonomous AC microgrid with state space
representations as in (3.43-3.44) will be deployed for further analysis on its reduced order

modelling in the next chapter.

3.2.3 State space modelling in grid-tied mode

The simplified architecture of the 3-phase inverter based Grid-tied microgrid
system is given in Figure 3.9. With the Point of Common Coupling (PCC) closed, the
microgrid operates in a grid-connected mode such that the link between main utility grid

and DER exists.

When the microgrid is connected to the main utility grid, the bus voltage and system
frequency are controlled by the main grid. The objective of this mode is to regulate the
active and reactive powers to follow their commanded values, P" andQ", given as system
inputs. The schematic of the grid-tied system in Figure 3.10, consists of Phase Locked
Loop (PLL) block, power computation block, power controller and current controller

blocks connected to the three phase VVoltage-Source Inverter (VSI).

POINT OF
COMMON
COUPLING (PCC)

BUS
V4.

LOCAL

DER LOAD

Figure 3.9. Grid-tied Microgrid Architecture.
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The grid-tied microgrid structure consists of two control loops: an outer power
control loop and an inner current control loop. The PLL block measures the system phase
angle which in turn synchronizes all the abc to dg and dq to abc converters in the system.
The measured output currents and voltages in both d-q axes serve as inputs for power
calculation in the outer loop. The computed active and reactive powers, P andQ, are
subsequently compared with the reference powers in the power controller block.
Thereafter, the reference inductor currents generated by the power controller are
compared to their measured values in the current controller, to obtain an error signal
which is given to the State Vector Pulse Width Modulation (SVPWM) block, thereby
generating switching pulses. The voltages at the input and output of the VSI are assumed
to be the same, i.e. v; gpc = V; gpc’ - The utility of SVPWM in this system results from its

quality of lowering the fluctuations on the system frequency.

3.2.3.1 Local to global reference frame transformation

The small signal modelling of the grid-tied microgrid system requires a frame
transformation of individual DER to the global reference frame as also discussed for
autonomous microgrid in Section 3.1.1. The small signal model of a microgrid system
calculated in the local reference frame (d-q) is translated to the global reference frame of
the main grid by using the orthogonal transformation matrix as in [13], which is

reproduced in equation (3.48).
global _ [cos8 —sinB] ,iocal
Ape = [sin & cosB Adg (3.48)

where, 8 = § = [(w — Weommon) S in Figure 3.11.
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a
» O

\ . . .
\ // /> @ d (Microgrid)
\ _ ="
= > D (Main grid)
/ﬂ)common

Figure 3.11. Reference frame transformations.

3.2.3.2 Control scheme for VSI duty cycle regulation

The several blocks discussed for control scheme of microgrid system in this section
are: PLL block, Power computation block, Power controller, Current controller, LC Filter

and coupling inductor.

Phase Locked Loop

pil
kp

i 30— 1 s

LPF
(U)C_FLL )

Vod

Figure 3.12. Block diagram of PLL.

A dg-based PLL was chosen to measure the frequency of the system. The input
signal to PLL is the d-axis component of the voltage measured across the filter capacitor.
Therefore, the phase is locked such that v,; = 0. The PLL dynamics for measured

frequency, wp;; and measured phase angle, & are given as;

Vod,f = We.pLL Vod — WepLL Vod,f
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Qprr = —Voq,r

wpr, = 377 — kpprL Voay + KipLL @pLL

The linearized state equations from PLL are;

Avogr = Weprp AVoq — Weprr AVoar
A@pr, = —Avoq

A = — kp.PLL Avyg r + kiprL Appr

Power Calculation

(3.49)

(3.50)

(3.51)

The instantaneous active and reactive powers are calculated from the output

currents and voltages as shown in Figure 3.13 and given in (3.52-3.53).

1.5

iod p
Voalog T Vogl, LPF
od‘od ogtog (U)C)
P
Iog N
15
Vog ————)|
. i q
Voglod — Vodlog (|;)|Z|):
Vog—— Q

Figure 3.13. Diagram of Power Computation block.

p= %(vodiod + quioq)

q= %(voqiod - Uodioq)

(3.52)

(3.53)
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The average powers corresponding to the fundamental component are then obtained

by passing these instantaneous powers through low pass filter with cut-off frequency

of w,.
wC u . .
P = P p=>P=—-Pw,+ 1.5wc(vodlod + quloq)
C
wC ° . .
Q= s+ q=>0=—-Quwc+ 1-5wc(vodlod - voqloq)
C

The small signal dynamics of power controller is re-written after linearization as;
AP = —wcAP + 1.50¢(Voghiog + loaAeq + Vogliog + IogAVsq) (3.54)

AQ = —wcAQ + 1.5w¢(Vopghiog + IoaAvog — Voaliog — IogAvog) (3.55)

Power Controller

In this block, the active and reactive power set point signals are compared to their

corresponding measured signals from power computation block as shown in Figure 3.14.

Ky —\]
L e

P’ \f{f :
P
ky —
|
o’ 5_? K7 Qi
Q

Figure 3.14. Block diagram of Power Controller.
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Conventional PI controllers are used in these controllers. As seen from the figure, the

power controller equations are derived as;
Pp=P =P ;i = ki” op + kppfljp
Go=0Q"— Q; iy = kiP<PQ+ ka(pQ
The state equations contributed by voltage controller to the inverter model are:
A@p = APT — AP (3.56)

Apy = AQT — AQ (3.57)

Current Controller

The reference inductor currents generated by the voltage controller are compared
by their measured values to obtain a resultant error signal. This signal thereby produces

a set-point voltage for input to SVPWM block, subsequently generating switching pulses.

. r
v @
Lig
Iy @0

N
- T
la

Figure 3.15. Block diagram of current controller.
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The dynamical equations from current controller as in Figure 3.15. are;
. — . r . . r — . C C .
Ya=lba — las Vig = —wplplig+ ki va+ kp va
. . T . . r _ . (o C .
Ya=lq — las Vig = Wnlplig+ ki vg+ kp vy

The state equations contributed by current controller to the overall state space model

dynamics are;
A.Yd = kl'P A(pd + ka A‘Pd - Aild (358)

Ay, = ki" Apy + k" Agy — Aiy, (3.59)

3.2.3.3 LC Filter and Coupling inductor

A passive low-pass filter is used to attenuate switching frequency ripple. By
considering the input and output voltages of inverter as equal, the state equations

governing the filter dynamics can be given as;

. 1 ) ]
lig = E (—Tflld + Vig — Vod) + wplyg

: 1 . .
g = ¢ (=Trilg + Vig — Voq) + Wnilg

log = L_ (—Teloa + Voa — Vpa) + wnioq
C

. 1

log = T (—Teiog + Vog — Vbg) + Wnioa
C

Voa = ¢ (i1 — ipg) + Wn Voq + Ry (lld - lod)
f

1 . .
Voq = C_f (ilq - ioq) — WpVog t Rd(ilq - ioq)

Thus, the six equations in filter state space repreentation after small perturbation
and subsequent linearisation are given as;
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. C C C

Ay = — (ﬁ + L—p) Nigg + %2 Ayd + ”" AD, + "1”‘” AQT — "”"” % 0Q - L Avog (360)
: LAYV kckf’ KkGkh kSkb

Aiy = — (i + ﬁ) Bl + 55 Ay + B2 00 + L APT — 2 AP — LA, (3.61)
: 2R R . 1 1 . .

Alod = — (L_CC - i - Rd) Alod + ZAUOd — ZAUOQ + RdAlld + (‘)nAloq (362)
: _ 2Rc R . 1 1 pll pll .

Nigg = — (? - Rq) Aiog + = B00q = 1= (=K Bvoay + k" ABp1.) = Rabisg -

wpAiyg (3.63)

. 1 Rq(Rp+kf) 2 . 1 Rq(Rc—Rr) RgRc 2 .
v = (3~ L - Re?) dig = (- MR - B4 R2) B

C;,P
LRd kpk Rg kpkde kpkde

Ayd +

+(wn + )Av0q+ AQ, + 2R pQr — BZeRd A

1 1 .
Ry (E + Z) Ao — Rqwpiyg (3.64)

. k€ _
Kvpg = (i_Rd(RFJr b _ g )Alzq ( 1 Ra(Rc=Rp) RdRC_l_Rd )Aioq

Cr Lp Cr L
39/28 kSkb kSkb
e, Av,y + ‘RdAy + 2 Rqu)p 2 ”RdAPT— SR Ap Rd(
F
1 . R I i
E) Avoq — Rawnbiog + 72 (~kp" Mvgq s + k" ABp1,) (3.65)

3.2.3.4 State space representation of grid-tied AC microgrid system

The non-linear dynamic model of the microgrid system is linearized at an

equilibrium point which is evaluated as in Section 3.2.2.

Xoper=[0.0000036106 -0.0000019850 -0.000000007 -188.5000000045 0 0.0189001525
-0.0106497444 -0.0000053247 0.0000220378 -0.0010649465 0.0018899647 -

0.0010578279 0.0019241120 -0.0000000072 0.0012588128] " (3.66)
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The modelled linear-system is an approximation of the non-linear system model
and is valid only for the equilibrium point about which the non-linear system is linearized.
It is known from Lyapunov’s first method that if the linear system is stable then the non-
linear system is also stable at the equilibrium point. The complete state space

representation of a grid-connected microgrid system is;

Ax = AAx + BAu, Ay = CAx (3.67)

where,

Ax =

[AP AQ Avogr DA@pr, A8 AppA@g Ayg Ayg Al Alyg Alpg Alpg Aveg Avoq]T
(3.68)

Ay =[AP AQ Aigg Aipy Aiyg Aiyy Aveq Aveq Awpy] (3.69)

Au = [P" Q"] T are state variables, output variables and input variables respectively.

Thus, the small signal model of grid-tied AC microgrid with state space
representations as in (3.67) will be deployed for further analysis based on its reduced

order modelling in chapter 4.

3.3 Small Signal Modelling of DC Microgrid

The PV-fuel cell based DC microgrid considered in this work has been shown in

Figure 3.16 and its small signal model is given as below.

3.3.1 DC microgrid architecture

The autonomous DC microgrid block diagram in Figure 3.16, shows the
interconnected system components comprising of two sources: PV array and fuel cell

stack along with individual storage devices to supply uninterrupted power to the DC load.
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The converter interfaced sources are directly connected to DC bus which subsequently
supplies the load requirements. The aggregation of different feasible load combinations
are depicted by an equivalent load model comprising of Constant Resistive Load (CRL)

and Constant Voltage Load (CVL) [26] in present analysis.

d
1
MPPT [ PI CONTROL ——O
Vpr
MPPT Pl CONTROL |~
DROOP Ad
CONTROL d DC BUS
v
DC/DC BOOST
PV ARRAY CONVERTER
BIDIRECTIONAL
BATTERY DC/DC e
CONVERTER \}l—

x

dbarl
DROOP DC LOAD '!
N

CONTROL

DC/DC BOOST
CONVERTER

DROOP df’"”

CONTROL

FC STACK

BIDIRECTIONAL
BATTERY DC/DC
CONVERTER

£

dbar?
DROOP

CONTROL

Figure 3.16. Block diagram of PV-fuel cell based DC microgrid system.

The control strategies involved in this work are limited to MPPT and droop control
for accurate fulfilment of load power through regulation of converter duty cycle ratio. A

decentralised modified droop control ensuring both accuracy in current sharing and
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voltage restoration for each converter model has been utilised for effective load power
sharing [27]. MPPT controller tracks the maximum power points of a PV array by
adjusting the converter duty cycle. A droop control in combination with MPPT controller

has been explored to meet the load requirements in the system.

3.3.2 Microgrid component modelling

In this section, a mathematical model is presented for all the subsystems in DC
microgrid architecture as in Figure 3.16. The main subsystems are PV, fuel cell, DC/DC
boost converter, storage system, load and line. The complete microgrid model is

developed after individual subsystem modelling.

r————n rYEY\_ R,
| T fL_;IW‘
I | R, '
1O R,E 1T
| | ,
| | CIT Vel PV Ve, PI
L b——— =

L R,

N AAA",
IrFc |
tfc"() dfC Vore
Ve, FC—|—

Figure 3.17. PV and fuel cell with DC/DC boost converter.

3.3.2.1 Photovoltaic array with DC/DC boost converter

A simplified Norton equivalent PV module involving short-circuit current iy and
PV voltage and current at maximum power point, i.e., Vypp and I pp respectively as

shown in Figure 3.17., is connected to a DC boost converter electrical model. Norton
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equivalent model is used to demonstrate the effect of irradiance uncertainties on the

overall system functionality [22].

Considering parasitic losses associated with converter elements in the form of
resistancesR.q, R, R;, the states associated with inductor current i, o, and capacitor

voltages v py and v, py are expressed in the following equation.

. _ RmpRec1 isc Rmp Ve1 RmpRc1
lppy = -

1, 1
+R;)-i - -V 1—-d
Rmp+Rc1 L Rmp+Rer L Rmp+Re1 L) Lev opv ( pv)
Verpy = —Bf — Ly
c1,PV Cl(Rmp+Rc1) sc Cl(Rmp+Rcl) L,PV Cl(Rmp+Rc1) c1,PV»

. 1 1
% =——Vopy— — V 3.70
c2,pv = g Vopv T 3 Ve py (3.70)

where, d,,,, is the converter duty ratio determined by droop and MPPT controller as in

(3.91).

3.3.2.2 Fuel cell stack with DC/DC bhoost converter

An approximate model of fuel cell consists of a single electrical state variable
representing voltage across a capacitor formed from the charge decomposition on the
electrodes [24]. This is also known as ‘double-charge effect’. Contrary to the usual fuel
cell electrical model, reference [23, 81] gives a detailed state space analysis of the various
electrical and non-electrical fuel cell states taking the effect of chemical and
electrochemical processes into account. An accurate state space representation of DC
microgrid system takes into consideration the effect of these processes into the overall
system dynamical behaviour. In this context, the state space model in [23] (consisting of
11 state variables) will be incorporated into the DC microgrid state space model to
demonstrate their effects in terms of nonlinearity and sluggish time responses. These

states are defined as follows.
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Xfc = [(moz)neti (mHz)neti (mHZO)net; T; Pu,; Po,; Puyos Qc; Qps Qs Veal (3.71)

where, (moz)net' (mHz)net and , (mHZO)netare net mole flow rate of oxygen, hydrogen

and water respectively; T indicates the stack temperature; Py, Pp,and Py, , are the partial
pressures of hydrogen, oxygen and water respectively; Q. is the heat generated due to
electrochemical reaction, Qg is the heat generated due to electricity and Q;, is the heat loss
by air convection; wv.,; represents the voltage across capacitance due to ‘double-layer

charge effect’.

Following the similar approach as for PV-converter modelling, the boost converter state

equations are given as,

) 1 R, 1
lLFc = I Upe — T lp — I UoFc (1 - dfc)r

. 1
Uerc = C_RCUOFC - CR, Uc FC (3-72)

where, dg. is the duty ratio of converter interfacing fuel cell determined by droop

controller in (3.86).

3.3.2.3 Battery with bidirectional converter

A mathematical model of storage batteries connected to bidirectional DC/DC
converter for each of the sources, as in Figure 3.18., is derived by writing Kirchhoff’s

current and voltage laws and given in [25].

. _ Re1 . 1 1 1 ) _ Rsy
lpat1 = —7— ~lpat1 =7 Ve1,B — 7 Abat1Vorv + 7= €01, lpatz = — 7 lpar2
bat1 bat1 bat1i bat1 bat
1 1 1
Ve T dpar2Vorc + €02 (3.73)
bat2 bat2 bat2
) 1 1. . 1 1.,
% = — % + —i v =——0v + —i 3.74
c1,B Ro1Co1 cl,B Cox bat1» Yc2,B Ro2Coz c2,B Coz bat2 ( )
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where, dp, .1 and d, 4, are the battery duty ratios determined by its droop mechanism in

(3.88).

VePy ii(’mal

|

|

I

|| =

]

! R Iinel
1

L [ A —
Battery 1 Bidirectional Converter
DC Load
) J_ [ — 1
Iore R, C, . |
L. | ijp
linel 2 -
|| R Tecr,
' |
|_ - ﬁsz_ - _R[]E_ T T T -: Ripgy L ifocld iy |
l :Hr ) F-E;;DT | ij' 7 | l
| ¢ I+ + mel + ol g o
|en= | ' 1" Ry @) temy
0° b2 afl o o
| ¢ Vs 3oy | | Vorc Vicad I
| [ | i il |
N y
L r | L |
Battery 2 Bidirectional Converter 2 l_ —_—— 4

Figure 3.18. Circuit diagram of DC microgrid interconnections.

3.3.2.4 Load and Line Model

The equivalent load dynamics consists of two parallel load combinations of
constant power load and constant voltage load. The linearized model of constant power
load consists of an equivalent negative resistance, R.,,; and equivalent current sink,icp,..
A combination of equivalent resistance of constant resistance load, R.,; and equivalent
current sink representing constant current load forms another set of generalized load
model. The total load current i;,,4 is the sum of current in both parallel branches as

follows.

. . . . Vioad . Vioad \—: . Vioad
loaa =l T lhz = (lcl +lepL + chl> + (lCCL t )—lcl Flee 7 = (3.75)
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chchrl

where, i = icp, + i, and Ree = Repi+Rert

The state equation derived by the load dynamics is given in (3.76), where i..

represents the load current sink and R, represents the total resistive load.

. _ 1/. . Vioad
Vioad = C_l(lload —lec — Rec ) (3-76)

The equivalent model of lumped =m-type connecting cable consists of series
combination of line resistance and line inductance. Considering separate connecting
cables between the two sources and fuel cell-load module as in Figure 3.18., the load

current states are evaluated in (3.77).

. _ Riine1 - 1 1
liiner = — L liine1l + L Vopv — L. Vorc
line1 line1 line1
. _ Riine2 - 1 1
liine2 = — ] liine2 + - Vorc — - Vioad (3-77)
Liine2 Liinez Liine2

where, Rjine1r Liiner @Md Ryine2, Liinez are the resistance and inductance of the two lines

respectively, and v;,,4 IS the voltage at the load terminal.

3.3.3 Control scheme for duty ratio regulation

The control scheme for a DC microgrid can be divided into three parts: first, a
modified droop controller to regulate converter duty cycle such that the output voltage of
converter varies inversely with current with the enhanced property of increased current

sharing accuracy and output voltage restoration.
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ovy [ 6vy Vopr / Vore
| |
. n Voltage Current
Vic ) | Controller —— —>{ Controller  PWM  b—rAd/dz
X _ﬂ.vr' I Fe (P A Npy ' Nrc (P1)
|
Ry /k
5i1 /'51'3 'y
iopy,f Hore, g
LPF
A
L
D
Lopy ! toFC

Figure 3.19. Droop control mechanism.

Second, power balancing droop controller for decentralized control of individual
storage devices associated to different sources. Third, a linearized MPPT controller is

mathematically obtained for maximum power point tracking in PV panel.

3.3.3.1 Droop control of photovoltaic and fuel cell converter

The two-faced control owing to primary and secondary level control hierarchy has
been incorporated for steady state voltage and current control in DC microgrid through
inclusion of a virtual resistance and current-voltage correction terms in system modelling

as in Figure 3.19.

Primary control is achieved through an inner control loop which linearly decreases
the output converter voltages as current increases. The general droop control is expressed

as,;

Voi = Vge — Ra,ilo,i (3.78)
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where, v, ; and i, ; is the output voltage and current of converter ‘i’ respectively; and v,
is the reference value of dc output voltage and R ; is the virtual resistance representing

the droop characteristics.

Secondary control is achieved by correction term §i, and dv; which compensates
for the voltage deviation and current degradation caused by droop mechanism. The
reference DC voltage and averaged output converter voltage transmitted over a
communication channel produces the voltage correction term, whereas the reference
converter current output and averaged converter current generates the current correction

term[27].

Droop control of PV-converter duty ratio

References [27-28] gives a detailed theoretical analysis of converter droop
controller based on enhanced low-bandwidth communication. A mathematical
formulation following the basic convention of considering the output of accumulator as a
state variables, the droop based voltage and current correction terms has been obtained in

equation (3.79).

_ * Vopy+GaVoFc
6”1 - kpv (vdc - 5 ) + kivgv.pv

8iy = ki (ic;{PlV _ ioPV/k1+zGdioFc/kz) + KicGe.po (3.79)
where, kpy,, kipy; kye, kic are the P1 gains of voltage and current average controllers. k,

and k, denote the percentage current sharing by the two converters. (let, k; = k, = 1)

Considering negligible latency in communication link, the state equations of

average voltage and current controllers are (3.80-3.81). Assuming a LPF with cut-off
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frequency w, rad/sec for the converter output current in droop control loop and two

subsequent accumulator outputs ,,, and 7,,,, as state variables, the state equations are:

_ lopy _ lopv/k1+Gdiorc/k2

Yepv = P 2

. R Vopv+GaVoFc

vpv = Vac — 2 (380)
Lopv,f = _(‘)ciopv,f + welopy

. _ * . Rdo .
Hpv = Vac + 6v; — iy — k_1 Lopv,f — Vopy

77pv = kpvlllpv + kivlﬂpv — lopy (3.81)
where, k,,;, ki are Pl gains of voltage loop; R, is the constant virtual resistance

reflecting droop characteristics.

The duty cycle ratio is obtained as the normalized droop output pulses;

Ad = kg U”LPV kg 22 (3.82)

VoPV

where, k,,;, ki, are Pl gains of current loop.

Droop control of fuel cell-converter duty ratio

The duty cycle ratio, dy., given as normalized output pulses to drive the fuel cell

converter system can be derived from a set of mathematical equations for fuel cell-

converter droop control in (3.83-3.85).

_ * VorctGdVory
vy = kpy (vdc — f) + kivGu,sc

5i2 — kpc (% _ loPV/k1+;;dloFC/k2) + kicg(;’fc (383)
gv,fc = v, — voFC"‘gdvoPV

. i lorc/k2+Ggi /k

gc,fc :t])(_FZC_ OFC/ 2 . oPV /1 (384)
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lofe,f = _wciofc,f + welopc

. _ * . Rdo .
fifc = Vgc + 6V, — 6ip — &, lofer ~ Vorc

77/‘c = kpvlﬂfc + kivl“fc — lorc (3.85)
Nfc Nfc
dfc = kpcl ﬁ + ki Voch (3.86)

where, all the PI gains are same as that for PV system for sake of simplicity.

3.3.3.2 Droop control of battery

The reference [25] derives a battery reference current from a slower outer loop
based on P-V droop characteristics so as to balance power requirements. To keep the
focus of this study on the time separation based on fuel cell dynamics, this slower outer
loop has been ignored by considering the reference battery currents, iy .,and i, as
inputs to the overall state space model. The two state equations and duty ratios dj 41,

dpat> are given in (3.87-3.88).

.. »
Z1 = lpat1 — lpat1 — kf1Z1

. Lk
Zy = lpatz — lparz — Kr2Z2 (3.87)
ibat1=lhat1) Z3
dpats = ke Loti=thatr) 4 g
bat1l pc Vopv ic Vopv
_ (ibata=iparz) )
dbatz - kpc v + kic (3-88)
oFC VoFC

where, k,. and k;. are the PI gains of current controller.

3.3.3.3 MPPT control

The objective of Maximum Power Point Tracking (MPPT) controller is to track the

Maximum Power Point(MPP) of the PV source. The mathematical model of a fast MPPT
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controller to regulate the duty cycle of PV connected converter system is obtained from
[29]. The controller is basically follows a Pl control strategy wherein input is the value
of dPpy/dVpy. Thus the linearized expression for derived duty cycle is given in (3.88)

and the state variable, @,,, represents the cumulative perturbations in PV current as in

(3.89).

El—ftd) = kep,mpp Gpvipy + Kimpp GpvDpv (3.89)
Doy = ipy (3.90)
where, G, = %}fvm’) is considered to be a constant value. The droop-MPPT

ipv=IPV
controller regulating the duty cycle of PV-converter system works in two modes given by

two cases as;

d(®) MPPT mode d MPPT mode
=z {3 (391)

d(t)+Ad  MPPT + Droop mode \d; MPPT + Droop mode

3.3.4 State Space Representation of DC Microgrid System

The overall nonlinear state space model consisting of system components and
control strategies is derived by substituting the duty ratios d,,, d¢c, dpqrr and dpgep In
(3.86), (3.88), (3.91) derived from respective controller blocks into the converter state

equations (3.70), (3.72) and (3.73) such that the individual states are combined as;

X =

T
[xfc xopv xofc xpv,conv xfc,conv xmppt xdroop,pv xdroop,fc xbatxdroop,bat Xline xload]

(3.92)

60



Chapter 3. Small Signal Modelling

where, Xpv,conv = [iLpv Ver,pv Vez,pv] Xfeconv = [xfc lLFC Uc,FC]v Xmppt = Q)pv:
Xpat = [ipar1 Ibatz Vei,B Vez,pls Xdroopbat = [21 Z2], Xiine = [liine1 Liinez] aNd Xjoqq =

Vioaq @S Obtained in (3.76).

The PV and fuel cell-converter output voltages derived with reference to network

dynamics as in Figure 3.18., is given in (3.93).

. . _a . +i d . _ 1. _
Xopv = Vopy = o lopv o bat1lbati o liine1 RiCy Vopv

. ) __Qaz . 1 . 1. 1.

Xorc = Vorc = . lorc T C_dbatz lpatz T C_llinel - C_lload TR0 VoFc (3-93)
2 2 2 2 242

where, a; and a, represents the portion of source power delivered to the microgrid under

stable operating conditions for PV and fuel cell respectively.
The nonlinear state space model of the full order DC microgrid is represented as;

x = f(x,u,w)
Y = Vipaa = Cx (3.94)
where, State variables;

X

= [(moz)neti (mHz)net; (mHZO)net; T; Py,; Po,; Pu,o0; Qc; Qps Qs Veas Vopvs Vorcs
iL,PV; VUc1,pvi Vez,pvi iL,FC;vc,FC; Q)pv; iopv,f; Upvs Mpvs Gvpvs Yepvs iofc,f; Ures Nfes Gu.fer
Yefe Ipat1; Ubat2s Vc1,85 Ve2,By Z15 Z2; liine1; Liine2; vload] (395)
Control input, u = [up,Up Ur,VpyVrc lopviorcVacibatiibat2€01€02icc]”

Disturbance input, w = [I]

C = [0,37 1] with dimensionality 1x38; dimensionality of x, u and w are 38x1;13x1

and 1x1 respectively.
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Thus this section determines the state space representation of the microgrid systems
by mathematical modelling of the individual components and control schemes in a

cumulative manner.

3.4 Simulation Results

The simulation results of the small signal modelling of microgrid system on
MATLAB/SIMULINK 2016a on Intel(R) Core™ i5-5200U CPU 2.20GHz (4.00 GB

RAM) are given in this section.

The complete small signal modeling of an autonomous AC microgrid, considering
a small perturbation of AA on the state matrix A linearized in the vicinity of a steady state
operating point, consisting of two DERSs, local loads and a connecting line is represented
in state space by state space equations and output equations as in (3.43-3.44). The PLL
angular frequency profile for perturbed and unperturbed microgrid system in terms of two
operating points is given in Figure 3.20. The effect of state perturbations on autonomous

micro grid system dynamics can be seen in Figure 3.21.

377.3

377.2 |

3771 |

377 -

376.9

wPLL

376.8 -

376.7 -

376.6 -

376.5
(0]

I I . .
0.2 0.4 0.6 0.8 1

Figure 3.20. Measured frequency by PLL.

(blue and red color denotes operating points Xoperr @and Xoper2, respectively)
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of the system with and without perturbation,

are shown in Figure 3.21.(c) and 3.21.(d). It is worthy to mention that the effect of

perturbation on output voltage and current profile almost tracks with little deviation in

the initial period due to certain system uncertainties. After 0.5 second the tracking error

is almost zero. Similar case is also visualized corresponding to other system behavioral

quantities. Here convergence is almost achieved even earlier in the initial period.

500

0.5

(©
Figure 3.21. Autonomous Microgrid System Profile (blue line indicates

unperturbed system and red line indicates perturbed system) (a) Active and reactive

power, (b) ¢,.¢, (C) d-axis output current and voltage, (d) g-axis output current and

voltage.
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Table 3.1. Eigenvalues obtained in different cases in grid-tied AC microgrid model.

Eigenvalues
Case 1l Case 2 Case 3 Case 4
Unperturbed Uncertainty Uncertainty in Uncertainty in
Eigenvalue system due to measured measured powers
indices oscillationsin ~ powers at the at the steady
LPF cut-off steady state state
frequencies (0.2%) (-0.05%)
(1%)
1 0 0 0 0
2,3 -3999.1639 -3999.1639 -3999.1639 -3999.1639
+11.1381i +11.1381e3i +11.1381e03i +11.1381e03i
4 -8397.4010 -8397.4011 -8397.4011 -8397.4011
5,6 -765.6479 -765.6480 -765.6480 -765.6480
+11320.5331i  +11320.5332i +11320.5332i  +11320.5332i
7 -462.0381 -462.0382 -462.0381 -462.0386
8 -391.4367 -391.4360 -391.4360 -391.4368
9 -54.6187 -54.6091 -54.6092 -54.6201
10 -45.0823 -45.0798 -45.0798 -45.0827
11 -50.2610 -50.2620 -50.2620 -50.2599
12 -50.2602 -50.2716 -50.2716 -50.2594
13 -1.6376 -1.6373 -1.6373 -1.6375
14 -32.0808x10° -188.2018x10° -187.4150x10° 18.8672x10°
15 -16.1113x10° -374.6750x10° -373.1089x10° 9.4749x10°

Further, for the small signal model of grid-tied microgrid system as in (3.67) a
detailed state perturbation analysis has been carried out in the form of eigenvalues and
system dynamics in Table 3.1. Four different cases with definite changes in the system
parameters in the form of percentage values has been considered and their impact on the
location of eigenvalues has been analyzed. Their subsequent dynamical changes has also
been studied graphically.

The perturbation in the state space model due to various reasons discussed in

Section 3.1 lead to deviations in the system dynamics. Uncontrolled perturbations need
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to be monitored in order to ensure system stability in all operating conditions. A case
study of some of the perturbations in the microgrid model, given in Table 3.1, are
considered in this work to demonstrate their effects on system stability which will be
analysed in Chapter 5.

Figure 3.22., demonstrates the effect of different cases under consideration on the
system dynamics. The overlapping PLL frequency waveforms in Figure 3.22.(e) for all

the four cases depict the efficient small signal modelling for the microgrid systems.

3.5 Summary

In this chapter, the AC and DC microgrid architectures considered in this thesis has
been mathematically modelled. However, the small signal analysis of the AC microgrid
systems in this chapter develops a 36" order state space model of droop-controlled model
in autonomous mode and 15" order state space model in grid-tied mode. A 38" order PV-
fuel cell DC microgrid in autonomous mode has also been modelled to demonstrate the
system dynamics with both droop controller and MPPT controller. Simulation results for

the state space system dynamics with the impact of state perturbations also been included.

65



Active Power, P

-V
od od

Direct axis output current and voltage, i

Chapter 3. Small Signal Modelling

0.05 7= 1.2
~ -~
S~ __ Case 1
0 &/ ------- 1} TTCEsel
Case 3
-0.05 I — — Case4
f 0.8
i a H
0.1 f g |
§ 0.6 ‘
-0.15 [ 0 i
i = 04F
i (S
0.21 3
| 14
0.2+
-0.25 Case 1| |
| —-—-Case 2 0 [\
-03rt 7/ Case 3 | R
— — Case 4 \ _-- -
\ -~
-0.35 : . : ! -0.2 ' '
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 25
Time Time
(a) (b)
o
100 >° 150
‘g
50 '0_5 100
\ o
A" Y]
0t § 50 f{
- e
c 0 }‘
-50 3
- Case 1 § 50 b . Case 1—iOq .
-100 Vg ::) v
oq
Case 2-i 5 -100F Case 2-i 1
-150 g .
- Vod 3 -150 } - Voq |1
200 / ........ Case 3-iod .% wolt /o Case 3-ioq
/ Vod 9] ) voq
250 ,\/ — — Case 4-iod _,g 250 — — Case 4-ioq i
- Vod 8 - Voq
-300 . L L 8 -300 L L | :
0.5 1 15 2 2.5 0 0.5 1 1.5 2 25
Time Time
(c) (d)
400
350 —— ]
"
7
300 /
: /
3 250 /
3 /
5 200 /
3 /
2
T 150
-}
o
100 I Case 1
-------- Case 2
50 f Case 3
| = = Case4
O I 1 L
0 1 2 3 4 5

(€)

Figure 3.22. Grid-tied Microgrid System Profile: (a)Active power, (b)Reactive power,

(c)Direct axis output current and voltage, (d)Quadrature axis output current and

voltage,

(e)PLL frequency.
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