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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 

[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: 

 A comprehensive dynamic model of SOFC plants has 

been developed to study dynamic stability in power 

systems. 

 The proposed model has a suitable complexity and 

integrity for attenuating the electromechanical 

oscillations. 

 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:   eOHOH 222
 (1) 

Cathode:   Oe
O

2
2

2  (2) 

The SOFC output power depends on its current. This 

means that the output power must control the output 

current. Therefore, we have: 

fc

reffc
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P
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
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The SOFC should operate within the correct area,

reffcI 
is limited by the following boundaries: 
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where maxU  and minU is the maximum and minimum fuel 

unitization respectively. The 0N is the number of cells in 

series in the FC stack, inhq 2 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]: 
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optU  is the optimal fuel utilization, fT  is the time 

constant of dynamic of fuel supply, hor  is the ratio of 

hydrogen to oxygen, 2hK , 2oK and ohK 2 is the valve 

molar constant for hydrogen, oxygen and water, 2hT , 2oT  

and ohT 2 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:  
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where 0E  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 800o C–

1000o C, 2hp , 2op , and ohp 2  are the reactant partial 

pressures of hydrogen, oxygen and water, respectively. 
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Fig. 1. Schematic of the SOFC 

2.2. Synchronous generator model 

Mathematical model of the synchronous generator can be 

as follows [19]. In qd  coordinate of the generator, 𝐼𝑡𝑠 

was shown by its d and q component tsdi  and qsdi  

respectively. 
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Where 

tsqtsddqtsqqt iixxiEP )( '' 
 

(17)
 

)()( ''
22

tsddqtsqq ixEixtV   (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 xts 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: 

 
fcreffcd IITdd  0  

(19)
 

where d  is the duty cycle and dT  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. 

ON

d
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1-d
Vfc
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C R

L

Vfc
C R

Vfc

L

C R

(a) (b)

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

State space models for Fig. 3(a) and (b) can be 

formulated as follows, respectively: 
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These can be approximated by the following state 

space averaged model. 
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where Li  is the DC-DC inductor current and 
cV  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]: 

 cos sinfcac dcV mkV j  

 

 

(26)

 where
dcV  is the terminal voltage of DC-DC converter,   

is the angle deviation between fcacV  and 
dcV and k is 

usually equal to 0.75 [21].  

The dc-ac converter has two different controllers. m is 

the modulation ratio and φ is the phase of the pulse width 

modulation (PWM). 

  
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  
refssvac VVsTmm  0

 (28) 

where
vdcT  is transfer function of the DC voltage 

controller and 
vacT  is transfer function AC voltage 

controller. 

From Fig. 2, mathematical formulation of the dc-ac 

converter can be stated as: 
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The relations are transferred to d-q frame of the 

synchronous machine. Hence, we have: 
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2.4. Linearized Model  

Linearization of a dynamic model of the dc-dc converter 

Eqs. (24) and (25) can be obtained the following: 
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For dc-ac converter, we have: 
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Linearized of Eqs. (33) and (34) is denoted by the 

following: 
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Linearization of the SOFC power generation can be 

written as: 
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By using of Eqs. (33) and (34), linearized of Eqs. (17) 

and (18) is denoted by the following: 









ppm

dcpdcqt

KmK

VKEKKP ...'

21

 

(52)

 









qqm

dcqdcqq

KmK

VKEKKE ...'

34

 

(53)

 









vvm

dcvdcqt

KmK

VKEKKV ...'

65

 

(54)

 

Thus, linearization of the generator shown by 

Eqs. (13) - (16) can be calculated the following: 
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By using of the obtained Eqs. (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. 
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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: 
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where 
1k

iv  is the velocity of agent ith at iteration kth, w  

is weighting function, ic  is weighting factor, rand is 

random number between 0 and 1, 
k

is  is the current 

position of the agent ith at iteration kth and 
1k

is is 

modified searching point. The weighting function is 

given by: 

iter
iter

ww
w 




max

minmax

 

(61)

 

Where maxw  is initial weight , minw  is final weight ,

maxiter  is a maximum 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 (  ) and 

power deviation ( p ) 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 ( p ), speed 

deviation (  ) and the fuzzy output signal ( O ) 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 ( O ) 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, m  and   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 2,1KI
2,1KD 2,1KP should 

be tuned by PSO algorithm. The eigenvalue based 

objective function is denoted by the following: 

    ,,....2,1]1[

1

niMaxMinOF

n

j

ji  


  (62) 

where  is the real of eigenvalues, n  is the total number 

of the eigenvalues and 
j 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:  

 Iteration=100 

 Population size = 50  

 Inertia weight factor w is set by Eq. (61) here wmax = 

0.9 and wmin = 0.4.  

 Acceleration constant c1 = 2 and c2 = 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 TA, KA and PSS T1 – T4 

and KC should be tuned with the PSO in a case study. The 

input and output of the PSS is the speed deviation ∆𝜔 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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Δp 
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Δω 

OZE OPS OPM OPBONSONMONB

0 0.80.26 0.52-0.26-0.52-0.8  

Fig. 5. Membership function of fuzzy logic based controller 

Table 1. Rules for the FLPSS 

Speed 

devia-
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(∆𝜔) 

Power deviation (∆𝑝) 
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Table 2. Optimal values of PID controller 

Parameters 𝐾𝐼1 𝐾𝐷1 𝐾𝑃1 𝐾𝐼2 𝐾𝐷2 𝐾𝑃2 

Optimal 

value 

5.6e-7 1.0 -1.1 2.7 0 0.36 

sKD
s

KI
Kp 1

1
1 

sKD
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2
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Fig. 6. PID controller for the inverter 
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
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Fig. 7. The power system stabilizer 

Table 3. Lower and upper limits of PSS and exciter parameters 

Parameters Lower band Upper band 

T1 1 3 

T2 0.01 0.3 

T3 1 3 

T4 0.01 3 

KC 1 5 

TA 0.05 0.9 

KA 5 20 

Table 4. Optimal values of PSS and exciter parameters 

Parameters Optimal value 

T1 2.5 

T2 0.06 

T3 1.09 

T4 0.17 

KC 2.5 

TA 0.14 

KA 6.5 

3.3.3 Optimal tuning of FLPSS 

The choice of suitable parameter for the fuzzy logic 

method plays an essential role in achieving the controller 

goals. Since the FLPSS has two inputs and one output, it 

has 𝐾𝜔 and𝐾𝑃 parameters for input and 𝐾𝑂 parameter 

for output signal. These parameters are tuned with PSO. 

The system equipped with FLPSS is shown in Fig. 8. The 

computational flow chart of PSO based FLPSS is shown 

in Fig. 9. The objective function to tuning of FLPSS is 

defined by the following: 

 

,

,100

),(

2









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tej
r

yr
OS

jOSabsMinOF 

 (63) 

Where OS  is the system overshoot, j  is the 

performance index, e  is the system error, t  is the time,

r  is the system reference, and y  is the system output. 

The goal of this objective function is to improve the 

damping of the oscillation and reducing the system 

overshoot and settling time. 

The lower band and upper band limits of the three 

parameters are given in Table 5. The optimal parameters 

are shown in Table 6. 

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. 
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Fig. 8. The system equipped with FLPSS 

 

Start

Initialize particles for FLPSS parameters with random position and

velocity vectors

For each particle’s position(p) evaluate fitness

That fitness = OF

If 

fitness(p)<

fitness(pbest)

pbest=p

If

 fitness(Pbest)<

fitness(gbest)

gbest=pbest

Update particles velocity and position

 if Iter=max iter

Stop:giving gbest ,optimal 

solution

Yes

No

Yes

No

Yes

No

 

Fig. 9. A flowchart of PSO based FLPSS 

 

Table 5. Lower and upper limits of FLPSS parameters 

Parameters 𝐾𝜔 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 𝐾𝜔 𝐾𝑃 𝐾𝑂 

Optimal value 15.02 1.06 0.7 

Table 7. Considered scenarios 

Senario 1 𝑃𝑆𝑂𝐹𝐶 = 0.3 𝑃𝐺𝑒𝑛 = 0.7 

Senario 2 𝑃𝑆𝑂𝐹𝐶 = 0.7 𝑃𝐺𝑒𝑛 = 0.3 

Senario 3 𝑃𝑆𝑂𝐹𝐶 = 0.9 𝑃𝐺𝑒𝑛 = 0.1 
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Fig. 10.Outputsignals 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. 
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Fig. 11. Outputsignals of SOFC connected to SMIB system in 

scenario 2 

 

 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. 𝑥𝑠𝑏1

= 0.4 𝑝. 𝑢. 

𝑥𝑠𝑏2

= 0.4 𝑝. 𝑢. 

𝑥𝑠

= 0.3 𝑝. 𝑢. 

 

Generator 

𝑥𝑑 1.3 p.u. 

𝑥𝑞 0.47 p.u. 

𝑥𝑑
′  0.3 p.u. 

𝑀 7.4 s 

𝐷 4 p.u. 

𝑇𝑑0
′  5 s 

 

AVR 

𝑇𝐴 = 0.1 𝑠 𝐾𝐴 = 10 𝑝. 𝑢. 

 

Initial condition 

𝑉𝑡0 1.0 p.u. 

𝑉𝑠0 1.0 p.u. 

𝑉𝑏0 1.0 p.u. 

𝑉𝑑𝑐0 1.0 p.u. 

 

Parameters of the SOFC
 

.1273 KT   96487F  

314.8R  VE 18.10   

3840 N  )./(6966.0 AsmoleKr   

9.0max U  8.0min U  

85.0optU  sto 91.22   

sth 1.262   )./(443.52 atmsmoleKh   

st oh 3.782   )./(352.22 atmsmoleKo   

 126.0r  )./(481.22 atmsmoleK oh   

sT f 5  sTe 08.0  

8.0hor  
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