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Abstract. This paper is constructed with the effort of development of controlled system on the application
of a traditional Zeigler-Nichols (Z-N) tuning method implemented for a boiler-turbine power plant to achieve
better efficiency of the system. Extensive study and analysis of the state space representation to mathematical modeling approach is developed for the system introducing simulation method. A proportional-integralderivative (PID) tuner and a state feedback controller for an existing non-linear MIMO (multi-input/multioutput) plant model are considered for the analysis of the system performance, which can be generalized
to design perfect industrial system. The contribution of the proposed study is to tune the boiler-turbine system model using Zeigler-Nichols(Z-N) method with PID tuning for step input. Different tuning parameters
and robustness parameters are observed after the tuning adjustments implemented on the system. Finally, the
MIMO system can be split toward SISO (single input/single output) system. In addition, the controllability
and observability approaches are depicted along with system performance analysis with step input. The experimental results for the control systems design with the Z-N control algorithm are represented in the z-domain
from continuous domain for discrete domain stability analysis in future.
Keywords: Z-N tuning, Proportional-integral-derivative (PID), multi-input/ multi-output (MIMO), state
space, Z-domain, controllability, observability
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Introduction

Processes engaged in industrial boiler-turbine system to produce steam in power plants are non-linear
as well as very much complex. The combustion process analysis is based on the burner configuration and
the shape/ size of the combustion chamber. In real-time applications, the control phenomena achieved a huge
attention for its robust control of the power plants[3] . Typically, industrial automatic control is considered as
a compulsory condition for controlled operation. It minimizes the material fatigue and the number of staff as
well as enables efficient power plant system. The most critical task in the power plant is the controller design.
Its design and tuning are challenging and very much essential for the power plants specifically boiler-turbine
operated plants due to their typical non-linearity and multi-variability along with the multiple control aims.
However, the PID compensators conventional controls provide an adequate response without any flexibility to
achieve superior performance over a wide zone of operation. Tuning methods must be applied for the boilerturbine plants to investigate the proper adjustment of the controller designing with controlling parameters
∗
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Dey’s group and other researchers conducted extensive research to optimize the PID controller parameters using optimization
algorithms [9–16, 18, 25, 26] . In addition, the current work tunes the PID parameters using the Z-N method, which can be used in
several industrial applications. In addition, as a future work, this tuned model can be represented as a State space form.
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(proportional gain, integral gain, derivative gain) and for the betterment of the designed control system for
that particular plant.

The oil-fired boiler has rated power 160MW. In 1969, data acquired during experiments established the
base for the system recognition. Both physics and empirical methods were used for the production of the
boiler-turbine dynamic model presentation[3] . Control loop tuning is performed via adjusting its control parameters, namely integral gain/reset, gain/proportional band and the derivative gain/rate to the optimum values
for the expected control response. Commonly, it is compulsory to guarantee response stability as well as nonoscillated process for any arrangement of set points and process conditions[2] . In modern technical society,
automatic control system is used for better production quality and quantity. In the automated industry some
parameters such as the pressure, flow rate, temperature, level and pH should be measured and controlled
by process controller for manufacturing the end product with ensured safety. Process control mechanism is
required by the manufacturers in order to gain: less cost, reduced variability, protection and high quality products. The boiler-turbine model used was designed with perfection[1] . There are several types for tuning processes such as the Z-N (Ziegler-Nichols) method, C-C (Cohen-Coon) method, PID tuning[27] software and the
manual tuning. Traditional and recent technology based tuning methods are available for PID tuning. There are
manual tuning including Ziegler-Nichols tuning[19] , Software tools, Cohen-Coon, GA (Genetic Algorithm),
PSO (Particle Swarm Optimization) and BFO (Bacterial Forging Optimization). The Ziegler-Nichols method
for closed/ opened loop systems and the Cohen-Coon tuning methods for open loop systems are the most
popular methods. The model is a third order, non-linear MIMO system given by Astrom and Eklund[4] . The
test data are used to achieve basic parameter estimation that was involved in the model proposed in [5]. This
led to a second order non-linear system of differential equations with fuel flow and control valve setting.
The system output was consisted of the control variables, drum pressure and the power output. Morton and
Price restructured the boiler model to comprise drum water level deviation by presenting evaporation rate
dynamics[7] . This model was extended to comprise the power given Bell and Astrom et al.[1] in order to create
a third order non-linear MIMO system. This extended model was engaged with control valve position, fuel
flow, and feed water flow as control inputs. Meanwhile, outputs included the drum pressure, power output,
and drum water level deviation. The experimental results verified that the evaporation equation presence and
the fluid density dynamics in Bell and Astrom’s model produced a practical depiction of the drum water level
dynamics. Even though, the model is of low order, it was adept to illustrate some of the complex dynamics
linked with the real plant[4] . Tuning methods were applied to control of process variables in a proper way[6] .
The analysis of traditional PID, fuzzy logic and PID-Fuzzy has been performed using MATLAB version 2013
and simulink software. The obtained results depicted small overshoot and fast response as compared to PID
controller[21] . Hemalatha et al. demonstrated the necessity of Boiler level control using Labview [8]. Multiple
process control variables were controlled using Labview for complex systems[22] . Karuppiah et al. proposed
boiler temperature controlling system using GSM (Global System for Mobile Communications) system[17] . In
this paper, the capability investigation of the inclusive process simulation model with a prediction of the transient response of a triple-pressure heat recovery steam generator with reheater to the start-up and shutdown
processes of a heavy-duty gas turbine was introduced[20] . The presentation of advanced predictive control
methods in thermal processes have been developed in this paper[23] . In this paper the proposal of engineering
friendly control strategy to handle the several problems in fluidized bed combustor is given[24] .

In the current work, the boiler-turbine model is used based on the work that previously done by R. Dimeo
et al.[3] . It is a authentic work and a State Space matrix is proposed i.e. ABCD matrix [3] from which the
mathematical model is obtained through MATLAB 2013 programming. Using simulator, tuning of the model
is performed and those tuned responses can be seen in the next phase of the research work. The structure of the
remaining sections is as follows. Section 2 represented the state space model in mathematical model approach
for further analysis of the system. The models are tuned using Z-N tuning method and 3D plot is obtained for
their robustness parameters in section 3. In section 4, the rank of observability and controllability is obtained
with discrete domain analysis. Finally, the conclusion is presented in section 5.
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2

Control tuning aspect towards existing boiler model

The State space is a mathematical representation of set of values which are linearly independent for all
possible states of the system. This mathematical model has been chosen based on Dimeo et al.[3] , where the
State Space matrix is presented below. The linear approximation to the system is given in Eqs. (1) and (2) as
follows.
dx̄
= Ax̄ + B ū,
dt
ȳ = C x̄ + Dū,
s

(1)
(2)

where x̄ = x − x0 , ȳ = y − y 0 , ū = u − u0 and the linear system matrices are given by:

−2.509 × 10−3 00
−0.10  ,
A =  6.94 × 10−2
−3
−6.69 × 10
00


0.9 −0.349 − 0.15
,
14.1550
B= 0
0
−1.3891.659


0
00
,
10
C= 1
6.34 × 10−3 04.71 × 10−3


00
0
.
00
D= 0
0.253 0.512 − 0.014


(3)

(4)

(5)

(6)

Afterward, the state space mathematical model (Eqs. (3), (4), (5) (6)) is transformed into transfer functional approach for the analysis of the system. It is a MIMO system, where each input three outputs are
obtained as in Fig. 1. So, from three sets of inputs nine models are observed for tuning purpose of the system.

Fig. 1: State space to mathematical model conversion presentation for a MIMO system

The contribution of the current work is to perform the analysis with Z-N tuned mathematical models
for the better efficiency of the boiler system, while the previous related work[2] was done with the un-tuned
process. MATLAB (version 2013) software is executed on nine sets of models. Thus, Fig. 2(a, b and c) are
obtained to illustrate the unit step response graphs of the proposed function before tuning, which input to the
MIMO system.
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(a) Step response of T.FI/P1O/P1

(b) Step response of T.FI/P1O/P2

(c) Step response of T.FI/P1O/P3

Fig. 2: Before tuning: step function response of the MIMO system for the 1st input

Thus, Fig. 3(a, b and c) are obtained to illustrate the unit step response graphs of the proposed function
before tuning, which input to the MIMO system.
Thus, Fig. 4(a, b and c) are obtained to illustrate the unit step response graphs of the proposed function
before tuning, which input to the MIMO system.
The preceding step function graphical presentation is tuned in the next section as the second phase of the
proposed work.

3

Tuning methodology introducing simulation effect

Applying Z-N tuning method on the step responses of the systems the mathematical model as demonstrated in Fig. 5.
The Z-N tuning method has been applied on the nine sets of mathematical model. Mainly, software tool
is used for tuning purpose. After applying Z-N tuning method the graphical representation is demonstrated in
Fig. 6(a, b and c). After PID tuning, the obtained step response graphs are illustrated as follows.
After applying Z-N tuning method the graphical representation is demonstrated in Fig. 7(a, b and c).
After PID tuning, the obtained step response graphs are illustrated as follows.
After applying Z-N tuning method the graphical representation is demonstrated in Fig. 8(a, b and c).
After PID tuning, the obtained step response graphs are illustrated as follows.
The optimal tuned parameter Kp (proportional gain) Ki (integral gain) Kd (derivative gain) values of the
PID controller using the Z-N method tuning method are depicted in Tab. 1 for the proper adjustment of the
designed controller system for the boiler-turbine plant. The rise time, settling time, peak and overshoot values
are shown in Tab. 2, which characterize the optimal parameters.
The obtained results in Tab. 2 are matched with the same illustrated in Figs. 6-8. As reported the
T.FI/P3O/P3 had the superior robustness metrics, namely the rise time, settling time, peak and overshoot values.
Fig. 9 illustrated the 3D plots of the above process characteristic parameters (robustness parameters).
WJMS email for contribution: submit@wjms.org.uk

31

World Journal of Modelling and Simulation, Vol. 13 (2017) No. 1, pp. 27- 36

(a) Step response of T.FI/P2O/P1

(b) Step response of T.FI/P2O/P2

(c) Step response of T.FI/P2O/P3

Fig. 3: Before tuning: step function response of the MIMO system for the 2nd input
Table 1: Tuning Parameter
Kp
0.0002906
2.1882 × 10−7
−0.0058923
−0.007494
−0.00027214
−0.00098741
−0.017436
0.0039114
20.1143

4

ki
2.1882 × 10−7
−1.5251 × 10−9
−3.2412 × 10−9
−5.6429 × 10−5
−5.746 × 10−8
−3.8054 × 10−8
- 0.00013129
3.8496 × 10−6
0.024527

kd
0
−0.00081155
44.334
0
0.1358
−0.26886
0
0.0012094
−34.4373

Controllability, observability and rank determination

The relationship between state and input is the Controllability and Observability gives the information
about the capability of external measurement of the internal system state variables. The Controllability and
observability performance analysis of the system are calculated. State space modeling for the better entities of
the system is necessary as well the controllability and observability, which determined in Tab. 3.
The information of the system input and output parameter towards better performance ranks are observed
from the results in Tab. 4.
Since, both the controllability and observability matrices have the same rank value, so the system is
controllable and observable as well. These results established the efficiency of the proposed system to select
the optimal PID controller parameters. Finally, the previous stability analysis of the system in the continuous
domain is expressed in the discrete domain (‘z’ domain) as follows (Eqs. (7), (8), (9) (10)):
Step response of the
T.FI/P1O/P1 =

9.2e−5 z − 1.6e−5
.
z 2 − 2z + 0.9999

(7)
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(a) Step response of T.FI/P3O/P1

(b) Step response of T.FI/P3O/P2

(c) Step response of T.FI/P3O/P3

Fig. 4: Before tuning: step function response of the MIMO system for the 3rd input

Fig. 5: State space to Mathematical model conversion for a MIMO system after PID tuning using the Z-N
method tuning method

Step response of the
T.FI/P1O/P2 =

−6.618e−5 z 3 + 8.453e−5 z 2 + 2.636e−5 z − 4.468e−5
.
z 4 − 3.89z 3 + 5.939z 2 − 3.939z + 0.9797

(8)

0.0007999z − 0.0002488
.
z 2 − 1.999z + 0.9995

(9)

Step response of the
T.FI/P2O/P1 =
Step response of the
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(a) Step response of T.FI/P1O/P1

(b) Step response of T.FI/P1O/P2

(c) Step response of T.FI/P1O/P3

Fig. 6: After tuning: step function response of the MIMO system for the 1st input

(a) Step response of T.FI/P2O/P1

(b) Step response of T.FI/P2O/P2

(c) Step response of T.FI/P2O/P3

Fig. 7: After tuning: step function response of the MIMO system for the 2nd input
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(a) Step response of T.FI/P3O/P1

(b) Step response of T.FI/P3O/P2

(c) Step response of T.FI/P3O/P3

Fig. 8: After tuning: step function response of the MIMO system for the 3rd input
Table 2: Robustness parameter
Step function
T.FI/P1O/P1
T.FI/P1O/P2
T.FI/P1O/P3
T.FI/P2O/P1
T.FI/P2O/P2
T.FI/P2O/P3
T.FI/3O/P1
T.FI/P3O/P2
T.FI/P3O/P3

Rise Time(sec)
3.23 × 103
964
1.99 × 104
323
672
299
323
23.5
7.73

(a) Settling time and Rise time

Settling Time(sec)
1.18 × 104
3.39 × 103 1.1
6.51e × 104
1.18 × 103
1.16 × 104
977
1.18 × 103
89.8
27.5

Peak
1.14
9.51
1.06
1.14
1.06
1.09
1.14
1.1
1.05

Over- shoot (%)
13.8
5.74
13.8
6.11
9.11
13.8
10.3
5.27

(b) Settling Peak and Overshoot

Fig. 9: 3D plot of the robustness parameters

T.FI/P3O/P1 =
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.
z 2 − 1.999z + 0.9995
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35

World Journal of Modelling and Simulation, Vol. 13 (2017) No. 1, pp. 27-36

Table 3: Robustness parameter
Step function
T.FI/P1O/P1

T.FI/P1O/P2
T.FI/P1O/P3
T.FI/P2O/P1
T.FI/P2O/P2
T.FI/P2O/P3
T.FI/P3O/P1

T.FI/P3O/P2
T.FI/P3O/P3

Controllability
matrix «
„
0.0003 0.000019
0
0 0.0019
1.0000 −0.1025
0.0103
B
0
1.0000
−0.1025
B
@
0
0
1.0000
0
0
0
NA
„
«
1.0000 −0.0025
0
1.0000
NA
NA
„
«
1.0000 −0.0025
0
1.0000
0
1.0000 −0.0025
0.0103
B
0
1.0004
−0.1025
B
@
0
0
1.0000
0
0
0
NA

1
−0.0010
0.0103 C
C
−0.1025 A
1.0000

Observability matrix «
„
0.0003 0.0019
0
0 0.0019
−0.0001 −0.0025
B −0.0023 −0.0004
B
@ 0.0001
0.0000
0.0000
0.0000
NA
„
«
0.0026 0.0138
0.0138
0
NA
NA
„
«
0.0027 0.0000
0.0000
0

−0.0004
0.0000
0
0

1
0.0000
C
0
C
A
0
1.0000

1
−0.0010
0.0103 C
C
−0.1025 A
1.0000
NA

Table 4: Rank of controllability and Observability matrix
Step function
T.FI/P1O/P1
T.FI/P1O/P2
T.FI/P1O/P3
T.FI/P2O/P1
T.FI/P2O/P2
T.FI/P2O/P3
T.FI/3O/P1
T.FI/P3O/P2
T.FI/P3O/P3

Controllability rank
2
4
NA
2
NA
NA
2
4
NA

Observability rank
2
4
NA
2
NA
NA
2
4
NA

Step response of the
T.FI/P3O/P2 =

0.000545z 3 − 0.001247z 2 + 0.0009891z − 0.0002874
.
z 4 − 3.98z 3 + 5.939z 2 − 3.939z + 0.9797

(11)

From the previous processes including tuning, controllability, observability and z-domain analysis, it is
established that the MIMO boiler system achieved superior performance.

5

Conclusion

The proposed study depicted an interdisciplinary industry oriented work with control system. This generalized model can be defined for any type of control system based power plant operation. During the runtime of
the process the designed system can be implemented and the process parameters are continuously monitored
for better performance. In the current study, the State space to transfer functional approach was presented.
In future, from the obtained MIMO system further stability analysis can be done comparing with the
previous unbounded system [3]. Utilizing other different types of advanced methods of tuning such as Genetic
Algorithm, Particle Swarm Optimization, Bacterial Forging, FBADE etc. the designed control system can be
criticized. In addition, using other several advanced and more efficient stability analysis methods such as Jury
stability, Lyapunov stability method for non-linear system analysis can be attempted for a better investigation
process about the boiler-turbine power plant system efficacy.
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