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Abstract—Fuel cells have attracted great interest as a means of provide non-invasive, low cost stack prognostics. The dgee
clean, efficient conversion of chemical to electrical eneyg This ing motivation of this work, not directly addressed in thapgr,
paper demonstrates the identification of both non-parametic and is that we may ultimately be able to improve reliability and
lumped circuit models of our stack in response to a test signa itigat terials chall th h trols at thete
introduced by control of a power electronic circuit. This technique mi |g_a € materials C a e.nges rough controls at thetedeat
could be implemented on-line for continuous condition asssment terminals that are richly informed of the state of the stack.
of the stack, as it delivers power. The results show typicalata from The paper begins with an overview of electrochemical
the stack, comparison of model and measured data, and whole- jjmpedance spectroscopy (EIS) and associated systemfidanti
stack impedance spectroscopy results using a power elecie 4, considerations in section I1-B. In section II-C we segy

system to provide excitation. Run-time excitation currens for the . . . e
spectroscopy measurement are generated by a hybrid powersiem & lumped parameter, t_|me-d0ma|n model and |dent|f|cat|m_n pr
controlling the flow of power from the fuel cell and a seconday ~cedure for the small signal response of the stack. In seéiion
power source to a fixed resistive load. The hybrid power syste  we discuss the design considerations and circuit modefitigeo
generates small-signal currents at the fuel cell terminalswhile  hybrid power system used to generate the signals for impedan
the load current itself is largely unaffected by the impedarme spectroscopy. The experimental setup is described inoseit

spectroscopy measurement. d | ided i ion V
Index Terms—Fuel Cells, Impedance Spectroscopy, Prognostics, and results are provided in section V.

Power Electronics
Il. FUELCELL OPERATION AND MODELING

I. INTRODUCTION A. Fuel Cell Overview

There is an increasing realization that the commercialikiab Figure 1 is a conceptual illustration of the energy conwersi
ity of fuel cells depends on work to enhance reliability anthechanism in a solid oxide fuel cell. The cell compriseséhre
durability [1], [2]. Much of the effort to enhance fuel celllayers. The cathode (right) is a porous, electrically catisa
robustness is appropriately focused on materials devedopmmaterial. Molecular oxygen is reduced to oxygen ions in the
using traditional materials science methodologies, engles cathode, with electrons supplied by the external circuliteSe
cell or even single component testing in controlled envinents oxygen ions move readily from the cathode through a dense
thought to be similar to the conditions inside a stack. Havev electrolyte, which is ion-conducting but is an electronisu-
there is also interest in understanding degradation phenamlator. At appropriate temperatures, typically in the viginof
that can occur as fuel cells are integrated into real systerii§0 C, the electrolyte becomes conductive to oxygen by means
As an example, in [3], Ramschak et al provide a method td oxygen vacancies in the lattice structure of the matefiak
detect the failure of a single cell within a stack by analgzinanode layer is another porous, electrically conductivene¢r
the harmonic distortion on the stack voltage. Similarly,[4h material. Oxygen ions arriving from the electrolyte seree t
Gemmen et al study the impact of inverter load dynamics onoaidize fuel and release their electrons to the externaldir
fuel cell, with the conclusion that stack / inverter intdia is Typical materials for the cathode/electrolyte/anode cétne
significant in the operating conditions and long term betraviinclude lanthanum strontium maganate (LSM), ytria stabdi
of the stack. zirconia (YSZ), and nickel/YSZ cermet, respectively. Véhihe

In our SOFC stack, and in many similar fuel cell applicationsverall reaction in Fig. 1 shows hydrogen as a fuel and water
it is neither feasible nor desirable to remove the stack froas a product, a basic advantage of SOFC technology is that the
service for the purpose of connecting impedance spectpgscelectrolyte is an oxygen ion conductor. This allows the uke o
instrumentation. However, in principle, it is not neceysty fuels containing carbon, as opposed hydrogen-conductiep f
remove the load provided that a sufficiently rich test sigraal cell technologies.
be introduced in addition to the load, as in [5]. This paper Fig. 2 shows a photograph of the actual stack used for
demonstrates the use of power electronics to impose a testing in this paper. The stack is a 5kW nominal, Fuel Cell
signal while delivering power to a load. This characteimat Technologies / Siemens Alpha-8 tubular solid oxide fuel cel
consists of calculations of whole stack impedance spemtms using city natural gas as a fuel. The vents at the top are fakén
and time-domain model parameters, using both the switchiagd exhaust, and this particular unit was also configured wit
waveform, or “ripple”, of the power electronics connected ta recuperator that could be used to heat water for a combined
the stack and an exogenous excitation. This method requinest and power application. This unit is designed for thplease
only instrumentation at the stack electrical terminals] aould grid-tie operation. However, for purposes of this study werev
be integrated with the controls of existing power electtsrto able to access and connect power electronics to the tersrofal



with frequency as an implicit argument. An electrochemést ¢
recognize the shapes characteristic of processes in thaidlyq
diagram [6]. Practitioners often extend this non-paraimetnal-
ysis by fitting lumped-parameter circuit models, in the frency
domain, and in some cases associate physical processes with
individual circuit elements. In [7], a parameterized imande
o, spectroscopy model is used to synthesize an equivalentitcirc
of an SOFC. Other examples include the analysis of a PEM cell
in [8] and the application to an SOFC cell in [7]. Frequenags
0.01Hz to 1MHz are generally used for studying SOFC systems
[2]. For a survey of impedance spectroscopy in fuel cells, se
[9].
Under sufficiently rich excitation, an estima#(jw) of the
impedance response can be extracted from the terminalyeolta
and current of a cell. In particular, an impedance estimate i

5 Ve(jw)
the stack and monitor the response of the stack to test signal Zljw) = fc(jw) o =0 ©

imposed by those power electronics.

Fig. 1: Conceptual diagram of SOFC energy conversion.

whereV.(jw) and I.(jw) are estimates of the spectral content
of the electrical terminal responsegt) andi.(t). The process

of estimating spectral content of signals using sampled datl
discrete-time Fourier transform techniques, includingdew-

ing and other considerations, is reviewed in [10] amongrsthe
The excitationi.(t) imposed at the electrical terminals must
be broadly exciting, in the sense of having significant power
at frequencies where it is desired to have a good estimate of
Z(jw). If I.(jw) at some frequency is small or dominated by
noise, the variance iZ(jw) can be large. In practice, we avoid
this by not evaluatingZ (jw) for frequencies where the signal
content in thel.(jw) is small in comparison to a threshold.

C. Parametric Modeling and Identification

In addition to impedance spectroscopy, it is sometimesulisef
to model fuel cell responses using a parameterized modeh of
in the form of a differential equation that represents dpeci

hysical processes. For example, Hall [11] develops a igahs
odel of a tubular SOFC including electrochemical, thermal
and mass flow elements. Wang et al. [12] develop a dynamic
model for a proton exchange membrane fuel cell using etadtri
B. Fuel Cell Impedance Spectroscopy circuit. elemen_ts, and Pasricha et al. [13] provide a dynamic
o electrical terminal model of a proton exchange membrank fue
'Electroc.hemlcal impedance spectroscopy models the AC e'%%ll. A challenge in developing parametric, physicalleta
trical terminal response of a fuel cell (or other electrathe ,4e|s of fuel cells is to restrict the phenomena in the model

?cal system) in the vicin_ity of an operating point as a Iine% those which are well supported by the observations.
impedanceZ(jw). In particular, for cell voltage and current With preliminary, non-parametric observations in mind, we

ve(t) = Vo4o(t) (1) propose a very simple three-parameter model of the staek, i.
io(t) = Io+i(t), 2 o(t) = Voo — Ri(t) — Lsi(t), (4)

at a DC operating pointp, Iy, the impedance captures the frewherev(t) is the stack voltagei(t) is the stack currenty.
quency domain relationship between the small signal qiesiti js the open circuit stack voltage} is a resistancel is a
v(t), i(t). Use of this model presumes that the cell respongsyyctance, and is the < operator.
linearly over the range of excitation in the vicinity of the @
bias point, i.e. that excitation at a single frequency pru operator substitution technique in [10]. The low-pass ffilte
a response at that frequency. operator

Impedance spectroscopy results are generally preseritegl us 1
a Nyquist plot showing real and complex parts of the impedanc 1+sr (%)

Fig. 2: A 5 kW Siemens / Fuel Cell Technology stack used f
testing.

The parameters of (4) are conveniantly estimated using the




can be manipulated to isolate i.e. ‘Fuel Cell :
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IIl. POWERELECTRONICS

We can demonstrate the concept of run-time electrochemical
impedance spectroscopy (EIS) in a hybrid power system with
off-the-shelf power converters. A simplified connectioagtfam -
for our EIS-capable hybrid power system is shown in Figure 3a
In our system, the control signal drives the trim pin of theeBu
converter module in the fuel cell leg (the upper leg in Figure
3a).

A. Small-signal Behavior (b) Small-signal current paths for EIS excitation signals.
_Conce.ptually, thg hybnd system enab_le_zs run-time f‘?e' Ceﬂg. 3: A hybrid power system with EIS functionality builioim

diagnostics by providing a means for exciting the fuel cathw off-the-shelf components

a small-signal current originating at the secondary so(itve '

battery in this case), while the load current itself is ldyge

unaffected by the EIS measurement. The small-signal currgp the output that includes the effects of the energy storage
paths corresponding to this behavior are depicted in Fi§bre glements involved in the switching action of the converaax

We can analyze the sm:,;lll—s_|gnal_ behavior of such a systef@pendent current and voltage sources that capture thet effe
starting from Middlebrook’s linearized canonical models 0yf the control signal,ci. Reducing a converter to this “fixed
CCM-operated power converters [14]. A parallel developmegys0gy” means that a linearized input-output and control
could be carneql out if the converters operate in DCM by Usingbscription of any converter reduces to looking up the, @esh
the corresponding models for DCM-operated converters. [15]frequency-dependent values for each of the model paraseser

1) Middiebrook’s Linearized Models of Power Converters: in Table | [14], [17]. In [19], the author shows how the values
In reference [14], Middlebrook develops linearized citeupd- " Table | for ageneralized loadcan be taken from similar
els that can be used to represent the input, output and d:onﬁ%non'cal model parameters that were previously calafiate

properties of any switching power converter. a converter driving dixed loadR.

To that end, M|ddlebrqok demqnstrates h.OW CCM'Operate'l%\BLE I: Canonical Model Parameters for the Buck, Boost and
converters can be manipulated into one fixed topology a%%ck—Boost with a general load [17], [19]
DCM-operated converters into another fixed topology in ref- '

erences [14], [15], [18]. For example, the basic elementa of  Converter M(D) L. e(s) j(s)
typical power converter are shown in Figure 4a. In Figuretdé,
buck converter has been replaced with the linearized caabni Buck D L % 1
circuit model developed by Middlebrook in [14].

The canonical circuit model consists of three pieces (in Boost % DL/z V4 (1 — Sg{/) lez
boxes): an ideal transformer that represents the conigideal
voltage and current transformatforan effective low-pass filter  Buck-Boost —% DL/z _% (1 — %) _lez

1According typical conventions, the hat§ fenote small-signal quantities.
the straight line and the wavy line drawn on the transformiement in
Figure 4b are intended to indicate DC and AC respectively.
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X < H.(s)—" ical circuit model of CCM-operated power converters.
d(s) ‘
e (s)
1/Vay j——{Ge(s) ) where
Oref(s) Zo = sLe (13)
(b) A small-signal regulator model using Middlebrook’s darized canonical ’
circuit model of the power converter [16]. Hat§ (lenote small-signal quanti- N ="Zc+ Ze”R (14)
- A= 2R (15)
Fig. 4: Canonical circuit modeling developed in refererd«g, N
[16] and [17]. and the loop transfer function is defined as
T = HG Fue(s)M(D). (16)

Such a model can be validated by comparing the calculated
2) A Linearized Model of the Hybrid Power System: expressions in (9)-(11) to simulations of the system in Fégu

i : i o (LTSPICE) as in Figures 7, 8, and 9. The magnitude and
Having configured the system in Figure 3 so that its SmaE’hase plots of,2 /.1 in Figure 7, confirm our intuition that, at

signal behavior is similar to that of two para_llel convesten_der low frequency, the currents out of the two converters arebqu
voltage-mode feedback control, we can build the correspond and opposite (small-signal currents flow out of one and into

linearized model of the hybrid power system shown in Figuliﬁe other). This behavior corresponds to the time-domaia da
5 shown in the scope shot of Figure 6, taken from the experiahent

In reference [19], the author uses a linear superpositiah afystem of Figure 3.
replacement of dependent sources approach to derive thedelo  Figures 8 and 9 show that the transconductance from the
loop transfer functions describing the small-signal bétranf a  control voltage, o,cy1, to input current,i;,1, is large and
hybrid power system like that in Figure 5. For instance, rigki the corresponding load voltage perturbation,is small. This
the inputd,.;; as the control signal, assuming two identicstmounts to the desired characteristic of an EIS-capabledyb
converters, and neglecting the effects of the input filtergre Power system that the load voltage will be largely unaffécte
system dynamics, the author shows that the transfer furctidy the run-time EIS behavior.
of interest here are:

- Y :% )\TT/\ (9) The design of the input filters in Figure 5 presents some
vri-fl 1+2 interesting power electronics design challenges. Thesicas
102 AT <T(2/\ -1) ) (10) results concerning the effect of a “post-facto” input filten

io1 T HZ.\ 14+2TXx converter performance are derived by Middlebrook from an

B. Input Filters and System Stability

bin1 . ¥ i1 application of the extra element theorem in [16], [17], [20]
Brort J(8)FmGe(s) <1 - Hﬁreﬂ) + M(D)ﬁreﬂ (11) The resulting design constraints are typically quoted ast @f
A : ' impedance inequalities that, if met, ensure negligiblerada-

tol  _ T ( AT(2A —1) ) (12) tion of converter performance. However, in our hybrid power
brept  HZe \1+2TA+1-X)" system, designed to enable EIS of the fuel cell, we have a
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more complicated set of design constraints that must be me
Specifically, the input filters must not only be designed fol
system stability but must also pass excitation currentsnfro 120}
the converter inputs to the fuel cell terminals. Meanwhile
analytical results presented by Middlebrook in [16], [2@iust
be extended so that they may be applied to the hybrid pow
system (paralleled converter) case.
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1) Middlebrook’s Application of the EET for Input Filter aof Caleulated G, = 10
Design: The treatment of an input filter as a “post-facto” I I
element in a power converter design is a likely outcome @ ¢ Smulatedc, =1
natural design processes. However, this treatment is alse % o 0 ;
lytically advantageous. The converter can be designed witho Frequency (radisec)
the input filter and then the Extra Element Theorem applied to (b) Phase
determine the perturbation on the converter dynamics witho . L
ever analyzing the full system. The extra element theorest, b Fig. 7402 /io1.

summarized by Middlebrook in [21], allows us to replace one

cumbersome and uninsightful calculation, with a few singid

elegant calculations. factor that multiplies the original transfer function. Foiseries
The extra element theorem follows from an application &xtra element (one that replaces a short-circuit in theiroalg

the principle of “null double injection” to a linear circuj2l]. circuit), the correction factor is

Upon addition of an extra element to the circuit, the transfe 1 Zo(s)
function of interest, completely defined by an input and atitp CF — T Znol® 17)
variable in the circuit, can be modified by calculating the 14 52) ’

impedance seen at the “extra element port” unsler special
cases. The first special case corresponds to null-doulgletiop in Which Z,,_.(s) is the special-case impedance calculated for
and is the impedance seen at the extra element port when t#e null condition,Z,_,(s) is the special-case impedance cal-
transfer function input variable is directed in such a waatthe culated for the open-loop condition aud(s) is the impedance
transfer function output variable is nulled (equal to zefifje Of the extra element itself.

result is the “null-condition” impedance,,_.(s). The second  While the converter transfer function can be defined by
special case corresponds to the open-loop behavior anct is dhy arbitrarily defined input variable and any correspogdin
impedance at the extra element port when the transfer fumctoutput variable, some notable converter transfer funstiare
input signal is deactivated (set to zero), leadingZg ;(s). represented within the dashed box in Figure 10 adapted from
Fundamentally, the extra element theorem uses the unidlig]. The converter transfer functiorG,q(s), is usually of
information obtained about the circuit by calculating thaaeo particular interest because it is “in the loop,” i.e. the dgrics
special-case impedances to derive the circuit's intesaoith of G,4(s) directly impact the stability of the regulator. Upon
the extra element itself. The primary result of the ensuiragddition of an input filter(z,4(s) is modified by the correction
mathematical manipulations is a statement of the cornmectitactor in (17), in whichZ,,_.(s) and Z,_;(s) can be calculated
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through L. is zero, the voltage across it is also zero and the
zero-valued (nulled) output voltage appears at the secgnda
winding of the ideal transformer. Therefore, the input agk
and current are simply-e(s)d(s) and;(s)d(s), respectively and
the input impedance in this cases,_.(s) = —e(s)/j(s).

In [19], the author shows that the three converter transfer
functions represented in the dashed box of Figure 10, can
e o = i~ > - . be corrected using the generalized results in Table Il. &hos

Frequency (rad/sec) results hold for CCM-operated converters, and the speaisd
Fig. 9: [0/ive 1| impedances can be found by looking up the canonical model
9.9 refil- parameters in a table such as Table I.
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from the circuit in Figure 11. TABLE Il: Generalized Input Filter Design Constraints atiap

The null-condition does not generally allow us to simplif)}crom [19]
the circuit topologically, or even to easily write down a s#al- Special- | Impedance] Generalized | Transfer
form expression of the control signal that leads to the nulle case Value Function
output signaP But, the null-condition often allows us to make open-
observations about the circuit that simplify the calcaafinot loop Zn(s) sLe+R||Z:n(s) All
of the control signal itself, but of the impedance at the axtr p M(D)*
element port as a result of the conditions that the contgviadi
must impose on that circuit to null the output. null- Zn(s) %S) Gua(s)
For example, to calculaté,, .(s) for correctingG,q(s), the condition Z(s) ﬁ Zeo(5)
transfer function fromd to 9, in the circuit of Figure 11, we Z,(s) 00 Gog(5)

deactivate the other independent inpuitg,and i10ad, @and null

the outputo — 0. The analysis is simplified by realizing that e correction factor can be used to directly evaluate the
for a nulled output, the small-signal voltage across thed 10ye4radation of converter transfer functions. Howevers itni-
impedance is zero so no small-signal current flows throughygiately obvious from the expression of the correctiorndiac
the load. Therefore, no current flows through or through j, (17) that if the following inequalities are met, the inilter

the secondary winding of the ideal transformer. The primagy have a negligible impact on the converter dynamics [16]
winding current is therefore also zero. Because the curretgb]:

3 . . . .
_ Note that it woﬂuld (generally) be a misinterpretation of mﬂ!-condltlon to |Zo| << |Zn—c| (18)

simply short-circuit the output of the converter in Figurkednd, in most cases,

would lead to different and incorrect results. |Zo| << |Zo-il- (19)



Meeting the first inequality will ensure that the filter outpuduty ratio,d; and dy, to the output voltagey, because of the
impedance is always less than the negative incremental-respltage-mode feedback control depicted there.

tance presented by the inputs of a regulated converter. For

instance, from Tables | and I%,,_.(s) for the Buck converteris  Now, we must consider the effect on the converter transfer
—V/ID?. The same result can be derived for a losslé3s(=  functions upon the simultaneous additionteb input filters to
Pi,), perfectly-regulated converteV{,; = V' = const.) with @ the overall system. To that end, the author in [19] applies th

fixed load (ot = I = const.) as follows: two extra element theorem to the system in Figure 5. In [22],
OVin 9 [ Py Middlebrook presents the two extra element theorem (2EET),
Zn-c(s) = oL, ol ( I, ) the principle result of which is the correction factor:
Pout v Zl Zz (7) i Z175
- _K:_ﬁ' (20) CF® = H ZN1|Z2 0+ Ak ‘Zl 0+K Zn1 (le>70ZN2|Z1 0
. . . — 1+—2,  + 2 K(l) 212y ’
A typical plot of the three impedances of interest in Figuze 1 Zpilg_o  Zp2ly o b1l _ Zp2lY) g
illustrates the design choices required to meet the inégsl (21)

in (18)-(19). In practice, meeting the inequality in (18)ofsen where Z; and Z, are the output impedances of the first and

achieved for LC filter designs by using a damping leg (a serlescond input filters respectivelyThe interaction parameters can
RC) shunting the input terminals to decrease the magmtub written (they each have two possible forms) [22]:
peaking in the LC filter output impedance. Meeting the secon na y P

inequality (19) is usually achieved by setting the frequyeat ) ZN1|Z o ZN2|Z o

the 2nd-order peak in the input filter output impedance below N = - 2 = - 1 (22)
that of the 2nd-order dip in the output filter input impedance Nllf_z) o0 N2|Zl o0

represented by, _;(s)). , Zpily Z

( p i l( )) Kg) _ D1|Z2—0 _ D2|Z1 0’ (23)

ZD1|2:OO ZDQ|Z1 o

Special-Case Impedances for correcting v/d

w
S

I 1] In [19], the author shows that analysis of the circuit in Fegu
- 1 5 leads to the following special-case impedances for catitg
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ol N 7 | the correction factor of the open-loop transfer functWr(ilz
1zl \ / _
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M{(Dy)
40 $Les + SLelsZL
. ‘ ZD2|(le):0 _ # , (27)
10° 10" 10° 10° 2 (DQ)

Frequency (Hz)

whereZ} is the total impedance shunting the converter outputs,

Fig. 12: A typical frequency plot of the special case impessn i-e. Z = R[[1/(s(C1 + C2)), in Figure 5. The additional
Zn_o(s), Zo_i(s), and the input filter output impedancg,(s), Special-case impedances required to calculate the ini@nac

for a single converter system. parametersK](\}) and K,(:,l), are
. . 7 _ —ei(s) 28
While the concepts above were reviewed and developed for a N1|z2 =00 = 5 (s) (28)
single-converter system, the same concepts will be extende 71 + sLey
Section 1I-B2, to the two-converter case correspondingne Zmlz2 oo = WD; (29)
1 1

hybrid power system in Figure 5.
The correction factor of the second open-loop transfertfanc

2) The 2EET Applied to the Hybrid Power System: In the of interest,5/d,, can be similarly derived or inferred from the
hybrid power system of Figure 5, each converter is furnidhed correction factor for the first by symmetry arguments. Thisds
an input filter. Ignoring, for now, the particular feedbadops
in that system, we can consider the circuit as a whole rather
than as two separate converters. That system, like theesing|
converter system in Section 1lI-B1 can be characterizedtdy i
open-loop transfer functions from any independent inpLartp
output variable. Of particular interest, are the converi@nsfer
functions that will be “in the loop” upon addition of feedikac
control. In Figure 5, those are the transfer functions fraohe 4N and D historically represent to “numerator” and “denontina[17]



to: well as the external input filter components that we added,

7@ _ SLeq 30 andCy;. The internal input filter components are:
Nilzg—o = (DY) (30)
i (D1 Crs = 88uF (41)
ZN2|(221):0 = %S) (32) Lz = 2.2 puH (42)
2
$Ley + SLke2ZL Cra = 264 pF. (43)
2 € Zr,+sLe . . .
ZD1|(ZZ):0 = W (32) Having set the pass band and rollover frequencies by chgosin
SLeQ + sLdZL
A (2)7 _ Zr+sLet 33 Ly ! Lys
D2|Z1—0 M22(D2) ( ) i .
and the additional special-case impedances required ¢alagté Power Source  C'py : Converter
the interaction parameter&; > and K2, are Output Rf T Crs Cra= Input
D1 |
—ea(s i
ZnolG) o = % (34) o ; °
Zh sl External Input Filter | Internal Input Filter
Zpa|G)_ oo = Ty =2 (35)

A= = M3 (D)

Note that from the resu)lts above, the “numerator interactio
parameter” equals ond_{é\; = 1) for each of the two transfer 1, the filter transfer function is shown in Figure 14.

functions. This fact, which is characteristic of the hybpilver The damping leg formed b¢'s; and Rp; in Figure 13 is

system in Figure 5, simplifies the numerical computatiorhef t jntended to limit the magnitude peaking in the output impesa
correction factorsC F(9, because, in that case, the numeratejf tne filter. However. as the impedance of the damping leg

Fig. 13: The input filter for the fuel cell leg.

is exactly factorable as follows: decreases it provides a shunt path that diminishes thenians
2 Z, sion of excitation currents to the fuel cell terminals. Morer,
e 1+ Zn1l5) + Znal5) due to natural bandlimiting in the system, the designer may

Z Z 5) 7.7 -+ actually want to exploit the resonance at the edge of the pass
1+ 1 _|_ 2 +K _ 142 » A . . . B
Zpilg_o  Zp2ly o D zo115) o Zpaly) —o band in Figure 14 to achieve some current amplification at
(36) that frequency. Both of these considerations qualitatil@ber-

In analogy to the impedance inequalities from (18) and (Egound the damping resistoRp, a constraint which directly

the expression for the correction factor in (21) or (36) ssig bgfnends Vi’gh tr]e impedance |_Tec(j]ual|t||e{[s "} (t3h7)-(40). il

that thei** open-loop converter transfer function will not be |g(;1re fs ows a tF“aEJ“C'Z“ € pio "0 ethspem?-c?se
impacted significantly if the following impedance ineqtiak Impecances Tor  correc ingo/ 1 as well as ine outpu
are met. Recall that meeting these impedance qualitiesfis SLJmpedances from the filters used in our system. Note thatitbe t

cient but not necessary to ensure stability of the regulpteesr resonances itX,, (solid line) correspond to the two resonances

system.
|Zl| << | ZN1 |(Z72:0 | (37) 50 Bode‘Ploﬂor Filter Current Transfer F‘unnon
1Zo] << | Zwalz) | (38) 0
121 << | Zpilg)—| (39) -
1Z3] << | Zpal})_,] (40)  §
-100
3) Input Filter Design Approach: The input filters in an -150L - - .

10

ElS-capable hybrid power system may be designed to achie
several goals simultaneously:

1) Attenuate converter switching ripple

2) Avoid converter instability

3) Pass or even amplify excitation signals
Goals 1) and 2) are typical of design goals when adding a
input filter onto a regulator. Goal 3) is unique to the EIS-
capable hybrid system, because the filter must be designed
allow excitation currents to flow from the converter inputhe 1 Frequency (H2)
terminals of the fuel cell up to a specified frequency.

For this example, we consider the input filter shown in Figure

13, which includes both the internal input filter componenfgd- 14: The current transfer function for the fuel-cell legut
provided on the off-the-shelf Buck converter from Figureada filter

-180

Phase (deg)

-360

10



in the filter transfer function of Figure 14. Also note thag {hlot Extra Element Correction Factor CF, for vid,
of special-case impedances suggests that the hybrid system ‘ ‘ ‘
Figure 5 actually lower-bounds the bandwidth of the inpuefil
to ensure negligible impact on converter dynamics. Becthese
impedance inequalities in (37)-(40) are not strictly meg,is
evidenced by the plot in Figure 15, we need to examine th
guantitative impact of the input filters on the converter mpe
loop transfer functions. In this Section, we assume that th
feedback regulated system in Figure 5 is stable withoutrthati 150 ‘ —
filters connected, and that we simply need to verify that agldi 100l X Simulated
those input filters does not lead to instability.

Calculated
X Simulated

ICF, | (db)

u] CFl (deg)

Special-Case Impedances for correcting v/d1 )

10 10 10° 10° 10° 10"
Frequency (rad/sec)

(@) cCFM

Extra Element Correction Factor CF, for v/d,

20

Calculated
X Simulated

12| (db)

ICF,| (db)

-20
10 10 10 10 10° 10"

(S

50

Fig. 15: A frequency plot of the special case impedance §N 0 Calculated
for correcting /d; and the input filter output impedances °© LS
for checking the impedance inequalities in (37)-(40). Syst T
parametersVpc = 28V, Viqr = 48V, V,,:=12V, R = 21}, =05 o = N = o
L6 = 1,uH, Ce =1 /LF Frequency (rad/sec)

(b) CF®

A plot of the correction factors(’F(!), for the i*” converter
open-loop transfer function from (21) is the most direct wafig- 16: Bode plots of correction facto§ ") and CF(®)
of analyzing the effect of the input filter on system stayilit for open-loop transfer functions/d; and o/d», respectively.
We are generally interested in the additional phase lag én thystem parametersipc = 28V, Vigrr = 48V, Vou:=12V,
loop transfer function upon addition of the input filter. Mor 2 = 2€%, Le = 1pH, Ce = 1uF
specifically, we are interested in the phase margin, or tlasgh
relative to -180 at the unity gain (Odb-crossover) frequency ] . ]
of the entire loop transfer function (including the feedbacviolated, the correction factor will contribute phase lag &
network) upon addition of the input filters. However, since wWide band of frequencies likely causing instability. Besauthe
assume that we are checking that the input filters do not cal®¥se lag in this example is contributed for only a narrovgean
an already stable system to become unstable, we simply n8édreéquencies we would not expect the voltage-mode feddbac
to check theadditional phase lag which is explicitly shown in100p to become unstable. _ _
the multiplicative correction factor. The values for the external input filter components were:
For instance, the correction factor@,F(_” and CF®, for Cp = 100 uF (44)
the converter open-loop transfer functions/d; and ©¢/ds
respectively, are bode plotted in Figure P6From the plots, Rpy = 100 (45)
we see that’F( introduces a significant additional phase lag Ly = 6 pH. (46)

g i
near10°rps. However, the phase lag will not degrade the phagese were also the values for the filters used in the system of

margin unl_ess that phase lag occurs at the_ cross-over i"eﬁueFigure 3 represented by, andC. Stability of the real system
of the entire regulator loop transfer function. In some sasg, ;< yerified experimentally.

i.e. when the impedance inequalities in (37)-(40) are dyoss

IV. EXPERIMENTAL SETUP
5The simulated data overlayed in the plots of Figure 16 wameted from . . .
LTSPICE by comparing simulations of the open-loop trandterctions with Figure 17 shows an overall schematic of the Siemens 5kW

and without the input filters in place. stack, connections to the built-in power electronics andaste,



resisTve Fig. 19 at roughly 12 kHz is due to the operation of the front-
[ [ end boost converter in the Siemens power management system.
The current and voltage levels in Fig. 19, nominally 90A and

CFG250
POWER Source POWER

Jomerion, 28V, were typical of the stack load during testing.
Primary Figure 20 shows Nyquist plots of the impedanZéjw)
e obtained from the response of the stack to the built-in power
electronics ripple and the power electronic test signaé plots
were prepared according to the convention for electrocbami
impedance spectroscopy results. Fig. 20a shows a oveddll pl
representing impedances for all frequencies with significa
content. The discete clusters correspond to harmonics ef th
triangular boost-converter switching waveform, while there
e continuous low-frequency data shows the response to tle tes
JRoies NI CPU signal. As the frequency of the harmonics increases, the am-
PXI 5122 plitude decreases, and the variance in the impedance éstima
sy [ increases. Fig. 20b is an expanded view of the low frequency
portion corresponding to the exogenous excitation. The arc
Fig. 17: Schematic illustration of stack, power electrshi@nd shape of the curve in Fig. 20b is consistent with the series
measurements. Components within the dashed line are witBhnection of parallelRC' elements often used in equivalent
the physical envelope of the Siemens Alpha 8 unit. circuit models of fuel cells.

Data corresponding to a 1kHz power electronic excitation

‘ ‘ ‘ ‘ ‘ were used to identify the parametric model in 1I-C. The pa-

Parametric Model I rameter estimates wer¥,, = 34.1V, R = 0.0690%2, and
L = 0.43uH. These results compare favorably to those in
100 L [5], where the values for these parameters based on data take
months earlier were found to bé,. = 34.7V, R = 0.06779),
91 - and L = 0.471uH. The decrease in voltage and increase in
resistance are likely due to the gradual degradation ofkstac
performance observed over this time period. The latestnpara
ters were used for an output-error prediction of the timedm
current waveform in response a 5.4 kHz excitation. Thissros
804 L validation result is shown in Fig. 18.
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