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Abstract- In Microgrid environment distributed generating (DG) systems are more vulnerable to load disturbance and fault
during islanded mode of operation. So it is necessary to maintain the stability of the islanded system during the transient
conditions. This work mainly focuses on the performance of the proposed approach Adaptive PI controller (APIC) applied on
an islanded Microgrid system integrated with a Solid-Oxide Fuel Cell (SOFC) DG. A P-V control strategy is implemented for
maintaining the stability of the system to restore the continuity, reliability and power quality under linear load, non-linear load
and voltage variation. The SOFC establishes the modulation technique with a PWM method. The performance of the proposed
controller is further improved by using an adaptive hysteresis band calculation (HBCC). A comparative result of proposed
algorithm with Conventional Pl and Fuzzy Pl are demonstrated and its enhanced control performance is presented on the basis
of settling time, rise time, peak overshoot, peak undershoot and damping oscillations of system parameters. A detailed
mathematical model of the SOFC stack controller and other system components are presented in detail and are simulated in
MATLAB/SIMULINK environment.

Keywords Distributed Generation (DG), Adaptive Pl (API), Hysteresis band Current Controller (HBCC), Voltage Source
Converter (VSC), Solid-Oxide Fuel Cell (SOFC), Mamdani-Fuzzy Logic Controller (M-FLC), Pulse Width modulation
(PWM).

1. Introduction At present scenario SOFC is expected to show a major

role for use as DG source in future Microgrid environment.

Distributed Generation (DG) has given rise to a new
solution in power generation to provide reliable and secure
electricity supply to the consumers. The integration of small
DGs enables to achieve reduction of transmission losses,
improvement of power quality, better demand response and
continuity of supply even after being disconnected from the
main grid. However, due to the intermittent and the
uncertainty caused by environmental factors, and highly non
linear dynamics of DG system, it is difficult to integrate
renewable energy sources in Microgrid environment. This is
the reason why various operational issues related to voltage
control, power control, fault integration and power loss
minimization has to be solved in order to integrate DGs into
the distribution network[1-2].

At output, DC voltage is produced and the SOFCs are
integrated to local loads through power conditioning units
such as DC/AC inverters. On compared with other DG
technologies, such as wind and photovoltaic (PV) generation,
SOFC has the advantage of fast start up time, load
degradation due to corrosion and can be located at any site in
a Microgrid system having no geographical limitations[3].
Because of its abundance of availability, continuity of power
supply, cheap maintenance and non-toxic emission, SOFC is
gaining popularity in recent time. It has been observed that
SOFC can provide reliable power supply under steady state
condition, but it fails to do the same under electrical load
transients as fast as desired by the system. This is mainly due
to slow internal electro-chemical and thermodynamic
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behavior of the cell. So it is necessary to investigate and
analyze the transient properties of SOFC cells to enhance
their performance under different operating conditions such
as linear load, non-linear load and voltage variations. An
attempt has been made in this work to design an appropriate
controller to address the above issues.

In the recent past various controllers have been reported
in the literature on SOFC and most of them are restricted to
only steady state modeling and operation. These studies do
not investigate the dynamic performance of the SOFC and
also based on some empirical equations. Several control
strategies have been proposed based on PI controller to deal
with DG operation. However, the PI controllers are needed to
be tuned offline with the change of operating conditions and
it lacks robustness. To circumvent the above cited problem
with PI controller some authors have suggested the control
strategies based on fuzzy logic [4]. Even if the fuzzy logic
based controllers perform better than PI controllers under
uncertainty and abnormal conditions, till the performance
mostly depends on the values of the fuzzy parameters. In this
paper, keeping in view the advantages of both the above
types of controllers, the fuzzy logic concept is used to
dynamically tune the gains of the Pl controller and by so the
concept of constant gains are avoided.

The gains of the PI controller are dynamically tuned by
FLC in the proposed adaptive fuzzy tuned PI controller. The
output response in case of conventional Pl controller is not
accurate as it only depends on error variation. The controller
based on FLC to some extent is able to give better result and
robust performance compared to conventional Pl controllers
as it is based on both error variation and change of error. In
the proposed technique the FLC is used to dynamically
change the gains of the PI controller to enhance its capability
to damp the system oscillations and wider the robustness to
control.

The major contributions of this work are:

I.  Adaptively changing the gains of the PI controller
based on fuzzy logic.

1. Investigating the dynamic response of SOFC under
very often occurred practical operating conditions
like change of linear and non-linear load, and
voltage variation.

Il. A comparative result is demonstrated to justify the
performance of the proposed controller compared to
conventional Pl and FLC

IV.  The modulation technique for the SOFC is
established with a simple PWM technique

V.  The performance of the API controller is further
enhanced by using an adaptive HBCC.

The rest part of the paper is organized as follows.
Section 2 presents a detailed mathematical modeling of
SOFC and other integrated system components. The
description of conventional Pl, Fuzzy based and proposed
API based controller strategy is given in Section 3. It also
describes a simple PWM technique for the SOFC whose
controller action is enhanced by an adaptive HBCC.

Simulation results and a comparative analysis and discussion
are enumerated in Section 4. At last the conclusions from the
entire study are drawn in Section 5.

2. Mathematical Design Approach of PV System
The architecture of the Microgrid system with SOFC is

illustrated in Fig.1. A detail explanation on modeling of
various components is as follows.

DG —Unit

[—1
oo

Controller

Fig.1. Architecture of Islanded Microgrid System with
SOFC as source

2.1 Modelling of VSI

A VSI based 6-leged, 3-phase bridge converter is used for
the control of power from source to load. The mathematical
modeling of the VSI portraying its operation is presented in
equation (1-6) in natural (abc) frame of reference as depicted
in Fig.2. [5].

Sa :ZSl -1 (@)}
Sb=283—1 )
SC=285—1 3)
Vv
v 22xtldeag 1g 1g )
ai 3 2 a 3 b 3 ¢c
2. Vg 1 1
Vbizg* 2 *Sb_gsa_gsc ®)
Vv
\Va =E*£*5 _15 _ls (6)
ci 3 2 c 3 a 3 b

Where S,;,S;, Sgare the switching states of the positive

switches of the inverter; S_,S,,S, are the three phase
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switches; V;,V,;,V,; are the inverter output voltage and

V. is the inverter DC link voltage.

w
(953

o
2
&

Fig.2. Structure of VSI
2.2 Modelling of Transmission Line

The 3-phase converter currents and voltages are
decomposed to 2-phase (d-g synchronous rotating
frame) by the ‘park’s transformation’ as represented in
equation (7). The d-q axis line current component

(.0 g) can be calculated using ‘park’s transformation’
as follows [6].

cos(0) —sin(0)

a
i =\/§cos 9_2_11 —sine—z—n
bV 3 3

2.3 Modelling of load

The mathematical modelling of load is represented by a
simple R-L circuit as shown in Fig.3. The 2-phase load
current (d-q component) are converted to 3-phase equivalent
by the use of ‘Clark’s transformation’ as described below in

equation (10).

F-----

Fig.3. Circuit representation of the RL type load parallel
with R load

cos(0) cos(e - 2?1:] cos(e + 2?11]

d a
i =\E —sin(6) —sin 6-2% | _sin[0+2% ||
al V3 3 3)||°

I0 \/E \/E £ IC

2
2 2 2

(10)

The 3-phase component of load current (i, 1,,,1,.) can be

expressed in

terms of voltage components at PCC

C
CoS e+2—“ —sin6+ﬁ
i 3 3

NIRCENSI OIS

The d-axis and g-axis voltage in terms of transmission
line parameter resistance R and line Inductance L, at

normal operating angular frequency @, are represented

as follows:
] did )
VdizRf'd"'LfE_(”eLf'q (8)
_ diq )
ti:Rf'quLfEJra’eLf'd 9

(Vpecar Ve Vpoce)» 10ad resistance R, and load inductance
L, as follows.
dii = _Vpcca _i i (11)
d L, L "
dii = h _&| 12
dt L, L b 42
[ [
dV R
o P& __1j (13)

dt L, L "

2.4 Modeling of PLL

The 3¢ phase locked loop (PLL) is a device which detects

the phase angle & and  from the three phase quantity. The
three phase voltage or current are the input to the PLL circuit
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and the phase angle & and system angular frequency @ of
the respective voltage and current are the output. The output
of the PLL is used in different controllers for conversion
from three phase to two phase and two phase to three phase
by using Park’s and Clark’s transformation respectively for
the local measurements according to the need[7].

The control diagram of PLL indicating its functionality is
represented in Fig.4. For the calculation of the output &, two

major conversions first from 3¢ abc to « - fand then

o - to d—(Qquantity are calculated as in equation (14-
15).

, 101
2 2 V,
Ve _E 0 _ﬁ _ﬁ AV
V,| 3 2 2 |]” =
VC

Vy| |cosd, -sing, ||V
Vv sing,  C0S6, v (15)

(Voltage-Controlled
Oscillator)

Fig.4. Control diagram of PLL

The error (Ad = &, — Sp) is estimated and angle & is

calculated by making error value zero by the Pl controller
present inside PLL. The AC terminal voltage V; along d-
axis reference can be represented as

V, =-V,sin(s, -5,) (16)
By tuning the gain parameter of the PI controller the error

can be reduced to zero. Under this condition the value of &

0
is calculated by integrating d_tp =w,

2.5 Modelling of BOOST Converter

The power produced by the DG unit are not enough to supply
the VSI DC voltage and so this output power of the micro
sources are needed to be boosted up to the required level.
Generally the distributed resources are located nearer to the
load centre so that the voltage level of the DG unit is within
the distribution voltage range.

L V.

Fig.5. DC-DC boost converter

Here DC-DC boost converter is considered for the above
purpose and its structure is shown in Fig.5. The mathematical
modeling of boost converter is as follows|[8] :

\Y/ Vv
MR
Idc IL

Where, M=1—-D,D =duty cycle; i _andi,, are the

instantaneous values. Vi is the voltage across the SOFC and
Ve is the capacitor voltage of DC-DC boost converter. D can
be calculated as:

t
D==n—t *f 18
T on S ( )

Where, fS is the switching frequency of the converter; T is

the time for one complete cycle; t,,is the TURN-ON time for

one complete cycle. In case of SOFC based fuel cell the
output voltage is dependent on the hydrogen and oxygen
supply. As it is required a constant DC voltage for the input
of the VSI, a control mechanism is needed to maintain the
DG voltage level constant. A closed loop control strategy is
used in the boost converter to maintain the output voltage
level constant as shown in Fig.5. A PI controller is used to
reduce error and to maintain the DC output voltage level
constant as shown in Fig.6.
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Fig.6. Control Structure of Boost Converter

3. Fuel Energy Source

Fuel cells are the electrochemical device which converts
chemical energy (Hydrogen) into electrical energy by using
some fuels as the raw material. A membrane electrolyte layer
with porous anode and cathode on either side are the basic
building blocks of the fuel cell. Fuel cells are classified on
the basis of electrolyte used in the fuel cell and these
includes (1) Proton Exchange Membrane(polymer)electrolyte
Fuel cellPEMFC), (2) Alkaline Fuel cell(AFC), (3)
Phosphoric Acid Fuel Cell(PAFC), (4) Molten Carbonate
Fuel Cell(MCFC), (5) Solid Oxide Fuel Cell(SOFC). In this
paper solid oxide based FC is taken into consideration due to
its highly efficient energy conversion capability and can be
operated on a wide range of fuels.

3.1 Modeling of Solid Oxide Fuel Cell (SOFC)

The SOFC based fuel cell model is described in this paper
having three main parts such as fuel processor, power section
and power conditioner [9]. The fuel processor converts the
natural gases to Hydrogen and it’s by products. In power
section by electrochemical reaction electrical energy is
produced. Numerous Fuel cells are connected either in series
or in parallel according to the output rating of the FC in
power section. The power conditioner section converts the
output DC power of the power section to AC form and also
controls the current, voltage and frequency of the FC. The
block diagram structure of the SOFC modeling is shown in
Fig.7.

The detailed working process of power conditioner unit is as
follows:

(a) CO is used as the Fuel gas for the SOFC by the CO-shift
reaction and the by-products are fed as the input to the Fuel
Cell. The CO-shift reaction is represented as follows:

CO+H,0=CO, +H, (19)

Only Hzand O; enter into the fuel cell as the input.

(b) The output current of the fuel cell depends on the number
of free electrons produced from the anode and cathode
during the chemical reaction between the hydrogen and

oxygen in the presence of ceramic electrode. The power
output of the FC is limited due to the limit of current based
on the availability of hydrogen. From the basic electro-
chemical relationships, the molar flow of hydrogen that is
involved in the reaction represents the amount of hydrogen
necessary for energy conversion. This process can be
mathematically expressed as follows:

N, |
r_ 0" fc =2Kr|
2F (20)

r
Where q"'z , F ,Kr, Ifc and NO is the molar flow rate,
the Faraday’s constant, the modeling constant, number of
cells in series, the stack current and the number of stack of
fuel cell respectively.

The Fuel utilization factor is the ratio between the fuel flow
that reacts with the input fuel that enters.

q'H,
Uf = inH
r in
Where,Uf, q HZand q H2are the Fuel utilization

Factor, the Fuel flow and the input Fuel respectively. The
amount of hydrogen fed to the FC should be utilized
optimally for better overall efficiency. This process is
complex because over utilization of hydrogen will cause
starvation which leads to reduction of fuel cell’s life and
under utilization leads to reduced power efficiency.
Generally, SOFC units operate within a defined limit of 80 to
90 %. This can be mathematically represented as follows:

08 in
fcMIN :¢5 Ifo <
2K

r

0-99"n,
2K,

fcMAX

(22)

in
(c) From equation (22), the q H2amount can be regulated

U
at 85% of T wvalue as follows.

in 2K, 1" fc
q'H, =—F———
0.85 (23)

(d) In the SOFC the reaction takes place with the emission of
H: at the anode O, and at the cathode as follows:

lO2 +H, =H,O
2 (24)

Here the ratio between the Hydrogen and Oxygen is taken as
2:1. Under normal condition the rate of water flow

rl_|2Ovalue is taken as 1.145 to maintain the fuel cell
pressure below 4 Kilo-Pascal (kpa). The speed of air

0,

in
compressor q should be regulated to maintain the
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in
rH,0 value as mentioned above. The q Oann be
expressed mathematically in terms of the input of hydrogen

in
qH, as follows:
qmoz =rH,0- qinHz
(25)
(e) According to the Nernst equation the output stack voltage
of the Fuel cell (V) can be expressed in terms of other system

parameters including activation voltage loss and ohmic
losses as mentioned in equation (26).

1
RT Py, P20,

VfCr:NO. E0+Exln _rlfr

C
PHZO

(26)

V r
Where, = ' denotes Output Voltage of the Fuel cell (Volt),
I' denotes the electrical resistance of Fuel or ohmic loss

( Q), N, denotes the number of cells, E, denotes the

voltage associated with the reaction free energy (V). Here R

\y
is the universal gas constant ¥ MOIK/ T s the absolute
Temperature(K), F is the

1
P 2 P
(COUIOmbs/mOI). The ' Ha P *0:ang "H:0 represents
the partial pressure of the Hydrogen, Oxygen and Water

Faraday  constant

r

Ve
2
respectively /" M™/_ The s the output current of the

Fuel Cell (A).

The total power generated (pf ) by the SOFC is represented

in terms of voltage (V), current (I) and number of cells NO
as:

Prc_NoVI

The dynamic behavior of the chemical reaction can be
described in terms of two time domain differential equations
of two parameters partial pressure of i species pf( in

pascals) and moles of i species ~ *(in mol) as follows:

dp; _ RT dn;

dt v, dt 27
dni ch in r
— =0 =0 -G

dt ( ) (28)

in
. = th
Where, G represents the flow of ! element of the input

r
. = th
and G represents the flow of | element that reacts.

The chemical response of the SOFC is generally slow and it
mostly depends upon the reaction parameter variation after a
change in the flow of reactant. The time delay parameter

T of the dynamic response function is taken as 5s and it is
modeled as a first order transfer function as shown in Fig.7.
Similarly the first order model is taken for all the dynamic
response function (Fq,F2,F3) and time delay for different
elements of F;( for Hydrogen), F. (for Oxygen) and Fs(for

. T, T T .
Water) are defined as ~ Mz, ©2and "":° respectively. The

[ I
output voltage (%) and current () of the SOFC are taken
as the potential difference between the anode and cathode
r
and ' current flow between these electrodes respectively
[10-11].

Uz 12K: (L
‘ Limit 1 1:Tes} |
—/ [)5
I—’ Umin/2Kr :

— Zrfillaz=] [P 1[1<T5s)

< y .‘Y
NOEO:{(RT/2FInPPoesPracll] 4 Olﬁ'

PF_,

Fig.7. Working principle of SOFC fuel cell.

The rated DC output voltage of a single SOFC fuel cell is
only 807.8(V). A DC-DC boost converter is used to boost up
the fuel cell output voltage to acquire the desired voltage of
1500(V). The voltage, current and power at the output
terminals of the boost converter are shown in Fig. (8-10).
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Fig.8. SOFC output voltage after Boost Converter
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Fig.10. SOFC output power after Boost Converter

4. Control strategy of the lislanded Microgrid System

In this study Microgrid control operating in islanding mode
based on Power-Voltage (P —V)control strategy is

designed [12]. The balance between supply and demand,
maintenance of constant frequency and rated voltage, and
securing the power quality are the major issues related to
stability in an autonomous mode of operation [13].
Generally, in a Microgrid under regulated power supply
system frequency is constant, but the operating voltage varies
due to variations in load and supply. Subsequently variation
of voltage leads to cumulative instability in active and

reactive power transmission. The control strategy is designed
for an optimal solution to Microgrid operation in view to the
above problem.

GATR PULSES

Fig.11. Control Structure of SOFC based Islanded System

The actual three phase VSI output voltage is sensed and
converted to two phase d-q reference frame by ‘Park’s
Transformation’ as mentioned earlier in equation(7). The

required phase angle (@) is sensed by the three phase PLL
as explained in section 2.4 .The voltage error signals (dewd

and Aevg) of actual voltage (V, and Vq) with respect to

the reference voltage (Vg¢* and Vg¢*) are calculated as
mentioned in equation(30-31).

Aevd = Vg* - Vyg (30)

Aevrg = Vg* -V, (31)

These voltage error signals are then fed to the controller to
generate reference currents in accordance to change in
system condition [14-16]. These reference currents are
further used to generate current signal error as input to
HBCC for a zero error value. The control action at the output

of the controller are the two phase currents | and |, and

are converted to the corresponding three phase currents by
using the ‘Clark’s transformation’ as described in section 2.3

by using the phase angle & received from the PLL.
Similarly, the corresponding errors (de;,, dey,,de; ) of

actual currents (I3, I, 12) with respect to reference currents
Iz, Iy, 1) are calculated.
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ﬂ.e;ﬂ = .I.r:_[ﬂ, _Ib y
Ae,, =17 —1, (32)

These current error signals are fed to the HBCC to generate
the suitable gate pulses for the PWM[17].

Ae, =1I;

4.1 Modelling of PI controller

The conventional P1 controller is a linear feedback control
system and its control action can be expressed in terms of the
system error as mentioned in the equation [18].

u(t)=K, -e(t)+ KiIe(t)dt (33)

Where Kp and K; are the proportional and integral gains

responsible for reduced steady state error, faster response and
quick system oscillation damping.

4.2 Modelling of Fuzzy controller

The conventional FLC based controller is a non-linear and
comparatively more robust controller w.r.t the conventional
PI controller [19]. Here a mamdani type FLC is implemented
for comparison. The various steps of FLC like fuzzification,
fuzzy rule base, fuzzy inference and de-fuzzification are
briefly discussed below [20].

4.2.1  Fuzzification

Error (e(n)) and rate of change of error (r(n)) are the two
input variables of FLC which is mathematically calculated
below in equation(37-38).

e(t) = s(t)-y(t) (34)
r(t) = e(t)-e(t-1)=y(t-1)-y(t) (35)

Where, s(t) and y(t) are the system desired value and the
output of the controller in terms of time respectively.For
fuzzification of e(t) and r(t) two fuzzy sets are defined. The
fuzzy sets are the membership functions which are mainly of
3 types triangular, trapezoidal and bell shaped[21]. As the
error can be positive and negative so the membership values
are also in positive and negative range. The linguistic
variables assigned to the mamdani based FLC(M-FLC) are
Negative High (nh), Negative Medium (nm), Negative Low
(nl), Zero (z), Positive Low (pl), Positive Medium (pm),

Positive High(ph). The membership function of error and

nh nm nl z pl pm ph

0 1=}
1 1 1 | 1 1 | | |

UG -U.o -u UL u UL u un u.c

input wariable "Error”

Fig.12. Membership Function of Error

-u.c -u.o -u.g UL u UL us u.n u.c

input variable "Change__in__error”

Fig.13. Membership Function of Change in Error

4.2.2 Rule Base Formulation

After the fuzzification process these results are used in the
formation of rule base. The fuzzy rules are the IF and THEN
statements combined by the AND operator.

Table-1. Rule Base used for the M-FLC

nh | nm | nl z pl pm | ph

ce

nh nh | nh nl nl nl pl | ph

nl nh | nh nl nl pl pl | ph

pl nh nl nl pl pl ph | ph

ph nh nl pl pl pl ph | ph

In this study a 5 7 rule base for the M-FLC is taken into
consideration. Table-1 consists of Fuzzy Rule Base(FRB)
which consists of 35 control rules. Fig.14 and Fig.15. shows
the 3D-surface view of the control rules and the M-FLC’s
rule viewer respectively.

=l
=T

|
=
[

Corfroller__ouudil))

=

Change_in =rrar

Fig.14. 3-D Surface View Of 35 Control Rules of M-FLC
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Fig.15. Rule Viewer of M-FLC Technique

4.2.3  Fuzzy Inference

The membership functions produced after fuzzification
process are combined by the AND operator of the fuzzy rules
and then the output membership functions are derived. The
output membership function is shown in Fig.16 below.

nh nm z pm ph

-1 08 -06 -04 -02 0 0.2 0.4 0.6 0.8

output variable "Contreller__output{U}”

Fig.16. Membership Function of output function (U)

4.2.4  Defuzzification

In this paper frequently used by several authors the Center of
Area defuzzification method (COA) is used to determine the
final control input based on the inference result of each rule
as described in Table-I.

4.3. Modeling of PWM controller

The output voltage of the VSI is controlled by the PWM
technique by controlling the pulse width. The main aim of
the PWM technique is to give maximum voltage and lowest
harmonic distortion in the output waveform [24]. There are
various types of PWM techniques that are available for the
control of the VSI such as Sinusoidal PWM(SPWM), Space
vector PWM, Selected harmonics elimination PWM(SHE)

and Hysteresis Band Current Control PWM(HSCCPWM). In
this paper a HBCC based PWM technique has been
discussed for the control purpose of the Microgrid.

4.4, Hysteresis Band Current Controller PWM

Hysteresis band current controller is based on PWM
techniques. This HBCC is generally used for many
applications due to its simple mechanism and easy
implementation. This controller is basically a current
controlled method where the real current of the system tracks
the reference current continuously inside the Hysteresis
Band. It is an instantaneous feedback current controller. It
has many advantages such as fast transient response during
the parameter change conditions, ability to directly limit the
device current, and insensitive to voltage ripple. The control
circuit generates a reference wave form which is having
certain amplitude and frequency. The actual current tracks
that reference wave signal. When the actual current signal is
more than the upper band limit then the switch is off, the
voltage goes from +0.5 Vg to -0.5V4 . When the actual
current crosses the lower band limit then the switch is on and
at that time the voltage level goes from -0.5V: to +0.5Vqc
[25]. The current error signals are fed as the input to the
HBCC PWM to produce the pulse output. All the above cited
mechanism are depicted in Fig.(17-18).

' OUTPUT PULSES

e : .

- \ | TOGATE DRIVE

/\/ : ,‘ OF INVERTER
I |}

Fig.17. Control Block Diagram of Hysteresis Band Current
Controller
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Fig.18. Principle of Hysteresis Band Current Controller
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4.5 Structure of Adaptive PI controller 1000 : : : : : . .
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mentioned in Table-1Il and Table-1V respectively. The I
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Fig.23-27 shows the variation of load current, d-axis voltage,
g-axis voltage, active power and reactive power respectively
under no fault condition. In order to attain steady state value
the load current takes 0.18 sec, 0.62 sec and 0.6 sec for the
conventional Pl, Fuzzy and API controller respectively as
shown in Fig.23. The rise time of d-axis voltage is 0.074 sec,
0.225 sec and 0.026 sec for the PI, Fuzzy and API controller
respectively as shown in Fig.24. The time taken to settle on
optimum gains of the controllers in case of API, Fuzzy and
Pl controller are 0.033 sec, 0.08 sec and 0.255 sec
respectively. Fig.25 depicts the g-axis voltage where the rise
time of Fuzzy and proposed controller is 0.06 sec and 0.04
sec and slightly more in case of the PI controller takes 0.19
sec. The 0.215 sec peak time of g-axis voltage is very high
for PI controller as compared to 0.07sec in case of the fuzzy
and API controller. Similarly the settling time of PI
controller is also very high (0.24 sec) on comparison to fuzzy
and API controller (0.08 sec). Fig.26 shows the active power
of the system, the rise time of PI controller is 0.23sec but for
Fuzzy and API it is 0.055 sec and 0.052sec respectively.
Comparing the peak time the PI controller gets its peak value
at 0.24sec but in case of Fuzzy and API it is only 0.057sec
and 0.055sec respectively. In Fig.27 the reactive power of the
islanded system is taken into consideration, the PI controller
takes 0.145sec more than the Fuzzy controller and APl only
takes 0.065 sec to reach the 90% value. Comparing the peak
time the Pl controller takes 0.225 sec but Fuzzy and
proposed controller has much lower peak time as 0.09 and
0.075 respectively. The PI controller also has a large settling
time of 0.27 sec. From all the figures it can clearly studied
that the proposed controller has less rise time, less steady
state error, better settling time, and quicker response.

Case-11: With Load Variation
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Fig.28. Load Current with load variation
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Fig.29. The d-axis Voltage with load variation
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Fig.31. Active Power with Load variation
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Fig.32. Reactive Power with Load Variation
Fig.28-32 shows the load current, d-axis voltage, g-axis
voltage, active Power and reactive power respectively. Here
a step change in load resistance is done which is varied from

5€2 t0 20€2 . In case of load current to attain the steady state
value the API responds better than Pl and Fuzzy by 0.121 sec
and 0.011 sec respectively as shown in Fig.28. Fig.29
represents the d-axis voltage where the APl and Fuzzy
controller has the rise time of 0.06 sec and 0.04 sec but the
conventional Pl controller takes almost double time. The
above figures illustrates that the conventional Pl controller
and Fuzzy has high peak overshoot, high steady state error,
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less rise time and settling time as compared to that of the
proposed API controller.
Case-111: With Voltage Change
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Fig.33. Load Current with voltage Change
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Fig.34. The d-axis Voltage with voltage change
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Fig.35. The g-axis Voltage with voltage change
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Fig. 37. Reactive Power with Voltage Change

Fig.33-37 shows the load current, d-axis voltage, g-axis
voltage, active power and reactive power respectively during
change in reference voltage. During the voltage change the
proposed controller regains the steady state value in 0.015
sec where as fuzzy controller takes 0.025 sec and the
conventional Pl controller takes 2 times more than the
proposed controller. Fig.33 depicts the g-axis voltage where
the PI controller has an over shoot of 10% but it is only 7%
and 2% in case of Fuzzy and API controller respectively.
From all the above figures it can be clearly concluded that
the proposed API controller has a much better settling time,
less over shoot and no oscillations.

Case-1V: Non linear load switching
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Fig.38. Load Current with nonlinear load switching
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Fig.39. The d-axis Voltage with non linear load switching
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Fig.42. Reactive Power with non linear load switching

Fig.38-42 shows the load current, d-axis voltage, g-axis
voltage, active power and reactive power respectively during
non linear load switching. At 0.3 sec a non linear load (3-
phase rectifier load) is switched on. Due to the nonlinear load
the system becomes unstable but the proposed API controller
acts very efficiently. For the d-axis voltage after the
nonlinear load switching the API attains the steady state
value within 0.005 sec but for the fuzzy and conventional Pl
controller it is 4 times and 7 times more than the API
controller respectively. The PI controller has a very large
over shoot of 31% but it is 6.89% in case of Fuzzy controller
and for API controller it is almost negligible as shown in
Fig.38. Fig.40. shows the active power of the system where
after nonlinear load switching the PI controller has a settling
time of 0.055 sec where as it is only 0.032 sec and 0.028 sec
in case of Fuzzy and API controller respectively. The above
results suggest that the API controller is more effective for
controlling the islanded voltage even under load variability.
Also the dynamic responses of the system with the proposed
API controller have better transient behavior, damping, rise
time, settling time and lower overshoot.

4, Conclusion

In this paper a distributed generation plant based on SOFC
connected to the Microgrid environment in islanded mode of
operation has been modeled and simulated using
MATLAB/SIMULINK and to design the fuzzy controller
MATLAB Fuzzy Logic Toolbox is used. An adaptive fuzzy
PI controller is designed and tested in this system. In this
control strategy the gains of the Pl controller are found out
by fuzzy logic by taking both error and change of error. In
addition HBCC concept is implemented for the enhanced
performance of PWM operation. The simulation results
demonstrate the characteristics and responses of various
system parameters including load current, active and reactive
power, d-axis and g-axis voltage and gains of the controllers
under linear and non-linear load variations. The comparative
demonstrations of the proposed controller w.r.t conventional
Pl and fuzzy controller show a better closed loop
performance and guarantees a robust stability and efficient
performance irrespective of the load and voltage uncertainty.
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Appendix
Table-3.. Parameters of the Islanded Microgrid system
PARAMETERS VALUES
DC-link Voltage (Vo 1500V
Fundamental 50Hz
Frequency(f)
Filter Inductance(Ly) 1mH
Load Resistance(R) 50
Load Inductance(L) 4mH
Power Factor 0.95 lagging
Active Power(P) 108KW
Reactive Power(Q) 32 Kvar
0.005,30
Kp,Ki
Table-4.SOFC Data
PARAMETERS VALUES
SOFC Stack Output 807V
Voltage
SOFC Stack Output 70 A
Current
SOFC Stack Output Power 60 KW
SOFC Stack Output 1500 V
Voltage After Boost
SOFC Stack Output 66 A
Current After Boost
SOFC Stack Output Power 100 KW
After Boost
Number Of cells in series 675
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