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ABSTRACT

Start-stop, aka engine-stop or idle-stop, technologies are increasingly being applied to automotive vehicles to increase
fuel economy. Start-stop vehicles turn off the engine during periods of zero speed and/or during prolonged coast down.
During engine-stop, the vehicle electronics are powered solely by the battery. To replenish the battery, the battery needs to
be recharged. In typical ICE vehicles, the battery is continuously charged. However, fuel economies can be improved if
strategic charging of the battery can be achieved through selective charging through the alternator or through regenerative
braking. To optimize fuel economy, an accurate estimation of the battery state of charge (SOC) during vehicle operation is
required. Although state of charge estimation has mainly focused on Li-ion batteries, lead-acid batteries may be used
successfully in start-stop applications. However, SOC estimation for lead-acid batteries is particularly difficult due to side
reactions and losses during charging, particularly at high SOC. This is a highly nonlinear function and requires special
attention. To estimate the battery SOC, an equivalent-circuit lead-acid battery model is used to simulate the battery
dynamics. This model incorporates losses associated with top charging which can affect the battery SOC estimation. In
addition, parameter estimation techniques are utilized to identify the dynamic model parameters. Through this research, an
online adaptive battery model can be used to estimate the lead-acid battery state of charge for start-stop applications, where
the charging patterns may affect the SOC estimation.
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Power. 2(1):2013, doi:10.4271/2013-01-1532.

INTRODUCTION this mode, the alternator is turned off so that the total engine
power is applied to traction. During passive boost, the battery
continues to supply electrical energy to the vehicle.
Additionally, the battery can improve fuel economy by
recovering brake energy. Coupled to a generator, the negative
torque generated from braking or coast-down events can be
used to slow down the vehicle and generate electrical energy
which can be stored in the battery. This energy offsets the
energy that would have been supplied through the alternator
and further reduces the vehicle's fuel consumption. These
additional battery functions require improved battery
performance and monitoring to ensure proper battery
operation, life, and safety.

In this paper, a battery model and algorithm are developed
to simulate the battery dynamics under charge and discharge
within a start-stop vehicle. The model and algorithm work to
provide critical battery information such as battery state of
charge. The remainder of this paper will describe the lead-
acid battery model, the algorithm used to estimate the battery
SOC, and examples of SOC estimation from a Federal Test
Protocol (FTP-75) drive cycle for a start-stop vehicle.
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Traditional use of the lead-acid battery has been limited to
SLI (Starting Lighting Ignition) functions. In addition, the
alternator is continuously run to maintain battery state of
charge (SOC) near 100% and the battery is constrained to a
very shallow depth of discharge (DoD). However, with
increasing vehicle electrification and efforts to improve the
vehicle fuel efficiency, new requirements and accessory loads
will significantly increase demands on the 12V battery.

In addition to traditional SLI functions, the battery must
be able to provide and stabilize the electrical load required for
additional electronics in the vehicle. This can include
Bluetooth, GPS, DVD, Radio, etc which all utilize electrical
energy supplied by the alternator and battery. Also, the
battery has taken on additional functions to improve the
vehicle fuel economy.

Specifically, in start-stop applications, the battery is used
to maintain vehicle electronics during vehicle stop and then is
used to restart the engine. This helps to reduce fuel
consumption during idle. The battery can also be used to
support vehicle electronics during passive boost operation. In
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EXPERIMENTAL SETUP
Battery Dynamics and Modeling

Lead-acid batteries are relatively simple in design but
involve complex dynamics. The battery design is composed
of an anode, cathode, separator, and electrolyte. At full
charge, the anode is composed of lead, Pb, while the cathode
is composed of lead dioxide, PbO,, as seen in Figure 1(a).
Under discharge, the anode and cathode undergo chemical
reactions to produce PbSO4 and, most importantly, free
electrons which are able to produce electrical energy. At full
discharge, the anode and cathode become PbSOy, as seen in
Figure 1(b). During charging, external electrical energy
converts the PbSOy4 back into Pb and PbO, in the anode and

cathode, respectively. The reactions are described below.

PbO; HSO4(aq) | 32'2‘(")"4 |
a) b)

Figure 1. Anode and cathode composition under a) fully
charged and b) fully discharged conditions.

Under discharge:
Negative plate reaction:

Pb(s) + HSO, (aq) — PbSOL(s) + H'(aq) + 2¢
Positive plate reaction:

PbO,(s) + HSO, (aq) + 3H'(aq) + 2¢” — PbSOy(s) +
2H,0()

Under Charge:
Negative plate reaction:

PbSO,(s) + H+(aq) + 2" — Pb(s) + HSO,™ (aq)

Positive plate reaction:

PbSOL(s) + 2H,0(I) — PbOs(s) + HSO,(aq) +
3H"(aq) + 2¢

Ideally, all the reactions above would occur and there
would be 100% Coulombic efficiency, in which all the
electrons would participate and perform useful work in the
process. However, in practice, this is not the case. There are
side reactions, inefficiencies, and nonlinear dynamics that are
associated with the battery charge and discharge. Although
the bulk electrical characteristics are observable during
charge and discharge, understanding and simulating the
battery dynamics can be fairly complex.

Computational simulation of the battery is conducted by
generating a representative model of the battery dynamics.
There are 3 general classifications of battery models: 1)
Heuristic Model, 2) Electro-chemical Model, and 3)
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Equivalent Circuit Model. Heuristic models are data-based
models which fit a mathematical model to a dataset. These
models are not usually based on fundamental physics but can
provide an efficient method to simulate battery dynamics
within specific operation limits. Electro-chemical models
utilize the fundamental chemical reactions to determine
battery dynamics. These models utilize the governing
equations which describe the reactions, reaction rates, species
conservation, etc. Electro-chemical models are
computationally intensive but can provide very accurate
results. Equivalent circuit models provide an intermediate
model which utilizes the bulk properties of the battery to
simulate the battery dynamics. Equivalent circuit models
provide a valuable tradeoff in terms of functionality and
accuracy. Equivalent circuit models apply real battery data
and simulate the battery based on fundamental dynamics but
avoids the tightly coupled multi-dimensional analysis
associated with electrochemical models.

From an electrical perspective, the battery can be
represented as an electrical device with a source, resistances,
and capacitance. Linear and nonlinear battery dynamics such
as Ohmic polarization, charge-transfer, diffusion, etc can be
represented by combinations of capacitors and resistance in
series/parallel configurations. In addition, side reactions, such
as gassing, can be captured represented in this model.
reactions need to be represented. Gassing reactions refer to
the electrolysis of water during charging. Under charge, near
high SOC, lead-acid batteries experience gassing reactions
which involve the dissociation of water molecules which
reduces the Coulombic efficiency of the battery. Figure 2
shows the gassing reaction where water molecules split to
form hydrogen gas in the cathode and oxygen in the anode.
These reactions consume electrons, which would otherwise
be used to charge the battery, and reduces the Coulombic
efficiency.

Cathode

Electrolyte

Power
Source

Anode

Figure 2. Water electrolysis under charging conditions.

This is particularly important since lead-acid batteries are
typically top-charged to reach full SOC [7]. When the battery
is top-charged, the gassing reaction increases with SOC.
After 100% SOC, all of the energy goes towards the gassing
reaction and the Coulombic efficiency reduces to zero. For
vehicle fuel economy, this represents wasted energy. The
gassing reaction rate also is dependent on the charging
voltage. Typically lead-acid batteries begin gassing at
~2.35V/cell or 14.1V. Charging at voltages higher than this
will increase the gassing reaction rate. In addition, oxygen

evolution contributes to the corr%cﬂ rﬁeﬁfg

Document Sharing Hub


http://www.avadocuments.com/doc/sae-2013-01-1532
http://www.avadocuments.com/doc/sae-2013-01-1532

174 Le et al / SAE Int. J. Alt. Power. / Volume 2, Issue 1(May 2013)

Therefore, it is important to represent the gassing reactions to
have more accurate estimates of the battery SOC and control
side reactions.

One method to relate the gassing current to the voltage is
through an expression similar to the Tafel equation. The Tafel
equation relates the rate of electrochemical reactions to the
voltage. This provides an expression that can relate the
battery current and voltage based on fundamental reaction
rates, as shown in Eq. (1). Equation (2) is based on the Tafel
and used in this work to calculate the gassing current.

i = nFkexp(anF AV/RT)

(1)
- Vg 0
Iy = Vg Gyoexp /Vgo + Aq (1 - /Gf)

2)
The model used in this work incorporates linear and
nonlinear electrical components to characterize the battery
dynamics, as shown in Figure 3. The open-circuit voltage,
OCV, is represented by a voltage source. The bulk resistances
are captured by the linear resistance component. The
nonlinear dynamics such as charge-transfer, double layer
capacitance, and diffusion dynamics are lumped together
using an RC component. Improvements to this model can
separate the diffusion dynamics using a separate component.
This would allow the time constants associated with each
dynamic to be better represented. For simplicity, the
nonlinear dynamics are lumped together and with a combined
time constant. This is justified since it will still allow
separation between linear and nonlinear dynamics in the
system. Since the primary objective is to determine the
battery SOC/OCV, this model will be sufficient. The gassing
branch, Vg, simulates the losses associated with the gassing
reactions. The charging current to the battery is split between
the gassing branch, Ly, and the main branch, I,. The
relationship of main and gassing current to the terminal
current, I, is given in Eq. (3). The losses due to gassing
increases if the charging voltage is near or above the gassing
voltage and if the battery SOC is very high. The battery
terminal voltage is given by (4). The time-discrete
representation of the RC voltage is given by (5). This model
provides an efficient method to simulate the battery while
incorporating sufficient details for accuracy.

R

Figure 3. Lead-acid equivalent circuit model.
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I=Ip+ I
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V(K) = 0CV(K) + L (R (K) + Vy (k)
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Vi) = Vi (k= Dexp (T )
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)

Battery States and Parameters

Although battery models may capture the relative
dynamics of the battery, the parameters and internal states of
the battery vary dynamically. For example, the battery
capacity varies with the battery load. Depending on the
charge and discharge rates, the battery capacity will vary due
to the limitations of the dissolution and precipitation
processes. To give another example, the internal resistance is
dependent on temp and SOC. At lower temperatures, the
mobility of the ions throughout the material is lowered which
results in a higher impedance values. The internal resistance
is also a function of the battery SOC. As the battery is
discharged to lower SOC levels, large lead-sulfate crystals
form and increase the internal resistance of the battery. With
limited sensing capabilities of the battery, advanced
estimation and control algorithms are required to monitor and
control the battery states.

State of charge and state of health (SOH) are important
metrics which identify critical battery states. Battery SOC
refers to the remaining charge available in the battery relative
to the battery capacity. Battery SOH refers to the ability of
the battery to safely and reliably store and deliver energy.

State of charge

Proper monitoring of the battery states has a direct
implication on the battery performance, safety, and life.
Battery SOC has direct implications on the battery
regeneration and discharge ability. If the battery SOC is too
low, the battery power may not be sufficient to provide the
electrical power needed to sustain cranking capabilities,
support boost, or maintain the electrical load for devices in
the vehicle. However, if the battery SOC is too high, energy
from regenerative braking will not be fully captured. It is
important to maintain the proper operational SOC required
for vehicle operation and optimize vehicle fuel efficiency. A
simple method to calculate battery SOC is given by Eq. (6),
commonly referred to as Coulomb counting.

SOC = S0C, + nfldt/Capacity
(6)

However, even with such a simple equation, there are
significant sources of error that can contribute to SOC error.

If current integration is used to estim@%ulm@ﬁtigl
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