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Abstract

This paper discusses the optimization and control of the one dimensional
(1-D) packed bed model of underground coal gasification (UCG) process for
an actual UCG site. The optimization is performed to compensate for the
uncertainty in coal and char ultimate analysis (caused by repeated measure-
ments of different samples) and in steam to oxygen (Os) ratio at the reaction
front. The constrained nonlinear optimization problem is solved by using
state of the art sequential quadratic programing (SQP) algorithm to mini-
mize the error between experimental and simulated heating values. The re-
sults of the optimized model are validated with actual filed trials which show
a good match for heating value of the product gases. The super twisting
controller, a second order sliding mode control (SOSMC) algorithm is suc-
cessfully implemented on the process model, which keeps the heating value
of the product gas at the desired level in the presence of the matched distur-
bance: steam produced from water influx from surrounding aquifers and due

to the moisture content of the coal.
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quadratic programming (SQP) and second order sliding mode control

(SOSMC)

1. Introduction

Almost 84% of World’s energy demand is fulfilled by the fossil fuels, of
which share of coal is 28%, and in power generation it is the leading fuel |1].
Due to its relative abundance the coal is more likely to survive for a longer pe-
riod of time as compared to oil and natural gas [2]. Due to the advent of clean
coal technologies like Integrated Gasification Combined Cycle (IGCC), coal
has become a clean source of electricity generation [3]. The IGCC systems
generate electricity with higher efficiency than coal combustion based power
plants, and high operating pressure in gasification process assists the separa-

il

Coal can be gasified to produce synthesis gas or syngas: a mixture of CO,

tion of environmentally harmful contaminants from useful product gas

H,, CH4 and C,H,,(higher hydrocarbons), either by gasification in specially
designed surface gasifiers or gasifying the coal in-situ. UCG becomes the
only choice for non-minable and very deep coal reservoirs [4].

UCG is a highly complex and nonlinear physicochemical process, though
its concept is very simple and is elaborated in Fig [l Two wells are drilled
from surface to the coal seam. The oxidants are injected from the injection
well after a permeable link is established between the wells. The inlet gas
mixture includes air and HyO (g) or Oy and HyO (g) or only air, which chem-
ically reacts with already ignited coal to produce syngas, which is collected at
the production well and can be used for power generation, industrial heating

or as a chemical feedstock [6]. Three reaction zones are shown in the Fig[I]



which are in the order of decreasing temperature. The coal is initially dried
and then pyrolysed to produce volatiles and char (a react able coal) in the
pyrolysis and drying zone, from the heat produced by the oxidation reac-
tions. The char oxidation and gasification reactions occur in the oxidation

and gasification zones to produce the product gases, including the syngas.

Injection well Production well

Overburden rocks

Under burden Oxidation & Gasification Pyrolysis & drying
rocks gasification zone zone zone

Figure 1: Concept of UCG H]

Four different types of mathematical models of UCG are found in the
literature: channel model E], packed bed model B, , , , ], coal block
model [14] and process model [15, [16, [17]. These models serve the following
objectives: quantitative description of the process, evaluating a potential
site for UCG and the study of various phenomena occurring within the UCG
reactor. The models do not deal with the aspect of controlling the process,
because even the complex 3-D models are far from being accurate. The
inaccuracy in the models is mostly due to the uncertain in-situ environment
and highly nonlinear nature of physical and chemical phenomena within the
process.

The control of UCG is an emerging area of research and is so far lim-

ited to the laboratory scale UCG setups. Karol Kostur et al. @, ] im-
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plemented proportional integral (PI) @], and bang-bang and proportional
summing (PS) type controllers respectively, for controlling important pa-
rameters of the lab scale UCG setup. However, the control of a real UCG
process is a formidable job, especially considering the higher order dynamics,
process non-linearities, uncertain in-situ environment and slowly varying dis-
turbances. Therefore, a robust nonlinear control algorithm is of paramount
importance in this scenario, one such algorithm is sliding mode control (SMC)
which guards the closed loop system against parametric variations, effect
of un-modeled dynamics and external disturbances , ] In our earlier
work [23] a first order sliding mode control (FOSM) ] was implemented on
a simplified time domain model of UCG. The FOSM suffers from the problem
of high frequency oscillations, formally called chattering in the control effort,
which is normally due to the un-modeled dynamics @], and it can cause
wear and tear of the actuators. The algorithms that belong to the family of
higher order sliding mode (HOSM) are very suitable for the control of the
UCG process. Because, they utilize a reduced number of measured variables,
converge to the reference in finite time, provide sufficient robustness against
external disturbances, modeling uncertainties and parametric variations and
also avoid chattering effects @

The current work is the extension of our previous work B}, focusing
on the enhanced optimization and control of the UCG process model given
in ] The objective of the optimization framework is to minimize the error
between actual and experimental heating values of the product gas by opti-

mizing ten variables (describing all the stoichiometry), as compared to the

three variables in [27]. Now the optimization variables include all the input



parameters for balancing the chemical reactions (including coal composition
parameters obtained from coal and char ultimate analysis) and steam to Oq
ratio at the reaction front. The reaction front is the highest temperature
location along the length of the reactor, where the oxidation and gasification
reactions take place. The choice of the variables caters for the uncertainty in
coal and char ultimate analysis and in the amount of steam available for the
gasification reactions. The molar fraction of the gases contributing to the
heating value is highly dependent on the set of optimization variables. The
data was collected from actual coal field, containing Lignite B coal (heating
value less than 14.7 MJ /kg @]) The distance between the injection and the
production wells was 25 m, and the coal seam was 144m deep and 5m thick.
It has been shown that the current optimization framework is superior to the
previous case [27]. The super twisting, a HOSM control algorithm [29, [30]
is also implemented on the model, which controls the heating value of the
exit gas in the presence of a matched disturbance: steam generated by the
water influx in to the UCG reactor. The super twisting algorithm provides

necessary robustness along with reduced chattering.

2. UCG Reactor Model

The reactor model of UCG consists of eight gas species: CO, CO,, Ha,
H,0O, CHy, Ny, Oz, and TAR (used to complete the stoichiometric balance
of coal pyrolysis reaction) and two solid species: coal and char. The detailed

description of the model is given in ]



2.1. Mathematical Equations

The mathematical equations of the model consist of mass and energy
conservation laws for both solid and gases, and conservation of momentum

for the gases.

2.1.1. Solid phase equations
The mass balance for coal and char is given in Eq (l), where as Eq (2)
represents the solid phase energy balance. Both of these equations are derived

from laws of conservation of mass and energy for solids respectively.

5 6
5l = M;Y " ay, R (1)
j=1
where,

pi(O,ZL‘) = pio(x)’ 0<z<lI

8Ts a_.l'|:<1_¢)ka }‘i‘h(T_Ts)_Hs
ot C, (2)

where,

T, (0,2) = Ts(z), 0<ax<l

0T, 0T,
__5 - - = >
ox (,0) ox (t,0) =0, t=0

where p; (¢, ) is the density of ith solid (kg/m?) in point (t,x), as; is the
stoichiometric coefficient of solid 7 in reaction j, R; is the rate of reaction
J (mol/m?3/s), M; is the molecular weight of solid component i (kg/mol), ¢
is the variable for time (sec), x is the variable for length (m), p; () is the

initial density of solid 7, [ is the length of the reactor (25 m), T (¢, x) is the



solid temperature (K) in point (t,x), T'so (x) is the initial distribution of the
solid temperature (K), 7" is the solid and gas temperature (K), ¢ is the coal
bed porosity, k is the effective thermal conductivity of solids (J/m/s/K), h
is the heat transfer coefficient (J/s/K/m?), C; is the total solid phase heat
capacity (J/K/m?), H, is the solid phase heat source (J/s/m?).

The equations for the reaction rates (R;) are given in |27].

2.1.2. Gas phase equations

Eq (@) and () represent mass balance for all the gases and a combined gas
phase energy balance respectively. Eq (B) and (@) shows how does pressure
and velocity of gas mixture change as the function of the reactor’s length,
respectively. Eq (@) is called momentum balance equation and is derived

from the law of conservation of momentum for the gas mixture.

6
‘;_Z _ _uglog (T —T,) + H,] (4)
% B _% 8 6 7

where C; is the concentration of ith gas (mol/m?), u, is the superficial
gas velocity (m/s), a;;is the stoichiometric coefficient of gas i in reaction
j, Cy is the total gas phase heat capacity (J/K/m?®), H, is the gas phase
heat source (J/s/m?), P is the gas pressure (Pa), K is the gas permeability

coefficient (m?), y is the viscosity (Pa.s) and R is universal gas constant (m?

7



Pa/mol/K).
The inlet boundary conditions for the gas phase Ordinary Differential
Equations (ODEs) are given in Table [

Table 1: Inlet boundary conditions for the gas phase equations

Sr Parameter Value at =0
1. Inlet gas concentration = Mole percentage
O2 21%
Ny 79%
H>O 0 in ignition and ACp, in gaisification
Remaining gases 0
2. T To
3. P Py
4. ug G/Cr,

Ci,0
Co,
is the steam to oxygen ration at x = 0, Ty and F are gas temperature and

where G is the flow rate of the injected air (moles/m?/sec), A =

pressure at the inlet respectively, and Cfp, is the total concentration at x = 0.

2.2. Chemical kinetics and stoichiometry

It may be impossible to list all the chemical reactions defining the chem-
ical kinetics of the UCG process, therefore for the sake of simplicity only six
important chemical reactions are considered in the model, which are given
in Table 21

CH,0, and C' H;Oj are empirical formulas for coal and char respectively.
The values of a, b, @, and b are determined by coal and char ultimate analysis.
Reactions 2-5 are heterogeneous (char-gas) reactions where as reaction 6 is

homogeneous (gas-gas) reaction. The coefficients (a;; or a, ;) are positive



Table 2: Chemical reactions considered in the model

Sr Chemical equations

1. Pyrolysis
CHoOp — |asy , |CHaOp + [a1,1|CO + |a2,1|CO2 + |az,1|H2
+laa,1|H20 + |as,1|CHa + |ag,1|CoH.
2. Char Oxidation
CHgOy, + |a7,2|02 — |a2,2|CO2 + |as,2| H20

3. Steam gasification

CHaOp + |ag,3|H20 = |a1,3|/CO + |a3,3|H2
4. COg3 gasification

CHgOp + |a2,4|CO2 = |a1,4|CO + |ag,4| H20
5. Methanation

CHgOy + |az 5|H2 = |a1,5

CO + |as,5|CHy
6. ‘Water gas shift reaction

la1,6|CO + |as,6|H20 = |a2,6|/CO2 + |as,¢|H2

for products and negative for reactants. The details of chemical reactions are
presented in ]
The stoichiometric coefficients are calculated in Eq () by using coal, char

and TAR composition parameters [31].

Table 3: Input parameters for formulating stoichiometric coefficients

Sr Parameter Description

1. a, b Coal composition parameters
2. a, b Char composition parameters
3. asy, Moles of char per mole of coal
4. as.1 Moles of Ha per mole of coal
5. as,1 Moles of CH4 per mole of coal
6. s Atoms of C in coal which be-

come atoms of C in TAR

7. r H to C ratio of TAR




1

|a471\ = 5 (CL — Ezasll — 2&371 — 4&5,1 — TS) (7)
|a’271| = b—1+ Qsq 4 (1 - B) —a41 tasy+s
|a1,1‘ = 1- Qsoq — Q21 — Q51 — S
S
lasa| = g
a
lasel = 5 = laad]
a b
= 1 — — —
a7 2] + 172
a _
|CL3’3| = 1+§—b = |a2’4|
|CL473| = 1—1_) = |(]J5’5|
a _
’CL174| = 2+§—b
a _
|CL3’5| = 2— E —2b
|CL175| = (_)

All the other coefficients in Table [2] have a unity magnitude.

2.3. Solution of the UCG reactor model

The mathematical model consists of two sets of equations: eleven first or-
der gas phase ODEs in length and three solid phase partial differential equa-
tions (PDEs) in time and length. The gas phase ODEs being stiff in nature
are simultaneously solved as a boundary value problem using TR-BDF2, an
implicit Runge-Kutta algorithm [32]. The boundary conditions for the gas

phase system are set by the flow rate of injected air, steam concentration

10



near the reaction front and the inlet gas temperature and pressure. The
inlet gases remain unreacted until they approach the reaction front. There-
fore, conceptually the inlet well /boundary and the reaction front refer to the
same location along the length of the UCG reactor, i.e., z = 0. The solid
phase equations are first discretized ] and then solved for new time. The
solid phase equations are discretized with the step size of 20 secs Eq (I))
is discretized using forward Euler method, and the explicit finite difference
technique is used to discretize Eq (2)). For initializing the solid phase system,
the initial densities of coal and char p;, (2) , and ignition temperature profile
T,, (z) are incorporated in the model.

The complete solution strategy is summarized in Table @l The solution
starts by initializing the values of coal parameters and then generating the
initial conditions for solid and gas phase systems respectively. When the
solution progresses in time the solid phase system is updated first, and then
the gas phase system is advanced in time using the updated solution of the
solid phase system. The solution of the mathematical model evolves in both
time and space. The change with time is brought by the solid phase system,
where as the change in length domain is caused by the gas equations.

The model is simulated in the ignition phase for first 1000 s and afterwards
in the gasification mode. The ignition phase acts as the initial condition for
the gasification phase. During ignition coal bed is heated to pyrolyze the coal
in to char, and to achieve a sufficient temperature for subsequent gasification
reactions. During gasification mode the water is allowed to enter the UCG
reactor, which converts in to steam due to the high temperature and pressure

of the cavity. The concentration of the steam produced by the water influx

11



Table 4: Summary of solution procedure to solve the reactor model

1. input all the coal properties and operating conditions
2. initialize solid phase system (Egs () and ([@))
e pi(0,z) = pi, (x) and Ts(0,x) = Ts, (x)
3. initialize gas phase system
e simultaneously solve Eqs @), @), @) and (@) as a
boundary value problem by TR-BDF2 algorithm }, to yield
Ygas™ (0,2)
4. iterative loop
e solve discrete solid phase equations by using Rj (¢,z) to
yield p; (t + dt,z) and T (t + dt, )
e solve gas phase system with Rj (t+ dt,x) by repeating
procedure in step 3 to get Ygas (t + dt, x)
5. update time, t"t1 =" 4 dt
6. stop if simulations ends, else go to step 4

“solution of Eqs @), @), @) and (@)

and the moisture content in the coal, sets the boundary condition for the
mass balance of steam and assists the gasification reactions and hence the
production of syngas. The amount of water influx in to the UCG reactor can

be controlled by varying the pressure in the reactor [33].

3. Model Validation

3.1. Ezxperimental Setup

The experimental setup for the UCG process is shown in Fig Two
types of compressors are used to supply compressed air during the UCG field
trials. The STAD TEMPO? 1500 high pressure (HP) compressors (Fig[3) are
used during link establishment via reverse combustion linkage [34] and the

Atlas Copco GA 250 low pressure (LP) compressors (FigHl) are used during

12



gasification process. After link establishment, the LP compressor/s send air
to the control room, where its flow rate is manipulated by the control valve,
either manually or by the programmable logic controller (PLC). The air at
specific flow rate is delivered to the injection well, where it chemically reacts
with the already ignited coal seam. The product gases are retrieved from the
outlet well. For a single gasifier, a network of two pipes is essential, one for
supplying compressed air to the coal seam and the other for transporting out-
put gases to the gas analyzer. The UCG field used for the current experiment
is shown in Fig[Al The blue pipes carry compressed air and product gases are
contained in the red pipes. The GAS 3100 R coal gas/syngas analyzer (Fig[d])
measures the molar fractions of all the gases [35]. The molar fractions of CO,
CO,, CHy and C,H,, are measured by dual beam non dispersive infra red
(NDIR) detectors. The thermal conductivity (TCD) detector and galvanic
fuel cell are used to measure molar fractions of Hy, and Oq respectively. The

heating value of the exit gas is calculated by the following relationship.

Gas mole fraction
Control
room
Heating value
y HP air during
reverse combustion
HP compressor ’| . Coal bed Gas
LP com pressor acting as UCG > analyzer
p reactor Output 4
Air during
gasification

Figure 2: Block diagram of the UCG setup

HVewp = mco,,,Heco + me,m,,,, Ho,m,, + men,,,, Hew, + mum,,, Hi, (8)
where HV,,, is the experimental heating value of the exit gases (KJ/m?),

13



Figure 4: Atlas Copco GA 250 low pressure compressor

and m;,,, and H; are the experimental percentage mole fraction and heat
of combustion (KJ/m?) of gas component i respectively. The analyzer is
integrated on line, the steam is removed from the gas mixture and the mole
fraction of remaining gases is measured. The measurements show that there

are only traces of higher hydrocarbons C,, H,,

14



Figure 6: GAS 3100 R coal gas/syngas analyzer

3.2. Optimization

3.2.1. Problem Statement

The following constrained nonlinear optimization (nonlinear programing)

problem is formulated to address the uncertainty in ultimate analysis of coal

15



and char, and in steam to oxygen ratio at the reaction front A, an important

operating condition for the UCG process.

cz) <0
min, f(x), suchthat § Az  <b 9)

lb <z <ub

where £ € R" is a vector of n optimization variables, f : R — R is
the objective function to be minimized, ¢ : " — R™ is a function which
returns a vector of m nonlinear inequality constraints, A € R7*™ and b € R?
represent p linear inequality constraints, and lb and ub are lower and upper

bounds on the optimization variables respectively.

3.2.2. Optimization variables and objective function

The optimization variables and objective function are given in Eq ([I0)
and ([T respectively. The optimization variables include all the parameters
already presented in Table[3and the parameter A. The uncertainty in the coal
and char composition parameters also affects the other input parameters for
computing stoichiometric coefficients for the chemical reactions. The steam
to oxygen ratio A is very critical in the formation of syngas , . As
discussed earlier in Section 2.3/ that the steam participating in the gasification
reactions is produced by the moisture content in the coal and water influx
from the surrounding aquifers. The latter can be controlled by the varying
the operating pressure of the reactor, but there is no mechanism to measure
the exact amount of steam at the reaction front. Therefore \ is optimized

in order to compensate for the uncertainty in the steam available for the

16



gasification reactions. All the optimization variables effect the composition
and heating value of the product gas. The objective function is the sum of
the squares of the relative error of the experimental and simulated heating

values at each time instant.

$T = [a b a b N r s a3zq1 Q51 Qs <1O>
2
= lewl; .
HV,(t) — HV o, (t
s~ HO - HV ey 1)
HV . ()
H‘/l = mCO,lHCO + mc’”Hm’lHC’nHm + mCH4’lHCH4 + mHQ,lHH2
me, = 100 x G
T
~ 8
CT = Z Cz
i=1,i£4

where HV is simulated heating value, m¢, is the percentage mole fraction
of a gas i, Cp (moles/m?) is total concentration of the gases without steam
and the subscript [ indicates the value at x = [

The solution of the mathematical model does not yield mole fraction of
the higher hydrocarbons C,, H,, separately, but they contribute in the mole
fraction of TAR.

3.2.3. Constraints

There are seven linear (p = 7) and three nonlinear (m = 3) inequality
constraints in the optimization framework. The linear constraints are given
in Eq. (I2). First four constraints satisfy the relationship between coal and

char composition parameters (0.02a < a < 0.2a¢ and 0.02b < h < 0.2b), and
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the last three ensure that the magnitudes of all stoichiometric coefficients in

reactions 2-5 in Table. 2] are positive.

—02z14+23 < 0

0.02¢1 —x3 < 0

—02z94+24 < 0

0.0229 — 24 < 0

—0bx3+24 < 1

0.25x3+x4 < 1
ry < 1 (12)

The matrix A and vector b in Eq. (@) can be written from the Eq. (I2)

(02 002 0 0

0 0 0
0 0 —02002 0 0 0
1 =1 0 0 —05 025 0
o 0o 1 -1 1 1 1
oo |0 0 0 0 0 0o
0o 0 0 0 0 0 0
0o 0 0 0 0 0 0
o 0 0 0 0 0 0
o 0 0 0 0 0 0
0 0 0 0 0 0 0
bT:[1110000] (13)
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The nonlinear constraints in Eq. (I4]) ensure the magnitudes of the stoi-
chiometric coefficients of CO , CO5 and H50O in coal pyrolysis reaction stay
positive respectively.

Therefore all the constraints make sure that the magnitudes of all the
stoichiometric coefficients in the chemical reactions are positive, and all the

chemical reactions are properly balanced.

1 1 1
5[1)1—1’2—1’8—31’9—§ZE7($6+2)—|—§ZL‘10(2I4—ZE3—2)+1<O

1 1 1
—§$1+$2+$8+4I9+§$7($6+4>+§$10(4—2I4+$3)—2<0

—x1 + X310 + 208 + 4x9 + Tex7 < 0 (14)

3.2.4. Solution of optimization problem

The constrained nonlinear optimization problem in Eq (@) is solved by
Matlab function fmincon, using the SQP algorithm. The SQP is the most
successful method for solving such problems. In this method the nonlinear
program in Eq (@) is approximated by a quadratic programming (QP) sub-
problem at the current estimate, and then the QP is solved to generate a
better approximation of the next estimate. In this way the nonlinear pro-
gram is converted in to a sequence of QP subproblems, which are iteratively
solved to reach the solution E] The UCG reactor model is solved using the
procedure elaborated in Table @l before computing the objective function in
Eq (.

The confidence intervals of the optimization variables are also calculated

in order to validate the robustness of there estimates. The optimization

problem is solved for eleven different data sets and then 95% confidence
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interval for the estimates of the variables is calculated (Eq () by using
the method given in [37]. The error statistics for the optimization variables

is given in Table

A S
0 — 0 :l: ttab_ (15)
NLD

where 6 is the true value (mean of large set of replicates), 6 is the mean of
sub samples, n = 11 is the number of sub samples. t;,, = 2.228 (taken from

the two sided t-table B] against df = n — 1 = 10) is the statistical value for

95% confidence and s is the standard deviation of mean of sub samples.

Table 5: Optimization variables and there error bounds

Sr Parameter Value Error bounds at 95% confidence interval

1. a 0.8543 + 0.0266
2. b 0.1985 + 0.0062
3. a 0.0825 + 0.0014
4. b 0.0152 + 0.0008
5. A 2.0597 + 0.0646
6. r 2.7514 + 0.0378
7. s 0.1299 + 0.0099
8. asi 0.0824 + 0.0002
9. asi 0.0304 + 0.0044
10. sy, 0.7739 + 0.0181

3.3. Result Comparison

The simulated and experimental results for three different data sets are
compared for the heating value and molar fractions of CO, Hy and Chy

(Fig [[). In order to show the improvement in the model validation, the
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results of the current (Case a: optimization using

ten variables) and previ-

ous (Case b: optimization using three variables [27]) optimization techniques

are also compared

535 5000, 30
N% m’g VRV, HVEXP s |- Exp Casea....... Case b
£ S 4500 =
3 3 < S 20 M
<] Py 13} ;
s I .zl
= = 4000 g
o > 2
£2s g 210 2xCH,
g 5 3500 5
< 2 3
< g
2 n 5 A 3000, 3 4 S .
Time (hr) Time (hr)
526 5500 30
& < —HV, —HV, —HV s |-F Casea....Caseb
E“ — £ g )
g < S 20, >
222 3 g2 T2
2 2 K] 5
g 2 Sl ... 2xCH,
g 1.8 ?; a -
< £ 8
=
1% 4 6 8 3500 2 6 8 2 4
Time (hr) Tlme (hr) Time (hr)
2.6 5000, 30
§' ' —_ ___Exp___ Casea..... Case b
o S
£ 24 £ 4500 b= H
143 < S 20~ 2
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g = 3 2xCH
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g 2 § 3500 A P
= T va —HV, —HV,_ o 0.25xCO
<., _ ]
18 2 4 6 8 3000, 2 6 8 % 2 4 6 8
Time (hn) Time () Time (hr)

Figure 7: Comparison between experimental and simulated results for three dif-
ferent data sets using both optimization cases (Case a: optimization using ten

variables and Case b: optimization using three variables)

Table [6l shows the relative errors (Eq (I8])) of experimental and simulated

results for both cases.

19 —yll,
1yl

where e is the relative error of experimental (y) and simulated param-

eret] (16)

eter ().
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Table 6: Relative error for experimental and simulated results of different param-

eters

% Relative error (Case a) % Relative error (Case b)

Parameter datal data 2 data 3 datal data 2 data 3

HV 4.81 7.93 5.96 15.92 7.55 18.07
mco 37.53 41.59 13.36 89.65 69.5 214.98
mp, 10.83 14.95 19.16 17.69 17.25 14.80
MCH, 23.40 11.35 10.95 48.44 15.71 16.17

The results in the Table [6l show that the results of Case a are better than
those of Case b. It can also be seen that the relative error in case of the gas
mole fractions is higher than that of the heating value, which is due to the
choice of the objective function (Eq (II)). The control of UCG process in
Section [ requires the measurement of the heating value only, therefore, the
deviation in the molar fractions of the gases is not very critical for the UCG

control system.

4. Controller Design

4.1. Control problem

As discussed in Section and B] that the optimum value of steam
at the reaction front is necessary for a successful UCG process, but if its
value increases or decreases beyond the optimal value it can either decrease
the overall temperature of the reactor or reduce the production of syngas by
minimizing the magnitude of steam gasification reaction. The total amount of

steam at the reaction front is produced from moisture content in the coal and
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due to the water influx from surrounding aquifers, the latter can be controlled
by maintaining a pressure gradient in the UCG reactor. The concentration of
the steam can vary during the gasification process. The steam concentration
at the reaction front is mostly dependent upon the flow rate of the steam
generated by the water influx. As the control input u(t) (flow rate of injected
air, G in Table[I]) also acts at the reaction front, therefore, the steam flow rate
at the reaction front is the matched, but bounded disturbance 6(t) (|| () || <
do > 0). The boundary conditions for the concentration of Oy, Ny and HyO
(Eq ([B])) are set by u(t) and 6(t) respectively. Therefore, the control problem
is to maintain a desired heating value of the product gas at the outlet (z = 1)

in the presence of §(t) .

4.2. State space representation of the UCG process at the outlet

The finite dimensional state space of the single input single output UCG

process at the outlet x = [ is given as:
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2@t) = f(zt)+g(zt)u(t)+d(z1t)d(t) (17)
HV (t) = w(z1)

where,
2l = [Pl P2 Ts]
MR, (2)
f = aleMQRl(z)
{h exp ( ) Ty — 25] — AH, R, (z)}
& = 02exp (- n<>>cR2<>[O e
d" = CR;s(2) {o — M, —é—g}
w = 10To [Al/olRl(z) da:+A2/OlR3(z) dx}

where the system state vector is z € R3, f € R3 is the nonlinear function
of states, g € R is the input vector, d € ®2 is the disturbance vector, u, d
and HV] are scalar input, disturbance and the output (heating value at the

outlet) respectively and w is the nonlinear function of states representing the

output. The complete derivation of the state space is given in

4.3. Super twisting sliding mode controller

The controller is situated in the control room of the UCG setup (Fig. 2).
For simulations the dynamics of the compressor and the gas analyzer are
ignored. The simplified block diagram of the UCG control system is shown
in Fig. The output from the UCG reactor model is fed back in to the
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controller which compares it with the desired value and based on the super

twisting control algorithm computes the flow rate of the injected air.

e Super Twisting Controller N

u
ey 1 [ A - Ya X | uce | MV
ﬁ i -1 [ M + reactor "
- +
uq
——| "~

- /

Figure 8: Block diagram of the closed loop system with super twisting algorithm

The super twisting controller is used because the output to be controlled
has a relative degree one with respect to the control input. This control
algorithm has following remarkable advantages: the output attains its desired
value in finite time, the control input is a continuous function of states, it
does not require the derivative of the output and it has the ability to reject
the unknown bounded disturbance |30, @] The super twisting is a second

order sliding mode as the sliding occurs in the manifold ¢ = o = 0.

Consider the sliding variable and its dynamics.

o = HViy—HYV, (18)
6 = ¢(t,z,u)+(tx,u)u(t)

where o € R is sliding surface, which is the error between desired (HV] 4)
and actual (HV]) heating values at the outlet. The bounds on the functions
¢ and ¢ are: |¢| < ® and 0 < U, < ¥ (0,t) < Uy respectively, with
Q, U, Uy € R
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Then the super twisting based control law can be given as a sum of two

components

U = U+ U (19)
—#a|oo|**sgn (o), iflo| > oyl
uy =
—ra|o|"?sgn (o), iflo| < oyl
—rkasgn (o), ifflul <1
ﬂg =
—u, iflul >1

where u. € R is the closed loop control input. The values of the constants

k1 and kg should satisfy

4P ‘I/M(Iig—i‘q))
2 > 2 7 20
e TR T (20)
P
Koy > _\Ifm

If the controller gains k; and ks satisfy the above conditions then the
system output converges to the desired value in finite time.

The UCG process is operated in the closed loop after the process is settled
in the gasification phase. The input u to the UCG process is given by.

G b <1y
u(t) = {Oug+(1—0)G ty<t<ty (21)
Ul t>ta
0 H, 0<f<1
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UCG process is operated in open loop till ¢, (open loop time), and the
operation is closed loop from t., (close loop time). For simulation t, =
2hrs and t, = 4hrs, and the sample period T = 2secs is chosen for the
implementation of the controller . A convex set (C') is formed by u [39] for

interval t,; <t <ty
Uy GEC = Ouy+(1—-0)GeC

which ensures the smooth transition from open loop to closed loop operation
of the process.

The simplified state space representation of the UCG process in Eq (I7)
is only used to select the values of the controller gains (k1 and k2) from the
conditions in Eq (20). In order to justify the simplifications, the synthesized

controller is implemented on the actual UCG reactor model in Section 2

4.4. Results and discussion

Fig @ shows the control input, the regions €; and €23 represent open loop
and closed loop inputs respectively, where as )5 is the region of transition
from open loop to closed loop. The profile of steam flowrate at the reaction
front is shown in Fig For simulations the concentration of the steam
at © = 01is Cy,o = % (this boundary condition for the mass balance of
steam is used in the closed loop system). As discussed in H], the process of
UCG is dominated by three chemical reactions: coal pyrolysis, char oxidation
and steam gasification. The latter two reactions occur at the reaction front,
and produce COy and syngas respectively. Along with the dependence on
temperature, the char oxidation reaction is highly dependent on the mole

fraction of Oy, where as steam gasification reaction requires steam to occur.
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Therefore, when the concentration of steam increases, it tires to increase
the production of syngas and hence the HV,. The controller reacts to the
situation by injecting more Oy in the reactor to produce COs, which balances
the increase in mole fraction of CO and Hs in order to keep HV] at the desired
level. Similarly the controller reduces the amount of O,, when the steam

concentration is decreased. This effect can be witnessed in Figs [0 and [0

3.5 ‘

o Q|9 Q,
N‘é’ 0<=0 | 0<B<1 0>=1

B 33—

(0]

° 2.28

é 2.26

Q

52-5’ 2.24 ]
= 6 6.5 7
E} M
%,

o 2 4 6 8 10
Time (hr)

Figure 9: Control effort u (zoomed view showing the chattering phenomenon).

3 ‘ ‘ ‘ ‘
< — Flow rate of H,O at x=0
3 2
NU)
E 2.5¢
(2]
Q
g 2
)]
©
= 1.5¢
o
[
1 L L L L
0 2 4 6 8 10

Time (hr)
Figure 10: Input disturbance 6.

The desired and actual heating values of the product gas are shown in
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Fig [ and their difference (sliding surface) is shown in Fig It can
be seen from the figures that the control algorithm successfully keeps the
heating value at a desired level in the presence of matched disturbance, with
satisfactory performance. During the simulation it has been observed that
there is a trade off between the speed and smoothness of the response, if
tag — ty is small then HV; has higher percentage overshoot but it settles
quickly and vice versa. UCG is a slow process, therefore, the selected values

of ty, t, ensure that HV] settles in less than 1hr with overshoot of 8.04%.

4500
m’\
g /\
S
< 4000
Q
>
T
>
23500
= ——HV,
T
3000 ~ M
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Figure 11: Desired and actual heating values at the outlet.

5. Conclusion

It has been shown that the actual process of UCG can be successfully
modeled by the 1-D packed bed modeling technique. The uncertainties in coal
and char ultimate analyses, and steam to oxygen ratio at the inlet well are
catered by formulating a nonlinear optimization problem. The optimization
problem is solved by using SQP algorithm, and the results of the solved

modeled are validated by comparison with the actual field trials. The results
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Figure 12: Sliding surface o (zoomed view showing the chattering phenomenon).

for the molar fraction of gases can be improved by formulating a multi-
objective optimization problem.

It has been further shown that the UCG process with huge nonlinearities,
uncertainties and external disturbance can be successfully controlled by a
robust super twisting SMC algorithm. The simulation results show that the
controller maintains the desired heating value of the exit gas in finite time

by nullifying the effect of variations in the flow rate of the water influx.
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Appendix A. Infinite dimensional state space of the UCG process

The partial differential equations describing the mass and energy balances
of the solid phase system in Section 2.1.1] and the heating value of the gases
constitute the infinite dimensional state space of the UCG reactor model. In
an infinite dimensional system, the solution evolves on an infinite dimensional
Hilbert space [40)].

The process of UCG is dominated by the three reactions: Coal pyrolysis,

E;, E], therefore, only these reactions

char oxidation and steam gasification

are considered here. The three states of the reactor model are:

pl (t,!L’) = —M1R1 (t,l‘) (Al)

pg (t, l‘) = M2 [(152’1R1 (t, ZE) - R2 (t, [E) - R3 (t, ZL’)]
T(ta) = & é, SIBTY (L) + (T (2) = T, () = H, (t.2)

where

T(x) = Tyexp (—%x) + T {1 — exp (—%x)}
9 9

OS (tv l‘) = M (t7 ZE) Csy T P2 (ta l’) Csy

HS = AHlRl (t, SL’) + AHQRQ (t, 13) + AHgRg (t, Q?)

where B = (1 — ¢)k, h, C, and v(superficial gas velocity) are considered
as constants, AH; is the heat of the reaction i (J/sec/m?®) and c,, represent
the heat capacity of coal and char (J/g/K) respectively. T' is the solution
of Eq @), with T'(0) = T, and it also assumes that the pressure of the gas
phase is constant. If a well linked channel is established between inlet and
outlet wells, then the pressure of the gas does not drop significantly through

the UCG reactor. The expressions for rates are given below:
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R, = 5&exp(_6039) (A.2)

Ml Ts
Ry = C7CR2
—22142
9.55 x 10%py P exp ( )ky
CRy, = 2
—22142
Cr {Mgky\/j_}—}— 9.55 x 108p, P exp ( T )}

C7 = 0.21u(t)exp (—nx)

n = |a7’2|/ CRyda
0

(%

Ry = 6(t)CRy

12
k, P%ps exp (5.052 — 908)
CRs = -

S S

12908 24 2
Crv | P?exp (5-052 -7 )PQ + ky, M, <P + exp <—22.216 + ;)80)) ]

where k, = 0.1h, and Cr (total concentration of all the gases) are con-
stants. C is the solution of the mass balance of Oy (Eq ([B])) with C7(0) =
0.21u.

Heating value of the gases is the output of the UCG reactor model, which

is a function of system states.

HV () = % (H,Cy (2) + HsC (2) + HsC () + HsCr ()] (A.3)

T

where HV (z) is the distributed heating value, C'r the total concentration

of all the gases excluding steam is assumed to be constant, C; and H; are the
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concentration and heat of combustion of gas ¢ and ¢ = 1, 3,5, 8 represents
CO, H,, CH4 and C,H,,, respectively.

Eq ([A3) can be solved for HV (x) by solving Eq (B)) as a boundary value
problem for C}, C3, C5 and Cg with C; (x = 0) = 0, the particular solution

for C; is given as:

3
1 T
G U]§:1a,3/0 j 4T

Now the solution of Eq ([A3]) can be written as

100 * r
Cr 0 0
where,

Ay = aiHi+ a3 Hs + as 1 Hs + ag 1 Hg

As = ai3H) +asz3H;
The finite dimensional state space (Eq (IT)) is obtained by substituting
x =1
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