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a b s t r a c t

In this paper, a novel Runge–Kutta (RK) discretization-based model-predictive auto-tuning proportional-
integral-derivative controller (RK-PID) is introduced for the control of continuous-time nonlinear
systems. The parameters of the PID controller are tuned using RK model of the system through
prediction error-square minimization where the predicted information of tracking error provides an
enhanced tuning of the parameters. Based on the model-predictive control (MPC) approach, the
proposed mechanism provides necessary PID parameter adaptations while generating additive correc-
tion terms to assist the initially inadequate PID controller. Efficiency of the proposed mechanism has
been tested on two experimental real-time systems: an unstable single-input single-output (SISO)
nonlinear magnetic-levitation system and a nonlinear multi-input multi-output (MIMO) liquid-level
system. RK-PID has been compared to standard PID, standard nonlinear MPC (NMPC), RK-MPC and
conventional sliding-mode control (SMC) methods in terms of control performance, robustness,
computational complexity and design issue. The proposed mechanism exhibits acceptable tuning and
control performance with very small steady-state tracking errors, and provides very short settling time
for parameter convergence.

& 2015 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Conventional PID controllers have been the most preferred
controllers among others due to the simplicity of design and
efficiency in the industrial applications and mechanical systems.
The main problem about a PID controller is the fact that the
parameters of the controller must be adjusted properly to satisfy a
desired performance. For that purpose, many methods are pro-
posed in the literature to tune PID parameters for linear time-
invariant (LTI) systems [1–4]. Parameters of a PID controller must
be tuned to provide satisfactory tracking of smooth reference
signal of the linear time-varying (LTV) systems when the reference
signal is variable. On the other hand, to design a PID controller for
nonlinear systems, these parameters are usually tuned for local
points using a linearization method. Linearization is mostly not
satisfactory for all nonlinear systems due to the different linear-
ization points and high nonlinearity. In addition, the structure of
the system or reference point or environmental conditions may be
changed or some internal or external disturbances may be
involved in the control loop which cause different linearization
points. All these circumstances lead to the necessity of one
property of the PID controller: adaptation in the sense of auto-

tuning. Therefore many PID controllers namely Sliding-mode (SM)
adaptive PID controller for uncertain systems [5], neural-network
(NN) based adaptive PID controller for the systems with unknown
dynamics [6–9] and support-vector machine (SVM) based PID
controller [10] have been proposed to tune PID parameters in
the literature. Adaptive control scheme can be alternatively
invoked a PID controller in cascade with fuzzy predictor [11]. Also,
many new PID controllers which were tested for electromechani-
cal systems are proposed in the literature [12–17].

Another popular control method namely Model Predictive
Control (MPC) is used as advanced control technique in the
literature. MPC-based controllers are preferred due to their
advantages for linear/nonlinear system control such as handling
of input and state constraints, accuracy and availability to control
unstable, non-minimum phase and dead-time systems [18–21].
The design parameters, which are imposed by constraints of the
system, must be large or small enough to assure nominal stability
for MPC-based controllers [20]. In the constrained model-
predictive control, the system must be taken away from one
constraint to another. This is much more difficult for conventional
structures such as PID or lead-lag compensator than MPCs. As a
matter of fact, hybrid model predictive controllers have been very
successful to solve such control problems. There are some studies
related to hybrid MPCs. For example, to overcome stochastic
disturbances and time delays, an internal model PID controller
based on the Generalized Predictive Control (GPC) was developed
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in [22]. Afterwards, a different PID type controller which can be
used for systems of any order based on the GPC was introduced
[23]. As an other application of MPC in PID controller, the
parameters of the PID are tuned with minimization of the
objective function based on the CARIMA model of the systems as
in [24,25]. Zhang et al. [26] proposed a novel PID controller
optimized by extended non-minimal state space model predictive
control framework for the temperature regulation. In [26], the
proposed controller has combined the simple structure of the PID
and good control performance of the MPC. In [27] Keyser et al.
proposed a nonlinear extended prediction self-adaptive control
(NEPSAC) mechanism which has used the nonlinear model for
prediction. Other predictive control methods such as fuzzy pre-
dictive model with MPC have also been developed [28]. In the
fuzzy predictive model, fuzzy control is used for controlling the
uncertainty of the linear/nonlinear systems whose dynamics are
unknown. In [29], a RK model-based predictive control, state and
parameter estimation approach has been proposed, which
inspired us to develop a robust, adaptive and predictive PID
auto-tuning mechanism.

In this paper, a novel auto-tuning PID mechanism within the
RK-MPC framework has been proposed for nonlinear systems. The
mechanism provides some superior features in terms of control
performance, robustness and design issues. In general, the pro-
posed PID auto-tuning method includes three important charac-
teristics: (i) robustness from the PID control structure, (ii) fast
convergence from the MPC framework, (iii) adaptive behavior due
to gradient-based adaptation, which constitute the main motiva-
tion of the paper. In addition to the introduction of a novel
method, we have conducted two real-time control experiments
on a SISO (unstable nonlinear MagLev system) and a MIMO
(nonlinear three-tank liquid-level system) system. Moreover, the
experimental studies include noisy and disturbance cases, and
comparisons to control methods namely, standard PID, standard
NMPC, RK-MPC [29] and standard SMC from the literature, which
reinforces the contribution of the paper to the control theory
literature.

The paper is organized as follows: Problem definition is
explained in Section 2. Section 3 presents the proposed Runge–
Kutta model-based PID controller structure. The real-time experi-
mental results are shown in Section 4. The concluding remarks
about the designed controller are presented in Section 5.

2. Problem statement

A nonlinear dynamical system is often expressed as the state
and measurement equations. Consider an N-dimensional non-
linear continuous-time MIMO system:

_x ¼ fðx;uÞ; y¼ gðx;uÞ;
uA U; xA X; 8 tZ0: ð1Þ
where xðtÞA RN is the state vector, uðtÞA RR is the vector of
control inputs and yðtÞA RQ is the vector of output measure-
ments. The state equations of the system are subject to state,
input, input-slew and output constraints written as

Xi ¼ fxiAR∣ ximin
rxirximax ; i¼ 1;…;Ng

Ur ¼ furAR∣ urmin rurrurmax ; r¼ 1;…;Rg
ΔUr ¼ fΔurAR∣ jΔur jrΔurmax ; r¼ 1;…;Rg
Yq ¼ fyqAR∣ yqmin

ryqryqmax
; q¼ 1;…;Qg: ð2Þ

In order to use proposed RK-PID mechanism for the system, it is
assumed that the functions f ið:Þ ði¼ 1;…;NÞ and gjð:Þ ðj¼ 1;…;Q Þ
are known and continuously differentiable with respect to the
control inputs and the state variables. Also, it is assumed that the
system is controllable. In this work, a novel RK model-based

auto-tuning PID controller for nonlinear continuous-time system
is presented. In this structure, a discretized model of the nonlinear
system which is called the RK model [29] is obtained by the
fourth-order RK algorithm and then utilized for the control of the
systems. The RK model of the system is used for many purposes
such as control, prediction, Jacobian calculation, parameter and
state estimation [29,30]. The motivation behind the use of the
fourth-order RK algorithm among others is the fact that it has
been proved to be very accurate and stable [31,32].

2.1. Runge–Kutta discretization method

In this study, the well-known RK integration algorithm is
adopted for obtaining the discretized models of the systems under
investigation due to its higher accuracy and stability properties
compared to other integration methods. For a given N-dimensional
nonlinear continuous-time MIMO system as in (1), the current
states ðx1½n�;…; xN ½n�Þ and the current inputs ðu1½n�;…;uR½n�Þ of the
system are given at the time index n where n denotes the
sampling instant at t ¼ nTs. Now, the state vector and the output
measurements of the system which belong to the next sampling
time can be predicted by the fourth-order RK algorithm as follows:
(initially, it is set x̂1½n� ¼ x1ðnÞ;…; x̂N ½n� ¼ xN ½n�Þ
x̂1½nþ1� ¼ x̂1½n�þ1

6 ðk11þ2k12þ2k13þk14Þ;
⋮
x̂N ½nþ1� ¼ x̂N½n�þ1

6 ðkN1þ2kN2þ2kN3þkN4Þ;
ŷ1½nþ1� ¼ g1ðx̂1½nþ1�;…; x̂N½nþ1�;u1½n�;…;uR½n�Þ
⋮
ŷQ ½nþ1� ¼ gQ ðx̂1½nþ1�;…; x̂N½nþ1�;u1½n�;…;uR½n�Þ ð3Þ
where

k11 ¼ Tsf 1ðx̂1½n�;…; x̂N ½n�;u1½n�;…;uR½n�Þ;
⋮
kN1 ¼ Tsf Nðx̂1½n�;…; x̂N ½n�;u1½n�;…;uR½n�Þ;
k12 ¼ Tsf 1ðx̂1½n�þ0:5k11;…; x̂N ½n�þ0:5kN1;u1½n�;…;uR½n�Þ;
⋮
kN2 ¼ Tsf Nðx̂1½n�þ0:5k11;…; x̂N½n�þ0:5kN1;u1½n�;…;uR½n�Þ;
k13 ¼ Tsf 1ðx̂1½n�þ0:5k12;…; x̂N ½n�þ0:5kN2;u1½n�;…;uR½n�Þ;
⋮
kN3 ¼ Tsf Nðx̂1½n�þ0:5k12;…; x̂N½n�þ0:5kN2;u1½n�;…;uR½n�Þ;
k14 ¼ Tsf 1ðx̂1½n�þk13;…; x̂N ½n�þkN3;u1½n�;…;uR½n�Þ;
⋮
kN4 ¼ Tsf Nðx̂1½n�þk13;…; x̂N½n�þkN3;u1½n�;…;uR½n�Þ: ð4Þ

Eq. (3) can be organized as

x̂½nþ1� ¼ f̂ ðx̂½n�;u½n�Þ ¼ x̂½nþ1�þk½n�;
ŷ½nþ1� ¼ gðx̂ ½n�;u½n�Þ: ð5Þ
where

k½n� ¼ 1
6

k11þ2k12þ2k13þk14
k21þ2k22þ2k23þk24

⋮
kN1þ2kN2þ2kN3þkN4

2
66664

3
77775¼ 1

6
ðk1þ2k2þ2k3þk4Þ ð6Þ

Now, Eq. (5) associated with the discrete-time RK-model of a
continuous-time system is available for RK model-based PID
controller as explained in the next section in detail.

3. The proposed Runge–Kutta model-based PID controller

Although the structure proposed in this study aims at designing
PID controllers for nonlinear systems, it should be kept in mind
that the designed PID controllers can work within only linear
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operating range. Structure of the proposed RK model-based PID
mechanism is shown in Fig. 1. For multi-step ahead prediction
operation, κ defines the prediction horizon. ½ŷq½nþ1�; ŷq

½nþ2�;…; ŷq½nþκ�� is the κ-step ahead prediction vector for the q
th output of the RK model of the nonlinear system. ~y is the
reference signal (staircase and/or sinusoidal) the short-term tra-
jectory of which is assumed to be known in advance, e½n� is the
error between the desired and the measured output at the time
index n, u½nþ1� is the control signal and δu½nþ1� is the correction
term. As shown in Fig. 1 the RK-PID controller mechanism consists
of two main structures: the RK model of the system and the
Jacobian blocks. Jm is the first Jacobian block which corrects the
control signal and Jc is the second one which tunes the PID
controller parameters. The PID controller produces a control signal
as

u1½nþ1�
⋮

uR½nþ1�

2
6664

3
7775
R�1

¼

u1½n�
⋮

uR½n�

2
6664

3
7775
R�1

þ KPID½ �R�3Q :

e1½n��e1½n�1�
e1½n�

e1½n��2e1½n�1�þe1½n�2�
⋮

eQ ½n��eQ ½n�1�
eQ ½n�

eQ ½n��2eQ ½n�1�þeQ ½n�2�

2
666666666664

3
777777777775
3Q�1

ð7Þ

where

KPID½ �R�3Q ¼
KP11 K I11 KD11 KP12 K I12 KD12 ⋯ KP1Q K I1Q KD1Q

⋮
KPR1 K IR1 KDR1 KPR2 K IR2 KDR2 ⋯ KPRQ K IRQ KDRQ

2
64

3
75
R�3Q

ð8Þ
The terms in (7) can be written in vectorial form as

u½nþ1� ¼ u½n�þKPðe½n��e½n�1�ÞþKIe½n�þKDðe½n��2e½n�1�þe½n�2�Þ; ð9Þ

where KP, KI and KD are the initially zero PID parameters to be
tuned at every iteration by the proposed mechanism. The main
issue associated with the RK-PID control is to find optimal values
of the PID parameters which are used in the MIMO PID control
block also they remain same values during the control phase.
When the candidate control signal is applied to the system κ
times, the RK model produces the future predictions of the
nonlinear system as ½ŷ1½nþ1�;…; ŷQ ½nþκ��. Thus, the parameters
of the auto-tuning PID control mechanism are updated to mini-
mize F: the sum of the squared κ-step ahead prediction errors
given as

Fðu½nþ1�Þ ¼ 1
2

Xκ
p ¼ 1

XQ
j ¼ 1

ð ~yj ½nþp�� ŷj½nþp�Þ2þ1
2
λr
XR
r ¼ 1

ður½nþ1��ur½n�Þ2

ð10Þ

where λr is the penalty term related to the rth input and the
minimization of (10) is accomplished by the Levenberg–Marquardt
(LM) algorithm. Finally, the update rule for the PID parameters is
given as

KP

KI

KD

2
64

3
75’

KP

KI

KD

2
64

3
75þΔKPID ð11Þ

ΔKPID ¼ �ðJT JþμIÞ�1JT ê: ð12Þ

Here, μ provides a good switching between the Steepest
Descent and the Gauss Newton directions. During the tuning
process, μ is incremented or decremented by a scale at parameter
updates. In the update rule, I3Q�3Q is an identity matrix and J is a

Fig. 1. The structure of RK-PID.
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ðQκþRÞ � 3Q Jacobian matrix given by

J¼

∂ê1½nþ1�
∂KP

∂ê1 ½nþ1�
∂KI

∂ê1 ½nþ1�
∂KD

⋮ ⋮ ⋮
∂êQ ½nþκ�

∂KP

∂êQ ½nþκ�
∂KI

∂êQ ½nþκ�
∂KD

∂
ffiffiffiffi
λ1

p
Δu½nþ1�
∂KP

∂
ffiffiffiffi
λ1

p
Δu½nþ1�
∂KI

∂
ffiffiffiffi
λ1

p
Δu½nþ1�
∂KD

⋮ ⋮ ⋮
∂
ffiffiffiffi
λR

p
Δu½nþ1�
∂KP

∂
ffiffiffiffi
λR

p
Δu½nþ1�
∂KI

∂
ffiffiffiffi
λR

p
Δu½nþ1�
∂KD

2
666666666664

3
777777777775

ð13Þ

and ê is a ðQκþRÞ � R prediction error vector as

ê ¼

ê1½nþ1�
⋮

êQ ½nþκ�ffiffiffiffiffi
λ1

p
Δu½nþ1�
⋮ffiffiffiffiffi

λR
p

Δu½nþ1�

2
6666666664

3
7777777775
¼

~y1 ½nþ1�� ŷ1½nþ1�
⋮

~yQ ½nþκ�� ŷQ ½nþκ�ffiffiffiffiffi
λ1

p
Δu½nþ1�
⋮ffiffiffiffiffi

λR
p

Δu½nþ1�

2
6666666664

3
7777777775

ð14Þ

where Δu½nþ1� ¼ u½nþ1��u½n�. Since the reference signal is

constant, J can be written as follows:

J¼ �

∂ŷ1 ½nþ1�
∂KP

∂ŷ1 ½nþ1�
∂KI

∂ŷ1½nþ1�
∂KD

⋮ ⋮ ⋮
∂ŷQ ½nþκ�

∂KP

∂ŷQ ½nþκ�
∂KI

∂ŷQ ½nþκ�
∂KD

∂
ffiffiffiffi
λ1

p
Δu½nþ1�
∂KP

∂
ffiffiffiffi
λ1

p
Δu½nþ1�
∂KI

∂
ffiffiffiffi
λ1

p
Δu½nþ1�
∂KD

⋮ ⋮ ⋮
∂
ffiffiffiffi
λR

p
Δu½nþ1�
∂KP

∂
ffiffiffiffi
λR

p
Δu½nþ1�
∂KI

∂
ffiffiffiffi
λR

p
Δu½nþ1�
∂KD

2
6666666666664

3
7777777777775
ðQκþRÞ�3Q

ð15Þ

The PID parameters which are tuned by (11) and (12) may not be
appropriate enough to produce an optimal control signal ðu½nþ1�Þ
when the reference signals and dynamics of the system change
due to modeling errors and external disturbances. In the case that
the PID controller is inadequate, a correction term δu½nþ1�, which
is obtained so as to minimize the F, is added to the control action
produced by the mechanism. The second-order Taylor approxima-
tion is used to minimize the F with respect to δu½nþ1� as follows:

Fðu½nþ1�þδu½nþ1�ÞffiFðu½nþ1�Þþ∂Fðu½nþ1�Þ
∂ðu½nþ1�Þ δu½nþ1�þ1

2
∂2Fðu½nþ1�Þ
∂u2½nþ1� ðδu½nþ1�Þ2:

ð16Þ
In order to find the term δu½nþ1�, the approximate objective

function in (16) must be derivated with respect to δu½nþ1� and
then equated to zero:

δu½nþ1� ¼ �η

∂F
∂u½nþ1�

∂2F
∂u2½nþ1�

; ð17Þ

where 0oηo1 is an adjustable parameter in order for the
constraints on the input signals, input-slews and output signals
to stay within their allowable limits. Instead of calculating the
first- and second-order derivatives in (17), their Jacobian approx-
imations can be preferred due to the computational complexity of
the second-order derivatives. In this case, by defining a ðQκþRÞ �
R dimensional Jm matrix:

Jm ¼ �

∂ŷ1 ½nþ1�
∂u1½nþ1�

∂ŷ1½nþ1�
∂u2 ½nþ1� ⋯ ∂ŷ1 ½nþ1�

∂uR ½nþ1�
⋮

∂ŷQ ½nþκ�
∂u1½nþ1�

∂ŷQ ½nþκ�
∂u2 ½nþ1� ⋯ ∂ŷQ ½nþκ�

∂uR ½nþ1�ffiffiffiffiffi
λ1

p ffiffiffiffiffi
λ1

p
⋯

ffiffiffiffiffi
λ1

p
⋮ffiffiffiffiffi

λR
p ffiffiffiffiffi

λR
p

⋯
ffiffiffiffiffi
λR

p

2
66666666664

3
77777777775
: ð18Þ

The Gradient vector and the Hessian matrix approximately in
(16) and (17) can be written as follows:

∂Fðu½nþ1�Þ
∂u½nþ1� ¼ 2JTmê and

∂2Fðu½nþ1�Þ
∂u2½nþ1� ffi2JTmJm ð19Þ

Then, the correction term can be written as

δu½nþ1� ¼ �η
JTmê
JTmJm

: ð20Þ

At this point, the question whether as to the matrix JTmJm is
invertible may be arisen: this will not bring about a problem as
long as the controllability condition is hold. Moreover, the con-
straints on the input signals, input-slews and output signals are
taken into consideration by adjusting η to its largest possible value
between 0 and 1. As shown in (20) only the first-order derivatives
are required. Now, the Jacobian matrix in (15) can be split into two
different matrices ðJm and JcÞ by using the chain rule. Here Jc is a
R� 3Q matrix of partial derivatives of u½nþ1� with respect to theFig. 2. The flowchart of the proposed RK-PID controller.
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PID parameters:

J¼ �

∂ŷ1 ½nþ1�
∂u1½nþ1�

∂ŷ1 ½nþ1�
∂u2 ½nþ1� ⋯ ∂ŷ1 ½nþ1�

∂uR ½nþ1�
⋮

∂ŷQ ½nþκ�
∂u1½nþ1� ;

∂ŷQ ½nþκ�
∂u2 ½nþ1� ⋯ ∂ŷQ ½nþκ�

∂uR ½nþ1�ffiffiffiffiffi
λ1

p ffiffiffiffiffi
λ1

p
⋯

ffiffiffiffiffi
λ1

p
⋮ffiffiffiffiffi

λR
p ffiffiffiffiffi

λR
p

⋯
ffiffiffiffiffi
λR

p

2
66666666664

3
77777777775

∂u1½nþ1�
∂KP11

⋯ ∂u1 ½nþ1�
∂KDRQ

⋮
∂uR ½nþ1�
∂KP11

⋯ ∂uR ½nþ1�
∂KDRQ

2
6664

3
7775

ð21Þ

The κ-step ahead future predictions of the plant outputs can be
calculated by using the RK model of the system if Eq. (5) is
employed in an iterative way. In the iterations, the candidate
control vector u½nþ1� is assumed to remain unchanged during the
prediction interval ð½tþTs tþκTs�Þ. Hence, a series of future pre-
dictions is obtained for each output as ½ŷ1½nþ1�;…; ŷQ ½nþκ��. Now,
the problem of calculation of the derivatives in Jm is turned out to
that of the terms ∂ŷ1½nþ1�=∂u½nþ1�;…; ∂ŷQ ½nþκ�=∂u½nþ1�, which
can be handled using chain rule as follows ðp¼ 1;…; κÞ:

∂ŷQ ½nþκ�
∂u½nþ1� ¼

∂Tg
∂x

����
x ¼ x̂ ½nþp�

∂x̂ ½nþp�
∂u½nþ1�: ð22Þ

According to (22), the term ∂x̂ ½nþp�=∂u½nþ1� is calculated by
using the RK model of the system. Then, the partial derivatives are

obtained by

∂x̂ ½nþp�
∂u½nþ1� ¼

∂f̂
∂x

�����
x ¼ x̂ ½nþ p� 1�

u½nþ 1� ¼ u½nþ 1�

∂x̂½nþp�1�
∂u½nþ1� þ ∂f̂

∂u½nþ1�

�����
x ¼ x̂ ½nþ p� 1�

u½nþ 1� ¼ u½nþ 1�

ð23Þ

where

∂f̂
∂x½n� ¼

∂xi½n�
∂x½n� þ

1
6

∂k1

∂x½n�þ2
∂k2

∂x½n�þ2
∂k3

∂x½n�þ
∂k4

∂x½n�

� �
; ð24Þ

and

∂f̂
∂u½nþ1� ¼

1
6

∂k1

∂u½nþ1�þ2
∂k2

∂u½nþ1�þ2
∂k3

∂u½nþ1�þ
∂k4

∂u½nþ1�

� �
; ð25Þ

where the partial derivatives with respect to states in (24) are
obtained as follows:

∂k1

∂x½n� ¼ Ts
∂f

∂x½n�

����
x½n� ¼ x½n�
u½n� ¼ u½n�

; ð26Þ

∂k2

∂x½n� ¼ Ts
∂f

∂x½n�

����x½n� ¼ x½n� þ 0:5k1
u½n� ¼ u½n�

Iþ0:5
∂k1

∂x½n�

� � !
; ð27Þ

∂k3

∂x½n� ¼ Ts
∂f

∂x½n�

����x½n� ¼ x½n� þ 0:5k2
u½n� ¼ u½n�

Iþ0:5
∂k2

∂x½n�

� � !
; ð28Þ

∂k4

∂x½n� ¼ Ts
∂f

∂x½n�

����x½n� ¼ x½n� þ k3
u½n� ¼ u½n�

Iþ ∂k3

∂x½n�

� � !
; ð29Þ

and the partial derivatives with respect to control signals in (25)
are obtained as follows:

∂k1

∂u½n� ¼ Ts
∂f

∂u½n�

����
x½n� ¼ x½n�
u½n� ¼ u½n�

; ð30Þ

∂k2

∂u½n� ¼ Ts 0:5
∂f
∂x

����x½n� ¼ x½n� þ 0:5k1
u½n� ¼ u½n�

∂k1

∂u½n�þ
∂f

∂u½n�

����x½n� ¼ x½n� þ 0:5k1
u½n� ¼ u½n�

 !
; ð31Þ

∂k3

∂u½n� ¼ Ts 0:5
∂f
∂x

����x½n� ¼ x½n� þ 0:5k2
u½n� ¼ u½n�

∂k2

∂u½n�þ
∂f

∂u½n�

����x½n� ¼ x½n� þ 0:5k2
u½n� ¼ u½n�

 !
; ð32Þ

Fig. 3. Magnetic levitation control system and schematic structure. (a) Magnetic levitation control system and (b) schematic structure of the MagLev.

Table 1
The parameters of magnetic levitation system.

Parameter description Value

R: resistance of the coil 1.71 (Ω)
L: inductance of the coil 15.1�10�3 (H)
m: mass of the levitating magnet 41.3�10�3 (kg)
k: electromagnet force constant 3.1�10�6 (kg m5=s2= A)
α: constant that depends on the hall-effect sensor 2.48 (V)
β: constant that depends on the hall-effect sensor 4.25�10�4 (V m2)
γ: constant that depends on the hall-effect sensor 0.31�10�4 (V/A)
g:gravitation coefficient 9.81 (m/s2)
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∂k4

∂u½n� ¼ Ts
∂f
∂x

����x½n� ¼ x½n� þ k3
u½n� ¼ u½n�

∂k3

∂u½n�þ
∂f

∂u½n�

����x½n� ¼ x½n� þ k3
u½n� ¼ u½n�

 !
: ð33Þ

Finally, for better understanding, a flowchart describing the algo-
rithm is given in Fig. 2.

4. Experimental results

In this section, the proposed model predictive RK-PID mechan-
ism is tested on two nonlinear real-time experimental systems.
These systems are nonlinear the magnetic levitation system [33]
and the three-tank liquid-level system [34]. The aim of the
designed mechanism is to adjust the PID controller parameters
to be used for real-time control.

4.1. Magnetic levitation system (MagLev)

The magnetic levitation experimental set-up is originally
unstable, extremely challenging to control robustly and it is highly

nonlinear SISO process as shown in Fig. 3. MagLev controls the
magnetic field generated by an electromagnet to levitate a small
permanent magnet in mid-air. The vertical position of the levitat-
ing magnet is measured using a linear hall-effect sensor and the
current in the electromagnet is actively controlled to achieve
stable levitation. This system is fully compatible with the HILINK

Fig. 5. Three-tank liquid-level control system and schematic structure. (a) Three-tank liquid-level control system and (b) schematic structure of the liquid-level system.

Table 2
The parameters of three-tank liquid-level control system.

Parameter description Value

xiðtÞ: liquid level of tanki ith output (m)
uiðtÞ: supplying flow rate of pumpi ith input (m3=s)
az13: outflow coefficient between tank1 and tank3 0.0280
az32: outflow coefficient between tank3 and tank2 0.2569
az10: outflow coefficient between tank1 and tank0 0.5510
az20: outflow coefficient between tank2 and tank0 0.2459
az30: outflow coefficient between tank3 and tank0 0.5457
A: section of cylinders 0.0154 (m2)
Sn: section of connection pipe n 5�10�5 (m2)
g: gravitation coefficient 9.81 (m/s2)

Fig. 4. Real-time experimental results of the MagLev for RK-PID. (a) Voltage value of the output sensor, (b) control voltage, (c) correction term of the MagLev, (d) KP, (e) K I ,
and (f) KD.
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Fig. 6. Real-time experimental results of the liquid-level system for RK-PID (without measurement noise). (a) Liquid-level of tank1, (b) liquid-level of tank2, (c) correction
term of tank1, (d) control signal of pump1, (e) control signal of pump2, and (f) correction term of tank2.

Fig. 7. The PID parameters of the RK-PID controller. (a) KP11 , (b) K I11 , (c) KD11 , (d) KP12 , (e) K I12 , (f) KD12 , (g) KP21 , (h) K I21 , (i) KD21 , (j) KP22 , (k) K I22 , and (l) KD22
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(hardware-in-the-loop real-time control platform for Matlab/
Simulink) and RAPCON (real-time rapid control prototyping plat-
form for Matlab/Simulink) platforms. Mathematical model of this
system [33] is given as

_x1ðtÞ ¼ x2ðtÞ;
_x2ðtÞ ¼ � k

m
x3ðtÞ
x31ðtÞ

þg;

_x3ðtÞ ¼ �R
L
x3ðtÞþ

1
L
uðtÞ: ð34Þ

The voltage across the hall-effect sensor induced by the
levitating magnet and the coil can be closely approximated as

eðtÞ ¼ β
1

x21ðtÞ
þγx3ðtÞþα; ð35Þ

where d is the vertical position of the levitating magnet measured
from the bottom of the electromagnet, i is the current through the
electromagnet, v is the voltage across the electromagnet, y¼e
(measured output) and u¼v be the control input. x¼ ½x1 x2
x3� ¼ ½d _d i� is the state vector of the system. The parameters of
the magnetic levitation system are given in Table 1. The purpose in
this experiment is to control the vertical position of the levitating
magnet by manipulating the control signal. The limits of the
control signal are umin ¼ �7 V and umax ¼ 7 V, the limits of the
output signal are ymin ¼ 0 V and ymax ¼ 5 V and the sampling
period is used as Ts ¼ 0:001 s. For a satisfactory control perfor-
mance, the design parameters of RK-PID are set to optimum values
that have been found by using grid-search of a reasonable interval

as follows: (i) κ ¼ 7, (ii) λ¼ 0:06, (iii) μ¼ 100. Fig. 4 shows the real-
time results for RK-PID structure and the PID parameters related to
control action. It can be observed from the experimental results
that the output of the MagLev system tracks the given mixed
(staircase and sinusoidal) reference trajectory and that the control
signal is adjusted for the best control action within the limits of
the input signal. The correction term, which changes adaptively as
in the Fig. 4(c), indicates the effectiveness of the RK-PID controller.
A relatively small correction term implies that the tuned PID
parameters are very close to their optimal values. Observations of
the relatively more fluctuations than those for the liquid-level
system can be attributable to the fact that MagLev is highly
nonlinear and unstable system. The PID parameters related to
the position of the levitating magnet have been converged to their
optimal values when the reference signals are changed.

4.2. Three-tank liquid-level system

The three-tank liquid-level system is a nonlinear MIMO real-
time experimental system as shown in Fig. 5. This system consists
of three interconnected cylindrical tanks, two pumps, six valves,
water reservoir in the bottom. The pumps pump water from the
bottom to the top of the left and right tanks. Valve positions are
controlled and measured by electrical signals which allow precise
positioning. Pumps are controlled by analogue signals in range
from �10 V to 10 V. Heights of water levels are measured by
pressure sensors [34]. The dynamics of the system can be
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Fig. 8. Real-time experimental results of the liquid-level system for PID (without measurement noise). (a) Liquid-level of tank1, (b) liquid-level of tank2, (c) control signal of
pump1, and (d) control signal of pump2.

M. Cetin, S. Iplikci / ISA Transactions 58 (2015) 292–308 299



expressed by a set of differential equations as

_x1ðtÞ ¼
1
A
½u1ðtÞ�Q13ðtÞ�Q10ðtÞ�;

_x2ðtÞ ¼
1
A
½u2ðtÞþQ32ðtÞ�Q20ðtÞ�;

_x3ðtÞ ¼
1
A
½Q13ðtÞ�Q32ðtÞ�Q30ðtÞ�; ð36Þ

where

Q13ðtÞ ¼ az13Sn sgnðx1ðtÞ�x3ðtÞÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gj x1ðtÞ�x3ðtÞj

p
;

Q32ðtÞ ¼ az32Sn sgnðx3ðtÞ�x2ðtÞÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gj x3ðtÞ�x2ðtÞj

p
;

Q10ðtÞ ¼ az10 Sn
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gx1ðtÞ

p
;

Q20ðtÞ ¼ az20 Sn
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gx2ðtÞ

p
;

Q30ðtÞ ¼ az30 Sn
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gx3ðtÞ

p
; ð37Þ

where ui is the supplying flow rate of pumpi as the ith input and xi
is the liquid-level of tanki as the ith output of the controlled plant.
The numerical values of the parameters for the liquid-level system
are given in Table 2, which are determined approximately by
visual analysis; that is, the outflow parameters correspond to the
positions of the valves between the tanks and the reservoir, and
thus, it is not possible to find the exact values of the parameters
accurately. The purpose in this experiment is to control the liquid-
level of tank1 and tank2. The limits of the control signals are
u1min ¼ u2min ¼ 0 m3=s and u1max ¼ u2max ¼ 0:0001 m3=s, the limits
of the output signals are y1min ¼ y2min ¼ 0 m and y1max ¼
y2max ¼ 0:6 m and the sampling period is used as Ts ¼ 1:0 s. For a

satisfactory control performance, the design parameters of RK-PID
are determined as optimum values through grid-search of a
reasonable interval as follows: (i) κ ¼ 20, (ii) λ¼ 0:01, (iii) μ¼ 10.
Fig. 6 shows the real-time application results obtained using the
RK-PID structure. Based on these results, it is observed that the
outputs of the liquid-level system can accurately track the given
reference trajectories and that the input signals have been
manipulated to achieve a satisfactory control performance at every
sampling time. Fig. 6(c) and (f) illustrates the correction terms
produced by the mechanism, where the spikes are observed at the
time instants when the reference trajectories are changed
abruptly. Except for the times when the spikes occur, the correc-
tion terms tend to zero, which indicates the effectiveness of the
mechanism. When δunþ1 is close to zero it means that the control
performance of PID is acceptable. The PID parameters related to
coupled tanks are given in the Fig. 7 where the PID parameters
have been converged to their optimal values when the reference
signals are changed.

4.3. Comparisons to other methods

In order to assess the efficiency of the RK-PID, the same
experiments have been repeated for the conventional PID con-
troller, the parameters of which have been optimized by the Big-
Bang Big-Crunch algorithm as given in [35], the standard nonlinear
MPC [36], RK-MPC [29] and also standard SMC [37,38]. As can be
seen from Fig. 8, controlled by the standard PID, the outputs of the
three-tank system can reach the reference values as fast as in the
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Fig. 9. Real-time experimental results of the liquid-level system for SMC (without measurement noise). (a) Liquid-level of tank1, (b) liquid-level of tank2, (c) control signal of
pump1, and (d) control signal of pump2.
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RK-PID case. However, the standard PID causes an approximately
10 percent overshoot and some oscillations leading to longer
settling time. The reason why the proposed RK-PID method per-
forms better than the standard PID with respect to the transient-
time specifications is that RK-PID works in a predictive manner
and gets benefit from the short-term knowledge of the reference
signal. Fig. 9 shows the real-time experimental results of the
liquid-level system for SMC without measurement noise. The fact
that SMC is an easy-to-implement method and it is considerably
robust against model uncertainties has been observed in the
experiments. Furthermore, Fig. 10 illustrates the comparisons of
RK-PID to the standard MPC and RK-MPC, where it is observed that

RK-PID and RK-MPC yield similar performances that are better
than that of the standard MPC. Overall performances of all
controllers have been given in Table 3 numerically. To compare
the robustness of the controllers against shot noises incorporated
with the control input and the reference signal, some bounded
shot noises are added to the input and the reference as seen in
Fig. 11. The results show that RK-PID is more robust against
external unknown disturbances than the standard SMC and con-
ventional PID since the former yields better RMSE performance
(Table 3) and gives less oscillatory response than the latter does.
Moreover, in order to compare the robustness of the controllers
against measurement noises, the experiments have been repeated
in the pick hours when the electromagnetic interferences on the
measurement devices get their highest values. The results are
illustrated in Figs. 12 and 13. As can be seen from the figures and
Table 3, the proposed mechanism provides better results than the
standard SMC and classical PID controller. In the noiseless case,
SMC performs an intermediate control compared to others, while
its performance degrades when the shot noise and measurement
noise are incorporated. In both noisy and noiseless cases, chatter-
ing problem at the SMC control signals have been observed, which
is the major disadvantage of the SMC-type methods even satura-
tion function has been used.

On the other hand, the same comparisons have been attempted
to be performed for the MagLev system. However, the standard
PID controller is not able to control the MagLev system in its whole
working space. In other words, when the magnetic sphere is on
the ground, to steer the sphere from the ground to a desired point
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Fig. 10. Comparisons to standard MPC, RK-MPC and RK-PID (without measurement noise). (a) Liquid-level of tank1, (b) liquid-level of tank2, (c) control signal of pump1, and
(d) control signal of pump2.

Table 3
Comparisons to other methods (in RMSE).

Without measurement noise PID NMPC SMC RK�MPC RK� PID
tank1 0.0339 0.0125 0.0121 0.0119 0.0113
tank2 0.0204 0.0114 0.0118 0.00957 0.00923

With shot noise PID NMPC SMC RK�MPC RK� PID
tank1 0.0474 0.0235 0.0225 0.0217 0.0203
tank2 0.0286 0.0137 0.0128 0.0124 0.0111

With measurement noise PID NMPC SMC RK�MPC RK� PID
tank1 0.0672 0.0265 0.0261 0.0232 0.0234
tank2 0.0540 0.0172 0.0256 0.0148 0.0151

With measurement noise PID NMPC SMC RK�MPC RK� PID
MagLev – 0.0202 0.2017 0.1564 0.1325
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in the air is a nonlinear control problem which cannot be achieved
by the standard PID controller that can work only in local linear
region. This can be regarded as another superiority of RK-PID to
the standard PID. Therefore, comparisons to the standard PID have
been limited for only the three-tank system. As far as the other
MPC methods and standard SMC are concerned, the proposed RK-
PID has been compared to them for only the case where there are
only measurement noises since the additive shot noise pushes the

ball either to the ground or ceil and makes the control extremely
difficult. As can be seen from Table 3, where the numerical results
have been tabulated, the proposed mechanism provides better
performance than other methods. In addition to the control
performance, all controllers have been compared with respect to
computation time which is defined to be the duration between the
measurements and the calculation of the control signals. As can be
seen from the results, tabulated in Table 4, the conventional PID is

Fig. 11. Real-time experimental results of the liquid-level system (with shot noise). (a) Liquid-level of tank1, (b) liquid-level of tank2, (c) control signal of pump1, (d) control
signal of pump2, (e) control signal of pump1 for SMC and (f) control signal of pump2 for SMC.
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expectedly by far the fastest controller. Then, the standard SMC
and NMPC methods as faster controllers than the RK-based ones,
which is attributable to the derivative calculations that have been
done asynchronously in the RK-based methods. Yet, RK-based
methods are fast enough to control a fast system as MagLev.

The methods, PID, standard MPC, RK-MPC, RK-PID and standard
SMC, have been compared with respect to control performance
(tracking RMSE), robustness, computational complexity and
design issues. Based on the comparison results, the following
discussions can be made. (i) The experimental results for noiseless

case have shown that all methods but PID have exhibited nearly
similar control performances. This is due to the fact that the
systems to be controlled are all nonlinear, while PID is a linear
control method. Moreover, PID method cannot be applied to
control the MagLev system since PID is unable to control it in its
nonlinear region. When we compare the other methods, it has
been observed that RK-based methods have yielded the best
control performances. (ii) Similar results have been obtained when
we compare the methods with respect to robustness against shot
and measurement noises. To sum up, RK-based methods have the

0 500 1000 1500
0

0.05

0.1

0.15

0.2

0.25

0.3

time(sec)

h 1re
f(t

),h
1ac

t(t
)

reference input
actual output using RK−PID
actual output using SMC

0 500 1000 1500
0

0.05

0.1

0.15

0.2

0.25

time(sec)

h 1re
f(t

),h
1ac

t(t
)

reference input
actual output using RK−PID
actual output using SMC

0 500 1000 1500
0

0.2

0.4

0.6

0.8

1

x 10−4

time(sec)

q 1(t)

0 500 1000 1500
0

0.2

0.4

0.6

0.8

1

x 10−4

time(sec)

q 2(t)

0 500 1000 1500
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5 x 10−5

time(sec)

q 1(t)

0 500 1000 1500
0

1

2

3

4

5

6 x 10−5

time(sec)

q 2(t)

Fig. 12. Real-time experimental results of the liquid-level system (with measurement noise). (a) Liquid-level of tank1, (b) liquid-level of tank2, (c) control signal of pump1 for
RK-PID, (d) control signal of pump2 for RK-PID, (e) control signal of pump1 for SMC and (f) control signal of pump2 for SMC.

M. Cetin, S. Iplikci / ISA Transactions 58 (2015) 292–308 303



best control performances under both noiseless and noisy condi-
tions compared to standard PID, MPC and SMC methods. (iii) The
designed methods have been compared with respect to computa-
tional complexity. The computational times of the MPC, RK-MPC
and RK-PID are much more than those of standard PID and SMC
since the former ones have to make the derivative computations at
each sampling period, while the latter ones compute the control

action directly. Still, even the slowest one of the control methods,
RK-PID controller can compute the control action less than 5 ms,
which is considerably acceptable for many real-time applications.
(iv) On the other hand, when we compare the methods by taking
their design issues into consideration, it can be stated that the
number of design parameters of standard PID and SMC are much
more than those of NMPC, RK-MPC and RK-PID especially for the
control of MIMO three-tank system.

Based on above discussions, PID controller is not suitable for
nonlinear control and SMC can be preferred for nonlinear control
when the computational-time is the most important design issue.
On the other hand, the MPC-type methods, i.e. NMPC, RK-MPC and
RK-PID, are preferable to standard PID and SMC when the control
performance under noisy conditions is important, and relatively a
less number of design parameters are desired. Among the MPC-
type methods, the proposed RK-PID may be the most preferable
one since its control performance is better than others and it can

Fig. 13. Real-time experimental results of the liquid-level system for PID (with measurement noise). (a) Liquid-level of tank1, (b) liquid-level of tank2, (c) control signal of
pump1, and (d) control signal of pump2.

Table 4
Comparisons with respect to computational time (in ms).

System PID SMC NMPC RK-MPC RK-PID

Liquid-level system 0.158 0.1739 2.29 4.574 5.061
MagLev – 1.681 1.701 2.997 3.518

Table 5
The effect of the design parameters for liquid-level control system (in RMSE).

μ¼ 10, λ¼ 0:01 κ ¼ 5 κ¼ 10 κ¼ 20 κ¼ 25 κ425
tank1 0.0134 0.0121 0.0113 0.0120 Unstable
tank2 0.00961 0.00934 0.00923 0.00926 Unstable

κ ¼ 20, λ¼ 0:01 μo500 μ¼ 500 μ¼ 1000 μ¼ 2000 μ42000
tank1 Unstable 0.0112 0.0113 0.0129 0.0161
tank2 Unstable 0.00925 0.00923 0.00928 0.00941

κ ¼ 20, μ¼ 10 λo0:00001 λ¼ 0:001 λ¼ 0:1 λ¼ 10 λ¼ 1000
tank1 0.0117 0.0113 0.0125 0.011 0.0112
tank2 0.00924 0.00923 0.00923 0.00924 0.00923

Table 6
The effect of the design parameters for MagLev control system (in RMSE).

μ¼ 100, κr5 κ ¼ 7 κ¼ 10 κZ13
λ¼ 0:06 Unstable 0.1325 0.2141 Insufficient

κ¼ 7, μ¼ 0:1 μ¼ 10 μ¼ 100 μ¼ 1000
λ¼ 0:06 0.1803 0.1627 0.1325 0.0974

κ¼ 7, λo0:02 λ¼ 0:02 λ¼ 0:06 λ40:08
μ¼ 100 Insufficient 0.1775 0.1325 Unstable
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be used as a single PID controller in its switched mode (which will
be explained in Section 4.5), thereby reducing its compu-
tational time.

4.4. Sensitivity analysis of the design parameters

The RK-PID structure involves some design parameters such as
prediction horizon ðκÞ and penalty term (λ) which are found by
grid search, and switching parameter (μ). In all experimental tests,
several triples of κ, λ and μ are applied on the experimental
systems to investigate the effects of the parameters on the
controller performance. Finally, parameters yielding the best
tracking performance are utilized for the proposed RK-PID con-
troller. The choice of κ is important since it affects the system
stability. If κ is lower than a critical value, then the RK-PID
mechanism cannot perform properly due to the short prediction
horizon and thus the PID parameters cannot be tuned correctly,
which may lead to instability. Similar observations can be made
when κ is upper than another critical value. Moreover, the larger κ
values the mechanism has, the higher computational burden and
the larger rise time the closed-loop system has. On the other hand,
λ penalizes the input slews. As can be observed from Tables 5 and
6, for a stable and slow system (three-tank) the choice of λ do not
have a significant effect on the control performance. However, it is
very crucial to select a proper λ value for an unstable and fast
system (MagLev). The last design parameter in the RK-PID
mechanism is μ, which gives a good compromise between a slow
and stable direction (Steepest-Descent) and a fast and unstable
direction (Gauss-Newton). The lower μ values forces the update
algorithm towards Gauss–Newton and leads to some instabilities
due to the external disturbances and measurement noises. Thus, as
can be seen from the tables, the μ values have been chosen larger
than a critical values for each system. More specifically, with
regard to selecting appropriate design parameters (κ, λ, μ) for a

given system some practical guidelines may be helpful. While
selecting the penalty term λ, the terms in the objective function
(10) can be used as

λ� κðymax�yminÞ2
ðumax�uminÞ2

; ð38Þ

so that the terms are evenly balanced, which complies with the
results obtained in our experiments. As far as selection of the
prediction horizon (κ) is concerned, it has been observed that a κ
value around 10 gives satisfactory results if the sampling period is
chosen properly. Finally, selection of the LM parameter μ mostly
depends on the existence of some disturbances and noises to the
closed loop system. Therefore, to be on the safe side, it is initially
chosen large and then the convergence of the PID parameters are
observed. If the convergence rate is rather low, then μ can be
decreased in order to increase the convergence rate of the
parameters and vice versa. This can be carried out by a simple
heuristic algorithm within the mechanism.

4.5. Experimental results when RK-PID is switched

In order to test the ability of the PID controller, tuned by RK-
PID, the RK-PID mechanism is switched at some time instants
during the control based on the switching condition given by

P ¼
PQ

q ¼ 1
PH

h ¼ 1 ð ~yq½n�h��yq½n�h�Þ2PQ
q ¼ 1

PH
h ¼ 1 ð ~y½n�h�Þ2

oϵ ð39Þ

where Hoκ; and ϵ40 is a small scalar. Satisfaction of the
condition (39) implies that the correction terms and thus the
parameter adaptations are not necessary any more. In this case,
the mechanism is switched off and there remains only a fixed PID
controller. By doing so, we have an opportunity to observe the
control performance of the PID controller tuned by RK-PID.

Fig. 14. Real-time experimental results of switched RK-PID for liquid-level system. (a) Liquid-level of tank1, (b) liquid-level of tank2, (c) correction terms of tank1, (d) control
signal of pump1, (e) control signal of pump2, and (f) correction terms of tank2.
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Otherwise, if the condition (39) is not hold, then the mechanism
remains active and continues to produce the necessary ΔKPID and
δunþ1 terms until the condition is hold. When only the fixed PID,
the parameters of which are tuned by RK-PID, is used in the off
mode, the computational burden of the controller is reduced

dramatically and thus the control action is generated much faster,
which constitutes another advantage of the proposed structure.

Figs. 14–16 show the real-time results of the investigated
experimental systems for the switched mode of the RK-PID
mechanism. It has been observed from the experimental results

Fig. 15. The PID parameters of the switched RK-PID for liquid-level system. (a) KP11 , (b) K I11 , (c) KD11 (d) KP12 , (e) K I12 , (f) KD12 , (g) KP21 , (h) K I21 , (i) KD21 , (j) KP22 , (k) K I22 , and (l) KD22 .
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for the three-tank system that the correction terms get smaller as
the PID parameters are tuned and that at a specific time instant
the condition (39) is hold and the mechanism is switched off.
Accordingly, as can be seen from Fig. 14(c) and (f), the correction
terms get closer to zero very fast and the output of the system,
controlled by PID, tracks the reference signal very accurately.
However, when the reference signal is changed, the PID controller
cannot adapt to this change and thus the switching condition is
not hold any more and consequently the mechanism is again
activated. The time instants when the mechanisms is activated can
be seen as the spikes in Fig. 14(c) and (f). Similar observations can
be made for the MagLev system with the exception that the
mechanism is activated more frequently due to the unstability
and high nonlinearities of the system and some fluctuations at the
sensor caused by external disturbances.

5. Conclusion

In this study, a novel model-predictive auto-tuning PID con-
troller has been proposed to control nonlinear continuous-time
systems. The proposed controller presents a sophisticated auto-
tuning mechanism where the PID parameters are tuned using
gradient-based adaptation within the MPC framework using RK
model of the system. In order to show the efficiency of the
proposed controller and compare with some methods in the
literature, two real-time experimental systems have been used:
one is highly nonlinear, fast and unstable SISO MagLev system and
the other one is relatively slow, stable and mild-nonlinear MIMO
three-tank liquid-level system.

In the real-time applications, the proposed RK-PID controller,
classical PID, NMPC, RK-MPC and standard SMC methods are
compared in terms of control performance, robustness, computa-
tional complexity and design issues. Following conclusions are

drawn from the experimental results. (i) The proposed RK-PID
controller provides acceptable control performances such as very
small steady-state tracking errors, very short settling time and fast
convergence of parameters. (ii) The proposed RK-PID controller is
robust against the effects of the external noises, disturbances and
changes in the reference trajectory. (iii) Sensitivity analysis for the
design parameters has been given experimentally which provides
a guideline to design RK-PID for another applications. (iv) The
proposed mechanism provides necessary PID parameter adapta-
tions while generating additive correction terms to assist the
initially inadequate PID controller. Even though the initial PID
parameters are set to zero and thus the PID controller cannot
provide necessary control actions, a satisfactory tracking perfor-
mance is obtained by the additive correction terms generated by
the mechanism. (v) The RK-PID controller can be used in switched
mode, i.e. when the PID parameters are converged to their
ultimate values then the adaptation is stopped, and the RK-PID
is used as a fixed PID controller. This mode reduces the computa-
tional burden dramatically and produces the control signal much
faster.

As a general result, in this paper, a robust, adaptive and
predictive PID auto-tuning mechanism (RK-PID) has been intro-
duced. Merits of the proposed mechanism have been experimen-
tally verified on two real-time systems and have been revealed by
the comparisons to the standard methods in the literature. There-
fore, it is concluded that the RK-PID controller can be used for the
control of nonlinear systems to a satisfactory level of performance.

Acknowledgment

This work is partly supported by Pamukkale University Scien-
tific Research Projects Council, Project no. 2012FBE011.

Fig. 16. Real-time experimental results of switched RK-PID for MagLev. (a) Voltage value of the output sensor, (b) control voltage, (c) correction term of the MagLev, (d) KP,
(e) K I , and (f) KD.
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