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affect power-system stability. In particular, the simultaneous operation of Solid Oxide
Fuel Cell (SOFC) power plants and Doubly Fed Induction Generator (DFIG)-based
wind turbines with conventional synchronous generators creates a hybrid generation
structure whose small-signal dynamic characteristics require comprehensive
investigation. This paper investigates the small-signal stability of a power system in
which an SOFC power plant and a DFIG-based wind turbine operate in parallel with a
synchronous generator. To this end, a comprehensive mathematical model of the SOFC
generation unit and the DFIG-based wind turbine is developed and integrated into a
single-machine infinite-bus (SMIB) power-system configuration. The resulting
nonlinear dynamic model represents the principal interactions among the conventional
synchronous generator, SOFC unit, wind-energy conversion system, and the associated
control and electrical components. The mathematical models are subsequently
linearized around a selected operating point to obtain an appropriate small-signal
representation of the integrated system. Based on the linearized model, a modified
Heffron—Phillips model corresponding to the proposed generation configuration is
derived, providing a systematic framework for evaluating the dynamic behavior and
stability characteristics of the system. Small-signal stability is then assessed by
examining the effects of the integrated SOFC and DFIG units under different system
parameters and operating conditions. The results indicate that the integration of these
generation technologies can alter the dynamic stability characteristics of the power
system in both favorable and unfavorable ways. The magnitude and direction of these
effects depend strongly on system parameters and operating conditions, highlighting the
importance of considering the dynamic interactions between conventional and emerging
generation technologies when assessing power-system stability. The proposed modeling
and analytical framework can provide a useful basis for stability assessment and for the
coordinated integration of SOFC and DFIG-based generation into future power systems.
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1. INTRODUCTION

Power generation using fuel cells is associated with very low to zero emissions and relatively high efficiency (35—
60%), and depending on the type of electrolyte, fuel cells are classified into different categories. Among them, high-
temperature Solid Oxide Fuel Cells (SOFCs) are expected to have the greatest potential in the future as clean, grid-
connected power generation units [1-3]. With the rapid development of fuel-cell generation technology, it is
anticipated that, in the near future, the large-scale grid-connected operation of fuel-cell power plants will affect not
only distribution networks, but also transmission systems and other generators. Therefore, the impact of renewable-
based generation particularly large-scale fuel-cell units on the security and stability of future power systems must be
carefully examined [5—10], including their influence on small-signal stability.

On the other hand, in recent years, wind turbine technology and installed capacity have grown significantly. Wind
turbines may operate individually or as part of large wind farms. The response of wind turbines to grid disturbances
especially with increasing penetration levels has become a critical issue. Thus, analyzing their behavior in the power
grid is of great importance [11-16].

Several studies have investigated the impact of fuel-cell generators and wind power plants on power-system
stability. In [5—7], the dynamic behavior of power systems in the presence of fuel-cell generators has been discussed.
In [5], the structure of SOFC power plants is presented along with a simulation model. Reference [6] develops
dynamic models of microturbines and fuel-cell units in distribution networks and demonstrates their effectiveness
in assessing small-signal oscillations. Some of the earliest works on fuel-cell dynamic modeling and their impact on
power-system control and stability can be found in [8, 9]. In [10], the effect of SOFC-based power generation
operating alongside synchronous generators on small-signal stability is investigated.

Wind turbines with variable-speed operation extract approximately 2—6% more energy compared to fixed-speed
turbines. In particular, DFIG-based wind turbines deliver approximately 20% and 60% more energy than variable-
speed squirrel-cage induction generators and fixed-speed generators, respectively [11]. Hence, extensive research
efforts have focused on DFIG-based systems [12—14,17]. In [14,17], the dynamic modeling of power systems with
DFIG-based wind turbines has been presented. Reference [14] also proposes a control strategy to enhance voltage
and frequency stability and examines small-signal stability. Moreover, the stability of renewable-based microgrids
especially those integrating wind and solar energy has been studied in [18-20].

However, only a limited number of works have analyzed the combined impact of wind-power generation and
fuel-cell penetration on overall power-system stability. Hybrid systems incorporating wind turbines and fuel cells
have been dynamically evaluated in [21-23]. In [23], the fuel cell is considered as a backup source for wind turbines,
and a control algorithm for optimal wind-energy utilization is proposed. In [24], a robust intelligent controller is
introduced to enhance the stability of a grid-connected microgrid containing photovoltaic, wind, and fuel-cell
generators. It is also worth noting that Heffron—Phillips linear models have been used for oscillation damping and
optimal-controller design in [8, 25].

In this paper, a dynamic model of a power system incorporating a synchronous generator, a DFIG-based wind
turbine, and an SOFC power plant is developed to investigate how the simultaneous operation of these units
influences the small-signal stability of the grid. The main objective is to provide a clear representation of the stability
characteristics induced by such hybrid power generation. To this end, a single-machine infinite-bus system equipped
with an SOFC plant and a DFIG wind turbine is considered, assuming that their power capacity is comparable to
that of the synchronous generator. This configuration may also represent future power systems where aggregated
renewable or fuel-cell units supply significant portions of system load.

A complete mathematical representation of the integrated system is developed, and the corresponding Heffron—
Phillips model incorporating both SOFC and wind-turbine subsystems is derived. Based on this model, the small-
signal stability characteristics of the system are then analyzed.

Section 2 presents the structure and modeling of the SOFC and wind-turbine generators and the associated power-
system model, along with linearization of the overall system. Simulation studies and analysis of the obtained results
are provided in Section 3, while Section 4 concludes the paper.
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2. GENERATOR MODELING OF THE SYSTEM

Figure 1 illustrates the structure of a simplified single-machine power system with an infinite bus, to which the
wind turbine (WT) and solid oxide fuel cell (SOFC) generators are connected. In this system, the reactances«< X, ¢
XcsXps » Xis and Xy, represent the equivalent reactances of the transformers and the transmission line.
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Fig. 1. Configuration of WT and SOFC connection to a single-machine power system with an infinite bus

2.1. Synchronous Generator Model

The mathematical model of the synchronous machine can be expressed as X g = F(Xg, I;s), where X gis the state-
variable vector associated with the dynamic states of the generator, as presented in Equations (1)—(4). The variable
I srepresents the coupling current between the generator and the remainder of the system.

In the d — q reference frame of the generator, I,;can be expressed in terms of its d- and g-axis components,
denoted by i;54and iz, respectively. In this paper, a synchronous generator model suitable for small-signal stability

analysis of power systems is employed [24].
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V; denotes the terminal voltage of the synchronous generator, Egis the internal voltage behind the generator’s

transient reactance, x,is the d-axis reactance, and x,is the g-axis reactance.

2.2. SOFC Power Plant Modelling

Figure 2 presents the block diagram of the SOFC generator, and its dynamic model is subsequently described in
this section [5—10].
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Fig. 2. SOFC box diagram

The electrical dynamics, control process, and output current of the fuel cell, I, are described by Equation (8):

Pfe_
lferer = =5k ®)

where Pr.denotes the fuel cell power. A first-order transfer function with a time constant of approximately 0.08
s is employed to model its dynamic behavior.

1
Ifc = TTeslfc—ref 9

The fuel supply dynamics, referred to as the fiel processing dynamics, are represented by a first-order transfer
function describing the transient behavior of the fuel feed system. The chemical dynamics of the fuel cell characterize
the electrochemical reaction processes occurring within the fuel cell stack and are modeled by three first-order
transfer functions corresponding to hydrogen, oxygen, and water, respectively. The output voltage of the fuel cell
converter is given by Equation (10):

Ve = No[Eo + 2 In (M”OZS)] — 1l (10)

DPh2o

where E,is the ideal standard potential, Nyis the number of cells connected in series, Ris the universal gas
constant, Tis the absolute temperature, and rdenotes the ohmic losses. The SOFC power plant consists of a DC-DC
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converter, a DC-AC converter, and their corresponding controllers. Regulation of the fuel cell output current is
achieved through control of the DC-DC converter.

dc = ch + Tdc(s)(lfc—ref - [fc) (11)

where d_is the duty cycle and T, (s)denotes the transfer function of the fuel cell current controller. In the d — q
reference frame of the generator, the AC voltage at the terminal of the DC—-AC converter can be expressed as in
Equation (12).

V. = mkVy.(cosy + j sin) = mkVy 29 (12)
where kis the converter ratio, which is assumed to be 0.75. The parameters mand ¢ represent the modulation

index and the phase angle of the PWM control algorithm of the DC—-AC converter, respectively. The active power
delivered from the SOFC power plant to the grid is given by:

Vaclact = tsaVea t+ isqVea = LsaMkVye cos Y + iggmkVy, siny (13)

where i;4and ig,are the d- and g-axis components of I, and v zand vcqare the d- and g-axis components of V.,
respectively. The active power of the SOFC power plant is expressed by Equation (14).

Pre = IrcVie = lacaVac (14)
The dynamic equation of the DC—AC converter is given by:

1 1 1 . . .
I = rM(I‘m —Iy) = o [Pre/ Vae — (isgmk cos ¥ + igymk sin )] (15)

Vd -
€ Cac

To stabilize the DC voltage across the capacitor, a voltage controller is employed, and typically the modulation

index is controlled to regulate the AC voltage amplitude.
2.3. Wind Turbine (WT) Modeling Considering DFIG

In dynamic stability studies, machines are generally modeled as voltage sources connected to a transient
impedance [25]. Accordingly, the equivalent circuit of the doubly fed induction generator (DFIG) is shown in Figure
3.

hvdgs =twds + Jhvgs

edy =ed +Jeg Vwdgs =Vwds +/Vwgs

Fig. 3. Dynamic model of the DFIG

By expressing the relationship between the stator voltage and current in terms of the voltage applied to the
transient impedance, as well as the stator and rotor current equations in the dgreference frame, the DFIG model can
be formulated as follows. The algebraic equations of the DFIG are obtained directly from the dynamic equivalent
circuit of the machine:

6:1 — Vwas — Rslwas + Xs,iqu =0 (16)

el; - qus - Rsiqu - X;iwds =0 (17)
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In the above equations, I, denotes the wind turbine current, X' the transient reactance, Xthe reactance, Ty the

transient time constant, e’ the internal voltage behind the transient reactance, and wthe angular velocity.

Considering the configuration shown in Figure 1 and working in the d — g reference frame, Equations (18) and
(19) can be derived.

Xsb Xs + Xsp Xsh Itsq Vy,siné — V. cosy
Xsb Xsb Xsp + Xew||lsq | =| Vpsind —Vyy (18)
Xq t Xes + Xgp Xsb Xsb lwg Vp siné
Xsp Xg + Xgp Xsp itsq V. sinyp —V,cosd
Xsb Xsb Xsp T Xew [isd = VZ{W —Vycoséd (19)
x¢,1 + X5 + X Xsb Xsb iwd E(; - Vb cos &

In this manner, the mathematical model corresponding to Figure 1 is obtained. This model comprises the generator
model, the fuel cell model, the wind turbine model, and the power system network model.

The linearization of the resulting equations is presented in the following. The linearized form of Equation (12)
is given by AV, = k(my AV, +Vy.0 Am). Accordingly, the linearized forms of Equations (18) and (19) are
obtained as follows:

Aipsq] [k sinyy (Mg A Ve + Vgeodm) +Vy, sin by 48 + Vg cos Py A

digy | =B! Vy Sin 8o A8 + Aey + x5Aigq (20)
[Aiyq | AE, 4V, sin 8, A6
[Alsq] [—k cos Yy (my A Ve + Vyeodm) + Vi cos 6, 46 + V,y sinpg Ay

Aigg | = A2 Vy cos 80 48 — (Aeg + x5diys) #3))
| Aiyq | | V, cos 8,468

where the matrices A~*and B~ 'are given in Equations (22) and (23), respectively.

—XsbXtw —XsXsb XsXsh+XtwXs+XspXtw
XspXqtXshXestXqXtwtXewXtstXtwXsh —(xq+xts)xsp —Xtw
A1 = —Xsp(Xq+Xts) XsXqt+XsXtstXspXs+XspXts —XsXsh (22)
(Xsxsh+XtwXs+XspXew) (Xq+Xts)+XspXsXtw
—XsbXtw —XsXsb XsXsp+XtwXs+XspXtw
’ ’ 1
XspXqtXspXtstXgXtwt+XtwXtstXtwXsh —(xq+xts)Xsp —~XspXtw
’ ’ ’
B—1 _ —Xsp(Xq+X¢s) XsXqtXsXts+XshXs+XshXq+XspXts —XsXsh (23)

7
(xsXsp+XewXs+XspXew) (X g+Xes)+XspXsXtw

Assuming that the state-variable vector is given by:

X =[A8 AE; AVgqe Am AP Aigs Aigs Aey Aey]”, Equations (22) and (23) can be rewritten in terms
of the state variables as follows:

Aipsq V,cos8, 0 —kcosip,m, —kcospyVyeo Vegsingyy 0 0 0 0
Aigg | = A7 |Vycos8, 0 0 0 0 0 —x; -1 0|x (24)
Aiyg Vycosé, O 0 0 0 0o 0 0 0
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Alisq Vysinéd, 0 ksinyp,m, ksinyyVaco Ve cosipy 0 0 0 O
[Aisd =B 1|V, sins, 0 0 0 0 —x; 0 0 1|X (25)
Al Vpsind, 1 0 0 0 0 0 0 O

By linearizing the equations associated with the SOFC, Equations (29)—(31) are obtained:

P [of
AVge == ( L2 AVye + filligq + fyisq + fylm + f4Az,b> (26)
A¢ = Tvdc (S)AVdc (27)
A1 = Tyae ()4, (28)

where T4.(s)and T, (s)denote the transfer functions of the DC- and AC-voltage controllers, respectively. The
linearized model of the voltage V;is expressed in Equation (29):

AV; = ByAS + BLAE} + By AVye + BsAm + By Ay + BsAiygs + BeAiygs + B;Aey + BgAe, (29)

Therefore, Equation (28) can be represented in the form of Equation (30):
Am = Tyeo(s)(B146 + ByAEG + By AVye + BsAm + By AY + BsAiygs + BeAiyqs + B;Aeg + Bgdey)  (30)

By linearizing the equations associated with the wind turbine, the following relations are obtained:

Bivas = 5 {2 b61 48 + 5= berdEy + S besAVae + Zbeadm + = besMp + (=bey + X;) diwgs 31

Xs
+[ s — (1 ]A / <b ! )+ ol
Cbee 68 — ( sy)|deq + baa 69 T Wy, Wi T, eq

Bigs = 5 {57 b3188 + o= byo ABq + = bys Mo + 5 bagAm + by tp + (532 bse = K1) dias (32)
+”(b 1) 1A’+[Cib 1- 5] 4y}
b3, 38+ wsLy)  wgT, Ca T [cp37 "3 (1= s7)|4deq
’ 1 ’ 1 N A
Aey = —[srowshe = 77 (Xo = XD Aisygs (33)
T 0
! 1 14 1 12 .
Aeq = % [_SrowsAed + T_o, (Xs - Xs)Alwds] (34)
0
In the above relations, ¢; = —Rg — ,(X X3), Ches = (1——) — b, Cpz7 = (1—L—) — b;; Considering

Equations (20) and (21) and the linearizatidn of Equations (5)—(7), tTle dynamic equations of the generator can be
expressed as follows:

A8 = wydw (3%)
A6 = — (=DAw — Ky A8 — Ky AEy — KpaedVae — KymAm — Ky & — KpasAiyyas — (36)
KpqsAivgs — Kpeadel — Kpeqleld)

AE) = T#(AE;d — K448 — K3AE) — KgqeAVae — KgmAm — Ky 8p — Kggslivyas — (37)

qqulqu - qudAe:i qqueq)
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OB}y = - iAEf’d -~ ’;—: (K548 + KeAE} + KyacAVie + Ky + Ky A + KyggAiygs + (38)

Kuquiqu + KvedAezli + Kvquellz)

Accordingly, the linearized system model is obtained and can be represented as shown in Figure 4. It can be
observed that Figure 4 corresponds to a Heffron—Phillips model. In this model, the subsystems of the fuel cell power
plant and the wind turbine, along with their corresponding K coefficients, are incorporated. The coefficients of this
model are derived from the linearized equations and the unique characteristics of each system.

Furthermore, the wind turbine and fuel cell power plants influence the electromechanical oscillation loop of the
synchronous generator both directly and indirectly, and the electrical torque can be decomposed into two
components: the synchronizing torque and the damping torque.

Ki [«
ATy, Am .
l . 0)0 A(} -
Ms +D s "
A gg A
. AV e Y
LS: wr | Qg ® Y sorc BZI
Subsystem Ae;; 1y Al// Subsystem v
. Am
Aeq IE(ZI
K, [« M K,
Parameters }g— »| Parameters

A 4 A 4

1
Tg,s +K
P do 3

5

» Ks
Fig. 4. Linearized power system model considering SOFC and WT

3. SIMULATION AND SMALL-SIGNAL STABILITY ANALYSIS

Eigenvalue analysis is an effective method for investigating power system stability, as it is based on the linearized
system model. Accordingly, the system analysis in this section is performed using this approach. The values of the
variables related to the fuel cell generator and the wind turbine are provided in Appendix C. The system simulation
was carried out using MATLAB, and the eigenvalue loci of the system are shown in Figure 5.

As observed in Figures 5(b) and 5(c), all system eigenvalues are located on the left-hand side of the jw axis.
Additionally, the eigenvalues, oscillation frequencies, and damping ratios are listed in Table 1.
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Table 1. System Eigenvalues

Eigenvalue Oscillation Frequency (Hz) Damping Ratio
-8.716 0 1
-1.245 0 1
-0.977 0 1
-0.0003 + 0.98i 0.16 0.0003
-0.113 £ 0.215i 0.03 0.46
-0.09 0 1
-0.002 0 1
-0.002 + 0.23i 0.03 0.01
Root Locus
1.5¢ T T T T T T T L
1+ @
0.5~
®
0 ¢ @
-0.5 -
k- @
-1 5 L r r r r r r r L
-16 -14 -12 -10 -8 -6 -4 -2 0

Real Axis (seconds™")

(a)
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Fig. 5. Eigenvalue loci of the system

In this section, the effects of variations in the transmission line reactance and the fuel cell voltage angle (i) on
the small-signal response of the power system are examined. The transmission network reactance is considered to
be 0.1 p.u. for the strong system and 1 p.u. for the weak system, and the corresponding dynamic system response is
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obtained. Figures 6 and 7 illustrate the variations in rotor angle and electrical power in response to changes in the
transmission line reactance.

w
‘.
H

TP R S e X=1
L a =-:X=0.3
25 —X=0.1
2- i
0 H
3 1.5- i
R
1L :;I ~\\ ———————————————————————————— o
2
0.5
0 I I I I
0 20 40 60 80 100

Time (sec)

Fig. 6. Rotor angle deviation: solid line Xg;, = 0.1, dashed line X, = 0.3, dotted line X5, = 1

0.6 T T T T

=== X=1
=:X=0.3
0.4 —X=0.1
0.2 ]
o
[=®}
< o
0.2 1
04 20 40 60 80 100

Time (sec)

Fig. 7. Deviation of output electrical power: solid line X; = 0.1, dashed line X = 0.3, dotted line X, = 1

Figures 8 and 9 show the system response for different values of Y, and Table 2 presents the oscillatory modes
of the system. Based on the results, it can be observed that when the angle is 40°, the system becomes unstable,
whereas for values in the range of 60° to 80°, the system remains stable under small-signal disturbances.

Table 2. Oscillatory modes for different values of ¢

13,4 11,2 (o)lp
-0.076  0.19i +0.98i 40
-0.09 = 0.2i -0.0002 + 0.19i 60
-0.1+0.21i -0.0003 + 0.98i 80
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Fig. 8. Rotor angle deviation: solid line 1 = 80°, dashed line ¢ = 60°, dotted line ¢ = 40°
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Fig. 9. Deviation of output electrical power: solid line 1y = 80°, dashed line ) = 60°, dotted line p = 40°
4. CONCLUSION

In this paper, the dynamic model of a power system in the presence of SOFC fuel cell and DFIG wind turbine
generators was developed. The linearized models of the fuel cell and wind turbine were derived separately, and their
corresponding coefficients were determined. Based on this, a Heffron—Phillips linear model incorporating the
subsystems of these generators was presented. The proposed model is useful and effective for dynamic and small-
signal stability studies in power systems with renewable energy-based generators. Using this model, the system
eigenvalues can be computed, and the effects of various network parameters on the small-signal stability of the
system can be analyzed, demonstrating its applicability.
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