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Abstract—The fastest and vet most prudent ways of changing
the output power level of a solid oxide luel cell power plant con-
necled to the ac-grid are explored. The operating state of the Fuel
cell power plant is examined in term of the concept ol feasible
operating area of a cell. The utilization factor of the cell stack is
maintained constant in steady-state by feeding natural gas to the
fuel processor at a rate proportional to the current drawn from
the stack. The fAuctuations of the utilization factor in the transient
state due Lo a change in operating power level can be constrained to
the allowable range by strategically controlling the current drawn
by the power conditioning unit. Based on measured variables and
dynamic characteristics of the fuel processor, four strategies of con-
trolling current are compared to arrive at the strategy that results
in minimum transient time for a given power change. The proposed
control schemes are verified through computer simulations.

Index Terms—Distributed generation, feasible operating area,
fuel cell (FC), power flow control,

1. INTRODUCTION

UEL CELLS (FC) are modular. high-efficiency, environ-
F mentally friendly energy conversion devices that have be-
come a promising option to replace the conventional fossil-
fuel-based electric power plants [1]. [2]. Among the several
kinds of FC. the low-temperature proton exchange membrane
fuel cell (PEMFC) is the most widely used type and has been
commercialized for the portable. vehicular. and residential ap-
plications [3], [4]. Significant research achievements have also
been made in the modeling, control, and performance analy-
sis of PEMFC in the recent past [5]-[7]. However, due to the
lower efficiency and the dependency on pure hydrogen as the
fuel input, PEMFC has not been considered for stationary power
applications.

Another kind of FC under active research is the high-
temperature solid oxide tuel cell (SOFC). SOFC presents an
attractive option for the distributed generation (DG) technology.
which generates electricity at or near the load site. Demonstra-
tive SOFC power plants have been reported in [2], [13], [18].
[19]. The current main challenges ro develop this DG technology
are to reduce the installation cost, to improve overall efficiency,
and to explore the avenues ot increasing the durability to more
than 40 000 h tor stationary power applications.

The feasibility of using FC power plant for stationary power
supply has been studied by many researchers [8]-[16]. In order
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to ensure that the SOFC would operate successtully in a power
system. it is necessary to examine, among other issues, its abil-
ity to perform load tracking and its impact on power quality.
Central to the studies is the need to have a credible analytical
model of the SOFC plant. Thus. building a suitable FC dynamic
model is one important aspect in the study of SOFC DG system.
In [12], Hall and Colclaser provided an analysis concerning the
modeling and simulation of an SOFC under transient state. The
FC model includes both the electrochemical and thermal aspects
of the cell performance. However, fuel input to the cell has been
assumed as constant in the model. The model is also not readily
amenable for power system analysis. In a later article, Padulle’s
et al. described a simulation model of an SOFC power plant
which is intended for a power system analysis package [13]. In
their model. the FC operating temperature has been assumed
as constant and the drop of FC electromotive force (EMF) due
to the ohmic loss has been considered. The paper shows that
the electrochemical and thermodynamic process could be ap-
proximated by first-order transfer functions. Also based on the
results of [13]. Zhu and Tomsovic included the fuel processor
in their investigation and used the model to study load-tracking
ability of SOFC plant [14]. Unfortunately, the authors did not
indicate how the SOFC is to be controlled. Sedghisigarchi and
Feliachi adapted the dynamic model discussed in [13] and in-
troduced the eftects of temperature variations of the cells in
their work [15]. [16]. However. one of the most important
cell performance variables, fuel utilization, has not been ex-
amined when they explored the FC dynamic response after the
disturbances.

Based on the work in [13] and [14], this paper focuses on
the SOFC dynamic behavior under a grid-connected condition.
Specifically. operating issues pertaining to the fuel utilization
factor and the power tactor of the FC plant will be addressed.
The role of the power conditioning unit (PCU) in helping to
achieve these objectives is investigated. Section 1T will review
the model derived in [13] and from it. the concept of feasible
operating area (FOA) of the FC is introduced. In Section 111,
the control of real and reactive power flow from the SOFC
power plant to the grid is examined. Analytical expressions,
which relate the power fow to the hydrogen fuel input and the
control variables in the PCU. are derived. Section IV describes
the possible strategies in tracking the power demand on the FC.
The control objectives are to ensure that the SOFC operates
within the FOA under both steady and transient states and also
to achieve the required power change in minimum time while
operating at a constant power factor with the ac grid. The real
power control schemes are illustrated and compared through
computer simulations in Section V.
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Fig. 1. SOFC dynamic model.

II. STEADY-STATE ANALYSIS OF A SOFC
A. Brief Overview

FC converts chemical energy in hydrogen {11;) and oxygen
(O) directly into electrical energy. The basic reactions at the
two electrodes of a SOFC can be described as [171]. [18]

Anode: o + 07 — ;0 + 2¢

I
Cathode: 3()2 +2¢ — 07 (h

DC current (f1:¢+) in the electrical circuit connected across the
two electrodes is generated due to the releasing of the electrons
{(2¢ ) at the anode. The well-known Nernst equation is used to
calculate the internal EMF generated by the FC stack as

(.5
PP,

i = .\.(,E(] + IT; I
’ .o

where [ is the voltage associated with the reaction-free en-
ergy of a cell, and Ny is the number of stack cells in series.
The parameter L'y = No 8T/ (217}, where K is the gas constant
(8.31 J/mol K). T is the SOFC operating temperature typically
in the range of 800 C-1000 C, F is the Faraday constant
(96487 C/mol). pu,.po,. and pr.o are the reactant partial
pressures of hydrogen. oxygen. and water. respectively,

Based on the work reported in [13] and [14]. a SOFC power
plant dynamic model suitable for use in power system studies
is shown in Fig. 1. The balance ot plant (BOP) consists of the
natural gas fuel storage. fuel valve controlled by its controller,
and the fuel processor that reforms the natural gas input Ny to
the hydrogen-rich tuel Nj{,. The fuel processor is represented
simply by a first-order lag model of time constant 7;. The natural
gas input to the fuel processor 2\’ is controlled according to the
current drawn from the FC stack by the feedback controller of
the fuel valve, as will be described in Section III.

In the SOFC. the output of the fuel processor is directly fed
to the FC stack. which is the second part of the plant shown
in Fig. 1. It can be seen from this figure that the hydrogen and
oxygen molar flows with the ratio ry_, are sent to the FC stack
where the reactions described by (1) occur. In order to allow
for oxygen to completely react with hydrogen and maintain
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the pressure difference between the electrodes below a certain
threshold value. excess oxygen N is provided. This means that
ri_o < 2[14], [17]. The partial plfeswres of the three reactants
are generated as the outputs of three first-order transter functions
where Wi, Vo, and Ky, are the valve molar constants and
TH.. To,. and 77,0 are the respective temperature-dependant
time constants for hydrogen, oxygen, and water. respectively.
Typical values of the time-constants are of the order of 3 to 80 s.
The production of internal EMF £ by Ny, number of cells in
series is represented by the block with the Nernst equation given
in (2).

Furthermore. there are three types of losses in the generated
EME. namely. the ohmic loss due to the resistance to the fow of
ions and electrons, the activation loss due to sluggish electrode
kinetics. and the concentration loss due 1o the concentration
gradient formed at the electrodes [17]. [18]. The activation loss
is dominant during very low stack currents and the concentration
loss is dominant at very high stack currents, The ohmic loss
occurs at all levels of currents. In the model shown in Fig. 1.
these losses are represented by the resistance r. In order to hmit
mathematical complexity, a constant resistance is assumed in
this paper. If increased accuracy is desired. all three losses can
be accounted by a nonlinear resistance . which is a function of
the operating current level as in [7] and [15]. As discussed later
in Section II-C, the proposed control method however is not
influenced significantly by the representation ot losses,

To maintain plant efficiency and to avoid breakage of cell
material, it is necessary to keep the operating temperature (7°) of
the FC stack within a limited range around its rated value by the
thermal management system of the plant [10], [17]. Therefore,
the paper also assumes that 7" is constant. This operation with
relatively constant temperature also places a lower limit on the
FC output power [ 10].

The stack voltage 15 is the actual voltage available at the
terminals after considering the losses, The current drawn from
the stack Iy acts as a feedback to adjust the partial pressures
of the reactants according to the reaction rate.

It is interesting to note that in the study of the PEMFC, a
similar model has been used in [7].

B. Feusible Operating Area

One of the most important operating variables that may affect
the performance of FC is its utilizarion factor 1, The utilization
factor, which is not shown explicitly in Fig, 1. is defined as

w= (Nl = Ng) AV

where NP and N[ are the input and output fow rates of
hydrogen. From [13], it can be shown that u can be expressed
in term of e as

(3a)

w=2K,Ipc/Ni (3b)

K, is a modeling parameter which has a value of Ny /(1F). The
desired range of u is from 0.7 to 0.9, Overused-fuel condition
(1t > 0.9) could lead to permanent damage to the cells due to
fuel starvation whereas underused-fuel situation (u < (0.7) re-
sults in unexpectedly high cell voltages [13]. The value of «
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Fig. 2. Feasible operating area ol & SOFC.

can be determined online as A\'Ii}" and [+ are deemed read-
ily measurable. Hence. it is possible 10 continuously track the
value of «. The FC must operate within its rated power and u
has to be kept within the allowable range. Under steady state,
the relationship between w. 1. and [ can be derived trom
Fig. 1 as

GG

where

: 5 Jr\—H 0 ]\.-r £
=W Vi~ NaEo W E;f — 21 = =
! by oEo)/Ey " ( Ky, ) ("‘II_U!'\();

The detailed derivation of this equation is shown in [21].
Based on the typical SOFC data given in [13] and shown
here in the Table II. Fig. 2 shows the relationship between u
and I obtained through the application of (4) for a range of
values of 15, For example. for a constant 15 of 1.05 p.u.,
the relationship between u and ficc is given by the curve
XY in Fig. 2. The constraints placed on « are represented by
the straight boundary lines AD and BC corresponding 1o an
allowable range of 0.7-0.9. The FC output power I, which is
simply the product V. [z, has been assumed to be confined
to the range of (.1-1.0 p.u. The boundaries of /2 are shown by
the curves AB and CD. Taking all these into consideration, the
feasible operating area (FOA) of the SOFC must therefore be
within the area ABCDA of Fig. 2. Any operating point outside
of FOA will reduce the cell life and is deemed unacceptable.

exp(n 4+ 2rdpc /1Y
F'H_U) —nitth & ve/Fy) (4

]E-‘(‘

C. Power Transfer to Grid

Unless the load supplied by the FC plant is of de type, the
power generated by the FC stack invariably has to be converted
to an ac form by using a PCU. Recently. there has been an in-
creased interest in the designing of the most suitable PCU for
the FC plant [22]-[26]. Some of the topologies use a boost-type
de/de converter in cascade with a conventional voltage source
inverter (VSI) to interface the FC with the ac-grid [22], [23].
Some others omit the de/de converter by using a specially de-
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Fig. 3. Schematic diagram of a FC power plant interconnected o an ac-grid.

signed inverter such as the Z-source inverter. which has voltage
boosting capability [24]-[26]. In a third category. the conven-
tional VSI is used directly, without the de/de converter, when
the terminal voltage variations of the FC stack are within the
limits that can be handled by the VSI[8]. [9]. | [5]. As seen from
Fig. 2. the operation of the SOFC with a constant utilization fac-
tor in steady-state leads to limited terminal voltage variations.
Since such variations can be readily handled by the conventional
pulsewidth modulated (PWM) VSI through the change of the
modulation index, the PCU in this paper consists only of the
conventional PWM VSI connected directly to the FC stack ter-
minals. Sinusoidal pulse-width modulation (SPWM) with the
two control variables modulation index (1), and the phase shift
(44} is used to control the VSI.

Fig. 3 shows a schematic diagram of the FC power plant inter-
connected to the external grid. Typically. the output voltage | ..
ot the FC stack 1s relatively low. It is very likely that a step-up
transtormer would be used to interconnect the VSI to the ex-
ternal grid system. In Fig. 3. the link impedance X ; represents
the total per-phase series reactance of the transformer and the
associated feeder. Xy is assumed as a known constant, In or-
der to avoid transtormation of variables across the transformer,
all the electrical variables used in the following sections of the
paper are deemed to be in their per-unit values. It is also envis-
aged that the power capacity of the FC would be much smaller
than the upstream grid system. Therefore, the grid bus could
be considered as an ideal stiff source with a magnitude 1, at a
constant frequency. The measured grid voltage is treated as the
reference phasor in controlling the phase shift §  of the VSI. The
complex three-phase power delivered at the grid bus is denoted
as P+ jQ, . In the following discussion. only the fundamental
components are considered by neglecting the ripples generated
due to the switching of the inverter. The ripples can be lowered
1o desired levels by filtering on both the de and ac sides and by
increasing the switching frequency of the inverter. Furthermore,
the ripple does not contribute to the transter of real power, which
is the focus of this paper. The losses in the switching devices,
transformer, and the feeder are also considered negligible,

II. POWER FLOW CONTROL IN THE
GRID-CONNECTED SYSTEM

In the DG system under study, there are three variables that
can be used to control the generation and transfer of real and
reactive powers. These are the input How rate of natural gas
Ny of the BOP, the modulation index . and phase shift oy
associated with the VSIL
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A. Control of Fuel Inpur to the Stack

According to (3b). the operation of the FC stack with a fuel
input proportional to the stack current results in a constant uti-
lization factor in the steady state. Furthermore. such a constant
utilization factor operation results in very small deviations in the
terminal voltage due to changes in stack current. as seen in Fig, 2
and in [13]. Such small voltage changes can easily be handled
by the voltage controllability of the VSI to produce a constant
voltage on the ac side. if desired. Thus, the FC stack is operated
with a constant steady-state utilization factor by controlling the
natural gas input to the stack as

Np= (217w lve (5)

where u, 1s the desired utilization factor in steady state, In this
way, the initial and final operating points in Fig. 2 related to a
change in the output power are at the intercepts of the corre-
sponding constant power curves at the two power levels with
the g line. For example, E. F, and G in Fig. 2 are the operating
points when the output power are (0.5 p.u.. 0.85 p.u..and 1.0 p.u..
respectively, where u, is shown as 0.8, Furthermore. with the
adoption of this fuel input control strategy and in conjunction
with the fuel processor dynamics of Fig. 1. the relationship be-
tween a small change of stack current Afp¢- and a small change
of hydrogen input AN} fed to the FC stack can be derived as

2R,/ g

A‘.\'in —
H I+ 7ys

B. Control of Power Conditioning Unit

For the SPWM switching method [20]. the rated value of rms
phase voltage at the output of the inverter can be derived as
l-j.mlr'd — (]"r””r.ttmll'dr'.mlwd/\/i- where r(l(:l‘nlf'd is the rated
stack terminal voltage in volts and m,40q 18 the modulation
index of the inverter under rated operating condition. Typically
tivateq has a value of about 0.8. By taking |7 g given in
the above equation as the base value, the inverter output phase
voltage can be expressed in per-unit form as 1y = m 7y, where
i is the per-unit value of the variable modulation index with
respect to the base value of 12,109 and Ve is the per unit value of
variable stack terminal voltage with respect to the base value
of Ve ared. It then follows that the fundamental component
of line current 1, in p.u. can be expressed in term of its d—g
components as

Tov + e = (Vizdy = Vo20)/j Xy

where 1, is the p.u. voltage at the grid bus. Tt can be readily
shown that the delivered three-phase real and reactive powers at
the grid bus in steady state is given by

Pro=Vila = mlg Vosindy /Ay (7)
Q= Vil = Vgl s cos by — \:.‘))/Xf. (8)

Since the power losses in the VSL. transformer. and feeder
are neglected. the real power received at the grid bus is equal
to the power drawn from the FC stack, i.e., F. = PP = V. Ipe.
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Substituting this last equation into (7). it is easily seen that
fyeo = mVisind, /. (9)

1) Control of PCU for Constant Power Operation: In this
systen, the reactive power can be generated using the VSI to
achieve different operating conditions on the ac side such as con-
stant power-factor, constant voltage, or constant reactive power
operation. As the capacity of the DG is considered to be small
compared to that of the upstream power system, the constant
power factor operation appears to be the likely option in most
cases. Under such an operating condition, suppose the SOFC
real power output needs to be set to . with a constant power
factor angle . From (71(9), the two control variables of the
VSI would be governed by

VPt (VX 4 Partay)]
m = lue Ny /(Vesindy).

(10)
(n

dr =1g

From (10) and (11), it is seen that the control variable i is
dependent on 4;. Furthermore, as the variables on the RHS of
the above equations are readily measurable or known. §; and 1
can be determined and applied to the VSI to inject the desired
amount of real power t the grid bus and at the desired power
factor. Note that due to a transient in the hydrogen input to
the FC stack. the values of V(. and 7j-¢- still can change while
keeping their product constant.

2) Control of PCU During Power Changes: During a change
in the operating power level of the FC, the utilization factor will
deviate trom its steady-state value «, even when its fuel input is
controlled as described in Section II11-A. This is because of the
delay associated with the fuel processor operation. Therefore. it
is necessary to make sure that 1 is within the allowable range
during the transient state as well, This can be accomplished
by controlling the VSI to draw a current from the stack to
follow a set reference current [p¢ .or. The manner in which
I ror 18 derived will be discussed in Section TV. Since the
transient periods of a SOFC power plant are much larger than
the electrical time constants on the ac side, the steady-state
power transfer equations derived as (7) and (8) can still be used
during the changes of power level without any significant loss
of accuracy. By replacing P.p in (10) and (11) with Ve Tier pors
the VSI is controlled during a power change as

8 =tg Vacdrewer/ (VE/X ) + Vaedverertge)] (12)

m = TreraXy/(Visindy) (13)

Irc yor will be continuously adjusted until the FC reaches the
desired power P.r. Once [’; has been reached. the PCU is
controlled as described earlier tor constant power operation.
However, due to the action of the fuel controller. 1 will then
recover 1o its steady-state values u,. During this period. both
Vae and Ty would undergo further adjustments,

C. Overall Control Schenie

Based on the control eriteria ot the three control variables de-
scribed in the two preceding sections. the overall control block
diagram of the power plant can be depicted as in Fig. 4, In
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Fig 4. Bilock diagram depicting the proposed SOFC control scheme.

the figure, the SOFC power system and its control system are
delineated into two distinet parts. The components which con-
stitute the SOFC power system are as described in Section 1.
The control system consists of the following.

Fuel Controller: The fuel valve is tuned according to the
feedback stack current with the proportional gain 24, fu,. as
described by (5).

w Calculation Block: From the online measurement of N
and /yo¢-. i« can be determined from (3b) in real time.

Strategy Block: According to the on-line u and power error
information, the stack current reference signal Ip¢- op is gener-
ated. [ por should be adjusted in a manner as will be described
in Section IV.

V8! Controller: The transient period due to a change in output
power can be divided into two distinet parts. During the initial
stage, the output power level is forced to reach the desired value
17,01 so that the utilization factor is constrained to the allowable
range. During this stage. (12) and (13) are used together with
the Jp¢yor generated from the Strategy block to determine the
appropriate values of d¢ and 2. The second stage begins when
the output power level reaches the desired level [2.;. The control
equations are changed to (10) and (11) to tune the VSI so that
it maintains the real power output at /% at a constant power
factor for the subsequent periods. With the onset of this stage,
the utilization factor begins to recover from its transient value
and finally achieves the steady state value u..

Note that the control scheme depends only on the online
terminal information of the FC stack. It does not require the
knowledge of the internal state of the stack. Hence. any possible
loss of accuracy such as in ignoring the activation and concen-
tration losses and in the variations of stack temperature will
not affect significantly the effectiveness of the proposed control
scheme.

in

H-

IV. STRATEGIES OF GENERATING REFERENCE CURRENT

The strategy block is the most important part in the pro-
posed control scheme. A proper T yor will not only achieve
the power demand in minimum time but also guarantee that all
the FC transient operating points stay within the FOA. The dif-
ferent strategies of generating the reference current signal are
explored below.

From (3b). the small-signal relationship between Nu. Afj.
and AN about their initial steady-state values w,. {17 . and
Ni, , can be written as

rin

"\H] o

iy
Mg AN
A 2N,

Alpe = - (14)

5L L
Under constant « control, substituting (6) into (14), and (14
can be rewritten as
iy Tis
A= : ——f A JT].‘( ¢
Teen 1+ 1ps

(13)

where [ . the initial stack current. is related to the initial
\?Iili , through (5). By denoting A/ = AJp /oy

Tf.‘-i

A = u, AL
L+ 755

(16)
It is seen from (16) that the dynamics of Aw is a function
of the initial stack current, fuel processor time constant and
the way how [r¢ is manipulated to cater for the real power
demand variation. Whichever manner /¢- is manipulated, u
should not be greater than the maximum allowable value i,,...
corresponding to the boundary AD in Fig. 2 or less than the
minimum allowable value it,,3,. corresponding to the line BC
inFig. 2. The possible strategies to generate the reference current
signal are as follows.

1) Step Change in Iy ver: It the desired power change
(AF) is to be achieved as a step change in current, with the
magnitude of the step expressed in term of the initial steady-
state current, i.e.. AT () = kg lpc g, substituting A (s) = ko/s
into (16). it yields

Aull) = uohgoxp(—t/7s). (17)

It is seen from (17) that u will have a maximum change equal 1o
uyhy initially. then o will decay in an exponential manner and
has the same time constant as the fuel processor. By defining a
parameter =, as

— ) U,

L :{ — ug)/ iy,

the initial change in u shall have to be constrained such that

for positive [+ step
for negative fp¢- step

(“ma,\

18
(“min )

oy

!l'.e =< ‘Su|- (19)
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Hence. the maximum allowable step change in current as a
ratio of the initial stack current fio¢-y is |7, ]. Considering the
typical values u, = 0.8 1,5, = 0.7, and iy, = L9, from (18)
the maximum safe step of current is 12.5% of [y . As the
step change in fy¢r is constrained, the allowable FC maximum
instantaneous real power change is also limited. If the desired
power change A is less than |g, [[rcoV ge.o where 1, 18 the
initial terminal voltage of the stack, the demand for the power
change (A7) can be achieved instantancously by a single step.
For larger changes of power that cannot be achieved safely by
a single step, one of the strategies discussed in the following
sections may be applied.

2) Ramp Change in fyc o If the stack current is changed
in a ramp manner with a constant rate &, . then Af(s) = A,/ =
Substituting it into (16)

Ault) = w by (1 —oxpl=t/74)). (20)

It is seen from (20) that u will start from «. and change in an
exponential manner. The ramp change is to continue until such
time the desired power level /2. is reached. If the duration of
the ramp is much larger than 7y, the final steady state change
in s i kpryo Since the constraint w5, < © <y, has to be

satistied. the limit of the ramp rate &, is given by

ke leul/Tr (21

However, it the required power change is smaller, the duration
of the ramp can be comparable to the time constant ;. In such
cases. the ramp rate can be increased beyond the limit in (21)
and up to a limit caleulated vsing (20). Tt is also obvious from
(20) that with the ramp change in /¢, v cannot reach either
tynas OT 2y, instantaneously. Hence. it can be concluded that
this strategy alone will not produce the etfect of reaching the
intended power level in minimum time.

3) Simultaneous Applicarion of a Step and a Ramp in Iz op:
From the discussion of the effects of step and ramp strategies
shown in the preceding sections, it can be concluded that the
fastest and safe way to achieve a given real power change is to
maintain the utilization factor at its maximum allowable value,
L.e.. it = . during a power increase, and at its minimum
allowable value, ie.. u = u,,;, during a power decrease. This
means that A7 should cause ¢ to experience a step change such
that Au = =1, /5. Conversely, the way how [p:¢: should be
varied can be obtained by substituting this expression for Au

into (16) as
1 1
Simeg Dl
~ Tf.‘;"

To reach the demanded power level in minimum time, (22)
shows that AT should consist of a step change with the magni-
tude =, superimposed with a ramp change with the fixed ramp
rate &, /7. However, as (22) has been derived on the basis of
small-signal linearization. the strategy can be expected to per-
form well only for small changes of power.

4} Online Control of T ops If the real power demand
change (A/?) is large. the above three strategies bused on the
small-signal analysis may no longer be suitable. In order to
reach the desired power level f..; in minimum time. « should
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T u locus for
Initial operating ——. g U power increase
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u locus for
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5
Ao

Fig. 5. Expected u loci before the FC reaches the target power.

therefore be instantaneously driven from w, to its appropriate
limit value i, Or 4y, and maintained at the same value until
the desired power level is reached. as depicted in Fig. 5. In this
case, reference current [ . 18 not given by a predetermined
formula. Instead /¢ .o 18 adjusted online by a feedback con-
trol action based on the measured real-time value of . Hence.
this control strategy has the added advantages that it not only
accommodates power changes of large magnitude but also is
independent of the model of the fuel processor.

V. ILLUSTRATIVE EXAMPLES

The examples in this section will be used to illustrate how
an SOFC power plant in the grid-connected condition can be
controlled to change its output power level through the control
scheme discussed in Sections TIT and IV. The example is based
on the 100-kW SOFC plant data given in Table 11 [13], [14].
The base values used in the examples are 100 kW. 330 V at the
FC stack terminals, and 100 KW, 400 V at the grid side of the
step-up transformer. The total reactance due to the transformer
and feeder is taken as 5% based on these base values. It is also
assumed that it is desirable w operate the SOFC power plant
at unity power factor at the system terminal (€2, = ), The
controller to the hydrogen fuel is to achieve a constant utilization
factor u, = 0.8, For illustration purposes. 1., and u,,;, are
chosen as 0.9 and (1.7, respectively. Therefore. |z, | = (.125 in
this case.

The ettectiveness of the design is verified through simulation
using the nonlinear model shown in Fig. 1. The simulation tool
is MATLAB/SIMULINK. In the following illustrative cases. the
power demand is increased to its rated value at t = 30 s and then
is restored back to its original value at 130 s. The purpose is
to demonstrate the transient response of the SOFC-grid system
during both the increase and decrease of the real power.

A, Sinudation Results

The four strategies discussed in Section IV are used here to
achieve difterent levels of power demand.

Case 1. Step Change in Tiee o0 Pup Changes Between
0.85 and [ p.u.: Without limiting the step magnitude. the power
change is attempted to be met by a step change in fp¢ .r. Fig. 6
shows the profiles of w. V.. Jiec. and 7. Although the real
power demand can be met instantaneously, it is clearly seen
from Fig. 6 that the utilization factor is not constrained to the
allowable region during the transient periods. In fact, according
to (19). the maximum safe step size is (1,123 of the initial power
level. Therefore, power can only have a maximum safe step of
0.11 p.u. when the initial power level is 0.85 p.u.
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Case 2: Ramp Change in Iz yor 2 Poor Changes Bemween 0.85
and 1 pac: In order to prevent the SOFC transient operating
points from straying outside of the FOA, a ramp change strategy
can be attempted with the ramp rate given by (21). Fig. 7 shows
the profiles of wu. Ve, fyzeoand P.. It is seen that indeed. w
remains within the allowable range throughout the transient
process. However, due to the small period of ramp resulting
from small magnitude of power change, the desired power level
is attained even before i reaches its limit. It indicates that it is
still possible to reduce the transient time by increasing the ramp
rate as determined using (20).

Case 3: Simudtancous Application of a Step and a Ramp in
Ticyor - Pror Changes Between 0.85 and 1 pae.: To achieve the
desired power level in the minimum possible time. the stack
current can be increased by application of a step and a ramp, as
shown by (22). From Fig. 8. it is clear that « remains on its limit
OF 1y OF g, until the FC reaches the target power. As can
be seen in the comparison of strategies in Table L. this strategy
achieves the target power in a much shorter time compared to
the ramp change strategy.

\ T T T T .
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T a1t .
¢ I
=~ 0.8 1 i 1 1 1 1 1
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Time(s)
Fig. 8. Power flow control by simultaneous step and ramp change in fpes g

when Frop changes between 085 and 1 p.u.

TABLE I
COMPARISON OF THL: STRATEGIES
Case Strategy AP (pu) Time(s)

1 Step 015 0

-0.15 0

2 Ramp 015 3]
-015 64

2 Step and 015 28
Tamp -015 1.1
4 Step and 05 347
ramp 035 151
5 On-line 05 264
conkrol 05 24 5

Case 4: Simultancous Application of a Step and a Ramp in
Tvecopor © Pror Changes Benveen 0.5 and 1 par.: For a power
change as large as half of the SOFC rating. the step and ramp
strategy given by (22) is applied to reach the target power level.
Fig. 9 shows that 1 can stay at the limit of the allowable region
at the initial stage. As time progresses, however, u will deviate
tfrom the limit value. In particular, the utilization factor deviates
from the allowable range when the real power decreases. This
ase clearly shows that the simultaneous step and ramp rate
strategy can only be applied successtully for a limited range
ol power changes of the order of 20%. To meet the demand for
larger power changes, the Tj.¢+ ¢ must be continuously adjusted.

Case 5: Online Control of Tic wor ¢+ Py Chaniges Benween
(.5 and 1 p.a.: Based on the online calculation of « using
the measured hydrogen input and the stack current. Fce o is
initially set to drive u to its appropriate limit value i,y OF 11,
instantaneously. When  starts to deviate from the limit value
by more than a set margin. ¢ ¢ s adjusted to force u back to
its limit value. Unlike Case 4. the profiles in Fig. 10 show that
u stays on its limit value until the FC reaches the target power
level. Thus, it is clearly seen that the on-line control of Ji¢: or
strategy is capable of safely changing the power output of SOFC
plant in large proportions and in minimum possible time.
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B. Comparison of Strategies

Table 1 compares the times taken to achieve the different
power changes considered in the preceding section.

VI. CONCLUSION

The strategies of changing the output power level of 4 SOFC
power plant connected to an ac grid through a VSI were ex-
plored. The objectives are to minimize the time needed to
achieve the power changes while guaranteeing the safe oper-
ation of the plant. After identifying the feasible operating area
of the FC stack in steady state and considering the power trans-
fer characteristics through a VSI. concepts were tormulated to
manipulate the three control variables of the power plant. The
natural gas input to the plant was controlled proportionally with
the current to operate the stack with a constant utilization fac-
tor in steady-state and reduced terminal volrage variations, The
phase shift and modulation index of the VSI were utilized to
regulate the stack current and to keep the power factor of the
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TABLE 11
PARAMETERS IN THE PROTOTYPLE SOFC POWER PLANT

Symbol Representation Value
Frang  rated power 100EW
wrzed  rated FC terminal voltage 330V
7 operation temperature 1273'R
Es ideal standard potential 118V
Np number of series cells i the stack 384
X modeling constant 0993 % 10%moli(s A)
u fuel utilization factor setting 0.8
Ky hydrogen valve molar constant 0.843 mol/(s.atm}
KH,g water valve molar constant 0.281 molf(s atm)
Ko_,, oxygen valve molar constant 2 52 molf(s atm)
Th, hydrogen flow response time 26 1s
Ti0 water flow response Lime 78.3s
Toy oxygen flow response time 2.51s
T fue!l proce ssor response time 3s
r ohmic loss 0126Q
rHo ratio of hydrogen and oxygen 1145

plant constant for all power levels. Different manners in which
the stack current can be changed were studied to achieve the ob-

jectives. Through the analysis. it was found that the maximum

safe step in stack current as a ratio to the initial stack operating
current is equal to the maximum allowed excursion of the uti-
lization factor. as a ratio to the steady-state utilization factor. For
larger power ranges, the stack current should be varied using a
feedback control loop so that the utilization factor is maintained
at its limit value until the target power level is achieved. For this
method of control. the controller is independent of the model
of the tuel processor. Furthermore, with all the strategies of
current control, the controller is independent of the model of
the FC. Computer simulations have verified the accuracy of the
theoretical analyses and predictions.
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