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a vehicle, also called battery crankability. A fractional order model obtained by system
identification is used to estimate the crankability of lead-acid batteries. Fractional order
modelling permits an accurate simulation of the battery electrical behaviour with a low
number of parameters. It is demonstrated that battery available power is correlated to
the battery crankability and its resistance. Moreover, the high-frequency gain of the frac-
tional model can be used to evaluate the battery resistance. Then, a battery crankability

PACS:
02.30.Yy Control theory
82.47.Cb Lead-acid battery

89.40.Bb Land transportation estimator using the battery resistance is proposed. Finally, this technique is validated with
various battery experimental data measured on test rigs and vehicles.
Keywords: © 2009 Elsevier B.V. All rights reserved.
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1. Introduction

More and more drastic automobile pollution norms and oil price increase lead car manufacturers to design new vehicles
(stop and start, hybrid, or electric). The underlying idea is to reduce exhaust emissions in the built-up areas, either by stop-
ping motor when the vehicle is not moving or by a substitution of fossil fuel by electric fuel.

To keep these new vehicles in good working order, car manufacturers must integrate a reliable electrical energy storage
management in their vehicles. For electrical energy storage, various batteries, fuel cells and supercapacitors are actually
studied. For the electrical energy management, State Of Charge (SOC), State Of Health (SOH) and also State Of Function
(SOF) estimators of the storage system must be designed.

Many reliable battery state estimators were proposed all over the world. Most of them deal with SOC estimation exclu-
sively [1,2]. The interested reader can consult [3] for a presentation of some methods and [4] for a specific application to
battery monitoring in future vehicles. Nevertheless, a reliable battery monitoring system design remains a difficult task be-
cause on one hand, the estimator must have all the following advantages:

e good estimation accuracy,
e real-time working,
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e immediate estimation,
e robustness to operating conditions.

On the other hand, a battery is a complex electrochemical system whose behaviour is:

e non-linear in relation to a current input signal,
e sensitive to temperature and age,
¢ with long memory due to diffusion phenomena.

In this paper, only lead acid batteries are studied because they are the most widely used in cars. However, the SOF esti-
mator proposed could be easily extended to other battery types. This method is based on system identification by a fractional
order model of the battery behaviour. Fractional behaviour of lead-acid batteries has been demonstrated for a long time by
chemists but only few existing estimation methods take into account this behaviour. Such a situation can surely be explained
by the lack of tools for fractional systems analysis and modelling until fifteen years ago. These tools now exist [5-7]. In sys-
tem identification field, several methods were created [8,9] and permit now to take into account systems that exhibit long
memory phenomena (diffusion processes). Interest of these methods is the computation of low order (and thus low param-
eter number) models. This property is used in this paper for the lead-acid batteries behaviour modelling. Given the small
number of parameters in the obtained model, a simple and efficient estimation method can be designed. The proposed meth-
od is particularly attractive for SOF estimation when the vehicle starts. It takes into account operating temperature changes
and the long relaxation time of the battery. The high current level (about 1 kA), supplied by the battery to the starter, is espe-
cially used to provide information on the battery power availability and consequently the battery crankability.

Fractional differentiation has found numerous applications in fields like physics [20], finance [24], chemistry [23], bioen-
gineering [21]. This paper is thus a new application in engineering [22] and is organized as follow. Section 2 shows that a
vehicle cracking is an interesting operating phase to evaluate the battery resistance or its lack of power. Section 3 highlights
the fractional order behaviour of a lead-acid battery and presents the fractional order model used to characterize this behav-
iour. System identification method implemented in the SOF estimation method is described in Section 4. The identification
method is then applied to signals recorded during a vehicle cranking. The battery resistance and crankability estimation
method are detailed in Section 5.

2. Interest in vehicle cranking signals

It is no longer possible to provide battery monitoring systems without taking into account the ageing. In practice, such
systems would not be reliable during all the battery service life. In electrochemistry, the battery ageing can be defined as
an irreversible degradation process of its performances due to various phenomena (sulphating, corrosion, loss of active mate-
rial ...) resulting in the battery use. In the automobile industry, the battery ageing can also be defined as a gradual and irre-
versible incapacity to supply energy and power required for the vehicle functions.

The battery breakdowns mostly occurred during the coldest months of the year, because the battery is less powerful at
low temperature. If the vehicle does not start and if it is really due to the battery, two situations can take place:

1 - the battery is discharged, then a recharge is enough,
2 - the battery is dead, a replacement is required.

Battery breakdowns are expensive not only for the customers but also for the car manufacturers during the warranty per-
iod. As a result, a reliable battery state estimator is important for both customers and car manufacturers to discriminate, for
instance, the previous situations 1 and 2.

A good way to achieve this goal is to analyze in details the cranking function, because this is the most important function
in the vehicle. The notion of crankability can be defined as the battery capability to start the vehicle engine.

Current and voltage signals of Fig. 1 have been recorded on a cranking vehicle. The duration of each voltage and current
signals arcs is equal to half an engine revolution. It is a consequence of the four-stroke cycle (during two revolutions of the
crankshaft) operating in car combustion engines.

The cranking produces a low discharge of the battery. The capacity of the battery used to produce signals in Fig. 1 is equal
to 60Ah or 216,000C (1Ah = 3600C), which greatly exceeds the 300C required to start the engine (example in Fig. 1). On the
other hand, the cranking needs a very high power, exceeding several kilowatts (Fig. 2). The vehicle cranking thus provides
interesting information on the battery available power without modifying its state.

Also, the resistance of a new battery is approximately equal to 5 mQ. Thus, a 9 A pulse will produce (about) a 45 mV bat-
tery voltage variation, compared to 4,5 V for a 900 A pulse. Obviously, the higher the current, the easier and more accurate
the resistance measurement (better signal-to-noise ratio).

Moreover, a battery resistance estimation method based on cranking is not expensive, because there is no need to apply a
special signal to the battery (generated by an additional device). Such an analysis permits to conclude that the cranking is a
really interesting vehicle operating phase to estimate the battery resistance.
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