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Steam generator level control at low power is difficult due to its adverse thermal hydraulic properties, and is usually
conducted by an operator. The basic model predictive control (MPC) is similar to the action of an operator in that the operator
knows the desired reference trajectory for a finite period of time and takes the necessary control actions needed to ensure the
desired trajectory. An MPC is based on a model; the performance as well as the efficiency of the MPC depends heavily on the
exactness of the model. In this study, steam generator models that can describe in detail its thermal hydraulic behaviors,
particularly at low power, are used in the MPC design. The design scope is divided into two parts. First, the MPC feedwater
controller of the feedwater station is determined, and then the MPC level controller for the overall system is designed. Because
the dynamic properties of a steam generator change with the power levels, a realistic situation is simulated by changing the

transfer functions of the steam generator at every time step. The resulting MPC controller shows good performance.
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1. INTRODUCTION

Nuclear steam generators have a number of problems
in light of control design. These control problems are di-
rectly related to the physical characteristics of the steam
generator. The steam generator mechanism is based on the
thermal-hydraulic phenomena of heat transfer and fluid
dynamics. This makes the mathematical modeling of a
thermal-hydraulic system very difficult. There are many
intrinsic uncertainties, no matter how exactly it may be
modeled. This is mainly due to theoretical assumptions,
linearizations, and experimental correlations. Furthermore,
the dynamics of the working fluid cause additional uncer-
tainty.

The thermal-hydraulic phenomena of the steam gen-
erator produce the shrink and swell effects. These effects
are addressed by the control terminology of a non-minimum
phase. The control design of a non-minimum phase plant
is more difficult than of an unstable plant [1]. The non-
minimum phase effect becomes more salient as the power
becomes lower, resulting in a higher difficulty in the level
control. The control is therefore conducted by an operator
at low power, and then is switched to an automatic mode
when the steam generator becomes stable with the increase
of power.
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Many controllers have been developed using various
algorithms ranging from the classical PID with variable
gains to LQG/LTR (Linear Quadratic Gaussian/Linear
Transfer Recovery) [2], to H. robust control, and to u-
synthesis [3]. All of these algorithms are to deal with the
uncertainties of the steam generator model. However, it
is not easy to make an optimal compromise between the
system performance and stability. In addition, the order
of the designed controller may be so high that the practical
implementation of the controller becomes difficult.

The model predictive control (MPC) method has the
potential to be a viable alternative to the steam generator
level control system design. Its basic concept is similar to
the actions of a human operator; it reflects the behavior
whereby he selects the appropriate control actions which
he thinks will lead to the best predicted output over some
limited time horizon, that is, over some future period. This
is the same as the manual operation of a steam generator
at low power.

Most control laws do not explicitly consider the future
implication of current control actions. To some extent,
the future response is only accounted for by the expected
closed loop dynamics. The MPC method, on the other
hand, explicitly computes the predicted behavior over
some horizon and it can therefore restrict the choice of
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the current proposed input trajectories to those that do not
lead to difficulties in the future.

The term MPC does not designate a specific control
strategy but rather an ample range of control methods
which make explicit use of the process model to obtain
the appropriate control signal by minimizing an objective
function. These methods lead to controllers which have
practically the same structure as conventional controllers
and therefore present adequate degrees of freedom [4].
The basic ideas of MPC are: (1) explicit use of a model
to predict the process output at future time horizons; (2)
calculation of a control sequence minimizing an objective
function; and (3) receding strategy, so that at each instant
the horizon is displaced towards the future, which involves
the application of the first control signal of the sequence
calculated at each step.

The MPC has developed considerably over the last two
decades, and is regarded as the most general way to pose
the process control problem in the time domain. The MPC
formulation integrates an optimal control, a stochastic
control, a process control with dead time, a multivariable
control, and future references when available. Another
advantage of the MPC is that because of the finite control
horizon used, the constraints and, in general, the nonlinear
processes frequently encountered in industry can be han-
dled [5].

In this study, an MPC is applied to the steam generator
feedwater and level control system. The performance of
the MPC depends on the accuracy of the model. The steam
generator model used in this study can take into account
the various variables acting on the steam generator. They
are: the steam flow rate, feedwater flow rate, primary cool-
ant temperature, and feedwater temperature. The model
also takes into account the effects of thermal power changes.

Two MPC controllers have been designed. First, the
feedwater station MPC controller was determined. Then
the MPC controller for the level control was designed. The
constraints arising from the actual operation have been

taken into account. And through the simulation it was
found that the designed MPC controllers give a good
dynamic performance.

2. MPC CONTROL LAW

Figure 1 shows the basic idea of MPC [6],[7]. In this
simple case, the input trajectory is chosen to obtain the
desired plant output at the end of the prediction horizon,
namely at time k+P, at the required value of r(k+P) . There
are several input trajectories of {a(k|k), G(k+M|1), ...,
0(k+M-1|Kk)}. Once a future input trajectory has been
chosen, only the first element of that trajectory is applied
as the input signal to the plant, namely, u(k)=0(k | k), where
u(k) denotes the actual signal applied. Then the whole cycle
of output measurement, prediction and input trajectory
determination is repeated, one sampling period later. Since
the prediction horizon remains of the same length as before,
but slides along by one sampling interval at each time step,
this way of controlling a plant is often called a receding
horizon strategy.

Figure 2 describes the overall structure of an MPC
system for the case of a SISO (single input single output)
system, which can be generalized directly to a MIMO
(multi inputs multi outputs) plant.

The main objective is to hold the controlled output ()
at a reference value, or setpoint (r) by adjusting a manip-
ulated variable u. A model is used to predict the future
plant output, based on the past and current values and on
the proposed optimal future control actions. These actions
are calculated by the MPC controller taking into account
the cost functions and constraints. As shown in the figure,
the plant has multiple inputs. In addition to the manipulated
variable input, u, there may be a measured disturbance, V.
The unmeasured disturbance, d, is always present. It is an
independent input, not affected by the controller or the
plant. It represents all the unknown, unpredictable events.

le— Past —-II: Future
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,
Setpoint L
______________________ O s Qls o - o SO ———
r 0 © o o
¢ © '{ o Past Moves
e Measured o Future Moves
! oo °® o Estimated Control
Horizon
Ymin
le— Prediction Horizon, P —) Umin
L 1 1 I I N I N L1 1 I [ [
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(a) Prediction Horizon

(b) Input Horizon

Fig. 1. Basic Concept of MPC (a) Prediction Horizon (b) Input Horizon
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The effect of the unmeasured disturbance on the controller
is through the measured output. A measured disturbance,
v, is another independent input. In contrast to d, the con-
troller receives the measured disturbance directly. This
allows the controller to immediately compensate for v’s
impact on Yy rather than waiting until the effect appears in
the y measurement.

The determination of u(k) is comprised of two phases,
i.e. estimation and optimization. In order to produce the
exact input trajectory, the controller needs to know the
current state, which includes the true value of the controlled
variable, ¥ (k), and all the internal variables that influence
the future trend of y (k+1), ... y (k+P). In order to accom-
plish this, the controller uses all of the past and current
measurements.

The setpoint values, measured disturbances, and con-
straints are specified over a finite horizon of future sampling
instants, k+1, k+2, ... k+P, where is the prediction horizon.
These values constitute the cost function. The controller
determines M moves of u(k), u(k+1), ... u(k+M-1), where
M is the control horizon, in such a way that optimizes the
cost function.

Eq.(2) becomes:
x(k +1) = Ax(k) + B,u(k) + B,v(k) + Byny (k)

_ €)
y(k) = Cx(k)+ D,v(k)+ Dyny(k)

By setting ny(i)=0 for all prediction instants, i, the state
variables are obtained as:

x(iy=x(k+p)| ko, poi = A'x(0) + S A"Bu(-1)
h=0
)

i-1

+ %

i_l_j h . i—1 h .
Y A"B,Au() |+ X A"Bv(i-1-h)
Jj=0 h=0

h=0

,with the predicted output of y(i)=Cx(i)+ Dw(i), which
gives:

y() Au(l) v(0)
= 8,x(0) + S, qu(-1)+S,, +H,| ¢
y(p) Au(p-1) v(p)
Sy = (CA Ca* ... caP )T e RV

In Fig. 2, the disturbance is described by: p-1 T o
- _ S, =|CB, CB,+CAB, - 'Y C4"B, | eR""™,
xg(k+1)= Ax, (k) + Bny(k), @ h=0
d(k)=Cxy(k)+ Dngy(k) a5 . "
,where ny(K) is a white Gaussian. By neglecting the mea- CB + Z, 4B CB 0 ©)
surement noise, the model of Fig. 2 can be described by a S i ) -
set of state space equations: Sy = : eR ,
x(k +1) = Ax(k) + B u(k) + B,v(k) + Bd(k) pil cA'B, PiZ ca's, - CB,
=Ax(k)+ B,u(k) + B,v(k) h=0 h=0
= = 2
+ By (Cxq (k) + Dy (k)) @ cB, D, 0
(k) = Cx(k) + D,u(k) + D,v(k) + Dy (Cxy (k) + Dng (k) | C4By L ——_—
With the assumption of D,=0 and by introducing new Y : : ~ B
notations, for simplicity, of cqP! B, CA p-2 B, D,

X

A B,C B
—>x, aC -4, | *|->B,
xd 0 A 0

B, B,D c Y _
— B, — | =By, —| =»C, D;D—Dy,,
0 B D,C

The cost function of the MPC plays an important role
in the optimization phase, and, accordingly, it is a crucial
component that determines the control law of the entire
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Noise
—.V V _J'\Z
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Setpoint  r MPC Actuator u Plant O .
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Disturbance

Measured Output (Controlled Variable)
Fig. 2. Structure of MPC
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MPC system. In general, the cost function is comprised of
the errors between the target trajectory and the predicted
outputs, and the errors between the target inputs and pre-
dicted inputs. However, in reality, there are constraints
on the rate of input change. For example, the control rod
speed is restricted in a nuclear reactor, and similarly, all
the actuators have limitations on their movements. There-
fore, it is more realistic to include the rate of input change
in the cost function in addition to the errors of output and
input.

The cost function can be set out in various forms, but
the typical one is the quadratic function of:

u(0) Utarget 0)
J= P ; w2
“(P - 1) utarget (P - 1)

u(0)

u(p=1)

Utarget (0)

Utarget (p-1)

au) Y u(0) ©)
+ : Wju ]
Au(p-1) Au(p-1)
y | | r@ y | | r@®
+] ] wrll -]
»p)] [r(p) »p)] [r(p)

, where the weighting matrices are:

u

T u u u u u
w, —dtag(wo,l wo2 v wo’nu s Wp_1l Wpi1 o Wp—l,nu)

5 Au  Au Au Au Au Au
Wi _d’ag(WO,l W02 7 Won, 7 Wp-Lt Wp-id T WP*L”u)

4 iV v
W Wl wpnj U

— i Y % S
W, —a’wtg(wl’1 W) % o

l,ny

Usually, there are lower and upper limits on the pre-
dicted outputs, inputs and rates of input change, as laid out
in Eq.(8), and these are additional constraints of Eq.(6).

Ymin(D) ] I y() Ymax (D |
Ymin (P) y(p) Ymax (P)
Umin (0) M(O) umax(o) (8)
g < : < E
umin(p_l) U(P—l) Umax (p—l)
Aut i, (0) Au(0) Aty (0)
| Attpin (p—1) | | du(p—1) | | Aax (P —1) |
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The cost function of Eq.(6) has a Hessian of semi-
definite positive, therefore the problem is one of convex
optimization [8], from which an analytical solution can be
obtained. But with the constraint of Eq.(8), the convexity
is not guaranteed, and so the solution could be obtained
numerically through the use of a QP (Quadratic Program)
[6], [9]. In addition, other optimization algorithms, such
as the gradient method, random search method, or enumer-
ative method, could be used [10],[11].

3. MPC CONTROLLER FOR STEAM GENERATOR
FEEDWATER AND LEVEL CONTROL

3.1 Steam Generator Feedwater and Level Control
System

Figure 3 shows the steam generator feedwater control
system. The overall system is a regulating system in which
the level variation needs to be kept constant. The steam
flow rate change and other feedback signals generate a
driving signal that controls the feedwater flow rate in order
to keep the level constant. The feedwater station employs
a servo system in which the feedwater flow rate follows
the steam flow rate. The input and output of the steam
generator plant are the feedwater flow rate change (AWg)
and the level variation (AL). However, noises act on the
plant. They are the changes of coolant temperature (ATr)
and feedwater temperature (ATg). It should also be noted
that the steam flow rate change (AWs) is not only a com-
mand signal to the system but also a disturbance to the
steam generator. Furthermore, since the properties of the
plant change with the power level, the relationships be-
tween these inputs and the level need to be characterized.

The steam generator is represented by a set of MIMO
(multi input, multi output) transfer functions which reflect
all the important thermal hydraulic behaviors of the system
[3]. For example, the transfer function between the varia-
tions of level and feedwater flow rate is:

AL 1.11x107*

Hy(s,P)= W
F N
W2(P) ®
K5 3
7 +24(P)w, (P)s + w;, (P)
ATF ]
AT
awg P
AWs o Feedwater A Wil siG Power
- Station Plant
AL
Controller

Fig. 3. Schematic of Nuclear Steam Generator Feedwater and
Level Control System
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The first term of Eq. (9) represents the simple propor-
tional increase of the level due to water filling, and the
second term describes the shrink effect that changes with
the power. Other transfer functions are determined in a
similar manner. Using these open loop transfer functions,
the steam generator system can be represented by the
block diagram shown in Fig. 4.

In Fig. 4, Hi(s, p), i =1, 2, 3, 4, are the open loop trans-
fer functions between the level and each input vector ele-
ment of Ni(S)=[AWK(S), AWs(S), ATs(S), AT=(S)], respectively.
Vi(s,P)i=1,2, 3, 4, are open loop transfer functions be-
tween the steam generator power and the input vector.
The feedwater station is represented by a single block F(S).
The characteristics of this system can be summarized as:

1) The plant is dependent on its output, that is, the steam
generator thermal power, P.

2) The system is comprised of an open loop for power
and a closed loop for level.

3) In regards to the power loop train, all of the input
vector elements act as system inputs, and for the
level train, Hi(s, p), i =2, 3, 4, act on the system as
disturbances.

4) The system is a MIMO; one of the system outputs
is tracked, the other is regulated.

3.2 Application of MPC to the Steam Generator
Feedwater and Level Control System

In order to apply the MPC method to the steam gen-
erator feedwater and level control, the overall system
structure is rearranged, as shown in Figs. 5(a) and (b). This
configuration is consistent with the MPC structure of Fig. 2.

Two controllers were designed. The first was the MPC
feedwater controller (Fig. 5(a)) and the second was the
MPC level controller (Fig. 5(b)).

Feedwater Controller

Since the feedwater control system is a servo system
in which the feedwater flow rate follows the steam flow

SG
Plant l
i=1 2 3,4
y > VZ(S,P) >
Power
Ni(s) ——
i=2,3,4 H;(s,P)
ooy Hy(s, P) l+‘
| H, (s, O
+ f g : + (AL
As)

Fig. 4. Block Diagram of Steam Generator System
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rate, at least one integrator is necessary. The valve station
is assumed to be a first order lagger whose time constant
is 1 sec. The rationales for this assumption are explained
in [2] and [3].

The MPC structure of the feedwater station is described
in Fig. 5(a). The MPC controller design is an optimization
problem described by the following:

Determine Au(k|k), Au(k+1|k), -+, Au(k +m-1|k) (10)

p-l| y
To minimize the costof Y. | >

Jj=1

wi+1,j(yj(k+i+l|k)

=0 2
—rj(k+i+1)’

p71 1y
+2 | 2

2
AR W, j (Auj(k + i|k)‘

ny, 2

+ 2 o (1 Gk + 20k ) = 1 g Ck +i)‘ }
j=

,where p and m are the prediction and control horizons,

respectively.

With the horizons of p=10, m=2, and the sampling
period of T0.1sec, the optimization problem described
by Eq. (10) is solved. With regard to the weights of [W,,
W,, Wa], three cases of [10, 3, 20](Case A), [10, 1, 20]
(Case B) and [10, 5, 20](Case C) are considered after
many simulations. It needs to be noted that the relative
values of the weights are meaningful. Since the rapid
movement of the feedwater valve is not preferable, W,, is
given as two times larger than W,. The effect of W, is
then investigated by changing its value.

Given the constraints of |u|<1,|Au|<3 the system
responses are presented in Fig. 6. These constraints are
imposed considering the mechanical characteristics of

G(s)

MPC
Feedwater |— 1/(1+7s)

u(s)| Controller

i‘ MPC

— | Level

AW |Controller

AW

(a) Feedwater Station

Feedwater Station

(b) Overall System

Fig. 5. System Configuration (a) Feedwater Station
(b) Overall System
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the feedwater station. Among these cases, the weight
combination of Case C gives a good result. Although the
system speed is rather slow, the control effort is small.

The MPC controller is a MISO (Multi Inputs, Single
Output) system, as shown in Fig. 5(a). It receives two
inputs and yields one output, and can be expressed by the
transfer functions of:

~0.0212° +0.018822

N 5 1
0.2506z7 —0.4519z° +0.2108z
HMPC(Z): 3 5 5 7}:0.1S€C
z7 —2.614z +2.287z—-0.6689
Level Controller

As described in Fig. 4, the four variables [AWE(S),
AWSs(S), ATr(S), ATe(S)] act on the steam generator plant
and Hi(s) is the transfer function between each variable
and level. Then, the relationship between the level and
these variables in the steam generator is:

AL(S) = AWg(s)- F(s)- Hi(s)+ AW (s)- Hy(s)+O(s), (12)
O(s) = ATp(s) - H3(s)+ ATy (5) - Hy ()

In Eq. (12), F(s) represents the feedwater station of
Fig. 5 (a), and is determined by:

F(s) = 0.25065° +3.22552 +5.072s +2.807
55 +5.021s* +10.485> +12.875% +8.8985 +2.807

(13)

The effects of the primary coolant temperature and
feedwater temperature on the level are very small and can
be neglected. Therefore, the open loop transfer function
becomes:

AL(s)

M VTAS)

:F(S)'H](S)+H2(S) (14)

In reality, Hi(s) depends on the power, and becomes

less stable as the power level becomes lower. Therefore,
for a conservative approach, the power is assumed to be
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Control Input, Normalized

Time, sec

(b) Control Effort
Fig. 6. System Responses of Feedwater Station (a) Output (b) Control Effort

5%. With H,(s) and H.(S) determined at this power, and
with F(S), the open loop transfer function of Eq. (14)
becomes:

~0.000925” +0.004615” +--- + 157 + 655 + &3

G(s) < (15)

£ 1508360 goss + 848

_ 0.000925° +0.004615° +--+0.00885> +0.002955
s7+5.0835'0 4+ +0.15815 +0.00344

The calculation procedure for determining the MPC
level controller is the same as that for the feedwater con-
troller. Numerous sets of weights are tried; with the weights
[Wy, Wy, Wa] =[10 1 16], the MPC controller is determined
to be:

~0.01032° +0.0424z%..+0.011622 (16)

0.03652° —0.17382%..4+0.01432% + 0.0018z

C@="7 8 7
z7 —5.728z° +14.47z" ---+0.4259z - 0.049

, T, =0.1sec

Figure 7 shows the level variation when the power is
increased linearly from 5% to 10% over 60 seconds. For
this, the steam flow rate is increased linearly by 0.28Kg/
sec, and after 60 seconds, is held constant. The feedwater
rate follows the steam flow rate almost exactly. Although
the level increases rather rapidly during the initial period,
due to the low power level, the peak value of the level is
still much smaller than the permitted set point value, and
it settles down at about 400 seconds into the transient.

The system responses shown in Fig. 7 are obtained
using the fixed transfer functions, Hi(s) and Hx(s), that
were determined at the initial steady state power of 5%.
But in reality, the transfer functions change continuously
with the power change during the transient. To reflect this,
the transfer functions are determined at every sampling
time with the power calculated at that time. This procedure,
which is explained in Fig. 8, is named dynamic calculation.
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Fig. 7. System Responses (a) Feedwater Flow Rate Variation (b) Level Variation
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Fig. 8. Dynamic Calculation of State Variables of Steam Generator
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Fig. 9. Comparison between Static Calculation and Dynamic Calculation (a) Level (b) Power

Figure 9 shows the comparison of the system responses
in regards to the static and dynamic calculations. The
dynamic calculation gives better results. The peak value
of the level obtained by the dynamic calculation is much
less than that found by the static calculation. In addition,
there is no steady state error in the dynamic calculation. For
the dynamic calculation case, the thermal power of the
steam generator follows the command signal in a satis-

NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.44 NO.8 DECEMBER 2012

factory manner. These improvements arise from the fact
that the system becomes more stable as the power increases.

4. SUMMARY

A nuclear steam generator presents difficulties in regards
to level control, particularly at low power. It shows a non-
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minimum phase, in terms of control, at low power. In
addition, the steam generator model has a great deal of
intrinsic uncertainty because of its thermal hydraulic
mechanisms. Many controllers have been developed using
various algorithms in order to cope with uncertainties,
but they tend to overly stress the stability, and therefore,
their performance is not very satisfactory. In this study,
the model predictive control (MPC) method is applied to
the design of a steam generator level control system. The
basic concept is similar to the action of a human operator
in that the MPC anticipates the future responses of the
system. However, the MPC uses a process model to com-
pute the output predictions, and so the model must be exact.

The MPC design has two parts. The first one is the
MPC controller design for the feedwater station. Then in
the second phase, the feedwater station is augmented to the
steam generator, and the MPC level controller is deter-
mined. The design of the MPC controller is a kind of
optimization problem, and it depends on the constitution
of the cost function. Simulations have been run in order to
verify the performance of the designed controllers. Two
cases of static and dynamic calculations were considered.
The static calculation used the fixed transfer functions that
are determined with the initial power level. On the other
hand, in the dynamic calculation, the transfer functions
were redefined at every sampling instant. The results show
that the performance of the MPC controllers was satis-
factory. The system employing the MPC controllers fol-
lowed the command signal at a good speed, and the output
responses were moderate without salient peaks and sus-
taining oscillations.

918

ACKNOWLEDGEMENT

This work was supported by the R&D Program through
the National Research Foundation of Korea funded by
Ministry of Education, Science and Technology (NRL
2011-0029820 and Nuclear R&D 2011-0006303).

REFERENCES

[ 1] M. Morari, E. Zafiriou, Robust Process Control, Prentice-
Hall (1989)

[2]Y.]J. Lee, “The LQG/LTR Digital Control System Design
for Nuclear SG Level Control,” J. of KNS, vol. 28, no. 5,
pp- 730-742 (1995)

[3]1Y.7J. Lee, et al., “The Level Control System Design of the
Nuclear SG for Robustness and Performance,” J. of KNS,
vol. 32, no. 2, pp. 157-168 (2000)

[4]E. F. Camacho, C. Bordons, Model Predictive Control,
Springer (2005)

[5]J. A. Rossiter, Model Based Predictive Control — A Practical
Approach, CRC Press (2003)

[6]J. M. Maciejowski, Predictive Control with Constraints,
Prentice Hall (2002)

[71M. G. Na, et al., “A Model Predictive Controller for Load
Following Operation of PWR Reactors," IEEE Trans-Nuc.
Sci, vol. 52, no. 4, pp. 1009-1020 (2005)

[8] G. E. Dullerud, F. Paganini, A Course in Robust Control
Theory, A Convex Approach, Texts in Applied Mathematics,

Springler (1999)

[9]P. Dorato et al., Linear Quadratic Control, Prentice Hall
(1995)

[10] E. P. Chong, S. H. Zak, Introduction to Optimization, Wiley
(2008)

[11] MathWorks, MATLAB 7.9, Optimization toolbox, The
MathWorks, Natick, Massachusetts (2009)

NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.44 NO.8 DECEMBER 2012



