8.2.2 Modeling
DysfunctionalBehavior:

System-Level Reliability
Models and Multiple
Dependencies

This comprehensive guide explores the modeling of component
interactions in complex systems and their impact on overall reliability.
We'll examine different system structures, dependency types, and
mathematical frameworks for analyzing industrial system reliability.

Prepared for engineering students and professionals studying system
reliability.
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Series System Configuration

Characteristics
In a series system configuration:

e The system fails if any single component fails
e All components must function for the system to operate
e Reliability decreases as the number of components increases

¢ Most vulnerable to "weakest link" failures
Mathematical Representation

The reliability function for a series system is:

n

Rseries (t) — H Rz (t)

1=1

The system hazard rate is the sum of component hazard rates:

hseries(t) — Z hl (t)

Practical Example

A simple electric circuit where resistors are connected in series
exemplifies this configuration. If any resistor fails (open circuit), the
entire current flow is interrupted, causing system failure.

Other examples include:

e Sequential manufacturing processes
e Single-path fluid distribution systems
e Computer programs with sequential execution requirements

e Supply chains with critical single-source suppliers

The reliability challenge in series systems is identifying and reinforcing
the weakest components to improve overall system performance.



Parallel System Configuration

Characteristics
In a parallel system configuration:

o The system functions as long as at least one component works
« System failure occurs only when all components fail
« Provides redundancy and increased reliability

« Common in safety-critical applications

Mathematical Representation

The reliability function for a parallel system is:

n

Rparallel(t) =1- H(l - Rz(t))

1=1

This represents the probability that at least one component
survives to time t.

Practical Example

A refinery cooling system with pumps arranged in parallel
demonstrates this configuration. If one pump fails, others continue
to provide cooling capacity, preventing system failure.

Other examples include:

o Backup power generators

o RAID disk arrays in computing

o Multiple sensors measuring the same parameter
« Redundant control systems in aircraft

« Multiple network paths in telecommunications

Parallel configurations significantly improve system reliability but
increase cost and complexity. The redundancy level must be
optimized based on criticality and resource constraints.



k-out-of-n System Configuration

Characteristics Practical Example

In a k-out-of-n system configuration: Aircraft with twin engines represent a 1-out-of-2 system, as the aircraft

) ) can safely operate with at least one functioning engine.
¢ The system functions if at least k out of n components work

 Represents a generalization of series and parallel systems Other examples include:
 Provides flexibility in designing redundancy levels  Voting systems in fault-tolerant computers (2-out-of-3)
* Balances reliability with resource constraints e Multi-engine spacecraft (requiring different numbers of functioning

. . engines for different mission phases
Mathematical Representation J P )

e Power grid transmission lines (m-out-of-n lines needed to meet

The reliability function for a k-out-of-n system is: demand)
n j n e Medical diagnostic systems requiring multiple confirming tests
n
Rk/n (t) — Z (J) H Ri(t) H (1 — R; (t)) The k-out-of-n configuration offers significant design flexibility, allowing
j=k =1 i=j+1 engineers to optimize the trade-off between reliability and redundancy

. cost based on specific application requirements.
Special cases: p PP q

e Series system: k = n

e Parallel system: k =1



Complex System Structures

Real industrial systems rarely conform to simple series or parallel

configurations, instead combining various subsystems with different

reliability characteristics:

Hybrid series-parallel arrangements
Nested k-out-of-n subsystems

Bridge structures with multiple pathways
Systems with standby components

Reconfigurable architectures

Analysis Approaches

1.

Reliability Block Diagram (RBD) Reduction: Systematically
simplifying complex diagrams using series/parallel reduction rules

Fault Tree Analysis (FTA): Top-down logical analysis of failure
modes

Markov Models: State-transition representations for dynamic
interactions

Monte Carlo Simulation: Stochastic modeling for complex
dependencies

The analysis of complex structures requires sophisticated
computational approaches and often involves decomposition into
manageable subsystems. Modern reliability engineering employs
specialized software tools that can handle intricate system
configurations.

For systems with dynamic behavior or reconfiguration capabilities (such
as those with repair, standby activation, or load redistribution), Markov
models provide a powerful analytical framework by representing the
system as a set of states with transition probabilities between them.

The selection of appropriate modeling techniques depends on system
complexity, available data quality, computational resources, and the
specific reliability metrics required for decision-making.
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Stochastic Dependencies

Definition and Characteristics

Stochastic dependencies occur when
the failure rate of one component is
conditionally dependent on the state of
another component in the system.
These dependencies represent
functional or physical interactions that
affect degradation processes.

Key aspects include:

e Conditional probability relationships
e Accelerated degradation mechanisms
e Cascading failure patterns

e |oad redistribution effects

Mathematical Representation

A common model for stochastic
dependency is:

hi(t) = hi(t) + a - 1¢; failed

Where:

h_i(t) is the hazard rate of component i at time
t

e h_i"0(t) is the baseline hazard rate

e ais the additional risk induced by component
j's failure

e [l is the indicator function (equals 1 when
component j has failed)

Practical Example

In an electronic system, if a cooling fan
fails, the hazard rate of electronic
circuit boards increases significantly
due to elevated operating
temperatures. The fan failure creates a
new operating condition that
accelerates the degradation of
temperature-sensitive components.

Other examples include:
e Increased wear on bearings after lubricant
degradation

e Accelerated corrosion in downstream
components after filter failure

[J Identifying stochastic dependencies requires detailed failure analysis, condition monitoring data, and often physics-of-failure
modeling to understand the underlying interaction mechanisms.



Structural Dependencies

Definition and Characteristics Mathematical Representation Practical Example

Structural dependencies arise when A simplified cost model for structural In a gas turbine, replacing one turbine blade
components share physical structures or dependencies is: requires disassembling the entire rotor
access pathways, such that maintenance on assembly, providing access to all blades. This
one component necessitates intervention on Cjoint < Z Clindividual structural dependency creates an opportunity
related components. These dependencies for grouped maintenance, where multiple
significantly influence maintenance planning This inequality represents the economic blades can be inspected and potentially

and system architecture decisions. advantage of performing joint maintenance replaced during a single intervention.

activities on structurally dependent

Key aspects include: Other examples include:

components rather than addressing them

e Shared physical access requirements individually. e Automobile engine components requiring
o Disassembly sequences engine removal for access
e Component nesting or integration e Satellite subsystems requiring complete

. . . disassembly for internal access
e System downtime considerations

e Pipeline components requiring section
isolation for maintenance

[J)  Structural dependencies often drive opportunistic maintenance policies, where components are preventively replaced
based on access opportunity rather than condition or age criteria alone.



Economic Dependencies

Definition and Characteristics

Economic dependencies occur when joint
maintenance activities reduce overall cost
compared to individual interventions, creating
optimization opportunities. These
dependencies influence maintenance
scheduling, resource allocation, and lifecycle
cost management.

Key aspects include:

e Shared setup costs (equipment, personnel,
downtime)

e Economies of scale in replacement parts
e Reduced administrative overhead

e Premature replacement considerations

Mathematical Representation

The cost trade-off for economic
dependencies can be expressed as:

Qjoint - C’setup + 5 C’i,margina,l

versus

C'sepa,r:«lte — Z Cz

where Csetup represents the fixed costs
associated with any maintenance intervention,
and Ci,marginal is the marginal cost of
including component i in a joint maintenance
activity.

Practical Example

In wind turbine maintenance, grouping
gearbox and bearing maintenance during a
planned shutdown significantly reduces costs
compared to separate interventions. The
substantial setup costs (crane rental,
technician travel, production loss) are incurred
only once instead of twice.

Other examples include:

e Coordinated replacements in remote
telecommunications equipment

(L) Economic dependencies create complex optimization problems, where the cost benefit of grouping must be balanced

against the potential waste from premature replacement of components with remaining useful life.
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Examples of Interactions




Case Study: Lubricant and Bearings (Two-Way Interaction)

Interaction Mechanism Mathematical Model
The relationship between lubricant and bearings exemplifies a complex two- d Xpeari
. . o - 2 — iy + 1 Xiubri
way interaction that significantly affects system reliability: dt 1 1} ubricant
e Lubricant degradation (oxidation, contamination) increases friction and d Xiubricant
wear of bearings dt = M2 + Y2 Xbearing
e Bearing wear produces metal particles that contaminate and further Where:
degrade the lubricant '
o Temperature rise from increased friction accelerates both degradation  Xbearing and Xlubricant represent the degradation states
processes e Wland 2 are the baseline degradation rates
¢ Viscosity changes affect load distribution and bearing surface stresses e yland y2 are the coupling coefficients
Reliability Implications
Accelerated failure progression once Non-linear degradation patterns that Potential for rapid system deterioration after
degradation begins complicate prediction a critical threshold

Opportunities for condition monitoring via lubricant analysis Maintenance strategy implications (optimal oil change intervals)



Case Study: Gears (Cross-Wear between Pinion and Wheel)

Interaction Mechanism Mathematical Model
Gear systems demonstrate another significant interaction pattern where A simplified hazard interaction model for this system can be expressed as:
damage on one component directly influences the degradation of its mating 0
component: hpinion(t) — hpinion(t) . (1 + 5theel)
e e . . . O
e Surface damage (pitting, scuffing) on one gear creates irregular contact hwheel(t) = h’wheel(t) . (1 + 5Xpinion)
patterns
¢ Irregular contact increases stress concentrations on the mating gear Where:
e Accelerated wear occurs at these stress concentration points e hO represents the baseline hazard rates
e The damage process becomes self-reinforcing as wear progresses e Xrepresents the degradation state

¢ & represents the cross-dependency coefficient

Reliability Implications

Damage propagation across components Potential for accelerated system failure Importance of early detection of initial
damage

Maintenance decision complexity (replace one or both gears) Design considerations for matched component lifespans



