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tive ẋ (solid blue). (b) Trajectory in the auxiliary state space {σ σ̇}. . . . . 45

2.5 Sets for the 3SM algorithm with αr = 1. (a) Switching line �1. (b)
Switching manifold�2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.6 Switching line of SOSM control with optimal reaching and β= 1
4 , 1

3 , 1
2 . . 47

2.7 Peak detection scheme to evaluate the extremal value ξmax in the ISSOSM
control. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.8 Performance of a perturbed double integrator controlled via the ISSOSM
algorithm. (a) Trajectory in the auxiliary state space. (b) Sliding variable
σ (black solid) and transient function ϕ (blue dashed). . . . . . . . . . . . . 52

3.1 Graphical representation of the switching regions and box constraints in
the SOSM case. (a) Switching regions. (b) Invariant set. . . . . . . . . . . . 63

3.2 Numerical estimate of the domain of attraction �I for Example 3.9. (a)
Control (3.31) with α= 1. (b) Control (3.35) with α= 1. . . . . . . . . . . . 68

3.3 Numerical estimate of the domain of attraction �I for Example 3.9. (a)
Control (3.31) with α= 5. (b) Control (3.35) with α= 5. . . . . . . . . . . . 68

3.4 Comparison between the proposed control law (3.35) and the numerical
minimum-time control law for Example 3.10. (a) Time evolutions of the
proposed control law (3.35) and of the numerical minimum-time control
law. (b) State trajectories in the state space for the proposed control law
(3.35) and for the numerical minimum-time control law. . . . . . . . . . . . 69

3.5 A schematic view of the considered academic pendulum. . . . . . . . . . . 70
3.6 Evolution of the considered pendulum, applying the second order al-

gorithm. (a) Time evolution of the angular displacement θ. (b) Time
evolution of the sliding variable σ1 with constraints (solid red line). . . . . 72

3.7 Evolution of the considered pendulum applying the second order al-
gorithm. (a) First time derivative of the sliding variable σ2 with con-
straints (solid red line). (b) Evolution of the state trajectories on the
plane {σ1,σ2} with the switching line (blue line). . . . . . . . . . . . . . . . . 73

3.8 Evolution of the considered pendulum applying the third order algo-
rithm. (a) Time evolution of the angular displacement θ. (b) Time evo-
lution of the sliding variable σ1 with constraints (solid red line). . . . . . . 74

3.9 Evolution of the considered pendulum applying the third order algo-
rithm. (a) First time derivative of the sliding variable σ2 with constraints
(solid red line). (b) Second time derivative of the sliding variable σ2 with
constraints (solid red line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.10 State space trajectories applying the third order algorithm. (a) State
space {σ1, σ2, σ3}. (b) Plane {σ1,σ3} with σ2 = 2. . . . . . . . . . . . . . . . 76

3.11 State space trajectories applying the third order algorithm. (a) Plane
{σ1,σ2} with σ3 = 2. (b) Plane {σ2,σ3} with σ1 =−2.36. . . . . . . . . . . 76

4.1 Evolution of the system controlled by LQ control (dashed line) and MPC
(solid line). (a) Time evolution of the control variable u . (b) Time evo-
lution of the output y. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2 Evolution of the system controlled by LQ control (dashed line) and MPC
(solid line). (a) Time evolution of the state x1. (b) Time evolution of the
state x2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

D
ow

nl
oa

de
d 

12
/1

8/
19

 to
 1

45
.9

0.
14

8.
15

7.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



List of Figures xi

4.3 The hierarchical MPC/ISM control scheme for nonlinear constrained un-
certain systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.4 Hierarchical MB-ET-MPC/ISM control scheme. . . . . . . . . . . . . . . . . 84

5.1 The proposed ET-SMC scheme. . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.2 ET-SMC. (a) Time evolution of the sliding function, with visualization

of the boundary layer �δ of size δ . (b) Time evolution of the system
states x1 and x2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.3 ET-SMC. (a) Interevent times τk = tk+1 − tk , with visualization of the
minimum interevent time τmin. (b) Time evolution of the sliding function
in the presence of delayed transmissions, with visualization of both the
desired boundary layer�δ of size δ and the boundary layer�δ ′ of size
δ ′ adopted for the triggering condition. . . . . . . . . . . . . . . . . . . . . . . 99

5.4 Representation of the convergence set� . . . . . . . . . . . . . . . . . . . . . 101
5.5 The proposed ET-SOSM control scheme. . . . . . . . . . . . . . . . . . . . . . 102
5.6 ET-SOSM control. (a) Auxiliary state space trajectory, with visualiza-

tion of the sector around the switching line σ = −σ̇ |σ̇ |/(2αr), and the
convergence set� . (b) Interevent times τk = tk+1− tk , with visualiza-
tion of the minimum interevent times τmin,1 and τmin,2. . . . . . . . . . . . . 109

5.7 ET-SOSM control. (a) Auxiliary state space trajectory, with visualiza-
tion of the sector around the switching line σ = −σ̇ |σ̇ |/(2αr), and the
convergence sets � ,�′, in the presence of delayed transmissions. (b)
Interevent times τk = tk+1 − tk , with visualization of the minimum in-
terevent times τmin,1 and τmin,2, in the presence of delayed transmissions. 110

5.8 The MB-ET-SMC scheme. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
5.9 Schematic view of the two operative modes of Strategy 1. . . . . . . . . . . 114
5.10 A representation of the MB controller with SMC law. . . . . . . . . . . . . . 115
5.11 The MB-ET-SMC with nominal-equivalent control scheme. . . . . . . . . . 117
5.12 Schematic view of the two operative modes of Strategy 2. . . . . . . . . . . 118
5.13 A representation of the model based controller. . . . . . . . . . . . . . . . . . 118
5.14 A schematic view of the academic pendulum. . . . . . . . . . . . . . . . . . . 121
5.15 Disturbance affecting the system. (a) Matched disturbance w. (b) Open-

loop time evolution of the sliding variable of the plant σ (solid line)
affected by the matched disturbance and of the nominal model σ̂ (dashed
line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.16 Time evolution of the state of the controlled plant (solid line) and of the
nominal model (dashed line). (a) θ and θ̂ when Strategy 1 is used. (b) θ̇

and
˙̂
θ when Strategy 1 is used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.17 Time evolution of the state of the controlled plant (solid line) and of the
nominal model (dashed line). (a) θ and θ̂ when Strategy 2 is used. (b) θ̇

and
˙̂
θ when Strategy 2 is used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.18 Time evolution of the sliding variables of the plant (solid line) and of the
nominal model (dashed line). (a) σ and σ̂ with Strategy 1. (b) σ and σ̂
with Strategy 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.19 Flag functions. (a) Flag fup with Strategy 1. (b) Flag fup with Strategy 2. 126
5.20 Detail of the sliding variable of the plant from 20 s to 25 s. (a) Close-up

of σ for Strategy 1. (b) Close-up of σ for Strategy 2. . . . . . . . . . . . . . 127
5.21 Time evolution of the control variable. (a) Control u for Strategy 1. (b)

Control u for Strategy 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

D
ow

nl
oa

de
d 

12
/1

8/
19

 to
 1

45
.9

0.
14

8.
15

7.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



xii List of Figures

6.1 The proposed model based ET-SMC scheme. . . . . . . . . . . . . . . . . . . 132
6.2 Comparison between e |y| (solid line) and F0e |χ |/(α− e |χ |) (dashed line). . 135
6.3 Time evolution of the sliding variable when σ( t̃ ) /∈ Ωε. (a) Time evolu-

tion of σ over the all-time simulation. (b) Initialization phase. . . . . . . . 137
6.4 A schematic view of the academic pendulum. . . . . . . . . . . . . . . . . . . 139
6.5 Matched uncertainty affecting the physical system. . . . . . . . . . . . . . . 140
6.6 Estimation of the modulus of the drift term. . . . . . . . . . . . . . . . . . . . 141
6.7 Open-loop evolution of the plant state variables. . . . . . . . . . . . . . . . . 141
6.8 Time evolution of the plant state variables (x1: top, x2: bottom, solid

line) and of the model (x̂1: top, x̂2: bottom, dashed line) when the pro-
posed strategy is applied. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6.9 Time evolution of the sliding variables σ (solid line), and σ̂ (dashed line)
with the convergence boundary layer (red line). (a) Time evolution of σ
over the all-time simulation. (b) Zoomed time evolution of σ when the
uncertainty occurs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

6.10 Time evolution of the control variable u with the proposed strategy. . . . 144
6.11 Relative values of the performance indices. Comparison among the pro-

posed strategy (ASMC) and SMC, FSMC, and BLC. . . . . . . . . . . . . . 144
6.12 Peak detection scheme to evaluate the extremal value ξmax. . . . . . . . . . 146
6.13 The two instances of the matched disturbances d used in the example.

(a) Scenario 1. (b) Scenario 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
6.14 Strategy 1. Time evolution of the discontinuous auxiliary control w (top)

and of the continuous input u (bottom). (a) Scenario 1. (b) Scenario 2. . 152
6.15 Strategy 1. Time evolution of σ (top) and σ̇ (bottom). (a) Scenario 1.

(b) Scenario 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
6.16 Strategy 3. Time evolution of the discontinuous auxiliary control w (top)

and of the continuous input u (bottom). (a) Scenario 1. (b) Scenario 2. . 154
6.17 Strategy 3. Time evolution of σ (top) and σ̇ (bottom). (a) Scenario 1.

(b) Scenario 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
6.18 Switching line � for the proposed SOSM algorithm, and the quantiza-

tion levels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
6.19 Performance of a perturbed double integrator controlled by the proposed

nonsmooth switching line based SOSM algorithm. The bounds of the
uncertainties are �1 = 8, �2 = 3.5, �3 = 3.3, and 	min,1 = 	min,2 =
	min,3 = 1, while the initial conditions are ξ0 = [ξ1(0), ξ2(0)] = [6, 1.7]T . 160

6.20 Illustrative example. (a) Auxiliary state space trajectory. (b) Time evolu-
tion of the control law u when the proposed algorithm (6.76) is applied
(gray) and when the control algorithm (2.62) is used (black). . . . . . . . . 162

7.1 Examples of robot manipulators. (a) Cartesian robot manipulator. (b)
Anthropomorphic robot manipulator. (c) Humanoid robot manipulator. . 168

7.2 Anthropomorphic robot manipulator with three joints. (a) Planar schematic
view. (b) Spatial schematic view. . . . . . . . . . . . . . . . . . . . . . . . . . . 169

7.3 The anthropomorphic industrial robot manipulator COMAU Smart3-S2. 170
7.4 Schematic view of the virtual stick approach for two cooperative robot

manipulators. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
7.5 The hybrid position/force control scheme with the feedback linearization

applied to the robot system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
7.6 Joint variables when an SMC is used on the real robot. (a) Time evolu-

tion of position q1
2 . (b) Time evolution of position q1

3 . . . . . . . . . . . . . . 178

D
ow

nl
oa

de
d 

12
/1

8/
19

 to
 1

45
.9

0.
14

8.
15

7.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



List of Figures xiii

7.7 Joint variables and end-effector orientation when an SMC is used on the
real robot. (a) Time evolution of position q1

5 . (b) Time evolution of the
end-effector orientation φ1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

7.8 Joint variables when an SMC is used on the simulated robot. (a) Time
evolution of position q2

2 . (b) Time evolution of position q2
3 . . . . . . . . . . 180

7.9 Joint variables and end-effector orientation when an SMC is used on the
simulated robot. (a) Time evolution of position q2

5 . (b) Time evolution
of the end-effector orientation φ2. . . . . . . . . . . . . . . . . . . . . . . . . . 181

7.10 Percentage comparison of the RMS values of the position/orientation
and force errors of the end-effector of the simulated robot. (a) RMS
values of the position/orientation error. (b) RMS values of the force error. 182

7.11 The hybrid position/force control scheme with the feedback linearization
applied to the robot system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

7.12 Evolution of the auxiliary sliding variable Σi for each joint. (a) Time
evolution of Σ2. (b) Time evolution of Σ3. . . . . . . . . . . . . . . . . . . . . 184

7.13 Evolution of the auxiliary sliding variable Σi for each joint and trajec-
tory of the end-effector p on the plane. (a) Time evolution of Σ5. (b)
Trajectory of the end-effector p on the plane. . . . . . . . . . . . . . . . . . . 185

7.14 Evolution of the sliding variable σi with the transient trajectory ϕi for
each joint. (a) Time evolution of σ2 and ϕ2. (b) Time evolution of σ3
and ϕ3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

7.15 Evolution of the sliding variable σi with the transient trajectory ϕi for
each joint and orientation of the end-effector φ on the plane. (a) Time
evolution of σ5 and ϕ5. (b) Orientation of the end-effector φ on the plane. 187

7.16 Evolution of the error ei for each joint for three compared robot control
approaches PD (red), SSOSM (blue), and ISSOSM (black) control. (a)
Time evolution of e2. (b) Time evolution of e3. . . . . . . . . . . . . . . . . . 188

7.17 Evolution of the error ei for each joint, and RMS value of the tracking er-
ror norm for three compared robot control approaches PD (red), SSOSM
(blue), and ISSOSM (black) control. (a) Time evolution of e5. (b) RMS
value eRMS of the tracking error. . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

7.18 Detailed MPC/ISM control scheme applied to the considered feedback-
linearized robot manipulator COMAU Smart3-S2. . . . . . . . . . . . . . . . 190

7.19 Joint variables when a nominal MPC is used on the simulated robot. (a)
Time evolution of position q1. (b) Time evolution of position q2. . . . . . . 196

7.20 Joint variables when a nominal MPC is used on the simulated robot. (a)
Time evolution of position q3. (b) Time evolution of the velocity for joint 3.197

7.21 Joint variables when the MPC/ISM strategy is used on the simulated
robot. (a) Time evolution of position q1. (b) Time evolution of position q2.198

7.22 Joint variables when the MPC/ISM strategy is used on the simulated
robot. (a) Time evolution of position q3. (b) Time evolution of the ve-
locity for joint 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

7.23 Time evolution of the auxiliary control variables for each joint when the
MPC/ISM strategy is used. (a) Time evolution of the auxiliary control
y1. (b) Time evolution of the auxiliary control y2. . . . . . . . . . . . . . . . 200

7.24 Time evolution of the auxiliary control variables and of the torque for
each joint when the MPC/ISM strategy is used. (a) Time evolution of
the auxiliary control y3. (b) Time evolution of control torques τ. . . . . . . 201

D
ow

nl
oa

de
d 

12
/1

8/
19

 to
 1

45
.9

0.
14

8.
15

7.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



xiv List of Figures

7.25 Time evolution of the ISM control component with respect to the matched
uncertainty affecting the system. (a) Time evolution of the ISM compo-
nent for joint 1 u1ISM

and uncertainty η1. (b) Time evolution of the ISM
component for joint 2 u2ISM

and uncertainty η2. . . . . . . . . . . . . . . . . . 202
7.26 Time evolution of the ISM control component with respect to the matched

uncertainty affecting the system, and the MPC component when the
MPC/ISM strategy is used. (a) Time evolution of the ISM component
for joint 3 u3ISM

and uncertainty η3. (b) Time evolution of MPC compo-
nents u . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

7.27 New-generation robots by COMAU. (Photo credit: COMAU.) (a) Model
PAL 180. (b) Model RACER 7. . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

8.1 The microgrid with two DGus in the master-slave configuration. . . . . . . 207
8.2 Schematic view of the master-slave concept. . . . . . . . . . . . . . . . . . . . 208
8.3 Performance evaluation of SSOSM control for load and parameter vari-

ations. (a) Instantaneous currents exchanged with the main grid. (b)
Instantaneous currents delivered by DGuM . . . . . . . . . . . . . . . . . . . . 211

8.4 Performance evaluation of SSOSM control for load and parameter vari-
ations. (a) Voltage imbalance ratio vIR with respect to the value (3%, red
line) indicated by IEEE when a PI (dashed line) and an SSOSM control
(solid line) are used. (b) Voltage THD with respect to the value (5%, red
line) indicated by IEEE when a PI (dashed line) and an SSOSM control
(solid line) are used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

8.5 Performance evaluation of the ASSOSM control Strategies 1 and 3. (a)
Adaptive gain of the current controller (q-component). (b) Discontinu-
ous control law generated by the current controller (q-component). . . . . 213

8.6 Performance evaluation of the ASSOSM control Strategies 1 and 3. (a)
Continuous control input (q-component). (b) Modulating voltage signal
for the a-phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

8.7 Performance evaluation of the ASSOSM control Strategies 1 and 3. (a)
Instantaneous three-phase current delivered by the DGu controlled with
Strategy 1. (b) Instantaneous three-phase current delivered by the DGu
controlled with Strategy 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

8.8 The PV-DGu. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
8.9 Performance evaluation of the proposed SOSM controller for the MPPT

of a PV inverter. (a) Time evolution of the DC current IPV generated
by PV arrays, which is a model uncertainty. (b) Time evolution of the
DC-link voltage VDC in the presence of model uncertainties. . . . . . . . . 218

8.10 The electrical single-line diagram of a typical AC microgrid composed
of two DGus. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

8.11 The proposed 3SM control scheme. . . . . . . . . . . . . . . . . . . . . . . . . 221
8.12 Scheme of the microgrid composed of four DGus. The solid arrows in-

dicate the positive direction of the current flows through the distribution
network. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226

8.13 Performance evaluation of the proposed SSOSM controller. (a) Time
evolution of the d -component of the load voltages. (b) Time evolution
of the q-component of the load voltages. . . . . . . . . . . . . . . . . . . . . . 227

D
ow

nl
oa

de
d 

12
/1

8/
19

 to
 1

45
.9

0.
14

8.
15

7.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



List of Figures xv

8.14 Performance evaluation of the proposed SSOSM controller. (a) Time
evolution of the d -component of the generated currents. (b) Time evo-
lution of the d -component of the currents exchanged among the DGus
through interconnecting power lines. . . . . . . . . . . . . . . . . . . . . . . . . 228

8.15 Performance evaluation of the proposed SSOSM controller. (a) Time
evolution of the three-phase signals (load voltage and generated current)
of DGu2. (b) Time evolution of the a-phase of the load voltages. . . . . . . 229

8.16 The electrical diagram of a (Kron-reduced) DC microgrid composed of
two DGus. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

8.17 Block diagram of the proposed D-3SM control strategy. . . . . . . . . . . . 238
8.18 Scheme of the microgrid with four power converters. The dashed lines

represent the communication network. . . . . . . . . . . . . . . . . . . . . . . 242
8.19 Performance evaluation of the proposed 3SM controller. (a) Voltage at

the PCC of each DGu together with the average value (dashed line). (b)
Generated currents together with the corresponding value (dashed line)
that allows current sharing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244

8.20 Performance evaluation of the proposed 3SM controller. (a) Control in-
puts ui (t ) =

∫ t
0 vi (τ)dτ, vi as in (8.63), together with the optimal feed-

forward inputs (8.43) indicated by the dashed lines. (b) Currents shared
among the DGus through the lines. . . . . . . . . . . . . . . . . . . . . . . . . . 245

8.21 The electrical scheme of a typical boost based DC microgrid composed
of two DGus. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246

8.22 RSE’s DC microgrid adopted during the tests. (Photo credit: RSE.) . . . . 254
8.23 Scenario 1. Currents and voltages in the presence of a load variation of

about 20 kW with a ramp rate equal to 1 kW/s. . . . . . . . . . . . . . . . . . 256
8.24 Scenario 1. Currents and voltages in the presence of a generator variation

of about 20 kW with a ramp rate equal to 1 kW/s. . . . . . . . . . . . . . . . 257
8.25 Scenario 2. Currents and voltages in the presence of a step load variation

of about 20 kW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
8.26 Scenario 2. Currents and voltages in the presence of a step generator

variation of about 20 kW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
8.27 Scenario 3. Currents and voltages in the presence of a step DC voltage

reference variation of battery converter number 1. . . . . . . . . . . . . . . . 260
8.28 Scenario 3. Currents and voltages in the presence of a step DC voltage

reference variation of battery converter number 2. . . . . . . . . . . . . . . . 261
8.29 Scenario 4. Currents and voltages in the presence of constant load (20

kW) and voltage reference variation for the DC-DC battery converters to
obtain current sharing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262

D
ow

nl
oa

de
d 

12
/1

8/
19

 to
 1

45
.9

0.
14

8.
15

7.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



D
ow

nl
oa

de
d 

12
/1

8/
19

 to
 1

45
.9

0.
14

8.
15

7.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



List of Tables

5.1 Performance indices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.1 Absolute value of performance indices. . . . . . . . . . . . . . . . . . . . . . . 143
6.2 Relative value of performance indices (%). . . . . . . . . . . . . . . . . . . . . 144

7.1 PD position/force control parameters. . . . . . . . . . . . . . . . . . . . . . . . 177
7.2 RMS position and force error in simulation. . . . . . . . . . . . . . . . . . . . 177
7.3 Control parameters in simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . 183
7.4 Control parameters for experiments. . . . . . . . . . . . . . . . . . . . . . . . . 183
7.5 RMS position and force error in simulation. . . . . . . . . . . . . . . . . . . . 184
7.6 State and input constraints for each joint. . . . . . . . . . . . . . . . . . . . . . 194
7.7 Performance indices for each joint. . . . . . . . . . . . . . . . . . . . . . . . . . 195
7.8 Time consumption of the proposed control strategy in seconds. . . . . . . . 195

8.1 Electric parameters of the single DGu. . . . . . . . . . . . . . . . . . . . . . . 210
8.2 Unbalanced load parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
8.3 Control parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
8.4 Electrical parameters of the microgrid. . . . . . . . . . . . . . . . . . . . . . . 226
8.5 Electrical parameters of the distribution lines. . . . . . . . . . . . . . . . . . . 226
8.6 Description of the symbols used. . . . . . . . . . . . . . . . . . . . . . . . . . . 232
8.7 Microgrid parameters and current demand. . . . . . . . . . . . . . . . . . . . . 243
8.8 Line parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
8.9 Description of the symbols used. . . . . . . . . . . . . . . . . . . . . . . . . . . 247
8.10 RSE DC microgrid parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
8.11 SSOSM control parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

xvii

D
ow

nl
oa

de
d 

12
/1

8/
19

 to
 1

45
.9

0.
14

8.
15

7.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



D
ow

nl
oa

de
d 

12
/1

8/
19

 to
 1

45
.9

0.
14

8.
15

7.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



Notation

We chose to use the symbols in the book according to the following conventions. Scalar
values or signals are denoted by lowercase letters such as x, a, and t . Vectors are indicated
by boldface and italic letters such as x and y and matrices by boldface and italic uppercase
letters such as A and B. The elements x1, . . . , xn of a vector x or a11,a12, . . . ,amn of a matrix
A are represented by italics. Let ⊗ indicate the Kronecker product. The r th time derivative
of a signal x(t ), with r > 2, is denoted by x (r )(t ). Sets are symbolized by calligraphic
letters such as � and � . The inequality P > 0 is interpreted in two different ways: re-
ferring to optimal control or linear matrix inequalities, P > 0 means that the matrix P is
positive definite; alternatively, we interpret the sign > as an elementwise relation to indi-
cate that all elements of the matrix P are positive (i.e., pi j > 0 for all i , j ). Analogously,
the symbol ∼ indicates similarity between two matrices or the Pontryagin difference be-
tween two sets. For any symmetric matrix A, λmax(A) and λmin(A) denote the largest and
the smallest eigenvalues of matrix A, respectively. Given a matrix M ∈�n×m with n > m,
its orthogonal complement is M⊥ ∈ �n×(n−m), while M † ∈ �n×m is its Moore–Penrose
pseudoinverse. Let x · y denote the vector dot product and x × y denote the cross prod-
uct, while, given two functions f (·) and g (·), let f (·) ◦ g (·) = f (g (·)) denote the function
composition. Let x(k + i |k) denote the value of x at the time instant k + i predicted at
the time instant k. Given a generic signal w, let w[t1, t2]

be a signal defined from time t1 to
time t2. Note that, to simplify the notation, when it is obvious from the context, we omit
the subscript [t1, t2]. The symbol i d represents the identity function from � to �. Finally,
we use ‖ · ‖ to denote the Euclidean norm, ‖ · ‖∞ to denote the infinity norm, |·| to denote
the absolute value, and ‖ · ‖2

W to denote the squared norm weighted by the matrix W . The
set of signals w, the values of which belong to a compact set� , is denoted by�� , while
� sup := supw∈� {‖w‖}.
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Preface

This book deals with sliding mode control (SMC) of uncertain nonlinear systems, focusing
in particular on advanced and optimization based algorithms. The aim is to provide an
overview and critical discussion of the results published by the authors in recent years, so
as to organize them into a well-structured and consistent compendium. The book includes
a survey of classical SMC theory, along with the introduction of four different families of
advanced original SMC methods. Specifically, the new methods discussed in the book are
optimization based higher order sliding mode control (HOSM), integral HOSM control,
constrained HOSM, and networked event-triggered sliding mode control (ET-SMC).

In the first part of the book, after a tutorial review of classical SMC theory, we in-
troduce and theoretically analyze the advanced algorithms. We provide numerical results
to complement the theoretical treatment. In the second part of the book, we discuss ap-
plications of the considered algorithms as case studies. The application problems involve
complex robotic systems and microgrids. We report simulation and experimental results in
the book.

While the classical SMC theory can also be found in other research books and text-
books for graduate and postgraduate courses of study, the advanced algorithms presented
in this book were previously published only in journal papers. Moreover, they have never
been organized systematically as in this book, which will make these methods much more
understandable and usable by the scientific community. We discuss algorithms by adopting
common notation and referring, when possible, to the same illustrative example. This will
help the reader compare the advantages and limitations of the various approaches individ-
ually, but also identify, in any field implementation, the advanced SMC algorithm that is
more suitable to use.

The real applications considered in this book belong to the class of complex systems
because their models are nonlinear, they are affected by significant uncertainties, and their
state and inputs must comply with constraints. Such application examples often operate
in the presence of communication networks, which are intrinsic elements of the control
loop. They are taken as examples of typical real-world complex plants. By virtue of the
considered applications, this book can be a useful guide to practitioners, providing practical
rules for developing field implementations of the algorithms. The application examples also
constitute a significant proof of the validity of the advanced control concepts for the benefit
of researchers.

This book is aimed at a general readership, including students, researchers, and prac-
titioners with basic knowledge in control engineering, process physics, and applied math-
ematics. The authors also hope it will be useful and interesting in courses on advanced
automatic control for undergraduate and graduate students.

A. Ferrara, G. P. Incremona, and M. Cucuzzella
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