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Abstract:    The simulation of a high-temperature gas-cooled reactor pebble-bed module (HTR-PM) plant is discussed. This 
lumped parameter model has the form of a set differential algebraic equations (DAEs) that include stiff equations to model point 
neutron kinetics. The nested approach is the most common method to solve DAE, but this approach is very expensive and 
time-consuming due to inner iterations. This paper deals with an alternative approach in which a simultaneous solution method is 
used. The DAEs are discretized over a time horizon using collocation on finite elements, and Radau collocation points are applied. 
The resulting nonlinear algebraic equations can be solved by existing solvers. The discrete algorithm is discussed in detail; both 
accuracy and stability issues are considered. Finally, the simulation results are presented to validate the efficiency and accuracy of 
the simultaneous approach that takes much less time than the nested one. 
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1  Introduction 

 

The modular high-temperature gas-cooled 
reactor (MHTGR) is attractive because of its inherent 
safety features and potential economic competitive-
ness. A high temperature gas-cooled reactor pebble- 
bed module (HTR-PM) project was proposed and 
actively supported by the Chinese government to 
build an MHTGR demonstration plant (Li et al., 
2008b). The reactor model is fundamental to the study 
of the overall nuclear power plant performance and 
the design of appropriate control systems since it 
explains the interactions among the input and output 
variables, and also explains the nature of the basic 
dynamic relationships (Li et al., 2008c). There exist 

many different approaches to the dynamic modeling 
of processes. Although the combination of distributed 
and lumped parameter models has been described in 
the previous studies, in most cases the lumped para-
meters paradigm is adopted because it is less complex 
and sufficient to describe physical phenomena en-
countered in process simulation (Colonna and van 
Putten, 2007). Li et al. (2008a; 2008b; 2008c) for-
mulated a lumped parameter dynamic model of an 
HTR. The model developed in that work served as the 
basis for control performance analysis and model- 
based control system design. The simulation res-
ponses to the most important variables have been 
presented and the trends of these responses have been 
shown to be correct (Li et al., 2008c). However, the 
efficiency of the simulation was not discussed. 

Simulation is an important tool in the nuclear 
power industry. Considerable researches have been 
performed regarding novel nuclear power systems 
based on simulations that use mathematical models of 
nuclear reactions and the most up-to-date nuclear data 
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available (Robbins and Hoggett-Jones, 2002). A 
software toolbox called SimECS (Simulation Library 
for Energy Conversion Systems) was presented in 
(Colonna and van Putten, 2007). It contains only 
components related to gas turbine systems, though the 
extension to components belonging to other energy 
systems is planned. In the nuclear power field, many 
processes were simulated by SIMULINK of MAT-
LAB software (Li et al., 2008b; 2008c; Dong et al., 
2009; Shirazi et al., 2010).  

The HTR-PM model consists of many differen-
tial algebraic equations (DAEs). The DAE formula-
tion consists of equations that describe the dynamic 
behavior of the system, such as mass and energy 
balances, and algebraic equations that ensure physical 
and thermodynamic relations (Biegler et al., 2002). It 
is very difficult or even impossible to obtain an ana-
lytical solution of a dynamic mathematical model (Ni, 
1996; Lv, 2002). Because of the amazing increase in 
computational efficiency and decrease in computa-
tional cost, one can solve the dynamic mathematical 
model with numerical methods. 

Nuclear reactions occur in the core of the reactor. 
This process is described by the point neutron kinetics 
equations, which are stiff equations. The predictor- 
corrector Gear method with variable step size, the 
high-order generalized Lunge-Kutta method, etc., are 
commonly used methods to deal with stiff ordinary 
differential equation (ODE) (Cai, 2005). In the 
HTR-PM, there are many related algebraic equations 
beside the fundamental conservation of mass, energy, 
and momentum, creating a more mathematically 
demanding DAE than does the ODE system. 

DAEs can be solved by extended ODE solvers. 
In a nested approach, the values of the differential 
variables are given at the nth iteration, and the alge-
braic equations are solved numerically. The algebraic 
variables can be expressed by differential variables. 
Then the expressions are substituted into differential 
equations and the DAEs system is transferred into an 
ODE system without algebraic equations. Thus, 
classical ODE solvers can be used. Eventually, the 
differential variables are obtained and they are the 
initial values of the (n+1)th iteration.  

The nested approach—up to now most com-
monly used—requires numerical inversion of the 
algebraic equations: each evaluation of the vector of 
derivatives (called by the ODE solver) has to start an 

iterative procedure to solve the algebraic equation. 
This approach can be very expensive and time- 
consuming due to these inner iterations (Breitenecker 
and Popper, 2009), and the approach is very ineffi-
cient for stiff problems (Hangos and Cameron, 2001). 
This approach is appropriate when there are few al-
gebraic equations and no algebraic loop (Lv, 2002). 
However, there are 58 equations in the HTR simula-
tion model, among which, 45 equations are algebraic 
equations.  

We have applied simultaneous approach to si-
mulate the HTR model. Here the DAEs are discre-
tized over a time horizon using collocation on finite 
elements. Radau collocation points are applied to deal 
with the stiff equations. Consequently, the resulting 
nonlinear algebraic equations can be solved by ex-
isting solvers. All the variables are solved at the same 
time instead of being solved in a temporal sequential 
mode as the nested approach does. The DAE system 
is solved only once. Therefore, intermediate solutions 
that may not exist or may require excessive compu-
tational cost can be avoided (Biegler et al., 2002). The 
simultaneous approach already has many successful 
applications in dynamic optimization within the 
chemical process industry (Tobias et al., 2003; Anto-
nio et al., 2005; Kameswaran and Biegler, 2006; Bi-
egler, 2007). 
 
 
2  Description of the HTR 
 

A low-order dynamic model with a clear physi-
cal meaning is useful for real-time simulation, control 
characteristic research, and control system design. In 
this study, we consider the lumped parameter dy-
namic model of HTR. According to some general 
assumptions (Li et al., 2008c), the reactor is nodalized 
to include eight sections, namely, core, reflector, 
lower plenum, lower header, riser, upper header, 
downcomer, and outlet header. Fig. 1 shows the no-
dalization of the reactor (Li et al., 2008b). 

The dynamic mathematical model of reactor is 
based on the fundamental conservation of mass, 
energy, and momentum, combined by algebraic equ-
ations. The differential equations are as follows: 
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where V is volume (m3), C is specific heat (J/(kg·K)), 
T is temperature (K), G is flow rate, P100 is the rated 
power of the reactor, Cr is the concentration of pre-
cursor, Cp is the specific heat at a constant pressure. 
ρrod is the control rod reactivity, α is reactivity coef-
ficient, ε is porosity, ρ is density (kg/m3), λ is decay 
constant, nr is the relative density of neutron (power 
percentage), β is the delayed neutron fraction, and Λ is 
the neutron generation time. The subscripts c, cr, f, in, 
m, out, p, and r indicate core, core to reflector, fuel, 
input, moderator, output, pressure, and reflector, re-
spectively. i indicates the ith delayed neutron. The 

numbers 0, 1, 2, 3, 4, 5, and 6 is steady-state, lower 
plenum, lower header, riser, upper header, downco-
mer, and outlet header, respectively. 

These differential equations, together with the 
related algebraic equations, constitute the state space 
mathematical model of the reactor. Among the alge-
braic equations, some of them present the balance of 
the pressure, relationship of temperatures and flow 
rates in different parts of the reactor, and the others 
are physical property equations. The details of rele-
vant parameters, correlations, and design parameters 
are contained in (Li et al., 2008b; 2008c). 

There are 13 differential equations and 45 alge-
braic equations. There are 58 variables, so the degree 
of freedom of this model is zero. Here, Tc, Tr, nr, Cri, 
T1, T3, T5, and T6 are differential variables. 

Let z denote all of the differential variables and y 
denote algebraic variables. We can obtain the fol-
lowing DAEs: 
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Eq. (9) is Hessenberg formal semi-explicit DAE, 

where the differential variables can be expressed 
explicitly by the algebraic variables z(t). For the 
semi-explicit DAEs, the algebraic variables y(t) can 

be determined uniquely by algebraic equations if 
g

y




 

is non-singular at any moment. Here, the DAE system 
is defined as index-1 (Ascher and Petzold, 1998; Betts, 
2001), and the reactor model is an index-1 DAE sys-
tem according to the definition. 

 
 

3  Simultaneous approach 
 

Simultaneous approach (fully discrete approach) 
is a direct approach that applies solvers for nonlinear 
algebraic equations after discretization. Thus, the 
DAE system is solved only once. Therefore, inter-
mediate solutions that may require excessive com-
putational effort or may not even exist can be avoided 
(Cervantes and Biegler, 1999; Kameswaran and Bi-
egler, 2006). 

The dynamic behaviors of the process systems 
could be described using DAEs. We consider the 
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general proposition in the following (Biegler et al., 
2002; Kameswaran and Biegler, 2006; Biegler, 2007). 
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where the subscripts L and U indicate the lower bound 
and upper bound, respectively. 

The unknowns are differential state variables 
z(t)ún, algebraic variables y(t)úm, control va-
riables u(t)úπ, and time independent variables púq, 
t[t0,tf]. In addition, fi (i=1,2,…,n), gi (i=1,2,…,m), 
and gf,i (i=1,2,…,r) are components of vectors f, g, 
and gf, respectively. 

Fully discrete approaches are often currently 
applied to solve DAEs (Betts, 2001), and they are 
equivalent to the projected implicit Runge-Kutta in-
tegration (Feehery et al., 1995). For DAEs in 
semi-explicit Hessenberg form, results based on the 
implicit Runge-Kutta methods are shown to be valid 
for linear constant coefficient systems of arbitrary 
index, along with nonlinear index-1 and index-2 
systems (Feehery et al., 1995). 

The simultaneous approach requires efficient 
and precise discrete techniques. The orthogonal col-
location on finite element method (OCFE) is a 
well-known method with high-order accuracy and 
excellent stability properties, and it is a less expensive 
way to obtain accurate solutions compared with other 
methods (Biegler, 2007). According to OCFE, the 
computational domain is divided into finite non- 
overlapped and connective elements. Some proper 
points are chosen as collocation points and then the 
values of the variables and their derivatives at these 
points are obtained. The differential variables are 
rewritten as the linear expression of the values and an 
interpolative function. The Lagrange polynomial is 
the most commonly used interpolation polynomial 
function, and internal residuals on collocation points 
should be zero in the collocation method.  

The whole integral region is divided into several 
elements t0<t1<…<tNE=tf

 (NE is the number of the 
elements), and the integral step size is hi=ti−ti−1, 
(i=1,2,…,NE). There are K collocation points on each  
 

element. The state variables and control variables are 
approximated by piecewise polynomials, which are 
expressed by the collocation points and Lagrange 
interpolation function. Thus, the state variable at an 
arbitrary point t=ti−1+hiτ (τ[0,1]) in the element 
[ti−1,ti] is expressed as (Kameswaran and Biegler, 
2006) 
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where the Lagrange interpolation polynomial is 
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Similarly, the control and algebraic variables can 

be expressed as 
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The differential variables need to be continuous 

along the time horizon while the control and algebraic 
variables are allowed to be discontinuous at the 
boundaries of the elements. In addition, the colloca-
tion conditions must be satisfied at the collocation 
points: 
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Dynamic systems are transformed into large- 
scale nonlinear algebraic equations after discretiza-
tion. The discrete approach affects not only the ac-
curacy of solution, but also the convergence of the 
solution process. Generally, more collocation points 
lead to better approximation and higher accuracy.  
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However, there is no benefit to apply equal interval 
collocation points because Runge’s phenomenon may 
occur: oscillations arise at both ends of the interpola-
tion curve along with increasing number of discrete 
points, and worsen the approximation to the original 
function (Shen and Tang, 2006). Thus, choosing the 
appropriate discrete method is an important precon-
dition when it comes to determining a successful 
solution. 

The highest algebraic accuracy can be reached 
with the orthogonal collocation points (Shen and Tang, 
2006). There are three kinds of widely used ortho-
gonal collocation points: Gauss points, Gauss- 
Radau points, and Gauss-Lobatto points. All of these 
collocation points are distributed more densely to-
wards the edges of the interval, and can avoid Runge’s 
phenomenon effectively (Shen and Tang, 2006). 
Problem 1 is transformed into the following formula-
tion after discretization, and the Gauss collocation 
points are applied in the discrete process (Kameswa-
ran and Biegler, 2006): 
Collocation equations: 
 

0

( ) ( , , , ) 0,

( , , , ) 0.

K

k j ik i ij ij ij
k

ij ij ij

l z h f z y u p

g z y u p





 


 

 
          (14) 

Linking conditions: 

1,0
0

(1) , 1,2,..., NE 1.
K

i j ij
j

z l z i


                (15) 

Initial conditions: 

1,0 0( ).z z t                                        (16) 

Final conditions: 

f f f NE,
0

( ) 0, (1) .
K

j j
j

g z z l z


              (17) 

 
Since the first point in the next finite element is 

the last point in the previous finite element with 
Gauss-Radau points, the connecting equation can be 
simplified according to the property of Lagrange 
interpolation 
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The final condition is reduced to 
 

f NE,( ) 0.Kg z                                   (19) 

Generally speaking, if more elements and col-
location points are used in a fixed time span, the 
OCFE has better accuracy. The accuracy also depends, 
however, on the smoothness of the problem (Chen et 
al., 2010). Discrete methods based on different or-
thogonal collocation points have different levels of 
algebraic precision. In the case of K collocation points, 
Gauss points are the roots of orthogonal collocation 
polynomials with order K and the algebraic precision 
of the corresponding quadrature formula is of degree 
2K−1 (Haire and Wanner, 2006). The accuracy of 
Gauss-Radau points is one order lower than that of 
Gauss points. However, Gauss-Radau points have an 
attractive property called stiff decay (Ascher and 
Petzold, 1998). This property is stricter than that of 
absolute stability. The advantage of methods with stiff 
decay lies in their ability to skip fine level solution 
details and converge to the solution even in very  
stiff cases. 
 
 

4  HTR-PM case studies 
 

The point kinetics equations are a stiff problem 
because all the real parts of eigenvalues of its Jaco-
bian matrix are negative and the absolute value of the 
real part of the ratio of maximum and minimum is 
very large (Cai, 2005). This stiff problem includes 
some terms that can lead to rapid variation in the 
solution. It is essential to choose a proper step size to 
solve stiff problems.  

The step size should be kept within the region of 
stability. Commonly used ODE algorithms, such as 
the Euler method, Runge-Kutta method, and Adams 
method, must use a very small step size to satisfy the 
stability and accuracy of the rapid variables. However, 
the small step size is not appropriate for slow va-
riables (Cai, 2005), requiring expensive computation 
and memory costs to solve the problem. On the other 
hand, the accumulated error will significantly in-
crease with the total number of steps. In order to avoid 
these defects, implicit algorithms are recommended. 
In our simultaneous approach, we can take a larger 
step size since the approach based on Radau colloca-
tion points is implicit. Of course, the step size should 
satisfy the precision requirement. 

All numerical results are obtained on the ma-
chine running Windows XP and with 1.66 GHz CPU 
and 1.49 GB of RAM. After discretization with the 
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OCFE method, the resulting problem is solved by a 
nonlinear algebraic equation solver. There are many 
efficient solvers. Here interior point optimizer 
(IPOPT) (Biegler and Zavala, 2009) is applied. Five 
hundred elements are applied with three Radau col-
location points in each of them. The length of element 
or the step size is 1 s. After discretization, the total 
number of variables and equality constraints are 
43 500. To compare the simultaneous approach with 
the nested approach, the model is also implemented 
on the same computer with the nested approach using 
an explicit ODE solver. The variable step ODE me-
thod is adopted here and the step size is from 1×e−7 to 
10 s. 

The system is in steady state at 100% full power 
and the reactivity is zero. The Helium input pressure 
Pin, Helium input flow rate Gin, Helium input tem-
perature Tin, and control rod reactivity ρrod are se-
lected as the four input variables. The Helium output 
pressure P6, Helium output flow rate G6, Helium 
output temperature T6, reflector temperature Tr, rela-
tive density of neutron (relative power) nr, and core 
temperature Tc are selected as the six output variables. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

        Figs. 2 and 3 show the transient responses of six 
different output variables according to changes in one 
of the four input variables in the rated power level.  

As shown in Fig. 2, all the variables are in steady 
state for 100 s and the Helium inlet flow rate is al-
lowed to increase 5 kg/s with the other three input 
variables remaining constant. The curves obtained by 
the two approaches overlap each other. 

In Fig. 3, the control rod reactivity input is kept 
constant for 100 s and allowed to increase 5% with 
the other three input variables remaining constant.  

The numerical simulation of the model shows 
that the transient results are properly predicted and the 
steady state results agree with the design data. The 
step size of the nested approach should be small to 
obtain a stable solution. The lines, according to the 
two approaches, are very close to each other, indi-
cating that error accumulation due to the small step 
size of the nested approach does not lead to diver-
gence from the solution of the problem. The simula-
tion takes approximately 10 s in the nested approach 
and only takes 3 s in the simultaneous approach be-
cause there are inner iterations in each step of the 
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Fig. 2  Transients due to 5 kg/s step increase in the Helium inlet flow 
(a) Helium input flow rate; (b) Helium outlet flow rate; (c) Helium outlet pressure; (d) Helium outlet temperature; (e) Relative 
power; (f) Core temperature; (g) Reflector temperature 
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nested approach which can be avoided in the simul-
taneous approach. An alternative way to implement 
the nested approach is to call an implicit ODE solver, 
which will not suffer from the small step size limita-
tion. However, that is very time-consuming for 
large-scale problems because of the way the approach 
reaches convergence. In consequence, the implicit 
ODE solver may require much more time to solve 
large-scale problems than explicit ODE solvers. 

Relative error can be defined to give an indica-
tion of how good the terminal value of the simulta-
neous approach is relative to that of the nested ap-
proach. Fig. 4 shows the relationship among the error, 
step size, and the computational effort in solving the 
resulting nonlinear algebraic equations after discre-
tization in the simultaneous approach. If the step size 
becomes smaller, the error will be smaller and the 
resulting equations will become larger. Then the 
computational time will also become longer. We can 
increase the step size to reduce the computational 
time in solving the nonlinear algebraic equations. We 
take the appropriate step size as a trade-off between 
the accuracy and the efficiency. However, we can 
hardly increase the step size in the nested approach 
because of instability. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

5  Conclusions 
 

The simulation of HTR-PM is presented. The 
lumped parameter dynamic HTR-PM model is a DAE 
system and the core fission reactor described by point 
kinetics equations represents a stiff problem. The 
index of DAE affects the solution to the problem. 
Since the index of the HTR-PM is 1, we simulated the 
model with the simultaneous approach, which solves 
all the variables simultaneously. The nonlinear alge-
braic equation solver was called after full discretiza-
tion by the OCFE. The collocation method based on 
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Fig. 3  Transients of 5% step increase in the control rod reactivity input 
(a) Control rod reactivity; (b) Helium outlet flow rate; (c) Helium outlet pressure; (d) Helium outlet temperature; (e) Relative 
power; (f) Core temperature; (g) Reflector temperature 
 

Fig. 4  Relationship among the calculation error, step size,
and computational time in the simultaneous approach 

0

0.5

1.0

1.5

2.0

Step size (s)

C
om

pu
ta

tio
na

l t
im

e 
(s

)

 

 

0 5 10 15 20 25 30 35 40 45 50
0

2

4

6

8

E
rr

o
r 

(×
10

-
5 )

Computational time
Error



Chen et al. / J Zhejiang Univ Sci A (Appl Phys & Eng)   2011 12(7):567-574 
 
 

574

Gauss-Radau points, not only has high accuracy in 
terms of discretization, but also is good at solving the 
stiff problem.  

Though there are stiff equations in the HTR-PM 
model, according to the previous analysis, we can 
take a large step size that meets the accuracy demand 
in the discretization and will not lose stability. The 
results show the efficiency and validity of this ap-
proach. The results in the simulations of the simul-
taneous approach and the nested approach are very 
similar, but the former takes much less computational 
time. The efficiency of the simultaneous approach is 
essential to the real time control and simulation of the 
HTR plant.  

 
References 
Antonio, F.T., Biegler, L.T., Enrique, S.V.G., 2005. Dynamic 

optimization of HIPS open-loop unstable polymerization. 
Industrial and Engineering Chemical Research, 44(8): 
2659-2674.  [doi:10.1021/ie049534p] 

Ascher, U.M., Petzold, L.R., 1998. Computer Methods for 
Ordinary Differential Equations and Differential- 
Algebraic Equations. Society for Industrial and Applied 
Mathematics, Philadelphia, USA. 

Betts, J.T., 2001. Practical Methods for Optimal Control Using 
Nonlinear Programming. SIAM, Philadelphia, USA. 

Biegler, L.T., 2007. An overview of simultaneous strategies for 
dynamic optimization. Chemical Engineering and 
Processing: Process Intensification, 46(11):1043-1053.  
[doi:10. 1016/j.cep.2006.06.021] 

Biegler, L.T., Zavala, V., 2009. Large-scale nonlinear pro-
gramming using IPOPT: An integrating framework for 
enterprise-wide dynamic optimization. Computers & 
Chemical Engineering, 33(3):575-582.  [doi:10.1016/j. 
compchemeng.2008.08.006] 

Biegler, L.T., Cervantes, A.M., Wächter, A., 2002. Advances 
in simultaneous strategies for dynamic process optimiza-
tion. Chemical Engineering Science, 57(4):575-593.  
[doi:10.1016/S0009-2509(01)00376-1] 

Breitenecker, F., Popper, N., 2009. Classification and Evalua-
tion of Features in Advanced Simulators. Proceedings 
MATHMOD Vienna, p.1445-1467. 

Cai, Z., 2005. Nuclear Power Reactor Neutron Dynamics. 
National Defense Industry Press, Beijing, p.154-177 (in 
Chinese). 

Cervantes, A., Biegler, L.T., 1999. Optimization Strategies for 
Dynamic Systems. Kluwer Academic Publishers, Kluwer. 

Chen, Y., Shao, Z., Qian, J., Wang, K., 2010. Global versus 
local orthogonal collocation in simultaneous approach. 
CIESC Journal, 61(2):384-391 (in Chinese). 

Colonna, P., van Putten, H., 2007. Dynamic modeling of steam 
power cycles: Part I—Modeling paradigm and validation. 
Applied Thermal Engineering, 27(2-3):467-480.  [doi:10. 
1016/j.applthermaleng.2006.06.011] 

Dong, Z., Huang, X., Feng, J., Zhang, L., 2009. Dynamic 
model for control system design and simulation of a low 
temperature nuclear reactor. Nuclear Engineering and 
Design, 239(10):2141-2151.  [doi:10.1016/j.nucengdes. 
2009.05.006] 

Feehery, W.F., Banga, J.R., Barton, P.I., 1995. A Novel Ap-
proach to Dynamic Optimization of ODE and DAE Sys-
tems as High Index Problems. AIChE Annual Meeting, 
Miami Beach, FL, USA. 

Haire, E., Wanner, G., 2006. Solving Ordinary Differential 
Equations II, Stiff and Differential-Algebraic Problems 
(2nd Ed.). Science Press, Springer-Verlag, Berlin, Hei-
delberg, Germany. 

Hangos, K.M., Cameron, I.T., 2001. Process Modelling and 
Model Analysis. Academic Press, San Diego, CA, USA. 

Kameswaran, S., Biegler, L., 2006. Simultaneous dynamic 
optimization strategies: Recent advances and challenges. 
Computers & Chemical Engineering, 30(10-12):1560- 
1575.  [doi:10.1016/j.compchemeng.2006.05.034] 

Li, H., Huang, X., Zhang, L., 2008a. A lumped parameter 
dynamic model of the helical coiled once-through steam 
generator with movable boundaries. Nuclear Engineering 
and Design, 238(7):1657-1663.  [doi:10.1016/j.nucengdes. 
2008.01.009] 

Li, H., Huang, X., Zhang, L., 2008b. Operation and control 
simulation of a modular high temperature gas cooled 
reactor nuclear power plant. IEEE Transactions on Nuc-
lear Science, 55(4):2357-2365.  [doi:10.1109/TNS.2008. 
2001886] 

Li, H., Huang, X., Zhang, L., 2008c. A simplified mathemati-
cal dynamic model of the HTR-10 high temperature 
gas-cooled reactor with control system design purposes. 
Annals of Nuclear Energy, 35(9):1642-1651.  [doi:10. 
1016/j.anucene.2008.02.012] 

Lv, C., 2002. System Simulation and Modelling on Large 
Power Unit. Tsinghua University Press, Beijing, China, 
p.208-222 (in Chinese). 

Ni, W., 1996. Some Problems on Thermal Power System 
Modelling and Control. Science Press, Beijing, China, 
p.186-200 (in Chinese). 

Robbins, C., Hoggett-Jones, C., 2002. Modular simulation 
software for modelling the impacts of alternative spent 
fuel management practices in the nuclear power industry. 
Simulation Modelling Practice and Theory, 10(3-4):153- 
168.  [doi:10.1016/s1569-190x(02)00093-x] 

Shen, J., Tang, T., 2006. Spectral and High-Order Methods 
with Applications. Science Press, Beijing, China (in 
Chinese). 

Shirazi, S., Mousavi, A., Aghanajafi, C., Sadoughi, S., Sha-
rifloo, N., 2010. Design, construction and simulation of a 
multipurpose system for precision movement of control 
rods in nuclear reactors. Annals of Nuclear Energy, 
37(12):1659-1665.  [doi:10.1016/j.anucene.2010.07.017] 

Tobias, J., Biegler, L.T., Wächter, A., 2003. Dynamic optimi-
zation of the Tennessee Eastman process using the Opt-
ControlCentre. Computers & Chemical Engineering, 
27(11):1513-1531.  [doi:10.1016/S0098-1354(03)00113-3] 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


