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Abstract—A hierarchical gain scheduling (HGS) approach is proposed to model the nonlinear dynamics of NO, emis-
sions of a utility boiler. At the lower level of HGS, a nonlinear static model is used to schedule the static parameters
of local linear dynamic models (LDMs), such as static gains and static operating conditions. According to upper level
scheduling variables, a multi-model method is used to calculate the predictive output based on lower-level LDMs. Both
static and dynamic experiments are carried out at a 360 MW pulverized coal-fired boiler. Based on these data, a non-
linear static model using artificial neural network (ANN) and a series of linear dynamic models are obtained. Then,
the performance of the HGS model is compared to the common multi-model in predicting NO, emissions, and ex-
perimental results indicate that the proposed HGS model is much better than the multi-model in predicting NO, emis-

sions in the dynamic process.
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INTRODUCTION

Static models and dynamic models are two common methods
used in constructing models for the characteristics of NO, emis-
sions of utility boilers. Due to the complexity of formation mecha-
nism of NO,, neither static principle models nor dynamic principle
models can be calculated accurately on-line. For this issue, experi-
mental models are usually used in practice [1-5]. Static experiments
take a long time, and the average value can reduce the error caused
by the disturbances effectively, so the static models are usually re-
liable [1,4-7]. Taking account of the security of the units, step re-
sponse is the common choice in dynamic experiments. Since dynamic
processes cannot last for a long time and dynamic experiments are
easily affected by disturbances, the dynamic characters are usually
not accurate enough to achieve effective dynamic prediction [8,9].

Over the years, as indicated in the survey paper [10], gain schedul-
ing has proven to be a popular approach for nonlinear control sys-
tem design in a variety of application areas, such as flight control,
automotive engine control and chemical process control [11]. The
idea of the gain scheduling model is to design a family of linear
dynamic models for several operating conditions and then sched-
ule the models according to varying parameters, i.e., scheduling
variables, which capture the system’s nonlinear dynamics due to
varying operation conditions [12,13]. This effectively relieves robust-
ness requirements for a large range of operation points, so therefore
better performance can be expected [12]. Multi-model [14-16], a
widely used dynamic modeling method, calculates predictive out-
puts from a series of linear dynamic models (LDMs) through an
interpolation rule. This method can be regarded as a type of gain
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scheduling model. However, as mentioned above, the inaccuracy
of dynamic data will affect the performance of a single linear dynamic
model, and the error finally infects the output of the whole multi-
model. So the predictive result of a multi-model is often unacceptable.

Because the static model and the dynamic model are related, ac-
cording to a given working condition, a nonlinear static model is used
to schedule the static parameters of LDMs, such as static gains and
static operating conditions. Then the potential output is predicted
by multi-model method based on these LDMs. In this paper, this
modeling method is termed hierarchical gain scheduling (HGS).
Taking NO, emissions for example, HGS makes use of a relatively
accurate nonlinear static model to adjust static gains and operating
conditions of the rough LDMs in real time. Experimental results
demonstrated that HGS significantly outperforms the common multi-
model method in predicting NO, emissions.

MODELING PRINCIPLE OF HGS

1. Theory of Hierarchical Gain Scheduling

To ensure the accuracy of the dynamic model gained from linear-
ization of the nonlinear system, the local linear dynamic model should
only be used in the specific static operating condition [11]. But it is
hard to depict the large-scale nonlinear dynamics with a number of
linear models gained from respective static operating conditions.
The idea of gain scheduling is to improve the accuracy of large-
scale prediction by adjusting the local linear models through meas-
uring scheduling variables in real time.

Gain scheduling in modeling is generally understood as the de-
sign of a specific gain scheduling method and its use in adjusting
or scheduling the local linear models at typical static operating con-
ditions. Then a large-scale accuracy prediction is realized. Design-
ing this method involves the selection of scheduling variables and
the determination of scheduling rules [17]. Scheduling variables are
generally those measurable variables having most important impact
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Fig. 1. The structure of HGS model.

on the dynamics of the objects. Taking NO, emissions of utility boil-
ers, for example, the load, air distribution and oxygen concentration
of flue gas can be chosen as the scheduling variables. The schedul-
ing rule determines which model is optimal for the current schedul-
ing variables. It is generally divided into two categories: hard switch
and soft switch. Hard switch directly chooses the local model whose
operating condition is the most similar to the current operating con-
dition, but this will lead to strong fluctuation of output. Soft switch
is actually an application of interpolation method, which can be used
for interpolating either the output values or the parameters of the
models [13,18-20]. As soft switch offers smoother transitions for
the output predictions, it is widely implemented.

The HGS model proposed in this paper improves the common
scheduling rule. Fig. 1 shows the structure of the HGS model. Ac-
cording to lower level scheduling variables, a nonlinear static model
is used to schedule the static parameters of local LDMs, such as
static gains and static operating conditions. There are usually sev-
eral groups of local LDMs. So each group provides a predictive
output through linear superposition. The lower level which will be
introduced in detail later is the core of HGS. Several predictive out-
puts are obtained with lower level gain scheduling model. Accord-
ing to upper level scheduling variables, final predictive output is
gained by interpolation of these predictive outputs. A common linear
interpolation method is used in this level. The combination of these
two models leads to an HGS model.
2.Realization of HGS Model

In this section, realization of lower level of HGS is presented.
Using static model to adjust linear dynamic models is inspired by
the Hammerstein model structure. The Hammerstein model shown
in Fig. 2 contains a static nonlinearity in series with a linear dynamic
system. The nonlinear element precedes the linear block. Nonlin-
ear static model with input u(k) is used to achieve immeasurable
intermediate variable x(k), which acts as the input of linear dynamic
model to predict the output y(k) [21]. Based on the Hammerstein
model, a gain scheduling model can be constructed as follows: u(k)
is chosen as the scheduling variable, x(k) adjusted by current u(k)
is the static parameter of local LDMs, y(k) is acquired by linear su-
perposition of adjusted LDMs.

To show the principle of using nonlinear static model to adjust
the linear dynamic model, we assume that the nonlinear static model
f, has been obtained from mechanism analysis or experimental data,

u(k) . L x(k) . . k)
——® Static nonlinearity Linear dynamics [——®

Fig. 2. The Hammerstein model structure.

and there is only one group of LDMSs, which are G,(s), ...G,(s).
2-1. Static Model
Nonlinear static model can be represented as

fv.v:f(MVIa ARRE) MV”, DVIs . 'DVm)s (1)

where MVs (Manipulable Variables) and DVs (Disturbance Vari-
ables) are the inputs of this model.
2-2. Dynamic Model

Dynamic linear models of thermal objects with self-balancing
ability are usually described as

Ay,  bis+g e
AMV,; as*+as+1

Gi(s)= i=1,2,.....n, )
Where T,~n,T,, T, is the sample interval [22]. Removing the delay
temporarily, Eq. (2) can be transformed into the differential equation

d’Ay, dAy,

az—-&?— +a1—a—t— +Ayi=b1

dAMYV,
dt

+gAMV,. 3)

Substituting differentials in Eq. (3) with following differences

d’Ay; Ay, —2Ay, +Ay,

dr T ’ @
dAy; _Ay,—Ay,,
T ®
dAMYV, AMV,-AMV,

-, ©

dt T, ’

and taking the delay into consideration, Eq. (2) can be converted
into

2
Ay," _ 2a,+ alTXAYI,H_ %Ay:’“ " MMV“’
m m . m i
2
_b]_TSMVik § ‘_g’_T“MViU’ (7)
m i m

Where m=a, +a2TS+”lf, AY=y—Y,
2-3. Combining Dynamic Model with Static Model

Set model inputs as w,=[MV,, ...MV,, DV,, ...DV, ].. Describe
static operating point as (u,, y,), which satisfies y,=f,(u,). And we
assume that Eq. (1) is differentiable at u,. In the Hammerstein mod-
el, let u(k)=w, x(K)=[ys, g, ---gJ. Where y;=f(w), and g=(0f/
OMV)|,—,,.. Taking new y,, g; and MV, into Eq. (7), a new dynamic
model on the basis of gain scheduling is yielded.

Let MV, equal to MV, _ , Eq. (7) can be rewritten as

_2a,+a, b, T,

T, a,
Ay, ===y, ~ZAy, +——=(MV, -M .
Y Ay, T Ay MV, MV, ) ®

[
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In this case, the calculation of g; is avoided, and the predictive model
is further simplified.

The above method can be regarded as an approximate continu-
ous linearization procedure. Theoretically, if both the static model
and dynamic model are accurate, the result is an accurate descrip-
tion of the nonlinear dynamic characteristics.

2-4. Output of Dynamic Prediction

The predictive output y, is calculated by superposition with re-

spect to a group of LDMs, i.e.,

n

Yi=Yo+ 2 AYi ©
i=1

The above four steps realize the lower level gain scheduling mod-
el. If there are several groups of LDMs, several different y;s are ac-
quired from lower level model. Then, in terms of upper level gain
scheduling model using a common linear interpolation method, the
final predictive output y, is obtained.
3. Simulation Example

Consider a single-input single-output (SISO) nonlinear system:

gz+y=(—l‘1—1-l+u2. (10

3-1. Static Model

Obviously, the static model is y,,=u’, and static gain is g=(Jy,/
ouy=2u.
3-2. Dynamic Model

Static operating point as (u,, y,) satisfies

Yo=U. (11)
Eq. (10)-Eq. (11):
d_(yd—tyO) +y—Yo= d—(u(;tu”) +u’ -, (12)

Linearizing at u,, i.c., taking w=ug+g(u,)(u—u,) into Eq. (12),
we get the linear dynamic model

A0y = 2 o)), (13)

Eq. (13) can be transformed into G(s) = iz—g‘; - ”SgT(l“‘)).

Using difference instead of differential, Eq. (13) becomes

|
Ayi= 77 [AYe o+ (14 g(0) T u— = g(uo) T, (14

3-3. Combine Dynamic Model with Static Model
Always choose u,=u;, y,=y,,(Uy)=s, then Eq. (14) is reduced to

1
Ayk:ﬁ[AYH‘*‘uk—uk—l]- (15)

3-4. Output of Dynamic Prediction
Taking Ay=y,—Yo=y—ui and Ay, =y, 1—Y,=Y, 1~ into Eq.
(15), the output of dynamic prediction is given by

1
YA:m[kaﬁTsui*'uk*um]- (16)

3-5. Validation
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Using forward difference instead of the differential in Eq. (10)
directly, the result y,=1/AT,+1)[y,_,*Tui+u—u,_,] is the same as
Eq. (16). Therefore, the correctness of the HGS model is validated.
3-6. Compared with the Common Multi-model Method
Ay(s) _s+g(u)

Let Ay=y—y, and Au=u—u,, then G(s)= () ===

Based on local linearization, we can obtain G,(s)= AYE)_ s

Au(s) s+l
at static operating point (0,0), and Gi(s)= iyg - SSJ%) at static
u

operating point (10,100).

With current input, multi-model outputs are calculated by linear
interpolation of the current outputs of G,(s) and G,(s).

The variation of input of simulation is shown in Fig. 3. The cor-
responding predictive results of both the multi-model and HGS model
are displayed in Fig, 4, which indicates that the common multi-model
method is only effective at the linearized operating point (u=10),
and the HGS model can realize large-scale accurate prediction.

3-7. Conclusion

Fig. 3. Variation of input # in simulation.
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Fig. 4. Time response of output y in simulation.
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Local dynamic models are gained from linearization of the non-
linear system, so the multi-model can only have good performance
near linearized points. In contrast with the multi-model, the HGS
model utilizes the information of the nonlinear static model to adjust
the dynamic model. Hence, it has better capability in dynamic pre-
diction.

It should be noted that for this SISO nonlinear system, if both
static model y,, and linear dynamic model G(s) are absolutely ac-
curate, a precise description of nonlinear objects can be acquired
by HGS model.

4. Experiments

Experiments are carried out at a 360 MW pulverized coal-fired
boiler with W-type flame [23,24]. Fig. 5 is the sketch of the furnace
structure; 36 direct burners are fixed at the forward arc and back
arc in two lines and shoot down towards the center of the furnace
bottom, flame flow upwards at the cold ash funnel, then W-type
flame is formed. This structure can make the best use of the anthra-
cite containing low volatility and high ash. A CEMS (continuous

Pulverized coal
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Secondary—— —— Secondary
air A,B, air A,B,C
Upper Furnace Upper
tertiary air tertiary air
ry ! <« ry
Exhaust air : i
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Fig. 5. Sketch of furnace structure of experimental boiler.
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emission monitoring system) produced by TALROAD was installed
between electrostatic precipitators and desulfurization tower to meas-
ure NO, in real time.

Static experiments used the orthogonal experiment design method,
while dynamic experiments used the step response method. Con-
sidering practical operating conditions, seven variables (primary air
pressure, secondary air A damper position, secondary air B damper
position, secondary air C damper position, upper tertiary air damper
position, lower tertiary air damper position, O, concentration of flue
gas) are chosen as MVs. As operation performances are different
under different loads, three typical loads (100%, 85%, 70%) are
chosen for experiments so as to cover normal operation.

RESTULTS AND DISCUSSION

1. Static Model

Orthogonal experiment design method including seven factors
and three levels is applied in each typical load. And 107 groups of
available experimental data are acquired. Because artificial neural
networks (ANNSs) have been applied to model nonlinear objects
successfully in various fields of mathematics, engineering, medi-
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cine, economics and many others [25]. The static model of NO, is
built based on ANN, and the model structure is shown in Fig. 6.
ANNSs are all in a feedforward structure with training algorithm of
back-propagation (BP), and a sigmoid function is chosen as the ac-
tivation function to ensure continuity. Because furnace temperature
is very important to NO, emissions, ANN,, is used to predict furnace
temperature at first.
Static predictive ANN models are

FTW:f‘A/VNA (N[V, DV) (17)
and
NOX,=fs, (MV, DV, FT,), as)

where

MV=[primary air pressure, secondary air A damper position, sec-
ondary air B damper position, secondary air C damper posi-
tion, upper tertiary air damper position, lower tertiary air damper
position, O, concentration of flue gas]’;

DV=[Load, Coal volatile, Coal heat value]”.

Eq. (17) is the model of furnace temperature. The structure is 10-5-1
(10 input nodes, 5 hidden nodes and 1 output node). The modeling
result of furnace temperature is displayed in Fig. 7(a), and the aver-
age relative error is 1.98%. Model of NO, is shown in (18), the struc-
ture is 11-5-1, the modeling result is displayed in Fig. 7(b), and the
average relative error is 4.72%. These static ANN models are effec-
tive and available.
2. Dynamic Model

According to the three typical loads, dynamic experiments are
also divided into three groups. Then step responses for seven MVs
are carried out in each load. Based on the responding curves, all
the transfer functions can be approximately given by

__g s

G(S)= 1+T,,se . 19)

In this paper, all the parameters are identified by least square method.

Using forward difference instead of differential in (19), differ-
ence form is given by

T
Ayi= —L=Ay;+

T w), 20)

gl
T, T, ™
where, n~=T,/T,, T, denotes the sample interval, which is 5 seconds.
Taking the example of primary air pressure, the step-response curve
and fitting curve are displayed in Fig. 8. All the parameters of the
transfer functions are listed in Table 1.
3. HGS Model in Practical Application

Based on the static model and dynamic model, the calculation
process of the HGS model is shown in Fig. 9. The initial condition
must be a static operating condition, which is used to provide the
initial values and compensate the error of the static model. Lower
level scheduling variables consist of seven MVs and three DVs,
while upper level scheduling variable is the load.

The first test was at 330 MW between high load and medium
load. The boiler combustion was kept stable at first, and then only
the seven MVs were adjusted to maintain the combustion stability.
And this dynamic process lasted for 26 minutes. The measured val-
ues and predictive values are shown in Fig. 10. Using multi-model,
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Fig. 8. Curves of step responses of primary air pressure and its fit-
ting curves.

the average absolute error is 29 mg/Nm® and the average relative
error is 3.55%; while the average absolute error is 20 mg/Nm® and
the average relative error is 2.48% in the HGS model, which ob-
viously improves the predictive accuracy.

The second test is at 280 MW between medium load and low
load. The operator also kept combustion stable first, then only seven
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Table 1. Dynamic model parameters of NO, emissions of 7 MVs
. Load Proportional Time Dela Initial NO,
Variable of step response (MW) coc fg cient () constant (T,) (Td)y (mg/Nm’) Step value
Primary air pressure 350 18.5 135 150 910 3.85-4.17
300 17.6 180 165 836 3.64-3.8
250 16 240 195 646 3.46-3.76
Secondary air A damper position 350 3.19 90 345 900 81-100
300 3.8 90 210 790 40-58
250 5 45 60 710 50-41
Secondary air B damper position 350 2.1 60 75 970 50-22
300 4.6 180 120 840 15-3
250 34 105 225 642 0-7
Secondary air C damper position 350 23 246 22 940 80-40
300 33 135 195 784 60-80
250 4.2 180 105 680 55-42
Upper tertiary air damper position 350 -2.1 195 270 980 57-85
300 -1.78 270 225 800 40-20
250 -1.35 240 165 658 50-20
Lower tertiary air damper position 350 -1.7 180 45 954 45-100
300 -13 135 135 790 70-100
250 —-0.65 75 210 683 50-100
O, concentration of flue gas 350 50 195 120 940 1.5-2
300 85 210 75 735 1.6-2.2
250 95 255 135 622 2.4-2.95
Static operating condition 840+
¢
| Acquire current il‘l“};uts. determine uy 820 : MEﬁi{j‘umrsge\:alue f%%
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Fig. 9. Computational flowchart of HGS model.

MVs were used to adjust the combustion. This process lasted 42
minutes, and the results are displayed in Fig. 11. Using multi-model,
the average absolute error is 30 mg/Nm’ and the average relative

740 —

— T T T T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600

t(s)
Fig. 10. Comparison of dynamic predictive results at 330 M'W.

error is 4.43%; while the average absolute error is 19 mg/Nnr’ and
the average relative error is 2.75% in the HGS model, which greatly
improves the predictive accuracy.

Moreover, Fig. 11 also shows that the HGS model not only can
reduce the overall predictive error, but also track the intensive fluc-
tuation in the first 1,000 seconds. O, concentration is closely related
to NO, emissions. The historic data shows that O, concentration
changed from 2.2% to 1.2%, then went back to 2.4% in this pro-
cess. In such an intensive fluctuation, constant linear dynamic mod-
els cannot work well, but the HGS model works well with contin-
uous adjustments of the dynamic model.
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Fig. 11. Comparison of dynamic predictive results at 280 MW.

CONCLUSION

Step response is the prevailing practical choice for obtaining the
dynamics of NO, emissions of utility boilers. Considering the inac-
curacy of the dynamic experimental data and the limitation of the
applicable field of local LDM, this paper proposes a nonlinear static
model for adjusting the parameters of the linear dynamic model in
real time. Therefore, an HGS nonlinear dynamic model of NO, emis-
sions is built.

Overall, the accuracy of the HGS model is validated theoretically
by an SISO nonlinear system. After that, it’s taken into practice for
predicting NO, emissions of a utility boiler, with steps as follows.
First, data are obtained from field experiments; second, static and
dynamic models are both constructed, finally, the HGS model is
applied to predict NO, emissions at two different loads. Hence, the
prominent advantages of the HGS model over the common multi-
model are evidently shown through both theoretic and practical ap-
plications.

NOMENCLATURE

a,, a,, b, : parameters in transfer function

ANN : artificial neural network

BP : back propagation

CEMS : continuous emission monitoring system
DV :disturbance variable

FT :furnace temperature [°C]

g : gain

G(s) : transfer function

HGS : hierarchical gain scheduling

k : discrete time

LDM: linear dynamic model

m :number of disturbance variables
MV : manipulable variable

n : number of manipulable variables
n, :discrete delay time

NO, : nitrogen oxides [mg/Nm’]

s : complex argument

SISO : single-input single-output

March, 2009

T, :delay time [s]

T, :time constant [s]

T, :sampling interval [s]

u : input

u : inputs in matrix

u, :initial static input

u, :initial static inputs in matrix
X : intermediate variable

y : output

y, :initial static output

Greek Letters

A difference operator
Subscripts
0 : initial steady state
i : the i” MV parameter
j : the j DV parameter
k : discrete time
ss  :steady state
Superscripts
T  :transpose
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