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Abstract 

In the process of freshwater fish farming in pond, the levels of dissolved oxygen must 

be monitored by creating a closed loop PID control system. But traditional PID 

controller has weak stability and slow response speed, because dissolved oxygen 

changes with delay. In this paper, a PID control algorithm with optimal Smith predictor 

is proposed, to eliminate negative effects caused by delay component. The result of 

experiment data indicates that the optimal algorithm can reduce settling time and 

overshoot, and has better robustness and disturbance rejection performance than 

traditional PID controller. Meanwhile, a hardware circuit design plan based on ARM 

Cortex-M3 embedded processor is supposed, which gets stronger performance than 

C51 MCU control system with traditional PID algorithm. The hardware selection and 

plan design realize high cost performance, it is valuable to small and medium 

freshwater aquaculture enterprises. 
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1. Introduction 

In the process of pond freshwater fish farming in pond, on one hand self-balancing 

recovery time of oxygen content in water is longer, because of limited mobility of water 

and poor self-cleaning function. On the other hand, a lot of fish feed and feces will be 

deposited on the floor of the pond, and create noxious gas to consume a lot of oxygen in 

water, such as methane. These two factors will reduce dissolved oxygen level very 

much, and cause higher death rate of fish. So dissolved oxygen level must be monitored 

by fish pond aerator control system, when the fish farming scale is large. The aerator 

works by impellers stirring water, to accelerate the process of air dissolution in water 

and expel the noxious gasses building in the bottom of pond, its principle is shown in 

Figure 1. The fish pond aerator using traditional PID algorithm could not eliminate 

negative effects caused by delay component, and the system control accuracy has too 

much influencing factors, such as stocking density, weather, temperature, water quality 

and sorts of fish. In the meantime, the system robustness is weak too. All these will lead 

to two cases: one is that impeller starts too late to supply enough oxygen to fish; the 

other is that impeller start and stop too frequently to protect motor from damage due to 

strong current. In order to solve these problems, Smith predictor algorithm which has 

been optimized and traditional PID algorithm are combined from the view of realizing 

H∞ optimum control [1] and improving robustness, a better performance and easier to 

realize PID algorithm is proposed and applied to fish pond aerator system. Experimental 

results show the optimization controller has faster response time and higher disturbance 

rejection performance. Meanwhile, a control system design scheme based on ARM 

embedded processor is suggested. 

 

Onli
ne

 V
ers

ion
 O

nly
. 

Boo
k m

ad
e b

y t
his

 fil
e i

s I
LLEGAL.



International Journal of Multimedia and Ubiquitous Engineering 

Vol.11, No.2 (2016) 

 

 

240   Copyright ⓒ 2016 SERSC 

 

Figure 1. Fish Pond Aerator Control System Schematic 

 

2. PID Controller Design Based on Smith Predictor 
 

2.1. Traditional Smith Predictor Model 

The traditional Smith predictor works by adding compensating elements to PID 

controller and substituting a similar model for controlled plant which has delay 

component. As shown in Figure 2 and Figure 3, when the system is nominal, the delay 

component e
-τs

 can be separated from controlled plant, a feedback signal is drawn before 

e
-τs

 component, so the feedback signal without delay could improve system response 

speed. But the calculation is proposed based on nominal model. If a exact mathematics 

model of the plant cannot be established, the compensation will not be effective, even 

negative. Besides, to separate Smith predictor link from PID controller, will add 

complexity and uncertainty to the controller design. 

 

 

Figure 2. Traditional Smith Predictor Block Diagram 

 

Figure 3. Simplified Smith Predictor Block Diagram 

 

Figure 4. Optimal Smith Predictor Block Diagram 
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As shown in Figure 4, combined Smith predictor and PID controller by the 

equivalent transformation of block diagram, a PID controller model with Smith 

predictor, which is easier to realize, can be built. When GM is the nominal model of the 

controlled plant Gp, the transfer function of ΦC is 
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The control error from inexact prediction could be regarded as additive uncertainty. 

Let D(s) denote disturb signal, W denotes weight function. When D(s) is input signal, 

the loop transfer function of the nominal system is 
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When the controlled plant is time delay and self-balance system, its transfer function 

is  
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The delay element can be approximated using first-order differential and inertial 

element, according to monomial expansion of Pade approaching. Formula (3) could be 

simplified like the following 
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The errors can be considered system uncertainty, although the formula (4) 

approximate calculation will introduce them. 

 

2.2. Discussion on Additive Uncertainty Input D(s) 

A appropriate weighting function W(s) is designed for standardizing the uncertainty 

from signal D(s), and covering D(s) value range, so D(s)=W(s)d(s),‖d(s)‖∞≤1.The 

system is hoped to have stronger robustness against uncertainty, so min‖WΦD‖∞→0. In 

general, signal function D(s) is the harshest typical input which is step signal. But the 

inertial signal is chosen at last, because dissolved oxygen control system has very long 

transition time in reality. So 
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W(s) can be chosen to equal D(s), so W(s)=D(s), because it must cover the complete 

range of D(s). According to the theorem [2]: L is assumed to be a nonempty open set, if 

ΦC is analytic function and non-constant, the maximum of |ΦC| will be outside the set L, 

when ΦC has a zero point 1/α in the set L, the formula (6) can be workable  
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So, the following relation holds: 
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(7) 

Then ΦC0 which is the boundary value of ΦC can be derived as 
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By using a low pass filter to attenuate ΦC , to improve its high-frequency anti-

interference capability, so 

)0(
)1(

)1)(
2

1(

)(
)1(

1
)( 22

2

1

02

2









 T
sTK

sTs

s
sT

s CC



                     

(9) 

Obviously, when T2→0, ΦC→ΦC0 and ‖WΦD‖∞ will achieve optimal performance. 

When formula (9) is substituted in formula (1), the PID controller’s transfer function 

can be computed as 
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Smith predictor and PID controller can be combined to build a new controller 

according to the block diagram of Figure 3, whose transfer function can be computed 

using 
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Apparently, the transfer function is PID controller too, which can more easily be 

realized in technology. The formula (11) variable T2 is an adjusting coefficient, which 

has a direct effect on system robustness and nominal performance. If T2 decreases, the 

precision of system nominal model can be improved, the working frequency band can 

be enlarged, but the robustness will be weaken. If T2 increases, the opposite conclusions 

can be drawn. So a compromise robustness and nominal performance can be given, 

when an appropriate T2 is chosen. In general, the T2 values are from 0.2α to 1.2α. 

 

2.3. Model Identification of the Controlled Plant 

The theoretical calculation and experimental data suggest that the dissolved oxygen 

level in pond can be self-balancing, its model can be described by delay and inertial 

linkage, whose transfer function is shown as formula (3). In formula: K is coefficient of 

water conductivity, T1 is equivalent time constant, α is delay time of dissolved oxygen 

content changing. The parameters of self-balancing delay system can be determined by 

reaction curve method [3]. 

Dissolved oxygen data monitoring uses primary cell dissolved oxygen sensor for fish 

farming. The area of pond is about 2000 square meters, the depth is about 1.8 meters. 

According to Chinese water quality standard for fisheries [4], appropriate dissolved 

oxygen level should be about 10mg/L. So initial level of oxygen is set by 5mg/L, 

running the impellers, sampling time is set by 1 min, then the system ascending curve 

data can be given. The key problem using reaction curve method is choosing accurate 

curve inflection point, which can be given by using Matlab’s 5 order polynomial fitting 

to process experimental data to smooth the ascending curve trend, as shown in Figure 5. 

To draw a curve’s tangent extension line across point P, 3 relevant parameters of system 

transfer function can be given, including dissolved oxygen changing delay time α=480, 

time constant T1=1980, coefficient of conductivity K=0.9. 
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Figure 5. The System Ascending Curve 

 

2.4. PID Controller with Smith Predictor Tuning 

According to the above transfer function parameter values and formula (11), the new 

PID controller with Smith predictor transfer function can be compute using 
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Then the differential equation can be derived as  
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The formula (13) can be transformed into discrete difference equation [5] , as shown 

in formula (14) 

)(
)1()(

2220
)1()(2)1(

475200

)1()(
1116

)1()(2)1(
250002

2

kr
T

krkr

T

krkrkr

T

kuku

T

kukuku














           

(14) 

If the sampling time is unit time, T=1, the digitized controller’s output u(k) can be 

given by  

)]1()(2)1([06.1)]1()1([5.0)(  krkrkrkukuku                  (15) 

According to formula (15), a program based on PID algorithm with Smith predictor 

can be made, to improve the system dynamic performance. 

 

3. Embedded Control System Hardware Circuit Design Based on 

ARM Cortex-M3 

In general, C51 MCU is chosen as the PID controller to build a fish pond aerator 

system, because of lower cost and maturer technology. But C51 MCU could not realize 

more than one high-density CPU resources occupied program in the meantime, such as 

multichannel PWM output, data acquisition, error calculation and data display. The 

function of PID controller algorithm cannot be realized completely, because C51 

performance is weak. So the higher performance MPU should be chosen to improve 

system performance by taking full advantage of the optimal control algorithm. For 

higher cost performance, the economic type in high performance MPU product series 

should be chosen. Based on above considerations, Cortex-M3 series STM32F103x 
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processor is suitable for building high performance multivariable process control system, 

which is ARMv7 architecture economic type [6].   

 

 

Figure 6. The System’s Hardware Design Diagram 

As shown in Figure 6, the control system hardware circuit consists of functional units, 

such as dissolved oxygen data acquisition, wireless signal transmission, parameter 

setting, abnormal alarm and motor drive. Dissolved oxygen data monitoring uses 

primary cell dissolved oxygen sensor. Sensors are attached with floaters(such as life 

buoy) which are anchored in position, and distribute evenly on the surface of water. The 

data collected by sensors is transferred to STM32F103x processor by ZigBee. ZigBee is 

the latest LAN wireless transmission protocol, whose effective communication distance 

can be up to 3000m. Its power consumption is low, two 5v batteries can supply for more 

than one year. It is stabler and lower cost than Bluetooth technology, and its circuit 

design is easier too. It can meet the need of signal transmission in range of pond. The 

differential equation model which is discretized according to formula (11) can compute 

the controller output, and transfer to PWM duty cycle which drive impeller to reduce 

the system error by solid state relay. Furthermore, different low level of the dissolved 

oxygen can set different alarm, the system parameters can be easily set by key and touch 

screen. 

 

4. Experimental Data Analysis 

The dissolved oxygen data sequence which is collected by sensors, are regarded as 

points which are drawn on the coordinate plane by Matlab software. A curve can be 

fitted by processing these points with Matlab sixth order multinomial. The smoothed 

system time response curve is shown as Figure 7. The curve fitted by processing another 

data sequence which is controlled by traditional PID control system is superposed on 

the previous curve for contrast.   
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Figure 7. Comparison of Two Kinds of Response Curves 

Apparently, the optimal PID controller with Smith predictor algorithm reduces 

system response oscillation and settling time, enhance the robustness and disturbance 

rejection performance. The system rise time decreases from 240 min to 120 min, and 

the overshoot is down to less than 2%.After the steady state is achieved, disturbance 

rejection time reduces from 800 min to 300 min, and the output error amplitude from 

disturbance decreases from 60% to 5%, the system has no steady state error (by contrast, 

the traditional PID control system cannot eliminate steady state error completely after 

been disturbed). The system dynamic performance is improved obviously. 

 

5. Conclusion 

This paper designs optimal PID control algorithm with Smith predictor to improve 

fish pond aerator system dynamic performance for the strict requirement of dissolved 

oxygen level in the process of fish farming. Meanwhile, a hardware circuit design plan 

based on ARM Cortex-M3 embedded processor is supposed, which gets stronger 

performance than C51 MCU control system with traditional PID algorithm. The 

hardware selection and plan design realize high cost performance, it is valuable to small 

and medium freshwater aquaculture enterprises. 
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