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Abstract— The paper presents a feedback control of Linear
Quadratic Regulator (LQR) scheme for Selective Catalytic
Reduction (SCR) process in combined-cycle (CC) power plants.
The SCR process is to reduce NOx emission at the CC power
plants, prior to venting into the atmosphere by decomposing
process using Ammonia (NH3) at the SCR -catalysts. This
process can be considered as a nonlinear with time delay system.
To improve the process efficiency, we are proposing cascade
structure of feedback control system which consists of NOx
control and NH3 control that are designed with LQR scheme.
A multi-rate sampling system is adopted in the cascade design to
cope with a slow SCR process, and a fast NH3 injection system
characteristic. Furthermore, the structures of the controllers
are designed to be implemented in the power plants control
system. Simulation results on actual power plants conditions
shows a satisfied control performance and design practicability.

I. INTRODUCTION

The paper addresses a control of SCR process in the CC
thermal power plants. We propose a feedback control using
LQR scheme with cascade structure in order to control NOx
emission flow rate and improve the SCR process efficiency.
The control configuration is developed to meet the stringent
environmental law of NOx emission, and as a mean to further
improve the current control system performance which is
now using Generalized Predictive Control (GPC) scheme.

A general SCR process and NOx decomposition (DeNOx)
control configuration are shown in Fig.1. The SCR process
reduces the NOx exhaust emission rate by injecting NH3 into
a SCR catalysts inside the Heat Recovery Steam Generator
(HRSG) system. In the SCR catalysts, NOx is decomposed
into Nitrogen (N2) and Water (H20). Due to the process
inefficiency, there is an incomplete reaction which causes
unreacted NOx emission releases into the exhaust stack and
to the environment at the end. This NOx emission must
comply with the environmental regulation on the region
where the power plants are located. In Japan, especially in
Tokyo region, the regulation stated that the 1-Hour Moving
Averages (MA1H) of NOx emission flow rate of the power
plants is limited below 14 Nm3/h, and the time-instant
of NOx emission concentration is limited below 8.5 ppm.
Therefore, they become the DeNOx control system primary
and secondary objectives.
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Fig. 1. General SCR process and controller configuration.

High performance of DeNOx control is desirable. How-
ever, the objectives are very challenging control task to
achieve, due to the nonlinearity of the NOx-NH3 process
reaction and large dead-time of the SCR process (NH3
transport time to catalyst, and NOx concentration measure-
ment and analysis time), and also large disturbance from
the gas turbine (GT) exhaust NOx emission flow rate due
to the operation of the power plants. On the other hand, a
feasible controller size is preferable from the practicability
and economical point of view to reduce engineering time.

In recent years, several advanced control scheme for SCR
process in the thermal power plants have been proposed to
replace the traditional PID controller due to the unsatisfied
performance because of the process characteristics. Peng et
al. [3] proposed a model based multivariable Generalized
Predictive Control (GPC) strategy using ExpARX model.
The latter extends the work in [1], proposing a predictive
control strategy using ExpARMAX model for nonlinear
NOx decomposition process. Nakamoto et al. [6] utilizes the
cascade structure with a model based controller using GPC
for the NOx control and LQR for the NH3 control.

In this paper, we propose a feedback control using an
unified LQR scheme with cascade structure for the NOx
control and the NH3 control as an improvement from the
controller that has been proposed in [6]. The cascade struc-
ture comprises of 1-Hour Moving Averages (MA1H) control
of NOx emission flow rate, time-instant of NOx emission
concentration control, and a NH3 flow rate control. The
controller is designed to compute the velocity form of the



inputs. The velocity form is used in the digital implemen-
tation to avoid wind-up [7]. The unified LQR scheme has
been developed due to several reasons: the scheme can be
designed with compensator that reduces the effect of high
frequency noise, the controller size can be reduced by an
order reduction technique, integrated control scheme for NOx
control and NH3 control in which reduces design complexity,
weighting function can be addressed directly to the desired
states and inputs, better disturbance rejection compare to
GPC scheme.

The organization of the paper are as follows. In sec-
tion 2, the process model dynamic modeling is presented.
In section 3 problem statements of control design are given.
In section 4, control system design and configurations are
derived. Next, in section 5, we presents a simulation results
to show that the design procedure is sufficient. Finally,
concluding remarks are stated in section 6.

II. PLANT MODELING
A. SCR Process Model

The SCR process model has been described in detail at [6].
In this section, we briefly describe the nonlinear model as
showed in Fig. 2. The model is chosen based on the physical
model due to the difficulties and time constraint in doing
the identification on the real-plant. Therefore, the transport
delay of NH3 flow rate from the injection system to the
SCR catalysts is approximated by first-order with time delay
model G(s), and the NOx concentration measurement and
analysis time is approximated by first-order with time delay
model G5(s). While, the nonlinear function of f(z) indicates
the NOx-NH3 process reaction.

The process model inputs are (u.,v), and the model
outputs are (Y.,yq), while the model disturbance is (d)
because the value is largely change within the operation of
the power plants, where
u. : NH3 injection flow rate of feedback controller,

v : NH3 injection flow rate of feedforward controller,

d : GT exhaust NOx flow rate,

1 : NOX emission concentration in the exhaust stack,

Yo : NOX emission flow rate at exhaust stack.

The (w,r) are assumed as a fixed value, where

w : Flue gas flow rate,

r : Oxygen concentration at 15% concentration conversion,

The nonlinear model is linearized at the power plants rated
condition. While, the SCR process nonlinearity function is
linearized around the catalyst inlet mol ratio NH3/NOx = 1
to obtain the function y = ax + b. The overall SCR process
model can be obtained as follows

K2€7(L1+L2)S
Yo = (1 + Tls)(l + TQS)

Klei(Ll)S d
(1+Ts)

(ue +v) + ()
where (K7, K5) are the respective system gain, (77,7%) are
the respective system time constant, and (L, Ly) are the
respective system time delay. The (w, r, a,b) are included in
the (K7, K3) as a proper system gain.
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Fig. 2. SCR nonlinear process model

Equation 1 is discretized, and converted into state space
system as follows
z(k+1) =

yc(k‘) =

Acxe(k) + Be(uc(k) + v(k)) + E.d(k)
Cexc(k),

2)
where A., B.,C,., FE. are the state space matrices with re-
spective size and calculated system time delay.

B. NH3 Process Model

NH3 process model is the dynamic of NH3 system actu-
ator. The dynamic can be modeled with first order system
with time delay as follows

K3€_L3‘S

]. +T38 (3)

Yn = Uh s

where K3 is the system gain, T3 is the system time constant,
and L3 is the system time delay. The system input uy, is the
NH3 flow rate SV, and the system output y;, is the NH3 flow
rate PV.

Equation 3 is discretized and converted into state space
system as follows

.’L‘h(k}—‘rl) =
yn(k) =

where Ay, By, C), are the state space matrices with respec-
tive size and calculated system time delay.

The model parameters for both SCR process model and
NH3 process model are identified using a step response
method at the power plants rated condition. The identified
parameters are fixed for all operating conditions.

Apxp(k) + Brup (k)

Chaen (), @

III. PROBLEM STATEMENT
A. NOx Control

For ease of control, the primary control of NOx cascade
controller directly controls the MAIH of NOx emission
flow rate of the power plants to satisfy the primary control
objective. The output of this controller is time instant of NOx
concentration reference.

The time instant of NOx concentration controller is the
secondary control of NOx cascade controller. The controller
regulates the time instant of NOx emission concentration
based on the reference input from the primary loop to satisfy
the secondary control objective. The output of this controller
is NH3 flow rate reference.



Due to the time constant differences between the MA1H of
NOx emission flow rate and the time instant of NOx emission
concentration, a multi-rate sampling is implemented. The
sampling time of the MA1H of NOx exhaust emission flow
rate controller, the NOx concentration controller are T, =
30 sec, Ts, = 1 sec respectively.

B. NH3 Control

NH3 control is proposed to regulate the NH3 flow rate that
will be injected into the SCR process according to NH3 flow
rate reference. The NH3 process has a time constant about
one-tenth of the NOx process time constant [6]. Hence, a
fast sampling rate is needed for NH3 controller. The time
sampling of the NH3 controller is 75, = 0.2 sec.

IV. CONTROL SYSTEM DESIGN AND CONFIGURATION

A. Control System Configuration
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Fig. 3. Controller structure.

The controller structure, as shown in Fig. 3, is a cascade
control of NOx controller and NH3 controller that consists
of multi-rate sampling time.

The NH3 flow controller state space model refers to the
Eq. 4. The objective of this controller is to minimize ey, (k) =
|rn (k) — yn (k)| by finding an optimal state feedback control
up (k).

The NOx concentration controller state space model refers
to the Eq. 2. The objective of this controller is to minimize
ec(k) = |re(k) —yo(k)| by finding an optimal state feedback
control u.(k).

The MA1H NOx flow controller state space model consists
of the SCR process model (Eq. 2), and the NOx concen-
tration controller model in the closed-loop configuration.
The objective of this controller is to minimize e, (k) =
|7 (k) —ym (k)| by finding an optimal state feedback control
um (k) or r.(k). While, y,,, (k) is NOx exhaust emission flow
rate in MA1H state space model of the form

Tk +1) = Apwn(k)+ Bnya(k),
ym(k) = mem(k) + Dmya(k)a

where A, B, Con, Dy, are the state space matrices with
respective size.

A feedforward controller is proposed to reject the effect
of the NOx emission fluctuation by using the NOx emission

S
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flow rate of the gas turbine. The feedforward controller
sampling time is the fast rate time sampling T,.

B. Control System Design

A feedback configuration for the LQR scheme is proposed
for NOx controllers and NH3 controller. The controllers state
space model are of the form

yi(k) =
(6)

where A; € R™*" B, € R"*™ C; € R™*" E), € R™™
are the state space matrices, and i = {1,2,3}, k = {1,2}
are the controllers state-space model index. The controller
with index {1,2,3} are the NOx exhaust emission flow rate
in MA1H controller, the NOx concentration controller, and
the NH3 flow controller respectively, where

Cixi(k),

w1(k) = [ze(k) zm(k) ], y1(k) = [ya(k) ym(k)]",
za(k) = ze(k), y2(k) = ye(k),
x3(k) = xn(k), y3(k) = yn(k).

In the actual SCR process, all the states cannot be mea-
sured directly. Therefore, an observer is used to provide
an estimate of the internal states z(k). In order to avoid
an offset, we adopt servo type controller for each of the
controllers. In this configuration, the state-space model for
each controllers are of the form

Ti(k+1) = AZ(k)+ Byui(k) 4+ Bru(k) 4+ Epd(k)+
Li(yi(k) — yi(k)),
wi(k+1) = wi(k) —yi(k) +ri(k).
(7
We now seek to find a state feedback control
ui(k) = [ Kui Ko |zi(k), ®)
that minimizes the performance index
T =Y (&) Quxi(k) +ul Riui(k)), ©)
k=0
where
_ ) OT .
Qi = [ Q1JI+€15,101 “ 0- } T =3 wi)”,
q3,i

in which q1 ;, ¢2.4, 3,5, F; are a weighting matrix for the
plant states, a weighting matrix for the plant outputs, a
weighting matrix for the states of servo controller, a weight-
ing matrix for the manipulated variables in the respective 7
controller with a respective sizes.

The LQR gains {K;, Ko;}, and the observer gain {L;}
are solved using the Discrete time algebraic Riccati equation
(DARE). Furthermore, the controllers size are reduced by an
order reduction method.
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Fig. 5. The time instant of NOx concentration controller structure.

C. Controller Structure

The observer of NOx controllers and NH3 controller are
reduced to 9t" order controller, and 15¢ order controller. NOx
controllers order are based on balanced realization method
and the controllers size is a factor between the realization
result and control logic block limitation in the control device.

A schematic diagram of the NOx controllers are shown in
Fig. 4, and Fig. 5, where g1, g2, g3, 94, 95, g¢ are observer in
discrete filter form of z~! with the respective gains. K is
the multi-rate sampling time gain. The controller is designed
to compute the input change of Au;(k), at each time k.

The comparison of the controller size between GPC
scheme [6] and the proposed LQR scheme is shown in Table
I. The comparison is particularly to show that the controller
designed with LQR scheme have a smaller size especially
in the observer structures, while it can have similar of even
better controller performance.

TABLE I
GPC [6] AND LQR CONTROLLER SIZE

Observer Gain and Discrete Filter Qty. GPC LQR
NOx exhaust emission flow rate in MATH controller 160 60
NOx concentration controller 110 50

The schematic diagram of the NH3 controller is not shown
here due to the same structure as in [4]. The interested reader
is suggested to refer to the cited reference.

V. SIMULATION RESULTS

A simulation is presented to demonstrate the effectiveness
of the proposed method. Simulation model comprises of
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Fig. 6. GPC Controller performance against disturbance changes.

SCR nonlinear model and DeNOx controller in closed-
loop configuration. There are three simulation conditions
considered in this paper, the controller performance against
distubance changes, start-up condition, and MW-demand
operating condition.

The design parameters for the LQR scheme is shown in
Table II. The parameters are time-invariant and constant to
all simulation conditions.

TABLE 11
DESIGN PARAMETERS

Parameter =1 =2 1 =3
K; -0.2819  0.3131 1.0
T; 22.0 80.0 2.0
L; 48.0 10.0 2.0
q1,i 0.0 0.0 0.1
q2,i 1.0 1.0 0.0
q3,i 1.0 5.0 1.0
R; 100.0 2500.0 10.0

All the simulation results value that are shown in the
figures in this paper has been normalized to the process value
respectively, due to the undisclosed restriction.

A. Controller Performance

The controller performance is tested against disturbance
or GT NOx flow (d) changes. The disturbance is modeled
with uniform distributed random number. In order to track
the Y. back to the set-point r., the proper NH3 flow (Y3) is
injected to the system. The GPC controller performance is
as shown in Fig. 6, and the LQR controller performance is
as shown in Fig. 7.

An error between NOx concentration PV (Y,) and the set-
point (r.) is presented as a mean of absolute values and a
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Fig. 8. Start-up simulation.

23

mean of squared values of the errors that is shown in Table
1.

TABLE III
CONTROLLER PERFORMANCE AGAINST DISTURBANCE REJECTION
Control type % S el % S e?
GPC 0.01501 0.00034
LQR 0.00333 0.00002

B. Start-up Simulation

The simulation intends to show the performance of the
proposed LQR scheme compare to the performance of the
GPC control scheme [6]. The simulation condition is the
CC power plants start-up sequence where the gas turbine
load or GT Load (MW) changes from 0% to 100% within
t = 60 minutes. Following the changes in GT Load (MW),
GT exhaust NOx flow (d) also changes due to the combustion
process in the gas turbine. These start-up conditions are
shown in the first graph of Fig. 8.

The simulation results of the proposed control and the
GPC control in the case of start-up condition are shown in the
second to the fourth graphs of Fig. 8. The control objective
is to track unity set-point of NOx exhaust emission flow rate
in MA1H regardless of the power plants operating condition.
It is shown at the early stage of the power plants start-up
(GT Load < 0.3) that GT exhaust NOx flow (d) is high
and it follows NOx concentration also high. Furthermore, it
decreases at time 10 — 15 minute when the NH3 injection is
started.

o = £y G = G ™ T
[GPCIStack exhaust NOx concentration error

o = + & o = Ta
[LOQR] Stack sxhaust NOx concentration srror

Fig. 9. Histograms of the stack exhaust NOx concentration output error
distribution at start-up condition.

A histogram for an error between NOx concentration PV
(Y.) and the set-point (r.) is shown in Fig. 10, and a mean
of absolute values and a mean of squared values of the errors
is shown in Table IV.

TABLE IV
OUTPUT ERROR AT START-UP
Control type % > el % > e?
GPC 1.0525 8.2607
LQR 1.0053 7.9441




C. MW Demand Simulation
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Fig. 10. MW Demand simulation.

The simulation condition is the CC power plants operation
to meet the demand of the power output. Hence, the GT load
(MW) changes when it operates at rated condition as shown
in the first graph of Fig. 9. We simulate that the GT load
(MW) decrease to 0.75 after swinging in the range of 0.6
to 0.82. The control objective is to track unity set-point of
NOx exhaust emission flow rate in MA1H regardless of the
power plants operating condition. Thus, the NH3 injection
flow is reduced to 0.7.

A histogram for an error between NOx concentration PV
(Y.) and the set-point (r.) is shown in Fig. 11, and a mean
of absolute values and a mean of squared values of the errors
is shown in Table V.

TABLE V
OUTPUT ERROR AT MW DEMAND
Control type % S el % S e?
GPC 0.0523 0.0044
LQR 0.0461 0.0047

VI. CONCLUSION

The LQR scheme in the controller design for NOx decom-
position process in a CC thermal power plants is presented
in the paper. The feedback controller with cascade structure
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Fig. 11. Histograms of the stack exhaust NOx concentration output error
distribution at MW Demand condition.

which consists of NOx controller and NH3 controller with
multi-rate sampling time are integratedly designed with LQR
scheme and compensator. The proposed control scheme is
less complex and the controllers size is reduced properly
while the control structure is designed for suitable imple-
mentation in the power plants. Finally, the simulation results
illustrated the effectiveness of the proposed control scheme.

Extension of current work would be, to consider the use
of adaptive model parameters due to large ranges of power
plants states (start-up, load changes, disturbance changes).
Also, change in controller parameters with change in power
plants states for improved performance.
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