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ABSTRACT

Temperature control in reaction systems, especially with exothermic reactions, is a challenging
problem in the field of process control. For processes with significant time delay, the control sys-
tems encounter difficulties in maintaining stable operation. Numerous methods have been pro-
posed to address the issues, among which O.J.M Smith suggested a method using a predictor com-
bined with a PID (Proportional — Integral — Derivative) controller. Subsequent studies have been
conducted and demonstrated the significant effectiveness of the Smith's method. In this study, we
applied the Smith's method with a PID controller called PID-Smith controller. PID-Smith controller
was employed to stabilize the temperature of a sucrose hydrolysis reactor and then compared its
performance with that of a conventional PID controller. Experiments carried out with the PID pa-
rameters Kp, Ky and Kp being 80, 0.47 and 1600, respectively, showed that the PID-Smith controller
significantly enhanced the control of system. The experiments were conducted with setpoints of
42°C, 46°C and 44°C, the PID-Smith controller outperforms the PID controller with shorter settling
time, lower overshoot and taking substantially less time to stabilize the system. These result in a
more stable process compared to the PID controller and show Smith's promise in enhancing the
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INTRODUCTION

In reaction systems, reaction temperature is the most
critical parameter having significant effects on prod-
uct quality and system safety!. Temperature is in-
deed a control parameter that exhibits thermal in-
ertia and can introduce dead time in a system. In
processes with large dead time, the effects of distur-
bances do not manifest immediately, but gradually ap-
pear. Furthermore, the effects of the controller also
take time to be observed in the response of the con-
trol variables, and the control actions deal with the er-
rors that have already occurred, rather than prevent-
ing them before they happen, making difficulties to
achieve stable operation of the system” . Therefore,
PID controllers still face many challenges in dealing
In 1957, O.J.M Smith pro-
posed a method? , which was considered as the first
and also the fundamental of Model Predictive Con-
trol (MPC) methods nowadays, for tuning the PID
controller with a predictor to overcome the effects of

with large dead time.

dead time. The idea of the method is to use a model to
predict the future output of the process based on past
and present information of the process and control ac-
tions*. Smith’s method has been studied in a number
of thermal systems™°® and reaction systems”. The
research” applied the Smith predictor based parallel

cascade control strategy to enhance control of con-
tinuous bioreactor The research® applied Smith pre-
dictor with novel iterative learning control strategies,
which are more complicated than PID control strate-
gies, and showed the effectiveness of the method. But,
the more compicated the strategies are, the more ex-
pensive of applying those in actual. Few research was
conducted on the batch reactor system with a simple
method to enhance the control of system. While sim-
ulations of the Smith predictor have been conducted
in researchs, there’s a need for more extensive exper-
imentation to validate its real-world applications. In
this research, in order to find a simple method with
low cost, we applied Smith predictor in a PID con-
troller. This method is much simplier and easy to de-
velop, then compared the performance of this con-
troller to the conventional PID controller in control-
ling reaction temperature. So that we could evaluate
the performance of PID-Smith controller and also the
drawback of this method.

MATERIALS AND METHODS

Sucrose hydrolysis reaction

Sucrose hydrolysis reaction is favored in the food
and pharmaceutical industries because its products, a
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mixture of monosaccharides with an equal molar ra-
tio of glucose and fructose, is known as inverted sugar.
Inverted sugar is highly desirable due to its advantages
as an instant source of energy, high osmotic pressure,
and low crystallization tendency’. In addition, the
sugar inversion reaction can take place under rela-

tively mild temperature conditions '°

making it easy
to set up the reaction conditions for research. The
sucrose hydrolysis reaction equation is represented as

follows '!:
Sucrose + HyO <+ Glucose + Fructose

A wide variety of catalysts have been used in this reac-
tion, including Tartaric Acid, Citric Acid, Lactic Acid,
Acetic Acid, etc. 2. Among these, Citric Acid is a rela-
tively non-toxic and readily available chemical, hence
it will be used as the catalyst in the reaction.

The experiments were conducted with a batch reac-
tor system in the Chemical Process Control Labora-
tory, Department of Chemical Engineering, Ho Chi
Minh City University of Technology, Vietnam Na-
tional University. The main equipment is a reactor
(9) with an internal stirrer (13) and a coil heat ex-
changer. Heat is provided by a heating fluid from an
electric heater (3) and pumped (16) into the heat ex-
changer. The reaction solution is fed into the reac-
tor through the inlet (6) and after the reaction is com-
pleted, the products are discharged through the out-
let (11). In the experiments, the cooling and heating
streams had constant flow rates, and the controller ad-
justed the power into the electric heater to control the
reaction temperature. The reaction temperature was
measured by a 3-wire PT100 sensor. A Siemens S7
1212C DC/DC/DC PLC was used in the experiments
for control and operation.

The experiments were conducted at three temperature
levels: 42°C, 44°C, and 46°C. Previous studies have
shown that the inverse sugar reaction with citric acid
as a catalyst proceeds well under the established ex-
perimental conditions.

To demonstrate the effectiveness of the PID-Smith
controller, the team conducted three experiments. All
experiments were performed using a PID controller
with the same parameters. Experiment 1 was con-
ducted at a setpoint temperature of 42°C, experi-
ment 2 at 46°C, and experiment 3 at various setpoint
temperatures to evaluate the controller’s response to
changing input conditions.

The data in the study was collected directly from a
PT100 temperature sensor and transmitted to a PLC,
with the necessary data being output from the TIA
Portal software.
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Figure 1: Batch reactor model: (1) Electric heater,
(2)Heating water, (3) Water tank, (4) Heating fluid
outlet, (5) Agitator motor,(6) Inlet, (7) Cooling fluid
inlet, (8) Temperature sensor, (9) Reactor, (10) Cool-
ing fluid outlet, (11) Outlet, (12) Heating fluid inlet,
(13) Agitator, (14) Reaction mixture, (15) Flow meter,
(16) Pump [Source: Pha et al.]

For chemical reactions, temperature and reaction
yield are not directly proportional; there is an opti-
mal temperature range. When the reaction tempera-
ture is maintained within this optimal range, the reac-
tion yield is highest. Moreover, temperature stability
in reaction systems is closely related to the safe opera-
tion of the system. Therefore, stable temperature con-
trol is essential. Additionally, temperature sensors are
widely employed devices renowned for their high ac-
curacy, ensuring that the feedback temperature data
is precise and reliable in comparison to other pro-
cess variables. To streamline computational efforts,
the feedback parameter is typically restricted to the
requisite range and scale of the equipment. However,
when stringent control precision is demanded, incor-
porating additional parameters beyond temperature
emerges as a viable strategy.

Process identification

While Smith proposed the FOPDT (First-order-plus-
dead time) model for process identification, in this
research, a more complex model (SOPDT) was ap-
plied to describe the system’s behavior compared to
the simpler FOPDT model often used in temperature
control. While FOPDT models are effective, SOPDT
models can provide more accurate results, especially
for forecasting. However, designing controllers for
higher-order models is more challenging, so we need
to carefully choose the right model complexity.

We used a special tool in MATLAB called the Identifi-
cation Toolbox to find the best mathematical equation
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to describe our system. After testing different equa-
tions, we found that second-order model was the most
appropriate model, correctly representing our system
98.15% of the time. This method was mentioned by
Professor Lennart Ljung to estimate the orders of the

model 3 .
67.74 %
Gp(s) = s
P0) = T537265) (1 7 34.1465) ©
. ///’ - P20 %wsov a
a5 ///
/

Time

Figure 2: Model identification by MATLAB Identifi-
cation Toolbox [Source: System Identification Tool-
box,Release 2023a. Natick, MA, USA: The Math-
Works Inc., 2023.]

With Siemens S7 1200 PLC requiring a discrete trans-
fer function to work with, we need to approximate a
continuous model to discrete model. There are nu-
merous methods to do so, with the transformation
from a continuous variable “s” into a discrete variable

«_»

z”, and they are given in Table 1.

Table 1: Approximation of
variable “s” 14

Method Approximation
Forward s — Z;I

rule

Backward s — ZT’ZI

rule

Trapezoid s — % ;’—i

rule

The Trapezoid-rule is also known as the Tustins
method, where in the approximation “T” is the sam-
ple time. In this research, the applied controller had
the sample time of 1 second. Applying the Tustins
method, we obtained the discrete transfer function as
followed:

_0.01727z+0.01727 0.01085z + 0.01085 __4¢

H
@) Z—0.9655 Z—0.9997

Controller design

The proportional-integral-derivative (PID) controller
offers several advantages in temperature stabilization
control. With the action of the integral term, the error
will be eliminated. Furthermore, thermal processes
often have thermal inertia, in such cases the deriva-
tive term can provide a more responsive control signal
adjustment, thereby limiting the influence of thermal
inertia and helping the system to stabilize faster. The
following is a PID control block diagram for the above
process:

Figure 3: Structureof PID controller '

The controller parameters were found using the man-
ual tuning method used in the experiment as follows:
Kp =80, K; =0.47, Kp = 1600

For processes with delay, O. J. M. Smith proposed a
method using a predictor combined with a PID con-
troller to achieve better control quality. This combi-
nation is called the PID-Smith controller. The pro-
posed structure of the Smith predictor controller is as
follows* :

R 9 Po| = | e g

Figure 4: Structure of PID-Smith controller>

Where G(s)e™ ™ describes the actual process that oc-
curs, Gp(s) is the model of process dynamics,e™
represents the process delay.

The idea behind this method is to use a process model
that captures the inherent dynamics characteristics of
the system Gp(s) excluding the dead time of the pro-
cess. Then we need to identify the delay time between

75 In this case, the model acts

the input and output e
as a predictor of the future of the process, and the cal-
culated information from it becomes the input value
for the controller, thereby minimizing the impact of
delay on the process

The key point of this method is to accurately approxi-
mate the model of the process described by the func-
tion Gp(s) and the value of the delay time e~ . If the
model is exact to the process, the future information
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predicted by the Smith predictor is the same as that of
the process in the future. This method has been pre-
viously studied by simulating and it was shown that
it can significantly improve the control quality '® . In
this research, we will use the transfer function Gp(s)
with delay time e~ ™ that was previously identified
as the predictor for process. The parameters of the
PID controller will be the same with Kp = 80, K; =
0.47, Kp = 1600

Implementation on S7 1200 PLC

On Siemens S7 1200, PID controllers must be called
in a cyclic interrupt with a known cycle time. These
cyclic interrupt blocks halt the execution of the main
PLC program in OB1 and execute their own code be-
fore restarting the main program at the exact point of
interruption.

We use the “PID_Compact” technology object as the
controller in S7 1200. This object continuously reads
the measured process value (reaction temperature)
and evaluates the error between it and the setpoint.
The PID controller has two inputs: setpoint and reac-
tion temperature. The PT100 sensor provides the sig-
nal with the reaction temperature information. The
output of the “PID_Compact” is the control signal,
which adjusts the actuator based on the error between
the setpoint and the reaction temperature.

%88
"PID_Compact_2"

PID_Compact

S M
EN ENO
"Data_block_ *Data_block
1".Setpoint — Setpaint 1" *Control
“Data_block_ Output Signal”
1"."Reaction Qutput_PER
Temperature® Input Output_PWM — =5
Input_PER State
Error —4
- ErrorBits
Figure 5: The “PID_Compact” function block

[Source: Totallylntegrated Automation (TIA) Portal,
v16. Munich, Germany: Siemens AG, 2019.]

To apply the Smith predictor in to the S7 1200 PLC,
we use the SCL programming language to create the
Smith predictor function block. This block, based
on a previously identified model, calculates the future
value of the process from the input information. The
function block has two inputs: the reaction temper-
ature and the PID controller’s control signal. Its sole
output is the predicted future value of the process.

In the PID-Smith controller, the predicted value from
the Smith predictor becomes the new input to the
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“PID_Compact”
tual measured value with the predicted value. The

This effectively replaces the ac-

“PID_Compact” then calculates the control signal
based on the error between the setpoint and the pre-
dicted future value. This approach aims to compen-
sate for the inherent time delay in the process, allow-
ing the controller to react proactively instead of reac-
tively to process changes.

%811
*Smith_

Predictor_DE_
"
%FB3
“Smith predictor”
ENO
“Data_block_ “Data_block_
1" "Reaction 1" *Predicted
Temperature® | sansor Model|— value®
"Data_block_
1* *Control
Signal® —{signal
SmithPredicter

Figure 6: The Smith predictor function block
[Source: Totally Integrated Automation (TIA) Portal,
v16. Munich, Germany: Siemens AG,2019.]

RESULTS AND DISCUSSION

—Reaction Temperature|
-~ Setpoint

8

~_

Temperature (Celsius degree!

0 1000 2000 3000 4000 5000 6000
Time (s)

Figure 7: Reaction temperature control with PID
controller, setpoint: 42°C [Source: Pha et al.]

The response time, settling time and overshoot of two
controllers:

Table 2: Performance criteria of two controllers,
setpoint: 42°C [Source: Pha et al.]

Rise time Settling time ~ Overshoot
(s) (s) (%)
PID 1117 4426 1.10
PID- 1110 2670 0.52
Smith

Figure 6 and Figure 7 shows the temperature response
of the system when we applied PID and PID-Smith



VNUHCM Journal of Engineering and Technology 2026, 9(1):2778-2785

— Reaction Temperature|
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Temperature (Celsius degree)
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Figure 8: Reaction temperature control with PID-
Smith controller, setpoint: 42°C [Source: Pha et al.]

controller with setpoint of reaction temperature of
42°C. Rise time, settling time and overshoot of two
controllers in this experiment are shown in Table 2.
The PID-Smith controller showed better performance
than the PID controller. The PID-Smith controller
could stabilize the process quicker than the PID con-
troller, which leaded to shorter settling time. The
PID-Smith controller also improved the overshoot of
the process with lower overshoot than that of the PID

controller.

Temperature (Celsius degree)

~

* 100 2000 3000 000 5000 6000 7000
Time (5)

Figure 9: Reaction temperature control with PID
controller, setpoint: 46°C [Source: Pha et al.]

N

Temperalure (Celsius dagree)

1000 2000 3000 <000
Time (5)

Figure 10: Reaction temperature control with PID-
Smith controller, setpoint: 46°C [Source: Pha et al.]

Another experiment with both controllers was con-
ducted with the setpoint of reaction temperature of
46°C. The response time, settling time, overshoot are:

Table 3: Performance criteria of two controllers,
setpoint: 46°C [Source: Pha et al.]

Rise time  Settling time  Overshoot
() () (%)
PID 1074 4552 0.90
PID- 1295 2377 0.62
Smith

Consistent with previous results, the PID-Smith con-
troller once again demonstrated superior reaction
temperature control compared to the conventional
PID controller.
rectly attributable to its significantly shorter settling

This enhanced performance is di-

time, resulting in faster process stabilization. The
Smith predictor introduced an inherent time delay
into the control loop, resulting in the PID-Smith con-
troller having a longer rise time than the PID con-
troller. This delay stems from the predictor’s reliance
on estimated values rather than real-time reaction
temperature feedback. On the other hand, with the
setpoint of 46°C, the PID controller gave significantly
longer settling time than PID-Smith controller.

To further assess the performance of the two con-
trollers under varying conditions, a multi-setpoint ex-
periment was conducted. The results are presented in
Figure 10 and Figure 11.

%o 2000 000 6000 000 10000 12000
Time (5)

Figure 11: Reaction temperature control with PID
controller, multi-setpoint [Source: Pha et al.]

This experiment demonstrated the clear superiority
of the PID-Smith controller over the conventional
PID controller. Upon setting the reaction temper-
ature to 42°C, the PID-Smith controller exhibited
a brief oscillatory period before rapidly achieving
steady state.
hibited larger amplitude and more prolonged fluctu-

The conventional PID controller ex-

ations in reaction temperature than the PID-Smith
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Figure 12: Reaction temperature control with PID-
Smith controller, multi-setpoint [Source: Pha et al.]

controller. Until we changed the setpoint, the pro-
cess still did not go into the steady state. With the set-
point of 46°C, we conducted longer time on the con-
ventional PID controller to make the reaction tem-
perature into the steady state but it failed to stabi-
lize the reaction temperature. Instead, the tempera-
ture exhibited persistent oscillations around the set-
point, indicating the controller’s limitations. In con-
trast, the PID-Smith controller demonstrated excep-
tional control and stabilization of the reaction tem-
perature, achieving steady state significantly faster
than the conventional PID controller. Overshoots of
the process were also lower when using the PID-Smith
controller. The same things were shown when we
change the setpoint to 44°C.

DISCUSSION

In this study, we observed the better performance of
PID-Smith controller compared to the conventional
PID controller. From Figure 6 and Figure 7, we can
see that the fluctuation of temperature in the case us-
ing PID-Smith controller is lower than that of conven-
tional PID controller. From the above figures, it can
be seen that the PID-Smith controller outperforms
the PID controller with significantly faster settling
time, which is of great significance for quickly stabiliz-
ing the system state. In addition, the overshoot of the
PID-Smith controller was also lower, which showed
that this controller could limit the overshoot of the
process, the highest temperature reached is 42.2°C,
which is lower than 42.5°C when using the PID con-
troller. A thing that we can conclude in this experi-
ment is that the PID-Smith controller could settle the
process faster than conventional PID controller with
lower settling time and overshoot. Figure 8 and Fig-
ure 9 reveal the PID controller’s significantly degraded
control quality at the higher setpoint. This is evi-
denced by a larger settling error (0.12 for this experi-
ment and 0.07 for the experiment before) and more
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pronounced fluctuations compared to its operation
at 42°C. This is a common limitation of PID-based
control systems which is their sensitivity to setpoint
changes. This often necessitates retuning the PID pa-
rameters to maintain optimal performance across a
wide operating range. Figure 10 and Figure 11 re-
confirm a fundamental limitation of PID controllers:
their difficulty in adapting to systems with highly dy-
namic conditions. But, The PID-Smith controller can
solve this problem. This experiment underscores the
significant value of the PID-Smith controller. Even
with a setpoint change to 44°C, it demonstrated ro-
This
highlights its effectiveness in dynamic process envi-

bust control and rapid process stabilization.

ronments where operating conditions may change.

Numerous empirical studies have demonstrated the
efficacy of PI controllers for temperature regulation.
However, this research endeavors to develop a com-
prehensive PID-Smith control strategy incorporating
proportional, integral, and derivative components,
grounded in theoretical principles. While advanced
control paradigms such as adaptive, fuzzy, or neu-
ral network controllers have gained prominence, their
implementation often demands substantial invest-
ment and research due to their inherent complexity.
Within the scope of this investigation, the objective
is to enhance the control performance of a reaction
system with a relatively simple method through the
evolution of a basic PID controller, while maintain-
ing a manageable design complexity. Besides, the PLC
employed in this research is a digital controller with
a sampling interval of 1 second. While the current
study concentrated on developing and implementing
a combined PID-Smith control strategy, the influence
of varying sampling intervals on the digital PID con-
troller’s performance was not comprehensively eval-
uated. This aspect presents a significant scientific in-
quiry and will be a focal point of future investigations.
The scope of this study is about batch reactors with
structures and properties similar to the system under
investigation. Additionally, this method can be ap-
plied to certain types of helical coil heat exchangers
with similar configurations. However, to extend this
approach to other operating systems, such as continu-
ous stirred-tank reactors (CSTRs), further research is
required to identify process variables, suitable models,
data collecting method and how to design controllers.
A significant challenge arises in determining a suit-
able process model. The Smith predictor depends on
a process model, our findings indicate that our model
possesses sufficient accuracy. A poorly constructed
model can indeed lead to degraded performance com-
pared to a conventional PID controller. To determine
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precise accuracy thresholds for optimal Smith predic-
tor and also the applicable range of the method, fur-
ther research is necessary.

The proposed method has the advantages of being
simple and easy to develop. In industry, PID con-
trollers are widely used. By utilizing the same model
used to develop the initial PID controller, the Smith
predictor is applied to enhance control performance.
With minor adjustments and using existing resources,
the control quality can be significantly improved from
a simple PID controller. Within the scope of the cur-
rent research, our team is unable to assess the actual
economic benefits. Furthermore, based on the pre-
sented results, the control quality of the system will
be significantly improved. Further quantitative data
and empirical evidence are required to definitively as-
sess the cost-effectiveness and practical feasibility of
our proposed method. Future research will be dedi-
cated to comprehensively investigating these aspects.

CONCLUSION

This research demonstrates the successful design and
implementation of a simple, Smith predictor-based
controller for a batch reactor system. The above ex-
periments had demonstrated the effectiveness of the
PID-Smith controller compared to the conventional
PID controller, achieving reduced settling time and
overshoot, which introduced significant improve-
ment for reaction equipment systems. The primary
advantage of the PID-Smith controller lies in its abil-
ity to achieve process setpoint stabilization signifi-
cantly faster than a conventional PID controller. This
enhances performance translates to smoother, more
efficient operation, particularly in processes subject
to varying operating conditions. Conversely, experi-
ments have demonstrated a limitation of conventional
PID controllers: they often exhibit suboptimal perfor-
mance, longer settling time and instability, when con-
fronted with setpoint changes. The Smith predictor
provides a powerful technique for compensating time
delays in control systems. Its effectiveness is particu-
larly pronounced when an accurate process model is
available. Additionally, the Smith predictor offers the
advantage of straightforward implementation, requir-
ing minimal cost and technical complexity.
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Ung dung bd du bao Smith trong bd diéu khién PID cho mé hinh
thiét bi phan Ung gian doan thay phan dudng sucrose

Bui Ngoc Pha'2”*, Tran Quéc Thanh'2, Triéu Thai Pang'2

TOM TAT

Kiém soat nhiét dé trong cac hé thdng phan Ung, dac biét la véi cac phan ting tda nhiét, 1a mot bai
toan day thach thic trong linh vuc diéu khién qud trinh. Déi véi cac hé théng cé thai gian tré 16n,
c4c hé théng diéu khién thudng gap nhiéu khé khan trong viéc duy tn trang théi hoat dong én
dinh. Nhiéu phuong phép da dugc dé xuat dé giai quyét van dé nay, trong dé O.J.M Smith da gidi
thiéu mot phuong phap st dung bd du bao két hop véi bé diéu khién PID (T1 1é - Tich phan - Vi
phan). Cac nghién ctiu sau nay da dudc tién hanh va chiing minh hiéu qua ro rét clia phuong phap
Smith. Trong nghién ctiu nay, ching t6i da ap dung phucng phéap Smith cung véi bo diéu khién
PID, dugc goi la bé diéu khién PID-Smith. Bé diéu khién PID-Smith dugc st dung dé &n dinh nhiét
dd cho mét thiét bi phan tng thlly phan sucrose, sau dé hiéu suat ctia né dugc so sanh véi mét
b6 diéu khién PID truyén théng. Céc thi nghiém dugc thuc hién vai cac thong sé PID Kp, Ky va Kp
lan luat 13 80, 0.47 va 1600, cho thay b6 diéu khién PID-Smith da cai thién dang ké chét lugng diéu
khién ctia hé théng. Qua trinh thuc nghiém duac tién hanh véi cac gia tri dat lan luat la 42°C, 46°C
va 44°C; két qua cho thdy bo diéu khién PID-Smith vuat troi hon so véi bé diéu khién PID thong
thuding nha thai gian xac lap ngén hon, d6 vot |6 thdp hon va tén it thai gian hon déang ké dé dua
hé théng vao trang thai &n dinh. Nhing két qua nay mang lai mot qué trinh van hanh én dinh hon
so véi bo diéu khién PID don thuén, déng thoi cho thay trién vong clia phuong phap Smith trong
viéc nang cao hiéu nang clia cac hé théng diéu khién PID.
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