Dahlin Deadbeat Internal Model Control for
Discrete MIMO Systems

Original Scientific Paper

Nahla Touati

Esprit School of Engineering, André Ampére, Ariana, 2083, Tunisia,
University of Tunis El Manar, National Engineering School of Tunis,
Automatic Research Laboratory, Tunis, Le Belvédére, 1002, Tunisia
nahla.karmani@gmail.com

Imen Saidi*

University of Tunis El Manar, National Engineering School of Tunis,

Automatic Research Laboratory, Tunis, Le Belvédére, 1002, Tunisia.

Université de Tunis, Ecole Nationale Supérieure d’Ingénieurs de Tunis, Taha Hussein Montfleury, Tunis, 1008, Tunisia
imen.saidi@gmail.com

*Corresponding author

Abstract - Controlling Multiple Input Multiple Output (MIMO) systems present a considerable challenge, particularly when dealing
with time delays, nonlinearities, and disturbances. While the Dahlin algorithm and deadbeat control can offer good performance for
such systems especially for systems requiring aperiodic responses or those where overshoot and setteling time need to be minimized,
their effectiveness can diminish if the model parameters are inaccurate or in the presence of disturbances which lead to steady-state
errors. To address these limitations, we propose combining these approaches with Internal Model Control, known for its robustness in
handling variations in process dynamics, ensuring accurate setpoint tracking and disturbance rejection. In this paper, we introduce
the Dahlin Deadbeat Internal Model Control (DDIMC) for discrete MIMO systems. Initially designed for linear processes with multiple
time delays, this control strategy addresses complex control challenges arising from coupling effects and time delays. For nonlinear
processes, we extend this controller using a multimodal control strategy which involves describing the nonlinear system with multiple
linear discrete models, each paired with a Dahlin Deadbeat controller. A fusion technique is then employed to select the most suitable
controller for application. Simulation case studies performed using the MATLAB software validate the effectiveness of these strategies,
demonstrating their ability to consistently ensure satisfactory dynamic and robust performance.
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1. INTRODUCTION due to their complexity, these algorithms present chal-
lenges in practical applications [9]. In recent decades, the
Deadbeat control stands out as an approach that aims to
achieve the desired output behavior while minimizing
settling time and eliminating steady-state error [10]. It is
based on the use of a model to calculate the inputs that

eliminate the current errors in finite time intervals. MIMO

Controlling Multiple Input Multiple Output (MIMO)
systems presents a significant challenge in control the-
ory due to their inherent complexity arising from intri-
cate variables interactions, time delays, and nonlinear
characteristics [1, 2].

Various control laws have been developed to handle
these difficulties and to achieve effective nominal perfor-
mance. Conventional controllers like PID are commonly
used due to their simplicity. However, they frequently
yield inadequate performance leading to issues like in-
stability, large overshoots, and slow responses [3]. With
the advancement of intelligent control techniques, algo-
rithms such as fuzzy control [4, 5], neural network control
[6] and predictive control [7, 8] have been introduced for
the control of MIMO systems with time delays. However,
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deadbeat control was proposed in [11] for linear continu-
ous time systems with several constraints in time or fre-
quency domain. In [12] the Deadbeat Algorithm was pro-
posed to regulate the conical tank system. The nonlinear
dynamics of this system were identified through math-
ematical modeling and approximated to a first-order
system. The robustness of this control strategy becomes
critical in the presence of non-linearities, parameter varia-
tion, or other mismatches [13]. To address these issues,
the Deadbeat controller integrated with other strategies
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like PID, as presented in [14], was proposed to control a
nonlinear higher-order system. The Dahlin Controller is
an extension of the Deadbeat controller and well known
especially for controlling deadbeat processes offering sta-
bility and nominal performance [15]. In [16], modulator
based current control strategies (Deadbeat, Pl and Dahlin
controller) for permanent magnet synchronous motors
were compared. Although all investigated control strate-
gies exhibit stability, the Dahlin Controller stands out as
offering better robustness properties for the closed-loop
control system. For nonlinear systems. the operating-
range scheduled robust Dahlin Algorithm was proposed
in [9], for a class of SISO nonlinear systems represented
by a nominal first-order inertia plus pure delay model. To
eliminate steady state error, the integration control action
is added when the output is close to the setting value. In
[17], a modified Dahlin algorithm was proposed for level
control in a nonlinear tank system, which was linearized
around its equilibrium point. The proposed approach
achieves better performance compared to conventional
PID controllers.

While the Dahlin controller is known for its effective-
ness, it faces challenges such as steady state errors and
diminished robustness due to inaccuracies in model
parameters or constraints on the control as discussed
in [18]. To address these issues, Dahlin algorithm was
combined to robust control methods or adaptive con-
trol algorithms [18].

The Dahlin Deadbeat algorithm can be combined to dis-
crete internal model known for its nominal performance
and robustness, while considering the model structure of
the process [19, 20]. It was proposed to control the manip-
ulator’s positioning system in [21]. An IMC-Dahlin temper-
ature control method based on relay feedback self-tuning
identification was proposed and validated through real
application on a thermostat in [22]. In this paper, the Dah-
lin Deadbeat based IMC, DDIMC, was initially proposed
for MIMO linear discrete systems [23]. The promising out-
comes achieved in controlling such systems prompted its
broader application to multivariable nonlinear discrete-
time systems by considering multimodeling strategy [24].
Multimodel methodologies have gained significant trac-
tion in both modeling and controlling nonlinear systems
[25, 26]. This novel approach involves initially developing
a model base to describe the MIMO nonlinear system.
Each linear model is paired with its correspondent Dah-
lin deadbeat controller. The main key of the multi-model
approach lies in the selection, at each sampling time, of
the most fitting model that accurately approximates the
current state of the process around an operational point.
Subsequently, its corresponding controller is applied to
the entire system.

This paper studies control challenges of MIMO sys-
tems. The DDIMC is initially proposed for linear systems
with time delays and then extended to nonlinear sys-
tems using the DDIMMC control. The main objectives
consist of ensuring good dynamic performance while
maintaining robustness.
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The remainder of this paper is organized as follows: the
Dahlin Deadbeat Internal Model Control (DDIMC) is pro-
vided in Section 2. Dahlin Deadbeat Internal Multimodal
Model Control (DDIMMC) is proposed in Section 3. Sec-
tion 4 explores the results obtained from numerical simu-
lations, while Section 5 presents some conclusions.

2. DAHLIN DEADBEAT INTERNAL MODEL
CONTROL FOR LINEAR MIMO SYSTEMS

The DDIMC control is proposed for linear MIMO pro-
cesses with time delays and particularly when there
are requirements for fast response and robustness [2].
The proposed approach combines the advantages of
the Dahlin Deadbeat control and the Internal model
control within a unified structure. In a dead-beat con-
troller, the system tracks a step input that is delayed by
a few sampling times [10]. The Dahlin controller [13],
which is built upon the dead-beat controller, gener-
ates a smoother exponential response in comparison
to the standard dead-beat controller. As for the Internal
Model Control (IMC), it is known for its robustness in
handling both disturbances and uncertainties by incor-
porating a detailed model of the process [19].

2.1. THE DISCRETE IMC CONTROL
FOR MIMO SYSTEMS

The discrete IMC structure, depicted in Fig. 1, incorpo-
rates a stable MIMO process G(z), the internal model M(z)
and a controller Con 2 arranged to act as the model in-
verse. These components are described by transfer matri-
ces of dimension (nxn). u(z) and y(z) represent respective-
ly the input actions and the output vectors of dimension
(nx1). r(z) and d(z) are respectively the reference vector of
dimension (nx1) and the disturbance vector that may af-
fect the system. The input actions are simultaneously ap-
plied to the process and its model. The outputs mismatch
is considered to adjust the controller’s input e(z).

Fig. 1. The MIMO IMC structure [20]

From Fig. 1, we can deduce the following equation
for the input action vector u(z) [23]:

w(z) = (In + Com (2)(G(2) — M(2))) ™ Com (2) (r(2) — d(2)) (D) (1)

¥(2) = G(2)(Un + Comi (2) (G (2) — M(2))) ™" Com (2 (2) 5
+(Im ~ 62 (I + Com (D (6(@) — M@)) ™ Com (2)d(2) )

In conventional IMC theory, when the control-
ler is chosen as the model inverse, perfect control is
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achieved. However, for many physical systems, the in-
version task isn't feasible. An approximate inverse is
then required [26, 271].

The IMC controller for non-minimum and delayed
systems, depicted in Fig. 2, can be designed as pro-
posed in [20, 23].

Fig. 2. Structure of the internal model controller [23]

The internal model controller CCMI(Z) isthen described
as the following:

Cemi(2) = K1 Ko (I, + Ky M (2)) 7! (3)

The gain matrix K is crucial for ensuring the stability
of the controller, while K, is considered to compensate
for system’s static errors.

K, is described below:
K, = (I, + K;M (D) (KM (1)~ (4)
where M(1) represents the model’s static matrix gain.

The proposed controller steady-state gain is equal
to the inverse of the model steady-state gain. Offset-
free control is then obtained for constant setpoints and
output disturbances [28].

The IMC control structure illustrated in Fig. 1, can be
modified to a classical feedforward control as present-
ed in Fig. 3 below.

d(z)

) . . . u(2), Yy
: >9<[_> R(2) 1_> G(2) ;>§<:>
» . 22

J

Fig. 3. Classical closed-loop control structure
where:
-1
R(2) = (I — Com(2)M(2)) ~ Ce (2) (5)

H(z) = R@G6@ % (I, +R@G@) " (6)

2.2, THE DAHLIN-DEADBEAT CONTROLLER

Deadbeat control is a control strategy aiming to drive
the system outputs to the desired value within a few
sampling times. Fast and accurate tracking of referenc-
es signals are then ensured.
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For MIMO systems that occur frequently in the pro-
cessing industry, it's desirable to eliminate the coupling
effects between the loops for MIMO systems. The pro-
posed controller, in this paper, is chosen to handle both
interactions and time delays, that may exist, within a
single design [29]. For that reason, the desired closed-
loop transfer matrix H(z) is chosen to have a diagonal
form and is defined as follows.

z* 0 0
z5 .0
H(z)= ,k>1
(2) Vi v (7)
0 0 z*

The Dahlin algorithm is an extension of the deadbeat
control that was proposed specifically for the system
with pure time delay. The key idea of the Dahlin algo-
rithm is to design an anticipant closed-loop transfer
function. The system behaves similarly to a continuous
first order process with time delay [13]. The transfer ma-
trix H(s) is chosen as follows:

) 0 L 0
h,,
H(S) = ) 1\(;) ; (1)\/[ = (hiJ (S))lsugn (8)
0 0 L h,(s)

where: h (s)=exp(-T,s)/(t,s+1),1<isn;T,is the time
delay selected as: T=NxT, T is the sampling time
and 7, is the time constant.

The discrete form of the transfer functions h.(s),
1<i<n, obtained with a zero-order hold is then de-
scribed below:

(9)

1—exp(_T—T'S)
hy(z) = <—_TLS) z7N
(z-em(5)

The Dahlin deadbeat controller R(z) is then described
below:

R(z) = (I, — H(z))  H(@)G(z)™

2.3. THE DAHLIN DEADBEAT IMC CONTROL

(10)

The proposed DDIMC control strategy uses the Inter-
nal Model Control (IMC), as depicted in Fig. 4. Initially,
the desired closed-loop dynamics are selected accord-
ing to Eq. (8) and Eq. (9), followed by the design of the
Dahlin controller described by Eq. (10).

The IMC controller considered in the DDIMC struc-
ture is then described as follows:

Conr@ =R@ X (L, +ROM@) (1)

"2) i | u@

—> R@ G2)
I 1 ’
‘ M) !

y(@)

M(2)

Fig. 4. The DDIMC structure
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3. DAHLIN DEADBEAT INTERNAL MULTIMODEL
CONTROL FOR NONLINEAR MIMO SYSTEMS

Modern industrial processes often exhibit nonlin-
earity. Linear models can't capture the dynamics of
complex systems due to the presence of strong nonlin-
earities. The effects of these nonlinearities are mostly
undesirable and can greatly affect the performance of
controllers [26]. To tackle these challenges, multimodal
approaches are emerging as promising alternatives to
conventional linearization methods. These methods in-
volve segmenting the system’s operational range into
distinct zones and considering localized linear models
for each zone [17]. The Multimodal principle is depict-
edin Fig. 5.

Model M,  +——>

u Ymm
Model M; > Outputunit ——————>

Model M,, _/

‘————— >  Decision unit

Y

Fig. 5. Multimodel Control

The algorithm of the proposed method is given by:

Step 1: A base of several discrete MIMO linear mod-
els is defined to describe the nonlinear system across
its entire operating ranges.

Step 2: The desired closed loop transfer matrix H(z) is
specified based on Eq (9).

Step 3: For each linear MIMO model, a specific Dahlin
Deadbeat controller is designed based on Eq10.

Step 4: At each sampling time, the model that close-
ly matched the process dynamics is selected based on
the switching technique illustrated in Fig. 6.

. Model M1 7,

u y
- Model Mi .
L >  ModelM, L.

Fig. 6. Switching technique [26]
The errors between model outputs and the actual
system responses should then be evaluated.

For each model M, a distance vector D, describing
model outputs y, and the system outputs y mismatch,
is represented by the Eq. (12).

D; =37 ||y = vy (0O || i = 1.

For each model M,i=1..n,a validity index v, needs to
be assessed. A validity index v, of 1 is assigned to the

(12)

486

model with the smallest distance vector, indicating its
superior relevance in describing the nonlinear system.
Conversely, for the other models in the set, v issettoO.
The multimodal vector of outputs aligns then with the
vector of the chosen model’s outputs (cf. Fig. 7).

_D1_) D=min(D;), i=1...n
D2 —
~| Decision

unit
Dn v=validity index
—>

Fig. 7. Basic diagram of the model validation
method [24]

Step 5. Once the model is validated, its correspond-
ing DDIMC controller, is applied to control the entire
nonlinear system.

The new DDIMMC, proposed for nonlinear discrete
systems is depicted in Fig. 7.

Set of n linear controllers

———— | Process ::>

Setof n linear models

:> Control

unit unit

' = M) =
—
:>

Decision —)

Fig. 8. The DDIMMC structure

4. SIMULATION CASE STUDIES

To demonstrate the effectiveness of the proposed
control structures, two case studies were introduced.
For the first case, a linear MIMO discrete system, spe-
cifically a neonatal incubator is proposed. As for the
second case, it concerns a nonlinear discrete MIMO sys-
tem: stirred tank reactor (CSTR) process.

4.1. DDIMC FOR A LINEAR MIMO DISCRETE
SYSTEM: A NEONATAL INCUBATOR
SYSTEM

«  System description

Let’s consider a linear MIMO neonatal incubator sys-
tem described by the following transfer matrix [30]:

—0.01649

0.3065s5+1
0.2356

26.07s+1

03145 _
Y, (s) g—0-184s
[ H _ [1753s+1
Yr(s) —0.3483
11.29s+1

e—0.4965

Uy(s)
g~ l46s [U:(s)] (13)

671.315‘

International Journal of Electrical and Computer Engineering Systems



where Y, (5), U,(s), Y,(s), U,s) are the outputs and con-
trol actions related respectively to the humidity and

temperature inside the incubator.

The discrete transfer matrix is described as follows
with a sampling time of Ts = 1.2 seconds.

0.1383z+0.01755271 —0.01483z-0.00133 271

Y1(Z)] _ 2-0.5043 2-0.01994 [Ui(z)] (14)
Yy(z)] T |zo03205z-000366 _, 0.008344z+0.002255 | |1, (z)
2-0.8992 2-09924

Two scenarios are presented. The first one considers
the nominal case without any disturbances, while the
second one tests the robustness towards external dis-
turbances.

-  First scenario: Nominal case

Fig. 9 illustrates simulation results for this scenar-
io. All the responses accurately settle the setpoints.
The overall performance is better when applying the
DDIMC compared to the discrete IMC [20]. The pro-
posed approach has less overshoot and shorter settling
time as presnted in Table 1 which illustrates a quantita-
tive comparison of the obtained results, to validate the
effectiveness of the proposed control approach com-
pared to the IMC and its ability to ensure satisfactory
performance.

120
— — — — Reference
100 i~ mempmae: IMC 1
Proposed DDIMC
& 80r
= i
£ eol-+ii{=
5
T 40 i
20 r
o \ \ \ , .
0 5 10 15 20 25 30
Time (s)
50 T T T _
— — — -~ Reference
------- M
Proposed DDIM( ]
I }
®
=2
©
0]
o
5
2
60 80 100 120 140
Time (s)

Fig. 9. Humidity and Temperature levels
(Nominal case)

Table 1. Performance of the transient responses
with the DDIMC and IMC [20]

IMC Proposed DDIMC

Humidity Temperature Humidity Temperature

Rise Time (s) 0.57 36.52 2.53 272
Setting Time (s) 6.49 82.48 5.75 8.84
Overshoot (%) 67.46 0 8.2.10° 0

Volume 15, Number 6, 2024

«  Second scenario: In the presence of disturbances

The robustness towards external disturbances of the
proposed approach is presented in this scenario. Step
type output disturbances of 10% occur at t=10s on the
humidity level and 2°C occur at t=100s on the tempera-
ture level, respectively. Fig. 10 displays the responses
for the DDIMC control. The system remains stable, and
the disturbances are completely rejected after about 8
and 12 sampling times for the humidity and the tem-
perature levels, respectively.

120
_ — — — — Reference
100 —————— IMC 7
@ 80 Proposed DDIMC
3 L ]
= H "1
€
3 L |
T 40 ¥
20 - b
0 1 1 1 1 1
0 10 20 30 40 50 60
Time (s)
50 :
— — — —Reference
------- MC
40 - Proposed DDIMC
8 _____ gy
‘© 30 ]
=
o
& 20 |
£
K<
10 b
0 . .
100 150
Time (s)

Fig. 10. Humidity and Temperature levels
(robustness towards disturbances)

4.2. DDIMC FOR A NONLINEAR MIMO
DISCRETE SYSTEM: STIRRED TANK
REACTOR

«  System description

Let’s consider a MIMO stirred tank reactor (CSTR) pro-
cess, which consists of an irreversible, exothermic reac-
tion, A = B, in a constant volume reactor cooled by a
single coolant stream. It can be modeled by the follow-
ing nonlinear equations [31]:

Calt) = 2 [Cao = Ca®)]

— koG4 (t)e—(E/RT(t))

1(6) = 2 [To = T(®)] + kaCa(t)e~E/FT)
+ kaqe(D)[1 — e"*e/9ON [Ty — T(8)]

(15)

The system’s inputs are the flow rate q and coolant
flow rate g . The outputs are respectively the concen-
tration C,, and the temperature T. Table 2 displays the
CSTR's parameter values.
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Parmeter Description Value
Gy Feed concentration 1 mol/l
T, Inlet coolant temperature 350K
h, Heat transfer term 7%10° cal/minK
E/R Activation energy term 10*K
PP, Liquid densities 10% g/l
q Process flow rate 100 I min™
T, Feed temperature 350K
14 CSTR volume 1001
k, Reaction rate constant 7%x10"min"!
AH Heat of reaction -2x10° cal/mol
C,C, Specific heats 1 calg'K’
_ —lHko _ ~PcCpc k. = _ha
17 ey 27 popv 37 peCpe

After linearization around three operating points,
local linear models are obtained. In the discrete state-
space representation with a sampling time of T = 0.1
seconds, these models are represented below [31]:

x(k +1) = Aix(k) + Bju(k) .
{ y(k) = Cx(k) + Du(k)

=123

where, x(k), u(k) and y(k) represent respectively the
states, inputs, and outputs vectors:

[ 01552 -0.0047 = [0.0007 0.0002 7

' 711434331 15794 " | —0.0463 —0.1122|16)
[-0.0225 -0.0039] [ 0.0006 0.0002

<= 175.1096  1.5464 |2 | -0.0343 —0.1203

[ 01801 -0.00447 [ 0.0007 0.0002 ]

11375519 16376 |7° | -0.0509 -0.1117 |

1

1 0 0 0
C= and D = .
0 1 0 0

Three discrete MIMO transfer matrices are obtained
and described as follows:

0.0007z —0.0009

0.0002z +0.0001 |

2> —1.7352+0.8189
-0.0463z +0.1076

z? —1.7352+0.8189 |

—0.11222+0.0461

2z —=1.735z+0.8189
[ 0.0006z —0.0008

z* =1.735z+0.8189 |
0.0002z +0.0002 ]

| 2" =1.5242+0.6481

z* =1.524z+0.6481 |.

M, = —-0.0343z+0.1043  —0.1203z +0.0323 17)
U345z + 0. 5 g 32 +0.03.25
2> —1.5242+0.6481 z* —1.524z+0.6481
[ 0.0007z—0.0009 0.0002z +0.0002 |
M, - 27 —1.8182+0.9002 z*—1.818z+0.9002

—-0.0509z +0.1055

-0.1117z +0.0476

| z* —1.818z +0.9002

2% —1.8182+0.9002

The desired closed loop transfer matrix is described

below.
0.09516 _ _q 0
__|z-0.9048
H(z) = 009516 3 (18)
z—0.9048

Two scenarios are presented. In the first one, the
nominal case without any disturbances is considered,
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while the second one tests the robustness towards ex-
ternal disturbances.

- First scenario: Nominal case

Fig. 11 illustrates simulation results for this scenario.
The setpoints are 0.09 mol/l and 450 K for the concen-
tration and the temperature respectively. We can notice
that the outputs of the CSTR system track the reference
signals with zero steady state errors. Moreover, the
system demonstrates better transient responses com-
pared to the Discrete Internal Multimodel Control strat-
egy [24]. The DDIMMC yields responses with minimized
overshoot and undershoot, and shorter setting time as
detailed in Table 3. In fact, the transient response per-
formance is not explicitly considered in the IMMC con-
troller design, whereas optimizing transient response is
a primary concern for the proposed DDIMMC controller.

Table 3. Performance of the transient responses
with the DDIMMC and IMMC [24]

IMMC Proposed DDIMMC
Concentration Temperature Concentration Temperature
Setting 0.96 103 0.22 021
Time (s)
Overshoot 64 0.62 299 078
(%)
Peak 9.64x10-2 453 9.23x1072 452.3
01
S
£ o.08
(_;': — — — — Reference
= 0.06 Proposed DDIMMC | 4
=Tt | pro— IMMC
s
£ 004
[
2
8 0.02
o]
[} 2 4 6 8 10
Time (s)
500
400
g — — — — Reference
P Proposed DDIMMC | |
] 0094 | IMMC
ks
[l
e
2 200
ks
100
0 . . . .
(o] 2 4 6 8 10
Time (s)

Fig. 11. Concentration and Temperature levels
(Nominal case)

«  Second scenario: In the presence of disturbances

The robustness towards external disturbances of
the proposed approach is presented in this scenario.
Persistent disturbances of 0.02 mol/l and 10 K occur at
t=0.5 s on the concentration and the temperature lev-
els respectively. Fig. 12 displays simulation results for
this scenario. We can notice that despite the presence
of persistent disturbances, the outputs remain able to
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follow the reference inputs. The DDIMMC controller has
proven its ability to ensure good performance despite
the disturbances.

— — — — Reference
0.06 c 1

A

0.04

0.02 1

Concentration C, (molfl

[0} 1 2 3 4 5
Time(s)

500

400

— — — — Reference

300 | T

Temperature(K)
3
o

N
o
o

o

0 1 2 3 4 5
Time(s)
Fig. 12. Concentration and Temperature levels
(Robustness towards disturbances)

5. CONCLUSION

The Dahlin deadbeat Internal Model Control was pro-
posed in this paper for MIMO systemes. It was designed
on the principles of the Dahlin deadbeat control and the
internal model control. The controller, proposed initially
for linear systems, is easy to implement, robust and has
good dynamic control performance. A simulation study
on a linear MIMO neonatal incubator illustrates the ef-
fectiveness of this approach in ensuring good transient
performance, accurate tracking, and robustness towards
disturbances. Beyond linear systems, the DDIMC was
extended to control MIMO nonlinear systems by incor-
porating a multi-modeling strategy based on describing
the nonlinear system by a set of multiple linear models.
At each sampling time, the most appropriate model is se-
lected and its corresponding Dahlin deadbeat controller
is applied to the entire system. This novel Dahlin dead-
beat internal multimodal control method (DDIMMC)
demonstrates its effectiveness through simulations on a
stirred tank reactor (CSTR) process involving two inputs
and outputs. The proposed control approach has proven
its ability to ensure satisfactory nominal and robustness
performances.

Future work may involve conducting experimen-
tal tests on real systems using DDIMC and DDIMMC
methods aiming to prove the effectiveness of these
approaches in real-world applications. Furthermore,
extending these control strategies to address the com-
plexities of non-square systems, which pose additional
challenges in control, could be explored.
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6. REFERENCES

(1l

(2]

3]

(4]

(5]

(6]

(71

(8l

K

(1ol

S. Gambhire, D. Kishore, M. Kumar, S. Pawar, “Design
of Super Twisting Integral Sliding Mode Control for
Industrial Robot Manipulator’, International Journal
of Electrical and Computer Engineering Systems, Vol.
13, No. 9, 2022, pp. 815-821.

B. Xu, “On delay independent stability of large scale
systems with time delays’, IEEE Transactions on Auto-
matic Control, Vol. 40, No. 5, 1995, pp. 930-933.

A. Ajiboye, F. Opadiji, O. Popoola, O. Adebayo, “Selec-
tion of PID controller design plane for time delay sys-
tems using genetic algorithm’, International Journal
of Electrical and Computer Engineering Systems, Vol.
13, No. 10, 2022, pp. 917-926.

B. Chen, X. Liu, K. Liu, C. Lin, “Adaptive fuzzy tracking
control of nonlinear MIMO systems with time-vary-
ing delays”, Fuzzy Sets and Systems, Vol. 217, 2013,

pp. 1-21.

T. T. Pham, C. N. Nguyen, “Adaptive Sliding Mode
Control Based on Fuzzy Logic and Low Pass Filter for
Two-Tank Interacting System’, International Journal
of Electrical and Computer Engineering Systems, Vol.
13, No. 9, 2022. pp. 477-483.

W. Ruliang, M. Kunbo, C. Chao-Yang, L. Yanbo, M.
Hebo, Y. Zhifang, "Adaptive neural control for MIMO
nonlinear systems with state time-varying delay’,
Journal of Control Theory and Applications, Vol. 10.
No. 3, 2012, pp. 309-318.

W.Tong, S. Wang, “Fault Tolerant Control of Lipschitz
Nonlinear Switched Delay Systems: A Model Predic-
tive Control Scheme”, Journal of Applied Science and
Engineering, Vol. 27, No. 7, 2023, pp. 2735-2745.

R. Holis, V. Bobal, "Model predictive control of time-
delay systems with measurable disturbance com-
pensation”, Proceedings of the 20" International
Conference on Process Control, Strbske Pleso, Slova-
kia, 9-12 June 2015, pp. 209-214.

X.Tian, H. Peng, X. Luo, S. Nie, F. Zhou, X. Peng, “Op-
erating Range Scheduled Robust Dahlin Algorithm
to Typical Industrial Process with Input Constraint’,
International Journal of Control, Automation and
Systems, Vol. 18, 2020, pp. 897-910.

|. Mahmoud, I. Saidi, “A dead-beat internal model
control for trajectory tracking in discrete- time linear
system’, Przeglad Elektrotechniczny, Vol. 99, No. 1,
2022, pp. 116-119.

489



(1]

[12]

[13]

[14]

[15]

(16l

(171

[18]

)

[20]

[21]

490

K. Tsumura, H. Nakanishi, E. Nobuyama, “Multiobjec-
tive control for continuous time MIMO systems via
deadbeat regulation’, Proceedings of the 36" IEEE
Conference on Decision and Control, San Diego, CA,
USA, 12 December 1997, pp. 466-471.

D. Marshiana, P. Thirusakthimurugan, “Design of
Deadbeat Algorithm for Nonlinear Conical Tank Sys-
tem’, Procedia Computer, Vol. 57,2015, pp. 1351-1358.

E. B. Dahlin, “Designing and tuning digital control-
lers”, Instruments and control systems, Vol. 41, No. 6,
1968, pp. 77-83.

A. J. Bedekar, S. Shinde, “Robust Deadbeat Control of
Twin Rotor Multi Input Multi Output System’, Inter-
national Journal of Engineering Research & Technol-
ogy, Vol. 4, No. 5, 2015, pp. 703-709.

F. C. Teng, G. F Ledwich, A. C. Tsoi, “Extension of the
Dahlin-Higham controller to multivariable systems
with time delays’, International Journal of Systems
Science, Vol. 25, No. 2, 1994, pp. 337-350.

S.Walz, R. Lazar, G. Buticchi, M. Liserre, "Dahlin-Based
Fast and Robust Current Control of a PMSM in Case
of Low Carrier Ratio", IEEE Access, Vol. 7, 2019, pp.
102199-102208.

T. Dlaba¢, S. Anti¢, M. Calasan, A. Milovanovi¢, N.
Marvuci¢, “Nonlinear Tank-Level Control Using Dah-
lin Algorithm Design and PID Control’, Applied Sci-
ences, Vol. 13, No. 9, 2023, pp. 1-25.

K. Kawaguchi, J. Endo, H. Shibasaki, R. Tanaka, Y. Hi-
kichi, Y. Ishida, “The Control of the Pneumatic Actua-
tor Using Dahlin Algorithm’, International Journal of
Modeling and Optimization, Vol. 3, No. 244, 2013, pp.
98-100.

C. G. Garcia, M. Morari, “Internal model control. A
unifying review and some results’, Industrial Engi-
neering Chemistry Process Design and Develop-
ment, Vol. 21, No. 2, 1982, pp. 308-323.

I. Bejaoui, I. Saidi, D. Soudani, “Internal model con-
trol of discrete non-minimum phase over-Actuated
systems with multiple time delays and uncertain pa-
rameters’, Journal of Engineering Science and Tech-
nology Review, Vol. 12, No. 2, 2019.

. Clitan, V. Muresan, A. Clitan, A. M. Abrudean, “Dis-
crete Control for an Industrial Manipulator Using
Both Dahlin Algorithm and Internal Model Control
Design Approaches’, Applied Mechanics and Materi-
als, Vol. 656, 2014, pp. 360-368,

[22]

[23]

P.Li, Z. Zhao,“IMC - Dahlin Temperature Regulator for
Thermostat”, Proceedings of the 29t Chinese Control
And Decision Conference, Chongqing, China, 28-30
May 2017, pp. 4238-4242.

. Saidi, N. Touati, "Dahlin Deadbeat Internal Model
Controller Design for Discrete Systems with Time De-
lay", Proceedings of the 9" International Conference
on Control’, Decision and Information Technologies,
Rome, Italy, 3-6 July 2023, pp. 2633-2638.

[24] C. Othman, |. Ben Cheikh, D. Soudani, “On the Internal

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Multi-Model Control of Uncertain Discrete-Time Sys-
tems’, International Journal of Advanced Computer
Science and Applications, Vol. 7, No. 9, 2016, pp. 88-
98.

A. Dhahri, I. Saidi, D. Soudani, “Internal model control
for multivariable over-actuated systems with mul-
tiple time delay”, Proceedings of the 4™ International
Conference on Control Engineering & Information
Technology, Hammamet, Tunisia, 16-18 December
2016, pp. 623-626.

N. Touati, |. Saidi, A. Dhahri, D. Soudani“Internal mul-
timodel control for nonlinear overactuated systems”,
Arabian Journal for Science and Engineering, Vol. 44,
No. 3, 2019, pp. 2369-2377.

N. Touati, I. Saidi, “Internal model control for un-
deractuated systems based on novel virtual inputs
method’, Przeglad Elektrotechniczny, Vol. 97, No. 9,
2021, pp. 95-99.

. Saidi, N. Touati, A. Dhahri, D. Soudani, “A compara-
tive study on existing and new methods to design
internal model controllers for non-square systems”,
Transactions of the Institute of Measurement and
Control, Vol. 41, No. 13, 2019, pp. 3637-3650.

F. C. Teng, G. F. Ledwich, A. C. Tsoi, “Extension of the
Dahlin-Higham controller to multivariable systems
with time delays’, International Journal of Systems
Science, Vol. 25, No. 2, 1994, pp. 337-350.

W. Bezerra-Correia, B. Claure-Torrico, R. D. Olimpio-
Pereira, “Optimal control of MIMO dead-time linear
systems with dead-time compensation structurel’,
DYNA, Vol. 84, No. 200, 2017, pp. 62-71.

J. Dy, T. A. Johansen, “A gap metric based weighting
method for multimodel predictive control of MIMO
nonlinear systems’, Journal of Process Control, Vol.
24,No.9, 2014, pp. 1346-1357.

International Journal of Electrical and Computer Engineering Systems



