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Abstract: A composite control scheme consisting of model
predictive control (MPC) and disturbance observer (DOB) is
proposed to solve the control
problem of the turbidity of the treated water in the presence of
significant changes in raw water quality, water flow rate and
internal model mismatch disturbances. The MPC is employed
as a feedback controller for the coagulation process with a
large time delay. The DOB is adopted to estimate the severe
disturbances in the turbidity control, such as large changes in
raw water quality and water flow rate. The estimated values
are applied for compensation to reject
disturbances. Finally, the disturbance rejection performances
for step disturbances and time-varying disturbances in the

performance degradation

feed-forward

nominal case and model mismatch case are tested. The
simulation results illustrate that, compared with the MPC
method, the proposed method can significantly improve the
disturbance rejection performance in the turbidity control of
the treated water, no matter if in the presence of external
disturbances or internal model mismatch disturbances.
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he treatment of drinking water is of great impor-
T tance as it can remove microorganisms and chemi-
cals to protect public health" ™. In the water treatment,
coagulation is an important process. It is mainly used to
reduce the turbidity of raw water by adding the coagulant,
such as the poly aluminum chloride (PAC). In the coag-
ulation process, it is vital to determine the optimal coagu-
lant dosage. Too high doses will lead to high cost and
health problems related to high levels of residual alumi-
num. On the other hand, doses that are not sufficient will

also cause unsatisfactory treated water quality”™'. In
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practice, an effective control strategy for coagulant dosage
is to maintain the turbidity of treated water constant'™'.
However, besides the coagulant dosage, the raw water
quality (such as turbidity, pH, temperature) and the water
flow rate also greatly affect the turbidity of the treated wa-

6
ter'®

. At the same time, the raw water quality and the wa-
ter flow rate always vary in the process. The flow rate
changes largely when raw water pumps turn on or off.
Meanwhile, such as a heavy

rain, occurs, the storm water will bring large changes to

when unusual condition,

the raw water quality. These changes are expressed with
difficulty using an accurate mathematical model'™ . In ad-
dition, the coagulation process consists of many long-time
In this case, undesira-
ble characteristics, such as a long time delay, a large time

chemical and physical reactions'” .

constant, nonlinear and strong disturbances, appear when
controlling the turbidity of the treated water. It is difficult
to keep the turbidity of the treated water constant under the
conditions of changeable and usually unpredictable raw wa-
ter quality and water flow rates.

In order to control the turbidity of the treated water, the

10
1 and some more advanced

classical PID control algorithm
control algorithms were proposed and employed, including
the fuzzy logic algorithm'"™
the model predictive control (MPO)!
on. Among these algorithms, the MPC algorithm is very
popular and widely adopted in industrial process con-
trol'"*™ . The MPC method is easy to understand and it

has advantages when handling those systems with long

13-15
, the neural network'"™,

' algorithm and so

time delays. Note that, the above-mentioned advanced con-
trol principles can only reject disturbances by the feedback
regulation and they do not solve the disturbances directly.
In the coagulation process, various disturbances are
present in the turbidity control system. External disturb-
ances include the large variations in water flow rate and
raw water quality. Internal disturbances, generally caused
by model mismatches, may also cause poor dynamic per-
formance. Besides the feedback regulation mentioned
above, the feedforward compensation control is thought
to be an effective method to counteract the disturbances
when they can be measured. However, such a feedfor-
ward compensation method is infeasible in the coagulation
process, since the precise disturbance channel models are
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difficult to obtain and some water quality parameters are
also difficult to measure in real-time. To solve this prob-
lem, a disturbance observer (DOB) employing the dis-
turbance estimation technique is introduced. The DOB is
an effective technique to estimate disturbances and is
widely applied in various practical systems, including the

]

mechanical control system"” and the flight control sys-

tern[21*22] .

This paper is based on a pilot-scale coagulation facility
in Nanjing Chengbei Water Treatment Plant. A DOB-MPC
scheme is proposed to improve the disturbance rejection
performance of the coagulation process. The proposed
scheme consists of a feedforward compensation based on
DOB and a feedback regulation using MPC. It takes ad-
vantages of the MPC method in handling the dead-time
processes and the DOB method in rejecting the unmeasured
disturbances. Thus, it can effectively control the turbidity
of the treated water and achieve a small peak overshoot and
a short settling time under strong disturbances.

1 Process Description

In the treatment of drinking water, the coagulation
process is an important step to eliminate the turbidity of
raw water ( decrease the NTU value)'". Fig. 1 presents a
typical simplified coagulation system. The PLC gathers
the real-time flow rate and turbidity of raw/treated water
by the flow meter and turbidity meter, respectively. Then
it generates a control signal for the frequency converter,
which regulates the rotating speed of coagulant dosage

pump to determine the amount of coagulant.
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Fig.1 Schematic diagram of the coagulation process

In the coagulation process, coagulation/flocculation,
sedimentation and filtration are commonly used treatment
steps!!. The raw water is first pumped into the intake ba-
sin. In the flocculation basin, the coagulants ( such as
PAC) are added to destabilize particles in raw water by
neutralizing their surface charge. Then, the destabilized
particles aggregate to form particles that are large enough
to settle out of water in the sedimentation process. Filtra-
tion is the last step, in which physical barriers are used to
screen out the aggregated particles’”. In the sedimenta-
tion basin, the turbidity is reduced largely. The turbidity
of the treated water is only a few NTU.

In the coagulation control system, the turbidity of the

treated water is kept at a desired setpoint by regulating the
coagulant dosage. Greater or lesser turbidity of the treated
water than the setpoint will influence the treated water
quality or degrade the production efficiency. However,
strong external disturbances, such as changes in raw water
quality ( particularly the turbidity) and water flow rate,
are always present. The water flow rate is determined by
the demand of consumers and it can change dramatically
when raw water pumps turn on or off. The raw water
quality (especially the turbidity, pH, temperature) is dy-
namically variable with the season, weather and time"'.
Moreover, an unusual condition (such as a heavy rain)
will bring high turbidity to raw water'"!. In addition, the
coagulation process is a nonlinear process with long time
delay and large time constant. Thus, keeping the turbidi-
ty of the treated water constant is an important and diffi-
cult task.

To sum up, in the coagulation process, the turbidity of
the treated water y(NTU) is the most important controlled
variable, which needs to be kept at a desired setpoint.
The frequency of the frequency converter x( Hz), con-
trolled by the PLC controller, is the manipulated varia-
ble. The frequency converter can regulate the rotating
speed of the dosage pump to determine the coagulant dos-
age. Note that, the changes in raw water quality ( mainly
the turbidity d,) and water flow rate d; will also cause the
continuous fluctuation of the turbidity of the treated wa-
ter. They are deemed to be external disturbances by the
control system.

2 Control Scheme Based on MPC and Disturb-
ance Observer

The coagulation is a typical and commonly used indus-
trial process. In this process, the turbidity of the treated
water can be regulated by controlling the coagulant dos-
age. Moreover, the coagulation process consists of long-
time chemical and physical reactions. It is a nonlinear
process with a long time delay and a large time constant.
This process can be modeled as a first-order plus dead-
time (FOPDT) form™*™",
model to describe the dynamic of industrial process. The
transfer function can be represented as

which is a commonly used

Kl —0s
G =7 e (1)
where K| is the transfer factor from frequency to the tur-
bidity of the treated water; T, is the time constant; 6 is
the time delay.

Moreover, the bandwidth of turbidity meter can satisfy
the system requirements, and the transfer function of the
turbidity meter can be approximately evaluated by a pro-
portional cycle K.

In summary, the total transfer function of the turbidity
control system in the coagulation process can be represen-
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ted as

KIKZ —-0s (2)

G.(s) =K,G,(s) =Ts+le
1

As shown in Eq. (2), the turbidity control system is
modeled as a FOPDT process. The total system can be
considered by the following model:

Y(s) =G,(s)X(s) +D_(s) (3)
where

Gy(s) =g(s)e™” (4)

D, (s) = 2 G, (8)D,(9) (5)

where X('s) is the manipulated variable; Y(s) is the con-
trolled variable; D, (s) is the effect of external disturb-
ances on Y(s); D,(s) (i=1,2,..., M) is the i-th external
disturbance; G,(s) is the model of the process channel;
g(s) is the minimum-phase part of G,(s); G,(s) (i=1,
2, ..., M) is the model of the i-th disturbance channel; the
nominal model G,(s) can also be represented as a product
of a minimum-phase part g, (s) and a dead-time

part e %,

G,(s) =g,(s)e ™ (6)

2.1 Model predictive control

The process dynamic of the system (Eq. (6)) can be
written as

®

y(1) = Y, COm)Ax(t-m) (7)

Ax(t) =x(t) —x(t-1) (8)

where x (¢) is the manipulated variable; C(m) is the
dynamic value obtained from the coefficients of unit step
response; y(f) is the output under Ax(t-m) (m=1,2,
..., ). From Eq. (7), we can obtain that

y(t+N) = i C(m)Ax(t+N-m) =

Y, C(m)Ax(t+N-m) +

m=1
©

Y, C(m)Ax(t+N-m) =
m=N+1

Z C(m)Ax(t+N-m) +

m=1
o

> CGji+N)Ax(1 ) 9

j=1

where j =m — N. Then the N-th step ahead prediction of
the output with the prediction correction term y (¢ + N)
can be shown as

y(t+N) = Y C(m)Ax(t+N-m) +

m=1
3

> CG+N) A=) +3(1)

Jj=1

(10)

(1) =y(0) - y(1) (1)
where ¢ (t) is the prediction correction term. In Eq.
(10), Ax(t+N-m) (m=1,2, ..., N) represents that the
future manipulated variable moves, which can be ob-
tained by computing the following optimization problem:

min  J= 2 le(t+k)M, e(1+k)] +
Ax(0), ..., Ax(1+Ne-1) k=1
r [x(t+k)M, x(t+k)] (12)
e(t+k) =y(t+k) —r(t+k) (13)

where (¢ + k) is the desired reference trajectory; e(t + k)
is the prediction error; N, denotes the prediction horizon;
N, denotes the control horizon; M., is the error weighting
value and M, is the input weighting value. Only the first
move is employed. For the next sampling instance, this
step is repeated.

The parameters, such as N, N, and sampling time T,
are very important for the robustness and stability of the
MPC algorithm. N, determines the dimension of the in-
volved MPC matrix. N, is usually set to be much shorter
than N,. The selection of sampling time 7, should consid-
er both the real-time implementation and capturing the dy-

. 18
namics of the system'™.

2.2 Disturbance observer-enhanced MPC algorithm

In this part, a composite control scheme is proposed to
enhance the performance of the MPC feedback controller
by adding a disturbance observer. The block diagram of
the proposed control scheme is presented in Fig. 2.

I T@)a%x@.“ r(s) g7 -
| DOB |

Fig. 2  Block diagram of the disturbance observer-enhanced
MPC control

In Fig. 2, r(s) denotes the reference trajectory of the
controlled variable; P (s) represents the output of the
MPC controller; and D,, (s) is the disturbance estima-
tion. The output can be represented as

Y(s) =G,(s)P(s) +G,(s)D_(s) (14)
with
G.(s) = st o (1)
1+T(s)g, (s)[g(s)e ™ —g,(s)e ™]
Gy(s) = L-T(s)e”™ (16)

1+T(s)g, ' ()[g(s)e™” g (s)e "]
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From Eqgs. (14) to (16), it can be obtained that the
performance of disturbance rejection mainly depends on
the design of filter 7(s). It can be found that “1“0 G,(jw)
=0 when T(s) is selected as a low-pass filter with a
steady-state gain of 1; i.e., 1i£1(')1 T(jw) =1. It means that
low-frequency disturbances can be attenuated asymptoti-
cally. In this paper, T(s) is selected as a first-order low-
pass filter with a steady-state gain of 1, which can be re-
presented as

1
ns +1

T(s) = n>0 (17)

The robustness of the proposed DOB is analyzed as fol-
lows. From Fig. 2, the output Y(s) can be represented as

Y(s5) =g(s)e "X(s5) + D, (s) =

g.(s)e ™X(s) +D,(s) +D_(s) (18)

where D, (s) is the internal disturbance caused by model
mismatches and it can be denoted as

Dy(s) =[g(s)e " —g.(s)e " ]1X(s)

Next, defining the lumped disturbance D, () as the
sum of external disturbances D_ (s) and internal disturb-
ances D (s), that is

(19)

D, (s) =D_(s) +D,,(s) (20)
Then, the output can be obtained that
Y(s) =g, (s)e " X(s) +D,(5) (21)

Moreover, from Fig.2, the following equations can be
obtained:
X(s) = P(s) =D, (s) (22)
D,(s) =T(5)g, (5) Y(s) ~T(s)e "X(s) (23)
Substituting Eq. (21) into Eq. (23), we can obtain
Dy (s) =T(s) g, (5)Dyy(5) (24)

Defining D,,(s) as the error between the real value and
the estimation value of lumped disturbance, then

D,(s) =D, (s) —g,(s)e "D, (s) (25)
Substituting Eq. (24) into Eq. (25) yields
D,(s) =[1-T(s)e "1D,(s) (26)

Employing the final value theorem, the following

equation can be obtained:

D, () =limsD,(s) =lim[1 - T(s)e *]limsD,,(s) =
50 s—0 50
lim[1 = T(s)e ""1d, () (27)

Therefore, if the steady-state gain of 7(s) is 1, then
D, () =0 can be obtained. It means that the disturb-
ances can be asymptotically rejected. Note that, the im-
plementation of DOB is simple and the computational
complexity will not be increased greatly. Thus, the modi-
fied disturbance observer is a practical approach to dealing

with the process with time delay.
2.3 Control implementation

In this work, the proposed control scheme focuses on
disturbance rejection against external disturbances as well
as model mismatches. The controlled variable is the tur-
bidity of the treated water y, while the manipulated varia-
ble is the frequency of the frequency converter x. The
variations of raw water turbidity d, and water flow rate d,
are the main external disturbances. The detailed control

structure is shown in Fig. 3.

Raw water turbidity d,

Water flow rate d; Disturbance

Turbidity of the

treated water

Frequency
x
X Dosage pump I——| Coagulation process

1 Turbidity meter

Fig.3 Control structure of constant turbidity of the treated water

From Fig. 3, it is shown that the coagulant dosage di-
rectly affects the turbidity of the treated water. For the
control study, the step response of coagulant dosage in
pilot-scale facilities has been tested to develop the transfer

function model as™*"

G (5) == L85 sw

T2 460s + 1 (28)

The nominal value of the turbidity of the treated water
is 6. 0 NTU. The external disturbances are imposed on
the process through disturbance channels. It is known that
the raw water turbidity and water flow rate have great in-
fluences on the turbidity of the treated water. For exam-
ple, coagulant dosage with increased raw water turbidity
or increased water flow rate leads to an increased turbidity
of the treated water. These dynamics can be also modeled
as a FOPDT form'"".
ance channels G,(s) and G,(s) are obtained by step re-
sponse tests in pilot-scale facilities and expressed as

The transfer functions of disturb-

7-5 -510s
=2 2
Gals) =3 805 +1 (29)
120
Gu(9) =370005 +1° (30)

The time constants are expressed in seconds here.
G,(s) and G, (s) denote the transfer functions of raw
water turbidity variation disturbance and water flow rate
variation disturbance, respectively. Here, the disturb-
ances are expressed in a relative change form rather than a
real physical unit form. For example, d, = 10% means
that the raw water turbidity has an increase of 10% com-
pared with its nominal value. Moreover, based on the
above discussions, the filter of DOB is employed as

1

1) =535+ 1

(3D
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The MPC controller parameters are designed as

N,=28,N,=1, T.,=1min, M, =1, M, =1 (32)

3 Performance Analysis and Comparisons

In this part, some results are shown to demonstrate the
benefits and practicality of the proposed method. The
baseline MPC controller is employed for the comparison.
The disturbance rejection performance is studied in the
nominal case as well as the model mismatch case. Moreo-
ver, the Gaussian noise generator block ( mean value =0,
variance =2 x 10 ™) is added to discuss the measurement
noise.

3.1 Disturbance rejection in nominal case

First, the nominal case is considered. It means that
G,(s) is equal to G, (s). In the coagulation process,
generally external disturbances including the raw water
turbidity and water flow rate fluctuate continuously during
the whole production process. Therefore, besides the step
disturbance case,
simulated.

Case 1
case. The raw water turbidity has an increase of 15% at
t =75 min, while the water flow rate has a decrease of
15% at t =300 min.

Fig.4(a) shows the response curves of the turbidity of
the treated water under the control of both DOB-MPC and
MPC in Case 1. The turbidity setpoint of the treated wa-
ter is 6.0 NTU and the turbidity of the raw water is about
7.8 NTU. Fig.4(b) shows the effects of external disturb-
ances and the estimations on the controlled variables. In
Fig.4(a), the monotonously decreasing parts in the left
of curves are employed to present the setpoint tracking
properties of the two methods. From them, the setpoint
tracking performances under the two methods are effective
and acceptable, which means that the MPC controller pa-
rameters are suitable. Moreover, from Fig.4(a) the dy-
namic performance of the turbidity of the treated water
under the proposed method is much better than that under
the MPC method. Compared with the MPC method, the
proposed method can obtain a faster convergence speed

a sinusoidal disturbance case is also

Step external disturbances in the nominal

and smaller amplitudes of fluctuations. From Fig.4(b),
the errors between the estimated and real external disturb-
ances are very small, which means that the disturbance
observer can effectively estimate the effects caused by dis-
turbances.

In order to quantitatively analyze the disturbance re-
jection performance, two performance indices inclu-
ding peak overshoot and integral of absolute error
(IAE) are employed, which are shown in Tab. 1.
From Tab. 1, both the overshoot and the IAE value un-
der the proposed method are much smaller than those
under the MPC method.

8.5r

Turbidity of treated water/NTU

]
0 100 200 300 400 500

t/min
(a)
1.2
1.0
0.8
0.6
8 0.4
5
2 0.2
2
= 0
0.2 Real time value
-0.4F == Estimation
-0.6|
-0.8 1 1 1 1 |
0 100 200 300 400 500
t/min

(b)
Fig.4 Response curves of variables in the presence of step ex-
ternal disturbances under DOB-MPC and MPC schemes in the

nominal case. (a) Controlled variable; (b) Disturbances and their es-
timations

Tab.1 Performance indices in the presence of step external
disturbances in the nominal case

Turbidity of the treated water

Performance index

MPC MPC-DOB
Overshoot/ % 8.4 4.9
IAE 61.4 25.2

Case 2 Sinusoidal external disturbances in the nomi-
nal case. Variations of the raw water turbidity and water
flow rate are sinusoidal; i. e., d, = Asin (wt), d; =
Bsin(wt), here A=15%,B=15%,w =0.05 rad/s.

Fig. 5(a) shows the response curves of the turbidity of
the treated water under the control of both DOB-MPC and
MPC. Fig.5(b) gives the real disturbance and the esti-
mation values by the disturbance observer. From Fig. 5
(a), the fluctuation amplitude of the turbidity of the trea-
ted water under the proposed method is much smaller than
that under the MPC method, although the fluctuation fre-
quencies under the two methods are almost the same.
Moreover, from Fig.5(b), the real and the estimated dis-
turbances almost overlap. Therefore, the proposed meth-
od is more effective to overcome such sinusoidal external
disturbances than the conventional MPC method.
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Turbidity of treated water/NTU
Y S Y S N NN R T
O L O O ;O W

Real time value
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Disturbance
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t/min
(b)
Fig.5 Response curves of variables in the presence of sinu-
soidal external disturbances under DOB-MPC and MPC schemes

in the nominal case. (a) Controlled variable; (b) Disturbances and
their estimations

3.2 Disturbance rejection in model mismatch case

Suppose that the transfer function model of process
channel is expressed as

—-1.98  _si0s
G,(s) = 510

T2280s +1 (33)

Comparing Eq. (33) with Eq. (28), it is clear that se-
vere model mismatch exists.

Case 3 Step external disturbances in the model mis-
match case: The raw water turbidity has an increase of
15% at t =75 min, while the water flow rate has a de-
crease of 15% at t =300 min.

The response curves of the turbidity of the treated water
under the control of the two methods in this mismatch case
are shown in Fig.6(a). The effects of lumped disturbances
and the estimations are presented in Fig. 6(b). Similar to
Case 1, it can be observed that the proposed method pos-
sesses a smaller peak overshoot and a faster convergence
speed. This means that the proposed method has achieved
a much better step disturbance rejection performance than
that of the MPC method even in the case of severe model
mismatches. Moreover, the errors between the estimated
and the real lumped disturbances are very small.

8.5r

——MPC-DOB
‘== MPC
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Disturbance

Real time value
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- 0- 8 1 1 1 1 1 1 1 1 ]
50 100 150 200 250 300 350 400 450 500

t/min
(b)
Fig.6 Response curves of variables in the presence of step ex-
ternal disturbances under DOB-MPC and MPC schemes in the

mismatch case. (a) Controlled variable; (b) Disturbances and their
estimations

Case 4 Sinusoidal external disturbances in the model
mismatch case. Variations of raw water turbidity and wa-
ter flow rate are sinusoidal; i.e., d, = Asin(wt), d; =
Bsin(wt), here A=15%,B=15%,w =0.05 rad/s.

In Case 4, the response curves of the turbidity of the
treated water under the control of the proposed method
and the MPC method are shown in Fig. 7(a). Fig.7(b)
also gives the effects of estimated lumped disturbances in
such a case. It can be seen from Fig. 7(a) that the fluc-
tuation amplitude of the turbidity under the proposed
method ( DOB-MPC) is much smaller than that under
the MPC method. The fluctuation frequencies under the
two methods are almost the same. the dis-
turbance estimation errors in this case are also small from
Fig. 7(b). The simulation results demonstrate that the
proposed method has remarkable superiorities in rejecting
such lumped disturbances consisting of external disturb-
ances and internal disturbances caused by model mismat-
ches.

Moreover,

4 Conclusion

In the coagulation process, various complex disturb-
ances have undesirable influences on the turbidity of the
treated water control system. Many existing methods in
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(b)
Fig.7 Response curves of variables in the presence of sinu-
soidal external disturbances under DOB-MPC and MPC schemes
in the mismatch case. (a) Controlled variable; (b) Disturbances and
their estimations

process control including MPC have limitations in han-
dling strong disturbances. In order to improve the disturb-
ance rejection performance, the disturbance observer is
introduced for feedforward compensation in this work. A
composite control scheme combining a feedforward com-
pensation based on DOB with a feedback regulation based
on MPC is developed. Both the external disturbances and
the internal disturbances caused by model mismatches are
taken into consideration. The disturbance rejection prop-
erty is then analyzed by simulation. The results demon-
strate that, compared with the MPC method, the pro-
posed method exhibits excellent disturbance rejection per-
formance, such as a smaller overshoot and a shorter set-
tling time. In future, we will use the proposed method in
the real coagulant dosing control system and test its effec-
tiveness.
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