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Abstract. The 1MWth Reaktor TRIGA PUSPATI (RTP) in Malaysia Nuclear Agency has been 

in operation more than 37 years. The existing core power control uses a conventional controller 

known as Feedback Control Algorithm (FCA). It is technically challenging to keep the core 

power output stable and operate within the acceptable error bands for the safety demand of the 

RTP. At present, the power tracking performance of the system could be considered 

unsatisfactory where constant gains of power change rate constraint and control rod speed 

constraint are used. Hence, a study of a new power change rate constraint design to achieve safe 

control rod speed range is conducted to improve the current performance. In this paper, a new 

power change rate constraint (PCRC) method using fuzzy logic is proposed to control the core 

power. The Takagi-Sugeno (T-S) type Fuzzy model is chosen due to its capability to work well 

with linear controller and making the computational control algorithm efficient. The model for 

core power control consists of mathematical models of the reactor core, FCA, and control rods 

selection algorithm. The mathematical models of the reactor core are based on point kinetics 

model, thermal-hydraulic models and reactivity models. The performance of power tracking and 

actuation signal for control rod drive input are compared between the conventional PCRC 

(cPCRC) and Fuzzy PCRC using MATLAB. In conclusion, the proposed Fuzzy PCRC has 

satisfactory performance in core power tracking for controlling the nuclear reactor with high 

reliability and safety. 

1.  Introduction 

The current Reaktor TRIGA PUSPATI (RTP) operating at the Malaysian Nuclear Agency is a TRIGA 

Mark II nuclear reactor type. It is widely used as non-power nuclear reactor with applications include 

production of radioisotopes, neutron radiography, basic research on the properties of materials and for 

education and training.  

The core power control is important for safe operation of the reactor and to keep the nuclear reactor 

operating within its safety limit at any time and under any circumstances. The malfunction of reactor 

control system or any serious error made by reactor operator may lead to abnormal behaviour by the 

reactor, namely reactivity accidents [1]. If this error occurs, it may lead to loss of control of the chain 

reaction in the reactor core, which results in inability to shut down the reactor and loss of integrity of 

any barriers that prevent the release of radioactive fission products. Thus, the malfunction of control 
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system has drawn attention to the researcher in developing and designing the core power control to 

constraint reactor safety parameter for safe and reliable operation of the nuclear reactor.  

The most common safety parameter constraints such as reactivity limiting [2], reactor period limiting 

[3], power change rate limiting [4] and control rod speed limiting [5][6] are used to design robust core 

power control. Single control rod speed constraint is the most popular safety constraint which is much 

easier to design for implementation in a practical system. Hence, in this paper, both control rod speed 

and power change rate constraints will be considered to improve the tracking performance at RTP.  

The RTP uses a conventional controller known as Feedback Control Algorithm (FCA) [7] which is 

capable to control core power up to 1MW based on conventional power change rate constraint (cPCRC). 

Currently, the power control system is employing a constant gain in cPCRC. However, this method yield 

unsatisfactory power tracking performance due to its frequent control rod movements which due to 

power oscillations and longer settling time to reach power demand. To solve this problem, a Takagi-

Sugeno (T-S) type fuzzy approach has been established as in [8]. The fuzzy approach is chosen due to 

its capability to work well with a linear controller and making the computational control algorithm more 

efficient [9]. 

The power change rate is considered in designing the core power control in nuclear reactor for safe 

operation and within the safety limits. A few studies on power change rate constraints in core power 

control have been carried out. For example, in [10] and [11], a robust nonlinear Model Predictive Control 

(MPC) is designed by considering the optimization constraints such as xenon oscillation and maximum 

control rod speed. However, this method requires excessive computational effort in the on-line 

application.  

In addition, although there are several methods dealing with the power change rate constraint which 

have been developed by using a reactor power profile such as the sigmoidal type trajectory in [12] and 

[13], these methods are not applicable for practical application since the user need to generate the 

appropriate load profile which significantly increases the sensitivity to input variations on the system. 

To cater this issue, the fuzzy-based power change rate constraint has been proposed based on tangential 

and sigmoid function [4]. However, the presented results require more computational time and still can 

be further optimized. Furthermore, in the aforementioned works [10-13], only the control rod speed 

(reactivity insertion) constraint is considered for the core power control.  

In this paper, the power change rate constraint using fuzzy logic based on simplest linear membership 

function is proposed which lead to significant improvements such as applicability as a practical system, 

easy setting of limiting condition value for safe operation and less computational time consumption. 

Also, multiple constraint parameters combination of power change rate and control rod speed have been 

studied. 

This paper is organized as follows. The modelling of RTP is presented in section 2 and the RTP core 

power control system is briefly described in section 3. The conventional power change rate constraint 

(cPCRC) and Fuzzy PCRC designs are presented in section 4. The experiment results and discussion on 

the implementation of cPCRC and Fuzzy PCRC to RTP model are given in section 5. Finally, 

conclusions are at the end of the paper. 

 

2.  Modelling of Reaktor TRIGA PUSPATI 

2.1.  Non-linear model 

The point reactor core for a TRIGA Mark II reactor has been already modelled by [14] and is derived 

based on the combination of point kinetic, thermal-hydraulic and reactivity equations. The reactor core 

model can be simplified as: 
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    (1) 

The actual core power, N, can be expressed as [15]: 
 

                                                                       𝑁 = 𝜓𝑁0                                                                                                       (2) 

 

All the parameters used in this paper are summarized in Table 1. 

 

Table 1. Nomenclature for equations 1 and 2. 

𝜓 Relative neutron density 𝛽 
The total fraction of effective delayed 

neutron (Δk/k) 

𝑊 
Reactivity worth of the control rod bank 

(m-1) 
𝛽𝑖 

The i-th group of the delayed neutron 

(Δk/k) 

𝑁0 Nominal core power (W) 𝛼𝑓 
Reactivity due to change in temperature 

fuel (Δk/k/°C) 

𝑁 Actual core power (W) 𝛼𝑚 
Reactivity due to change in temperature 

moderator (Δk/k/°C) 

𝐶𝑚 Moderator specific heat capacity (J kg-1K-1) 𝜂𝑖 
The i-th group of normalized precursor 

concentration (m-3) 

𝐶𝑓 Fuel specific heat capacity (J kg-1K-1) 𝑇𝑓
 Average temperature of fuel (°C) 

𝑀𝑚 Moderator total mass (kg) 𝑇𝑓
0 

Average temperature of fuel at initial 

equilibrium state (°C) 

𝑀𝑓 Fuel total mass (kg) 𝜌 Total reactivity 

𝛤 Coolant mass flow rate (kgs-1) 𝛿𝜌𝑟 
Reactivity produced by the movement of 

the control rod bank 

K Global heat transfer coefficient (W 0C-1) 𝑇𝑜𝑢𝑡  
Average outlet temperature of coolant 

(°C) 

𝜆𝑖  
Decay constant of the i-th group of delay 

neutron precursor (s-1) 
𝑇𝑚 Average temperature of coolant (°C) 

w 
Weighting factor for computation of 

moderator temperature 
𝑇𝑚
0  

Average temperature of coolant at initial 

equilibrium state (°C) 

f Fraction of power deposited in the fuel 𝑇𝑖𝑛 Average inlet temperature of coolant (°C) 

𝛬 Mean neutron generation time (s) 𝑧𝑑 Velocity of the control rod bank (ms-1) 

𝑎ℎ 
Reactivity worth of the control rod 

(Δk/k/m) 
𝛥ℎ𝑐𝑟  

Control rod position differences from the 

critical position (m) 
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3.  RTP core power control system 
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Figure 1. Block Diagram of Core Power Control System in RTP.  

 

The closed-loop block diagram of the core power control system in RTP known as Feedback Control 

Algorithm (FCA) is illustrated in Figure 1. The input for this system is the Power Demand (PDM) and 

the output is the measured thermal neutron power from the core. The neutron detector feeds Neutron 

Measurement System (NMS) in which processed signals are used to provide measurements of the core 

power (N) and the rate of power change (Log Rate). The error between the PDM and the power output, 

and then constant gain rate (G2) represents the conventional power change rate constraint (cPCRC) are 

used as the inputs for the RTP controller. The output from the controller which is the control rod velocity 

is fed to the velocity limiter to constraint the reactivity insertion rate in the core. Only one control rod is 

allowed to move (inserted to or withdrawn from the core using Control Rod Drive Mechanism, CRDM) 

at any one time at the speed of  2 mm/s, equals to 0.4071 mm/cycle. To date, by using cPCRC, the core 

power control has 1% full power chattering error with longer settling time when the reactor power is 

increased in the case of a sudden change in power demand. 

In order to improve the core power control performance, the new design of PCRC is proposed and 

the FCA parameters need to be taken into account during the design stage. The FCA parameters are 

given in Eq. 3 [16]  

 

 

𝑢𝑃𝐼 =     (G3)𝐸 + (G4) ∫ 𝐸𝑑𝑡
𝑡

𝑡0

                    𝐸 = [(G1)𝑙𝑜𝑔 (
PDM

𝑁
)]
±1
− (G2)

1

𝑁

𝑑𝑁

𝑑𝑡
   
}    (3) 
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where G1, G2, G3, and G4 are the control gains used as constraints to limit the power change rate at 

below 12.5% Full Power (FP)/s limit, E is the error signal in terms of step numbers, 𝑡0 is start time to 

calculate error signal, and 𝑡 is final time (time interval) to calculate error signal. The output of the 

Proportional-Integral (PI) controller which determines the control rod velocity, 𝑢𝑃𝐼 , is made by using 

Eq. 3. The details of the RTP core power control system is illustrated in Figure 2 [17]. 

 

 
Figure 2. Details of RTP power core control system. 

 

4.  Conventional PCRC (cPCRC) and fuzzy PCRC 

In this section, a new method of PCRC is proposed using fuzzy logic so that the power change rate can 

remain below the critical value in order to maintain the safe operation of the reactor. Due to the insertion 

and withdrawal motion of the control rods, the power change rate plays an important role in the core 

power control system. The characteristic exponential rise of the reactor power is defined in the 

following: 

 

            𝑁(𝑡) = 𝑁0𝑒
𝑡

𝜏  (4) 

 

where the reactor period  is defined as the time taken for the reactor power to rise by a factor of e which 

is the base of the natural logarithm. From Eq. 4, it can be derived as: 

 

 𝑙𝑛 (
𝑁

𝑁0
) =

𝑡

𝜏
  (5) 

 

Therefore, the power change rate signal over the time interval t can be defined as: 

 

 𝜉𝑟𝑎𝑡𝑒 =
𝑑 𝑙𝑛𝑁

𝑑𝑡
=

1

𝑁

𝑑𝑁

𝑑𝑡
=

1

𝜏
  (6) 

 

From Eq. 6, the power change rate signal should be limited to a certain level during the whole control 

process. Therefore, the cPCRC from Figure 2 is given in the following equation; 

 

 (𝜉𝑟𝑎𝑡𝑒)𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡 = [𝐺2
1

𝑁

𝑑𝑁

𝑑𝑡
 ]
±1

 (7) 
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To observe the limitation of cPCRC, the constant gain (G2) of Eq. 7 was set to 0.08 (12.5%/s) and 

then to 0.064 (15.63%/s). The visual comparison of the two different gains is illustrated in Figure 3. 

 

 

 
Figure 3. Comparison of different log rate values to limit the rate of power increment. 

 

By referring to Figure 3, it is proven that increasing power change rate constraint gain in Eq. 7 has 

no noticeable effect on tracking control performance. However, there is a small overshoot at 10% FP. 

In RTP, the cPCRC uses a single constant gain for various steps of power changes. Both the higher 

and lower rate of power change values give a small penalty to reduce control rod speed. In case of 

emergency, the maximum value of the power change rate constraint is set to 33.3% FP/s [18] using 

independent reactor protection system (RPS) so that the power increase can be terminated by shutting 

down the system to prevent the reactor power from increasing to dangerous level.  

The Fuzzy PCRC uses different weighted gain constant for various step power change in which the 

design is using knowledge-based decision making by capitalizing operator experience. The control rod 

speed can be varied at different levels of penalty based on the rate of power change. The structure of 
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Fuzzy PCRC is illustrated in Figure 4. The output from the velocity limiter is fed to Fuzzy-Based Power 

Change Rate Limiter. The output from the second limiter is then applied to the control rod drive 

mechanism (CRDM). The advantage of this new structure is to eliminate the presence of unconsidered 

power change rate constraints after the controller implements the cPCRC. Furthermore, the power 

change rate can be adjusted to an appropriate level and thus in this work, it is set to be constrained within 

±12.5% FP/s as predetermined safety limit by the Final Safety Analysis Report [18]. 
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Figure 4. Block Diagram of Core Power Control using Fuzzy PCRC. 

 

In fuzzy systems, the most commonly used parameterized membership functions are triangles 

(straight lines), trapezoids, bell curves, Gaussian, and sigmoidal function [19]. In this paper, three types 

of membership functions are studied; straight lines, bell curves and Gaussian. 

The membership functions are formed using straight lines for Fuzzy PCRC as depicted in Figure 5. 

These straight lines of membership functions have the advantage of their simplicity. 

 

 
Figure 5. Straight line membership functions for Fuzzy PCRC. 

 

The straight line membership functions for Fuzzy PCRC consists of four fuzzy sets where a power 

change rate ξrate is given as input variable and are introduced as follows [20]. 
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𝑢𝑎 =  𝑓(𝜉𝑟𝑎𝑡𝑒 ; 𝑎𝑎, 0, 𝑐𝑎) =

{
  
 

  
 

0,                    𝜉𝑟𝑎𝑡𝑒 ≤ 𝑎𝑎

−
𝜉𝑟𝑎𝑡𝑒−𝑎𝑎

𝑎𝑎
,          𝑎𝑎 < 𝜉𝑟𝑎𝑡𝑒 < 0

𝜉𝑟𝑎𝑡𝑒 ,                    𝜉𝑟𝑎𝑡𝑒 = 0
𝑐𝑎−𝜉𝑟𝑎𝑡𝑒

𝑐𝑎
,            0 < 𝜉𝑟𝑎𝑡𝑒 < 𝑐𝑎

0,                    𝜉𝑟𝑎𝑡𝑒 ≥ 𝑐𝑎

𝑢𝑎𝑏 =  𝑓(𝜉𝑟𝑎𝑡𝑒; 𝑎𝑎𝑏 , 𝑏𝑎𝑏 , 0) =

{
  
 

  
 

0,                 𝜉𝑟𝑎𝑡𝑒 ≤ 𝑎𝑎𝑏
𝜉𝑟𝑎𝑡𝑒−𝑎𝑎𝑏

𝑏𝑎𝑏−𝑎𝑎𝑏
,    𝑎𝑎𝑏 < 𝜉𝑟𝑎𝑡𝑒 < 𝑏𝑎𝑏

𝜉𝑟𝑎𝑡𝑒 ,                𝜉𝑟𝑎𝑡𝑒 = 𝑏𝑎𝑏
𝜉𝑟𝑎𝑡𝑒

𝑏𝑎𝑏
,    𝑏𝑎𝑏 < 𝜉𝑟𝑎𝑡𝑒 < 0

0,                𝜉𝑟𝑎𝑡𝑒 ≥ 0

𝑢𝑏 =  𝑓(𝜉𝑟𝑎𝑡𝑒; 𝑎𝑏 , 𝑏𝑏 , 𝑐𝑏) =

{
  
 

  
 

0,                  𝜉𝑟𝑎𝑡𝑒 ≤ 𝑎𝑏
𝜉𝑟𝑎𝑡𝑒−𝑎𝑏

𝑏𝑏−𝑎𝑏
,       𝑎𝑏 < 𝜉𝑟𝑎𝑡𝑒 < 𝑏𝑏

𝜉𝑟𝑎𝑡𝑒 ,                 𝜉𝑟𝑎𝑡𝑒 = 𝑏𝑏
𝑐𝑏−𝜉𝑟𝑎𝑡𝑒

𝑐𝑏−𝑏𝑏
,       𝑏𝑏 < 𝜉𝑟𝑎𝑡𝑒 < 𝑐𝑏

0,                 𝜉𝑟𝑎𝑡𝑒 ≥ 𝑐𝑏

𝑢𝑐 = 𝑓(𝜉𝑟𝑎𝑡𝑒; 𝑎𝑐 , 𝑏𝑐 , 𝑐𝑐) =

{
  
 

  
 

0,                  𝜉𝑟𝑎𝑡𝑒 ≤ 𝑎𝑐
𝜉𝑟𝑎𝑡𝑒−𝑎𝑐

𝑏𝑐−𝑎𝑐
,        𝑎𝑐 < 𝜉𝑟𝑎𝑡𝑒 < 𝑏𝑐

𝜉𝑟𝑎𝑡𝑒 ,                  𝜉𝑟𝑎𝑡𝑒 = 𝑏𝑐
𝑐𝑐−𝜉𝑟𝑎𝑡𝑒

𝑐𝑐−𝑏𝑐
,        𝑏𝑐 < 𝜉𝑟𝑎𝑡𝑒 < 𝑐𝑐

0,                  𝜉𝑟𝑎𝑡𝑒 ≥ 𝑐𝑐 }
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

  (8) 

 

where ai, bi, and ci (for i = a, ab, b, c) are chosen as the lower limit, the center, and the upper limit 

respectively of the membership functions. Before applying the implication fuzzy operator, the rule 

weight need to assigned first. Each rules has weight, wi is a number from 0 through 1.0, which is applied 

to each part of the antecedent (a single fuzzy degree of membership between 0 and 1.0) is satisfied for 

each rule. Generally, this wi is 1.0 and thus has no effect on the implication process. However, in this 

study changing its weight value to something other than 1.0 can decrease the effect of one rule relative 

to the others. The variable wi (for i = 1, 2, 3, 4) is adjustable weighting parameter and can be varied at 

different levels of penalty based on the rate of power change. The proper wi has been assigned to each 

rule based on resulting input-output surface in Figure 7 on Fuzzy PCRC (straight line). The fuzzy rules 

for straight lines membership functions are expressed as: 

 

  

    𝑅𝑢𝑙𝑒 1. 𝐼𝑓 (𝑃𝑜𝑤𝑒𝑟. 𝐶ℎ𝑎𝑛𝑔𝑒. 𝑅𝑎𝑡𝑒 𝑖𝑠 𝑢𝑐) 𝑡ℎ𝑒𝑛 (𝑜𝑢𝑡𝑝𝑢𝑡1 𝑖𝑠 𝑉𝑠
3) (𝑤3 = 1.0) 

      𝑅𝑢𝑙𝑒 2. 𝐼𝑓 (𝑃𝑜𝑤𝑒𝑟. 𝐶ℎ𝑎𝑛𝑔𝑒. 𝑅𝑎𝑡𝑒 𝑖𝑠 𝑢𝑏) 𝑡ℎ𝑒𝑛 (𝑜𝑢𝑡𝑝𝑢𝑡1 𝑖𝑠 𝑉𝑠
2) (𝑤2 = 0.15)

    𝑅𝑢𝑙𝑒 3. 𝐼𝑓 (𝑃𝑜𝑤𝑒𝑟. 𝐶ℎ𝑎𝑛𝑔𝑒. 𝑅𝑎𝑡𝑒 𝑖𝑠 𝑢𝑎𝑏) 𝑡ℎ𝑒𝑛 (𝑜𝑢𝑡𝑝𝑢𝑡1 𝑖𝑠 𝑉𝑠
4) (𝑤4 = 0.01)

         𝑅𝑢𝑙𝑒 4. 𝐼𝑓 (𝑃𝑜𝑤𝑒𝑟. 𝐶ℎ𝑎𝑛𝑔𝑒. 𝑅𝑎𝑡𝑒 𝑖𝑠 𝑢𝑎) 𝑡ℎ𝑒𝑛 (𝑜𝑢𝑡𝑝𝑢𝑡1 𝑖𝑠 𝑉𝑠
1) (𝑤1 = 0.001)

   𝑅𝑢𝑙𝑒 5. 𝐼𝑓 (𝑃𝑜𝑤𝑒𝑟. 𝐶ℎ𝑎𝑛𝑔𝑒. 𝑅𝑎𝑡𝑒 𝑖𝑠 𝑢𝑎𝑏1) 𝑡ℎ𝑒𝑛 (𝑜𝑢𝑡𝑝𝑢𝑡1 𝑖𝑠 𝑉𝑠
4) (𝑤4 = 0.01)

     𝑅𝑢𝑙𝑒 6. 𝐼𝑓 (𝑃𝑜𝑤𝑒𝑟. 𝐶ℎ𝑎𝑛𝑔𝑒. 𝑅𝑎𝑡𝑒 𝑖𝑠 𝑢𝑏2) 𝑡ℎ𝑒𝑛 (𝑜𝑢𝑡𝑝𝑢𝑡1 𝑖𝑠 𝑉𝑠
2) (𝑤2 = 0.15)

   𝑅𝑢𝑙𝑒 7. 𝐼𝑓 (𝑃𝑜𝑤𝑒𝑟. 𝐶ℎ𝑎𝑛𝑔𝑒. 𝑅𝑎𝑡𝑒 𝑖𝑠 𝑢𝑐2) 𝑡ℎ𝑒𝑛 (𝑜𝑢𝑡𝑝𝑢𝑡1 𝑖𝑠 𝑉𝑠
3) (𝑤3 = 1.0) }

 
 
 

 
 
 

  (9) 

 

The complex membership functions used for the power change rate constraint at the nuclear reactor 

is already modeled by [4]: 
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                             𝑢𝑎 = −0.5 𝑡𝑎𝑛ℎ(0.8(|𝜉𝑟𝑎𝑡𝑒| − 𝑐1)) + 0.5 

𝑢𝑏 = 
1

|1+[
|𝜉𝑟𝑎𝑡𝑒|−𝑐2

1.2
]
6

|

+ 0.5

                          𝑢𝑐 = 0.5 𝑡𝑎𝑛ℎ(0.8(|𝜉𝑟𝑎𝑡𝑒| − 𝑐3)) + 0.5 }
 
 

 
 

  (10) 

 

where c1, c2, and c3 are chosen as the center of the membership functions. The hyperbolic tangent [21] 

and sigmoidal function [22] can be defined in terms of the exponential function as 

 

 
          𝑡𝑎𝑛ℎ(|𝜉𝑟𝑎𝑡𝑒|) =

2

1+𝑒−2|𝜉𝑟𝑎𝑡𝑒|
− 1 

𝑠𝑖𝑔𝑚𝑜𝑖𝑑(|𝜉𝑟𝑎𝑡𝑒|) =
1

1+𝑒−𝑎(|𝜉𝑟𝑎𝑡𝑒|−𝑐)

} (11) 

 

In [4], the proposed method using complex functions such as hyperbolic tangent and sigmoid function 

for power change rate constraint is useful in adjusting the constraint bound but is computationally 

expensive and does not add any more precision. Thus, in reactor core power control, a simple symmetric 

function is preferable in building the membership function. The two membership functions are built 

upon the second proposed Fuzzy PCRC: a simple Gaussian curve [20] and a generalized bell curve [23]. 

In Figure 6, the membership functions are formed based on a simple Gaussian curve and generalized 

bell curve. Both Gaussian and bell membership functions are popular methods for specifying the fuzzy 

sets. Both curves have the advantage of being smooth and nonzero at all points. 

 

 
Figure 6. Gaussian and bell curves membership functions for Fuzzy PCRC. 

 

The proposed membership functions in Figure 6 can be expressed as: 

 

          

𝑢𝑎 = 𝑒
−
(|𝜉𝑟𝑎𝑡𝑒|)

2

2𝜎2  

       𝑢𝑏 = 
1

|1+[
|𝜉𝑟𝑎𝑡𝑒|−𝑐𝑏

𝑎
]
2𝑏

|

  𝑢𝑐 = 𝑒
−
(|𝜉𝑟𝑎𝑡𝑒|−𝑐𝑐)

2

2𝜎2 }
  
 

  
 

  (12) 

 

where cb, and cc are positive constants and are chosen as the center of the membership functions.  

 

In addition, the following scaled control inputs are considered: 

 

 𝑉𝑠
𝑖 = 𝑤𝑖𝑢𝑠𝑡𝑒𝑝  (13) 
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where wi (for i = 1, 2, 3) is an adjustable weighting parameter for the constraint of the power change 

rate based on resulting input-output surface in Figure 7 on Fuzzy PCRC (Gaussian and bell curve). The 

fuzzy rule bases for Gaussian and bell curves membership functions are then expressed as  

 

 

   𝑅𝑢𝑙𝑒 1. 𝐼𝑓 (𝑃𝑜𝑤𝑒𝑟. 𝐶ℎ𝑎𝑛𝑔𝑒. 𝑅𝑎𝑡𝑒 𝑖𝑠 𝑢𝑐) 𝑡ℎ𝑒𝑛 (𝑜𝑢𝑡𝑝𝑢𝑡1 𝑖𝑠 𝑉𝑠
3) (𝑤3 = 1.0)

    𝑅𝑢𝑙𝑒 2. 𝐼𝑓 (𝑃𝑜𝑤𝑒𝑟. 𝐶ℎ𝑎𝑛𝑔𝑒. 𝑅𝑎𝑡𝑒 𝑖𝑠 𝑢𝑏) 𝑡ℎ𝑒𝑛 (𝑜𝑢𝑡𝑝𝑢𝑡1 𝑖𝑠 𝑉𝑠
2) (𝑤2 = 0.5)

         𝑅𝑢𝑙𝑒 3. 𝐼𝑓 (𝑃𝑜𝑤𝑒𝑟. 𝐶ℎ𝑎𝑛𝑔𝑒. 𝑅𝑎𝑡𝑒 𝑖𝑠 𝑢𝑎) 𝑡ℎ𝑒𝑛 (𝑜𝑢𝑡𝑝𝑢𝑡1 𝑖𝑠 𝑉𝑠
1) (𝑤1 = 0.001)

   𝑅𝑢𝑙𝑒 4. 𝐼𝑓 (𝑃𝑜𝑤𝑒𝑟. 𝐶ℎ𝑎𝑛𝑔𝑒. 𝑅𝑎𝑡𝑒 𝑖𝑠 𝑢𝑏2) 𝑡ℎ𝑒𝑛 (𝑜𝑢𝑡𝑝𝑢𝑡1 𝑖𝑠 𝑉𝑠
2) (𝑤2 = 0.5)

   𝑅𝑢𝑙𝑒 5. 𝐼𝑓 (𝑃𝑜𝑤𝑒𝑟. 𝐶ℎ𝑎𝑛𝑔𝑒. 𝑅𝑎𝑡𝑒 𝑖𝑠 𝑢𝑐2) 𝑡ℎ𝑒𝑛 (𝑜𝑢𝑡𝑝𝑢𝑡1 𝑖𝑠 𝑉𝑠
3) (𝑤3 = 1.0) }

 
 

 
 

  (14) 

 

Then, using a center-average defuzzifier [8], a Fuzzy PCRC is designed separately for both straight 

lines and Gaussian and bell curves membership functions as follows: 

 

 �̂�𝑠𝑡𝑒𝑝 = 𝑢𝑠𝑡𝑒𝑝 − (
𝑢𝑎𝑉𝑠

1+𝑢𝑏𝑉𝑠
2+𝑢𝑐𝑉𝑠

3+𝑢𝑎𝑏𝑉𝑠
4

𝑢𝑎+𝑢𝑏+𝑢𝑐+𝑢𝑎𝑏
) ⇒ �̂�𝑠𝑡𝑒𝑝 = [1 − (

𝑢𝑎𝑤1+𝑢𝑏𝑤2+𝑢𝑐𝑤3+𝑢𝑎𝑏𝑤4

𝑢𝑎+𝑢𝑏+𝑢𝑐+𝑢𝑎𝑏
)] 𝑢𝑠𝑡𝑒𝑝  (15) 

 

By referring to Eq. 12, if the rate of power change is large, the membership function uc becomes 

dominant i.e., have large value. In order to limit the rate, the scaled control input Vs in Eq. 13 is 

introduced by multiplying the weighting parameter, wi=3 in Eq. 14 with the control rod speed is 

calculated by the controller, 𝑢𝑠𝑡𝑒𝑝. The larger value of Vs consequently changed and penalized the final 

control input �̂�𝑠𝑡𝑒𝑝 in Eq. 15 to become zero. Therefore, it can be noticed that the control of the rate of 

power change can be effectively accommodated in the design of the constrained control input. The Fuzzy 

PCRC has the advantage that adjust the constraint bound more easily compared to the cPCRC. The 

adjustment of the constraint bound in this work should also be investigated for three other types of PCRC 

control surfaces as shown in Figure 7 when considering the choice of rules and membership functions 

in the design stage. Then, only one input-output surface is to be selected to fit as a solution for the 

problem at cPCRC.  

 

 
Figure 7. Comparison of different PCRC for limiting the input-output surface.  
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5.  Experiment results and discussion 

It is recommended to start a design procedure with the linear surface and then tune the gains. Figure 8 

shows the overall results for the core power control performance with different PCRCs. By referring to 

Figures 9 to 11, the performance of all PCRC methods are observed at three different scenarios; by 

increasing the power to 10% FP, by reducing the power to a low power (50% FP to 10% FP) and by 

increasing the power to 75% FP respectively.  

 

 

 
Figure 8. Comparison of different PCRC for limiting the rate of power increment at various steps of 

power change. 
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Figure 9. Comparison of different PCRC methods for limiting the rate of power increment (by 

increasing the power to 10% FP). 
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Figure 10. Comparison of different PCRC methods to limit the rate of power increment (by reducing 

the power to a lower power at 10% FP). 
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Figure 11. Comparison of different PCRC for limiting the rate of power increment (by increasing the 

power to 75% FP). 

 

From Figures 8 to 11, it can be seen that the Fuzzy PCRC with straight line membership function has 

a gently sloping surface which will make the design more robust but with high overshoot at low power. 

Furthermore, this Fuzzy PCRC also is able to provide almost similar tracking to cPCRC at high and low 

powers within acceptable limits. On the contrary, the Fuzzy PCRC with Gaussian and bell curves 

membership function has tighter control with steep surface which would make the system become more 

oscillatory [24]. Its aggressive signal may increase the possibility of damage in CRDM. Only the Fuzzy 

PCRC (straight line) can significantly reduce the chattering error in the actuator during steady-state 

condition while others could not. 

From the results above, it can be concluded that the single linear function type or the simplest 

triangles membership functions can produce a better control performance. In addition, the exponential 

function is computationally expensive, hard to be applied, non-linear in nature and is not capable of 

outputting a true zero (i.e., nonzero at all point). In contrast, the linear function is easier to compute and 

optimize. It converges faster compared to the smooth function by around a factor of six. The 

consideration of linear and complex membership functions in this work is to investigate the potential of 

both functions in improving the performance of core power control system. 
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Performance comparison between cPCRC and Fuzzy PCRC (straight line) at 75% FP is tabulated in 

Table 2 quantitatively. 

 

Table 2. Transient and steady-state response for core power control at 750kW 

Properties cPCRC 
Fuzzy PCRC 

(straight line) 

Average (%) 74.971% 74.973% 

Min (%) 74.635% 74.637% 

Max (%) 75.018% 75.001% 

ece (%) 0.383% 0.365% 

Settling Time (Ts) 118.5 s 119.0 s 

Percent Overshoot (%) 0.024% 0.002% 

Rise Time (Tr) 84.5 s 86.0 s 

From the experimental result obtained to ensure a stable power with small oscillation can be observed 

by measured the average, minimum and maximum value of power level during steady-state at 75% FP 

in a short time range; 2000 s to 2500 s. The deviation chattering error ece can be calculated based on the 

difference between maximum and minimum values. During transient, the power tracking performance 

can be evaluated based on the minimum value of rise time Tr and settling time Ts, where Ts is time it 

takes for the error between reactor power and the power demand to fall to within 5%, and Tr is time it 

takes for the response to rise from 10% to 90% of the steady state response. The percent overshoot is 

the difference between peak value and power demand as a final value in percentage.  

From Table 2, it can be observed that the proposed Fuzzy PCRC (straight line) is still unable to 

reduce the settling time for a better power tracking performance. Due to this, a new value of control rod 

speed limiter was investigated for Fuzzy PCRC (straight line). The performance of cPCRC at different 

control rod speed constraint is shown in Figure 12. 

 

 
Figure 12. Comparison of different control rod speed values to limit the rate of power increment for 

conventional PCRC. 
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By referring to Figure 12, the rise time is too short and the rate of power change is more than 33.3%/s 

which caused the reactor to trip in real scenario at RTP [18]. The performance of Fuzzy PCRC (straight 

line) is optimized by using different values of control rod speeds as shown in Figure 13. 

 

 

 
Figure 13. Different control rod speed values for nPCRC (by increasing the power to 75% FP). 

 

In Figure 13, it can be observed that the tracking performance of Fuzzy PCRC (straight line) is 

improved by eliminating the unsmooth control surface and reducing the settling time when the control 

rod speed is increased from 2mm/s to 4mm/s. As a comparison in cPCRC, the rate of power change for 

the increased control rod speed from 3mm/s and 4mm/s is less than 12.5%/s. The performance of cPCRC 

and Fuzzy PCRC (straight line) with different control rod speed at 750kW is tabulated in Table 3.  
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Table 3. Performance summary for cPCRC and Fuzzy PCRC (straight line) at 750kW with different 

control rod speed. 

Properties 
cPCRC with 

2mm/s 

Fuzzy PCRC 

(straight line) with 

2mm/s 

Fuzzy PCRC 

(straight line) with 

3mm/s 

Fuzzy PCRC 

(straight line) with 

4mm/s 

Settling Time (Ts) 118.5 s 119.0 s 94.0 s 84.0 s 

Percent Overshoot (%) 0.024 % 0.002 % 0.001 % 0.017 % 

Rise Time (Tr) 84.5 s 86.0 s 58.5 s 50.0 s 

ece (%) 0.383 % 0.365 % 0.191 % 0.166 % 

Maximum Rate of Power Change 

(%/s) between 0.1 %FP - 10 %FP 
11.580 %/s 11.000 %/s 11.520 %/s 11.800 %/s 

Maximum Rate of Power Change 

(%/s) between 10 %FP - 75%FP 
6.240 %/s 6.609 %/s 6.544 %/s 7.577 %/s 

 

Overall, based on Table 3, a Fuzzy PCRC (straight line) with high control rod speed generally offers 

a better result than cPCRC. In addition, it can remove unwanted line noise for on CRDM when moving 

control rods and offer small settling time to reach demanded power. 

6.  Conclusion 

In this work, a new design of PCRC is proposed by using fuzzy logic to improve the tracking 

performance of core power control at RTP. Instead of using a constant gain in cPCRC, Fuzzy PCRC 

offers generally better results which is able to reduce chattering noise maximum up to 56%. The core 

power control performance with Fuzzy PCRC can then be further improved by increasing the speed of 

the control rod. It has been proven in this work that the rate of power change at increased speed does 

not exceed 33.3 %/s which is the trip parameter. 
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