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ABSTRACT

With fuel efficiency becoming an increasingly critical aspect of internal combustion engine (ICE) vehicles, the necessity for research
on efficient generation of electric energy has been growing. An energy management (EM) system controls the generation of electric
energy using an alternator. This paper presents a strategy for the EM using a control mode switch (CMS) of the alternator for the (ICE)
vehicles. This EM recovers the vehicle’s residual kinetic energy to improve the fuel efficiency. The residual kinetic energy occurs when

a driver manipulates a vehicle to decelerate. The residual energy is commonly wasted as heat energy of the brake. In such

circumstances, the wasted energy can be converted to electric energy by operating an alternator. This conversion can reduce additional

fuel consumption. For extended application of the energy conversion, the future duration time of the residual power is exploited. The

duration time is derived from the vehicle’s future speed profile. The future speed profile is non-deterministic in real driving

environment. Therefore, the proposed EM applies a Markov chain model to stochastically predict the vehicle’s speed. Based on the

predicted duration time of the residual power, a rule-based mode switching strategy is established. There are three types of control

modes defined according to the target amount of battery charge. The proposed strategy of this paper was validated through simulation,

and simulation results show an improvement in fuel efficiency compared to the results of a conventional EM.

CITATION: Kim, H., Shin, J., and Sunwoo, M., "A Predictive Energy Management Strategy Using a Rule-Based Mode Switch for Internal
Combustion Engine (ICE) Vehicles," SAE Int. J. Engines 10(2):2017, doi:10.4271/2017-01-0584.

INTRODUCTION

The demand for electric power consistently increases as the number
of electric components in the ICE vehicles grows [1]. In the ICE
vehicles, an alternator is mechanically attached to the engine and
rotates with a crankshaft by a pulley. The alternator generates electric
energy through rotational motion of the crankshaft. In this process,
the operation of the alternator affects the operating point of the
engine [2]. In effect, this causes an increase in fuel consumption
when supplying the electric energy for electric power systems.
Therefore, research on an EM system that can limit the associated
fuel consumption is necessary.

In order to improve the fuel economy, residual kinetic energy is used
in this paper. The residual energy occurs when a vehicle decelerates
and is usually consumed by brake force or friction. The wasted
energy can be recycled to generate electric energy. Several systems
have been developed to exploit residual energy, such as the kinetic
energy recovery system (KERS) [3], [4] and hybrid electric vehicles
(HEVs). For example, in a Formula One racing car, the Flywheel
KERS has been applied [3]. In this system, a flywheel stores the
kinetic energy as rotational energy from a driveshaft. For reuse of the
kinetic energy, the KERS generally uses additional components as a
low-friction flywheel. In the case of HEVs, a regenerative brake
system has been installed [5], [6]. It converts the heat energy of
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brakes into electric power. The additional devices are also installed to
the HEVs, as an electric motor is equipped for conversion and
recovery of the electric energy.

This paper presents an EM strategy which can improve fuel economy
without additional equipment for ICE vehicles. The EM strategy
switches the control mode of the alternator according to predefined
rules. The rules are based on the future duration time of the residual
engine power. Electric energy production is varied along the control
mode to reduce fuel consumption.

The proposed EM strategy progresses in two main stages. In the first
stage, the future vehicle speed is predicted based on the Markov
chain model that is derived from the driving database. The predicted
speed is then used to estimate the future duration time of the residual
engine power. In the second stage, an alternator control mode switch
is operated based on the results of the first stage. There are three main
modes for the switch: normal charge mode, high-rate charge mode,
and low-rate charge mode. In the normal charge mode, the alternator
operates in the same manner as it would in a conventional system.
When there is residual engine power, the mode is switched to the
high-rate charge mode. In this mode, the amount of electric power
generation increases. Lastly, the low-rate charge mode is activated
when the generation of residual energy is estimated in the near future.
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In this mode, the alternator supplies minimum operating capacity.
This strategy allows for the effective usage of residual power, and as
a result, it reduces additional fuel consumption.

The remainder of this paper is organized as follows: Section II gives
an overview of the EM system along with its system architecture.
Then, Section III presents the stochastic prediction model for vehicle
driving information. In Section IV, an EM using a rule-based mode
switch is explained. In Section V, simulation results are presented.
Finally, in Section VI, the conclusion is given.
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Figure 1. System architecture of the energy management strategy

ENERGY MANAGEMENT STRATEGY

System Overview

The proposed EM strategy is applied to the electric system of
conventional ICE vehicles. In the target electric system, the alternator
is controlled by a negative feedback controller using SOC value as a
reference input. The proposed strategy provides a variable SOC
setpoint to the feedback controller of the alternator.

As shown in Fig. 1, this EM consists of two sub-systems: a stochastic
prediction system and a control mode switch. First, the prediction
system estimates future duration time of the residual engine power
based on input of current vehicle measurements. The prediction is
based on a Markov chain model that is one of the representative
stochastic models. Then, the control mode of the alternator is switched
based on predefined switching rules. The rule determines the control
mode according to the predicted information and the SOC of the
battery. As the control mode switches, the set-point of the SOC changes
as well. Finally, the error between the SOC set-point and current SOC
values are used by the feedback controller of the alternator.

PREDICTION OF RESIDUAL ENGINE POWER

Relationship between Vehicle Speed and Residual
Kinetic Energy

As mentioned in the previous section, the prediction system aims to
estimate the future duration time of residual kinetic energy. However,
it is difficult to predict the residual energy directly. Therefore, we
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used vehicle speed to predict the occurrence of residual energy.
Correlation between the vehicle speed and the residual kinetic energy
is shown in Fig. 2. It is observed that the residual power occurs when
the vehicle decelerates. However, the deceleration does not always
result in the residual power as shown in Fig. 2(c). Therefore, we
applied a threshold for the magnitude of vehicle deceleration to
distinguish the driver’s demand. The threshold value was determined
empirically. Consequently, the residual power is indicated by the
value of vehicle acceleration under the threshold.
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Figure 2. The relationship between vehicle speed and residual engine power:
(a) vehicle speed profile, (b) acceleration profile, and (c) indicators of residual
power (solid line) and negative acceleration (dotted line)

Markov Chain Model

In real driving, the prediction of vehicle speed is not deterministic,
since the behavior of a vehicle is determined by the driver as well as
various driving environment factors [7]. To model a non-deterministic
system, a stochastic approach is used. In this paper, a Markov chain
model is applied for prediction. This Markov chain model is based on
an interval encoding method and multivariate Markov chain [8], [9].

We defined the state space X and partitioned it into a finite set with
equal intervals. Each interval is assigned to Markov state % j, which is
the midpoint of the interval. With * j and predefined transition

probabilities T a deterministic next state x*Bﬁécmﬁ ents
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