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A Method Tuning Control System of Thermal Process in Startup Period
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Abstract. The tuning control system of thermal process in startup period up today is very difficult problem due to
difficulties are to model the process and to tune controller guaranteeing robustness of the system. In the paper the
process is approximated second-order-plus-delay model defined by “cleft-over” algorithm [1]. And the parameters of
controller defined based on required robustness of the system for startup case. Finally, the illustrative examples are
presented.

1 Introduction

OQ2T (s) =

Let consider the typical control structure in thermal
technology (Figure 1), where, O(s) and R(s) are transfer
functions of process and controller.
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Figure 1. Typical control structure.

Currently, the tuning control system of the thermal
process in start-up period is a difficult problem and
unresolved up today.
Because of the existence, the startup and
commissioning of thermal processes are often protracted,
that makes implemented cost rises.
The obstacle is mostly the system identification in
startup mode, i.e. in terms of change and lack of
information. It is a difficult, complex problem that so far
almost no research attention.
The article presents the problem of how to solve the
tuning of control systems in start-up period consists of
two phases: Phase 1 – system identification and Phase 2 –
compute the parameters of controller.

2 System identification
2.1 Model definition
In thermal control engineering there are two main classes
of control objects. The first includes dominant-lag
processes with dead time and the other includes
dominant-integral ones with dead time. The mentioned
processes can be approximated by 2-nd-order lag plus
delay model under the transfer function:

K
.e−τs
(1 + T1s)(1 + T2s)

(1)

Where: K – gain factor; T1, T2 – lag constants (T1 ≠
T2); τ - dead time; s – complex variable.
The model (1) quite matches the dominant-lag
processes [6]. In the other hand, for dominant-integral
processes, the model (1) gives also very good
approximation. Indeed, we may transform (1) to:

OQ2T (s) =

K / T1
.e−τs
(1 / T1 + s)(1 + T2s)

It is easy to see that if 1/T1 → 0 when keep K0 = K/T1
→ a < ∞, then model becomes dominant-integral:

OQ2T (s) =

K0
.e−τs
s(1 + T2s)

(2)

The unit step response of (1) is
t −τ
t −τ ⎤
⎡
−
−
⎢ T1e T1
T e T2 ⎥
(3)
y(t) = h(t) = K ⎢1 −
+ 2
⎥
⎢ T1 − T2 T1 − T2 ⎥
⎢⎣
⎥⎦
Where: t – time variable; T1 ≠ T2.
In the time t = ti, the response is
t −τ
t −τ ⎤
⎡
− i
− i
⎢ T1e T1
T e T2 ⎥
y(ti, x) = K ⎢1 −
(4)
+ 2
⎥
T1 − T2
T1 − T2 ⎥
⎢
⎢⎣
⎥⎦
and the measuring process value is yi. The parameters of
vector x = {K, τ, T1, T2} have to be calculated to
warranty that the second-order lag plus delay (1)
presents as exactly as possible the practical thermal
process. This requirement will be satisfied if the below
problem of optimization is solved.
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F(x) =

∑[ y(t , x) − y ]

2

i

i

→ min x

In the cleft-over-step algorithm the αk+1 defined based
on “cleft-over principle” [2] that provides the begin and
end points of each iteration lay on different sides of
minimum point of objective function in sk direction.
Length of each iterative step of the algorithm is
defined by flow chart in Figure. 3.
For each iterative step, suppose:

(5)

i =1

Here: N is the number of measuring points.
F(x) is non-linear function of K, τ, T1 and T2 variables.
Problem (5) will be solved by using “cleft-over”
algorithm [1].

h(α) = J(xk+1) = J(xk + αsk)

2.2 Optimizing model by cleft-over algorithm

Each iterative step of the algorithm satisfies following
condition:

We propose use cleft-over algorithm to solve the problem
(5) summarized as below:

λa[h(0) - h(α∗)] < h(0) - h(αv)] < λb[h(0) - h(α∗)]

2.2.1 Specifying objective function [1, 2]

Where: αv – iterative cleft-over step; α∗ - minimum
point of h(α); λa, λb - coefficients: 0 ≤ λa ≤ λb ≤ 1.
The algorithm of finding cleft-over step is shown as
below:
Initial values: εP > 0, β > 1, 0 < γ< 1, αA > 0.
- Step 1: Set p1 = 0, p2 = αA and increase the values
repeatedly by the rule: p1 := p2, p2 := βp2 until h(p2) ≥
h(p1), get the length (p1,p2) and go to step 2.
- Step 2: If the condition p2 - p1 ≤ εP is satisfied, means not
possible to find cleft-over step with exact level εP. Set
αv := p and end, return to main program. If not, go to the
step 3.
- Step 3: Calculate p := p1 + γ(p2 - p1) and Δ = [h(0) h(p1)], go to step 4.
- Step 4: If h(p) - h(p1) > λbΔ, set p2 := p; if h(p) - h(p1) <
λaΔ, then set p1 := p; repeat from step 2. The other case,
λbΔ > h(p) - h(p1) > λaΔ and αv = p is left-over step. Set
αA := αv and return to main program.
The direction sk is determined to make the target
function reduce after each iterative step, means J(xk+1) <
J(xk). The combination of cleft-over step adjusting rule
and one move direction sk will create one cleft-over step
algorithm. The algorithm is shown in Figure. 3.

Problem (5) needs to be determined with constraints of
parameters based on each practical process. The
constraints are:
0 ≤ K; 0 ≤ T1, T2 ; 0 ≤ τ

(6)

Problem (5)-(6) may be driven to an equivalent
following unconstraint problem:
J(x) = F(x) + p*Ψ(x) → minx

(7)

Where Ψ(x) is penalty function determined as:
2

2

2

Ψ(x) = ⎡⎣ τ − τ⎤⎦ + ⎡⎣ T1 − T1 ⎤⎦ + ⎡⎣ T2 − T2 ⎤⎦ + ⎡⎣ K − K ⎤⎦

2

p = [10 ÷ 106] - the penalty coefficient.
2.2.2 Cleft-over step algorithm [1, 2]
The algorithm is built base on two concepts: moving
direction of searching orbit and cleft-over step. The
iterative equation of the algorithm is
xk+1 = xk + αk+1sk

Startup

Where: xk, xk+1 - the begin and end of the k+1-step,
αk+1 is the step length, sk is moving direction.

x , J(x ), k = 0
0

From main program. Set p2:=αA
p1 := p2, p2 := βp2
No

Return to main
program

Stop conditions are
satisfied?

h(p) − h(p1) >λbΔ

p1:= p Yes

h(p) −h(p1) >λaΔ

Yes

Determine move direction:
sk - improvable.

Yes αv:=p

p = p1 + γ(p2 − p1),
Δ = h(0) − h(p1).
p1:= p Yes

0

∇J(xk) or equivalent

h(p2) ≥ h(p1)
p 2 - p 1≤ ε p

(8)

Determine “cleft-over step” αv by condition (8)
Set αk+1 = αv, calculate: xk+1 = xk + αk+1sk.

Figure 3. Cleft-over step algorithm.

The initial parameters are set as below:
Figure 2. Flow chart of finding step length.

2

Stop
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γ = 0,382; λa= 0; λb = 0,5.

The original Internal Model Control based on model of
process. The best improve of IMC is SIMC by Skogestad
[4]. The PID controller is

In the first step (k = 0), choose start point x0, the first
step value αA = 0,1.
Normally, the first move vector is chosen: s0 = -∇J(x0)
(minus gradient value of target function in start point).
The progress of optimization by using cleft-over step
algorithm in step no. (k+1) consists of two parts as below:
- Calculate gradient ∇J(xk) and determine the
direction sk.
- Move by direction sk until reach the cleft uptrend,
means the condition (8) is satisfied. End the iterative step
no. (k+1), get the new point: xk+1 = xk + αk+1sk with αk+1 =
αv is cleft-over step.
The repeat is continuous until fixed conditions are
satisfied. One of the most efficient moving directions is
Affine [1].

R(s) = k c (

1 + TIs)
)(1 + TD s)
TIs

Its parameters for model (1) are set as below:

kc =

1 T1
.
,TI = min{T1 , 4(τc + τ)},TD = T2
K τc + τ

Normally, the tuning parameter τc is chosen equal to
time delay value τ of processes.
3.3 Robust-based method [5]
The method is based on model of process, with the
general equation is

3 Tuning controller

O(s) =

When the model of process is achieved, the calculation of
controller parameters is able to fulfill by using some
popular rules as Zigler-Nichol 1, SIMC and Robust-based.

The robust-based controller is defined:

R(s) =

3.1 Zigler-Nichol 1 method [3]

K −τs
.e
s

y(t)

1 A(s)
.
θs B(s)

The coefficient θ is lag time constant which is defined
by the stable requirement of system. θ is chosen in the
condition that the oscillation index of dominant pole of
the control system varies in the range from 0,461 to 2.

This method uses approximate model of process. With
the unit step response is shown in Figure. 4, the chosen
model is time delay integral:

OZ− N1 (s) =

B(s) −τs
.e
A(s)

4 Examples
4.1 Lag process

B

A superheated steam process of one thermal power plant
has the transfer function:

1(t)

Osh (s) =

A D
τ

O

t

1
.e−11,4s
(1 + 54s)(1 + 22,8s)(1 + 22,8s)

The unit step response of it is shown in Figure. 5.

Figure 4. Process unit step response.

Here: K= BD/AD (Figure 4)
The PID controller equation is:

R(s) = k P (1 +

1
+ TD s).e−τs
TIs

The parameters are set:

kP =

τ
1, 2
,TI = 2τ,TD =
Kτ
2
Figure 5. Unit step response of Osh.

3.2 SIMC method [4]

Collect the data from 0 to 30% of output at the time
t30%.

3
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The results express:
- All three controllers give good tuning quality.
- Three qualitative factors are used to compare are Decay,
Overshoot and Steady time. The results of each method
are expressed:
+ Decay: Robust-based is lower than SIMC, SIMC is
lower than Zigler-Nichol 1.
+ Overshoot: Robust-based is lower than SIMC,
SIMC is lower than Zigler-Nichol 1.
+ Steady time: Robust-based and SIMC are the same,
both of them are a bit shorter than Zigler-Nichol 1.
4.2 Integral processes
Figure 6. Initial data from characteristic of Osh.

A level drum process of one thermal power plant has the
transfer function [7]:

Identify the obtained data by model (1) with the
limitation:
0 ≤ K; 0 ≤ T1, T2; 0 ≤ τ ≤ t30% ≤ 74

Odr (s) =

(9)

Get 15 measuring points at the time ti = 0, 5, 10…70,
values yi is shown respectively in the Table 1.

0,055
.e−34,671s
s(1 + 4,608s) 2

The unit step response of it is shown in Figure. 8.

Table 1. Fifteen measuring points.
ti
yi

0 5
0 0

10
0

15
0,001

20
0,003

…
…

65
0,243

70
0,286

Input the values in (5) will have function F(x), the
penalty function Ψ(x) is determined from (8), coefficient
p is set by 103. Finally, function J(x) in (7) is formed with
variable x = {K, τ, T1, T2}.
Using cleft-over step algorithm to identify the system,
after 37 iterative steps achieves the process model in
startup period is

Figure 8. Unit step response of Odr.

31,813
O'sh (s) =
.e−16,565s
(1 + 2580s)(1 + 41, 218s)

Collect the data from 0 to 30% of output at the time
t30%.

By this model, we use the Zigler-Nichol 1 [3], SIMC
[4] and robust-based [5] tuning methods to compute
controllers.
After that input three obtained controllers in closed
control loop of the original Osh(s). The closed-loop unit
step responses of these different controllers are shown in
Figure. 7.

1
2

Figure 9. Initial data from characteristic of Odr.

3

Identify the obtained data by model (1) with the limit
conditions:
0 ≤ K; 0 ≤ T1, T2; 0 ≤ τ ≤ t30% ≤ 49

(10)

Get 17 measuring points at the time ti = 0, 3, 6…48,
values yi is shown respectively in the Table 2.

Figure 7. Closed-loop response with different controllers
1_Zigler-Nichol 1; 2_SIMC; 3_Robust-based.
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Table 2. Seventeen measuring points.
ti
yi

0
0

3
0

…
…

36
0

39
0,056

42
0,163

45
0,228

- The robust-based tuning rule gives general control
quality better than SIMC and Zigler-Nichol 2 do in the
two given examples.
- The private result of example is significant base in the
choice of tuning rule for thermal process control systems.
- The identification of thermal process by Second-order
lag plus delay model is very useful for tuning activity
owing to the obtained controller in PID structure.

48
0,293

Replace the values into (5) will have function F(x),
the conditional function Ψ(x) is determined from (9),
coefficient p is set by 103. Finally, function J(x) in (7) is
formed by vector x = {K, τ, T1, T2}.
Using cleft-over step algorithm to identify the system,
after 55 iterative steps achieves the process model in
startup period is

6 Recommendation
- The identification algorithm will give result faster and
more exactly if the start values are sensibly chosen.
- The start vector should be set to satisfy: τ ≈ T2 ≈
10%*T1 and τ + T1 + T2 ≈ t30%. The identification result
will more exactly present practical process.

41, 21
O'dr (s) =
.e−35,763s
(1 + 329,616s)(1 + 26,852s)
By this model, we use the Zigler-Nichol 2 [3], SIMC
[4] and robust-based [5] tuning rules to compute
controllers.
After that, input three computed controllers into
closed control loop of the root Obh(s). The closed-loop
unit step responses of these different controllers are
shown in Figure. 10.

7 Conclusions
- The article proposes a tuning algorithm for control
system of thermal process in startup period.
- The proposed identification method provides receive
rather precise model of process.
- The method tuning controller for startup period should
be robust-based method that is most flexible and able
give desired robustness of the system.
- The proposed methodology of implementation is clear,
comprehensible and general. It is able to effectively apply
to tune thermal process control systems in startup period.
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