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- ABSTRACT

-This peper describes the desiga of the Automatic
Reactor Control System (ARCS) for the Transient Reector
Test Faclllty {TREAT) Upgrade. A simulation was used
to faciliitate ti> ARCS design and to completely test
and verlfy [ts operation befora Installetion at the
TREAT facllity.

‘ . The ARCS Is a microprocessor network based closed
loop conitrol system that provides a position demand
control signal to the transient rod hydraullc drive
system. Thera are four Identlical servo-hydraulic rod

«drives and each operates as a position control system.

The ARCS updates Its position demand contro! signal
every 1 msac and Its function Is to contro! the tran-
slent rods so that tha reector follows a prescribed
power-time proflile (plannad transient).

The Maln Control Aigorithm (MCA) for the ARCS is
an optimel reactivity demand algorithm. At eech time
step, the MCA gensrates a set of reference reactor
functions, e.g., power, perlod, energy, and delayed
‘neytron power. These functlons are compared to plant
‘messurements and estimeaied values at each time step and
are operated on by asppropriate algorithms to generate
the reasctivity domand function. The data necessery to
catculate the reference functions Is supplied from a
Translient Prescription Contro! Data Set (TPCDS). The
TPCDS speclifies the planned transient as a fixed number
of simply connected Independent power profile segments.

The developed simulation code, mode!s the TREAT
reactor kiretics, the hydraulic rod ‘rive system, the
plant messurement system, and the ARCS control proces-
sor MCA. All of the mode!s operate as contlnuous
systems with the exception of the MCA which operates as
a discrete time system at fixed multiples of T msec.

The study Indicates that the ARCS wil! meet or
‘exceed oll of I+s design spacifications.

INTRCOUCTION

The Transisnt Reactor Test Facility (TREAT) Is »
test facitity used to suppert fThe Ligquid Metai Fast
Breeder Resctor (LMFBR) safety progrem. The faclilty
is locatad at the Argonne Netlons) Lesboratory Test Site
in lIdaho. An upgrade of TREAT Is duc to boacome opera-
tional in 1985. The purpose of the TREAT Upgrade
Project Is to extend the test capabliities of the
original TREAT resctor to more typical LMFBR accldent

conditions.

This paper describes the design wsnd computer
simulation of the Automatic Reactor Control System
{ARCS) carried out for the TREAT Upgrade. This simu-
lation was necessary becsuss of the need to provide a
test and verlfication of the ARCS design hefore in-
stal lation. The many modifications to the resctor core
and the reactivity control! system meant that a naw
control strategy needed to be developed.

The control system Includes Jonization chambers,
signal conditioning electronins, digital computers, MTS
elec?ronic controliers for the hydraullic positioning
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systems, and hydraulic pistons. There are four
identical hydraullc control rod drive systems and
esch operates as a position control system. The rod
drive systems In turn control the four translent
neutron absorbing rods such that the reactor follows
a8 predstermined power-time profile. In the transi-
ent mode TREAT operates as an adlabatic reactor.

Control System Requiremen+s and Constralnts

The ARCS must meet the following requlirements:

1, Provide & user-friendly man-machine Interface
to allow a user to prascribe & desired reactor
power=-time proflle.

2. Provide a computer control slignsi to the four
MTS closed loop position controllers for the
translent rod drives.

3. Provide a computer algorithm such that the
prescribed reactor power-time profile Is gene-
rated under closed loop control.

4. The control algorithm shall provide smooth
transitions from reactor operation on constant
perlod to constant power and vice versa.

5. The control algorithm shall be executable at a 1
msec sample rate with an INTEL BOB6/B7 micro-
processor.

The transient prescription defines a desired or
demand reactor power-time proflle. Thls prescrip-
+lon Is based on an estimate of the reactor energy
release required to produce the desired test fuel
fallure mechanism within the experimenters' test

loop In the reactor.
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Figure |. Typica! TREAT Tranmsient
Power Time History

Flgure 1 illustratas a typical transient prescrip-
tion power-time profile. As shown, following a
command for transient start, there Is an Initial
power rlse at a constant reactor period to a constant
power segment (prehaat) followed by a second power
rise, again at a constant perlod, to a pesk power
(burst}. From the experimenter's point of view, the
cruclia! portion of the simulated acclident occurs
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sbout the time of the burst pesk and excessive energy
deposited beyond this paint could act to distort the
consaquence of the simulated accident within the test
loop. For thls reason, a post-peek power clip Is
. generally spucified. The clip s achleved by repid
Insertlion of the trans!ent rods.

The prehest Interval is used to bring the test
lcop to the prototyplc operating condltions that
would exlst in the full scale LMFBR core belng slimu-
lated: the prshest Interval establishes the inltial
conditions for the hypothetical acclident. The burst
Interval simulates the hypothatical accldent belng
investigated. For less demanding trensients, the
experimenter may optione!ly speclity a post peak, low
power segment to include decay heat consequences.

A Transient Prescription Control Data Set (TPCDS)
defines to the ARCS the Information necessary to
generate the required power-time profile. In the
actvual ACRS confliguretion the TPCD3 is generetad
prior fo traonsient execution via a utility proces-
sor/control processor communication iink. The TPCDS
specifles both conirol parsmeter end transient data.
The trensient data specifiss the prescription as a
fixed number of independent reactor power profile
segrents. Each segment is connected st Its and points
and Is described in terms of its power shape (e.g.,
constant perlod, constant power, ramp power, constant
rod posltion, or rapid rod Insertion) and conditions
for segmant termination. Typlcal cond!tions for which
a segment may tarminate Include srergy deposited,
time, power leve! (from above or below), Interrupt
request, and extrapolation to peak energy. The
interrupt terminetion case represents conditions in
which an experimenter mey request a premature segment
termination.

A transient prescription to achieve the power time
profiie of Fig. 1 Is detined by:

1. Power Increase from P, on aj invarse period
until Py power.

2. Hold constant power at Py untll Eq energy.
3. Power Iincrease on a2 Inverse pariod untli

rod stop.

4, Rod stop Is calculsted basad on extrepolstion
to achieve E2 energy at pesk power.

5. High spsed transient rod insertion (CLIP) at T

sec oiter pesk power. An available post cllp
option Is to hoid P2 powsr until E3 energy.

Not shown in Fig. | !s an envelopling boundery,
which If crossed beceuse of ARCS fallure, leads to
system scram. The scram signal is gzneratad by a
monlfor{ computer or hsrdwired plant.protection system
(PPS),

Masnua! Reactor Contro! System (MRCS), ARCS Intertfecz

ﬁggulrmnfs

Prior to the start of +transient production, the
TuU=Reactor Mode switch is placed In Its "Steady-
State" position and the reactor is brought to the
required transient initial condltions through tha
MRCS by menually positioning +he transient rods and
monltoring the resctor ot critical. After the Initial
conditions have been estab!lished, the Mode switch Is
piaced in the "Translent Enable position™, which
InTtlates the ARCS. The ARCS then is required to
psrform a number of self-dlagnostic tests to assure
operational readiness. f the tests are eitirmative,
the ARCS transmits a "Ready" status to the MRCS. At
the discretion of the reector operator a "Transient
Start Command® s then Issued to the ARCS which

responds by producing the prescrlbed transient. The
self-diagnostic tests necessary to place the ARCS In
the operational readiness condlition define the
MRCS/ARCS Intertace requirements.

Measurement Signal Constraints

As listed In Table |, measurements savallable to
the ARCS are: reactor Ilneer and log pawer, Inverse
period, end transient rod position. The data ecqul-
sitlon processor converts the raw measurement data
(every 1 msec) to enginesring units for use by the
main control processor. Internal algorithms in the
maln control processor use the measurement data and
internal data related to the prescribed reactor
power-time profiles to generate the rod position
demand control signal. For the PPS, the energy
signal Is derived by direct analog Integration of an
lonization chamber output. The ARCS computes the
required energy signal bty digital Integration of
the |ineer power signal.

Table |
Measurement Signals Avallable to ARCS

Measured Sensor Measursement
Parameter Type Range

Uncompensated 102 - 1010
lon Chambier Watts in decades

Uncompensated 102 - 1010
lon Chamber Watts

Inverse Period Differentiated -0.08 to + 0.08 sec

Linear Power

Log Power

log signal -0.8 to + 0.8 sec
-8 to + 8 sec
Transient Rod Position 0 - 40"
Position trensducer
CONTROL ALGORITHM
Derlvation

The requirement of supplyirg the MTS equipment
with a rod position command signal in turn requires
that the main control algorithm generate a rod
position demand variable. Using the results of App.
A, an expression for the resctor can be written
as:

a= B{KeXr + K¢ E + 0g)/8 (m

An identical expression can be written for a demand
Inverse periad:

A A A A

a=B (KX + K¢ E +Pg)/2 2
where u. x,., e, and °d are demand varjables.
Combining Eqs. (1) and (2) and solving for X. glvas
fho Control Law
x = Xp + l.K,.(a a) /g + K¢ (E - E)/K,-

+ (04 = By)/Ky (3

Demand Inverse Perlod Algorithm (Alpha-Gensrator)

The demand Inverse perlod is speclified In the
TPCDS for reglons | and I!l of Figure !, The smooth
transition from reglons | to Il to f1]l are accom=
plished by the inclusion of the Alpha=-Generator shown
In Fig. 2.

The Alpha Generator functions can be visuelized by
examining Flg. 2.

At 120, 0g = ay and Ngp = Py, Since N < tNgp
then & = ag and the reactor power rises Jsn the
gpoclfled Inverse period ag. when N > fNg, then
< Qg andmllnoarly approaches zero as N approsches



Table 111
Delayed Neutron Reactivity Algorithm
Defining
Variable Description Equation
Xy ith delayed ney-~ Xp o= A1 (N=X])
tron group (MW) .
Ri  estimoted Ith X = ap (Nxp

delayed neutron

group (MW)
i SN reactor power EN=N-N
. error (MW) R
i ¥y asymptotic estimste uy = Xy=X{
i of Xj=x; (MW) U2 Xy (BN - 1)
i Vpy estimate of delay Vog = By - g4
: group reactivity A A
L Figure 2. Alpha Generator eftect ($) * a|(§|/N
Ngn. At 'N = Ngp, 8= 0 and reactor power Is held . - X; =¥}/

stent at Ngp. 1 8 perturbetion were to occur and )
,Couse N > Ngg ‘then 0= -0 and the control rod posi- 121406
“+lon demand signa! will ceuse a to !inserly spproach
zero and the power to epprosch Ngp. For reglon 11! T v
able |

‘of Fig. 1, g = @2 and Ngp Is set greater than expec-
ted rod stop power, t.s., Nsp = estimated peak
powar. For slower transients a value of peak power
divided by f may be required for Ngp.

Delayed Neutron Discrete Time Reactivity Algorithm

Variable/ Defining

Perameter Equation Description
Control Rod Pesition Algorithm %1 = expl=3j T)  Ith estimator stats
The tour control rod positions ere measured transition tactor
individuaily. An averege rod position Is computed by
summing the individual rod positions and dividing the Tel = 1 - de 1th estimator forcing
function muitipiier

sum by four.
e = del Mik-l + ith group asymptotic

Reactor Energy Algorithm Tl 5N estimator (MW)
Reactor energy Is calculated from the !inesr power Ui =0
messuremant by using by using Trapezoida! integra- n lo
tion. Xik = el Xjp=1 + 1th estimated reter-
r ence delay group (Mw)
Ex = Egat + (N + Ng11)T/2 (4) el Mk
Xjo = No
FEeedback Cosfticient Algorithm ™ = ﬁk - N power error (MW)
The thermal reactivity tfoedback coefficiants s Lo /R o
(K¢) are computed as plece-wise !Inesr siopes of aedk za,{(x'kmk estimate of delay group
the nonlinear anergy/reactivity function shown in (Kjk = Hikd/Nreactivity (§)
Tabie 1.
K integer denoting
Table 1} sampie time
Energy/Reactivity Function T sampling Interval
Energy (MJ) Reactivity ($)
0.0 0.0 Table V
239.4 -1.091 Alphe-Compensator Algorithm
2042.4 “2.182 Variabie/ Detining
3410.0 -3.273 Perameter Equation Description
4946.5 -4.364 O = Zi + {T1/T2) n  control computer
inverse period
Delayed Neutron Reectivity Algor|thm Ok maeasured reactor
The resctivity contribution ot the delayed neu- Inverse period atter
trons Is estimated by using the equations given in low=-pass tilter
App. A. Teble 1I! summarizes the equations used for bb} = 50 msec compensator zero
the reactivity algorithm. 9 = 5 msac compensator pole
= -T T ]
By assuming that reactor power and demand power & ‘cz‘ﬁl;(lum':/ 2) ::1':7;;2:::; varisble
are constant over a sampling fntervel, the differen- CT
+1al equations in Teble 111 can be snalytically e = expl=T/T2) compensator state
integrated end elgebraic state transition equations transition term
csn be used to obtaln updeted estimates for reactiv-
ity st esch simpling intervai.Z The discrete time Alpha-Compensator Alcorithm
equations for the delayed neutron reactivity algor- The inverse period measursment is tiltered with a

ithm are listed in Table IV.



low pass fliiter to remove high-frequency nolse. The
filter is a tirst order type with a tow-pass time
constant of 50 msec. This time constant Introduces
an unacceptable measurement lag during the control
transition from the iransient stert to the prehest
flattop, resulting In the high probebility ot an RTS
reactor trip on reactor overpower. To compensate
for this measurement lag, o digital !eed-lag compen-
sstor for the Alpha measurement Is programmed Into
the Control Computer. Table V lists the compsnsator
algorithm and i+s paremeters.

Power Burst Algorithm

During the preheat Interval the following condl-
+ion is checked:

“E > E

where Ex Is derived from Eq. 4. It true, then
9= %2 and Ngy = astimated peak power. The Alpha-
Generator will ceuse powsr to Increase with o<;.

Rod Stop Algorithm

The rod stop algorithm utilizes the definlition
that the slope of & curve Is zero at the pesk, |l.e.,
a= 0, st pesk power with E;x dafined ss the ensrgy at
At the Inshnfp of rod stop, Eq. 12 of App.

peak power.
A cen be used to establilish the system reactivity:
8
at rod

Equation 3 ot App. A can be defined twica:
stop and at peak power. Combining these two equa-
tions and Eq. 4 ylelds:

Ers = Epk = (10/8 - 40) /K¢ (6)
it E>Erg the rods are stopped, the reactivity that
wes svalleble during the constant pariod phase is
removerd by the feedback energy, and the power coasts
to a pesk value with a corresponding desired Epk.
The term 40 In Eq. 6 Is included as a correction term
because not all of the negative resctivity lost due to
delayed neutrons Is recovered st pesk power.

Power Clip Control Algorithm
The fast Insertion of control

rods Is speclfied

power Is established bya = 0 and tpk = time when

a= 0, The ctip algorithms are:
It

tk > ok * terip n
then

% =0 {8

Master Control Algorithm

Figure 3 shows in block diagram form the Intere-
latlonships ot the Individus! algorithms enumerated

sbove.

SIMULATION RESULTS

The objectives of the ARCS simulation were to:
1) verity the ARCS performance to typical power-time
profiles; 2) show that a | msec time specitication
can be met; 3) veritfy performance to the current
TREAT core; and, 4) examine system sensitivity. To
perform the simuistion, models of the core kinetics,
hydraullc fransient rod drive system, and the MCA
control processor were developed. Two rod drive
unlts were modeled (one unit representing 3 identlical
units and the other a singie unit) so thet the effect
of rod unit mismetches could be examined. The MCA
model represents a detsiled simulation of the ARCS
contro! processor MCA, Including sppropriate Inter-
rupt polints and measurement data conversion. De-
talled models of the measurement system were also
Included. The mode! Is structured so tiat the MCA
runs at a tixed sample rate {1 msec), while the
remainder of the mode! simulates continuous system
models of the reactor core and hydraullc drive
systems.

Using typlcal datas, simulation studies wers made
of severa! key transient prescriptions. A typlcal
prescription is the L8 event. This event calls for:
a power Increase from 50 W on a constant 0.1 sec
perlod to a preheat power shelf of 240 MW; a con-
stant power at 240 MW until a preheat energy of 1221
MJ has been obtained; followed by a 2nd power
Increase on a constent 0.1 sec perlod maintalned
untll a red-stop criteria Is achleved; followed by a
rod-hold with a consequent power roll-over to a

40 occur et a spociflied time after pesk power. Pesk peak power (-10,000 MW) at a prescribed energy
ALPHA
COMPENSATOR 2 y
X
/8 : W g W r.] mrs r.] Reactor | N
+¥ s y A \ CONTROLER ,
a ALPHA 17K K /K
51 GENERATOR | “sp r £ X ROD
N AVERAGE
—
+ |E
DELAYED
NEUTRON /s
ESTIMATGR
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Figure 3. Master Contro! Algorithm



level of 2500 MJ; the event ends at 8 sec with inser-
tlon of all rods at the maximum prescribed energy.
Table V) lists the simulation results for an L8
experiment. Simulation of the L8 event end other
events show thet the MCA is capable of maintalning the
transient prescription to well within 1% of its
speciflied vaive. The simulations also show thst the
MCA provides an event Invarliant control system with
exceptional stebliity.

Table VI
Simulation Results for L-8 Experimsnt

Time Rod Pos Perlod Power Energy
Segment {sec) (In) (msec) (MW) (MJ)
Stert Trensient 1.510 15.78 100.1 5x10-5 0.0
Start Pre-Heat 1.670 10.04 235.8 49.1
End Pre-Heat 6.%89 18.38 239.0 1221.5
Start Burst 6.840 31.50 100.1 2303.6 1424.8
Rod Stop 6.941 35.17 6285.0 10833.3
Pesk Power 7.022 35.04 0.0 9360.0 2499.7
Stert Cllp 7.042 35.06 9147.5 2685.5
End Experiment 8.000 0.0 =20.0 106.3 3414.8

CONCLUS1ONS

The ARCS described in this paper wil) meet ali of
Its design objectives. The system is reallzable
using the Intel 8086/87 product Iine and Is capable
of opersting at higher sample rates. Thls Is Impor-
tant as It allows for future real-time software
expansion capabllities. :
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. APPENDIX A

REACTOR KINETICS MODEL

The polat reactor kinetics equations can be derlived
t+o provide expliclit reactivity terms for control rod
Input, energy and deleyed neutrons as foliows:

N =BON/t (1)
Ki = Ap(N = xXp) T=1+6 2
P=Pe +0¢ +Pyg (%))
gl = -2l =X/MN) 1 =1+t06 (€]
6d = Lpq| I =1 to6 (42}
£ = fnar ®)
p¢ = K¢E (9)
o = KeXp (10
a= /N an
axfofe a2

In Eq. 9 K¢ Is a function of E and In Eq. 10

Kpr Is a function of X..

Pdl

tetip
fpk
Xy

Xp

Notes:

Appendix B
Nomenclature

Inverse reactor period, sec!
Setpoint inverse reactor period, sec™!
Delayed neutron froction

Correctlion term for detayed neutrons
at peak power, $

Decay constant for |-th group of
delayed neutrons

Total reactivity, $
Reactivity dua to delayed neutrons, $§

Reactivity due to I~-th group of delayed
neutrons, $

Feedback reactivity, $

Control rod reactivity, $

Fraction of delayed nsutrons In i-th group
Resctor anergy, MJ

Reactor energy at peak power, MJ
Reactor energy at rod stop, MJ
Fractlon of reactor power setpo!int
Temparature teedback cosfficient, $/MJ
Control rod worth, $/in

Prompt neutron |ifetime, sec

Reactor powar, MW

Reactor power setpoint, MW

Reactor power, MW

Clip-time after pesk power, sec

Time at peak power, sec

Delayed neutron power of i-th group
Control rod position, in

1. Added subscript k indicates value at
sampie Intervai k.
2. Added symbo! A above varlable Indicates

demand varisble.



