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ABSTRACT
HTR-PM600 is a high temperature gas-cooled reactor plant based on the multi-modular
scheme, i.e. six modular high temperature gas-cooled reactor (MHTGR) driving a common
secondary loop system. Six MHTGR-based nuclear steam supplying system (NSSS) modules are
tightly coupled by the secondary fluid flow network (FFN) which contains the secondary side of
steam generators, feedwater system, main steam system, turbine generator system. The secondary
FFN control, which focuses on the feedwater flowrates and main steam pressure, plays a central role
in multi-modular coordination of HTR-PM600 plant. In this paper, a differential algebraic model of
this secondary FFN is first proposed. Then, the corresponding flowrate-pressure control strategy is
proposed, which takes the simple form of proportional-integral feedback laws. Numerical
simulation results show both the feasibility and satisfactory transient performance of this controller.
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1

INTRODUCTION

Due to its inherent safety and good economic performance, modular high temperature gas-cooled
reactor (MHTGR) has been viewed as one of the most innovative and challenging technologies. Because
of its low power density, slim shape and strong negative temperature feedback effect, MHTGR owns
inherent safety features. By multi-modular scheme, multi-MHTGRs providing steam for one steam turbine
set, the inherent safety feature can be applicable to large power plants of any desired power ratings [1-2].
In China, the study of MHTGR technology began in the middle of 1970s.The construction of a 10MW th
pebble-bed high temperature gas-cooled test reactor HTR-10 was accomplished by Tsinghua University in
the 1990s [3]. Based upon HTR-10 test reactor, a high temperature gas-cooled reactor pebble-bed
module(HTR-PM) demonstration project was then proposed. The HTR-PM takes the HTR-10 as a
prototype, and uses the German HTR-module and the US MHTGR as references. The HTR-PM consists of
two pebble-bed reactor based nuclear steam supplying system (NSSS) modules of about 250MWth coupled
with a common steam turbine/generator set of 210MWe [4]. Based on HTR-PM, a concept design of a
660MWe six modular high temperature gas-cooled nuclear plant HTR-PM600 has been finished by
Tsinghua University, whose schematic view is shown in Fig. 1 [5]. Fig. 2 gives a simplified process diagram
of HTR-PM600 plant, where the NSSS module of is the same as that of the two-modular HTR-PM plant,
and the combined superheated steam flow from the six modules drives the steam turbine for electricity. It
can also be seen from Fig. 2 that one pump and six regulating valves govern feedwater function, where the
pump generates the header, and the valves realize flow distribution. Therefore, the secondary loop of HTRPM600 plant can be regarded as a fluid flow network (FFN) shown in Fig. 3, where branches b 1-b6 denote
the secondary side of the OTSGs with feedwater valves, branch b7 contains the equipment of the plant
secondary loop such as the steam turbine, condenser, low/high pressure heaters, gland heater and deaerator,
and branch bf is the pump branch.
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Figure 1. Scheme view of the HTR-PM600 plant

Figure 2. Simplified flow for the HTR-PM600 plant
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Figure 3. FFN of the HTR-PM600 plant

The solid lines in Fig.3 are called the tree branches which form a tree without a circle, and the other
dashed lines are called the co-tree branches. The control of this FFN focuses on the regulation of main
steam pressure and feedwater flowrates, which is key in realizing multi-modular coordinated control of
HTR-PM600.
In this paper, a differential algebraic dynamic model for the FFN with topological structure shown in
Fig. 3 is first given. Then, the flowrate-pressure control of this FFN is realized based on the simple
proportional-integral (PI) feedback laws. Numerical simulation results show that the control strategy can
provide satisfactory closed-loop stability and transient performance.

2

DYNAMIN MODEL OF THE FFN

In this section, a differential algebraic model of the FFN shown in Fig. 3 is proposed.

2.1 Branch Dynamic
Dong [6-7] has made a detailed analysis of branch dynamic. Refer to his results, a differential equation
is written as
dQi
 K i Ri Qi Qi  K i H i , i  1,...,7
dt

(1)

where Qi, Ri, Hi and Ki is the flowrate, resistance, pressure drop and inertia coefficient of branch b i
(i=1, … ,7) shown in Fig. 3 respectively.

2.2 Graph Properties
From Fig. 3, the water/steam FFN is divided into a tree containing the pump branch and its complement.
Branches denoted solid line, i.e. branches b7 and bf, form the tree of this FFN, and branches denoted dashed
line, i.e. branches b1, b2, b3, b4, b5 and b6, constitute the co-tree.
From Kirchhoff’s current law(KCL) [8], we have

 -η

Q 
I2     O
Qf 

(2)

where
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1 1 1 1 1 1
η= 

1 1 1 1 1 1

(3)

where Q= [Q1, …, Q7] T, Qf= [Qf], Qi is the flowrate of branch bi (i=1, …, 7), Qf is the flowrate of branch
bf.
From Kirchhoff’s voltage law(KVL) [8], we have
 I 6

H 
ηT     O
Hf 

(4)

where H= [H1, …, H7] T, Hf =[Hf], Hi is the pressure drop of branch bi (i=1, …, 7), Hf is the pressure drop
of branch bf. Here, Hf can be further expressed as
Hf 
 H d  Rf Qf

(5)

where Hd is the pressure head provided by pump, Rf is the resistance coefficient of branch bf. Moreover, Hd
is proportional to the square of the rotation speed of the pump.
From algebraic equations (2) and (4), the pressure-drops and the flowrates of the tree branches are
NOT independent. The flowrates of tree branches Q7 and Qf can be represented by the flowrates of the cotree branches as
6

Q7   Qi

(6)

i 1

6

Qf   Qi

(7)

i 1

Moreover, it is clear from equation (4) that the pressure-drops of co-tree branches Hi(i=1,…,6) can be
determined by the pressure-drops of tree branches, i.e.
H i  H d  H 7  Rf Qf , i  1,...,6

(8)

2.3 Differential Algebraic Model
From equations (1) -(8), we have obtained the differential algebraic model of the FFN as
Qi  K i ( H d  Ri Qi2  Rf Qf  H 7 ), i  1,...,6

(9)

-1

 7
 6
H 7   K i   K i ( H d  Ri Qi2  Rf Qf )  K 7 R7 Q72


 i 1
 i1

(10)

The equations (9) and (10) constitute the differential algebraic model, which is just the nonlinear statespace model for FFN flowrate-pressure control design whose object is to realize the multi-modular
coordination. And it is packaged in Mat Lab/Simulink software environment and used as the digital
simulation platform.
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Figure 4. Feedback Control Loop of the flowrate controllers: Qir : the setpoint of the flowrate Qi of the cotree branches, R0, i: the initial value of the resistance coefficient of the co-tree branches, kQp: proportional
coefficient, kQi: integral coefficient
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Figure 5. Feedback Control Loop of the pressure-drop controller:H7r : the setpoint of the pressure-drop H7
of the tree branch b7, R0, 7: the initial value of the resistance coefficient of the tree branch b7, kHp:
proportional coefficient, kHi: integral coefficient

3

FLOWRATE-PRESSURE CONTROL LAWS

The flowrate-pressure control of the water/steam FFN shown in Fig. 3 can be viewed as a water
distribution problem coupled with pressure-drop maintenance essentially. The control objective is to
regulate the flowrate in both co-tree branches bi (i=1, …, 6) by adjusting the opening of the feedwater valves
and to maintain the pressure-drop in tree branch b7 through adjusting the opening of the valve mounting at
the inlet of the steam turbine.
Using the proportional-integral(PI) control algorithm, the feedback control loops of flowrate
controllers of co-tree branches bi (i=1, …, 6) can take the form as Fig. 4.
In the same way, the feedback control loop of the pressure-drop controller of tree branch b7 can take
the form as Fig. 5.

4

SIMULATION AND DISCUSSIONS

In this section, the FFN flowrate-pressure control laws are applied to realize the coordinated control
between the six NSSS modules of the HTR-PM600 plant. Numerical simulation results under the conditions
that flowrate step or ramp are given as followed with discussions.

4.1 Simulation Description
Numerical simulation here is divided into two cases, one is used to verify the PI parameters on the
control performance, the other is used to analyze the stability.

4.2 Simulation Results
4.2.1 Case A (Flowrate Step)
Initially, the HTR-PM600 plant remains at full power, i.e. all the six NSSS modules operate at 100%
reactor full power-level (RFP) with all feedwater flowrates at 96kg/s and the main steam pressure at
13.24Mpa. At 10000s, the flowrate of 1#NSSS module steps from 100% to 90% RFP, which means that the
setpoint of Qi (i=1, …,6) steps from 96 to 86.4 kg/s, and the pressure-drop in branch b7 should be
NPIC&HMIT 2017, San Francisco, CA, June 11-15, 2017
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Figure 6. Dynamic Responses of Case A: 3 integral parameters of the flowrate controller

Figure 7. Dynamic Responses of Case A: 3 proportional parameters of the flowrate controller

maintained at 13.24Mpa constantly. Dynamic responses of the flowrates Qi and resistance coefficients Ri of
co-tree branches bi (i=1, …,6), and the pressure-drop H7 and resistance coefficient Rf are shown in Figs. 69.
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Figure 8. Dynamic Responses of Case A: 3 integral parameters of the pressure-drop controller

Figure 9. Dynamic Responses of Case A: 3 proportional parameters of the pressure-drop controller

4.2.2

Case B (Flowrate Ramp)

The HTR-PM600 plant remains at the steady state that the six modules are running at 100% RFP
initially. The flowrates of 1#-6# modules maneuver linearly from 100% to 50% RFP with the speed of 5%
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Figure 10. Dynamic Responses of Case B

RFP/min at 10000s, 15000s, 20000s, 25000s, 30000s and 35000s respectively, which is the process of HTRPM600 total thermal power decreases from 100% to 50% PFP (Plant Full Power-level). In the above process,
the setpoint of Qi (i=1, …, 6) in 100% and 50% RFP are 96 and 48 kg/s respectively and the referenced
pressure drop in branch b7 should be maintained at 13.24Mpa constantly. The flowrate Q7, proportional to
HTR-PM600 total thermal power, is equal to the sum of the flowrates Qi (i=1, …, 6). Dynamic responses
of the flowrate Q7 and the pressure-drop H7 are shown in Fig. 10.

4.3 Discussions
From Figs. 6-10, it is clear that the closed-loop stability is well guaranteed, and the responses of
feedwater flowrates Qi(i=1, …, 7) as well pressure-drop H7 are satisfactory.
In case of flowrate step, the need of decreasing of Q1r leads to the increase in R1 determined by the
regulating valves’ opening, which further causes the decrease in flowrate Q1. Due to the decrease of Q7,
pressure drop H7 is smaller, which is in turn results in the increase of Q2-Q6. Thanks to the feedback effect
of the FFN flowrate-pressure controller given in Figs. 4-5, R7 is then enlarged for maintaining the pressure
drop in branch b7 and R2-R6 is enlarged for keeping Q2-Q6, the closed system enters to a steady state when
Q1 meets its referenced value. Similarly, in the case of flowrate ramp. Due to the decrease of Q7, H7 becomes
smaller. Due to the feedback effect of the FFN control, R7 is then enlarged for keeping H7. When Q7(Q1-Q6)
meets its referenced value, the closed system enters to a steady state.
Moreover, in case of flowrate step, there are four sets of experiments based on the PI parameters,
whose results are shown in Figs. 6-9. Here, choosing the flowrate controller’s integral parameter as an
example, From Fig. 6, it is very intuitive to see that as the larger the integral parameter kQi, the greater the
overshoot and the faster the response time. The differential equation (9) combined with the flowrate control
law can derivate into a second-order system, the increase of kQi causes the decrease of the damping
coefficient, which determines the overshoot and the response time. The increase of the damping causes the
decrease of the overshoot and the increase of the response time. Similarly, the increase of the proportional
kQp causes the increase of the damping coefficient as results shown in Fig. 7, and the algebraic equation (10)
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combined with the pressure-drop control law can derivate into a first-order system, the increase of kHi (Fig.
8) or the increase of kHp (Fig. 9) causes the increase of the time constant, which determines response time.
The response time is smaller as the time constant becomes larger. Based on four sets of simulation results
above, a set of better PI parameters (kQi =0.0002, kQp =0.01, kHi =0.001, kHp =0.01) is chosen for case of
flowrate ramp. As the set of better PI parameters above was set under the full plant power, it caused H7 had
different gains under other plant power, which is shown in Fig. 10. It is meaningful to make further research
of PI parameters tuning under different plant power.
From the simulation results shown in Figs. 6-10, the module coordination of the HTR-PM600 plant
is well realized by the FFN flowrate-pressure control laws. By adjusting the opening of the feedwater valves
and the valve mounting at the inlet of the steam turbine, the control laws guarantee satisfactory stability
and transient performance of flowrates Q1-Q6 and pressure-drop H7. Due to PI form, the controller laws are
easily to apply to the digital control system platforms.

5

CONCLUSIONS

Six MHTGR-based NSSS modules provide steam for one steam turbine set by multi-scheme, each
module has the same deign with independent safety system and shared auxiliary, the inherent safety features
of single MHTGR can apply to HTR-PM600 plant of any desired power ratings. However, the six NSSS
modules are tightly coupled with each other through the secondary FFN. Due to different values of the
thermal power of a NSSS module needs different feedwater flowrates, and since the outlet steam pressure
should be well maintained, the coordinated control of the six modules is just the flowrate-pressure
regulation of the water/steam FFN. In this paper, the differential algebraic model is first given by analyzing
the branch dynamic and topological properties of the secondary FFN. Then, the corresponding flowratepressure control strategy is proposed, which takes the simple form of PI feedback laws. Numerical
simulation results show the feasibility and satisfactory transient performance of this modular coordinated
control.
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