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Abstract: A model-assistant extended state observer (MESO) -
based decoupling control strategy is proposed for boiler-turbine
units in the presence of unknown external disturbance and
model-plant mismatch. For ease of implementation, the
decoupling
integration ( PI) decoupler with the frequency domain
analysis, the decoupling error
uncertainties and disturbances can be estimated by the
proposed MESO and then compensated. To decrease the
sensitivity of the dynamic error for the decoupling control and
fulfill various requirements of constraints, such as safety
operation, energy conservation, emission reduction, etc., the
plant is transmitted through a scheduled steady state region
which is achieved from the optimized reference governor in
advance. Simulation results show that the proposed control
strategy can well suppress various disturbances including a
decoupling error, and multi-objective optimization can meet
multiple requirements with the premise of safety production.
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compensator is reduced to the proportion

where in collusion of

extended state observer

‘x T ith the growth of Chinese large-scale renewable
energy grid combinations, the dependence on tra-
ditional power generation is increased, and higher re-
quirements have been put forward, such as disturbance re-
jection ability'"’. Due to the existence of tightly coupled,
multivariable, large-scale factors of the boiler-turbine unit
and the existence of time-varying parameters, large non-
linearities, unknown modelling errors, disturbances, and
non-minimum phases in dynamic models,
practical scheme to meet these challenges.
Due to the large nonlinearity of the system, when the
load demand changes, the conventional proportion inte-
gration differentiation ( PID) control cannot transmit the
output power to the desired value quickly and overshoot is

we need a
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inevitable'”. In order to solve the large-scale nonlineari-
ty, Chen et al. "' proposed a gain-scheduled controller
design, where the control law was formed by the parame-
ter-dependent nonlinear state-feedback control. From the
simulation, the gain-scheduled control design can achieve
a smooth output response at the expense of the response
speed. Fuzzy PID"™ is a powerful method, which can
deal with the nonlinearity by using multiple models. An-
other conventional control strategy is the loop shaping H
approach, which is applied to the boiler-turbine unit by

Tan et al”’

. The obtained controller from the loop sha-
ping is reduced to the PID structure, which plays a dual
role of decoupling and feedback controller.

Over the years, model predictive control (MPC) has re-
ceived extensive attention from researchers in process
control, including many successful applications in boiler-
7 The greatest attraction of MPC'™ is
that the current control input is achieved by the prediction
of the future dynamic behavior of the system and opti-
mized in a sampling period. Also, the constraints can be
explicitly solved. Due to the heavy burden of calculation,
Fu et al. ™ stated that MPC cannot be applied to the un-
derlying control of the distributed control system (DCS).
So, a hierarchical optimization MPC™ for the boiler-tur-

turbine control'

bine unit is proposed, where the heavy computing bur-
dens are brought to the top layer. In a newly published
9 the authors tried to apply the extended state
observer( ESO) to fuzzy MPC, and the simulation shows
that the closed-loop response has the capability of disturb-
ance rejection. What needs to be explained is that current

article

MPC often adopts linear matrix inequality (LMI) to opti-
mize the algorithm, and the above mentioned methods are
mainly conducted on the study of stability but ignore the
difficulties of implementation.

In this paper, we present a decoupling-based ESO for
the well-known boiler-turbine unit, where the decoupling
compensator is simplified to a PI decoupler for the ease of
implementation. Conventional active disturbance rejection
control (CADRC) proposed by Han''" is considered as an
efficient method to deal with disturbance and uncertainties
for the system control design. Moreover, it does not de-
pend on the exact mathematical model. For the boiler-tur-
bine unit with non-minimal phase (NMP) and frequency

load regulation, the CADRC achieves less over-shoot
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tracking performance with difficulty. A model-assisted
ADRC (MADRC) "™ is illustrated as an effective meas-
ure to cope with the NMP, and the ESO is designed on
the known model information rather than the cascade inte-
gral model.

During the implementation of the control scheme, the
first problem that needs to be solved is the safety opera-
tion for both the decoupling error and the production. The
application of the MPC-based disturbance observer
(DOB) ™ in the process control has gained much atten-
tion, where the MPC is designed to meet the constraint in
the upper layer. As an alternative, Zhao et al. '™ provid-
ed a particle swarm optimization (PSO) for the objective

function. Motivated by the idea of Zhao et al. ",

we
propose a nonlinear multi-objective optimization for set-

point acquisition.
1 Dynamics of Boiler-Turbine Unit

The well-known oil-fired boiler-turbine unit'” proposed
by Astrom and Bell in 1987, with a rated power of 160
MW and 3-inputs 3-outputs, is a highly nonlinear, strong
coupling model, which is widely used in the control de-
sign by researchers.

The mathematical description of the system is given as
follows:

X, = —0.001 8u,x”"* +0.9u, —0. 15u,
X, =(0.073u, —0.016)x* - 0. Ix, (1)
X, =(141uy — (1. 1u, —=0.19)x,) /85

where x, denotes the drum pressure, kg/ cm’; x, denotes the
electric output, MW; and x, denotes the fluid density, kg/
m’. The inputs u,, u, and u, are the valve positions for fuel
flow, steam control, and feedwater flow, respectively.

The outputs of the model are formulized as

i =X
Y2 =X (2)
y; =0.05(0. 130 73x, +100a , + g,/9 —67.975)

where y, is the drum water level, m; a_ and g, are the
steam quality and evaporation rate, respectively, kg/s;
and they are given as

_(1-0.001 538x,) (0. 8x, -25.6)
“ = x,(1.039 4 -0.001 2304x,)

a

q. = (0.854u, —0.147)x, +45.59u, —2.514u, -2.096

Tab. 1 provides the typical operating points of the boil-
er-turbine unit. The typical operating point 4" is usually
chosen to linearize the model.

Tab.1 Typical operating points of the model

Operating condition /(kg - em~?) /MW X/ (kg - m3) W8/ % u3/ % u3/ % y3/m
1* 75.6 15.27 299.6 15.6 48.3 18.3 -0.97
2# 86.4 36.65 324.4 20.9 55.2 25.6 -0.65
3* 97.2 50.52 385.2 27.1 62.1 34.0 -0.32
4* 108.0 66. 65 428.0 34.0 69.0 43.3 0
5% 118.8 85.06 470.8 41.8 75.9 54.3 0.32
6" 129.6 105.8 513.6 50.5 82.8 66.3 0.64
7* 135.4 127.0 556.4 60.0 89.7 79.3 0.98

2 Control Design

The model that we need to design is a 3-input 3-output
multivariable system, where the strong coupling feature
makes the design more complex. If one only applies the
decoupling controller to the plant, the model uncertainties
will deteriorate the control performance. In this paper,
the decoupling error can be estimated by the ESO outside
the decoupler and compensated by the feedback control-
ler. With the help of ESO, the selection of the decoupl-

ing method is flexible, that is, it becomes insensitive to
the model uncertainties.

2.1 Decoupling design

A dynamic decoupling approach proposed by Garrido et
al. "' is validated as an efficient way for the boiler-tur-
bine unit. In this section, a modified decoupling strategy
is proposed.

Reconsidering the typical operating point, the nominal
transfer matrix G, (s) is calculated as

358.7 249. 1 0.011 3(34.57s +1)(258.33s-1) T
) 10s +1 s
CY(s) 1 ) 44.96(1255.35+1)  0.0022(1428.65+1)(65.155 1)
C.() =) 3086541 0! 105 +1 s
9.7 ~41.49 ~0.009 7(282.575 +1)(2.035 ~1)

10s +1 s
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where a right-half-plane ( RHP) zero exists in each ele-
ment of the third row (y,), and a common large inertial
item exists in each element. With the aid of the desired
open-loop transfer matrix,

q" () 0 0
0(s)=G,(s) D(s)=| 0  ¢“(s) 0
0 0 ¢ (s
(3)

The decoupling controller is achieved by
D(s) =G, (s) " - Q(s) (4)

The design of the diagonal element in D(s) is the main
issue of this section. Considering the dynamic behavior of
each loop, the desired open-loop transfer function can be
expressed as

4" () =K g (s) - (5)

where k'” represents the loop gain; the rational transfer
function ¢'” is determined by the not cancelable dynamics
in G,(s), such as RHP zeros, and the function of the in-
tegral action is used to shape the loop transfer function at

-5

0.040 64 +3w477+10

D, (s)=| 0.001 962 JM
-6
~0.020 72 _3.S71+IO

Once the decoupler Dy, (s) is determined, we need to
check the validity of the approximation. The singular val-
ue plots of the decoupled open loop transfer matrix by de-
coupler D(s) and D, (s) are shown in Fig. 1. The diver-
gence of the singular value occurs at a frequency of 0. 4
rad/s, so the dynamic behavior is the same as that at low
frequencies (@ < 0.4 rad/s). Thus, the tracking per-
formance can be promised by the approximation.

106 -

- - =D(s)
——Dy(s)

Singular value
S = o
2 D 2

(=]
b

10~

5 1 1 1 1 1

10 10~ 1073 102 10 10° 10 10?
Frequency/(rad - s™')

Fig.1 Singular value plots of the decoupled open-loop transfer

matrix by decouplers D(s) and D, (s)

low frequencies. It should be noted that the constructed
¢ (s) is used as the assisted model to design the ESO of
ADRC, so a preferred second-order transfer function
should be adopted. An additional low-pass filter can be a
good choice to complete the order of the diagonal ele-
ment, of which the cut-off frequency is judged from the
dynamic characteristic. The well-designed desired loop
transfer matrix with the diagonal form is shown as

0.04
s(2s+1) 0 0
0.08
Q(s) = 0 s(2s+1) 0
0 0 0.0535-21-0.001
s

(6)

From Eq. (6), there is no doubt that RHP poles exist
in the decoupler D(s) caused by the presence of RHP ze-
ros in G, (s) , which leads to an un-proper property of the
decoupler. In order to make the decoupler be proper and
feasible, a second-order Maclaurin polynomial approxi-
mation is used to identify the final decoupling controller,
referred to as a PI decoupler D, (s).

—0.00766+(M 1_054+W
0.000 565 2 0
)
~0.045 93 JM 6.326 + 2 158 1

2.2 MADRC design

If we put the achieved PI decoupler D, (s) directly in-
to practice, which plays a role of the centralized PID con-
troller, the closed loop of the system can be stabilized by
the decoupler. However, the control design seems overly
ideal and unreliable, for which we add an extra control,
having disturbance rejection capability, to the decoupled
open-loop transfer function. The strategies, such as the
DOB, unknown input observer ( UIO) and ESO, can be
chosen to the system. Among the above listed methods,
the ESO needs the least plant information. Not only that,
the ESO in combination with the PD controller is regarded
as an effective control strategy in many fields. In Fig.2,
it is clear to see that the inputs of the ESO are the decou-
pler input and plant output for each loop. The decoupling
error and the approximation error can be estimated by the
ESO, and then compensated by the controller K.

Due to the second-order of the achieved decoupled
open-loop transfer function in each loop, we formulize
the generalized differential equation with the disturbance
as follows:



ESO-based decoupling control with multi-objective optimization for boiler-turbine unit 67

:ym
]
]
]
)
]
]
Unit :
load ]
demand Multi- — Boiler- 1
———i| objective ctpomt 1 turbine !
optimization unit 1 @
P L
__________________________ E
Reference '
governor Gys) !
]
1
]
]
]
)
)
]
Eym
) »

Decoupler

Fig.2 Unity frame scheme of the control system

y(1) +a,y(t) +a,y(1) =
bou(t) +byu(t) +f(y(t),ulr),d(r)) (7)

where f(y(t),u(t),d(t)) is deemed as a lumped dis-
turbance coming from the internal uncertainties and exter-
nal disturbance of the model.

Assumption 1) The lumped disturbance f(¢) is dif-
ferential and the value is constant in steady state, i.e. ,

limf () =0.

In the design of ADRC, an ESO is the main item used
to estimate the lumped disturbance f(y(¢) ,u(t) ,d(t)).
Assuming that the state vector of Eq. (7) is x =
[x, x,]", then, x, =fis an augmented state.

Considering Assumption 1, we denote f as h. Then,
the state-space equation (7) is

x=Ax+Bu+Eh, y=Cx (8)
where
0 1 0 0 0
A= —a, - a 1 ,B: bO ,EZ[O]
0 0 0 0 1
and C=[1 b/b, 0] x=[x, x, x]".

Then, the ESO with the full-order Luenberger is de-
fined as below .

z=Az+Bu+L, (y-y), y=Cz (9)

where the vector z = [z, 2, 2,]' expresses the esti-

mated state x =[x, X, x,]" and L, is the observer gain

vector given as

Loz[ﬂl Bz .Bz]T

Referring to Ref. [8 ], suppose that the bandwidth w,
of the observer is given, and the observer gain L  can be

(10)

calculated by Ackerman’s formula as

c71'o0
L,=y(A)| CA [0] (11)
CA’ 1

where y(A) = (s +w,)’.

Supposing that the designed ESO is well tuned, the es-
timated states z,, z, and z, can track y, y and f, respec-
tively. The augment state z, is essential to the control de-
sign, then the control law can be constructed as

u=u, -4 (12)
where u, is the PD controller output, and b is the approxi-
mation of b,.

Combining Eq. (7) with Eq. (12), the original differ-

ential equation is reduced to

y(1) +a,y(t) +a,y(t) =bu,(t) +byu,(t) —Zf:)zg
(13)

According to Assumption 1, Eq. (13) is reduced to
y(t) +a,y(t) +a,y(t) =bu, (1) +byu,(t) (14)

Taking the Laplace transformation, we can achieve the
linear time invariant (LTI) transfer function as

bs+b,

G0<s) = 2
s +as+a,

(15)

In conclusion, the general plant can be compensated to
become a LTI system by cancelling the lumped disturb-
ance which is estimated by the ESO. Thus, the diagonal
element of decoupled transfer matrix (4) can be regarded
as the LTI model in each loop, despite the existence of a
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decoupling error and other disturbances.
To design the feedback controller for the closed loop,
we transform Eq. (15) into a space-state equation ;

x=A,x+Bu,, y=Cx (16)

where

0

-a,

_1a]], BL=[£0], C. =[1 b/b,]

A, = [

It is interesting to note that the derived LTI model
(16) can be used to design the feedback controller. Only
considering the characteristic equation (15) , the pole as-
signment method can be adopted here to replace the
closed-loop poles. It is necessary to select the poles by
taking full account of the dynamics in each loop. For
simplicity, if the poles are placed at —w (w, >0), then
the characteristic equation will be tuned to

s+ (a, +byk,) s+ (a, +bk,) = (s +w,)” (17)

where k, and k, are the feedback gains.
Calculating from Eq. (17), we have

2
w, _ao

k=

20, -a,

bo V2 b()

Then, the feedback controller gain is defined as

K=[k k],u,=K[r-x x]"
Taking the Laplace transformation of the designed
closed loop, the transfer function is obtained as

2
W, _ao

Y(S)_ bo
R(s) & +2ws+w

(b,s+b,)
3 (18)

c

G (s) =

When the closed-loop system enters a steady state (s—
0 ), Eq. (18) can be expressed as

2
W, _a()

GC(O) = 2
W,

(19)

It is clear to see that if a,#0, there will be a tracking
offset on the output of the system, which should be com-
pensated in the reference governor. Thus, a setpoint filter
is placed behind the multi-objective optimization, whose
static gain is G_' (0) , as shown in Fig.2. Without loss
of generality, the one-order low-pass filter is chosen as
the set-point filter whose bandwidth can be set to be the
same as that of the closed-loop transfer function in each
loop.

2.3 Reference governor design

In general, the reference governor often plays a role of
the feedforward controller, whose outputs are the well-de-
signed setpoints to meet various constraints of the system.
For the boiler-turbine, the fuel consumption, tracking

performance, and other objectives should be considered.
In addition, the proposed decoupling control should be
constrained in a safety operation. So, a steady-state
multi-objective optimization is a good choice for the ref-
erence governor design.

Suppose that the unit load demand E  is provided
by AGC or operator in advance, then the steam pres-
sure can be chosen according to the objective func-

tion ;
rriin.]:ﬁlJl (x,,u) +B,J,(x,,u,) +BJ,(x,,u,)
S.t
u, , =(0.0018u, x% +0.15u, )/0.9
uy ;= (0.16x" +x,,)/(0.73x7) (20a)
u, = ((L1u,  -0.19)x, ) /141
Uy i SU (SU (20b)
Xy i =X X (20c¢)
X, =E, (204d)
where J, (x,,u,) = | X, . = Pyyca | represents the drum

pressure deviation from the desired steady state to the typ-
ical point; J, (x,,u,) = u,  represents the energy con-
sumption through the fuel valve; and J; (x,,u,) = —u,
represents the pressure drop through the stream control
valve which is required to keep open as wide as possible.
The constraint (20a) is obtained from the model (1) un-
der the assumption that the plant is in a steady state. The
constraints (20b) and (20c) are obtained from the safety
operation condition of E,, as shown in Fig. 3.

2501
&200r
g
Q
L0150F
=
17} * -t
3 100F e
2‘ o _ee='ZiZi-Lower limit
S 5ol T —— Upper limit
o T Moving steady state
[REtmemm + Typical operating point
0 Safe operating region

20 40 60 80 100 120 140
Power/MW

Fig.3 Power-drum pressure operating window

From Fig.3, the lower limit and upper limit are
achieved through many experiments, while the safety re-
gion around the typical operation points is the constraint
condition that we expect. According to the safety region,
we can calculate constraints (20c) and (20b) at a speci-
fied E .

With the help of Yalmip tool for nonlinear optimiza-
tion, we can obtain the optimized steady state x,, then
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the setpoints represented as [y,. Y.. 0]T can be
achieved. Note that we want to keep the water level of
the drum (i.e. , the third output setpoint) at 0 m for the
safety operation.

In conclusion, from the multi-objective optimization,
the desired set points are found for the safety operation.
Thus, the tracking control is implemented in the neighbor
of the typical operating points. Its merits are that the non-
linearity of the model can be controllable and that the de-
coupling error is constrained in a predetermined range.
Not only that, various objectives for the production can
be met in a safe mode.

3 Simulation

In this part, we carry out the simulations on the boiler-
turbine unit for the purpose of testing disturbance rejec-
tion ability and optimal tracking performance in a wide
operation range. The parameters are shown in Tab. 2.

Tab.2 Controller parameters rad/s

Loop No. Feedback controller w, ESO w,
1 7.0x1072 4.2x10!
2 11.0 x10 72 5.5x107!
3 2.3x10?2 9.2 x10 2

3.1 Simulation of disturbance rejection ability

In this part,it is supposed that the boiler-turbine is sta-
bilized at operating point 6°, then at r =150 s, and an un-
known disturbance d = 0. 3 acts on fuel flow valve, re-
flecting fuel quality variation. Then, at t =600 s, severe
plant behavior occurs, where the parameters of model
(1) shrink to 60% of its original value, reflecting the
model mismatch problem. To compare with other meth-
ods, the conventional PID"' and MPC with integral ac-
tion (MPC-integral) " are adopted for the boiler-turbine
unit. As shown in Fig. 4, the disturbance rejection ability
of the proposed approach is significantly better than that
of the other two methods.

881
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.......... PID e PID 0.08 S g{(l))posed method
————— MPC-integral 87r ----—= MPC-integral : :
122 - - -Refi o L MPC-integral
eference Reference 0.04 - - - Reference
0.02
£ .
o
-0.02| %
-0.04|
114 L L R L L ' 83 . L \ L L | —-0.06 L \ L ) L )
0 200 400 600 800 1000 1200 0 200 400 600 800 10001200 0 200 400 600 800 10001200
t/s tls t/s
(a) (b) (¢)
1201 80 1201
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1or PID 9F 0 e PID ' ook e PID
TOD I MPC-integral | o MPC-integral — "77f e MPC-integral
90} ACERE 78 3 8or

u,/%

1u,/%
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(f)

Disturbance rejection ability simulation. (a) Drum pressure; (b) Output power; (c) Drum water level; (d) Fuel flow valve; (e)

Steam control valve; (f) Feedwater control valve
3.2 Simulation of wide operation range

In this part, we aim at illustrating the multi-objective
optimization for various requirements of the production.
Suppose that the unit load demand is provided from AGC
in advance, and two cases are presented with the same
power setpoints.

Case 1 The only objective function J, is considered,
reflecting a strict safe operation condition.

Case 2 The whole objective function J is considered,
reflecting the composite performance of the optimization,
where the weights are set to be 8, =0.01, 8, =10 and B,
=1.

From Fig. 5, we can see that the tracking performance



70

Zhu Jianzhong, Wu Xiao, and Shen Jiong

of the two cases is excellent, where the drum pressure
setpoints of Case 1 are obtained around the typical operat-
ing points while Case 2 shows different drum pressure set-
points obtained from the reference governor. It is clear to
see that Case 2 focuses on the multi-objective optimiza-

tion, where the fuel consumption u, is lower than that of
Case 1 and the steam control valve is kept open as wide as
possible during the transition of operation. In both cases,
the drum water is kept at O m for the safety operation.

140 140 - Tracki 100 -
racking -
130 130 e Optimized setpoints 0] EE— 8;‘22 é
120
£
110 o OOF
&0 N
< 100 S 40 \
= 9of .
Tracking 20}
goF Optimized setpoints
70 Il 1 Il | | 70 1 1 1 L ] O L L 1 1 |
0 500 1000 1500 20002500 0 500 1000 15002000 2500 0 500 1000 15002000 2500
t/s t/s t/s
(a) (b) (¢)
1201 120p 1001
100 100 Mr
) e N
E 80 E 80 %. ......
Ry o S E N
60 Tracking el Tracking 60 Case %
.......... Setpomts SCtpOll’ltS CaSe
40 1 1 1 1 ] 40 1 1 1 1 ] 50 1 1 1 1 1
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 500 1000 15002000 2500
tls tls tls
(d) (e) ()
0.10r 0.101 1001
0.05r 0.05F
E 0 Vf O g 0 J I\v A
-0.051 Tracking —0.05r Tracking 201 Case |
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_0 10 1 1 1 1 ] _0 10 1 1 1 1 1 0 1 1 1 1 ]
70 500 1000 1500 2000 2500 70 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
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(g) (h) (i)
Fig.5 System response for the multi-objective optimization in a wide operating range (a) Drum pressure of Case 1; (b) Drum pressure

of Case 2; (c) Fuel flow valve; (d) Output power of Case 1; (e) Output power of Case 2; (f) Steam control valve; (g) Drum water level of Case

1; (h) Drum water level of Case 2; (i) Feedwater control valve
4 Conclusion

In this paper, a model-assisted ADRC with decoupling
control is applied to the boiler-turbine unit system. The
model uncertainties, decoupling errors and external dis-
turbances are estimated by ESO, and compensated by the
feedback controller. Not only that,the multi-objective op-
timization applied in the reference governor can satisfy the
requirements of safety operation and energy conservation.
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