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Abstract: Steam Generator Level Control System (SGLCS) is one of the key instrumentations and 

control subsystems to ensure the safe operation of nuclear power plants. It is highly recommended 

to perform reliability analysis for SGLCS for making better maintenance strategy. SGLCS is a digital 

control system with complex redundant configuration and failure\self-diagnosis\repair action, tra-

ditional fault tree is not applicable due to its static property, Markov model is not a good choice too 

because of heavy burden of creating state transition graph for even medium-size system. Boolean 

Logic Driven Markov Process (BDMP) can describe complex failure-repair state transition via ‘trig-

ger link’ and three kinds of leaf nodes, as well as keep compact and easy-read struct like fault tree. 

So BDMP is adopted to analysis reliability of SGLCS. Graphical BDMP modeling environment KB3 

and Monte Carlo simulator YAMS is used for BDMP modeling and quantitative analysis respec-

tively, and unavailability of SGLCS is obtained. The contribution of three parts of SGLCS to the 

unavailability of the system is also evaluated, and it is found that the water supply flow control part 

contributes the most to the failure of SGLCS. 

Keywords: steam generator water level control system; dynamic reliability; Boolean Logic Driven 

Markov Process; unavailability 

 

1. Introduction 

Digital Instrumentation and Control Systems (DICS) are used widely in nuclear 

power plants (NPP), and reliability of DICS has a significant impact on NPP safety [1]. 

Steam Generator (SG) is a key equipment of NPP. Keeping water level in reasonable range 

is necessary to ensure the safe operation of reactor and turbine. Therefore, SGLCS relia-

bility directly affects the safe operation of NPP [2]. It is very difficult if not impossible to 

describe SGLCS using fault tree, because SGLCS is with many redundancies and repairs. 

BDMP is a powerful dynamic reliability modeling formalism which enables the ana-

lyst to combine concepts inherited from fault trees and Markov models in a new way. 

BDMP is not only nearly as simple to use as fault-trees, but also can model systems in 

which there are strong dependencies between components [3]. BDMP have been widely 

used in the reliability analysis of various systems in power plants [4], power grids [5] and 

utilized dynamic security modeling [6]. 

2. Presentation of the BDMP Formalism 

The BDMP model is mainly composed of top events, bottom events (leaves), logic 

gates, trigger links and logic links. The elements of the BDMP model are shown in Table 

1. An example of the BDMP model is shown in Fig.1. According to the basic concept of 

fault tree, the top node (UE_1) in the BDMP model is root node, while the bottom nodes 

(F_1, F_2, I_1, SF_1) are leaf nodes (leaves). In the BDMP model, the trigger link is from 

the trigger node to the triggered node. Value, relevant pattern and required pattern are 

the three most important attributes of each node in the BDMP model, which together 
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determine the dynamic behavior of the BDMP model. The failure mechanism of each leaf 

node in the BDMP model is different. Leaf nodes of type f_leaf (F_1, F_2) can fail only 

when they are in both relevant pattern and required pattern. Leaf nodes of type i_leaf, 

(I_1) can fail only when the required pattern changes. When leaf nodes of sf_leaf type 

(SF_1) are in relevant pattern, their required pattern and non-required pattern correspond 

to two different failure rates [8, 9]. 

Table 1. Leaves and links in BDMP model. 

type symbols features 

f_leaf 
 

A base event that describes the operation failure of a device. The time of failure is 

exponentially distributed, and the time of repair is also exponentially distributed 

i_leaf 
 

A base event that describes the required failure of a device, which can occur 

when the operating mode of a device changes (active or standby). This kind of 

fault can be repaired, and the repair time is distributed exponentially 

sf_leaf 
 

A base event that describes the failure of standby equipment. This leaf node has 

two different failure rates, namely, operation failure rate and standby failure 

rate. This kind of fault can be repaired, and the repair time is distributed 

exponentially 

or_gate 
 

OR logic gates, execution logic and algorithms 

undes_event 
 

Top events of the BDMP model 

trigger_link 
 

Trigger link, a logical link with trigger function 

logic_link 
 

Logic link, a logical link between different events 

k_out_of_n_gate 
 

Voting logic gates (e.g. 3 choose 2,4 choose 1, etc.), execute logic and algorithms 

and_gate 
 

AND logic gates, execution logic and algorithms 

 

Figure 1. Example of BDMP model diagram. 

3. Steam Generator Level Control System 

SGLCS is composed of feedwater control system and main feed water pump speed 

regulation system. The function of the steam generator water level control system are as 

follows: 
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1. Control feedwater flow to maintain programmed water levels of steam generators, 

and 

2. Control the main feed pump speed to maintain programmed differential pressure 

of main feed water regulating valve. 

3.1. Feedwater control system 

The feedwater control system (FWCS) for one SG is shown in Figure 2. Each SG has 

an identical system. The FWCS uses the following inputs to control the position of main 

feed water regulating valve: 

1) One of two pressure-compensated steam flow channels (selectable),  

2) One of two feedwater flow channels (selectable),  

3) One of three steam generator water level channel (selectable), 

4) A programmed reference water level generated by one of first-stage pressure chan-

nels of turbine. 

Steam flow signal and feedwater flow signal are compared to produce a flow error 

signal, which is combined with the level error signal as the input to the feed water regu-

lating valve controller. The flow signals are also compared to provide steam flow/feed 

flow mismatch alarms. 

The water level error signal is equal to deviation between the actual level signal with 

the reference level. The reference level is generated by turbine first-stage (impulse) pres-

sure. Since impulse pressure is proportional to turbine load, the steam generator reference 

levels are depend on turbine load. 

 

Figure 2. Feedwater control system. 

Feedwater control system (FWCS) are consisting by three independent parts and a 

shared part. Each of three SGs has its own independent part, while three SGs use the same 

shared part. Independent part control feed water flow by changing position of main feed 

water regulating valve to regulate water level. The main function of the shared partis is to 

set water level control gain according to load signal of turbine and maximal value among 

three main feed water temperatures. 

The system structure diagram of shared part and independent part is shown in Fig.4 

and Fig.5, respectively.  
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Figure 4. The shared part of feedwater control system. 
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Figure 5. The independent part of feedwater control system. 
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3.2. Main feed water pump speed regulation system 

The main function of main feed water pump speed regulation system is to maintain 

differential pressure ∆� between main steam pipe and main feed water pipe at a preset 

value ∆����, while ∆���� increases with the increase in turbine load. The system input is 

main steam flow signal and mismatch of ∆� and ∆����, and the output is the pump speed 

setting value. Feed water system of a NPP unit is equipped with 3 electric water feed 

pumps [10], and differential pressure ∆�  is measured by three differential pressure 

gauges.  

 
The system structure diagram of main feed water pump speed regulation system is 

shown in Fig.6. 
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Figure 6. Main feed water pump speed regulation system. 

4. BDMP modeling and quantitative analysis 

4.1. Modeling assumptions 

Ignore system failures due to human error, such as failures caused by operator’s mis-

take. 
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1) Component failures caused by hardware malfunction or software exception 

are not treated explicit. 

2) Assuming that the power plant is operating under conditions greater than 

20% FP, the bypass control valve is fully opened at this time. Ignore the fail-

ure of the bypass control valve. 

4.2. BDMP model 

The BDMP model of independent part, the BDMP model of shared partis and the 

BDMP model of main feed water pump speed regulation system is shown in Fig.7, Fig.8 

and Fig.9 respectively. 

Thanks to the BDMP formalism, it is easy to model dynamic features and interactions 

between components, such as failure-repair, master-standby switchover is formalized; 

Different type of failures, such as standby failure, required failure and operation failure 

are indicated by suitable kind of leaf. 

Switchover of master and standby CPU, AO modules, AI modules and power mod-

ules are modeled by corresponding trigger links (red dashed lines). Standby failures of 

CPU, AO modules, AI modules and power modules are also described via sf_leaf. Re-

quired failure of standby pump is expressed using i_leaf. All faults are repairable, and the 

repair time is distributed exponentially. 

Figure 7. BDMP model of feedwater control system (independent part). 
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Figure 8. BDMP model of feedwater control system (shared part). 
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Figure 9. BDMP model of main feed pump speed regulation system. 
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4.3. Reliability data 

The parameters of each leaf node in the BDMP model [11-15] are shown in Table 2 

Table 2. Reliability data sheet. 

Name Meaning Failure Rate λ(1/hour) 
Repair rate μ 

(1/hour) 

FW_MD1,FW_MD2 Main feed water flowmeter failure 1.4×10-6 0.5 

MS_MD1,MS_MD2 The main steam flowmeter failure 1.4×10-6 0.5 

MS_MP1,MS_MP2 Main steam pressure gauge failure 1.4×10-6 0.5 

MN1,MN2,MN3 Level gauge failure 1.4×10-6 0.33 

FW_MT1,FW_MT2,FW_MT3 Main feed water thermometer failure 1.4×10-6 0.33 

MDP_1,MDP_2,MDP_3 Differential pressure gauge failure 1.4×10-6 0.33 

AI1_D,AI2_D,AI3_D,AI4_D, 

AI5_D,AI6_D,AI7_D 
Detectable failure of analog input module 3.564×10-6 0.25 

AI1_U,AI2_U,AI3_U,AI4_U, 

AI5_U,AI6_U,AI7_U 
Undetectable failure of analog input module 3.6×10-8 1.14×10-4 

Power1A,Power2A,Power3A 
The A power supply of the redundant power 

supply group failure 
6.5×10-7 0.5 

Power1B,Power2B,Power3B 
The B power supply of the redundant power 

supply group failure 

Operating failure rate and 

standby failure rate are 

both 6.5×10-7 

0.5 

CPU1A_D,CPU2A_D,CPU3A_D 
Detectable failure of the redundant processor 

module group A 
2.772×10-7 0.25 

CPU1A_U,CPU2A_U,CPU3A_U 
Undetectable failure of the redundant processor 

module group A 
2.8×10-9 1.14×10-4 

CPU1B_D,CPU2B_D,CPU3B_D 
Detectable failure of the redundant processor 

module group B 

Operating failure rate and 

standby failure rate are 

both 2.772×10-7 

0.25 

CPU1B_U,CPU2B_U,CPU3B_U 
Undetectable failure of the redundant processor 

module group B 

Operating failure rate and 

standby failure rate are 

both 2.8×10-9 

1.14×10-4 

AO1_D,AO2_D Detectable failure of analog output module 6.0489×10-7 0.25 

AO1_U,AO2_U Undetectable failure of analog output module 6.11×10-9 1.14×10-4 

AIAO1_D,AIAO2_D,AIAO3_D, 

AIAO4_D,AIAO5_D,AIAO6_D 
Detectable failure of analog input/output module 3.564×10-6 0.25 

AIAO1_U,AIAO2_U,AIAO3_U, 

AIAO4_U,AIAO5_U,AIAO6_U 

Undetectable failure of analog input/output 

module 
3.6×10-8 1.14×10-4 

FW_Valve The main feed water flow control valve failure 1.69×10-7 0.083 

FW_Pump1,FW_Pump2, 

FW_Pump3_Operate 
Operation failure of the main feed pump 3.48×10-6 0.035 

FW_Pump3_Start Boot failure of the main feed water pump  2.02×10-4 0.035 

6. Quantitative analysis and results 

Figaro 0 script for BDMP of SGLCS is generated via KB3 [16], and it used as input file 

of  a Monte Carlo simulation tool called YAMS [17] for quantitative analysis. As shown 

in Fig.10, the YAMS analysis result is 1.45176E-3. 

It can be seen from Fig.11 that unavailability of feedwater control system (independ-

ent part) accounts for about 73.8% of the unavailability of the entire SGLCS, and the una-

vailability of feedwater control system (common part) accounts for about 24.4%, and the 

main feed water speed regulation system is less than 2.0%. The results show that the fail-

ure of the feedwater control system is the main cause of the failure of SGLCS in NPPs. 
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Figure 10. Comparison diagram of unavailable rate of SGLCS. 

 

Figure 11. Three-part unavailability diagram of SGLCS. 

6. Conclusions 

SGLCS is one of large sub-system in digital I&C system of NPP, including more than 

35 components, and some components have several failure modes. It’s challenge to per-

form dynamic reliability analysis for SGLCS via traditional dynamic reliability formaliza-

tion method, such as Markov chain or Petri net. BDMP allows the definition of complex 

dynamic models while remaining nearly as readable and easy to build, so BDMP is 
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adopted for SGLCS dynamic reliability analysis, It may the first application of BDMP on 

large digital control system. 

BDMP model for SGLCS is built, and unavailability is obtained via YAMS. The failure 

of feed water flow regulation sub-system (independent part) contributes the most to the 

unavailability of SGLCS. Operation and maintenance strategies could be refined to im-

prove the reliability of SGLCS.  
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