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Abstract—The idea of robust control of a thermal mixer by utilising
sliding mode control technique is put forward in this paper. It is
intended to design a Sliding Mode Controller to achieve the reference
temperature of the mixer in presence of unsettling disturbances. The
performance of the procedure is outlined by simulation in MATLAB
environment. The designed controller ensures the convergence and
stability requirement in presence of disturbances and hence proves
its robustness. The outcome of the suggested procedure in
comparison with classical PID control method shows that the
proposed procedure is simple and successful over an extensive span
of working conditions, model instabilities and nonlinear dynamics of
the system.

1. INTRODUCTION

Mixers are generally utilised as a part of pharmaceuticals,
chemicals, food processing industries for delivering different
substrates with high included quality. Due to the inherent
nonlinear qualities, presence of plant uncertainties and
absence of consistent working conditions, control of chemical
processes like mixing tank has always been a fascinating
subject to control engineers. The issue of mixing the measures
of hot and cool liquid to deliver a blend having a required
temperature is well known to everybody, including individuals
who are not control specialists. This is an issue which shows
up in industrial systems as well as in everyday shower case
[9,10]. In this paper we consider the first order plus dead time
model (FOPDT) of the mixing tank and apply a robust control
method to attain a desired tank temperature. Sliding Mode
Control (SMC) is capable of controlling nonlinear systems
because of its robustness to special kind of uncertainties and
parameter variations [1,15]. Uses of SMC to various chemical
processes have been accounted in [1,8,17].

The paper is arranged in the following manner. Section II
describes the process considered. Section III portrays the
underlying idea of the two control procedures applied. Section
IV demonstrates the designing of the Sliding mode controller
along with the tuning equations using system model based on
FOPDT. Section V describes the simulation of the designed
controller and presents the result obtained finally section VI
presents the conclusion derived.

2. PROCESS

Mixing process is a vital procedure for quality generation of
products in process industries. Various reactants are mixed in
different concentrations to form products of different qualities
which are used for further procedures. In some cases, a small
blunder in the synthesis procedure could result in a poor
quality product. The mixer consists of a mixing tank, a stirrer
and valves wherein a hot water and a cold water flux are
mixed together. The objective of the process is to keep up the
temperature of the tank near its set point[1,9,10].

3. CONTROLLERS

3.1 PID Control

P, PI or PID are the customarily used controllers in process
industries [3,6,16]. The PID control is described by:

where e is the deviation of the output variable, x(t) from the
reference variable, r(t). That is error

e(t) = r(t)- x(t) @)

The control signal u(t) is a total of three terms, the term
relative to the error e(t) is the proportional term, the term
relative to the integral of the error is the integral term and the
derivative term corresponding to the derivative of the error.
Stability can be ensured using only the proportional term. But
proportional action results in offset error in the output. The
integral term can eliminate the offset but increases overshoot
and settling time. This can be decreased with increase in the
derivative time (Tg). The derivative term is used to provide
damping to the response.

3.2 Sliding Mode Control (SMC)

Sliding mode control (SMC) is a robust nonlinear control
method [1,2,3,4,5,15]. It is suitable for nonlinear dynamical
systems working under conditions of uncertainties like
parameter variations, modeling uncertainties and external
disturbances.
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Sliding mode control technique is computationally simple and
is uncaring to matched uncertainties and outside aggravations.
It is widely used for reduced order modeling of plant
dynamics and has a finite-time convergence.

Sliding Mode Control has evolved from Variable Structure
Control (VSC) [4,5,12].

The concept of SMC technique is to characterize a surface
called sliding surface along which the system trajectory slides
to its equilibrium point. A discrete control law is derived
which drives the system trajectory on to the sliding surface
and then slide along the surface to the final equilibrium point.
The design procedure includes two steps. Firstly designing the
sliding surface according to our requirement to ensure system
stability and secondly formulating the control law in
accordance to which the system's trajectory would converge to
the sliding surface in finite time.

Fig. 1. shows the sliding mode control rule [1,3].

s=0 ¥
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sliding surface system trajectory
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4

Fig. 1: The Concept of Sliding Mode Control
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To the extent chemical processes are concerned firstly,
constructing a complete model is troublesome because of the
unpredictability of the process and various unknown
parameters affecting the process. And secondly, mathematical
equations describing the process dynamics are generally of
higher order. The paper presents a viable approach utilizing a
reduced order model of the chemical process.

The equation of the sliding surface is derived using an FOPDT
model of the process [1,3,4,5,15].

The sliding surface equation is an integro-differential equation
of the error and is given by

d
S() =+ D" fye(t) dt (3)
where e(t) as mentioned in (2) is the tracking error.

The tuning parameter A decides the execution of the system on
the sliding surface, n is the order of the system. The control
objective is to ensure that the output is equal to the set point at

all instants of time, that is the error and its differentiation with
time are zero. When the reference point is attained, S(t)
becomes a constant value. To maintain a consistent value of
S(t), e(t) must be zero at all times which means

256 =0 )

Once the sliding surface is designed, the control law is derived
which directs the system trajectory to its final equilibrium
point and satisfies (4). The SM Control law, u(t), consists of a
continuous part, u.(t), and a discrete part, uy4(t). That is

u(t) = uc(6)+uq(t) Q)

The continuous part is a function of the controlled variable,
x(t), and the reference variable, r(t) and is given by

u (t) = f(x(®),r(@®) (6)

The discontinuous part, uy(t) involves a switching function and
switches about the sliding surface.

_ NO)
ua(t) = Ka 55755 ™

where Ky is the controller gain responsible for the reaching
phase. § is the parameter responsible to eliminate chattering.
Chattering is an undesirable high frequency oscillation in
sliding motion which degrades the control objective. Perfect
tracking can be achieved by reducing chattering. Thus the
control law directs the system trajectory to the sliding surface,
and then proceeds until the equilibrium state is reached.

4. DESIGNING THE CONTROLLER

4.1 Designing of SMCr from an FOPDT model of the
process:

In this section, a SMCr structure for self regulating processes
build on the FOPDT model of the actual process is outlined
[1,3,15].

The first order plus dead time approximation of the
system is given by

X(s) _ Kqe~toS
U(s) Ts+1

®

where Laplace transform of the controlled variable X(s) and
Laplace transform of the controller output U(s) are deviation
variables. The model parameters that are the process gain, K,
process time constant, and process dead time, t,, are used to
obtain the primary evaluations of the tuning parameters of the
SMCr.

The controller is developed using a reduced order model of the
actual process. Hence the dead time term of the process model
equation is evaluated using a first order Taylor series
approximation which results in [10,14]

1
tos+1

e—toS —

®
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4.2 Development of SMCr from a first order Taylor series
approximation

Applying Taylor series expansion and substituting (9) in (8)
gives

X)) _ K1

U(s) - (Ts+1)(tgs+1) (10)
In differential equation form,

totX + (tg + )X+ x = ku an

and since this is a second order differential equation, n=2,
from (3) S becomes

S=é+2le+ 2% [, edt (12)

From Eq. (4)
S=é+21é+2%e=0 (13)

Substituting e=r-x, in the first term of equation (13) yields
(F—X%)+21e+A%e=0 (14

Solving (9) and substituting it in (12) gives u,, the continuous
part of the control law as

(15)

The procedure of deriving the expression for the continuous
part of the control law from (12) and (14) is known as the
equivalent control procedure in SMC theory [2].

ue = () (220 + = + Ae + 7 + 477

toT toT toT

The derivative of the reference value gives zero. Thus,

Ue = (f°+f) [ —20)x + oot %] (16)

Ky toT
A for the continuous part of the controller [12] is considered

to+T

A= (17)

2toT

Thus, the control law can be represented as

S
u= (%1) (o +226) + Karss (18)
With S = sign(Ky) [ + 2Ae + 22 [ edt] (19)

Equations (18) and (19) constitute the controller equations of
the SMCr consisting of the tuning parameters and the
characteristic parameters of the FOPDT model. The term
sign(K) is incorporated in the sliding surface equation (19)
which accounts for the process gain and hence the effect of the
controller.

5. SIMULATION

A mixing tank receiving a hot fluid having mass flow rate
Fu(t) and a cold fluid with mass flow rate Fc(t) is considered.
The temperature sensor is placed 120 ft downstream from the
tank where the outflow is measured. The calibration of the
temperature sensor is done for a span of 100 to 200 °F. The

reference temperature considered is 150 °F. The stream of
heated water is changed from 250 Ib/min to 220 1b/min, next
to 190 lb/min, then to 160 Ib/min, and lastly to 130 1b/min.
[1,10,13]

The linearized model of the plant is considered with
presumptions as follows:

e  Fluid volume in the tank is viewed as consistent.
e  Fluid is perfectly mixed in the tank.
e Pipelines and the tank are properly insulated.

The implementation of the designed sliding mode controller is
exhibited in this paper.

The steady state values and design parameters for the system
are listed in Table 1 [1].

The equations constituting the dynamic model of mixing tank
are given as follows [1]:

Energy balance equation of the tank

Fy OCou T 0+ F 0)CocTe ) —(Fy @) +F: 0)Cor T; (1)

dT (t)
dt

=VpCp

Tank temperature after transportation delay
TTd (t) = TT (t _td )
Transportation delay

LA p
Fu (O + Fc (1)

d =

Transmitter output

dTt) 1 [Ty (H)-100
dt 7| 100

—Tt(t)}

Equation for the position of valve

dVX(t)_i ~
TR [m(t) -V, (t)]

Equation for valve

500
I:c (t) = ECVFVX (t)\/ gAP

Sliding mode controller
u=u-tuy
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as shown in Fig. 3. It is desired to maintain the temperature of
the mixed fluid outgoing from the tank (Tt) at a temperature
of 150 °F and is done by manipulating the flow of the cold
fluid (Fc) .

Fig. 3. shows the temperature response of the mixing tank on
application of the Sliding Mode Controller and the PID
controller [1] as the hot stream flow (Fy) is varied from 250
Ib/min to 220 Ib/min, next to 190 1b/min, then to 160 Ib/min,
and lastly to 130 1b/min.
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Fig. 2: Control scheme of mixing tank V| S N SN U S S SO S
Table 1: Process parameters and steady-state values [1] 'g, % 1o n0 0 0o 50 6o 7o 80
T 600 T T T T
T T M =
Hot fluid outflow Fy 250.0 Ib/min L n0l}- W :
Cold fluid outflow Fe 190.0 Ib/min O Bt ; i ; i ;
Temperature of hot fluid Ty 250.0 °F 80 o0 0 Wy 600 70 &0
Temperature of cold fluid Tc 50.0 °F
Temperature of mixed fluid Tr 150.0 °F Fig. 3: Disturbance and Response
Volume of fluid in tank v 15 f¢
Heat capacity at constant pressureCpy 0.8 Btu/lb-"F It is evident from Fig. 3. that the response of the conventional
of hot fluid PID controller is not up to the mark owing to the variation in
Heat capacity at constant pressure(Cpc 1.0 Btw/Ib-"F the hot fluid flow. On the other hand the Sliding Mode
of cold ﬂmc_l Controller maintains its robustness and stability despite being
Heat capacity at constant volume(Cpr 0.9 Btw/lb-"F affected by the disturbances as mentioned above.
of mixed fluid
Mixed fluid density 62.4 Ib/ft’ The convergence of error is given in Fig. 4.
Cross section of pipe A 0.2006 ft°
Length of pipe L 120 ft G ! ! ! ! !
Coefficient of valve flow Cyvr 12gpm/psi” ' ' '
Reference temperature T, 150 °F - |
Time constant of the temperature| It 0.5 min
transmitter
Time constant of the control valve |[1yp 0.4 min 100
Transmitter output T, 0-1 5
Specific gravity g 1 8
IPressure difference across valve | AP 16 psi
Controller output m(t) 0-1
\Valve position Vx 0.478
The temperature control for mixing tank is studied using two 5 5 i i
control schemes: i. using conventional PID controller and ii. 505 w o w0 w0 =0 00
using Sliding Mode Controller. and the outcome is analyzed. fme
The SMC controller has been designed for a PID sliding
surface. Fig. 4: Error vs Time

The complete model is developed in MATLAB environment.

To study the robustness property of SMC, disturbance is
added to the system as a step variation in flow of hot fluid (Fy)
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6. CONCLUSION

The paper demonstrates the design of a controller based on
sliding mode technique for an FOPDT model of a thermal
mixing tank for temperature control of the tank fluid. The
outcome of the work proves that the designed SMC is highly
robust as compared to conventional PID controllers for
controlling nonlinear chemical processes via reduced order
model. The results presented in the paper shows the robustness
property of sliding mode technique in presence of
nonlinearities and perturbations. The simulation is done for
step disturbance added to the flow of hot stream and the
controller performance is found to be satisfactory.

REFERENCES

[1] Camacho, O., and Smith, C.A. (2000). Sliding Mode Control:
An Approach to Regulate Nonlinear Chemical Processes. ISA
Transactions, 39(2) 205-218.

[2] Utkin, V.I. (1997). Variable structure systems with sliding
modes, IEEE Transactions on Automatic Control, AC — 22, 212-
222.

[3] Rasul, T., Pathak, M., (2016). Control of Nonlinear Chemical
Process using Sliding Mode Control. IEEE 1% International
Conference on Power Electronics, Intelligent Control and
Energy Systems.(Accepted)

[4] Slotine, J.J., Li W. (1991). Applied Nonlinear Control. Prentice
Hall, New Jersey.

[5] Zinober, A.S.I. (1994). Variable Structure and Liapunov
Control. Springer,Verlag, London.

[6] Smith, C.A., Corripio, A.B. (1997). Principles and Practice of
Automatic Process Control. John Wiley & Sons, New York.

[7]1 Young, K.D., Utkin, V.I., Ozguner, U. (1999). A control
engineer's guide to sliding mode control. IEEE Transactions on
Control Systems Technology, 7(3).

[8] Musmade, B. B., Munje, R. K., Patre, B. M., Design of Sliding
Mode Controller to Chemical Process for Improved
Performance. International Journal of Control and Automation
Vol. 4 No. 1, March, 2011.

[9] Deng, Suet Yan. (2002). Nonlinear and Linear MIMO Control
of an Industrial Mixing Process. Masters Dissertation, McGill
University, Montreal.

[10] Sanchez, E.J.I., (2006). Using Fuzzy Logic to Enhance
Control Performance of Sliding Mode Control and Dynamic
Matrix Control Ph.D. Dissertation, University of South Florida,
Tampa, Florida.

[11] Chen Chyi Tsong, A Sliding Mode Control Strategy for
Temperature Trajectory Tracking in Batch Process. Preprints of
[10] the 8th IFAC Symposium on Advanced Control of
Chemical Processes The International Federation of Automatic
Control Furama Riverfront, Singapore, July 10-13, 2012.

[12] Hung, J.Y., Gao, W., Hung, J.C. (1993). Variable structure
control: a survey. IEEE Transactions on Industrial Electronics,
40(1).

[13] Young, G.E., Rao, S.(1987). Robust sliding-mode of a nonlinear
process with uncertainty and delay. Journal of Dynamical
Systems Measurement, and Control 109, 202-208.

[14] Camacho, O., Rojas, R., Garcia-Gabin, W., Caceres, R.A.,
Padilla, D. (1999). Variable structure control applied to
chemical processes with inverse response. ISA Transactions 38,
55-72.

[15] Camacho, O.E. (1996). A new approach to design and tune
sliding mode controllers for chemical processes. Ph.D.
Dissertation, University of South Florida, Tampa, Florida.

[16] Bequette, B.W., (2003). Process control: Modeling, Design, and
Simulation. New Jersey, Prentice Hall.

[17] Camacho, O. Smith, C.A., ChacoA n, E. (1997). Toward an
implementation of sliding mode control to chemical processes.
Proceedings of ISIE'97, Guimaraes-Portugal, pp. 1101-1105.

Advanced Research in Electrical and Electronic Engineering
p-ISSN: 2349-5804; e-ISSN: 2349-5812 Volume 3, Issue 5, October-December, 2016



