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Dynamic Modeling and Multivariable Model
Predictive Control of the Air Separation
Columns in an IGCC Power Plant

Tongshu Guo, Jianhong Lu, Wenguo Xiang, Weiming Ding and Tiejun Zhang

Abstract—Integrated Gasification Combined Cycle (IGCC)
is one of the most promising and competitive energy producing
and coal utilization technologies. A typical IGCC plant mainly
consists of an air separation unit, gasification system, gas
turbine, heat recovering boiler and a steam turbine. This paper
investigates the characteristics of the cryogenic rectification
column, which is the core of the air separation unit. It will
strongly affect the overall system’s transient behavior. A
control-oriented first-principle mathematic model is developed
for the double column, and the dynamic characteristics are
presented. Furthermore, in order to optimize the transient
operation performance of the air separation unit, a
multivariable predictive control strategy for the column is
presented and discussed.

Index Terms—Air separation units, dynamic modeling,
IGCC, Multivariable model predictive control

I. INTRODUCTION

With the development of the society, the demand for
power and electricity is increasing at an alarming rate
worldwide. Unfortunately, the energy industry today is
facing serious problems and challenges, such as the limited
natural resources, the global warming, the appearance of acid
rain and the degradation of ecological [1]. To solve these
problems, it is expected that the electricity producing
methods will be altered by the efficiency and environmental
regulations factors in the near future [2].

An Integrated Gasification Combined Cycle (IGCC)
power plant, including coal gasification process, air
separation unit, and the combined-cycle unit, is one of the
key solutions to meet the requirements. It has a lot of
advantages over conventional solid fuel combustion power
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plants, mainly including reduced plant size, higher thermal
efficiency and much less emissions, fuels and products
flexibility. All of them make it by far the best concept for
electricity and thermal energy generation [3], [4]. The air
separation unit (ASU) has been developed for many decades
and successfully used to supply oxygen for the gasification in
IGCC power plants [5], [6], [7]. The cryogenic air separation
unit operates at extremely low temperatures of about 100 K,
which is in fact a distillation process for the generation of
high purity nitrogen, oxygen and argon from air according to
their different boiling temperatures. This kind of ASU
generates oxygen at the concentration of about 95% for coal
gasification, consumes about 10% of the gross power output,
and requires about 15% of the total plant cost. Moreover, the
ASU is usually the slowest component in an IGCC plant, and
its dynamic response affects the behaviors of the plant greatly.
With it optimally integrated with the gas turbine, the net cost
of power generation can be decreased while the efficiency
increased [8], [9]. Therefore, it is desirable to investigate the
advanced regulatory control strategy for the air separation
unit, so as to optimize its transient operations and eventually
to improve the overall energy efficiency.

The paper is organized as follows: firstly, a brief
description is given to introduce the flow diagram of the air
separation unit and its connection with the gas turbine.
Secondly, under some reasonable assumptions, a first
principles “stage-by-stage” model for the column is
developed in forms of differential and algebraic equations.
Thirdly, the dynamic characteristics of the double column are
discussed with several mass flows step changes introduced.
Finally, a control structure for the column is presented and
the performance of the controllers is simulated and discussed.

Il. PROCESS DESCRIPTION

As shown in Fig. 1, the cryogenic air separation unit in
IGCC plant is comprised of the high pressure (HP) column,
low pressure (LP) column, the main heat exchanger, and a
condenser-reboiler system providing internal thermal
coupling effect. Compressed air from the combined-cycle
island is led through an absorber to remove water, carbon
dioxide and some other impurities avoiding ice formulation
in the downstream equipment [8], [10]. A small portion of the
feed stream is used as “expand air” compensating the column
heat losing to the environment and introduced to stage 24 of
LP column [8]. The rest is cooled in the main heat exchanger
and flows to the bottom of HP column as main feed of the
ASU. In the HP column, high purity nitrogen is obtained at
the top and oxygen-rich liquid air is collected at the bottom.

WCECS 2009



Proceedings of the World Congress on Engineering and Computer Science 2009 Vol 11

WCECS 2009, October 20-22, 2009, San Francisco, USA

The high purity gaseous nitrogen at the top of the HP
column is divided into two parts, the first part is drawn out
and usually used for the transport of pulverized coal and for
various purge flows of the equipment, the second is delivered
to the condenser and cooled to be liquid form. One part of the
liquid nitrogen flows down as the reflux stream of the HP
column, the other is pumped to the top of the LP column and
used as reflux stream of the rectifying section [11], [12], [13].
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Fig.1. Schematic diagram of the air separation unit process and the air-side
connection with the gas turbine.

I1l. MODEL OF THE DOUBLE COLUMN

As stated above, the complete model consists of the model
of the column stages and the condenser-reboiler system.

A. Model of the Theoretical Stage

The model for each tray is generally comprised of
differential equations for the total and components mass
balances and energy balances, and a set of algebraic
equations for vapor-liquid phase equilibrium relations and
fraction summation equations (MESH equations). In this
paper the model derivation was based on the following
reasonable simplifying assumptions [2], [10], [14]:

@ the liquid and vapor are ideally mixed respectively
on each stage, and the pressure and temperature on a
tray are uniform;
vapor-liquid equilibrium is assumed to be ideal;
linear pressure drop in each column;
weeping and entrainment are ignored;
supposing air as a ternary mixture of nitrogen
(78.1%), oxygen (20.95%) and argon (0.95%).

Stage i-1
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Fig.2. Schematic diagram of a theoretical stage.
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The MESH equations for a theoretical stage i (see Fig. 2)
can be formulated as followings.
The total material balance (M equation) is given by:

m.

% = Li—l - Li +Vi+1 _Vi + F| @)
where m; is the liquid hold-up of stage i, L the liquid flow, V
the vapor flow, and F the feed flow.

The components mass balances of nitrogen and oxygen:

dx. dm.
m. -

i (;th = LI -17%-1,N, I‘|X| N, +V|+1y|+1 N, V yl N, + |:IZI N, XI Ny dtl (2)
dx X; dm,
m; 02 =L.X 10, ~ L Xio, +Vi+1yi+1‘02 =-Viy,; ot Fz, 0, X :

1,0, dt
where x is liquid phase concentration of the corresponding
subscript component, y the vapor phase concentration, and z
the feed flow concentration.

The vapor-liquid phase equilibrium relations of nitrogen
and oxygen (E equations) are written as [14], [16]:

y _ aNzxinz
"1 (ay, DXy, + (a0, D X0, ®)
Xo,X%i0,
Yio, =
1+ (0!,\,2 _1)Xi,N2 + (aoz _1)Xi'02

where ¢ is the relative volatility of the composition, and
assumed to be constant in this study.
The fraction summation equations (S equations) are:
1=Xy, + X0, + X ar

(4)
1= Yin, T Yio, T Yiar
The heat balance equations (H equations) are:
my B9 L VY - L — VY,
dt (5)
dm.
+Fh" +Q —u —~
1 I QI I dt

where u is the internal energy of the unit-mass liquid phase, h
the enthalpy, and Q the heat flow.

B. Hydraulic Model and Physical Properties

Variables defined by thermodynamic relations such as
pressure, temperature, liquid flow are needed to complete the
model.

In the present paper, the liquid hydraulics is considered by
including a linear Francis Weir formula and liquid flow from
the tray is [17], [18]:

L - L° m-m- m (©)
T
where L; and L are the current and initial value of the
liquid row rate of stage i, M, and m the current and initial
holdups, respectively, and 7, the tray hydraulic time constant

can be calculated by:
T = m;’
b2
Besides, we assume constant liquid and vapor mass flow
along the column [16], that is, if there is no feed flow to the
column or products removal from the stages, at steady-state:
L = L|+1’ Vi =Vi+1 (8)
When there is a feed flow to stage i or the feed flow
changes, the liquid and vapor flow can be formulated:

Li’ =L +0q:F; Vi' =V, +(1-q.)F, 9)

()

WCECS 2009



Proceedings of the World Congress on Engineering and Computer Science 2009 Vol 11

WCECS 2009, October 20-22, 2009, San Francisco, USA

where F is feed flow to stage i, (- the liquid fraction in the
feed flow, and L, and V; are the resulted liquid and vapor
flow, respectively.
A linear increase of the stage pressure from a constant
overhead pressure P, was assumed:
P =R +(-1AP (10)

A constant stage pressure drop was correlated to the
reboiler vapor rate (v, ) using Aspen simulation data:

AP = BV ?
where £ is a constant [10].
As for temperature of the saturated mixture, it can be
determined from concentrations and pressure according to
Raoult’s law, with a polynomial approximation of
temperature as a function of nitrogen saturation pressure:

p. = Lp (12)
X

T, =-1.362e —3p," +5.490e — 2p.° —8.558¢

~1p.2+7.6778p, +71.1295
where p has dimension [bar], and T, [K] [10].

(11)

(13)

C. Model of the Condenser-Reboiler System

As shown in Fig.1, the HP column and LP column are
thermally coupled by the condenser-reboiler system, as
shown in a simplified illustration in Fig. 3. To model the
condenser-reboiler system, the following two assumptions
are invoked [7], [14]:

® the vapor flow to the condenser will be totally

condensed and all the heat released will be used in
the reboiler;

@ the reboiler and condenser behave like a normal tray,

except the calculation of the heat flow from the

condenser to the reboiler,
Low pressure column

Lin Vour
Gaseous
l ? oxygen
—1—>
|~~~ |Condenser/Reboiler
-1
Liquid
nitrogen + *
Lou Vi

High pressure column
Fig.3. Combined condenser-reboiler system.

The first part of the condenser-reboiler system modeling is
to treat the condenser and reboiler the same as a normal tray,
and the equations are omitted here preventing repetition.
Secondly, the heat flow Q can be calculated with:

HP LP

Q =k- A(Thead _Tbottom) (14)
wherek - A is the overall heat transfer coefficient, T."" is the
temperature at the top of HP column and T\'° the

temperature at the bottom of LP column. A simple empirical
equation for the calculation of heat transfer coefficient is [7]:
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k-A=c-V.>)? (15)

IV. DYNAMIC SIMULATION STUDY

In order to display the dynamic characteristics of the
column, the feed air mass flow, the liquid nitrogen mass flow,
and the product nitrogen and oxygen mass flows (see Fig.1)
will be introduced to step changes, respectively. And the
differential and algebraic equations are implemented in
MATLAB/Simulink based simulation environment and are
numerically solved with the MATLAB-Solver ode45.

A. A Step Change of Feed Air Mass Flow

In this subsection a step change of feed air mass flow from
74 kg/s to 78 Kg/s is introduced. Fig.4 shows dynamic
responses of liquid and vapor flow in HP column and Fig.5
shows the dynamic responses of liquid weight fractions of
nitrogen and oxygen in both columns. In the figure, (a) and (b)
represent the liquid nitrogen and oxygen weight fractions at
the top and bottom of HP column, respectively, (c) and (d)
denote the nitrogen and oxygen liquid weight fractions at the
top and bottom of LP column. And (a), (b), (c) and (d) in
Figure 8, 9 and 10 have the same meaning. From the four
plots it can be concluded that oxygen weight fractions in both
columns are obviously influenced by the feed air flow,
whereas the nitrogen weight fractions are minor influenced.
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Fig.4. Steady-state profiles of liquid weight fractions of nitrogen, oxygen and
argon in LP column.
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Fig.5. Dynamic responses of liquid weight fractions to a step change of feed
air mass flow.
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B. A Step Change of Liquid Nitrogen Mass Flow

In this part a step increase of liquid nitrogen mass flow
from 30 kg/s to 33 kg/s is imposed. Fig.6 shows the liquid
dynamics in LP column, and liquid flow increases in all
stages from the top of the column downward. Fig.7 illustrates
the dynamic responses of nitrogen and oxygen weight
fractions. When liquid nitrogen mass flow increases, reflux
flow of the rectifying section in LP column increases
(L/V-ratio increases) while that of the HP column decreases
[2]. As aresult, in the HP column the nitrogen weight fraction
at the top decreases while the oxygen weight fraction at the
bottom increases, as shown by plots (a) and (b). From plot (d)
we know the oxygen weight fraction in LP column decreases
acutely. Within the simulation time of 2000 seconds, still the
oxygen fraction has not become steady, which can be a proof
that the concentration dynamics is a long-term process.
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Fig.6. Responses of liquid flow in LP column to a step increase of liquid
nitrogen mass flow.
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Fig.7. Dynamic responses of liquid weight fractions to a step change of liquid
nitrogen mass flow.

C. A Step Change of Product Nitrogen Mass Flow

Fig.8 shows the dynamic responses of nitrogen and oxygen
weight fractions to an increase of low purity product nitrogen
mass flow from 56.4 kg/s to 60 kg/s. Because the low purity
nitrogen is a product from LP column, and there is no
material or heat flow from LP column to HP column, the HP
column is little affected, as proved by plots (a) and (b). That
is liquid nitrogen and oxygen weight fractions in HP column
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almost keep constant. Besides, from the figure we can see
that with the nitrogen mass flow increases, the nitrogen
concentration decreases distinctly. As a result, in order to
maintain the nitrogen fraction at a constant level, sharp

changes of the mass flow should be avoided.
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Fig.8. Dynamic responses of liquid weight fractions to a step change of
product nitrogen mass flow.

D. A step change of product oxygen mass flow

Fig.9 demonstrates the dynamic responses of liquid
nitrogen and oxygen weight fractions to an increase of
product oxygen mass flow from 16.4 kg/s to 20 kg/s. Similar
to Figure.8, the HP column is minor impacted. Nitrogen
weight fraction in LP column increases only a little while
oxygen weight fraction decreased dramatically, as showed by
plots (c) and (d). That is because with product oxygen mass
flow increases, vapor flow and nitrogen product in LP
column decrease as a result, which makes nitrogen
component in the liquid flow can’t be sufficiently vaporized
as before, and more of it stays in the product oxygen flow.
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Fig.9. Dynamic responses of liquid weight fractions to a step change of
oxygen product mass flow.

V. CONTROL STUDY FOR THE COLUMN

From simulation results given in section 4, it is seen that
the process variables showed a large amount of interactions
due to mutual interactions between both columns and
continuous material and energy transfer among the stages. As
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a result, effective control strategies should be introduced in
the unit for the column to operate efficiently [19].

In this study, constrained multivariable model predictive
control for the ASU has been developed as illustrated in
Fig.10, and the control system is tested against a limit number
of experiments. The present work is mainly concerned with
the purity control for the product oxygen and nitrogen. The
objective of the control system is to force the product purities
to follow their set-points while the manipulated variables not
changing too much or fast. Liquid levels in both columns are
not included in the present study, since conventional PID
controller can do a good job in level control [7].

Because product composition can be measured directly in
ASU currently, the compositions are chosen as output
variables in this work [20]. To design the controller for the
column, the following variables are defined for the control
study (see also Fig.10): the controlled variables are purities
of product oxygen (yi), low purity nitrogen (y,) and high
purity nitrogen (ys), and the manipulated variables are the
expand air flow (uy), liquid nitrogen flow to LP column (uy)
and main feed air flow to HP column (uy).

Measured manipulated variables

—t

Set-points Calculated
> manipulated variables
Controlled variables MPC -
»
=
Low-purity nitrogen \ﬁ
Y2 u;
1 Liquid nitrogen
2
}[}«—@47
3
/1
19
LP column -
—
) w
24 - -
. Expand air
—'{
hdl 39
|7
Oxygen 40
High-purity nitrogen 1
¥ 2
y3
[ —
2
i

HP column

Feed air

Fig.10. Multiple model predictive control structure for the column.

As for the model predictive control, the quadratic cost
function is defined as a sum of quadratic future errors
between the reference trajectory and predicted plant output
and plant input increments, and is formulated as:

3= X[+ D-w, e+ DT + XROMAE+ -1 (19)

where ¥, (t+ j) denotes the vector of predicted controlled
variable values, w, (t+ ) the vector of reference signals,

Au the vector of manipulated variable increments, P the
predictive horizon, M the control horizon, Q the error
weighting matrix, R the control weighting matrix. And in this
multiple-input, multiple-output (MIMO) system, each
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manipulated variable influences all the outputs. And the
controller parameters such as prediction and control horizon
should be carefully chosen by compromise [21]. Controller
parameters included in this study are: the prediction horizon
P=200; control horizon M=10; output weighting Q=[1 1 1J;
and input weighting R=[0.1 0.1 0.1]. At time k, the work of
the multivariable MPC controller is to calculate an optimal
control sequence Au =[Au, Au, Au, ---Au,,] over the

control horizon M to minimize the quadratic cost function J,
The constraints on control inputs here are as following:
O<uy <13
26<u, <36
62<u,<82
—2<Au <2
—2<Au, <2
—2<Au, <2
The following case studies were carried out to
demonstrate the performance of the MPC controller. Step
changes of product oxygen, low-purity nitrogen and
high-purity nitrogen purity set-points are carried out
separately from t=100 to t=1000, and the objective of the
control system is to keep the purity close to their set-points.
And the closed-loop control results are illustrated in Fig.11,
Fig.12, Fig.13 and Fig.14. In the figures plot (a) shows the
responses of controlled variables and plot (b) shows the MPC
controller performance.
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Fig.11. Closed-loop dynamic responses to a step increase of product oxygen
purity set-point.
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Fig.14. Closed-loop dynamic responses to step decreases of both oxygen and
nitrogen purity set-points.

As observed from these figures, the proposed
multivariable MPC control system shows good trajectory
tracking capability and could stabilize the process within
about 300 seconds, and the manipulated values and their
increments are kept within certain ranges.

VI.

In this paper, a first—principles dynamic model of the
double columns with condenser-reboiler has been developed
and its dynamic responses have been studied and analyzed.
Constrained MPC approach for product purity control is
presented as well, and several simulation studies are carried
out to test the feasibility of the control structure, and it is
demonstrated that the MPC controller can do a good job.

Dynamic behaviors of ASU influence the characteristics of
IGCC plant significantly, effective coordinated control
strategy between ASU and the gas turbine should be our next
research direction in the near future. It is expected to satisfy
the product demands during normal and load-following
conditions and potentially to improve the overall IGCC plant
efficiency.

CONCLUSION
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