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Abstract: Overspeed is more likely to occur in the process of load rejection or large disturbances
for nuclear steam turbines due to the large parameter range and low steam parameters, as well
as the power of the low-pressure cylinder accounting for a high proportion of the total power.
It is of great significance to study the overspeed characteristics of nuclear power plants (NPPs) to
ensure the safe and stable operation of the unit and power grid. According to the characteristics of
NPPs, the overspeed protection model and the super-acceleration protection model were established,
which were added to the speed-governing system model. The response characteristics of the reactor,
thermal system, steam turbine and speed-governing system in the process of load rejection or large
disturbances of the power grid were analyzed and simulated. The results were compared using the
simulation software personal computer transient analyzer (PCTRAN). The simulation results showed
that quickly closing both the high and medium pressure regulating valves could effectively realize
frequency control when load rejection or a large grid disturbance occurred. The over-acceleration
protection cooperates with the super-acceleration protection to avoid the repeated opening/closing of
the valves due to overspeed protection. This could effectively reduce the impact of large disturbances
on the reactor, thermal system, and turbine.

Keywords: nuclear power unit; reactor and thermal system; overspeed protection; super-
acceleration protection

1. Introduction

Nuclear power generation accounts for 10.5% of the global electricity supply in 2018, according to
the report of the World Nuclear Association. According to the International Atomic Energy Agency
(IAEA) statistics, there were 449 units in operation worldwide at the end of June 2019, with a nuclear
power installed capacity of nearly 400 million kilowatts, and another 54 units under construction.
There are 47 nuclear power units operating in mainland China with an installed capacity of 48.73
million kW. Newly constructed nuclear power plants worldwide were required to have higher security
protection systems. Third generation nuclear reactors have gradually become the main force in the
current period and the foreseeable future. A nuclear unit has a large unit capacity which is sensitive
to grid voltage and frequency fluctuations in cases of sudden load rejection or unit trip. This may
have a large impact on grid voltage and frequency stability [1-5]. Analysis of blackout accidents has
shown that the frequency characteristics and control ability of nuclear power units play an important
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role in the development and subsequent treatment of power grid accidents [6,7]. However, a nuclear
steam turbine has a large parameter range for the main steam pressure, low steam parameters, high
proportion of power for the low-pressure cylinder, and is easy to overspeed [8]. The study of overspeed
characteristics is the basis of ensuring the safety of nuclear power units in power grid emergencies,
as well as the basic guarantee of island operation and rapid recovery of nuclear power units after
accidents [9].

The generator’s prime mover is often more susceptible to off-frequency operation than the
generator itself [10]. In order to obtain the dynamic response of the system over extended periods (up
to 30 s), studies must be carried out with suitable models representing the generator excitation controls
and the turbine controls [11]. In the research on network stability, the speed-governing system model of
a nuclear power plant (NPP) is often simplified [12,13]. However, in order to stabilize the unit and grid
frequency, it is necessary to establish the prime mover and its speed control system model considering
frequency protection [14,15]. Much research has focused on second-generation NPP modeling suitable
for different simulation time scales, including the full range simulator, comprehensive simulation
program, or mathematical methods [16-20]. This has mainly analyzed the characteristics of overspeed
protection from the perspective of the speed-governing system, but has rarely deeply analyzed the
response characteristics of the reactor core system under large disturbances [21]. The rationality
and coordination of the protection are of great significance to the safety and stability of the unit and
power grid [22]. In simulation modeling, it is necessary to consider the co-ordination among the
reactor core containing the reactor control, the thermal system, and the speed-governing system of the
nuclear power unit. In addition, it needs to consider the co-ordination of overspeed protection and
super-acceleration protection for the over-frequency control.

In view of the characteristics of the prime mover and the speed-governing system of large
pressurized water reactor (PWR) nuclear power units in the power system stability analysis, this paper
establishes models for overspeed protection and super-acceleration protection of nuclear power
units. It considers the dynamic response characteristics of the reactor, thermal system, steam
turbine, and speed-governing system of NPP in Sections 2 and 3. The overspeed protection and
super-acceleration protection features of the nuclear power unit are analyzed, and the effectiveness of
the models is verified under large grid disturbance in Section 4. Additionally, the results and discussion
are presented in Section 4. Section 5 presents the conclusion drawn thereof.

2. Nuclear Power Unit Overspeed Protection and Super-Acceleration Protection

Figure 1 shows the integrated system model diagram of a third generation NPP for power
system simulation based on the operation characteristics and second generation PWR nuclear power
plant model. It contains the overspeed protection module, the super-acceleration protection module,
the reactor core system module, the steam turbine module, and the speed-governing system module.
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Figure 1. Integrated system model diagram of a nuclear power plant (NPP) connected to the grid.
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where wg and wggr are the generator frequency and the frequency reference value, respectively. Pe
and Prgr are the generator output power and power reference value, respectively. Pp, is the turbine
output power. Pcy is the high-pressure regulating valve opening. Pjy is the opening degree of
the medium-pressure regulating valve. Pyr is the digital proportional-integral-differential (PID)
governor’s output value. Uy, and f1 represent the generator’s terminal voltage and frequency. Vggr,
Vi, and Egq are the terminal reference voltage, terminal voltage, and excitation voltage, respectively.

2.1. Overspeed Protection of the Nuclear Power Unit

The overspeed protection controller (OPC) is used to prevent further increase of turbine speed
and damage to the steam turbine in case of excessive speed by closing the relevant regulating valve [4].
Modern large nuclear power units adopt a digital electric hydraulic (DEH) regulating system, and OPC
protection is further strengthened.

Figure 2 shows the OPC protection of the DEH regulation system of the nuclear power units.
It mainly includes the OPC protection controller and emergency trip system. The OPC protection
controller considers three situations: Power deviation of the turbine and generator, the total load
rejection or excitation circuit disconnect, or the unit speed exceeding 103% of the rated value. It acts on
the closure of the medium-pressure regulating valve, the closure of the medium-pressure regulating
valve and high-pressure regulating valve, the closure of the medium-pressure regulating valve and
high-pressure regulating valve, respectively. In the emergency trip system (ETS), it will shut down
the main valve, medium-pressure regulating valve, high-pressure regulating valve and steam turbine
when the unit speed exceeds 110% of the rated value.

Total load rejection or| Close the medium
OPC Load drop excitation circuit .
. A . . pressure regulating valve,
9 protection anticipation 9 disconnection when % d -
. and the high pressure
controller (LDA) turbine output power lati I
exceeds 30% regulating valve
103% unit Close the mgdium
OPC || overspeed 9 Unit speed 9 pressure regu]atmg valvel
protection protection over 103% and the high pressure
control regulating valve
110% unit Close mair:l steam door,
el ovepeed o] it o e mediom s,
L protection over 110% 5 8 .
(ETS) trol pressure regulating valve,
UL remove turbine

Figure 2. Overspeed protection controller (OPC) criterion of an NPP.

2.2. Super-Acceleration Protection of Nuclear Power Unit

In view of the characteristics of the overspeed of an NPP, the super-acceleration protection of
the nuclear power unit that is more sensitive to the overspeed of the nuclear steam turbine can be
started before the 103% unit overspeed protection, which is more effective in avoiding the overspeed
of the unit. When the speed acceleration of a nuclear power unit exceeds the set value under grid fault
conditions, the reference value of the main steam flow is directly adjusted. The relationship between
the reference valve opening value of the high-pressure regulator (i.e., Pcyr which represents the main
steam flow) and the speed acceleration of the unit is segmented as shown in Equation (1).

Pyr, we < m
Pcyr =1 (a2 —wg) Pyro, a1 <wj<ar 1
0, wh > ay

g
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where a)’g is the rotational speed acceleration of the unit. @y and a; are threshold values with the unit
of pu/s (i.e., per unit/second). Py is the digital PID governor’s given initial value.

According to Equation (1), when the speed acceleration of the unit is lower than a; pu/s, the main
steam flow is controlled by the governor. When the speed acceleration exceeds a; pu/s, the main steam
flow is directly given by the super-acceleration protection.

3. Speed-Governing System and Core System Models of a Nuclear Power Unit

3.1. Power—Frequency Electro-Hydraulic Speed-Governing Model

The DEH speed-governing system of a nuclear power unit is mainly composed of a digital PID
governor and an electro-hydraulic servo system. Figure 3 shows the digital PID governor model of a
nuclear power unit, considering the characteristics of frequency regulation and power regulation.
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Figure 3. Digital proportional-integral-differential (PID) governor model for an NPP.

In Figure 3, K is the adjustment coefficient. Ty, is the inertia time constant of the frequency
measurement. Kp, Kp, and K; are the integral, differential, and integral link coefficients of the
PID controller.

The electro-hydraulic servo system is composed of a sub-loop PID controller, oil motor, and oil
motor stroke feedback unit. Considering the limit of the oil motor opening and closing speed, Figure 4
shows the mathematical model of the electro-hydraulic servo system. In Figure 4, Kp;, Kp1, and Ky
are the integral, differential, and integral link coefficients of the sub-loop PID controller, respectively.
Vo and V¢ are the normal opening and closing rate limits of the oil motive, respectively.

Electro-hydraulic conversion
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1 Pcv
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------------ 1|
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Oil motive stroke feedback module
Figure 4. NPP electro-hydraulic servo system model.
Based on the model shown in Figure 4, the electro-hydraulic servo system model of the

high-pressure regulator and medium-pressure regulator can be obtained by considering overspeed
protection and super-acceleration protection, as shown in Figure 5.
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Figure 5. Electro-hydraulic servo system model. (a) Electro-hydraulic servo system model of the
high-pressure regulating valve; (b) electro-hydraulic servo system model of the medium-pressure
regulating valve.

In Figures 4 and 5, Tty is the action time constant of the oil motor. T4, Tcy1, and Ty are the time
constants of the valve opening displacement sensor. PryR is the given opening of the medium-pressure
regulator with a value of 1 pu during normal operation. It is assumed that the medium-pressure
regulator is fully open during normal operation. Pcymax, Prvmax, Pcvmin, and Pryvin are the
maximum or minimum valve opening degree. In Figure 5a, Switch 1 is selected to be in the second
position if the super-acceleration protection is in action. Switch 2 is selected to be in the first or second
position corresponding to the closing/opening of the valve, respectively.

3.2. Steam Bypass Control System Model

The steam bypass control system of a nuclear power unit acts when there is a large deviation
between a nuclear turbine’s power output of the primary circuit and the secondary circuit, which is an
important control method to ensure the safety of the reactor [17]. Figure 6 shows the mathematical
model of the steam bypass control system under a transient condition. In Figure 6, Tp1, Th2, Tb3, and Tpa
are the compensator and filter time constants. T, is the coolant’s average temperature reference
value, and Py, is the bypass valve opening degree. Tavg is the measured average temperature in the
primary circuit.

The steam turbine mechanical power output and the coolant average temperature represent the
reactor’s core system power. If the operating value is reached during transient operations such as load
rejection, some steam from the second circuit of the steam generator will be discharged through bypass
valves and will reduce the deviation between Tt and Tayg.
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Figure 6. Steam bypass control system model.

3.3. Steam Turbine Model

Considering the main steam pressure and the role of the main regulating valve, the steam flow
into the turbine is shown in (2).
Qsr = (PCV“’Pbp)Ps/Psn ()

where Ps and Pg;, are the rated and actual main steam pressure, respectively.

Figure 7 shows the nuclear steam turbine model considering the functions of the high-pressure
cylinder, reheater, medium-pressure cylinder, low-pressure cylinder, high-pressure regulating valve,
and the medium-pressure regulating valve.

»Z
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+

Qsr 1 - 1 1
1+Tens| £

— DT *@f\ giesey
Prv

Figure 7. NPP steam turbine model.

In Figure 7, Tcy, Try, and Tco are the volume time constants of high-pressure steam, intermediate
reheat steam, and low-pressure steam, respectively. Fyp, Fip, and F} p are the percentage of steady-state
power output of the high-pressure cylinder, medium-pressure cylinder, and low-pressure cylinder
in the total power output, respectively. Ay, is the natural power overshooting co-efficient of the
high-pressure cylinder.

3.4. Reactor Core System Model

Considering the main equipment, subsystem boundary [23], and operating characteristics, the PWR
primary loop system model was divided into multiple sub-modules adopting the modular modeling
method [17,24]. Figure 8 shows the model of the nuclear power unit reactor core system. We focus
on the subsystems that have a greater influence on the power plant physical process, considering
the requirements of model simulation accuracy and simulation time. It contains a neutron dynamic
module, a core fuel and coolant temperature module, a hot line and cold line temperature module,
a coolant average temperature module, a reactor control system module, a main coolant pump module,
a steam generator module, and a bypass control system module.



Energies 2020, 13, 173 7 of 19

N U l fi l

Neutron 5|  Core fuel and Dsp .
. P Main coolant
dynamic | coolant temperature ump model
model [T model pump
A T Tr T
Tcav
Te Dsp hs
A 4 A 4
Coolant hot line Model of U-type Ps
Nr temperature
Rext steam generator
model
TcL
Trw M Pbp
v Tp
Reactor A/ ‘
control | Primary loop P Tt [Coolant cold ling Bypass control

svstem  [€ average < temperature
y Tave temperature mode] model

model x T
T o Pam

Figure 8. Pressurized water reactor (PWR) reactor core system model.

system model

In Figure 8, N, is the neutron flux density in the core with the unit of neutron number/cm3,
indicating the reactor’s thermal power. T,y is the coolant’s average temperature in the core. T¢; and
T, are the core coolant’s inlet and outlet temperatures, respectively. T}, is the average temperature
of the primary coolant. ks is the specific enthalpy of steam at the outlet of the second circuit of the
steam generator. Dyp is the main pump speed by per-unit value, which is related to the main coolant
pump flow.

Considering the effect of delayed neutrons, the neutron flux density is assumed to be in the same
shape of the spatial distribution at different times. It assumes point kinetics equations with one delayed
neutron group [25]. The fuel temperature coefficient and the temperature coefficient that have a major
effect on the reactor reactivity are considered in modeling. These two temperature coefficients are
negative, making the reactor have self-stabilization and self-regulating characteristics. We set varying
temperature coefficients for different power levels.

Regarding the reactor and its thermal system as a lumped parameter system to simulate normal
operation and the transient process of the reactor and coolant system, the mathematical model of each
module is given.

a. Core neutron dynamic module:

Rext—
% = TtﬁNr + gcr + [Off(TF - TFO) + ac(TcaV - TcaVO)]Nr

dc, ®)
ar = ANI- - /\Cr
b. Core fuel and coolant temperature module:
dTs _ FPy 0 0 0 0
T = Ne— 5 TR+ g Teav + g TaL + g3, Tew
dTcav 1-F¢)P 4AM+Q —
dat _(( o) 0Nr + QTF - 2#-2 Tcav + 4IE/LCQTcl (4)
dTy _ (1-Fp)Po Q 4M-0 4M+O
“ar e N: + H_CTF + 2Uc Teav — 2UC T
C. Hot line and cold line temperature module:

dT

= o (T~ Th)

dTa _ 1 T T (5)
i = 7 (Tew = Ta)
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d.  Primary loop average temperature module:

1 (THL + TCL)

TS + 1 2 (6)

avg —

e. Steam generator module:

We assume that the specific heat of the U-shaped heat transfer tube, the specific heat, and the
density of coolant are treated as constants. According to the mass, volume balance, and energy
conservation law, a steam generator model with centralized parameters is established as shown in (7).

dTp  2M-Qp M+Qp Qp
T = o, HLT g TPt Tm
dTe,  2M=Qp M+, .

dat - 2up T - 2up Tp + ETm

@)
0 QPHJ;QS Tm + %KPszS(P s)

dPs Qg Qs Qs(hfw_hs)
= K, Im ~ Ry Kes 1e(Ps) + 50—

ATy Qp Qp P
= aay HL Tt g Te + g - Ter -

f.  Main coolant pump module:

The main coolant pump module, which is mainly to complete the circulation of the reactor coolant,
is established considering the influence of auxiliary power supply voltage and frequency on the main
coolant pump speed that represents the coolant flow, as shown in (8):

. 4% _ U%(l—w;/fL) _
pi dar el [1+kesz(l—w;/fL)2]fL P ®
Dsp = (U;)/w*pr

If the auxiliary voltage is abnormal, it directly affects the electromagnetic torque of the main
pump, thus affecting the rotation speed of the main coolant pump.

There are many parameters that represent co-efficients and variables with T as the superscript
indicate temperature in (3-8). [ is the average neutron lifetime, with unit of second (i.e., s). f§ is the
total share of the delayed neutron group. A is the time delay of the equivalent delayed neutron group,
with unit of second™!. ap and ac are the reactivity co-efficients of the fuel temperature and coolant
temperature with unit of pcm/°C, respectively. Trg and Tcayo are the initial temperature values. Py is
the rated core thermal power. F; is the heating fuel share. () is the heat transfer coefficient between the
fuel and coolant in the core. i and pc are the heat capacity of the fuel and core coolant, respectively.
M = Dgp X Cpe X My, in which Cpc is the coolant heat capacity and mcy, is the rated coolant mass flow.
Q)p is the heat transfer coefficient between the coolant in the steam generator and the U-shaped heat
pipe. Qg is the heat transfer coefficient between the U-shaped heat pipe and the secondary loop steam.
pp and um are the heat capacity of the coolant in the steam generator and the U-shaped heat pipe,
respectively. kg, is the inlet temperature specific enthalpy of the secondary loop feed water. Kps is the
steam pressure time constant. Kps_15(Ps) is the conversion relation between the main steam pressure
and the temperature of the secondary circuit. 7¢y, and 7y, are the coolant hot line and cold line time
constants, respectively. 7. is the measuring time constant of the coolant temperature.

In (3-8), C; is the precursor nuclear density of the equivalent single set of delayed neutrons,
with unit of core number/cm?. Rey is the reactivity introduced by the control rod, with unit of pcm.
Tm denotes the U-shaped heat pipe temperature. Ty; is the inertia time constant of the main coolant
pump rotor. a)p* and a)pr* are the speed and rated speed per-unit values of the asynchronous motor,
respectively. U " and f1" are per-unit values.

The PWR reactor control module adjusts the reactor neutron flux density, reflecting the core power,
by lifting or inserting rods [26]. Figure 9 shows the third generation reactor power control system
module. It is a three-channel regulator consisting of the coolant average temperature setting channel,
the coolant average temperature measurement channel, and the power mismatch channel. The power
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mismatch channel provides a strong compensation output when there is a large rate of change of P, or
N; due to sudden load shedding, etc. The dead zone, hysteresis link, and nonlinear conversion were
applied to maintain the average primary coolant temperature in the designed control band.

1
| Compensator
1

Tcav 1+ T3S

High-pass  Non-linear |
filter amplification
Power mismatch channel

|
! 1+7,s 1+ 7,
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: Product
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Figure 9. Reactor power control system module.

For large-capacity nuclear power units, brushless excitation systems [27] without brushes and
collector rings are generally used in order to avoid the generator tripping due to faults in the
operation of brushes and collector rings. Models of power system stabilizers, underexcitation limiters,
and overexcitation limiters are established in [28].

A large-scale NPP uses a half-speed steam turbine generator unit, and the motion equations of the
six windings synchronous generator are shown in (9).

d
Eli‘%d—(;’:Tm—Te—Dw(a)—wo) 9
ar = W — Wy
where Tj is the inertial time constant of the generator, D, is the damping coefficient. T, and T are the
mechanical torque and electromagnetic torque, respectively. 0 is the power angle. wy is the rated speed
equal to 1.

4. Results and Discussion

4.1. Simulation Example

By building the integrated system model of the NPP in MATLAB/SIMULINK, the validity of
the model can be verified in various working conditions such as increasing or reducing the power,
load shedding, grid frequency disturbance, and grid faults. The applicability of the model is further
verified in the grid. The models of the reactor and the thermodynamic system, prime mover and
speed-governing system, overspeed protection and super-acceleration protection of the nuclear power
unit are established via the user program interface (UPI) technology for power grid connection. Based
on the actual data of a provincial power grid in China, the overspeed protection and super-acceleration
protection characteristics of nuclear power are simulated and optimized. Figure 10 shows the nuclear
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power unit connected to the power grid. The system capacity is 32,700 MW. The single unit capacity of
the NPP is 1250 MW, and the load of the plant is 160 MW. The rated terminal voltage is 24 kV, and the
transmission line of the NPP is four times 500 kV. Table 1 shows the governor and turbine model
parameters of the nuclear power unit. The model parameters that represent co-efficients are calculated
through design values and design characteristics of NPP. The parameters such as time constants of
each submodule are identified by simulation results of established model from Figure 8 compared with
that of PCTRAN, which takes results of increasing/reducing the power or load shedding in PCTRAN
as the test curves for comparison. The unit of the variables representing time is the s, the unit of the
variables representing speed is pu/s, and the unit of the other variables is pu.

3
Station 1 500 kv
4
500 kV Station2
) 20kv_]| °
500 kV e
. Auxiliary
Main Station plant
transformer service Transformer
transforme
24 kV n — 6
NPP 10kV
Auxiliary load

Figure 10. Scheme of the NPP connected to the power grid.

Table 1. Turbine and electro-hydraulic servo system model parameters of the NPP.

Parameter Symbols Recommended Values Parameter Symbols Recommended Values

Tcy 0.4 Veevg -5
TRH 10 Ve -5
Tco 1 Tevi 0.01
Fyp 0.33 Tv1 0.01
Fp 0 Pcymax 1.03
Frp 0.67 Peymin 0

To 5 PryMIN 0

TC 0.26 a1 0.05
TIV 0.5 [2%) 0.06

4.2. Simulation Analysis of Overspeed Protection Characteristics of Load Rejection

Full load rejection occurs at the rated power of the NPP, and it quickly closes the high-pressure
and medium-pressure regulating valves due to the load drop anticipation (LDA) strategy (see Figure 2)
at the same time as the unit is disconnected from the grid. The 103% overspeed protection will continue
to function after the LDA strategy continuously operates for 3 s. It is assumed that the emergency trip
system (ETS) does not act in the process of load rejection. Figures 11 and 12 show the governor response
and the reactor system response of the nuclear power unit during full load rejection, respectively.
According to Figures 11 and 12, it can be seen that:

(1) There is a large difference between the mechanical power of the nuclear turbine and the
electromagnetic power of the generator (see Figure 11a,b) after a large disturbance on the grid
side. This can lead easily to the overspeed of the unit, due to the large volume time constants for
the nuclear steam turbine and the high proportion of the low-pressure cylinder power. Nuclear
turbines are more likely to overspeed during tripping.
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2

®)

4)

The speed-governing system and overspeed protection acted correctly, which quickly reduced
the turbine’s mechanical power, with the maximum speed of the nuclear power unit reaching
1.07 pu. When using OPC protection that only considers the quick closing of the high-pressure
regulating valve (i.e., strategy two), the maximum unit speed exceeded 1.10 pu. This would lead
to the action of the ETS. This would remove the steam turbine directly and close the core rapidly,
resulting in a significant recovery time.

After the steam bypass valve acted, the rapid rise of steam pressure in the secondary loop was
limited. As a result, the deviation between the reactor power and the power output of the steam
generator was reduced. The rate of decrease of the core power was slowed due to the reactor
control, thus the safety of the core and thermal system was ensured.

In the process of load rejection, the maximum and minimum terminal voltage is 1.15 and 0.93 pu,
respectively. This did not cause a voltage stability problem. The maximum and minimum speed
of the main cooling pump reached 1.073 and 0.990 pu, respectively. This may lead to the action of
the main cooling pump overspeed protection as the coolant flow is mainly affected by the change
of the unit speed.

The load rejection simulation results show that the dynamic speed-governing model with

overspeed protection can be applied to the simulation calculation and analysis under large disturbances
such as load rejection.

Pcv/pu

wg/pu
Vi/pu

t/s

(@)
— OPC protection with quick closing of Pcv and P
- - - OPC protection with quick closing of Pcv

Figure 11. Dynamic response curves of the generator during full load rejection under two different
strategies. (a) Mechanical power; (b) electromagnetic power; (c) high-pressure regulating valve;
(d) medium-pressure regulating valve; (e) generator frequency; (f) terminal voltage of the unit.
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Figure 12. Dynamic response curves of the reactor and thermal system during full load rejection under
two different strategies. (a) Core neutron flux density; (b) reactivity of the control rods; (c) fuel mean
temperature; (d) coolant mean temperature; (e) bypass control valve opening; (f) main steam pressure;

(g) coolant main pump speed.

4.3. Simulation of Overspeed Protection and Super-Acceleration Protection Characteristics of a Nuclear Power
Unit during Large Grid Disturbance

Suppose that a transient three-phase short-circuit fault occurred at the outlet of the high voltage
side bus of the main transformer near the nuclear power unit at 5 s, and the fault was cleared at 5.25 s.
Speed-governing modulation, overspeed protection, and super-acceleration protection were put into
operation. Figures 13 and 14 show the speed-governing system response and reactor system response
of the nuclear power unit, respectively.
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Figure 13. Dynamic response curves of the generator during large grid disturbance under three

different strategies. (a) Mechanical power; (b) generator frequency; (c) high-pressure regulating valve;

(d) medium-pressure regulating valve; (e) OPC instructions.
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Figure 14. Dynamic response curves of the reactor and thermal system during large grid disturbance
under three different strategies. (a) Core neutron flux density; (b) reactivity of the control rods; (c) fuel
mean temperature; (d) coolant mean temperature; (e) bypass control valve opening; (f) main steam

pressure; (g) coolant main pump speed.

From Figures 13 and 14, it can be seen that:

After a three-phase short-circuit failure lasted for 0.25 s on the power grid side, the unit speed
increased significantly in a short time. The maximum unit speed reached 1.12 pu by adopting
the overspeed protection strategy which quickly closed the high-pressure regulating valve only
(i.e., strategy three that is similar to the OPC protection strategy for the simulation of thermal
power units). The multiple actions of the OPC caused the high-pressure regulating valve to close
repeatedly. The maximum unit speed was 1.095 pu when we adopted the overspeed protection
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)

®)

4)

strategy which simultaneously quickly closed the high-pressure and medium-pressure regulating
valves (i.e., strategy two).

This led to the action of the super-acceleration protection as the rate of change of the speed
exceeds the set 1. The peak unit speed was 1.026 pu when the super-acceleration protection
strategy (i.e., strategy one) was adopted, which suppressed the further unit speed increase with
the minimum mechanical power dropping to 0.40 pu. As a result, the overspeed protection did
not operate. However, the overspeed protection both acted in strategy two and strategy three,
and the mechanical power dropped to zero. It rose to the rated value after fault clearance.

Since the main cooling pump was more sensitive to the power supply frequency as the unit speed
rose after the grid three-phase short-circuit fault, the maximum speed of the main cooling pump
reached 1.026, 1.103, and 1.114 pu under strategy one, two, and three, respectively. The minimum
speed of the main cooling pump was slightly less than 0.975 pu during the fault.

The impact of the grid disturbance on the reactor and thermal system was minimized after
adopting the super-acceleration protection, which avoided an excessive rise in unit speed. Strategy
three had the greatest impact on the reactor and its thermal system.

4.4. Model Validation with the PCTRAN Software

The adaptability of the established speed-governing system model with over-frequency protection

was analyzed through comparison with the high-fidelity simulation personal computer transient
analyzer (PCTRAN) [16] software, widely used for simulation and transient accident analysis. It is
used for the advanced reactor simulation software by the IAEA. Suppose that the nuclear power unit
was connected to the single-machine infinite bus system. It is assumed that the outlet bus of the nuclear
power unit was disconnected at 1 s with the initial condition of full power, and the unit is operated at
about 10% of the rated power after load rejection at 1.2 s. Figure 15 shows the response of the nuclear
power reactor and its thermal system compared with PCTRAN.
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Figure 15. Simulation comparison of load rejection with the personal computer transient analyzer
(PCTRAN). (a) Coolant main pump flow and unit speed; (b) rod position; (c) core neutron flux density;
(d) fuel mean temperature; (e) main steam pressure.

Different to conventional thermal power units, the influence of the bypass system flow and reactor
core system was considered in the established model. Overspeed protection was mainly considered.
It can be seen from Figure 15 that the final unit frequency was stable at the rated value. The unit
speed would be reduced to the normal value after considering the influence of overspeed protection.
The dynamic response of the reactor and its thermal system is in good agreement with the results
of PCTRAN, which further demonstrates that the established speed-governing system model with
over-frequency protection can be used for dynamic simulation analysis of power systems with nuclear
power units.

5. Conclusions

Due to the large volume time constants of the nuclear steam turbine and the high proportion of
the low-pressure cylinder power of the total power, nuclear turbines are more likely to overspeed
during tripping. Through the simulation analysis of an NPP and comparison with PCTRAN, it is
necessary to adopt an overspeed protection strategy that quickly closes the high-pressure regulating
and medium-pressure regulating valves at the same time, which can effectively restrain the speed
runaway problem of the nuclear turbine in the case of load rejection. If only the high-pressure regulating
valve is quickly closed, this may trigger the ETS protection action, resulting in turbine trip.

When there are large grid disturbances such as three-phase short-circuit fault, while the quick
closing of the high/medium pressure regulating valves can alleviate the overspeed of the unit to some
extent, the super-acceleration protection of the nuclear power unit has the best effect in restraining the
overspeed of the nuclear turbine. Super-acceleration cooperates with overspeed protection to avoid
the repeated movement of valves. However, this will trigger ETS protection and cause the turbine to
trip as the speed of the nuclear power unit exceeds 1.1 pu when only adopting the quick closing of the
high-pressure valve.

The power quality of nuclear power units should be fully considered in the process of grid
disturbances. The speed-governing system model with over-frequency protection for nuclear power
generating units is established for power system analysis.
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Nomenclature

Tcu High pressure steam volume time constant

TRy Volume time constant of the intermediate reheat steam

Tco Low pressure steam volume time constant

To Opening time constant of the high-pressure regulating valve oil motive
Tc Shutdown time of the high-pressure regulating valve oil motive constant

Vceevg  Quick closing speed limit of the high-pressure regulating valve
Veva Quick closing speed limit of the medium-pressure regulating valve

Kevg Quick closing co-efficient of the high-pressure regulating valve

Krvag Quick closing co-efficient of the medium-pressure regulating valve

wg Generator speed

s Rotational speed acceleration of the unit

Pm Turbine output power

Pcy High-pressure regulating valve opening degree

Pry Medium-pressure regulating valve opening degree

Ppp Bypass valve opening degree

Uy, fu Generator’s terminal voltage and frequency

Dsp Main coolant pump flow

Ny Neutron flux density in the core

Rext Reactivity introduced by the control rod

Tavg Measured average temperature in the primary circuit

Trr, Tco Hot line and cold line temperatures of the primary coolant

Tr Reactor core fuel temperature

Ps Main steam pressure
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