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Abstract—This paper presents a multisource, multiconverter
power system for electrically propelled unmanned aerial vehicles
(UAVs) with a focus on promoting fuel cell health. Linearized mul-
ticonverter system analysis and the two extra element theorem
(2EET) inform a system design for fuel cell current buffering and
integral diagnostics. Integral diagnostics is in situ impedance spec-
troscopy achieved by controlling the power system to superpose a
frequency-swept excitation current at the fuel cell terminals. An
experimental system demonstrates hybridization of a solid-oxide
fuel cell (SOFC) with a lead-acid battery having suitable current
buffering and integral diagnostics performance under UAV load
profiles. Experimental behavior is demonstrated with an electri-
cally emulated SOFC stack or “reference simulator.” Impedance
spectroscopy data measured during run-time clearly indicate both
degradation and recovery phenomena in the SOFC.

Index Terms—Battery, extra element theorem, fuel cell, hybrid,
input filter, Middlebrook, multiconverter, multisource, unmanned
aerial vehicle (UAV).

I. INTRODUCTION

HE practice of combining power sources is increasingly
T necessitated for solving problems of scale. Multisource or
hybrid power systems are recently popular for achieving critical
tradeoffs in mobility applications [1]-[8] and grid level power
applications [1], [5], [9]-[11]. Fuel cells are a particularly inter-
esting candidate for hybridization in these applications because
they offer relatively clean, high-efficiency conversion of high-
energy density fuels but are limited by durability issues that may
be related to and therefore addressed through electrical power
conditioning [6], [11]-[13].
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Fuel cell hybridization solutions generally employ a sec-
ond power source for sufficient additional degrees of freedom
to support continuous operation near the fuel cell’s optimum
power level [4]-[6], [11], [13], [14]. Meanwhile, multiconverter
systems, especially feedback regulated multiconverter systems,
present design challenges not addressed by single converter de-
sign methodologies [1], [3], [5], [6], [15]-[18]. Multiconverter
design methodologies have historically relied on linearized
modeling of switched-mode converters and extensions of linear
system theory as applied to single converter systems [19]-[21].
The linearized converter modeling in this paper relies closely
on previous work developed by Middlebrook [22].

This paper explores the aspects of feedback control design
and linearized converter modeling to address hybridized fuel
cell systems in mobility applications. Specifically, this paper
focuses on methods to implement integral diagnostics in a mul-
ticonverter power system by way of impedance spectroscopy
signals generated by injection of control signals to the feed-
back control loops in the converters themselves. Interesting de-
sign challenges are addressed including load disturbance during
impedance spectroscopy, and power converter input filter de-
sign. Careful input filter design is unusually critical in this ap-
plication, so this paper employs Middlebrook’s 2-Extra Element
Theorem (2EET) to inform tradeoffs between loop stability and
transmission of impedance spectroscopy current to the fuel cell
terminals [23].

The experimental power system is demonstrated for use in an
electrically propelled unmanned aerial vehicle (UAV) applica-
tion. Experimental behavior is demonstrated with an electrically
emulated solid-oxide fuel cell (SOFC) stack or “reference simu-
lator.” The reference simulator uses a single SOFC fuel cell and
an electronic amplifier to emulate the behavior of a stack of cells.
The power system is loaded with an electronic load generating
profiles taken from an actual UAV.! Impedance spectroscopy
data taken from the multiconverter system further demonstrate
an interesting phenomenon in which a fuel cell is first shown
to degrade and to subsequently recover in response to electrical
loading.

Section II presents the linearized multiconverter system
model and Section I1I evaluates the system in an example closed-
loop configuration. Section IV investigates the effect of adding
input filters to both converters. Finally, Section V presents an ex-
perimental system and SOFC impedance spectroscopy results.

Data used in the experiments made available by the USAF has been cleared
for public release.
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Fig. 1. Linearized multiconverter system model.

II. LINEARIZED MULTICONVERTER SYSTEM MODEL

The system model in Fig. 1 is a starting point for the analysis
and design of the multiconverter regulator in this paper. It is the
circuit used to derive the transfer functions from independent
inputs to dependent outputs in the unregulated power system
(converter transfer functions).

By leaving the system model in terms of the canonical con-
verter model parameters, the mathematical results derived from
it may be applied to any converter topology, e.g., buck, boost, or
buck-boost. Cooley in [24] summarizes some example model
parameters generalized from single-converter results.

The block diagram in Fig. 2 represents a linear superposition
of the effects of the converter transfer functions. The linear
superposition expressions may be written directly, for instance,
the load voltage is

@(dlvcz%%load) = (E}> Cil + <1A]) 0?2 + (AU> iload (1)
dy dy oad

where hatted (A) quantities are small-signal quantities describ-
ing operation of a linearized power converter, v is the load
voltage, dy and d» are the duty ratios of the first and second
converters, and fload is the load current. The quantities in paren-
theses in (1), and in the blocks in Fig. 2, are the converter transfer
functions. The derivation of the converter transfer functions is
left to [24]. The first converter’s input current will be important
in Section V. It can be found from KCL in Fig. 1

o(dy, dy)

tin1 (dy, do) = judy + My | 01 (dy, do) + 7
cel

)

where iim is the first converter’s input current, j; is a linearized
model parameter corresponding to input current generation, M,
is a linearized model parameter corresponding to the ideal con-
version ratio, and Z.; is the impedance of the first converter’s
effective open-loop output capacitance. Additional derivations
can be found in [24].

3233

Yoad
[
Aiol
dA 2 tload
o 233
1 + A
+ %01
by > >
- T
oL
2
0
~ iload
I NN )
dy +
+ 0
b >
d R +
o2 L
d
Fig. 2. Block diagram representation of the mathematical relations governing

the circuit in Fig. 1.
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Fig. 3. Current—voltage regulator linearized system model.

III. EXAMPLE CLOSED LOOP SYSTEM:
CURRENT-VOLTAGE REGULATOR

In Fig. 3, the system model is coupled to a feedback control
system to form a regulator. This example considers two power
converters, one load voltage regulated and the other output cur-
rent regulated—a useful configuration for load sharing and also
useful for achieving the design goals listed in the Introduction.
Fig. 4 shows the corresponding block diagram representation. It
comprises the block diagram from Fig. 2 and additional blocks
representing a feedback control system. The x’s are points
to break in the block diagram to evaluate open-loop transfer
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the circuit in Fig. 3.

functions. The input filters are ignored until Section IV. (The
inductors Ly, » are shorted and the capacitors C't; o are open.)

A. Closed-Loop Transfer Functions

We will use the direct evaluation of closed-loop transfer func-
tions to evaluate the design of the experimental system regarding
the design goals listed in the Introduction. To that end, we con-
sider the system in Figs. 3 and 4 in which 0,0 is designated
the “control signal” (to control the first converter to generate an
excitation current for impedance spectroscopy of the fuel cell),
while the other small signal reference voltage is deactivated.
For the following analyses, refer to Figs. 3 and 4 for variable
definitions. The two duty ratios become

jl = -leGcl (ﬁrcfl - Hl Rscnscz()l) (3)
and

dy = —F9G oo Hy0. “4)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 29, NO. 6, JUNE 2014

Some interesting closed-loop transfer functions may be written
as linear decompositions as follows. The notation |cy, used here
denotes a closed-loop transfer function. Rewriting the effects
of the summing junctions in Fig. 4 (and deactivating gloa‘d), the
transfer function from the control signal to the load voltage is

- + v dQ ( 5)

{)l'efl CL dl ﬁrefl dg ﬁrefl

0 U dy

and the transfer function from the control signal to the first
converter’s output current is

o1 da

dg {)refl

o1 o1 di

d1 ’Orefl

p (6)

refl oL
Re-solving the circuit in Fig. 3, the first converter’s input current
response to the control signal is

tin1 4 lo1 v 1

Urer1 oL Dref1 oL Dref1 CL Zeel

(N
Writing the closed-loop transfer functions this way separates
them into converter transfer functions, which may have already
been derived according to Section II, and transfer functions that
may be found from the block diagram representation in Fig. 4.
Analyzing the block diagram in Fig. 4 yields the terms needed
to complete the closed-loop transfer functions above

-1

7 TL‘ JU
F, - leGClHleensegil%
Ad1 _ Fn1Ger 1+ dy dy @)
Uref1 « o
and
b i d N
Urefl Uref1 dl
where
CZ HQEH,QG(:?%;
= = — (10)

CZl T 1 + H2F‘7rL2G(:2l;%2
and we define
7?01
a=1 + FnzchlHleense?-
1

(1)

The same analytical approach can be used to find the closed-
loop transfer functions from the load current %load to the output
signals of interest, 0, %01 , and %im- Those details are left to [24].

Several important system characteristics can be gleaned di-
rectly from expressions for the closed-loop transfer functions.
For instance, as the voltage feedback gain, G2, increases to-
ward oo, the ratio Z—f approaches —1. The control signal has
the opposite effect on the two converter duty ratios suggesting
the manner in which the voltage regulated converter counter-
acts perturbations of the opposite converter’s behavior, stabi-
lizes the load voltage, and absorbs excess current arising from
impedance spectroscopy. Meanwhile, in [24], we show that as
the current feedback gain GG.; increases toward oo, the collapse
of the closed-loop transfer function from load current variations
to the first converter’s input current (in other words, good fuel
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cell current buffering) is only valid at zero frequency if we take
into account nonzero resistive impedance present in the first
converter’s output network, e.g., inductor and capacitor ESR,
and current sense resistance.

B. Open-Loop Transfer Functions

The open-loop transfer functions are useful for studying sys-
tem stability. To evaluate them, we can break the loops at the
x’s and consider the signals that return when injecting a signal
into the break. Mathematically, the loop transfer functions of
interest are

=Y (12)
X

Ty = -2 (13)
q

In the case of one voltage and one current feedback loop, these
transfer functions are
iol

Tl = Hleensei (14)
X

n:ms (15)

Expanding the measured signals, & and 4,1, using linear signal
decomposition, the transfer functions become

d i dAA')
T) = Hy Rygneo | 222t 4 211 (16)
Tdy T ody
d o dy
o= (2l 22 (17)
q dy q dy

The loop transfer function 75 corresponds to the voltage feed-
back loop evidenced by the converter transfer functions that it
depends on most directly and by the error signal that it corre-
sponds to in the block diagram of Fig. 4. Similarly, the loop
transfer function 7} corresponds to the current feedback loop.
Breaking the loop at point @ and solving leads to the needed
inner transfer functions for expressing 7}

d
— =G Fu (18)
x
i Fm Gc H2Gc Fm Ai
& _ Tmme Ll (19)
Z 1 _|'F‘m2CTY(:21{2]§*y

az

Breaking the loop at point b and solving leads to the needed
inner transfer functions for expressing 75

d

— =G Fuy (20)
q

7 leGclHleenseFm2G62 Eel

& _ | Q1)

q 1_~_-leC"vclITZ’II“?»Sense/Irdgi1
1

The remaining terms in (16) and (17) can be recognized as con-
verter transfer functions, which may have already been derived
according to Section II.
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IV. MULTIPLE INPUT FILTERS IN MULTICONVERTER,
MULTISOURCE POWER SYSTEMS

“Although it would be unlikely that one would want to modify
a transfer function to account simultaneously for two previously
unrecognized extra elements, there is considerable potential
advantage to be obtained from a Low-Entropy Expression for
a transfer function in which the influences of two designated
elements are directly exposed, in terms of their [driving point
impedances].”
—R.D. Middlebrook, The Two Extra Element Theorem [23]

The hybrid power system is an example where the “two extra
element” theorem is helpful for design and analysis. So far,
our analyses of the multi-converter system have assumed ideal
input sources—those having zero-valued output impedances.
Typical requirements for practical designs specify a maximum
amount of input current ripple. An input filter is often needed
to meet these requirements. However, the addition of an input
filter modifies the effective source impedance presented to the
converter. The designer must know how to select input filter
components, so that the ideal input source assumption that was
implicit in the converter design is not significantly undermined.
In this section, we extend Middlebrook’s application of the extra
element theorem to “account simultaneously for two previously
unrecognized extra elements” (input filters) in a multiconverter,
multisource power system.

A. 2EET for Multiple Input Filter Evaluation

In [23], Middlebrook presents the 2EET, the principle result
of which is the correction factor for the i'" transfer function

Zy Zy (i) Z1Z»
L+ ——+ —t— + Ky ——
CF(L) o A\I‘Z2:Q A\Z‘ZIZU Nl‘Z,Z:O 1'\‘2‘Z1:0
- z Z i 7,2
1+ 24— L k)AL
Dl\zz—o DQ‘Z,—O D1|Zz—o DZ‘Z,—U

(22)
where Z; and Z, are the output impedances of the first and
second input filters, respectively. The subscripts N and D
historically represent “numerator” and “denominator” [25]. In
(22), impedances with an N subscript are the null-condition
impedances while those with a D subscript are the open-loop
impedances. The superscripts (¢) indicate the transfer function
for which the special-case impedances are derived. The inter-
action parameters can be written (they each have two possible
forms) [23]

(i) @
k(@ = D0ilize _ Zvalsio (23)
ZN1|(ZZZ):00 ZN2|gl):oc
(i) (4)
o - Iorlnm _ Zorly (24)
Zo|9 o Zpal})

For the i*" open-loop transfer function, there are four special-
case impedances shown explicitly in the expression for the

corresponding correction factor (22): ZN1\(Zi3:[],ZN2|<Zi1>:07

Zp1 \gz _o-and Zpo \gf _,- Additionally, two more special-case
impedances are required to calculate the interaction parameters,
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Fig. 5. Circuit used for calculating the special-case impedances for the 2EET

correction factors.

K]%) and Kg) as shown in (23) and (24), for a total of six
special-case impedances. The converter transfer functions may
be corrected by multiplying by the corresponding correction
factor. Those converter transfer functions that are “in the loop”
will carry the effect of the correction factor to the loop transfer
functions and will impact the stability of the closed-loop system.

The expression for the correction factor in (22) suggests that
the i'" open-loop converter transfer function will not be im-
pacted significantly if the following impedance inequalities are
met

2] < | Zwily)—o | (25)
|Zo| < | Znal)_, | (26)
1z < | Zpaly) | @7)
122 < | Zpa2ly)_y . (28)

Note that meeting these impedance qualities may be sufficient
but not necessary to preserve the stability of an otherwise stable
regulated power system. Naturally, the 2EET dictates that the
input filter output impedances should generally be small in order
to preserve the low impedance aspect of the source.

B. Example: Correction Factor for 0/ dyina Hybrid Power
System

The circuit used for analysis in this section is shown in Fig. 5.
The independent inputs in that system include the duty ratios
for the two converters, dl and cfg, as well as their (Thevenin)
input voltages, U411 and 94¢2. Deactivating one of the duty
ratio signals shorts the corresponding ed source and opens the
corresponding j d source in that converter model. In analyzing
each transfer function, defined by an independent input and
a corresponding output, all other independent inputs are de-
activated resulting in a circuit that is a simplified version of
the one in Fig. 5. The following quantities are defined. The
impedance Z;, is all of the impedance that shunts the output
node, Z;, = R||Zcc1||Zce2 and the effective converter output
impedances are Z.1 = Zje1 || Zee1 and Zeo = Zyo2|| Zee2, Where
Zeer2 =1/5Ce1 9 and Zie1 9 = SLe1 2.
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Designating 0/ dy as the first transfer function, the super-
scripts for the six special-case impedances are all (1). The other
independent inputs, cfg , Ugtn1 and Dy¢p2, are all deactivated lead-
ing to some simplification of the circuit in Fig. 5. For instance,
the first special-case impedance 2y I(Zl2>:0 is the null-condition
impedance at the first extra element port with the second extra
element port shorted. Because it is a null-condition impedance,
analysis of the circuit should address the fact that the indepen-
dent input in this transfer function dy will be directed such that
the output voltage v is nulled. With this condition, and with
the other independent inputs deactivated, the second inductor
voltage is zero, U;.2 = 0, so the current through that inductor
is zero, 2162 = 0. Since the output voltage is nulled, v = 0, the
load current is also zero i = 0, and by KCL the inductor cur-
rent of the first converter must then be zero, %1e1 = 0. There
is no current flowing through the first inductor so the voltage
drop across it is zero, U1, = 0, and, by KVL, the voltage across
the first secondary and therefore its primary is zero, ¥pi; = 0.
Therefore, the voltage across the extra element port is simply
Vin = —elczl and the current through the extra element port
must be %m =7 dl so that their ratio—the impedance seen at
the extra element port—is

e
Znily) g = -+ (29)

J1

where e; and j; are linearized model parameters from Fig. 1.
Note that inserting canonical model parameters listed in [24]
into (29) yields the familiar “negative incremental resistance”
for each converter type, e.g., the boost converter presents a null-
condition impedance of

D"?V sLI
1
ZNI‘(ZQ):O - T <]‘ - D/Qv)

a negative impedance at zero frequency. In the equation above,
relating to a boost converter, D’ is one minus the large signal
duty ratio D, V, and I are the large signal output voltage and
current respectively, and L is the boost inductor value.

As a distinct example, consider the special-case impedances

(30)

needed for the interaction parameters, /X (Vl) and K 1(31>. Note that
from (23) and (24), there is some redundancy in the choice of
these special-case impedances. Here we derive, Zy |(th2>:0€ —
the null-condition impedance at the first extra element port with
the second extra element port open circuited. Because the second
port is open circuited, the current through the second primary
must be zero, 21,1.12 =0, and so must the current through the
second inductor, ileg = 0. Since the output voltage is nulled, the
rest of the analysis is identical to that for Zy |(le):0 and the
impedance seen at the extra element port is

e
Zyily)_ o = _j%. (31)

This result is identical to the result for the first special-case
impedance. This fact, which is characteristic of the hybrid
power system in Fig. 5, simplifies the numerical computation of
the correction factors, CF(i), because the numerator is exactly
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factorable as follows:

( + ZA\'l(Zlio> ( * Zf"zl(Z/so)

Zy Zs (i) ARA)
L+ —t—+ —t— + Kp — =
pilzy—o p2ly,—o pily, o Zp2ly,
(32)
The special-case impedances for correcting the transfer func-

tion v/ dl are summarized here [24]

CFl) =

Znilg)g = — % (33)
Znaly)_y = f}; (34)
Zpi[§) = Dt 2Ll +AZQL Ziez (35)
Zpalf)_, = D2t 2Ll A +AZQL %1, (36)

The special-case impedances required to calculate the interac-
tion parameters, K (\]1) and K <1>, are

e
Znily) = — f (37)
Z1 + Ze
ZD1|(212>:oo = % (38)
1

In [24], we repeat the calculations above for all of the converter
transfer functions in Fig. 4.

V. DESIGN EXAMPLE: BUFFERING AND RUN-TIME INTEGRAL
DIAGNOSTICS OF A FUEL CELL UNDER UAV LOAD PROFILES

This section presents a hybrid power system designed for in-
tegral fuel cell diagnostics in applications having widely varying
load power. The system design goals are suitable fuel cell cur-
rent buffering, load voltage rejection of impedance spectroscopy
activity, and impedance spectroscopy current bandwidth. Sys-
tem performance will be demonstrated under simulated UAV
time-domain load profiles. The underlying motivation to diag-
nose and even heal a damaged fuel cell will be demonstrated
experimentally through intentional damaging followed by re-
covery in conjunction with runtime impedance measurements
that support predegradation, postdegradation, and postrecovery
conditions of the fuel cell.

The system architecture is a current—voltage regulated hybrid
power system like the one analyzed in Section III. Nominal pa-
rameters for the two buck converters in the system are shown
in Table 1. The control signal for generating impedance spec-
troscopy currents is a perturbation superposed on the fuel cell
side converter’s reference voltage. The load is modeled as a
time-varying current source. The fuel cell is furnished by the
current-regulated dc/dc converter, so that the fuel cell operating
current may be fixed despite variations in the load current. The
battery is furnished by the voltage-regulated dc/dc converter so
that it provides the excess load current while constraining the
load voltage. The excess load current may be positive or nega-
tive so the voltage-regulated converter was designed to support
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TABLE I
NOMINAL FUEL CELL POWER SYSTEM PARAMETERS
| Parameter | Symbol | Value |
Fuel cell Voltage Vie 12V
Battery Voltage Viatt 12V
Fuel cell Current I 4 A
Battery Current Tpatt —2 Ato +8 A
Buck switching freq. Ssw 400 kHz
Buck switching devices M, IRFB3607
Load Voltage Vs, 6V
Converter Efficiency Ne 82%

bidirectional current flow. When the excess load current is neg-
ative, the battery is inherently recharged by the fuel cell. During
impedance spectroscopy, the resulting excess small-signal load
current will be largely absorbed by the battery side converter
rather than disturbing the load. Effectively, the battery provides
the fuel cell impedance spectroscopy current. The feedback con-
trol circuitry was designed for good voltage and current reg-
ulation, wide bandwidth to support the frequency sweepable
impedance spectroscopy current as well as the obvious need for
stable closed loop operation. A useful target for the fuel cell
impedance spectroscopy current bandwidth was 1 kHz.

A. Open-Loop and Closed-Loop Dynamics

The usual tradeoffs among phase margin, loop switching fre-
quency attenuation, and bandwidth were addressed using a lead
compensator and an additional high frequency pole for both
control loops. The loop transfer functions for the implemented
system are plotted in Fig. 6 and indicate reasonable phase margin
while the loop bandwidth in both plots is wide enough to sup-
port sufficiently rich impedance spectroscopy (frequencies up to
about 1 kHz). Meanwhile, the loop bandwidths (about 16 kHz)
are narrow enough relative to the converter switching frequency
(400 kHz) to prevent instability and to mitigate switching rip-
ple in the feedback loop control signals. This design repre-
sents a principle tradeoff among loop bandwidth (notably for
impedance spectroscopy bandwidth), stability and switching
frequency which ultimately impacts converter efficiency.

Closed-loop transfer functions were computed using the anal-
ysis from Section II. Some of the key transfer functions are
plotted in Fig. 7. Fig. 7(a) shows the fuel cell current response
to the control voltage. It shows a bandwidth that is sufficient for
the target 1 kHz upper band limit on fuel cell impedance spec-
troscopy currents. Comparing the responses in Fig. 7(a) and (b)
confirm that the control signal needed to achieve suitable exci-
tation currents for the impedance spectroscopy measurements
should lead to a relatively small disturbance of the load voltage.
Finally, Fig. 7(c) shows the fuel current response to load cur-
rent perturbations. The plot shows a significant attenuation at
low frequency in this regard indicating suitable buffering of the
fuel cell current from the variations in the load current. From
the discussion in Section II, we know that the low frequency
buffering relies on series resistances like inductor ESR in the
fuel cell converter’s output stage.
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Fig. 6. Open-loop bode plots indicate tradeoffs among loop bandwidth, switching frequency attenuation and stability. (a) Current feedback loop. (b) Voltage
feedback loop.

VIvref1

o @0)

200
~ 100
?
=
5 0
EE
>
N ~100
oo Lk U G LU e - . P ks Mt I I = - ]
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
Frequency (rad/sec) Frequency (rad/sec)
(a) (b)
Veontrol Load
Lt/Yoad Fuel Cell Current Path % contro
20 : — : —rr 1 1 1
e : é 1kQ o k€ Vstack:+ FC R i
. —<FO B k SETLS:ZSG v
3 SOFC | v 019 ~*Vie Vstack—| PUC 10 m :
3 fe WM T T '
e Ves.fe
= Vad i M
s Vbatt+ | Batt.
o Battery
' 0.1 9 Vit | Buck
; 1kQ <
150 —— ’ 116 © : Vs batt
i j i 1k
B 200 . : : " Q)
o D N N . . 0.1
3 s : . SRREH 1k Vg =23V
i o0 & a aas . Sa o
=S =250 | i LR —
A o 1o a=1
300 L i i . | . .
0.1 )
10' 10° 10° 10* 10° 10° 107 10° 10° 1 k2
Frequency (rad/sec)
(© (d)

Fig. 7. (a)—(c) Simulated closed-loop bode plots indicate suitable fuel cell current buffering, load voltage rejection of impedance spectroscopy activity, and
impedance spectroscopy current bandwidth. (d) Experimental setup block diagram with the Montana State University fuel cell and reference simulator. (a) Control
voltage to fuel cell current. (b) Control voltage to load voltage. (c) Load current to fuel cell current. (d) Experimental setup block diagram.
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Fig. 8. Common input filter topology.

B. Input Filter

Having designed the system to meet the dynamic require-
ments for runtime integral diagnostics, input filters were added
to attenuate switching frequency content at the fuel cell and bat-
tery terminals. The filter on the fuel cell side was chosen not only
to attenuate switching ripple, but to pass the impedance spec-
troscopy current with sufficient bandwidth. The two input filters
were designed in concert according to the stability guidelines
imposed by the 2EET from Section I'V.

The common input filter topology is shown in Fig. 8. The
filter elements L;, and C}, were chosen for good attenuation
at the switching frequency. The capacitor C; was chosen to
be very large to represent a low impedance at frequencies near
the bandwidth imposed by L;, and Cj,. The damping resistor
R4 was chosen along with the damping capacitor ESR, to limit
peaking in the output impedance of the input filter in order
to satisfy the 2EET impedance inequalities from Section IV.
Decreasing the value of R; improves this effect. However, the
value of R; can be optimized to pass impedance spectroscopy
currents to the fuel cell and the two input filters need not be
the same. There are four correction factors to consider for loop
stability—two corresponding to the impact of each input filter on
the current feedback loop, and two corresponding to the impact
of each input filter on the voltage feedback loop. Fig. 9 illustrates
the tradeoff between the first converter’s input filter bandwidth
and the negative phase contribution for one of the correction
factors. Note that the negative phase contributions indicated by
the plotted correction factors are narrowband. That is, they will
only impact the stability if the location of the negative phase
contribution is very close to the crossover frequency of the
corresponding loop transfer function.

A compromise in the value of R; was chosen for acceptable
phase margin and optimized transmission of impedance spec-
troscopy currents to the fuel cell terminals. Specifically, 200 m{2
was added to the damping capacitor ESR on the fuel cell side
yielding an input filter bandwidth of about 1.5 kHz — enough to
avoid undermining the closed-loop transfer function bandwidth
from the control signal to the fuel cell converter’s input current.
Because the transmission of impedance spectroscopy current to
the battery terminals was less critical in this application (the
battery was not the subject of impedance spectroscopy), no re-
sistance was added to the damping resistor on the battery side
converter yielding an input filter bandwidth of about 1 kHz.
With these input filter choices, the maximum negative phase
contribution among all four correction factors was 5°.
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C. Experimental Setup

A connection diagram of the experimental setup is shown
in Fig. 7(d). The control block diagram corresponding to this
system is shown in Fig. 4. Input filters are included in each of
the dc—dc converters. The control signal is an ac signal that is
added to the dc reference signal on the fuel cell side converter.
Cooley in [24] provides circuit level details for the implemen-
tation of the reference signal containing both dc and ac com-
ponents. The experimental setup consists of the two-converter
current—voltage-regulated power system, two power sources,
and an Agilent N3300A electronic load. The SOFC in this ex-
periment was available through a collaboration with Montana
State University (MSU). The fuel cell power source consisted
of a subsystem — an electronically simulated fuel cell stack
— the reference simulator. This subsystem, shown on the left
side of Fig. 7(d), will be described in Section V-D. The second
power source was a bidirectional power source, either a lead-
acid battery or a bipolar linear power amplifier depending on
the particular experiment.

A photograph of the experimental setup is shown in Fig. 10.
The power converters and the data acquisition inputs are shown
on the left. The measurement, signal generation, and power
supplies are shown in the middle of the photo. The fuel cell
reference simulator, fuel cell ovens, mass flow and temperature
controllers, and fuel bottles are shown on the right. The ovens
were heated to a temperature of 750 °C. Electrical terminal were
available at the top and bottom of each oven.

D. Reference Simulator

An independent research effort at MSU has led to the suc-
cessful implementation of a “fuel cell reference simulator.” The
reference simulator is intended to simulate a series connection
(stack) of fuel cells based on the behavior of only one fuel cell.
A schematic diagram of the reference simulator in the context
of the experimental setup is shown in Fig. 7(d). The reference
simulator is effectively presented to the rest of the experimental
setup at the terminals labeled Viiack+ and Vigack—. It consists
of an op-amp gain stage that is reinforced by “slave” op-amp
buffers, each one providing unity gain from the output of the
op-amp gain stage to the reference simulator output. Each of the
op-amp stages comprises a 0.1 €2 current limiting resistor at its
output. The emulated fuel cell current flows along the dashed
line in Fig. 7(d) — the ground terminals of the op-amps provid-
ing areturn path to the actual negative terminal of the SOFC cell.

The simulator measures the fuel cell output voltage at V;. and
provides a gained and inverted (—a) version at the node labeled
Vitack—- The fuel cell voltage is itself included in the simu-
lated stack voltage because the total simulated stack voltage,
V;tackJr - Vvstackf, is

Vitack = Vie — Vitack—
= Vie + aVk. (39)
The simulated stack voltage is therefore
Vitack = Vie (14 ). | (40)
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(b) Input filter 1, Ry = 0 Q. (c) CFy, Ry = 2 Q. (d) Input filter 1, Ry = 2 Q.

Fig. 10. Photograph of the full experimental setup: (left to right) the data ac-
quisition system, power converters, measurement and power supplies, reference
simulator, SOFC ovens mass-flow and temperature controllers, and fuel bottles.
Not shown on the left is the 12 V lead-acid battery.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 29, NO. 6, JUNE 2014

Bode Diagram

50 T T T

Magnitude (dB)

-150 : : :
o . v

Phase (deg)
1
©
o
T

-135

P i e :
10 10 10 10° 10
Frequency (rad/sec)

(b)

Bode Diagram

0 T T T T

|
a
I=]

T

L

Magnitude (dB)

-100 - - . : :

-150 i i i i

T

Input Filter 1 TF

Phase (deg)
I
©
o
T

-180 i i i i
10 10* 10° 10° 10
Frequency (rad/sec)

(d

Plots indicating the tradeoff between input filter negative phase contribution to the loop transfer functions against input filter bandwidth. (a) CF; , R; = 0 Q.

The topology allows the load current to flow through the fuel cell
itself. Because all of the fuel cells in a stack would see the same
current, the current through the single fuel cell is equivalent to
the simulated stack current. Therefore the terminals Vi ,c+ and
Vitack— simulate a stack of 1 4+ « replicas of the fuel cell. Ad-
ditional high power op-amp gain buffers are connected as slave
devices to increase the current handling capability of the refer-
ence simulator. Note that the reference simulator ground is an
intermediate reference that is distinct from the simulated stack
reference. The simulated stack reference is generally Viiack—
and in this case is connected (through the current sense resistor)
to the load ground (load return). The experimental data pre-
sented at the end of this section validates the practical use of
the hybrid power system for impedance spectroscopy of the fuel
cell. It also validates the operation of the reference simulator
itself.
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Fig. 11.  Data for three different flight plans made available through a collab-
oration with the USAF. Current is shown in red and aircraft speed is shown in
blue.

E. UAV Flight Plans

Electrical flight data for an actual UAV was available through
a collaboration with the U.S. Air Force. Data showing the total
load current and the UAV velocity time domain profiles (flight
plans) are shown for three different flights in Fig. 11. The three
different flight plans exhibit some notable and useful features
for the run time integral diagnostics experiments. Flight plan
1 exhibits a rapidly and widely varying load current through
the flight. Flight plan 2 is similar to flight plan 1 but shows an
intermediate landing and takeoff. Flight plan 3 exhibits a slowly
varying load current with one distinct abrupt feature near the
middle of the flight. Flight plan 3 is particularly useful because
it can be used in a simple experiment to determine the extent of
the abrupt load transient effects on the impedance spectroscopy
measurements.

The oscilloscope traces in Fig. 12 show time domain wave-
forms about 10 min. long each corresponding to runtime
impedance spectroscopy experiments for two different flight
plans. The channels in the traces are chl: battery voltage, ch2:
battery current, ch3: fuel cell voltage, ch4: fuel cell current.
In the oscilloscope traces, the battery current varies widely
throughout the flight plans. When the load current is low, the
battery current is actually negative indicating that the battery is
being recharged from the fuel cell. The battery voltage varies
somewhat due to its internal resistance as the battery current
varies with the load. Meanwhile, the fuel cell current and volt-
age are largely fixed at the desired operating point with a super-
posed impedance spectroscopy signal. The traces clearly show
the frequency-swept impedance spectroscopy signal superposed
on the fuel cell current and voltage and the battery current. To a
lesser extent, due to the difference in the design of the two input
filters described in Section V-B, the impedance spectroscopy
signal is visible on the battery current.

In Fig. 12, the EIS sweep is performed twice in succession.
The time span of the first sweep includes an abrupt load transient
while that of the second sweep does not. This particular dataset
may be used to evaluate the effect of the abrupt load transient
on the EIS performance. More details can be found in [24].
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Fig. 12.  Oscilloscope traces showing impedance spectroscopy operation dur-
ing flight plans (top to bottom), chl: battery voltage (10 V/div), ch2: bat-
tery current (5 A/div), ch3: fuel cell voltage (10 V/div), ch4: fuel cell current
(5 A/div). (a) Flight plan 1. (b) Flight plan 3.

FE. Fuel Cell Impedance Results

Impedance measurements of the simulated fuel cell stack
were taken among various configurations and load profiles. The
frequency range of the impedance measurement was 0.1 Hz to
1 kHz. The fuel cell operating point of 4 A was chosen based
on its large signal I —V characteristic. The fuel cell impedance
was calculated using a time-domain least-squares technique that
was presented separately in reference [26].

Fig. 13 shows a comparison of the impedance measured at
the single cell level for the two distinct time segments in flight
plan 3 at the same fuel cell operating point. The close matching
between the two impedance measurements despite the abrupt
transient in the load during time segment 1 is a result of the fuel
cell current buffering aspect of the power system design.

Fig. 14 shows a comparison of impedance data for a second
fuel cell that was intentionally damaged and then allowed to
recover. The cell was degraded for about 11 h while holding
the cell voltage at 40 mV. The fuel cell current was initially
15 A, but by morning had decreased to 14 A. Fuel rates were
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4A.

Predegrade I;. = 4.1 A, degraded I;. = 4 A, postrecovery I . =

260 SCCM H2, 100 SCCM O2. The fuel cell was recovered by
leaving it unloaded with the same fuel rates the following night.
The cell temperature was 750 °C. The three plots in Fig. 14 cor-
respond to predegradation, postdegradation, and postrecovery.
The data suggest that the capacitive impedance increases when
the fuel cell has been damaged and decreases when the fuel cell
is recovered. The low-frequency resistance (real-axis intercept)
also decreases when the fuel cell is recovered. Additionally, the
data suggest that the fuel cell was somewhat unhealthy prior to
degradation.

The three states of the fuel cell in Fig. 14 may be related
to changes in the physical properties of the cell modeled, for
instance, by the circuit shown in Fig. 15 from [27]. Some of
the elements not included in Fig. 15 are the series inductance
leading to the crossing of the real axis in the Nyquist plots
and additional RC combinations to describe multiple humps in
those plots. In the circuit model of Fig. 15, C' is the equivalent
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Fig. 15.  Circuit model of a solid-oxide fuel cell from [27].

capacitance of the double-layer charge effect at the electrode
electrolyte boundary, and R, . cell, Rohm,cell> and Reone,cell are
equivalent resistances of the activation, ohmic and concentration
voltage drops. The activation resistance is a representation of the
activation energy barrier that must be overcome when chemical
reactions start to take place inside the SOFC [27]. The ohmic
resistance of the SOFC consists mainly of the resistance of the
electrodes, electrolyte, and the interconnection between cells
[27]. The concentration drop is a more subtle effect described
in detail in [27].

The low-frequency resistance (the real-axis intercept at the
right side of the Nyquist plot), would correspond to the se-
ries combination of Ronm cell + Fact,cell + LReone,cell because,
at low-frequency, the capacitor C' can be represented as an open
circuit. The high-frequency resistance (the real-axis intercept
at the left side of the Nyquist plot), would correspond to the
resistance, Ronm cell because, at high frequency, the capacitor,
C, can be represented as a short circuit. Therefore, the decrease
in the low-frequency real-axis intercept indicated by the cell
impedance postrecovery would correspond to a decrease in the
series combination, Rohm.ccll + Ract,coll + Rconc,cclL Mean-
while, the high-frequency resistance, Ronm cell, has not changed
postrecovery, so we may conclude that the series combination
Ract cell + Reone,cenl has decreased in value. This experiment
suggests that changes in the low-frequency real-axis intercept
representing changes in the activation and concentration drops
may be a useful indicator for tracking SOFC health.

1) Fuel Cell Degradation and Recovery Process: The fuel
cell is degraded by enforcing near-short circuit conditions on
the cell for an extended period of time. This causes a large
DC current load drawn from the cell, and a mirroring large
oxygen ion flow from the cathode to the anode through the
cell’s electrolyte. The perceived electrical terminal degradation
due to this operation is believed to be caused by nickel oxidation
at the anode/electrolyte interface due to a high concentration of
diffusing oxygen ions and a low concentration of hydrogen fuel.
The oxidation of the nickel, which is included in the anode for
catalytic activity and electronic conductivity purposes, results in
a decrease in the nickel’s catalytic effectiveness and an increase
in the anode-side impedance.
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To induce recovery from this oxidation, the cell is allowed
to operate at open-circuit for several hours while hydrogen and
oxygen are still supplied to their respective electrodes at the
normal rate. Under these condition, the oxygen ion flow through
the electrolyte ceases and allows the reduction of the anode’s
nickel as the hydrogen concentration increases and accepts the
oxygen from the nickel to form water. Further discussion of this
sort of degradation and recovery in solid oxide fuel cell’s will
be published in [28].

VI. CONCLUSION

This paper has demonstrated run-time extraction of
impedance measurements that are useful for identifying and
controlling fuel cell health. The power system design focused
on aspects for protecting fuel cell health and enabling inte-
gral diagnostics including suitable fuel cell current buffering,
load voltage rejection of impedance spectroscopy activity, and
impedance spectroscopy current bandwidth. The prototype sys-
tem may benefit electrically propelled UAVs through ruggedi-
zed fuel cell power processing based on integral diagnostics
and control, while the design process may generally benefit the
engineer approaching a multiconverter system design.
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