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AbstractThe performance of most controllers, including proportional-integral-derivative (PID) and proportional-
integral-proportional-derivative (PIPD) controllers, depends upon tuning of control parameters. In this study, we pro-
pose a novel tuning strategy for PID and PIPD controllers whose control parameters are tuned using the extended
non-minimal state space model predictive functional control (ENMSSPFC) scheme based on the auto-regressive mov-
ing average (ARMA) model. The proposed control method is applied numerically in the operation of the MCFC pro-
cess with the parameters of PID and PIPD controllers being optimized by ENMSSPFC based on the ARMA model for
the MCFC process. Numerical simulations were carried out to assess the set-point tracking performance and distur-
bance rejection performance both for the perfect plant model, which represents the ideal case, and for the imperfect
plant model, which is usual in practical applications. When there exists uncertainty in the plant model, the PIPD con-
troller exhibits better overall control performance compared to the PID controller.
Keywords: PID Control, PIPD Control, Extended Non-minimal State Space Model, Predictive Functional Control,

Molten Carbonate Fuel Cell, Numerical Simulation

INTRODUCTION

The proportional-integral-derivative (PID) controller is a very
effective control method widely adopted in many industrial pro-
cesses [1]. A novel generalized predictive control (GPC) coupled
with PID control method was proposed to provide similar perfor-
mance as GPC and the compact structure as conventional PID con-
troller [2]. The fuzzy control scheme was combined with PID control
method to yield a new multivariable predictive fuzzy-PID control
system [3]. Zhang et al. proposed a new PID controller in which
the predictive functional control (PFC) scheme was combined
with conventional PID control method [4].

Majhi proposed a PIPD control method which may be consid-
ered as a branch of conventional PID controller [5]. In this PIPD con-
trol method, the PD control scheme is used to improve values of the
poles of the process transfer function followed by control operation
using the PI controller. The PIPD control method is known to ex-
hibit good control performance for the processes with long time delay.

As shown in Fig. 1, the PIPD control system includes a PI controller
in the outer loop and a PD controller in the inner feedback loop.

Practical application of the PIPD control method is not easy be-
cause the number of tuning parameters is greater than that of con-
ventional PID controllers. A conventional PID controller includes
three tuning parameters: controller gain (proportional coefficient),
reset time (integral coefficient), and derivative time (differential coef-
ficient). In contrast, a PIPD controller contains four tuning param-
eters: a controller gain and a reset time at the outer loop, and another
controller gain and derivative time at the inner feedback loop. So
far, many tuning methods have been proposed for PID controllers.
Among them, the PID tuning strategies proposed by Astrom and
Tyreus are based on the process reaction curve [6,7]. The PID tun-
ing method proposed by Zhuang and Artherton employs the mini-
mization of the integral performance criterion [8]. As for the tuning
of PIPD controllers, Padhy and Majhi proposed a tuning strategy
based on the gain margin criterion [9]. A tuning method using the
plotting of stability boundary was proposed [10]. But these tuning
methods identify fixed tuning parameters and lack an ability of
countermeasure to the changes in the process states.

The extended non-minimal state space model predictive func-
tional control (ENMSSPFC) employs the extended non-minimal state
space (ENMSS) model, in which state variables and control errors
are combined to determine the tuning parameters of PID and PIPD
controllers at each sampling time. The ENMSS model is constructed
by combination of control error and the non-minimal state space
(NMSS) model. The ENMSS model is characterized by simple con-
figuration and good control performance for plant-model mis-
matched processes. On the basis of these properties, ENMSSPFC
combined with variable control methods has been applied to many

Fig. 1. Basic structure of PIPD control system.
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industrial processes. Zhang et al. suggested the PID controller using
ENMSSPFC [11]. The new PID controller was used to control the
chamber pressure in an industrial coke furnace, and the simulation
results showed that the suggested PID controller displayed better
control performance compared to other conventional PID control-
lers. Wu proposed the PID controller based on ENMSSPFC for mul-
tivariable processes [12]. The simulation results for chamber pressure
in a coke furnace, Vinante and Luyben column system and distilla-
tion column illustrated improved control performance compared to
reported results [13]. HongboZou and HaishengLi proposed a PIPD
controller using ENMSSPFC for the stabilized gasoline vapor pres-
sure [14]. By using the proposed PIPD controller, the set-point track-
ing and disturbance rejection performances were improved compared
to other controllers for single-input single-output processes.

In this study, inspired by the ENMSS model, a predictive func-
tional control method for multivariable processes based on PID and
PIPD control schemes using ENMSSPFC is proposed and applied to
a molten carbonate fuel cell (MCFC) process to evaluate the control
performance of the proposed ENMSSPFC-PID and PIPD controllers.

EXTENDED NON-MINIMAL STATE SPACE MODEL

The non-minimal state space (NMSS) model consists of past
input-output data and provides improved convergence rate and
robustness compared to a simple state space model [15-17]. For a
process with p inputs and q outputs, the difference model equation
can be expressed as:

y(k+1)+L1y(k)+L2y(k1)+…+Lny(kn+1) (1)
y(k+1)+=S1u(k)+S2u(k1)+…+Snu(kn+1)

where y(k) and u(k) are output and input vector at time k, respec-
tively, and L1, L2 … Ln and S1, S2 … Sn are q×q and q×p coeffi-
cient matrices, respectively. Introducing the back shift operator 
defined by y(k+1)=y(k+1)y(k) and u(k)=u(k)u(k1), this
equation can be rewritten as
y(k+1)+L1y(k)+L2y(k1)+…+Lny(kn+1) (2)
y(k+1)+=S1u(k)+S2u(k1)+…+Snu(kn+1)

The NMSS vector xm(k)T is defined as
xm(k)T=[y(k)T, y(k1)T, …, y(kn+1)T,
xm(k)T=u(k1)T, u(k2)T, …, u(kn+1)T]

where m in xm(k) is defined as m=p×(n1)+q×n. Using xm(k),
the state space model can be expressed as follows:
xm(k+1)=Amxm(k)+Bmu(k)
y(k+1)=Cmxm(k+1) (3)

The dimensions of the matrices Am, Bm and Cm are m×m, m×p
and q×m, respectively.

An extended state variable z(k) is defined as

(4)

Using z(k), the previous state space model may be rewritten as

z(k+1)=Az(k)+Bu(k) (5)
y(k+1)=Cz(k+1)

(6)

where 0 is a m×q zero matrix and Iq denotes a q×q identity matrix.
The NMSS model and tracking errors can be combined to con-
struct an extended non-minimal state space (ENMSS) model. The
control methods based on ENMSS models may provide enhanced
degree of freedom in the design of control system. The control
error e(k) is given by

e(k)=y(k)r(k) (7)

where r(k) is the reference value. Thus we have

e(k+1)=y(k+1)r(k+1) (8)

Taking difference between these two equations, we have

e(k+1)e(k)=y(k+1)y(k)r(k+1)+r(k) (9)
e(k+1)e(k)=y(k+1)r(k+1)

Substitution of Eq. (3) into Eq. (9) gives

e(k+1)=e(k)+CmAmxm(k)+CmBmu(k)r(k+1) (10)

A new extended state variable ze(k) is defined as follows:

(11)

Using ze(k), the ENMSS model can be expressed as

ze(k+1)=Aeze(k)+Beu(k)+Cer(k+1) (12)

ENMSS PREDICTIVE FUNCTIONAL CONTROL

ENMSSPFC can be implemented based on PID and PIPD con-
trollers [18,19]. The optimal tuning parameters for PID and PIPD
controllers can be determined by using the receding horizon opti-
mization at each sampling instant. To make the calculation proce-
dure simple, let’s assume that the control horizon is 1 and calculate
the future state variables using Eq. (12) as follows:

(13)

Am  

 L1  L2   Ln1  Ln S2  Sn1 Sn

Iq 0  0 0 0  0 0
0 Iq  0 0 0  0 0
        

0 0  Iq 0 0  0 0
0 0  0 0 0  0 0
0 0  0 0 Ip  0 0
        

0 0  0 0 0  Ip 0

,

Bm
T

  S1
T 0 0  0 Ip 0 0 , Cm  Ip 0 0  0 0 0 0 

z k    
xm k 

y k 

A  
Am 0

CmAm Iq

, B  
Bm

CmBm

, C  0T Iq 

ze k   
xm k 

e k 

Ae  
Am 0

CmAm Iq

, Be  
Bm

CmBm

, Ce  
0

 Iq

ze k  P    Ae
Pze k   u k    R
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where P is the prediction horizon,  is the smoothing factor for r,
and c(k) is the set-point at k. The objective function to be mini-
mized can be expressed as

J(k)=ze(k+P)TQeze(k+P) (15)

where Qe denotes the weighting matrix. The formulation of the PID
and PIPD controllers based on the ENMSS model can be repre-
sented in incremental form as follows:

uPID(k)=u(k1)+KP(k)(e1(k)e1(k1))+Ki(k)e1(k)
uPID(k)=u(k1)+Kd(k)(e1(k)2e1(k1))+e1(k2) (16)
uPID(k)=u(k1)+e1(k)(Kp(k)+Ki(k)+Kd(k))
uPID(k)=u(k1)+e1(k1)(Kp(k)2Kd(k))+e1(k2)Kd(k)

uPIPD(k)=u(k1)+KP(k)(e1(k)e1(k1))+Ki(k)e1(k)
uPIDP(k)=u(k1)+Kf(k)(y(k)y(k1))
uPIDP(k)=u(k1)+Kd(y(k)2y(k1)+y(k2)) (17)
uPIPD(k)=u(k1)+e1(k)(Kp(k)+Ki(k))e1(k1)Kp(k)
uPIPD(k)=u(k1)+(y(k)y(k1))(Kf(k)Kd(k))
uPIPD(k)=u(k1)+(y(k1)+y(k2))Kd(k)
e1(k)=c(k)y(k)=[e11(k) e12(k) … e1q(k)]T

where e1(k) denotes the control errors for each output variables, KP,
Ki, Kd in Eq. (16) are proportional, integral and differential coeffi-
cients, respectively, and KP, Ki, Kf, Kd in Eq. (17) are proportional
and integral coefficients of the outer loop and proportional and
differential coefficients of the feedback loop, respectively. Eq. (16)
can be rewritten as follows:

uPID(k)=u(k1)+E(k)Tw(k) (18)

w(k)=Ei(k)=[e1i(k) e1i(k1) e1i(k2)]T

w(k)=[w1(k) w2(k) … wq(k)]T

w(k)=wi(k)=[wi1(k) wi2(k) wi3(k)]
w(k)=wi1(k)=kpi(k)+kii(k)+kdi(k),
w(k)=wi2(k)=kpi(k)2kdi(k), wi3(k)=kdi(k)

Similarly, Eq. (17) can be converted into the following form:

uPIPD(k)=u(k1)+E(k)Tw(k) (19)

w(k)=Ei(k)=[e1i(k) e1i(k1) y(k)y(k1) y(k1)y(k2)]T

w(k)=[w1(k) w2(k) … wq(k)]T

w(k)=wi(k)=[wi1(k) wi2(k) wi3(k) wi4(k)]
w(k)=wi1(k)=kpi(k)+kii(k), wi2(k)=kpi(k),
w(k)=wi3(k)=kfi(k)kdi(k), wi4(k)=kdi(k)

Setting the derivative of the objective function Eq. (15) equal to
zero, we can get the optimal w(k) as follows:

w(k)=E(k)((TQeE(k)TE(k))1TQe(Ae
Pze(R)) (20)

Parameters for the PID and PIPD controllers can be determined
from Eq. (20), but it can easily be found that w(k) may be infinite
when the control system reaches the steady state. To prevent this
unrealistic situation, it is necessary to set an error permission lim-
itation, , so that the controller parameters remain as the same val-
ues as those at the previous sampling instant if the control error is
less than :

PID parameters: PIPD parameters:
1) |e1i(k)| 1) |e1i(k)|

2) |e1i(k)|> 2) |e1i(k)|>

The controller parameters determined by above equations are sub-
stituted into Eq. (18) and (19) to generate input values at the instant
k.

MCFC MODELING

1. Process Description
Fig. 2 shows the basic layout of the underlying MCFC process

consisting of a mechanical device of control and operating fuel cell
stack [20,21]. Usually water is supplied from the local municipal sup-
ply facility and flows through a water purifier. Part of the water should
be discharged, although this water may be collected for additional
purposes in some applications. Fuel gas is the mixture of steam and
methane that is fed into the stack’s reforming units and anodes. Natu-
ral gas flows through desulfurizers to remove sulfur compounds. If

ze k  P    

ze k 1 

ze k  2 



ze k  P 

 = 

Ae

Ae
2



Ae
P

ze  

Be

AeBe



Ae
P1Be

u k 

 

Ce 0 0  0
AeCe Ce 0  0

Ae
2Ce AeCe Ce  0
    

Ae
P1Ce Ae

P2Ce Ae
P3Ce  Ce

R

  Ae
P1Ce Ae

P2Ce  Ce ,   Ae
P1Be

R  r k 1  r k  2   r k  P  T

r k  i    iy k   1 i c k  

E k    

E1 k  0  0  0
0 E2 k   0  0
     

0 0  0 Ep1 k  0
0 0  0  Ep k 

E k   

E1 k  0  0  0
0 E2 k   0  0
     

0 0  0 Ep1 k  0
0 0  0  Ep k 

kpi k   kpi k 1 

kii k   kii k 1 

kdi k   kdi k 1 



 kpi k   kpi k 1 

kii k   kii k 1 

kfi k   kfi k 1 

kdi k   kdi k 1 







kpi k     wi2 k    2kdi k 

kii k   wi1 k   kPi k    kdi k 

kdi k    wi3 k 



 kpi k   wi1 k   wi2 k 

kii k    wi2 k 

kfi k     wi3 k    wi4 k 

kdi k   wi4 k 






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these sulfur compounds are allowed to break through, they may
damage the catalysts in the stack and pre-converter. The majority of
the desulfurized natural gas is delivered to the humidifier where the
natural gas is mixed with the purified water. Cathode exhaust gases
are used to heat this mixture to yield the fuel gas. The remainder
of the natural gas is provided to the air heater. The fuel gas flows
through the deoxidizer and the pre-converter which contains two
types of catalyst.
2. ARMA Model

The auto-regressive moving average (ARMA) model is effective
in the simple interpretation of statistical time-series data and in the
estimation of values for key process variables. In an auto-regression
model, a linear combination of past data is used in the estimation
process. An auto-regressive process model of order p can be ex-
pressed as

Xt=1Xt1+2Xt2+…+pXtp+et (21)

where Xt is process output at t and consists of past X values, i are
coefficient matrices, and et denotes the modelling error. This model
is also referred to as an AR(p) model. Auto-regressive models are
known to be effective to treat a wide range of various time series
patterns. Rather than using past forecast variables, a moving aver-
age model employs past forecast errors given by

et=wt+1wt1+2wt2+…+qwtq (22)

where wt represents white noise at t and i are matrices of coeffi-
cients. This model is referred to as an MA(q) model. Xt may be
considered as a weighted moving average of errors of the past few
forecasts. Combination of these two equations gives the model for
Xt represented by ARMA (p, q) where p and q are orders of the
autoregressive part and the moving average part, respectively. The
ARMA model is static if the model is expressed as:

Xt1Xt1…pXtp=wt+1wt1+…+qwtq (23)

wt~WN(0, 2)

Eq. (23) can be represented using the backshift operator defined
as zkXt=Xtk. Using the z operator, Eq. (23) can be rewritten as

(z)Xt=(z)wt (24)

where

(z)=11z…pzp

(z)=1+1z+…+qzq

This method is used to construct linear equations applied to time
series data.
3. Fitting and Validation

Operation data on the air, water and natural gas flow rates are
used in the derivation and validation of the MCFC model. In the
model derivation, the hydrogen flow rates involved in the reaction
are used directly instead of the natural gas flow rates. In the calcu-
lation of the hydrogen flow rates, it is assumed that 99% of the
natural gas in the reformer is converted to hydrogen. In this work,
8,411 operation data of the 2.2 MW MCFC process are used to
construct the MCFC model equation. The range of power is 0 to
2.2 MW. Each range of the input data including the air, water and
hydrogen flow rates is 4333-6970, 1459-6747 and 331-699 SCFM,
respectively. To reduce the difference of the data set scale, all data
sets were preprocessed and scaled within the range [0, 1]. Fig. 3
shows the preprocessed air, hydrogen, water flow rates and the power
values for the underlying 2.2 MW MCFC process.

By using the least-squares method, we can easily obtain the ARMA
model given by Eq. (25). In this equation, the air, hydrogen and
water flow rates are taken as manipulated variables (u1, u2, u3) and
the power (y) is taken as a control variable to give the linear relation:

yk=0.11740.0543 * u1(k1)0.0239 * u1(k2)+0.1214 * u1(k3)
yk=+1.331 * u2(k1)0.7857 * u2(k2)+0.4815 * u2(k3) (25)
yk=0.4673 * u3(k1)+0.1479 * u3(k2)+0.1238 * u3(k3)

Fig. 2. Layout of the MCFC process.
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To confirm the accuracy of the Eq. (25), the root mean square error
(RMSE) defined by Eq. (26) is calculated using the operation data
and the predicted valuesobtained from the Eq. (25).

(26)

where yref is operation data and N is the sample number. The RMSE
value of the operation data in the model expression and the pre-
dicted value is 0.0083 and max residual is 0.103 MW. Fig. 4 shows
the operation data and the predicted values.

To validate the model equation, two different data sets were pre-
pared. First data set was composed of plant data of different time
zones. The range of the data set for 4323 minutes is 0 to 2.0 MW.
Second data set was composed of plant data obtained during 3355
minutes from the MCFC plant. The range of the second data set is
0 to 2.5 MW. Fig. 5 represents the predicted value from Eq. (25) and
two operation data sets.

RMSE  
 yk  yref 2

N
--------------------------

Fig. 3. Preprocessed operation data for 2.2MW MCFC process: (a) Air flow rates, (b) hydrogen flow rates, (c) water flow rates, (d) power output.

Fig. 4. Fitting of model equation.
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The values of RMSE for each data set are 0.0222 and 0.0306,
respectively. The maximum residual are 0.112 MW and 0.252 MW.
These values are summarized in Table 1. Comparing the values of
RMSE and residual, different time data is more accurate than dif-
ferent plant data. This is because the condition obtained from the
different time data is the same as that obtained from the fitting data.
Though different plant data error is larger than that of different time
data, it is small enough and we can see that Eq. (25) has sufficient
accuracy under different conditions. From the fitting and validation
results, Eq. (25) could predict the power of a typical MCFC plant
well.

CASE STUDIES

1. Perfect Plant Model
The ENMSSPFC scheme based on the ARMA model for the

MCFC plant was used to implement and to compare the PID and
PIPD controllers. Numerical simulations were carried out for 100
sampling instants. The set-point was set to 1 and a disturbance of
magnitude 0.1 was introduced at the sampling instant of 50 to
assess load rejection performance. Tables 2 and 3 show controller
parameters used in the simulations. When the prediction horizon,
P, is greater than 4, RMSE tends to increase. In the simulations, we
set P value to 3. The smoothing factor, , is determined by using
the bisection method. The initial search interval of [0~1] was used
to get 0.59 and 0.66 for PID and PIPD controllers, respectively. Qe

may be regarded as a tuning parameter matrix. While Qe is deter-
mined by trial and error in this study, identification of a systematic

selection procedure for Qe is desirable and remains as a further
study. The range of the parameter is set to [0 1] and simulations for
various variables in this range are performed. In Table 2,  denotes
the error permission limitation.
Based on the ENMSS model, we have the following relations:

xm(k+1)T=Amxm(k)+Bmu(k)
y(k+1)=Cmxm(k+1) (27)

With

Am  

0  0  0  0.0239  0.7857  0.1479  0.1214  0.4815  0.1238
1  0  0  0  0  0  0  0  0
0  1  0  0  0  0  0  0  0
0  0  0  0  0  0  0  0  0
0  0  0  0  0  0  0  0  0
0  0  0  0  0  0  0  0  0
0  0  0  1  0  0  0  0  0
0  0  0  0  1  0  0  0  0
0  0  0  0  0  1  0  0  0

Fig. 5. Validation of model equation: (a) Different time data, (b) different plant data.

Table 1. The RMSE and maximum residual of the fitting and vali-
dation data

Fitting
data

Different
time data

Different
plant data

RMSE 0.0083 0.0222 0.0306
Max residual (MW) 0.1030 0.1120 0.2520

Table 2. Tuning parameters for the PID controllers
ENMSSPFC-PID

P 3
Qe diag(0.2, 0.2, 0.2, 0.2, 0.2, 0.2, 0.2, 0.2, 0.2, 0.2)
 0.59
 105

Table 3. Tuning parameters for the PIPD controllers
ENMSSPFC-PIPD

P 3
Qe diag(0.2, 0.2, 0.2, 0.2, 0.2, 0.2, 0.2, 0.2, 0.2, 0.2)
 0.66
 105
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Based on these equations, we have

z(k+1)=Az(k)+Bu(k) (28)
y(k+1)=Cz(k+1)

and the ENMSS model can be represented as:

ze(k+1)=Aeze(k)+Beu(k)+Cer(k+1)

Fig. 6 shows results of numerical simulations of closed-loop
responses of ENMSSPFC-PID and PIPD controllers for perfect plant
models. The normalized input and output values are restored to the
original scales through the post treatment process. The units of out-
put and input are MW and SCFM, respectively. In both control-
lers, the root mean square error (RMSE) between set-points and
output values shows little discrepancy. Recovery time from the dis-
turbance introduced at time 50 is fast and there are no oscillations
and overshoots. For the perfect plant model, both controllers exhibit
good tracking performance as well as excellent disturbance rejec-
tion performance.

Up-down step changes in set-point were used to verify the sta-
bility of the ENMSSPFC-PID and PIPD controllers described above.
The results of simulations for these cases are shown in Fig. 7. It
can be seen that ENMSSPFC-PID and PIPD can be stably applied
for all operation range (0-2.2 MW).

Bm  

0.0543  1.3310  0.4673
0  0  0
0  0  0
1  0  0
0  1  0
0  0  1
0  0  0
0  0  0
0  0  0

,

Cm  1 0 0 0 0 0 0 0 0 

Ae  

0  0  0  0.0239  0.7857  0.1479  0.1214  0.4815  0.1238
1  0  0  0  0  0  0  0  0
0  1  0  0  0  0  0  0  0
0  0  0  0  0  0  0  0  0
0  0  0  0  0  0  0  0  0
0  0  0  1  0  0  0  0  0
0  0  0  0  0  0  0  0  0
0  0  0  0  1  0  0  0  0
0  0  0  0  0  1  0  0  0
0  0  0  0  0.0239  0.7857  0.1479  0.1214  0.1238

Be  

0.0543  1.3310  0.4673
0  0  0
0  0  0
1  0  0
0  1  0
0  0  1
0  0  0
0  0  0
0  0  0

0.0543  1.3310  0.4673

,

Ce
T

  0 0 0 0 0 0 0 0 0 1 

Fig. 6. Closed-loop responses of ENMSSPFC-PID and PIPD controllers: Perfect plant model.
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2. Plant-model Mismatched
To incorporate the imperfect plant model that may be caused

by the uncertainty existing in practical applications, we assumed
the maximum of 20% random deviation from the parameters of the
ARMA model equation and constructed three different imperfect
models (cases 1, 2 and 3 as shown below) [22,23].

Case 1:
yk=0.11740.0611 * u1(k1)0.0225 * u1(k2)+0.1270 * u1(k3)
yk=0.1174+1.1945 * u2(k1)0.6903 * u2(k2)+0.4764 * u2(k3)
yk=0.11740.5475 * u3(k1)+0.1332 * u3(k2)+0.1165 * u3(k3)

Case 2:
yk=0.11740.0615 * u1(k1)0.0279 * u1(k2)+0.1337 * u1(k3)
yk=0.1174+1.3764 * u2(k1)0.7184 * u2(k2)+0.4585 * u2(k3)
yk=0.11740.4766 * u3(k1)+0.1631 * u3(k2)+0.1272 * u3(k3)

Case 3:
yk=0.11740.0451 * u1(k1)0.0266 * u1(k2)+0.1247 * u1(k3)
yk=0.1174+1.0935 * u2(k1)0.9221 * u2(k2)+0.4756 * u2(k3)
yk=0.11740.4731 * u3(k1)+0.1260 * u3(k2)+0.0996 * u3(k3)

For each uncertain model, ENMSSPFC-PID and PIPD system were

Fig. 7. Closed-loop responses of ENMSSPFC-PID and PIPD for up-
down step.

Fig. 8. Closed-loop responses of ENMSSPFC-PID and PIPD: Case 1.

Table 4. RMSE of output for each case
RMSE

ENMSSPFC-PID ENMSSPFC-PIPD
Matched case 0.3393 0.3346
Mismatched: case1 0.4120 0.3228
Mismatched: case2 0.4021 0.3277
Mismatched: case3 0.4401 0.3263
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Fig. 10. Closed-loop responses of ENMSSPFC-PID and PIPD: Case 3.

Fig. 9. Closed-loop responses of ENMSSPFC-PID and PIPD: Case 2.



1610 B. S. Kim et al.

August, 2018

constructed and numerical simulations were carried out. Results
of numerical simulations are shown in Fig. 8, 9 and 10. Table 4
shows the value of the RMSE for each case.

As can be seen in Figs. 8, 9 and 10, the ENMSSPFC-PIPD con-
troller exhibits better overall control performance than the ENMS-
SPFC-PID controller in all cases. Values of RMSE of the PID con-
troller for perfect model show significant difference compared to
those for the plant model mismatched cases in contrast to those of
the ENMSSPFC-PIPD. Overall, the PIPD controller optimized by
ENMSSPFC shows better set-point tracking and disturbance rejec-
tion performances. When the plant model is imperfect, which is
usual in practical applications, we can see that the PID controller
shows oscillations at the input and output. Especially, u2 and u3 in
case3 go up and down from the lowest value to highest value. During
the short operating time, these oscillations could add load to oper-
ation units. Thus the PIPD controller is preferred in practical applica-
tions. The PD feedback of the PIPD controller moves the poles of
the process transfer function to more desirable locations. Because
of this, the ENMSSPFC-PIPD controller optimizes the input to
yield satisfactory output even with deviations in the process model
coefficients.

CONCLUSIONS

PID and PIPD controllers optimized by ENMSSPFC based on
the ARMA model are proposed for the MCFC plant. The pro-
posed controller inherits the simple structure as conventional PID
controller and the improved state space model. Numerical simula-
tions were carried out to assess the set-point tracking performance
as well as disturbance rejection performance. If the plant model is
perfect, the PID controller shows the same tracking performance
compared to the PIPD controller. But, when there exists uncertainty
in the plant model, the PIPD controller exhibits better overall con-
trol performance than the PID controller. The PIPD controller also
exhibits more fast response time and less RMSE compared to other
controllers. The case studies represents the improved performance
of the PIPD controller for imperfect plant models.

ACKNOWLEDGEMENTS

This work was supported by Korea Research Foundation Grant
funded by the Korean Government (NRF-2017R1A2B1005649).

REFERENCES

1. R. Tchamna and M. Lee, Korean J. Chem. Eng., 34(4), 961 (2017).
2. M. Xu, S. Li and W. Cai, Ind. Eng. Chem. Res., 44(8), 2848 (2005).
3. A. Savran, Appl. Soft Comput., 13(5), 2658 (2013).
4. R. D. Zhang, P. Li, Z. Ren and S. Wang, 2009 IEEE International

Conference on Control and Automation, New Zealand, Christ-
church, 314 (2009).

5. S. Majhi, Ph.D. Dissertation Univ. of Sussex, Brighton, UK (1999).
6. K. J. Astrom and T. Hagglund, Instrument Society of America,

Research Triangle Park, NC (1995).
7. B.D. Tyreus and W.L. Luyben, Ind. Eng. Chem. Res., 31, 2625 (1992).
8. M. Zhuang and D. P. Artherton, IEEE Proc.-D: Control Theory

Appl., 140(3), 216 (1993).
9. P. K. Padhy and S. Majhi, Comput. Chem. Eng., 30(5), 790 (2006).

10. K. I. Tsai and C. C. Tsai, Proceedings of the 9th World Congress
on Intelligent Control and Automation, IEEE, Taipei, Taiwan, 535
(2011).

11. R. D. Zhang, Z. X. Cao, P. Li and F. R. Gao, IET Control Theory,
8(14), 1303 (2014).

12. S. Wu, Ind. Eng. Chem. Res., 53, 5505 (2015).
13. S. Wu, Chemometrics and Intelligent Laboratory Systems, 143, 16

(2015).
14. H. Zou and H. Li, Chemometrics and Intelligent Laboratory Sys-

tems, 142, 1 (2015).
15. A. H. Gonzalez, J. M. Perez and D. Odloak, J. Process Control, 19(3),

473 (2009).
16. L. Wang and P. C. Young, J. Process Control, 16, 355 (2006).
17. R. Zhang, Z. Cao, C. Bo, P. Li and F. Gao, Ind. Eng. Chem. Res., 53,

3283 (2014).
18. L. Wang, J. Process Control, 14, 131 (2004).
19. R. D. Zhang, A. K. Xue, S. Q. Wang and Z. Y. Ren, J. Process Con-

trol, 21(8), 1183 (2011).
20. J. H. Hirschenhofer, D. B. Stauffer, R. R. Engleman and M. G. Klett,

U.S. Department of Energy Office of Fossil Energy Federal Energy
Technology Center, Morgantown (1998).

21. A. Permatasari, P. Fasahati, J. H. Ryu and J. J. Liu, Korean J. Chem.
Eng., 33(12), 3381 (2016).

22. J. Zhang, Ind. Eng. Chem. Res., 52, 4874 (2013).
23. R. Zhang and F. Gao, Ind. Eng. Chem. Res., 52, 817 (2013).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


