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AUTOMATIC CONTROL OF THE CONTAMINATED SOIL
TREATMENT TECHNOLOGICAL PROCESS
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Abstract. The extension of a recently developed method for gain scheduling of linear controllers is applied for
self-tuning of feed-forward/feed-back control system that is applied for automatic control of contaminated soil washing
technological process. Adaptation of the feed-back and the feed-forward controller parameters to the time-varying state
of controlled process refers to the process state model based transfer functions, which are up-dated on-line with the

measured values of the state and disturbance variables.
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1. Indroduction

An automatic control system investigated in this
paper is related to the development of complex tech-
nology of cleaning soil contaminated with oil pollu-
tants [1]. Realization of the soil washing technological
process requires continuous regeneration of washing
liquid circulating in the closed loop technological
system, and accurate control of technological para-
meters. The controlled technological process is non-
linear and non-stationary and the process state at
operating point changes in a wide range. Therefore,
traditional linear controllers are not adequate to
accurately control the process at a desired point. To
improve performance of control systems, adaptation
of controller parameters to the changing dynamics of
the process is required.

Currently, self-tuning of commercial controllers is
based on the artificial disturbances (step set-point or
frequency responses) of the control system [2], or the
controller gain scheduling, which refers to a particular
process parameter that matches to the process state
[3]. However, artificial disturbances are not acceptable
during the soil washing process. The gain scheduling
based on a single process parameter is not adequate
for controlling the soil washing processes as the
process state cannot be related to a single variable.

The aim of this work is to develop a self-tuning
control system that accurately keeps up a required
technological regime under process disturbances and
set-point changes. In the control system, we apply a
modified gain scheduling approach [4] for self-tuning
of controller and disturbance compensator parameters,
which does not require active disturbances of the
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controlled process and is based on the process state
model based transfer functions and on-line measure-
ments or estimates of the state variables.

2. Technological process

The technological scheme of the contaminated
soil washing process is depicted in Figure 1.

The biosurfactant solution of proper concentra-
tion, temperature and pH is prepared in the tank 2. The
prepared solution is pumped into the contaminated
soil-washing site 3 through the fenestrate pipeline
using high-pressure pump 6. The used biosurfactant
solution containing the washed out oil pollutants is
collected in the mechanical treatment well 4, in which
the pollutants are mechanically separated from the
washing liquid. After separation, the used washing
liquid is collected in the well 5. The pump 7 returns
the used liquid to the tank 2, in which continuous
regeneration of the washing liquid is carried out.

The soil washing process is controlled via stabili-
zation at desired levels of the technological para-
meters: temperature, pH and emulsification activity of
the washing solution. The temperature is controlled by
manipulating the flow-rate of heating water in a jacket
of the tank 2. Emulsification activity of the rege-
nerated solution is controlled by manipulating the
inflow-rate of the concentrated biosurfactant from the
vessel 1. pH is controlled by manipulating the flow-
rate of sodium alkali solution. The pH control problem
is similar to the biosurfactant concentration cont-
rol.problem and is not investigated in this work.
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Figure 1. Technological scheme of washing soil contaminated with oil pollutants.1 - vessel with biosurfactant;
2 — tank for preparation of biosurfactant solution; 3 — contaminated soil washing site; 4 — mechanical treatment well;
5 — well for recycled biosurfactant solution; 6,7 — pumps for carrying out the circulation of biosurfactant solution

The process disturbances that task stabilization of
the above technological parameters are changes of
biosurfactant concentration in vessel 1 and the re-
cycled washing solution, temperature of heating water
and circulation rate of washing solution.

3. Mathematical model of the washing solution
preparation process

Adaptation of controller parameters to the chang-
ing state of controlled process is based on the process
state model.

Development of the process state model

The state variables are the controlled techno-
logical parameters: temperature and concentration of
biosurfactant in washing solution, and temperature of
the outlet heating water. The state equations are
developed using energy and mass-balance conditions
in the washing solution preparation tank and the jacket
of heating water.

Heat balance for washing solution:

drT,
pbscbsV% = hS(Tw,out - Tbs,out )+

> (D)
PosCosFos.inTos,in = PosCosFos,outThs,ou =9
heat balance for heating water:
PV T Ty Ty )
dt ’ ’ , (2)

hS(Tw,out - Tbs,out )

mass balance for biosurfactant:
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v dCbs,out
dt
Fbe _Fbs,outcbs,out

= Fbs,mcbs,in +

(€))

where p,,, p,, are the densities of heating water and
washing solution, respectively (in practical calcula-
tions p,, ~ py, ), kg/m’; c,,, C,, are specific heats of
water and washing solution, respectively (in practical
calculations c¢,, = ¢, ), J/kg/°C; C, is concentration of
Chsin >

Cys e are concentrations of biosurfactant in the inlet

concentrated biosurfactant, relative units;

and outlet washing liquid, respectively, relative units;
h is a heat transfer coefficient through the unit area of
heat transfer surface, J/m*/h/°C; F, is inlet flow rate
of concentrated biosurfactant (control variable), m*/h;
Figin> Frsoe are inlet and outlet flow rates of

washing liquid, respectively (at steady state operating
conditions Fy ;, = Fy ., = Fpo), m’/h; F,, is flow rate
of heating water (control variable), m*/h; S is an area
of the heat transfer surface, m’; T, bsin> Ihsour BI€

temperatures of inlet and outlet washing liquid,

respectively, °C; T, ;,, T, ., are temperatures of inlet

and outlet heating water, respectively, °C; V is the

volume of washing liquid in the tank, m’; V, is the

volume of heating water in the jacket, m’; Q, is a
term evaluating heat loss, J/h.
The values of the state equation (1)-(3) parameters

that are used in simulation experiments are given in
Table 1.
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Table 1. Parameters of the state equations (1)-(3)

Physical constants Nomin‘al values of Initial values otj state and

technological parameters control variables

Pps =1000 kg/m’ C, =1.0 rel. units Cps.oue = 0.015 rel. units

p,, =1000 kg/m’ Chyin =0.009 rel. units Ty o =30 °C

¢y = 4180 J/kg/°C F,, = 5m’h Ty =39.95 °C

¢, = 4180 J/kg/°C Tpyim =20 °C F,= 0.03m%h
T, =70 °C F, = 1.664 m’/h
V=10m’
V,=05m’
hS = 2.1-10" J/h/°C

Development of the state-model based transfer i 7
functions 0
The temperature of outlet heating water is not of | Tyin =T ou '
controlled during the washing liquid heating process, ou V. ’
thus, it can be considered as a measurable technolo- / C
. . . b
gical parameter in the transfer function models. 0 7
Transfer functions of the control and the distur- - N
bance channels are obtained by linearization of the T in = Do ont F,
model equations (1) — (3) around the process current T 0 0 0 7S
state point and applying the Laplace transform to the of F
linearized equations: d = 0 0 0 V—”/” 0
of o
sIAx(s) = —Jx=x(y) Ax(s)+ —Cbs’”’ Cos.ou £y By 0 0
OX |u=u(r;) i v vov
d=d(;) @
; 1| hS o
of of | _ _ __¥L
- x:x(tk) AU(S)+ —X:X(tk) Ad(S) V2 DpC (Tw,out Tbs,oul)+ Fbs (Tbs,in Tbs,out) D€
6“ u:u(tk) 6d u:u(tk) bs“bs bsChs
a=a(s) a=a(s) . 0

——Fp\Crsin — C, + F,C
where § denotes the Laplace variable; x is a vector Vz[ bS( brin bs’om) b b]

of state variables, x =T} T C,. ; uis . .

[ b.out  “w,out b”"”]T Transfer functions of the control channels “inlet
a vector of control variables, u= [FW Fy ]T ; disa flow rate of concentrated biosurfactant — concentration
of Dbiosurfactant in outlet washing solution”

Ve o /s (s)= ACpg o (s)/AF,(s)) and “flow rate of

heating water — temperature of outlet washing solu-
tion” (VVTbm,m/J'?w (S) = ATbs,out(S)/AFw(S) )a and the

vector of process disturbances,
T .
d= [Fbs Cb Cbs,in T, Tbs,in V] ; fois a

w,in
vector of the state equation right-side functional
relationships, Ax, Au, Ad are small deviations of

X, u, d, respectively, from the process state point at load disturbance channels “outlet flow rate of washing
time #; ; and I is the identity matrix; solution — concentration of biosurfactant in outlet
s R 1S - washing solution” (We,  r (5) = AChq o | AF(5))
_[ 7 +$j 7 0 and “outlet flow rate of washing solution — tempera-
PosCts PesCes ture of outlet washing solution” (W, (s)=
of hS hS F, ) e
P - +— 0 | ATy out / AF, (s)) are derived from the linearized
6x pwchi pwch/' V/' ’ . .
’ ‘ ‘ equations (4). The following structure transfer func-
F bs : .
0 0 - tions are developed:
) g Wy 5) =2l s)
Cbs,out/Fb Tl(tk )S +1 >
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K, (%)
W, =2k 6
Cbs,out/Fbs (S) Tl(tk )S + 1 ’ ( )
K; (1)
, = gy . (7
Ths.our/ Fu ) T} (tk )52 +2T, (tk )f(tk )S +1 @
K, (2, )1+ T5(z, )s)
W, — 4\'k 3k , 8
R NSRS TN A SR
where
C
Ki(t)= F—bJ : ©)
bs -
C s,in C S, 0.
K, (fk ) — [%} , (10)
bs -
K3(lk): hS(Tw,in _Tw,out) (11)
hSE,, + F, hS + F, . F,, pc
[Zlk
K (f ): <Tbs,in - Tbs,outXhS+Fw7pc) (12)
YT\ BSE, + Fy hS + Fy F, pe
=ty
Vv
r)-(1-] 03)
bs =,
7,0, )= dd . (4
hSE,, + F, hS + F, . F,, pc
1=ty
pev;
r)-[) 13
hS+F,
pc 1=ty
WSV .+ F, pcV.+hSV +F, pcV
J bs J w
= . (16
£) [ 2T, (hSF,, + F,,hS +F,.F, pc) ] (16)

1=t)

If parametersK,(tk), T,(tk) and §(tk) are upda-
ted on-line with the measured values of the state and
disturbance variables, the above transfer functions
follow time-changing static and dynamic characteris-
tics of the controlled process under real-time operating
conditions.

4. Control system and controller adaptation
algorithms

Temperature of the outlet washing liquid is
controlled using a feed-forward/feed-back control
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scheme, in which the feed-forward controller compen-
sates variations of the washing liquid flow rate.

Concentration of biosurfactant is not measured
and can be only indirectly estimated in the inlet
washing liquid using pH measurements and, therefore,
the feedback control scheme can not be applied for the
biosurfactant concentration control. The biosurfactant
concentration in the outlet washing liquid is controlled
by a feed-forward control scheme by which variations
of the washing liquid flow rate and the biosurfactant
concentration in the inlet washing liquid are compen-
sated.

The block-scheme of the control system is
presented in Figure 2.

The biosurfactant concentration set-point tracking
controller realizes the transfer function

1
WRC(C) = ( )
Cbs,out/Fb S

an

and the respective discrete incremental algorithm is

Fy(t)=Fy(t,1)+ ARy (t,). (18)
1
AFb(ltk)= Cb(tk)

>

Vit
(Acbs,set (tk )Fbs (tk ) + D(Tk,) (Acbs,set (tk ) - ACbs,set (tkfl ))j

ACbs,set (tk ) = Cbs,set (tk ) - Cbs,set (tk—l ) .

Dynamics of the control channel “flow rate of
heating water — temperature of outlet washing
solution” is described by a 2™ order model (7),
therefore, the PID control algorithm is adequate for
the temperature control. Incremental form of the PID
algorithm is as follows:

F(6)=F,(0)+ K, ()
(et Jer (6 )— ety Jen (b )+ ety 2 )es (8 )’ (19)

T,(t,) DT
=1 d\'k
Cl(tk) + DT +],l(tk)’
2T, (¢
ol)=1+ 212l4)
_Td(tk)
C3(tk)— DT

where Fw(tk) is PID control action, e(t,) is devia-
tion of the controlled temperature from the set point
value, e(f,)=T, bs.set — Lps.out (t,), DT is time discreti-
zation interval, DT =, -, K, (t ), Tl-(tk) and
T,(z,) are controller parameters, determined by tun-

ing rules at time ¢, .
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Process state model
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Figure 2. Block-scheme of the control system
For on-line adaptation of the PID controller we W, (s)
apply the Internal Model Control tuning rules [5]: Wer (s) = Tosou/Fis T
26011, P/ 0) (24)
K, ()= =22 (20) K61+ 73, )s)
T/K; () - z
K;(t,)
T ()= 260 )0(1), @D where Wy and Wy, denote transfer functions of the
(1) feed-forward controllers (compensators) of the
T,(t) =22~ (22) i i
a\k)=5 ég( fk) ) biosurfactant concentration and the temperature,

where Kg(tk), Ti(tk) and T (tk) are the PID
controller parameters, 7, is the filter time constant

(in simulation experiments 7, = 0.2 h).

The load disturbance compensators realize the
transfer functions:

Wchx,out/Fbx (S) _ KZ ([k)

= , 23
K6 P

114 = _
K (S) chs,out /Fb (S)

25

respectively.

An incremental compensation algorithm based on
the transfer function Wy is as follows:

Fy(t)=Fy(t,)-

K (1) V—F (¢ )
0 1, 0) 1)

An incremental compensation algorithm based on the
transfer function Wy, is as follows:

(25)




F

w(tk): FW(tkq)— K4(tk)

AFy (1) = Fys ()= Fyo (1)

5. Simulation of the control system
performance

Performance of the control system (Figure 2) has
been investigated via computer simulation using
MATLAB and SIMULINK tools. The controlled
process is simulated by model equations (1)-(3). The
control actions of the controllers and the load
disturbance compensators are calculated using the
control algorithms (18), (19), (25) and (26). Responses
of the control system are investigated for the set-point
changes and the load disturbances.

In Figures 3, 4 reactions of the self-tuning control
system to the step set-point changes are given.
Responses of the controlled variables: biosurfactant
concentration and temperature of washing solution are
represented in Figures 3a, 4a, respectively, time tra-
jectories of the respective manipulated variables (flow
rates of the concentrated biosurfactant and heating
water} are shown in Figures 3b, 4b. Time trajectories
of the gain-scheduled PID controller parameters are
shown in Figures 4c, d, e. For comparison, responses
of the ordinary control system with constant controller
parameter values are presented (dotted lines). Ac-
cording to the simulation results, applying of the pro-
posed self-tuning control system provides significant
improvement of the set-point tracking accuracy.

Cbs,oul

[rel. units]

[5) os ] 15 2

Fy, [m*/h]

o
o Q
4] M

.05} |
[5) os ] 15 2

Time [h]

Figure 3. Response of the self-tuning control system to a
step set-point change of the biosurfactant concentration
from 0.015 to 0.025 rel.units at 7 m*/h flow rate of washing
liquid (solid lines). Response of the ordinary control system
(dotted lines) is calculated for the set-point tracking
controller with constant parameter values that are
calculated for 5 m*/h flow rate
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Figure 4. Response of the self-tuning control to a step
set-point change of the washing liquid temperature
from 30 °C to 35 °C at 7 m*/h flow rate of washing liquid.
Response of the ordinary control system (dotted lines)
is calculated for the PID controller with constant
parameters that are calculated for 5 m*/h rate

In Figures 5, 6 respective graphs of the self-tun-
ing control system reaction are given for the step load
disturbance. Performance of the self-tuning algorithms
is illustrated by the time trajectories of the biosurfac-
tant concentration compensator parameters presented
in Figures 5c, d, and the time trajectories of the PID
controller and the temperature compensator para-
meters presented in Figures 6c, d, e and Figures 6f, g,
h, respectively. For comparison, responses of the feed-
forward/feed-back control system and the feed-back
control system with constant controller and compensa-
tor parameter values, that are optimal for nominal
technological regime, are given (dashed lines in Fi-
gures 5a, b, 6a, b). As it is demonstrated, the ordinary
open-loop control of the biosurfactant concentration
does not ensure compensation of the load disturbance
caused deviation from the set-point value, and self-
tuning of the disturbance compensator allows to im-
prove performance of the open loop control system. In
addition, the proposed self-tuning control system
provides faster compensation of the temperature
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deviation compared to that in the ordinary control sys-
tems.
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Figure 5. Response of the self-tuning control system
operating at 0.02 rel. units biosurfactant concentration
set-point to a step change of the washing liquid flow
rate from 5 m’/h to 10 m*/h (solid lines).
Responses of the ordinary feed-forward/feed-back control
system (dotted lines) and the ordinary feed-back control
system (“o”-dotted lines) are calculated for the controllers
with constant parameter values that are calculated
for 0.015 rel. units set-point value

6. Conclusions

The objective of this article was to develop a self-
tuning control system for the control of contaminated
soil washing technological process. To achieve this
goal we used a feed-forward/feedback control scheme
and a method of the controllers and the disturbance
compensators adaptation, which is an extension of a
recently developed method of the linear controller
gain scheduling for nonlinear process control. The
proposed procedure for development of the self-tuning
control algorithms requires constructing the process
state model and the model-based transfer functions of
the control and the disturbance channels. Self-tuning
of the controller and the compensator parameters is
based on the transfer functions that are up-dated on-
line with the measured values of the state and the
disturbance variables.
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Figure 6. Response of the self-tuning control system
operating at 32 °C biosurfactant temperature set-point
to a step change of the washing liquid flow rate
from 5 m*/h to 10 m*/h (solid lines).
Responses of the ordinary feed-forward/feed-back
control system (dotted lines) and the ordinary
feed-back control system (“0”-dotted lines) are
calculated for the controllers with constant parameter
values that are calculated for 30 °C set-point value



In this article, the state model and the transfer
functions of the contaminated soil washing technolo-
gical process were constructed and the self-tuning
control algorithms were developed. The simulated
examples demonstrate that the proposed control
system ensures fast adaptation of the compensator and
the controller parameters, robust behavior under
process state changes and significant improvement of
the control performance compared to that in the
conventional feed-forward/feed-back and feed-back
control systems.
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