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Abstract−A model predictive control (MPC) system has been developed for application to the condensate recycle
process of a 300 MW cogeneration power station of the East-West Power Plant, Gyeonggido, Korea. Unlike other in-
dustrial processes where MPC has been predominantly applied, the operation mode of the cogeneration power station
changes continuously with weather and seasonal conditions. Such characteristic makes it difficult to find the process
model for controller design through identification. To overcome the difficulty, process models for MPC design were
derived for each operation mode from the material balance applied to the pipeline network around the concerned pro-
cess. The MPC algorithm has been developed so that the controller tuning is easy with one tuning knob for each output
and the constrained optimization is solved by an interior-point method. For verification of the MPC system before pro-
cess implementation, a process simulator was also developed. Performance of the MPC was investigated first with a
process simulator against various disturbance scenarios.
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INTRODUCTION

Through continuous evolution and verification over the past few
decades, model predictive control (MPC) has obtained solid recog-
nition as a standard multivariable industrial control technique. Dur-
ing this period, applications of MPC have been continuously di-
versified to various industries like food processing, automotives,
and even aerospace systems, whereas refineries and petrochemical
industries still remain the major customers of MPC. Such success
is frequently attributed to not only the prediction-based high per-
formance multivariable control of MPC, but also the capability of
constraint handling and economic optimization [1,2].

Like the processes in petrochemical industries, many processes
in a power plant are multivariable systems, hence can be good targets
where the operation can be improved by advanced control. Accord-
ingly, the interest in the advanced control techniques, especially MPC,
has been continuously increasing in power plants, although progress
has been slow perhaps due to the high safety concern and also con-
servatism [3-9]. In fact, for some specific processes in a power plant
such as the super-heater, advanced control studies have long been
practiced. Due to its crucial role in turbine operation and fast dy-
namics, the design of the super-heater controller has been a con-
stant and challenging research subject and, as a result, commercial
techniques have appeared, too [10,11]. Another example is the com-
bustion process where reduction of NOx and other pollutants emis-
sion is important. To meet the ever severer regulations on pollutant
emission, advanced control techniques have been actively investi-
gated for the process [12,13].

This research has been conducted to develop an industrial MPC

system for application to the condensate recycle process of a cogen-
eration power station of the East-West Power Plant, Gyeonggido,
Korea. The cogeneration power station produces hot water and elec-
tricity simultaneously. Since the seasonal change in hot water demand
is large, five different operation modes are provided from maximum
hot water to maximum electricity production. Among them, two
extreme modes pose operation problems and become the targets
for the MPC application. The developed MPC system is based on
a stochastic state space model with special disturbance model. It is
designed to have one tuning knob for each output by utilizing Kal-
man filter-based tuning. Before implementation in a real process,
the performance of the developed MPC system was evaluated in a
numerical process. For this, a rigorous process simulator was con-
structed from the material balance and detailed pressure drop rela-
tions applied to the pipeline network around the condensate process.
The performance of MPC was compared with the existing PI con-
trol loops for various disturbance scenarios.

CONDENSATE RECYCLE PROCESS

Fig. 1(a) shows a simplified process flow diagram of the con-
cerned cogeneration power plant. It has a high pressure steam tur-
bine (HP-ST) and a low pressure steam turbine (LP-ST). The ex-
haust steam from HP-ST is directed to the high pressure district heater
(HPDH), which is concatenated to the low pressure district heater
(LPDH). Hot water production for the nearby huge apartment com-
plex is done by heat exchange through steam condensation in LPDH
and HPDH. The reason to split the heat exchanger into HPDH and
LPDH is to recover the heat of low pressure waste steams from var-
ious sources at LPDH as much as possible.

The condensate recycle process refers to the part that contains
three tanks, LPDH, CONDENSER, and DEA plus the associated
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pipeline network. Among them, LPDH is the primary heat exchanger
for hot water production. Since the waste steams that are directed
to LPDH are not generated in an anticipatory manner, condensate
level in LPDH is apt to be perturbed. CONDENSER is a huge drum
where the discharge steam from LP-ST is condensed by heat ex-
change with cold water. Finally, DEA refers to the deaeration tank.
The role of DEA is to collect the condensates from LPDH and CON-
DENSER and to supply the boiler feed water after removing dis-
solved oxygen in the water.

The plant is operated under five different modes according to
the hot water and electricity demands that vary with season and weath-
er conditions. Depending on the operation mode, all the steam may
be directed to LPDH (MODE 1) through HP-ST, or it may be di-
vided into LPDH and CONDENSER (MODE 5) through HP-ST
and LP-ST, respectively. The other three are transition modes that

are turned on temporarily during the mode change from 1 to 5 or vice
versa. In Table 1, the process situations for MODE 1 and MODE 5

Fig. 1. Process flow diagrams of (a) cogeneration power plant and (b) condensate recycle process.

Table 1. Description of MODE 1 and MODE 5 operations

MODE 1 MODE 5
HP-ST on, LP-ST off HP-ST on, LP-ST on

Max flow rate at FT01 900 ton/hr 900 ton/hr
Max flow rate at FT02 900 ton/hr 500 ton/hr
Max flow rate at FT03 0 400 ton/hr

CV01 Equal percentage type, CV=950
CV021 Linear type, CV=2500
CV031 Equal percentage type, CV=900
CV01M Equal percentage type, CV=92
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are described in more detail.
In Fig. 1(b), the control loops for MODE 5 are shown. Liquid

levels of DEA, LPDH, and CONDENSER are regulated by inde-
pendent PI controllers with or without cascaded flow control loops.
Other valves like CV01V, CV022, CV032, CV03M, MOV01, and
MOV02 that are not connected to the level control loops are manip-
ulated by DCS logics that are not allowed to modify. In MODE 1,
LC03 is turned off and CV01M and CV01 are directly manipulated
by LC01 and LC02, respectively. For now, the condensate recycle
process requires improvement in the control method for the fol-
lowing reasons.

First, the tank levels need to be more tightly regulated for eco-
nomic reasons. Water in the power plant is recycled in a closed loop
undergoing phase changes. This means that there is no need for water
vent or purge in normal operation, although some make-up is in-
evitable to replenish loss. The vent valve CV01V is programmed
to be opened in case that the levels of LPDH and CONDENSER
increase beyond certain limits. Accordingly, if the level of DEA
becomes low for some reason while the levels of LPDH and/or CON-
DENSER become high, both CV01V and CV01M will be opened
for vent and make-up, respectively. This causes an economic loss
but, in fact, is avoidable if tighter regulation of the levels is performed.
As another case, suppose that the condensate input flow to DEA is
larger than the output flow to the boiler. Note that LC01 can manipu-
late only the makeup water flow and has no handle to reduce the
DEA level. If such a flow imbalance around DEA is sustained, the
DEA level grows continuously and at last MOV01 will be opened to
purge DEA water incurring an economic loss. Meanwhile, LPDH
and CONDENSER levels are regulated by their respective control-
lers. If LPDH and CONDENSER could share the burden of DEA
by increasing their levels through coordination, the purge loss would
be avoided or at least delayed.

Secondly, due to its relatively small volume, the level of LPDH
is easily shaken to a change in steam input and hot water flow, es-
pecially during MODE 1 operation. When the tank level becomes
higher beyond a certain limit, the condensing area is intruded and
condensing becomes difficult. This in turn increases the tank pres-
sure and affects the upstream processes including HP-ST. In the
reverse case when the tank level decreases below a certain limit,
pump cavitations may occur.

In addition to the above, there are still more problems that can-
not be overlooked. One of them is the inverse response in the DEA
level to a change in the makeup water flow. It is caused by the dif-
ference in the specific volumes of the hot water in DEA and cold
makeup water. The PI controller has no provision for the inverse
response and shows limited performance.

NUMERICAL PROCESS

Unlike other industrial processes where MPC has been predom-
inantly applied, the operation mode of the cogeneration power sta-
tion changes continuously with weather and seasonal conditions.
Also, in a certain mode of operation, the process variables swing
over a wide range, especially due to the large change in hot water
demand even within a day. In order to verify the performance of
MPC under all those circumstances before installation, a dynamic
simulator for the concerned level process was developed. The sim-

ulator is composed of detailed unsteady mass balance equations
for the three tanks and steady state mass balance and detailed pres-
sure drop equations for the pipeline network. For each control valve,
first-order dynamics with 7 to 20 sec of time constant was assumed.
All the disturbance streams to the process, mode change scenarios,
and inverse response of DEA level were reflected to the simulator.
Finally, key parameters were adjusted by using the operation data
of a real process. Fig. 2 shows the input-output structure of the sim-
ulator. The variables indicated by the thick lines represent the manip-
ulated and controlled variables with which the control loops are con-
figured, whereas all the other variables represent disturbances. In
this simulator, the DCS logics to manipulate the auxiliary valves
like CV01V, CV022, CV032, CV03M, MOV01, and MOV02 were
reflected as they stand.

MPC DESIGN

1. Basic Structure and Dynamic Optimization
The situation of a controlled process may change from time to

time. Industrial controllers need to function incessantly overcoming
such changes in the process. In this research, the MPC system is
designed on the basis of a state space model to perform the follow-
ing computations in order considering the above at every sampling:

▶ Step 1: Measure the controlled variables (CV’s).
▶ Step 2: Check faulty CV’s and check manipulated variables

(MV’s) in the manual-mode. Define the process (MV’s and CV’s)
to control.
▶ Step 3: Compute the condition number of the controlled pro-

cess using the singular value decomposition (SVD) of the steady
state gain matrix. When the condition number is large, discard the
lowest priority CV and reconfigure the controlled process until the
condition number is smaller than the specified threshold value.
▶ Step 4: Compute future input moves that minimizes the sum

of output prediction errors plus future input moves.
▶ Step 5: Implement the first input signal to the process and re-

peat the same calculation at the next sampling time.

In step 3, a large condition number means that the process has
output directions along which the process is hardly driven. Under
this condition, the MV change may become excessive and erratic.
Step 3 solves such an ill-conditioning problem at the expense of
giving up low priority CV’s.

Step 4 represents the dynamic optimization, which is the core
part of MPC. This step is composed of Kalman filtering for state
estimation, output prediction based on a state space model, and mini-
mization of a quadratic cost function. Mathematical description of

Fig. 2. Input-output structure of the dynamic simulator for the con-
densate recycle process.
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the computation in step 4 can be written as

(1)

subject to
y(t+k|t)=Mx(t|t)+L0∆u(t)…+Lk−1∆u(t+k−1) and
linear inequality constraints on y(t+k|t), u(t+k), and ∆u(t+k)

In the above, ∆u(t) u(t)−u(t−1) and ||x||Q2 xTQx; y(t+k|t) and
x(t|t) refer to the optimal output prediction at t+k and the optimal
state estimate at t based on the information up to t. x(t|t) is computed
by using the Kalman filter. The optimization may include linear
inequality constraints imposed on input and output variables. γ(t) is
a slack variable that slackens the output constraints to avoid possi-
ble infeasibility when there is a large disturbance [14].
2. Additional Features

Besides the basic structures described above, the following fea-
tures were considered.
2-1. Feedforward Compensation

There are a number of disturbance flows (about 20) in the con-
cerned process. For only a few of them, flow measurements are avail-
able. For the rest, however, the valve positions are available. In order
to accommodate the latter case in the feedforward compensation,
too, the flow rates are estimated by using the valve position and
pressure information. MPC was designed to compensate all the dis-
turbance flows by providing feedforward control action.
2-2. Input Blocking

Regular MPC as in Eq. (1) has a large number of decision vari-
ables that renders a heavy computational burden on the optimizer.
To improve this situation, input blocking was employed. The input
blocking is a technique that reduces the dimension of the decision
variables. In this research, the future MV movements are allowed
to change only at limited times [15,16] such that

∆u(t)=b1, ∆u(t+k2)=b2, …, ∆u(t+kn)=bn, n=m, kn<m (2)
∆u(t+i)=0 for remaining i’s in the control horizon

In this way, the decision variables for optimization are changed
from ∆u(t+k)'s to b'is. This results in significant reduction in the
computational burden and also enhancement in robustness.
2-3. Dynamic Optimization with Interior Point Method

Eq. (1) is a typical quadratic programming (QP), which guaran-
tees the existence of a unique minimum. Nevertheless, the required
computation can be heavy even with the input blocking. For further
reduction of computation and improvement of numerical stability,
the QP problem is converted to an approximate unconstrained opti-
mization problem by using a barrier function and solved by an in-
terior point method [17,18].
2-4. Output Disturbance Model

Feedback control handles the uncertainties from model error and
unmeasured disturbance. Even then, if the information on the uncer-
tainties can be reflected to the controller design at least partially, the
control performance can be improved more. In this research, it is
assumed that the unmeasured disturbance ξ(t) is added to the pro-
cess output and is modeled as a first-order filtered signal of inte-
grated white noise as in Fig. 3. In this figure, Aw is a diagonal matrix
whose elements are a'is with |ai|<1. It is known that such a model
can reasonably represent the typical disturbance patterns occurring

in industrial processes [19].
The process model augmented with the output disturbance model

and rearranged with respect to ∆u(t) and y(t) can be represented by
the following state space Eq. [20]:

(3)

where n(t) and v(t) are independent zero mean white noises.
2-5. Easy Tuning Knob

In designing an industrial MIMO controller, it is crucial to devise
an effective but simple tuning method. Borrowing the well-known
fact that LQ control and the Kalman filter are dual in LQG control
[21], we chose to tune the controller through the Kalman filter. A
benefit of this approach is that the effectiveness of tuning is incessant
even when an MV is stuck to a constraint. It is because the Kalman
filter continuously runs irrespective of constraints, whereas the con-
trol part does not. As given in [20], the steady state Kalman gain
for Eq. (1) is

(4)

Hence, each output can be tuned with only one tuning parameter
fai that changes between 0 and 1. When fai is close to 0, the Kalman
filter trusts the model output more than the output measurement in
the state estimation, and vice versa when fai is close to 1. As a con-
sequence, fai→0 results in loose tuning and vice versa for fai→1.

Fig. 4 demonstrates the performance of the above tuning method
when the following 2×2 system is controlled by MPC:

(5)
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Fig. 3. Model structure with output disturbance for MPC design.
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It is assumed that each output is corrupted with random noise
and there is no model error. The sampling time for control was chosen
to be 1. When fai is close to 0, the input action becomes mild and
the output shows sluggish response to the set point change, which
corresponds to the closed-loop performance for a low Q/R tuning.
In contrast, when fai is given close to 1, the tuning becomes tight,
that corresponds to the high Q/R case.

PROCESS MODEL FOR MPC IMPLEMENTATION

1. Process Analysis and Choice of MV’s for MPC
It was requested that MPC can handle both MODE 1 and MODE

5 operations using CV01, CV01M, CV021, and CV031. In both
modes, the number of control valves is larger than the number of
tank levels by one. Hence, a problem to choose appropriate MV’s
arises. In practice, the problem is reduced to select one between CV01
and CV021. For this, we investigated the valve position-to-flow
rate relationships assuming that CV031 and CV01M are closed and
the results are shown in Fig. 5. Fig. 5(a) shows the installed flow
characteristic of CV021 with the valve position of CV01 as a pa-
rameter. Conversely, Fig. 5(b) shows the installed flow characteris-
tic of CV01 with the valve position of CV021 as a parameter.

In MODE 1, the flow rate from LPDH to DEA is affected by
two control valves of CV01 and CV021. Therefore, one of them
should be fixed and the other one plus CV01M is used as MV’s.
From Figs. 5(a) and (b), CV01 is found to be more appropriate as
an MV in that it has wider linearly controllable range than CV021.

In MODE 5, the sum of the outlet flow rates from LPDH and
CONDENSER should be equal to the inlet flow rate to DEA. Based
on this fact, CV01M, CV021, and CV031 are obvious choices for
MV’s with CV01 fixed at some position. The fixed position for CV01
was determined by referring to Fig. 5(a) considering the required
maximum controllable flow rate and linearly controllable range.

Through this analysis, the MV’s for MPC were chosen as

MODE 1: MV=CV01 and CV01M with CV021 fixed at 40%
MODE 5: MV=CV01M, set points of FC02 and FC03 with CV01

fixed at 80%

For some reason from the plant side, CV01M is directly manip-
ulated not being closed by a flow rate controller.
2. Process Model for MPC

In accordance with the MV selection described above, the pro-
cess models for MODE 1 and MODE 5 for MPC design were de-
rived from the material balance and linearization as follows:

MODE 1: 

(6)

y1, y2: levels of DEA and LPDH
u1, u2: vp’s of CV01 and CV01M
d1: vp’s of CV01V, CV02H, CV022, etc.

MODE 5: 

y1

y2

 

= 
a11/s τv1s +1( ) a12 1− b12s( )/s τ12s +1( ) τv2s +1( )
− a21/s τv1s +1( ) 0

 u1

u2

 

+ D1d1

y1

y2

y3

 

Fig. 4. Performance of Kalman filter-based MPC tuning applied
to the system in Eq. (5) for the first output with fa1=0.8 and
the second output with fa2=0.05.

Fig. 5. Installed flow characteristics of control valves of (a) CV021
when CV01 is fixed and (b) CV01 when CV021 is fixed.
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(7)

y1, y2, y3: levels of DEA, LPDH, CONDENSER
u1, u2, u3: set point of FC02, vp of CV01M, set point of FC03
d5: vp’s of CV01V, CV02H, CV022, CV03M, CV032, etc.

In the above, valve position is referred as vp; d1 and d5 represent
the measured disturbances for feedforward compensation; τv1 and
τv2 represent the time constants of CV01 and CV01M, respectively.
It is assumed that the control valves have first-order dynamics and
integrating characteristics and valve dynamics are the only source
of process dynamics. Also, the inverse response of DEA level is
reflected to the transfer function as a positive zero. In the MODE 1
model, a11 and a21 were given as functions of the pressures meas-
ured at PT01 and PT02 in order to reflect the effect of tank pres-
sures on the flow rate. The parameters for inverse response and for
LPDH tank were estimated by using operation data. Other parame-
ters were derived referring to or through linearization of the process

simulator. In the MODE 5 model, it is assumed that the flow control
loops are tightly tuned and thus the valve dynamics can be negligible.

The above models were converted to the zero-order hold dis-
crete-time state space models with sampling period of 5s.

RESULTS AND DISCUSSION
OF NUMERICAL EXPERIMENTS

1. Disturbance Rejection in Mode 1
In Figs. 7 and 8, closed loop responses of the MODE 1 process

to perturbations in initial input level and waste steam flow to LPDH
under PI control and MPC are compared. For PI control, CV01 is
used as an MV for regulation of the LPDH level. The set points of
the DEA level and the LPDH level are given at 2.35 m and 1.1 m,
but initially they were perturbed to 2.25 m and 1.3 m, respectively.
Normal waste steam flow rate to LPDH and condensate flow rate
from HPDH to LPDH were given as 240 ton/hr and 300 ton/hr, re-
spectively. From 500 sec to 1,500 sec, the waste steam and boiler
feed water flow rates were assumed to vary as given in Fig. 6(a).

= 

c11/s a12 1− b12s( )/s τ12s +1( ) τv2s +1( ) c13/s
− c21/s 0 0

0 0 − c32/s

 
u1

u2

u3

+ D5d5

Fig. 6. Disturbance scenarios for (a) MODE1 and (b) MODE5 op-
erations.

Fig. 7. Closed-loop response of MODE 1 process by PI control
against the disturbance scenario in Fig. 6(a). (a) tank levels
and (b) MV’s.
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During the first half of this period, the outlet flow rate of DEA (boiler
feed water) is given to be larger than the inlet flow rate (recycled
condensate flow rate). During the next 500 sec, however, a reverse
situation is assumed.

In Fig. 7(a), responses of the LPDH and DEA levels under de-
centralized PI control are depicted. The levels are rather shaky though
not unacceptable. The LPDH level is subject to rather large change
initially but can be regulated relatively well thereafter. However,
the DEA level varies rather widely because of the limited makeup
water flow rate (between 1,000 sec and 1,300 sec) and no MV to
actively lower the level (after 1,300 sec). In Fig. 8, the performance
of MPC against the same disturbance scenario is summarized. First,
it can be observed that the closed loop response is remarkably im-
proved. It is primarily due to the feedforward action as well as model-
based control. In addition, the quadratic cost in Eq. (1) can appro-
priately distribute the control error to both levels through the weight-
ing factors. Such coordination is not possible in decentralized PI
control.
2. Disturbance Rejection in Mode 5

In Figs. 9 and 10, the transient responses of the MODE 5 pro-
cess to a disturbance scenario shown in Fig. 6(b) under PI control
and MPC are summarized. The control loops of MPC are com-
posed of three tank levels and MV’s that were proposed in subsec-
tion 5.1. The PI control loops are composed as in Fig.1(b) with CV01
fixed at 80%. The set points of DEA, LPDH, and CONDENSER
levels were givens at 2.35 m, 1.1 m, and 1 m, and the initial levels
of these tanks were assumed to be 2.45 m, 1.3 m, and 0.85m, re-
spectively. Normal steam flow rates to LPDH and CONDENSER
were assumed to be 160 ton/hr and 360 ton/hr, respectively, and con-
densate flow rate from HPDH to LPDH was assumed to be 160
ton/hr.

As can be seen in Figs. 9 and 10, MPC outperforms PI control.
Especially, upon the disturbance change, MPC stabilizes the tank
levels rapidly by its effective feedforward compensation in addition
to its optimizing multivariable control action. Hence, no vent flow
that incurs unnecessary cost occurs. On the other hand, PI control
shows a rather long transient before restoring the tank levels to their
respective set points. The level of LPDH was shaken because PI
control could not reject disturbances quickly. Consequently, vent flow
is made by opening CV01V.

Fig. 9. Closed-loop response of MODE 5 process by PI control
against the disturbance scenario in Fig. 6(b). (a) tank levels
and (b) MV’s and CV01V.Fig. 8. Closed-loop response of MODE 1 process by MPC against

the disturbance scenario in Fig. 6(a). (a) tank levels and (b)
MV’s.
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CONCLUSIONS

In this research, an industrial MPC system has been developed
for implementation in the condensate recycle process of a cogener-
ation power station where hot water for a nearby huge apartment
complex and electricity are generated simultaneously. The developed
MPC system is based on a state space model and has a simple but
powerful tuning knob derived from the Kalman filter-based tuning
concept combined with a special output disturbance model, etc. The
concerned cogeneration power plant is operated according to one
of the five different modes depending on seasonal and weather con-
ditions. The linear models of the concerned process for MPC design
were derived by using fundamental laws instead of identification ex-
periment. The developed MPC system was applied to a process sim-
ulator and, as a result, it was shown that the designed MPC system

performs better than PI control against various disturbance changes.
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