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ABSTRACT
Small Pressurized Water Reactors (SPWR) have unique designs from the commercial large
Pressurized Water Reactors (PWRs). Integral design is adopted. There are no hot legs and cold
legs between the reactor core and the steam generators like in the PWR. Strong interactions exist
among different loops. The pressure vessel is large in volume and the coolant inventory is also in a
large amount. The inertia of the coolant is large and it takes more time for the primary system to
respond to disturbances. The steam generator adopts the once-through design and the water
inventory is small. The steam generator is very sensitive to disturbances. These unique
characteristics challenge the control system design of SPWR.
Relap5 is used to model the SPWR. Steady-state simulation is performed to verify the
correctness of the model. In the reactor power control system, both the reactor fission power and
the coolant average temperature are regulated by the control rod reactivity. In the feedwater flow
control system, the coordination between the reactor and the turbine is considered and coolant
average temperature is adopted as one measurable disturbance for the control system. The coolant
pressure is adjusted based on the heaters and spray in the pressurizer. The water level in the
pressurizer is controlled by the charging flow and the letdown flow is compensated to calculate the
charging flow needed. Transient simulations are carried out to evaluate the control system
performance. When the reactor is perturbed, the reactor can be stabilized under the control system.
Key Words: Small Pressurized Water Reactor; Thermal-hydraulic Model; Control System
Design

1

INTRODUCTION

Small modular reactors (SMRs) are defined by the IAEA as those reactors with an output below 300
MWe [1]. Many countries, such as the USA, China, Argentina, and South Korea, have developed their
own concepts. Among the different concepts, significant efforts have been put into Small Pressurized
Water Reactors (SPWR). The applications of SPWRs include electricity supply for areas with a small grid,
desalination, hydrogen production, and heat and power cogeneration.
The design of an SPWR is different from that of large commercial PWRs. An integral design is a
general option. The reactor core, coolant pumps and steam generators are placed in the pressure vessel,
and there are no hot legs or cold legs between the reactor core and the steam generators like in the PWR.
Strong interactions exist among different loops. The pressure vessel is large in volume, and the coolant
inventory is also large. The inertia of the primary coolant is large. Therefore, it takes more time for the
primary system to respond to disturbances. The steam generators adopts a once-through design with
straight or helical coil tubes, and the water inventory is small compared to that in the U-tube type steam
generators. As a result, the steam generators are very sensitive to disturbances. These unique
−

Corresponding author

NPIC&HMIT 2017, San Francisco, CA, June 11-15, 2017

302

characteristics pose challenges to the control system design of the SPWR, as the traditional proportionalintegral-derivative (PID) feedback control may not satisfy the control requirements. Especially for the
feedwater control, the use of integrated control was proposed due to its high sensitivity to other process
parameters [2]. Moreover, if the SPWR is designed for heat and power cogeneration, coordinated control
may be needed to balance the dynamic coupling between different processes. Advanced control can be an
alternative solution for the control of the SPWR [3].
In this paper, an SPWR is modeled using Relap5. Its control system with traditional PID controllers
is designed. The transients with typical load patterns are simulated under the control system to evaluate
the control performance. The feedwater control system is improved by introducing a feedforward
controller with the average coolant temperature as the input and the feedwater flow rate as the output.
Through comparisons, the steam temperature variation can be efficiently suppressed.

2

AN INTRODUCTION TO THE SPWR

Figure 1 Diagram of the coolant system

An illustrative diagram of an SPWR is shown in Figure 1. The SPWR adopts an integral design. The
steam generators, coolant pumps and reactor core are located inside the pressure vessel, and the
pressurizer is placed outside of the vessel. The coolant is driven by the coolant pumps and flows
downwards to the lower plenum through the downcomer. Then, it goes upwards through the reactor core
and absorbs the heat generated in the fuel rods by the fission reaction. The heated coolant is collected in
the upper plenum and sent to the once-through steam generators. Heat is released to the secondary fluid of
the steam generator, and the cooled coolant goes back the pumps to start the next cycle.
The design parameters of the SPWR are shown in Table I. The thermal power is 310 MWt, the fuel is
≤4.45% in enrichment, and its active height is 2.15 m. There are 57 fuel assemblies, which are in a 17×17
square structure. The reactor is operated at 15 MPa. The coolant enters the reactor core at 282°C and exits
at 323°C There are 4 vertical canned coolant pumps and 16 double-tube type once-through steam
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generators.

Table I. Design Parameters of the SPWR
Parameters
Thermal Power
Electrical Power
Fuel Enrichment
Coolant Pressure
Coolant Inlet Temperature
Coolant Outlet Temperature
Coolant Flow Rate
3

Values
310 MWt
100 MWe
≤4.45%
15 MPa
282°C
323°C
1353 kg/s

RELAP5 MODELING OF THE SPWR

The system code Relap5 is applied to the SPWR transient calculation. The control system will also
be implemented in Relap5 to evaluate the control performance. The Relap5 nodalization for modeling of
the SPWR is shown in Figure 2. The coolant is pumped by the coolant pumps and goes downwards
through the downcomers modeled by control volumes 100 and 200 to the reactor core. The reactor core is
modeled with three separate channels: hot, average and bypass channels. They are represented by control
volumes 115, 116 and 117, respectively. The red parts associated with control volumes 115 and 116 are
modeled as the fuel rods, in which heat is generated. The heated coolant flows upwards to the upper
plenum and then goes into the steam generators. Control volumes 122, 123, 125 and 128 are used to
model the upper plenum. After the heat is released to the secondary fluid, the coolant returns to the
coolant pumps.
The 16 steam generators are divided into two sets, each containing 8 steam generators that share one
steam line. The hot coolant flows downwards and into the double-tube zone (control volumes 163 and
164) through the upper single-tube zone (control volumes 160 and 162). It goes back to the coolant
pumps after passing through the lower single-tube zone (control volumes 165 and 167). For the secondary
side of the steam generators, the feedwater flow comes from the time dependent volume 180. The
feedwater first flows through the feedwater line (control volumes 184 and 186) and then enters the heat
transfer area, where the feedwater absorbs heat from the double-tube zone (control volume 192) and the
lower single-tube zone (control volumes 188 and 190). Superheated steam is collected in the steam line
(control volume 550) after passing through the upper single-tube zone (control volumes 194 and 196).
The steam is sent to the outlet boundary 567.
The pressurizer that controls the coolant pressure is also modeled as control volumes 512 and 520.
Heaters are included inside the pressurizer and used to raise the pressure. A spray system is applied to
reduce the coolant pressure and modeled as the time dependent volume 580. The charging flow is
represented by time dependent volume 600 and adopted to regulate the water level of the pressurizer.
To compute the reactor fission power, a point reactor kinetics model with six groups of delayed
neutrons is applied. Two reactivity feedback effects are considered: that of the fuel rod temperature and
that of the moderator temperature.

NPIC&HMIT 2017, San Francisco, CA, June 11-15, 2017

304

Spray
567

580

650
Steam
Line

128

255
296

260

294

262

280

512
Pressurizer

Feedwater

550

155
160

196

162

194

180
125

284

264

292

263

Steam
Generator

Steam
To A
Generator

Feedwater
184

Upper Plenum

520

567

Steam
Line

163

192

164

From A
286

Pump
471
474

290

265

288

267

371

374

190

167

188

169
122

270
376

476

165

186

Pump

269

Pump
270

123

170
176

121

600

Pump
171

174
276

170

271
274

120

Charging Flow
Reactor
Core
Downcomer 200

117

116

115

100 Downcomer

110

105 Lower Plenum

Figure 2 Relap5 nodalization of the SPWR model
4

THE SPWR CONTROL SYSTEM

4.1 Reactor Power Control
Turbine-following-reactor strategy is adopted. The reactor power is determined by the load demand.
The coolant average temperature is required to be varied linearly with the power level. The relationship
between them is shown in Figure 3. The control diagram of the coolant average is shown in Figure 4. The
error between the coolant average temperature measurement and its setpoint is used as the drive signal for
the control rod drive mechanism. The mismatch between the reactor power and its setpoint is also
compensated in the coolant average temperature control system.

4.2 Feedwater Flow Control
The steam pressure is maintained at constant during the operation. Feedwater flow rate is regulated
to stabilize the steam pressure. The feedwater flow control diagram is shown in Figure 5. The error
between the steam pressure measurement and its setpoint is the input to the pressure controller. The
mismatch between the steam flow and the feedwater flow is also compensated to generate the required
feedwater flow.
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Figure 3 Relationship between coolant average temperature and power level
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Figure 4 Coolant average temperature control diagram
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Figure 5 Feedwater flow control diagram
4.3 Pressurizer Pressure and Water Level Control
The pressure in the pressurizer is controlled by the spray and heaters. The compensated pressure
error is calculated by the pressure controller taking the error between the pressure measurement and its
setpoint as the input. The compensated pressure error drives the control actions. When the error is positive
and larger than a certain limit, the spray works to decrease the pressure while the heaters is to increase the
pressure when it is less than one certain value as shown in Figure 6. The water level of the pressurizer is
controlled by the charging flow. The control diagram is shown in Figure 7. The error between the level
measurement and its setpoint is the input of the level controller. The required feedwater flow is obtained
from the level controller and compensated by the mismatch between the charging flow and the letdown
flow.
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Figure 6 Pressurizer pressure control diagram
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Figure 7 Pressurizer water level control diagram
5

SIMULAITON RESULTS

5.1 Steady-state Simulation Results
To ensure the correctness of the Relap5 nodalization, the steady-state simulation is performed. The
steady-state results are shown in Table II and compared with the design values. The relative errors are less
than 1%. It is shown that the Relap5 model can be used to perform the thermal-hydraulic simulation of
the SPWR.

Table II. Steady-state Results of the Relap5 Model
Parameters
Thermal Power(MW)
Coolant Inlet Temperature (°C)
Coolant Outlet Temperature (°C)
Coolant Flow Rate (kg/s)

Calculated Values
310
284.9
325.2
1354

Design Values
310
282.6
323.4
1353

Error(%)
0
0.8
0.6
0.1

5.2 Transient Simulation results
To test the control performance of the designed control system, two load patterns are introduced: a
10% step decrease and a 5%/min ramp decrease.
A 10% step decrease in the load is introduced at 0 second. The responses are shown in Figures 8 and
9 with solid lines. The reactor power responds to the load demand by inserting the control rods. Due to
the inserted negative reactivity, the reactor power decreases promptly and stabilizes at 90% as shown in
Figure 8(a). The coolant average temperature is also reduced with the decreased reactor power. The
density of the coolant is increased. The water level in the pressurizer decreases as shown in Figure 9(d)
and the pressure is reduced shown in Figure 8(d). Under the pressurizer level and pressure control system,
the water level and pressure return to their setpoints. Under the steam pressure control system, the steam
pressure is kept around its setpoint with slight variation by regulating the feedwater flow as shown in
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Figure 9(a). The quick decrease in the feedwater flow and slow decrease in the coolant average
temperature make the steam temperature significantly increase. The largest variation in the steam
temperature is around 12.5oC.

Figure 8 SPWR responses to a step load disturbance 1

Figure 9 SPWR responses to a step load disturbance 2

A ramp decrease to 90% in the load at a rate of 5%/min is introduced at 0 second. The responses are
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shown in Figures 10 and 11 with solid lines. The reactor power responds to the load demand by inserting
the control rods. Due to the inserted negative reactivity, the reactor power decreases linearly and stabilizes
at 90% as shown in Figure 10(a). The coolant average temperature is also reduced with the decreased
reactor power. The density of the coolant is increased. The water level in the pressurizer decreases as
shown in Figure 11(d) and the pressure is reduced shown in Figure 10(d). Under the pressurizer level and
pressure control system, the water level and pressure return to their setpoints. Under the steam pressure
control system, the steam pressure is kept around its setpoint with slight variation by regulating the
feedwater flow as shown in Figure 11(a). The quick decrease in the feedwater flow and slow decrease in
the coolant average temperature make the steam temperature significantly increase. The largest variation
in the steam temperature is around 8.3oC.

Figure 10 SPWR responses to a ramp load disturbance 1
6

IMPROVEMENTS ON FEEDWATER CONTROL

From the responses of the SPWR under the designed control system, it can be seen that the coolant
average temperature responds to the load change slowly. The main reason is that the large coolant
inventory has a large inertia and the once-through steam generator responds fast to disturbances.
Therefore, the steam temperature has a large fluctuation. To suppress the steam temperature variation,
improvements on the feedwater flow control is needed. If the coolant average temperature is larger than
its setpoint, the feedwater flow should be increased to take more heat away from the coolant to reduce the
coolant average temperature. Thus, a feedforward control is added to the feedwater flow control. The
input signal of the feedforward control is the difference between the coolant average temperature and its
setpoint. The output signal is the feedwater flow.
To test the control performance of the new control system, the same load patterns are introduced and
the results are shown in Figures 8, 9, 10 and 11 with dashed lines. With the feedforward control system,
the feedwater flow is larger than that without feedforward control as shown in Figure 9(a) and 11(a). As a
result, the coolant average temperature reduces more quickly. The steam temperature variation is
efficiently suppressed as shown in Figure 9(b) and 11(b).
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Figure 11 SPWR responses to a ramp load disturbance 2
7

CONCLUSIONS

The design of the SPWR is different from those of commercial PWR. The primary loop has a large
time constant while the secondary loop has a small time constant. It is necessary to design an appropriate
control system for SPWR. Relap5 is adopted to model the SPWR. Traditional PWR control system is
applied to control SPWR. Through simulation, it is found that the average coolant temperature and steam
temperature variation is large. To suppress the large variation, a feedforward control system is added with
the coolant average temperature error as the input and the feedwater flow rate as the output to coordinate
the relationship between the primary and secondary loops. It is concluded that the new control system can
stabilize the SPWR and the control performance is satisfactory.

8

ACKNOWLEDGMENTS

The authors would like to acknowledge the financial support from the National Natural Science
Foundation of China (Grant No.11405126), the China Postdoctoral Science Foundation (Grant No.
2014M552455) and the Fundamental Research Funds for the Central Universities (xjj2014040).

9

REFERENCES

1. Du, X., Xia, G.L., He, L.H., 2015. Operation characteristic of Integrated Pressurized Water under
coordination control scheme. Annals of Nuclear Energy, 75: 658-664.
2. IAEA, 2011. Status of small and medium sized reactor designs. Nuclear Power Technology
Development Section, Vienna, Austria.
3. Lin, M., Hou, D., Xu, Z.H., Yang, Y.H., Zhang, R.H., 2006. System simulation of nuclear power plant
by coupling Relap5 and Matlab/Simulink. 14th International Conference on Nuclear Engineering
(ICONE14), Miami, Florida, USA.

NPIC&HMIT 2017, San Francisco, CA, June 11-15, 2017

310

4. Nguyen, T.V., Leidy, K.D., Keene, D.P., Arnholt, B.K., 2012. Key design challenges in next
generation Instrumentation & Control (I&C) systems for Small Modular Reactor nuclear power plants.
8th International Topical Meeting on Nuclear Plant Instrumentation, Control, and Human-Machine
Interface Technologies (NPIC&HMIT 2012), San Diego, CA, USA.
5. Ni, X.H., Zheng, J.X., Hou, E.T., Hao, J.W., Bian, B.S., Li, N., 2016. Simulation of early phase
radioactivity of CPR1000 plant under LOCAs based on RELAP5-3D core engineering simulator.
Progress in Nuclear Energy, 93: 47-58.
6. Wang, P.F., Chen, Z., Zhang, R., Sun, J., He, Z.X., Zhao, F.Y., 2015. Control simulation and study of
load rejection transient for AP1000. Progress in Nuclear Energy, 85: 28-43.
7. Wood, R.T., Brittain, C.R., March-Leuba, J.A., Conway, L.E., Orianni, L., 2003. A plant control
system development approach for IRIS. International Conference on Global Environment and
Advanced Nuclear Power Plants (GENES4/ANP2003), Kyoto, Japan.

NPIC&HMIT 2017, San Francisco, CA, June 11-15, 2017

311

