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Abstract – HTR-PM plant is a two-modular nuclear power plant based on pebble-
bed modular high temperature gas-cooled reactor (MHTGR), and adopts operation 
scheme of two nuclear steam supplying systems (NSSSs) driving one turbine. Here, 
an NSSS is composed of an MHTGR, a once-through steam generator (OTSG) and 
some connecting pipes. Due to the coupling effect induced by two NSSSs driving one 
common turbine and that between the MHTGR and OTSG given by common helium 
flow, it is necessary to design a coordinated control for the safe, stable and efficient 
operation of the HTR-PM plant. In this paper, the design of the feedback loops and 
control algorithms of the coordinated plant control law is firstly given. Then, the 
hardware-in-loop (HIL) system for verifying the feasibility and performance of this 
control strategy is introduced. Finally, some HIL simulation results are given, which 
preliminarily show that this coordinated control law can be implemented practically. 

 
I. INTRODUCTION 

 
As a crucial clean energy source, fission energy 

can play a key role in meeting the world’s increasing 
energy demands. Due to its inherent safety, modular 
high temperature gas-cooled reactor (MHTGR, such 
as HTR-Module designed in Germany and MHTGR 
designed in US) has already been seen as one of the 
best candidates for building the next generation of 
nuclear plants. MHTGR uses helium as coolant and 
graphite as moderator and structural material, and its 
inherent safety feature is given by low power density, 
strong negative temperature feedback effect and slim 
shape [1-3]. China began to study MHTGR at the 
end of 1970s, and a 10MWth pebble-bed high tem-
perature gas-cooled test reactor HTR-10, which was 
designed by the institute of nuclear and new energy 
technology (INET) of Tsinghua university, achieved 
its criticality in December 2000 and full power-level 
in January 2003 [4]. Then, six safety demonstration 
tests were done on HTR-10, which manifested its in-
herent safety and self-stabilizing features [5]. Based 
on HTR-10, the high temperature gas-cooled reactor 
pebble-bed module (HTR-PM) plant was proposed 
[6, 7], which consists of two pebble-bed one-zone 
MHTGRs with combined power of 2×250MWth, and 

operates with the scheme of two nuclear steam sup-
plying systems (NSSSs) driving one steam turbine. 
The structure of the HTR-PM plant is shown in Fig. 
1, from which we can see that a NSSS is composed 
of an MHTGR, a helical-coil once-through steam 
generator (OTSG) and some connecting pipes. 

Plant power control is a key technique to provide 
safe, stable and efficient plant operation and balance 
the power supply and demand. Since the two NSSSs 
of the HTR-PM plant are coupled by the common 
turbine/generator set, and the MHTGR and OTSG of 
a NSSS are tightly coupled by the connecting pipes, 
it is more difficult to design a power control strategy 
for the two-modular HTR-PM than for those single-
modular traditional nuclear plants. Furthermore, the 
HTR-PM plant is essentially a large-scale and multi-
input-multi-output (MIMO) nonlinear system whose 
complexity in the system dynamics certainly leads to 
the complexity in its power control strategy. While, 
in the practical engineering, a single control loop is 
usually used to regulate a single process parameter 
such as nuclear power, primary flow and feed water. 
Since all these single control loops can deeply affect 
plant dynamic behavior, it is necessary to coordinate 
these single loops to guarantee closed-loop stability 
and operation efficiently. 



 
 
 

Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-71307 

 

 

 
Fig. 1: Schemetic View of the HTR-PM Plant 

Motivated by this, the coordinated control design 
of the HTR-PM plant is presented in this paper. The 
structure of control loops is firstly proposed, and the 
control algorithms are then given with performance 
analysis. Finally, the hardware-in-loop (HIL) system 
for verifying the feasibility of this coordinated cont-
rol is introduced and some preliminary verification 
results are also given and analyzed. 

 
II. DESIGN AND THEORETIC ANALYSIS OF 

COORDINATED CONTROL 
 
In this section, the coordinated control loops as 

well as the control algorithm corresponding to every 
loop are all proposed. Moreover, the theoretic works 
on control algorithm design and closed-loop stability 
analysis are also introduced. 

 
II.A. Feedback Loops 

 
The feedback loops of the coordinated control of 

the HTR-PM plant are all shown in Fig.2. Since the 
loops of the two NSSSs are the same, only those of 
the first NSSS are illustrated. 

The function of the nuclear power controller is to 
regulate the neutron concentration to its referenced 
value by adjusting the positions of the control rods. 
The function of the helium temperature controller is 
to regulate the reactor outlet helium temperature to 
its referenced value by properly revising the nuclear 
power set-points. Based on Fig. 2, the nuclear power 
controller and helium power controller constitutes a 
cascaded feedback loop where the former one is in 
the auxiliary loop and the latter is in the main loop. 

 The helium flow controller gives the accordance 
of the helium flowrate with its referenced value so 
that the fission energy can be properly transferred to 
the secondary water/steam flow at any power-levels. 
The steam temperature controller regulates the outlet 
steam temperature of the OTSG by properly revising 
the setpoints of the primary helium flowrate, which 
quickly affects the dynamic behavior of the reactor 
by changing the heat transfer coefficient between the 
fuel elements and helium flow. Thus, the function of 
steam temperature controller is essentially to provide 
the dynamical performance of the steam temperature 
through intensifying the coupling effect between the 
MHTGR and OTSG in one NSSS. Here, the helium 
flow and steam temperature controllers also form a 
cascaded feedback loop with the former controller in 
the auxiliary loop and the latter one in the main loop. 

The feedwater flow controller provides the asy-
mptotic convergence of the flowrate to its setpoint 
so that the fission energy can be used to produce 
over- heated steam. The reactor thermal power 
controller is to regulate the outlet thermal power of a 
NSSS by adjusting the setpoints of feedwater flow-
rates. The outlet thermal power is computed based 
upon the measurements of the temperature as well as 
pressure of the OTSG feedwater and outlet steam.  

The bypass controller opens the bypass valve so 
that the OTSG outlet steam flows into the condenser 
in the cases of load rejecting, reactor startup, turbine 
bypass and etc. The function of the bypass controller 
is essentially give a virtual load to compensate the 
difference between the thermal inertias of the NSSS 
and turbine. The discharge controller opens the 
discharge valve if the pressure of the outlet steam is  
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Fig. 2: Structure of coordinated control loops 

larger than its maximal value, and closes the valve 
when the steam pressure is lower than the maximum.  

The turbine controller is utilized to regulate the 
turbine angular speed by adjusting the opening of 
the steam value located just at the inlet of the turbine. 
Regulating the turbine angular speed is essentially to 
control the active power of the turbine/generator set, 
which is crucial to the stability of the corresponding 
power system. Moreover, adjusting the steam valve 
opening can quickly influence the dynamic behavior 
of every NSSS, which intensify the coupling effect 
between the NSSSs and the turbine/generator set. 

The supervisor in this coordinated control system 
is to generate the setpoints of the nuclear power and 
both the flowrates and temperatures of the primary 
helium as well as the secondary feedwater based on 
the operating status of the two NSSS modules. 

Based on the above design of the feedback loops 
of the HTR-PM plant coordinated control systems, it 
is very clear that some loops are cascaded, and some 
loops are deeply affected with each other. Therefore, 
it is necessary to design proper regulation algorithms 
for the controller in every feedback loop so that the 
whole plant operates safely, stably and efficiently. 

 
II.B. Control Algorithms with Theoretic Analysis 
 
Since the MHTGR, OTSG and steam turbine are 

complex nonlinear dynamic systems, and since there 
are coupling effect between the two NSSSs, between 
NSSSs and turbine, and between the MHTGR and 
OTSG, designing proper control algorithms that are 
corresponding to the above feedback loop structure 
is very meaningful to guarantee plant stability and to 
provide satisfactory dynamic responses. If we regard 
coupling effect as disturbances, then the key issue in 
designing the control algorithms is to guarantee both 
the stability and robustness of the closed-loop given 
by the MHTGR and controllers for both the nuclear 
power and helium temperature and that given by the 
OTSG and controllers for both the helium flow and 
steam temperature. 

The cascaded control law formed by the nuclear 
power controller and helium temperature controller 
is usually called the reactor power-level control law 
whose function is to strengthen the stability of the 
reactor states by properly inserting or withdrawing 
the control rods. Because of the high nonlinearity of 



 
 
 

Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-71307 

 

 

reactor dynamics and large disturbances induced by 
the coupling effect, it is quite meaningful to develop 
nonlinear power-level control for providing globally 
asymptotic closed-loop stability. Actually, nonlinear 
reactor power-level control is a very hot spot in the 
instrumentation and control of nuclear plants.  

There have been some promising methods in the 
field of nonlinear reactor power-level control design 
such as the sliding mode method [8], fuzzy adaptive 
sliding mode approach [9] and iterative damping as-
signment technique developed [10]. However, these 
methods usually lead to complex forms of designed 
control laws, which means that these advanced con-
trol laws are hard to be implemented in the practical 
engineering. Actually, these methods do NOT fully 
use the natural reactor dynamics which is beneficial 
to stabilization. Instead, they induce too much feed-
back to provide asymptotical closed-loop stability. 
In order not to destroy the stable part of the natural 
dynamics, self-stability analysis for nuclear reactors, 
which can be used to identify stable subdynamics, is 
very meaningful. Reactor self-stability problem has 
been continuously concerned by many researchers 
from the beginning of nuclear energy industry to 
nowadays. Ergen, Weinberg and et al. first analyzed 
reactor self-stability based upon the Lyapunov direct 
method [11, 12]. However, due to omitting delayed 
neutron precursor dynamics and both the dynamics 
of and reactivity feedback effect induced by coolant 
temperature, this approach is not applicable in the 
engineering. Very recently, based on the irreversible 
thermodynamics, Dong induced a proper Lyapunov 
function, based on which Dong not only showed that 
the MHTGR is globally asymptotically self-stable 
but also establish a sufficient condition for globally 
asymptotic self-stability of pressurized water reactor 
(PWR) [13, 14]. By using the results in self-stability 
analysis, Dong proved theoretically that simple PD 
control is enough to provide the globally asymptotic 
closed-loop stability for PWRs and MHTGRs [15, 
16], which found a new reactor control method, i.e. 
the physically-based approach. 

Based on physically-based reactor power control 
design method, the transfer functions of the nuclear 
power controller and helium temperature controller 
are designed to be  
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respectively, where positive scalars kn,p, kn,d, kht,p and 
kht,d are all feedback gains, τn,d is a small inertia time 
constant, 
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αR is the temperature reactivity feedback coefficient 
of the community constituted by both the pebble-bed 
and reflector, ΩP and ΩS is respectively the heat tran-
sfer coefficient between the helium and pebble-bed/ 
reflector community and that between the two sides 
of the OTSG, μR and μH is respectively the total heat 
capacity of the pebble-bed/reflector community and 
that of the helium in the primary loop, qR is a given 
positive scalar, and 0<γ, η<1.  

The output of nuclear power controller (eq.1) is 
the referenced value of control rod speed signal, and 
the output of helium temperature controller (eq.2) is 
the revision of the setpoint of the nuclear power. By 
the coordination of controllers (eq.1) and (eq.2), the 
MHTGR is not only globally asymptotically closed-
loop stable but also robust to exterior disturbances. 

The cascaded control law formed by the helium 
flow controller and the steam temperature controller 
is called OTSG control law. Since the thermal inertia 
of the OTSG is much smaller than that of the MHT-
GR, the steam temperature is quite sensitive to the 
variation of the MHTGR states, which results in the 
need of OTSG deep stabilization. Since the widely 
utilized PWR plants usually adopts the U-tube steam 
generators (UTSGs), there is very little work on the 
stabilization of the OTSG. Moreover, due to the high 
nonlinearity and parameter uncertainty of the OTSG 
dynamics, it is difficult to give a nonlinear stabilizer. 
Through analyzing the OTSG self-stability, Dong 
proved that simple PI algorithm can provide a good 
closed-loop performance [17]. Based upon this work, 
the transfer functions of the helium flow controller 
and steam temperature controller are set to be 
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respectively, where positive scalars khf,p, khf,i, ks,p and 
ks,i are feed-back gains and usually set khf,i << khf,p 
and ks,i << ks,p. The output of flow controller (eq.6) 
is the referenced angular speed signal of the primary 
helium blower, and that of steam temperature cont-
roller (eq.7) is the revision to the setpoint of helium 
flowrate. Based upon the coordination of controllers 
(eq.6) and (eq.7), the globally asymptotical closed-
loop stability of OTSG can be guaranteed. 
 The other controllers such as feedwater flowrate 
controller and turbine speed controller also have the 
PI form, whose design is omitted here. The function 
of thermal power controller is to give a proper set-
point of feedwater flow according to the command 
given by the supervisor, and due to its simplicity, the 
introduction on its design is also omitted. 
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Fig. 3: Structure of HIL simulation system 

 
Fig. 4: Simulation Software of the HTR-PM operation and control feature 

III. SIMULATION VERIFICATION 
 
In this section, the hardware-in-loop (HIL) simu-

lation system for verifying the coordinated control 
design is firstly introduced. Then, some preliminary 
HIL verification results are given and analyzed. 

 
III.A. HIL Verification System 

 
Numerical simulation approach is used to test the 

performance of control algorithms and to show the 
relationship between the algorithm performance and 
parameters. However, to verify the feasibility of im-
plementing the coordinated control algorithms in the 
practical engineering, it is necessary to build a HIL 
verification system, based upon which we can verify 
the coordinated control law through HIL simulation. 

As shown in Fig. 3, the HIL verification system 
is composed of the real plant control system and the 
HTR-PM control feature simulator (CFS) [18]. The 
CFS generates simulated values of key process state-
variables as the measurement for the control system, 
and the control system gives the control action to the 
CFS. The real-time simulation software running on 

the CFS is developed based upon the nodal neutron 
kinetics and nodal reactor thermal-hydraulics given 
in [19], the moving boundary OTSG model given in 
[20] and the models of turbine, generator, feedwater 
pump, primary helium blower and etc. The human-
man-interface (HMI) of this simulation software is 
illustrated in Fig. 4. The plant coordinated control 
law is implemented in the control system platform. 

 
III.B. HIL Verification Results 

 
To verify the feasibility of the coordinated con-

trol law, the following two case studies are done by 
using the HIL verification system: 

Case A (Large Load Decrease): The load signal 
decreases from 100% reactor full power (RFP) to 
50% RFP with a constant speed of 5% RFP/min. 

Case B (Large Load Increase): The reactor 
power demand signal increases from 50% RFP to 
100% RFP with a constant speed of 5% RFP/min. 

Responses of the relative nuclear power, outlet 
helium temperature of the MHTGR and outlet steam 
temperature of the OTSG in the above two cases are 
shown in Figs. 5 and 6 respectively. 
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Fig. 5. HIL simulation results in case of load decrease. 

 
Fig. 6. HIL simulation results in case of load increase. 

The above two cases are both stressed operations 
of the HTR-PM plant. From Figs. 5 and 6, it is clear 
that the coordinated control strategy guarantees both 
the asymptotical closed-loop stability as well as 
good power maneuver performance for a NSSS. 
Moreover, the overshoots and transition periods of 
the nuclear power, helium temperature and steam 
temperature is satisfactory enough so that the 
coordinated control is engineering implementable.  

 
IV. CONCLUSIONS 

 
Due to the tight coupling effect between the MH-

TGR and OTSG of a NSSS and the coupling effect 
between two NSSSs, it is quite necessary to design a 
proper coordinated control law of HTR-PM plant for 
the safe, stable and efficient operation. By regarding 
the coupling effects as exterior disturbances and by 
considering the nonlinearity of system dynamics, a 
coordinated control law is designed for the HTR-PM 
plant, which is constituted by the cascaded feedback 
loops and the control algorithms in each loop. Then, 
the HIL platform for verifying the feasibility of the 
newly designed coordinated controller is introduced. 
Finally, some preliminary HIL simulation results are 
given, which show that this HTR-PM coordinated 
control is satisfactory to be implemented practically. 
In the future, more HIL tests should be done to 
verify the performance of this coordinated control in 
more operation cases. Furthermore, since there are 
some other features in the plant dynamics such as 
the deadzone, saturation, time-delay and faults of 
sensors and actuators, it is meaningful and crucial to 
design coordinated control law by considering these 

features. Although some works have been done [21, 
22], more research results should be carried out in 
the future.  
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