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ABSTRACT - This research was done for temperature 

control of a reactor with high thermal inertia. The reactor 

chamber temperature is required to be critically controlled 

at 3000C. A non-linear thermodynamic model was 

developed, and process parameters were estimated to 

comply with experimental data by numerical optimization. 

In practice, a single sensor control system is the only 

possible option for this reactor. Therefore, the cascade 

controller was implemented with a predicted temperature 

reading. 
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INTRODUCTION 

Temperature controlling is widely used in process 
engineering. Most of the systems can be controlled with 
simple controllers such as on and off mechanism or PID 
(Bequette, 2003). When the system becomes more robust, 
controlling is difficult and advanced control systems are 
required. In this study, control system was developed to 
control the temperature of a lab scale torrefaction reactor  

The 3kW electrical heater was controlled by a PWM 

signal. This system responds very slowly as its thermal 

inertia is very high. The heat transfer process of the system 

was identified by modelling and the control mechanism 

was simulated in MATLAB/SIMULINK (Ong. M. C, 

1997) environment and a suitable control structure was 

developed. 

METHODOLOGY 

Process Parameter Estimation 

A mathematical model was developed considering heat 

transfer of the reactor (BERGMAN, LAVINE, 

INCROPERA, & DEWITT, 1385). The heater and the 

reactor chamber were considered as two subsystems. Heat 

transfers of the system are shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 

Energy balance of each unit was considered separately. 

The heater part was considered as a hollow cylinder.  

A dead time (τd) was observed from experimental data and 

the experimental value was incorporated with the model 

(Tyreus & Luyben, 1992). By experiments, it could be 

observed that the dead time (τd) has an inverse relationship 

with the Duty cycle of PWM input to the heater.  

𝜏𝒅 = 𝒌𝒅
𝟏

𝑷
   (1) 

Then a mathematical model of the heater can be built as, 

𝐶ℎ
𝑑𝑇ℎ

𝑑𝑡
=  𝐻𝑒   −  𝐻ℎ𝑐 −  𝐻ℎ𝑒 (2) 

He - Heat provided by the electricity 
Hhc - Heat transfer from the heater to the reactor chamber 

Hhe - Heat loss from the heater 

Ch - Thermal capacity of the heater 

𝐶ℎ
𝑑𝑇ℎ

𝑑𝑡
= 𝐼𝑉𝑃 −

2𝜋𝐿𝑘(𝑇ℎ−𝑇𝑐)

𝑙(
𝑟2
𝑟1

) 
× 𝑓𝜏𝑑

(𝑡) − ℎ. 2𝜋𝑟2𝐿(𝑇ℎ − 𝑇𝑒) (3) 

He - Heat provided by the electricity 
I – Current 
V – Voltage 
P – Duty cycle of PWM 
k - Heat conductivity between heater and reactor chamber 
Th – Temperature of the heater 
Tc – Temperature of the reactor chamber 
Te – Temperature of the environment 
L – Length of the heater 
r1 – Inner radius of the heater 
r2 – Outer radius of the heater 
h – Convection heat transfer coefficient 

fτd(t) is a step function such that 

 

 

𝑑𝑇ℎ

𝑑𝑡
= 𝑛1𝑃 − 𝑛2(𝑇ℎ − 𝑇𝑐) × 𝑓𝜏𝑑

(𝑡) − 𝑛3(𝑇ℎ − 𝑇𝑒) (4) 

The reactor chamber is cylindrical, and it is covered by the 
heater. Therefore, heat loss can be considered only 
through the two flat surfaces. Then heat enters the reactor 
through the cylindrical surface.  

Heat balance of the heater is, 

𝐶𝑐
𝑑𝑇𝑐

𝑑𝑡
 = 𝐻ℎ𝑐  −  𝐻𝑐𝑒                                            (5) 

 

Hce - Heat loss from the reactor chamber 
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Figure 1. Heat transfers of the system 
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Cc - Thermal capacity of the reactor chamber 

𝐶𝑐
𝑑𝑇𝑐

𝑑𝑡
=

2𝜋𝐿𝑘(𝑇ℎ−𝑇𝑐)

𝑙𝑛𝑙𝑛 (
𝑟2
𝑟1

) 
× 𝑓𝜏𝑑

(𝑡) − ℎ. 2𝜋𝑟1
2(𝑇𝑐 − 𝑇𝑒) (6) 

𝑑𝑇𝑐

𝑑𝑡
= 𝑛2(𝑇ℎ − 𝑇𝑐) × 𝑓𝜏𝑑

(𝑡)   −  𝑛4(𝑇𝑐 − 𝑇𝑒)  (7) 

Here; n1, n2, n3 and n4 are the system parameters. In this 
study, these parameters were empirically determined for 
the rector. 

In the experiment, temperature variation inside the reactor 
chamber was recorded for 70 minute period, when the 
heater was powered by 40% PWM duty cycle for a 10 
minutes pulse.  

The system parameters of n1, n2, n3, n4 were numerically 

estimated by using least squares error (LSE) method. 

Gradient descent algorithm (Rumelhart, Hinton, & 

Williams, 1986) was used for minimizing the objective 

function (SE). 

Temperature Controlling of the Reactor 

The control error (E) of the system can be defined as, 

𝐸 =  𝑇𝑐 𝑠𝑒𝑡 −  𝑇𝑐         (8) 

Tc set – Setpoint of the reactor chamber (3000C) 

The proposed controllers were tuned for minimizing the 
Integral Squares Error (ISE) of the system by using 
gradient descent algorithm. Then, ISE is defined as, 

ISE= ∫ E2 dt
T

0
   (9) 

Single loop PI controller (Controller 1) 

u= kP.E+ kI ∫ E (10) 

Where kp and kI are constants, which are required to be 
tuned for controlling the system. 

Cascade controller (Controller 2) 

Traditional cascade controlling mechanism (Zhang, 
Zhang, Ren, Hou, & Fang, 2012) (Controller 2) was 
developed by considering secondary loop measurement as 
temperature of the heater.  

Cascade controller with a single sensor and predicted 

Th (Controller 3) 

As it is not feasible to measure the temperature of the 
heater because of its physical structure, it was predicted by 
using following formula,  

𝑇ℎ 𝑝𝑟𝑒𝑑 =
𝑑𝑇𝑐
𝑑𝑡

+𝑛4(𝑇𝑐−𝑇𝑒)

𝑛2
+ 𝑇𝑐                                         (11) 

Th pred – Predicted temperature of heater 

RESULTS 

The performance of the controllers is shown in Table 1. 

Table 1. Performance of controllers 

Controller 
ISE (for 2 

hours) 

Stabilizing Time 

(minutes) 

Controller1 3.4851×107 60 

Controller2 3.4245×107 40 

Controller3 3.4245×107 40 

 

Figure 2. Comparison of controllers 

 

CONCLUSION  

As results show, cascade controlling can be used for 

controlling systems with high time constant. 
When it is not feasible to install two sensors, predicted 

value can be used with a single sensor for cascade 

controlling algorithm. 

 

REFERENCES 

Bequette, B. W. (2003). Process control : modeling, 

design, and simulation. Prentice Hall PTR. 

BERGMAN, T. L., LAVINE, A. S., INCROPERA, F. P., 

& DEWITT, D. P. (1385). Fundamentals of Heat and 

MassTransfer. 

Ong. M. C. (1997). Simulations of Electric Machinery_ 

Using MATLAB_SIMULINK. 

Rumelhart, D. E., Hinton, G. E., & Williams, R. J. (1986). 

Learning internal representations by error propagation 

(No. ICS-8506). California Univ San Diego La Jolla Inst 

For Cognitive Science, 1, 318–362. 

https://doi.org/10.1016/B978-1-4832-1446-7.50035-2 

Tyreus, B. D., & Luyben, W. L. (1992). Tuning PI 

Controllers for Integrator/Dead Time Processes. Industrial 

and Engineering Chemistry Research, 31(11), 2625–2628. 

https://doi.org/10.1021/ie00011a029 

Zhang, J., Zhang, F., Ren, M., Hou, G., & Fang, F. (2012). 

Cascade control of superheated steam temperature with 

neuro-PID controller. ISA Transactions. 

https://doi.org/10.1016/j.isatra.2012.06.00 


