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a  b  s  t  r  a  c  t

Electric  vehicles  (EVs)  has  received  an increasing  interest  from  the  power  community  and  have  become
increasingly  popular  due  to their  importance  in  fighting  climate  change.  An  advanced  power  electronic
converter  remains  the  main  and  common  topic  for  research  in  this  area.  In this  paper,  an  advanced  sliding
mode control  (ASMC)  is  designed  for Four  Phase  Interleaved  Boost  Converter  (FP-IBC).  The  novelty  of the
proposed  controller  relies  on the  use  of  an adaptive  delay-time  block  with  the  conventional  sliding  mode
control  scheme  which  is designed  based  on chattering  elimination  method.  The  new  scheme  succeed
to  reduce  the  ripple  contents  in the  converter’s  output  voltage  and  inputs  currents,  and  achieve  fast
convergence  and  transient  response.  An experimental  comparison  study  has  been  investigated  between
the  proposed  controller  and  Self-tuning  Lead  Lag  Compensator  (SLLC).  The  comparison  study  is performed
at different  loading  conditions  using  Super-Capacitor  (SC) module.  The  experimental  results  show  that
the dynamic  response  of FP-IBC  is  significantly  improved  based  on  the  proposed  control  design.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The growing number of human population yields increased
energy consumption and depletion of finite resources such as,
oil and gas. Therefore, Electrical Vehicles (EVs) are seriously con-
sidered as an alternative to fossil-fueled vehicles specially in
smart-grids applications [1–3]. In EVs, Fuel cells (FCs), Supercap-
acitors (SCs), and batteries are usually used as energy storage
devices. Combining such energy sources leads to a FC/SC/battery
hybrid power system (HPS) [4–6], as it is shown in Fig. 1. Unlike
single-sourced systems, HPS has the potential to provide the load
with high power quality, high reliability and efficiency.

In EVs, a DC/DC boost converter is a key element to interface
HPSs to the EV’s dc-bus. Various DC/DC boost converters topologies
have been studied and analyzed for EV applications in the literature
such as Conventional Boost Converter (BC), Two-Phase Inter-
leaved Boost Converter (TP-IBC), and Multi-Device Boost Converter
(MDBC) and Multi-Device Interleaved Boost Converter (MD-IBC)
and Four-Phase Interleaved Boost Converter(FP-IBC) [7–11]. MD-
IBC and FP-IBC are more powerful and more efficient than TP-IBC,
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MDBC and BC as admitted in [11,12]. The higher efficiency of
MD-IBC and FP-IBC is realized by splitting the input current, sub-
stantially reducing I2R losses and inductor AC losses [13]. Other
than that, their input current and output voltage ripples using
interleaved theory are reduced compared to conventional BC, TP-
IBC and MDBC. Indeed, The voltage and current ripples are among
the various phenomena that contribute to the lifespan’s reduc-
tion of energy storage devices such as, FCs, SCs, and batteries
[14–17].

For the FP-IBC, double pole and right half plane (RHP) zero are
dependent on the duty cycle, load variation, and converter param-
eters which make the control design more challenging from the
viewpoint of stability and bandwidth.

Many controllers are applied to boost converters to solve
this problem. Among several robust control methods, variable
structure control (VSC) scheme aims to provide as a popu-
lar robust strategy to treat system parameter uncertainties and
external disturbances. The simplest VSC, sliding mode control
(SMC), has received much attention due to its major advantages
such as guaranteed stability, robustness against parameter vari-
ations, fast dynamic response and simplicity in implementation
[18,19].

In [20], Sliding Mode Fuzzy Control (SMFC) has been designed
and implemented to control the conventional boost converter and
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Fig. 1. Block diagram for the FC/SC/battery hybrid power system.

compared in the aspect of design and experimental results with
PID fuzzy control. The results proved that the SMFC is able to
achieve faster transient response with very little overshoot during
startup, more stable steady-state response than PID and PI con-
troller. In [21], a simple and systematic approach to the design of
practical SMC  has been presented aiming to improve the output
voltage regulation of the converter subjected to any disturbance.
The SMC  introduced in [22] has the advantages of separate switch-
ing action and the sliding action, but the computation requirement
of the inductor’s current reference function increases the complex-
ity of the controller. Besides the robustness of the aforementioned
SMC algorithms against uncertainties in plants models and its
rapidity of reaching the sliding surface by using the discontinu-
ous components of the law control, there is a big problem facing
this algorithm which is well known as chattering phenomenon
or ripples in power electronics [23]. It shows finite frequency
oscillations of the controlled variables, especially in inductance
current.

In this paper, an advanced sliding mode control (ASMC) is
designed, discussed, and analyzed for FP-IBC aiming to eliminate
the chattering effects and reduce the voltage and current ripples is
presented based on an adaptive gain control law. The proposed con-
trol law is able to achieve faster transient response with very little

overshoot during startup, more stable steady-state response. The
FP-IBC along with its controller is tested experimentally at different
loading condition using two  different power sources, i.e., Superca-
pacitor (SC) module. Results highlight that the proposed control
scheme can successfully tune the controller parameters during the
changes in system dynamics.

The paper is organized as follows. The proposed converter struc-
ture and its operating modes are presented in Section 2. The
converter modeling and its control design are discussed in Sec-
tion 3. Finally, an experimental setup is designed using a suitable
SC module to supply load demand via the proposed converter in
Section 4. An experimental test is carried-out for different loading
conditions to verify the effectiveness of the proposed converter and
its controller.

2. Structure of the proposed converter

Fig. 2a shows the structure of the proposed converter which
consists of four DC/DC boost converter modules connected in par-
allel. Fig. 2b shows the switching device gate signals at d = 0.25,
where d is the duty cycle. The gate signals are successively phase
shifted by Ts/ (nxm),  where Ts is the switching period, n is the num-
ber of phases, and m is the number of parallel switches per phase.
For FP-IBC, m = 1 and n = 4. As such, the current delivered by the
electric source is shared equally between each phase and has a rip-
ple content of period Ts/4. Similarly, the frequency of the output
voltage and the input current is n times higher than the switch-
ing frequency fsw. The current sharing equally between each phase
will provide tight sizing of power semiconductors, distribution of
losses between modules and size’s optimization of the converter.
In addition, the system reliability and converter power rating will
be also increased by using paralleling phases. These advantages are
behind the use of FP-IBC as a good candidate for EV power systems
in particular for high power applications.

Fig. 2. (a) FP-IBC structure. (b) The switching pattern of FP-IBC at d = 0.25.
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