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Summary

This paper proposes a fault-tolerant power converter for a voltage source
inverter (VSI)-driven permanent magnet brush-less direct current (PM-BLDC)
motor drive, which is suitable for low-power electric vehicle (EV) applications.
With the proposed topology, it is possible to deliver rated power to the
PM-BLDC motor even after the incidence of either an open-circuit fault (OCF)
or a short-circuit fault (SCF) in any one of the switches, which constitute the
VSI. The proposed fault-tolerant PM-BLDC motor drive requires fewer
additional sensors and components compared to the fault-tolerant power
converters, which are reported in the previous literature. Cost analysis, carried

out for a 3-kW motor drive, reveals that an additional cost of only 5% is added

Team of Hella India Automotive Private to the raw material cost of the traditional PM-BLDC motor configuration to

limited, Pune, India.

. ) ) facilitate fault tolerance. The fault-tolerant operation of the proposed power
Email: hemal729@student.nitw.ac.in

converter is experimentally verified with a low-power laboratory prototype.
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1 | INTRODUCTION

Electric vehicles (EVs) have assumed significance in the automobile sector owing to their capability of reducing
environmental pollution and achieving conservation of energy. Penetration of EVs is mainly facilitated by the recent
advancements in battery technologies, digital control platforms, power semiconductor device technologies, and high
energy density permanent magnets. Permanent magnet brush-less direct current motors (or simply PM-BLDC motors)
are being used in low-power EV applications due to their high efficiency, compact size (due to their high energy
densities), ease of control, quiet operation, low-maintenance requirements, and high dynamic performance.'”

Fault tolerance is a very important aspect of design from the standpoint of reliability for EVs. Propulsion motors in
EVs are typically operated by voltage source inverters (VSIs). Thus, achieving fault tolerance against faults occurring in
actuator switching devices is of paramount interest. Prior research shows that faulty power semiconductor devices
contribute to as much as 38% of the total fault conditions in the drive configurations.* The semiconductor switch faults
are categorized into two types, namely, open-circuit faults (OCFs) and short-circuit faults (SCFs).

A switched-capacitor-based multi-level boost converter configuration that can handle OCFs in the semiconductor
switches is proposed in reference.” A multi-switch fault-tolerant drive configuration is presented by the research work
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reported in reference,® which presents the multi-switch OCF diagnosis and the corresponding reconfiguration
procedure.

The fault-tolerant control operation for stator winding inter-turn failures, rotor eccentricity faults, and Hall-effect
sensor failures is presented in the literature.”””

For OC failures, a technique to maintain the rated output torque for a permanent magnet hybrid BLDC motor drive
configuration, using field-reconstruction strategies and boosting of filed excitation, is investigated in reference.'® Fault-
tolerant torque control for a BLDC motor that can facilitate precise torque control with a reduced power dissipation
despite the failure of one of its phase windings is described in reference."’

Fast-changing and soft commutation between the main and redundant branches of a VSI using a combination of
rugged mechanical commutators and semiconductors is reported in reference.'? The fault-tolerant analysis described in
reference'” reveals that, even though mechanical commutators are slower than power semiconductor switches, they
provide the advantages of low losses, electrical isolation, and stress elimination for parallel redundant branches.

In the research work presented in reference,'® a single-switch OC (or SC) fault-tolerant drive topology for EV appli-
cations is described, which uses six triode for alternating currents (TRIACs) and one actuator leg additionally. However,
fault diagnosis algorithms were not described in this literature.

The drive topology proposed in reference'* achieves fault-tolerant operation by adding three TRIACs to the conven-
tional PM-BLDC motor drive. An algorithm to detect OC switch fault diagnosis is also presented in this manuscript.
However, this fault-tolerant drive topology does not achieve fault tolerance against SCFs.

The power circuit configuration reported in the literature'>'® presents a fault-tolerant strategy for OCFs in switches
and the motor phase windings. This article recommends the employment of multi-phase open-end winding PM-BLDC
motor (OEWBLDCM) drives for such applications, where the reliable operation of the drive is the primary concern.
The work'” also suggests some techniques to reduce the torque ripple after the occurrence of such faulty conditions.
The article reported in reference'® also explains the diagnosis algorithm for open-switch fault conditions of the multi-
phase PM-BLDC motor drive configuration.

Fault-tolerant PM-BLDC motor drive topologies with a DC-DC buck converter at the front end are proposed in
the literature'®*° for magnetically suspended control moment (MSCM) gyro applications. The configuration described
in reference'® requires six additional TRIACs and an additional phase leg to achieve fault tolerance against a single-
switch OCF/SCF. However, additional TRIACs, employed to achieve fault-tolerant operation, are kept in the normal
(i.e., pre-fault) circuit configuration, making them susceptible to failures. While the algorithm presented in reference'®
can diagnose switch OCF/SCF conditions in the front-end buck converter and the inverter, it cannot identify the fault
conditions in the additional TRIACs. The research article presented in reference®® shows a fault-tolerant OEWBLDCM
drive configuration for MSCM gyro applications. The diagnosis algorithm described in reference®® can diagnose
OCF/SCF for all the switching devices of VSI. However, this power converter configuration demands that all the
motor phase windings and all the switching devices be rated for double the rated current to obtain fault-tolerant
operation.
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FIGURE 1 Proposed open-circuit/short-circuit fault-tolerant PM-BLDC drive configuration.
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A dual-inverter-fed fault-tolerant OEWBLDCM drive for low-power EV applications is presented in reference.”* This
system is capable of diagnosing both OCF and SCF conditions in all the switching devices in the dual-inverter system.*'
In the fault-tolerant mode of operation, this topology employs two double-pole double-throw (DPDT) relays to utilize
the energy stored in the healthy battery bank connected to the faulty inverter. In this system, the post-fault
reconfiguration of the power converter involves a parallel reconnection of the battery banks. Thus, the effective DC
input voltage to the healthy inverter is halved in the post-fault condition, restricting the post-fault power (and speed) to
half the rated quantity.

This shortcoming is addressed in the configuration presented in reference,>* wherein the supply battery bank, which
is on the faulty inverter side, is reconnected in series to the supply battery bank connected to the healthy counter
inverter to feed the motor. This post-fault reconnection, which needs four DPDT relays, allows the drive configuration
to deliver the rated power (speed) and torque even after the occurrence of the fault and the subsequent circuit
reconfiguration. However, this configuration requires power devices with twice the voltage rating compared to the one
described in reference.*!
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FIGURE 3 Equivalent circuit diagram of the proposed fault-tolerant drive configuration under (A) steady operation conditions and
(B) open-circuit/short-circuit faulty conditions in switch “A1” (upper bank switch).
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Apart from DPDT relays, the open-end winding structure-based topologies*'** require six voltage sensors and two
current sensors for sensing the line voltages and the DC currents to diagnose the SCF and OCF conditions. Also, all the
switching devices present are susceptible to the development of faults in these topologies. These shortcomings in the
prior work are the motivating factors to explore new power converter configurations, which can deliver rated power to
the motor even in a post-fault scenario with reduced switchgear.

This brief report proposes a fault-tolerant PM-BLDC motor drive configuration for low-power EV applications,
which can deliver rated post-fault power to the motor. In this configuration, the additional auxiliary switching
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FIGURE 4 (A) Schematic presentation of fault-tolerant control mechanism. (B) Flowchart representing the fault-tolerance operation of
the proposed fault-tolerant drive configuration.
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TABLE 1 PM-BLDC motor parameters.

Voltage (operating)
Torque (operating)
Speed (operating)

Per phase (resistance)
Back-EMF constant
Power (operating)

Pole pairs
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FIGURE 5 Experimental setup of the proposed fault-tolerant topologies.
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resources employed to implement fault tolerance are dormant in the pre-fault condition and are therefore not suscepti-
ble to the development of faults. Furthermore, this configuration requires only one current sensor and three voltage
sensors to diagnose a single OCF and a single SCF, resulting in a significant drop in the additional raw material cost
(RMC) to realize fault tolerance. This brief report also presents a cost analysis to prove the economic feasibility of the
proposed fault-tolerant drive configuration.

2 | FAULT-TOLERANT OPERATION OF THE PROPOSED DRIVE
CONFIGURATION

2.1 | Circuit description and fault-tolerant control of the PM-BLDC motor drive

Figure 1 presents the proposed fault-tolerant PM-BLDC motor drive configuration. This topological drive configuration
consists of a conventional VSI with three legs (Legs “A,” “B,” and “C”). Under normal conditions, the VSI is fed with
the DC power supply “Upc.” Hall position sensors “Ha,” “Hb,” and “Hc” are used to sense the rotor position to generate
the gating signals for the VSI. Figure 2 presents the back electromotive force (EMF), current waveforms, and inverter
switching signals for all the sector positions (six sectors derived from three Hall position sensors) under steady and
faulty operating conditions.

To achieve fault tolerance, the proposed topology employs three bidirectional switches “B,,” “Bg,” and “B¢” and
two single-pole double-throw (SPDT) relays “SPDT-1" and “SPDT-2.” Each of these bidirectional switches is realized by
the anti-series connection of two insulated gate bipolar transistors (IGBTs) with a common emitter connection.

Before the occurrence of any fault (i.e., in the default condition), the pole terminals of the SPDT relays
(“P,” and “P,”) respectively connect the positive and negative terminals of the input DC power supply (the battery in
the case of an EV) to the corresponding terminals of the VSI through the normally closed positions “NC,” and “NC,,”
as shown in Figures 1 and 3A.
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FIGURE 7 Experimental results showing the flag and counter values for OCF in “C5” (scale: X-axis: 1-S/div; Y-axis: Ipc [A/div];
OCFSEC, OCSWF, ROCSWF, CNT, CNT,;; [units/div]).
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Whenever a fault (it can be either an OCF or an SCF) is detected in the three top switches (A;, Bs, or Cs), the relay
SPDT-1 is operated. This makes the pole P, changeover from the default position NC; to the normally open contact,
NO,. This changeover connects the common end of the bidirectional switches “B,,” “Bg,” and “B¢” to the positive
terminal of the battery through the pole P; of SPDT-1. At the same time, all three bidirectional switches “B,,” “Bg,”
and “B¢” are gated and the gating signals for all the three top switches (A, B3, and Cs) are withdrawn. With this
maneuver, the bidirectional switches “S,,” “Sg,” and “Sc” replace the three top switches and the drive continues to
operate normally despite the development of the fault, delivering full power to the motor (Figure 3B). It is obvious that
a similar operation is achievable when a fault occurs in one of the three bottom switches. In this case, the relay SPDT-2
is operated, making the pole P, to changeover from the default position NC, to NO,, connecting the common end of
the bidirectional switches “B,,” “Bg,” and “B¢” to the battery negative terminal. Thus, it is not necessary to energize
the relays in the default condition, which is an advantageous proposition.

It may also be noted that, while an OEWBLDCM drive requires six voltage sensors and two current sensors to
implement fault tolerance, the proposed topology needs only three voltage sensors and one current sensor with the
same number of power semiconductor switches. In a scenario, wherein the cost of sensors dominates the cost of semi-
conductors, this topological configuration brings in a considerable saving in the RMC to implement the fault-tolerance
feature. Also, the proposed topological configuration requires lesser supporting switchgear to implement 100% fault tol-
erance. Only two SPDT relays are needed in this topology as compared to four DPDT relays in reference,'® which is
another contributing factor to the reduction in the RMC. Furthermore, all the three additional bidirectional switches
are dormant in the pre-fault condition; hence, they are not susceptible to the development of faults (Figure 3A).

The fault tolerance of the proposed PM-BLDC motor drive configuration is verified for both open-loop and closed-
loop drive control operations. The closed-loop control operation is performed by a conventional outer velocity controller
and an inner current controller. Figure 4A represents the overview of the presented closed-loop drive control with the
fault-tolerance feature.
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2.2 | Fault diagnosis control for the proposed drive configuration

The OCF and SCF diagnosis algorithms, which had earlier been proposed for an open-end winding PM-BLDC motor
drive,'” have been adopted in the proposed topology, which is briefly recapitulated below:

1. The diagnosis of the OCF is accomplished by the identification of interruption in the input DC current. If this cur-
rent is interrupted for a pre-specified critical time period, the OCF is asserted, the corresponding sector is identified,
and its number is stored in a flag named “OCFSEC.” Two more flags “FDF1” and “FDF2” are set to unity if the
interruption of the DC current is affirmed in the present sector and the immediately succeeding sector. Based on the
status of these flags, the switch responsible for the fault is identified, and the faulty switch number is noted in the
given flag named “OCSWEF.”"?

2. The diagnosis of the SCF is accomplished by the identification of the zero-voltage periods in line voltages, which are
sensed during the non-conducting period of 60° between the top and the bottom of the switching devices in any
given phase leg. The sector in which the zero-voltage period in a given line voltage is observed is stored in the flag
“SCFSEC.” Based on this information, the SCF is identified, and its corresponding switch number is noted in the flag
named “SCFSW.”!?

The overall fault-tolerant operation of the proposed drive configuration is shown in Figure 4B.

3 | RESULTS AND DISCUSSION

Figure 5 presents the experimental prototype, which is used to validate the fault-tolerant capability of the proposed
drive configuration using the dSPACE 1104 control platform. Table 1 presents the parameters of the PM-BLDC machine
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FIGURE 9 Experimental results showing the fault-tolerant operation (closed loop) for OCF in “C5” (scale: X-axis: 1-S/div; Y-axis: Ipc
[A/div]; OCSWF, ROCSWF, Tdrelay [units/div]; speed [RPM/div]).
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used in the experimental prototype. To emulate the occurrence of OCF and SCF experimentally, the gating signal for
one of the switches is either withdrawn fully or maintained continuously.

The experimental validation for the fault-tolerant operation of the presented topology for the OCF is presented in
Figures 6-9. With the enforcement of OCF in switch “C5” (at instant “tf”; Figure 6), the diagnosis is carried out through
the flags “OCFSEC,” “FDF1,” and “FDF2” (at instants “tal” and “ta2”; Figure 6). Based on this information, the actua-
tor switch number corresponding to the OCF is noted in the flag “OCSWEF” (at the instant “tb”; Figures 6-8). To conclu-
sively assert the occurrence of the OCF, a counter “CNT"” is triggered at this point of time, which counts the number of
the zero-current periods in the probation period (tc — tb). Only when this count exceeds a critical count, the fault is
finally asserted and the value stored in the flag “OCSWF” is transferred to the final flag “ROCSWF,”!* which initiates
the post-fault circuit reconfiguration procedure. Figure 9 validates the fault tolerance against the OCF in switch “C5”
for the closed-loop drive operation.

Figure 10 illustrates the experimental verification against the SCF for the proposed drive configuration. In this
experiment, the gating signal for switch A4 is held continuously high. With the diagnosis control algorithm described
in reference,'” the SCF is diagnosed and the switch number of the faulty switch is noted in the given flag “SCFSW”
(at the time instant “ty”; Figure 10). As the number of the faulty switch belongs to the lower bank of the VSI, SPDT-2 is
energized using Relay-2 (Figure 1) at the instant “ty,” as shown in Figure 10. With the reconfiguration procedure
explained in Section 2, the drive can perform normally and eventually attains its rated speed even after the occurrence
of the SCF in the switch A4.

4 | FEASIBILITY ANALYSIS OF THE PROPOSED DRIVE CONFIGURATION

Table 2 summarizes the comparison of the presented fault-tolerant PM-BLDC motor drive configuration vis-a-vis the
configurations reported in the previous literature. Table 3 shows the additional RMC incurred for the fault-tolerant

: 1 4 :
1S tyw. SCFSW(5 unit/div)

k|

‘Relay-2

k|

FIGURE 10 Experimental results showing the drive fault control operation during SCF in “A4” (scale: X-axis: 1-S/div; Y-axis: VCjap
[V/div], Ipc [A/div]; SCFSW, Relay-2 [units/div]; speed [RPM/div]).
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TABLE 3 Cost evaluation of fault-tolerant drive configurations (Indian Rs.).
Unit price Number of  Total price
Name of the component (Rs./-) units (Rs./-)
(a) PM-BLDC motor drive 3 KW, 96 V 31,790 1 31,790
(b) Batteries (lithium ion) (720 WH, 60 AH, and 12 V) 13,630 8 109,040
(c) Actuator switches along with driver (c1) Configuration (65 + 309) 12 4488
circuitry (safety factor for voltage and current (¢c,) Configuration® (158 + 309) 12 5604
considered as 2) ) .
c3) Proposed configuration ,
(cs) Proposed configurat (158 + 65) + (309) (6, 6) (9) 4119
(c4) Traditional inverter (158 + 309) 6 2802
(d) Sensors  Current sensors (d,) Topologies®'~** 1880 2 3760
(d,) Proposed configuration 1880 1 1880
Analog voltage sensors required (ds) Topologies®'~* (895 + 13) 6 (ISO-124) 5396
(TLO84CN and ISO-124)*! 2 (TLO84CN)
(dy) Proposed configuration (895 + 13) 3 (ISO-124) 2698
1 (TLOS4CN)
(e) Auxiliary devices (DPDT*"*?; SPDT [proposed (e1) Configuration®! 808 2 1616
configuration] relays) (e,) Configuration® 808 4 3232
(es) Proposed configuration 345 2 690

Additional price (in %) incurred for the open-circuit/short-circuit fault-tolerant configuration®* with respect to the conventional PM-

s |dster+[c—cy+d — |5396+1616+1686+-3760 _
BLDC drive = [W] *100% = [m] *100% = 8.67%

Additional price (in %) incurred for the open-circuit/short-circuit fault-tolerant configuration®* with respect to the conventional PM-

e — |dsteat(co—cil+d _ | 5396+3232+2802+3760 _
BLDC drive = [%] *100% = [m] *100% = 10.57%

Additional price (in %) incurred for the proposed open-circuit/short-circuit fault-tolerant configuration with respect to the conventional

: dstestcs—cyl+d
PM-BLDC drive — |2+ tbs-els] » 1005 — [2098 000,878 1850] « 10056 — 4.97%

configurations with respect to the traditional drive configuration. The cost evaluation presented in Table 3 shows that
the proposed drive configuration incurs only 5% additional RMC, while the OEWBLDC motor drives reported in the lit-
erature®"** respectively incur 9% and 11%. This confirms the economic viability of the drive configuration for EV appli-
cations, with a post-fault delivery of 100% rated power.

5 | CONCLUSION

This paper presented a fault-tolerant PM-BLDC motor drive topology for low-power EV applications. This power con-
verter uses three bidirectional power devices, which are inactive in the normal mode of operation, enhancing its reli-
ability. The proposed power converter, upon diagnosing an OCF/SCF in any one of the switching devices of the VSI,
automatically reconfigures itself by inserting these bidirectional switching devices to achieve the feature of fault toler-
ance. Cost analysis reveals that the proposed topology, owing to its employment of fewer current and voltage sensors
(compared with the previous topologies reported), adds only 5% additional RMC to add the fault-tolerance feature to
the traditional PM-BLDC motor drive topology and offers a price-competent solution.
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