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Abstract- This paper studies the theory and modeling manner of solid oxide fuel cell (SOFC) into power
network and its effect on small signal stability. The paper demonstrates the fundamental module, mathematical
analysis and small signal modeling of the SOFC connected to single machine infinite bus (SMIB) system. The
basic contribution of the study is to attenuate the low frequency oscillations by optimal stabilizers in the
presence of SOFC. To optimize the performance of system, fuzzy logic-based power system stabilizer (FLPSS)
is exploited and designed by particle swarm optimization (PSO) technique. To ensure the effectiveness of the
proposed optimal stabilizers, the simulation process takes in three scenarios of operating conditions. The
effectiveness of proposed PSO based FLPSS on the oscillations in the power system, including SOFC is
extensively demonstrated through time-domain simulations and by comparing FLPSS with the results of other

stabilizers approaches.
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1. INTRODUCTION
Solid oxide fuel cell (SOFC) is a promising power
generation technology, which produces electricity by
oxidizing a fuel directly. The SOFCs are high
temperature fuel cells, which demonstrate high potential
to be used as clean power generation source in electrical
network, because of numerous advantages such as fuel
flexibility, inexpensive catalyst, solid electrolyte,
availability of waste heat for combined heat and power
(CHP) operation and high electrical efficiency. With the
fast development of the SOFC technology, dynamic
mathematical models become important topic.
Demonstrative of the SOFC performance and structure
have been presented in Refs. [1-3]. Authors in the Ref [2]
discusses different fuel cell technologies, the various
applications, and reviews their commercialization
considerations and status. It is predictable that in the
following many years, the SOFC with higher capacity
will be regarded as source power generation in
transmission network [4,5]. Therefore, the consequence
of high capacity SOFC on small signal stability is
important and must be investigated carefully [6-8]. Ref
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[6] describes the initial fuel cell stack and power
conditioner modeling methodologies. Authors in the Ref
[7,8] develops a comprehensive nonlinear dynamic
model of a solid oxide fuel cell (SOFC) that can be used
for dynamic and transient stability studies in two parts.
One of the objectives of this paper is to gain a clear
understanding of the effect of FC generation of system
small-signal stability when it operates jointly with
conventional power generation. So far, there have been
many literatures in regards to the SOFC power plant on
the stability of the distribution system. For example, Das
and Co-workers in Ref. [9] represent the dynamic
operation of the SOFC in the distribution system so that
model works in island mode and in the grid connected
mode. Eric et al. [10] present a model for the SOFC stack
that operates at relatively low pressures and illustrate the
dynamic behavior of the two models connected to the
distribution system. Ref. [11] introduces dynamic models
of micro-turbine and FC as dispersed generators and
investigates its impact on the dynamic behavior of the
system. Power system small-signal stability is generally
affected by conventional generation, that is, the
performance of synchronous generators. For last years,
most studies of SOFC power plants have been on the
operation grid-connected SOFC themselves, including
development of mathematical model of SOFC power
plants [12-13]. Authors in the literature [12] investigated
the consequence of SOFC model integrated with the
single machine infinite-bus (SMIB) system on the
dynamic stability and show the size of the SOFC injected
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power generation to the grid consequences on damp
torque. It will also help either positive or negative
damping on low frequency oscillations, although not
discussed about how exactly to control this system. Ref.
[13] shows a reduced order dynamic model of gird-
connected FC power generation that studies on the effect
of the mixed between FC and gas-turbine generation on
the dynamic stability. By forecasting the future of SOFC
in interconnected power systems, it is important to study
how the grid connection of SOFC generation can
effectively and efficiently improve dynamic stability. The
main motivation of this article is Heffron-Philips model
of the SOFC power plant connected into large-scale
power system and damp out the electromechanical
oscillations by optimal stabilizer in an example case
study. In particular, the un-damped power oscillations
with frequency between 0.2 and 2.0 Hz, i.e., local and
inter-area oscillations may jeopardize the system
operation and cause the system instability [14-16]. In
order to damp these power oscillations and increase
stability, the power system stabilizer (PSS) installed to
the synchronous generator has been successfully used in
the presence of SOFC power plants. To optimize the
performance of the system, the optimal stabilizer design
is formulated as an optimization problem and the PSO is
employed to solve this problem. The PSO is one of the
most interesting heuristic algorithms which were first
introduced by Kennedy and Eberhart. It can make a better
solution within a shorter time than other random
methods. So far, there have been many publications in the
field of optimization with PSO, for example in Ref. [17],
the problem of coordinated tuning of brushless exciter
and classic power system stabilizer (PSS) parameters of
a single machine is solved by PSO technique. The next
phase, this paper provides an adjusted fuzzy logic-based
PSS (FLPSS) parameters using particle swarm
optimization algorithm. So far, there have been few
publications about fuzzy logic-based PSO. Ref [18]
presents a novel indirect adaptive power system stabilizer
via a developed synergetic control methodology and
fuzzy systems. Results evaluation reveals that the
proposed controller achieves good and effective
performance for damping of low frequency oscillations
under different disturbances and is more advanced than
the PSO based classic PSS.

The objectives of this study are:

e A comprehensive dynamic model of SOFC plants has
been developed to study dynamic stability in power
systems.

e The proposed model has a suitable complexity and
integrity for attenuating the electromechanical

oscillations.

e The PSO is employed to search for optimal classic
PSS parameters, PID parameters and FLPSS
parameters in the presence of SOFC connected to
single-machine system.

The rest of the paper is organized as follows. In
Section 2, detailed modeling of the power system
components, including conventional units and high
capacity SOFC, used for small signal stability studies, is
introduced. Section 3 presents the optimal technique for
designing different PSS for a power system incorporating
SOFC. Additionally, the optimized parameters for PID,
classic PSS and FLPSS are presented in this section.
Section 4 shows and analyzes the time-domain results
obtained from the proposed optimization model and
solution approach. Finally, conclusions are summarized
in Section 5.

2. PROBLEM MODEL

This research work studies the effects of a power system,
including SOFC on the electro-mechanical oscillation
modes of the power system. PSS design to increase the
damping of these modes is also evaluated. For this
purpose, different components of power system,
including generators, their control systems and the SOFC
power plant should be first modeled. Based on these
outcomes, the system small signal stability can be
evaluated. Then, by using the eigenvalues and deviation
factors of the system, the optimal stabilizers are designed
by PSO technique.

2.1. SOFC model

The SOFC produces DC electric power from fuel and
oxidant via electrochemical process. The chemical
reactions inside the cell that are directly involved in the
production of electricity are given as [6-8]:

Anode: H,+ O° > H,0+2 1)
Cathode: &Jr % 50" @)
2

The SOFC output power depends on its current. This
means that the output power must control the output
current. Therefore, we have:

Pfc—ref

I cref v, 3
foref v, 3)

The SOFC should operate within the correct area,
is limited by the following boundaries:

U
I fe—ref max — 2|r2ax th—in (4)

r

fc—ref
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U min N
= Uha-in Kr =— (5)

I fc—ref min — 2Kr
whereU ., and U .., is the maximum and minimum fuel
unitization respectively. The N0 is the number of cells in

series in the FC stack, Q,_;, is the hydrogen input flow

rate and F is the Faraday constant. Figure 1 shows the
schematic of a SOFC connected to power network. The
mathematical formulation of the SOFC is illustrated as

follows [12]:
Lot 6
fc 1+TeS fo—ref ( )
o = (7)
h2-in Uom 1+TfS fo—ref
1
qoZ—in :7qh2—in (8)
rho
1 1
=== (g, 2K,
ph2 Khz 1+Th25 (qhz—m r fc) (9)
1 1
== (q,., K|l
poZ Koz 1+T025 (qozfln r fc) (10)
1 1
Proo =7 — 2Krlfc (11)

Kh20 :I'-i—-l—hZOS

UOpt is the optimal fuel utilization, T, is the time
constant of dynamic of fuel supply, I, is the ratio of
hydrogen to oxygen, K,,, K,,and K, is the valve
molar constant for hydrogen, oxygen and water, T, T,

and ThZo is the time constant for hydrogen, oxygen and

water flow respectively. By using of the Nernst relation,
the internal Emf generated by the FC stack can be
formulated as:

0.5
V, =N, EO+RT|n[ph2Xp°2J 1l (12)
2F Ph2o

where E; is the voltage associated with the reaction-free

energy of a cell, R is the gas constant, T is the SOFC
operating temperature typically in the range of 800° C—

1000° C, Pyy. Py, and Py, are the reactant partial
pressures of hydrogen, oxygen and water, respectively.

Pre
FC electrical
dynamic |

Conversion constants

Ohzin

|
Chemical dynamic of fuel Chemical reaction dynamic FC | S
precessor of fuel cells stack PSC

Vi Conversion to FC voltage

Fig. 1. Schematic of the SOFC

2.2. Synchronous generator model
Mathematical model of the synchronous generator can be
as follows [19]. In d — g coordinate of the generator, I

was shown by its d and  component itsd and iqsd

respectively.

o= (0 —1) (13)
o= (P, P, ~D(0-1) a9
: 1 . O\
E, :_-(E w—Eqt (Xd — Xy )'tsd) (15)
Tso
: 1 _. KA
E :—ﬂ Eq +ﬁ(vref _Vt) (16)
Where
Pt = E(:_]itsq + (Xq - X(':l )itsditsq 7)

Vi :\/(Xqitsq)ZJ“(Eé —Xqltsq )2 (18)

2.3. Modeling of SOFC in SMIB

Figure 2 illustrates the configuration of the SOFC power
generation connected to the SMIB system. Xs, Xsb1, Xsb2
and xis denote the equivalent reactance of transformers
or/and transmission line. Parameters of a case study are
given in Appendix. Since the level of SOFC output
voltage for connecting to the power network is low, as
result the dc-dc boost converter is exploited. The control
of SOFC output current is realized with a dc-dc
converter. Hence, we have:

d= d0 +Td (I fo-ref I fc) (19)
where d is the duty cycle and T, the transfer function of

the FC current controller.
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Fig. 2. Configuration of the SOFC power generation connected to
SMIB system

Operating in continuous conduction mode (CCM) is
shown in Figure 3 by using of the state space averaging
method to a dc-dc boost converter. The boost converter
has two different linear circuits [20]. First, the switch is
on, second, the switch is off.

L
2%

Vfc l
d — C== 3R Id
oN OFF

Ly o
Ve |, c Vie| c ! R
1 R 1 T

Fig. 3. Operating of DC-DC converter in two stages of switching

m

State space models for Fig. 3(a) and (b) can be
formulated as follows, respectively:

X = Aonx + Bonu (20)
y=C,x+D,u

X= Aoff X+ Boff u (21)
Yy =Cu X+ Dy U

These can be approximated by the following state
space averaged model.

X = AX +Bu 22)
Y =CX + Du

A=dA, +(L-d)Ay
B=dB,, +(1-d)B,

C= dCon + (1_d)C0ff (23)
D= DAnn +(]-_d)Dm‘f

Therefore,
. V
\/C = I_'— — dX_I'— _ V_C (25)

WhereiL is the DC-DC inductor currentand V, is the DC-
DC capacitor voltage.

After changing the DC voltage level, a dc-ac converter
will be needed for connecting to the power system. The
ac voltage at the terminal of the converter can be
calculated as follows [21]:

Vigae = MKV, (cosy + jsiny)

fecac

(26)
whereV,, is the terminal voltage of DC-DC converter, y
is the angle deviation between Vi,  and V, and k is
usually equal to 0.75 [21].

The dc-ac converter has two different controllers. m is
the modulation ratio and ¢ is the phase of the pulse width
modulation (PWM).

¢ = ¢0 +Tvdc (s)(vdc _Vdc—ref ) (27)
m=m, +Tvac (SXVS _Vs—ref ) (28)

whereT . is transfer function of the DC voltage
controller and T, is transfer function AC voltage

controller.

From Fig. 2, mathematical formulation of the dc-ac
converter can be stated as:

1

Vdc :C_(IdCZ - Idcl) (29)
dc
We can have:
V, = jx, 1 +V, (30)
V_s = _j(xs)l_s_'_vf;ac (31)

Vs_Vb :jxsb(lts_’_lsj Xsb:Xsblll Xsp 2 (32)

The relations are transferred to d-q frame of the
synchronous machine. Hence, we have:

Xsp X+ Xsb:| o |
X+ XXy Xy |ig

[ =V COSY +V, SINS 53
I V, sind }

[ X, Xy + % | [l |

Xy X+ Xy Xy } Lsd } - a0

[V SiNy =V, cosd
E, -V, coss
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2.4. Linearized Model
Linearization of a dynamic model of the dc-dc converter
Egs. (24) and (25) can be obtained the following:

. Vv _
Aiy, = 20 Ad + (o —1) AV, +1Avfc (35)
L L L
AV, =0 Ad + (-dy) AV, - AV, (36)
C C RC
Ad =-T,Ai —T,Ai, (37)
For dc-ac converter, we have:
: 1
AV, = ?(AI aeo = Alger) (38)
dc
A¢ vdc( ) dc (39)
Am= _Tvac (S)Avs (40)

Linearized of Eqgs. (33) and (34) is denoted by the
following:

[Aitsd Aitsq]T =Q [A5 AE;} AV, Am AV/]T (41)

i, ai ] =w[ps aE, av, am o ay] @2

Where,

Q:|:Q11 Q12 QIS Q14 Q15:|
Q21 Q22 Q23 Q24 Q25

W{W“ W, W, W, wﬂ
W21 WZZ W23 W24 WZS

(43)

Linearization of the SOFC power generation can be
written as:

Al = —MAV 44
fc—ref szco fc ( )
Al —1 Al
= 45
fc 1+TeS fc—ref ( )
AqoZ—in = AQhZ—in (46)
ho
2K
A in = ————Al c—ref a7
Oho-i U, 1+T,s fo—ref (47)
1
A —2K Al
phZ Kh2 1+Th23( qh2 in r fc) (48)
Ap,, = — AQ,, ., — K Al 49
poz Koz 1+T025( q02—| fc) ( )

1 1
A =————2K Al 50
ph2° Kh20 1+Th203 ( )

AV =a,Apy, +3,AD,, +334p,,, +a,Al (51)

By using of Egs. (33) and (34), linearized of Eqgs. (17)
and (18) is denoted by the following:

AP, = K,AS + KAE, + Ky AV + .

(52)
KomAm + K, AY
AE, =K A + KAE, + Ky AVy, +... (53)
KymAm + K, AY
AV, =KAS + KGAE, + K g AV, +... (54)

KA + K, AY

Thus, linearization of the generator shown by
Egs. (13) - (16) can be calculated the following:

Ao = wyAw (55)
.1 (-KAS-DAw-K,AE, —...
Ao=—) C (56)
M { K AV, — K, Am =K Ay
L - K A8 - KAE, — K AVy . (57)
T T | KpAm=K,, Ay +AE,
o 1 . KA[KGAS +KGAE, + K AV, + ...
L E N (58)
A Too | KmAm+ K, Ay

By using of the obtained Egs. (39), (40), (44), (45),
(46), (47), (48), (49), (50), (55), (56), (57) and (58), the
block diagram of the system can be shown (Fig. 4). In the
next section, controller design for the sample test case is
reviewed.

[k}
L=
) IR | ®
Ms + D Ls |
<
Fuel cell | Alfc v ,&
dynamic Am
NS
A LT Ll
converter | Ad ‘%
\AYA'
1 € [Ka] )
TustK3| \ e T,s+1 [0 5\
K. ]

Fig. 4. Linearized model of the SOFC in SMIB
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3. SOLUTION METHODOLOGY
3.1. Particle swarm optimization
The PSO has been just a population based stochastic
optimization technique developed by Eberhart and
Kennedy [22], motivated by social behavior of bird
flocking or fish schooling. Generally, the PSO is
characterized as a  straightforward  concept,
computationally efficient and easy to implement [23-25].
The features of the strategy are it based on a simple
concept and developer for nonlinear optimization
problems with continuous variables. The PSO is spread
through simulation in two-dimension space. The
positioning of every agent is shown by XY axis
position. Each agent knows its best value so far (pbest)
and its position also knows the most effective value so
far in the group (gbest). Each agent tries to modify its
position utilizing the following:
Vit =wvk + ¢ rand, x (pbest —s¥) + ...
c,rand, x (gbest—s) (59)

Sik+1 _ Sik + Vik+1 (60)
where Vik+l is the velocity of agent ith at iteration kth, W
is weighting function, C; is weighting factor, randis
random number between O and 1, Sik is the current

position of the agent ith at iteration kth and Sik+1 is
modified searching point. The weighting function is
given by:
W —W_. .
w=——"%___M0 xjter (61)
iter_,

Where W, is initial weight ,W_; is final weight ,

iter, . isamaximum iteration number, iter is current

iteration. The details of the illustration and the flowchart
of PSO are given in [22].

3.2. Fuzzy logic method

Fuzzy logic based-power system stabilizer (FLPSS) is
exploited and designed by PSO technique to damp the
oscillation as a result of imported disturbance. The input
of the FLPSS may be the speed deviation (A@) and
power deviation ( Ap ) and also the output is injected into
the excitation system. The target of this controller is to
improve the damping of the oscillation due to disturbance
of the system. The power deviation (Ap), speed

deviation (Aw) and the fuzzy output signal (QO) are
divided into seven triangular shape membership
functions with range [-0.8 , 0.8]. Fig.5 shows the related

membership functions [17]. The membership functions
are described by [Negative Big (NB), Negative Medium
(NM), Negative small (NS), Zero (ZE), Positive Small
(PS), Positive Medium (PM), Positive Big (PB)]. An
output signal (Q) is described by [Output Negative Big
(ONB), Output Negative Medium (ONM), output
Negative Small (ONS), Output Zero (OZE), Output
Positive Small (OPS), Output Positive Medium (OPM),
Output Positive Big (OPB)]. The fuzzy control rules
designed by previous experience of the controlled
dynamic system are shown in Table 1.

3.3. Optimal design of stabilizers for SOFC in SMIB

3.3.1. Optimal tune of inverter PID controller
In this section, two control signals, Am and A¢ are

reviewed. The controller structure considered for these
signals is PID controller, which is shown in Fig. 6. The
PSS is not installed to synchronous generator. The

parameters of PID controller Kl,, KD, , KP, ,should

be tuned by PSO algorithm. The eigenvalue based
objective function is denoted by the following:
n
OF =Min [Max (7)+ Y (l-¢,] i=12..n,  (62)
j=1
where A is the real of eigenvalues, N is the total number
of the eigenvalues and & is the damping ratio. The

objective of the optimization problem is to maximize the
damped oscillation due to imported disturbance.
According to the simulation, the following PSO
parameters are used for searching for the controllers
parameters:

e lteration=100

e Population size = 50

e Inertia weight factor w is set by Eq. (61) here Wmax =
0.9 and Wmin = 0.4.

e Acceleration constant c; =2 and ¢; = 2.

The best solution that obtained is summarized in
Table 2.

3.3.2 Optimal tuning of classic PSS
The classic power system stabilizers shown in Fig. 7. The
details of the block diagram can be found in [14]. In this
section, the parameters of exciter 74, K4 and PSS T — T,
and K¢ should be tuned with the PSO in a case study. The
input and output of the PSS is the speed deviation Aw and
the excitation voltage, respectively. The objective
function in this section is exactly the same as the
objective function in the previous section. The lower and
upper limits of the PSS and exciter parameters are given
in Table 3. The best solution obtained is given in Table 4.
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ap o Output

signal
ONB ONM  ONS OZE oPS OPM  OPB _’b_} l+ST1 1+8T3 »
1+T, 1+5T,

Fig. 7. The power system stabilizer

o8 s 0 ozeos2 08 Table 3. Lower and upper limits of PSS and exciter parameters
o Parameters Lower band Upper band
T 1 3
ONBE ONM ONS OZE OPS OPM OPB T2 0.01 0.3
Ts 1 3
Ta 0.01 3
- -0.8 -0.52 -0.26 o 0.26 0.52 0.8 ; KC 1 5
TA 0.05 0.9
Aw KA 5 20
ONB ONM ONS OzZE OPS OPM OPB Table 4. Optimal values of PSS and exciter parameters
Parameters Optimal value
T 2.5
< > T2 0.06
-0.8 -0.52 -0.26 o 0.26 0.52 0.8
T3 1.09
Fig. 5. Membership function of fuzzy logic based controller T4 0.17
Table 1. Rules for the FLPSS Ke 23
Speed TA 0.14
devia- | Power deviation (Ap) KA 6.5
tion
(Aw) | NB | NM | NS | ZE | PS | PM | PB 3.3.3 Optimal tuning of FLPSS
NB OBN OBN OBN OBN OSN OSN OEZ The choice of suitable parameter for the fuzzy logic
oNn ToN Ton ToN Ton oz op method plays an essential role m_achlevmg the controllgr
NM B B M M S E S goals. Since the FLPSS has two inputs and one output, it
NS ON | ON | ON | ON | OZ | .| OP has Kw andKP parameters for input and KO parameter
B| M| M| S |E M for output signal. These parameters are tuned with PSO.
ZE ?\;\' ?\:I\‘ OSN OEZ OSP ?AP ?AP The system equipped with FLPSS is shown in Fig. 8. The
s | ON | ON [0z [ | OP|OP | oOP computational flow chart of PSO based FLPSS is shown
M S E M M B in Fig. 9. The objective function to tuning of FLPSS is
PM ON | OZ | Joe | OP | OP | OP | OP defined by the following:
S E M | M B B i .
oz Op | O | OP | OP | OP OF = Mm(Zabs (Aw)+0S + ),
PB E |9 ™ B M B B r—y
0S = %100, (63)
r
Table 2. Optimal values of PID controller j= Ztez,
Parameters KI, | KD,| KP, | KI, | KD, | KP, Where OS is the system overshoot, | is the
_ performance index, € is the system error, t is the time,
O\‘I);:T:I 567 | 10| -1 1 271 0 | 036 r is the system reference, and Y is the system output.
The goal of this objective function is to improve the
Tude Am damping of the oscillation and reducing the system
_ Kp, + Kl , Kbs — overshoot and settling time.
T\fac The lower band and upper band limits of the three
AV ; Ao parameters are given in Table 5. The optimal parameters
— Kp, T KDs —— are shown in Table 6.
Fig. 6. PID controller for the inverter 4. Simulation Results

To evaluate the small signal modeling of the SOFC
connected to SMIB system and proposed stabilizers,
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three scenarios will be considered (Table 7).

4.1 Scenario 1

The simulation of the system is tested by a mechanical
torque entered into the generator. Figure 10 shows the
speed deviation of a single machine system without a
controller. Under this condition, it can be seen that the
system is stable after highly oscillations.

K Fuzzy
logic
™ ’
ST
T Aw 0, | %
Ms +D
| Y
Avd
Fuelcell | Afc || Fuel cll ‘B
| dynamic P output Am N I::_l
equation voltage and q K K
EZ' AndDC-DC [~ DC-AC W v | EZ'
converter | Ad converter ‘D—l
VYV

[ K] ﬁ’)
- )2 T,5+1 5\

(K]

Fig. 8. The system equipped with FLPSS

Stop:giving gbest ,optimal

Start A
solution

l

Initialize particles for FLPSS parameters with random position and
velocity vectors

if Iter=max iter

For each particle’s position(p) evaluate fitness
That fitness = OF

Update particles velocity and position [«—

If No

fitness(p)<
fitness(pbest)

gbest=pbest

Yes

Yes

If No

pbest=p fitness(Phest)<
fitness(gbest)

Fig. 9. A flowchart of PSO based FLPSS

Table 5. Lower and upper limits of FLPSS parameters

Parameters Kw KP KO
Lower band 4 0.1 0.1
Upper band 30 3 1.5

Table 6. The optimal values of Fuzzy logic based power system
stabilizer parameters

Parameters Kw KP KO
Optimal value 15.02 1.06 0.7
Table 7. Considered scenarios
Senario 1 Psorc = 0.3 Pgen = 0.7
Senario 2 Psorc = 0.7 Pgen = 0.3
Senario 3 Psorc = 0.9 Pgen = 0.1
x10°

Speed deviation(pu)

Time(sec)
@
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T
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8
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o
T
T
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2
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Fig. 10.0Outputsignals of SOFC connected to SMIB system in
scenario 1

Figure 10 (a) shows the plot of speed deviation
response of the equipped generator with different
stabilizers under the electromechanical disturbance. By
visual inspection of the curves in Fig. 10 (b), it can be
seen that the speed deviation of the system equipped with
FLPSS reached a better damping against another
stabilizers. Although the speed deviation with tuned PID
controller and PSO based classic PSS reached a relatively
good damping. It is noticed that the speed deviation with
PSO based FLPSS is better than that with PSO based
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classic PSS with less settling time and overshoot.

Terminal voltage(pu)

Dc voltage deviation(pu)

10°

Speed deviation(pu)
= f—3

Fig. 11. Outputsignals of SOFC connected to SMIB system in

scenario 2
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Figure 10 (c) shows the DC voltage deviation of
output DC-DC converter with different controllers. The
DC voltage deviation with regulated classic PSS and
regulated FLPSS is nearly the same. In this case the PID
controller is better settling time than the others, but
FLPSS has less overshoot. The terminal voltage
deviation of single machine with different controller is
shown in Fig. 10 (d), which demonstrates that the FLPSS
has a better response.

4.2. Scenario 2

In this scenario, the SOFC power generation injected into
the grid is more than the previous scenario. The speed
deviation of a single machine system without controller
shown in Fig.11 (a) demonstrates that the system reached
to stability slower than when the SOFC power generation
injected into the grid is less. Therefore, the size of the
SOFC power generation injected into the grid can
collaborate either positive or negative damping to low
frequency oscillations. The speed deviation of the system
with different controllers in this scenario is shown in
Fig.11 (b). In this case, also the PSO based FLPSS
reached a better damping than the other controllers. The
dc voltage deviation of output dc-dc converter with
different controllers is shown in Fig.11 (c). Also the
terminal voltage deviation of single machine with
different controller is shown in Fig.11 (d) that the FLPSS
has a less overshoot and slower settling time.

4.3. Scenario 3

In this case, the SOFC power generation injected into the
grid is more than previous scenarios. The speed deviation
of a single machine system without controller is shown
in Fig.12 (a) that the system is unstable after high
oscillations. Therefore, the SOFC power generation can
makes instability in the system. The speed deviation of
the system with different controllers is shown in Fig 12
(b). As shown, the FLPSS and classic PSS can stable the
system. The speed deviation with PSO based FLPSS is
better than that with PSO based classic PSS with less
settling time and overshoot. Also the dc voltage deviation
of output dc-dc converter and terminal voltage deviation
of single machine with different controllers are shown in
Fig. 12 (c) and Fig. 12 (d) respectively.

5. Conclusions
This paper presents the consequence of the grid-
connected SOFC power generation on small signal
stability in power system and optimal design of the
stabilizers to attenuate the low frequency oscillations. It
is concluded that when the penetration of SOFC
generation is more, the system reached to stability slower
as well as becomes unstable. Therefore, the size of the
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SOFC power generation injected into the grid can help
either positive or negative damping to low frequency
oscillations.
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Fig. 12. Outputsignals of SOFC connected to SMIB system in
scenario 3

A fuzzy logic-based control design is proposed for
attenuate the low frequency oscillations of imported
disturbance in power system in presence of a SOFC
power generation. The optimization of parameters the
FLPSS, classic PSS and PID controller is carried out. To
acquire the optimized parameters, the PSO algorithm is
applied to solve the design problem. Simulation study in
the SMIB connected to the SOFC power generation
confirms that the stabilizing consequence of the proposed
PSO based FLPSS are much superior to those of the
conventional classic PSS and PID controller.

APPENDIX
Data for the single machine infinite bus is [14]:

Transmission line
Xts = 0.3 p-u. Xsh1 Xsb2 X
=04p.u. =04p.u. =03p.u.
Generator
Xq 1.3 p.u.
Xq 0.47 p.u.
x4 0.3 p.u.
M 745
D 4p.u.
Tio 5s
AVR
T,=01s K,=10p.u.
Initial condition
Vio 1.0 p.u.
Vso 1.0 p.u.
Vio 1.0 p.u.
Vaco 1.0 p.u.
Parameters of the SOFC
T =1273°K. F =96487
R=8314 E, =1.18V
N, =384 K, =0.966e —6 mol /(5. A)
U, =09 Uy, =08
U,y =085 t, =291s
t., =26.1s K,, =5.43e —4mol /(s.atm)
t,,, = 78.3s K,z =2.52e -3 mol/(s.atm)
r=0.126Q K,z =2.8le—4mol/(s.atm)
T, =5s T, =0.08s
I, =0.8
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