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Abstract

To determine the potential impacts of fuel cells on future distribution system, dynamic models of fuel cells should be created, reduced
in order, and scattered throughout test feeders.

This paper presents the implementation of an efficient method for computing low-order linear system models of solid oxide fuel cells
(SOFCs) from time domain simulations. The method is the Box—Jenkins algorithm for calculating the transfer function of a linear system
from samples of its input and output.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction eigensystem realization algorith#]. In addition, methods
designed to estimate the frequency response of a system
Exhibiting the dynamic influences of solid oxide fuel cell have also been proposgsl. The Prony method is perhaps
(SOFC) on the distribution grid requires the use of a large the method for which more extensive results and applica-
dynamic mode[1]. Since SOFCs will be proliferated, it is  tions have been documented. Its application to the analysis
necessary to reduce the model order of each SOFC systenand control of electromechanical oscillations has shown the
to enable computational analysis. value of deriving linear models from time domain simula-
The computation of linear system models of power sys- tions and measured d&i].
tems from time domain simulations is a topic of considerable  This paper presents the application of the Autoregres-
practical interest. This interest is motivated by the insight sion with exogenous signal (ARX) identification algorithm
into the dynamic interactions among power system com- to compute low-order system models, suitable for analysis
ponents that can be obtained from a linear representation.and control desigfi7—9]. This algorithm consists of a sim-
Linear models allow for the application of linear analysis ple procedure for calculating the transfer function of a linear
techniques to complement the information obtained from system from samples of its input and output.
nonlinear time domain simulations and often allow for a  Using MATLAB/Simulink [10], a dynamic model of a
better understanding of the system dynamic characteristicsSOFC-penetrated distribution system is created.
than that obtained from the inspection of time simulations  This paper is structured as follow®ection Zresents a re-
alone. Although the nonlinear nature of a SOFC must be view of the SOFCSection 3ntroduces the utility-connected
recognized, in many cases a linearized system representainverter control. Some basic concepts of ARX models are
tion allows for a more efficient means of analysis. described inSection 4 Section 5compares the response of
Several techniques for computing state space matricesidentified system versus the response of the actual system.
and transfer function realizations of power systems from Section 6depicts some simulation results. Finally, conclu-
time domain data have been proposed in recent years.sions are presented Bection 7
These techniques include the Prony method which is based
on fitting a weighted sum of exponential terms to a given

signal [2], methods based on FFT analyd&$, and the 2 Solid oxide fud cell
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Nomenclature

Fuel cell

Eo ideal standard potential

F Faraday’s constant

lfc fuel cell current

Kan anode valve constant

Kh, valve molar constant for hydrogen

Kh,0 valve molar constant for water

Ko, valve molar constant for oxygen

Ky constant £No/4F)

Mn,0  molecular mass of hydrogen

NH, number of hydrogen moles in the
anode channel

No number of cells in series in the stack

pi partial pressure

P real power

p* set point for the real power

ap, input fuel flow

ap, output fuel flow

i, fuel flow that reacts

r ohmic loss

r'H—o ratio of hydrogen to oxygen

R universal gas constant

T absolute temperature

Te electrical response time

Ts fuel processor response time

U fuel utilization

Van volume of the anode

Vic fuel cell voltage

TH, response time for hydrogen flow

TH,O response time for water flow

70, response time for oxygen flow

Inverter

E load bus voltage

E* set point for the load bus voltage

Ly inductance

Q reactive power

Q* set point for the reactive power

\% inverter output voltage space vector

Xr reactance=£Lrw)

8p angle betweeny, and v,

5, angle reference

Ve flux vector associated with

Y flux vector associated witkl

* flux vector reference

This dynamic response function is modeled as a first-order
transfer function with a 5s time constant.

The electrical response time in the fuel cells is gener-
ally fast and mainly associated with the speed at which the
chemical reaction is capable of restoring the charge that has
been drained by the load. This dynamic response function
is also modeled as a first-order transfer function but with a
0.8 s time constant.

With aid of the inverter, the fuel cell system can supply
not only real power but also reactive power. Usually, power
factor can be in the range of 0.8-1.0. The SOFC system
dynamic model is given ifrig. 1

The fuel utilization U) is the ratio between the fuel flow
that reacts and the input fuel flow as follows:

ah, — 4, 9n,
== =m (1)

qH, qH,
Typically, an 80—90% fuel utilization is used.

Every individual gas will be considered separately, and
the perfect gas equation will be applied to it. Hydrogen will
be considered as an example

PH» Van = nH, RT (2)

It is possible to isolate the pressure and to take the time
derivative of the previous expression, obtaining

dpH, _RT

A 3
dr Vaanz ( )

There are three relevant contributions to the hydrogen molar
flow: the input flow, the flow that takes part in the reaction
and the output flow, thus

U

dpu,  RT

TZ = V—an(q'ﬁz - 61&2 - CIlr-iz) (4)
According to the basic electrochemical relationships, the
molar flow of hydrogen that reacts can be calculated as

Nol
61|r-|2 = oF = 2K|‘Ifrc (5)
Returning to the calculation of the hydrogen partial pressure,
it is possible to write

dl’Hz
dr

If it could be considered that the molar flow of any gas
through the valve is proportional to its partial pressure inside
the channel, according to the expressions:

qH K
2 _ Ky, )
PH; MH2

RT .

Replacing the output flow by (7), taking the Laplace trans-

connected to the distribution system they will affect its dy- form of both sides and isolating the hydrogen partial pres-
namic behavior. Hence, researchers have developed dynamigure, yields the following expression:

models for these componerjsl-15]

The chemical response in the fuel processor is usually pn, =
slow. It is associated with the time to change the chemical

1/KH,  in r
R — 2K, 1 8
1+tH2s(qH2 r fc) ( )

reaction parameters after a change in the flow of reactantswherety, = Van/Kn,RT.
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Fig. 1. SOFC system dynamic model.

A similar operation can be made for all the reactants and The magnitude and the angleyf with respect to the-axis
products. Applying Nernst's equation and Ohm’s law (to are determined as

consider ohmic losses), the stack output voltage is repre- Y
sented by the following expression: ol = \/ V2, + ¥, 8, =tan? (’ﬁ—) (11)
qu
0.5
v=nolE E | PH2Po, o Thed- andg-axes components of the ac system voltage flux
2F PH,0 vector ., its magnitude, and angle are defined in a similar

manner. The angle between andv, is defined as

- . 8[7 =38y — 4 (12)
3. Utility-connected inverter control
It is useful to develop the power transfer relationships in
Control of the flux vector has been shown to have good terms of the flux vectors. The basic real power transfer rela-
dynamic and steady-state performari@€]. It also pro- tionship for the control system &ig. 2in thed—q reference
vides a convenient means to define the power angle sinceframe is
the inverter voltage vector switches position in tteg 3. . .
plane, whereas there is no discontinuity in the inverter flux © = 2(€qlq + €aia) (13)

vector. , | | ) he | In (13), e, ande; are theg- andd-axes components, respec-
For a six-pulse voltage source inverter (VSI), the inverter tively, of the ac system voltage vectir In addition,i, and

o'u.tput yoltage space VeC_tF’r can take any OT the seven po-id are the components of the current vedtowheni, and
sitions in the plane specified by thieq coordinates. The ig are expressed in terms of the fluxes, taking into account

time integral of the inverter output voltage space VeCtor is yne gpatial relationships between the two flux vectors and

called the mverterf_lux vector” for short. Ttok ar_1dq-axes assuming the ac system voltage to be sinusoidal, (13) can
components of the inverter flux vectgt, are defined as be expressed as

t t
Ydy = / Vg drt, Iﬁdq = / Vg dr (10) P = ia)'(//e'(ﬁv Sin(Sp (14)

—00 —00 2L1
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Fig. 2. Control system for the inverter.

In this expressiony, andy, are the magnitudes of the ac 2. \oltage control: done by adjusting the set poift* of
system and the inverter flux vectors, respectively, &nes the inverter, which effects the magnitude of the converter
the spatial angle between the two flux vectors the fre- output voltage.

guency of rotation of the two flux vectors. The expression

for reactive power transfer can be derived in a similar man-

ner. This is 4. Identification algorithms

3w
0= ﬁ[l/fewv coss, — ¥ (15) 4.1. ARX models
The most used model structure is the simple linear differ-

Egs. (14) and (15)ndicate thatP can be controlled by con- )
ence equation

trolling 8, which can be defined as the power angle, @d
can be controlled by controlling,.

The two variables that are controlled directly by the in- YO +ary(t =1+ -+ anay(t = na)
verter areyr, ands,. The vectory, is controlled to have a = byu(t — nK) + - - + bppu(t — Nk — nb + 1) + e(r)
specified magnitude and a specified position relative to the (16)
ac system flux vectoy,. ) o

The errors between actual and desired amounts activateVNich relates the current outpyft) to a finite number of
the remainder of the firing scheme only if they exceed a Past outputsi(r — k) and inputsu(r — k). _
threshold value. If the error is larger than the hysteresis band 1 Ne structure is thus entirely defined by the three integers
(whose widths are\s,, andAy,) then a decision towards a @ nb, andnk. na is equal to the number of poles and—1
new switching sequence is made. If the errors are within their 1S the number of zeros, whilek is the pure time-delay (the
hysteresis band, the switches will hold their current status. d€ad-time) in the system. For a system under sampled-data

Therefore, the SOFC plant has two major control loops: Eontrol, typically nk is equal to 1 if there is no dead-
ime.

For multi-input systemsab andnk are row vectors, where
theith element gives the order/delay associated withttine
input.

1. Power control: done by adjusting the set poiRt of the
inverter for fast transient variations and fuel flow input
control for slow variations.
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Dynamic response of SOFC plant
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Fig. 3. Model output comparison.

uncorrelated with certain linear combinations of the

inputs.

There are two methods to estimate the coefficierasnd

b in the ARX model structure:

e Least squares: Minimizes the sum of squares of the

4.2. ARMAX, output-error and Box—Jenkins models

right-hand side minus the left-hand side of the expression

above, with respect ta andb.
e Instrumental variables: Determinesa and b so that the

There are several elaborations of the basic ARX model,

error between the right- and left-hand sides becomeswhere different disturbance models are introduced. These

Bode diagram

T T T T U T
1 1 ' 1 d 1
1 1 ' d 1
F- - - - R e s ----- e e R R
il el bl e Rl (N Sl T---Hr---a--
il it i a---=q1 f---- r---Hr=-=-=-°a--
il it bl o s Rl (N Sl Ll § Dttt Rl
———mrm—-—- TR B LEE R LRt Uttt LA
1 1 1 ! 1 1
1 1 1 1 1
B S e B T - - R e
1 1 1 1
R T S [ P Y S . [ .
1 1 1 1
' ' ' '
J T A TR S (R S R | [ P
1 1 ' 1
1 ' ' 1
1 1 1 1
1 1 1 1
| ' 1
F---- -2 CZZ22222229 r----oC-oCZZZ2z
T D mmmal ol oo
J T W DD P A Y D
1 1 ! I '
I B R i R N CTT T [
LR L L N Ly ===
1 1 1 1 1 1
I I R I B L i R
1 1 ' 1 ' 1
-d--r----m-=--Aa--=--14 ¥--9- T----Im---Aa--
1 1 1 1 1 1
1 1 ' 1 ' 1
Bl il e S Rl I i K e e Rl
1 1 1 1 1 1
I 1 1 | 1 '
1 1 1 1 1 1
1 1 1 1 ] 1
RN | Y Y M — S R T Y N
B L SRR P B T R D e e
o o T it el R (N 2 e e Rl
i AL EEEETEEEE BN T EEE) LR G L
Bl o P R I 3 SR D e P
1 1 ] ! [ ]
I e TTTTTT T T T T A [
G 56 ) s s [ ¥ IS T
| 1 1 1 1 1 1
i i — mmaloo Y Yo -
1 ' 1 1 1 1
1 1 1 1 1 1
1 1 ' ! 1 ]
I R e R TTTTTT T T T T A [
1 1 1 1 1 1
=2 [} o o o oy =2 Lo
0 = 5 «© = o o
—

(gp) spnuubiepy

(Bap) aseyq

-180 k=

10°

107

Frequency (Hz)

10°*
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include well known model types, such as ARMAX,
output-error, and Box—Jenkir$7-19]

A general input—output linear model for a single-output
system with inputi and outputy can be written as

S C(9)
Al)y(H) =Y [Bi(g) Fi(@)]ui(t — ki) + [ 5 (q)] e(t)
i=1

(7)
Hereu; denotes inputi# andA, B;, C, D, andF; are poly-

nomials in the shift operatorz(or q). It is just a compact
way of writing difference equations.

The general structure is defined by giving the time-delays
nk and the orders of these polynomials (i.e., the number of

poles and zeros of the dynamic model frento y, as well
as of the disturbance model froato y).

Most often the choices are confined to one of the following
special cases:

ARX:  A(g)y(®) = B(q)u(t — nk) + e(?) (18)
ARMAX :  A(q)y() = B(qu(t —nk) + C(q)e(d)  (19)

Bg)

Output-error :  y(¢) = [F(q)

] u(t — nk) + e(?) (20)

Box—Jenkins : y(r) = [%] u(t — nk) + [IC)Z))} e()
(21)

Substation 650

v
Py
646 645 632 633 634
oL oL
611 684 671 692 675
652 ® 680

ok

Fig. 5. One line diagram of IEEE 13 node feeder with fuel cells.

Note that A(g) corresponds to poles that are common
between the dynamic model and the disturbance model.
Likewise F;(q) determines the poles that are unique for the
dynamics from input # andD(q) the poles that are unique
for the disturbances.

Although each method has a somewhat different set of
parameters that a system analyst can adjust, one requirement
an identified system must meet is that its response to a given
input should match the response of the actual system. This
practical criterion was used as a guideline to adjust the order
of the identified systems.
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Fig. 6. Fuel cell response to a frequency step transient at node 634 for the IEEE 13 node feeder. Real power.
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Frequency step transient
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Fig. 7. Fuel cell response to a frequency step transient at node 634 for the IEEE 13 node feeder. Reactive power.

5. Performance In this paper SOFC modeled is denoted as “the actual
system”. Once an identified system was obtained, its time do-
SOFC models used in the distribution system analysis main response and transfer function were compared against

were constructed as shown in the following: the corresponding quantities of the actual system. To ac-
complish this, the actual system was linearized around an
e There is one 4.16 kV/480V transformer. operating point.
¢ All SOFCs were connected at the end of their respective  The results presented here correspond to a 0.02p.u. by
feeders at 480 V. 0.1s probing pulse into the real power block of SOFC in
DG1
DG2
822
820
be3 DG4
818 Y
802 806 808 812 814 826 834 860
858 ¢ 840
832 o—g—o—;
800 888 890
852 é
DG5
r DG7 DG8
828 830 854 856

Fig. 8. One line diagram of IEEE 34 node feeder with fuel cells.
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Fig. L The sampling time was 0.01s and 600 points were  Here, all fuel cells in the test feeders have the same dy-
used to perform the system identification. namic response and share the generation equally. The IEEE
Assume a SOFC is operating with constant rated voltage 13 node test feeder is very small, short and relatively highly
and power demand 0.6 p.u. There is 0.3 p.u. of step increasdoaded for a 4.16 kV feeder. Penetration means the pro-
in the total load at = 10s. portion of the distribution feeder load being supplied by
Fig. 3compares the time response of identified system ver- SOFCs associated with the distribution feeff23]. In this
sus the response of the actual system. The identified systenmodel, an initial load oP; is assumed and the penetration is

was obtained using Box—Jenkins algorithm, and is of fourth thus,

order. This method estimates parameters of the Box—Jenkins . P

model structure using a prediction error method. The order Pé€netration= PP (22)

of the identified system is the minimum order required to '

obtain a good time domain match. in this paper, the penetration level of the IEEE test feeders
Fig. 4 compares the magnitude and phase of the trans-is set at 10%. _ _

fer function Vi (s)/ P(s) of the identified and the linearized The first controlled transient was a 0.1p.u. step in fre-

actual systems. These plots show a very good match in theduency at the point of connection of the distribution system

frequency range. at 0.5 s, while voltage was held constafigs. 6 and ¥. The

second controlled transient was a 0.1 p.u. step in voltage at
the point of connection of the distribution system at 0.55s,
6. Simulation results while frequency was relatively stable during each transient
(Figs. 9, 11 and 1R
The IEEE test feederR0] are used as the test system  The IEEE 34 node test feeder is an actual feeder. The
to investigate the dynamic characteristics of the distribution feeder's nominal voltage is 24.9kV. It is characterized by
system with fuel cellsFigs. 5, 8 and 18how the test systems  very long and lightly loaded.

with the fuel cells. The IEEE 123 node test feeder operates at a nominal
In this paper, all loads are balanced, and characterized byvoltage of 4.16 kV. It does provide voltage drop problems
constant power. that must be solved with the application of voltage regulators
The majority of data for the fuel cell model has been ex- and shunt capacitors.
tracted from Kuipers and Singhi@1,22], and a commercial Fig. 12 shows the response to a 10% step of system
leaflet describing a SOFC 100 kW plant. voltage.
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Fig. 9. Fuel cell response to a voltage step transient at node 848 for the IEEE 34 node feeder.
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Fig. 10. One line diagram of IEEE 123 node feeder with fuel cells.
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Fig. 11. Fuel cell response to a response for a voltage step transient at node 46 for the IEEE 123 node feeder.
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Voltage step transient
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Fig. 12. Fuel cell response to a voltage step transient at node 634 for the IEEE 13 node feeder.

7. Conclusions [5] D.J. Trudnowski, M.K. Donnelly, J.F. Hauer, A procedure for oscil-
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2049-2055.

The capability to calculate low-order equivalent linear .
t f fi d . imulati f SOEC del [6] J.J. Sanchez-Gasca, J.H. Chow, Performance comparison of three
Systems irom tume domain simulations o models identification methods for the analysis of electromechanical oscilla-

using the ARX algorithm has been established. After the tions, IEEE Trans. Power Syst. 14 (3) (1999) 995-1002.
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