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Preface

Sliding mode control (SMC) has been studied since the 1950s and widely used in
practical applications, such as robot manipulators, aircraft, underwater vehicles,
spacecraft, flexible space structures, electrical motors, automotive engines, power
electronics systems, and fuel cell power systems, due to its insensitivity to
parameter variations and robustness against external disturbances. Among these
applications, many research endeavors have been focused during the past decades,
on control and observation problems in fuel cell power systems and power elec-
tronics systems, using sliding mode technique. One of the most distinguished
properties of SMC is that it utilizes a discontinuous control action, which switches
between two distinctively different system structures such that a new type of system
motion, called sliding mode, exists in a specified manifold. This particular char-
acteristic of the motion in the manifold is its insensitivity to parameter variations,
and complete rejection of external disturbances.

Polymer electrolyte membrane fuel cells (PEMFCs) have emerged as the most
prominent technology for energizing future’s automotive world. They are clean,
quiet and efficient, and have been widely studied in automotive applications over
the past two decades due to their relatively small size, lightweight and easy man-
ufacture. While there are still major issues concerning cost, liability, and durability
to be addressed before they become a widely used alternative to internal com-
bustion engines (ICEs), fuel cells are expected to lead the world towards
fossil-fuel-independent hydrogen economy in terms of energy and electro-mobility.
One hindrance of fuel cells in general, as a kind of independent electrical power
sources, is that their dynamic response is slow. Therefore, a fuel-cell-based power
system requires additional storage elements with fast response time in order to
handle rapid load variations.

This book is organized as follows. In Chap. 2, a brief review of sliding mode
control for both linear and nonlinear systems are presented.

In Chap. 3, we focus on sliding mode observer (SMO) design for both linear
uncertain systems and nonlinear systems. Two kinds of SMO design based on
Utkin’s and Lyapunov’s methods for uncertain linear systems are recalled. Then,
the SMO designs are extended to three forms of nonlinear systems (companion
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form, triangular input form and algebraical observable form). The applications of
SMO based fault detection and isolation (FDI) have been presented and fault
reconstruction via traditional SMOs is discussed. Then, our theoretical contribution
in Second-Order SMO-based FDI is introduced. A novel adaptive SOSM Observer
is developed and its application in FDI is presented. In the end, two illustrative
examples are shown to both SMO designs and their applications in FDI.

In Chap. 4, the model of a PEMFC system which includes a stack voltage model
and an air feed system model is discussed. The air feed system is modeled as a
four-state model which considers the dynamics of oxygen partial pressure, nitrogen
partial pressure, compressor speed, and supply manifold pressure. Then, a real-time
PEMFC emulator is designed using experimental data obtained from a 33 kW
PEMFC unit containing 90 cells in series. Finally, the proposed air feed system
model is validated experimentally through the hardware-in-loop (HIL) test bench
which consists of a physical air-feed system, based on a commercial twin screw
compressor and a real-time PEMFC emulator.

In Chap. 5, we focus on the problem of robust control in PEMFC system, in
order to maximize the fuel cell net power and avoid the oxygen starvation by
regulating the oxygen excess ratio to its desired value during fast load variations.
The oxygen excess ratio is estimated via an extended state observer from the
measurements of the compressor flow rate, the load current and supply manifold
pressure. An HIL test bench which consists of a commercial twin screw air com-
pressor and a real-time fuel cell emulation system, is used to validate the perfor-
mance of the proposed extended state observer (ESO)-based second-order sliding
mode (SOSM) controller. The experimental results show that the proposed con-
troller is robust and has a good transient performance in the presence of load
variations and parametric uncertainties.

In Chap. 6, the estimation problem of the PEMFC system is presented. First, the
design of an SOSM observer is presented for the PEMFC air-feed system, in order
to estimate the hydrogen partial pressure in the anode channel of the PEMFC, using
the measurements of stack voltage, stack current, anode pressure and anode inlet
pressure. The robustness of this observer against parametric uncertainties and load
variations is studied, and the finite time convergence property is proved via
Lyapunov analysis. Then, an algebraical observer is designed for the partial pres-
sures of oxygen and nitrogen in the cathode of the PEMFC. The states of the
PEMFC air-feed system are presented in terms of a static diffeomorphism involving
the system outputs (compressor flow rate and supply manifold pressure) and their
time derivatives, respectively. The implementation of the algebraical observer on
the HIL test bench is described. The effectiveness and robustness of the observer are
validated experimentally.

In Chap. 7, we focus on the fault diagnosis problem of the PEMFC system,
considering a fault scenario of sudden air leak in the air supply manifold. The
design of an SOSM observer is presented for the PEMFC air-feed system, con-
sidering state estimation, parameter identification and fault reconstruction problems
simultaneously. An adaptive-gain SOSM observer is developed for observing the
system states, where the adaptive law estimates the uncertain parameters. The
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oxygen starvation phenomenon is monitored through an estimated performance
variable (oxygen excess ratio). Satisfactory experimental results are obtained to
show the effectiveness of the proposed observer. The effect of parameter variations
and measurement noise are considered during the observer designs.

In Chap. 8, we concentrate on the control problem on the power side of the
PEMFC system. Fuel cell power system requires power conditioning circuits with
precise power control algorithms behind them such that the output power is com-
patible with the constraints of the power bus. These circuits include DC/DC con-
verters which are used to control the voltages of the fuel cell and storage elements
to the desired value. Furthermore, robust control design for DC/DC power con-
verters is discussed, using sliding mode techniques. The main focus is on the
necessary modification and improvement of conventional sliding mode methods for
their applications to fuel cell power systems.

In Chap. 9, we consider the control and observation problems of three-phase
AC/DC power converters. The controller design is based on the system model and
has a cascaded structure which consists of two control loops. The outer loop reg-
ulates the DC-link capacitor voltage and the power factor providing the current
references for the inner control loop. The current control loop tracks the actual
currents to their desired values. To design the proposed controller, the load con-
nected to the DC-link capacitor is considered as a disturbance, which directly
affects the performance of the whole system. Theoretical analysis is given to show
the closed-loop behavior of the proposed controller and experimental results are
presented to validate the control algorithm under a real power converter prototype.

This book is a research monograph whose intended audience is graduate and
postgraduate students, academics, scientists and engineers who are working in the
field.

Harbin, China Jianxing Liu
June 2019 Yabin Gao

Yunfei Yin
Jiahui Wang

Wensheng Luo
Guanghui Sun
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Rn Space of n-dimensional real vectors
Rn�m Space of n� m real matrices
XT Transpose of matrix X
X−1 Inverse of matrix X
X[ \ð Þ0 X is real symmetric positive (negative) definite
X� �ð Þ0 X is real symmetric positive (negative) semi-definite
* Symmetric terms in a symmetric matrix
0 Zero matrix
0n�m Zero matrix of dimension n� m
I Identity matrix
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In n � n identity matrix
col{x1,…, xn} Column vector ½x1; . . .; xn�T with n elements
det �ð Þ The determinant computed from the elements of a square

matrix
diag{X1,…, Xm} Block diagonal matrix with blocks X1; . . .;Xm

inf Infimum, the greatest lower bound
lim Limit
In �ð Þ The natural logarithm of a number
max Maximum
min Minimum
rank �ð Þ Rank of a matrix
sing �ð Þ The signum function of a real number
sup Supremum, the least upper bound
‚min �ð Þ Minimum eigenvalue of a real symmetric matrix
‚max �ð Þ Maximum eigenvalue of a real symmetric matrix
AC Alternating current
AFC Aqueous alkaline fuel cell
AFE Active front end
ARE Algebraic Riccati equation
bar A metric unit of pressure
DC Direct current
DSP Digital signal processor
Eq. or Eqs. Equation or Equations
ESO Eextended state observer
FC Fuel cell
FDI Fault detection and isolation
Fig. or Figs. Figure or Figures
FNN Fuzzy neural network
FOU Footprint of uncertainty
FPGA Field-programmable gate array
FTC Fault tolerant control
GDM Gradient descent method
HGO High-gain observer
HIL Hardware-in-loop
HOSM High-order sliding mode
ICE Internal combustion engine
IGBT Insulated gate bipolar transistor
IT2 Interval type-2
IT2FNN Interval type-2 fuzzy neural network
KF Kalman filter
kVAr Kilovolt-amperes reactive, thousand Volt-ampere reactive,

a unit of reactive power
LMF Lower membership function
LMI Linear matrix inequality
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LPV Linear parameter varying
LTI Linear time-invariant
MCFC Molten carbonate fuel cell
PAFC Phosphoric acid fuel cell
PEM Proton exchange membrane
PEMFC Proton exchange membrane fuel cell
PI Proportional integral
PLL Phase locked loop
PMSM Permanent magnet synchronous
PR Proportional plus resonant
PWM Pulse-width modulation
THD Total harmonic distortion
T-S Takagi-Sugeno
SMC Sliding mode control
SMO Sliding mode observer
SOFC Solid oxide fuel cell
SOSM Second-order sliding mode
SOSML The addition of linear term to the nonlinear SOSM term
SPD Symmetrical positive definite
SRF Synchronous reference frame
ST Super-twisting
STA Super-twisting algorithm
UIO Unknown input observers
UKF Unscented Kalman filter
VSC Variable structure control
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