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A numerical modeling framework for planar solid-oxide fuel cell (PSOFC) based vehicular auxiliary
power unit (APU) is developed. The power-conditioning system (PCS) model comprises the com-
prehensive transient models of PSOFC, balance-of-plant and power-electronics subsystems (BOPS
and PES, respectively) and application load (AL). It can be used for resolving the interactions among
PSOFC, BOPS, PES and AL, control design and system optimization and studying fuel-cell durabil-
ity. The PCS model has several key properties including: (i) it can simultaneously predict spatial as
well as temporal dynamics; (ii) it has two levels of abstraction: comprehensive (for detailed dynamics)
and reduced-order (for fast simulation); and (iii) the fast-simulation model can be implemented com-
pletely in Simulink/Matlab environment, thereby significantly reducing the cost as well as time and
provides the avenue for real-time simulation and integration with vehicular power-train models em-
ploying the widely used ADVISOR. The computational overhead and accuracy of the fast-simulation
and comprehensive models are compared. Significant savings in time compared to using the former
were obtained, without compromising accuracy.

Keywords: Modeling, planar solid-oxide fuel cell (SOFC), auxiliary power unit (APU), power elec-
tronics, power conditioning, balance of plant (BOP)
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fuel cells (PSOFCs) are emerging as one of the prime can-
didates primarily because of their high energy-conversion
efficiency, power density and fuel flexibility [4]. Re-
cently, modeling of the power-conditioning system (PCS)
for a PSOFC based APU has gained importance [5].
Such a modeling framework potentially addresses key is-
sues including resolving the interactions among PSOFC,
balance-of-plant subsystem (BOPS), power-electronics
subsystem (PES) and application load (AL), control de-
sign and system optimization, integration of the system
model with actual vehicle-system model and enabling
real-time simulation (RTS) for long-term durability stud-
ies.
A tubular SOFC (TSOFC) based temporal PCS model-
ing framework for a residential power system was demon-
strated [6], as shown in Figure 1. This powerful multi-
software modeling framework comprises models of BOPS
(implemented in gPROMS [7]), TSOFC (implemented in
Visual Fortran) and PES (implemented in Saber designer
[8]) and an AL profile. Because each of the subsystem
models is developed in proven platforms, it is relatively
simple to design the overall PCS. However, this introduces
the following limitations: (i) relatively expensive overall
software platform; (ii) high computational overhead, due
to: the need for data exchange via the iSIGHT software
[9] interface; the high order of the overall comprehen-
sive PCS model (e.g. order of the BOPS model greater
than 450); and the significant variation in scales among
the PES switching model and the BOPS and TSOFC
models; (iv) no spatial data of the TSOFC is obtainable
without freezing the time; and (v) the system modeling
framework does not provide any avenue for RTS of the
PCS.

To address the computational overhead and high sim-
ulation cost, a Simulink/Matlab based modeling frame-
work comprising the models of BOPS, PSOFC-stack, and
PES was developed [5] for vehicular APUs. This frame-
work is relatively inexpensive and allows fast simulation.
Because the BOPS and the PSOFC models are based
on steady-state thermo-electro-chemical empirical mod-
els, the steady-state response of the system is reasonably
accurate. However, the modeling framework has the fol-
lowing limitations: (i) since the PSOFC model is based
on teady-state empirical data only, its transient predic-
tions may not be accurate; (ii) the BOPS model is highly
simplified and derived primarily from steady-state empir-
ical data; (iii) the PES model being developed based on
the power balance cannot predict any transient effect; and
(iv) no spatial data of the PSOFC is obtainable. Thus,
the model in its present form [5] cannot predict accu-
rately the effect of the load transients and other electric-
feedback effects on the PSOFC and the performance of
the PSOFC based vehicular APU for control and system
optimization.

To alleviate current limitations [5, 6], we develop a
numerical modeling framework for a PSOFC APU. This
framework can provide spatial (up to two dimensions) as
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well as temporal data simultaneously. It has the ability
to work with comprehensive transient models of PSOFC,
BOPS, PES and AL profile for vehicular APU if one
needs to focus on details, or with reduced-order models
for fast computation and RTS and integration with big-
ger vehicular-system model. Finally, because the system
model is developed primarily in Simulink/Matlab environ-
ment, the software cost is minimal.

2. System-Modeling Framework

Figure 2a shows the new comprehensive modeling frame-
work while Figure 2b shows the reduced-order model-
ing framework for faster simulation. The system mod-
els comprise PSOFC, BOPS, PES and AL profile. While
the comprehensive model requires two low-cost software
programs for implementation (Simulink/Matlab including
SimPowerSystem and gPROMS including gO:Simulink),
the reduced-order model requires only Simulink/Matlab
including SimPowerSystem. As such, apart from being
faster, the latter is also suitable for RTS using Mathwork’s
Real Time Workshop [10] and may also enable the inte-
gration of the model with vehicular power-train models
using the widely used ADVISOR [11], as illustrated in
Figure 2b.

2.1 PSOFC Model
2.1.1 Two-Dimensional PSOFC Model

For accurate prediction of the effects of system interac-
tions on the PSOFC, one needs to analyze the PSOFC
internal parametric variations [12-17]. Because a tran-
sient model of the PSOFC [6] cannot predict the spatial
dynamics, we have developed a spatio-temporal electro-
thermo-chemical model of the PSOFC (in Simulink),
which provides spatial discretizations of the cell. This
model is designed to accept required system inputs (re-
actant stream flow rates, compositions, and temperatures,
cell geometric parameters, and cell current) and com-
putes the corresponding spatial properties of the fuel
cell.

The cell temperature 7T in the two-dimensional (x and y)
model, as shown in Figure 3, is computed from the time-
dependent solution of:

CaT . aT2+aT2 _0 o
PEra: ox2 "oy ) T

where

th - Vo ..
0= (%) Ji + (—AHgir) 2
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and Vy, is the thermal neutral voltage, V, is the operat-
ing voltage, ji is the current density, p is the mass den-
sity of the control volume, C, is the combined specific
heat at constant pressure, / is the cell thickness, A Hgpif
is the enthalpy of the shift reaction and k is the ther-
mal conductivity of the fuel cell. To approximate the
second-order partial-differential equation, we use a finite-
difference method using central differences [18] and ob-
tain

oT? 1

W ~ m [T;n+l,n,t - 2Tm,n,t + Tm—l,n,t] (33)
oT?

a—yz ~ A—y2 [Tm,n+l,t - 2Tm,n,t + Tm,n—l,t] . (3b)

By approximating 07/0t as a simple forward difference
and substituting [(T;41—T ;)/At] for 0T/0t, substituting
Equation (2) into Equation (1), and marching the solution
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through time (assuming step size Ax = Ay) yields the
Euler’s explicit-integration scheme:

kAt

= Tun T A o
i+ pCpAx2

Tm,n,H—l (Tm—l,n,t + Tm,n—l,t
+ Tm,n+1,t + Tm+l,n,t - 4Tm+1,n,t)
+ —0. “)
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The thermal neutral voltage and Nernst (En is the Nernst
potential) potential for the PSOFC are defined as

A Hyi
Vi = —T“f (5)
AG
Enm,n = _ﬁ (6)

where AG is the change in the Gibb’s free energy and AH
is the enthalpy of reaction, n is the number of electron
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Figure 3. Spatial homogenous model for the PSOFC providing two-dimensional discretizations involving finite-difference method.

transfer per reaction. To accommodate the specification
of current as an independent variable, with cell operat-
ing voltage as the computed dependent variable, the initial
value of the operating voltage (used to compute the heat
generation term in Equation (2)) is approximated by

Vop = Eng, , — ji.ASR,, , @)

where ASR,, , is the local temperature-dependent area-
specific resistance. In the course of each of the iterations,
the assumed operating voltage is used to determine the
current density in each of the control volumes throughout
the cell using

]l — (Enm,n - Vop)
- ASR,,,

which is then summed as shown in Equation (9) to com-
pute the total cell current:

®)

steps steps

En, ,—V,
I = AxAy—=2 %) 9
These local current-flux values are used to determine the

change in stream composition based on the reaction in
each control volume:

1

The fuel exit-composition of each control volume is
equilibrated with respect to the shift reaction before enter-
ing the downstream control volume. Equation (11) is used
to adjust the compositions to enforce the shift equilibrium
constraint at the entrance to each control volume:

— o~ AGoRT _ (PCOQ + w)(sz + )

(pco — ®)(pu,0 — ®)
where AG, is a temperature-dependent variable [19],
DPco,> PH,» Pco, and pp,o are the partial pressures of CO,,
H,, CO and H,O, respectively, K, is the constant of equi-

librium, R is the universal gas constant and o is the ad-
justment in the gas compositions due to the shift reaction.

X, (11)

2.1.2 One-dimensional PSOFC Model

Using the homogeneous slab model for the PSOFC
(shown in Figure 4), the one-dimensional spatio-temporal
model of the PSOFC is derived from its two-dimensional
form (i.e. Equations (1-11)) by discretizing only in
one dimension (x). The equation summary of the one-
dimensional PSOFC model is tabulated in Table 1.
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Table 1. Summary of the derivation of the 1D model from the 2D model

oT  oT? Vin— Vop \ ..

pcpg_ Ox2 =0 0= (%) ]ln+(_AHshift)

aT? kAt At
N [Tu1 = 2T + Tueiy] Toi1 = n,l+W(Tn+l,t _2Tn,l+Tn—l,I)+EQ
o _AH £y — _AG

" TaF n = nF

seps  Ax2(Eny — Vop)

Vop = En, — jixASR I = (—p)

op n n n;] ASRn
jin = Eny — Vop K, = e~3Go/RT _ (pco, +w)(pu, + )

ASR,, (pco — w)(pryo — @)
2.2 PES Modeling AC (rms). For operation details of the Cuk converter and

2.2.1 Switching Model for Global Dynamics

The PES topological model for the APU is shown in Fig-
ure 5. The model essentially consists of a DC-DC buck-
derived converter to step-down the PSOFC output voltage
to an intermediate DC bus voltage (42 V). An inverter is
used to convert the DC bus voltage to feed the AC power
bus. Further, the intermediate DC bus voltage is stepped
down using a bidirectional buck/boost derived converter
to supply the 12 V DC loads and to charge the battery. The
rated voltage of the PSOFC stack is between 72-90 V. As
such, the front-end 42 V DC-DC converter for the 5 kW
APU has to be unidirectional (because current should not
flow into the fuel cell) and a step-down converter, which
regulates the output voltage at 42 V. A full-bridge con-
verter, as shown in Figure 5, is chosen to meet the re-
quirements. The operational details of the converter are
outlined in [20]. The switches S1 and S3 and S2 and S4
switch in complementary pairs, with a time delay between
the switching of S1 (S3) and S2 (S4). This phase delay
between the switching signals of S1 (S3) and S2 (S4) is
controlled to obtain the desired output voltage.

The DC-AC inverter provides power to the AC loads
at 115 V (rms). First, the isolated DC-DC Cuk converter,
as shown in Figure 5, boosts the input voltage to a high
intermediate DC voltage and subsequently the voltage-
source inverter (VSI) steps the high-voltage DC to 115 V
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the VSI see [21, 22]. Briefly, a sinusoidally-modulated
switching sequence is generated for SW1 (SW3) and SW2
(SW4) to obtain an averaged sine wave at the output of the
VSI. The only switching constraint is that SW1 (SW2)
and SW3 (SW4) must operate in a complementary fash-
ion. The operation of the Cuk converter comprises two
modes. In the first mode, SW5 and SW6 turn on (and the
diodes on the secondary side turn off), thereby building
the flux of the input and the output inductors. In the sub-
sequent mode, SW5 and SW6 turn off (and the diodes on
the secondary turn on), thereby the input and the output in-
ductors build the electrostatic energy of the intermediate
capacitors.

A full-bridge isolated bidirectional topology for the
12 V DC-DC converter is chosen, as shown in Figure 5.
A flyback inductor is used in the low voltage (12 V DC)
side to help the building of the voltage during startup in
the boost mode. The operational details of the converter
are outlined in [23]. This converter works in two modes
decided by an external signal triggered by the level of the
DC bus voltage. Whenever the 42 V bus sags, the 12 V
converter works in a boost mode; on the other hand, when
the bus voltage recovers, the converter operates in nor-
mal buck mode. A time-delay control for the bridge in the
high-voltage side (for buck mode of operation) is used,
which is similar to the control as described for the 42 V
DC-DC converter above. In the boost mode, a current-
mode control is implemented, in which two PWM sig-
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Figure 5. An architecture of the PES and the switching and corresponding averaged models (i.e. SM and AM, respectively) for the power

converters. For all of the AMs, d represents the duty ratio.

nals which are 180° out of phase are used to generate the
switching signals for Q1 (and Q4) and Q2 (and Q3), re-
spectively.

2.2.2 Averaged Model for Fast Computation

Because the PES switching model comprises discon-
tinuous-differential equations, a stiff solver and fast sam-
pling is required for convergence and numerical stabil-
ity. For example, to solve the switching model of a PES
converter operating at 20 kHz (i.e. a switching period of
50 usec), sampling time as low as hundreds of nanosec-
onds may be required. Comparing that to the vastly differ-
ent (typical) sampling times of PSOFC and BOPS mod-
els (which are around a few milliseconds and hundreds
of milliseconds, respectively), we realize that the PES

switching model is one of the key hindrances to the fast
computation of PSOFC PCS model.

Obviously, to increase the speed of the PCS simulation
we need to avoid discontinuity, thereby reducing the sam-
pling rate and bring it as close as possible to that required
by the PSOFC and BOPS models without significantly
compromising the accuracy. In one such approach [5], the
PES is designed as a power converter with a constant-
efficiency module, where output of the converter is a fixed
fraction of the input power. However, this model is inaccu-
rate as it assumes that the efficiency of the PES is constant
for all load conditions. Further, and more importantly, this
model does not predict the transient response of the PES.

An alternate approach to avoid discontinuity of the PES
model is to use a map [24]. In a map, instead of solving
the switching differential as a whole, we solve the over-
all models in finite time intervals by treating the PES as
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a piecewise-linear system (PLS). Subsequently, using the
commutative property, we piece together the solutions in
each of intervals to construct the final solution in terms
of the initial conditions of the states of the PES model.
Although a map is a powerful and accurate approach, it
typically requires the knowledge of the analytical solution
of the PLS and the complexity of the solution increases
with the order of the PES model.

As such, we adopted an averaged-modeling technique
[25, 26] to analyze the behavior of the PES without sig-
nificant computational overhead. Figure 5 shows the av-
eraged models of the PES converters in equivalent-circuit
form [26]. Notice that unlike the switching models (SMs),
the averaged models (AMs) do not have any discontinu-
ous elements. Further, the averaged (circuit) models en-
able the usage of built-in circuit modules in Simulink. It
is noted that an averaged model ideally provides the av-
eraged dynamics of the PES and as such it transforms the
PES model from a discontinuous to a smooth form. The
accuracy of the averaged model typically varies with the
switching frequency, with higher accuracy for higher op-
erating frequency.

2.3 BOPS Modeling
2.3.1 Overview of the Comprehensive Model

Figure 6 shows the initial BOPS configuration, which
after a comprehensive synthesis/design and operational/
control optimization changes fairly significantly [27]. The
comprehensive details of the initial configuration are pro-
vided in [6]. Briefly, the BOPS model comprises a set of
first-principle and semi-empirical equations for compo-
nent and subsystem mass and energy conservation, kinetic
behavior and geometry for both design and off-design op-
erations. A sampling of some of these equations for a
number of principal BOPS components are outlined be-
low.

2.3.2 Modeling of the Steam Methane Reformer

A single adiabatic reactor tube is analyzed, where the dy-
namic mass balance on the reformate gas side is given by

o0(=UC) Ropo — oC

ox e

where C is the methane molar concentration (g-
mole m™3), U is the superficial velocity, R, is the methane
reaction rate per unit mass of catalyst, p¢ is the catalyst

bed density and x is the axial direction.
The reformate gas-side energy balance is:

8 (FC,T) 0X
- = +ZF(‘AH)5_X + hiAi (T — T)

12)

o (pT)

+ heAcAi (Te = T) = AiC,—

13)
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where

0X 0X
S F(-AH)== = F (-AH) ——
o0x o0x

0X,
+ (F3+X1F1)(—AH2)6—X (14)

where C, is the heat capacity of the tube-side, A. is
the external surface area of particles per volume of cat-
alyst bed, T, is the catalyst temperature, %; is the inside
heat transfer coefficient, 4, is the catalyst-fluid heat trans-
fer coefficient, A H; is the demethanation reaction en-
thalpy and A H, is the water-gas shift reaction enthalpy.
In Equation (14), X; and X, represent the conversions of
the demethanation and water-gas shift reactions, respec-
tively. After spatial discretization, the reaction enthalpies
are evaluated at each reactor segment’s average tempera-
ture.

2.3.3 Modeling of the Compact Heat Exchangers

The energy analysis of each discretized section of the heat
exchanger for hot and cold sides and wall is given by

oTh . oT;
(MCP)Ha—tH = (me)tha—;
+ (hA)y (Tu — Tw) (15)
0T . 0T
(MCP)C 6_tc = (mCP)cLya_yc
+ (hA)c (Tc — Tw) (16)
0Ty -
(MCp)y 6_tw = (hA)c (Tc — Tw)

+ (hA)y (Tu — Tw) (17)

where M is the mass in the control volume, subscripts C
and H indicate the cold and hot sides, subscript W the
wall, x and y are the longitudinal and transverse directions,
respectively, A refers to the heat transfer area and & refers
to the heat transfer coefficients.

2.3.4 Modeling of the Methane and Air
Compressors

In the compressor, heat flows from the fluid to the casing
to the ambient as well as from the fluid to the impeller to
the casing and to the ambient through the bearings, seals
and shaft. The thermal capacitance of the casing, impeller
and inlet duct can be approximated by a single thermal
mode at a temperature T, such that
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oT, T+ T
mCy—= = (hA), [% - TO]

- (hA)o (To - Tamb)

where m is the mass of the thermal mode, C,, is the ther-
mal mode specific heat, (hA); is the inner conductance
from the fluid to the thermal mode, (2 A), is the outer con-

(18)

ductance from the thermal mode to the ambient, T, is the
thermal mode temperature and T, is the ambient tem-
perature.

The shaft component is used to compute the turboma-
chinery rotational speed N based on input values of tur-
bine power output and compressor power input. A power
balance yields
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IN oN =AW 19)
ot

where I is the moment of inertia and AW is the power bal-

ance on the component. The transient heat transfer model

for an expander is similar to that for compressors and scal-

able performance maps are used for both types of compo-

nents to simulate off-design behavior.

2.3.5 Polynomial-Approximation Model

The very high order of the BOPS model (about 450) sig-
nificantly increases the computational overhead of the
system simulation. An added reason for higher computa-
tion time is the need for interfacing between the gPROMS
and Simulink/Matlab models via the gO:Simulink inter-
face. As such, the prime need is to reduce the order of the
BOPS model and implement the approximate model in the
Simulink/Matlab platform to reduce computational time
and enable RTS. To realize the polynomial-approximation
model, we first subjected the BOPS model to different sets
of load transients and steady-state electrical feedbacks.
The transient responses of all the output BOPS parameters
(such as temperature, air and fuel flow rates and air and
fuel compositions), which are used to interface the BOPS
model to the PSOFC model, are stored in a database. Sub-
sequently, we applied multi-order (starting from linear to
seventh-order) polynomial approximations on each set of
these data to obtain the closest approximation that pro-
vides optimal compromise between speed of simulation
and accuracy with regard to the data obtained using the
comprehensive model. A similar approach is adopted to
reduce the order of the BOPS model in [5].
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3. Results

Table 2 shows the percentage improvement in simula-
tion time obtained using the reduced-order models of the
PSOFC, PES and BOPS. The simulation time is based on
10 s of individual subsystems of the PSOFC PCS simula-
tion on a two-processor Intel Xeon PC, with each proces-
sor operating at 2 GHz. A significant improvement is
obtained using the PES averaged model because the av-
eraged model transforms the problem from analyzing a
discontinuous-nonlinear differential equation (where an
accurate determination of the switching transients is nec-
essary, leading to high computational overhead) to ana-
lyzing a smooth differential equation. Importantly, since
the switching frequencies of the converters are high, the
dynamics of the PES obtained using the average models
are close to that obtained using the corresponding switch-
ing model. The polynomial approximation of the compre-
hensive BOPS model yields significant savings in time
without compromising accuracy. This is also true for the
PSOFC one-dimensional model.

Figures 7-9 illustrate the accuracy of the results
obtained using fast-computational models (comprising
polynomial-approximation model of the BOPS, averaged
model of the PES, and the one-dimensional PSOFC
model). Figure 7 depicts the comparison between the av-
eraged and the switching model of the PES, using the
isolated DC-DC Cuk converter (shown in Figure 5) as
an illustration. The Cuk converter is initially in steady
state and is then subjected to a load transient at # = 1 s.
For the same load transient, Figure 8 shows the compari-
son of the corresponding responses between the two- and
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Figure 9. Polynomial approximation of the air- and fuel-flow rates of the BOPS model versus net power.

one-dimensional PSOFC model. Clearly, there is a close
match between the responses of the reduced-order and
comprehensive PES and PSOFC models. The polynomial
approximation of the BOPS response is illustrated in Fig-
ure 9. A fifth-order polynomial approximation was cho-
sen to achieve the optimal compromise between simula-
tion speed and accuracy.

Figures 10 and 11 illustrate the responses of the
PSOFC PCS model, obtained using the reduced-order/
approximate models of the PSOFC, PES and BOPS. The

PCS is subjected to a load transient at # = 1 s as shown in
Figure 10a. The corresponding variations in the PSOFC
fuel utilization and output voltage are shown in Fig-
ure 10b. An increase in the fuel utilization leads to an
increase in the cell temperature. However, the tempera-
ture change is not appreciable at # = 1 s. This is because
although the fuel utilization changes immediately due to
the low electro-chemical time constant of the PSOFC, the
change in the cell temperature is not immediate due to the
higher thermal time constant of the cell. As such, and as
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Table 2. Reduction in computational overheads and comparison of accuracies (simulation time % is the ratio of the fast computational

model time to the comprehensive model time)

Subsystems Models being compared Simulation time (%) Computational error (%)
PES Averaged model, switching model 0.945 1.12
BOPS 7th-order polynomial fit, comprehensive model 37.87 2.89
5th-order polynomial fit, comprehensive model 27.45 3.29
3rd-order polynomial fit, comprehensive model 21.7 9.40
Linear fit, comprehensive model 16.17 13
PSOFC One-dimensional, two-dimensional model 42.85 5.21

shown in Figure 11a, the change in the cell temperature,
immediately after the load transient, is minimal. However,
around 600 s after the transient, the net change in temper-
ature reaches its peak. A more detailed picture of the cell
temperature and gradient distributions (which provides a
better insight into the cell stress) at that instant is shown
in Figures 11c and 11d, which are obtained using the two-
dimensional PSOFC model.

4. Conclusion

A low cost, numerical spatio-temporal modeling frame-
work for simulating the dynamics of planar solid-oxide
fuel cell (PSOFC) based power-conditioning system
(PCS) for a vehicular auxiliary power unit (APU) is de-
scribed. The PCS model, which comprises subsystem
models of balance of plant, power electronics and PSOFC
and the application-load profile, has two levels of abstrac-
tion: a high-order comprehensive model and a reduced-
order fast-simulation model. The reduced-order model is
obtained by a threefold effort. First, the power-electronics
system model is transformed from a switching model
to an averaged model, thereby significantly reducing the
need for fast sampling to handle discontinuity. Second,
a polynomial-approximation model is used for the high-
order BOPS model. Third, an one-dimensional (instead of
two-dimensional) spatio-temporal PSOFC model is used
to reduce computational overhead.

As seen from Table 2, the fast-simulation model saves
time without compromising accuracy. Overall, the newly-
developed system model can be used for resolving sys-
tem interactions and optimizations and control design in a
low-cost framework. Further, because the fast-simulation
model is implemented completely in Simulink/Matlab en-
vironment, it can be used for fuel-cell durability stud-
ies and real-time simulation (e.g. using Mathwork’s Real
Time Workshop) and potentially for integration with ve-
hicular power-train models employing the widely-used
ADVISOR.
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