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Abstract: In this second of a set of two companion papers on the 
dynamic performance of switched reluctance motor drive systems, the 
results of using an iterative approach to predict the dynamic perfor- 
mance characteristics of a motor drive system during fault conditions 
are presented. The method is applied to  a 6/4, 0.15 hp, 5000 r/min 
switched reluctance motor drive system to study an external fault due 
to the failure of a transistor in the converter. The model is also used 
to  study an internal fault due to a partial armature phase short. The 
analysis resulted in the performance characteristics of the motor drive 
system which are verified by comparison to experimental data. In ad- 
dition, the effects of mutual coupling between motor phases on the 
analysis results are evaluated. 
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INTRODUCTION 

The significance of the accurate performance prediction of fault 
tolerant switched reluctance motor (SRM) drive systems can best be 
considered by looking at important current and potential applications. 
This class of motors is already used in high performance applications 
including incremental motion control and adjustable speed drive sys- 
tems. In addition, this class of motors is being considered for use 
in critical aerospace applications such as actuators and compressor 
systems where it is required that the system operate reliably despite 
partial failures. In a recent work by Stephens [l], internal and exter- 
nal fault conditions were examined on a particular drive system, but 

the analysis involved only experimental results. The computer aided 
modeling of both internal and external faults has been documented 
on other types of machines [2-91. In the work of Arkadan et al [2-4] a 
method for modeling permanent magnet generators was presented and 
external faults in the electronic components were considered. This in- 
cluded the effects of harmonics in the machine currents due to material 
nonlinearities and power electronic component switching. However, 
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the sped was assumed to be constant due to the high inertia of the 
rotor, and the winding inductance values were not updated during the 
fault period. In the work of Kulig et al, [5-7], a model to study effects 
of circuit asymmetries due to internal faults in synchronous generators 
was developed. However saturation was not accounted for in all parts 
of the machine, and nonlinearities due to externd circuits were not 
studied, and machine inductance values were not updated throughout 
the analysis. Meanwhile, in the work of Nyamousa and Demerdash 
[8,9], internal faults were considered and machine winding inductance 
values were updated during a fault condition. However, the speed was 
assumed constant, external faults in associated power electronics were 
not considered, and harmonics due to switching electronics were not 
fully accounted for. In this work, the approach presented in a com- 
panion paper [lo] to predict the dynamic performance characteristics 
of SRM drive systems under normal operating conditions is extended 
to study faults. Using this approach, the effects of harmonics in the 
machine currents due to power electronic switching, changes in motor 
speed, aa well as magnetic material nonlinearities and space harmonics 
due machine geometry are accounted for when predicting the perfor- 
mance characteristics of the SRM drive system during internal and 
external fault conditions. Furthermore, an iterative approach is used 
to update the inductances during the fault conditions to account for 
the change in magnetic material saturation of the SRM and the speed 
during the fault condition. A convergence criterion based on the sim- 
ulated speed of the SRM is used as a check for convergence. The two 
faults considered are that of an external transistor failure resulting in 
an open circuit and an internal partial armature phase short. In addi- 
tion, the analysis results are compared with test data for verification. 

SWITCHED RELUCTANCE MOTOR DRIVE SYSTEM 
AND STATE SPACE MODEL DESCRIPTION 

As was detailed in the companion paper [lo], the SRM drive system 

considered in this work consists of the SRM itself, an inverter used to 
supply power to the motor, a controller used to  control the switching 
of the inverter, and a hysteresis brake used to load the motor. The 
SRM utilized for the analysis is a 6/4 machine rated at 0.15 hp at 
5000 r/min. A cross section of the machine is shown in Figure (1). 
The coils of diametrically opposite stator poles are connected in series 
to aid each other and to form one phase of the machine. The motor 
consists of three phase windings designated as (a), (b), and (c). The 
inverter configuration used for this analysis is shown in Figure (2). A 
constant speed controller was developed which used position feedback 
from an optical encoder to switch the motor phases every 30". In 
addition, the offset of the switching from a fixed reference was also 
controlled. For full details, reference [ l l ]  should be consulted. 
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The lumped parameter state space model for the dynamic analysis 
of SRM's, was presented in a companion paper [lo] and is given here 
for continuity: 

dL dk v = p I + L- + w,-I 
dt dB- (1) - 

where the matrix L represents the SRM self and mutual inductance 
and is given as follows: 

Lao Lob Lac 
L =  Lba Lbb Lbc (2) 

[ L a  LA L c c l  
The mutual inductances are included in the analysis in order to deter- 
mine their effect on predicting the system performance. The array Y 
represents the SRM phase voltages, ua, Vb, and U,. The array I rep- 
resents the phase currents, in, i b ,  and ic, and the matrix E represents 
the machine phase resistances. In addition, the effect of the electrome- 
chanieal torque on the state model is determined by incorporating the 
relationship: 

(3) -- dw, - $(T, - Bw, - TL) 
dt 

where w, is the rotor speed in radians per second, J is the inertia 
of the rotor, T,  is the developed electromechanical torque, B is the 
coefficient of viscous friction, and TL is the load torque. The developed 
torque waa calculated using the well known relationship T, = 5 
where P = ei, and e is the rotational voltage which is the last term of 
Equation (1). 

The values of the currents io, i b ,  and i c ,  of equation (l), and the 
rotor speed, w,, of equation (2) can be determined numerically for 

any set of initial conditions and terminal voltages U,, 0.5, and U,. The 
method used in determining the inductances of the state space model 
from nonlinear magnetic field solutions to predict the SRM drive sys- 
tem performance under normal operating conditions was described in 
the companion paper [lo]. In this paper, these pampeters are updated 
during fault conditions as described next. 

Figure (1): Motor Cross Section 

AN ITERATIVE APPROACH 

In simulating the faulted operation of the motor, an iterative ap- 
proach is used in order to update the inductances during the fault 
condition. Another iterative inductance updating approach was used 
by Demerdash and Baldassari [12,13] in order to predict the steady 
state performance of an induction motor. However, no external elec- 
tronic circuits were involved an the analysis, and fault conditions were 
not examined. In addition, the motor speed was assumed constant 
and the convergence criterion adopted involved the use of machine 
currents. The approach outlined in this work uses the original steady 
state (before fault) inductances and simulates an internal or external 
fault. The state space model is then run until it reaches a faulted 
steady state condition. The currents from this analysis are then used 
in the finite element model to predict a new set of updated induc- 
tances. These updated inductances are then used in the state model 
to predict a new set of fault currents. This approach is repeated until a 
convergence criterion is satisfied. A flowchart outlining this approach 
is shown in Figure (3). 

As for the convergence criterion used in the model, the change in 
the normalized rotor speed is checked against a convergence tolerance. 
In other words, the speed computed in the state model is utilized as the 
criterion for convergence during the fault condition. The normalized 
speed change from one iteration to the next iteration is as follows: 

<€ (4) 
W i  - Wi+l  

was - 
where wj is the speed at iteration i ,  wj+l is the speed at iteration 
i + 1, and w.. is the steady state speed prior to the onset of the fault. 
If the value for equation (3) is less than 6, where is a convergence 
tolerance, the resulting fault condition is considered to have converged. 
The results of implementing this approach to  predict the SRM drive 
system performace characteristics in the case of an external fault 
due to a transisto; failure resulting in opening of a motor phase and 
in the case of an internal fault resulting in partial armature phase 
short, are presented below. It should be noted here that only three 
iterations were needed to reach convergence for each of the fault cases 
investigated in this work. 

Figure (2): Inverter Configuration 
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An inspection of the CSP of the unfaulted phase current at no 

load, Figure (4), and the corresponding measured values, Figure (6 )  
reveals the good agreement and verifies the validity of this modeling 
approach. In addition, an inspection of the CSP of the developed 
torque, Figure (5), shows the effects of opening of the armature phase 
due to the transistor failure. The dips in the torque profile of Figure 
(6), correspond to the periods phase (b) is unable to conduct due to 
the fault, as one expects. 

M h e r  results are given in Table (1) as obtained from simulations 
and measurements. Table (1) shows the values of the unfaulted phase 
(a) current, developed torque, and speed during the sustained fault as 
well as prior to the onset of the fault. The pre fault values are given 
in brackets, (), as obtained from simulations and measurements. 

An examination of the values in Table (1) reveals an increase in the 
current values of the healthy phase (a) due to the opening of phase (b). 
This is due to  both the decrease in speed during the fault condition 
which allows each phase to be ‘on’ for a longer period of time and the 
decrease in rotational voltage which opposes the current rise. Also it 
should be pointed out that the average values of the developed torque 
and speed are reduced during the fault period, as is shown in Table 
(1). This is expected, since the three phase SRM is now operating 
with only two phases. It should be pointed out also that the measured 
value for the torque needed to overcome friction and windage is not 
available (N/A). The numerical comparison results provided in Table 
(1) show the good agreement between the simulated and measured 
values. These results further confirm the validity of this modeling 
approach. 
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The results of modeling a solid state component failure in the in- 
v e r k  are presented. In this case, a transistor failure resulting in a 
sustained open circuit in phase (b) is studied. The inverter is shown 
in Figure (2), and the phase transistor 93 is modeled as an open in the 
analysis. Initially, the steady state (before fault) inductance profiles 
are used, which are determined using the approach outlined in the 
companion paper [lo]. The inductances are then updated with the 
approach outlined above during a fault condition. The performance 
characteristics of the SRM drive motor system were predicted for this 
external fault at no load and load conditions and are given below. 

N o  Load Case: 

The state space model and the approach described above for updat- 
ing the inductances was used to predict the performance characteristics 
of the SRM drive system during a phase transistor failure condition 
at no load. Based on this approach, the self and mutual inductance 
values were updated during the fault condition. The calculations were 
carried out by stepping the rotor by 20 mechanical increments and 
performing a nonlinear field solution to cover a complete cycle of the 
SRM operation. This is repeated during each iteration of the p m  
cedure shown by the flowchart, Figure (3). The computer simulated 
profles (CSP’s) of the current for an unfaulted (healthy) phase and 
the SRM developed torque are shown by the solid lines in Figures (4) 
and (5), respectively. In addition, the profile of the measured phase 
current for an unfaulted phase is shown in Figure (6). The CSP and 
the measured waveform for the faulted phase (b) current are not shown 
as they have a zero value. 
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Figure (3): Flowchart of Iterative Fault Inductance 
Calculation 
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Figure (4): Simulated Current Profile for an Unfaulted 
Phase During a Transistor Failure in  Phase  (b) at No Load 
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Figure (5): Simulated Developed Torque with Transistor 
Failure in  Phase (b) at No Load 
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Figure (6): Measured Unhul ted  Phase Current  During a 
Transistor Failure in  Phase (b) at No Load 

Transistor Fault at No Load 

Thble 1: Comparison of Simulated a n d  Test Data  with 
Transistor Failure at No Load 

1.0 Per Unit Load Case: 

Next, the state space model and the approach described previously 
for updating the inductances was used to predict the performance char- 
acteristics of the SRM drive system during a phase transistor failure 
condition during the 1.0 per unit (P.u.) load condition at a speed of 
2500 r/min. Based on this approach, the self and mutual inductance 
values were updated during the fault condition and this resulted in 
the performance characteristics of the SRM drive system at 1.0 p.u. 
load condition. The CSP’s for the current of the unfaulted phase (a) 
and the developed torque are shown by the solid lines in Figures (7) 
and (8), respectively, for this 1.0 p.u. load condition. In addition, the 
measured current waveform for an unfaulted phase is shown in Figure 
(9). Additional results are provided in Table (2). 

Again, an inspection of-the phase current profiles as obtained from 
simulations, Figure (7), and measurements, Figure (9), and the nu- 
merical comparison of the results given in Table (2), reveals the good 
agreement and further demonstrates the validity of this modeling ap- 
proach. Furthermore an examination of the results in Table (2) shows 
an increase in the unfaulted phase current. Again, this is due to the 
decrease in speed during the fault condition which allows each phase 
to  be ‘on’ for a longer period of time, the decrease in rotational volt- 
age. which opposes the current rise, and the decrease in the inductance 
value during the faulted condition due to saturation. In addition, it 
should be pointed out that the average value of the developed torque 
and speed is reduced during the fault period, as is shown in Table (2), 
and Figure (8). This is expected, since the three phase SRM is now 
operating with only two phases. Also it should be noted here that 
the discrepancy between the simulated and measured torque values in 

Table (2) can be attributed to  the fact that the measured value for the 
torque reflects the value of the applied load (hysteresis brake) only and 
does not include the torque needed to  overcome friction and windage 
in the SRM, while the computed value accounts for both. 

In addition, a separate model was run negZecting the mutual in- 
ductances for both the no load and 1.0 p.u. load cases in order to 
determine their effect on the simulation results during the fault con- 
dition. The results for the analysis neglecting the mutual inductances 
are shown by the dashed lines in Figures (4) and (5 )  for the no load 
case, and Figures (7) and (8) for the load case. An examination of 
these figures reveals that there was no significant effect due to the 
mutual coupling between phases. This can be accounted for by noting 
that only one phase of the SRM is ‘on’ at any one time. 

As was demonstrated above, a very good agreement exists between 
the measured values and simulated results for the external fault con- 
dition. Accordingly, the developed models are validated and the work 
is extended to study the case of an internal fault resulting in a partial 
armature phase short colidition. The simulated results are outlined in 
the following section. It should be stated that no test data is available 
for this case because the motor was constructed without any provisions 
for access to the machine phase windings. 
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Figure (7): Simulated Current  Profile for a n  Unlaulted 
Phase During a Transistor hihare in  Phase (b) at 1.0 P.U. 

Load 
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Figure (8): Simulated Developed Torque with Transistor 
IEhiure in  Phase (b) at 1.0 P.U. Load 
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Transistor Fault at toad 
Simulated Meaaured 

Fault (Pre Fault) Fault (Pre Fault) 
I,(&) - A 1.110 (0.969) 1.280 (1.080) 
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Figure (9): Measured Unfaulted Phase Current During a 
%mistor Failure in Phase (a) at 1.0 P.U. Load 

a b l e  2: Comparison of Simnkted and '&at Data with 
Transistor Failure at 1.0 P.U. h a d  

PARTIAL ARMATURE PHASE SHORT CONDITION 

In this section, the results of modeling an internal fault due to a 
partial armature phase shoe condition are presented. As mentioned 
ea~lier, each phase is formed by comwting diametrically opposite sta- 
tor poles in series. In the case under study, a ehort is assumed to  take 
place across one of the poles of phase (b), Figure (11, thus resulting in 
shorting half the turns of phase (b) coil. The results are given here for 
a 1.0 P.U. load condition. Using the iterative approach outlined in this 
paper, the self and mutual inductance values were updated for this in- 
ternal fault condition. This resulted in the performance charaderistics 
for the SRM drive system under consideration. 

The advantage of the iterative inductance updating approach can 
best be considered by examining the inductance values determined for 
this partial armature fad t  condition. Baeed on conventional theory 
[14], at  the onset of the fault eondition, the average d u e  of the self 
inductance of the faultid phase was considered to  be at half its original 
value that existed before the onset of the fault. This is the case, since 
a half the number of turns are assumed to  be shorted in this fault 
case. However, based on this iterative approach, which was validated 
earlier in this paper, it was found that the self inductance LM,  for the 
faulted phase (b), has an updated average d u e  which is a t  39% of 
the original d u e  that existed before the fault. Meanwhile, in the case 
of the mutual inductances, the average value of the updated mutual 
inductance L.6 was found at 45% of the original value before the fault. 
This can be attributed to the magnetic saturation &wts that are 
accounted for in the modeling approach. 

The CSP's of the current of an unfaulted phase, the current of 
faulted phase (b), and the developed torque are given by the solid lines 
in Figures (10) through (12), respectively. In addition, a summary 
of the performance characteristics are given in Table (3), as obtained 
prior to the onset of the fault and during the sustained fault condition. 

Examining the values in Table (3) as well as the CSP of an un- 
faulted phase current in Figure (10) reveals the decrease in the un- 
faulted phase current values in comparison to the pre fault values. 
This is due to both the increase in speed during the fault condition 
which d o w s  each phase to be 'on' for a shorter period of time and the 
increase in rotational voltage which opposes the current rise. However, 
an examination of the CSP of the faulted phase (b) current, Figure 
(ll), and corresponding current values in Table (3) shows almost a 
doubling of the faulted phase (b) current values during this internal 

fadt  condition. Again, this is expected due to the reduction in the 
inductance values as was mentioned earlier. Also, it should be pointed 
out that an inspection of the CSP of the developed torque, Figure 
(12), and the numbem in Table (3), shows the increase in the average 
values of the developed torque and speed during the sustained fault 
condition. This is expected, because of the increase in the value of the 
current in the faulted phase (b) and since the torque is proportional 
to  the square of the value of the phase currents. 

Again, a separate model was run neglecting the mutual inductances 
in order to determine their effect on the analysis results for this fault 

h 
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Figure: (10): Unhulted Phase Simulated Current  with 
Partial Armature Short in Phase (b) at 1.0 P.U. Load 
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Figure (11): Faulted Phase Simulated Current  with Partial 
Armature Short at 1.0 P.U. h a d  
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CONCLUSION 

T 
0 

P 
L 

0.6 

0.4 

0.2 

: : . :  : .: . . . .  
0 0.004 0.00s 0.612 0.018 0.02 

Time (s) 

Fie- (12): Simulated Developed Torque with Partial 
Armature Short in Phase (b) at 1.0 P.U. Load 

condition. The results for the analysis neglecting the mutual induc- 
tances are shown by the dashed line in Figures (10) through (12). An 
examination of these figures reveals that one can neglect the mutual 
coupling between the phases of the SRM model without significantly 
affecting the simulation results for the motor drive system under con- 
sideration. This can again be accounted for by noting that only one 
phase of the machine is 'on' at one time, and relatively low levels 
of current exist in a phase during the regeneration period following 
the instant the transistors are turned off for that phase. However, it 
should be noted here that other control strategies are used with SRM 
drive systems where it is required to excite two phases simultaneously 
for a period of time. In such cases it is expected that the inclusion of 
the mutual inductances in the simulation model would lead to more 
accurate results. 

It should be pointed out, that the results obtained for this exter- 
nal fault condition show a doubling in the peak value of the faulted 
phase and an unbalance in the developed torque profile in compari- 
son to normal operating conditions [lo]. This unbalance in the torque 
profile and the doubling of the unfaulted phase current is due to the 
unbalanced operating conditions and could present problems for some 
applications. However, the ability of the SRM to produce torque dur- 
ing this internal fault condition, as well as during the external fault 
condition discussed earlier, could be of interest in some aerospace ap- 
plications. In such applications, it is required that the system operate 
reliably despite partial failures. 

Finally, it should be noted that this modeling approach has been 
verified based on experimental results given in this paper as well as 
in the companion paper [lo]. Accordingly, it can be stated that this 
approach, which is general in nature, can be used to study the fault 
tolerance of other inverter configurations. In addition, based on such 
studies, fault handling control strategies could be developed and op- 
timized to minimize the effects of partial failures on the performance 
characteristics of SRM drive systems. 

I Partial Armature Short at 1.0 P.U. Load I 
I I 

I Pre Fault I Fault I 
Ia(h)A I 0.969 I 0.845 
I,(rms)A I 1.220 I 1.070 

Torque (Avg.) Nm 

Table 3: Simulated Data of Partial Armature Short at 1.0 
P.U. Load Condition 

The results of using an iterative approach to predict the dynamic 
performance characteristics of an SRM drive system during fault con- 
ditions were presented. The method is applied to a 6/4,0.15 hp, 5000 
r/min switched reluctance motor drive system to study external and 
internal fault conditions. The analysis resulted in the performance 
characteristics of the motor drive system which were verified by com- 
parison to  experimental data. Based on the analysis, it waa demon- 
strated that the effects of mutual coupling between motor phases can 
be neglected from the analysis for this class of SRM drive systems. In 
addition, based on the simulation and measured data it was shown that 
SRM drive system under consideration is capable of producing torque 
under partial fault conditions. Accordingly, it can be concluded that 
this modeling approach, which is general in nature, can be used to 
study the fault tolerance of other SRM drive systems as well as to de- 
velop fault handling control strategies to minimize the effects of partial 
failures on the motor torque and speed. 
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Discussion 

Nabeel A. 0. Demerdash, Clarkson University, Potsdam, New 
York The authors are to be congratulated on an interesting 
paper showing simulations of switched reluctance motor drives 
under unbalanced fault conditions. Table (2) shows an interest- 
ing condition in which the apparent loss of one phase leads to a 
reduction of the average torque of less than a few percent. One 
would normally expect a loss in torque magnitude of more than 
34% when one phase is faulted in a 3 phase machine. Would the 
authors explain the reasons for such a limited drop in the 
average torque magnitude? If the degradation of the torque 
under faulted conditions is as limited as shown in the paper, 
such a drive system characteristic would be a considerable 
advantage in aerospace applications where safety and redun- 
dancy are very important deciding factors. 

Manuscript received February 22, 1993. 

A.A. Arkadan and B.W. Kielgas: These authors wish to ex- 
press their thanks to Dr. Demerdash for his useful comments and 
interesting questions included in his discussion. In response to his 
question regarding the limited drop in the average torque magnitude 
due to a transistor failure, the authors offer the following. In the con- 

stant speed, closed loop control scheme utilized for the motor under 
discussion, each of the three phases is switched sequentially every 30’ 
electrical. In the fault condition considered, one phase of the motor is 
removed from the system due to a transistor failure. When one phase 
is faulted, the speed of the machine is reduced. This, in turn, results 
in the two unfaulted phases remaining ‘on’ for a longer period of time 
than in the unfaulted case. This allows for a larger current value in 
each of the unfaulted phases. Accordingly, it results in greater elec- 
tromechanical torque production in the two unfaulted phases as shown 
by equations (10) and (11) of the paper. In this case, it can be stated 
that the machine compensates for the loss of the faulted phase by 
producing more torque in the healthy (unfaulted) phases. However, 
a drawback to this phenomenon is that, during fault, the machine 
speed is reduced in comparison to its prefault value. This is confirmed 
in the paper, Table (2). Based on results obtained from simulations 
and measurements, the machine average speed value was reduced af- 
ter the onset of the fault. Moreover, it should be noted that if the 
machine is to be used under such mode of operation (partial failure), 
the machine must be designed to withstand the higher levels of cur- 
rent in the healthy phases. In addition, the switching devices in the 
converter should be rated accordingly. In spite of that, the limited 
drop in the average torque magnitude in such a drive system could be 
advantageous in some aerospace applications where it is required that 
the system operates reliably despite partial failures. 

Manuscript received April 8 ,  1993. 


