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Abstract
Future gas turbine engine control systems will be based on distributed architecture, in

which, the sensors and actuators will be connected to the controllers via a communication

network. The performance of the distributed engine control (DEC) is dependent on the

network performance. This study introduces a distributed control system architecture

based on a networked cascade control system (NCCS). Typical turboshaft engine-distrib-

uted controllers are designed based on the NCCS framework with a H1 output feedback

under network-induced time delays and uncertain disturbances. The sufficient conditions

for robust stability are derived via the Lyapunov stability theory and linear matrix inequal-

ity approach. Both numerical and hardware-in-loop simulations illustrate the effectiveness

of the presented method.

Introduction

A distributed control system (DCS) is a control system, wherein the control elements are dis-
tributed throughout the system, unlike centralized ones, where only a single controller at a cen-
tral location is used. In a DCS, a hierarchy of controllers is connected by communication
networks for information transmission. The advantages of the DCS architecture, such as sys-
tem weight reduction, higher reliability, modularity, and less maintenance costs, merit increas-
ing attention from industrial companies and engineers.
Conventional gas turbine engine control systems are designed as a centralized architecture

called the full authority digital engine control (FADEC)to protect the control elements from
extreme environment [1]. With the increasing development of sophisticated electronics in gas
turbine engine control systems, increased performance,more convenient operation, and reduc-
tion of design and maintenance costs require a more effective architecture for the control sys-
tems; hence, the development of the DEC architecture [2].
The sensors and controllers are connected by communication networks and between the

controllers and the actuators because of the distributed architecture [3]. The DEC architecture
can be viewed as an NCCS. For example, the GE T700 turboshaft engine is a two-spool engine
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consisting of a gas generator and a free power turbine [4] [5]. The power turbine is connected
to the rotor system by a shaft and a gearbox. The power turbine can be conventionally consid-
ered as a part of the rotor system [6]. The rotor system input is the gas generator’s output,
which is the shaft torque. Therefore, the whole turboshaft engine system, combined with the
control systems, can be reviewed as a cascade control system (CCS) [7].
Fundamental factors affect the DEC system that uses the communication network to close

the control loop. They include network-induced time delay, packet dropouts, and bandwidth
constraints [8] [9]. Hence, the control system should be robust to these factors to guarantee the
desired performance and ensure stability. The network-induced time delay in the NCCSs
occurs when the sensors, controllers, and actuators transfer information/data through the net-
works, which can degrade the performance of the control systems and even destabilize the sys-
tem [10]. The network-induced time delay is unavoidable in the NCCSs. Hence, existing
literature, such as [11] [12] [13] [14] and the references therein, discuss the time delay. More-
over, many useful approaches were proposed [15] [16] [17] [18] and applied to the industrial
systems (see [19] [20] [21] [22] [23] and the references therein).
However, only a few studies discussed the DEC robust control in gas turbine engine con-

trol systems. Accordingly, Belapurkar et al. [24] analyzed the stability of a set-point controller
for partial DEC systems with time delays by using the linear quadratic regulator (LQR)
method. Yedavalli et al. [9] discussed the DEC system stability under communication packet
dropouts. Merrill et al. [2] provided a DEC design approach based on quadratic invariance
optimal control theory to the control performance of various types of decentralized network
configurations.
The present study is concernedwith the problem of theH1 controller design for the gas

turbine engine-distributed control by using an output feedback control in the form of NCCSs
with uncertain delays. The rest of the paper is organized as follows: the architecture of the dis-
tributed engine control system is thoroughly described in the next section. An NCCSmodel of
a GE T700 turboshaft engine is established and theH1 output feedback controllers are
designed based on Lyapunov stability theory and LMI approach in the following section. Simu-
lation examples are presented in the simulation results section to illustrate the effectiveness of
the approach. The conclusion is found in the last section.

DEC System Architecture of the GE T700 Turboshaft Engine

This study utilized a GE T700 turboshaft engine. Fig 1 shows the simplified diagram. Table 1
presents the abbreviations of the engine parameters. The inputs to the gas generator were the
power turbine speed set value,NP, and the fuel flow rate,WF. The outputs were the gas genera-
tor speed,NG, engine torque transmitted by the power turbine shaft,QS, compressor static dis-
charge pressure, PS3, and power turbine inlet temperature, T45.
Control laws essentially work to maintain the power turbine speed,NP, constant at the set

point by modulating the fuel flow,WF. The control accomplishes this by scheduling a nomi-
nal NG speed as a function of the XCPC, T1 and P1. The control trims this NG demand to iso-
chronously adjust NP to the NP set input. The power lever angle (PLA) position limits the
maximum permissibleNG, while the control further limits the maximum T45. The control
limits the NG acceleration/deceleration rate as a function of an NG scheduledWF/PS3 limit.
The DEC discussed herein has one network, which is inserted in the gas generator controller
and the gas generator. Fig 2 shows the architecture. The abovementioned description illus-
trates that the GE T700 control structure is a cascade control structure, wherein the desired
primary process output can only be controlled by controlling the secondary control process
output.
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The following assumptions are partially taken from [25] [26]:

• The controllers are event driven. The primary controller computes the values and sends
them to the secondary controller after obtaining the latest samples of the primary plant out-
puts. The secondary controller then computes the control command and sends it to the

Fig 1. Block diagram of the open-loop gas generator/rotor system.

doi:10.1371/journal.pone.0163545.g001

Table 1. Symbols of the GE T700 turboshaft engine.

Symbols and meaning

PLA Power lever angle (throttle)

NG Gas generator speed

NP Power turbine speed

NMR Main rotor blade velocity

QMR Rotor torque state

QS Engine shaft torque

XCPC Collective pitch

P1 Inlet pressure

PS3 Static pressure at Station 3

T1 Inlet temperature

T45 Inter-turbine gas temperature

WF Fuel flow

JG Power turbine inertia

JT Lumped power turbine/dynamometer inertia

JMR Main rotor blade inertia

KMR Stiffness of the centrifugal restoring springs

DMR Lag hinge damping

DAM Aero damping

r Reference input

x Model state vector

y Model output vector

u Model input vector

doi:10.1371/journal.pone.0163545.t001
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actuator as soon as it receives the latest samples of the secondary plant and the control output
of the primary plant controller through a common network.

• The actuator is time driven. In other words, the actuator actuates the plants once it receives
the control command. The actuator will then use the previous value by zero-order-hold to
precede the secondary process in case of packet loss.

• The sensors are time driven, that is, they periodically sample the outputs and send them to
the corresponding controllers.

• The data packet transmitted from the controller to the plant may be delayed. The delay is
assumed to be a fixed one and less than a sampling period h (i.e., τk 2 [0, h]).

• The data packet is assumed to be transmitted between the primary and secondary controllers in
a single packet without any loss. However, the data packet transmitted between the secondary
controller and the actuator may be delayed or may meet a possible failure in a randommanner.

Robust H1Output Control for GE T700

Model description

The controller design process begins with a linearized, state-space model of the system. Fig 3
shows the simplifiedmodel in this case.

Primary plant: The state-space representation of the rotor system is provided by the follow-
ing equation:

_x1ðtÞ ¼ A1x1ðtÞ þ B1y2ðtÞ

y1ðtÞ ¼ C1x1ðtÞ
ð1Þ

where, x1 = [NP NMR QMR]T, and y1 = NP are the state vector and the output of the rotor system,
respectively. y2 = QS is the gas generator output. The matricesA1, B1, and C1 are provided as
follows:

A1 ¼

0 0 �
1

JT

0 �
DAM
JMR

1

JMR

KMR
DMR � DAM

JMR
� KMR �

DMR
JT
�
DMR
JMR

2

6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
5

; B1 ¼

2

JT
0

2 � DMR
JT

2

6
6
6
6
6
4

3

7
7
7
7
7
5

; C1 ¼ 1 0 0 �:½

Secondaryplant: The continuous-time linear model of the gas generator is shown as
follows:

Fig 2. Block diagram of the NCCS model.

doi:10.1371/journal.pone.0163545.g002
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_x2ðtÞ ¼ A2x2ðtÞ þ B2uðtÞ þ B3wðtÞ

y2ðtÞ ¼ C2x2ðtÞ
ð2Þ

where, x2 = [NG QS T45 PS3 NP]T, y2 = QS are the state and output vectors; u(t) =WF is the con-
trol input; and w(t) is the exogenous disturbance signal belonging to l2[0,1). The matricesA2,
B2, and C2, are presented as follows:

A2 ¼

1

JG
�
dQG

dNG
0 0 0 0

2 � DMR
JT

�
dQP
dNG

0 0 0
2 � DMR
JT

�
dQP

dNP
dT45

dNG
0 0 0 0

dPS3
dNG

0 0 0 0

2

JT
�

dQP

dNG
�

1

JT
0 0

2

JT
�
dQP
dNP

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

; B2 ¼

1

JG
�

dQG
dWF

2 � DMR
JT

�
dQP
dWF

dT45

dWF

dPS3
dWF

2

JT
�

dQP
dWF

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

; C2 ¼ 0 1 0 0 0 �½

and B3 is a real constant matrix with an appropriate dimension.

Fig 3. Block diagram of the simplified linearized gas generator and rotor system.

doi:10.1371/journal.pone.0163545.g003
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Output feedback control

The output feedback controller is utilized in K1 considering the system reference input NPr = 0.
The controller uses a discrete-time form in practical applications.

u1ðkÞ ¼ K1y1ðkÞ ð3Þ

where, y1(k) is the output vector of the rotor system in discrete-time form, and K1 is the output
feedback gain. The K2 also uses the output feedback form as follows:

u2ðkÞ ¼ u1ðkÞ þ K2y2ðkÞ ð4Þ

where, y2(k) is the output vector of the gas generator in discrete-time form, and K2 is the output
feedback gain.
The gas generator receives the piecewise control input provided as follows by considering

the network-induced delay τk:

uðtÞ ¼
u2ðk � 1Þ kh � t < khþ tk

u2ðkÞ khþ tk � t < ðkþ 1Þh

(

ð5Þ

The rotor system and the gas generator with the sampling period, [kh, (k+1)h], are discre-
tized as follows by using Eq (5):

x1ðkþ 1Þ ¼ A1x1ðkÞ þ B1y2ðkÞ

y1ðkÞ ¼ C1x1ðkÞ
ð6Þ

where,A1 ¼ eA1h, B1 ¼
R h

0
eA1sdsB1:

x2ðkþ 1Þ ¼ A2x2ðkÞ þ Bk21
u2ðkÞ þ Bk22

u2ðk � 1Þ þ B3wðkÞ

y2ðkÞ ¼ C2x2ðkÞ
ð7Þ

where,A2 ¼ eA2h, Bk
21
¼
R khþh
khþtk

eA2ðkhþh� sÞdsB2, Bk22
¼
R khþtk
kh eA2ðkhþh� sÞdsB2, B3 ¼

R h
0
eA2sdsB3.

Letm = kh + h − s, then Bk
21
¼
R h� tk

0
eA2mdmB2, Bk22

¼
R h
h� tk

eA2mdmB2. Correspondingly,
τk 2 [0, h]. Therefore, let tk ¼ ð1þ dkÞh2, dk 2 [−1, 1]:

Bk
21
¼
R h

2
� dkh2

0
eA2mdmℬ2 ¼

Z h
2

0

eA2mdmℬ2

|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
B21

þ eA2
h
2

Z � dkh2

0

eA2mdmℬ2

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
�F ðdkÞ

Let Fm ¼ max
dk2½� 1;1�

k �FðdkÞ k2 ¼ k
R h

2

0
eA2mdm k2, D ¼ FmeA2

h
2, F ¼ �FðdkÞ=Fm, then

Bk
21
¼ B21 þ DFB2:

Let B22 ¼
R h
h
2

eA2mdmB2, then

Bk
22
¼ B22 � DFB2:

x2ðkþ 1Þ ¼ A2x2ðkÞ þ ðB21 þ DFB2Þu2ðkÞ þ ðB22 � DFB2Þu2ðk � 1Þ þ B3wðkÞ

y2ðkÞ ¼ C2x2ðkÞ
ð8Þ
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In general, the network-induced delay in an NCCS is usually uncertain because of the net-
work transmission and network load uncertainty. A robust H1 control is an efficient tool to
analyze these problems and deal with the uncertainty. This study aims to design the output
controllers to regulate the power turbine speed in the presence of disturbances. Hence, the
closed-loop output is determined by y1(k), and the input is an exogenous disturbancew(k).
ObservingEqs (6) and (7), x1(k), x2(k), and u2(k − 1) are chosen as the closed-loop state vec-
tors. Therefore, the closed-loop state-space form is provided as follows:

x1ðkþ 1Þ

x2ðkþ 1Þ

u2ðkÞ

2

6
6
6
6
6
4

3

7
7
7
7
7
5

¼

A1 B1C2 0

O1 O2 O3

K1C1 K2C2 0

2

6
6
6
6
6
4

3

7
7
7
7
7
5

x1ðkÞ

x2ðkÞ

u2ðk � 1Þ

2

6
6
6
6
6
4

3

7
7
7
7
7
5

þ

0

B3

0

2

6
6
6
6
6
4

3

7
7
7
7
7
5

w

y1ðkÞ ¼ C1x1ðkÞ

ð9Þ

where,O1 ¼ ðB21 þ DFB2ÞK1C1,O2 ¼ A2 þ ðB21 þ DFB2ÞK2C2,O3 ¼ B22 � DFB2.
Definition 1 Given a certain constant γ> 0, the γ-suboptimal output feedback H1 stabiliza-

tion control laws exist for the closed-loop DEC Eq (9), and the disturbance attenuation degree of
the system is γ, if there exist output feedback control laws Eqs (3) and (4), which make the DEC
system Eq (9) as robust asymptotically stable, and the closed-loop output y1(k) and the distur-
bance w(k) are subject to the H1 norm-bounded constraint ky1(k)k2� γkw(k)k2 under zero ini-
tial conditions.
The following lemmas are required to derive the sufficient conditions for robust asymptotic

stability:
Lemma1 (Schur Complement)Given constant matrices O1,O2, and O3, where O1 ¼ O

T
1

and O2 ¼ O
T
2
> 0, then O1 þ O

T
3
O
� 1

2
O3 < 0 if and only if:

O1 O
T
3

O3 � O2

2

4

3

5 < 0 or
� O2 O3

O
T
3

O1

" #

< 0

Lemma2 Given constant matrices O1,O2, and O3, where O1 ¼ O
T
1
, for any Δk subject to

D
T
k Dk � I,O1 þ O3DkO2 þ O

T
2
D
T
kO

T
3
< 0 holds if a constant scalar α> 0 exists satisfying:

O1 þ a� 1O
T
2
O2 þ aO3O

T
3
< 0

Theorem 1 For the closed-loop NCCS shown in Eq (9) with disturbances, given a constant
γ> 0, the optimization problem Eq (10) has the feasible solution min ρ if symmetric positive-
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definite matrices, X, Y, Z,W1, and W2, exist with corresponding dimensions and a constant λ> 0,

� X 0 0 0 ðB21W1Þ
T

ðA1XÞ
T
ðW1Þ

T
ðB2W1Þ

T
ðC1XÞ

T

0 � Y 0 0 ðA2 þ B21W2Þ
T
ðB1C2YÞ

T
ðW2Þ

T
ðB2W2Þ

T
0

0 0 � Z 0 ðB22ZÞ
T

0 0 � ðB2ZÞ
T

0

0 0 0 � rI BT
3

0 0 0 0

B21W1 A2 þ B21W2 B22Z B3 lDDT � Y 0 0 0 0

A1X B1C2Y 0 0 0 � X 0 0 0

W1 W2 0 0 0 0 � Z 0 0

B2W1 B2W2 � B2Z 0 0 0 0 � lI 0

C1X 0 0 0 0 0 0 0 � I

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

< 0 ð10Þ

The γ-optimal output feedback H1 control laws then exist, and the gain matrices are provided
as follows:

K1 ¼
W1

C1X
;K2 ¼

W2

C2Y
ð11Þ

The optimal solution ρ� becomes available, and min g ¼
ffiffiffiffiffi
r�
p

.
Proof: A quadratic Lyapunov function in discrete-time form is defined as follows to derive

the sufficient conditions for robust asymptotic stability of Eq (9):

Vk ¼ xT1 ðkÞPx1ðkÞ þ xT2 ðkÞQx2ðkÞ þ uT2 ðk � 1ÞSu2ðk � 1Þ ð12Þ

where, P,Q, and S are the symmetric positive-definitematrices with corresponding
dimensions.
The ΔVk can be obtained by the following equation by taking the Lyapunov function deriva-

tive:

DVk ¼ Vkþ1 � Vk

¼ xT
1
ðkþ 1ÞPx1ðkþ 1Þ þ xT

2
ðkþ 1ÞQx2ðkþ 1Þ þ uT

2
ðkÞSu2ðkÞ

� xT
1
ðkÞPx1ðkÞ � xT2 ðkÞQx2ðkÞ � uT2 ðk � 1ÞSu2ðk � 1Þ

¼ xT
1
ðkÞ xT

2
ðkÞ uT

2
ðk � 1Þ wTðkÞ½ � � X �

x1ðkÞ

x2ðkÞ

u2ðk � 1Þ

wðkÞ

2

6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
5

ð13Þ
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where,

X ¼

AT
1
PA1 þ ðK1C1Þ

TSK1C1 � P þ OT1QO1 AT
1
PB1C2 þ ðK1C1Þ

TSK2C2 þ OT1QO2 OT
1
QO3 OT

1
QB3

ðB1C2Þ
TPA1 þ ðK2C2Þ

TSK1C1 þ OT2QO1 ðB1C2Þ
TPB1C2 þ ðK2C2Þ

TSK2C2 � Qþ OT2O2 OT
2
QO3 OT

2
QB3

OT
3
QO1 OT

3
QO2 � Sþ OT

3
QO3 OT

3
QB3

BT
3
QO1 BT

3
QO2 BT

3
QO3 BT

3
QB3

2

6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
5

¼

AT
1
PA1 þ ðK1C1Þ

TSK1C1 � P AT
1
PB1C2 þ ðK1C1Þ

TSK2C2 0 0

ðB1C2Þ
TPA1 þ ðK2C2Þ

TSK1C1 ðB1C2Þ
TPB1C2 þ ðK2C2Þ

TSK2C2 � Q 0 0

0 0 � S 0

0 0 0 0

2

6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
5

þ

OT
1

OT
2

OT
3

BT
3

2

6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
5

� Q � O1 O2 O3 B3½ �

The performance index function can be defined as follows considering the closed-loop
robust stability with disturbance:

J ¼
X1

k¼0

yT
1
ðkÞy1ðkÞ � g2wTðkÞwðkÞ

� �
ð14Þ

The following condition must be satisfied if the disturbance attenuation degree is γ> 0:

ky1ðkÞk2 � gkwðkÞk2 ð15Þ

(i.e., J� 0). The following equation is obtained for the system with a non-zero disturbance sat-
isfyingw(t) 2 [0,1) and zero initial conditions:

J �
X1

k¼0

ðyT
1
ðkÞy1ðkÞ � g2wTðkÞwðkÞ þ DVkÞ

¼ ½ x1ðkÞ
T x2ðkÞ

T u2ðk � 1Þ
T wTðkÞ � �

CT
1
C1 0 0 0

0 0 0 0

0 0 0 0

0 0 0 � g2I

2

6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
5

þ X

0

B
B
B
B
B
B
B
B
B
B
B
B
@

1

C
C
C
C
C
C
C
C
C
C
C
C
A

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Γ

�

x1ðkÞ

x2ðkÞ

u2ðk � 1Þ

wðkÞ

2

6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
5

ð16Þ
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where,

Γ ¼

AT
1
PA1 þ ðK1C1Þ

TSK1C1 � P þ CT1C1 AT
1
PB1C2 þ ðK1C1Þ

TSK2C2 0 0

ðB1C2Þ
TPA1 þ ðK2C2Þ

TSK1C1 ðB1C2Þ
TPB1C2 þ ðK2C2Þ

TSK2C2 � Q 0 0

0 0 � S 0

0 0 0 � g2I

2

6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
5

þ

OT
1

OT
2

OT
3

BT
3

2

6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
5

� Q � O1 O2 O3 B3½ �

¼

AT
1
PA1 þ ðK1C1Þ

TSK1C1 � P þ CT1C1 AT
1
PB1C2 þ ðK1C1Þ

TSK2C2 0 0 OT
1

ðB1C2Þ
TPA1 þ ðK2C2Þ

TSK1C1 ðB1C2Þ
TPB1C2 þ ðK2C2Þ

TSK2C2 � Q 0 0 OT
2

0 0 � S 0 OT
3

0 0 0 � g2I BT
3

O1 O2 O3 B3 � Q� 1

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

¼

CT
1
C1 � P 0 AT

1
ðK1C1Þ

T
0 0 OT

1

0 � Q ðB1C2Þ
T
ðK2C2Þ

T
0 0 OT

2

A1 B1C2 � P� 1 0 0 0 0

K1C1 K2C2 0 � S� 1 0 0 0

0 0 0 0 � S 0 OT
3

0 0 0 0 0 � g2I BT
3

O1 O2 0 0 O3 B3 � Q� 1

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

¼

CT
1
C1 � P 0 0 0 OT

1
AT

1
ðK1C1Þ

T

0 � Q 0 0 QT
2

ðB1C2Þ
T
ðK2C2Þ

T

0 0 � S 0 QT
3

0 0

0 0 0 � g2I BT
3

0 0

O1 O2 O3 B3 � Q� 1 0 0

A1 B1C2 0 0 0 � P� 1 0

K1C1 K2C2 0 0 0 0 � S� 1

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5
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SubstitutingO1,O2, and O3 into Γ,

Γ ¼

CT
1
C1 � P 0 0 0 ððB21 þ DFB2ÞK1C1Þ

T AT
1

ðK1C1Þ
T

0 � Q 0 0 ðA2 þ ðB21 þ DFB2ÞK2C2Þ
T
ðB1C2Þ

T
ðK2C2Þ

T

0 0 � S 0 ðB21 � DFB2Þ
T

0 0

0 0 0 � g2I BT
3

0 0

ðB21 þ DFB2ÞK1C1 A2 þ ðB21 þ DFB2ÞK2C2 B21 � DFB2 B3 � Q� 1 0 0

A1 B1C2 0 0 0 � P� 1 0

K1C1 K2C2 0 0 0 0 � S� 1

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

¼

CT
1
C1 � P 0 0 0 ðB21K1C1Þ

T AT
1

ðK1C1Þ
T

0 � Q 0 0 ðA2 þ ðB21K2C2Þ
T
ðB1C2Þ

T
ðK2C2Þ

T

0 0 � S 0 BT
22

0 0

0 0 0 � g2I BT
3

0 0

B21K1C1 A2 þ B21K2C2 B22 B3 � Q� 1 0 0

A1 B1C2 0 0 0 � P� 1 0

K1C1 K2C2 0 0 0 0 � S� 1

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

þ

0

0

0

0

D

0

0

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

F B2K1C1 B2K2C2 � B2 0 0 0 0½ � þ

ðB2K1C1Þ
T

ðB2K2C2Þ
T

� BT
2

0

0

0

0

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

FT 0 0 0 0 DT 0 0½ �
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Using Lemma 2, a constant λ> 0 exists to satisfy:

Γ ¼

CT
1
C1 � P 0 0 0 ðB21K1C1Þ

T AT
1

ðK1C1Þ
T

0 � Q 0 0 ðA2 þ ðB21K2C2Þ
T
ðB1C2Þ

T
ðK2C2Þ

T

0 0 � S 0 BT
22

0 0

0 0 0 � g2I BT
3

0 0

B21K1C1 A2 þ B21K2C2 B22 B3 � Q� 1 0 0

A1 B1C2 0 0 0 � P� 1 0

K1C1 K2C2 0 0 0 0 � S� 1

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

þ l

0

0

0

0

D

0

0

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

0 0 0 0 DT 0 0½ �

þ l
� 1

ðB2K1C1Þ
T

ðB2K2C2Þ
T

� BT
2

0

0

0

0

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

B2K1C1 B2K2C2 � B2 0 0 0 0½ � < 0
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Therefore, J� 0. Using Lemma 1,

Γ ¼

CT
1
C1 � P 0 0 0 ðB21K1C1Þ

T AT
1

ðK1C1Þ
T
ðB2K1C1Þ

T

0 � Q 0 0 ðA2 þ ðB21K2C2Þ
T
ðB1C2Þ

T
ðK2C2Þ

T
ðB2K2C2Þ

T

0 0 � S 0 BT
22

0 0 � BT
2

0 0 0 � g2I BT
3

0 0 0

B21K1C1 A2 þ B21K2C2 B22 B3 lDDT � Q� 1 0 0 0

A1 B1C2 0 0 0 � P� 1 0 0

K1C1 K2C2 0 0 0 0 � S� 1 0

B2K1C1 B2K2C2 � B2 0 0 0 0 � lI

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

¼

� P 0 0 0 ðB21K1C1Þ
T AT

1
ðK1C1Þ

T
ðB2K1C1Þ

T CT
1

0 � Q 0 0 ðA2 þ B21K2C2Þ
T
ðB1C2Þ

T
ðK2C2Þ

T
ðB2K2C2Þ

T
0

0 0 � S 0 BT
22

0 0 � BT
2

0

0 0 0 � g2I BT
3

0 0 0 0

B21K1C1 A2 þ B21K2C2 B22 B3 lDDT � Q� 1 0 0 0 0

A1 B1C2 0 0 0 � P� 1 0 0 0

K1C1 K2C2 0 0 0 0 � S� 1 0 0

B2K1C1 B2K2C2 � B2 0 0 0 0 � lI 0

C1 0 0 0 0 0 0 0 � I

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

< 0

ð17Þ

Eq (10) can then be obtained by pre- and post-multiplying Eq (17) by diag(P−1,Q−1, S−1, I,
I, I, I, I, I) and letting X = P−1, Y = Q−1, Z = S−1,W1 = K1C1, andW2 = K2C2.

Algorithm 1We will now provide the algorithm for the controller design.

Step 1: The continuousclosed-loopsystemparametersare derivedbased on
Fig 3.

Step 2: The continuoussystemparametersare discretized.
Step 3: The convexoptimizationproblem(Eq (10)) is solvedto obtainthe

feasiblesolutionsin terms of positivedefinitematricesX, Y, and Z
and matricesW1, W2, and ρ�.

Step 4: The controllerparametersK1, K2, and γ are derivedbasedon Theorem1.
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Simulation Examples

This section presents the effectiveness evaluation of the proposedmethod under two kinds of
simulation in the GE T700 turboshaft gas turbine engine DEC control systems. The rotor sys-
tem in continuous time form is provided as follows:

_NP

_NMR

_QMR

2

6
6
6
6
6
4

3

7
7
7
7
7
5

¼

0 0 � 285:7143

0 � 0:4533 9:0662

5:2650 � 5:2131 � 42:5958

2

6
6
6
6
6
4

3

7
7
7
7
7
5

NP

NMR

QMR

2

6
6
6
6
6
4

3

7
7
7
7
7
5

þ

571:4286

0

82:5714

2

6
6
6
6
6
4

3

7
7
7
7
7
5

QS

NP ¼ 1 0 0½ �

NP

NMR

QMR

2

6
6
6
6
6
4

3

7
7
7
7
7
5

The gas generator model is given as:

_NG

_QS

_T 45

_PS3

_NP

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

¼

� 126:8 27:04 12:36 22:17 16:72

54:67 57:21 � 77:02 � 76:21 50:81

� 336:6 223:3 � 130:7 � 83:32 172:1

161:2 2:459 � 21:8 � 63:09 1:799

62:42 � 73:55 � 104:2 � 91:44 � 102:3

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

NG

QS

T45

PS3

NP

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

þ

� 11:7

44:24

53:56

17:45

59:35

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

WF þ

0:02

0:02

0:02

0:02

0:02

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

w

QS ¼ 0 1 0 0 0½ �

NG

QS

T45

PS3

NP

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5
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The coefficients after the discretization are provided as follows:

A1 ¼

0:9352 0:0640 � 2:2670

0:0021 0:9934 0:0718

0:0418 � 0:0413 0:5952

2

6
6
6
6
6
4

3

7
7
7
7
7
5

;B1 ¼

4:5703

0:0362

0:7847

2

6
6
6
6
6
4

3

7
7
7
7
7
5

;C1 ¼ 1 0 0½ �;

A2 ¼

0:3927 0:1572 � 0:0524 0:0010 0:0772

0:6985 1:0228 � 0:4391 � 0:4080 0:0411

� 0:5933 0:5866 � 0:1759 � 0:8311 0:3484

0:8005 0:0546 � 0:0665 0:6367 0:0187

0:1142 � 0:8350 0:0242 0:0769 0:0953

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

;B21 ¼

� 0:0153

0:1908

0:3524

0:0502

0:1099

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

;B22 ¼

0:0206

0:0920

0:2553

0:0138

� 0:1128

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

;B3 ¼

0:1213

0:0715

� 0:1214

0:1019

0:0328

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

;

C2 ¼ 0 1 0 0 0½ �;

D ¼

0:0036 0:0007 0 0:0002 0:0004

0:0023 0:0071 � 0:0020 � 0:0019 0:0007

� 0:0048 0:0041 0:0018 � 0:0034 0:0029

0:0036 0:0001 � 0:0004 0:0049 0

0:0014 � 0:0030 � 0:0011 � 0:0009 0:0029

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

:

The feasible solution of Eq (10) can be calculated by using the LMI toolbox in MATLAB as
follows:

r� ¼ 0:8728; g ¼ 0:9342;

X ¼

0:4456 � 0:0114 0:0580

� 0:0114 0:0050 � 0:0009

0:0580 � 0:0009 0:0189

2

6
6
6
6
6
4

3

7
7
7
7
7
5

;Y ¼

0:0002 � 0:0001 0:0005 � 0:0002 0:0001

� 0:0001 0:0005 0:0009 0:0001 � 0:0001

0:0005 0:0009 0:0042 � 0:0014 � 0:0001

� 0:0002 0:0001 � 0:0014 0:0025 0:0002

0:0001 � 0:0001 � 0:0001 0:0002 0:0165

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

;Z ¼ 10� 12 � 9:8434;

W1 ¼ 10� 11 � � 0:2685 0:0043 � 0:0068½ �;W2 ¼ 10� 11 � � 0:0129 0:0432 0:0429 0:0072 0:2365½ �;

K1 ¼ 10� 12 � � 5:9421;K2 ¼ 10� 10 � � 4:0554:
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Numerical simulation

Simulated setup. The DEC system is simulated herein by using the TrueTime network
simulation software written underMATLAB/Simulink [27]. The real-time information in both
control loops are transmitted via the same communication network with a sampling period of
h = 0.01s. Let us assume that the two network-induced delays are both equivalent to τk, which
is time varying and not longer than the sampling period (i.e., τk 2 [0, h]). Given the initial con-
ditions as x1(0)=[1 0.2 0.2]T, x2(0)=[0.9000 0.4189 0.7843 0.6498 1.0000]T, the simulation time
is T = 20s. Meanwhile, NPr is a unit step input at t = 1s.

Simulation results. Figs 4 and 5 present the responses of the state variables in the closed-
loop system under uncertain disturbances. Figs 6 and 7 show the responses of NP in the rotor
system and QS in the gas generator. The closed-loop system can be asymptotically stable with-
out any steady error under the transmission delay. Meanwhile, Figs 8 and 9 illustrate that the
gas generator control loop (inner loop) is much faster than the rotor system control loop
(outer loop).

Hardware-in-loop simulation

Testbed description. The DEC system in this experiment was tested by using the hard-
ware-in-loop (HIL) simulation testbed in Figs 10, 11 and 12. The left computer in Fig 10 was
used as the simulation result storage installed in the GE T700 turboshaft enginemodel. The
right computer was utilized as the manipulating interface and a monitor to watch the simula-
tion results on time. Fig 11 shows the DEC control system configuration. The controller used
was a Siemens PLC S7-300 Serial. Fig 12 shows the actuator and fuel supply system. The initial
conditions, sampling period, and delay were similar to those in the numerical simulation.

Experimental results. The initial values of the closed-loop system were similar to those in
the numerical simulation. The simulation time was T = 50s, and NP was a unit step input at
t = 10s. Figs 13 to 16 show the control effort under the disturbances. The response of the rotor
system output can be fast to reach the desired value without any steady error. In other words,

Fig 4. Response of x1 in the numerical simulation.

doi:10.1371/journal.pone.0163545.g004
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Fig 5. Response of x2 in the numerical simulation.

doi:10.1371/journal.pone.0163545.g005

Fig 6. Response of y1 in the numerical simulation.

doi:10.1371/journal.pone.0163545.g006
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Fig 7. Response of y2 in the numerical simulation.

doi:10.1371/journal.pone.0163545.g007

Fig 8. Controller output u1 in the numerical simulation.

doi:10.1371/journal.pone.0163545.g008
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the closed-loop system can achieve a good robust performance when the NCCS has network-
induced delays by using the proposed DEC system designmethod.

Conclusions and Future Work

This study considered the novel robust H1 distributed engine control problem to guarantee
the engine performance under network-induced delays and uncertain disturbances. A partially

Fig 9. Controller output u2 in the numerical simulation.

doi:10.1371/journal.pone.0163545.g009

Fig 10. HIL system: monitors and gas generator and rotor system models.

doi:10.1371/journal.pone.0163545.g010
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distributed control system architecture of a typical turboshaft engine was also described
accordingly. This distributed architecture can be transformed into a networked cascade control
system. The output feedback controllers were designed to robustly asymptotically stabilize the
closed-loop system under network-induced delays and uncertain disturbances. The sufficient

Fig 11. HIL system: DEC system.

doi:10.1371/journal.pone.0163545.g011

Fig 12. HIL system: actuator and fuel supply system.

doi:10.1371/journal.pone.0163545.g012
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conditions for asymptotic stability were derived based on the Lyapunov stability and the LMI
approach. The controller design problem under consideration is solvable if the LMIs were fea-
sible. Both numerical and hardware-in-loop simulation examples were provided to show the
effectiveness of the approach. One of our future research topics would be the DEC system with

Fig 13. Response of y1 in the HIL simulation.

doi:10.1371/journal.pone.0163545.g013

Fig 14. Response of y2 in the HIL simulation.

doi:10.1371/journal.pone.0163545.g014
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Fig 15. Controller output u1 in the HIL simulation.

doi:10.1371/journal.pone.0163545.g015

Fig 16. Controller output u2 in the HIL simulation.

doi:10.1371/journal.pone.0163545.g016
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simultaneous packet dropout and network-induced delays, where the latest delay-dependent
techniques can be employed.

Acknowledgments

The authors would like to thank Prof. Ming Cao and Dr. XiaodongCheng from University of
Groningen for their valuable advices. The authors would also like to thank the editors and
anonymous reviewers for their thoughtful remarks that improved the presentation of this
paper.

Author Contributions

Conceptualization:XL.

Formal analysis:XL.

Methodology:XL.

Validation: YL XS.

Writing – original draft:XL.

Writing – review& editing:XL.

References
1. Jaw LC, Mattingly JD. Aircraft engine controls: design, system analysis, and health monitoring. 1st ed.

Reston: American Institute of Aeronautics and Astronautics; 2009.

2. Merrill W, Kim JH, Lall S, Majerus S, Howe D, Behbahani A. Distributed Engine Control Design Consid-

erations. Proceedings of the 46th AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit;

2010 Jul 25-28; Nashville, USA. Reston: American Institute of Aeronautics and Astronautics; 2010.

3. Culley DE, Thomas R, Saus J. Concepts for distributed engine control. Proceedings of the 43th AIAA/

ASME/SAE/ASEE Joint Propulsion Conference & Exhibit; 2007 Jul 8-11; Cincinnati, USA. Reston:

American Institute of Aeronautics and Astronautics; 2007.

4. Ballin MG (NASA Ames Research Center, Moffett Field, CA, USA). A high fidelity real-time simulation

of a small turboshaft engine. Final report. Washington, DC: NASA; 1988 Jul. Report No.: NASA-TM-

100991. Contract No.: RTOP 505-61-51.

5. Pfeil WH. Multivariable control for the GE T700 engine using the LQG/LTR design methodology. M.Sc.

Thesis, Massachusetts Institute of Technology. 1984. Available: http://hdl.handle.net/1721.1/15335.

6. Duyar A, Gu Z, Litt JS. A simplified dynamic model of the T700 turboshaft engine. J Am Helicopter

Soc. 1995 Oct 1; 40(4):62–70. doi: 10.4050/JAHS.40.62

7. Franks RG, Worley CW. Quantitative analysis of cascade control. Ind Eng Chem Res. 1956 Jun; 48

(6):1074–9. doi: 10.1021/ie50558a034

8. Culley DE (NASA Glenn Research Center, Cleveland, OH, USA), Paluszewski PJ (Goodrich Engine

Control Systems, North America, West Hartford, CT, USA), Storey W (Goodrich Engine Control Sys-

tems, North America, West Hartford, CT, USA), Smith BJ (Aviation Applied Technology Directorate,

Fort Eustis, VA, USA). The case for distributed engine control in turbo-shaft engine systems. Final

report. Washington, DC: NASA; 2009 Sep. Report No.: NASA/TM-2009-215654. Contract No.: WBS

561581.02.08.03.17.03.

9. Yedavalli RK, Belapurkar RK, Behbahani A. Design of distributed engine control systems for stability

under communication packet dropouts. J Guid Control Dyn. 2009 Sep; 32(5):1544–9. doi: 10.2514/1.

40900

10. Zhang W, Branicky MS, Phillips SM. Stability of networked control systems. IEEE Contr Syst Mag.

2001 Feb; 21(1):84–99. doi: 10.1109/37.898794

11. Yang F, Wang Z, Hung Y, Gani M. H1 control for networked systems with random communication

delays. IEEE Trans Autom Control. 2006 Mar; 51(3):511–8.

12. Zhang WA, Yu L. Modelling and control of networked control systems with both network-induced delay

and packet-dropout. Automatica. 2008 Dec; 44(12):3206–10. doi: 10.1016/j.automatica.2008.09.001

Design of Distributed Engine Control Systems with Uncertain Delay

PLOS ONE | DOI:10.1371/journal.pone.0163545 September 26, 2016 23 / 24

http://hdl.handle.net/1721.1/15335
http://dx.doi.org/10.4050/JAHS.40.62
http://dx.doi.org/10.1021/ie50558a034
http://dx.doi.org/10.2514/1.40900
http://dx.doi.org/10.2514/1.40900
http://dx.doi.org/10.1109/37.898794
http://dx.doi.org/10.1016/j.automatica.2008.09.001


13. Cloosterman MB, Van de Wouw N, Heemels WP, Nijmeijer H. Stability of networked control systems

with uncertain time-varying delays. IEEE Trans Autom Control. 2009 Jul; 54(7):1575–80. doi: 10.1109/

TAC.2009.2015543

14. Wang J, Yang H. Exponential stability of a class of networked control systems with time delays and

packet dropouts. Appl Math Comput. 2012 May; 218(17):8887–94.

15. Song H, Brandt-Pearce M. Model-centric nonlinear equalizer for coherent long-haul fiber-optic commu-

nication systems. IEEE Global Communications Conference; 2013 Dec 9-13; Atlanta, USA. New York:

IEEE; 2014.

16. Cordeschi N, Shojafar M, Amendola D, Baccarelli E. Energy-efficient adaptive networked datacenters

for the QoS support of real-time applications. J Supercomput. 2015 Feb; 71(2):448–78. doi: 10.1007/

s11227-014-1305-8

17. Wang ZH, Song HB, Watkins DW, Ong KG, Xue PF, Yang Q, et al. Cyber-physical systems for water

sustainability: challenges and opportunities. IEEE Commun Mag. 2015 May; 53(5):216–22. doi: 10.

1109/MCOM.2015.7105668

18. Shojafar M, Canali C, Lancellotti R, Baccarelli E. Minimizing Computing-plus-Communication Energy

Consumptions in Virtualized Networked Data Centers. 21th International Symposium on Computers

and Communications; 2016 Jun 27-30; Messina, Italy. Newyork: IEEE; 2016.

19. Gaid MM, Cela A, Hamam Y. Optimal integrated control and scheduling of networked control systems

with communication constraints: application to a car suspension system. IEEE Trans Control Syst

Technol. 2006 Jul; 14(4):776–87. doi: 10.1109/TCST.2006.872504

20. Venkat AN, Hiskens IA, Rawlings JB, Wright SJ. Distributed MPC strategies with application to power

system automatic generation control. IEEE Trans Control Syst Technol. 2008 Nov; 16(6):1192–206.

doi: 10.1109/TCST.2008.919414

21. Zhu X, Zhang H, Cao D, Fang Z. Robust control of integrated motor-transmission powertrain system

over controller area network for automotive applications. Mech Syst Signal Proc. 2015 Jun; 58:15–28.

doi: 10.1016/j.ymssp.2014.11.011

22. Du QH, Song HB, Xu Q, Ren PY, Sun L. Interference-controlled D2D routing aided by knowledge

extraction at cellular infrastructure towards ubiquitous CPS. Pers Ubiquitous Comput. 2015 Oct; 19

(7):1033–43. doi: 10.1007/s00779-015-0872-x

23. Jiang Y, Song HB, Wang R, Gu M, Sun JG, Sha L. Data-Centered Runtime Verification of Wireless

Medical Cyber-Physical System. IEEE Trans. Ind. Inform. 2016 May. doi: 10.1109/TII.2016.2573762

24. Belapurkar RK, Yedavalli RK, Paluszewski PJ. Design of set-point controller for partially distributed tur-

boshaft engine with network faults. Proceedings of the 47th AIAA/ASME/SAE/ASEE Joint Propulsion

Conference & Exhibit; 2011 Jul 31-Aug 03; San Diego, USA. Reston: American Institute of Aeronautics

and Astronautics; 2011.

25. Huang CZ, Bai Y, Liu XJ. H1 state feedback control for a class of networked cascade control systems

with uncertain delay. IEEE Trans. Ind. Inform. 2010 Feb; 6(1):62–72. doi: 10.1109/TII.2009.2033589

26. Mathiyalagan K, Park JH, Sakthivel R. New results on passivity-based H1 control for networked cas-

cade control systems with application to power plant boiler-turbine system. Nonlinear Anal-Hybrid

Syst. 2015 Aug; 17:56–69.

27. Cervin A, Henriksson D, Lincoln B, Eker J, Årzén KE. How does control timing affect performance?

analysis and simulation of timing using Jitterbug and TrueTime. IEEE Control Syst Mag. 2003 Jun; 23

(3):16–30. doi: 10.1109/MCS.2003.1200240

Design of Distributed Engine Control Systems with Uncertain Delay

PLOS ONE | DOI:10.1371/journal.pone.0163545 September 26, 2016 24 / 24

http://dx.doi.org/10.1109/TAC.2009.2015543
http://dx.doi.org/10.1109/TAC.2009.2015543
http://dx.doi.org/10.1007/s11227-014-1305-8
http://dx.doi.org/10.1007/s11227-014-1305-8
http://dx.doi.org/10.1109/MCOM.2015.7105668
http://dx.doi.org/10.1109/MCOM.2015.7105668
http://dx.doi.org/10.1109/TCST.2006.872504
http://dx.doi.org/10.1109/TCST.2008.919414
http://dx.doi.org/10.1016/j.ymssp.2014.11.011
http://dx.doi.org/10.1007/s00779-015-0872-x
http://dx.doi.org/10.1109/TII.2016.2573762
http://dx.doi.org/10.1109/TII.2009.2033589
http://dx.doi.org/10.1109/MCS.2003.1200240

