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1. Introduction 

 

Load Follow Operation (LFO) represents a significant 

advancement in the operation of Pressurized Water 

Reactors (PWRs). It involves adjusting the reactor's thermal 

power output to match changes in electricity demand, either 

daily or seasonally [1]. However, this process entails 

complex steps and procedures to ensure adherence to 

reactor safety parameters at all times. One critical parameter 

that must be managed is the boron concentration in the 

reactor core. Generally, plant operators manually adjust the 

boron concentration to compensate for fuel burnup (BU) 

during base load operation. Nevertheless, during LFO, 

numerous reactivity feedbacks occur that cannot be 

managed solely through Control Element Assemblies 

(CEA). As a result, the soluble boron concentration in the 

reactor core must be carefully adjusted, especially during 

rapid and significant power ramp-up/down phases [2,3]. 

Adjusting boron concentration in the reactor core is 

usually done to offset changes in xenon concentration. In 

large-size PWRs, the equilibrium xenon worth can reach up 

to 3500 pcm. Accurately estimating the required boron 

concentration during LFO necessitates an understanding of 

the changes in xenon concentration in the reactor core. 

Since xenon concentration is not directly measurable online 

within the reactor core, researchers have explored various 

methods to predict or observe it. Dr. Utikin was the first to 

propose using the Sliding Mode Observer (SMO) to 

monitor various unmeasurable quantities in the reactor core, 

such as reactivity and delayed neutron precursors [4]. 

Similarly, Dr. Ansafari applied the SMO to estimate the 

xenon stability index in the reactor core, employing a 

multipoint, point reactor kinetic model [5]. Other studies 

have aimed to estimate xenon concentration or temperature 

changes in different reactors, such as High-Temperature 

Gas-Cooled Reactors (HTGR) [6]. 

This study introduces the use of the SMO to estimate 

xenon concentration during LFO in the APR1400. It will 

also present a detailed strategy for using this information to 

determine the necessary adjustments in boron concentration. 

The analysis was performed using the in-house reactor 

simulator code KANT, a NEM-CMFD accelerated 

diffusion code, with two-group cross-sections generated by 

the SERPENT 2 Monte Carlo code and validated using the 

ENDF/B-VII data library. [7,8]. 

 

2. Reactor Description 

 

The analysis was performed on the erbium-based LEU+ 

loaded APR1400 reactor core design [9]. In this design, a 

two-batch APR1400 core configuration was achieved by 

utilizing erbium and gadolinium as burnable absorbers and 

fuel assemblies with an enrichment higher than 5.0 w/o. 

Figure 1 illustrates the core loading pattern and the design of 

the fuel assemblies [10]. 

 

 

Figure 1 Er and LEU+ base two batches APR1400 fuel loading 

pattern and design. 
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3. Sliding Mode Observer Model 

 

Eq. (1)-(3) show the general definition of the sliding 

mode observer, where 𝑥 , and �̂�  represent the actual and 

observable system states, respectively. The function 𝑓 

governs the changes in system parameters, and �̇�  is the 

dynamic error between the actual parameter value and the 

observable one. 

 

 (1) 

 (2) 

 (3) 

 

Eq. (4)-(12) describes the SMO system of equations, 

which are based on the point reactor model. It is crucial to 

determine the values of the gains (k, 𝜓 ), which determine 

the stability of the solution as well as the speed of 

convergence to the sliding surface. The selection of these 

parameters should be based on Lyapunov stability analysis, 

where the Lyapunov function is defined by the half-square 

of all errors and the resulting function derivative should be 

negative definite to ensure reaching a local stable minimum.   

 

 

(4) 
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where p is the normalized reactor power, �̂� is the observed 

reactivity, 𝐶𝑖 ,  𝜆𝑖 , and 𝛽𝑖  are the group 𝑖  delayed neutron 

precursor concentration, decay constant, and delayed 

neutron fraction. 𝑀𝑓 , 𝑀𝑐𝑙 , and 𝑀𝑐  are the fuel, clad, and 

coolant mass (kg). 𝑇𝑓 , 𝑇𝑐𝑙 , and 𝑇𝑐  are the fuel, clad, and 

coolant temperatures. 𝑅𝑐, and 𝑅𝑔 are the thermal resistance 

between the coolant-clad, and fuel-clad, respectively. 𝐼, �̂� 

are the iodine-135 and xenon-135 concentration (#/cm3), 

𝛼𝑓 ,  𝛼𝑐  are the fuel and coolant reactivity coefficients 

(pcm/C), 𝜌𝑟 , 𝐺𝑟 , 𝑍𝑟  are the control rod reactivity, worth, 

and moving speed respectively. 

The speed of control rod movement to achieve the 

required reactivity change during LFO should be 

determined using an adaptive control strategy. Eq. (13) 

shows the system input value, which is the control rod 

speed. 

 

(13) 

 

In this analysis, the system power 𝑝 , is the only 

measurable quantity during reactor operation, which is 

obtained from the reactor regulating system. The deviation 

of this power from the observable power �̂� is determined to 

initiate the movement of system trajectories toward the 

sliding surface. 

Table 1 shows the value of the parameters used in this 

analysis. Notice that in this analysis, the most important 

parameters are the macroscopic fission cross-section and 

the xenon microscopic absorption cross-section which are 

necessary to determine the xenon and flux values in the 

reactor core. 

Table 1 The SMO parameters values. 

Parameter Value 

𝑐𝑓 (J/kg.K) 247 

𝑐𝑐𝑙  (J/kg.K) 330 

𝑐𝑐 (J/kg.K) 6748 

𝑀𝑓 (kg) 65722 

𝑀𝑐𝑙  (kg) 13539 

𝑀𝑐 (kg) 151456 

w (kg/sec) 10516 

𝛼𝑓 (Δk/k/°C) -3.24E-05 

𝛼𝑐 (Δk/k/°C) -2.13E-04 
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𝐺𝑟  (pcm) 14.5E-3 

 

4. Computational Tool 

 

Figure 2 showcases the flow diagram for the KANT 

simulation modules. The initial conditions, power profile, 

and temperatures are first initiated by KANT through the 

steady-state modules. Following this, the standard KANT 

models are invoked to start the time-dependent simulation 

of the reactor core. This involves solving the time-

dependent diffusion equation and the transient thermal-

hydraulic modules. From this, the reactor power (p) is 

provided to the SMO module to solve the system of 

equations described in Section 3. Since the initial condition 

of the xenon concentration is arbitrarily determined, the 

LFO will not be initiated until the equilibrium xenon 

concentration is achieved [11]. 

After determining the on-the-fly xenon concentration and 

using the conversion factors, the required boron 

concentration adjustment will be determined. To 

accomplish this, the equilibrium xenon concentration using 

the SMO shall be determined, and boron worth (pcm/ppm) 

and the equilibrium xenon worth (pcm) shall also be 

provided. Usually, these quantities can be accurately 

measured or calculated before the initiation of the BU cycle 

and are provided via the technical specifications. 

 

 

Figure 2 KANT simulation flow diagram. 

 

5. Results and Discussion 

 

To assess the performance of the SMO, simulations at the 

Mid of Cycle (MOC) and End of Cycle (EOC) of the Er-

based APR1400 equilibrium core were conducted. Figure 3 

depicts a 120-hour LFO using KANT and SMO-assessed 

simulation. It was found that the observed reactor power 

successfully follows the reactor power (KANT power), 

taking approximately 40 hours to reach the equilibrium 

xenon concentration before the LFO scenario begins. 

Meanwhile, the observed xenon concentration shows a very 

good match with the transient xenon calculated via the 3D 

KANT simulations, with an error of less than 2% during the 

LFO, following the achievement of xenon equilibrium. 

 

 

Figure 3 LFO at the MOC condition using KANT and SMO 

assessed simulation. 

A similar analysis was also conducted at the EOC BU 

condition, which has a much higher BU value. Figure 4 

showcases a similar strategy at the EOC, with 96 hours of 

daily LFO scenarios. It was also observed that the SMO 

observed xenon concentration matches very well with the 

reference 3D KANT calculated core xenon concentration. 

This indicates that the SMO works very well with realistic 

system simulations, maintaining an acceptable error 

margin. Note that the exact xenon concentration in the 

reactor core is not necessary since the important factor here 

is to determine the behavior and rate of xenon concentration 

change in the reactor core. 

 

 

Figure 4 LFO at the EOC with a comparison between KANT 3D 

calculated xenon concentration and the SMO observed value. 

It is worth mentioning that the detailed LFO performed 

in the KANT 3D model is based on the mode-K+ control 

algorithm. This assumes that the soluble boron scenario is 
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manually selected by the operator after trial and error, and 

based on their experience. A more systematic approach, 

based on the information on the xenon concentration 

change, should be adopted for more reliable control. 

 

6. Conclusions and Future Work 

 

Improving the economic impact of nuclear power plants 

requires enhancing the capability to perform Load 

Following Operations (LFO). One of the most important 

parameters to be determined during the LFO is the 

adjustment of boron concentration. The boron 

dilution/boration process should be carried out to 

compensate for changes in xenon concentration in the 

reactor core during the LFO. Hence, prior knowledge of the 

unmeasurable xenon concentration in the reactor core 

would provide valuable information for reactor operators 

regarding the required actions. 

 

A Sliding Mode Observer (SMO) was designed to 

monitor the xenon concentration in the core, where the only 

measurable quantity, the reactor power, is provided to the 

SMO module via the KANT-calculated reactor power. 

Then, using Lyapunov stability analysis, the gain values 

needed to determine the stability of the observer are 

determined. The performance of the observer was analyzed 

by performing LFOs in the Er-based APR1400 equilibrium 

cycle at different burnup (BU) levels, and the results show 

a very good agreement between the observed xenon 

concentration and the one calculated using KANT 3D. 

 

For future work, a detailed strategy for utilizing 

information on xenon concentration to determine the 

necessary boron adjustment scenario will be discussed. 

Additionally, the impact of the uncertainty of calculation 

parameters, such as the macroscopic fission and 

microscopic xenon absorption cross-sections on the xenon 

estimation, will be investigated. 
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