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Abstract

A great effort has been made to improve the nuclear plant control systemn by use of digital tec-
hnologies, and a long term schedule for the control system upgrade has been prepared with an aim
to implementation in the next generation nuclear plants. In case of digital control system, it is im-
portant to decide the sampling period for analysis and design of the system, because the perform-
ance and the stability of a digital control systemn depend on the value of the sampling period of the
digital control system. There is, however, currently no systematic method used universally for det-
ermining the sampling period of the digital control system. Generally, a traditional way to select the
sampling frequency is to use 20 to 30 times the bandwidth of the analog control system which has
the same system configuration and parameters as the digital one. In this paper, a new method to
select the sampling period is suggested which takes into account of the performance as well as the
stability of the digital control system. By use of the Irving’s model of steam generator, the optimal
sampling period of an assumptive digital control system for steam generator level control is estim-
ated and is actually verified in the digital control simulation system for KORI-2 nuclear power plant
steam generator level control. Consequently, we conclude the optimal sampling period of the digital
control system for KORI-2 nuclear power plant steam generator level control is 1 second for all

power ranges.
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1. Introduction

Based on the significant progress in micro-electron-

ics technology in recent years, microcomputer based
digital controllers, which have high reliability, main-
tainability, and flexibility in modifying control func-
tions and algorithms, are being applied to the control
and safety systems in the nuclear power plants in-
stead of conventional relays and analog controllers.
In case of digital control systems, it is important to
decide optimal sampling periods for the analysis and
design of the systems. The performance of digital
control systems depends on the value of the sam-
pling period of digital control system. The selection
of large sampling period usually gives rise to a high
overshoot in the step response and may eventually
cause instability. A sampling period that is too small,
on the other hand, is wasteful in which a more com-
plex and more costly digital processor may result.
The objective of this study is to determine the op-
timal sampling periods of the digital control system
for the steam generator water level control. For the
purpose of this study, the transfer function describing
the dynamics of steam generator developed by Irving,
et al'> ? is used and three-element control system
commonly used in current nuclear plants is concep-
tually modeled. This model includes the steam gen-
erator as a process plant. By introducing samplers
and holders, it is then digitalized. By use of two met-
hods; one is the method cumrently used and the
other is the one developed in this study, we deter-
mine the optimal sampling period of digital control
system which can satisfy the controi specifications

and can yield the desirable system responses for all
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power ranges. In order to validate the optimal sam-
pling period obtained from a linear steam generator
model, the control performance is evaluated by use
of the digital control simulation system for KORI-2
nuclear power plant steam generator level control

with this sampling period.
2. Model of S/G Level Control System
2.1. Open Loop Transfer Function

Irving and Bihoreaux suggested a simple transfer
function that successfully describes the shrink and
swell effects based on the step response of the $/G
water level for the step change of the feedwater flow-
rate and the steamn flowrate!! as follows :

AL(s) = [w— (AW (5)— AW (s

(T, +1)

Gss
AW, (1)
+[(~?2+2'c"s+47;27'-2 +‘r'2)] 1(8)

, where ALI[s) represents the water level response of
steam generator for feedwater or steam flowrate
changes and AWH{s) and AWs(s) are the deviation of
feedwater flowrate (W) and steam flowrate (W) from
the reference values, which are given for the specific
power levels in Ref[2], respectively. In Eq.{1), Gi/s is
the mass capacity term of the steam generator where
G: is a measure of the steam generator’s height to
volume ratio. This mass capacity term represents
changes in the steam generator level caused by mass
influx or efflux from the volume of the particular
steam generator. The Gz/(rzs+1) term is of first or-
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der and represents the shrink and swell effects. G is
the variable which describes the magnitude of the
shrink and swell effects. The 72 is the characteristic
decay time for the shrink and swell effects caused by
the feedwater and steam flowrate changes. The last
term in the right hand side of Eq.(1) represents the
effect of mechanical oscillation in the tube bundle
due to the change of feedwater flowrate. The transfer
functions of water level to feedwater flowrate and

water level to steam flowrate are written as follows :

AL(5) = G, (s)AWs(5) + G ()AW,(s) {2)
, where
_ AL(s)
%= 2w
G2 3
-& e  (3)

=—= +
s (Ts+]) (P +2ts+4n' T2 417

_ALE) G G
Gi(s)= AW.(s) s * (T,s+1) @

Table 1. Steam Generator Parameter Variations™

Power(%) 5 15 30 50 100
W(kg/s) 574 1808 3817 660.0 14350
G 0058 0058 0058 0058 0058
Ge 963 446 133 105 047
T«sec) 484 215 45 36 34
T(sec) 419 263 434 348 286
Tlsec) 1196 605 177 142 117
Gs 0181 0226 0310 0215 0.105

The coefficients of the transfer functions depend on
the operating range of reactor power. Values of
steam generator parameter at specific powers are giv-
en in Table 1%,

The third term in the transfer function of feedwat-
er flowrate in Eq.(3) describes the mechanical oscil-
lation that results from a direct addition of feedwater
to the steam generator. This quantity only appears in
response to a feedwater change and it decays rapidly
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Fig. 1. Comparison of the Effects Caused by the
Terms in Eq.(3) at the Step Increase of Feed-
water Flowrate in Irving’s S/G Model

as shown in Fig. 1. Therefore, we simplify the trans-
fer function of feedwater flowrate in Eq.(3) as follows
G G2

GI(s)zT_(tzs+1).

(5)

2.2. Schemes of S$/G Level Control System

The block diagram of typical three element Pl con-
trol system for S/G level control is shown in Fig. 2.
In this work, three elements are the incremental feed:
water flowrate(AW)), incremental steam flowrate (A
W), and level set point (Ls). The incremental values
AW, AW; are used instead of the values of Wi ,Ws.
This comes from the characteristic of the input vari-
ables in Irving’s linear steam generator model as
shown in Eq.(1). The error signal between the water
level and the set point and the difference signal be-
tween the incremental feedwater flowrate and steam
flowrate are inputs to the control process, and the in-
cremental feedwater flowrate is the control output for
the steam generator level control. The control system
is composed of two proportion-integral (PI) controller-
s, of which one is the feedback control of the level
error signal and the other is the feedforward control
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of the flowrate difference signal. The reason of adop-
ting the PI controllers is that these are widely used in
S/G water level control and the derivative control is
usually susceptible to the noisy input signal though it
often well suited in the case where speedy reaction
to input is required'®.

It is assumed in this study that the steam flowrate
is constant for the purpose of simplicity. Hence, the
incremental steam flowrate becomes therefore zero
and the flowrate difference signal is equivalent to the
incremental feedwater flowrate alone. With respect of
control, the steam flowrate among three elements is
regarded as a disturbance in the linear steam gener-
ator model and, then, the control process in Fig.2
becomes the combination of the feedback level error
control and the feedforward feedwater flowrate con-

trol. The overall transfer function of two Pl controller-

s, PI#1 and PI#2, in Fig.2 is as follows :

T = K+ )5 (———) (6)

' 1+K,(1+—)

T,8

where Ki and K: are the proportional gains and
1, T. are the integral time constants of Pl#1 and
Pl#2 respectively. The steam generator in Fig.2 rep-
resents the simplified Irving’s linear model and it is
composed of two transfer functions of water level re-
sponse to feedwater flowrate change and one to
steam flowrate change as expressed in Eq.(1). It is
assumed that the steam flowrate is constant, that is,
AWs(s) =0 and hence the steam generator model is
reduced to Gs). The closed loop transfer function

of the control system is as follows :
C(s) = Lis)  TxG ()

L.(s) 1+T(s)xG, (s)

(7)

The continuous-time control system shown in Fig.2
is redesigned for discrete-time control with the input
processed by a sample-and-hold device. The block
diagram of redesigned digital control system for S/G
level control is shown in Fig.3. This has the same
system configuration and parameters as three-el-

ement continuous-time control system and the only
difference to the continuous-ime control system is
that the sampler is added to the input port of control
process and the zero-order holder (zoh) is added to
the output port. The water level sensor in this case is
analog one, such as the ball tloat. Betore the water
level error signal is processed by the digital pro-
cessor, it must be sampled and quantitized to be the
discrete-data signal. The feedwater flowrate feedback
is not subject to sampling. This is the case that the
feedwater flowrate sensor is a digital transducer and
its output and input signals are both processed by a
digital processor. In this control scheme, the one-step
delay component is added to the feedwater flowrate
feedback. This cannot accurately estimate the inter-
mediate feedwater flowrate but has the merit to re-
duce the computational burden of the digital control-
ler. Then, the overall transfer function T(s) of two
controllers which considers the delay unit in the feed-
water flowrate feedback loop is devised as follows :

1 1
T(s)= K1+ —)x(———5——
U1l K+ —)e™

1,5

) - 8)

where K; and K are also the proportional gains and
171, 72 are the integral time constants of two controllers,
Pl#1 and Pl#2 respectively and T is the sampling
period. The closed loop transfer function C(z) of the
digital control system is obtained as follows:

Gon(s) x C(s)x G, (s)
1+ Gan(5) x C(5) x G, (5) )

Clz)= & (9)

where s the ztransform operator
Goh(s) is the Laplace transform of zoh,
(1—e™™)/s.

The MATLAB®! software package is used to simu-
late the stearn generator control system shown in Fig.2
and Fig.3. Gains and integral time constants of tun-
ed PI controllers for the simplified Irving's model at

specific powers are listed in Table 2.
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Fig. 2. Schematic Block Diagram of Three-Elements
Analog Control System for S/G Water Level
Control

Controller, C(s)

L(s)

9_H eu(s) ~ei(s 5 B
- + wfw

Fig. 3. Schematic Block Diagram of Digital Control
System for S/G Water Level Control

Table 2. Gains and Integral Time Constants of the
Tuned PI Controllers in Three Element Con-
tinuous-Time Control System at Specific Pow-

ers
Power(%) Ki T Kz T

(kg's™'/mm) (sec) (sec)

100 26 300 20 200
50 1.65 300 21 200

30 1.1 300 25 200

15 04 300 21 200

5 02 300 23 200

3. Optimal Sampling Period

Generally, a traditional way in control design to sel-

ect the sampling frequency is to use one which is 20
to 30 times the bandwidth of the continuous-time
control system emulated by the discrete-time control
system!®. Therefore, a rough calculation of the sam-
pling period for the stability of digital control system
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is as follows :

1

T = ————— .
¥ 20 x Bandwidth (10)

The bandwidth (BW) is defined as the frequency w
at which the ratio of the magnitude of output signal
to that of input signal drops to 70.7 percent of its
zero-frequency value!”. It is suggested that a general
method®, which reduces the high-order system to
the low-order system, can be used in order to obtain
easily the undamped natural frequency of the
high-order system. The closed loop transfer function,
C(s), of three element continuous-time control sys-
tem in Eq.(7) can be rewritten as the following form ;

AL(s) _ l+as+a,s

C(s) = = .
) L,(s) 1+bs+bs’ +bs

(11)

It is desired that the transfer function with three-or-
der characteristic equation in Eq.(11) can be reduced
to one with second-order characteristic equation as

l+cs

_— (12)
l+ds+d,s’

L(s)=k
in the s se that the frequency response of the sys-
tem of Eq.(12) is similar to one of the system of Eq.
{(11). Moreover, the zero frequency gain, k, of the
two transfer functions is the same. This will ensure
that the steady-state behavior of the high-order sys-
tem is preserved in the low-order system. The cri-
terion of finding low-order L(s), given Cf(s), is that
the following relation should be satisfied as closely as
possible ;

ctjo) _,

5 for (< <o, (13)
|L( jo )|

By using of Eq.(11) and Eq.(12), the ratio of Cl(s) to
L(s) is

C(s) _ l+as+as l+ds+ds
L(s) l+bs+bs +bs l+cs
_ l+ms+ms +ms’ +m,s' (14)

I+ls+ls +1s +1s
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Then, Eq.(13) can be written as

ICG) _ C8)C(=9)|
L) L(S)L(~9)

= jw

_l+ms+ms +ms +ms'
1+ls+1s +1s +1s'

I-ms+ms —ms' +m;s'
1-ls+ls —1s +1s

5= jw

_ l+es' +es +es +es

- 1+ f,8° + f.5' + f.6" +ﬁs'l i
-1+ (e, —fz)s2 +(e, —f4)s‘ + (e _'fs)s6 + (¢ _fs)sg
1+ f,87 + fi5* + fis* + fi5°
(15)

From the relation between the second equation and
the third one in Eq.(15), the following constitutive
equations are obtained :

e, =2m —m

e, =2m, —2mm +m

e, =2mm —m,

e =m, (16)
and

fi=2L-1

fi=21 =201 +1

-f.b = 21211 —IJI

fi=1 (17)

In order to satisfy the condition of Eq.(13), the sec-
ond term of the right-hand side in Eq.(15) is to be
zero, and it is done by

&=/
e, =fy
e =fs
€x:fﬂ (18)

Solving Eq.(16), Eq.(17) and Eq.{(18) constitutively,
the values of ci, di, and dz in Eq.(12) can be obtain-
ed. By comparing Eq.(12) with the prototype
second-order system, the undamped natural fre-
quency wn and the damping ratio ¢ can be obtained
as follows ;

-+W.S. Hur and P.H. Seong 13
S O - o
" dz ’ 2 ‘JZ ( )

The bandwidth of the approximated second-order
system can be obtained from the relation as

BW:mn[(l—zgz)h/m“ ~4¢;2+2]m.

The bandwidths of the control system are obtained
through the procedure derived above at specific re-

(20)

actor powers, and the corresponding sampling period-
s are obtained from the relation of Eq.(10) and listed

. in Table 3.

Table 3. Bandwidths of Three-Element Control System
and Corresponding Sampling Periods at Spec-

ific Powers
Power(%) Bandwidth T.(sec)
(sec™1x1072)
100 149 034
50 7.0 0.71
30 51 0.98
15 30 1.67
5 15 333

Although these sampling periods make the oper-
ation of the control system stable, more information
is needed in order to select the optimal sampling per-
iod for the desirable performance within the stable
bounds. New method is introduced as follows. Perfor-
ming the ztransform of Eq.(9) by partial fraction met-
hod, the characteristic equation of closed loop trans-

fer function is written of the form

F(z)=2+a,(K,T)2 +a(K,T)z+a,(K,T)=0,
(21)

where ao, @1, and a2 are the functions of the sam-
pling time T. and the gain K. It is noted that the feed
back Pl control for the level error is more significant
to the control performance than the feedforward Pl
control for the flow error in this digital control sys-
tem. Therefore, the feedback gain Kz and integral
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time constant 12 are fixed to constants for the sim-
plicity of analysis. Then, the range of the feedforward
gain Ki and the sampling period Ts in which the sys-
tem may be asymptotically stable is determined by
use of Routh’s stability criterion, which states that the
number of poles of the closed loop transfer function
with positive real parts is equal to the number of
changes in sign of the coefficients of the first column
of Routh’s table. For stability, all the coefficients in
the first column of the Routh’s tabulation must be of
the same sign. By use of this fact, the inequality con-
dition is obtained, including the gain K and the sam-
pling period Ts as parameters to satisfy the stability
condition. In practice, the stability boundary and the
selection region under the line of the maximum feed-
back gain Km versus the sampling period Ts of the
digital control system at specific powers are shown in
Fig4.

The Ziegler-Nichols tuning method suggests that
the proper control gain vielding the desirable time-res-
ponses for a Pl type controller is the 0.45 times of
the maximum gain for the sake of stability. The tun-
ed gains of the Pl controllers in the three element
control system are selected from the Ziegler-Nichols’
suggestion, and the corresponding sampling periods
can be determined in the constraints in Fig4 and are
listed in Table 4.

Maximum Gain , Km (kg/s*%)

Sampling Period (sec)

Fig. 4. Maximum Gains vs. Sampling Periods
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Table 4. Sampling Periods Recommended by the Met-
hod Deweloped in This Paper at Specific Pow-

ers.
Power(%) K1 Ka T.(sec)
100 26 594 1.2
50 1.65 3.660 11
30 11 2444 09
15 04 0.888 1.0
5 02 0444 11

4. Results and Conclusions

There are two experiments to investigate the per-
formance of control system for the steam generator
water level control. One is the water level tracking
experiment by use of linear steam generator model
in which the water level set point is varied and ac-
cordingly whether the control system can track the
changed setpoint or not is observed. Of course, it is
well known that the steam generator water level
should be kept constant for all power ranges. How-
ever, the simulations in this study is to show the ef-
fect of the sampling periods on the performance of
the control system. The other is the water level reg-
ulating experiment by use of KORI-2 nuclear power
plant simulator in which the set point is fixed and
under the variation of environment such as turbine
load change, whether the control system can regulat-
ing the water level to setpoint or not is observed. Fig.5
shows the level responses of Irving’s steam gener-
ator model in time-domain by 1% step change of lev-
el set point with various sampling periods at specific
powers. For example, amongst the time responses of
digital control system for various sampling periods at
power 100%, the time response of the digital control
system with the sampling period 1 second is almost
the same as that of analog control system emulated
by the digital control system, and it has no overshoot
and the short settling time of about 30 seconds. And
the time response of the digital control system with
the sampling period 1.5 second is not satisfactory
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Fig. 5. Comparison of the Level Tracking Performance
of the Digital Control System With Various Sam-
pling Periods at Specific Powers

because it has maximum overshoot 1.35 and -the
long settling time of about 70 seconds. On the other
hand, the time response of the digital control system
with the sampling period 0.3 second is also not satis-
factory because it has such a large rise time of about
100 seconds. The situations at the other specific
powers are almost similar to that of 100% power.

As a fact, within the operating range of reactor
power, the sampling periods which give the best per-
formance in time and frequency domains are a litile
smaller or larger than 1 second. The sampling period
furthermore cannot be changed during operation
only for the sake of the control performance of digi-
tal control system. Therefore, the sampling period of
the digital control system which is able to give good
performance over all operating power ranges must
be chosen. Taking into account of this fact, the sam-
pling period 0.3 second is possibly chosen based on
the traditional method in Table 3 and on the other
hand, the sampling period 1 second is possibly chos-
en based on the suggested method in Table 4.

Fig.6 shows the performance of level tracking of
the digital control system with the 1 second sampling
period in Irving’s steam generator model! with the dis-
turbances of the step increase of steam flowrate from
1435(kg/s) to 1505(kg/s) at reactor power 100% at
the time 2000 seconds and the step decrease from
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Fig. 6. Level Responses and Feedwater/Steam Flowrate of Irving’s $/G Model With Ts=1sec Under the

Disturbance of Steam Flowrate

1505(kg/s) to 1435(kg/s) at the time 2500 secon-
ds. The water level set point regulating performances
of the digital control system with each sampling per-
jod suggested by two methods are compared at the
digital control simulation system for KORI-2 nuclear
power plant steam generator level control at the step
increase of reactor power from 80% to 90% and the
results are shown in Fig.7. In Fig.7, the performances
of two types of controllers, a PI controller and a fuz-

2y controller, are both displayed and the result of PI
control performance is only meaningful to this paper.
The performance of the level control system with the
sampling period 1 second is better than that of one
with the sampling period 0.3 second. Consequently
we conclude that the optimal sampling period of the
digital control system for KORI-2 nuclear power plant

steam generator level control is 1 second.
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