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Dual-loop online intelligent programming for driver-oriented predict energy
management of plug-in hybrid electric vehicles

Ji Li, Quan Zhou, Yinglong He, Bin Shuai, Ziyang Li, Huw Williams, Hongming Xu⁎

Department of Mechanical Engineering, School of Engineering, University of Birmingham, B15 2TT, UK

H I G H L I G H T S

• Dual-loop online intelligent programming is proposed for HEV energy management.

• Deep fuzzy predictor is created for speed forecast via fuzzy granulation technology.

• The optimized predictive control strategy is validated by a driver-in-the-loop test.

• Up to 9% total energy can be saved by the proposed algorithm over real-world driving.

A R T I C L E I N F O
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A B S T R A C T

This paper investigates an online predictive control strategy for series-parallel plug-in hybrid electric vehicles
(PHEVs), resulting in a novel online optimization methodology named the dual-loop online intelligent pro-
gramming (DOIP) that is proposed for velocity prediction and energy-flow control. By reconsidering the change
of driving behaviours at each look-ahead step, this methodology guarantees the effectiveness of optimal control
sequence in the energy-saving efficiency of online predictive energy management. The design procedure starts
with the simulation of a series-parallel PHEV using a systematic control-oriented model and the definition of a
cost function. Inspired by fuzzy granulation technology, a deep fuzzy predictor is created to achieve driver-
oriented velocity prediction, and a finite-state Markov chain is exploited to learn transition probabilities between
vehicle speed and acceleration. To determine the optimal control behaviours and power distribution between
two energy sources, chaos-enhanced accelerated swarm optimization is developed for the DOIP algorithm. The
prediction capability of the deep fuzzy predictor is evaluated by comparing with two existing predictors over the
WLTP-based driving cycle. The proposed control strategy is contrasted with short-sighted and dynamic pro-
gramming based counterparts, and validated by a driver-in-the-loop test. The results demonstrate that the deep
fuzzy predictor can effectively recognize driving behaviour and reduce at least 19% errors compared to involved
Markov chain based predictors. Online predictive control strategy using the DOIP algorithm is able to sig-
nificantly reduce 9.37% fuel consumption from the baseline and shorten computational time.

1. Introduction

Hybrid technology is a solution to environmental pollution that
makes it possible to improve fuel economy and reduce exhaust emis-
sions of vehicles [1,2]. Optimal energy management strategies are cri-
tical for hybrid electric vehicles (HEVs) to achieve best performance
and greatest energy efficiency through power-split control [3]. Driver

behaviours are another primary element that affects energy consump-
tion, emissions, and driving safety of a road vehicle. A study [4] of
driver feedback, driver attitudes, and the adoption of eco-driving be-
haviours finds that drivers with high levels of technical proficiency can
achieve a reduction of about 4.4% in fuel consumption. Thus, vehicle
control strategies that seek highly optimized performance need to op-
timize the system composed of both the vehicle and the driver.
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Abbreviations: PHEV, plug-in hybrid electric vehicle; DOIP, dual-loop online intelligent programming; WLTP, worldwide harmonized light vehicles test procedure;
HEV, hybrid electric vehicle; MPC, model predictive control; MC, Markov chain; DP, dynamic programming; GA, genetic algorithm; CAPSO, chaos-enhanced ac-
celerated particle swarm optimization; DiL, driver-in-the-loop; ISG, integrated starter-generator; ICE, internal combustion engine; DFP, deep fuzzy predictor; AR,
auto-regression; NNP, nearest neighbour predictor; FEP, fuzzy encoding predictor
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