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Abstract. In this paper, an optimal design of the two-degree-of-freedom proportionalintegral-derivative-accelerated (2DOF-PIDA) controllers for the liquid-level system based
on the modern optimization by using the modified bat algorithm (MBA) is proposed. The
MBA is the new modified version of the original bat algorithm (BA) developed from
the echolocation behaviour of microbats. To improve its exploration and exploitation
properties, the random number drawn from a Lévy-flight distribution and new loudness
and pulse emission rate functions are proposed. Performance of the MBA over the BA
investigated against 10 benchmark functions is presented in this paper. Results of the
2DOF-PIDA controllers designed by the proposed MBA for the liquid-level system are
compared with those of the one-degree-of-freedom proportional-integral-derivative (1DOFPID) controller designed by Ziegler-Nichols (ZN) tuning rule, 2DOF-PID designed by
Araki-Taguchi (AT) tuning rule and 1DOF-PID and 1DOF-PIDA controllers designed
by the MBA. As results, it was found that the liquid-level controlled system with the
2DOF-PIDA controllers designed by the MBA can provide very satisfactory responses
superior to that with the 2DOF-PID controllers designed by AT and MBA and 1DOFPID controller designed by ZN, significantly.
Keywords: 2DOF-PIDA controllers, Modiﬁed bat algorithm, Liquid-level system, Modern optimization

1. Introduction. Traditionally, the 1DOF control system has been widely conducted
due to ease of use and simple realization. However, the design of control system which
depends on two main purposes, i.e., input-tracking (or command-following) and loadregulating (or disturbance-rejecting), needs to be achieved [1-3]. The 1DOF control system can serve only one purpose. For the 1DOF control system, if the input-tracking
response is good, its load-regulating response is poor, and vice versa. This is one of the
most signiﬁcant problems of control practical which most researchers tend to ignore. In
control theory, the degree-of-freedom of a control system can be deﬁned by the number of control loops that can be adjusted independently [4-6]. On the other hand, the
degree-of-freedom of a control system refers to how many of these closed-loop transfer
functions are independent. Due to this, the 2DOF control system has advantages over
the 1DOF control system in order to serve both two main purposes of control system
design [4-6]. The 2DOF control system has been launched since the mid-19th century
[4] and the 2DOF-PID controllers were analyzed and proposed for industrial uses [7-9].
Consequently, the results obtained by the 2DOF-PID controllers were reported [10,11].
Extended studies of 2DOF-PID controllers were conducted for optimal analytical tuning
DOI: 10.24507/ijicic.16.02.715

715

716

K. LURANG AND D. PUANGDOWNREONG

[12-14], digital 2DOF-PID controllers implementation with magnitude and slope limiters
[15] and other 2DOF-PID topics in industrial applications [16-18].
Over two decades, control design paradigm has been changed from conventional analytical approach to new framework by using the metaheuristic optimization approach
[19]. Metaheuristic optimization has become potential candidates and widely applied to
various engineering problems. Such the metaheuristic optimization techniques have been
increasingly applied to optimal tuning of the 2DOF-PID controllers, for example, immune algorithm (IA) for parallel distributed network [20], evolutionary computing (EC)
for systems with time-delay [21], genetic algorithm (GA) for ﬁrst order plus dead time
(FOPDT) system [22], bacterial foraging (BF) for unstable systems [23], cuckoo search
(CS) and ﬁreﬂy algorithm (FA) for automatic generation control [24], GA for discrete system [25] and the 2DOF-PID controllers of brushless DC motor speed control by current
search (CuS) [26].
In 2012, the bat-inspired algorithm (or shortly bat algorithm: BA) was ﬁrstly proposed
by Yang as one of the most eﬃcient bio-inspired population-based metaheuristic optimization searching techniques [27]. Based on the echolocation or bio-sonar characteristics of
microbats, these bats can ﬁnd their prey and discriminate diﬀerent types of insects even in
complete darkness. The BA developed by Yang [27,28] is based on such the echolocation
behavior. The BA has been successfully applied to solving many engineering problems,
for instance, welded beam design, pressure vessel design, car side design, spring design,
truss system design, series-parallel power system optimization, brushless DC wheel motor
design, economic load and emission dispatch optimization, scheduling, image processing,
and control systems. Motivation and various applications of the BA have been reviewed
and reported [29-31].
Although, the original BA has been accepted for various optimization problems because
of its good exploitation property, it has a poor exploration property. The original BA is
usually unable to release the search moving from a local entrapment. This problem has
been overcome by diﬀerent modiﬁcations made to the original BA. These include the fuzzy
logic bat algorithm (FLBA) [32], multiobjective bat algorithm (MOBA) [28], K-means bat
algorithm (KMBA) [33], chaotic bat algorithm (CBA) [34], binary bat algorithm (BBA)
[35], diﬀerential operator and Lévy ﬁghts bat algorithm (DLBA) [36], mutation-based bat
algorithm [37], hybrid bat algorithm (HBA) [38] and modiﬁed bat algorithm (mBA) [39].
In this paper, the modiﬁed bat algorithm (MBA) is proposed to improve the performance of the original BA. In the algorithm of the proposed MBA, the random number
drawn from a Lévy-ﬂight distribution and new loudness and pulse emission rate functions are proposed to improve its exploration and exploitation properties. The proposed
MBA and the mBA [39] are not the same. This is because the mBA [39] uses elite
opposition-based learning (EOBL) with the uniformly random number to diversify the
solution and the inertial weight to improve its exploitation, while the proposed MBA utilizes the random number with a Lévy-ﬂight distribution to improve its diversiﬁcation and
new loudness and pulse emission rate functions to improve its exploitation. In addition,
the proposed MBA may resemble the DLBA [36] in that both DLBA and proposed MBA
utilize the random number with a Lévy-ﬂight distribution. However, the DLBA [36] uses
diﬀerential operator which can provide very quick convergence, but it is usually unable
to escape from a local entrapment.
The proportional-integral-derivative-accelerated (PIDA) controller was ﬁrstly proposed
by Jung and Dorf in 1996 [40]. With its three arbitrary zeros and one pole at origin,
the PIDA controller can provide faster and smoother responses for the third-order plants
than the PID controller [40,41]. In 2019, the PIDA was extended to the proportionalintegral-derivative-accelerated-jerk (PIDAJ) controller for fourth-order plant [42]. In this
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paper, the proposed MBA is applied to the control engineering application for designing
the optimal 2DOF-PIDA controllers for the liquid-level system to archived input-tracking
and load-regulating purposes. Results obtained by the 2DOF-PIDA controllers designed
by the MBA will be compared with those obtained by the 1DOF-PID controller designed
by Ziegler-Nichols (ZN) tuning rule [43,44], 2DOF-PID controllers designed by ArakiTaguchi (AT) tuning rule [6,9,45] and 1DOF-PID and 1DOF-PIDA controllers designed
by MBA. This paper consists of six sections. After an introduction in Section 1, the
concept of 2DOF control system is reviewed in Section 2. The proposed MBA algorithm
is discussed in Section 3. Problem formulation of the MBA-based 2DOF-PIDA controllers
design for the liquid-level system is performed in Section 4. Results and discussions are
provided in Section 5. Finally, conclusions are given in Section 6.
2. 2DOF Control System. Regarding to the 1DOF control system as shown in Figure
1, P (s) is the transfer function model of the plant and C(s) is the transfer function model
of the controller, r is the reference input signal, e is the error signal, u is the control signal
and d is the disturbance signal. From Figure 1, the closed-loop transfer functions from r
to y and d to y are given in (1) and (2), respectively. Here, the subscript “1” means that
the quantities are of the 1DOF control system.
C(s)P (s)
1 + C(s)P (s)
P (s)
Gyd1 (s) =
1 + C(s)P (s)
Gyr1 (s)P (s) + Gyd1 (s) = P (s)

Gyr1 (s) =

(1)
(2)
(3)

Figure 1. 1DOF control system
Those two transfer functions include only one controller C(s). Therefore, they cannot
be controlled independently. Such two functions in (1) and (2) are bound by (3). This
means that based on two main purposes of control systems, their input-tracking and loadregulating responses cannot be independently controlled. From (3), it shows explicitly
that for a given P (s), Gyr1 (s) is uniquely determined if Gyd1 (s) is chosen, and vice versa.
This fact causes the following diﬃculty. If the input-tracking response is optimized, the
load-regulating response is often found to be poor, and vice versa. Eﬀects between inputtracking and load-regulating responses of the 1DOF control system can be visualized from
Figure 2.
A general structure of the 2DOF control system can be represented by the block diagram
shown in Figure 3, where Cf (s) is the transfer function model of the feedforward controller
and C(s) is the transfer function model of the main controller. From Figure 3, the closedloop transfer functions from r to y and d to y are given in (4) and (5), respectively. The
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(a) Input-tracking responses

(b) Load-regulating responses

Figure 2. Eﬀects between input-tracking and load-regulating responses of
the 1DOF control system

Figure 3. 2DOF control system
subscript “2” means that the quantities are of the 2DOF control system.
[C(s) + Cf (s)]P (s)
1 + C(s)P (s)
P (s)
Gyd2 (s) =
1 + C(s)P (s)

Gyr2 (s) =

(4)
(5)

By comparing (1)-(2) with (4)-(5), it was found that the closed-loop transfer functions
of the 2DOF control system are related to those of the 1DOF control system as stated in
(6)-(7). Once C(s) is the same in both control systems, from (6)-(7), the load-regulating
responses of 1DOF and 2DOF control systems are the same as shown in Figure 4(b),
while the input-tracking responses diﬀer by the amount of the second term of (6) which
can be independently controlled by Cf (s) as can be observed from Figure 4(a).
Gyr2 (s) = Gyr1 (s) +
Gyd2 (s) = Gyd1 (s)

Cf (s)P (s)
1 + C(s)P (s)

(6)
(7)

Certainly, designing of the optimal 2DOF controller is more diﬃcult than that of the
optimal 1DOF controller. With this challenging task, the high eﬃcient optimizer needs
to be developed. Thus, the MBA is proposed in this paper. Algorithms of the original
BA and the proposed MBA as well as their performance evaluation are presented in next
section.
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(b) Load-regulating responses

Figure 4. Responses of 1DOF and 2DOF control systems
3. Modified Bat Algorithm. In this section, the original BA is brieﬂy reviewed, the
proposed MBA is elaborately described and the performance evaluation of the proposed
MBA is investigated.
3.1. Original BA. Proposed by Yang [27], the BA’s algorithm is based on the echolocation or bio-sonar characteristics of microbats which can formulate three following rules.
• All bats utilize echolocation to sense distance, and they also know the diﬀerence
between food/prey and background barriers.
• Bats ﬂy randomly with velocity vi at position xi with a frequency fmin , varying
wavelength λ and loudness A0 to search for prey. They automatically adjust the
wavelength (or frequency) of their emitted pulses and adjust the rate of pulse emission r ∈ [0, 1], depending on the proximity of their target.
• The loudness can vary from a large (positive) A0 to a minimum constant value Amin .
The BA’s algorithm can be represented by the pseudo code as shown in Figure 5. In
BA’s algorithm, each bat is associated with a velocity vi and a location xi , at iteration t, in
a d-dimensional search space. Among all the bats, there exists a current best solution x∗ .
Therefore, from above three rules, they can be translated into the updating equations for
xi and velocities vi as stated in (8)-(10). When β ∈ [0, 1] is a random vector drawn from a
uniform distribution, each bat is randomly assigned a frequency which is drawn uniformly
from [fmin , fmax ]. Equation (8) represents the calculation of frequency fi between fmin and
fmax as the corresponding frequency boundaries. Equation (9) presents the calculation of
a velocity vi of each bat. Equation (10) stands for the calculation of a location xi of each
bat as the solutions. During the iterations, the loudness Ai and the pulse rates ri are
adjusted as expressed in (11) and (12) to balance the exploration and exploitation. From
Equation (11), 0 < α < 1, the loudness Ai of each bat will be linearly decreased from
Ati to zero as t → ∞. From Equation (12), γ > 0, the pulse rates ri of each bat will be
logarithmically increased from rit to ri0 as t → ∞. According to Yang’s recommendations,
in the general case, users can use α = γ ∈ [0.9, 0.98] [27,28,31].
fi = fmin + (fmax − fmin ) β
)
(
− x ∗ fi
vit = vit−1 + xt−1
i
+ vit
xti = xt−1
i
At+1
= αAti , 0 < α < 1
i
(
)
rit+1 = ri0 1 − e−γt , γ > 0

(8)
(9)
(10)
(11)
(12)
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Figure 5. Pseudo code of BA
3.2. Proposed MBA. In many cases especially in multi-modal optimization problems,
the original BA is usually unable to escape from a local entrapment. To improve its
performance, the new MBA is proposed in this paper as one of the modiﬁed versions of
the original BA. The proposed MBA utilizes a random vector drawn from a Lévy-ﬂight
distribution which is more eﬀective than the uniform distribution in order to increase
the solution diversity. Therefore, a frequency used for each bat in (8) will be changed
into (13), where a symbol Lévy(λ) represents a Lévy-ﬂight distribution having an inﬁnite
variance with an inﬁnite mean as expressed in (14). The step length s of calculation can
be calculated by (15), where u and v stand for normal distribution as stated in (16), while
standard deviations of u and v are also expressed in (17).
fi = fmin + (fmax − fmin ) × Lévy(λ)
−λ

Lévy ≈ u = t , (1 < λ ≤ 3)
u
s = 1/β
|v|
u ≈ N (0, σu2 ), v ≈ N (0, σv2 )
√
Γ(1 + β) sin(πβ/2)
σu = β
, σv = 1
Γ[(1 + β)/2]β2(β−1)/2

(13)
(14)
(15)
(16)
(17)

In addition, to balance the exploration and exploitation of the proposed MBA, new
loudness Ai and pulse rates ri functions are proposed. From the original BA algorithm,
during the iteration t, the loudness Ai will be decreased and the pulse rates ri will be
increased. The loudness Ai of the original BA in (11) is a linearly decreasing function. In
the proposed MBA, three selected functions of the loudness Ai are stated in (18), (19) and
(20), respectively, where tmax is the maximum iteration and tx is the trigging iteration.
From Equation (18), 0 < α < 1, the loudness Ai of each bat will be exponentially
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decreased from A0 to zero, as t = 0 → t = tmax , plotted in Figure 6(a). From Equation
(19), Ai of each bat will be logarithmically decreased from A0 to zero, as t = 0 → t = tmax ,
plotted in Figure 6(b). From Equation (20), Ai of each bat will be constant at A0 as
t = 0 → t = tx , and linearly decreased from A0 to zero, as t = tx → t = tmax , plotted in
Figure 6(c).
Ati = A0 e−αt ,

0<α<1

(18)

Ati = A0 − e−α(tmax −t) , 0 < α < 1
{
A0 , 0 ≤ t < tx
t
Ai =
αAti , tx ≤ t < tmax , 0 < α < 1

(a) Exponentially
decreased

(b) Logarithmically
decreased

(19)
(20)

(c) Constant-linearly
decreased

Figure 6. Selected functions of loudness
The pulse rate ri the original BA in (12) is a logarithmically increasing function. In
the proposed MBA, three selected functions of the pulse rate ri are expressed in (21),
(22) and (23), respectively. From Equation (21), 0 < γ < 1, the pulse rate ri of each
bat will be linearly increased from zero to r0 , as t = 0 → t = tmax , plotted in Figure
7(a). From Equation (22), ri of each bat will be exponentially increased from zero to
r0 , as t = 0 → t = tmax , plotted in Figure 7(b). From Equation (23), ri of each bat
will be constant at zero as t = 0 → t = tx , and linearly increased from zero to r0 , as
t = tx → t = tmax , plotted in Figure 7(c).
rit = γri0 ,
rit

=

rit =

(a) Linearly increased

0<γ<1

(21)

ri0 e−γ(tmax −t) ,
{

0<γ<1
0,
0 ≤ t < tx
γri0 , tx ≤ t < tmax , 0 < γ < 1

(b) Exponentially
increased

(c) Constant-linearly
increased

Figure 7. Selected functions of pulse rate

(22)
(23)
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For preliminary studies, the proposed MBA was tested against several standard benchmark functions suggested by Jamil and Yang [46]. By varying α and γ with a Lévy-ﬂight
distribution, it was found that the best function of the loudness Ai is in (19), where
α ∈ [0.8, 0.95], and the best function of the pulse rate ri is in (22), where γ ∈ [0.85, 0.98].
From preliminary results, the convergent rates are not sensitive to the parameter variations. This means that the ﬁne adjustment of algorithm-dependent parameters is not
needed for any given problems. Therefore, the proposed MBA with a Lévy-ﬂight distribution will use the loudness function in (19) with α = 0.85 and the pulse rate function in
(22) with γ = 0.95 for all applications in this work.
3.3. Performance evaluation of MBA. For comparison studies, the original BA and
the proposed MBA are implemented by MATLAB version 2018a (License No.#40637337)
run on Intel(R) Core(TM) i5-3470 CPU@3.60GHz, 4.0GB-RAM. Parameters of the original BA are set according to Yang’s recommendations [27,28,31], i.e., the numbers of bats
n = 20, the frequencies fmin = 0, fmax = 2, the loudness function in (11) with the initial
loudness A0 = 0.5, the pulse rates function in (12) with the initial pulse rates r0 = 0.5
and α = γ = 0.9.
Parameters of the proposed MBA are set for a fair comparison as follows: n = 20,
fmin = 0, fmax = 2, A0 = 0.5 in (19) with α = 0.85, r0 = 0.5 in (22) with γ = 0.95.
100 trials are conducted to ﬁnd the best solutions. The algorithms stop when these
two termination criteria (TC) are satisﬁed, i.e., (i) the variations of function values are
less than a given tolerance ε ≤ 10−5 or (ii) the iteration reaches the maximum iteration
(MaxIter = 1,000). The former criterion implies that the search is success, while the later
means that the search is not success. Both BA and MBA are tested against 10 selected
benchmark functions [46] as summarized in Table 1. For example, the 2D-surface of the
Ackley function (f1 ) is plotted in Figure 8.

Figure 8. Ackley function surface
Results of comparison between BA and MBA are summarized in Table 2, where the
numbers are in the format: average number (mean) of evaluations ± standard deviation
(success rate). For instance, 3,067±1,632 (100%) means that the average number of
function evaluations is 3,067 with the standard deviation of 1,632 and the success rate of
100%. The average number of function evaluations implies the searching time consumed.
The less the average number of function evaluations, the less the searching time consumed.
The standard deviation implies the robustness of the algorithm. The less the standard
deviation, the more the robustness. From Table 2, the proposed MBA is much more
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Table 2. Comparison results between BA and MBA
Test functions
f1
f2
f3
f4
f5
f6
f7
f8
f9
f10

Algorithms
BA
MBA
19,821±11,457(2%) 10,166±8,129(100%)
6,955±10,857(75%)
656±698(100%)
24,292±4,187(3%)
3,067±1,632(98%)
7,719±10,843(73%) 4,292±6,253(100%)
24,379±13,700(3%) 4,094±6,357(99%)
24,252±14,003(4%) 4,010±5,019(99%)
4,090±5,157(95%) 1,434±3,185(100%)
5,485±8,925(83%) 1,614±2,217(100%)
16,398±7,612(66%) 1,392±770(100%)
6,043±9,553(80%) 5,082±3,277(100%)

Figure 9. Convergent rates of Ackley function by MBA
eﬃcient in ﬁnding the global optima of all selected benchmark functions with less average
number of function evaluations, less standard deviation and higher success rates, than
the original BA. With the less standard deviation, the proposed MBA provides more
robustness of solution ﬁnding than the original BA, signiﬁcantly. Figure 9 shows the
convergent rates of optimal ﬁnding of Ackley function (f1 ) by the proposed MBA as an
example. It can be observed that the search of the MBA over f1 is fully success (the
success rate of 100%) and very high robustness. The convergent rates of other functions
are omitted because they have a similar form to that of f1 in Figure 9.
4. Design Problem Formulation. Problem formulation of the MBA-based 2DOFPIDA controllers design for the liquid-level system is performed in this section. The
mathematical model of the 3-tank liquid-level system is ﬁrstly formulated. Then, the
optimization framework of the MBA-based 2DOF-PIDA controllers design for the 3-tank
liquid-level system is given as follows.
4.1. Mathematical model of liquid-level system. The schematic diagram of the noninteraction 3-tank liquid-level system can be represented in Figure 10, where qi (t), q1 (t)
and q2 (t) are liquid inﬂow rates into Tank-I, Tank-II and Tank-III, qo (t) is liquid outﬂow
rate from Tank-III, h1 (t), h2 (t) and h3 (t) are liquid levels of Tank-I, Tank-II and Tank-III,
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Figure 10. 3-tank liquid-level system
R1 , R2 and R3 are valve resistances of Tank-I, Tank-II and Tank-III, and A1 , A2 and A3
are capacitances (or cross-sectional areas) of Tank-I, Tank-II and Tank-III, respectively.
In this work, the linearized mathematical model of the non-interaction 3-tank liquidlevel system is formulated by setting qi (t) as input variable and qo (t) as output variable,
respectively. Referring to Figure 10, linear diﬀerential equations of Tank-I, Tank-II and
Tank-III are performed as stated in (24), (25) and (26), respectively. The transfer function
of the non-interaction 3-tank liquid-level system is then formulated as expressed in (27),
where τ1 = R1 A1 is time constant of Tank-I, τ2 = R2 A2 is time constant of Tank-II and
τ3 = R3 A3 is time constant of Tank-III, respectively.
dh1 (t)
h1 (t)
, q1 (t) =
dt
R1
dh2 (t)
h2 (t)
q1 (t) − q2 (t) = A2
, q2 (t) =
dt
R2
dh3 (t)
h3 (t)
q2 (t) − qo (t) = A3
, qo (t) =
dt
R3
Qo (s)
1
P (s) =
=
Qi (s)
(R1 A1 s + 1)(R2 A2 s + 1)(R3 A3 s + 1)
1
=
(τ1 s + 1)(τ2 s + 1)(τ3 s + 1)

qi (t) − q1 (t) = A1

(24)
(25)
(26)

(27)

Once setting τ1 = 1 s, τ2 = 1/2 s and τ3 = 1/3 s as appearing in [47], the overall transfer
function of the 3-tank liquid-level system can be rewritten in (28). The model expressed in
(28) will be used as a plant in the considered control system design optimization approach.
P (s) =

6
(s + 1)(s + 2)(s + 3)

(28)

4.2. MBA-based 2DOF-PIDA controllers design. Referring to Figure 3, the MBAbased 2DOF-PIDA controllers design for the 3-tank liquid-level system can be represented
by the block diagram as shown in Figure 11. The main controller C(s) and the feedforward
controller F (s) are deﬁned to be the PIDA controllers as expressed in (29) and (30)
[40], where Kp is proportional gain, Ki is integral gain, Kd is derivative gain and Ka is
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accelerated gain, respectively.
Ki,c
+ Kd,c s + Ka,c s2
s
Ki,f
+ Kd,f s + Ka,f s2
+
s

C(s)|PIDA = Kp,c +

(29)

F (s)|PIDA = Kp,f

(30)

Figure 11. MBA-based 2DOF-PIDA controllers design
For the MBA-based 2DOF-PIDA design optimization framework in Figure 11, the
input-tracking and load-regulating responses are set as two particular objective functions,
i.e., Obj 1 (·) = input-tracking response and Obj2 (·) = load-regulating response. In this
work, both Obj1 (·) and Obj2 (·) are combined to be the main objective function J (·)
by using the penalty factors with normalization as stated in (31) where α1 and α2 are
the penalty factors, while Obj1 Max and Obj2 Max are the maximum values of Obj1 (·) and
Obj2 (·), respectively. The penalty factors, 0 ≤ α1 , α2 ≤ 1, are arbitrary set by users. In
some works emphasizing the input-tracking response improvement, the value of α1 should
be more than that of α2 . On the other hand, if the load-regulating response needs to be
mainly improved, the value of α2 should be more than that of α1 . However, α1 = 0.5
and α2 = 0.5 are set in this work because both the input-tracking and load-regulating
responses are considered as the same essence of control purposes.
(
)
(
)
Obj 1 (·)
Obj 2 (·)
Min J (·) = α1
+ α2
(31)
Obj 1 Max
Obj 2 Max

Subject to tr ≤ tr max , Mp ≤ Mp max , ts ≤ ts max ,



Ess ≤ Ess max , Mpreg ≤ Mpreg max , treg ≤ treg max ,



Kp,c min ≤ Kp,c ≤ Kp,c max , Ki,c min ≤ Ki,c ≤ Ki,c max ,
(32)
Kd,c min ≤ Kd,c ≤ Kd,c max , Ka,c min ≤ Ka,c ≤ Ka,c max , 


Kp,f min ≤ Kp,f ≤ Kp,f max , Ki,f min ≤ Ki,f ≤ Ki,f max , 


Kd,f min ≤ Kd,f ≤ Kd,f max , Ka,f min ≤ Ka,f ≤ Ka,f max
From (31), J (·) including Obj1 (·) and Obj2 (·) will be fed to the MBA as shown in Figure
11 to be minimized by searching for optimal parameters of two PIDA controllers, C(s)
and F (s) in (29) and (30), corresponding to their constraints and search spaces deﬁned
as expressed in (32), where tr is rise time, tr max is maximum allowance of tr , Mp is
overshoot, Mp max is maximum allowance of Mp , ts is settling time, ts max is maximum
allowance of ts , Ess is steady-state error, Ess max is maximum allowance of Ess , Mpreg is
overshoot from regulation, Mpreg max is maximum allowance of Mpreg , treg is regulation
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time, treg max is maximum allowance of treg , Kp,c min is lower bound of gain Kp,c , Kp,c max
is upper bound of gain Kp,c , Ki,c min is lower bound of gain Ki,c , Ki,c max is upper bound
of gain Ki,c , Kd,c min is lower bound of gain Kd,c , Kd,c max is upper bound of gain Kd,c ,
Ka,c min is lower bound of gain Ka,c , Ka,c max is upper bound of gain Ka,c , Kp,f min is lower
bound of gain Kp,f , Kp,f max is upper bound of gain Kp,f , Ki,f min is lower bound of gain
Ki,f , Ki,f max is upper bound of gain Ki,f , Kd,f min is lower bound of gain Kd,f , Kd,f max
is upper bound of gain Kd,f , Ka,f min is lower bound of gain Ka,f and Ka,f max is upper
bound of gain Ka,f .
5. Results and Discussions. For design comparison, results of the 3-tank liquid-level
controlled system with the 1DOF-PID controller designed by ZN tuning rule, 2DOFPID controllers designed by AT tuning rule, 1DOF-PID, 1DOF-PIDA and 2DOF-PIDA
controllers designed by MBA are consecutively presented.
5.1. 1DOF-PID controller designed by ZN. For the ﬁrst method of ZN tuning rule
[43,44], the open-loop step response of P (s) in (28) provides the S-shape process reaction curve having delay time L = 0.4211 s and time constant T = 2.3157 s. Referring to
Figure 1 and Table 3, the 1DOF-PID controller parameters can be calculated as follows:
Kc (controller gain) = 1.2T /L = 6.599, τi (integral time constant) = 2L = 0.8422 s and
τd (derivative time constant) = 0.5L = 0.2105 s. Therefore, the 1DOF-PID controller
designed by the ZN tuning rule for the 3-tank liquid-level system is expressed in (33).
)
(
Ki
7.84
1
C(s)|1DOF-PID-ZN = Kc 1 +
+ τ d s = Kp +
+ Kd s = 6.60 +
+ 1.39s (33)
τi s
s
s
Table 3. ZN tuning rule based on delay time L and time constant T
Controllers
P
PI
PID

Parameters
Kc
τi
τd
T /L
∞
0
0.9T /L L/0.3
0
1.2T /L 2L 0.5L

The input-tracking responses of the 3-tank liquid-level system without and with the
1DOF-PID controller designed by the ZN tuning rule are plotted in Figure 12(a), while
the load-regulating response of the 3-tank liquid-level controlled system with the 1DOFPID controller designed by the ZN tuning rule is depicted in Figure 12(b). From Figure
12(a), the input-tracking response of the 3-tank liquid-level system without controller
yields tr = 2.73 s, Mp = 0%, ts = 5.00 s and Ess = 0%, while that of the 3-tank liquidlevel system with the 1DOF-PID controller designed by the ZN tuning rule gives tr = 0.63
s, Mp = 54.14%, ts = 6.97 s and Ess = 0%. From Figure 12(b), the 3-tank liquid-level
controlled system with the 1DOF-PID controller designed by the ZN tuning rule can
regulate the step load disturbance. It yields the maximum percent overshoot from load
disturbance regulation Mpreg = 14.59% and the regulating time treg = 7.50 s.
5.2. 2DOF-PID controller designed by AT. Referring to Figure 3, C(s) and Cf (s)
of the 2DOF-PID controllers according to the AT tuning rule are deﬁned as stated in (34)
and (35) [6,9,45].
)
(
1
+ τd s
(34)
C(s)|2DOF-PID-AT = Kc 1 +
τi s
Cf (s)|2DOF-PID-AT = −Kc (α + βτd s)
(35)
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(a) Input-tracking responses

(b) Load-regulating responses

Figure 12. (color online) Responses of the 3-tank liquid-level system without and with 1DOF-PID, 2DOF-PID, 1DOF-PIDA and 2DOF-PIDA controllers
Regarding to the S-shape process reaction curve giving L = 0.4211 s and T = 2.3157
s, the ratio of L/T ≈ 0.2. From the AT tuning rule [6,9,10,45] as summarized in Table 4,
the 2DOF-PID parameters can be determined as follows: Kc = 6.32, τi = 0.4T = 0.9263
s, τd = 0.08T = 0.1853 s, α = 0.61 and β = 0.64. Therefore, the 2DOF-PID controllers
designed by the AT tuning rule for the 3-tank liquid-level system are given in (36) and
(37).
6.82
+ 1.17s
s
= −3.86 − 0.75s

C(s)|2DOF-PID-AT = 6.32 +

(36)

Cf (s)|2DOF-PID-AT

(37)

The input-tracking responses of the 3-tank liquid-level system without and with the
2DOF-PID controllers designed by the AT tuning rule are plotted in Figure 12(a), while
the load-regulating response of the 3-tank liquid-level controlled system with the 2DOFPID controllers designed by the AT tuning rule is depicted in Figure 12(b). Referring to
Figure 12(a), the input-tracking response of the 3-tank liquid-level controlled system with
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Table 4. AT tuning rule of 2DOF-PID controllers based on delay time L
and time constant T
Ratio L/T
0.1
0.2
0.4
0.8

2DOF-PID parameters
Kc τi /T τd /T
α
β
12.57 0.22 0.04 0.64 0.66
6.32 0.40 0.08 0.61 0.64
3.21 0.69 0.16 0.56 0.61
1.68 1.09 0.30 0.47 0.54

the 2DOF-PID controllers designed by the AT tuning rule gives tr = 1.20 s, Mp = 9.61%,
ts = 5.19 s and Ess = 0%. From Figure 12(b), the 3-tank liquid-level controlled system
with the 2DOF-PID controllers designed by the AT tuning rule can regulate the step load
disturbance. It provides Mpreg = 15.67% and the regulating time treg = 8.12 s.
5.3. 1DOF-PID controller designed by MBA. Referring to Figure 11 in order to
design an optimal 1DOF-PID controller for the 3-tank liquid-level system by the proposed
MBA, the algorithm of the MBA is coded by MATLAB. The search parameters of the
MBA are deﬁned as appearing in subsection 3.3. MaxIter = 500 is then set as the TC. 50
trials are conducted to ﬁnd the best solutions (optimal 1DOF-PID controller for the 3tank liquid-level system). Search spaces and their constraint functions are then performed
as shown in (38). For the 1DOF-PID controller design, F (s) in Figure 11 is removed.

Subject to tr ≤ 2.0 s, Mp ≤ 5.0%, ts ≤ 5.0 s,

Ess ≤ 0.01%, Mpreg ≤ 30%, treg ≤ 8.0 s,
(38)

0 ≤ Kp ≤ 5.0, 0 ≤ Ki ≤ 5.0, 0 ≤ Kd ≤ 2.5
1.46
C(s)|1DOF-PID-MBA = 2.10 +
+ 0.75s
(39)
s
After the search process stopped, the MBA can successfully provide the optimal parameters of the 1DOF-PID controller of the 3-tank liquid-level system as stated in (39). The
input-tracking responses of the 3-tank liquid-level system without and with the 1DOF-PID
controller designed by the MBA are plotted in Figure 12(a), while the load-regulating response with the 1DOF-PID controller designed by the MBA is depicted in Figure 12(b).
Referring to Figure 12(a), the input-tracking response of the 3-tank liquid-level controlled system with the 1DOF-PID controller designed by the MBA yields tr = 1.71 s,
Mp = 3.57%, ts = 3.12 s and Ess = 0%. From Figure 12(b), the 3-tank liquid-level
controlled system with the 1DOF-PID controller designed by the MBA can regulate the
step load disturbance. It provides Mpreg = 29.65% and the regulating time treg = 7.02 s.
5.4. 1DOF-PIDA controller designed by MBA. To design an optimal 1DOF-PIDA
controller for the 3-tank liquid-level system by the MBA, search spaces and their constraint functions are then performed as stated in (40). In this case, F (s) in Figure 11 is
also removed. Once the search process stopped, the MBA can successfully provide the optimal parameters of the 1DOF-PIDA controller as expressed in (41). The input-tracking
responses of the 3-tank liquid-level system without and with the 1DOF-PIDA controller
designed by the MBA are plotted in Figure 12(a), while the load-regulating response with
the 1DOF-PIDA controller is depicted in Figure 12(b).

Subject to tr ≤ 2.0 s, Mp ≤ 5.0%, ts ≤ 5.0 s,

Ess ≤ 0.01%, Mpreg ≤ 30%, treg ≤ 8.0 s,
(40)

0 ≤ Kp ≤ 5.0, 0 ≤ Ki ≤ 5.0, 0 ≤ Kd ≤ 2.5, 0 ≤ Ka ≤ 0.5
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2.20
+ 1.60s + 0.06s2
(41)
s
From Figure 12(a), the input-tracking response of the 3-tank liquid-level controlled
system with the 1DOF-PIDA controller designed by the MBA gives tr = 1.13 s, Mp =
2.22%, ts = 1.53 s and Ess = 0%. From Figure 12(b), the 3-tank liquid-level controlled
system with the 1DOF-PIDA controller designed by the MBA can regulate the step load
disturbance. It provides Mpreg = 19.82% and the regulating time treg = 7.05 s.
C(s)|1DOF-PIDA-MBA = 3.60 +

5.5. 2DOF-PIDA controller designed by MBA. Finally, in order to design the optimal 2DOF-PIDA controllers for the 3-tank liquid-level system by the MBA, search spaces
and their constraint functions are then performed as stated in (42). The MBA can successfully provide the optimal parameters of the 2DOF-PIDA controllers as expressed in (43)
and (44). The input-tracking and the load-regulating responses of the 3-tank liquid-level
control system are depicted in Figure 12(a) and Figure 12(b), respectively.


Subject to tr ≤ 2.0 s, Mp ≤ 5.0%, ts ≤ 5.0 s, Ess ≤ 0.01%,


Mpreg ≤ 30%, treg ≤ 8.0 s, 0 ≤ Kp,c ≤ 5.0, 0 ≤ Ki,c ≤ 10,
(42)
0 ≤ Kd,c ≤ 2.0, 0 ≤ Ka,c ≤ 0.5, −1.0 ≤ Kp,f ≤ 1.0,


−1.0 ≤ K ≤ 1.0, −1.0 ≤ K ≤ 1.0, −1.0 ≤ K ≤ 1.0 
i,f

d,f

a,f

2.85
+ 1.61s + 0.06s2
(43)
s
0.0013
F (s)|2DOF-PIDA-MBA = −0.45 +
− 0.05s + 0.0012s2
(44)
s
From Figure 12(a), the input-tracking response of the 3-tank liquid-level controlled
system with the 2DOF-PIDA controllers designed by the MBA yields tr = 1.21 s, Mp =
0.65%, ts = 2.58 s and Ess = 0%. From Figure 12(b), the 3-tank liquid-level controlled
system with the 2DOF-PIDA controllers designed by the MBA can completely regulate
the step load disturbance. It gives Mpreg = 18.73% and the regulating time treg = 4.82 s.
For comparison of all systems from Figure 12(a) and Figure 12(b), it was found that the
3-tank liquid-level controlled systems with the 1DOF-PID, 2DOF-PID, 1DOF-PIDA and
2DOF-PIDA controllers are stable and can regulate the step load disturbance. However,
the 2DOF-PIDA controllers designed by the MBA can provide faster and smoother outﬂow
rate response than other controllers. As results, the advantages of the 2DOF control
system over the 1DOF are conﬁrmed, and the performance of the proposed MAB for the
considered control design application is veriﬁed.
C(s)|2DOF-PIDA-MBA = 3.95 +

6. Conclusions. An optimal design of the 2DOF-PIDA controllers for the liquid-level
system by using the MBA has been proposed in this paper. The proposed MBA is the new
modiﬁed version of the original BA developed to improve its exploration and exploitation
properties. By utilizing the random number drawn from a Lévy-ﬂight distribution and
new loudness and pulse emission rate functions, simulation results have shown that the
proposed MBA is much more eﬃcient in ﬁnding the global optimum than the original
BA. The MBA has been applied to designing the optimal 2DOF-PIDA controllers for the
3-tank liquid-level system to achieve two main purposes of control systems. As results,
the 3-tank liquid-level controlled system with the 2DOF-PIDA controllers designed by
the MBA could provide very satisfactory responses superior to those with the 1DOF-PID
designed by ZN tuning rule, 2DOF-PID designed by AT tuning rule, 1DOF-PID and
1DOF-PIDA designed by MBA, respectively. For future research, the proposed MBAbased 2DOF-PIDA design optimization framework will be extended to various control
engineering problems.
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[34] J. H. Lin, C. W. Chou, C. H. Yang and H. L. Tsai, A chaotic Lévy ﬁght bat algorithm for parameter estimation in nonlinear dynamic biological systems, Journal of Computer and Information
Technology, vol.2, no.2, pp.56-63, 2012.
[35] R. Y. M. Nakamura, L. A. M. Pereira, K. A. Costa, D. Rodrigues, J. P. Papa and X. S. Yang,
BBA: A binary bat algorithm for feature selection, Proc. of the 25th IEEE SIBGRAPI Conference
on Graphics, Patterns and Images (SIBGRAPI), pp.291-297, 2012.
[36] J. Xie, Y. Q. Zhou and H. Chen, A novel bat algorithm based on diﬀerential operator and Lévy
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