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Introduction. Currently the nuclear share in the power generation in Ukraine constitutes
about 50 %, while the total installed capacity of NPPs is 13.8 GW. According to the Energy Strategy
of Ukraine for the period up to 2030, the installed capacity of NPPs will be near 25 GW [1].

The Ukrainian NPPs are designed to operate in the basic part of the schedule of electric loading,
while the share of basic energy consumers in the country is much smaller than 50%. An increase of the
nuclear share in the power generation of Ukraine will result in the need for operation of NPPs in the
semi-peak part of the electric load schedule, instead of the basic part. Ideally, the schedule of nuclear
power generation should correspond to the consumption map of a power supply system. Therefore
operation of the nuclear blocks with VVER in the variable mode has become an actual task for the
power supply system of Ukraine.

A nuclear reactor is the source of enhanced danger. One of the requirements for safe reactor op-
eration is the energy release uniformity in the reactor core. Based on this, one of the most important
tasks is maintenance of the energy release uniformity which is a guarantee of reactor operation stabil-
ity, reliable and safe operation of the equipment, as well as favourable operating conditions for nuclear
fuel and rod-type fuel elements in stationary and maneuvering modes of reactor operation [2].

Analysis of recent research and publications. The references’ analysis showed that among se-
ries of the possible solutions applicable to the problem of power unit control in maneuvering mode,
the automated test equipment (ATE) improving is this one of the highest priority.

Every change in reactor core condition or its energy release scheme does involve the problem of
reactor stability and reliability caused by the xenon transient phenomena with positive feedback [2].
The multiple changes in reactor core energy release occurring during power maneuvering can lead to
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the fuel cells’ rapid wear and reliability decrease or to stress tensions in some areas of the rod-type
fuel elements [3, 4]. The daily increase in efficiency of nuclear fuel use and its burn-up fraction does
lead to neutron fields’ stability decreasing and consequently to energy release stability drop with reac-
tor core condition stability deterioration.

During the steady-state operation of reactor the WWER-1000 power distribution standard automat-
ed control system is fairly efficient in suppressing small variations due to the accumulation of xenon
(*°Xe). However, at reactor power maneuvering from one level to another we do observe some xenon
instability or xenon fluctuations that affect the changes in energy release distribution at reactor core [5].

There exist various methods to maintain a stable energy release, however the xenon fluctuations
problem at different automated control systems and their programs applied remains still open as each
control program differently influences the energy release.

Research objective. The research is aimed onto the axial offset concept definition, investigation
of WWER-1000 power unit different static regulatory programs influence, elaborating techniques to
maintain an optimal axial offset of power unit in maneuvering mode, adjusting settings of neutron
power regulator and its integration into compromise-combined power unit regulation system.

Present research exposition. The quantitative measure of energy release uniformity along the
reactor core vertical projection is represented with a special integral parameter, the axial offset (AO),
therefore the power unit’s effective operation does imply the necessity to minimize AO deviations.
The AO value is defined as the difference in energy release between the reactor core upper and lower
parts referred to the total energy release [6].

20=%"9% 1099, (1)
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where O — thermal energy in the upper half of the core, MW;
Qp — thermal energy in the lower half of the core, MW.

To identify AO during reactor operation we can use several methods. E.g. we can observe the re-
actor core top section’s neutron flux lowering with the use of information technology equipment,
which receives signals from neutron detectors. Also, the AO present or approaching can be detected by
chemical diagnostics.

In maneuvering mode, the AO should be maintained in accordance with the established standard
range depending on the current power level (Fig. 1).

AOQ value shifting beyond the permissible values can involve an uneven neutron flux thus the ax-
ial xenon oscillations emerging, that have a negative impact on the reactor and 1¥ loop equipment sta-
bilization time. Under certain conditions, the unevenness of the neutron flux in the reactor core can
lead to pre-emergency or emergency situations.
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Fig. 1. Standard routine range of AO values, depending on the reactor power level:
1 — recommended area,; 2 — acceptable area; 3 — not recommended area; 4 — excluded area
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Power maneuvering is carried out according to static control programs, which represent the de-
pendence of power unit process parameters onto the produced capacity at steady-state conditions.
Therefore we need to consider how process parameters’ changes in the known static control programs
do affect the AO in maneuvering modes.

In practice of nuclear power plants operation the following main static regulation programs of the
WWER-1000 power unit are applied [7]:

1) I program — the control program maintaining a constant average temperature of the reactor
core coolant;

2) II program — the control program maintaining a constant pressure in the second loop and
hence a constant temperature of saturated steam in the 2™ loop;

3) III program — the compromise control program providing a moderate change in the average
temperature of the reactor core coolant and in the 2™ loop pressure;

4) IV program — the combined program maintaining a constant pressure in the 2™ loop at low
loads and a constant average temperature of the reactor core coolant at high loads.

There was offered a power unit capacity control program that involves maintaining the steady
AO value when transferring the power unit from one level to another.

To ensure stability of the reactor core bottom half it is necessary to maintain the constant coolant
temperature at the reactor core inlet. This constant coolant temperature level is achieved by controlling
the steam pressure in the steam generator by changing the turbine control valves position.

Also the constant AO value is maintained by changing the control rods (CR) group position in the
reactor top half.

The main distinctive feature between this control program and the others is that the reactor core
inlet 1* loop coolant temperature is maintained constant one by regulating the steam pressure in the
steam generator through changes in the turbine control valves’ position.

The control algorithm that implements a compromise-combined control program (Fig. 2), does
follow a specific sequence [7]. At the power system request to reduce the reactor plant power unit the
operator commands to enter the required amount of boric acid in the 1% loop coolant for changing the
power unit capacity. The boric acid solution is progressively added/removed (by adding the desalted
water) through the boost pumps’ tank /7 to the coolant at an assigned standard speed.
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Fig. 2. Schematic diagram of the control units with WWER-1000,
which implements a compromise-combined ATE

The reactor core bottom half does not contain control rods and the main disturbance therein oc-
curring relates to changes in the reactor core inlet coolant temperature.
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Therefore in order to stabilize the reactor core bottom half it is necessary to maintain constant
coolant temperature at the reactor core inlet. The reactor core coolant temperature regulator 19 does
generate the control action by comparing the given 18 and the actual 13 coolant temperature values at
the reactor core inlet. This action influences further the turbine control mechanism 7 and control gear 8
repositioning the control valves 3 of turbine 4.

At that, the neutron power controller 12 generates control action applied to the control rods regu-
latory group’s 10 control rods drive by comparing the given 16 and the actual 11 AO values.

Thus, the advanced ATE specific feature represents a new control loop where the reactor core in-
let constant coolant temperature is maintained by regulating the steam pressure in the steam generator.

In addition, the advanced ATE peculiarity relates to another new offset control loop, where the
constant value of AO is maintained by moving the CR group [7]. To adjust this loop, it is necessary to
calculate the neutron power controller settings, regulated by the proportional-plus-integral (PI) action
control principle. Controller settings calculations are performed by the method of A. Kopelovich.

For the neutron power controller setting we created a step disturbance AM by entering 10%
(35,35 cm) of CR group in the reactor core.

The step function response curve for “CR group reactivity — AO” channel appears as:
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Fig. 3. Ramp at channel “CR group reactivity — AO”

The response curve shown at Fig. 3 has been processed by the standard method. As a result we
did find: full time delay t=2s; AO value deviation when steady state Ax(w)=-8,2% and object

transfer constant k = Ax(0) =0,232%/cm.
AM

Considering the aforesaid, the transfer coefficient and the integration time are calculated as follows:

0,6  0,6-29
Kp=—2—=—22 237, 5em) 2)
. T . %
k/Ta 0,232-3
0,6  0,6-29
Kp=—2—=—22 =37, 50/ 3)
.T . %
k/Ta 0,232-3
T, =0,6-Ta=17,4 5. 4)

With such a transfer coefficient when step disturbance applied by reducing steam consumption
for 40 kg/s, the transient process has the form (Fig. 4)
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Fig. 4. Transient when step disturbance applied by steam consumption

The transient phenomenon quality can be estimated by the chart using direct quality indexes:
1. The first maximum of axial offset deviation AX;;; =0,05% .

2. The third maximum of axial offset deviation AX,3 =0,003 % .

3. Control time ¢, =150s.

4. Deviation of axial offset in the absence of controller AX () =0,4 % .

Apart of direct transients quality indexes there exist some indexes found through calculation:

. AX 1 —AX L .
5. Degree of dampingy = % =0,94. Degree of damping is satisfactory when
M1
v =0,75...0,95.
AX

L - 0,1 that shows efficiency of the controlling regu-

6. Dynamic control coefficient Rd = @)
o0

lator’s compensating action onto the object.

Results. The power unit operating at designed power level the regulation program doesn’t play
an important role. However the maneuvering modes regulation program choice can have an essential
impact on the power unit characteristics and its equipment further operation.

It is revealed that any control program doesn’t maintain AO stability in power maneuvering mode,
that implies a necessity to create an improved ATE, maintaining AO unchanged in the maneuvering
mode that will ensure the reactor and power unit stability. As a result of such ATE use, we calculated the
design parameters of a neutron power controller, integrated in the reactor compromise-combined power
control system (Fig. 5) implemented with the use Simulink (MATLAB program pack).

Conclusions. Analyzing the WWER-1000 equipped NPP power unit as control object we ob-
served that one of the most important problems of power unit operation relates to maintaining an uni-
form power distribution in the reactor core in the axial direction as a guarantee of the reactor stability.

The known control programs’ process variables changes impact on AO in maneuvering mode has
been analyzed. It is shown that all known control programs in maneuvering mode do involve the AO
value alternation that may cause xenon oscillations and hence the reactor stability loss.

The compromise-combined control method investigated, we assessed its main difference from the
known methods, consisting in constant coolant temperature at the reactor inlet maintenance using the
steam pressure variation by repositioning the turbine valves. Maintaining the reactor core inlet coolant
constant temperature allowed us to stabilize the reactor core bottom part, that has an evidently positive
effect onto AO control.

EHEPI'ETHKA. TEIIJIOTEXHIKA. EJIEKTPOTEXHIKA



80 . . . . ISSN 2076-2429 (print)
[Ipani Ozmecpkoro mosniTexHIiYHOTO YHIBepcHuTeTy, 2014. Bum. 2(44) ISSN 2223-3814 (on line)

IED—l | =
) I selector
J— ¥ I

cf Q:ﬁufi_] + i | 1
evel —G o[ o) J = e " Tz
®

Reactor model

Pipeline model .
Saturation temperature
diagram

ity St o
| [Coee b Cror  Poge l—i—‘ Poar AD I AQ diagram |G swam P | Pipeline mode!
I e, —' tm tou 1 Steam generator

= n:f:::;?c:odm I~ Tirls+1 model (]

|
Temperature sekclor LN 1 | e S S
at the reactor inlet Turbogenerator model

- — -

Power unit controller

Fig. 5. Power unit advanced ATE simulation model

The result of axial offset adjusting with the use of improved ATE is shown at Fig. 6.
AO, %

-3,41072 \MVWWW' —
-3,41073 /—

~3,41074 //
~3,41075

~3,41076 /
-3,41077 /

341078
0

50 10 15 20 fs
Fig. 6. Axial offset transient process regulation at WWER-1000

The neutron power controller settings are calculated by the method of A. Kopelovich. Analyzing
the quality indexes values we conclude that the quality of control using the obtained PI controller set-
tings does satisfy the problem solution.
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AHOTALNIS / AHHOTALIUA / ABSTRACT

M.B. Maxcumos, M.®. Kanazipcokuii, €.0. Koxon. KouTpoaps akciajbHOro odceery siiepHOro peakropa npu ma-
HeBpYBaHHi MoTyKHicTI0. Brcoka HaniliHicTh Ta Ge3neka eHeproOIoKy - TOJIOBHI BUMOTH, SIKI BUCYBAIOTHCS IIPU EKCILTya-
Tarii eHeprodIoKy y MaHEBPEHOMY PEXHMi. 3aOpyKOI0 HAAIHHOI i 6e3MeYHOo1 eKCIUTyaTalii eHeproOIOKy € CTIHKICTh peakx-
TOpa mpH 30ypeHHsIX sK I 4ac poOOTH Ha MOCTIHHOMY piBHI HaBaHTaXXCHHS, TaK i B MaHeBpeHOMY pexumi. KimbkicHOIO
Mipolo cTilikocTi peakropa € akciaapHui opcer (AO) — TEXHOIOTiUYHA XapaKTepUCTHKa PIBHOMIPHOCTI €HEproBUAIICHHS,
TOMY MipOI0 €(peKTUBHOCTI eKcIutyaraii eHeproonoky 3 BBEP-1000 € miHimi3amis BigxuwieHHS akciasHOTo odeety. Hocmi-
JDKEHO BIUIMB aBTOMAaTH30BAaHUX CHUCTEM PETYJIIOBAaHHS MOTYXKHICTIO €HEProOJOKY B MaHEBPEHOMY PEXHMMI Ha aKCiaJlbHUN
o(cer. Po3risiHyTa KOMIPOMiCHO-KOMOIHOBaHa IIpOrpamMa peryJiroBaHHs IOTYKHICTIO PeaKTopa, sika nepegdadae yTpUMaHHs
3HA4YEHHS aKCiaIbHOTO O(CEeTy MOCTIMHUM IIPU IIepEeBEACHHI €HeproOI0Ky 3 OMHOTO PiBHS MOTYKHOCTI Ha 1HIIIH.

Kniouosi cnosa: ynpasiiHHs aKcialbHUM 0()ceTOM, KCEHOHOBI KOJIMBAHHS, IPOrpaMa peryJItoBaHHs, aKTHBHA 30Ha pe-
aKTOpa, MAaHEBPEHHUH PEIKHM.

M.B. Maxcumos, M.®. Kanazupckuii, E.A. Koxon. KoHTpoab akcHaabHOro of)ceTa siAepHOro peakropa mpu Ma-
HEBPUPOBAHUHM MOIIHOCTBIO. BpICOKas HameXHOCTb M 0E30MacCHOCTh HEProONOKa — OCHOBHBIE TPEOOBAHUS, KOTOPBIE
NPEeNBSBIAIOTCS IPH IKCIUTyaTallii SHEProOJioka B MAaHEBPEHHOM pEXHMMeE. 3aJI0roM HaJIeKHOH M 0e30IacHoi dKCIuTyaTa-
LM SHEProOIIoKa SBIAETCS yCTONYMBOCTh PEAKTOpa MPH BO3MYIIEHHSAX KaK BO BpeMsl paOOTHI Ha IOCTOSHHOM YpOBHE Ha-
IPy3KH, TaK ¥ B MaHEBPEHHOM pexume. KomnyecTBEeHHOW Mepoll yCTOHYMBOCTH peakTopa SIBISITCS aKCHalIbHBIN odceT —
TEXHOJIOTHYECKasl XapaKTepPUCTHKA PaBHOMEPHOCTH YHEPTrOBBLICICHUs, MOITOMY Mepoi 3(QeKTHBHOCTH 3KCIUTyaTaluy
sHeprobioka ¢ BBOP-1000 sBiseTcss MUHIMU3AIHMA OTKJIOHEHHS aKCHABHOTO odcera. MccnenoBano BIUsSHHE aBTOMATH3H-
POBaHHBIX CHCTEM PETYINPOBAHMS MOIIHOCTBIO SHEProOI0Ka B MAaHEBPEHHOM PEXHME Ha aKkCHallbHBIN odceT. PaccmoTpena
KOMIIPOMHCCHO-KOMOWHHMPOBAHHAs IIPOrpaMMa peryJIMpoBaHKsl MOIIHOCTBIO peaKkTopa, KOTopas IpesroaraeT yaepKaHue
3HAUEHNUS aKCHAIBHOTO o()ceTa HOCTOSHHBIM IIPH MEPEBOIE SHEProOI0Ka ¢ OJHOTO YPOBHS MOIIHOCTH Ha JPYTOil.

Kniouesvie cnosa: ynpaBneHue akCHaIbHbIM 0()CETOM, KCEHOHOBBIC KOJIEOaHUs, IPOrpaMMa peryIupOBaHus, aKTUBHAS
30Ha pEaKkTOpa, MAaHEBPEHHBII PEXXUM.

M.V. Maksimov, N.F. Kanazirskyi, E.A. Kokol. Control of the axial offset in a nuclear reactor at power maneuvering.
High reliability and security of power unit are basic requirements when the power unit maneuvering mode operation. The
reactor stability under disturbances both at steady load and maneuvering load embodies the guarantees of power unit safe and
reliable operation. A quantitative measure of the reactor stability is assessed by the axial offset representing the technological
characteristics of energy release uniformity, therefore the axial offset minimum deviation is WWER-1000 operation efficien-
cy measure. The power unit capacity automated control systems’ influence on axial offset under maneuvering mode is inves-
tigated. Considered is the power unit compromise-combined control program, which maintains a constant axial offset value
when power unit switching from one power level to another.

Keywords: axial offset control, xenon oscillations, control program, reactor core, maneuvering mode.
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