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Abstract—In this paper, a detailed set of reliability prediction
methodology for switched reluctance motor drive (SRD) consid-
ering system specific control strategy and component fault clas-
sification is elaborated from component level to system level. At
component level, introduction to SRD and its single switch chop-
ping strategy is presented to capture characteristics of SRD reli-
ability under a certain control strategy. The unique fault modes
classification and summary methods which are tailored to SRD are
applied for identification of system dominant fault modes. Then at
system level, binary models (reliability block diagram and part-
count model) and multivariate model (Markov model) are adopted
to build systematic SRD reliability model, respectively. Especially
in the Markov model, state transition diagram and state proba-
bility matrix P(t) are built in detailed description to constitute the
graphical and numerical Markov reliability model. Conclusions
can be drawn that compared with RBD, Markov model can cap-
ture the effect of specific control strategy on system reliability, and
further demonstrates the stronger consistency with SRD practi-
cal operation. Fault simulation and experiments are conducted to
illustrate the influence on system operation state caused by a con-
trol strategy. Also, the results verify the state assessment of system
performance after component-level fault occurs.

Index Terms—Control strategy, fault classification, Markov reli-
ability model, state transition diagram, switched reluctance motor
drive (SRD).

I. INTRODUCTION

A S a novel electromechanical system, switched reluctance
motor drive (SRD) with its excellent fault-tolerant perfor-

mance has competitive advantages over other drive systems in
harsh environments requiring continuous work [1]. Applications
include those in aircraft, power generation [2], railway traction
[3], hybrid electric vehicles [4], etc. In such safety-critical ap-
plications, system failure can cause significant financial losses,
environmental degradation, or even life losses [5]; thus, making
reliability a grave concern as it directly relates to safety issue.
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Quantitative reliability prediction of SRD contributes to its ap-
plication of high reliability. It can find potential safety problems
and timely inform of the protection or maintenance measures to
avoid catastrophic failure. Also, reliability prediction provides
service to comparison of competitive designs, which helps to
optimize the design and meet user requirements. However, the
special control strategy and operation performance of SRD chal-
lenges the reliability prediction model. No techniques have been
developed up till now to accomplish this task.

Conceptually, reliability refers to the probability that a sys-
tem can fulfill its task for intended life under intended operating
environments [6], [7]. System reliability is generally quantified
by the assessment of reliability indexes. In [8], commonly used
reliability indexes are presented, among which reliability func-
tion R(t) and mean time to failure (MTTF) rank the top two. To
achieve quantitative reliability assessment, reliability prediction
models are inevitable [9]. Along with the development of reli-
ability engineering, reliability prediction also has received sig-
nificant achievements, especially in power electronic systems.
Modeling techniques for reliability estimation are divided into
two levels, i.e., at component level or at system level [8]. At
the component level, empirical-based models and physics-of-
failure models are the main two groups [10]–[12]. Comparison
between the two types is discussed in depth in [13]. Physics-of-
failure models are expert in studying potential failure mechanics
to predict end-of-life, but the complexity and high consumption
limit their applications in components that belong to a whole
system [8], [13]. Empirical-based models may be pessimistic
to a certain extent, but show relatively good performance when
applied as indicators of field reliability. As for the system level,
models commonly used are part-count model, reliability block
diagrams (RBDs), fault tree analysis (FTA), and Markov model.
A detailed discussion for each of these techniques is found in
[14]. In [15], a part-count model is applied to a power converter
to study mission profile effect on the reliability. Compared with
the part-count model, an FTA is an advisable choice, while
analyzing specific failures that have critical importance [16].
RBD is a oneline diagram that illustrates the functional logic
relationship between components in a system and commonly
used for electric systems [17]. Though simple to operate, these
aforementioned modeling techniques are invalid for fault toler-
ant or repairable systems, as they fail to reflect the impact of
control strategy, fault classification, repair process, and order of
component failure to reliability [14]. Then, Markov reliability
modeling stands out because of its ability to handle this kind of
problem.

In Markov reliability modeling, the stochastic process
Markov chain is utilized to model systems with several states,
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as well as the transitions between the states [14]. With these
properties, a multiple-state Markov chain model has been
applied to reliability study of power systems or transmission
lines at earlier times [18]–[20]. Initially, the Markov model is
established within a relatively small and simple system, such as
a single unit or a certain component. Later, with the widely and
successful application of a Markov process in power systems,
the application has been extended to drive systems; however,
most of which are for the induction motor drive system. In [21],
a Markov model of a induction motor drive system is developed
for reliability calculation, but the system analyzed is shrunk
to only three equivalent components. In [22], fault modeling
and performance evaluation of an induction motor drive, also
the first step to build a Markov reliability model, are elaborated
clearly. A complete Markov reliability model for an induction
motor drive is developed in [23] to assess reliability index,
which provides a comprehensive and versatile reliability mod-
eling technique for motor drive systems. Extended work has
incorporated protection system failure into the system reliability
evaluation [24], or considered integrating economic aspects in
reliability [25], which are beyond the scope of this paper.

Since SRD has been known for its fault operation capability,
systematic reliability prediction models that quantify the ability
to tolerate faults and assess its overall reliability indexes are
essential. However, literatures have not specifically discussed
the reliability prediction for SRD. This paper focuses on the
task of quantitative reliability prediction for a SRD system. To
assess reliability of a certain system, fault mode classification
is performed first. In [26], a comprehensive introduction to pos-
sible electrical faults in SRD is described, but sensor faults are
ignored there. As a supplement, sensor faults are studied in
induction motor drives [27], [28] and electric traction power
systems [29] provide a reference for SRD fault analysis. As
for reliability prediction models, RBD can briefly indicate the
logical relationship between functional units and system, which
helps calculate system reliability indexes based on each func-
tional units, thus being applied in this paper. Besides, Markov
model is also taken in this paper to evaluate SRD reliability,
as it has been recognized for its ability of assessing the system
performance with multilevel faults and in multilevel operation
states, which is in line with the practical operating conditions of
SRD.

The remainder of this paper is organized as follows. In
Section II, a brief introduction to SRD and its single switch
chopping strategy is presented. Also, component-level fault
modes identification and failure model establishment are con-
ducted to prepare for the subsequent system reliability model-
ing. A detailed description of system-level reliability modeling
for SRD is presented in Section III. RBD and Markov mode
are, respectively, adopted. Specifically, in Markov reliability
model, complete system state transition diagram is presented
to show a graphical Markov model, and state probability ma-
trix is achieved to represent a numerical Markov model. Results
show that the Markov model can capture the effect of spe-
cific control strategy on system reliability, and further demon-
strates the stronger consistency with SRD practical operation. In

Fig. 1. Three-phase asymmetric bridge converter.

Section IV, simulations and experiments are performed to ver-
ify the accuracy of the system state evaluation and illustrate
the control strategy influence on system operation state. Finally,
in Section V, a brief summary of this paper is provided, also
directions for future research work are proposed.

II. COMPONENT-LEVEL DOMINANT FAULT MODES FOR SRD

It is essential to implement component-level fault classifica-
tion and failure model establishment before the reliability eval-
uation of a whole system so that the preparation data for system
reliability modeling can be achieved. In this section, system
composition of SRD is outlined initially, followed by the iden-
tification of system key components, which fail frequently and
affect system normal operation severely. Then, a comprehensive
fault mode analysis is presented. After that component-level fail-
ure models are built based on typical reliability models, which
provide inputs for system reliability evaluation.

A. Introduction of SRD and Its Control Strategy

A whole SRD system consists of motor, converter, controller,
and sensor parts. In this paper, a three-phase switched reluc-
tance motor with 12/8 pole structure is selected to conduct the
fault analysis. As for the position sensor, photoelectric sen-
sor which composed of fluted disc and photoelectric switch is
selected to provide real-time position information. Photoelec-
tric switches detect relative position of stator and rotor, and
then, controller transits this position information into control
signal to drive metal–oxide–semiconductor field-effect transis-
tors (MOSFETs) of each phase. Specifically, three photoelectric
switches mounted on the stator of the motor, while fluted disc
is fixed on the rotor shaft. Make clear that teeth and slots of
the fluted disc are exactly consistent with the rotor. Then, the
teeth and slots successively pass by the photoelectric switches
with the motor’s rotating. When the teeth block the photoelectric
switch light path, photoelectric switch turns OFF, otherwise, it
turns ON. These on or off signals are processed by logic cir-
cuit, thus producing real-time rotor position information. The
position signal provides pivotal information for the controller to
directly trigger MOSFETs in a certain phase, thus completing
position closed-loop control.

Besides, the widely used three-phase asymmetric bridge con-
verter is applied, which is shown in Fig. 1. Meanings of the
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letter symbols in Fig. 1 are illustrated as follows: Cap is the dc
bus capacitor; D1–D6 are six freewheeling diodes; the letters
A–C, respectively, represent windings of each phase; symbols
with the first letter M signify power transistors, here the transis-
tors are selected to be MOSFET. In a certain phase, Msw and
Mon, respectively, indicate upper and lower MOSFET, and this
definition is determined by the control strategy.

Here, in order to reduce torque ripple and power losses, sin-
gle switch chopping strategy is adopted. Taking Phase A as an
example, Msw1 is driven by the pulse width modulation (PWM)
chopping signal, and the drive signal of Mon2 is the position
control signal. During on period of each phase, Mon2 remains
ON, while Msw1 implements chopping; and in the freewheeling
period, both transistors are turned OFF [30]. It is noted that the
upper and lower MOSFETs are treated as two different kinds of
components in the system, because the single switch chopping
control strategy divides their functions into two different cate-
gories. Also, their faults would cause different effects on system
operation states as well as system reliability, which verify the
dependence of the system reliability on control strategy.

In addition, the fault-tolerance ability of SRD indicates that
the controller itself is capable of fault detection and isolation.
Generally, in SRD fault diagnosis, additional sensors are used to
get more fault features such as fault current information [31], but
potential faults of the additional sensors may put extra burden
to system reliability. Hence, from the point of system reliabil-
ity, software algorithm diagnosis method is recommended [32],
which is the exact case adopted in this paper. Together with
the diagnosis technique, fault tolerant control is then applied to
ensure the continued operation after certain faults [33]–[35].

B. Dominant Fault Modes Classification and Summary

In this section, a specific fault classification and summary
approach is applied for identification of SRD dominant fault
modes in key components. The key components in a system are
those that withstand higher thermal and electrical stress; thus,
being more easily to fail, also their failures are more destructive
that may cause the system operation to unexpected pause or stop.
As for SRD, power converter, stator windings, current sensor,
and position sensor compose system key parts [26]. Among
these components, the former two belong to power section, and
the latter two are sensor part.

Fault modes classification is implemented to identify the sys-
tem dominant fault modes in key components. As for power
components, open circuit and short circuit are primarily con-
sidered, such as in stator windings, dc bus capacitor, power
transistor, as well as diode [36]–[38]. Sensor faults include sig-
nal omission, signal gain, and constant output [23]. The main
fault modes in SRD and their acronym symbols are defined in
Table I.

Sometimes several fault modes cause system into the same
operation condition. In SRD, five kinds of fault modes will re-
sult in system phase-deficient (PD) operation, which includes
open circuit in Mon (MonO) and Msw (MswO), short circuit in
freewheeling diode (DS), short circuit in windings (WS), and

TABLE I
KEY COMPONENTS FAULT MODES OF SRD

Classification Components Fault modes and symbols

Power section Capacitor Open circuit (CO)
Short circuit (CS)

MOSTET Mon Short circuit (MonS)
MOSTET Msw Short circuit (MswS)
Freewheeling diode Open circuit (DO)

Sensor part Current sensor Omission (CSO)
Constant (CSC)
Gain(CSG)

Position sensor Omission (PSO)
Constant (PSC)
Gain (PSG)

Special case in SRD PD fault MonO, MswO, DS, WO, WS (PD)

open circuit in windings (WO) [26]. Hence, opposed to fault
modes classification, fault modes summary is to collect those
fault modes into one and consider them as a whole. There-
fore, these five fault modes are merged into PD, as detailed in
Table I.

C. Component-Level Failure Models

Among component-level failure models, the main two groups
are physics-of-failure models and empirical-based models.
Empirical-based models are built on the foundation of histori-
cal data and the constant failure rate, and show relatively good
performance when applied as indicators of field reliability [39],
[40]. Therefore, the empirical-based models are applied in this
paper to build the SRD system reliability model.

Empirical-based models generally take the following (1) to
calculate component failure rate, which is the product of com-
ponent base failure rate λb and its relative environment stress
factor

λp = λbπE πQ

∏

i

πi (1)

where λp is the component failure rate during field work; πE

and πQ are the correction factors, which reflect the influence of
external environment and component internal quality; πi sums
up the impact of other factors adjusted with the actual appli-
cation, such as work environment temperature, internal con-
struction, voltage stress in a power switch, capacitance factor
in a capacitor, etc. More detailed information can be found
in [39]–[41].

According to (1) and actual operational environment, failure
rates of key components on SRD are achieved and listed in
Table II. It is worth mentioning that the aim of this paper is
to seek a more suitable and general method for SRD reliability
prediction; then, the sense of the failure rates is to illustrate the
prediction methods rather than their specific values. Therefore,
the relative values counts more than the specific absolute values.
In this case, it is easier to replace constant failure rates with
nonconstant failure ones according to external environments,
which provides direction for future work.
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TABLE II
FAILURE RATE OF COMPONENT FAULT MODE

Failure rate Values/hour Failure rate Values/hour

λC O 4.3486 × 10−8 λD O 1.14 × 10−9

λC S 2.12314 × 10−7 λD S 9.3312 × 10−1 0

λM o n S 5.493 × 10−7 λC S Z , λC S C , λC S G 4.2 × 10−8

λM o n O 6.278 × 10−7 λP S Z , λP S C , λP S G 8.18 × 10−8

λM sw S 7.327 × 10−7 λW O , λW S 1.082 × 10−7

λM sw O 8.373 × 10−7

Fig. 2. RBD model for SRD.

III. SYSTEM-LEVEL RELIABILITY MODELS

Commonly used system reliability models contain binary
models and multivariate ones. Binary models assume that the
system is in either functioning state or failed one. Part-count
models, RBD, and FTA are classified into the binary models.
As for the multivariate models, the dynamic stochastic process
is introduced, and the system operation process is considered
as a state transition process, such as Markov reliability mod-
els. It is believed that the system can be in multiple states and
can also transit between these multiple states. These two types
of models are both applied in this paper to evaluate the SRD
reliability.

A. Binary Reliability Models

RBD is a composed of blocks and connection lines, where
blocks represent the key components and lines are for logic
relationship. The whole model indicates logic relationship of
function between components and system. The RBD model for
SRD is a series one and contains six component units: stator
windings, dc bus capacitor, power switches, freewheeling diode,
current sensor, and position sensor, as shown in Fig. 2.

For the series structure SRD system, reliability indexes can
be calculated by a part-count method. In part-count models, the
constant failure rate that follows the exponential distribution
would be adopted [42].

Then, the reliability function R(t) is

R(t) =
n∏

i=1

e−λi t = e
−

n∑
i

λi ·t
(2)

where n is the total components number of the system; λi is the
component failure rate of the ith component; and t represents
time in hours.

According to [39] and the failure rates listed in Table II, the
ith component failure rate can be achieved by adding the rates
of all its fault modes. For example, λCO and λCS , respectively,
indicate the failure rate of capacitor open-circuit fault and short-
circuit fault, then addition of the two will get the capacitor failure
rate. The same calculation method is applicable to get the other

four components failure rates, except for power switches, where
open-circuit fault and short-circuit fault make up 75% of the
total fault modes [39]. With these ith component failure rates,
then according to (2), the reliability function RD (t) of SRD
calculated from RBD is

RD (t) =
6∏

i=1

e−λi t = e−4.5085t (3)

where subscript D in RD (t) indicates the reliability function
calculated by RBD, λi is the SRD component failure rate,
e is the base of exponential function, and t represents time
in 106 h.

B. Multivariate Reliability Model

With excellent fault tolerance, SRD can continue operation
despite faults occurred in motor windings or inverter circuitry.
Therefore, a single-component fault is not equivalent to system
failure, which is beyond the problem solving scope of binary
model. It is essential to introduce a multivariate model into
reliability prediction for SRD.

Markov reliability model is qualified by individually evalu-
ating the system performance after each component fault and
determining system states. First, the system key components
and their main fault modes are outlined, which has been con-
ducted in Section II. Second, acceptable parameter boundaries
are set as a performance criterion to evaluate the state of the sys-
tem operation. Then, system states can be assessed. Specifically,
a component fault mode is injected into the healthy system be-
fore fault analysis is performed, followed by the comparison of
the system performance parameters with the parameter bound-
aries to judge the system state to be “survival” or “failed.” If the
system survives, a second-level fault is injected to continue the
judgement of system states, and the fault injection is conducted
until the system becomes completely ineffective.

1) System State Assessment Under Component Fault: Since
SRD may continue running even if a certain component fails,
then postfault operation state treatment is a question for SRD
reliability assessment. In Markov reliability model, postfault
operation state is considered as a system survival state. To eval-
uate the system state, an overall system fault model is built
by injecting component fault models into the healthy system
to replace the original ones [26], [27]. Then, a unified per-
formance metrics is set for evaluation of the system postfault
operation.

In this paper, a three-phase 12/8 SRD prototype and an asym-
metrical half-bridge power converter are selected to assess sys-
tem states. To achieve a speed closed-loop control, an incremen-
tal fuzzy controller and a single switch chopping strategy are
adopted to regulate the PWM duty cycle of voltage. The PWM
carrier frequency is set to be 3 kHz. Other rated parameters of
the SRD prototype are as follows: the rated voltage is 12 V and
the rated power is 100 W. In the simulation, the stator wind-
ings resistor is set to be 0.45 Ω, and the motor turn-on angle
θon = −2◦, turn-off angle θoff = 20◦.
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TABLE III
PERFORMANCE METRICS

Performance parameter Acceptable boundary

Speed Command speed ± 20 r/min
Phase Current Command current peak ± 4 A

TABLE IV
SYSTEM STATE ASSESSMENT AFTER THE FIRST-LEVEL FAULT

System state Symbol representation Fault modes occurred in the system

Survival states S CO, PD, MonS, CSC, CSG
Failed states F CS, MswS, DO, CSZ, PSZ, PSC, PSG

Basically, the performance metrics are not permanent, and
they vary with different actual operating conditions or user re-
quirements. In this paper, the incremental fuzzy controller is
adopted to regulate the speed fluctuation in an acceptable range,
then this acceptable speed range is set to be parameter metrics.
Besides, the current metrics are set in consideration of the sys-
tem safety. Since the experiments in Section IV may produce
high transient impulse current and does damage to the system,
then current metrics are set rather conservatively. In summary,
considering the control strategy and system safety margin, per-
formance metrics for the selected SRD are listed in Table III.
Note that the flexibility of setting metrics exactly leads to the
limitation of specific values.

Running the system fault model with a certain fault mode
and detecting performance parameters can help to evaluate the
system state. After the component fault occurs, system param-
eters are detected and compared with the performance metrics.
If the fluctuation of detected parameters is within the boundary,
system is allowed a continued operation and system survives;
otherwise, system fails and enters “failed state.” For the “sur-
vival state,” a second-level fault will be injected into the system
until system fails completely [23].

Through simulations and experiments, which will be elabo-
rated in Section IV, system states after first-level fault are listed
in Table IV. There are 12 kinds of fault modes analyzed. Among
these fault modes, seven kinds of faults cause system fail to op-
erate and falls into “failed states,” denoted by F; five kinds
of fault modes just slightly affect the system performance and
would not interrupt the system operation; thus, system enters
“survival state,” denoted by S. As for the five survival states, a
second-level fault is injected to continue the state assessment. It
is pointed out that a second-level fault in the same component
is not application [23]. Comparison of the system performance
with the set performance metrics shows that system completely
fails under any third-level fault.

It has been mentioned before that due to the single switch
chopping strategy, Mon and Msw are considered as two compo-
nents. As a result, short circuit occurred in the two components
has produced different effects. System that is in survival state

Fig. 3. State transition diagram for SRD.

under a MonS short-circuit fault, and MswS short-circuit fault
causes system to enter into failed state.

2) System State Transition Diagram: The collection of all
system states is named state space and is denoted by a certain
set S. For a system comprising (m+1) states, the value of S is
arabic numbers, namely S = {0, 1, 2, . . . , m} [21]. According
to the above system states assessment of SRD, a state transi-
tion diagram is established and shown in Fig. 3, which is the
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TABLE V
MEANINGS OF F1–F7 IN STATE TRANSITION DIAGRAM

Symbol Failure modes included in the symbol

F1–6 State 6, seven fault modes included:CS, MswS, DO, CSZ, PSZ, PSC,
PSG

F2–11 State 11, six fault modes included, MswS, DO, CSZ, PSZ, PSC, PSG
F3–15 State15, eight fault modes included:CS, MswS, DO, CSZ, CSC, PSZ,

PSC, PSG
F4–21 State 21, six fault modes included:CS, MswS, CSZ, PSZ, PSC, PSG
F5–24 State 24, seven fault modes included:CS, PD, MswS, DO, PSZ, PSC,

PSG
F6–28 State 28, six fault modes included:CS, MswS, DO, PSZ, PSC, PSG
F7–29 State 29, a total failed state after third level fault occurs

graphical Markov model. It is composed by all system states
together with the transition rates between them, and shows the
system state transition process after a component fault occurs.

It can be shown in Fig. 3, initially system state is the normal
operation one, denoted by NM-0. Here, the symbol NM tells
system current state and the number 0 is the sequence number.
When different first-level faults occur, system falls into different
states: five survival states including CO-1, PD-2, MonS-3, CSC-
4, CSG-5, and one failed state F1–6 that lumps seven kinds of
independent failed states. As for the above five survival states,
a second-level fault occurs, and then the system produces 22
kinds of states: 17 survival states and five failed states, which
include F2–11, F3–15, F4–21, F5–24, and F6–28. For the 17
survival states, once the system suffers a third-level fault, it gets
completely ineffective and the system states converge to one
kind of failed state labeled as F7–29.

In Fig. 3, the nodes represent the states (failed or survival),
and the arrows represent state transitions triggered by compo-
nent faults. As for the nodes, the round frame represents survival
state, while rectangular frame is for failed state. Symbol inside
the frame indicates current state, with the sequence number
inside to help label different states. The symbol of alphanu-
meric combination conveys information of two types of system
states: survival or failed. For survival states represented by round
frames, except the initial state NM-0, the inside symbols indi-
vidually indicate a certain fault mode, which causes system to
transit into the current state. Correspondence of survival state
symbols and fault modes is consistent with Table I. As for failed
states, symbols from F1–6 to F7–29 represent a summary of
several failed states, i.e., a system transits to the same failed
state after several different fault modes, the specific correspon-
dence between the symbols and their containing states are listed
in Table V.

Also, in Fig. 3, the arrows connected between two different
states indicate the direction of state transition. λ is the state
transition rate and equals to the failure rate of the component
which occurs fault [14]. Subscript of λ illustrates the meaning
of that failure rate, subscript of letter is the fault mode, such
as λCO means failure rate of capacitor open faults; numerical
subscripts λ1–λ23 represent a summary of several failure rates.
Taking λ1 as an example, it can be seen from the above Table V
that state F1–6 lumps seven fault modes: CS, MswS, DO, CSZ,

TABLE VI
SUMMARY RELATIONSHIP OF λ1 –λ23 IN THE STATE TRANSITION DIAGRAM

Failure rate Summary relationship

λ1 λC S +λM sw S +λD O +λC S Z +λP S Z +λP S C +λP S G

λ2 λM sw S +λD O +λC S Z +λP S Z +λP S C +λP S G

λ3
λC S +λM sw S +λD O +λC S Z +λC S C +λP S Z +λP S C +λP S G +λD O

λ4 λC S +λM sw S +λC S Z +λP S Z +λP S C +λP S G

λ5 λC S +λP D +λM sw S +λD O +λP S Z +λP S C +λP S G

λ6 λC S +λM sw S +λD O +λP S Z +λP S C +λP S G

λ1 7 , λ1 1 λM o n S +λM sw S +λD O +λC S Z +λC S C
+λC S G +λP S Z +λP S C +λP S G

λ8 , λ1 4 λP D +λD O +λC S Z +λC S C +λC S G +λP S Z +λP S C +λP S G

λ9 , λ1 0 ,
λ1 9 , λ2 1

λP D +λM o n S +λM sw S +λD O +λP S Z +λP S C +λP S G

λ1 2 , λ1 5 λC O +λC S +λD O +λC S Z +λC S C +λC S G +λP S Z +λP S C +λP S G

λ1 3 , λ2 2 λC O +λC S +λD O +λM o n S +λM sw S +λP S Z +λP S C +λP S G

λ1 6 λC O +λC S +λP D +λC S Z +λC S C +λC S G +λP S Z +λP S C +λP S G

λ1 7 , λ1 8 ,
λ2 0 , λ2 3

λC O +λC S +λP D +λD O +λP S Z +λP S C +λP S G

PSZ, PSC, and PSG, so λ1 equals to the summary of all these
seven failure rates. The specific summary relationship for each
failed state is listed in Table VI.

3) State Transition Rate Matrix Φ: The system state transi-
tion diagram provides the transition rates between system states.
Based on the rates and their connected states, Φ can be estab-
lished, which contributes to calculate the state probability matrix
P(t). In a (m+1) states system, the system state space is S = {0,
1, 2, . . . , m}. For i, j�S, ϕi(j ) is defined as system transition
rate from state i to state j, which indicates the component failure
rate. Arrange the transition rate ϕi(j ) as a matrix

Φ(m+1)×(m+1) =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

φ0(0) φ0(1) · · · φ0(m )

φ1(0) φ1(1) · · · φ1(m )

...
...

...
...

φm (0) φm (1) · · · φm (m )

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

(4)

and for these diagonal elements ϕi(i)

φi(i) = −
m∑

i=0
j �=i

φi(j ) (5)

where −ϕi(i) is the total departure rate from state i. It is noted
that the sum of entries in row i is equal to zero [14].

In Fig. 3, the system has a total of 30 states, which in theory
generates a transition rate matrix Φ30×30 . However, the seven
failed states F1–6, F2–11, F3–15, F4–21, F5–24, F6–28 and
F7–29 do not transit into any states, so the entries of these
seven rows are zero. Also, further analysis shows that system
reliability is only associated with the survival states, regardless
of the failed ones. Therefore, it is essential to eliminate these
failed states from Φ30×30 in rows and columns. As there are
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TABLE VII
NONZERO ELEMENTS OF SIMPLIFIED STATE TRANSITION RATE MATRIX

Φ∗
23×23

Elements Values

ϕ0 ( 0 ) −(λC O +λP D +λM o n S +λC S C +λC S G +λ1 )

ϕ0 ( 1 ) , ϕ2 ( 1 0 ) , ϕ3 ( 1 3 ) , ϕ4 ( 1 8 ) ,

ϕ5 ( 2 0 )

λC O

ϕ0 ( 2 ) , ϕ1 ( 6 ) , ϕ3 ( 1 4 ) , ϕ5 ( 2 1 ) λD P

ϕ0 ( 3 ) , ϕ1 ( 7 ) , ϕ2 ( 1 1 ) , ϕ4 ( 1 9 ) ,

ϕ5 ( 2 2 )

λM o n S

ϕ0 ( 4 ) , ϕ1 ( 8 ) , ϕ3 ( 1 6 ) λC S C

ϕ0 ( 5 ) , ϕ1 ( 6 ) , ϕ1 ( 9 ) , ϕ2 ( 1 2 ) ,

ϕ3 ( 1 7 )

λC S G

ϕ3 ( 1 5 ) λD O

ϕ1 ( 1 ) −(λP D +λM o n S +λC S C +λC S G +λ2 )

ϕ2 ( 2 ) −(λC O +λM o n S +λC S C +λ3 )

ϕ3 ( 3 ) −(λC O +λP D +λD O +λC S C +λC S G +λ4 )

ϕ4 ( 4 ) −(λC O +λM o n S +λ5 )

ϕ5 ( 5 ) −(λC O +λP D +λM o n S +λ6 )

ϕ6 ( 6 ) , ϕ1 0 ( 1 0 ) −λ7

ϕ7 ( 7 ) −λ8

ϕ8 ( 8 ) , ϕ9 ( 9 ) , ϕ1 8 ( 1 8 ) , ϕ2 0 ( 2 0 ) −λ9

ϕ1 1 ( 1 1 ) , ϕ1 4 ( 1 4 ) −λ1 2

ϕ1 2 ( 1 2 ) , ϕ2 1 ( 2 1 ) −λ1 3

ϕ1 5 ( 1 5 ) −λ1 6

ϕ1 6 ( 1 6 ) , ϕ1 7 ( 1 7 ) , ϕ1 9 ( 1 9 ) ,

ϕ2 2 ( 2 2 )

−λ1 7

seven failed states altogether, thus the simplified matrix Φ∗
23×23

is obtained after the elimination. Note that the elements in the
new matrix Φ∗

23×23 has been renumbered in order. For example,
F1–6 is a failed state so the sixth rows and columns of Φ30×30
are eliminated, then the original entries ϕ7(7) in Φ30×30 are
renumbered as ϕ6(6) in Φ∗

23×23 , other elements are also renum-
bered in this way. Furthermore, in the state transition diagram,
the transitions only exist between minority connected states,
which means Φ∗

23×23 is a sparse matrix. The nonzero elements
in matrix Φ∗

23×23 are shown in Table VII.
4) System State Probability Matrix P(t): Followed by

Φ∗
23×23 , the state probability matrix P(t) can be obtained, which

forms the numerical Markov model. It provides probability of
system in a given state i at any given time t. For a system com-
prising (m +1) states, the elements of P(t) are

P (t)1×(m+1) =
[
P0(t) P1(t) · · · Pm (t)

]
(6)

where the element Pi(t) is the probability of system in state i at
time t, wherein i�(m+1).

P(t) can be solved by the Chapman–Kolmogorov equations
[14], [23]. In order to eliminate unnecessary calculations in
reliability metrics computation, Φ∗

23×23 is utilized to obtain
survival state probability matrix P∗(t):

P∗T(t) = eΦ∗T t · P∗T(0) (7)

where P∗T(t) and Φ∗T (t), respectively, are transposed matrix of
P∗(t) and Φ∗(t). P∗T(0) is a transposed matrix of P(t) at initial
time t = 0.

Based on data from Tables II, VI, and VII, P∗T(t) is solved as
follows, and t represents time in 106 h

P ∗T (t) =
⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

e−3 .593 t

0.17e−3 .337 t − 0.17e−3 .593 t

e−1 .91 t − e−3 .593 t

e−3 .043 t − e−3 .593 t

0.3333e−3 .467 t − 0.3333e−3 .593 t

0.3333e−3 .467 t − 0.3333e−3 .593 t

0.1476e−3 .593 t − 0.17e−3 .337 t + 0.02244e−1 .655 t

0.06072e−3 .593 t − 0.07284e−3 .337 t + 0.01212e−2 .055 t

0.0187e−3 .593 t − 0.05667e−3 .337 t + 0.03797e−3 .211 t

0.0187e−3 .593 t − 0.05667e−3 .337 t + 0.03797e−3 .211 t

0.02244e−3 .593 t − 0.17e−1 .91 t + 0.1476e−1 .655 t

0.1853e−3 .593 t − 0.4285e−1 .91 t + 0.2432e−0 .6283 t

0.02322e−3 .593 t − 0.3333e−1 .91 t + 0.3101e−1 .784 t

0.02828e−3 .593 t − 0.04399e−3 .043 t + 0.01571e−2 .055 t

0.5675e−3 .593 t − 0.6966e−3 .043 t + 0.1291e−0 .6283 t

0.0008884e−3 .593 t − 0.001553e−3 .043 t + 0.000665e−2 .31 t

0.02983e−3 .593 t − 0.04891e−3 .043 t + 0.01908e−2 .185 t

0.02983e−3 .593 t − 0.04891e−3 .043 t + 0.01908e−2 .185 t

0.03797e−3 .593 t − 0.05667e−3 .467 t + 0.0187e−3 .211 t

0.13e−3 .593 t − 0.1428e−3 .467 t + 0.01278e−2 .185 t

0.03797e−3 .593 t − 0.05667e−3 .467 t + 0.0187e−3 .211 t

0.3101e−3 .593 t + 0.02322e−1 .784 t − 0.3333e−3 .467 t

0.13e−3 .593 t − 0.1428e−3 .467 t + 0.01278e−2 .185 t

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(8)

5) Reliability Metrics R(t) and MTTF: Then, calculating cer-
tain elements of matrix P(t) will finally get reliability function
R(t). Generally speaking, state transition diagram together with
state probability matrix P(t) constitutes the system Markov re-
liability model.

Adding all elements of the P∗T(t), reliability function RM (t)
is obtained

RM (t) = 0.0682e−1.91t − 0.05753e−3.593t + 0.3333e−1.784t

− 0.06565e−3.467t − 0.1862e−3.337t

+ 0.17e−1.655t + 0.1133e−3.211t + 0.16e−3.043t
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Fig. 4. Reliability function curves. (a) Function curve of RD (t). (b) Function
curve of RM (t). (c) Function curve comparison of RM (t) and RD (t).

+ 0.3723e−0.6283t + 0.000665e−2.31t

+ 0.06373e−2.185t + 0.02783e−2.055t (9)

where subscript M in RM (t) indicates that the reliability func-
tion is calculated by the Markov model, and t represents time
in 106 h.

Fig. 5. Power converter simulation model.

Fig. 6. Simulation results of Phase A MOSFET under normal condition:
Mon2 drive signals (top), Msw1 drive signals (middle) and current waveforms
(1 A/div, bottom).

Referred to [14], [39], the MTTF is calculated as follows:

MTTF =
∫ ∞

0
RM (t)dt =0.9579 × 106h (10)

as MTTF represents the average time of system operation with-
out failures, then it can be concluded that the system is expected
to operate for 0.9579 × 106 h, which provides time reference to
fault detection and system maintenance.

C. Reliability Analysis of Binary Model and Multivariate One

Comparison of reliability indexes RM (t) and RD (t) is con-
ducted, and function curves of RM (t) and RD (t) are shown in
Fig. 4.
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Fig. 7. Simulation results for MonO fault at t = 23.9 s: Current in fault phase
(2 A/div), speed (20 r/min/div). (a) Waveforms of MonO fault at instantaneous
moment. (b) Waveforms of MonO fault in a larger time interval.

It is shown in Fig. 4 that RM (t) has a relatively high reliability
compared with RD (t). It is inevitable that fault operation states
are fully taken into account and, respectively, included in RM
(t) calculation. On the one hand, an RBD model believes that
there are only operational states and failed ones in a system,
so when a MonO fault occurs, the system will always be failed.
However, the Markov model assesses system states based on the
boundary and allows a second fault occurs in the survival system,
which comes more in line with SRD operation condition. On

Fig. 8. Simulation results for MonS fault at t = 28 s: Current in fault phase
(2 A/div), speed (20 r/min/div). (a) Waveforms of MonS fault at instantaneous
moment. (b) Waveforms of MonS fault in a larger time interval.

the other hand, RBD considers that all the component faults are
equivalent to cause the system to fail. In this case, the system
will fail no matter a short circuit occurs in Mon or Msw, which
cannot distinguish between the two components, and fail to
reflect the effect of specific control strategy on system reliability.
By contrast, the Markov model individually assesses the system
state after each fault, the various system states can adequately
reflect effects of each fault on the system reliability.

Hence, it is a successful attempt to conduct the reliability
prediction of SRD based on the stochastic Markov process. The
result also further demonstrates the superiority and accuracy
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Fig. 9. Simulation results for MswS fault at t = 27.9938 s: Current in fault
phase (2 /div), speed (20 r/min/div). (a) Waveforms of MswS fault at instanta-
neous moment. (b) Waveforms of MswS fault in a larger time interval.

of the dynamic-based Markov reliability model applied in a
repairable system.

IV. SIMULATION ANALYSIS AND EXPERIMENTAL VERIFICATION

A. Simulation Analysis of SRD

Three-phase 12/8 switched reluctance motor and asymmetri-
cal half-bridge power converter are selected, and system simu-
lation parameters are consistent with the rated parameters of
SRD prototype in Section III. Simulation model is built in
MATLAB/Simulink environment and components are selected

Fig. 10. Experimental results of Phase A MOSFET under normal condition:
Mon2 drive voltages signals (CH3, 10 V/div, top), Msw1 drive voltages signals
(CH4, 10 V/div, middle) and current waveforms (CH1, 1A/div, bottom).

directly from the Simulink blocks. The power converter sim-
ulation model is shown in Fig. 5. Here, C voltage source is
controllable voltage source controlled by a given voltage Us
and providing voltage to the dc bus capacitor RC. The terminals
A, B, and C represent windings of three phases, and they possess
basically the same circuit structure. Take phase A as an exam-
ple, A+ and A– are the connection ports at both ends of phase A
windings; Msw1 and Mon2 are, respectively, for the upper and
lower MOSFET; D1 and D2 are freewheeling diodes. The gate
port provides signal for MOSFETs.

Running the system simulation model under normal condition
without faults, then gate drive voltage waveforms together with
phase current waveforms can be achieved. Fig. 6 shows drive
signals for Msw1 and Mon2, and Phase A current waveforms at
speed of 800 r/min. In Fig. 6, when the photoelectric switch con-
nected with Phase A is ON, the Mon Signal keeps at high level
and triggers the transistor Mon2 to switch on. At the same time,
Msw Signal is modulated by PWM and commands Msw1 to start
chopping. Consequently, Phase A current produces and begins
to rising. With the rotation of rotor, Phase A photoelectric switch
turns OFF, then drive signals for Msw1 and Mon2 become low
level. Afterward, Phase A turns into off-state and current in
Phase A falls into 0 until the next cycle drive signal comes.

The fault modes in Table I are individually injected into the
system, followed by the detection of speed and current, which
are compared with performance metrics in Table III, then the
system state is determined. When the system survives, another
different component fault mode is injected to continue the state
assessment until the system fails completely. Here, the fault
modes PD, MonS, and MswS are simulated to show how the
state assessment conducted.

Assuming a PD fault has occurred, taking MonO as an exam-
ple, waveforms of speed and current in faulted phase are shown
in Fig. 7(a) and (b). Simulation runs at speed of 400 r/min and
fault is injected at t = 23.9 s under system steady-state opera-
tion. It is shown in Fig. 7(a) that the current fluctuation is within
the boundary. In Fig. 7(b), the system keeps running with slight
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Fig. 11. Experimental results for MonO fault at 400 r/min: current in fault
phase (CH1, 1 A/div, top) and speed (CH4, 400 r/min/div, bottom). (a) Wave-
forms of MonO fault at instantaneous moment. (b) Waveforms of MonO fault
in a larger time interval.

speed fluctuation, and the speed fluctuation does not exceed the
acceptable range owing to the control strategy. As a result, the
system is able to continue running and system state is judged
to be “survival state.” Fig. 8(a) and (b) shows that an MonS
fault is occurred at t = 28 s and system runs at 400 r/min. It is
obvious that the fluctuation of speed and current both are within
the boundary, thus obtaining a “survival state” too. Fig. 9(a)
and (b) displays an example of a system “failed state” with an
MswS fault occurred at t = 27.9938 s at 800 r/min. Fig. 9(a)
shows current and speed waveforms at instantaneous moment
of fault occurrence, while Fig. 9(b) gives waveforms in a larger
time interval, which considers that failed state severely damages
system normal operation and it takes longer time for system to
recovery steady operation. Once the MswS fault occurs, current
fluctuation exceeds the allowable boundary, which results in a
“failed state.”

Fig. 12. Experimental results for MonS fault at 400 r/min: current in fault
phase (CH1, 1 A/div, top) and speed (CH4, 400 r/min/div, bottom). (a) Wave-
forms of MonS fault at instantaneous moment. (b) Waveforms of MonS fault in
a larger time interval.

B. Experimental Validation

A three-phase switched reluctance motor with 12/8 structure
is selected to implement the experiment. It is worth mention-
ing that the current sensor gets voltage signal initially, and then
transits it into current, so the current waveforms gotten from the
oscilloscope are expressed with units of voltage, shown as volts
in the following figures from Figs. 10 to 13. Here, the conver-
sion ratio between the voltage and current is 2:1. Also, speed is
achieved from voltage detection, and 1 voltage would be tran-
sited into 200 r/min. Fig. 10 displays the experimental results
of Phase A current and transistors drive voltages under normal
condition at 800 r/min. In contrast to the simulation results of
Fig. 6, waveform trends of the two are basically consistent and
the goodness of fit is well, which indicates the availability of
simulation models. Then a “survival state” MonO fault is con-
ducted, results are shown in Fig. 11. There is a slight overshoot
of system speed, but compared with Fig. 7, it can be seen that
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Fig. 13. Experimental results for MswS fault at 800 r/min. (a) Waveforms
of MswS fault at instantaneous moment: Current in fault phase (CH1, 1 A/div,
top) and speed (CH4, 1000 r/min/div, bottom).(b) Waveforms of MswS fault in
a larger time interval: Current in fault phase (CH1, 2.5 A/div, top) and speed
(CH4, 1000 r/min/div, bottom).

simulation and experiment results fits well. Fig. 12 provides an-
other system “survival state” under MonS fault, whose operation
conditions are corresponding to those in Fig. 8. Fig. 13 illus-
trates a system “failed state” under MswS fault, which basically
displays consistency with Fig. 9. Fig. 13(a) shows instantaneous
change in fault phase current, while Fig. 13(b) illustrates wave-
forms in a larger time interval. Compared with Fig. 9(b), the
waveforms rise more slowly under the influence of mechanical
friction and rotational inertia. Besides, due to restrictions on the
oscilloscope display range, the values of Volts/div in CH1 and
CH4 are adjusted accordingly to show a complete waveform.
It is clear that both current and speed fluctuation exceed the
boundary. Hence, system falls into a “failed state.”

From the above experimental results, it can be shown that
short circuit occurred in Msw (MswS) and Mon (MonS) has
different effects on the system performance due to the differ-
ent functions. Since single switch chopping strategy is adopted,
MswS fault makes the switch Msw unable to implement chop-

ping. In this case, a larger current remained in the fault phase
will periodically generate braking torque, thus seriously affect-
ing the system performance. In contrast, after MonS fault the
phase can still perform normally during the on period of fault
phase, and abnormal operation appears only in freewheeling
commutation interval. Due to the specific control strategy, sys-
tem performance under MswS and MonS fault differs from each
other. Simulation and experimental results confirm the impacts
of specific control strategy. Also, results verify the accuracy of
system state evaluation.

V. CONCLUSION

This paper presents a specific set of reliability prediction
methodology for SRD, which covers the impact of specific
control strategy as well as component fault classification. The
methodology is conducted from component-level fault analy-
sis to system-level reliability modeling. At component level,
components in SRD system are divided into different types ac-
cording to their functions not their own categories. Also, the
specific component-level fault classification and summary are
conducted to identify dominant fault modes in SRD. Five kinds
of fault modes are collected as one PD fault, which is a new ele-
ment in the subsequent reliability modeling. At system level, an
RBD reliability and the Markov reliability model are adopted
and compared to illustrate the reliability prediction process.
Specifically, the system state transition diagram is presented
to show a graphical Markov model, and state probability ma-
trix is achieved by detailed calculation to represent a numerical
Markov model. Results show that the Markov model can capture
the effect of specific control strategy on system reliability and
solve the inequivalence problem of component fault and system
failure.

Further research can focus on the variation of failure rate
under different kinds of system fault modes compensating the
insufficient that constant failure rate ignores the temperature rise
in faulted component. Since the impact on system operation state
caused by control strategy is illustrated, more extended work can
be carried out to quantify this influence. Also, the performance
metrics can be extended, which will help to improve the appli-
cability of the model. Since this paper accomplishes the task of
evaluating the SRD reliability in numerical and graphic method,
it contributes to providing a more intuitive reliability model that
captures effects of a control strategy for repairable the system.
Also, fault classification based on component function is worth
popularizing.
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