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Abstract: An increasing penetration of renewable energy may bring significant challenges to a
power system due to its inherent intermittency. To achieve a sustainable future for renewable
energy, a conventional power plant is required to be able to change its power output rapidly for
a grid balance purpose. However, the rapid power change may result in the boiler operating in
a dangerous manner. To this end, this paper aims to improve boiler control performance via a
data-driven control strategy, namely Active Disturbance Rejection Control (ADRC). For practical
implementation, a tuning method is developed for ADRC controller parameters to maximize its
potential in controlling a boiler operating in different conditions. Based on a Monte Carlo simulation, a
Probabilistic Robustness (PR) index is subsequently formulated to represent the controller’s sensitivity
to the varying conditions. The stability region of the ADRC controller is depicted to provide the search
space in which the optimal group of parameters is searched for based on the PR index. Illustrative
simulations are performed to verify the efficacy of the proposed method. Finally, the proposed
method is experimentally applied to a boiler’s secondary air control system successfully. The results
of the field application show that the proposed ADRC based on PR can ensure the expected control
performance even though it works in a wider range of operating conditions. The field application
depicts a promising future for the ADRC controller as an alternative solution in the power industry
to integrate more renewable energy into the power grid.

Keywords: Active Disturbance Rejection Control; Probabilistic Robustness; Monte Carlo; secondary
air regulation

1. Introduction

In order to achieve sustainable energy development better and make full use of new energy, the
use of renewable energy, such as solar, wind, and tidal power generation is expected to increase by
2.8% annually until the year 2040, and total renewable energy power generation will possess a share
of one quarter of worldwide power by 2040 [1]. To integrate more renewable energy into the power
grid, a growing requirement of load regulation is posed on conventional coal-fired units because of the
intermittency of renewable energy. Now, more and more coal-fired units have to run in the load range
of 50–100% and lift load frequently according to Automatic Generation Control (AGC) commands,
which can be optimized by a modified differential evolution algorithm [2], and so on. Consequently, the
dynamic characteristics of the control loops vary greatly, especially for those loops which are impacted
by the load change, such as the superheated steam temperature loop, the main steam pressure loop, and
the air loop. However, Proportional-Integral (PI) or Proportional-Integral-Derivative (PID) controllers
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in coal-fired units cannot ensure a satisfactory control effect, which eliminates the error passively and
is tuned in the nominal condition. The control design of coal-fired units is becoming a challenging task
in view of the above-mentioned reasons.

To accommodate the uncertainties, two aspects in view of engineering practice should be
considered. Firstly, the alternative solution should have a strong ability to deal with uncertainties,
and should not rely on precise mathematical models. Some advanced control strategies, such as
PI observer [3,4] and linear/nonlinear Internal Model Control (IMC) [5,6], have attracted many
researchers’ attention. The PI observer realizes disturbance estimations by the state observer, which
has a similar structure to the Luenberger observer. IMC has a strong ability to deal with the model-plant
mismatch and unmeasured disturbances [5]; however, it is hard to implement in a Distributed Control
System (DCS) platform because of computation complexities. In this paper, a data-driven control
strategy called Active Disturbance Rejection Control (ADRC) is utilized because of its ability to deal
with uncertainties and its ease of use [7,8]. ADRC was originally proposed by Professor Han as a
result of long-term thinking about model-based control theory and engineering control cybernetics [9].
Its core idea is that the internal uncertainties and external disturbances, called the total disturbance,
are estimated in real time by an Extended State Observer (ESO) and compensated for by a feedback
controller [10]. Linear ADRC is proposed to simplify parameter tuning and the design framework [11].
ADRC is distinctly different from other control strategies in the following respects: (i) it can estimate
and compensate for total disturbance in real time and its structure is simple; (ii) ADRC can estimate
the total disturbance by an ESO, which is unlike other observers, such as the Unknown Input Observer
(UIO) and the Disturbance Observer (DOB) [12]; and (iii) ADRC is an energy-saving control and
has less computation while the computational intensity of Model Predictive Control (MPC) is large
and would result in additional hardware costs [13]. Because of the advantages mentioned above,
ADRC has been applied in various areas, such as motion control systems [14], chemical process
control systems [15], fuel cell systems [16], load frequency systems [17], Atomic Force Microscope
(AFM) scanning systems [18], pressurized water reactor power [19] and fractional order systems [20].
Besides this, ADRC also has solved many benchmark problems successfully, such as the ALSTOM
gasifier benchmark problem [21], the two-mass-spring benchmark problem [22], and the four tank
benchmark problem [23]. Secondly, not only nominal plants but also plants which are far from
being in a nominal condition should be considered in the process of parameter tuning. Most tuning
methods of ADRC are proposed for the nominal model rather than those plants which are probably
in a whole range of operating conditions [11,24]. Some other methods have been proposed only for
particular plants, such as First Order Plus Time Delay plants (FOPTD) [25] and unstable processes [26].
Randomized algorithms are attracting more and more attention to analyze uncertain systems which
could consider parameter uncertainties in the whole parameter space, including the “worst-case”
condition [27–29]. Probabilistic Robustness (PR), as one of these randomized algorithms, is a practical
and powerful tool to analyze uncertain systems and is utilized for controller tuning and robustness
analysis [30]. So, PR is proposed to optimize the parameters of ADRC due to its practicability and the
consideration of plants that are probably in a whole range of operating conditions.

The main contributions of this paper are as follows:

(1) A data-driven boiler control method is proposed to increase the flexibility of the conventional
power plant, thus being able to integrate more renewables into the grid.

(2) An algorithm which is able to depict the stable region of ADRC is presented.
(3) The proposed tuning method for ADRC is applied to the secondary air regulation of a boiler

unit successfully.

The rest of the paper is organized as follows: the problem formulation, the calculation of the
stability region, and PR-based ADRC tuning are depicted in Section 2. In Section 3, five simulations
illustrate the effectiveness of the proposed method. Then, a field test of ADRC based on PR for the
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secondary air regulation of a boiler unit was carried out and the effectiveness is proved. Finally,
Section 5 offers concluding remarks.

2. Tuning of ADRC Based on PR

2.1. Problem Formulation

Parameter uncertainties, nonlinearity, and variation of dynamic characteristics caused by a wide
range of operating conditions could be considered as parameter perturbation in a large space, so the
problem formulation could be depicted as follows.

Considering a transfer function with parameter uncertainties in a parameter space Q

Gp(s) =
cmsm + cm−1sm−1 + · · ·+ c0

ansn + an−1sn−1 + · · ·+ a0
e−τs (1)

where ai(i = 0, 1, 2, · · · n) and cj(j = 0, 1, 2, · · ·m) are the coefficient of the denominator and the
numerator, respectively. The order of the numerator is not greater than that of the denominator
and the delay time τ is a nonnegative real number. Due to the existence of parameter uncertainties,
define q =

{
ai, cj, τ

}
as the random vector of parameter uncertainties throughout the parameter space

Q according to the probability density function of pr. The parameter space Q can be defined as:

Q =
{[

ai_, a+i
]
∪
[
cj_, c+j

]
∪
[
τ_, τ+

]}
(2)

and the plant becomes a group of transfer functions.
The goal of control design is to meet design requirements in the whole parameter space, including

the “worst-case” condition, that the design requirements may be the settling time, the integral of time
and absolute error (ITAE), and overshoot.

The traditional tuning methods based on a nominal plant often have good control performance
for the nominal plant. However, the control performance would be worse when the plant varies far
from the nominal condition even though the controller is designed with robustness constraints and
the simulations in Section 3 would emphasize this point. A seemingly good way is that controller
tuning can go through any possible point in the parameter space Q, but it is impossible to be ergodic
throughout the parameter space. The tuning method for ADRC based on PR could be a useful and
highly efficient method which can consider probable plants.

2.2. The Fundamentals of ADRC

For ADRC design, a general nonlinear time-varying dynamic plant is assumed to have the
following format:

y(n)(t) = bu(t) + g
(

y(n−1)(t), y(n−2)(t), · · ·, y(t), w(t)
)

(3)

where y(t), u(t), w(t), and b are the output, input, disturbance, and gain parameters of the plant,
respectively. g is the synthesis of time-variance, disturbances, dynamic uncertainties, etc. of the plant.
Define f = g

(
y(n−1)(t), y(n−2)(t), · · ·, y(t), w(t)

)
+ (b− b0)u as a synthesis of the unknown dynamics,

time-variant, nonlinear, and external disturbances of the plant, which is denoted the total disturbance
and is assumed to be unknown in ADRC design. Plant (3) can be written as:

y(n)(t) = b0u(t) + f
(

y(n−1)(t), y(n−2)(t), · · ·, y(t), w(t)
)

(4)

where b0 is the approximation of the gain parameter b.
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The core idea of ADRC is to estimate the unknown total disturbance f by extending the total
disturbance as an additional state. Assume that f is differentiable and

.
f = h. The plant in Equation (4)

can be written as: .
x = Ax + Bu + Eh
y = CTx

(5)

where x = [x1, x2, · · · , xn, xn+1]
T =

[
y,

.
y, · · · , y(n), f

]T
, h =

.
f , CT = [1 0 · · · 0](n+1)×(n+1), and

A =


0 1
...

. . .
0 1
0 · · · · · · 0


(n+1)×(n+1)

, B =


0
...
0
b
0


(n+1)×1

, E =


0
...
0
1


(n+1)×1

.

The ESO for the plant in Equation (4) with y and u as inputs can be depicted as:

.
z1 = z2 + β1(y− z1)
...
.
zn−1 = zn + βn−1(y− z1)
.
zn = zn+1 + βn(y− z1) + b0u
.
zn+1 = βn+1(y− z1)

(6)

or
.
z = Aez + Bey + Ceu (7)

where z =


z1

z2
...
zn+1


(n+1)×1

, Ae =


−β1 1
−β2 0 1
...

. . . . . .
−βn 0 · · · 0 1
−βn+1 0 · · · 0 0


(n+1)×(n+1)

, Be =


β1

β2
...
βn+1


(n+1)×1

and

Ce =


0
...

b0

0


(n+1)×1

. z1, z2, . . . zn aim at approximating y(t) and its derivatives (up to order n− 1), and

zn+1 can approximate the total disturbance f (t) when the observer gain vector Be is tuned appropriately.
We can design the control law as follows:

u(t) =
−zn+1(t) + u0(t)

b0
(8)

where u0(t) is to be determined afterward. The conventional plant (4) becomes:

y(n)(t) = f − zn+1(t) + u0(t) ≈ u0(t) (9)

then, the plant in Equation (4) can be seen as a cascaded integrators plant.
The final plant can be effectively controlled by using the following state-feedback law:

u0(t) = k1(r(t)− z1(t)) + k2
( .
r(t)− z2(t)

)
+ · · ·+ kn

(
r(n−1)(t)− zn(t)

)
(10)

where r(t) is the reference signal.
The final control law can be straightforwardly expressed as:
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u(t) =
k1(r(t)−z1(t))+k2(

.
r(t)−z2(t))+···+kn(r(n−1)(t)−zn(t))

b0
− zn+1(t)

b0

=: K(r(t)− z(t))
(11)

where r(t) =
[
r(t)

.
r(t) · · · r(n−1)(t) 0

]T

1×(n+1)
and K = 1

b0
[k1k2 · · · kn 1]1×(n+1), and K is the feedback

gain vector.
As mentioned above, the structure of ADRC is shown in Figure 1 and ADRC can be expressed as

the following state-space form: { .
z(t) = Aez(t) + Bey(t) + Ceu(t)
u(t) = K(r(t)− z(t))

(12)

where the parameters of ADRC are K, Be, and b0. For simplifying tuning, K and Be can be tuned based
on the bandwidth-parameterization method as suggested in [11] and they can be determined by the
controller bandwidth, ωc, and the observer bandwidth, ωo. The relationship of K and ωc, Be, and ωo can
be shown as: {

ki =
n!

(i−1)!(n+1−i)! ω
n+1−i
c i = 1, 2, · · · , n

β j =
(n+1)!

j!(n+1−j)! ω
j
o j = 1, 2, · · · , n + 1

(13)

When n = 1, we can obtain k1 = ωc, β1 = 2ωo, and β2 = ω2
o for first-order ADRC.

Figure 1. The structure of Active Disturbance Rejection Control (ADRC).

2.3. Stability Region of ADRC

It should be noted that ADRC has achieved a reasonable performance in spite of the order
mismatch. First-order ADRC is widely used and is also the research focus in this paper.

In order to avoid the oscillation of the output, Equation (13) can be modified as follows:{
β1 = 2ω0

β2 = ξω2
0

(14)

where ξ denotes a correction factor. The value of ξ is often set in the range from 0.01 to 10 appropriately
by lots of simulations.

An ADRC controller is equivalent to a 2 degree-of-freedom (TDOF) PID controller [31], here is the
method for a first-order ADRC controller.

The ESO in Equation (6) for first-order ADRC can be rewritten in the form of transfer functions: z1(s) =
b0s

s2+β1s+β2
u(s) + β1s+β2

s2+β1s+β2
y(s)

z2(s) =
−β2bo

s2+β1s+β2
u(s) + β2s

s2+β1s+β2
y(s)

(15)

By applying Mason’s signal-flow gain formula, the structure of ADRC in Figure 1 can be
transformed into an equivalent structure shown in Figure 2, and the specific derivations are omitted.



Sustainability 2018, 10, 1112 6 of 21

Figure 2. Equivalent structure of ADRC.

From Figure 2, the structure of ADRC is equivalent to a TDOF structure, where the feedback
controller and the feedforward controller are:

Gc =

(
ξω2

0 + 2ωcω0
)
s + ωcξω2

0
(s + 2ω0 + ωc)b0s

(16)

G f =
ωc
(
s2 + 2ω0s + ξω2

0
)(

ξω2
0 + 2ωcω0

)
s + ωcξω2

0
(17)

where the feedback controller Gc is equivalent to a PI controller plus a filter and the order of the
numerator is bigger than that of the denominator for the feedforward controller.

It should be noted that ADRC can be formally equivalent to a TDOF structure, but it is still
different from the traditional TDOF structure of a PID controller. Firstly, the feedback controller of the
equivalent structure is a generalized PI controller plus a filter, which could avoid the occurrence of an
‘impulse spike’ in the controller’s output [32]. Secondly, the feedforward controller is different from
the typical set-point weighing feedforward controller in the TDOF structure because of the order of
G f (s) [33]. Besides, to guarantee the stability of ESO, we should have β1 > 0 and β2 > 0, implying
ωo > 0. Otherwise, the ESO would be unstable [15].

Now, the D-partition method can be applied to analyze the stability region of the ADRC controller.
To simplify the stability region analysis, the plant transfer function is represented as:

Gp(iω) = r(ω)eiϑ(ω) = a(ω) + ib(ω) (18)

and the characteristic equation for the closed-loop system is represented as [33]:

1 + Gp(s)Gc(s) = 0 (19)

where Gl(s) = Gp(s)Gc(s) is called the open loop transfer function.
The boundaries of the stability region in the parameter plane consist of nonsingular boundaries

for ω ∈ (0,−∞) ∪ (0,+∞) and singular boundaries for ω = 0 or ω = ±∞ based on the
D-partition method.

The boundaries of the stability region can be determined as follows:

(1) The singular boundary of ADRC for ω = 0 is (called ∂D0 surface)

∂D0 : ωcξω2
0c0 = 0 (20)

Because we have ωo > 0 and cannot always guarantee co = 0 for different plants, we can obtain
that the singular boundary of ADRC is ∂D0 : ωc = 0. Note that a pure time delay does not affect the
singular boundary of ADRC (e0 = 1).

(2) The singular boundaries of ADRC for ω = ±∞ are (called ∂D∞ surface)

∂D∞ : b0cm = 0 (21)

Considering that b0 is the approximation of the real gain, we can obtain that b0 6= 0 and cm = 0
do not contain any parameter of ADRC, so we can neglect this singular boundary of ADRC.



Sustainability 2018, 10, 1112 7 of 21

(3) The nonsingular boundaries of ADRC for ω ∈ (0,−∞) ∪ (0,+∞) are (called ∂Dω surface)

∂Dω :
(

ξω2
0 + 2ωcω0

)
iω + ωcξω2

0(a(ω) + ib(ω)) + (iω + 2ω0 + ωc)b0iω = 0 (22)

Separating the real and imaginary parts, we can obtain:
Above all, the stability region of first-order ADRC can be expressed as:

∂Dω :

{
ωc
(
ξω2

o −ω2)a(ω)−
(
ξω2

o + 2ωcωo
)
b(ω)ω− ξb0ω2 = 0

ωc
(
ξω2

o −ω2)b(ω) +
(
ξω2

o + 2ωcωo
)
a(ω)ω + 2b0ωoω = 0

(23)


∂D0 : ωc = 0

∂Dω :

{
ωc
(
ξω2

o −ω2)a(ω)−
(
ξω2

o + 2ωcωo
)
b(ω)ω− ξb0ω2 = 0

ωc
(
ξω2

o −ω2)b(ω) +
(
ξω2

o + 2ωcωo
)
a(ω)ω + 2b0ωoω = 0

ωo > 0

(24)

By solving Equation (24) with ω varying from −∞ to +∞ when b0 and ξ are fixed, we obtain
three curves which constitute the stability region of first-order ADRC.

2.4. PR optimization

Define the parameters of an ADRC controller as d = {ωc, b0, ωc, ξ}, which should be located in the
stability region (22). When all of the uncertain plant and controller parameters are defined, the control
system’s performance can be evaluated by examining whether it satisfies the ith design requirements.
For measuring design requirements on stability and performance quantitatively, a binary indicator
function I is defined as follows

Ii =

{
0 design requirements are not satisfied
1 design requirements are satisfied

(25)

The probability P that the ADRC controller satisfies the design requirements can be described as
the integral of the binary indicator function in the parameter space

Pi(d) =
∫

Q
I
[
Gp(q), Gc(d)

]
pr(q)dq (26)

By using this probabilistic framework, many control indices can be examined. Define the PR
index as:

J(d) = f cn(P1(d), P2(d), · · ·) (27)

where fcn is defined as the weights for each index.
The goal of ADRC controller design is to find the optimal controller parameters d∗ that obtain the

maximum value of the index J(d∗) with the parameter uncertainties throughout the parameter space.
Considering that Equation (27) is difficult to integrate analytically in most cases, Monte Carlo

simulation is a practical and useful tool to estimate the probability P [28]. The estimate of probability P
and the PR index based on N samples

P̂(d) =
1
N

N

∑
k=1

I
[
Gp(q), Gc(d)

]
(28)

Ĵ(d) = f cn
(

P̂1(d), P̂2(d), · · ·
)

(29)

and the estimate P̂ and Ĵ approach to the real probability P and J in the condition of N → ∞ ,
respectively. However, N cannot tend to infinity in practice and a finite N results in estimation
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errors. A minimum N which guarantees a certain confidence level to a risk parameter can be calculated
based on the Massart Inequality [34,35]:

N >
2
(
1− ε + αε

3
)(

1− α
3
)

ln 2
δ

α2ε
(30)

where ε denotes the given risk parameter, the confidence level is defined as 1− δ, and α ∈ (0, 1).
Such a sample size ensures Pr{|Px − K/N| < αε} > 1− δ, where Px is the probability of the system
to satisfy the design requirements, K/N is the estimated value of the probability, K is the number of
design requirements satisfied in N samples, and the confidence interval is [K/N − αεK/N + αε].

Considering the difficulty of non-convex problems for probability optimization [30], the genetic
algorithm is proposed to optimize the controller parameters, which has a good global convergence
ability and does not rely on any gradient or Hessian information [36].

Overall, the design procedure of an ADRC controller based on PR can be presented as:

(1) Define control indices. The settling time and overshoot are the selected indices in this paper, and
the weights are defined simultaneously.

(2) The stability region Dc of the nominal plant is calculated according to Equation (24) as the search
space of parameters.

(3) Randomly generate parameters of the ADRC controller in region Dc as the initial population for
the genetic algorithm. Calculate the probability function P̂ of the initial population as the object
function for each set of parameters.

(4) The genetic algorithm is applied to optimize parameters for finding the largest value of the
object function P̂. Define the optimized parameters as the expected parameters of the ADRC
controller d′.

(4) Test parameters d′ by Monte Carlo simulation in the parameter space Q. If the result satisfies the
requirement, the expected parameters are the optimal parameters d∗, otherwise return to step (3).

The estimated value of P can be fully close to the real value when N is big enough. To improve
the calculation efficiency of genetic algorithms, a small value of N is set. A big enough value of N
determined by the Massart Inequality according to risk parameter ε and the confidence level 1− δ in
Equation (30) can be used to test the probability of design requirements. Set the risk parameter ε = 0.1,
the confidence level 1− δ = 0.99, and α = 0.2 in this paper. Then, the minimum value of N for Monte
Carlo simulation can be obtained as N = 2442 according to the Massart Inequality.

3. Simulations

The proposed method is applied to five typical industrial plants, the first-order plus dead-time
plant, the second-order plus dead-time plant, the non-minimum phase plant, the integral plant, and
the high-order plant. The control performance is compared with the traditional TDOF PI controller
based on PR and the IMC controller and PID controller tuned by an optimization algorithm with
the Integral of Time and Absolute Error (ITAE) index for a nominal plant. The mathematical form
of the feedforward controller and the feedback controller of the TDOF PI controller can be depicted
as follows:

G f _TDOF =
bkps + ki

kps + ki
(31)

Gc_TDOF = kp +
ki
s

(32)

where b, kp, and ki are the parameters of the TDOF PI controller. The filter of the IMC controller is
designed as:

G f _IMC =
1

Tf s + 1
(33)
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where Tf is the parameter of the filter and needs to be tuned. The mathematical form of the PID
controller can be depicted as:

GPID = kp1 +
ki1
s

+ kd1s (34)

where kp1, ki1, and kd1 are the parameters of the PID controller and they are tuned with the ITAE index.
It should be noted that Padé approximations are applied to the TDOF PI controller’s design

for G1(s) and G2(s) and the order of filters for the IMC controller is equal to the order of each plant.
The necessary approximation is also applied to G4(s) based on suitable all-pass characteristics [5].
Besides this, the PI controller for G4(s) is a common PI controller because G4(s) is an integral
plant. The following simulations for G4(s) are carried out with a PI controller rather than with a
TDOF-PI controller.

The definitions of the PR index are varied based on design requirements, which can be a weight
coefficient, a linear function, a nonlinear function, etc. Considering the conflicts between the settling
time and overshoot, a linear function with a weighting coefficient is defined in this paper:

J(d) = 0.8Pts + 0.2Pσ (35)

where Pts, Pσ are the binary indicator functions of the system satisfying the design requirements of the
settling time Ts and overshoot σ, respectively.

Note that the settling time Ts is the time required for the response curve to reach and stay within
a range about the final value of the size specified by an absolute percentage of the final value (usually
2% or 5%, the former is chosen in this paper) and overshoot σ is the relative proportion between the
difference and the steady state value where the difference is between the maximum peak value and the
steady-state value. The number of individuals in the initial population and Monte Carlo simulation
and the maximum number of evolutionary iterations are set to 200, 500, and 20, respectively.

The typical nominal plants and the parameter perturbation range of nominal plants are shown in
Table 1. Besides this, the design requirements and parameters of the Massart Inequality for each plant
are shown in Table 2.

Table 1. The typical plants and the parameter perturbation range.

Plant The Nominal Model Parameter Perturbation Range

G1(s) =
1

Ts + 1
e−τs T = 20, τ = 200 T ∈ [10, 30], τ ∈ [180, 220]

G2(s) =
1

(T1s + 1)(T2s + 1)
e−τs T1 = 20, T2 = 20, τ = 90 T1 ∈ [16, 24], T2 ∈ [16, 24]

τ ∈ [80, 100]

G3(s) =
k(a− s)

(T1s + 1)(T2s + 1)
T1 = 5, T2 = 0.4, a = 1.25, k = 4 T1 ∈ [4.5, 5.5], T2 ∈ [0.36, 0.44]

a ∈ [1, 1.5], k ∈ [4.8, 3.2]

G4(s) =
k

s(Ts + 1)
T = 11, k = 0.2 T ∈ [7, 15], k ∈ [0.1, 0.3]

G5(s) =
k

(Ts + 1)3 T = 5, k = 1.3 T ∈ [3, 7], k ∈ [1, 1.6]

Table 2. Design requirements and parameters of Massart Inequality.

Plant Design Requirements Parameters of Massart Inequality

G1(s) Ts < 1000s, δ < 5% ε = 0.01, δ = 0.01, α = 0.2, N = 24,495
G2(s) Ts < 700s, δ < 5% ε = 0.01, δ = 0.01, α = 0.2, N = 24,495
G3(s) Ts < 10s, δ < 5% ε = 0.1, δ = 0.01, α = 0.2, N = 2442
G4(s) Ts < 300s, δ < 5% ε = 0.01, δ = 0.01, α = 0.2, N = 24,495
G5(s) Ts < 240s, δ < 5% ε = 0.01, δ = 0.01, α = 0.2, N = 24,495
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Consider that b0 is the approximation of b, b0 is fixed as 1 for plant 1, plant 2, plant 4, plant 5,
and as 5 for plant 3, and there are three parameters kp, ωo, and ξ to be tuned. Applying the proposed
method, we can obtain the parameters of an ADRC controller based on PR. The parameters of the
ADRC controller and other controllers are listed in Table 3.

Based on the parameters of the ADRC controller and contrasting controllers listed in Table 3,
we can obtain step responses of these nominal plants in Table 1 with different controllers shown in
Figure 3. A Monte Carlo simulation is also carried out N times, and the results are shown in Figures 4–8
with ITAE, Ts, and σ. Besides this, K/N, which is the estimated value of the probability, is listed in
Table 4.

Table 3. The parameters of different controllers.

Plant ADRC Controller PID Controller IMC Controller TDOF-PI
Controller

G1(s)
ωc = 0.2256,
ωo = 5.3506,

ξ = 0.010

kp1 = 0.38,
ki1 = 0.0037,
kd1 = 12.88

Tf = 112.3
b = 0.6031,

kp = 0.2509,
ki = 0.0030

G2(s)
ωc = 0.0314,
ωo = 2.9323,
ξ = 0.0954

kp1 = 0.54,
ki1 = 0.0072,
kd1 = 14.22

Tf = 57.50
b = 0.4240,

kp = 0.2661,
ki = 0.0054

G3(s)
ωc = 2.6275,
ωo = 3.3546,
ξ = 0.1464

kp1 = 0.85,
ki1 = 0.11,
kd1 = 0.24

Tf = 0.965
b = 1.000,

kp = 0.4245,
ki = 0.0853

G4(s)
ωc = 0.0192,
ωo = 0.1986,
ξ = 2.6760

kp1 = 2.164,
ki1 = 0, kd1 = 9.233

Tf = 4.01 kp = 0.1186, ki = 0

G5(s)
ωc = 0.3002,
ωo = 0.9273,
ξ = 0.1529

kp1 = 0.346,
ki1 = 0.0384,
kd1 = 2.6507

Tf = 17.15
b = 0.9300

kp = 0.1877,
ki = 0.0191

PID = Proportional-Integral-Derivative; IMC = internal model control; TDOF-PI = 2 degrees of
freedom proportional-integral.

Table 4. The estimated value of the probability.

Plant ADRC Controller PID Controller IMC TDOF-PI Controller

G1(s) 0.9991 0.6487 0.9990 0.9989
G2(s) 0.9991 0.8972 0.9992 0.9999
G3(s) 0.9630 0.7732 0.9390 0.9523
G4(s) 0.9999 0.8773 0.8385 0.9984
G5(s) 1 0.8355 0.9844 0.9920

Figure 3. Cont.
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Figure 3. The step responses of different nominal plants with different controllers ((a) plant 1; (b) plant
2; (c) plant 3; (d) plant 4; (e) plant 5).

Figure 4. Results of Monte Carlo simulation for plant 1 ((a) ADRC; (b) PID; (c) IMC; (d) TDOF-PI).
ITAE = Integral of Time and Absolute Error.
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Figure 5. Results of Monte Carlo simulation for plant 2 ((a) ADRC; (b) PID; (c) IMC; (d) TDOF-PI).

Figure 6. Results of Monte Carlo simulation for plant 3 ((a) ADRC; (b) PID; (c) IMC; (d) TDOF-PI).
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Figure 7. Results of Monte Carlo simulation for plant 4 ((a) ADRC; (b) PID; (c) IMC; (d) PI).

Figure 8. Results of Monte Carlo simulation for plant 5 ((a) ADRC; (b) PID; (c) IMC; (d) TDOF-PI).

From Figure 3, the PID controller has the fastest tracking speed, but it still has the largest overshoot
for all plants except plant 4. The ADRC controller, TDOF-PI controller, and IMC controller have similar
responses for plant 1, plant 2, plant 3, and plant 5, and they all have small overshoot (less than 2%)
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and a similar settling time. Besides this, the IMC controller has the largest overshoot (6.6%) and the
overshoot of the PID controller is 6.4% for plant 4, which means that the IMC controller and the PID
controller cannot meet the design requirement of the overshoot. What needs to be stressed is that the
ADRC controller and the TDOF-PI controller both meet the design requirements for all plants even
though the settling time is larger than than that of the PID controller. Note that the responses shown
in Figure 3 only reflect the control performance of the nominal plants and not all of the plants in the
parameter space Q.

A denser distribution denotes stronger robustness and a smaller value denotes better control
performance in Figures 4–8. The value of K/N listed in Table 4 is the specific value of the estimated
value of the probability in Monte Carlo simulation, which means that a larger value denotes stronger
robustness and a larger probability to meet the design requirements in the whole parameter space Q.

From Figure 4, we can know that the ADRC controller in Figure 4a, the TDOF-PI controller in
Figure 4d, and the IMC controller in Figure 4c have a denser distribution than the PID controller in
Figure 4b for plant 1, which means that the PID controller has the worst robustness, and the value
of the PID controller in Table 4 also certifies this. Besides this, the ADRC controller, the TDOF-PI
controller, and the IMC controller have a similar distribution, which means that they have a similar
robustness, while the value in Table 4 tells that the ADRC controller has the largest probability to meet
the design requirements in the whole parameter space Q.

The ADRC controller in Figure 5a has the densest distribution compared to the PID controller,
the TDOF-PI controller, and the IMC controller even though the value of the ITAE index of the ADRC
controller is the largest. The value of K/N of the ADRC controller for plant 2 is larger than 0.999 and it
can ensure a large probability to meet the design requirements in the whole parameter space.

The value of K/N of the ADRC controller for plant 3 is the largest from Table 4, and this means that
the ADRC controller has the strongest robustness. Besides this, the distribution of the PID controller is
the sparsest in Figure 6b. Note that plant 3 has Right Half Plane (RHP) zero and this is why the value
of K/N of the ADRC controller is smaller than that for other plants.

The ADRC controller in Figure 7a has the densest distribution compared to the PID controller in
Figure 7b, the TDOF-PI controller in Figure 7c, and the IMC controller in Figure 7d, which means that
the ADRC controller for plant 4 has the the largest probability to meet the design requirements in the
whole parameter space Q, and the value of K/N of the ADRC controller for plant 4 in Table 4 is also
certifies it.

From Figure 8, we can know that the ADRC controller in Figure 8a has the densest distribution
compared to the PID controller, the TDOF-PI controller, and the IMC controller, and the value of
K/N of the ADRC controller in Table 4 is 1, which means that ADRC can ensure that uncertain
plants in the whole parameter space Q for plant 5 all meet the design requirements according to the
Massart Inequality.

Summarizing the different controllers for the above five examples, ADRC based on the PR
index has the largest estimated value of the probability for all plants except plant 2 and has the
most possibility to obtain the design requirements throughout the whole parameter space. Note that
ADRC based on the PR index still ensures a high probability (0.991) to meet the design requirements
throughout the whole parameter space for plant 2. These illustrative simulations demonstrate the
effectiveness of the proposed tuning method to enhance the ability of handling the uncertainties for
a controller and they offer good support for the application of the proposed method to a boiler unit.
A field application to the secondary air regulation of a boiler unit is described below.

4. A Field Application to the Secondary Air Regulation of a Boiler Unit

4.1. The Process Description

An air control system is an important subsystem for a boiler unit. An air control system can be
depicted as in Figure 9. It mainly contains a primary air system, a secondary air system, a fluidizing air
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system, and an induced draft system. Secondary air enters into the furnace after passing through the air
preheater under the force of secondary air fans as shown in the green part of Figure 9. The function of
the secondary air system is to adjust the combustion and the temperature distribution by adjusting the
frequency of secondary air fans. Secondary air flow is important for the economy and environmental
protection of a boiler unit, which influences the combustion efficiency and generation of nitrogen oxides
(NOx) in the combustion [37,38]. The change of the amount of primary air and the bed temperature
leads to a wide variety of dynamic characteristics of a secondary air system. What is worse, to integrate
more renewable energy into the power grid, the frequent change of load output of a boiler unit results
in this being worse.

Figure 9. Air control system for a boiler unit.

To obtain the expected control performance in a wide range of operating conditions, ADRC
controller tuning based on PR is applied to the secondary air regulation shown in Figure 9.
This comparative field application was done in Tongda Power Plant, which is a 300 MW Circulating
Fluidized Bed (CFB) subcritical unit located in Shanxi Province in China. Some key parameters of the
unit in design condition are listed as follows: the output power is 300 MW, the bed temperature is
900 ◦C, the superheated steam temperature is 541 ◦C, and the pressure of the main steam is 17.5 MPa.
Control logics of ADRC were configured in a DCS platform, which was produced by Zheda Zhongkong
Co., Ltd., Hangzhou, China. Besides this, the total amount of the secondary air is about 84.6 m3/s
in Boiler Maximum Continue Rate (BMCR) condition and the rate of the fans is 1242.5 r/min in
BMCR condition.

To obtain a simple model of the secondary air system, the opening loop test was done and the
rough model is identified as Equation (36) with the boiler unit working in the condition of 200 MW,
which is the common output for the unit. The control variable is the frequency of secondary air fans,
there are two of the same fans in the secondary air system (their frequency donates MV1 and MV2,
and the average frequency donates MV), and its unit is a percentage of the maximum (%). The output
is the total amount of secondary air, which is expressed as a percentage (PV in Figure 10). The result
comparison of the test data and the plant data is shown in Figure 10. It shows that the established
model can reflect the real dynamic characteristics well. So, the model in Equation (36) is set as the
nominal model to design an ADRC controller in the next subsection.

G =
k1

(T1s + 1)2 e−τ1s =
1.967

(14s + 1)2 e−6s (36)
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Figure 10. Comparison of test data and the model data.

4.2. ADRC Controller Design Based on PR

The ADRC controller based on PR is designed for the nominal model (36), and the parameter
perturbation ranges are set as k1 ∈ [1.5, 2.5], T1 ∈ [11, 17], and τ1 ∈ [3, 9] considering the load range
of 50–100%. Design requirements and parameters of Massart Inequality are set as Ts < 160s, δ < 5%,
and ε = 0.01, σ = 0.01, α = 0.2, and N = 24494, respectively. Parameters of genetic algorithms are the
same as those of the simulations in Section 3. b0 is also fixed as 1 for the nominal model, and the other
parameters are obtained as ωc = 0.2504, ωo = 0.3458, and ξ = 0.3596 by genetic algorithms.

The step responses of the nominal plant are shown as the black line in Figure 11 and varying plants
in the parameter space are shown in Figure 11, and the result of the Monte Carlo simulation is shown
in Figure 12. From Figures 11 and 12, we can know that ADRC based on PR can ensure the required
control performance and also has a good robustness for the secondary air system working in a wide
range. Besides, the value of the PR index J is 0.9912, which means that the ADRC controller based on the
PR index has a large enough probability to meet the design requirements for the secondary air system
whose parameters perturb in the perturbation ranges. The simulation based on the identified plant
certifies the effectiveness of the proposed method and it gives us great confidence for the following
field application.

Figure 11. The step responses with the nominal plant and varying plants (Black line: the nominal plant,
red line: varying plants).
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Figure 12. The robustness test by the Monte Carlo simulation.

4.3. The Field Application

Based on the simulation for the identified plant and some other protective measures done in the
DCS platform, the field application of the ADRC controller with the parameters tuned by the proposed
method was carried out. Besides this, a similar experiment of a PI controller whose parameters
(kp = 1/3, ki = 1/120) are tuned by experienced engineers was also carried out.

The comparison results of the ADRC and PI controllers are shown in Figures 13 and 14, and the
time spans are both 16 min. Figures 13a and 14a show the fluctuation of the unit load during the
experiment. Note that the fluctuation range of the ADRC controller is from 228 MW to 245 MW, which
is much larger than that of the PI controller from 230 MW to 240 MW. Besides, the settling time and
the change amplitude of the secondary air set-point shown in Figures 13b and 14b, respectively, are
both listed in Table 5. Obviously, the ADRC controller can track the set-point (SP in Figure 13b) with
no static deviation in a short time while the PI controller will need more time to track the set-point
(SP in Figure 14b) and sometimes even cannot reach the steady state in the last two set-point changes
as shown in Figure 14b. Besides this, the average settling time of the ADRC controller is about 91.2 s,
which is much smaller than that of the PI controller (no less than 151 s). Note that the reference signals
of the secondary air system in Figures 13b and 14b are different because the load was always changing
according to the AGC commands. The control variable of the ADRC controller shown in Figure 13c is
smoother than that of the PI controller in Figure 14c, and this is of benefit for the long-time running of
the unit.

The ability of the ADRC controller based on PR is verified by the comparative experiments, which
can obtain expected control performance for the secondary air system working in a wider range of
operating conditions. Besides, the load during the experiment is far from 200 MW, which is the load
of the opening loop test, and this means that the secondary air system with the ADRC controller can
obtain the expected control performance even though the working condition is far from the design
condition. Generally, an ADRC controller can play an important role in frequent load regulation, which
can facilitate the wide application of sustainable power systems.

Table 5. The settling time of ADRC and PI.

ADRC PI

The Change Amplitude The Settling Time The Change Amplitude The Settling Time

∆r = 2 77 s ∆r = 3 161 s
∆r = 5 87 s ∆r = 2 130 s
∆r = 3 103 s ∆r = 4 >164 s
∆r = 4 95 s ∆r = 5 >149 s
∆r = 8 94 s
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Figure 13. The field test result of the ADRC controller. SP = set-point. ((a) the power output; (b) the
secondary air set-point and output; (c) control variable)

Figure 14. The field test result of the PI controller ((a) the power output; (b) the secondary air set-point
and output; (c) control variable).
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5. Conclusions

To achieve a sustainable future for renewable energy and integrate more renewable energy into
the power grid, the conventional power plant has to lift its load frequently for a grid balance purpose.
This inevitably brings some uncertainties to the power generation side and imposes new challenges
for controller design. To improve the boiler control performance in conventional power generation,
a data-driven control strategy, namely, ADRC based on PR, is proposed to handle the challenge in
this paper. The stability region of the ADRC controller is analysed to provide the search space for the
optimization of the PR index, and the design procedure is analysed and summarized. Five illustrative
simulations are carried out to demonstrate the effectiveness of the proposed tuning method. With the
confidence from the preliminary works, an ADRC controller was applied to the secondary air control
of a boiler successfully. The running data shows that the proposed ADRC based on PR can ensure the
expected control performance even though it works in a wider range of operating conditions and this
depicts a promising future for ADRC controllers in the facilitation of sustainable power systems.
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