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Abstract 
The formation of potentially harmful trihalomethanes (THM) when using chlorine as a sanitizer in 

water supplies has led to a need for better control algorithm. Sanitizer dosing is a system with large time 
delay, non-linear, time-varying and multi models, also couple is introduced to the system because of multi 
tunnels multi pools structure (MTMP). Improved time-delay DOB based on SVM inverse system is 
proposed in this paper. Support Vector Machine (SVM) is used to identify the inverse system due to that 
the mathematical model will not be known precisely, then this inverse system cascades the original 
system so that time-delay pseudo-linearization system can be obtained. Meanwhile improved time-delay 
DOB is designed to overcome model mismatch, disturbance and time delay. Application results in 
waterworks at Suzhou (China) show that the method is able to resist the disturbance and improve the 
robustness; also the lower unit consumption (more than 9%) of sanitizer is obtained. 
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1. Introduction 
 A typical Multi tunnels multi pools structure sanitizer dosing system is shown in  
Figure 1. It is a system with larger time-delay, coupling, time-varying and multi models. 
 
 

 
 

Figure 1. Multi Tunnels Multi Pools Structure Sanitizer Dosing System 
 
 

There are some papers on MIMO system with coupling, simplified dynamic or static 
decoupling matrix methods are widely used in application of multi-variable decouple control, 
while the precision model is needed and its effect is not satisfactory in high-frequency domain. 
The generalized inverse system theory is the improvement of the inverse system theory. 
Compared with the inverse system, the generalized inverse system can constitute open-loop 
stable subsystem with the original system, and the obtained subsystem is a linear transfer 
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function of which poles and zeros can be assigned. However, attributed to the complexity of 
the MTMP sanitizer dosing system, the mathematical model will not be known precisely. So the 
purpose of decoupling and linearization is hard to achieve by only using the inverse system 
theory. The other method is needed to combine with the generalized inverse system theory to 
realize the decoupling control. 

Recently neural networks method is introduced to decouple control. In paper [1] double 
–neuron adaptive predictive decouple algorithm is used to solve a kind of MIMO decouple 
control system, in paper [2] neural networks and adaptive PID is designed for nonlinear and 
time-varying MIMO system. However, the neural network suffers from the problems in over-
learning, local minima or slow learning speed, support vector machine (SVM) can achieve 
good performances even in small samples [3-6]. The disadvantages of these methods are that 
time delay and model mismatch does not take into account, leading to that these methods are 
not suitable for MTMP structure sanitizer dosing control system.  

For the purpose of improving the robustness of the whole system DOB theory is 
utilized to design the extra controllers to construct close-loop control. Disturbance and model 
mismatch is unavoidable, DOB is well known that it can estimate the difference between the 
real model output and internal model output caused by external disturbances and model error. 
DOB controller can be regarded as one kind of robust control algorithm because of its ability to 
compensate the lumped disturbance [7-10]. However DOB approaches have been limited to 
minimum phase systems or systems having no zero dynamics. Most systems have nonlinear 
characteristics [11], and the inverse system of non minimum phase system is unstable, leading 
to that its application of DOB is limited. In paper [12] a novel robust nonlinear motion controller 
with disturbance observer is proposed, in paper [13, 14] some methods of time delay DOB are 
proposed, but these methods are based on precision model. In paper [11, 15] inverse system 
based on neural networks are proposed, but large time delay can not be overcome. 

In this paper, a method of time-delay DOB based on pseudo-linearization system using 
LS-SVM is proposed. First   order inverse system is identified using LS-SVM, after that this 
inverse system cascades the original system so that time-delay pseudo-linearization system 
can be obtained, this MIMO system will be transformed to SISO system with no coupling. 
Improved time-delay DOB is proposed to solve the problems of match disturbance and 
mismatch disturbance. 
 
 
2. Least Square Support Vector Machine 

Support Vector Machine is a new learning machine based on statistical learning 
theory, which is a small sample statistical learning algorithm based on structure risk 
minimization principle (SRM) and Vapnik-Chervonenkis (VC) dimension conception. 

Let       nn yxyxyxS ,,,,, 2211   is a training sample set, where mn
i Rx   , 

Ryi  , li ,,2,1  . The nonlinear regression function can be given as: 
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mnR  is the weight in high-dimensional space, 
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 is the inner product, and

Rb  is the threshold. 
According to the SRM principle, after introducing the insensitive coefficient  , the 

nonnegative variables 
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 liii ,2,1,0,   

 
Where C is a positive number. 
 Using Least Squares SVM (LS-SVM), the nonlinear regression function can be given 
as: 
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 To resolve the optimization problem, we introduce the following Lagrange function: 
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 The optimal solution is: 
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 It can be rewritten as a matrix function: 
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Where  Tle 11,1   � )()(),( j
T

ijiij xxxxK  �  Tl ,1 �  TlyyY ,1 . 

The output of the SVM can be deduced as: 
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3. Multi Tunnels Multi Pools Structure Sanitizer Dosing System 
 Liquid chlorine is the common sanitizer; there are some papers about the decay law of 
residual-chlorine in water [16, 17]. The process can be divided into two parts, one is the rapid 
process and the other is the slow process. During the rapid process, chlorine injects to the 
after-filter-water, the consumption of chlorine is very large, it is related to the initial dosage and 
the amount of NH3. Then during the slow process, the speed of consumption obviously slow 
down. Based on the theory, combined to the experiment, the approximate model can be 
acquired. 
 Without considering coupling, the structure of single tunnel single pool chlorine dosing 
process model is shown in Figure 2.    
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Figure 2. Single Tunnel Single Pool Chlorine Injection Process Model 

 
 

C1 is the difference between initial dosage and the residual-chlorine at 0 minute 
(actually some seconds later). The model can be treated as first-order inertial model with time-

delay approximately. 1 1 2 2, , ,T T   are coefficients of first-order inertial model and coefficients of 

pure time delay, C1 and 1 1 2 2, , ,T T   are related to many factors and also they are time-

varying. 
 In this paper, the residual-chlorine at the entrance of pools is the main purpose, so the 
model of multi tunnels multi pools structure chlorine injection system as follows: 
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4.   Order SVM Inverse System 

 Definition 1:  is a system with p order input 
T

puuutu ),,,()( 21   and q order 

output T
pyyytu ),,,()( 21  , suppose   is a q order input and p order output system with 

mapping function u . Where T
qt ),,,( 21   is a random differential vector that 

meet the requirement of initial value of system  ,
T

puuutu ),,,()( 21  is the output vector. If 

the operator meet the requirement as follows: 
 

dd yuy   
 )]([  

 

Then system   is defined as the   order inverse system of the system . 

  

 
 

Figure 3. Pseudo-linearization System 
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The inverse system cascades the original system so that pseudo-linearization system 
can be obtained, this MIMO system can be transformed to SISO system with no coupling, as is 
shown in Figure 3. 
 The application of direct inverse system control is not very common, because of some 
fatal weakness such as no feedback, can not resist the disturbance and etc. The other method 
is needed to combine with the pseudo-linearization system theory to realize the decoupling 
control. Improved DOB can be designed based on pseudo-linearization system so that the 
controller is able to resist the disturbance and improve the robustness.  
 
 
5. Design of Improved Time-delay DOB Based on Pseudo-linearization System 
 The case study in this paper (waterworks at Suzhou in China) is a complicated MIMO 
system with large time delay, nonlinear and couple. It is a non-minimum phase system, and the 
original DOB can not deal with non-minimum phase system. Because of time delay, the 
inverse system can not be achieved due to advanced arguments. SVM is proposed to identify 
the time-delay inverse system, and then this inverse system cascades the original system so 
that time-delay pseudo-linearization system can be obtained, after that this MIMO system can 
be transformed to time-delay SISO system without coupling. There are two disturbances, one 
is the mismatch disturbance, and the other is match disturbance. The DOB based on pseudo-
linearization system can deal with the two disturbances and the time delay. 1 Block of time-
delay DOB based on pseudo-linearization system. 
 

ste 1
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Figure 4. Block of DOB based on Pseudo-linearization System 
 
 

 The structure of time-delay DOB based on pseudo-linearization system is shown in 
Figure 4. P is the pseudo-linearization system consists of SVM inverse system and the original 
system. P is considered as follows: 
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Where )(sGp  is the pseudo-linearization system, 1)/)(()(  st
p

n
n

ii esGssG , )(sGc  is 

the transfer function of PI controller. 
Thus, di(s) can be rejected by improved DOB based on pseudo-linearization system 

using SVM. 
 
 
6. Case Study 
 In this paper, the parameters of the case study are shown as follows: 

m=2, n=2.  21 ,CCC  is a vector of difference between initial dosage and the 

residual-chlorine at 0 minute, its value can be obtained by experiments. 
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matrix of parameters of inertial. Sample time T=0.3s, N= 300. 
(1) Simulation results of pseudo-linearization system open-loop control 

Test of SVM of   order inverse system is shown in Figure 5. Good results are 
obtained without disturbance. While open-loop control based on pseudo-linearization system 
control can not get ideal results because of disturbance and model mismatch, even unstable 
results will be obtained. 
(2) Simulation of no disturbance with the algorithm proposed in this paper  

Good results can be obtained with the algorithm using DOB based on SVM inverse 
system as is show in Figure 6. 
(3) Simulation of mismatch disturbance 

The result is shown in Figure 7, the controller designed using improved DOB based on 
SVM is able to resist the disturbance caused by mismatching disturbance or matching 
disturbance. 

 

 
 

 

Figure 5. Test of SVM of   Order Inverse 
System 

Figure 6. Simulation of no Disturbance 

 

   
 

Figure 7. Simulation of Disturbance 
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(4) Application of algorithm in tap-waterworks 
 
 

Table 1. Comparing with other Algorithm 
Month Unit Consumption without decoupling Unit Consumption with decoupling Saving 

1-3 1.8328(mg/L) 1.6289(mg/L) 9.46% 
3-9 1.7828(mg/L) 1.5731(mg/L) 11.76% 

9-12 1.7763(mg/L) 1.5625(mg/L) 12.03% 

  
 

Due to that the residual-chlorine is stable using the algorithm, and it has the ability to 
resist the disturbance and improve the robustness, the lower unit consumption of chlorine is 
obtained as is shown in Table 1. 
 
 
7. Conclusion 
 The formation of potentially harmful trihalomethanes when using chlorine as a sanitizer 
in potable water supplies has led to tighter regulatory controls and hence a need for better 
control algorithm. Because of multi tunnels multi pools structure brings coupling, decouple 
control method is also needed. SVM inverse system is designed to identify the inverse system, 
and then this inverse system cascades the original system so that time-delay pseudo-
linearization system can be obtained, after that this MIMO system can be transformed to SISO 
system without coupling. There are model mismatch, disturbance and time delay, improved 
time-delay disturbance observer (DOB) is proposed to overcome the disadvantages. 
Simulations and application of the algorithm shows that the algorithm has the ability to resist 
the disturbance and improve the robustness; meanwhile the lower unit consumption of chlorine 
(more than 9%) is obtained. 
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