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Abstract—In this paper, the combined k-out-of-n:G
model and reliability block diagram model is used to an-
alyze the reliability of a switched reluctance start-
er/generator system. First, the different operational
modes of a switched reluctance motor starter/generator
are analyzed, and the fault states of the system are briefly
described. Then the fault criteria of the system in differ-
ent operational states are put forward. Secondly, a relia-
bility block diagram model is established to calculate the
system-level reliability, and the k-out-of-n:G model is
adopted to analyze the reliability of each part of the
switched reluctance starter/generator system. To verify
effectiveness, the first-order Markov model is also used to
analyze the reliability of each part of the switched reluc-
tance starter/generator system. Considering the compu-
tational complexity and accuracy of the system, the
k-out-of-n:G model is more suitable for system component
level reliability analysis. Finally, a 6/4 switched reluctance
motor is used as the simulated and experimental platform
motor. The final results verify the effectiveness of the
reliability analysis model.

Index Terms—Switched reluctance motor, starter/
generator, fault criterion, reliability block diagram,
Markov model, k-out-of-n: G model.

I. INTRODUCTION

ith an increasing shortage of energy, green energy
(such as wind, ocean wave and solar energy, etc.)
has received ever increasing attention [1], [2]. Energy
storage technology is an indispensable supporting tech-
nology in the development of renewable energy, the
smart grid, distributed generation, electric vehicles and
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other fields. A flywheel battery (also known as flywheel
energy storage) uses the acceleration and deceleration of
a high-speed flywheel to realize the mutual conversion
between electrical and mechanical energy. It can effec-
tively increase the stability of the new energy grid. It is a
clean and pollution-free energy storage method, and is
finding new focus in recent years [3]-[6]. At present, the
following types of motors are commonly used for fly-
wheel motors: induction, permanent magnet and
switched reluctance motors (SRM), etc. SRM is widely
used in flywheel energy storage because of its simple and
firm structure, considerable mechanical strength, wide
speed range, and high operating efficiency, especially for
high-speed and ultra-high-speed operation [7]-[10].

The motor in the flywheel battery needs to be used as
a motor when storing energy and as a generator when
releasing energy. Traditional motors can only operate
independently in the electric or generating state, and an
SRM can combine the functions of starter and generator
because of its unique characteristics. When these two
functions are realized in one motor, the number of de-
vices used in the entire electrical system can be effec-
tively reduced, and the volume of the entire electrical
system is also reduced, reducing the cost [11]-[14].

To ensure stable operation of the SRM starting power
generation system, timely maintenance and adjustment
can ensure that the system will not produce major elec-
trical faults. However, the selection of the period between
maintenance times cannot be too small or too long, and
so reliability analysis of the whole system is very im-
portant. Reliability research has a certain foundation at
home and abroad. Traditional reliability calculation
models usually include those of the reliability block dia-
gram (RBD) [15], fault tree [16], k-out-of-n: G [17], [18]
and Markov [19]-[21]. In general, the reliability block
diagram and fault tree models are often used to calculate
system-level reliability because of their simple structure
and easy implementation [13], [14]. However, because
an SRM has a strong fault-tolerant capability and that
capability cannot be injected into the reliability model,
these two models cannot be directly used for the relia-
bility model calculation of an SRM system. In paper [19],
the reliability of a grid-connected inverter and effective
fault-tolerant topology is compared through a Markov



CHEN et al.: RELIABILITY ANALYSIS OF A SWITCHED RELUCTANCE STARTER/GENERATOR 113

model, indicating that the proposed topology is a more
reliable choice to improve performance. The Markov
model is adopted in [20], [21] to evaluate the reliability of
the motor driving system. In the system reliability eval-
uation, the Markov model can take the fault mode that
can still operate as the operational state of the system.
This method can improve the accuracy of system relia-
bility evaluation, but the SRM starting power generation
system includes three units: detection, motor prototype
and power converter. At the same time, it is necessary to
evaluate the reliability of the electrical mode and power
generation mode simultaneously for the switched reluc-
tance starter/generator system. Although the Markov
model can be effectively used for reliability evaluation of
the whole drive system, when the evaluation model is too
complex, the low-order Markov model cannot evaluate
the whole drive system accurately, and when the high-
er-order Markov model is applied, the large number of
inevitable states will increase the complexity of the so-
lution process and will cause some errors. The k-out-of-n:
G model is a simple model and solution process, and can
effectively obtain the impact of fault tolerance on relia-
bility [17], [18]. In recent years, most research on the
reliability of the SRM driving system has focused on the
reliability analysis in the electric state, while there has
been very little research on the reliability of the SRM
starting power generation system. However, SRS/G is
increasingly widely used, so it is particularly important to
study the reliability of an SRS/G system. Therefore, this
paper adopts the method of combining the RBD and
k-out-of-n: G models to analyze the reliability of the
starter/generator system. The evaluating method adopted
here can not only accurately obtain the optimal mainte-
nance time and improve the safety and reliability of the
system, but also can reduce the complexity of the relia-
bility mathematical model.

The rest of this article is structured as follows: the
second part analyzes the electrical operational status
and generating operational status of the SRM, and
quantitatively analyzes the system operational status of
the electrical and braking systems’ fault operation using
different fault criteria. In the third part, a k-out-of-n: G
model state transition diagram of electric and power
generation states is drawn. Finally, the system is eval-
uated and calculated by the selected reliability analysis
method combining the k-out-of-n: G and RBD models.

II. OPERATING CHARACTERISTICS OF THE SRM
STARTING POWER GENERATION SYSTEM

Traditional motors generally only need sin-
gle-quadrant operation. As a motor, the energy is con-
verted from electrical to mechanical. As a generator, the
energy is converted from mechanical to electrical. The
starting generator needs to have both the electrical and
power generation states, so the reliability analysis of
both those states is required.

A. Electrical Mode

Taking phase A as an example, the electrical mode
mainly includes three types: excitation, zero voltage
continuous current and negative voltage demagnetiza-
tion states. The current path in the excitation state is
shown in Fig.1 (a), and the voltage equation is:
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Fig. 1. Current path in the electrical mode. (a) Excitation state. (b)
Zero voltage continuous current state. (c) Negative voltage con-
tinuous current state.

U, —ir+19 ;4L (1)
dr - do

where U, is the bus voltage; 7, R and L are the current,
resistance and inductance of each phase.
The current path in the zero-voltage freewheeling
state is shown in Fig. 1(b), and the voltage equation is:
0ziR+Lg+i% 2)
de do
The current path in the negative voltage demagnetiza-
tion state is shown in Fig. 1(c), and the voltage equation is:

—Udc:iR+Lg+i% 3)
dr  do

B. Power Generation Mode

For switched reluctance motors, in the electrical mode,
the SRM conduction region is in the inductance rising
region. At this time, the motor generates forward torque
and electrical energy is converted to mechanical energy.
In the SRG power generation mode, the conduction
section is in the inductance drop area, at which time the
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motor generates negative torque and the mechanical
energy is converted to electrical energy. The relationship
between the energy conversion and the position of the
conduction section of the motor is shown in Table I. The
torque formula of the motor is as follows:

TABLE1
ENERGY CONVERSION OF DIFFERENT POSITION
Changing rate -
o of inductance Torque Energy conversion
0 <9<45 + n Electric energy —
Mechanical energy
45 <0 <90 _ _ Meche.mlcal energy —
Electric energy
L dL
T.=0.5"— (4)
do

It can be seen from the above formula that the positive
and negative phase torque is only related to the changing
rate of phase inductance. When the changing rate of
inductance is positive, and the phase is conductive in this
section, the phase torque generated is positive, and the
energy of the motor is converted from electrical energy
to mechanical energy. When the changing rate of in-
ductance is negative, and the motor is conductive in this
section, the phase torque generated is negative, and the
energy of the motor is converted from mechanical en-
ergy to electrical energy. Since the motor used in this
paper is a 6/4 motor, the inductance changing rate is
negative when the rotor position is greater than 45° but
less than 90°, and positive when the rotor position is
greater than 0° but less than 45°. The relationship be-
tween inductance curve and rotor is shown in Fig. 2.
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Fig. 2. Relationship between inductance and rotor.

III. ESTABLISHMENT OF RELIABILITY SYSTEM FOR AN
SRM STARTING POWER GENERATION SYSTEM

A. Failure Mode

The switched reluctance starting/generating system
consists of three parts: power converter, motor proto-
type and detection unit. Because of the strong fault
tolerance of a switched reluctance motor, it is necessary
to inject different fault modes into the reliability model
to obtain accurate results. Failure modes can be sum-
marized as three parts.

For the motor prototype, the fault mode is mainly
divided into two cases: open circuit (OW) and short
circuit (SW) on the winding.

For power converters, fault modes mainly include 10
types of circuit: capacitor open (OC), capacitor short
(SC), upper diode open (OUD), upper diode short
(SUD), lower diode open (OLD), lower diode short
(SLD), upper MOSFET open (OUM), upper MOSFET
short (SUM), lower MOSFET open (OLM), and lower
MOSFET short (SLM).

The detection unit is a rotary encoder (position sensor)
and current sensor. Therefore, for the detection part, the
fault mode mainly includes five cases: position sensor
no output (OPS), position sensor constant output (CPS),
current sensor no output (OCS), current sensor gain
output (GCS), and current sensor constant output (CCS)
[22]-[24].

B. Fault Criteria

After the failure mode is introduced, it is necessary to
determine whether the system can still operate stably
after the failure occurs. Therefore, this paper proposes a
fault criterion suitable for determining the operational
state of the system. In the SRM starting and generating
system, the fault criteria of the electrical and generating
states are different.

In this paper, in the electric mode, the speed » is the
embodiment of the system stability, so the speed fluc-
tuation & can be used to describe the system stability.

k — nmax _ nmin (5)
n

ref

where n__ is the maximum speed of the system in
stable operation; n_, is the minimum speed of the sys-

tem in stable operation; and n, is the reference speed.
When the system operates normally, & is equal to 1.
When the system fails, £ also changes. In this paper,
when the value of & exceeds 10%, the system is deemed
to be in a fault state. At the same time, the safe operation
of the system is also a very important part, so when the

peak phase current i, exceeds 40 A, the system is also

considered as in fault.

In the power generation mode, the power generation
efficiency of the system is used as a criterion to judge
whether the system is in a fault state. The generating
power of the system is expressed by the following
formula:

1 Ton . Ton Tn
= E (Io iu df + L i,u, dt +J.0 iude) (6)

tot

where i ,i, ,i, is the phase current of each phase; and

C

u, ,u, ,u, is the phase voltage of each phase.

The ratio m of the generated power in fault conditions
and the generated power in normal conditions is used as
the fault standard in the generation mode. When the
value of m is less than 0.4, the switched reluctance
motor starting power generation system is deemed to be
invalid. At the same time, when the peak current ex-
ceeds 80 A, the system is deemed as invalid.
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RotF
m=—— 7
P (7

tot N

C. Reliability Model

For an SRM starting power generation system, the re-
liability of electrical and power generation modes needs to
be calculated, and the reliability of the system can be ex-
pressed as:

R(t)yy = R(1) 45 R(0) ey ®)

where R(t),, represents the reliability of the whole

sys
system, R(¢),, represents the reliability in the electrical

state, and R(?),,, represents the reliability in the power

en

generation state.

The RBD model of the system is the same for the
generating and electrical states, as shown in Fig. 3.
However, the reliability calculations for the power
generation and electrical states need to be calculated
separately.

| o o H o -
Fig. 3. RBD model of the system.
R(@),,; = R(t)SRMidR(t)detid R(t)powid )
R(O) g = RO)spt_g RO ger s RO (10)
where R(f)ggy 4 18 the reliability of the motor body in

the electrical mode; R(7), , is the reliability of the
detection unit in electrical mode; R(?),,, 4 is the relia-

bility of power converter in electrical mode; R(f)gpy ,

is the reliability of the motor body in the power gener-
ation mode; R(?),, , is the reliability of the detection

unit in the power generation mode; R(?),, , is the re-

liability of the power converter in the power generation
mode. To obtain the reliability of the switched reluc-
tance generator more accurately, we compare the relia-
bility evaluation using the Markov model with that
using the k-out-of-n: G model.
1) First-order Markov Model

When the first-order Markov model determines that the
system has two or more faults, the system is deemed to be
failed. The failure rate of the device can be obtained
through the manual MIL-HDBK-217F [25]. Tt is worth
mentioning that when the second-order Markov model is
used to calculate the reliability of the system, the calcula-
tion formula is too complex, and thus the second-order
Markov model will not be used to analyze the reliability
model of the system in this paper.

The device failure rate can be calculated as [25]:
Ay = TG T P an)

where the basic failure rate is /, ; the applied stress is
expressed as =, ; the mass stress as n,; the environ-

mental stress as 7 ; the electrical stress as s, the

temperature stress as 7, ; and the failure probability is
expressed as FP. Then, the value of failure rate can be
expressed quantitatively in Table 1I, where the symbol
Ay Tepresents the failure rate under XX failure. For

example, Ay is the failure rate of a capacitor in the case

of a short circuit fault. When calculating the failure rate,
the ambient temperature is set at 30°C. The fault sym-
bols in the Markov state transition diagram are shown in
Table III. The Markov transfer diagram of starting
generator components is shown in Fig. 4.

TABLE I
DEVICE FAILURE RATE
Failure rate Failure rate
Fault type (10°%h) Fault type (10°h)
Jse 0.4854 Jsim 2.4255
Joun 0.2409 Y. 0.3840
s 0.4236 Zoc 0.3205
Jowp 0.2409 Jow 0.3840
Ao 0.4236 Joum 1.5219
Asim 2.4255 Joim 1.5219
TABLE III
FAULT STATE SYMBOLS OF FIRST-ORDER MARKOV TRANSITION
DIAGRAM
Symbol State Symbol State
Al ow A2 SW
A3 failure A4 GCS
A5 failure A6 oC
A7 OouM A8 OLM
A9 SLM Al0 failure
All SUM Al2 failure

(c) (d)

Fig. 4. First-order Markov model. (a) SRM body. (b) Detection
unit. (c) Power converter in electric state. (d) Power converter in
power generation state.
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Using the first-order Markov model reliability cal-
culation, we can get:
_ (_13.0186—28.3124t 421 | 7 (9] ge 267905
66725.88691) x (_ 1 00 1 86728.3 124t + e—27.9919f +
7.018e 26705 36—25.8869t) < (66—1.921 _ 52304 )Az %
(-2 e 4 334 )AZ
(12)
2) k-out-of-n: G Model
In the k-out-of-n: G model, the system is considered
to be invalid unless at least £ components work nor-
mally [26]. As shown in Fig. 5, the k-out-of-n: G model
can be calculated by the following formula:

(d)

Fig. 5. k-out-of-n: G model. (a) SRM prototype. (b) Detection
unit. (¢) Power converter in electric state. (d) Power converter in
power generation state.

Re(t)=e x {Z e x(1- e‘ﬂ’)"k} (13)

where 4, is the sum A values in the red box; 4, is the

sum A values of the single line in the blue box. Then the

reliability calculation of the system using the k-out-of-n:
G model is:

Rz (t) — e—50.8516t (14)

The safe operational life of the system can be ex-
pressed as:

MTTF = j: R(t)dt (15)

From the above formula, the reliability life of the
system is calculated as shown in Table IV.

As is shown in Table 1V, the reliability life of the
k-out-of-n: G model is 19665 hours and the reliability

life of the Markov model is 18835 hours. This means
that the useful life of the k-out-of-n: G model is similar
to that of the Markov model. However, equation (12) is
too complex when it is expanded. In other words, the
Markov model is more prone to errors in calculation.

TABLEIV
RELIABILITY CALCULATION
Model Markov k-out-of-n:G
Reliability life (h) 18 835 19 665

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

The prototype selected in this paper is a three-phase
6/4 SRM. The geometric parameters of the motor are
shown in Table V.

TABLE V
GEOMETRIC PARAMETERS OF PROTOTYPE

Parameter size
Thickness of

Parameter size

Outer diameter of

stator D, 122.5 mm rotor yoke 7, 11.00 mm

Thickness of Rotor pole arc
stator yoke 7 11.00 mm angle g 34.69°

Stator pole arc Shaft diameter

angle f, 32.88° D, 20.00 mm
Laminate thick-

air gap J 0.30 mm ness L, 70.00 mm

Outerr0 ?;erimDerter of 62.5 mm V\;Lnrdlir}]lis?rj\rlls 7

A. Simulation Verification

1) Electrical Mode

In the electrical mode, the current and speed wave-
forms during the normal operation of the system are
shown in Fig.6. During operation, when only phase A
has an OUM fault, i, decreasestoO, i, and i, increase

slightly, but the system speed is basically unchanged,
and the speed fluctuation k is not more than 10%, as
shown in Fig. 7. Therefore, when the OUM fault occurs

i(A)A
15+
10 F
“JLMMU UMJ
0
P { (s)
0 1[ 0‘35 0.40
(a)
1 (r/min) &
g )
800 ff
600
400
200
0_
. - - + . : - * + —
0 05 T
(b)

Fig. 6. Simulated current and speed waveform in electrical mode:
normal state. (a) Current. (b) Speed.
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(A4 in phase A, the system is determined to be operating
safely. When an SUM fault occurs in phase A, i, ex-

il : . { : ‘ ‘ , ‘ ceeds the recognized safe current of 40 A, so the system
d ‘ LU VUV “u\ ‘ LU is considered to be in a fault state, as shown in Fig. 8. As

n

shown in Fig. 9, when both phase A and phase B have an
OUM fault, i, and i, are both 0, and i_ risesto 17 A to

03l o035 rad ) maintain the system running at a speed of 1000 r/min.
(a) The speed fluctuation £ is not more than 10%, so the
el system is considered to be in safe operation.
500 2) Power Generation Mode .
600 In the power generation mode3 the current d}mng the
100 normal operation of the system is shown in Fig. 10(a).
200 When the OUM fault occurs in phase A, as shown in
0 Fig. 10(b), i, decreases to 0, i, and i, remain un-
g T changed, and the index m in the power generation mode
(b) still exceeds 0.4. Therefore, when the OUM fault occurs
Fig. 7. Simulated current and speed waveform in electrical mode: in phase A, the system is determined to be operating
OUM fault. (a) Current. (b) Speed. safely. When an SUM fault occurs in phase A, as shown
YA in Fig. 10(c), i, rises but does not exceed 80 A, and the
o
S0t 3L
40t
30t 60

1 (r/min) A

1000 i (A)A
800}
600
400
200
0
o 05 T
(b)

Fig. 8. Simulated current and speed waveform in electric mode:
SLM fault. (a) Current. (b) Speed.
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(0 Fig. 10. Simulated current waveform under power generation mode.
Fig. 9. Simulated current and speed waveform in electrical mode:  (a) Normal state. (b) OUM fault. (c) SUM fault. (d) Two-phase
two-phase OUM fault. (a) Current. (b) Speed. OUM fault.
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system is considered as in a failure state. As shown in
Fig. 10(d), when both phase A and phase B have an

OUM fault, i, and i, fall to 0, and the index m in the

power generation mode is less than 0.4, the system is
considered to be in a fault state.

B. Experimental Verification

1) Experimental Platform

In order to verify the correctness of the established
reliability model, an SRG experimental platform was
built, as shown in Fig. 11. The SRG is driven by the
asynchronous motor to reach the specified speed. The
power converter adopts a three-phase asymmetrical
half-bridge, the excitation mode adopts a separate ex-
citation mode, and the excitation voltage is 48 V.

Torque
sensor

Clll'l ent sensor
Load

Asynchronous
motor

Fig. 11. Experimental platform.

2) Electrical Mode

The experiment uses a 6/4 structure three-phase
switched reluctance motor. Fig. 12(a) shows the
three-phase current in electrical mode when the motor
has no fault at 1000 r/min. Comparing with Fig. 7, the
simulation and experimental results are very similar.

Controller

— A phase A phase
— B phase 10 ’ \\ \\W (B pimsc
" phase
T e .'
< z R | | .
b i < s5f |
it L
| |I
JLLLL L
251 252 253 254 02 51 252 2,53 254
1(s) 1(s)
(a) (b)
A phase A phase
40r -8 phase 20 — B phase
C phase ‘\I C phase
o ASIDRN B IR
= x il ‘
= =~ 10 I‘ |\
|
| |
0 L
251 2.52 2,53 2.54
1(s)

(d)

Fig. 12. Current waveform of the test in electric mode. (a) Normal
state. (b) OUM fault. (c) SUM fault. (d) Two-phase OUM fault.

Figure 12(b) shows the three-phase current of the system
after the OUM fault of phase A. The phase A current
changes to 0, and the phase B and C current increases
from 6 A to 10 A to maintain the speed at 1000 r/min.
From the fault criteria in the drive mode, the system is
still in safe operation at this time. Figure 12(c) shows the
three-phase current of the system when the SUM fault
occurs in phase A. The phase A current exceeds the
safety current peak value of 40 A, so the system is con-
sidered as in fault. Figure 12(d) shows the three-phase
current of the system when the OUM fault occurs in both
phase A and phase B. At this time, the current of phase A
and B drops to 0, and the current of phase C rises to
15-20 A. According to the fault criteria in the electrical
mode, the system is considered to operate in a safe state
at this time.
3) Power Generation Mode

In the power generation mode, the three-phase current
waveform of the motor without fault at 1000 r/min is
shown in Fig. 13(a). Figure 13(b) shows the three-phase
current after the OUM fault of phase A in the system.
The phase A current drops to 0, and the phase B and C
current do not change. With reference to the fault
standard in the power generation mode, the system is
deemed to be in safe operation. Figure 13(c) shows the
three-phase current of the system when the SUM fault
occurs in phase A. Since the one-phase current exceeds
the safe peak current of the system by 80 A, the system is
considered as being in fault. Figure 13(d) shows the
three-phase current of the system when both phase A
and phase B have an OUM fault. Phase A and phase B
current are zero, and phase C current is unchanged, but
the system power generation capacity is only 1/3 of the
normal state, which is lower than the safe operation
value of 0.4, which is considered as a fault.

A phase A phase
40 — B phase 40 r — B phase
(I\ ‘ —C p]nsc
b ‘ ;
—_ —_ i
= I ‘ ' \ ‘ /
T 20 = 20 / / /
. . /J |
251 2.52 253 2.54 25 252 5 254
1(s) t (S)
(a) (b)
A phase — A phase
— B phase
_—C phase

i(A)

TN T
o?//_*{/fjﬁfa rivi / /

1(s) 23 .'{5)
(¢) (d)
Fig. 13. Current waveform of the test under power generation mode.

(a) Normal state. (b) OUM fault. (c) SUM fault. (d) Two-phase
OUM fault.
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V. CONCLUSION

In this paper, a reliability analysis method consider-
ing both electrical and power generation mode is pro-
posed, and the reliability of an SRS/G system is ana-
lyzed. To reduce the complexity of the mathematical
model of the whole system, the system-level reliability
RBD model is adopted. To reflect the fault tolerance of
the switched reluctance motor, the reliability evaluation
of the motor type, the detection unit and the power
converter using a Markov model and a k-out-of-n: G
model are compared. The results show that the
k-out-of-n: G model reduces the complexity of the al-
gorithm and improves the accuracy of reliability analy-
sis. Different from the traditional reliability analysis
model, different failure criteria for starting and gener-
ating modes are put forward in this paper, and then the
operational status of the system under different failure
criteria are analyzed. The reliability analysis method
proposed can intuitively describe the fault-tolerant
performance of the system, and can more accurately
describe the operating state of the system. This method
also fills the gap of reliability analysis of a switched
reluctance starting/generating system.
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