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INTRODUCTION

Power control system in pressurized heavy wa-
ter reactor type nuclear reactor is controlled by mod-
erator reactivity changes, control rod reactivity
changes and soluble poison reactivity changes. In
existing power control system, compensator based
hard wired control logic is used. This compensator
based control system uses number of checks and
variable saturation limits on controller signals based
on plant power demand conditions. Modifications in
control system and design changes with time are not
possible with this hard wired controller. This hard
wired controller is interfaced with real time nuclear
power plant. Thus, in order to design a new controller
for the utility, model development for nuclear power
reactor is an essential requirement. This model based
controller design will not only useful for control
modifications in the existing utility but also serve a
sound basis for advanced control design for future
PHWR type nuclear plants in Pakistan. An advanced
control design for nuclear power reactor should be so

designed that it incorporates both linear power con-
trol and logarithmic rate power control. Dynamic
modeling, simulation and advanced controller design
for nuclear power plants are not much investigated by
the researchers. State feedback assisted classical
control approach for Research reactor and pressur-
ized water reactor (PWR)-type nuclear power is ad-
dressed in1. The robust multivariable feed forward /
feedback controller is designed for boiling water reac-
tor (BWR)-type nuclear power plant in2. The Monte
Carlo method is used for the estimation of research
reactor dynamics in3. In4, a nonlinear model of Rus-
sian pressurized water reactor type nuclear power plant
has been investigated. A first principle based PHWR
model was proposed for spatial control and different
controllers like LQR controller, periodic output feed-
back controller and multi-rate sliding mode controller
have been addressed in5-8.

In5-8, Liquid Zone Control (LZC) scheme has
been addressed for reactor power control. The dy-
namics and control of PHWR under consideration is
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entirely different from PHWR considered in5-8. In this
paper, new modeling and control issues of logarithmic
reactor power and logarithmic rate reactor power are
specially addressed that are very essential for reactor
criticality analysis and reactivity transients. The mod-
eling issue of geometrical variations in reactor calandria
shape is also incorporated for the first time in this
paper which has never been touched by the research-
ers. In this paper, an advanced control system design
is proposed for an operating unit in Pakistan9 with
novel emphasis on moderator level dynamics, nonlin-
ear logarithmic amplifier, moderator level control (MLC)
system and multi-objective LMI problem formulation
for less noise sensitivity, fast output error dynamics
and efficient control.

MATHEMATICAL MODEL DEVELOPMENT:
PHWR

In this paper, an operating unit of 432 MWth

power is considered situated in Pakistan. The control
system of the reactor is schematically shown in
Figure 1. It consists of reactor (the main control ele-
ment), nuclear instruments (sensors, comparing and
other circuits), error amplifier and the moderator sys-
tem comprising of moderator level control valve and
moderator flow control. It should be recognized that

the development of mathematical model representa-
tion of such a complicated system would not be easy
because of highly non-linear elements such as reac-
tor, logarithmic amplifier, control valve and reactivity
system. Two outputs are measured namely linear
power amplifier and logarithmic rate power amplifier
outputs. A control signal is constructed based on
these two outputs and control signal actuates the
valve which controls the moderator level in the reac-
tor and hence the power output from the reactor. The
closed loop framework of advanced control system
for PHWR is shown in Figure 1. In closed loop
framework, two loops are identified; one loop is de-
signed for linear reactor power control while second
loop is designed for transient control in reactor criti-
cality.

In this research work, it is assumed that the
concentration of soluble poison and position of con-
trol rods are fixed and reactor power is accomplished
with moderator control valve. It means all the control
rods are out of the reactor core and are not moving.
This is required to ensure the reactor safety and
operation of control rods in a predefined band so that
control rods can be moved down into the core when
moderator level between 180 to 186 inches. The con-
centration of soluble poison is fixed for hot reactor

Figure 1: Framework of advanced control system for PHWR NPP
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Pressurized Heavy Water Reactor

The reactor power output and precursor
concentrations are represented by the following first
order coupled differential equations based on point
kinetic model [3]:

(1)

operating at certain power level. The concentration of
soluble poison affects the reactor criticality for a cold
reactor start-up from zero power and this would little
bit sluggish the reactor power rise rate.

A detailed non-linear dynamic modeling, linear-
ization and state space realization of PHWR model is
presented in the following sections.

Non-linear Dynamic Model of PHWR

All the PHWR model variables and parameters
are defined in Tables 1 and 2 respectively. The values
of all physical parameters of pressurized water reactor
are mentioned in Table 3.

Following differential equations describe the
PHWR under consideration and its control mecha-
nism:

Table 1: PHWR Model Variables with Definitions

Variables Definitions

P Reactor Power (MWth)

R Reactivity (mk)

Ci Concentrations of the delayed neu-
tron precursors (i=1,2,…,6)

H Moderator Height (inches)

QIN Inflow of Moderator (liters/min)

QOUT Outflow of Moderator (liters/min)

VL Linear Power Amplifier Output
(Volts)

VLG1 Logarithmic Power Amplifier Out-
put (Volts)

VLG2 Derivative of Logarithmic Power
Amplifier Output (Volts/sec)

VLGR1 Logarithmic Rate Power Amplifier
Output (Volts)

VLGR2 Derivative of Logarithmic Rate
Power Amplifier Output (Volts/sec)

L1 Moderator Control Valve Position
(%)

L2 Derivative of Moderator Control
Valve Position (%/sec)

QM Moderator Flow Control Input
(Volts)

Table 2. PHWR Model Parameters with Definitions

Parameters Definitions

βi Delayed Neutron Fractions
(i=1,2,…,6)

λι Decay Constants for Precursors
(i=1,2,…,6)

l Prompt Neutron Life Time (sec)

KC Calandria Shape Constant

AC Area of Cross-section of Calandria
(cm2)

KL Linear Power Amplifier Gain

τL Linear Power Amplifier Time Con-
stant (sec)

KLG Logarithmic Power Amplifier Gain

τLG1 Logarithmic Power Amplifier Time
Constant at Low Power (sec)

τLG2 Logarithmic Power Amplifier Time
Constant at High Power (sec)

KLGR Logarithmic Rate Power Amplifier
Gain

τLGR1 Logarithmic Rate Power Amplifier
Time Constant at Low Power (sec)

τLGR2 Logarithmic Rate Power Amplifier
Time Constant at High Power (sec)

ς Damping Coeficient of Control
Valve

wn Natural Frequency of Control Valve
(rad/sec)

KV Sensitivity of Control Valve (%/
Volts)

KF Flow Coefficient for Moderator
Control Valve (cm3/%)
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Since the measurement noise is known so γ1 can be
fixed. Hence, γ2 and γ3 has to be minimized. This prob-
lem is optimized using the LMI Toolbox for MATLAB16

and the fast output sampling controller is designed.

APPLICATION OF PROPOSED CONTROLLER
TO PHWR

In this section, the proposed advanced control-
ler design methodology is implemented on PHWR
model developed in section 2.3 is presented.

The continuous time state space Model obtained
from Equations (30) and (31) is discretized for sam-
pling time τ = 1.28 sec and the discretized system
(Aτ,Bτ,C) is obtained. Number of subintervals N = 8
are chosen based on the experimental data obtained
from an operating nuclear power plant9. Thus, a sys-
tem (AΔ,BΔ,C) is obtained for sampling interval Δ =
0.16 sec. From practical experience with   PHWR-type
nuclear power plant and noise level, the elements of
G with magnitude less than 104 can be used9. This
information about acceptable gain magnitude is used
by fixing γ1 = 104. Upper bounds (γ2 and γ3) on the
magnitude of the maximum eigenvalue of φ(G) and the
distance between L and the exact solution as two
conditions are minimized so that observation errors
die out fast and well approximate the original state
feedback design. Now, the LMI control toolbox for
MATLAB is used to minimize a linear combination of
γ1, γ2 and γ3. This approach is very useful when the
actual measurement noise is known, thus the magni-
tude of G is fixed accordingly. Since, in this paper an
advanced controller is designed using fast output
sampling technique rather than sate feedback control-
ler. So, the main emphasis is on the fast output sam-
pling controller. But for comparison, an observer based
state feedback controller is designed and tested un-
der the same conditions. The designed state feedback

gain sequence is shown in Table 5. When this state
feedback gain sequence is realized using fast output
sampling and fast output gain sequence is obtained
as explained in section 3.1 then fast output sampling
feedback gain sequence so obtained does not ad-
dress the problems of noise sensitivity and error
estimation as explained in section 3.2. Hence, when
the problem is posed as LMI formulation as explained
in section 3.2, it eradicates the effects of noise and
state estimation error keeping the system response
almost same as desired. A fast output sampling gain
sequence G is designed as explained in Section 3.2 to
have the desired closed loop performance of the
PHWR power reactor. The designed fast output gain
sequence of m × pN = 1×16 is shown in Table 6. The
closed loop eigenvalues of observer based control
system are those of (Aτ+BτK) while closed loop eigen-
values of fast output sampling controller based con-
trol system are those of (GDΔ–KBτ). The closed loop
eigenvalues of PHWR using observer based state
feedback controller and fast output sampling tech-
nique based controller are given in Table 7 and Table
8 respectively. Nevertheless, the comparison shows
that there is a very small difference in closed loop
eigenvalues with both controllers. All the eigenvalues
are negative and lies within the unit circle.

Table 5: State Feedback Gain Sequence (K)

S. No. K

01 8.206 x 10-2

02 2.534 x 10-2

03 3.721 x 10-2

04 7.890 x 10-2

05 8.231 x 10-1

06 4.556 x 10-1

07 -2.101 x 10-1

08 6.627

09 9.158 x 10-2

10 7.871 x 10-2

11 1.389 x 10-2

12 2.377 x 10-1

13 -5.372 x 10-3

14 -3.485 x 10-4

15 7.139 x 10-3
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Table 8: Closed Loop Eigenvalues with Fast
Output Sampling Gains

S. No. Eigenvalues

01 -2.3764 x 10-1

02 -4.3876 x 10-1

03 -4.4581 x 10-1

04 -5.7643 x 10-1

05 -5.8354 x 10-1 + j7.6508 x 10-2

06 -5.8354 x 10-1 - j7.6508 x 10-2

07 -8.3159 x 10-1 + j1.2310 x 10-2

08 -8.3159 x 10-1 - j1.2310 x 10-2

09 -1.4919 x 10-14

10 -5.9822 x 10-14

11 -5.9415 x 10-1

12   -4.1668 x 10-8

13 -9.6894 x 10-1

14 -9.9875 x 10-8

15 -6.9029 x 10-8

Table 6: Fast Output Gain Sequence (G)

S. No. G

01 -2010

02 3.621 x 10-3

03 9.030 x 10-5

04 8.346 x 10-1

05 9.037 x 10-1

06 2.213 x 10-3

07 5.724 x 10-1

08 4.114

09 3.905 x 10-1

10 4.527 x 10-1

11 1.193 x 10-1

12 1.224 x 10-1

13 -9.334x 10-1

14 -8.776 x 10-1

15 5.537

16 18.784 x 10-1

Table 7: Closed Loop Eigenvalues with
State Feedback Gains

S. No. Eigenvalues

01 -3.2531 x 10-1

02 -5.4734 x 10-1

03 -4.4710 x 10-1

04 -3.6678 x 10-1

05 -6.5592 x 10-1 + j8.9327 x 10-2

06 -6.5592 x 10-1 - j8.8.9327 x 10-2

07 -9.8849 x 10-1 + j3.4451 x 10-2

08 -8.3159 x 10-1 - j3.4451 x 10-2

09 -8.7790 x 10-14

10 -7.1136 x 10-14

11 -3.2245 x 10-1

12   -2.9023 x 10-8

13 -7.7734 x 10-1

14 -8.8721 x 10-8

15 -5.6578 x 10-8

RESULTS AND DISCUSSION

In this section, dynamics and behavior of the
proposed advanced control system is evaluated. In
order to simulate the dynamics of the PHWR, the
designed fast output gain sequence is substituted in
Equation (34) and the so obtained control law is imple-
mented on the discrete time model of PHWR described
in Equations (35)-(36).

The PHWR reactor control offers slow response
inherently because of large size of calandria. How-
ever, this type of slow response of a system is undes-
ired as the corrective steps taken towards decreasing
the reactor power will also be limited and the settings
of logarithmic rate power and linear power might be
exceeded.

When the reactor power is low (less than 13
MWth), the logarithmic rate control loop is dominant
in the PHWR reactor. Therefore, during start-up from
low power level, the log rate loop controls the reactor.
Finally, when the reactor power approaches the de-
mand value, the control is taken over by linear power
loop. However, both loops are not controlling inde-
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pendently but the total control signal has contribu-
tion from both control loops. The controller is so
designed that moderator control valve position is
30.5% open when 100% reactor power is demanded.

In the simulation of proposed advanced control
system, it is assumed that the PHWR is operating at
270 MWth and a new power of 310 MWth is dialed.
Since the reactor is operating at 270 MWth steady
power, so it is in hot condition and no need to add
any soluble poison. In power maneuvering from       270
MWth to 310 MWth , the moderator level in the calandria
or reactor core would be less than 182 inches, there-
fore no need of any control rods movement. In cold
reactor start-up, the addition of soluble poison slow
down the reactivity changes because it is a reactor
poison while the movement of control rods in 180 to
186 inches speed up the reactivity changes. This
power maneuvering of 40 MWth in reactor hot condi-
tion introduces a reactivity change of 0.55 mk. Reac-
tivity is a reactor neutronic parameter and it is a
measure departure from the point of criticality. The
reactivity of the critical reactor operating at steady
power should be 0 mk. When the reactor attains the
dialed new power level of 310 MWth , the reactivity of
the system becomes 0 mk which proves reactor criti-
cality. The control signal changes from 2.066 Volt to

2.25 Volt. The small variation in control signal shows
that proposed control of moderator level is a very fine
control and hence it is meant for nuclear reactor power
regulation purpose. The moderator level changes from
172.375 inches to 173.625 inches and then attains the
previous moderator level of 172.375 inches. It means
nuclear fuel has sufficient available burn-up to run
the reactor for a longer period of time. The system
shows maximum overshoot of  7%  and logarithmic
rate is well below maximum permissible limit. The
setting time for this power transient is 1150 seconds.
This settling time is acceptable as one of the most
important PHWR transient specifications because a
nuclear reactor usually takes large time to settle down
the transients otherwise it would move the plant to-
wards uncontrollable conditions and reactor protec-
tion system will call upon. The closed loop step re-
sponse of the variables of interest viz. control signal,
moderator valve position, moderator level, reactivity,
and reactor power are shown in Figures 4-8. Response
of the proposed controller is well within the reactor
safe limits.

CONCLUSIONS

Higher order state space model of an operating
PHWR power reactor based on point kinetic approach

Figure 4:  Closed loop dynamics of control valve signal during maneovering from 270 MWth to 310 MWth
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has been developed. A controller has been designed
using fast output sampling technique for discrete
model of the PHWR power reactor. The method in-
volves finding a stabilizing state feedback for the

system to achieve the desired closed loop behavior.
Since, this feedback cannot be implemented directly
due to some state not being available or measureable
or very expensive / complex to measure, the same

Figure 5: Closed loop dynamics of moderator valve position during maneovering from 270 MWth to 310 MWth

Figure 6: Closed loop dynamics of moderator level duiring maneovering from 270 MWth to 310 MWth
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realized using fast output sampling methodology.
Design problem has been reformulated as an LMI
problem to overcome the undesired effects like noise
sensitivity and estimation error dynamics. The perfor-

mance of proposed controller has been evaluated under
transient condition. Closed loop dynamics of pro-
posed advanced controller is quite satisfactory, fast
and efficient.

            Figure 7: Closed loop dynamics of reactivity maneovering from 270 MWth to 310 MWth

Figure 8: Closed loop dynamics of reactor power during maneovering from 270 MWth to 310 MWth



33

J. eng. & appl. sci. Vol. 29 No. 2 July - December 2010 ISSN 1023-862X

ACKNOWLEDGEMENTS

Support of the Pakistan Atomic Energy Commis-
sion, Karachi Institute of Power Engineering and De-
partment of Telecommunication Engineering of Mehran
University of Engineering & Technology, Jamshoro,
Sindh, Pakistan is gratefully acknowledged.

REFERENCES

1. Edwards, R. M., Lee, K. Y., and Ray, A., 1992.
Robust optimal control of nuclear reactors and
power plants. Nuclear Technology 98: 137-148.

2. Shyu, S., and Edwards, R. M., 2002. A robust
multivariable feedforward/feedback controller
design for an integrated power control of boil-
ing water reactor power plants. Nuclear Tech-
nology 140: 129-146.

3. Cadini, F., and Zio, E., 2007. A Monte Carlo
method for model-based estimation of nuclear
reactor dynamics. Annals of Nuclear Energy 34:
773-781.

4. Fazekas, C., Szederkenyi, G., Hangos, and
M. K., 2007. A simple dynamic model of the
primary circuit in VVER plants for controller de-
sign purposes. Nuclear Engineering and Design
237 (10): 1071-1087.

5. Tiwari,  A.P.,  Bandyopadhyay, B.,  and
Govindarajan G., 1996. Spatial control of a large
pressurized heavy water reactor. IEEE Transac-
tions on Nuclear Science 43 (4):
2440-2453.

6. Talabge, D.B., Bandyopadhyay, B., and Tiwari,
A.P., 2006. Spatial control of a large PHWR by
decentralized periodic output feedback and
model reduction techniques. IEEE Transactions
on Nuclear Science 53 (4): 2308-2317.

7. Reddy, G.D., Bandyopadhyay, B., and Tiwari,
A.P., 2007. Multirate output feedback based slid-
ing mode spatial control for a large PHWR. IEEE
Transactions on Nuclear Science 54 (6):
2677-2686.

8. Reddy, G.D., Park, Y., Bandyopadhyay, B., and
Tiwari, A.P., 2009. Discrete-time output
feedback sliding mode control for spatial
control of a large PHWR. Automatica 45:
2159-2163.

9. Ghias, B., 2007. Final safety analysis report of
K-1. PAEC, Pakistan.

10. Noh, T.W., Sim, B.S., Rhee, B. W., and Oh, S.K.,
1989.  Program Description of KMRRSIM. Tech-
nical Report, KM-031-RT-K008, KAERI.

11. Werner, H., and Furuta, K., 1995. Simultaneous
stabilization based on output measurement.
Kybernetika 31: 395-411.

12. Werner, H., 1996. Robust control of a laboratory
flight simulator by nondynamic multirate output
feedback. Procedings of IEEE Conference Dec.
Control: 1575-1580.

13. Chen, C.T., 1999. Linear system theory and de-
sign. Oxford University Press, London, U.K.

14. Golub, G.H., and Van Loan, C.F., 1996. Matrix
computations. Johns Hpkins University Press,
Baltimore, MD.

15. Werner, H., 1998. Multimodel robust control by
fast output sampling LMI approach. Automatica
34 (2): 1625-1630.

16. Gahenet, P., Nemirovski, A., Laub, A.J., and
Chilali, M., 1995. LMI toobox for Matlab: User
Manual. The Math works International, Naick
MA.


