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Abstract: The purpose of the article is to study the possibility and feasibility of participation of
nuclear power plants (NPPs) with VVER in emergency frequency control in power systems with
a high proportion of nuclear power units and, at the same time, of reducing the power
consumption for the own needs of the main circulation pumps during modes with power below
nominal. To solve these problems, it was proposed to increase the achievable speeds of power
gain (load increase) due to the installation of frequency controlled drives of the MCP. Large
system frequency variations (caused by large imbalances between generation and demand) may
jeopardize electrical equipment, in terms of maintaining stable and reliable operating
conditions. For NPPs, the task of preventing or localizing accidents is even more important than
for TPPs, since in case of major system accidents, it is possible to completely stop external
power supply of the NPPs own needs. Thus, besides the requirements for the primary control of
the frequency of NPPs with VVER, today we need more stringent requirements for their
emergency acceleration and mobility. The operation of NPPs with long-term non-recoverable
active power shortage causes a decrease in the speed of the main circulation pumps of NPPs
with VVER and a decrease in the coolant flow rate. It is shown that the installation of variable
frequency drives of the MCPs at NPP with VVER is appropriate not only to save energy
consumption for their drive in partial modes, but also to increase the power of NPP above the
nominal (without reducing the reserve before the heat exchange crisis in the reactor core) for
the elimination of system accidents, and thus to improve the safety of the NPPs included in the
power system.
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Pestome: Llenvio cmamvu a6151emes U3yyeHue 603MONCHOCIU U Yereco0OpA3HOCMU yYacmus
ADC ¢ BBOP 6 npomusoasaputinom YacmomHuom pe2yiuposanu 8 IHepeoCUCEeMAax ¢ 8blCOKOU
o0onell amoOMHbIX IHeP2OONIOKO8U, OOHOBPEMEHHO, CHUICCHUS PpAcxo0d INeKMmpOoIHepeUU Hd
cobcmeennbie HyHCObl 2NABHBIX YUPKYIAYUOHHBIX HACOCO8 HA PENCUMAX C MOUWHOCHIbIO HUdICE
HOMUHAAbHOU. [Nl pewienus 3mux 3a0a4 HpeodiodCceHO NOBbICUMb OOCMUNCUMbBIE CKOPOCTU
Habopa mowHocmu (Habpoca Haspy3Ku) 3a cyem YCHAHOBKU UYACMOMHO De2yiupyembvix
npueoooe I'L[H. H3zmenenue wacmomol 8 dHepeocucmeme, 8bl36AHHOE OONbUUM OUCOANAHCOM
Medncdy ceHepayuell u nompebienHuemM, MOJCem NOCMASUMb HOO YepPo3y INEKMPpUecKoe
obopyoosanue ¢ MOYKU 3PEHUs NOOOEPICAHUS CMAOULLHBIX U  HAOEICHLIX  YCI08UlL
okcnayamayuy. /[nsa amomMHuiX 1EeKMpOCManyuil 3a0aya npeoomepauwjeHuss Ui I0KAIU3ayun
asapuii npeocmaensemcst euje bonee saxcuou, wem oasi TOC, m.k. npu KPYRHbIX CUCMEMHbLX
aABAPUSX 8O3MOICHO NOJIHOE NPEKPAWeHUe SHEUHe20 IHePeOCHADICeHUsT COOCMBEHHBIX HYIHCO
ADC. Taxum obpazom, kpome mpebosanuii Kk nepsuunomy peeyiuposanuto yacmomsi AIC ¢
BBOP nyoscuwr 6onee sicecmrue mpebosanus K UX A8apuliHoli RPUEMUCmocmu U MoOUIbHOCMU.
Paboma ADC npu OnumenvHOM HEGOCCMAHABAUBAEMOM Oeuyume aKMUBHOU MOUHOCHIU
6bI3b18AEIN CHUJICEHUE YUCAA 000POMO8 2NAGHBIX YUPKYIAYUOHHBIX Hacocos ADC ¢ BBOP u
yMeHbulenue pacxoda menionocumens. Ilokazano, ymo ycmanHo8Ka 4acmomuo-pecyiupyemvix
NPUBOO08 2IABHBIX YUPKYIAYUOHHBIX Hacoco8 na ADC ¢ BBOP yenecoobpasna, 6 nepcnexmuage,
He MONbKO 05l IKOHOMUU PACX00a IHEPIUU HA UX NPUBOO HA YACTNUYHBIX PEeANCUMAX, HO U Ol
nosvlueHusi MouHocmu dHepeodiokoe ADC eviue HOMUHANLHOU (0e3 YMeHbUleHUs 3anaca 00
Kpuszuca menioooMeHna 8 axKmusHol 30He peaxkmopa) Oisl JUKEUOAYUU CUCTNEMHBIX agapull, a
s3Hauum, u 01 nogviueHus: bezonacnocmu exodsuux 6 OOC snepzobroxos ADC.

Knrwouesuvie cnosa: amommast INEKMPOCMANYUSL, 9Hepeocucmema, yacmoma,
npOMuUBOAsApuUliHOe  pecyiuposanue,  2IAGHbIU  YUPKYIAYUOHHLLIL — HACOC;  HYACMOMHO-
pezyaupyemulii npugoo.

Bnazooapnocmu: Hccredosanue gvinonneno npu ¢unancogou noddepicke PODU ¢ pamkax
Hayunozo npoexma Ne 17-08-00220 A.

Introduction

Attempts to normatively involve nuclear power plants (NPPs) in the regulatory process,
including emergency ones, have been implemented for a long time. One of them was undertaken
in 2002 by RAO UES Order No. 524 dated September 18, 2002. In accordance with RAO UES
Order No. 544 “On improving the quality of primary and secondary frequency regulation of
electric current in the UES of Russia”, the main condition for connecting power plants,
including the nuclear ones to the power system is their participation in the primary frequency
regulation in the power system.

The requirement for the participation of nuclear power units in the dispatch load schedule
has recently been accompanied by the requirement to involve NPPs in the primary regulation of
the current frequency in the network [1, 2]. In accordance with the standard of the organization
of JSC “SO UES” (Company's Code STO 59012820.27.120.20.004-2013. Norms for the
participation of power units of nuclear power plants in the normalized primary frequency
regulation), the maximum required change in power is + 2% of Ny, for the normalized primary
regulation of frequency (NPRF) and -8 % of N, for the general primary regulation (GPRF),
moreover, in the first 10 seconds at least 50% of the required power change should be fulfilled.

However, due a number of reasons noted earlier in the Russian studies [3], this,
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apparently, is also not enough, since the requirements do not stipulate the gradually growing
need for participation of large nuclear power units in emergency frequency control in the UPS.
For such participation, the speeds and ranges mentioned in [3] are clearly not enough. Large
hydroelectric power stations (HPS) and even hydroelectric pumped storage power stations
(HPSPS) do not possess maneuvering properties previously assigned to them, mainly due to
the large inertial delay at the derivative spillways, as well as due to their overregulation by
numerous requirements of the System Operator.

With the development of accidents with a steady decrease of UPS current frequency, a
serious contradiction is that in UPS with a high proportion of nuclear power plants during
accidents with a decrease in the frequency, NPPs should increase generation. Unfortunately,
MCPs make it impossible, since they reduce power and flow rate of the pumped coolant
proportionally to the decrease in mains supply frequency. This was noted in [4]. In case of
emergencies with increasing frequency (increased generation over the consumer load), such
nuclear power plants also run the risk of stopping external and then internal power supply.

One of the most efficient technologies that can fundamentally solve the problem of
maneuverability of nuclear power plants with VVER is a smooth change in the flow rate of the
coolant by controlling the rotation frequency of the MCP electric drives (Fig. 1) [5-8].

[ Neutron power controller ]—)I Coolant flow controller ]

!

reactor outlet temperature I Frequency converter ]
sensor *

[ MCP electric drives ]

Fig. 1. The block diagram of the flow rate control

Theoretical basis

The NPP operation with a long unreplaceble shortage of active power causes a decrease
in the number of MCP revolutions and a decrease in the coolant flow rate. The use of special
frequency converters can eliminate this contradiction [9], since the operation of thyristor
converters does not depend on the mains supply frequency. When using them, the power of the
unit can be increased to a supernominal value to eliminate system accidents without reducing
the supply before the heat transfer crisis in the reactor core [10]. Moreover, this maneuver can
be implemented in the long-term mode (monitoring the load) and during participation in the
regulation of the emergency frequency drop (dynamic load surge).

Studies have shown that a smooth change in the coolant flow rate by controlling the
rotational speed of the MCP electric drives allows one to obtain the specified steam parameters
and, due to this, the efficient energy characteristics of the turbines during the NPP modes of
partial power, start and stop, and significantly reduce temperature and pressure fluctuations in
the main circuits. This leads to a decrease in the ranges of changes in the average temperature of
the core and mitigation of neutron-physical disturbances in the core. At the same time, resource-
saving internal devices are achieved, reliability, durability and efficiency are improved by
reducing low-cycle fatigue of metal of power equipment and increasing the efficiency of the net
unit in the power range of 60—100% of N, and above the nominal one [11].

The most important MCP advantage achieved with a variable frequency drive (VFD) is
the possibility of an additional (to 4% of N,y achieved by today) power increase up to 7-10%
above the nominal level. It is based on the possibility of maintaining the same safety factor
before the heat transfer crisis DNBR (Departure from nuclear boiling ratio) by
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correspondingly increasing the coolant weight velocity [11].

The main circulation pumps are most strictly regulated for operation in case of
emergency frequency deviations in the network (for power units with a VVER-1000 reactor
unit):

A) From 50 to 51 Hz - up to 10 s and not more than 60 s or 10 times in total per year;

B) From 49 to 48 Hz - up to 5 minutes and not more than 26 minutes or 20 times in total
per year;

C) From 48 to 47 Hz - up to 1 min and not more than 6 min or 15 times in total per
year;

D) From 47 to 46 Hz - up to 10 s and not more than once every three years.

The literature gives an example [3] of the need to increase the rate of the generation
shortage elimination in order to maintain the stability of power units operation. This problem
becomes especially urgent in connection with the increase in the share of NPPs in many UPSs,
since it is known that in case of system accidents with breakdown of external power supply,
there arises a task of reliable and long-term (up to 72 hours) removal of residual heat
generation from the reactor core due to internal power supply. Many NPP sites with reactor
units (RU) of Russian architecture, namely Akkuyu NPP (Turkey), Ruppur NPP (Bangladesh),
Kudankulam NPP (India), Jordan, Egypt, Finland, etc. turn out to be “inside” energy regions
with relatively weak transmission capacities of electrical connections.

At the same time, it is known that reserves of transmission capacities above 20% of P,
when implemented, can “shift” the calculated phase angle to an unacceptable zone ©>70-80°
with occurrence of amplitude fluctuations and even flow vectors, which can cause an avalanche-
like accident. If the initial phase angle ® is 60° and there is a generation shortage in comparison
with consumption, and the generators rotors in the UPS receiving part are “slowed down a little”
when entering the dead zone of the turbine regulators (for example, 4h=-1 rpm), then the
receiving system rotors will “turn around” due to a lag to the critical value of the phase angle of
90°. If it is 1 rpm (360° per minute), then a thirty-degree (30°) limit excess of the angle ® will
be achieved in just 5 s [60/(360/30)=5 s], which requires very high loading speeds to prevent a
system accident [3].

On the other hand, the relationship between active power N and frequency in the case
of rotating MCP injection machines is established from simple reasons:

af 3 df

Moo =2t or Mt = 20201 =3 o, & Ny _ o

3—.
act f

Modern VVER reactors also have a certain maneuverability with stabilizing negative
feedback between the average temperature of the active zone and reactivity [12-13]. This
connection is much more stable today during the operation time due to the addition of
gadolinium to the fuel compositions, so the fuel rods today are often called gadolinium fuel
rods. Such fuel and the active zone based on it are much more stable and safer during
operation.

With tertiary regulation in such UPSs, a high emergency response rate (rate of shortage
or load surge) should be provided and there should be a margin for the upper power level [3].
However, this reduces the installed capacity utilization factor (ICUF). But if ICUF is
determined by the initial level of nominal power, then its value is sometimes greater than 1. This
was shown by the operational practice of a number of NPP units in separate temporary operation
areas during operation at 104% Npom.

This problem can also be successfully solved when the power units will have a
significant margin to increase power above the nominal. Such a reserve is quite real when
equipping a MCP with a converter with a high-voltage variable frequency drive (converter
with HVVFD).

In the absence of adjustment range and the occurrence of an unforeseen power shortage

,butas af3 =N

act’
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under conditions of full load of the units (generators), an unrecoverable decrease in frequency
occurs (Table 1, Fig. 2):

fy - f1 = —Af (1—e_t/Tf j o vice versa f, — f; = +Af (1—e‘”Tf ) ,

where T is the frequency constant of the power system, T¢ =10+15 s; af is the final value of

the frequency change due to a shortage (—) or an excess (+) of power, i.e. the difference between

generation and load AP = Py + Pj5aq in % or infractions afos= AP% 100 _ AP i =13

K" Pload.nom

is the frequency factor of the power system [14]
[ = ~
fz_flz_APKA)(l_et/Tf):@x AP (1_et/Tfj

K" Pload.nom
Table 1
Frequency drop in UPS at various factors K and resulting shortage
Power shortage Frequency drop Af, Hz (%)
AP, % K=1 K=2 K=3
2 1 (2%) 0.5 (1%) 0.33 (0.7%)
4 2 (4%) 1 (2%) 0.67 (1.3%)
6 3 (6%) 1.5 (3%) 1.00 (2%)
8 4 (8%) 2 (4%) 1.33 (2.7%)
10 5 (10%) 2.5 (5%) 1.67 (3.3%)
50 50 figdz
495 498 -
49
49,6 -
48,5
49,4
48
475 49.2 1
47 49
0 10 20 30 40 50 tms\ 0 10 20 30 40 50 tMs
a) b)

Fig. 2. The frequency drop after an accident with nonrecoverable power shortage (2, 4 and 6%) for various
power systems: a - frequency factor of the power system K=1; b - K=3

Operational experience shows that in most power systems, a sudden loss of 5% of the
generating power will not lead to an unacceptably low frequency, while a loss of 20% of the
generating power will almost certainly cause the system collapse. The practical limit of sudden
losses and, therefore, the maximum power of one generating unit is about 10% of the minimum
system demand [15]. Figure 3 shows the change in frequency when a 10% power shortage
occurs in the power system (according to [15]).

The transition time from one mode to another when working on a schedule is minutes. In
emergency situations that may occur in the power system or at the plant with its equipment, a
limited change in power is required in a very short time (gaining up to 10% of the nominal
power in no more than 2 s; short-term pulse unloading of the turbine) or a complete shutdown of
the unit. Moreover, temperature limitations do not play such an important role [3]. The rate of

103



Ipobnemor snepeemuru, 2019, mom 21, Ne 3

change of power is determined mainly by the dynamic characteristics of the units and automatic
control systems. The ways to increase the emergency intakes of blocks are fundamentally
different from the ways to improve the remaining maneuverable characteristics, and in some
cases the improvement of the latter is accompanied by a significant deterioration in the
emergency intake. Therefore, although throttle response is certainly one of the components of
maneuverability, often maneuverability and throttle response (which is understood as emergency
throttle response) are considered as independent characteristics [3].

f, Hz
50
49 3
18] 2
47 1
46 T T T
0 5 10 15 t,s

Fig. 3. Frequency change when a 10% power shortage occurs in the power system:

1 - frequency drop; 2 - frequency change with increasing production at operating power units;
3 - with an increase in production and disconnection of a group of consumers

Obviously, a compromise is needed between the growing need for the active
participation of NPP units with VVER reactors in the regulation of load schedules and the
desire to keep their average annual installed capacity utilization factor (ICUF) high and
economically-acceptable [16]. In this regard, in most cases, it may turn out to be economically
more profitable to transfer the regulation region to the near-base, that is, to the sub- and
supernominal range of permissible power [17, 18]. The speed of power gain by NPP power
units during the elimination of emergency power shortages in receiving power systems or
systems that are separated from the power connection with the power shortage is to ensure a
rapid increase in the generated power by 10% in 1-2 s.

For NPP units, the task of preventing or localizing systemic accidents seems even more
important than for TPPs [15]. This is due to the need for emergency cooling of the reactor after
it is stopped. As the lessons of major system accidents show, it is possible to completely stop
the external power supply of the station’s own needs. Thus, it is obvious that in addition to the
requirements for NPRF NPPs with VVER-1000, 1200 (projects of NPP-2006, NPP-TOI)
nowadays it is necessary to present more stringent requirements for emergency intake and
mobility.

In this regard, it is also advisable to transfer the MCP in the Ist circuit to a variable
frequency drive through a converter device and provide a bypass contactor to return to the
normal network in the event of a scheduled repair or failure.

Results

The results of calculations of characteristic values when changing the frequency of the
supplying MCP current in the range from 46 to 53 Hz are presented in Table. 2. Figures 4 and 5
show the relationships between the coolant flow rate and power of the VVER-1000 and VVER-
1200 power units and the frequency of converter with HYVFD MCP in the range of load
reduction with the MCP frequency drive from ~ 0.92 and increase to ~ 1.06.

Note that, the results shown in rows 5 and 6 of table 2 prove that the formula of MCP
power proportionality to the 3rd power of frequency gives a fairly accurate result. At the same
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time, it should be borne in mind that K=1+3 is the conditional frequency factor of the power
system, depending on the composition of the consumer equipment.

Table 2
The results of calculations of characteristic values when changing the
frequency of the supplying MCP current

Frequency, Hz (AC current at MPC)

Characteristics 46 | 47 | 48 | 49 | 50 | 51 | 52 | 53

1. Relative coolant consumption 092 | 094 | 0.96 | 0.98 1 1.02 | 1.04 | 1.06
2. Flow through MPC (VVER-1000):
m3/h 20010 | 20445 | 20880 | 21315 | 21750 | 22185 | 22620 | 23055
kg/h* 14407 | 14720 | 15034 | 15347 | 15660 | 15973 | 16286 | 16600
3. Network pressure, m
Network 1 59.2 | 619 | 645 | 67.2 70 728 | 75.7 | 78.7
Network 2 719 | 751 | 783 | 81.6 85 88.4 | 919 | 955
Network 3 76.2 | 795 | 829 | 86.4 90 936 | 97.3 | 101.1
4. Relative power of MPC 0.78 | 0.83 | 0.88 | 0.94 1 1.06 | 1.12 | 1.19
5. MPC power (VVER-1000), kW 3582 | 3821 | 4070 | 4329 | 4600 | 4882 | 5174 | 5479

6. MCP pump power according to the

exact formula for the network 3 3590 | 3827 | 4075 | 4341 | 4608 | 4889 | 5182 | 5488

7. MPC electrical power (VWER-1000), | g0/ | 5009 | 6636 | 7059 | 7500 | 7959 | 8436 | 8933

kW**

8. NPP power, MW***
for VVER -1000 920 | 940 | 960 | 980 | 1000 | 1020 | 1040 | 1060
for VVER -1200 1104 | 1128 | 1152 | 1176 | 1200 | 1224 | 1248 | 1272

9. NPP power taking into account
changes in the MCP power, MW
for VVER -1000 925 | 944 | 963 | 981 | 1000 | 1019 | 1037 | 1056
for VVER -1200 1110 | 1133 | 1155 | 1178 | 1200 | 1222 | 1245 | 1267

* the density of water at p=160 at, t,,=305°C
** power was determined for the ration Ng/Nypc for the designed frequency of 50 Hz
*** nuep=const adopted for a relatively small range of frequency and load conditions 0.92—1.06 of Nyom

23]5 O, ths. m3/h

23,0
22,5 A

22,0

21,5 A
21,0 A

20,5

20,0

46 47 48 49 50 51 52 ¢

Fig. 4. Relationship between coolant consumption and the frequency of converter with a high-voltage
variable frequency MPC drive of the VVER-1000 power unit
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1060 N-MW. 1280 N-MW
P Y/
1040 - / 1260 4
1240 A /
1020 - 1220 -
1000 1200
1160
960
1140
940 1120
920 1100
46 47 48 49 50 51 52 frlj|z 46 47 48 49 50 51 52 frl:iz
a) b)
Fig. 5. Relationship between power of the VVER-1000 (a) and the VVVER-1200 (b) power units and the
frequency of the MCP supply current: —— — taking into account MPC power change; - - - — without

taking into account MPC power change

Conclusions

1. If the frequency-controlled drive is used only for saving expenses for pumping the
coolant in the load range below N, then the MCP and the converter are selected according to
Nnom, and the savings depend on the area below N, and are associated only with the energy
consumption for drive of 4 MCP.

2. A greater impact can be achieved when installing MCP and converter devices with
high-voltage frequency-controlled drive, providing increased power above Np,, and even
higher than those achieved today at VVER-1000 without MCP replacing. This is acceptable due
to the fact that with an increase in the coolant flow rate above the calculated (nominal) one, an
additional reserve is formed before the heat transfer crisis of the second kind DNBR. At the
same time, the expenses of MCP supplying above N, will increase, and when adjusting
schedules below N,om, they will fall. The final effect in this case will be significantly greater
due to the replacement (in a less capital-intensive way) of new construction, as well as due to
displacement of gas from the Russian energy sector, as a more valuable export resource.
However, in this case, it is necessary to select the MCP and HVVFD of the highest power.

3. When the frequency changes by 1 Hz, the coolant flow through the MCP changes in
direct proportion to this change in the 1st degree, that is, through the active zone of the reactor
(VVER-1000) 4 x 435=1740 m*/h or at a water density of 720 kg/m® for 1253 t/h. Since at the
first stage of the assessment it is possible to take the efficiency of nuclear power plants to be
constant in a close to basic mode, it is easy to see that such a decrease in flow rate also causes a
corresponding change in the thermal power transmitted from the Ist to lind circuit, i.e. 1 Hz
corresponds to 1253/62646=0.02 or a 2% change in thermal power. For a unit with a 1000 MW
RU, this corresponds to (at naes=const) 2% of electric power or 20 MW, for a VVER-TOI unit it
is equal to 24 MW.
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