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Abstract. In this paper, the design scheme of fractional order proportional integral (FOPI)
controller for the second order plus time delay model of aeration of activated sludge wastewater
treatment process are presented. It is found that the two controllers designed by the proposed tuning
method not only make the system stable, but also improve the performance for the aeration control
of activated sludge wastewater treatment processes. Simulation results are presented to validate the
proposed tuning schemes. Furthermore, from the simulation results, it can be seen that the fractional
order PI controller outperforms the integer order PID controller.

Introduction

Activated Sludge Process (ASP) is one of the widely used sewage treatment methods. It consists
of two parts: reaction cell (aeration tank) and sedimentation tank (shown in Fig. 1).
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Fig.1.  Simple configuration for the activated sludge process

The activated sludge process uses microorganisms to feed on organic contaminants in
wastewater, producing a high-quality effluent [1]. The basic principle behind all activated sludge
processes is that as microorganisms grow, they form particles that clump together. These particles
(floc) are allowed to settle to the bottom of the tank, leaving a relatively clear liquid free of organic
material and suspended solids. Described simply, screened wastewater is mixed with varying
amounts of recycled liquid containing a high proportion of organisms taken from a secondary
clarifying tank, and it becomes a product called mixed liquor. This mixture is stirred and injected
with large quantities of air, to provide oxygen and keep solids in suspension. After a period of time,
mixed liquor flows to a clarifier where it is allowed to settle. A portion of the bacteria is removed as
it settles, and the partially cleaned water flows on for further treatment. The resulting settled solids,
the activated sludge, are returned to the first tank to begin the process again.

Aeration is the most critical component of a treatment system using the activated sludge process.
A well designed aeration system has a direct impact on the level of wastewater treatment it achieves.
An ample and evenly distributed oxygen supply in an aeration system is the key to rapid,
economically-viable, and effective wastewater treatment. Maintaining the dissolved oxygen
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concentration (DO) at a certain setpoint represents one of the major concerns of researchers in ASP
control[2]. This is due to the fact that a very low dissolved oxygen concentration in the aeration
tank results in biomass die-off, while an excessively high dissolved oxygen level increases energy
consumption and may degrade the sludge quality. Operators typically control the aeration rate to
assure a concentration of 2-3mg/L of dissolved oxygen (D.O.) at the discharge end of the aeration
tank.

Many research papers have been written with the goal of improving the performance of real,
existing ASP from different countries by implementing controllers for the DO concentration
[3-5].Other researchers have emphasized the importance of well tuned models and simulation
platforms in the process of designing controllers for the plant [5, 6], while some have implemented
multiple model controllers instead of complex nonlinear ones [7].

For decades the PID controller has been the most common control algorithm because of its
obvious advantages: having a simple clear structure and being suitable for most control loops. For
ASP, a simple PID controller might prove to be insufficient in maintaining a desired setpoint,
considering the changes in the ASP operating point. Several more robust and complex strategies
have been designed to tackle this issue, such as adaptive [8], predictive [9] or fuzzy [10] control.

An alternative approach to the control of the dissolved oxygen concentration is proposed in this
paper, and it is based on the fractional calculus. This approach has received considerable attention
during the past decade in engineering applications, including both process modeling [11,12] and
controller design [13-15]. The fractional order PI1*D* controller is in fact a generalization of the
integer order PID controller, having the order of integration 2 and the order of differentiation .

The main interest regarding fractional order controllers is due to the supplementary tuning
parameters involved, 4 and#, which can be used to increase the overall robustness of the closed
loop system [14-16].

In this paper, fractional order PI controller is designed for the aeration control of activated sludge
process.

Process Model of the sewage treatment process of activated sludge

As a biochemical reaction process, dissolved oxygen is a very important parameter can reflect,
intuitively and quickly, the operating conditions of the entire sewage treatment system. The IAWQ
(International Association on Water Quality) has established ASM1 model for the removal of
carbon and nitrogen from sewage sludge. The correlation rate in the main biological processes, such
as carbon oxidation, nitrification and denitrification in Sequencing Batch Reactor Activated
Sludge Process (SBR), is quantitatively described. The following dissolved oxygen transfer model
is established [17]

\ % =QC, -QC, -VKC
where V is the volume of the reaction cell. Q is the air flow rate. K is the reaction rate constant. C is
the dissolved oxygen concentration in the reaction cell. CO is the dissolved oxygen concentration of
the air blown into the air. C1 is the dissolved oxygen concentration in the exhaust gas.

In actual sewage treatment process, the dissolved oxygen is adjusted by the aeration control with
the frequency converter and the air blower. Combined with the time-delay of detection and control
response of DO, the mathematical model [18] is established

k
G()=—F———e 1)
s  +a,s+1
where k=1,a =120000,a, =1300,L =30.
According to the system mathematical model (1), we can get its frequency response,

. k i

P(jw) = ———e It )

(1-a0%)+ ja,o
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Structure and Design Specifications of Fractional Order Controllers

Assume that the gain crossover frequency is given by . and phase margin is specified by ¢, .
To ensure the system stability and robustness, three specifications are proposed as follows [14],
(1) Phase margin specification
At the gain crossover frequency of ., one has
G(jw,)| =|C(j@,)P(je) =1 ©)
arg[G(je )] =arg[C(jeo)P(jo )1 =—7 + ¢y, (4)
where 4 is referred as the phase margin of the system, arg(-) is the argument.

(2) Robustness variations in the plant gain
The constraint is discussed in

(d(arg[G(Ja))])j :(d(arg[C(jw)P(jw)])j 0 (5)

dow do
This constraint forces the gain around ., to go flat, such that the phase remains within a

neighborhood of the specified phase margin, such that for the variations in the plant gain, the
closed-loop system reserves iso-damping behavior.

In this study, we consider three simple controllers: the integer order PID control and fractional
order PI controllers whose transfer functions are respectively given in the following:

Cl(s):Kp+%+de (6)

C,(s) = Kp(l+ ;'j (7)

Designs of Integer Order PID and Fractional Order Pl Controller for the control of dissolved
0Xygen concentration

1) IOPID Controller Design
According to the integer order PID controller transfer function (6), we can get its frequency
response as follows,

: . K;
Cl(Ja)):Kp-'_J(de_;lj (8)
The phase and gain are as follows,
2 2 1k
arg[C,(jow)]= arctan[u] Ci(jo)| = \/KS + (MJ
Kpa) w
The phase derivative of the IOPID
H 2 2
d(arg[C,(jm)]) _i{arctan[ Kyo? - K; H _ 1 . Ky +2Ki
dw dw Kpo 1J{Kda)2_Ki] Kpo
Kpa)
According to specifications (3)-(5), we can gain
Kda)cz - K
— 9
K, A (9)
1 Kyt +K _B, (10)
+A Kof
« __C (11)

P ﬁ
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where A =tan(g, —arg[P(ja,)]) isaconstant. B, = —(d(arg[P(je)])/d),_, and C; =1/P(j@;).
From (9), (10) and (11), we can get,

c, | A |
K, =ﬁ_31(1+ R+ o (12)
_ Gl o) Al 3
K, zm_sl(u )wc_ (13)

If the parameters are set as follows,
o, =0.0lrad /s, ¢, =60°

then we can get directly from (11)-(13)
Ky =1239, K; =0.04546, K, =15.1155.

The IOPID controller is

C,(s)=15.1155+ 0.04546 19395

(14)
We can fix the open-loop frequency response with the integer order PID controller. So, the Bode
diagrams of system designed can be plotted as in Fig. 2, we can see that the phase Bode plot is flat,
at the gain crossover frequency. All the three specifications are satisfied.
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Fig. 2. Open-loop Bode diagram with the IOPID controller

0

2) FOPI Controller Design
According to the fractional order Pl controller transfer function (7), we can get its frequency
response as follows,

C,(jw) = Kp(1+ Ki(ja))_’l)z Kp[1+ Ko cos[ﬂ%)— Ko™ sin(/t%jj (15)

The phase and gain are as follows,

Ko™ sin(ﬂzj
arg[C, (jow)]=—arctan C,(jw)| =K p\/1+ 2K, cos(;tﬂ} K2
) T 2
1+ Ko COS[AZJ

The phase derivative of the FOPI
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According to specifications (3)-(5), we can gain

K, - - Ao (16)
[sin(/l Zj + A cos(/l Zﬂ
Koo N (17)
B+ A )sin(/l ’2[]
K, = G (18)

)=
\/1+ 2K, 00" cos(/l ’;j + K2, 2

Plot curve 1, K; w.rt 4 according to (16), and plot curve 2, K; w.r.t 4 according to (17)
are both shown in Fig. 3(a). 4 and K;are obtained from the intersection point on the above two
curves, which reads 4=1.8504 K =3.8034x10™*. Then K, =9.2957 is calculated from (18).

3.8034x107*
S1.8504

C,(s) = 9.2957(1+ (19)

The Bode plots of open-loop control system designed are shown in Fig. 3(b), where we can see
that the phase Bode plot is flat at the gain crossover frequency and all three specifications are
satisfied precisely.
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Fig.3. Open-loop Bode diagram with the FOPI controller

Simulation

In this section, the tuning methods presented above are validated via the numerical simulation.
The step response of the fractional order system is implemented by the inverse laplace function
INVLAP.m.

As shown in Fig. 4 and Fig. 5, using the IOPID controller and FOPI controller, the closed-loop
step responses are plotted with various open-loop gains k.

It can be seen from Fig. 4 and Fig. 5 that the integer order PID and the fractional order PI
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controllers designed by the proposed method in this paper are effective.

The step responses remain stable under gain variations, which mean the system is robust to gain
changes. From Fig. 4 and Fig.5, we can see that the settling time of the unit step response using the
FOPI controller is even much shorter than those using the IOPID controllers with the designed
parameters. Thus, we can conclude that the FOPI controller outperforms the IOPID controllers.

X X . with various gain k of P(s) under FOPI control
with various gain k of P(s) under IOPID control 14

1.4

— k=2
n k=1.5]]
12 12 / — 1

k=0.8

,,,,,,,,,,,,,, " k=0.4
e

-

[N

k=2
k=15
— k=1
k=0.8
k=0.4

o
©
T

o
2]
T

Step response of closed loop
o o o
> (22} [e<]
\ T

Step response of closed loop

I
S
T

o
N

o
)
===

0
0 500 1000 1500 0 500 1000 1500

time(s) time(s)

0
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Conclusion

In this paper, we presented the design schemes of IOPID controller and FOPI controller for
aeration control of activated sludge wastewater treatment process. The controller tuning method
ensure that the given gain crossover frequency and the phase margin are achieved, and the phase
derivative w.r.t. the gain crossover frequency is zero, i.e., the phase Bode plot is flat at the gain
crossover frequency. The two controllers designed by the proposed tuning method not only make
the system stable, but also improve the performance and robustness for the second order plus delay
time system. Simulation results are presented to validate the proposed tuning schemes. Furthermore,
from the simulation results, it can be seen that the FOPI controller outperforms the the integer order
PID controller.
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