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A B S T R A C T

This paper proposes the fractional-order modeling for sliding mode control of a complex four-dimensional en-
ergy-saving and emission-reduction system (ESERS). In the proposed methodology, the fractional calculus
techniques are employed to accurately model the dynamics of the ESERS, and the fractional-order model of the
energy-saving and emission-reduction system (FOESERS) is formulated. With the proposed FOESERS, all of the
equilibrium points and the corresponding eigenvalues are obtained, and the instability region and the state
trajectories of FOESERS are also given. The FOESERS can represent complex dynamic behaviours with chaotic
and unstable states on the energy conservation, carbon emissions, economic growth, and renewable energy
development, and have a great impact on the formulation of government energy policies. Furthermore, based on
the fractional Lyapunov stability and robust control theory, a sliding-mode controller is designed to control the
FOESERS with model uncertainties and external disturbances to the equilibrium point in the finite time. Finally,
simulation results confirm the effectiveness and robustness of the proposed scheme.

1. Introduction

Energy is important for the global economic development and social
progress [1]. Economic growth can promote the structural reformation
of energy resource exploitation and utilization, and thus further im-
provements on energy efficiency and energy intensity are expected [2].
However, the rapid economic growth may lead to an increasing energy
demand of fossil fuels, and the excessive use of fossil fuel derivatives
will result in greenhouse gas emissions (GHG) and environmental pol-
lution issues, especially in developing countries [3–7]. According to the
annual time-series data of energy consumption, Gross Domestic Product
(GDP) and renewable energy development during 2006–2016 from
China National Statistics Yearbook [8,9], the annual GDP of China in-
creased from 3288.3 billion US dollars in 2006 to 11154.4 billion US
dollars in 2016, while the total energy consumption grew from
2447.6 million tons coal equivalent (MTCE) in 2006 to about 4360
MTCE in 2016. Also, the overall installed capacity of renewable energy
sources in China accounted for 139.9 GW in 2006 and reached about
600 GW in 2016, while the annual carbon emissions totaled 7.2 billion

metric tons in 2006 and reached 10.6 billion metric tons in 2016 [9].
With the surge of fossil fuel prices and increasing environment concerns
over the years, great pressure to curb the emissions and energy intensity
have forced China to implement various energy-saving and emission-
reduction measures in order to establish an energy-efficient and en-
vironmentally-friendly society for sustainable development [10,11].

The causal relationship exists among energy consumption, CO2

emissions, and economic growth. Lots of work has been done to de-
monstrate the impacts of carbon emissions and economic growth on
energy consumption [2,5,6,12–16]. Besides, different mathematical
models of energy-saving and emission-reduction system (ESERS) have
been developed in [17–20] to simulate the nonlinear coupling dynamics
of energy conservation, economic growth, carbon emissions, and re-
newable energy development in the evolutionary process. The ESERS
models can indicate various sophisticated issues, such as energy-saving
and emission-reduction, economic growth, carbon emissions, carbon
tax, energy intensity, energy efficiency and so on, in a regional energy
system [14,20]. By analyzing the reciprocal causation of these factors,
the improvements on energy efficiency, energy intensity and
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