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The control system of boiler–turbine unit plays an important role in improving efficiency and reducing
emissions of power generation unit. The nonlinear, coupling and uncertainty of the unit caused by vary-
ing working conditions should be fully considered during the control system design. This paper presents
an efficient control scheme based on backstepping theory for improving load adaptability of boiler–tur-
bines in wide operation range. The design process of the scheme includes model preprocessing, control
Lyapunov functions selection, interlaced computation of adaptive control laws, etc. For simplification
and accuracy, differential of steam pipe inlet pressure and integral terms of target errors are adopted.
Also, to enhance practicality, implementation steps of the scheme are proposed. A practical nonlinear
model of a 500 MW coal-fired boiler–turbine unit is used to test the efficiency of the proposed scheme
in different conditions.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction efficiency, and environment protection, which is usually accom-
In order to deal with the shortage of traditional fossil energy re-
sources and environmental deterioration, the Chinese government
is committed to the adjustment of energy structure by increasing
the proportion of renewable energy resources in recent years. Nev-
ertheless, on account of the stability of power grids and reliable
electricity supply (some new and renewable energy resources,
such as wind and solar, have low-energy density and strong cyclic-
ity), the total installed capacity and annual electricity generation of
fossil-fuel power generation units still accounted separately for
76% and 83% of the total accounts of China in 2008 [1]. In such
cases, besides expanded the unit capacity and applied some desul-
furization, denitrification and CO2 capture equipments and tech-
nology [2–4], Chinese power enterprises have paid more
attention to the operational management and optimal control of
thermal power generation units for their close ties with efficiency
and emissions.

Generally, the control systems for a fossil-fired power genera-
tion unit usually need to meet several requirements [5]: the mega-
watt output must be able to follow the load demand by the
dispatch; the throttle pressure must be maintained despite varia-
tions of the load; the steam temperature must be maintained at
a desired level to prevent overheating of the super-heaters and
to prevent wet steam from entering turbines; the mixture of fuel
and air in the combustion chamber must meet standards for safety,
ll rights reserved.
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plished by maintaining a desired level of excess oxygen. Among
these requirements, the first two need an uppermost control layer,
boiler–turbine unit control system, to be constituted. It is respon-
sible for driving boiler and turbine as a single entity and maintain-
ing the balance of mass and energy among the transformation
processes.

From the control point of view, the boiler–turbine unit can be
modeled as a 2 � 2 system, and the inertial delay and uncertainties
mainly exist in the boiler part. Therefore, early studies on the unit
control system mostly concentrated in solving the coupling prob-
lem [6]. The traditional decoupling control structures evolved from
multiple single-input single-output control loops. They can be clas-
sified into two classes: turbine-following (boiler-leading) structure
and boiler-following (turbine-leading) structure. The former fo-
cuses on the stability of unit operation and the later emphasis on
the tracking performance of electric output. With in-depth re-
searches, the two performances were considered together and
the PID-formed controllers were deduced [7,8] to meet the needs
of industrial applications.

However, due to uncertain disturbances and the varying work-
ing conditions, the traditional decoupling controllers cannot work
normally as expected. Therefore, some advanced control theories
have been used to improve the robustness and anti-disturbance
capabilities, e.g. robust control [9–11], predictive control [12,13]
and gain-scheduled control [14]. Some intelligent methods were
also adopted, such as fuzzy set-points supervisory scheme [15],
integrating of fuzzy reasoning and adaptive techniques [16], and
controller parameters optimization with genetic algorithm [17].

http://dx.doi.org/10.1016/j.apenergy.2010.09.003
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Although effective in research, these methods are seldom applied
in practice for the complexity of knowledge representation and
high cost of maintenance. But, as a compromise choice, they can
been partially added to the unit control structure as the feedback
part [18] or feed-forward part [19,20] to optimize the overall
performance.

What is more, the static and dynamic characteristics of boiler–
turbine unit change gradually with the load change and time
pass, so the control strategy based nonlinear theories have been
considered as the natural and fundamental choice. The related re-
searches include: feedback linearization control [21,22], nonlinear
inversion-based output tracking control [23], nonlinear backstep-
ping control [24], multi-objective optimization with the nonlinear
goal programming [25], etc. Among these studies, the feedback
linearization laws were deduced to convert the nonlinear model
to a pseudo-linear system and a linear controller was designed
to ensure its stability and dynamic performance[21]; the nonlin-
ear stable inversion of boiler–turbine unit was used as the feed-
forward of control system to improve load tracking ability [23];
the backstepping technique was used to synthesize a nonlinear
control law for a power unit model[24]; the nonlinear goal pro-
gramming method was selected to generate an optimal power-
pressure mapping by solving a multi-objective optimization
problem[25].

Through comparative analysis of the above literature, backstep-
ping is more suitable for the situation that the system model has
unknown parameters [26,27]. So we choose it to design an adap-
tive nonlinear boiler–turbine unit control system. The main pur-
pose is to overcome the impact of control quality caused by the
nonlinear relationship and parameter uncertainty and to improve
the load adaptability in wide load variation range.

The rest parts of this paper are arranged as follows. In Sec-
tion 2, a typical nonlinear model of coal-fired boiler–turbine unit
is briefly described. A novel boiler–turbine unit control scheme
based on adaptive backstepping is presented and its deduce pro-
cess is discussed in detail in Section 3. Section 4 summarizes the
design procedure and results of the presented scheme, and the
block diagram of the proposed system is given. In Section 5,
implementation steps of the scheme are proposed. In Section 6,
a practical nonlinear model of a 500 MW coal-fired boiler–tur-
bine unit is used to test the efficiency of the scheme in different
conditions taking into account the parameter uncertainty. Final-
ly, in Section 7, some important issues are summarized and con-
clusions are drawn.
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Fig. 1. Schematic diagram of co
2. Typical nonlinear model of coal-fired boiler–turbine units

The principal characteristic of coal-fired boiler–turbine unit is
that a single boiler generates steam to directly feed a single turbine
to generate electricity. The relationship is shown in Fig. 1. This con-
figuration has been recognized as the most efficient and economi-
cal form in fossil-fired power plants.

As a fundamental research, modeling of boiler–turbine unit has
received substantial development in the past twenty years. Åström
and de Mello are the two important researcher in this area. They
have given a gas-fired boiler–turbine unit model and a coal-fired
boiler–turbine unit model in [28] and [29,30] respectively. Because
coal accounts for 94% of primary energy reserves and most fossil-
fired utility boilers burn coal in China, we choose the latter as
the basis model in this paper.

The simplified form of de Mello model includes five equations

Process of electric power generated:
Te
_N ¼ �N þ kePTlT ð1Þ

Pressure drop between steam pipe inlet pressure PD and throttle
pressure:

Cn
_PT ¼ ks

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PD � PT

p
� klPTlT ð2Þ

Energy balance for boiler:

Cb
_PD ¼ kmDQ � ks

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P D � PT

p
ð3Þ

Mill dynamics:

Tb
_DQ ¼ �DQ þ B ð4Þ

Governor valve position dynamics:

Tl _lT ¼ �lT þ l ð5Þ

This is a nonlinear multivariable system with uncertain param-
eters Te, Cn, and Tb (Time constants Te and Tb are different in differ-
ent working conditions, and thermal storage constant Cn declines
monotony slowly with pressure increased). The model contains
seven variables (N, PT, lT, PD, DQ, B, and l) and nine parameters
(ke, Te, Cn, ks, kl, Cb, km, Tb, and Tl). All the symbols in Eqs. (1)–
(5) are described in Table 1.

Eqs. (1)–(5) can also be described as dynamic block diagram in
Fig. 2.
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Table 1
Nomenclature of model.

Parameters Description

N Megawatt output (MW)
PT Throttle pressure (MPa)
lT Governor valve position (%)
ke Constant related to megawatt output and the product of

throttle pressure and governor valve position
Te Time constant of the turbine (s)
PD Steam pipe inlet pressure (MPa)
Cn Thermal storage constant of tubes
ks Constant related to throttle pressure and main steam flow
kl Constant related to main steam flow and the product of throttle

pressure and governor valve position
DQ Heat flux from furnace (%)
Cb Boiler storage constant
km Constant related to Heat flux from furnace and steam pipe inlet

pressure
B Boiler firing rate (%)
l Demand of governor valve position (%)
Tb Time constant of the boiler (s)
Tl Time constant of governor valve position (s)

Table 2
Nomenclature of controller.

Parameters Description

N0 Target value of megawatt output (MW)
PT0 Target value of throttle pressure (MPa)
lT0 Initial value of governor valve position (%)
PD0 Initial value of steam pipe inlet pressure (MPa)
DQ0 Initial value of heat flux from furnace (%)
B0 Initial value of boiler firing rate (%)
l0 Initial value of demand of governor valve position (%)
DT Main steam flow (t/h)eN Megawatt output after moving the operating points to the

coordinate origin (MW)ePT Throttle pressure after moving the operating points to the
coordinate origin (MPa)

~lT Governor valve position after moving the operating points to
the coordinate origin (%)ePD
Steam pipe inlet pressure after moving the operating points
to the coordinate origin (MPa)eDQ
Heat flux from furnace after moving the operating points to
the coordinate origin (%)eB Boiler firing rate after moving the operating points to the
coordinate origin (%)

zji (i = 1–3;
j = 1, 2)

Error variables of sub-system j

Vji (i = 1–3;
j = 1, 2)

Positive control Lyapunov functions

a11 Virtual control law for sub-system 1
a2i (i = 1, 2) Virtual control laws for sub-system 2
hi (i = 1–3) Uniform of uncertain parameters

ĥi (i = 1–3) Estimates of uncertain parameters
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This is a 2 � 2 system: two inputs are boiler firing rate B and
throttle valve position lT, and two outputs are megawatt outputN
and throttle pressurePT.

A controller, which is used to tune the firing rate and throttle
valve position, is needed by the boiler–turbine unit to meet the
load requirement and maintain the throttle pressure in wide range.
h0
i (i = 1–3) Positive estimate of initial value of uncertain parameters

ri (i = 1–3) Positive design parameters related to initial values of
uncertain parameters

ci (i = 1–3) Positive adaptation gains
cji (i = 1–3;

j = 1, 2)
Positive design parameters related to error variables

Tij (j = 1, 2) Error integral time constants
3. Boiler–turbine controller design based on adaptive
backstepping method

All variables and parameters used in this section are listed in
Table 2.

3.1. System model preprocessing

In this procedure, the boiler–turbine unit model will be first
transformed into parametric-pure-feedback form and then be
decomposed into multiple small-scale sub-systems.

Because Eq. (5) in the model is a linear differential equation, the
controller design can take lT as an assistant input, which can sim-
plify the design process.

From Eqs. (1)–(5), the system equilibrium points are selected as

N0 ¼ kePT0lT0 ¼
kske

kl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PD0 � PT0

p
¼ kmke

kl
DQ0 ¼

kmke

kl
B0 ð6Þ

lT0 ¼ l0 ð7Þ

In order to facilitate the controller design, the following coordi-
nate transformation should be taken to move the operating points
to the coordinate origin:
Fig. 2. Dynamic block diagram of a coa
N ¼ eN þ N0 ð8Þ
PT ¼ ePT þ PT0 ð9Þ

lT ¼
~lT þ N0

ke
ePT þ PT0

� � ð10Þ

PD ¼ ePD þ
klN0

keks

� �2

þ PT0 ð11Þ

DQ ¼ eDQ þ
klN0

kekm
ð12Þ

B ¼ eB þ klN0

kekm
ð13Þ

By putting Eqs. (8)–(12) into Eqs. (1)–(4), we can get the system
model after coordinate origin:
l-fired boiler–turbine unit model.
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Te
_eN ¼ �eN þ ~lT ð14Þ

Cn
_ePT ¼ ks

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiePD � ePT þ
klN0

keks

� �2
s

� kl

ke
ð~lT þ N0Þ ð15Þ

Cb
_ePD ¼ km

eDQ þ
klN0

ke
� ks

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiePD � ePT þ
klN0

keks

� �2
s

ð16Þ

Tb
_eDQ ¼ �eD Q þ eB ð17Þ

Because of PD are measurable in fields, _ePD can be obtained
through the above conversion. Combining Eqs. (15) and (16), we
have

Cn
_ePT ¼ km

eDQ � Cb
_ePD �

kl

k e
~lT ð18Þ

Furthermore, for the standard backstepping design procedure
leads to a PD adaptive controller [27], in order to ensure the system
has good tracking performance, the integral terms of the tracking
deviations are added to the system as

T i1 _e1 ¼ eN ð19Þ

T i2 _e2 ¼ ePT ð20Þ

For uniform, we define uncertain parameters as

h1 ¼
1
Te
; h2 ¼

1
Cn

and h3 ¼
1
Tb

ð21Þ

Then the boiler–turbine unit model should be divided into two
sub-systems:

sub-system 1 :
_e1 ¼ 1

Ti1

eN
_eN ¼ ð�eN þ ~lTÞh1

8<: ð22Þ

sub-system 2 :

_e2 ¼ 1
T i2

ePT

_ePT ¼ km
eDQ � Cb

_ePD � kl
k e

~lT

� �
h2

_eDQ ¼ �eDQ þ eB� �
h3

8>>>><>>>>: ð23Þ

The variable ~lT is the input of sub-system 1. And variables ~lT

and eB are the inputs of sub-system 2. The controllers will be de-
signed for the two sub-systems separately.

3.2. Controller design based on adaptive backstepping

The backstepping controller and the adaptive updating laws for
uncertain parameters can be deduced through standard backstep-
ping recursive design.

3.2.1. Controller design for sub-system 1

(i) Define error variables as virtual state variables representing
the difference between the actual state variables and their
desired values.
z11 ¼ e1 ð24Þ
z12 ¼ eN � a11 ð25Þ

where a11, the desired value of eN , is a virtual control for the
first equation of sub-system 1, let’s say Eq. (22.1). Rewrite Eq.
(22) by using the virtual state variables

_z11 ¼
1

T i1
ðz12 þ a11Þ ð26Þ

_z12 ¼ ð�z12 � a11 þ ~lTÞh1 � _a11 ð27Þ
z23 ¼ eDQ � a22 ð41Þ
(ii) Define a Lyapunov function candidate for Eq. (24)
V11 ¼
1
2

z2
11 ð28Þ

and then define the virtual control as

a11 ¼ �c11T i1z11 ð29Þ

taking account of Eq. (26), the time derivative of Eq. (28)
becomes

_V11 ¼ z11 _z11 ¼ �c11z2
11 þ z11 c11z11 þ

1
T i1
ðz12 þ a11Þ

� �
¼ �c11z2

11 þ
1

T i1
z11z12 ð30Þ
If z12 = 0, then _V11 6 0. So we need the following step.
(iii) Define a Lyapunov function candidate for Eq. (22)
V12 ¼
1
2

z2
11 þ

1
2

z2
12 þ

1
2c1
ðĥ1 � h1Þ2 ð31Þ
taking account of Eq. (27), the time derivative of Eq. (31)
becomes
_V12 ¼ �c11z2
11 þ

1
T i1

z11z12 þ z12 _z12 þ
1
c1
ðĥ1 � h1Þ _̂h1

¼ �c11z2
11 � c12z2

12

þ z12
1

Ti1
z11 þ c12z12 þ ð�z12 � a11 þ ~lTÞĥ1 � _a11

� �
þ 1

c1
ðĥ1 � h1Þ½ _̂h1 � c1ð�z12 � a11 þ ~lTÞz12�

ð32Þ

Next, according to the lemma in Ref. [31], we select the control

~lT and the adaptive updating law for ĥ1:

~lT ¼
1
ĥ1

� 1
T i1

z11 � c12z12 þ _a11

� �
þ z12 þ a11 ð33Þ

_̂h1 ¼ c1ð�z12 � a11 þ ~lTÞz12 � r1c1ðĥ1 � h0
1Þ ð34Þ

This yields

_V12 ¼ �c11z2
11 � c12z2

12 � r1ðĥ1 � h1Þðĥ1 � h0
1Þ

¼ �c11z2
11 � c12z2

12 �
r1

2
ðĥ1 � h1Þ2 �

r1

2
ðĥ1 � h0

1Þ
2 þ r1

2
�ðh1 � h0

1Þ
2

6 �k1V12 þ k1 ð35Þ

where the constants k1 > 0 and k1 > 0 are defined as

k1 :¼ minf2c11;2c12;r1c1g ð36Þ

k1 :¼ r1

2
ðh1 � h0

1Þ
2 ð37Þ

Now, if we let q1 = k1/k1 > 0 then V12(t) satisfies

0 6 V12ðtÞ 6 q1 þ ½V12ð0Þ � q1�e�k1t ð38Þ

Therefore z11(t), z12(t), ĥ1ðtÞ, e1 (t) and also eNðtÞ are globally uni-
formly ultimately bounded. Furthermore, given any l�1 >

ffiffiffiffiffiffiffiffiffi
2q1

p
,

there exists T1 such that, for all t P T1, we have jz1iðtÞj 6 l�1 ði ¼ 1;2Þ.

3.2.2. Controller design for sub-system 2

(i) Define error variables as virtual state variables representing
the difference between the actual state variables and their
desired values.
z21 ¼ e2 ð39Þ
z22 ¼ ePT � a21 ð40Þ
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where a21, the desired value of ePT, is a virtual control for Eq.
(23.1), and a22, the desired value of eDQ , is a virtual control for
Eq. (23.2). Rewrite Eq. (23) by using the virtual state variables

_z21 ¼
1

T i2
ðz22 þ a21Þ ð42Þ

_z22 ¼ kmz23 þ kma22 � C b
_ePD �

kl

ke
~lT

� �
h2 � _a21 ð43Þ

_z23 ¼ ð�z23 � a22 þ eBÞh3 � _a22 ð44Þ
(ii) Define a Lyapunov function candidate for Eq. (42)
V21 ¼
1
2

z2
21 ð45Þ

and then define the virtual control as

a21 ¼ �c21T i2z21 ð46Þ

taking account of Eq. (42), the time derivative of Eq. (45)
becomes

_V21 ¼ z21 _z21 ¼ �c21z2
21 þ z21 c21z21 þ

1
T i2

z22 þ
1

T i2
a21

� �
¼ �c21z2

21 þ
1

T i2
z21z22 ð47Þ

If z12 = 0, then _V11 6 0. So we need the following step.

(iii) Define a Lyapunov function candidate for Eq. (43)
V22 ¼
1
2

z2
21 þ

1
2

z2
22 þ

1
2c2
ðĥ2 � h2Þ2 ð48Þ

taking account of Eqs. (43), (46) and (47), the time derivative
of Eq. (48) becomes

_V22 ¼ �c21z2
21 þ

1
T i2

z21z22 þ z22 _z22 þ
1
c2
ðĥ2 � h2Þ _̂h2

¼ �c21z2
21 � c22z2

22

þ z22
1

T i2
z21 þ c22z22 þ kmz23 þ kma22 � Cb

_ePD �
kl

ke
~lT

� �
ĥ2 � _a21

� �
þ 1

c2
ĥ2 � h2

� �
_̂h2 � c2z22 kmz23 þ kma22 � Cb

_ePD �
kl

ke
~lT

� ���
ð49Þ
Then we select the control a22 and the adaptive law for ĥ2:

a22 ¼
1

kmĥ2

� 1
T i2

z21 � c22z22 þ _a21

� �
þ Cb

km

_ePD þ
kl

kmk e
~lT ð50Þ

_̂h2 ¼ c2 z22 kmz23 þ kma22 �
kl

k e
~lT � Cb

_ePD

� �
� r2 ĥ2 � h0

2

� �� �
ð51Þ
This yields

_V22 ¼ �c21z2
21 � c22z2

22 þ kmĥ2z22z23 � r2ðĥ2 � h2Þðĥ2

� h0
2Þ

¼ �c21z2
21 � c22z2

22 þ kmĥ2z22z23 �
r2

2
ðĥ2 � h2Þ2

� r2

2
ðĥ2 � h0

2Þ
2 þ r2

2
ðh2 � h0

2Þ
2

6 �k2V22 þ k2 þ kmĥ2z22z23 ð52Þ

where the constants k2 > 0 and k2 > 0 are defined as

k2 :¼ minf2c21;2c22;r2c2g ð53Þ

k2 :¼ r2

2
ðh2 � h0

2Þ
2 ð54Þ
(iv) Define a Lyapunov function candidate for Eq. (44)
V23 ¼
X3

i¼1

1
2

z2
2i þ

X3

j¼2

1
2cj
ðĥj � hjÞ2 ð55Þ

taking account of Eqs. (44), (52) and (55), the time derivative
of Eq. (55) becomes

_V23 6 �k2V22 þ k2 þ kmĥ2z22z23 þ z23 _z23 þ
1
c3
ðĥ3 � h3Þ _̂h3

¼ �k2V22 � c23z2
23 þ k2

þ z23 kmĥ2z22 þ c23z23 þ ð�z23 � a22 þ eBÞh3 � _a22

h i
þ 1

c3
ðĥ3 � h3Þ _̂h3

¼ �k2V22 � c23z2
23 þ k2

þ z23 kmĥ2z22 þ c23z23 þ ð�z23 � a22 þ eBÞĥ3 � _a22

h i
þ 1

c3
ðĥ3 � h3Þ _̂h3 � c3z23ð�z23 � a22 þ eBÞh i

ð56Þ

Then we select the control eB and the adaptive law for ĥ3:

eB ¼ 1
ĥ3

ð�kmĥ2z22 � c23z23 þ _a22Þ þ z23 þ a22 ð57Þ

_̂h3 ¼ c3 z23ð�z23 � a22 þ eBÞ � r3ðĥ3 � h0
3Þ

h i
ð58Þ

This yields
_V23 6 �k2V22 � c23z2

23 þ k2 � r3ðĥ3 � h3Þðĥ3 � h0
3Þ

¼ �k2V22 � c23z2
23 þ k2 �

r3

2
ðĥ3 � h3Þ2 �

r3

2
ðĥ3 � h0

3Þ
2

þ r3

2
ðh3 � h0

3Þ
2

6 �k3V23 þ k3 ð59Þ
where the constants k3 > 0 and k3 > 0 are defined as

k3 :¼ minf2k2;2c23;r3c3g ð60Þ

k3 :¼ r3

2
ðh3 � h0

3Þ
2 ð61Þ

Now, if we let q2 = k3/k3 > 0 then V23(t) satisfies

0 6 V23ðtÞ 6 q2 þ ½V23ð0Þ � q2�e�k3t ð62Þ

Therefore z2i(t) (i = 1, 2, 3), ĥ2ðtÞ, ĥ3ðtÞ, e2(t) and also ePTðtÞ are
globally uniformly ultimately bounded. Furthermore, given any
l�2 >

ffiffiffiffiffiffiffiffiffi
2q2

p
, there exists T2 such that, for all t P T2, we have

jz2iðtÞj 6 l�2 ði ¼ 1;2;3Þ.

Remark 1. If the design constants ri (i = 1, 2, 3) and ci (i = 1, 2, 3)
are chosen appropriately then it is possible to make l�i as small as
desired, and thus achieve better regulation. However, from a
practical viewpoint, increasing the adaptive gains ci (i = 1, 2, 3)
would result in a variation of a high-gain control scheme, which is
not only expensive but may also excite any unmodeled dynamics
of the system [31].
Remark 2. In this control system, the uncertain parameters hi(t)
(i = 1, 2, 3) are not completely unknown; instead, they can be
roughly estimated though actual operating data. In such case the
design parameters h0

i ðtÞ ði ¼ 1;2;3Þ can be considered as initial
estimates of the uncertain parameters hi(t) (i = 1, 2, 3). And the clo-
ser h0

i ðtÞ ði ¼ 1;2;3Þ are to hi(t) (i = 1, 2, 3) respectively, the smaller
l�i ði ¼ 1;2Þ becomes.
Remark 3. Acccording to Remarks 1 and 2, we can prevent
ĥiðtÞ ði ¼ 1;2;3Þ becomes zero, thus control laws Eq. (33), (50)
and (57) will not be infinity.
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4. Results

Based on the above derivation, the control laws of the whole
system can be derived from Eqs. (5), (10), (13), (33) and (57) as
l ¼ Tl
ð�z11=T i1�c12z12þ _a11Þ=ĥ1þz12þa11þN0

keðePTþPT0Þ

� �0
þ �z11=Ti1�c12z12þ _a11ð Þ=ĥ1þz12þa11þN0

keðePTþPT0Þ

B ¼ 1
ĥ3
ð�kmĥ2z22 � c23z23 þ _a22Þ þ z23 þ a22 þ klN0

kekm

8><>:
ð63Þ

And the estimates of uncertain parameters, which can be de-
rived from Eqs. (34), (51) and (58), are
ĥ1 ¼
R t

0 c1 ð�z12�a11þ ~lTÞz12�r1ðĥ1� h0
1Þ

h i
dsþ h0

1

ĥ2 ¼
R t

0 c2 z22ðkmz23þ kma22�kl ~lT=ke�Cb
_ePDÞ�r2ðĥ2� h0

2Þ
h i

dsþ h0
2

ĥ3 ¼
R t

0 c3 z23ð�z23�a22þ eBÞ�r3ðĥ3� h0
3Þ

h i
dsþ h0

3

8>>>><>>>>:
ð64Þ

The design procedure can be denoted as Fig. 3.
And the block diagram of backstepping-based nonlinear adap-

tive boiler–turbine control system can be shown as Fig. 4.
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5. Application

In order to apply the designed system to an actual unit, we
should first obtain the actual signals and parameters of the
unit, which are required by the controller. Concrete steps are
as follows:

Step 1. Obtaining six actual operating parameters of unit (ke, ks,
kl, Cb, km, and Tl) and three estimates of initial value of
uncertain parameters (Te, Cn, and Tb) involved in the con-
trol laws. These parameters can be update by perfor-
mances test after current or class repairs of
boiler–turbine units;

Step 2. Measuring four main process variables (N, PT, PD, DT) and
moving them to the coordinate origin ðeN; ePT; ePD; eDQ Þ;

Step 3. Constructing heat flux from furnace DQ as Eq. (65), which
is difficult to accurately measure through the sensor
 B ) to

of unce

ontroll
 and un

eproce

System
integra
being 

based n

ar adap
DQ ¼ DT þ Cn
_PD ð65Þ

and then changing DQ into per unit form;

Step 4. Constructing derivation signals e1, e2 based on Eqs. (19)

and (20) and error variables (z1i (i = 1,2) and z2j (j = 1–3))
based on Eqs. (24), (25), and (39), (41), and obtaining vir-
tual control laws from Eqs. (29), (46), (50);
 actual control laws (µ and B), 

rtain parameters

ers for each subsystem, then, at the same 
certain parameters’ update laws 

ssing

 error 
l terms 
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suitable 
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tive boiler–turbine unit control system.
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Step 5. According to Remarks 1, 2, design constains ri (i = 1–3)
and ci (i = 1–3) are selected first; then Tij (j = 1, 2) are
determined; at last, c1i (i = 1, 2) and c2j (j = 1–3) can be
obtained by using numerical optimization software;

Step 6. Constructing control laws and the estimates of uncertain
parameters according to Eqs. (63), (64).

Based on the above steps, the backstepping-based boiler–
turbine unit control scheme can be built.

6. Numerical simulations

In order to test the performance of the proposed controller, a
500 MW nonlinear boiler–turbine unit model [32] of Shen-tou 2#

power plant in Shan-xi province is used in this section. It is a model
with the form of Eqs. (1)–(5). Its parameters are Cn = 2.78,
Cb = 27.767 8, Tb = 150, Te = 6, Tl = 10, kl = 0.25, ks = 2.41,
km = 4.05, ke = 30.9023. The estimated initial values of uncertain
parameters are chosen as h0

1 ¼ 1=Te; h
0
2 ¼ 1=Cn, and h0

3 ¼ 1=Tb. The
initial model inputs are [B0 = 100%, l0 = 100%] and the initial states
are [PD0 = 18.97 MPa, PT0 = 16.18 MPa, DQ0 = 100%, N0 = 500 MW].
To ensure the stability and the dynamic performance of the boi-
ler–turbine unit control system, the nonlinear programming algo-
rithm is used to get the controller parameters as c11 = 0.25,
c12 = 0.003, c21 = 0.0027, c22 = 0.01, c23 = 0.1, c1 = 1, c2 = 0.01,
c3 = 0.02, r1 = 0.1, r2 = 0.1, r3 = 0.1, Ti1 = 100, Ti2 = 30.
0 500 1000 1500 2
85

90

95

100

105

t 

µ  
(%

)

0 500 1000 1500 2

80

90

100

t 

B
 (

%
)

0 500 1000 1500 2
15.8

16.0

16.2

t 

P
T
 (

M
Pa

) PT0

PT

0 500 1000 1500 2
440

460

480

500

t 

N
 (

M
W

)

N0

N

Fig. 5. Responses of tracking ability te
6.1. Tracking ability test in nominal working condition

In order to test the system tracking ability in nominal working
condition, four input disturbances are added to the system.

(i) At t = 100 s, load demand N0 is decreased from 500 MW to
450 MW at the rate of �10 MW/min.

(ii) At t = 1000 s, throttle pressure setpoint PT0 is decreased
0.2 MPa at the rate of �0.08 MPa/min.

(iii) At t = 2000 s, load demand N0 is increased to 475 MW at the
rate of 10 MW/min.

(iv) At t = 3000 s, throttle pressure setpoint PT0 is increased to
16.08 MPa at the rate of 0.08 MPa/min.

The responses of megawatt output and throttle pressure are
shown in Fig. 5.

(i) When time is between 100 s and 1000 s: Megawatt output
follows throttle pressure demand quickly, swiftly and accu-
rately. The maximum deviation of megawatt output is
2 MW. Throttle pressure deviates from its set-point due to
the influence of load demand disturbance, but after about
400 s, it comes back to set-point again. The maximum devia-
tion of throttle pressure is not more than 0.15 MPa.

(ii) When time is between 1000 s and 2000 s: Throttle pressure
follows throttle pressure demand quickly, swiftly and accu-
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Fig. 7. Sliding pressure curve of 500 MW boiler–turbine unit.
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rately. The maximum deviation of throttle pressure is not
more than 0.07 MPa. And there is nearly no change in mega-
watt output.

(iii) When time is between 2000 s and 3000 s: Comparing with
(i), the working condition is different. But megawatt out-
put still follows load demand quickly, swiftly and accu-
rately. The maximum deviation of megawatt output is
2 MW. Throttle pressure deviates from its set-point at first,
but after about 200 s, it comes back to set-point again. The
maximum deviation of throttle pressure is not more than
0.15 MPa.

(iv) When time is between 3000 s and 4000 s: Comparing with
(ii), the working condition is different. But throttle pressure
can still follow throttle pressure demand quickly, swiftly and
accurately. The maximum deviation of throttle pressure is
not more than 0.07 MPa. And there is nearly no change in
megawatt output.

In the whole process, the changes of control signals (governor
valve position and boiler firing rate) are reasonable.

Then we can draw the conclusion that the coupling be-
tween the two control variables is effectively overcomed by
the nonlinear feedback control law, and N and PT can follow
their desired values swiftly and accurately in two working
conditions.
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6.2. Disturbance rejection test

After the system is in a steady state [PT = 16.18 MPa,
N = 500 MW] and the model inputs are [B0 = 100%, l0 = 100%], sup-
pose there is a step decrease of 1% for governor valve position de-
mand at t = 100 s, and a step decrease of 5% for boiler firing rate
demand at t = 2000 s.

The responses are shown in Fig. 6.

(i) When time is between 100 s and 2000 s: Due to step
decrease for governor valve position demand at t = 100 s,
the governor valve position decreases immediately, which
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leads to the increase of throttle pressure and the decreases
of megawatt output and boiler firing rate. But under the con-
trol law, in about 800 s, the four signals (megawatt output,
throttle pressure, governor valve position and boiler firing
rate) come back to their initial values. The maximum devia-
tions of megawatt output and throttle pressure are about
�3 MW and 0.03 MPa separately.

(ii) When time is between 2000 s and 4000 s: Due to step
decrease for boiler firing rate demand at t = 2000 s, boiler fir-
ing rate decreases immediately, which leads to the decreases
of throttle pressure and the increase of governor valve posi-
tion. But there is nearly no change in megawatt output.
Under the control law, in about 500 s, the three signals
(throttle pressure, governor valve position and boiler firing
rate) come back to their initial values. The maximum devia-
tion of throttle pressure is about 0.04 MPa.

The changes of control signals are reasonable in the whole
process.

It can be seen that throttle pressure and megawatt output
change slightly despite the control law disturbance.

6.3. Tracking ability test in a wide range of variable working
conditions

In order to test the system tracking ability in a wide range of
variable working conditions, load demand decreases from
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Fig. 8. Responses of tracking ability test in a w
500 MW to 250 MW, then gradually increases back to 500 MW.
In each time, load demand changes 50 MW.

To make the simulation nearer to reality, in this simulation,
the changing rate of load demand is limited to 10 MW/min, and
the boiler–turbine unit works in sliding pressure operation
mode. In this mode, the relationship between load demand and
throttle pressure demand is denoted by Fig. 7. In Fig. 7, there are
several key points: {(500, 16.18), (475, 15.98), (250, 10.2),
(75, 6.66)}.

The system responses are shown in Fig. 8.
From the response we can see that the system can tracking load

demand and throttle pressure demand rapidly in a wide range of
variable working conditions, and the changes of control signals
are reasonable in the whole process.

6.4. Model mismatch test

To test the robustness of this system, several parameters of the
nominal model are changed: Cn from 2.78 to 3, Tb from 150 to 180,
and Te from 6 to 10. Another tracking ability test, which is the same
as the first test, is done for the mismatched system. In this test, the
parameters in the control law have not any change than before.
The system responses are shown in Fig. 9.

It is obviously that, compared with the system without adapta-
tion, the performance of the system with adaptation is much bet-
ter. And the performance of the adaptive mismatched system is
almost as well as that shown in Fig. 5.
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7. Conclusions

In this paper, a new nonlinear adaptive boiler–turbine unit con-
trol scheme based on backstepping is presented for improving load
adaptability of power generation units in wide range working con-
ditions. A typical nonlinear boiler–turbine unit model is trans-
formed to strict-parameter feedback form at beginning. The
differential of steam pipe inlet pressure is introduced to simplify
the deduce process, and the integral terms of targets errors are
added to ensure good tracking performance. In the recursive proce-
dure of backstepping, two series of control Lyapunov functions
including uncertain parameters items are systematically selected.
And then the control laws and the adaptation laws are interlace
computed.

To enhance practicality, the design procedure of the scheme is
summarized as a flow chart and the implementation steps are also
proposed. A real nonlinear model of a 500 MW coal-fired boiler–
turbine unit is used to test the efficiency of the scheme in different
conditions taking into account the parameter uncertainty. The sim-
ulation results indicate that the designed system has satisfied per-
formance in wide operation range and accommodate for two usual
operation modes (fixed steam pressure mode and slide steam pres-
sure mode, the latter of which is more economical than the former)
of coal-fired power generation units.

It should be noted that there are some parameters (design
parameters related to error variables, adaptation gains, design
parameters related to initial values of uncertain parameters, and
error integral time constants) to be chosen before the scheme
can be used. Among these, in this paper, the design parameters re-
lated to error variables are selected by numerical optimization
software. The effects of their variation on the system dynamic
are not clear. So the systematic tuning method and steps of these
parameters will be the research directions.
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