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Abstract—In order to improve the control accuracy of 

switched reluctance motors (SRMs) without reducing the 

reliability of the driving system, multi-level power con-

verters can be adopted. Compared to traditional asym-

metric half bridge power converters which output three 

voltages (U, 0, +U), asymmetric three-level T-type power 

converters can output five voltages (U, U/2, 0, U/2, U/2, 

U). Meanwhile, asymmetrical three-level T-type power 

converters can still independently control each phase 

winding in the SRM. However, research in the field of fault 

diagnosis for asymmetric three-level T-type power con-

verters is insufficient. To optimize the control of SRM 

drive systems, this study adopts the asymmetric three-level 

T-type power converter as the research focus and con-

ducts analysis in conjunction with an appropriate control 

strategy, thereby advancing both theoretical under-

standing and practical application in this field. A simula-

tion model and an experimental platform of the SRM 

drive system based on the asymmetric three-level T-type 

power converter are developed. Both simulation and ex-

perimental results confirm the feasibility of the adopted 
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Ⅰ.   INTRODUCTION 

n the current context, a new wave of technological 

and industrial transformation is unfolding, and the 

new energy electric vehicle sector has entered a stage of 

rapid and sustained development. This development not 

only provides significant impetus to the economic 

growth of nations but also contributes to mitigating the 

greenhouse effect, addressing the challenges of climate 

change, and improving the global ecological environ-

ment [1]. Switched reluctance motors (SRMs) have been 

widely applied in various fields such as automotive, 
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aerospace, industrial systems, flywheel energy storage, 

and wind power generation [2][8]. 

As essential components of motor drive systems, 

power converters have been the subject of extensive 

research. The motor operating efficiency can be effec-

tively improved by employing appropriately designed 

converters [9][11].  

Asymmetric half-bridge power converters are widely 

used for SRM drives [12][16]. However, the traditional 

asymmetric half-bridge power converter can only pro-

duce two voltage levels, i.e., 0 and dU , and is thus not 

suitable in some high precision operations. Reference 

[17] proposes a novel low-cost power converter and 

when combined with a two-phase switched reluctance 

motor, it achieves a drive system enabling the motor to 

self-start at any rotor position and operate in four quad-

rants. In [18], a low-cost speed control system is pro-

posed, focusing on an asymmetric two-phase SRM. It 

requires only one controllable switch and overcomes the 

energy circulation issue of the original single-switch 

four-quadrant motor drive. In [19], the study is based on 

a 12/8 SRM, where each phase’s winding is usually 

composed of four series-connected coils. The coils are 

rearranged and connected so that two non-adjacent coils 

in one phase are series-connected into a new winding, 

allowing for bidirectional current flow through the bi-

directional power switch unit. Under normal operation, 

the bidirectional power switch unit remains inactive. 

However, when a fault condition in the converter is 

detected, the unit is used for excitation, freewheeling, 

and demagnetization to ensure continuous motor torque 

output. In [20], the demagnetization voltage is increased 

under the negative demagnetization mode, and the 

higher the speed, the more pronounced the increase in 

demagnetization voltage, while the excitation voltage 

remains unchanged. In summary, optimizing power 

converter topology plays a critical role in improving the 

overall system performance. Given that SRMs are often 

used in high-power, high-speed applications, enhancing 

excitation and demagnetization capabilities to quickly 

establish and release current is essential. An in-depth 

study of a novel multi-level power converter is con-

ducted in this paper. Reference [21] proposes a SRM 

drive system based on a quasi-Z-source integrated mul-

ti-port converter, which improves the motor’s effective 

excitation voltage through repetitive control. Compared 

with previous power converters, asymmetric three-level 

T-type power converters have a higher number of volt-

age levels and more flexible control [22]. Meanwhile, 

each phase of SRM is also independently controlled, the 

reliability of the drive system has been guaranteed. 

However, the increase in power switching devices 

and the complexity of the topology structure raise the 

likelihood of faults. Therefore, research on the fault 

diagnosis technology is particularly important for en-

suring stable operation of the drive system. The scheme 

proposed in [23] requires two current sensors to replace 

the current sensor placed on each phase, eliminating the 

need for additional equipment for multi-phase SRMs, 

thus achieving a more compact and low-cost drive. In 

[24], a matrix function is established to express the 

relationship between phase currents and sensor currents, 

allowing for real-time detection of full-phase current. In 

[25], an adaptive method for tuning a proportion-

al-resonance controller for synchronization of the 

grid-connected inverters is presented. The grid fre-

quency is obtained by minimizing the error signal using 

a frequency-locked loop mechanism, which consists of 

a resonant adaptive filter and a perturbation-based ex-

tremum seeking algorithm. Based on an extremum 

seeking algorithm, it demonstrates that the volt-

age/frequency performance characteristics tracking and 

power factor can comply with the IEEE 1547 standard. 

In [26], a controllable T-type broadband impedance 

matching network (CTIMN) is proposed, along with a 

method based on the exhaustive search approach to 

generate the optimal parameterized design of the 

CTIMN. This approach can double the optimal operat-

ing bandwidth while maintaining the power factor ob-

served in earlier simulations and experiments. In [27], 

six possible winding fault conditions are analyzed, in-

cluding turn-to-turn short circuit, whole-pole coil short 

circuit, whole-phase winding short circuit, inter-phase 

short circuit, and ground short circuit. The winding fault 

current waveforms are provided from a simulation 

perspective. In [28], the impacts of turn-to-turn 

short-circuit faults and whole-pole coil short-circuit 

faults are analyzed, and the fault current waveforms are 

provided through combined simulation and experi-

mental results. In [29], current differentials and flux 

linkage differentials are used for winding fault detection. 

However, this method requires additional hardware, 

which increases the system cost. In [30], for a SRM 

control system based on the torque distribution function, 

current trajectory curves are utilized for open-circuit 

(OC) and short-circuit (SC) fault diagnosis of power 

converters. However, this method is not applicable to 

motor systems using conventional control methods.  

To simplify the algorithm and improve the accuracy 

of fault diagnosis, a mode injection method is proposed 

in this paper, which measures the voltage across the 

winding terminals to determine the fault type of the 

drive system. Only three voltage sensors are employed 

to measure the voltage of each winding, thereby re-

quiring only a small number of sensors to achieve fault 

diagnosis for asymmetric T-type power converters.  

The structure of the rest of the paper is as follows. 

Section Ⅱ describes the mode injection method and the 



WANG et al.: RESEARCH ON FAULT DIAGNOSIS OF ASYMMETRIC THREE-LEVEL T-TYPE POWER CONVERTER… 83 

operating modes of asymmetric half bridge and asym-

metric T-type power converters. In Section Ⅲ, the fault 

types of asymmetric T-type power converters are dis-

cussed. Section Ⅳ presents the application of the mode 

injection method to asymmetric T-type power convert-

ers, while Section Ⅴ verifies the proposed method 

through simulations and experiments. Finally, Section 

Ⅵ provides a summary of the paper. 

Ⅱ.   ASYMMETRIC HALF BRIDGE POWER CONVERTER 

       AND ASYMMETRIC T-TYPE POWER CONVERTER 

A. Asymmetric Half Bridge Power Converter 

1) Open-circuit Fault Analysis 

When the asymmetric half bridge power converter 

and pulse width modulation (PWM) control strategy are 

adopted, open-circuit faults can be divided into upper 

switch open-circuit faults and lower switch open-circuit 

faults. An open-circuit fault in the upper switch prevents 

the phase winding from being excited, while an 

open-circuit fault in the lower switch interrupts the 

freewheeling path of the phase winding. In the later case, 

the upper switch is exposed to the full DC bus voltage, 

leading to increased voltage stress and potentially re-

sulting in device breakdown. 

Taking phase A as an example, it first analyzes the 

open-circuit fault of upper switch 1T . If the fault occurs 

within the conduction interval of phase A, the current on 

the winding will pass through the lower switch 2T  and 

the diode 1D , and then continue to flow at zero voltage 

until it drops to zero. If the fault occurs and the current 

in the turn off interval does not decrease to zero, the 

current on the winding will be demagnetized by nega-

tive voltage through the two diodes 1D  and 2D , and the 

energy is fed back to the DC side. The current path is 

shown in Fig. 1(a). 

Similarly, for an open-circuit fault in the lower switch 

2T , if the fault occurs within the A-phase conduction 

interval, it can be divided into two situations: 1) When 

the pulse signal is at high level, the current on the 

winding will continue to flow through the upper switch 

1T  and the diode 2D  at zero voltage until the current 

drops to zero; 2) When the pulse signal is at low level, 

the current on the winding is demagnetized by negative 

voltage through the two freewheeling diodes 1D  and 

2D . If the fault occurs and the current in the turn off 

interval does not decrease to zero, the current on the 

winding is also demagnetized by negative voltage 

through the two freewheeling diodes 1D  and 2D , and 

the energy is fed back to the DC side. The current path is 

shown in Fig. 1(b). 

 
Fig. 1.  Current path of asymmetrical half bridge power converter 

under open-circuit fault. (a) Upper switch open circuit. (b) Lower 

switch open circuit. 

When an open-circuit fault occurs in either switch of 

an asymmetric half bridge power converter, the fault 

phase current remains zero during the subsequent rotor 

cycle, causing the motor to operate in a phase loss state 

and resulting in a one-third reduction of motor torque. 

Due to the relative independence between the SRM 

phases, the other phases can continue to function nor-

mally. In the closed-loop control system, the torque loss 

caused by the faulty phase can be compensated by in-

creasing the output torque of the remaining phases to 

maintain stable system operation. However, prolonged 

operation in a phase loss state can lead to damage to the 

motor body. Figure 2 shows the current waveforms and 

driving signals before and after the fault under voltage 

PWM control and current chopping control, respec-

tively. The dashed lines represents the current wave-

forms after the fault. 

 

Fig. 2.  Schematic diagram of current waveform and driving 

signal before and after fault. (a) Voltage PWM control. (b) Cur-

rent chop control. 
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Through the above analysis, it can be concluded that 

when different power switching devices fail, the current 

paths of excitation mode and zero voltage continuation 

changes, and the distortion rate of the current waveform 

also varies. Such characteristics play an important role 

in locating open-circuit faults in switching devices. 

2) Short-circuit Fault Analysis 

Short-circuit faults in the asymmetric half bridge 

power converter combined with PWM control can be 

divided into short-circuit faults of upper switch and 

short-circuit faults of lower switch. Taking phase A as an 

example, when a short-circuit fault occurs in the upper 

switch 1T ,  if the fault occurs within the conduction 

range of phase A, the phase winding directly bears the 

full voltage of the DC side which will cause a surge in 

phase current and unstable motor operation. If the fault 

occurs and the current in the turn off interval does not 

decrease to zero, the current in the winding will continue 

to flow through the short-circuit 
1T  and the freewheeling 

diode 2D  at zero voltage, causing the current to decrease 

slowly and continue to the conduction interval of the 

next phase. The voltage equation is give as: 

a a a

a a a a

a a

d
0

d

L i L
i R L i i

i t




  
    

  
                (1) 

where a a a,  ,  ,  and i R L    are respectively the phase 

current, equivalent resistance, phase inductance, rotor 

position, and angular velocity of phase A winding. 

According to (1), it can be inferred that when 
ad di t  

is greater than 0, the current actually increases in the 

decreasing region of the inductance. According to the 

electromagnetic torque formula, i.e.,  2

e 0.5 d dT i L t , 

the electromagnetic torque of the motor in the induct-

ance decrease zone is negative, impacting on the per-

formance and service life of the motor. The current path 

is shown in Fig. 3(a). 

Similarly, when a short-circuit fault occurs in the 

lower switch 
2T , if the fault occurs within the A-phase 

conduction interval, the chopping function is the same 

as usual. However, if the fault occurs and the current in 

the turn off interval does not decrease to zero, the cur-

rent on the winding will continue to flow through the 

short-circuit 
2T  and the freewheeling diode 1D  at zero 

voltage, causing the current to decrease slowly and 

continue to the conduction interval of the next phase.  

The impact on the motor is the same as when the fault 

of 1T  occurs during the turn off interval, and the current 

path is shown in Fig. 3(b). 

Therefore, it can be concluded that the motor oper-

ating characteristics will change when faults happen in 

either switch in the power converter.  

 

Fig. 3.  Current path of asymmetrical half bridge power converter 

under power switch short-circuit fault. (a) Upper switch short 

circuit. (b) Lower switch short circuit. 

B. Asymmetric Three-level T-type Power Converter 

Traditional asymmetric half-bridge power converters 

can only produce two voltage levels of 0 and dU . To 

increase the number of voltage levels, reduce switching 
harmonics, and minimize torque ripple in SRMs, the 
implementation of a multilevel converter configuration 
is necessary. An asymmetric three-level T-type con-
verter structure is proposed in [31]. The DC side con-
sists of two equal-sized voltage-splitting capacitors, and 

each phase has four power switches ( 1 4T T ) and two 

diodes ( 1 2D D ). The topology of one phase of the 

asymmetric three-level T-type power converter is 
shown in Fig. 4. 

 

Fig. 4.  Topology of one phase of the asymmetric three-level 

T-type power converter. 

By combining different switching states of the power 

switches, the improved power converter exhibits a total 

of nine operating modes. Taking phase A as an example, 

the nine operating modes are analyzed, with all current 

paths shown in Fig. 5. 
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Fig. 5.  Current paths for the nine modes. (a) Mode 1. (b) Mode 2. 

(c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6. (g) Mode 7. (h) 

Mode 8. (i) Mode 9. 

Mode 1: As shown in Fig. 5(a), switches 1T  and 4T  

are turned on, while 2T  and 3T  are turned off. Capaci-

tors 1C  and 2C  supply power to the winding, with cur-

rent flowing through 1T , the phase A winding, and 4T .  

Since 1C  and 2C  are used for winding excitation, the 

midpoint potential NU  does not shift. The voltage across 

the phase A winding is the full DC-side voltage, with a 
magnitude of U. The voltage equation is as follows: 

d

d

L i
U iR i L

t


  


                            (2) 

where θ is the rotor position. 

Mode 2: As shown in Fig. 5(b), switches 
1T  and 

3T  

are turned on, while 
2T  and 

4T  are turned off. Capac-

itor 
1C  supplies power to the winding, with current 

flowing through 
1T , the phase A winding, and 

3T . Since 

only 
1C  is used for winding excitation, its discharge 

causes the voltage to drop, and the midpoint potential 

NU  rises. The voltage across the phase A winding is half 

of the DC-side voltage, with a magnitude of U/2. The 
voltage equation is as follows:  

d

2 d

U L i
iR i L

t





  


                        (3) 

Mode 3: As shown in Fig. 5(c), switches 2T  and 4T  

are turned on, while 1T  and 3T  are turned off. Capacitor 

2C  supplies power to the winding, with current flowing 

through 2T ,  the phase A winding, and 4T .  Since only 

2C  is used for winding excitation, its discharge causes 

the voltage to rise, and the midpoint potential NU  drops. 

The voltage across the phase A winding is half of the 
DC-side voltage, with a magnitude of U/2. The voltage 
equation is as follows:  

d

2 d

U L i
iR i L

t





  


                             (4) 

Mode 4: As shown in Fig. 5(d), switches 2T  and 3T  

are turned on, while 1T  and 4T  are turned off. Current 

flows through 2T ,  the phase A winding, and 3T ,  cir-

culating within the converter. Neither capacitor dis-

charges, and the midpoint potential NU  does not shift. 

The voltage across the phase A winding is 0, and the 
voltage equation is as follows:  

d
0

d

L i
iR i L

t





  


                              (5) 

Mode 5: As shown in Fig. 5(e), switch 1T  is turned 

on, while 2T ,  3T , and 4T  are turned off. Current flows 

through 1T ,  the phase A winding, and freewheeling 

diode 2D ,  circulating within the converter. Neither 

capacitor discharges, and the midpoint potential NU  

does not shift. The voltage across the phase A winding 
is 0, and the voltage equation is as follows:  

d
0

d

L i
iR i L

t





  


                          (6) 

Mode 6: As shown in Fig. 5(f), switch 4T  is turned 

on, while 1T ,  2T ,  and 3T  are turned off. Current flows 

through 4T ,  the phase A winding, and freewheeling 

diode 1D ,  circulating within the converter. Neither 

capacitor discharges, and the midpoint potential NU  

does not shift. The voltage across the phase A winding 
is 0, and the voltage equation is as follows:  
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d
0

d

L i
iR i L

t





  


                          (7) 

Mode 7: As shown in Fig. 5(g), switch 2T  is turned 

on, while 
1T ,  

3T ,  and 
4T  are turned off. Current flows 

through 2T ,  the phase A winding, and freewheeling 

diode 
2D ,  with energy from the winding being fed 

back to the DC side. The phase A winding charges 1C ,  

causing its voltage to rise and the midpoint potential 

NU  to drop. Phase A operates in negative voltage 

freewheeling mode, and the voltage is U/2. The volt-

age equation is as follows:  

d

2 d

U L i
iR i L

t





   


                      (8) 

Mode 8: As shown in Fig. 5(h), switch 3T  is turned 

on, while 1T , 2T , and 4T  are turned off. Current flows 

through freewheeling diode 1D , the phase A winding, 

and 3T , with energy from the winding being fed back to 

the DC side. The phase A winding charges 2C , causing 

its voltage to rise and the midpoint potential NU  to rise. 

Phase A operates in negative voltage freewheeling 

mode, and the voltage isU/2. The voltage equation is 

as follows:  

d

2 d

U L i
iR i L

t





   


                      (9) 

Mode 9: As shown in Fig. 5(i), none of the switches 

are turned on. Current flows through freewheeling diode 

1D , the phase A winding, and freewheeling diode 2D , 

with energy from the winding being fed back to the DC 

side. The phase A winding charges both 1C  and 2C  

simultaneously, and the midpoint potential NU  does not 

shift. Phase A operates in negative voltage freewheeling 

mode, and the voltage isU. The voltage equation is as 

follows:  

d

d

L i
U iR i L

t





   


                     (10) 

From the above analysis, it is clear that there are three 

modes of operation for the winding. In the positive 

voltage excitation mode, switches 1T  and 4T  are turned 

on, each enduring a voltage of 0, and the winding op-

erates in Mode 1. When current chopping control is 

used, and the upper arm power switch turns off, the 

winding operates in zero-voltage freewheeling mode, 

with switch 1T  turned off, 4T  turned on, and switches 

1T  and 4T  enduring voltages of U and 0, respectively, 

with the winding operating in Mode 6. In the negative 

voltage demagnetization state, switches 1T  and 4T  are 

turned off, each enduring a voltage of U, and the 

winding operates in Mode 9. 

Ⅲ.   ASYMMETRIC T-TYPE POWER CONVERTER FAULT 

ANALYSIS 

Over the past decade, fault tolerance and reliability 

analysis of power converters have become important 

research topics. Approximately 38% of faults in AC 

drive systems are attributed to switching device failures, 

with open-circuit power switching device faults being 

the most common. Such faults are typically caused by 

thermal cycling, gate drive failures, and bond wire 

failuresissues that traditional protection systems are 

unable to detect. Compared to conventional power 

converters, the asymmetric three-level T-type power 

converter offers more voltage levels and flexible control. 

However, the increased number of power switching 

devices and the more complex topology also elevate the 

likelihood of faults. For the same number of voltage 

levels, different power converters may exhibit similar 

operating modes, phase currents, and voltage wave-

forms, but differ in their current paths and switching 

operations [32][34]. 

A. Open-circuit Fault Analysis 

Owning to the phase independence of the SRM 

power converter, each phase can be analyzed individu-

ally, with the same principles applicable to the re-

maining phases. As discussed in the previous section, 

each phase of the asymmetric three-level T-type power 

converter has four power switches and two freewheel-

ing diodes. Taking phase A as an example, the current 

paths for each switch device are analyzed under 

open-circuit fault conditions. The current paths for the 

outer power switches in both normal and open-circuit 

fault states are shown in Fig. 6, where the solid and 

dashed lines represent the current paths during a fault 

and in the normal state, respectively. 
When a controllable power switch or diode is in the 

“on” state, it is denoted as 1 ( Ti  is 1 or Di  is 1, where 

1,2,i  ). When a controllable power switch or diode 

is in the open-circuit state, it is denoted as open0  

open open(T  is 0  or  D  is 0 ,  where 1,2, ).i i i   When the 

switch 
1T  experiences an open-circuit fault 1 open(T  is 0 ) , 

it affects the normal operating Modes 1, 2, and 5. In 

Mode 1, the normal current path is 
1T → winding A 

→
4T , whereas under fault conditions, the current path 

changes to 
2D → winding A→

4T , thus switching the 

operation mode to Mode 6, as shown in Fig. 6(a). The 
voltage changes from the full DC-side voltage U to 
zero-voltage freewheeling. In Mode 2, the current path 

is 
1T → winding A→

3T , whereas under fault conditions, 

the current path changes to 
1D →winding A→

3T , 

switching the operation mode to Mode 8, as shown in 
Fig. 6(b). The voltage changes from the positive half 
DC-side voltage U/2 to the negative half voltage of 
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U/2 in the demagnetization state. In Mode 5, the cur-

rent path is 
1T →winding A→

2D ,  while under fault 

conditions, the current path changes to 
1D →winding 

A→
2D ,  switching the operation mode to Mode 9, as 

shown in Fig. 6(c). The voltage changes from ze-
ro-voltage freewheeling to the full negative demagnet-

ization voltage of U. 

Similarly, when the switch 
4T  experiences an 

open-circuit fault (
4 openT is 0 ), it affects Modes 1, 3, and 

6. Mode 1 transitions to Mode 5 due to the open-circuit 

fault in 4T , Mode 3 transitions to Mode 7, and Mode 6 

transitions to Mode 9. The current paths are shown in 
Figs. 6(d), (e), and (f), respectively. 

 

 

 
Fig. 6.  Current paths for outer power switches in normal state and 

under open-circuit fault. (a)
1T  OC (Mode 1→Mode 6). (b) 

1T  

OC (Mode 2→Mode 8). (c) 
1T  OC (Mode 5→Mode 9). (d) 

4T  

OC (Mode 1→Mode 5). (e) 
4T  OC (Mode 3→Mode 7). (f) 

4T  

OC (Mode 6→Mode 9). 

From the above analysis, it is evident that an 

open-circuit fault in the outer power switches causes the 

three-level converter to degrade to a two-level converter. 

The maximum output phase voltage is reduced to U/2, 

limiting the motor’s rated speed to half of its original 

value. Additionally, the increased negative voltage 

levels result in greater phase current fluctuations. 
The current paths of the inner power switches under 

both normal and open-circuit fault conditions are illus-

trated in Fig. 7. When switch 2T  experiences an 

open-circuit fault 2 open(T is 0 ),  it affects normal oper-

ating Modes 3, 4, and 7. In Mode 3, the current path is 

2T →winding A→ 4T , and under fault conditions, the 

current path changes to 
1D →winding A→

4T , thus 

switching the operation mode to Mode 6, as shown in 
Fig. 7(a). The excitation voltage changes from the pos-
itive half DC-side voltage U/2 to 0. In Mode 4, the 

current path is 2T →winding A→ 3T ,  while under fault 

conditions, the current path changes to D1→ winding 

A→ 3T ,  switching the operation mode to Mode 8, as 

shown in Fig. 7(b). The voltage changes from ze-
ro-voltage freewheeling to the negative half DC-side 

voltage of U/2. In Mode 7, the current path is 

2T →winding A→ 2D ,  whereas under fault conditions, 

the current path changes to 1D → winding A→ 2D ,  

switching the operation mode to Mode 9, as shown in 
Fig. 7(c). The demagnetization voltage changes from 

the negative half DC-side voltage of U/2 to the full 

negative voltage of U. 

Similarly, when switch 3T  experiences an 

open-circuit fault 3 open(T is 0 ),  it affects Modes 2, 4, 

and 8. Mode 2 transitions to Mode 5 due to the 

open-circuit fault in 4T , while Mode 4 transitions to 

Mode 7, and Mode 8 transitions to Mode 9. The current 

paths are shown in Figs. 7(d), (e), and (f), respectively. 

From the above analysis, it is evident that when an 

inner power switch experiences an open-circuit fault, 

the three-level converter degrades to a two-level con-

verter, similar to an asymmetric half-bridge power 

converter. The maximum output phase voltage becomes 

U, and torque ripple increases. 
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Fig. 7.  Current paths for inner power switches in normal state and 

under open-circuit fault. (a)
2T  OC (Mode 3→Mode 6). (b) 

2T  

OC (Mode 4→Mode 8). (c) 
2T  OC (Mode 7→Mode 9). (d) 

3T  

OC (Mode 2→Mode 5). (e) 
3T  OC (Mode 4→Mode 7). (f) 

3T  

OC (Mode 8→Mode 9). 

For the asymmetric three-level neutral-point clamped 

(NPC) power converter, if the power switch near the DC 

bus (outer power switch) experiences an open-circuit 

fault, the three-level system also degrades to a two-level 

system, with a maximum output phase voltage of U/2. 

The motor speed is reduced to half of its original rated 

value, and the change in torque also becomes slower. If 

the power switch near the motor winding (inner power 

switch) experiences an open-circuit fault, the system 

will only have zero-voltage freewheeling and negative 

demagnetization states, with no positive excitation 

voltage present in the winding. Consequently, the phase 

current output for the faulty phase becomes zero, and 

the motor enters a phase-loss operating condition. In a 

phase-loss operating condition, the electromagnetic 

torque of the missing phase, denoted as queT , can be 

expressed as follows:  

que que2

que que

d ( )1

2 d

L i
T i




                      (11) 

where queL  and quei  represent the phase inductance and 

phase current of the missing phase, respectively. Since 

the electromagnetic torque queT  of the missing phase 

decreases to 0 as the phase current decreases, the average 

electromagnetic torque 
av_queT  when 

que 0T   after a 

fault can be expressed as:  
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where av r,  , , ,T m N   and ,( )L    are respectively rep-

resent average electromagnetic torque, phase number of 

switched reluctance motor, rotor pole number, winding 

distribution angle, and inductance characteristic func-

tion. The average torque is lower during phase-loss 

operation caused by an open-circuit fault in the inner 

power switch compared to normal operation, resulting 

in a reduction in motor speed. As the actual motor speed 

decreases, the speed deviation increases, leading to 

higher outputs from both the speed regulator and the 

current regulator. Consequently, the reference voltage 

increases, which in turn raises the electromagnetic 

torque of the remaining healthy phases. After a certain 

period, the electromagnetic torque and the load torque 

reach a new equilibrium, enabling the motor to continue 

operating. However, prolonged phase-loss operation 

can lead to damage in the SRM and cause issues such as 

noise and vibration. 

Therefore, under any power switch open-circuit fault, 

the asymmetric T-type power converter operates as a 

two-level converter. In the case of the asymmetric NPC 

power converter, depending on the location of the faulty 

switch, it may either function as a two-level converter or 

operate under phase-loss conditions. 

Similar to the asymmetric half-bridge power con-

verter, the asymmetric three-level T-type converter has 

two freewheeling diodes. When any of these diodes ex-

perience an open-circuit fault, the consequences are the 

same as those in the asymmetric half-bridge converter. 

B. Short-circuit Fault Analysis 

Short-circuit faults can be categorized into outer 

power switch short-circuit faults, inner power switch 

short-circuit faults, and freewheeling diode short-circuit 

faults. Inner power switch short-circuit faults and 

freewheeling diode short-circuit faults may cause a 

short circuit in the DC power supply, resulting in severe 

damage to the converter and potentially the entire drive 

system. Therefore, only the analysis of outer power 

switch short-circuit faults is considered. Taking phase A 

as an example, when a controllable power switch or 

diode is in a short-circuit state, Ti  is denoted as short0  or 

Di  is denoted as short0  ( 1,2, ).i   When the switch 

1T  experiences a short-circuit fault, 1T  is short0 , the 

current paths under normal and short-circuit conditions 

for the outer power switch 
1T  are illustrated in Fig. 8. 
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Fig. 8.  Current path in the outer power switch
1T  under normal 

and short-circuit conditions. (a) 
1T  SC (Mode 3→Mode 1). (b) 

1T  SC (Mode 4→Mode 2). (c) 
1T  SC (Mode 7→Mode 5). (d) 

1T  

SC (Mode 6→Mode 1). (e) 
1T  SC (Mode 8→Mode 2). (f) 

1T  SC 

(Mode 9→Mode 5). 

Modes 3, 4, and 7 require the conduction of power 

switch 2T . However, since 
2T  does not receive a drive 

signal, it remains in the off state. Specifically, the current 

path in Mode 3 will change to energizing the winding 

with positive voltage through the short-circuited 
1T  

(which can be regarded as a wire) and 
4T , and the op-

erating mode changes to Mode 1, with the voltage 

changing from half of the DC voltage U/2 to the full DC 

voltage U, as shown in Fig. 8(a). Similarly, the current 

path in Mode 4 will change to energizing the winding 

with positive voltage through the short-circuited 
1T  and 

3T ,  and the operating mode changes to Mode 2, with the 

voltage changing from 0 to half of the DC voltage U/2, 

as shown in Fig. 8(b). In Mode 7, the current path will 

change to zero-voltage freewheeling through the 

short-circuited 
1T  and 

2D ,  and the operating mode 

changes to Mode 5, with the voltage changing from 

negative half of the DC voltage −U/2 to 0, as shown in 

Fig. 8(c). Furthermore, the current path in Mode 6 will 

change to energizing the winding with positive voltage 

through the short-circuited 
1T  and 

4T ,  and the operating 

mode changes to Mode 1, with the voltage changing 

from zero-voltage freewheeling to the full DC voltage U, 

as shown in Fig. 8(d). In Mode 8, the current path will 

change to energizing the winding with positive voltage 

through the short-circuited 
1T  and 

3T ,  and the operating 

mode changes to Mode 2, with the voltage changing 

from negative half of the DC voltage −U/2 to half of the 

DC voltage U/2, as shown in Fig. 8(e). In Mode 9. the 

current path will change to zero-voltage freewheeling 

through the short-circuited 
1T  and 

2D ,  and the operat-

ing mode changes to Mode 5, with the voltage changing 

from negative full voltage U to 0, as shown in Fig. 8(f). 

Similarly, when the switch 4T  experiences a 

short-circuit fault, 4 shortT 0 ,  the current paths under 

normal and short-circuit conditions for the outer power 

switch 4T  are illustrated in Fig. 9. Modes 2, 4, and 8 

require the conduction of power switch 3T .  However, 

since 3T  does not receive a drive signal, it remains in the 

off state. Specifically, the current path in Mode 2 will 

change to energizing the winding with positive voltage 

through the short-circuited 4T  (which can be regarded as 

a wire) and 1T ,  and the operating mode changes to Mode 

1, with the voltage changing from half of the DC voltage 

U/2 to the full DC voltage U, as shown in Fig. 9(a). For 

the current path in Mode 4, it will change to energizing 

the winding with positive voltage through the 

short-circuited 4T  and 2T ,  and the operating mode 

changes to Mode 3, with the voltage changing from 0 to 

half of the DC voltage U/2, as shown in Fig. 9(b). In 

Mode 8, the current path will change to zero-voltage 

freewheeling through the short-circuited 4T  and 
1D , 

and the operating mode changes to Mode 6, with the 

voltage changing from negative half of the DC voltage 

U/2 to 0, as shown in Fig. 9(c). For the current path in 

Mode 5, it will change to energizing the winding with 

positive voltage through the short-circuited 4T  and 1T ,  

and the operating mode changes to Mode 1, with the 

voltage changing from zero-voltage freewheeling to the 

full DC voltage U, as shown in Fig. 9(d). In Mode 7, the 

current path will change to energizing the winding with 

positive voltage through the short-circuited 4T  and 2T ,  

and the operating mode changes to Mode 3, with the 

voltage changing from negative half of the DC voltage 

U/2 to half of the DC voltage U/2, as shown in Fig. 9(e). 

The current path in Mode 9 will change to zero-voltage 

freewheeling through the short-circuited 4T  and 1D ,  
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and the operating mode changes to Mode 6, with the 

voltage changing from negative full voltage U to 0, as 

shown in Fig. 9(f). 

The above analysis shows that the motor operates 

only under positive voltage excitation and zero-voltage 

freewheeling, which can cause the current that should 

decay to either continue rising or decrease at a slower 

rate. This type of short-circuit fault has significant im-

pact on the control strategy of the drive system. 

 

 

 
Fig. 9.  Current path in the outer power switch 

4T  under normal 

and short-circuit conditions. (a) 
4T  SC (Mode 2→Mode 1). (b) 

4T  SC (Mode 4→Mode 3). (c) 
4T  SC (Mode 8→Mode 6). (d) 

4T  SC (Mode 5→Mode 1). (e) 
4T  SC (Mode 7→Mode 3). (f) 

4T  SC (Mode 9→Mode 6). 

Ⅳ.   FAULT DIAGNOSIS METHOD FOR ASYMMETRIC 

         THREE-LEVEL T-TYPE POWER CONVERTERS 

Based on the above fault analysis, it is evident that 

each open-circuit fault affects three operating modes, 

whereas each short-circuit fault affects six operating 

modes. To ensure the stable operation of the drive sys-

tem, it is essential to quickly identify the fault location 

when a fault occurs, enabling timely implementation of 

appropriate isolation measures. This paper proposes an 

efficient, simple, and flexible fault diagnosis algorithm 

that requires no additional sensors or hardware and is 

capable of detecting the faults discussed in the previous 

section. 

When a fault occurs, the fault location is initially 

unknown, therefore the drive signals to the power 

switches would remain unchanged, resulting in dis-

crepancies between the pre-fault winding voltage and 

the actual measured voltage after the fault occurrence. 

Such voltage difference is employed as the characteris-

tic quantity for fault diagnosis in this paper.  

The winding voltage under normal and fault condi-

tions for the nine operating modes is shown in Table Ⅰ. 

From the Table Ⅰ, it can be seen that any two faults have 

at least one operating mode with different winding 

voltages. However, in certain operating modes, the 

winding voltage may be identical for two different faults. 

To distinguish the fault type and location, a mode injec-

tion method is employed. By re-injecting a specific op-

erating mode and comparing the fault winding voltage 

with the pre-fault winding voltage, the fault can be ac-

curately detected and differentiated. This mode injection 

method allows for rapid fault diagnosis with minimal 

delay. Taking phase A as an example, the fault diagnosis 

method for the nine operating modes is analyzed. 

TABLE Ⅰ 

WINDING VOLTAGE UNDER NORMAL AND FAULT CONDITIONS FOR 

NINE OPERATING MODES 

Operating 

mode 

Winding voltage 

Normal 1T  OC 
2T  OC 

3T  OC 
4T  OC 

1T  SC 
4T  SC 

1 U 0   0   

2 U/2 U/2  0   U 

3 U/2  0  U/2 U  

4 0  U/2 U/2  U/2 U/2 

5 0 U     U 

6 0    U U  

7 U/2  U   0 U/2 

8 U/2   U  U/2 0 

9 U     0 0 

When Mode 1 is applied to the motor winding, the 

first step is to check if the winding voltage is 0. A zero 

voltage indicates either 1T  or 4T  is open-circuited. To 

differentiate between these two conditions, the mode 

injection method is employed. By operating phase A 

winding in Mode 2, if the winding voltage is detected as 

U/2, it confirms that 1T  is open-circuited. In contrast, 

if the winding voltage is not U/2, 4T  is confirmed to 

be in open circuit. If the winding voltage detected in the 

first step is not 0, it is the A-phase winding pulse injec-
tion Mode 4. If the winding voltage is detected as 0, it 

indicates that none of the faults analyzed in this paper 

are present. If the winding voltage is U/2, then phase A 
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winding is again pulse-injected with Mode 2. If the 

winding voltage is detected as 0, it confirms that 3T  is 

open-circuited; if the winding voltage is not 0, 2T  is 

confirmed to be open-circuited. If none of the above 

conditions are satisfied, the phase A winding is 

pulse-injected using Mode 2. If the winding voltage is 

detected as 0, it confirms that 
4T  is short-circuited; if 

the winding voltage is not 0, 1T  is confirmed to be 

short-circuited. The fault diagnosis flowchart for Mode 

1 is shown in Fig. 10, where mU  represents the actual 

winding voltage measured by the voltage sensor; and 

“No fault” indicates that none of the faults analyzed in 

this paper are present. 

 

Fig. 10.  Fault diagnosis flowchart for Mode 1. 

When Mode 2 is applied to the motor windings, if the 

winding voltage is first detected to be U/2, it can be 

determined that 1T  is short-circuited, 4T  is 

open-circuited, 2T  is open-circuited, or none of the 

faults analyzed in this paper are present. By using the 

mode injection method to operate phase A winding in 

Mode 3, if the detected winding voltage is U/2, it can 

be determined that 4T  is open-circuited; if the detected 

winding voltage is 0, 2T  is open-circuited; if the de-

tected winding voltage is U, 1T  is short-circuited; oth-

erwise, it can be concluded that none of the faults ana-

lyzed in this paper are present. If the winding voltage 

detected in the previous step is not U/2 but U/2, it can 

be determined that 1T  is open-circuited; if the detected 

winding voltage is 0, 3T  is open-circuited; otherwise, it 

can be determined that 4T  is short-circuited. The fault 

diagnosis method for Mode 3 is similar to that of Mode 

2, so will not be detailed further in this paper. Figures 11 

and 12 show the fault diagnosis flowcharts for Mode 2 

and Mode 3, respectively. 

 

Fig. 11.  Fault diagnosis flowchart for Mode 2. 

 

Fig. 12.  Fault diagnosis flowchart for Mode 3. 

When Mode 4 is applied to the motor windings, if the 

winding voltage is first detected to be 0, it can be de-

termined that 
1T  is open-circuited, 

4T  is open-circuited, 

or none of the faults analyzed in this paper are present. 

By using the mode injection method to operate phase A 

winding in Mode 5, if the detected winding voltage is 

U, it can be determined that 
1T  is open-circuited. 

Otherwise, a pulse is injected into phase A winding in 

Mode 6, and if the winding voltage is U, it can be 

determined that 
4T  is open-circuited; if the winding 

voltage is not U, it can be concluded that none of the 

faults analyzed in this paper are present. If the winding 

voltage detected in the previous step is not 0 but U/2, a 

pulse is injected into phase A winding in Mode 2, and if 

the detected winding voltage is 0, it can be determined 

that 
3T  is open-circuited; if the detected winding volt-

age is not 0, it can be determined that 
2T  is 

open-circuited. If the winding voltage detected in the 

previous step is also not U/2, a pulse is also injected 

into phase A winding in Mode 2, and if the detected 

winding voltage is 0, it can be determined that T4 is 

short-circuited; if the winding voltage is not 0, it can be 

determined that 1T  is short-circuited. The fault diagno-

sis flowchart for Mode 4 is shown in Fig. 13. 
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Fig. 13.  Fault diagnosis flowchart for Mode 4. 

When Mode 5 is applied to the motor windings, if the 

winding voltage is first detected to be non-zero, it can be 

determined that 4T  is short-circuited or 1T  is 

open-circuited. If the detected winding voltage is U, it 

confirms that 1T  is open-circuited; if the detected 

winding voltage is not U, it can still confirm that 4T  is 

short-circuited. If the winding voltage detected in the 

previous step is 0, the mode injection method is used to 

operate phase A winding in Mode 8. If the detected 

winding voltage is U/2, a pulse is then injected into 

phase A winding in Mode 3. If the detected winding 

voltage is 0, it can be determined that 2T  is 

open-circuited; if the detected winding voltage is U/2, 

it can be determined that 
4T  is open-circuited; otherwise, 

it can be concluded that none of the faults analyzed in this 

paper are present. If the winding voltage detected in the 

previous step is not U/2 but U, it can be determined 

that 3T  is open-circuited; if the detected winding voltage 

is U, it can be determined that 1T  is short-circuited. The 

fault diagnosis method for Mode 6 is similar to that of 

Mode 5, since it will not be detailed further in this paper. 

Figures 14 and 15 show the fault diagnosis flowcharts for 

Mode 5 and Mode 6, respectively. 

 

Fig. 14.  Fault diagnosis flowchart for Mode 5. 

 

Fig. 15.  Fault diagnosis flowchart for Mode 6. 

When Mode 7 is applied to the motor windings, if the 

winding voltage is first detected to be U/2, it can be 

determined that 3T  is open-circuited, 4T  is 

open-circuited, 1T  is open-circuited, or none of the 

faults analyzed in this paper are present. By using the 
mode injection method to operate phase A winding in 
Mode 2, if the detected winding voltage is U/2, a pulse 
is then injected into phase A winding in Mode 3. If the 

detected winding voltage is U/2, it can be determined 

that 4T  is open-circuited; if the detected winding volt-

age is not U/2, it can be concluded that none of the 
faults analyzed in this paper are present. If the winding 

voltage detected in the previous step is not U/2 but U/2, 

it can be determined that 1T  is open-circuited; otherwise, 

it can be determined that 3T  is open-circuited. If the 

winding voltage detected in the first step is not U/2 but 

U, it can be determined that 2T  is open-circuited; if the 

winding voltage is 0, it can be determined that 1T  is 

short-circuited; otherwise, it can be determined that 4T  is 

short-circuited. The fault diagnosis method for Mode 8 is 
similar to that of Mode 7, since it will not be detailed fur-
ther in this paper. Figures 16 and 17 show the fault diag-
nosis flowcharts for Mode 7 and Mode 8, respectively. 

When Mode 9 is applied to the motor windings, if the 
winding voltage is first detected to be 0, it can be de-

termined that 1T  is short-circuited or 4T  is 

short-circuited. By using the mode injection method to 
operate phase A winding in Mode 7, if the detected 

winding voltage is U/2, it can be confirmed that 1T  is 

short-circuited; if the detected winding voltage is not 

U/2, it can be confirmed that 4T  is short-circuited. If the 

winding voltage detected in the previous step is not 0, a 
pulse is injected into the phase A winding in Mode 2. If 
the detected winding voltage is U/2, a pulse is then 
injected into phase A winding in Mode 3. If the detected 

winding voltage is U/2, it can be determined that 4T  is 

open-circuited; if the detected winding voltage is 0, it 
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can be determined that 
2T  is open-circuited; otherwise, 

it can be concluded that none of the faults analyzed in 
this paper are present. If the winding voltage detected in 

the previous step is not U/2 but U/2, it can be deter-

mined that 
1T  is open-circuited; otherwise, it can be 

determined that 
3T  is open-circuited. The fault diagno-

sis flowchart for Mode 9 is shown in Fig. 18. 

 

Fig. 16.  Fault diagnosis flowchart for Mode 7. 

 

Fig. 17.  Fault diagnosis flowchart for Mode 8. 

 

Fig. 18.  Fault diagnosis flowchart for Mode 9. 

The asymmetric three-level T-type power converter 

topology and fault diagnosis method proposed in this 

paper are designed based on general circuit theory and 

the electromagnetic characteristics of the SRM. The 

proposed method diagnoses fault types by measuring 

the voltage across the winding using different switching 

sequences. Compared to the traditional asymmetric half 

bridge power converters, there are more output levels 

and flexible control when the asymmetric three-level 

T-type power converters is adopted. Meanwhile, 

asymmetric three-level T-type power converters require 

fewer switching devices when compared to the asym-

metric NPC converter, thereby reducing conduction 

losses. However, fault diagnosis research on this type of 

converter remains relatively limited. In the conventional 

methods, the phase current spectra before and after a 

short-circuit fault are analyzed to diagnose the fault 

types of asymmetric half bridge power converters. Such 

approaches are more complex than the injection-based 

method and typically require offline execution. Also, 

more current sensors are required to realize the fault 

diagnosis [34][36]. This method typically requires 

calculating the slope of the phase current to identify 

faults in power converters. Compared to conventional 

techniques, the proposed method is simpler, enables 

faster fault detection, and can be implemented online, 

whereas many traditional methods are limited to offline 

diagnosis. 

Ⅴ.   SIMULATION AND EXPERIMENTAL VERIFICATION 

The fault diagnosis simulation model is based on the 

SRM drive system model from Section Ⅱ, with the ad-

dition of a fault injection module. The rapidity and 

accuracy of fault detection can be evaluated through 

changes observed in the simulation waveforms using 

this setup.  

The fault diagnosis simulation waveforms for Mode 1 

are shown in Fig. 19, where mU  and rU  represent the 

actual winding voltage and the winding voltage before 

the fault, respectively. When the winding operates in 

Mode 1, the detected winding voltage is 0, indicating an 

open-circuit fault in either 1T  or 4T . To further pinpoint 

the fault, the mode injection method is used. When 

Mode 2 is injected into the motor winding, and the de-

tected winding voltage is U/2, the fault location and 

type can be confirmed as a 
1T  open circuit. The wave-

forms of the actual winding voltage before and after the 

fault are shown in Fig. 19(a). If the detected winding 

voltage is not 0 but remains at U, Mode 4 is injected into 

the motor winding. If the winding voltage changes to 

U/2, this indicates an open-circuit fault in either 
2T  or 

3T . To further identify the fault, the mode injection 

method is applied once again. When Mode 2 is injected 

into the motor winding, and the detected winding voltage 
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is 0, the fault location and type can be confirmed as a 
3T  

open circuit. The waveforms of the actual winding 

voltage before and after the fault are shown in Fig. 19(b). 

 

 

Fig.19.  Fault diagnosis simulation waveforms for Mode 1. (a) 
1T  

open circuit. (b) 
3T  open circuit. 

The fault diagnosis simulation waveforms for Mode 2 

are shown in Fig. 20. When the winding operates in 

Mode 2 and the detected winding voltage is 0, the fault 

location and type can be directly identified as a 3T  open 

circuit. The waveforms of the actual winding voltage 

before and after the fault are shown in Fig. 20(a). If the 

detected winding voltage remains at U/2, it could indi-

cate a 2T  open-circuit fault, 4T  open-circuit fault, 1T  

short-circuit fault, or the absence of any faults analyzed 

in this paper. To further pinpoint the fault, the mode 

injection method is applied. When Mode 3 is injected 

into the motor winding and the detected winding voltage 

is U, the fault location and type can be confirmed as a 1T  

short circuit. The waveforms of the actual winding 

voltage before and after the fault are shown in Fig. 20(b). 

The fault diagnosis simulation waveforms for Mode 4 

are shown in Fig. 21. When the winding operates in 

Mode 4, if the detected winding voltage remains at 0, it 

indicates either a 4T  open-circuit fault, a 1T  

open-circuit fault, or the absence of any faults analyzed 

in this paper. To further identify the fault, the mode 

injection method is applied. If Mode 5 is injected into 

the motor winding and the detected winding voltage is 

not U, it suggests a 
4T  open-circuit fault or the ab-

sence of any faults analyzed in this paper. To confirm 

the fault, Mode 6 is then injected into the motor winding. 

If the detected winding voltage is U, the fault location 

and type can be confirmed as a 4T  open circuit. 

 

 

Fig. 20.  Fault diagnosis simulation waveforms for Mode 2. (a) 

3T  open circuit. (b) 
1T  short circuit. 

 

Fig. 21.  Fault diagnosis simulation waveforms for Mode 4. 
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The fault diagnosis simulation waveforms for Mode 5 

are shown in Fig. 22. When the winding operates in 

Mode 5, if the detected winding voltage is 0, Mode 8 is 

injected into the motor winding. If the detected winding 

voltage is U, the fault location and type can be deter-

mined as a 
3T  open circuit, as shown in Fig. 22(a), 

which compares the winding voltage waveforms before 

and after the fault. If the detected winding voltage re-

mains at U/2, it indicates a 
2T  open-circuit fault, a 

4T  

open-circuit fault, or the absence of any faults analyzed 

in this paper. To further pinpoint the fault, Mode 3 is 

injected into the motor winding. If the detected winding 

voltage is 0, the fault location and type can be identified 

as a 
2T  open circuit, as illustrated in Fig. 22(b). 

 

 

Fig. 22.  Fault diagnosis simulation waveforms for Mode 5. (a) 

3T  open circuit. (b) 
2T  open circuit. 

The fault diagnosis simulation waveforms for Mode 7 

are shown in Fig. 23. When the winding operates in 

Mode 7, if the detected winding voltage is U, the fault 

location and type can be directly identified as a 2T  open 

circuit, as shown in Fig. 23(a), which compares the 

winding voltage waveforms before and after the fault. If 

the detected winding voltage remains at U/2, Mode 2 

is injected into the motor winding. If the detected 

winding voltage remains at U/2, the fault location and 

type can be determined as a 
1T  open circuit, as illus-

trated in Fig. 23(b). 

 

 

Fig. 23.  Fault diagnosis simulation waveforms for Mode 7. (a) 

2T  open circuit. (b) 
1T  open circuit. 

The fault diagnosis simulation waveforms for Mode 9 
are shown in Fig. 24. When the winding operates in 
Mode 9, if the detected winding voltage is 0, it indicates 

a 4T  short circuit or 1T  short circuit. To further deter-

mine the fault, Mode 7 is injected into the motor 
winding. If the detected winding voltage is U/2, the fault 

location and type can be identified as a 1T  short circuit, 

as shown in Fig. 24(a), which compares the winding 
voltage waveforms before and after the fault. If the 

detected winding voltage remains at U, Mode 2 is 
injected into the motor winding to further identify the 
fault. If the detected winding voltage is 0, the fault lo-

cation and type can be determined as a 3T  open circuit, 

as illustrated in Fig. 24(b). 

The analysis of the simulation waveforms presented 

above demonstrates the feasibility of the proposed fault 

diagnosis method. Each type of fault in any operational 

mode can be accurately identified with no more than 

two pulse injections, and both the fault type and location 

can be detected within a single rotor cycle. These results 

indicate that the fault diagnosis method proposed in this 

paper is both fast and accurate. 
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Fig. 24.  Fault diagnosis simulation waveforms for Mode 9. (a) 

1T  short circuit. (b) 
3T  open circuit. 

To further validate the feasibility of this novel SRM 

drive system, an experimental platform was built based 

on the asymmetric three-level T-type power converter, 

as shown in Fig. 25(a). The parameters of the SRM are 

consistent with those used in the simulation and consist 

of a three-phase 12/8 500 W rotary motor. The con-

troller is divided into a high-power section and a 

low-power section, with the high-power section being 

the power converter layer, as shown in Figs. 25(b) and 

(c), respectively. 
The fault diagnosis experimental control block dia-

gram for an asymmetrical three-level T-type power 
converter is shown in Fig. 26. A relay is added to the 
switch reluctance motor system experimental platform 
established in the previous section. The open-circuit and 
short-circuit faults of the power switches and diodes are 
simulated. Fault diagnosis waveform diagrams for 

seven different faults are provided in Figs. 27(a)(g).  

 

 

 

Fig. 25.  Switched reluctance motor experimental platform. (a) 

SRM body. (b) Main circuits. (c) Control circuits. 

 

Fig. 26.  Fault diagnosis experimental control diagram based on 

asymmetric three-level T-type power converter. 
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Fig. 27.  Fault detection and localization waveforms for power 

switches under different operating modes. (a) 
4T  open circuit. (b) 

2T  open circuit. (c) 
4T  short circuit. (d)

3T  open circuit. (e) 
1T  

open circuit. (f) 
2T  open circuit. (g) 

1T  short circuit. 

The signal F represents the fault occurrence signal, 
with the rising and falling edges F indicating the in-
troduction of a fault and fault reset after diagnosis, re-

spectively. ai  represents the phase A current, with each 

grid corresponding to 5 A; aU  represents the phase A 

voltage, with each grid corresponding to 20 V; “Mode” 
indicates the operating mode, with each grid corre-
sponding to 2 V; and the time resolution is 0.25 ms per 
grid. When the winding operates in Mode 1 and the fault 
signal F is high, the winding voltage becomes 0. In-
jecting Mode 2 into the winding results in a voltage of 
U/2, which confirms that the fault is an open-circuited 

4T , as shown in Fig. 27(a). When the winding operates 

in Mode 2 and the fault signal F is high, the winding 
voltage remains U/2. Injecting Mode 3 into the winding 
results in a voltage of 0, which confirms that the fault is 

an open-circuited 
2T , as shown in Fig. 27(b). When the 

winding operates in Mode 3 and the fault signal F is 
high, the winding voltage remains U/2. Injecting Mode 
2 into the winding results in a voltage of U, which con-

firms that the fault is a short-circuited 4T , as shown in 

Fig. 27(c). When the winding operates in Mode 4 and 
the fault signal F is high, the winding voltage remains 

U/2. Injecting Mode 2 into the winding results in a 
voltage of 0, which confirms that the fault is an 

open-circuited 
3T , as shown in Fig. 27(d). When the 

winding operates in Mode 5 and the fault signal F is 

high, the winding voltage becomes U, which directly 

confirms that the fault is an open-circuited 1T , as shown 

in Fig. 27(e). When the winding operates in Mode 7 and 
the fault signal F is high, the winding voltage becomes 

U, which directly confirms that the fault is an 

open-circuited 2T , as shown in Fig. 27(f). When the 

winding operates in Mode 9 and the fault signal F is 
high, the winding voltage becomes 0. Injecting Mode 7 
into the winding results in a voltage that remains 0, 

which confirms that the fault is a short-circuited 1T , as 

shown in Fig. 27(g).  
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Analysis of the experimental waveform diagrams 

indicates that, under any operating mode, faults can be 

located and identified with maximum two pulse injec-

tions using the mode injection method. The most fre-

quently used operating modes in the conduction interval 

are Modes 2, 3, and 5, which allow for rapid fault di-

agnosis. In summary, open-circuit faults of all power 

switches and short-circuit faults of the outer power 

switches can be detected and located within a rotor 

cycle. The experiments validate the rapidity and accu-

racy of the proposed fault diagnosis method. 

Ⅵ.   CONCLUSION 

In SRM drive systems, asymmetric T-type power 

converters offer higher control accuracy compared to 

asymmetric half-bridge converters. Therefore, to en-

hance the operational performance of asymmetric 

three-level T-type power converters, this paper pro-

poses a mode injection method for distinguishing fault 

types by verifying the voltage across the winding ter-

minals under different operating modes. The fault loca-

tion and type of the power converter can be identified in 

any operating mode within a single rotor cycle using the 

proposed method. The effectiveness of the method is 

validated through both simulation and experimental 

results. Thus, this approach can effectively address the 

gap in fault diagnosis technology for asymmetric 

three-level T-type power converters. 
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