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Abstract

An activated-carbon electric-double-layer capacitor is characterized and an adaptive algorithm is derived and implemented that is com-
mensurate with potential traction applications of these energy storage devices. The electrochemical characterization relies on a simplified
equivalent circuit interpretation extracted from a more-complete mathematical representation of the capacitor system. In addition to the high
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ower capability and potentially low costs of this class of capacitors, we clarify the substantial invariance of the device perform
espect to temperature, a distinct advantage over battery systems. The robustness of the equivalent circuit in terms of capturin
eatures of the experimental data over the temperature and voltage range of interest enables the formulation of a model-referen
lgorithm. The algorithm developed and implemented in this work is fully recursive in that the only variables required for on-line re
re those of the previous time step and the current time step. Successful comparisons of the algorithm’s adapted state of charg
redictions provide an initial validation of the algorithm.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Although activated-carbon electric-double-layer capaci-
ors yield high power over a broad temperature range and
onsist of potentially low-cost materials, they have not been
haracterized sufficiently from the viewpoint of automotive
raction applications, and the control of these systems has
ot been studied in the context of formal control algorithms
i.e., optimal estimators and adaptive filters). The motivation
ehind determining a battery’s (i) state of charge (SOC), (ii)
tate of health (SOH), and (iii) power capability (PC) for both
ischarge and charge has been described recently[1]. The
ame motivation applies to electric-double-layer-based ca-
acitors. The SOC corresponds to the stored charge available

o do work relative to that available after the electrochemical
ystem has been fully charged and can be viewed as a thermo-
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dynamic quantity. SOH refers to how well the system is fu
tioning relative to its nominal (rated) and end (failed) sta
The same three characteristics (SOC, SOH, and PC) a
quired for the rational integration of electrochemical-ba
energy storage devices. A general survey of electroche
capacitors can be found in Conway’s text[2]. In this work we
are specifically interested in capacitors based on high su
area, activated-carbon electrodes. Helpful reviews con
ing the utility and characterization of these systems ca
found in [3–5]. In the 2002 paper by Chu and Braatz[4],
the SAFT carbon-based capacitor was shown to be the
performing of the non-aqueous-solvent systems investig
by the authors, as shown clearly in the Ragone plot (spe
energy plotted against specific power) inFig. 3of their paper
The SAFT capacitor is further characterized in this com
nication. Our goal is to understand sufficiently the un
lying physical chemistry of these devices so as to allow
vehicle integration and control. Related to automotive pro
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sion systems, most texts covering control theory will treat
motor control and feedback systems associated with vehicle
speed control, little attention has been given to the adaptive
control of battery systems[1,6,7]) or electric-double-layer
capacitors[8].

We have chosen to investigate this class of capacitors
because they show potential for providing a much higher
specific power (kW kg−1) and power density (kW l−1) than
advanced batteries at a much lower cost ($ per kW). The
material costs should be much lower than that of advanced
batteries, as the primary costs corresponds to activated car-
bon for the electrodes, aluminum for the current collectors,
and a salt in propylene carbonate or acetonitrile (or an equiva-
lent non-aqueous solvent) for the electrolyte phase[9,10,14].
A large effort is now underway in the electrochemical-
materials research community to reduce the cost of the acti-
vated carbon[11–13], the remaining high-cost material in
these systems. Methods by which one can assess the mi-
crostructure and pore-size distribution of the activated car-
bons relevant to capacitor applications are reviewed and
discussed in[15]. In addition, because of the high spe-
cific power and power density of these capacitor systems,
it may be possible to eliminate the dc/dc converter used
in propulsion systems for controlling voltages between en-
ergy storage subsystems; a dc/dc converter is used, for ex-
a cell
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Table 1
Characterization test procedures

Energy (SOC) test
1 Equilibrate at 0 V
2 Charge at 100 A to 1.7 V
3 Step to 0 A for 3 min; recordV0

4 Discharge at 1 A until 0 V is obtained
5 Repeat step 2 in increments of 0.1–2.4 V (1.7, 1.8, 1.9,. . ., 2.4 V)

Discharge power test
1 Equilibrate at 0 V
2 Charge at 100 A to 1.7 V
3 Step voltage to 1.4 V for 5 s
4 Step to 0 A for 3 min; recordV0

5 Repeat step 2 in increments of 0.1–2.8 V (1.7, 1.8, 1.9,. . ., 2.4 V)

Charge power test
1 Equilibrate at 0 V
2 Charge at 100 A to 1.7 V
3 Step voltage to 2.8 V for 5 s
4 Step to 0 A for 3 min; recordV0

5 Repeat step 2 in increments of 0.1–2.8 V (1.7, 1.8, 1.9,. . ., 2.4 V)

These capacitors normally operate between the maximum voltage and one-
half that value. The maximum voltage for this system is 2.8 V, and the low-
ermost voltage applied was 1.4 V.

2.1. Energy test

The capacitor was discharged to 0 V and held at that volt-
age for 300 s. It was subsequently charged to a preset potential
of 1.7 V at a constant current of 100 A followed by an open-
circuit rest for 180 s. The capacitor was then discharged to
0 V at a constant current of 1 A. This sequence was repeated
for a series of preset potentials at 0.1 V increment from 1.8
to 2.4 V.

2.2. Discharge power test

The capacitor was discharged to 0 V and held at that volt-
age for 300 s. It was then charged to a preset potential of
1.7 V at a constant current of 100 A. Subsequently, a con-
stant voltage of 1.4 V was applied for 5 s and the capacitor
was allowed to rest at open-circuit voltage for 180 s. This se-
quence of test was repeated for a series of preset potentials
at 0.1 V increment from 1.8 to 2.4 V.

2.3. Charge power test

This test was similar to the discharge power test, except a
constant voltage of 2.8 V was applied instead of 1.4 V.

3
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mple, when a battery is placed in parallel with a fuel
14].

This paper is organized as follows. Following a b
verview of the experimental tools employed, the theo

cal underpinnings and governing equations utilized in
haracterization tests and adaptive algorithm are prese
or detailed mathematical modeling of electric-double-l
apacitor systems and references to both classical an
ent work in this area[16–25] are quite helpful. In th
ast portion of this paper, the results are discussed
he characterization studies, the use of the current–vo
elations as an adaptive filter is examined, and fin
he adaptive algorithm is implemented to post-pro
ata.

. Experimental

The capacitor was acquired from Saft America. It
nominal capacitance of 3500 F and a maximum vo

f 2.8 V. Electrochemical tests were performed on an A
T2000 battery testing system (Arbin Instruments, Col
tation, TX). Generally, data acquisition rates of appr
ately 1 point per 100 ms were used. Tests were conduc
30, 0, 25, and 45◦C. Temperature control was provided
Tenney environment chamber (Model Tenney20, Lun
illiamsport, PA). At each temperature, an energy te

harge power test and a discharge power test were perfo
s summarized inTable 1. Prior to a test, the capacitor w
llowed to equilibrate at a given temperature for 4 h.
. Equivalent circuit analysis and adaptive algorithm

The model used for the characterization analysis an
daptive algorithm consists of two parts. There is an elec
ircuit model that is employed to describe the relation
etween the currents and voltages observed at the term
f the capacitor (giving rise to the voltage-based SOCV) and a
oulomb-accumulation model that describes the open-c
oltage-based on the history of currents seen by the cap
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(giving rise to the coulomb-counting-based SOCC), which
can include self discharge and current inefficiency on charge.
The electrical circuit model is illustratedFig. 1. This equiv-
alent circuit is used to extract a current–voltage expression,
which is then employed to characterize the capacitor. In
addition, the current–voltage expression forms the basis for
the voltage-based SOCV. It should be recognized that even
the more complex equivalent circuit shown in the upper
schematic ofFig. 1constitutes a greatly simplified approach
to modeling a capacitor system[25], but the model will
prove useful for the purposes of an adaptive transversal
filter.

3.1. Recursive voltage expression

By summing the voltage around the circuit shown inFig. 1,
one obtains:

V = Q

C
+ IR, (1)

where the relationship between the charge on the capacitor
and the associated current is:

I = dQ

dt
.

The initial condition forV or I corresponds to:

V (0) = Q(0)

C
+ I(0)R.

We shall assume that the values ofR andC do not change
substantially over the time scaleRC. Differentiation of Eq.
(1) leads to:

dV

dt
= I

C
+ R

dI

dt
.

F
b
i

ig. 1. Equivalent circuit representation. The upper figure provides an equival
ehavior at the electrode–electrolyte interface. The simplified equivalent circ

ndicated.
ent circuit for a capacitor dominated by ohmic drop and comprising ideal capacitive
uit used to construct the adaptive filter is then extracted from the upper figure as
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The solution to this equation for a variable current source is:

V = Q(0)

C
+ IR + 1

C

ζ=t∫
ζ=0

I|ζdζ. (2)

For constant current discharge,

V = Q(0)

C
+ IR + It

C
. (3)

This equation is used to extract the capacitance versus open-
circuit voltage relationship (Figs. 3 and 4). Note that the
open-circuit voltageV0 corresponds toQ/C in the absence
of current flow.

The first step in constructing the voltage-based portion of
the SOC algorithm is to convert the integral(2) into a recur-
sive relation. We shall work through the first few time steps to
elucidate the general pattern and then provide the necessary
relation. Initially,t = t0 = 0, and Eq.(2) can be descretized as:

V |0 = Q|0 1

C
+ I|0R.

After the first time step,t = t1, and

V |1 = (t1 − t0)
I|1 + I|0

2

1

C
+ I|1R + (V |0 − I|0R),
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be found in[26–32]. The following definitions will stream-
line notation:

x1 = It − It−�t x2 = (It + It−∆t)�t
2

m1 = R m2 = 1
C

y = Vmeas,t − Vmeas,t−�t

Eq.(4) can now be recast as:

y = m1x1 + m2x2,

and the errorε that we seek to minimize corresponds to:

ε =
N∑

j=1

wj[yj − (m1x1,j + m2x2,j)]
2.

Timet corresponds to indexj = N in the above. Two equations
for the two parameters to be extracted can be generated by
setting the partials∂ε/∂m1 and∂ε/∂m2 to zero. This leads to:

m1 = 1

Det
(V1,yV2,2 − V2,yV1,2) and

m2 = 1

Det
(V2,yV1,1 − V1,yV2,1), (5)

where the matrix determinant Det is given by:

Det = V V − V 2 .

T

V

i
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s . Sec-
o than
o tem,
here the integrandI has been approximated by the aver
f its beginning and ending values of the time step. Afte
econd time step,t = t2, and

|2 = (t2 − t1)
I|2 + I|1

2

1

C
+ I|2R + (V |1 − I|1R),

nd this general pattern holds for time stepN:

V |N = (tN − tN−1)
I|N + I|N−1

2

1

C

+ I|NR + (V |N−1 − I|N−1R). (4)

hus, to determine the voltage at timeN, V|N, one only need
he present value of the current and the previous time
alues for the current and voltage. Consequently, Eq.(4) is
recursive transformation of Eq.(2) into a descretized tim
omain. The next section will formulate an adaptive pro
ure for the estimation ofRandC from a history of current
nd voltages, which allows for the state estimation of
apacitor.

.2. Weighted recursive least square for the estimation
f R and C

Eq.(4) is a linear relation as formulated, and least squ
ethods can be used to minimize the error between the
icted voltageVand the measured voltageVmeasby appropri-
te adjustment ofR andC as part of a parameter estimat
cheme. Reviews on the substantially interdependent
f recursive identification, adaptive filters, optimal estim

ors, and model-reference adaptive systems (MRAS’s)
1,1 2,2 1,2

he variances corresponds to:

u,v|N =
(

su,v|N − su|Nsv|N
sw|N

)
1

sw|N , (6)

n which the sums refer to:

sw =
N∑

j=1

wj, su =
N∑

j=1

wjuj,

sv =
N∑

j=1

wjvj, su,v =
N∑

j=1

wjujvj,

nd u and v refer to x1, x2, or y. It should be noted th
he matrix system is symmetric,V1,2= V2,1. Variances hav
een used in these expressions, along with the norm

ion associated with the division bysw in order to keep
he resulting matrix elements nearer to unity (i.e., w
caled).

Before making the summations recursive, we addres
eight factorwj. There are two reasons why one would w

o weight data sets differently. First, some observations
e subject to greater disturbance; here, a disturbance

o a phenomenon not accounted for in the system mode
xample, the onset of secondary reactions during cap
harging[16] may lead one to discount the charge ob
ations relative to those of discharge, as the impact o
econdary reactions is not treated in the model equations
nd, newer observations are generally more important
lder observations in determining the state of the sys
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Fig. 2. Energy test results for 25◦C data. The cell is charged at 100 A to the
indicated maximum voltage, after which the current is set to 0 A for 3 min,
and then a 1 A discharge is used to determine the coulombs stored in the
capacitor at the equilibrium voltageV0 (discharge part not shown), allowing
for the determination of the cell capacitance as a function ofV0 (cf. Table 1.)
Analogous plots were obtained at−30, 0, and 45◦C.

and therefore, should usually be given a larger weight fac-
tor relative to older observations. For these two reasons, we
decompose the weight factor into a time-weighting factorλ

and a general weight factorγ; the latter of which can be used

Fig. 3. Ohmic-corrected voltage versus time for 100 A charge (cf.Fig. 2).
The variation with temperature is comparable to the experimental resolution.
T .
w
t of the
c
p

Fig. 4. Cell capacitance determined by energy test (1 A discharge) as a func-
tion of the open-circuit voltage and temperature.

to associate a specified weighting of selected events (e.g.,
discharge events over charge events). Hence,

wj = γjλ
N−j. (7)

It can be shown that the use ofλN− j yields an exponential
decay in the influence of past data points on the determination
of the current value ofm1 andm2:

λN−j = eln λN−j = e(N−j) ln λ ≈ e−(N−j)(1−λ), for

λ → 1.

Hence, a data point taken 100 s prior to the current point
has less than 40% of the impact on the regression analysis
relative to that of the current point. A data point taken 500 s
prior to the current point has less than 1% of the impact on the
regression relative to that of the current point. More-complete
discussions on exponential forgetting can be found in Section
5.6.1 of Ljnug and S̈oderstr̈om[29], Section 6.2 of Anderson
and Moore[31], and Sections 5.3 and 5.4 of Kulhavý [32].
The summations are now made recursive with the following
definitions:

sw|N = γN + λ(sw|N−1),

su|N = γNuN + λ(su|N−1), sv|N = γNvN + λ(sv|N−1),

and (8)

w

ram-
e of
he capacitance fit to the straight line corresponds to 3410 F (cf. Eq(3)),
hich is consistent with the 1 A discharge data shown inFig. 4, both in

erms of the value for the fit capacitance and the observed invariance
apacitance with temperature. The resistances employed to formV–IR are
lotted inFig. 8.
su,v|N = γNuNvN + λ(su,v|N−1),

ith su,v = sv,u. Initially,

sw|1 = γ1,

su|1 = γ1u1, sv|1 = γ1v1, and

su,v|1 = γ1u1v1

. (9)

At this point, the equations needed to regress the pa
tersm1 andm2 have been fully stated. At the beginning
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Fig. 5. Cell capacity (Ah) determined by energy test (1 A discharge) as a
function of the open-circuit voltage and temperature.

each time step, the recursive sums(8) are calculated (Eq.(9)
for the first time step), which are then substituted in the vari-
ances(6); upon determining all variances, the parametersm1
andm2 are deduced by means of Eq.(5), thereby providing
C andR.

3.3. State-of-charge (SOC)

The previous section provided for the extraction ofC and
R from a data stream provided the determinant reflects a
well-posed equation system. We now use this information
along with coulomb counting to construct the SOC algo-
rithm. When all of the current goes to charging or discharging
the electric-double-layer associated with the surface of the
porous electrodes of the capacitor, Eq.(2) can be rearranged
such that:

Q = Q(0) +
ζ=t∫
ζ=0

I|ςdζ = C(V − IR),

whereQ is the magnitude of the charge on the (symmetric) ca-
pacitor electrodes. We define the voltage-based SOC, SOCV,
in terms of the minimum charge on the capacitorQmin relative
to its maximum valueQmax allowed under normal operating
conditions,

S

w x-
i r-
r nics
( soci-

ated with the energy storage device (e.g., a battery, fuel cell, or
capacitor) to ac current for the electric machines require that
Vmin ≥ 0.5Vmax in order that the power inverter maintain an
acceptable efficiency. Thus, for the figures presented herein,
Vmin is set to zero in formulating the SOC, and we investigate
SOC’s ranging from 50 to 100 percent in the power capability
analyses (1.4≤ V0 ≤ 2.8 V); 100 percent SOC andVmax are
taken to correspond to 2.8 V, which implies thatV0 = 1.4 V
refers to 50% SOC.

We can also calculate an SOC based on coulomb counting
so as to construct a current-based SOC, SOCI ,

SOCI (t) = SOC(t − �t) +
(

It + It−�t

Qmax − Qmin

)
�t

2

= SOC(t − �t) + 1

C

(
It + It−�t

Vmax|I=0 − Vmin|I=0

)
�t

2
.

(10)

Both the voltage and current-based SOC’s contain useful
information, and a weighted average is thus rendered as the
final (combined) SOC,

SOC= wSOCI + (1 − w)SOCV , (11)

with the weight factorw chosen to be closer to 1 for enhanced
s . Un-
l is
w xt
o time
i OC.
U
n
r h
S os-
i t in
t
t -
p OC.
I ally
E

3

:

P

t ac-
c t, we
c ower
a d sig-
n
w tely
p

P

OCV = Q − Qmin

Qmax − Qmin
= C(V − IR) − Qmin

CVmax|I=0 − Qmin

= V − IR − Vmin|I=0

Vmax|I=0 − Vmin|I=0
,

hereQmin andQmax correspond to the minimum and ma
mum voltages (Vmin andVmax, respectively) under zero cu
ent conditions. In vehicle applications, the power electro
i.e., the power inverter) used to convert the dc current as
tability and closer to zero for increased responsiveness
ess otherwise noted, a value ofw = 0.999 was used in th
ork. It should be noted thatw must be viewed in the conte
f the time per point, as the coulomb counting includes

ntegration, unlike the more-responsive voltage-based S
pon inspection of the formulas for SOCV and SOCI , we
ote that SOCV utilizes the adapted resistanceR and SOCI
elies on the adapted value forC, and in this context bot
OCV and SOCI are adaptive quantities as is the comp

te value of SOC. In addition, it is important to note tha
he formulation of Eq.(10) for SOCI , we increment from
he previous value of SOC (not SOCI), thereby linking ex
licitly the current-based SOC to the voltage-based S

n summary, the adaptive algorithm comprises specific
qs.(4)–(11).

.4. Power capability

The maximum discharge power can be expressed as

max, discharge= IV = IVmin.

That is, when the capacitor voltage obtains its lowes
eptable value, the max discharge power results. Firs
onsider the available instantaneous power; i.e., the p
vailable before the charge on the capacitor is deplete
ificantly by the discharge event. In this case,V= V(0) + IR,
hereV(0) is the system voltage at zero current immedia
rior to the discharge [V(0) =Q(0)/C, cf. Eq.(2)], and

max, discharge= IVmin = [Vmin − V (0)]

R
Vmin. (12)
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Fig. 6. Interrupt resistance at 0 V (upper plot) and at the voltage lid (lower
plot) as a function of the open-circuit voltage and temperature.

Similarly, the instantaneous charge power for the ohmic bat-
tery is given by:

Pmax, charge= IVmax = [Vmax − V (0)]

R
Vmax. (13)

The ohmic battery does not address transient effects,
which are important for times that are greater than∼0.01
RC. In this case, Eq.(4) can be inverted to solve for the cur-
rent, and consequently, we can calculate the maximum charge
and discharge powers available for the time interval�t:

I|t = Vt − [It−�t�t/(2C)] − (V − IR)t−�t

R + [�t/(2C)]
,

Pmax, discharge(�t) = IVmin

=
[
Vmin − [It−�t�t/(2C)] − (V − IR)t−�t

R + [�t/(2C)]

]
Vmin,

Fig. 7. Expanded analysis of the interrupt resistance at the voltage lid. The
approximately linear trend in the interrupt resistance versus open-circuit
voltage depicted inFig. 6 is seen to apply over a broad voltage range.

and Pmax, charge(�t) = IVmax

=
[
Vmax − [It−�t�t/(2C)] − (V − IR)t−�t

R + [�t/(2C)]

]
Vmax.

(14)

As �t → 0, the transient power calculations match those
of the instantaneous power calculation. To implement the

F lds an
a an
a upper
p 5, 0,
and−30◦C.
ig. 8. Resistance variation with absolute temperature. The slope yie
ctivation energy of 2.0 kJ mol−1. The resistance values correspond to
verage of the resistance (at the indicated temperature) shown in the
lot of Fig. 6. From left to right, the temperatures correspond to 45, 2
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Fig. 9. Comparison of model results and adaptive filter. Upper plot: model results. Lower plot: adaptive filter. Calculations for both plots employed Eq. (4).
For the upper plot,V|N− 1 in Eq. (4) corresponds to the previously calculated voltage, whereasV|N− 1 corresponds to the previously measured voltage for the
lower plot. The parametersRandC were fit by least squares analysis, with each point receiving equal weighting.

transient equations, the respective powers are calculated im-
mediately after the algorithm has been employed to finish
the SOC determination at timet. In this case, quantities cal-
culated or measured at timet are then stored in the variables
listed in the respective power expressions at timet − �t. Then
one must state the duration corresponding to the desired esti-
mate for power. For example, if we want to know the power

estimates 2 s from “now”, then the current measured and ex-
tracted values are placed in thet − �t quantities,t and�t
are set to 2 s, and the right sides of the above equations yield
the desired power estimates. Bounds on the current magni-
tudes should also be observed in actual applications; that is,
the power capability may be limited by a maximum current
specified for the capacitor so as to avoid degradation.
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Fig. 10. Expanded view of plots shown inFig. 9. The nearly linear variation in the cell voltage during the constant current charge and discharge at 200 A
magnitude is clearly evident.

4. Results and discussion

4.1. Characterization tests

The first step in constructing an adaptive algorithm is to
characterize the system. This allows one to determine the
suitability of selected physical models (e.g., the simplified
equivalent circuit depicted inFig. 1) and to place reasonable

bounds on the parameter values. This latter attribute is sig-
nificant, for it enables one to determine when the regressed
parameters take on reasonable values, indicating robust per-
formance of the algorithm and the device. The three types of
characterization tests implemented in the work are described
in Table 1.

The energy test can be used to measure the cell capaci-
tance and coulombic capacity, rendered in units of Ah so as
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Fig. 11. Charge power test (cf.Table 1). The extracted state of charge (SOC) from the adaptive algorithm is indicated, as is the voltage-based contribution
(SOCV) and that corresponding to purely coulomb counting (SOCC). The effect of the specified initial SOC and the algorithm convergence behavior is clarified
by comparing the upper and lower plots; an erroneous 25% initial SOC was specified in the lower plot.

to be consistent with battery nomenclature. Data for the con-
stant current (100 A) charge to the various voltage lids, fol-
lowed by the 180 s open-circuit stand, are provided inFig. 2
for the 25◦C condition. As indicated inFig. 3, the effect
of temperature on the data as plotted was difficult to dis-
cern. After open-circuit stand, the open-circuit potentialV0
is recorded. It then remains to determine how much charge

resides on the electrodes, and for this reason a low current
discharge of 1 A is performed to 0 V. The capacitanceC is
calculated fromC= Q/V0, whereQ is the charge passed dur-
ing the 1 A discharge. The measured capacitanceC and ca-
pacity in Ah are plotted inFigs. 4 and 5, respectively, over
a temperature range of interest for automotive applications.
The equilibrium capacitance plotted inFig. 4is similar to the
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Fig. 12. Available charge power analysis. The algorithm utilizes the current and voltage traces shown in the upper plot ofFig. 11to produce the available power
results depicted above. The cell power is the current multiplied onto the voltage. The lower plot expands the abscissa of the upper plot around 990 s. The key
conclusion is that the available power predictions rendered by the recursive algorithm follow closely the measured power through the current reversal at 984 s.
For this analysis,λ = 0.995.

effective capacitance extracted from the slope of the 100 A
charge data plotted inFig. 3; Eq.(3), with Q= 0 (correspond-
ing to a zero initial voltage for the constant current charge),
was used to approximate the capacitance. For both meth-
ods of extracting a cell capacitance, little temperature vari-
ation is observed. The curvature in the voltage versus time
curve inFig. 3 is consistent with porous electrode analyses
[16].

When the current is changed from 0 to 100 A at the start
of the experiment corresponding toFig. 2, and when the cur-
rent is switched from 100 A to zero upon reaching the volt-
age lid, an interrupt resistance can be ascertained. Impedance
due to ionic diffusion complicates the analysis; for our pur-
poses, we simply plot�V/�I as an interrupt resistance in
Fig. 6. At 0 V, the interrupt resistance is seen to be nearly
invariant with SOC (i.e.,V0), and the interrupt resistance de-
creases in a nearly monotonic manner with SOC, a feature
more fully examined inFig. 7. A succinct explanation for

the monotonic trend in the interrupt resistance seen in the
lower panel ofFig. 6, and inFig. 7, remains an open ques-
tion. When the logarithms of interrupt resistances near 0 V
(values averaged over the SOC for each temperature) are plot-
ted against the inverse of the absolute temperature (Fig. 8),
we extract a rather low activation energy of 2 kJ mol−1. This
low activation energy and the relative invariance in the ca-
pacitance with temperature help to explain why activated-
carbon electric-double-layer capacitors are of interest for
automotive applications, as these capacitors maintain their
power capability at lower temperatures much more so than
batteries.

4.2. Transversal filter

The prior characterization of the capacitor indicates that
the RC equivalent circuit depicted inFig. 1captures many of
the features of the potential–current relationship. While the
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Fig. 13. Extracted (charge) parameters and the effect of the forgetting factorλ.
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Fig. 14. Discharge power test (cf.Table 1) at 25◦C. The extracted state of charge (SOC) from the adaptive algorithm is indicated, as is the voltage-based
contribution (SOCV) and that corresponding to purely coulomb counting (SOCC). The lower plot expands the time axis about 970 s and allows one to view the
constant current (100 A discharge) prior to the voltage step to 1.4 V, the minimum voltage, which gives rise to the maximum discharge power (IV).

simplicity of the RC circuit does not allow one to understand
the underlying phenomena that govern the potential–current
relationship, the successful correlation of the capacitor be-
havior does bode well for the use of the RC circuit for the
construction of an adaptive filter and ultimately an adaptive
algorithm. More complex models that include the numeri-
cal solution to coupled partial differential equations for the
purposes of describing thermodynamic, kinetic, and trans-
port phenomena from a microscopic basis are required to
improve the design and performance of activated-carbon
electric-double-layer capacitors. A comparison of the RC cir-
cuit as a model versus its use as an adaptive filter is provided

in Fig. 9 (with an expanded abscissa shown inFig. 10). In
both plots, the measured current and voltage are shown by
the solid lines. The current source was constructed so as to be
similar that which would be used in a capacitor-based system
in an automotive application. In the upper plot is the curve de-
picting the model voltage (symbols) constructed by the model
equation (cf. Eq.(4)):

V |N = (tN − tN−1)
I|N + I|N

2

1

C

+ I|NR + (V |calculated
N−1 − |N−1R),
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Fig. 15. Available discharge power analysis for 25◦C (upper plot) and 0◦C (lower plot). The algorithm utilizes the current and voltage traces shown in the
upper plot ofFig. 14to produce the available discharge power results depicted above. The available discharge power predictions rendered by the recursive
algorithm follow closely the measured power through the voltage reversals (i.e., through the transition from a constant 100 A charge to a 1.4 V step). For these
analyses,λ = 0.995. Lower discharge powers are available as the temperature is decreased, consistent with the results ofFig. 8.

whereas the voltage displayed by the symbols in the lower
plot corresponds to the adaptive filter,

V |N = (tN − tN−1)
I|N + I|N−1

2

1

C

+ I|NR + (V |measured
N−1 − I|N−1R).

The above two equations differ only in the voltage term
VN− 1. The comparison of the two plots makes it clear
that while the use of Eq.(4) is not appropriate for gen-
eral application, the implementation of Eq.(4) as an adap-
tive filter does provide a relatively good representation
of the voltage response, and the extracted parameters de-
duced from the adaptive filter resemble values reported

in the previous section. Thus, as is commonly the case
in the construction of model-reference adaptive systems,
the very basic model provides a crude approximation to
the system behavior, while the recasting of the model as
an adaptive, transversal filter[28] provides a valuable re-
sult.

4.3. Adaptive algorithm results

The explicit outputs from the adaptive algorithm are the (i)
state of charge, (ii) the charge and discharge power capability,
and (iii) the regressed parameters (RandC, which can be used
to deduce the state of health of the system). Results for the
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Fig. 16. Extracted (discharge) parameters. The parameter values can be compared with those depicted inFig. 13for the charge analysis. The extracted resistance
R is larger than that ofFig. 13, consistent with the SOC being lower for the discharge tests (Fig. 14, about 50% SOC at end of test) than for the charge tests
(Fig. 11, about 90% SOC at end of test); the same trend for theRvs. SOC relationship is seen in the lower panel ofFig. 6. Although less pronounced, the same
explanation applies to the extracted capacitanceC (cf., Fig. 4).

tests labeled “Discharge power test” and “Charge power test”
in Table 1are displayedFigs. 11–16.

The performance of the adaptive algorithm with respect
to predicting the energy left in the system, identified with the
SOC, is depicted inFig. 11. In the upper plot, we see that the
algorithm returns a value close to that obtained using sim-
ply coulomb counting (w = 1 in Eq.(11)). This use of purely
coulomb counting to assess the accuracy of an adaptive al-
gorithm over time scales long relative to convergence of the
algorithm but short relative to the influence of current ineffi-
ciencies (side reactions[2,17]) has been shown to be a useful
evaluation method. For longer durations, as in actual vehicle
applications, purely coulomb counting will become substan-
tially inaccurate due to current inefficiencies. The duration
for convergence for the chosen set of parameters is indicated
by the lower plot inFig. 11, where the starting SOC for the al-

gorithm was set arbitrarily to 25%, instead of the correct value
of zero, consistent with the starting state of equilibration at
0 V. After about 1400 s the voltage-based SOC is nearly iden-
tical to that of the combined SOC. For this analysis, unless
otherwise noted,w = 0.999, indicating a very stable algorithm
greatly influenced by SOCI . The algorithm can be made more
adaptive (and less stable) by loweringw.

The prediction of the capacitor’s power capability asso-
ciated with subjecting the discharging (at 100 A) capacitor
to an abrupt maximum charge condition (2.8 V) is demon-
strated inFig. 12. Generally excellent results are obtained,
indicating that the algorithm and the power capability Eqs.
(12)–(14)work quite well. The lower plot inFig. 12 dis-
plays an expanded abscissa; the fact that the solid line, re-
flecting the actual power, tends to the curve represented by
the symbols (predicted charge power capability) when the
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potential is abruptly set to 2.8 V, corresponding to a current
and power reversal, implies that the algorithm correctly cap-
tures the maximum charge power available for this rather se-
vere test case. The charge power prediction is always greater
than that extrapolated by Eq.(14) when �t = 500 ms and
is close to the instantaneous charge power extrapolation,
Eq.(13).

The regressed parametersR andC are shown inFig. 13.
The variation in the extracted parameters can be reduced by
decreasing the forgetting factor, as is shown in the lower plot
of Fig. 13 for the 0◦C condition; however, longer conver-
gence times are then expected. The general lack of temper-
ature sensitivity can be seen by comparing the 0 and 25◦C
results inFig. 13; because the results tended to be quite sim-
ilar over the temperature range of−30 to 45◦C, in terms
of algorithm performance, most of the algorithm analysis is
provided for the 25◦C condition only.

The analogous experiments to investigate the discharge-
power prediction capability are shown inFigs. 14, 15 and 16.
Again, 0 and 25◦C data are analyzed, and similar values
for R and C are obtained. As with the test of the charge-
power prediction capability, the discharge power prediction
is always greater than that extrapolated by Eq.(14) when
�t = 500 ms and is close to the instantaneous discharge power
extrapolation, Eq.(12).
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3. A computationally efficient adaptive algorithm based on
weighted recursive least squares is described and tested:
the algorithm is fully recursive in that the only variables
required for on-line regression are those of the previous
time step and the current time step. A time-weighting tech-
nique, often referred to as exponential forgetting, is em-
ployed to damp exponentially the influence of older data
points on the regression analysis. Successful comparisons
of the algorithm’s adapted state of charge and power pre-
dictions provide an initial validation of the algorithm.
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