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Abstract – Dual type Independent multi-phase BLDC Motor (DI-BLDCM) is designed to be robust 
to faulty conditions of motor and drive system. Despite the efforts of the motor design, open-switch 
faults of DI-BLDCM drive system cause the torque ripple of the motor. This torque ripple makes 
unwanted sound noise and mechanical vibration of associated systems. This paper proposes four 
methods for compensating the torque ripple and compares the characteristics of each proposed method. 
All proposed methods are able to reduce the torque ripple to similar level of the healthy condition, 
although the motor operates in open-switch fault conditions. However, these methods have different 
characteristics in various fault conditions. Therefore, from the results of the comparison, the suitable 
method is selected for the various fault conditions. The feasibility of the proposed methods is proved 
by the several experimental results. 
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1. Introduction 
 
In recent years, motor drive systems are used to serve a 

main mechanical power in many applications such as 
manufacturing industry, transportation and military due to 
the environment and energy problems. The motor drive 
system used in these applications requires high reliability. 
Because the operation of the system is highly dependent on 
the motor. In this aspect, many studies about fault tolerant 
drive system have been continued to improve the reliability 
of system [1-6]. 

For fault tolerant control of the conventional three-phase 
motor drive system, it is important to make remedial 
switching states. In order to make remedial switching states, 
[1] and [2] adopt additional half bridge inverter called 
fourth pole. The output of the fourth pole is connected with 
the neutral point of the stator. When faults occur in one of 
three-phase, the fourth pole and two healthy poles generate 
two-phase currents. The two-phase currents of the healthy 
phases make the electrical torque that has reduced torque 
ripple. In [3] and [4], a bidirectional switch is used to make 
remedial switching states. When the bidirectional switch 
inserted between the midpoint of the DC capacitors and the 
neutral point of motor stator is conducting, the motor is 
controlled by the two-phase currents with the similar 
manner of the three-phase four-pole inverter. The fault 
tolerant control methods of [1-4] need additional switches 
for remedial switching states. On the contrary, the fault 

tolerant control method proposed in [5] does not need 
additional switches. This method operates the motor using 
the harmonic currents injection, although a large torque 
ripple also is accompanied. 

Despite these efforts to improve the reliability of motor 
drive systems, some different types of motor can serve 
better solution [7-9]. Dual type Independent multi-phase 
BLDC Motor (DI-BLDCM) is one of this different type 
motors. DI-BLDCM consists of electrically separated 
two stators. And, all phases are separated from each other. 
These structural features make DI-BLDCM be able to 
operate continuously without any efforts even under the 
faulty conditions. However, it does not mean that DI-
BLDCM does not require a fault tolerant control. When 
DI-BLDCM is operated under the faulty conditions, torque 
ripple is generated by the current of the faulty phases. This 
torque ripple causes unwanted noise and vibration in the 
entire system. Therefore, the fault-tolerant control for DI-
BLDCM drive system is also necessary to make higher 
reliability system without the sound noise and mechanical 
vibration. 

This paper proposes four fault tolerant control methods 
for DI-BLDCM drive system to compensate the torque 
ripple generated by the open-switch faults and compares 
their characteristics. For fault tolerant control, following 
tasks must be performed: 1) fault detection; 2) fault 
isolation; and 3) fault tolerant control [1]. 

In this paper, the fault detection method proposed in 
[10] is adopted. The fault detection method checks the 
difference between each phase current reference and actual 
current. If the difference is larger than previously decided 
value and this condition continues longer than previously 
decided time, this method determines that the phase is 
faulty. 
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If faulty phases are detected, fault isolation is performed 
by keeping all switches of the faulty phases off. In DI-
BLDCM system, the fault isolation does not have any 
operational advantage because the operation of DI-
BLDCM with open-switch faults is irrelevant to the 
occurrence of additional faults. However, the fault isolation 
has advantage of maintenance. In emergency, the fault 
isolation can serve the base for changing the faulted H-
bridge inverters. 

The proposed four fault compensation methods can 
reduce the torque ripple by limiting the current of faulty 
phases and increasing the current of the other healthy 
phases. The characteristics of the four methods are 
compared under all possible fault cases. The feasibility 
of the proposed fault tolerant methods is proved by the 
several experimental results.  

 
 
2. Dual Type Independent Multi-Phase Motor 
 
For making highly reliable motor drive system, DI-

BLDCM is designed to have three structural features. One 
of three features is that DI-BLDCM consists of dual stator 
and single rotor as shown in Fig. 1(a). Two stators have the 
same electrical properties including the distribution of 
the phases as shown in Fig. 1(b). Another is that all 

phases of each stator are electrically separated as shown in 
Fig. 2. Also, each phase is driven by one H-bridge inverter. 
Hence, when an open-switch fault occurs, only faulty 
phase is affected by the fault and the other phases are 
driven normally. It makes the motor operate continuously 
although the torque ripple is generated. The other is multi-
phase constitution. Fig. 2 also shows the equivalent 
circuit of each stator that consists of 12 independent 
phases arranged 15 electrical degrees. Although this 
feature increases the complexity of system, multi-phase 
constitution reduce the influences of the fault on torque. 
Because the ratio of the torque generated by one phase to 
total torque is smaller than the conventional three-phase 
motor. 

This DI-BLDCM can be controlled by the method that 
divides a stator into 4 groups and controls each group 
respectively. One of these groups, Group 1 of Stator 1, 
consists of three-phase called AG1S1, BG1S1 and CG1S1. Other 
groups also consist of three-phase distributed 60 electrical 
degrees as shown in the vector diagram of Fig. 1(b). For 
generating constant torque using a group, three-phase 
current have to flow as shown in Fig. 3. This method is 
nearly similar to the conventional three-phase BLDCM. 

From the output power of the motor, the torque 
generated by a group can be derived as follows: 
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where TeGySz and PeGySz are the electrical torque and output 
power generated by the Group y in Stator z. The ωm is 
angle velocity of the rotor. exGySz and ixGySz are x phase 
back-EMF and current of Group y in Stator z respectively. 

Total torque generated by DI-BLDCM is represented as 
(2). Because each group can be considered as one of eight 
motors operated in parallel. 
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Fig. 3. Phase currents, back-EMFs and generated torque of 

Group 1 of Stator 1 

 
(a)                     (b) 

Fig. 1. Structural feature (a) concept structure of DI-
BLDCM; (b) vector diagram of DI-BLDCM 

 

 
Fig. 2. Equivalent circuit of Group 1 with 3-phase H-

bridge inverters 
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where Te is the electric torque generated by DI-BLDCM. 
In this paper, only two groups, Group 1 of Stator 1 and 

Stator 2, are considered to simplify the explanation and 
comparison of the proposed methods. The compensation 
concepts of dual type independent three-phase motor can 
be expanded easily to DI-BLDCM. Because the features 
of DI-BLDCM and dual type independent three-phase 
motor are exactly same except the number of the groups 
constituting a stator. 

 
 

3. Open-Switch Faults of DI-BLDCM Drive 
System 

 
If an open switch-fault occurs in DI-BLDCM drive 

system, the location and polarity of faulty phase can be 
identified by the faulty detection method proposed in [10]. 
After the fault isolation for maintenance, it is impossible to 
control the faulty phase current any more. Therefore, the 
value of faulty phase current keeps zero. 

 
3.1 Fault detection method for DI-BLDCM [10] 

 
In the inverters for driving the motors, an open-switch 

fault makes the phase current zero due to the removed 
current flow path. Fig. 4(a) and (b) show the available 
current path according to the location of the open-switch 
fault. When one or both of the positive upper switch and 
negative lower switch are faulty, the positive current path 
does not exist anymore. On the contrary, the positive lower 

switch and negative upper switch are related with the 
negative current path. Hence, it is possible to know the 
approximate location of the failed switch by checking the 
blocked current path. 

The fault detection method in [10] checks whether the 
current error between the phase current reference and 
actual phase current exceeds the predefined threshold 
value or not. However, BLDC motor has the periodic 
current error after the phase commutation points. When 
the phase current starts or stops flowing, the current lags 
by the inductance of the motor. In order to prevent the 
misdetection due to these errors, the detection method also 
checks the time keeping the error. While the current rising 
or falling time by the phase commutation is temporary 
and short, the open-switch fault keeps the error during an 
electrical angle of up to 120 degrees. Hence, when the error 
condition continues for the predefined fault detection time, 
the detection method decides that the phase is faulty. 

Fig. 5 shows the xGySz phase actual current and reference 
of DI-BLDCM. After the commutation point, the actual 
current get out of the threshold region. Nevertheless, 
these are not determined to the fault condition because 
the time is shorter than the fault detection time. When 
the fault occur as shown in Fig. 4(b) and the negative 
current is blocked for the fault detection time, this phase 
is determined to have open-switch fault in negative current 
path. Hence, the fault detection method outputs 1 in the 
faulty signal. 0 and 1 of the fault signal mean that the 
phase is faulty and healthy respectively. This paper does 
not consider the open-switch fault location because all 
switches of the faulty phase are turned off for the fault 
isolation. 

 
3.2 Effect of faulty phases on the electric torque 

 
Although DI-BLDM has some faulty phases, the motor 

can operate continuously without additional action for fault 
tolerant control. However, in this case, the current of faulty 
phases is zero due to the open-switch fault and fault 
isolation. It means that the torque reduction is inevitable at 
some positions. The positions occurs two times for one 
electrical rotation. Hence, the torque has the periodic ripple 
which is two times of the electrical frequency. Fig. 6 shows 
the phase currents and electrical torque of dual type three-
phase independent motor when AG1S1 phase is faulty. In this 
condition, AG1S1 phase current is zero for all conduction 
duration. In result, the torque is reduced to 3T/4 at position 
1, 2, 4 and 5 if the torque generated in healthy condition is 
defined T. The amplitude and frequency of the torque 
variation, ΔT, has T/4 and two times of the stator electrical 
frequency. The average torque is also decreased by the 
torque reduction at several positions.  

If the motor drive system includes the speed controller, 
the speed controller increases the current reference to trace 
the reference of the rotor angle velocity. Although the 
speed controller recovers the average torque as same value 

 
Fig. 4. Available current path according to the open-switch 

fault (a) located in positive current path (b) located 
in negative current path 

 

 

Fig. 5. Timing diagram of the fault detection method with 
the phase current and current reference 
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with healthy condition, the torque variation is increased. 
Fig. 7 shows the effect of the speed controller by the 
faulted AG1S1 phase. The faulted AG1S1 phase makes the 
average torque be decreased to 5T/6 while T is need to 
keep the rotor speed. to 6I/5 when the current amplitude in 
healthy condition is Hence, the speed controller increases 
the current reference defined to I. The current reference 
increases not only the average torque but also torque 
variation because the speed controller increases the all 
phase currents with the same ratio. The torque variation is 
increased from T/4 to 3T/10. 

 
 

4. Proposed Fault Compensation Methods 
 
The speed controller solves average torque reduction. 

However, it is not enough because the torque variation also 
is increased. The torque variation can cause the unwanted 
vibrations and sound noises which make the mechanical 
part of the total system instability. From this reason, DI-

BLDCM also need a fault tolerant control method. But, 
adopting the conventional methods is impossible due to 
the difference of the motor and driver structures. Many 
paper studied about the conventional Y-connected motor 
[1-5]. This kind of the methods needs the additional 
switch and neutral point of the motor which does not 
exist in DI-BLDCM. Despite the fault tolerant control 
methods for the similar types of DI-BLDCM were 
proposed in some papers [7-9], these method also can not 
be applied to DI-BLDCM. Therefore, this paper proposes 
four fault tolerant control methods for DI-BLDCM. A 
method is advanced from the conventional method for 
applying to DI-BLDCM and the others are novel 
methods based on DI-BLDCM characteristics. 

The proposed fault tolerant control methods reduce the 
torque ripple by compensating the torque shortage in some 
positions. The torque sum of arbitrary position can be 
expressed as follows: 
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where Te|PSTn is the electric torque generated at position n. 
Kt is torque constant. exGySz|PSTn and ixGySz|PSTn are x phase 
back-emf and current of Group y in Stator z at position n 
respectively. 

From the (3), it can be known that constant torque is 
generated when the sign production value sum of all phase 
currents at all position are constant. Therefore, the torque 
ripple is compensated by increasing some phase currents to 
make the sign production value sum of phase current 
constant at any position. 

 
4.1 Compensation method I 

 
Compensation Method I uses the features of dual stator. 

This method limits all phase currents of the stators 
including faulty phases to zero. After limiting the currents 
in the faulty stators, the phase currents of the other stators 
are increased to compensate the reduction torque caused by 
the disuse of the faulty stator. The currents of all healthy 
stators are defined as (4). 
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where ixGySz

* and i* are the compensated x phase current 
reference of Group y in Stator z and the original current 
reference determined by the speed controller. Fs is the 
number of the stators including faulty phases. Hs is the 
number of stators which consist of only healthy phases. 

Fig. 8 shows the compensated phase currents by the 
compensation Method I. When AG1S1 phase is faulty, the H-

 
Fig. 6. The electric torque and phase currents under the 

condition of the faulty AG1S1 phase and without 
speed controller 

 
Fig. 7. The electric torque and phase currents under the 

condition of the faulty AG1S1 phase and with speed 
controller 
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bridge inverters of AG1S1, BG1S1 and CG1S1 phase are turned 
off. Hence, all phase currents of Stator 1 are zero and the 
total torque is reduced to half of the normal operation. For 
compensating the torque reduction, the currents of Stator 2 
have to be increased. In this case, the currents of Stator 2 
are doubled because Fs and Hs are 1. 

This method can be easily implemented. Moreover, it 
is possible to compensate the torque ripple regardless of 
the number of faulty phases if all faulty phases occurs in 
one stator. However, this method can be applied to the 
restricted electric torque and fault conditions. The 
maximum electric torque is restricted to half of healthy 
condition. If each stator has at least one faulty phase, this 
method is useless. 

 
4.2 Compensation method II 

 
Compensation Method II uses the features of the 

independent phase winding. According to this method, 
the other phases of the group including the faulty phase 
share the current for compensating the torque ripple. The 
shortage torque at some positions is compensated by 
increasing the other phase currents of the group. The 
reference current at each position is represented as follow 
(5). 
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where ixGySz

*|PSTn is the compensated x phase current 
reference of Group y in Stator z at position n. FPGySz|PSTn 
and HPGySz|PSTn are the number of faulty and healthy phases 
of Group y in Stator z at position n. 

Fig. 9 shows each phase current of the Method II. AG1S1 
phase current is zero by the open-switch fault and the 
fault isolation. At position 1, 2, 4 and 5, FPG1S1|PSTn and 

HPG1S1|PSTn are 1. So, the current of BG1S1 and CG1S1 phase is 
doubled. At the other positions, FPG1S1|PSTn and HPG1S1|PSTn 
are 0 and 2 respectively. From (5), it implies that the 
original and compensated current reference are same. 

If faults occur in only one group, Method I is more useful 
than Method II. Because Method II can’t compensate the 
torque ripple generated by two faulty phases of one group. 
However, Method II allows greater maximum electric torque 
than Method I. When Method II is adopted to compensate 
the torque ripple, the maximum electric torque of only 
faulty stator is reduced to half of healthy condition. The 
maximum electric torque is 75% of healthy condition when 
single-phase fault occurs. 

 
4.3 Compensation method III 

 
Compensation Method III uses the features of the dual 

independent phase. This method is able to compensate 
the torque ripple by increasing the phase current that has 
the same electrical angle with the faulty phase. Eq. (6) 
represents the compensated phase current references. 
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where FPxGy and HPxGy are the number of faulty and healthy 
x phase of Group y regardless of stators. 

When the faulty phase is A phase of Group 1 in Stator 1 
as shown in Fig. 10, the FPaG1 and HPaG1 are 1. Hence, only 
the current value of A phase of Group 1 in Stator 2 is 
increased to two times of the original reference value. 
Because all B and C phases are healthy, FPbG1 and FPcG1 are 
0. HPbG1 and HPcG1 are 2. So, the B and C phase current 
references are same as the original current reference. 

The characteristics of Method III is similar to Method I. 
Method I and III allow same maximum electric torque in 
some faulty conditions. The maximum electric torque is 

 
Fig. 8. Phase currents, back-EMFs and electric torque by 

Method I under the condition of the faulty AG1S1
phase 

 
Fig. 9. Phase currents, back-EMFs and electric torque by 

Method II under the condition of the faulty AG1S1 
phase 
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50% of healthy condition. However, Method III could be 
applied in more diverse faulty cases than Method I. 
Because Method III can be applied if at least one of two 
phases located in the same electrical angle is healthy. 

 
4.4 Compensation Method IV 

 
Compensation Method IV uses the both characteristics 

of the dual stator and independent phase. This method 
increases the current of all possible healthy phases equally 
to compensate the torque ripple. The compensated current 
reference of each phase is determined by (7). 
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where FP|PSTn and HP|PSTn are the number of the faulty and 
healthy phases at position n. 

When AG1S1 phase is faulty, FP|PSTn and HP|PSTn are 1 
and 3 at position 1, 2, 4 and 5. At these positions, all 
compensated current references are 4/3 times of the 
original current reference calculated by speed controller. At 
the other positions, FP|PSTn and HP|PSTn are 0 and 4. So, the 
compensated and original current reference are same as 
shown in Fig. 11. 

Using this method, the compensation current is 
distributed to all conducting phases at each position. As 
this method uses all available phases, this method can be 
applied to the diverse fault cases which one or more 
healthy phases exist at each position. Also, this method has 
good characteristic about the maximum electric torque. 

 
4.5 Fault cases classification of dual type independent 

three-phase motor 
 
When considering dual type independent three-phase 

motor as previously mentioned, the maximum number of 
faulty phase is six and total number of the possible fault 
cases is sixty-three which is derived without considering 
the electrical duplication. For example, the number of 
single-phase fault cases is six because one of six phases is 
able to be faulty. However, these six fault cases has same 
electrical characteristics. Because the names of the phases, 
groups and stators are just meant to be distinguished each 
other. In result, the six cases of the single-phase fault can 
be considered as a fault case called Case 1. The typical 
phase status of the Case 1 are listed in Table 1. 

The two-phase fault case can be classified to the three 
fault cases, Case 2, Case 3 and Case 4. When two-phase 
fault occurs, the faulty phases are located one or each stator. 
If one stator includes all faulty phases, it is defined as Case 
2. Although the total number of this case is six according to 
the locations of the faulty phases and stator, this case is 
able to be considered to one case due to the electrical 
duplication. Case 3 and 4 represents the cases which have 
each stator with one faulty phase. Case 3 and 4 are divided 
whether the faulty phases are located in the same electrical 
angle or not. In aspect of the proposed Method III and IV, 
Case 2 and 4 are same. However, these cases are needed to 

 

 
Fig. 10. Phase currents, back-EMFs and electric torque by 

Method III under the condition of the faulty AG1S1
phase 

 

 
Fig. 11. Phase currents, back-EMFs and electric torque by 

Method IV under the condition of the faulty AG1S1
phase 

Table 1. The classified fault cases of the dual type 
independent three-phase motor 

Typical phase status* 
Stator 1 Stator 2 Number of 

faulty phases 
Fault 

classification 
A B C A B C 

One Case 1 F H H H H H 
Case 2 F F H H H H 
Case 3 F H H F H H Two 
Case 4 F H H H F H 
Case 5 F F F H H H 
Case 6 F F H F H H Three 
Case 7 F F H H H F 
Case 8 F F F F H H 
Case 9 F F H F F H Four 
Case 10 F F H F H F 

*H: Healthy, F: Faulty 
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be distinguished for the proposed Method I and II.  
The other cases are related to the three- and four-phase 

fault case and divided with the same manner of the two-
phase fault case. Case 5 has three faulty phases in one of 
two stators. In Case 6 and 7, one stator has two faulty 
phases and the other stator has one faulty phase. Case 6 has 
a couple of faulty phases located in the same electrical 
angle. In Case 7, all faulty phases are located in different 
electrical location. In Case 8, one stator can’t operate 
completely and the other stator also has one faulty phase. 
Two couple of faulty phases located in the same electrical 
angle are associated with Case 9. In Case 10, each stator 
has two faulty phases. And, two faulty phases are located 
in the same electrical location. The other two faulty phases 
have different electrical angle. 

Five and six faulty phases are excluded from the 
consideration because it is impossible to compensate the 
faulty phases. In these cases, the motor must have to stop 
and need maintenance. 

 
4.6 Characteristics comparison of the proposed 

methods 
 
Although all proposed methods can reduce the torque 

ripple in some fault cases, the compensable fault cases 
and the maximum electrical torque are different by the 
fault compensation method. Table 2 shows the available 
methods and the maximum electric torque according to the 
each fault case. Firstly, Case 5 is special because the motor 
doesn’t generate torque ripple and just the maximum 
electric torque is reduced as shown in Fig. 12. Hence, in 
Case 5, any fault compensation method isn’t needed. 

Method I has the worst characteristics in the number 
of applicable cases and the maximum electric torque 
perspective. This method only can be applied to two fault 
cases, Case 1 and 2, because the stators of the other cases 
include one or more faulty phases. The maximum electric 
torque is restricted to the 50% of healthy condition. 

Method II can be applied to six fault cases. The partially 
compensation means that only one of two stators can 

generate constant torque. The other stator is impossible to 
compensate the torque ripple using this method. In Case 2, 
Method II can not compensate the torque ripple generated 
by Stator 1. At position 2 and 5, the available healthy phase 
does not exist as shown in Fig. 13. However, just limiting 
the CG1S1 phase current, the motor can generate constant 
torque such as the Case 5 shown in Fig. 12. In this manner, 
Case 6, 7 and 8 are compensated by Method II. Method II 
allows the bigger maximum electric torque than Method I 
and III in the Case 1. But, in Case 7, the maximum electric 
toque is smaller than the Method III and VI. 

Method III can be applied to four fault cases, Case 1, 2, 
4 and 7. The maximum electric torque is reduced to 50% 
for all applicable cases. Method III needs at least one 
healthy phase of two phases located in same electrical 
angle.  

Hence, the electrical torque and compensable cases are 
restricted. 

Method IV has best characteristics among the proposed 
methods. Method IV can be applied to all cases except 
Case 9. In Case 9, the healthy phases are CG1S1 and CG1S2. 
It is similar to single-phase motor. It is impossible to 
generate constant torque using the proposed methods. 

Table 2. The allowed maximum electric torque according 
to the classified fault cases and compensation 
methods 

The maximum electric torque Fault 
classification Method I Method II Method 

III 
Method 

IV 
Case 1 50% 75% 50% 75% 
Case 2 50% 50%* 50% 50% 
Case 3 - 50% - 50% 
Case 4 - 50% 50% 50% 
Case 5 (50%) (50%) (50%) (50%) 
Case 6 - 25%* - 25% 
Case 7 - 25%* 50% 50% 
Case 8 - 25%* - 25% 
Case 9 - - - - 

Case 10 - - - 25% 
*: Partially Compensation 

 

 
Fig. 12. Phase currents, back-EMFs and electric torque in 

Case 5 
 

 
Fig. 13. Phase currents, back-EMFs and electric torque in 

Case 2 
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Method IV allows the largest maximum electric torque. In 
Case 1 and 7, the maximum electric torque is 75% and 
50% respectively. Therefore, Method IV is more suitable 
for compensating the diverse open-switch fault cases. 

 
 

5. Experimental Result 
 
To verify the feasibility of the proposed methods, some 

experiments are performed using the experimental setup as 
shown in Fig. 14. The experimental setup consists of 3-
phase PMSM, DI-BLDCM and inverters. Table 3 shows 
the parameters of DI-BLDCM in healthy condition. 

Fig. 15(a) shows the rotor speed and phase currents 
waveform in healthy condition. The rotor speed is 
200[rpm] and has flat waveform. The FFT result of rotor 
speed also doesn’t include any ripple. The phase currents 
have normal waveform of DI-BLDCM. It is very similar to 
the current waveform of the conventional 3-phase BLDC 
motor except the distribution angle of currents. 

However, when AG1S1 phase is faulty, Case 1, the rotor 
speed waveform is distorted. Fig. 15(b) shows the 
waveforms of Case 1. AG1S1 phase current is zero by the 
open-switch fault and the fault isolation. BG1S1 and CG1S1 
phase current are increased from 1.3[A] to 1.8[A] due to 
the speed controller. From the FFT result of the rotor speed, 
it can be known that about 13[Hz] speed ripple is generated. 
13.33[Hz] is two times of electrical frequency. 

The experimental result of the fault detection is shown 
in Fig. 16. After occurring the open-switch fault, the AG1S1 
phase current is decreased to zero and the current error 
exceeds the threshold value which is defined 5[%] of 
current reference. Then, the fault counter for this phase 
starts to count. When the count is greater than the 20, 
which means 2[ms] because of counting every 100[us], the 
fault signal of AG1S1 phase is set to 1. 

Table 3. The parameters of DI-BLDCM 

Parameters Unit Values 
Rate Power kw 64 

Rate Current A 17.2 
Rate Speed rpm 1,350 

Maximum Speed rpm 1,800 
Poles - 4 

Stator Resistance ohm 0.392 
Stator Inductance mH 1.4 

Back-EMF Constant V/rad/s 0.4774 
 

 
Fig. 14. MG set for experimentation 

 
(a) 

 
(b) 

Fig. 15. The rotor speed, FFT of the rotor speed and Stator 
1 phase currents (a) in healthy condition (b) in 
Case 1 

 

 
Fig. 16. The fault count and fault signal by the error of the 

phase current reference and actual current 
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Next four figures show the result of each compensation 
method in Case 1. As shown in Fig. 17(a), Method I 
increases the all phase currents of Stator 2 to two times of 
original value and stops the Stator 1. From the rotor speed 
and FFT result, it can be known that the torque ripple is 
reduced to the similar level to the healthy condition. Fig. 
17(b) show the Method II result. To compensate the AG1S1 
phase current, BG1S1 and CG1S1 phase current are doubled 
at some position. As a result, the rotor speed ripple is 
decreased. In Fig. 17(c), the AG1S2 phase current is doubled 
to compensate the current of AG1S1 phase according to the 
Method III. By the compensation, the rotor speed ripple 
is eliminated. Fig. 17(d) shows the effectiveness of 
Method IV. The current of all healthy phases includes the 
compensation current. And the compensation current is 
about 33% of original current value. It is the smallest value 
among the proposed methods. The rotor speed and FFT 
of rotor speed shows the torque ripple reduction. 

Fig. 18 shows the compensation results of Method IV in 
all classified cases. The open-switch faults occur at 5[s]. 
The waveforms during 0[s] ~ 5[s] shows the steady state 
torque, speed and currents of DI-BLDCM. After the fault 
occurrence, the fault detection method determines the faulty 
phases. But, the waveforms under the faulty condition is 
hard to be recognized in all cases due to the short fault 
detection time. After fault detecting, the proposed method 

start to compensate the torque ripple. The AG1S1 and CG1S2 
phase current represent the faulty and healthy phase current 
respectively. 

In Case 1, 2, 4, 5 and 7, Fig. 18(a), (b), (d), (e) and (g), 
the torque ripple is similar to the healthy condition. This 
torque ripple is generated by the phase commutation and 
inevitable. However, in Case 3, 6, 8 and 10, Fig. 18(c), (f), 
(h) and (j), the torque ripple is increased after the fault 
occurrence and compensation. These cases have faulted 
AG1S1 and AG1S2 phase at the same time. Because all A 
phases are faulty, the equivalent current is generated by 
using the other phases. It is not enough to remove the 
torque ripple perfectly. Nevertheless, the proposed Method 
IV can compensate the torque ripple which generated the 
rotor speed ripple. 

In Case 9, Fig. 18(i), the proposed method is useless. In 
this case, all switches are turned off for emergency stop. 

 
 

6. Conclusion 
 
This paper proposed the four fault tolerant control 

methods of DI-BLDCM to reduce torque ripple under the 
open-switch fault conditions and compared their 
characteristics about the compensation available cases and 
the maximum electric torque. The proposed methods can 

 
(a) 

 
(b) 

 
(c)  

(d) 

Fig. 17. The rotor speed, FFT of the rotor speed and phase currents after compensating the torque ripple in Case 1 according 
to (a) Method I (b) Method II (c) Method III (d) Method IV 
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compensate the torque shortage by increase the current of 
healthy phases. Method I limited all currents of stator 
including faulty phase. And the other stator currents were 
doubled. Method II increased the other phase currents of 
the stator that has faulty phases. Method III used the phase 
which located at the same position with the faulty phase. 
Method IV used the all phases in each position. All 
proposed fault compensation methods reduced the torque 
ripple. Among the proposed method, Method IV had the 
best characteristics. Method IV could be applied to most of 
classified fault cases. Also, because the compensation 
current was small, this method allowed the largest 
maximum electric torque. The feasibility of the proposed 

fault tolerant system is proved by experimental results. 
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