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Abstract— In industrial control processes, it requires fast
response for transient state and for steady state it is nec-
essary to maintain user-specified control performance to
achieve desired productivity. Moreover, the Proportional-
Integral-Derivative(PID) control algorithm is widely used in
industrial control processes. Hence, in this paper an algorithm
to tune PID control parameters that can improve control
performances of transient state and steady state is proposed.
In proposed method, the PID control parameters are tuned by
using cerebellar model articulation controller(CMAC) for both
in transient and steady state. At the same time, in order to
avoid the error that may caused by modeling of system, the
CMAC is combine with the algorithm of fictitious reference
iterative tuning (FRIT). Therefore, the PID control parameters
can be off-line tuned without using system parameters. At last,
the effectiveness of the proposed method is numerically verified
by using a simulation example.

I. INTRODUCTION

In industrial production, the improvements of the produc-

tion efficiency, utilization of energy and quality of products

are needed to be considered. Therefore, it is necessary to

design control system based on some user-specified control

performance both in transient and steady state. Moreover, in

order to obtain desired control performance, the nonlinearity

of real system is also needed to be considered.

In order to design control system based on some user-

specified requirements, it is necessary to evaluate whether

the control performance is achieved or not. In this case,

researches of Control Process Assessment (CPA) is becoming

attractive. CPA is originally proposed by Harris[1]. And a

performance adaptive controller is proposed based on CPA

[2]. Moreover, based on the performance adaptive controller

a data-oriented controller is proposed[3]. However, these

methods are limited to improve control performance in

steady state.

On the other hand, some methods are proposed to improve

transient performance for nonlinear systems, such as self

tunning, data-driven and artificial neural networks (ANNs).

ANNs are applied to control field in the latest decades. They

have high control ability for nonlinear system. ANNs achieve

its control ability through its learning ability. During learning

process, weights of ANNs are updated until the suitable

values are found. For hierarchical neural networks, it usually

takes a long learning time to find suitable weights. Hence,

it is not easy to apply them to industrial production. To
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overcome such kind of shortcoming, it is necessary to find

a kind of ANNs that has fast learning ability.

Cerebellar model articulation controller (CMAC) is a kind

of ANNs that has been proposed at the year 1975 by Albus

[4]. The advantage of CMAC is that it costs shorter learning

time than the conventional ANNs, and it has a generalization

ability during its control process. Furthermore, as CMAC

is a kind of local-learning network, during learning and

control process the transient and steady state will active

different storage units, under this condition by using CMAC

control performances of transient and steady states can be

improved. Therefore, in this paper CMAC is utilized as a

control parameter tuner.

Moreover, when design a model-based controller the mod-

eling error leads to poor control performance. As a solution,

the algorithm of fictitious reference iterative tuning (FRIT)

is used in the proposed scheme[5]-[7]. FRIT is a kind of

methods to calculate control parameters directly from closed-

loop data so that the influence of modeling error can be avoid.

Furthermore, since the Proportional-Integral-Derivative

(PID) controller is most widely utilized in industrial control

processes, the methods mentioned above are used to tune

PID control parameters. That is to say, the proposed method

is a data oriented controller that PID control parameters are

tuned based on CMAC. In the last part of the paper, the

effectiveness of the proposed method is numerically verified

by applying it to a nonlinear system.

II. DESIGN OF CONTROLLER

A. Minimum Variance Control Based Control Process As-

sessment

1) System description: A nonlinear control object can be

described as the following system:

y(t+ 1) = f(x(t)) (1)

where, y denotes the output signal, f(·) denotes a nonlinear

function, the x(t) denotes a function that constructed by the

input and output data before step t and it is defined as the

following equation:

x(t) := [y(t), · · · , y(t− ny), (2)

u(t− kr), · · · , u(t− kr − nu)]

where, u(t) denotes input signal, kr denotes delay time, ny

and nu denote order of input and output signal. It is assumed

that the nonlinear system in (1) can be approximately re-

garded as the following linear system in a small time interval,

:

A(z−1)y(t) = z−(k+1)B(z−1)u(t) +
ξ(t)

∆
(3)
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A(z−1) = 1 + a1z
−1 + · · ·+ ana

z−na ,
B(z−1) = b0 + b1z

−1 + · · ·+ bnb
z−nb ,

}

(4)

where, k denotes the minimum estimated time delay. ξ(t)
denotes the white Gaussian noise with zero mean and vari-

ance σ2. na and nb denote orders of A(z−1) and B(z−1).
z−1 denotes the backward operator: z−1y(t) = y(t−1). ∆ is

the differencing operator that defined as ∆:= 1 − z−1. And

in (3), the CARIMA model(controlled auto-regressive and

integrated moving average model) is given, it is used in the

process industries frequently.

Moreover the following control structure is considered:

∆u(t) = KP∆e(t) +KIe(t) +KD∆2e(t)

= (KP∆+KI +KD∆2)e(t)

= C(z−1)e(t) (5)

u(t) =
C(z−1)

∆
e(t) (6)

e(t) := r(t) − y(t) (7)

where r(t) denotes the reference signal, e(t) denotes the

control error signal and C(z−1)/∆ denotes the controller.

KP , KI and KD are the proportional gain, the integral gain

and the derivative gain.

2) Minimum Variance Control Based Benchmark: The

criterion of the Minimum Variance Control(MVC) law is as

follows:

J = E[φ2(t+ k + 1)], (8)

where, φ(t + k + 1) denotes the generalized output, it is

defined as:

φ(t+ k + 1) := P (z−1)y(t+ k + 1)− P (1)r(t) (9)

Next, the Diophantine equation is expressed as the following

formula:

P (z−1) = ∆A(z−1)E(z−1) + z−(k+1)F (z−1) (10)

E(z−1) = 1 + e1z
−1 + · · ·+ ekz

−k (11)

F (z−1) = f0 + f1z
−1 + · · ·+ fna

z−na (12)

P (z−1) is a designed polynomial according to [8]:

P (z−1) = 1 + p1z
−1 + p2z

−2 (13)

ρ := TS

σ

µ := 0.25(1− δ) + 0.51δ

p1 = −2exp(− ρ

µ
)cos(

√

4µ−1
2µ ρ)

p2 =exp(− ρ
µ
)















(14)

where, Ts denotes the sampling time. σ and δ denote the

parameters of rise time and the damping property. The rise

time σ is defined as the time that the system output attains

about 63.2% of the reference value. Those parameters can

be specified based on the requirements of users. Equation (9)

can be extended as the following equations [3]:

φ(t+ k + 1) =
P (z−1)

T (z−1)
ξ(t+ k + 1) (15)

= E(z−1)ξ(t+ k + 1) + S(z−1)ξ(t)

(16)

T (z−1) := ∆A(z−1) + z−(k+1)B(z−1)C(z−1) (17)

S(z−1) :=
F (z−1)−B(z−1)C(z−1)E(z−1)

T (z−1)
(18)

From (16), it can be seen that E(z−1) is not influenced

by controller. The ideal controller can be obtained when

S(z−1)=0 to achieve minimum variance control. Hence, the

ideal controller Copt(z
−1) can be expressed as follows:

Copt(z
−1) =

F (z−1)

E(z−1)B(z−1)
(19)

Furthermore, the minimum generalized output φmin(t+ k+
1) for the ideal controller can be derived as the following

equation:

φmin(t+ k + 1) = E(z−1)ξ(t+ k + 1) (20)

From (16), the criterion J in Eq.(8) can be rewritten as the

following formula:

J = E[φ(t+ k + 1)2]

= E[{E(z−1)ξ(t+ k + 1) + S(z−1)ξ(t)}2] (21)

Since ξ(t) is the white noise, the (21) can be considered as

the following equation:

J = E[{E(z−1)ξ(t+ k + 1)}2]

+E[{S(z−1)ξ(t)}2] (22)

= Jmin + J0 (23)

where,

Jmin = E[{E(z−1)ξ(t+ k + 1)}2] (24)

J0 = E[{S(z−1)ξ(t)}2] (25)

From above, when the ideal controller Copt(z
−1) is used,

J0 = 0 and J=Jmin.

3) Control Performance Assessment Index: The control

performance assessment index based on MVC is defined as

the following equation:

κ :=
Jmin

Jmin + J0
= 1−

J0
Jmin + J0

(26)

The ideal controller can be obtained by J0=0, therefore, by κ
→ 1 the control performance is indicated as ’good control’,

by κ → 0 the control performance is indicated as ’poor

control’.

In order to calculate Jmin, it is necessary to know the

parameter of polynomial E(z−1). Hence, an approach that

can approximate observed data to Autoregressive model is
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taken into consideration[9]. The following equations are

considered:

φ(t)− φ̄ = ǫ(t) +

n
∑

l=0

αl{φ(t− k − l)− φ̄} (27)

ǫ(t) := E(z−1)ξ(t) (28)

where αl is autoregressive parameter and φ̄ is mean of φ(t),
n is order of αl. And αl is determined based on the following

equations through the least squares method by using N data,

Φ̃(t) = X(t)α(t) +Ξ(t) (29)

φ̃(t) := φ(t) − φ̄ (30)

Φ̃(t) = [φ̃(t), φ̃(t− 1), · · · , φ̃(t−N + 1)]T (31)

α = [α1, α2, · · · , αn]
T (32)

Ξ(t) = [ǫ(t), ǫ(t− 1), · · · , ǫ(t−N + 1)]T (33)

X(t) =











φ̃(t− k − 1) · · · φ̃(t− k − n)

φ̃(t− k − 2) · · · φ̃(t− k − n− 1)
...

. . .
...

φ̃(t− k −N) · · · φ̃(t− k − n−N + 1)











(34)

and α(t) can be decided based on the following formula:

α(t) = (X(t)
T
X(t))−1

X(t)
T
Φ̃(t) (35)

By setting N as a sufficiently large number, the following

formula can be obtained:

κ =
{Φ̃(t)−X(t)α(t)}T{Φ̃(t) −X(t)α(t)}

Φ̃(t)
T
Φ̃(t)

(36)

B. CMAC

CMAC is short for the cerebellar model articulation con-

troller. The structure and the principle of CMAC will be

introduced in Fig.1.

Fig.1 shows a 2-dimensional CMAC input model with 3

weight tables and 4 labels. If input signal S is set on the

input space, it is mapped to weight tables according to

coordinates of label M . It means the input signal S(6,3) on

the input space is mapped to 4, 5 and 1 on the three weight

tables according to the coordinates of label [C, b] [G, f ] and

[K, j]. The sum of weights that selected form weight tables

is treated as the output. In this case, the output should be

the sum of three weights that is 10. 7 is the desired output

of the CMAC, the difference between desired value 7 and

output 10 is −3 and because there are three weight tables,

there will be a −3/3 added back to all referred weights. It

mens 4, 5 and 1 will change to 3, 4 and 0.

CMAC usually works as follows: First, the set of input

signal on the input space is mapped to weight tables ac-

cording to coordinates of label. Then the sum of selected

weights will be compared with desired output. At last the

difference will be divided by the number of weight tables

Fig. 1. 2-dimensional input CMAC model

Fig. 2. Block diagram of CMAC PID

and added back to referred weights. Moreover, some input

signals on the input space are mapped to same weights which

means when you do calculation for one input signal the input

signals that are mapped to same weights with it are also been

influenced. This ability brings CMAC can approach desired

value in shorter learning time than conventional ANNs.

CMAC is utilized as a control parameter tuner in this

study. It is set to tune control parameters based on its learning

ability. The block diagram that shows the control principle is

Fig.2. Axes of input space and weight tables of CMAC are

chosen as control error signal e(t) and difference of control

error signal ∆e(t). According to the following equations,

the control parameters are calculated as the summation of

weights :

KP =

K
∑

h=1

WP,h

KI =

K
∑

h=1

WI,h

KD =
K
∑

h=1

WD,h (37)
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Fig. 3. Block diagram of FRIT

where h=1,2,...,K and K denotes the total number of the

weight tables in CMAC, WPID,h are weights of CMACs.

C. Fictitious Reference Iterative Tuning

FRIT is a kind of method to calculate control parameters

directly from closed-loop data without using model of a con-

trol object. The closed-loop data are collected by applying

a set of fixed PID parameters to control the system. Fig.3

shows the block diagram of FRIT. In the figure, u0(t) denotes

control input and y0(t) denotes control output of closed-loop

data. Gm(z−1) represents a fictitious reference model which

is the desired control performance.

According to(5) - (7) the fictitious reference signal r̃(t)
can be expressed as:

r̃(t) = C(z−1)
−1

∆u0(t) + y0(t) (38)

Moreover, the fictitious reference model Gm(z−1) is de-

signed based on (13) and (14) :

Gm(z−1) =
z−(k+1)P (1)

P (z−1)
(39)

Then the fictitious output yr(t) can be calculated by using

r̃(t) and Gm(z−1):

yr(t) = Gm(z−(k+1))r̃(t)

=
z−(k+1)(1 + p1 + p2)

1 + p1z−1 + p2z−2
r̃(t) (40)

In Fig.3, if yr(t) is close to y0(t), the part in dotted square

becomes close to fictitious model Gm(z−1). It means under

the effect of controller the performance of system approaches

to desired control output. The aim of FRIT is to find a set

of control parameters that can derive yr(t) extremely close

to y0(t).

D. CMAC-FRIT

In this section, an off-line learning method of CMAC is

designed by combining FRIT and CMAC. And the block

diagram of CMAC-FRIT is presented in Fig.4. The control

parameters are tuned both in transient and steady state, the

learning process will stop until the following criteria are

sufficiently small:

Jst =

{

Jt(t) =
1
2 (y0(t)− yr(t))

2 (e(t) ≤ 0.05r(t))
Js(t) =

1
2 (κ0(t)− κ̃(t))2 (e(t) > 0.05r(t))

(41)

Fig. 4. Block diagram of CMAC-FRIT

The weights mentioned in (37) are updated according to

the following formulas:

Wnew
P,h = W old

P,h − ηP
∂Jst(t+ k + 1)

∂KP (t)

1

K

Wnew
I,h = W old

I,h − ηI
∂Jst(t+ k + 1)

∂KI(t)

1

K

Wnew
D,h = W old

D,h − ηD
∂Jst(t+ k + 1)

∂KD(t)

1

K
(42)

where, ηP , ηI and ηD represent the learning coefficients. The

satisfied control parameters can be obtained, after several

times learning.

III. SIMULATION

The effectiveness of the proposed scheme is verified

numerically. The designed parameters are summarized in

Table.I. The control object is the following Hammerstein

TABLE I

DESIGNED PARAMETERS OF CMAC-FRIT PID

Number of weight tables 3

Number of label 3

Learning coefficients :

For transient state ηP = 1× 10−3

ηI = 1× 10−3

ηD = 1× 10−4

Learning coefficients :

For steady state ηP = 1× 10−5

ηI = 1× 10−5

ηD = 1× 10−5

Rise-time σ=2.04

Damping property δ=0

Reference Value r=3

Number of data N=500

Order of autoregressive parameter n=20
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Fig. 5. Control performance of fixed PID controller for transient state

model:

y(t) = 0.6y(t− 1)− 0.1y(t− 2) + 1.2x(t− 1)

−0.1x(t− 2) +
ξ(t)

∆
x(t) = 1.5u(t)− 1.5u(t)2 + 0.5u(t)3 (43)

where, ξ(t) denotes white noise with zero mean and variance

σ2=0.0012. In addition, the sampling time is set as 1[s] in the

simulation. At first, the control performance by using fixed

PID control parameters is obtained and the data is utilized as

the initial closed-loop data. The parameters are determined

by using Ziegler-Nichols method:

KP =0.234 KI=0.117 KD=0.117

The control performance for both transient and steady

state of fixed PID controller are shown in Fig.5 and Fig.6,

respectively. Moreover, the κ of Fixed PID control is

shown in Fig.7. By using the above data, the proposed

scheme is used to tune PID gains and the following control

performances are obtained. The control performance for both

transient and steady state of proposed controller are shown

in Fig.8 and Fig.9 respectively. PID trajectories are shown in

Fig.10. It is clear that the performance of transient state is

improved by using proposed method. Moreover, it is verified

that the control performance for steady state is also been

improved by comparing Fig.6 and Fig.9. In addition, κ of

Fixed PID and proposed method is shown in Fig.11.

IV. CONCLUSION

In this study, a data-oriented CMAC controller is proposed.

Firstly, a set of PID control parameters is used to get closed-

loop data. Then, by using the closed-loop data, CMAC-

FRIT can tune PID control parameters off-line. At last, the

effectiveness of the proposed method is verified, under the

control of proposed method both of the control performances
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step
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u

0
(t

)

200 400 600 800 1000 1200 1400 1600 1800 2000

2.998

3

3.002

step

y
0
(t

)

Fig. 6. Control performance of fixed PID controller for steady state
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step
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Fig. 7. κ of fixed PID controller

of transient and steady state can be improved. Considering

the output of nonlinear system is different depending to the

operating point, if the reference value is different from the

closed-loop data during control process, the on-line learning

of CMAC is considered to be applied in the future.

REFERENCES

[1] T. J. Harris: Assessment of closed loop performance; Canadian Journal
of Chemical Engineering, Vol.67, pp.856-861, 1989

[2] K. Takao,Y. Ohnishi ,T. Yamamoto and T. Hinamoto: Design of a
Performance Adaptive PID Controller Based on Control Performance
Assessment(in Japanese); Trans. of the Society of Instrument and
Control Engineers, Vol.43, No.2, pp.110-117, 2007.

[3] T. Kinoshita, A. Inoue, Y. Ohnishi and T. Yamamoto: Design and Ex-
periment Evaluation of a Performance-Driven Control System Using

533



5 10 15 20 25 30 35 40 45 50
0

0.5

1

1.5

2

2.5

step

u
(t

)

 

 

5 10 15 20 25 30 35 40 45 50
0

1

2

3

4

step

y
(t

)

 

 

ZN

CMAC PID

Reference Model

Reference Signal

Fig. 8. Control performance of proposed method for transient state

200 400 600 800 1000 1200 1400 1600 1800 2000

−1

0

1

x 10
−3

step

∆ 
u
(t

)

200 400 600 800 1000 1200 1400 1600 1800 2000

2.998

3

3.002

step

y
(t

)

Fig. 9. Control performance of proposed method for steady state

a FRIT(in Japanese); Trans. of the Institute of Systems, Control and
Information Engineers, vol. 29, issue 5, pp. 202-209, 2016.

[4] Albus, J.S. "A New Approach to Manipulator Control Cerebellar Ar-
ticulation Control (CMAC)," Trans.on ASME,J.of Dynamics Systems,
Measurement, and Control, Vol.97,No.9,pp.220-227,1975.

[5] O.Kaneko, S.Souma, and T.Fujii, "Fictitious reference iterative tuning
in the two-degree of freedom control scheme and its application to a
facile closed loop system identification," Trans. of SICE, vol. 42, No.
1, pp. 17-25, 2006.

[6] Y.Matsui, S.Akamatsu, T.Kimura, and K.Nakano, "Fictitious reference
iterative tuning for state feedback control of inverted pendulum with
inertia rotor," Proceedings of SICE Annual Conference (SICE2011),
pp.1087-1092, 2011.

[7] T.Shigemasa, Y.Negishi, and Y.Baba, "From frit of a pd feedback loop
to process modelling and control system design," Proc. of 11th IFAC
International Workshop on Adaptation and Learning in Control and
Signal Processing, pp. 337-342, 2013.

[8] T.Yamamoto and S.L.Shah, "Design and experimental evaluation of

10 20 30 40 50 100 500 1000 1500 2000

0.2

0.25

step

K
P

10 20 30 40 50 100 500 1000 1500 2000
0

0.2

0.4

step

K
I

10 20 30 40 50 100 500 1000 1500 2000
0

0.1

0.2

step

K
D

 

 

Proposed

Initial

Fig. 10. PID trajectories for proposed method

0 200 400 600 800 1000 1200 1400 1600 1800 2000
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

step

κ

 

 

κ of proposed method

κ
0
 of Fixed PID

Fig. 11. Comparison of κ and κ0

a multivariable self-tunning PID controller," IEE Proc. of Control
Theory and Applications Vol.151, No.5, 645-652, 2004.

[9] L. Desborough, T. J. Harris: Performance assessment measures for
univariate feedback control; The Canadian Journal of Chemical Engi-
neering, Vol.70, pp.1186-1197, 1992.

534


