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Abstract— Battery-double-layer capacitor (DLC) units are
becoming popular hybrid energy storage systems (HESS) for
vehicle propulsion, auxiliary power units, and renewable energy
applications. Safe and optimal operation of the HESS requires
real-time monitoring of its constituent subsystems. In this paper,
we use a model-based approach to monitor HESS behavior and
propose an online combined state and parameter estimation
scheme using coupled electrical-thermal dynamical models for
each subsystem. In particular, we focus on an HESS composed
of a lead-acid (PbA) battery and a DLC for which experiments
have been designed to identify the initial model parameters. The
estimation scheme uses a novel cascaded observer-based structure
which: 1) is designed based on sliding mode methodology and
2) exploits the coupling of the electrical and thermal dynamics.
Using Lyapunov’s arguments, theoretical conditions are derived
which characterize the convergence of the state and parameter
estimates in the presence of uncertainties. The effectiveness of the
estimation scheme is evaluated via simulation and experimental
studies on the PbA battery, the DLC, and the HESS system.

Index Terms— Battery, double-layer capacitors (DLCs), hybrid
energy storage system (HESS), sliding mode observers, state and
parameter estimation.

I. INTRODUCTION

HE battery-double-layer capacitor (DLC) hybrid energy

storage system (HESS) is one kind of HESS that is gain-
ing popularity in various applications. Traditionally, batteries
that have been used as auxiliary power units in automobiles
and as renewable stationary energy storage have suffered
from low power densities. By contrast, DLCs possess high
power densities and can offset the load on a battery in peak
power situations [1]. Therefore, the combined battery-DLC
HESS is appropriate for automotive cold cranking, start/stop,
hybrid electric vehicle (HEV) propulsion, and renewable-
energy-based microgrids [2], [3].
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The main advantage of using a battery-DLC HESS instead
of a traditional battery-only energy storage system is load
sharing which can occur between the battery and DLC and
can reduce the stress to the battery, thereby prolonging its
life [4]. The load sharing of the HESS can either be actively
or passively controlled. A passive HESS contains a battery
and DLC connected in parallel without a controller. An active
HESS contains a passive HESS plus a power electronic device
to control the power split between the battery and DLC.
Whether passively or actively controlled, real-time monitoring
of HESS states and parameters is crucial to guarantee safe,
efficient, and optimal operation of the HESS. In this paper, a
model-based real-time state and parameter estimation scheme
is proposed which can be used for either passive or active
battery-DLC HESS. The main focus of this paper involves
autostart/autostop application in vehicles which requires high
power for a short duration. However, the modeling and esti-
mation approach presented in this paper has the potential to
be easily extended to other hybrid applications such as cold
cranking an engine and HEV charge sustaining operation.

Important states and parameters for optimizing battery
performance and life include state of charge (SOC), inter-
nal resistance, and capacity. Internal resistance and capac-
ity, in particular, are useful indicators of battery state of
health (SOH) and aging. Existing literature [5]-[7] offers
different approaches for online state and parameter estimation
of batteries. One group of approaches uses electrochemical
models. High computational burden is the major drawback
of this approach despite their potentially higher prediction
accuracy. This leads to the use of computationally simpler
equivalent circuit models (ECMs) for control and estimation
purposes. In this paper, we will use an ECM for our estimation
scheme. Within ECM, the most often used estimation methods
are the Kalman filter (KF)-based approaches such as linear KF,
extended KF (EKF), and adaptive EKF [8], [9]. Other than
KF-based approaches, ECM-based estimation schemes include
nonlinear observers [10], sliding mode observers [11]-[14],
and linear parameter varying (LPV) system technique [15].
However, these existing approaches suffer from some draw-
backs. For example, the widely used KF-based approaches suf-
fer from: 1) lack of theoretical verification for the estimation
error convergence in case of Unscented KF/EKF and 2) highly
nontrivial characterization of the noise covariance matrices.
Although the other estimation schemes (e.g., sliding mode
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observer, nonlinear observer, and LPV-based approaches) gen-
erally provide theoretical error convergence proofs, often times
they consider isothermal condition. However, the coupling
of electrical and thermal dynamics plays a crucial role in
predicting the battery behavior.

Similar to batteries, DLCs are sensitive to aging when
subjected to abnormal operating conditions [16]. It is necessary
to monitor and estimate DLC aging for actively controlled
energy management in a battery-DLC HESS [17], [18]. For
the DLC, the resistance and capacitances in the ECM rep-
resent internal impedance and charge capacity, respectively,
and are considered SOH indicators [19]. However, combined
state and parameter estimation for DLCs is a less examined
topic in the literature than for batteries. In [1] and [20],
DLC state estimation was achieved through EKF estimators.
In [21] and [22], parameter estimation is studied through
least-squares techniques. In [23], offline parameter identifi-
cation of electrothermal DLC model is explored. However,
very few studies consider the real-time combined state and
parameter estimation problem. For example, [18] explored
such a problem using a dual-KF-based approach. However,
the main drawback of these proposed schemes lies in the lack
of: 1) theoretical convergence proofs and 2) consideration of
electrical-thermal coupling.

In light of the above discussion, this paper proposes
an ECM-based estimation scheme for battery-DLC HESS
addressing the aforementioned drawbacks. The main contri-
butions of this paper are as follows.

1) For battery and DLC estimation, the proposed scheme
includes a theoretical verification of combined state and
parameter error convergence and considers electrical—
thermal coupling.

2) The proposed scheme introduces a novel cascaded
observer-based framework for combined state and para-
meter estimation of battery and DLC. This framework
exploits the electrical-thermal coupling to decompose
the overall estimation problem and simplifies observer
design.

3) This paper includes the experimentally validated models
of the DLC and lead—acid (PbA) battery systems. Fur-
thermore, the effectiveness of the estimation scheme is
evaluated using the experimental data.

This paper extends our previously published contribu-
tion [24] by: 1) providing convergence proofs with explicit
consideration of uncertainties in the model; 2) utilizing exper-
imentally validated battery and DLC models; and 3) verifying
the performance of the estimation scheme using the experi-
mental data. The proposed estimation scheme is based on slid-
ing mode observers and equivalent output error injection [25].
Furthermore, the proposed sliding mode-based estimation
scheme for batteries differs from the previous sliding mode
methods [11]-[14] in that: 1) coupled thermal and electrical
dynamics are included and 2) a new cascaded observer-based
structure is proposed.

The rest of this paper is organized as follows. Section II
briefs the modeling of the HESS elements. Section III
describes the proposed estimation scheme. Section IV dis-
cusses the identification of a passive battery-DLC HESS,
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Fig. 1. Battery ECM.
whereas Section V presents simulation and experimental stud-
ies. Section VI summarizes the conclusion.

II. HYBRID ENERGY STORAGE SYSTEM MODEL

The HESS under consideration consists of a battery and
a DLC. In this section, the modeling of these two energy
storage devices is discussed.

A. Battery Model

In this paper, a first-order electrical circuit model (Fig. 1)
and a lumped thermal model are utilized for modeling the
battery [26].

Using Kirchoff’s law and the SOC definition, the electrical
dynamics of the battery cell are

. Vc Ibatt
Ve = — 1
¢ RoCo + Co (1)
. I
SOC = — batt 2)
0
Voatt = Eo — ToatR — Ve (3)

where Vpay is the terminal voltage, Ipyy iS the input current
(positive in discharging and negative in charging), R, Ry,
and Cy are, respectively, the resistors and capacitors of the
electrical circuit, V. is the voltage across the capacitor Co,
Ey is the open-circuit potential (OCP), and Q is the capacity
of the battery. The battery lumped thermal model [27], [28] is
given by

mcvate Toa = Ibzatt(R + Ro) — hApae(Toat — Tamb) (4

where Ty, is the battery cell temperature, mcpyy is the mass
times the specific heat capacity of the battery cell, hApyy 1S
the effective heat transfer coefficient, and T,y is the ambient
temperature.

Remark 1: In general, the battery model parameters and
the OCP are functions of SOC and Tjya. However, for the
application considered in this paper, the model parameters
are assumed to be fairly constant in a smaller SOC range.
The OCP is still a nonlinear function of SOC and battery
temperature and can be written as

Eo = f(SOC, Tya)- )

B. Double-Layer Capacitor (DLC) Model

Similar to the battery, an electrical circuit model (Fig. 2)
with two series resistance—capacitance pairs (Ry — C4 and
Ry — Cy), and a lumped thermal model is adopted [26] for
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Fig. 2. Electrical ECM of DLC.

the DLC. The Ry — C4 and Ry — C branches represent the
slower and faster dynamics of DLC, respectively.

The voltage dynamics across the capacitors C; and Cy can
be written as

. 1
Ve = =L 6)
Cy
. 1y
Ved = — 7
cd Cd ( )

where V.t is the voltage across the capacitor Cr, Viq is the
voltage across the capacitor Cy, I; is the current flowing
through the Ry — C4 branch, and I is the current flowing
through the Ry — C branch. The total current Iqc entering
the DLC is given by Kirchoff’s current law

Iae =I5 + 1y (8)
and the voltage Vyic across the DLC is
Vale = 1Ry + Vg = IgRg + Vea 9)

where Ry and Ry are the resistors of the electrical circuit. The
lumped thermal dynamics of the DLC are given by

meaeTae = IR f — hAae(Taie — Tamb) (10)

where Tgc is the DLC temperature, mcgi is the mass times the
specific heat capacity of the DLC, and hAq is the effective
heat transfer coefficient. The heat generation term in (10) does
not include the effect of R;. This is reasonable because the
current through R, is significantly smaller than the current
through Ry as Ry > Ry. Thus, the effect of R; on heat
generation is neglected [26].

Remark 2: Practically, the DLC model parameters Ry, Ry,
Cy, and Cy depend on the SOC, temperature, and current [17].
However, experimental results from [17], and DLC manu-
facturer’s datasheets show that these parameters are mainly
functions of temperature while other operating conditions
such as current, SOC have negligible effect. Furthermore, the
parameter values vary with age although the variation is much
slower than the corresponding state dynamics.

Remark 3: The real-time measurements from the HESS are:
Ivatt, Toate, and Vg from the battery and Igic, Taie, and Ve
from the DLC.

III. OBSERVER-BASED ESTIMATION SCHEME

In this section, the online estimation scheme for the HESS is
described. The estimation scheme consists of a set of sliding

mode observers and open-loop models. In Sections III-A
and III-B, the schemes for battery and DLC estimation are
discussed individually.

Remark 4: In sliding mode observer design, the observer
structure consists of the copy of the plant plus a switching
feedback term using available measurement [25]. A sliding
manifold has to be defined and if the observer gains are prop-
erly designed; the sliding manifold is attained in finite time
even in the presence of modeling/parametric uncertainties.
Next, we will discuss the basic idea of sliding mode and how
a sliding mode observer can be used to estimate an unknown
system parameter.

Basic idea of sliding mode observers and equivalent output
error injection: for the sake of discussion, consider a scalar
first-order linear system

(1)

where x € R is the measured state and hence serves as output,
u € R is the known input with known bound |u| < u, a € R
is the known parameter, and b € R is the unknown parameter
with known upper bound |b| < b. The objective is to estimate
the unknown parameter b using a sliding mode observer
(the state on the other hand is measured). However, in order
to derive the mathematical expression for parameter estimate,
we will show the state estimation error convergence as an
intermediate step. A sliding mode observer for the system (11)
is given by

X =ax + bu

% = ax + Lsgn(¥) (12)

where x is the estimated state, ¥ = x — x is the estimation
error, L is the observer gain, and the sliding manifold is x = 0.
The estimation error dynamics can be written as

X =bu— Lsgn(x). (13)

Considering the Lyapunov function candidate V = 0.5%2,
the convergence of the estimation error dynamics can be
analyzed by considering the upper bound of the derivative of
the Lyapunov function candidate

V < |%|(bii — L). (14)

Under the condition L > bii, then V < J/V where 4 =
V2(bii — L). The solution of the differential inequality (14)
is V(1) < (—0.54t + /V(0))%. Hence, the sliding manifold
is reached in finite time 1 = t* < 2,/V(0)/4 and X = 0 and
x = 0. Moreover, the switching term Lsgn(x) can be replaced
by the so-called equivalent output error injection term [25].
Therefore, we can write from (13)

0 =bu — eeq (15)

where eeq is the equivalent output error injection term which is
a continuous approximation or filtered version of Lsgn(x). For
implementation purposes, the term eeq is computed by passing
Lsgn(x) through a low-pass filter as follows:

77+ z = Lsgn(x), z(0)=0. (16)
With a small time constant ¢ > 0, we have
hm = eeq. (17)
=0
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Fig. 3. Online battery state and parameter estimation scheme.

Then, the uncertain parameter b can be estimated as

b = eeq/u. (18)

Remark 5: From the above analysis, two important prop-
erties of the sliding mode observer can be noted. First, the
estimation error converges to zero in finite time. Second,
the equivalent output error injection term can be used to
estimate some uncertain model parameters. In this paper, we
utilize these two properties for combined state and parameter
estimation of the battery and DLC.

A. Combined State and Parameter Estimation of Battery

In this section, we detail the scheme for online estimation
of battery states and parameters. The important variables of
interest are the SOC, R, and Q. The online estimation scheme,
shown in Fig. 3, consists of three observers:

1) Observer I (based on thermal dynamics);

2) Observer II (based on the electrical dynamics);

3) Observer Il (based on the SOC dynamics).

Observer I estimates the parameter R using the temperature
and current measurements. Observer Il estimates the electrical
state V. using the open-loop model. Observer III estimates
the state SOC and parameter Q based on the measured
voltage, current, and the estimated R, V. from Observer I and
Observer I, respectively. SOC of the battery is generally esti-
mated by open-loop coulomb-counting method based on (2).
This open-loop approach is prone to error due to the presence
of sensor noise and integrator drifting. The OCP is in general
a nonlinear function of SOC. In this scheme, we make use
of the estimated OCP derived from the estimated states and
parameters from Observer I and Observer I1. This OCP, which
is a function of SOC, serves as an artificially created nonlinear
pseudomeasurement which is then used as the output error
injection in the Observer III. This estimated OCP essentially
helps in creating a closed-loop observer for SOC estimation
that can reduce aforementioned effects of uncertainties. While
designing the estimation scheme, we make the following
assumptions.
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Assumption 1: Given Remark 1, the parameters R, Ry,
and Cp are constant in the range SOC € [SOCpin, SOCnax]
considered for the hybrid application.

Assumption 2: The electrical parameters Ry and Cp and the
thermal parameters mcpa and i Ap,y are known with sufficient
accuracy. The values for these parameters can be found using
offline experimental identification techniques [32].

Remark 6: In the online estimation scheme, we chose to
estimate a subset of the total electrical parameters, i.e., {R, O}
from the total set {R, Q, Ry, Co}. This is due to the fact that
the parameters will not be uniquely identifiable if all of them
are unknown. On the other hand, the assumption that only
a subset is unknown will enable unique identifiability of the
parameters. Hence, only a subset of the parameters was chosen
to be estimated. However, the choice of the subset is a user-
dependent choice. In this particular case, we assumed battery
aging influences R and Q the most. One can also assume the
parameters {Q, Ry, Cp} to be unknown and readily apply the
proposed scheme.

Assumption 3: The OCP, Ey, is a strictly monotonically
increasing function of SOC in the range [SOCp;n, SOCmax]
for any given temperature. Note that this assumption is
already verified for most of the popular battery chemistries
such as PbA, LiCoO;-Graphite, LiFePO4-Graphite, and
NiMH [29]-[31].

Lemma 1: From Assumption 3, for a given Tpae = T
given any two points SOC() and SOC® in the SOC domain
within the range SOC € [SOCpjin, SOCpax] and their cor-
responding OCP values, i.e., Eél) = f(soc®, Ty.) and
E(()z) = f(SOC?, Tii)» the following holds true:

al

sen(ESY — ESY) = sgn(soc® — soc®). (19)
This can be easily verified from common battery OCP-SOC
curves.

The battery dynamics under the presence of uncertainties is
given by

Ve Toate

Ve = — + 20
¢ RoCo Co nv. (20)

) bi
SOC = — Z“ + n1soc 1)
Voatt = Eo — IpauR — Ve + v (22)

mevate Toarr = Ibzatt(R + Ro) — hAvau(Toare — Tamb) + 117, (23)

where 7y, #soc, nv, and 57, are the modeling uncertainties,
which can be state and/or input dependent. In other words, we
treat these uncertainties as bounded, unknown, exogenous (and
possibly time varying) inputs acting on the nominal battery
model.

Assumption 4: The uncertainties #;, i € {V., SOC, V, T}
and their time derivatives #; are assumed to be bounded by
known finite values |7;| < #; max and |7;| < #; max-

Remark 7: The physical origins of #; are as follows:

1) state and possibly input dependence of the model

parameters;

2) unmodeled dynamics that arise under high current

scenarios;
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3) parametric uncertainties arising due to manufacturing
variability;

4) parametric variations due to degradation.
Due to these many possible sources, it is difficult to achieve
a complete and scalable characterization of #;. Hence, we
resort to this simple representation where the uncertainties
are modeled as additive time-varying exogeneous disturbances.
Although simple, it still provides us an idea how the state
and/or parameter estimates are “corrupted” by the presence of
such uncertainties. Specifically, it helps us to benchmark the
upper bound of the state/parameter estimation errors, in terms
of upper bounds of #;. Furthermore, all possible aforemen-
tioned sources of #; are physical. For example, the functions
that capture the parameter dependence are bounded under
bounded temperature, SOC and current (as found in [26]).
Furthermore, the outcomes of the unmodeled dynamics, for
example, electrolyte dynamics in batteries, are always finite.
Hence, Assumption 4 is justified.

Now, the Observers I-III for the battery state-parameter
estimation are given as follows:

Observer I:

— hAvar (Toate — Tamb) + L7520 (Toar)
(24)
(25)

A 2
Mmcpart Toart = IbattRO

A

R = UT/It%att

where v is the equivalent output error injection which is a
continuous approximation or filtered version of Lysgn(Tpa).
Observer II:

A ‘,}c Tvatt
Ve=— . 26
¢ RoCo + Co (26)

Observer II:

SOC = Lsocsgn(Voare + Ivat R + Ve — Eo)
0 = Ipa/vsoc

27)
(28)

where vsoc is the equivalent output error injection which
is a continuous approxrmatlon or filtered versron of
LSOCSgn(Vbatt + IbattR + Vc - EO) Tbatta R Vm SOC and
Q denote the estlmﬁtg of the~correspond1ng states and
parameters; Eo = f(SOC, Toa); Toat = Toate — Tbaw and L,
Lsoc > 0 are constant observer gains to be selected.

Furthermore other estrmatron errors are deﬁned as: Eg =
Eo—Eo, SOC—SOC SOC Ve=V.—V., R=R—R,
0=0-0.

Theorem 1: Consider the system dynamics (20)—(23) and
the observer structure (24)—(28). If Assumptions 1-4 and
Lemma 1 hold true, then, the estimation errors R, Vc, SOC,
and Q converge to bounded values in their respective error
space in finite time, if the observer gains satisfy the following
conditions:

LT > ‘I]L%attR’max + ;/lThmax (29)
Tyt .
Lsoc > |— + 750C-max + s—combl—max  (30)
O lmax

where 75 _combl—max 1S the combined effect of the uncertainties
defined in the proof.

Proof: First, we analyze Observer I which is based on the
thermal dynamics. Note that the objective of the Observer I
is to estimate the unknown parameter R, not to estimate the
already measured temperature state Tpaq. However, we show
convergence proof of the state estimation error fbatt as an
intermediate step to the convergence proof for the parameter
error (R). Subtracting (24) from (23), the error dynamics of
the Observer I can be written as

Lrsgn(Toa).-
31

2 2 ~
mcpaToae = Iy R — M AvatToan + 115, —

Note that the sliding manifold in this case is s7 = Tbatt =0
as Tbatt is inside the sign function. The error dynamics can
be analyzed by choosing the positive definite the Lyapunov
function candidate Vy = O.Smcbattf‘bzatt. The derivative of the
Lyapunov function candidate can be written as

VT = mcbatthatthatt (32)
= Vr = IbzattRTbatt — hApatt szatt + 11, Toant
— Lt Tbatthn(Tbatt)~ (33)

Applying the inequality mn < |mn| < |m||n| < |m|max|n|max
on the first and third terms of (33), and considering the fact
that hAbatth > 0, we can write the upper bound of Vr as

Lt} (34
(35)

where a = —(((] battR|maX + N7y — L1))/+/0.5mcvan).
If the observer gain satisfies the condition L7 > |IbattR|maX +
NTymae» then we have o > 0 and hence, the solution of the
differential inequality (35) can be written as

Vr(t) < {—%t + VT(fO)}2~

It can be concluded from the above analysis that the sliding
manifold s7 = Tpax = O can be attained in finite time
provided the observer gain satisfies the condition L7 >
| battR|max + NTymax- The IlbzattRImaX value can be known
from the specific battery characteristics and operating input
current ranges. The finite time is mainly determined by the
magnitudes of the Vr(fo), the magnitude of |IbattR| and the
observer gain L7. At the sliding manifold, s7 = Tpay = 0 and

att
Ve < | Toaul{| IR o + 1775 Imax —
= VT =< —ax/VT

(36)

ST = Tbatt =0 and (31) can be written as

0 = IR + 11, — 01 37)

where o7 is the equivalent output error injection signal
required to maintain the sliding motion and essentially a
continuous approximation (filtered version) of the switching
term Lngn(Tban). In practical implementation, o7 can be
extracted from the sliding mode observer by passing the
switching signal L7sgn(T) through a low-pass filter with unity
steady-state gain. Furthermore, from (25) and (37), we can
write

2
P = or IbattR+ n, _ R+ nT, (38)
i 12 N 12
batt batt batt

From (38), it can be concluded that the estimation error R
converges in finite time to a bounded region determined
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by (nt,/ Ibzatt). Next, subtracting (26) from (20), the estimation
error for Observer Il can be written as

(39)

Following similar steps as before, with the Lyapunov function
candidate V¢ = 0.5 \N/Cz, we can conclude that VLC < 0 under
the condition |V,| > #y,.. RoCo, however, Vic > 0 when
Vel < nv.,... RoCo. Therefore, it can be concluded from the
above analysis that the estimation error V, converges to a
bounded value determined by the magnitude 7y, RoCo in
some finite time.

As the estimation errors R and V. converge to bounded
values in their respective error space, we can write

Vbart + Ibatté + ‘A/c — Voatt + Ibat R + Ve + fcombl

= Eo + fcomb1  (40)

where 7compb1 1S the combined effect of the uncertainties in R,
V., and ny. Furthermore, using Lemma 1, the following can
be written:

Sgn(EO + 7combl) = Sgn(s/66 + 71S—comb1)

where EO/\:/ Eo — Eo and #75—comb1 1S the equivalent uncer-
tainty in SOC error space due to the effect of #comb1 in Ey error
space. Now, subtracting (27) from (21), and considering (41),
the estimation error dynamics for Observer III can be written
as

(41)

Tvatt
0

Analyzing the error dynamics (42) with the Lyapunov function
candidate Vgo = O.55§OC, it can be concluded that the
sliding manifold ssoc = SOC + #s—comb1 = O can be
attained in some finite time, by selecting the observer gain
Lsoc > |(vatt/Q)lmax + #SOC—max + 7S—combl—max- The
value of |//Q|max can be known from the specific battery
characteristics and reasonable input current range. At the
sliding manifold, we have ssoc = SOC + #5_comb1 = 0 and

SOC = —

+ 750c — Lsocsgn(SOC + 7s—comb1)-  (42)

Ssoc = SOC ~+ f1s—comb1 = 0. Therefore, SOC converges
to a bounded value determined by #7s_comp1 in finite time.
Furthermore, considering ssoc = SOC + #5—comb1 = 0, (42)
can be written as

) Iy
—7S—combl = - 7SOC — VSOC (43)

Q

where vsoc is the equivalent output error injection. Further-
more, from (43) and (28), the following can be written as:

I wsoc _ 1  7soc + 71s—combl

L (44)
) Tbaut ) Tbaut
Defining Qi = 1/0, Qinv = I/Q» and Qinv = Qinv — Qinv»
we can write
- + o
- nsoc + 1is combll (45)

Tbatt

Therefore, it can be concluded that the estimation error Qinv,
and hence Q will converge to a bounded region determined
by the magnitude of ((#soc + #75—comb1)/Ibart) in some finite
time.
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Fig. 4. Online DLC state and parameter estimation scheme.

B. Combined State and Parameter Estimation of DLC

In this section, we discuss the design of online estimation
of state and parameters of the DLC. As discussed before,
Ved and Vg represents the slow and fast dynamics of the DLC,
respectively. In the estimation scheme, we focus on the V¢
dynamics and estimate the variables associated with Ry — Cy
branch of the DLC, namely, the state V¢t and parameters Ry
and Cy. The schematic of the DLC online estimation scheme
is shown in Fig. 4.

The estimation scheme consists of three observers:

1) Observer IV (based on the DLC thermal dynamics);

2) Observer V (based on the R; — Cy dynamics);

3) Observer VI (based on the Ry — Cy dynamics).

Observer 1V estimates the temperature Ty and the para-
meter Ry using the temperature and current measurements.
Observer V estimates the current through the R;—Cy electrical
branch. Observer VI estimates the state V¢ and parameter C ¢
based on the measurement Vi, Iqic and the estimated R 7 and
fd from Observer IV and Observer V, respectively. Next, we
make the following assumptions.

Assumption 5: From Remark 2, the parameters Ry, Ry,
Cy, and Cy are functions of temperature. Since the thermal
dynamics is much slower than that of the electrical dynamics,
these parameters can be assumed to change much slower than
the electrical states.

Assumption 6: The parameters R; and Cg4, along with
the thermal parameters mcqie and hAgc are known with
sufficient accuracy. The values for these parameters can be
found by experimental offline identification techniques. Simi-
lar to the battery estimation, we chose to estimate a subset
of the electrical parameters, i.e., {Ry, Cr} from the total
set {Ry, Cq, Ry, Cy} to enable unique identifiability of the
parameters. One can also choose the parameters {R;, Cy4} to be
unknown and readily apply the proposed scheme with minor
technical modification.

The DLC dynamics under the presence of uncertainties is
given by

.
Vee = =L + 15 (46)

Cy
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. 1y
Ved = oM + Na 47)
Iae = I+ Iy (48)
Vale = Iy Ry + Veg +nva = LyRq + Vea + vz (49)
meaeTae = I Rr — hAac(Tae — Tamb) + 17, (50)

where 57, 14, nv2, and 57, are the modeling uncertainties,
which can be state and/or input dependent. In the following
analysis, we treat these uncertainties as bounded, unknown,
exogenous (and possibly time varying) inputs acting on the
nominal DLC model.

Assumption 7: The uncertainties and their time derivatives
are assumed to be bounded by known finite values |7;| <
Ni—max and [7;| < i —max Where i € {f,d, V2, Tp}.

Now, the observers for the DLC state and parameter esti-
mation are given as follows:

Observer 1V:

meaeTae = —hAge(Tae — Tamb) + Lrasgn(Tae) (51
Ry = vra/I3, (52)

where o7 is the equivalent output error injection which is a
continuous approximation or filtered version of Lrasgn(Tgic).

Observer V:
2 Vatle — Vea \ 1
Vaa= ——— | — 53
cd ( Rd )Cd ( )
- Vaie — Ved
[ =g T 54
d Y (54)
Observer VI:
Vet = Lysgn(Vaie — IRy — Vi) (55)
c = i /oy (56)

where vy is the equivalent output error injection which is a
continuous approximation or filtered version of Lysgn(Ver);
lec, R f Rd, ch, Vcd, Id and C + denote the estimates of the
correspondmg states and parameters; I = lac — Id, lec =
Taic — lec and Ly > 0 and L7o > 0 are constant observer
gains. Furthermore, other estimation errors are defined as:
Vet = Ver—Ver, Ry = Ry— Ry, Vcd = Vea—Vea. s = Ia—1Ia.
éf=Cf—Cf, andCd—Cd—Cd

Theorem 2: Given the DLC system dynamics (46)—(50)
and the observer (51)—(56), and assuming Assumptions 5-7
hold true, then the estimation errors R 1> Vcd, I £ ch, and C f
converge to bounded values in respective error space in finite
time if the observer gains satisfy the following conditions:

Lo > |I§1CRf|max + NTp_imax ‘>cf
= Lysgn(Vaic — IRy — Ver)
Ly > IIf/CfImax + 1 f —max-

(57)
(58)

Proof: Subtracting (51) from (50), the error dynamics for
Observer I can be written as

— hAaecTae — Lrasgn(Taie).

Following similar steps as shown in Theorem 1, and choosing
a Lyapunov function candidate V7, = O.Smcdlchle, we can
conclude that the sliding manifold s70 = Ty = 0 can

meaieTae = I3.R 7 + 11y (59)

be attained in finite time given the observer gain L7y >
113 R f Imax + N7y - At the sliding manifold, we have s75 =

lec =0 and s7r = lec = 0 and (59) can be written as

0= IRy + 11, — 072 (60)
where o7y is the equivalent output error injection signal.
Furthermore, from (60) and (52), we can write

NTp
— Ry + b,
T

1 dlc dlc

R vr2 Idzlch + N7p

= 61)

I dlc

This concludes that the estimation error R £ converges to a
bounded value of (y7,/ dlc) Next, the estimation error for
Observer V is written as

5 Vea + nv2

Ved=——F——+m

62
R,Cy (62)

Agaln utilizing the Lyapunov function candidate Vip =
0. SVCd, we can conclude that the estimation error Vcd will
converge to a bounded value determined by the magnitude
Nd—maxRgCq in some finite time. Therefore, the estimation
error

Ve — Ved

Ry
Vie— (Vg +4A) A

d R, R, d

idZId—idZId—

converges to a bounded region in finite time where A is the
combined effect of uncertainties in the estimation of Vcd.

Now, under the condition fd — I; — A4 and consider-
ing (48), Iy can be reconstructed as ff = Iq1c — fd =Ir+Ay
Therefore, we can write that

Vae — 1 fIé F— Vet = Vet + feomb2 (63)

where 7comb2 1S the combined effect of the uncertainties in
the estimated quantities /5 and Ry. Subsequently, from (55),
Observer VI can be written as

‘,}cf = LVSgn(‘;cf + Heomb2)- (64)

Subtracting (64) from (46), the error dynamics for Observer VI
can be written as

2 If ~

Vet = C_f +ny— Lngn(ch + 7comb2)- (65)

Now, analyzing the error dynamics (65) via Lyapunov
function candidate Vy = O.5S%/f, we can conclude that the

sliding manifold sy, = ch 4+ Neomb2z = 0 can be achi~eved
asymptotically. At the sliding manifold, we have syy = Vet +

Neomb2 = 0 and §v; = Vef + flcombz = 0 and (65) can be

written as

1

C; (66)

- i]come

where vy is the equivalent output error injection. Furthermore,
considering (56) and (66), and considering Iy — Iy, the
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Fig. 5. Experimental test setup at the BACh Laboratory, CU-ICAR.

following can be written:

1 .
B (C_/f +nr+ 77comb2)

1 _ vy
éf if Iy
1 1 + 7
O (77f 7’/comb2). (67)
cr Cy Iy

Defining Cy_jny = 1/Cy, Cy_iny = 1/Cy, and Cy_jpy =
Cfinv — C f—iny, WE can write
Iy '
Therefore, it can be concluded that the estimation error C f—iny
converges to a bounded region determined by (68), in finite
time. This follows the convergence of C 7 to a bounded region
in finite time. (]
Remark 8: Note that the parameters in both estimation
schemes lose their identifiability when the current goes to zero.
Therefore, parameters must be updated when the current value
is nonzero and sufficiently high. When this is not satisfied, the
estimates should be held at the last updated values. Owing to
this, the parameter estimates are updated in longer periodic
intervals and when the current values are sufficiently high.

Cvafinv = (68)

IV. EXPERIMENTAL MODEL IDENTIFICATION
AND VALIDATION: BATTERY AND DLC

In this section, we discuss the experimental test setup and
the current profiles used to determine the characteristics of
the PbA battery, the Maxwell BCAP1500 P270 DLC, and the
HESS developed by connecting the PbA battery system in
parallel with a module of six (6) DLCs connected in series.
The experiments were conducted in the Battery Aging and
Characterization (BACh) Laboratory at the Automotive Engi-
neering Department, Clemson University. The HESS experi-
mental setup is shown in Fig. 5. The experimental equipment
consists of an Arbin BT-2000 testing station incorporating
a programmable power supply and an electronic load, and
capable of performing charge—discharge cycles with high
precision and fast data acquisition (up to a rate of 100 Hz);
an MITS Pro data acquisition software used to design test
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TABLE I
PbA BATTERY SPECIFICATIONS

ARMASAFE™ PLUS; HASP-FT/6TAGM

Nominal Voltage 12V
Nominal Capacity Cao 120 Ah
Cold Cranking Amp 1225 A
Temperature Range -40°C to +80°C
Cycle life at 20% DoD
(}(Iiepth of discharge) UGS
120
=
< 100(
z 0
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o O
60 : : : : : :
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Fig. 6. PbA battery Peukert curve.

cycle profiles and control the Arbin tester, as well as real-time
data review and analysis; DATAQ Instruments data acquisition
software capable of fast and accurate data acquisition, while
operating synchronously with the MITS Pro software; and a
current shunt in order to measure the DLC current during the
HESS experiments.

The following signals were measured: battery current Ipyy,
DLC current Iqic, overall HESS current liora, HESS voltage
(which is same as Vpaw and Vyic), surface temperature of
the battery Tpan, and surface temperature of the DLC Tyi.
Sections IV-A-IV-C discuss the identification of the parame-
ters for the PbA battery model, the DLC model, and the
HESS model.

A. PbA Battery Model Identification

The technical specifications of the 12 V, 120-Ah Armasafe
Plus HASP-FT/6TAGM PbA battery are summarized in
Table I, and further information can be obtained from [34].
All tests performed to understand the behavior of the battery
and identify its model parameters were performed at ambient
temperature of 23 °C £ 0.2 °C. Capacity tests were conducted
at different current rates, and prior to each capacity test; the
battery was fully charged and allowed to rest for a period
of 8 h.

The Peukert curve for the PbA battery was determined on
the basis of the results of the capacity tests in discharge, and
is schematically represented in Fig. 6.

A pulse characterization test was specifically designed to
characterize the dynamic performance of the PbA battery and
identify its electrical parameters. Prior to the test, the battery
was fully charged and allowed to rest for 8 h. The battery
was then discharged from 100% SOC to 20% SOC, with
discharging and charging pulse events performed at every 10%
SOC discharge variation, i.e., at 100% SOC and 90% SOC.
The current profile for the pulse discharge test is shown
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Fig. 7. PbA battery pulse characterization test current profile.
TABLE II
IDENTIFIED PbA BATTERY PARAMETERS
SOC R Ry Ry | Roa Coc Coa
Q)] (V)] (V) (V) )] ¥) (F

100 % | 0.0600 | 0.0023 | 0.0080 | 0.0046 730 1300
90 % | 0.0070 | 0.0060 | 0.0060 & 0.0035 1000 1714
80 % | 0.0062 | 0.0055 | 0.0055 | 0.0032 1054 1875
70 % | 0.0056 | 0.0049 | 0.0051 | 0.0025 1137 2160
60 % | 0.0056 | 0.0053 | 0.0050 | 0.0027 1200 2222
50% | 0.0062 | 0.0050 | 0.0048 | 0.0022 1250 2636
40 % | 0.0062 | 0.0057 | 0.0042 | 0.0023 1381 2435
30% | 0.0049 | 0.0053 | 0.0045 | 0.0023 1333 2435
20 % | 0.0070 | 0.0068 | 0.0048 | 0.0022 1917 2636

in Fig. 7. A total of six (6) parameters were identified, namely,
Oaw = [Rex, Rax, Ro.c*» Ro.a» Coc*> Coax1” .

Subscripts ¢* and d*, respectively, correspond to values iden-
tified during charging and discharging pulse events.

The open-circuit voltage (OCV) of the PbA battery Ey was
determined by performing a 0.025 C-rate discharge. This
discharge rate is low enough to make the approximation of
measured Vpa With Eg reasonable. The battery dynamics
were represented using a first-order electrical model. The
initial estimates for the model parameters were determined at
incremental battery SOC levels using graphical method. The
parameter values were then identified through an optimization-
based identification routine [36] with the objective to minimize
the root-mean-square (rms) error between the experimental
data and simulated voltage response signals. The final rms
error resulting from this paper was 0.0565 V. Fig. 8 schemati-
cally represents the result of this parameter identification study.

The identified PbA battery parameter values are summarized
in Table II.

B. DLC Model Identification

The technical specifications of the 2.70-V, 1500-F
BCAP1500 DLCs used in this paper are summarized in
Table III, and further information can be obtained from [35].
The DLC model parameters were identified using data
obtained from the HESS experiments. Similar to the PbA bat-
tery, the optimal DLC electrical model parameters were
obtained by minimizing the rms error between the experimen-
tal and simulated voltage response. The same approach was
implemented to identify the DLC thermal model parameters.

TABLE III
DLC SPECIFICATIONS

Maxwell BCAP1500 P270 Ultracapacitor
Rated Capacitance 1,500 F
Rated Voltage 270V
Equivalent Series Resistance | 0.47 mQ
Maximum Peak Current 1150 A
« Operating Temperature -40°C to +65°C
Projected Cycle Life 10° Cycles
Energy Density 5.4 Wh/kg
Power Density 6,600 W/kg
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Fig. 8. Comparison of model and experimental voltage of the PbA battery.

100

DLC Current[A]
o

1 L L

0 5 10 15 20
Time[min]

Fig. 9. Measured DLC current during the HESS experiment.

Fig. 9 presents the DLC current profile, and Fig. 10 compares
the experimentally measured DLC voltage with the model-
predicted voltage response. The final rms error resulting from
this identification study was 0.0738 V. The final vector of
identified parameters of the DLC model is

OpLc = [Rf, Ra, Cf, Ca, mcaic, hAaic]”
= [0.0008165, 1.35, 1408.29, 109.74, 852.33, 0.32]T.

C. HESS Model

The HESS is developed by combining the PbA battery in
parallel with a module of six (6) supercapacitors connected in
series with one another. While a new and fully charged PbA
battery has an OCV of 13 V, the fully charged DLC series
system has an overall voltage of 16.2 V. Prior to combining
the PbA battery with the DLC system, the PbA battery was
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Fig. 10. Comparison of experimental and simulated DLC voltage.
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Fig. 11. Start and stop experimental current profile used for the HESS.

discharged to 90% SOC and the DLC system voltage was
set to 100 mV lower than the OCV of the PbA battery
at 90% SOC. This is done in order to ensure safe and reliable
operation of the DLC system by preventing an over-voltage
situation with respect to the battery.

The HESS model is developed by combining the electrical
models and thermal models of the PbA battery and DLC
systems. The current profile implemented to simulate the
start and stop technology application is presented in Fig. 14.
Electrical and thermal parameters were identified for the
PbA battery using current, voltage, and temperature measure-
ments from the HESS experiments.

The start and stop current profile used to excite the HESS
in Fig. 11 consisted of 30 repetitions of the following
cycle:

Step 1: 60 s of discharge at 45 A;

Step 2: 3 s of discharge at 100 A;

Step 3: 60 s of charge at 50 A.

Step 1 is a representation of the current from the battery during
nominal operation; Step 2 represents the peak cranking current
required to start the engine; and Step 3 represents the current
supplied back to the battery to bring it back to its SOC at the
initial stage of the cycle. The comparison of the experimental
and simulated HESS voltage is shown in Fig. 12. The vector
of electrical and thermal parameter values used in the HESS
model is: Oygss = [Ry, Ry, Cr, Cq, mcaic, hAa, . . .

Re+, Ry, Ro.c+, Ro.a+, Co.c> Co.a» MCharts hAbare]”
= [0.0008165, 1.35, 1408.29, 109.74, 852.33,0.32, ...

0.0071, 0.0060, 0.0263, 0.0053, 1294.9, 3201.5,
62430, 19.89]7 .

The rms error between the experimental and the HESS model-
predicted voltage response is 0.0357 V. Section V presents
the validation of a novel estimation scheme using the HESS
electrical-thermal model developed in this section.
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Fig. 12.  Comparison of experimental and simulated HESS voltage response
for the optimized parameters at 90% SOC.

V. ESTIMATION SCHEME VALIDATION

In this section, we validate the effectiveness of the proposed
estimation scheme. First, we evaluate the performance of the
scheme using simulation studies, where the observers use the
“outputs” from the simulation “plant model.” This scenario
indicates ideal conditions with no modeling and measurement
uncertainties. Next, we evaluate the performance of the scheme
using the experimental data, where the observers use the
“outputs” from the experimental data which captures the
modeling and measurement uncertainties. Note that, unlike
“minutes” in the model identification section, we report the
convergence times of the estimated variables in seconds as
they are easier to view in that time scale.

A. Validation Using Simulation Data

In this section, the effectiveness of the proposed estimation
scheme is evaluated via simulation studies. The HESS plant
model is implemented in MATLAB/Simulink platform with
the parameters identified in Section IV. The current profile
applied to HESS and individual battery and DLC current
responses are shown in Fig. 13. Furthermore, Fig. 13 also
shows the HESS voltage response from the model, and
battery and DLC temperature responses from the model.
The Observer I and Observer IV, which are based on the
temperature dynamics, are initialized with correct initial tem-
perature as we assume the temperature measurements are
available. The other observers in the estimation scheme are
initialized with different initial conditions than the HESS
plant to evaluate the convergence of the estimated variables.
Furthermore, a zero mean white Gaussian noise with 5 mV
and 0.3 °C standard deviation is added to the measured
voltages and temperatures, respectively. Fig. 14 illustrates the
estimation performance on the DLC variables. As can be seen
from Fig. 14, the estimation scheme is able to estimate the
internal resistance and capacitance, and the internal voltage
across the capacitance with sufficient accuracy. The estimates
of the internal resistance, capacitance, and internal voltage
converge to the actual value within 530, 650, and 4 s.
Fig. 15 shows the estimation performance on the battery
variables. Similar to the DLC variables, the estimation scheme
is able to estimate the battery internal resistance, capacity, and
SOC with reasonable accuracy. The estimates of the internal
resistance, capacity, and SOC converge to their true value
within 250, 2000, and 300 s, respectively.

Remark 9: As analyzed in [33], capacity estimation accuracy
depends on three factors: 1) the slope of the OCV versus
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Fig. 14.  Actual and estimated variables of DLC. “Actual” denotes the

parameter values in the model, and “estimated” denotes the variable estimated
by the proposed estimation scheme when the model output (and not the
experimental measured output) is fed to the observer.

SOC curve; 2) the length of SOC swing; and 3) the level
(mean and variance) of the voltage measurement noise. The
PbA battery used in this paper has a steeper slope in the
10%-90% SOC region than that of lithium iron phosphate

11
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Fig. 15. Actual and estimated variables of PbA battery. “Actual” denotes

the parameter values in the model, and “estimated” denotes the variables
estimated by the proposed estimation scheme when the model output (and
not the experimental measured output) is fed to the observer.

and lithium nickel manganese cobalt oxide Li-ion chemistries
discussed in [33]. Furthermore, a 5-mV standard deviation in
voltage measurement noise was assumed as opposed to the 10-
mV standard deviation used in [33]. Because of these factors,
the capacity estimation in our case has converged to its real
value within 5% of SOC swing. In summary, steeper OCV-
SOC curve and lesser standard deviation of measurement noise
enable capacity estimation to converge within a smaller SOC
swing.

B. Validation Using Experimental Data

In this section, the effectiveness of the proposed estima-
tion scheme is evaluated using the experimental data. The
current profile applied to HESS and individual battery and
DLC current responses are shown in Fig. 16. Furthermore,
Fig. 16 also shows the experimental HESS voltage response,
and the experimental battery and DLC temperature responses.
The experimental voltage, current, and temperature are fed to
the observers as feedback signals in the estimation scheme.

Fig. 17 illustrates the estimation performance regarding the
DLC variables. As can be seen from Fig. 17, the estimation
scheme is able to estimate the internal resistance and capac-
itance, and the internal voltage across the capacitance with
reasonable accuracy. The estimates of the internal resistance,
capacitance, and internal voltage converge to the actual value
within 550, 570, and 400 s. The steady-state errors in esti-
mation of the internal resistance, capacitance, and internal
voltage stay within the 20%, 10%, and 40-mV band. Note
that the internal resistance estimation error is quite high. This
performance degradation can be attributed to two possible
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parameter values in the model, and and “estimated” denotes the variable
estimated by the proposed estimation scheme when experimental data are
used to feed the observer.

issues: 1) the sensitivity of the sliding mode to sensor inaccu-
racies and 2) the uncertainties in the DLC thermal model.
As the DLC thermal model is utilized to estimate
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DLC internal resistance, the estimate is corrupted by thermal
model uncertainties, as shown after (61) where the uncertainty
is denoted by the term #7,. This particular result points out
one of the limitations of the proposed scheme. As future
extension of the scheme, further investigations are necessary
in order to reduce the effect of such uncertainties and sensor
noise. Fig. 18 shows the estimation performance regarding the
battery variables. Similar to the DLC variables, the estimation
scheme is able to estimate the battery internal resistance,
capacity, and SOC with reasonable accuracy. The estimates of
the internal resistance and SOC converge to their true values
within 220 and 380 s, respectively. The steady-state errors
in estimating the internal resistance and SOC stay within the
10% and 2% band.

Remark 10: Note that for the battery, the capacity could
not be estimated. This is due to the particular current profile
chosen, for which the SOC stays almost constant. (From
Fig. 18, one can see that SOC is approximately constant
around 90%). As the SOC does not change, the dynamic
equation of the SOC becomes 0 = —(lpa/Q) (with
SOC = 0). Therefore, it was not possible to reconstruct
the capacity Q using this equation. Essentially, there is
not enough/persistent excitation in the SOC dynamics which
affects the estimation capability of the scheme. In contrast,
the SOC in the simulation studies is not constant, and the
SOC swing is 90%—77% during the simulation time (as shown
in Fig. 15). This SOC swing provides sufficient excitation
in SOC dynamics, and hence the proposed scheme was able
to estimate capacity accurately. This confirms the previous
finding in [33] that accurate capacity estimation is only pos-
sible under sufficient SOC swing.

VI. CONCLUSION

In this paper, a multiobserver-based estimation scheme is
presented for combined state and parameter estimation of
battery-DLC HESS. The scheme consists of two separate
battery and DLC state—parameter estimators based on the
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sliding mode methods. Each estimator consists of a cascaded

obse

rver-based structure that utilizes the coupled electrical—

thermal dynamics of battery and DLC. The effectiveness of
the scheme is tested via simulation and experimental studies.
In the experimental studies, the steady-state estimation errors
of the DLC internal resistance, capacitance, and internal
voltage stays within the 20%, 10%, and 40-mV band. For the
battery, steady-state estimation errors of the internal resistance

and

SOC stay within the 10% and 2% band.

We conclude this paper with the following remarks.

1y

2)

3)

4)

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

The scheme exploits the battery/DLC electrical-thermal
coupling to decompose the overall estimation problem
into two coupled subproblems. This framework can be
extended to other applications with coupled systems.

A limitation of the proposed scheme is that the per-
formance degrades under high level of voltage mea-
surement noise and thermal model uncertainty. One
potential option to mitigate the effect of thermal model
uncertainty is to utilize a more accurate thermal model,
e.g., two-state thermal model in [23].

The identifiability of the parameters depends on suf-
ficient excitation of current input to the battery and
DLC, which is in line with [33]. Specifically, suffi-
cient SOC swing is necessary for successful capacity
estimation.

Finally, future extensions of the scheme could include
the following studies:

a) extension to nonlinear battery and DLC models
where the model parameters depend on the system
states, e.g., temperature and SOC;

b) robustness with respect to voltage measurement
noise.
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