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Abstract: Considering current shortage of the technique for obtaining and tracking setting values of water 
supply temperature of the secondary pipe network in heat exchange station control system, a cascade fuzzy 
controller was designed. Combined with a specific engineering project, a monitoring system formed of wireless 
and wired network was built. Technical scheme of the monitoring system, network structure, software and 
hardware configuration, as well as control strategy of the related process are included in the design. Meanwhile, 
software aided design and simulation experiments in MATLAB software and the concrete implementation 
method in Siemens S7-200CPU226PLC are also introduced for the fuzzy controller. The simulation and 
practical operation both show that because of adopting the automatic control system based on network 
communication, the system has acquired improved dynamic quality, real-time performance and stability, when it 
obtains and tracks the water supply temperature setting values of the secondary pipe network of heat  
exchange station. It also overall improves the automatic control and management level of the system.  
Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Water supply temperature of the secondary pipe network, Heat exchange station, Cascade fuzzy 
controller, Automatic control system, Network communication. 
 
 
 
1. Introduction 
 

In northern China, the early adopted heating 
system in winter mainly was separate coal-fired 
boiler heating system, which was decentralized and 
energy wasting. Moreover, Coal-burning pollution 
and noise pollution caused by these systems also 
influenced the lives of the urban residents seriously. 
A district residents heating originally adopted 
independent coal-fired boiler system, with overall 
development of urban central heating system plan, 
the original coal-fired boiler room needed to be 

converted to a lower heat exchanger station in a 
central heating system. 

In previous heat exchange station, methods of 
temperature adjustment [1, 2] and temperature 
compensation curve [3, 4] were mainly adopted for 
secondary pipe network supply water temperature 
setting value obtaining. The shortcoming of the 
temperature adjustment method is it is difficult to 
establish accurate mathematical model, because the 
heating pipe network area is large, and its distribution 
is uneven and random. Disadvantage of the 
temperature compensation curve is that it can only 
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indicate general experience relationship between set 
point of the secondary pipe network water 
temperature and the outdoor temperature, but not 
reflect influence of outdoor temperature variation on 
the temperature set point, so the control effect is not 
ideal. Traditional PID controller was generally 
adopted for previous dynamic tracing method of 
water supply temperature setting value of the 
secondary pipe network [5]. There are some 
disadvantages of this method, for example, time-
varying and randomness of controlled object is not 
considered, and it’s difficult to control nonlinear and 
time varying systems by using conventional PID with 
fixed KP, KI and KD parameters. 

In view of previous related researches, a cascade 
fuzzy controller formed by serial connection of fuzzy 
controller and fuzzy parameters self-tuning PID 
controller based on control network is put forward to 
acquire and track water supply temperature setting 
values of the secondary pipe network of heat 
exchange station.  
 
 

2. Process and Control Strategy  
of the System 

 
Generally in a central heating system, high 

temperature steam produced by a centralized heat 
source factory is transformed into high temperature 
hot water in the steam – water heat exchanger of the 
superior heat exchanger station, and the hot water is 
delivered to the primary pipe network of water-water 
heat exchanger of the lower distributive heat 
exchanger station, then the hot water is delivered to 
the heat user by the circulating pump system of the 
secondary pipe network. Water loss of the secondary 
pipe network system will be compensated by a 
compensating pump of the secondary pipe network. 
The control system process diagram of the heat 
exchange station is shown in Fig. 1. 

In view of excellent quality of the fuzzy control 
for uncertain and nonlinear fuzzy variable, fuzzy 
control strategy was introduced for acquisition and 
tracking of water supply temperature setting data of 
the secondary pipe network. By combining fuzzy 
control and fuzzy parameter self-tuning PID, a 
cascade fuzzy controller was built. The former 
controller is a two-dimensional fuzzy controller, both 
of the outdoor temperature and changes of outdoor 
temperature over a period of time are taken as inputs 
of the fuzzy controller. The output is water supply 
temperature setting value of the secondary pipe 
network and this value will be an input of the latter 
self-tuning fuzzy PID controller. By constructing 
fuzzy controller to get the temperature setting values 
of the secondary pipe network, the system has better 
real-time and dynamic characteristics, and the 
uncertain factors such as sudden disturbance or rapid 
changes of meteorological parameters are fully 
considered. The latter controller is a fuzzy parameter 
self-tuning PID controller, and it is a combination of 
conventional PID and fuzzy inference parameters 
calibration. Water supply temperature setting value of 
the secondary pipe network got from the former 
fuzzy controller is compared with the water supply 
temperature actual value sampled by temperature 
sampling module, then the difference e  and the 
difference change rate ec  will be taken as the input 
of the fuzzy parameter self-tuning PID controller. 
Three parameters of PID controller KP, KI and KD are 
corrected in real time by making use of the output of 
fuzzy inference ΔKP, ΔKI and ΔKD. The PID output is 
used to adjust the openings of the primary pipe 
network valve. By adjusting water supply flow of the 
primary pipe network, the temperature of the 
secondary pipe network is kept steady on the setting 
value. The cascade fuzzy control principle block 
diagram of water supply temperature of the 
secondary pipe network in heat exchange station is 
shown in Fig. 2. 

 
 

 
 

Fig. 1. The control system process diagram of the heat exchange station. 
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Fig. 2. The block diagram of the cascade fuzzy controller. 
 
 

Two other important links associated with the 
heat exchange station are the circulatory system and 
complement water system. Through adjustment of the 
cascade fuzzy controller, water supply temperature of 
the secondary pipe network is on the set point that the 
users need. To ensure the thermal energy users be 
satisfied with the indoor temperature, which can have 
a small fluctuation range, a reasonable temperature 
difference between supply and return water should be 
set. Moreover, it can also achieve the goal of saving 
energy and reducing consumption. So in the 
circulating system of the secondary pipe network, a 
supply and return water constant temperature 
difference variable frequency PID control strategy is 
adopted; but in the complement water system, the 
constant voltage variable frequency PID control 
strategy is adopted, which is more advanced  
and mature. 

3. Network Structure of System Control  
and Configuration 

 
The cascade fuzzy controller is realized by using 

the control network.  
Realization of the function of circulation and 

complement water PID process control also depends 
on the control network.  

After comprehensive evaluation of the 
mainstream control network in the industrial  
market, the PROFIBUS field bus system based  
on Siemens PLC is finally chosen as the control 
network core.  

The whole system includes a local monitoring 
system, a GPRS wireless communication network 
and a wireless remote monitoring center [6, 7]. The 
system control network structure is shown in Fig. 3. 

 
 

 
 

Fig. 3. The structure diagram of the system control network. 
 
 

1) The local monitoring system: the local 
monitoring system consists of two kinds of master 
stations and four kinds of slave stations; 
communication between the master stations and the 
slave stations is done via PROFIBUS-DP bus. A 

Siemens S7-300 series PLC CPU315-2DP is adopted 
as a first type master station. In the PC of the second 
type master station, Siemens programming software 
STEP7V5.4, WINCC configuration software and the 
CP5611 communication card are installed. There are 
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four types of slave station in the local monitoring 
system. The first type is formed of  
S7-200CPU226+EM235+EM227 modules. GPRS 
wireless communication module SINAUT MD 720-3 
is installed on the S7-200 CPU226PLC, which is a 
Siemens S7-200 PLC special wireless GPRS module. 
The valve opening instructions from the cascade 
fuzzy controller are directly output from the extended 
analog I/O module EM235 on S7-200CPU226PLC, 
and outlet and inlet pressure of the circulation pump 
group are also gathered by the module EM235. Via 
PROFIBUS-DP slave station EM227 module the 
PROFIBUS field bus is connected to S7-
200CPU226PLC.  

The second type slave station is formed of 
temperature acquisition modules DDMF5 with 
PROFIBUS-DP interfaces, used for accurate 
collection and pretreatment of water supply 
temperature, backwater temperature of the secondary 
pipe network and the outdoor temperature. The third 
type slave station is formed of Siemens M440 
frequency converters with PROFIBUS-DP 
communication cards, which are used as electric 
driving devices of circulation pumps and complement 
water pumps of the secondary pipe network. The 
fourth type slave station is formed of remote I/O 
station ET200M+IM153-1, which is mainly 
connected with devices and control signals without 
PROFIBUS-DP interface [8]. 

2) GPRS wireless communication network: since 
the local monitoring station is far from the remote 
monitoring center, and construction of cable 
communication in the urban area is difficult and 
expensive, wireless communication technology is 
used between the two stations, on the premise of 
ensuring data reliability and real-time performance. 
In the current industrial control field, the major 
methods of PLC remote wireless communication are 
radio modem, GPRS, and wireless Ethernet.  

After comprehensive comparison, the GPRS 
wireless communication system is adopted in  
the system. 

3) The wireless remote monitoring center: in 
order to enhance security of the data through the 
public network, the remote monitoring center PC is 
connected to the public internet via the internal LAN 
firewall devices of the central heating center [9]. 
WINCC7.0 configuration software and OPC routing 
software SINAUT MICRO SC are installed on the 
PC. SINAUT MICRO SC routing software realizes 
the data routing functions between the GPRS network 
and the public internet.  

Being an OPC client, Siemens WinCC7.0 
monitoring configuration software can directly access 
to process data integrated to the public internet by 
routing. WinCC7.0 configuration is done by picture 
connection of the integrated data.  

So some tasks as real-time monitoring  
and scheduling management of various  
process parameters of the heat exchange station  
can be realized on the PC of the remote  
monitoring center. 

4. Realization of System Functions 
 
4.1. Design of the Cascade Fuzzy Controller 
 

Constructing procedures of the former fuzzy 
controller in the cascade fuzzy controller are  
as follows: 

1) Fuzzy input and output variables: based on the 
local meteorological data for many years and the 
parameters operation records of the original system, 
the basic theory domain of the outside temperature e  
is set to [-20 °C, +20 °C]; the basic theory domain of 
the outside temperature variation ec  is set to  
[-6 °C, +6 °C]; the basic theory domain of water 
supply temperature setting value of the heat 
exchanger station secondary pipe network is set to  
[20 °C, 70 °C]. Fuzzy theory domain for each 
variable e , ec  and u  is set to [-6, +6], and seven 
fuzzy subset {NB NM NS ZO PS PM PB} are 
selected for each variable. Triangle is selected as 
membership function curve for each of the three 
variables e , ec  and u . 

2) Acquisition of fuzzy control rules: fuzzy rule is 
the soul of fuzzy controller, which contains fuzzy, 
plentiful experiential judgement of people, so it 
decides whether the control performance is good or 
bad. Through long-term observation and combined 
with the experience of manual operation, the final 
fuzzy control rules are as shown in Table 1. 
 
 

Table 1. The fuzzy control rule table of the former fuzzy 
controller e , ec  and u . 

 
EC/E NB   NM   NS   ZO   PS    PM   PB 
NB NB NB PM ZO ZO ZO    PB 
NM NB NB NM ZO ZO ZO NB 
NS    NB NB NB ZO ZO PS NB 
ZO   NB NB ZO ZO PB PM NB 
PS NB NS PS ZO PM PB NB 
PM NB ZO PS ZO PM PB PB 
PB NB ZO ZO ZO PB PB PB 

 
 

3) Clarifications of the output variables: the 
output of fuzzy controller need to be defuzzificated 
before output. Methods of defuzzification include 
gravity method, maximum membership degree 
method, median method, etc. The gravity method is 
adopted for the clarification of the fuzzy controller. 

Structure method of the latter fuzzy  
parameter self-tuning PID controller is similar to  
that of the former fuzzy controller, so it is not 
discussed specifically. 
 
 
4.2. PLC Realization of the Cascade  

Fuzzy Controller 
 

The S7-200CPU226PLC in the PROFIBUS-DP 
control network is directly used to realize the 
function of the controller, in order to improve the 
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reliability and real-time control. Firstly the fuzzy 
control query tables of both former and latter fuzzy 
control are obtained with the help of MATLAB 
simulation software, which is the output of fuzzy 
control, then the tables are stored in the variables 
register V of the S7-200CPU226PLC, to solve the 
problem of the weak PLC computing ability and 
reduce the PLC programming amount for cascade 
fuzzy control algorithm. In the process of control, the 
PLC directly obtains the output value of the two-
stage fuzzy controller by looking up the tables, 
according to the real time input values of the two 
stage fuzzy controller.  

Taking the fuzzy self-tuning PID controller at the 
latter-stage as an example, the S7-200CPU226 inputs 
the difference e  and the difference change rate ec  
of the water supply temperature into the latter fuzzy 
PID controller. By means of a look-up table 
subroutine, the S7-200CPU226 obtains three fuzzy 
reasoning output ΔKP , ΔKI and ΔKD from the fuzzy 
control query table, which are compensation value 
needed by the PID controller parameters KP, KI and 
KD. After real-time correction, the parameters KP, KI 
and KD are assigned to the PID controller to control 
the opening of the control valve. The S7-200CPU226 
software PID module is adopted for the  
PID controller. 

The process of implementation of the query table 
through MATLAB software are as follows: firstly, 
the fuzzy logic inference type is set on the FIS editor 
interface in the Fuzzy Logic Toolbox as Mamdani; 
the Aggregation is set as Sum; the And item of fuzzy 
and strategy types is set as Min fuzzy operator; 
Implication is set to Plod, and Defuzzification type is 
set to Centroid. Then domain and membership degree 
function of each fuzzy variable are determined under 
the membership degree function editor interface. 
Finally, corresponding fuzzy control rules are input 
on the Rule Editor interface. Then a curved surface 
can be obtained in surface observer as the fuzzy 
reasoning result. Although the output surface is the 
output of the fuzzy control, it can not be directly read 
by PLC. So it must be converted to fuzzy control 
query table via Evalfis function conversion tool [10]. 
 
 
4.3. Simulation Experiments  

and Running Effect 
 

Taking the latter fuzzy parameter self-tuning PID 
controller as an example: in order to verify validity 
and advantage of the system dynamic adjustment, the 
traditional PID controller and fuzzy self-tuning PID 
controller are simulated and compared by using the 
Simulink platform of the MATLAB simulation 
software. For the two different algorithms, the same 
mathematical model is established on Simulink for 
the controlled object. Assume that outdoor 
temperature decreases sharply and water supply 
temperature setting value of the secondary pipe 
network suddenly rises from 55 °C to 60 °C, a step 
signal is given to each of the two supply temperature 

control systems which adopt two different algorithms 
when t=0. The simulation waveform of the traditional 
PID controller for the water supply temperature is 
shown in Fig. 4, and the simulation waveform of the 
fuzzy parameter self-tuning PID controller is shown 
in Fig. 5. The KP, KI and KD parameters of the 
traditional PID controller and the initial values of the 
KP, KI and KD parameters of the fuzzy parameter self-
tuning PID controller are set by adopting classical 
stable boundary method. 
 
 

 
 

Fig. 4. Simulation waveform of the traditional PID. 
 
 

 
 

Fig. 5. Simulation waveform of the fuzzy self-tuning PID. 
 
 

Simulation results from comparison between 
Fig. 4 and Fig. 5 show that: under the same 
comparable coordinate system, the system overshoot 
amount of the fuzzy parameter self-tuning PID 
controller is significantly less than the traditional PID 
controller, and the dynamic adjusting speed is higher, 
but steady-state precision of the two system is 
basically the same. So the fuzzy PID controller is 
superior to traditional PID controller. 

The actual room temperature of user is the 
primary index of evaluating system running effect. 
The local heating period is started from October 15 of 
the year and ended on April 15 the next year 
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(calculated for 182 days). The system is required to 
set the user room temperature control index between 
18 °C and 22 °C. According to the system operation 
records of the administrative department, the actual 
measured number of days in which the user 
temperature reach the standard during the heating 
period has been improved from an average of  
126 days to 178 days, because of the  
technological renovation. 

Before the system renovation, all of the 
circulating pump motors and the complement pump 
motors took the power frequency operation mode, 
and the start and stop were all done by artificial 
judgment, so it was a severe waste of electricity. 
After the system renovation, because supply water 
temperature control of the secondary pipe network is 
precise and stable, and the variable frequency PID 
strategy is cooperatively adopted for the circulating 
and complement systems, the energy saving effect is 
obvious. According to the statistics, the system can 
save electric power 98600 kW⋅h on the average in 
each heating period and the power saving rate 
reaches 12.8 %. 
 
 

5. Conclusions 
 

In this renovation project, the acquisition and 
tracking methods of the water supply temperature 
setting values of the secondary pipe network of a heat 
exchange station was improved. The real-time 
performance and dynamic quality has been improved 
by the cascade fuzzy controller, and its effectiveness 
has also been proved by simulation experiments and 
actual running effect. Design of the monitoring 
system based on control network can better complete 
the control needs of local monitoring system and 
remote monitoring center. This design has wide 
prospect of engineering application in the fields of 
central heating system, heating boiler system and 
central air conditioning system, etc. 
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