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Abstract: Recently, a dual inverter motor drive feeding an open-end winding permanent magnet
(PM) motor has been studied, aiming for the improvement of total efficiency and a fault tolerant
function of hybrid and electric vehicles. The authors have studied the fault tolerant operation of the
DC-bus battery, where the failed inverter is operated only with a capacitor across the DC-bus and
a space vector modulation (SVM) is employed to regulate the capacitor voltage. In our previous
research, the SVM techniques for the fault tolerant operation in a low-modulation-index have been
proposed. However, it was difficult to have fault tolerance in a high-modulation-index case. The
voltage margin in the fault situation is limited because the failed inverter is operated with the capacitor.
In this paper, the SVM technique to achieve the fault tolerant operation in the high-modulation-index
state is investigated. The novel point of this paper is that the proposed technique introduces a
field-weakening control in order to reduce the command voltage vector within the controllable
voltage region. The proposed technique was verified through experimental tests and its operational
characteristics were compared with the normal operation, from the viewpoints of the total harmonic
distortion (THD) and the efficiencies of the inverters and the motor.

Keywords: dual inverter motor drive; space vector modulation; fault tolerant operation; capacitor
voltage control; open-end winding PM motor

1. Introduction

Recently, a dual inverter motor drive feeding an open-end winding PM motor has been focused
on, aiming for improvement of a total efficiency and a fault tolerant function of hybrid and electric
vehicles. The dual inverter motor drive is expected to improve the efficiency of the system, because it
can generate multilevel voltage waveforms across the motor windings by adding the output voltages
of the inverters [1-6]. In addition, the dual inverter motor drive, where a DC-bus battery of one of the
inverters is replaced with a capacitor, has also been studied [7-12]. In particular, it has advantages in
many of the modern current hybrid and electric vehicles, over the C-segment. Most of all, the hybrid
vehicles such as the Prius, Lexus, Camry and so forth, of the Toyota Motor Corporation employ the
circuit topology depicted in Figure 1, using the voltage-boost chopper. Therefore, it is difficult to
improve the total efficiency due to the significant power loss of the voltage-boost chopper and it can
no longer continue to drive the motor, if either the chopper or the inverter fails. On the other hand, as
shown in Figure 2, the dual inverter motor drive does not require any voltage-boost converter to apply
the high voltage to the motor by adding the output voltages of both inverters. In addition, in the dual
inverter motor drive studied in this paper, the DC-bus batteries are isolated in order to secure a fault
tolerant function.
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So far, the fault tolerant operation with the dual inverter motor drive—which focuses on failures
of the switching devices—have been studied [13-15]. However, the fault tolerant operation of the
DC-bus battery has not been considered in detail [16,17]. Therefore, the authors have focused on a
redundancy in the switching states of the dual inverter motor drive and have studied the fault tolerant
operation of the DC-bus battery [18,19]. In the studied operation, the failed battery is isolated with a
relay, after some failure it is detected through the battery management system. Then, the failure side
inverter is operated only with a capacitor across the DC-bus, instead of the isolated battery. In this case,
the capacitor voltage of the failure side inverter must be controlled at half of the battery voltage of the
other inverter in the normal operation by charging and discharging the capacitor. The topology of the
operation in the fault situation is the same as the dual inverter motor drive, where one of the DC-bus
batteries is replaced with the capacitor. However, in the conventional techniques, the capacitor voltage
is controlled constantly, while generating the multilevel voltage waveforms across the motor windings
by the phase difference of the fundamental voltage components between the two inverters [7-12].
On the other hand, in our studied technique, a space vector modulation (SVM) is employed and the
redundancy of the dual inverter motor drive is utilized. In particular, the capacitor voltage must be
discharged down to half of the battery voltage of the other inverter in the fault situation, immediately
after the battery failure is detected, because both inverters have been operated with the battery and the
battery voltages have been same in the normal operation. We proposed the SVM techniques to switch
over the system to the operation in the fault case smoothly at a low-modulation-index [20]. However,
it was difficult to achieve the fault tolerant operation at a high-modulation-index, because the DC-bus
voltage of the failure side inverter is reduced by half, in other words, the voltage margin of the fault
tolerant operation is limited.

In this paper, the SVM technique for the fault tolerant operation at the high-modulation-index is
newly proposed, which controls the voltage command within the limited voltage region by employing a
field-weakening control technique. However, it has the problem that unexpected error voltage pulses are
generated in the multilevel voltage waveforms during a dead time [21,22]. In this paper, it is confirmed
through experimental tests that the proposed fault tolerant operations at the high-modulation-index
can continue to drive the motor even though one of the inverter DC-bus batteries fails. In addition,
the operation characteristics in the fault case are compared with the normal operation characteristics,
applying some techniques to reduce the error voltage pulses.

Three-Phase
- _E!} _H} _H} Three-Wire Motor
'|' - - —|[‘} —|[|}

«—ra—»
Chopper Inverter

Figure 1. Circuit configuration of conventional single inverter motor drive.
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Figure 2. Circuit configuration of dual inverter motor drive.

2. Dual Inverter Motor Drive

2.1. Circuit Configuration

The dual inverter motor drive feeds the open-end winding permanent magnet (PM) motor with
two inverters, where the left inverter is INV1, the right one is INV2 and the switching states of the
both inverters are described like (ul, v1, wl) (u2, v2, w2)’, as shown in Figure 2. In the switching state,
“1” indicates that the upper arm is turned on and vice versa. Each leg is operated complementally. The
DC-bus of each inverter has a battery, a capacitor and a relay to isolate the failed battery in case that
some failure is detected in the battery. The dual inverter motor drive can generate the multilevel voltage
waveforms across the motor windings by synthesizing the output voltage vectors of the two inverters.
It is expected to improve the total harmonic distortion (THD) and the dv/dt of the output voltage
waveforms, compared with the conventional single 2-level inverter motor drive. It is also expected to
improve the total efficiency of the motor drive system, because it does not require any voltage-boost
converter used in many of the hybrid and electric vehicles over the C-segment. Furthermore, the
dual inverter motor drive has redundancy in the switching states, which means that there are several
different switching states to generate a particular voltage vector. The redundancy makes it possible to
achieve some fault tolerant operations of the dual inverter motor drive.

2.2. Fault Tolerant Operation of DC-Bus Battery

2.2.1. Operation Principle

In this paper, the fault tolerant operation of the DC-bus Battery is focused on, where it is assumed
that the battery of INV2 fails. In the fault situation, the DC-bus battery of the INV2 is isolated with the
relay, if some failure occurs in the battery. Then, the failed INV2 is operated only with the capacitor,
instead of the isolated battery. In this case, it is necessary to control the capacitor voltage constantly and
to generate multilevel voltage waveforms across the motor windings at the same time. Figure 3 shows
the output voltage vectors and the switching states of the dual inverter motor drive from 0 to 60 degrees,
where the capacitor charging and the discharging modes are also described. As shown in Figure 3
and described in Reference [19], the 1:0.5 DC-bus voltage ratio is employed and the capacitor voltage
of the INV2 is controlled at half of the battery voltage of the INV1 in the fault situation, because it
cannot switch over the charging mode and discharging mode redundantly in the case of the 1:1 DC-bus
voltage ratio. However, the longest voltage vectors which configure the most outer region do not have
the redundancy, even if the 1:0.5 ratio is employed. Therefore, in the fault tolerant operation of the
DC-bus battery, the longest voltage vectors cannot be used for the SVM, in other words, the operation
voltage region of the fault condition of the DC-bus battery is limited within the modulation-index
m=0.5.
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Figure 3. Redundant switching states and capacitor charging and discharging modes.

2.2.2. Capacitor Voltage Control with SVM

In this system, the SVM is employed to achieve both of the capacitor voltage control and the
multilevel voltage waveform generation simultaneously. The switching sequence of the SVM can be
configured flexibly. Therefore, when the command voltage vector is generated with the SVM, the SVM
can control the capacitor voltage by selecting the most appropriate switching state which charges or
discharges the capacitor appropriately in the redundant states. Figure 4 assumes that the dual inverter
motor drive generates the command voltage vector v* in the hatched sector with the SVM, for example.
The three voltage vectors V0, V0in and V30 surrounding the hatched sector are utilized to synthesize
the v*. In the SVM, the time durations of each voltage vector utilized in the SVM are also calculated.
The particular switching sequence case of the SVM is considered in Figure 5. As shown in Figure 5,
when the voltage vector V0in is generated, the discharging mode is selected among the redundant
states because the capacitor voltage is higher than its command value. Then, when the next voltage
vector V30 is generated, the charging mode is selected because the capacitor voltage is lower than the
command value. In this way, the capacitor voltage can be controlled at the command value, while
generating the multilevel voltage waveforms to the motor simultaneously with the SVM.

VO

Figure 4. Operation principle of support vector machine (SVM).
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Figure 5. Redundant switching states and capacitor charging and discharging operation.

However, the instantaneous motor power factor has an impact on the capacitor voltage control.
Figure 6 shows the voltage vectors of the dual inverter motor drive from —60 to 120 degrees, which is
the same case as Figure 4. In the figure, the current polarity is also described, which is defined by the
directions of the motor line currents. The capacitor charging and discharging modes of each switching
state can be determined by the current direction of the capacitor, that is, the current polarity. Since the
motor is assumed to be an inductive load, the phase of the motor line current vector is delayed at most
90 degree with respect to the output voltage vector. On the other hand, in the case that maximum
torque per ampere (MTPA) control or field-weakening control is employed, the phase of the current
vector is advanced with respect to the output voltage vector. Therefore, the current polarity can be
classified to F, A, B or C, in the case that the voltage vector v* is generated with the SVM. Figure 6
also shows the capacitor voltage control modes of the two redundant switching states generating the
voltage vector V30. The switching state (1, 1, 0) (0, 1, 0)’ is the discharging mode in the current polarity
A and F, for example. However, the identical switching state is the charging mode in the current
polarity B and F. Therefore, the instantaneous motor power factor must be considered to select the
capacitor charging or discharging mode among the redundant states in the capacitor voltage control as

described in Reference [18].
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Figure 6. Impact of instantaneous motor power factor.
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2.3. Switching Over Techniques for Fault Tolerant Operation of DC-Bus Battery

2.3.1. Switching Over Technique for Fault Tolerant Operation at Low-Modulation-Index

In this section, the failure of the DC-bus battery in the INV2 is assumed. In the normal operation of
the dual inverter motor drive, both of the DC-bus battery voltages are same. However, once the failure
occurs, the INV2 is operated with the capacitor and the capacitor voltage is controlled at half of the
battery voltage of the INV1, in order to take advantage of the redundancy in the switching states [19].
Therefore, it is required to discharge the capacitor voltage of the INV2 down to the command value,
immediately after the failed battery of the INV2 is isolated with the relay. However, in this time, a
current flows into the battery of the INV1, which is in the normal condition, in order to discharge the
capacitor voltage of the INV2. Besides, the amplitude and the phase of the voltage vectors generated
by the dual inverter motor drive is changed because the capacitor voltage is discharged. Therefore, it is
necessary to select the voltage vectors which synthesize the command voltage vector and to calculate
the time durations of each voltage vector, considering the capacitor voltage.

Figures 7 and 8 show the voltage vectors from 0 to 60 degrees in the case of the modulation-index
0 <m <0.25and 0.25 < m < 0.5, respectively. In both figures, the command voltage vector is generated
in the hatched sector. The voltage vectors of the dual inverter motor drive are variable depending on the
capacitor voltage, that is, the amplitude and the phase of each voltage vector are changed. Therefore,
the SVM must be implemented, considering the capacitor voltage, as described in Reference [20]. In
the case of the modulation-index 0 < m < 0.25, the SVM is conducted with the three voltage vectors
Vz, Va and Vb. On the other hand, in the case of the modulation-index 0.25 < m < 0.5, the SVM is
conducted with the three voltage vectors selected among the six voltage vectors Va, Va’, Vb, Vb’, Vc
and Vc'. The switching over operation for the fault tolerant function of the DC-bus battery in the
low-modulation-index m < 0.5 can be achieved with the SVM by selecting the appropriate voltage
vectors which discharge the capacitor voltage and calculating the time durations of each voltage vector,
depending on the capacitor voltage.

Va >
Vdc2 = Vdcl Vdc2 =Vdcl/2

Figure 7. Switching over technique for fault tolerant operation in case of 0 < m < 0.25.

Vb,Vb' Ve’ N
[v¥|
Vz *
>
Va,Va' ,Vc Va Va’ -
Vdc2 =Vdcl Vdc2 =Vdcl/2

Figure 8. Switching over technique for fault tolerant operation in case of 0.25 < m < 0.5.
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2.3.2. Switching Over Technique for Fault Tolerant Operation Employing Field-Weakening Control at
High-Modulation-Index

The voltage region for the fault tolerant operation is limited within the modulation-index m < 0.5,
because the voltage vectors that configure the most outer region have no redundancy as described in
Section 2.2.1. In other words, it is difficult to switch over the dual inverter motor drive to the fault
situation at the high-modulation-index m > 0.5, while providing the constant output power to the
motor. Therefore, in this paper, the SVM technique employing the field weakening control for the fault
tolerant operation in the high-modulation-index is newly proposed. In the proposed technique, the
amplitude of the command voltage vector is reduced within the controllable voltage region of the
fault tolerant operation by weakening magnetic flux of the PM motor with the d-axis current. The
d-axis current command 7} is determined by the Equation (2), which is calculated from the general
voltage equation of the motor (1). In the equations, [0, | indicates the amplitude of the voltage vector
command with the field-weakening, v; and v, indicate the d-axis and the g-axis voltages, i, indicates
the g-axis current, L; and L; indicate the d-axis and the g-axis inductances, R, w and ¥ indicate the
phase resistance, the rotating speed and the number of a flux linkage of the motor, respectively. The
[’ | is determined to be controllable by the fault tolerant operation, that is, the modulation-index
m < 0.5. However, in the Equation (2), the nominal values of the L; and the L, are used to calculate the
i
i, cannot be implemented accurately, because the L; and the L; can be fluctuated due to a magnetic
saturation. Therefore, the accurate identification of the L and the L; is necessary to calculate 7} in the
proposed fault tolerant operation in the high-modulation-index case. In Reference [23], an on-line

and the calculation of the 7} is implemented with an open loop. In this case, the calculation of the

identification technique of the L; and the L, is presented. The accurate calculation of the ', can be
achieved with the identification technique but the practical application of the identification technique
is one of our future works.
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Then, after the voltage vector command is controlled to be within the modulation-index m < 0.5
with the proposed SVM technique, the dual inverter motor drive in the fault situation is controlled
depending on the SVM technique for the fault tolerant operation in the low-modulation-index.
However, in the case that the negative d-axis current flows, the phase of the motor line current vector
is advanced with respect to the command voltage vector. Therefore, the capacitor voltage control
with the SVM must be conducted, considering the phase difference between the line current and the
command voltage vectors as described in Section 2.2.2.

2.4. Impact of Dead Time in Dual Inverter Motor Drive

2.4.1. Error Voltage Vector During Dead Time

The SVM of the fault tolerant operation of the DC-bus battery in the dual inverter motor drive has
particular switching transitions, which generates unexpected error voltage pulses in the multilevel
voltage waveforms during a dead time. For example, synchronously turning off of upper arms in the
same phase of both inverters is shown in Figure 9, where the devices in the same phase are switched
over from the switching state A to the switching state B. In the designed SVM sequence, the switching
state A must be changed to state B directly. However, unexpected error voltages can be generated
during a dead time. The switching state during the dead time is determined by the motor line current
direction, because the gate signal “0” are inputted to the switching devices of upper and lower arms of
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both inverters. Therefore, the switching devices are turned on with the diode during the dead time. In
the switching state during the dead time of the synchronously turn off, as shown in Figure 9, the upper
arm of the INV1 is turned off but the upper arm of the INV2 is turned on, which is an unexpected
switching state during the dead time. The unexpected switching state causes error voltage pulses
in the multilevel voltage waveforms as shown in Figure 10. In the case of generating the command
voltage vector in the hatched sector, the three voltage vectors V30, V60 and V60in are utilized for the
SVM and the switching sequence is configured as shown in Figure 10, for example. The designed SVM
sequence is “V60in — V30 — V60 — V60in -7, however, the error voltage vectors such as V120in,
V0 and Va are generated during the dead time due to the particular switching transitions.

INVI INV2 INVI INV2
1{ i -1 >o—| ; -0
—_— —_—

INVI INV2
0 -0 1 }1

Switching State A Switching State B

Dead-Time

Figure 9. Synchronously switching transitions in same phase of dual inverter motor drive.

V60
Current Polarity B \
) . y
Discharging Mode ///
V60in ///////, V30
(V120in)
s (VO
(Vz) (V0)
V60in V30 V60 V60in ‘
(000)(001)’ '3% (100)(101)’ ET (110)(111)’ ‘? (111)001y &> **" [~ Designed SVM sequence
V120in Vo Vz Error voltage vectors
(000)(101)’ (100)(111Y (111)(111)" | generated during dead time

Figure 10. Error voltage vectors during dead time of synchronously turn on or off.
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2.4.2. SVM Techniques to Reduce Error Voltages

The dead time scheme to avoid the error voltage vectors during the dead time is introduced in
Reference [21]. In order to avoid the error voltage vectors, the dead time of each inverter is generated
alternately as shown in Table 1, where the synchronously turn off is also assumed. The p1 and the p2
indicate the gate signals of the upper arms of the INV1 and the INV2 and the n1 and the n2 indicate
the gate signals of the lower arms of the INV1 and the INV2, respectively. Moreover, the line current
is assumed to flow from the INV1 to the INV2. In the state #2, a first dead time is generated to the
inverter where the line current flows into, that is, the INV2. In the state, the upper arm of the INV1
keeps turn on and the upper arm of the INV2 is also turned on with the diode because the INV2 is
during the first dead time. Then, at the end of the first dead time, a second dead time is generated to
the other inverter, that is, the INV1. In state #3, the lower arm of the INV1 is turned on with the diode,
because the INV1 is during the second dead time. On the other hand, the lower arm of the INV2 is also
turned on, because the INV2 is after the first dead time. That is, the switching states in the same phase
of the both inverters are changed from “1” to “0” directly. In this way, the dual inverter motor drive
can be synchronously turned on or off without the error voltage vectors during the dead time.

Table 1. Dead time scheme of dual inverter motor drive.

State INvi INV2 Phase Voltage
pl nl p2 n2
#1 1 0 1 0 Vdcl - Vdce2
#2 1 0 0 0 Vdcl - Vde2
#3 0 0 0 1 0
#4 0 1 0 1 0

The error voltage vectors are generated in other particular switching transitions, for example, the
switching devices in the several phases of one inverter are synchronously turned on or off, even if
the above dead time scheme is employed. Figure 11 shows the same situation as Figure 10. It also
describes whether the error voltage vectors are generated during the dead time of every switching
transition, where “O” means that the error voltages are not generated and the “X” means that the error
voltages are generated even if the above dead time scheme is employed. As shown in Figure 11, the
error voltage vector is sure to be generated in the switching transition between V60 and V60in.

A conventional SVM sequence, which is based on a general triangular-wave pulse width
modulation (PWM), has seven switching states in one control period, that is, it cannot avoid the
switching transition between V60 and V60in. On the other hand, it is possible to avoid the transition by
designing the SVM sequence to have five states as described in Reference [22]. The block diagram and
the algorithm of the SVM sequence which has five states are the same as the conventional sequence,
for example, the capacitor charging or discharging mode of each switching state. Only the calculation
method of the time durations of the voltage vectors used in the SVM is different from the conventional
sequence. In this system, both the dead time scheme and the SVM sequence that has five states are
employed, in order to reduce the error voltage vectors in the multilevel voltage waveforms.
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Figure 11. SVM sequence to reduce error voltage vector during dead time.

3. Experimental Results and Discussion

3.1. Experimental Setups

Experimental setups of the dual inverter motor drive are conducted as shown in Figure 12 and
Table 2. The control brock diagram is also shown in Figure 13. The speed of the test motor is regulated
at 1180 r/min with the load motor which is connected to the test motor. The test motor with the
open-end windings is operated by the field-oriented control (vector control) algorithm with the two
inverters. The rated output power of the test motor and the inverters are 1 kW and 5 kW, respectively.
The INV2 has the relay to isolate the DC-bus battery across the DC-bus. In the normal operation, both
inverters are operated with the battery across each DC-bus whose voltages are set at 100 V and the test
motor is operated with MTPA control in the normal condition at the modulation-index m = 0.8. Then,
after the fault signal is detected, the system is switched over to the fault situation where the INV2 is
operated only with the capacitor. In this time, the capacitor voltage of the INV2 is discharged down to
50 V with the SVM and the test motor is operated by field-weakening control utilizing the negative
d-axis current in order to reduce the amplitude of the command voltage vector within the controllable
voltage region of the modulation-index m < 0.5. On the other hand, the g-axis current command and
the motor rotating speed are constant between the normal operation and the fault tolerant operation;
in other words, the output power of the dual inverter motor drive is constant.
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Figure 12. Experimental setup.

Table 2. Experimental conditions.

Items Values
Switching frequency 10 kHz
DC-bus battery voltages in normal situation 100V
Capacitor voltage command in fault situation 50+5V
Capacitance of capacitor across DC-bus 1330 uF
Motor rotating speed 1180 r/min
Dead time 4 us
d-axis current command in normal situation -0.14 A
g-axis current command in normal situation 0.99 A
d-axis current command in fault situation —6.33 A
g-axis current command in fault situation 0.99 A
Number of poles 8
Rated power 1000 W
Rated speed 2000 r/min
Rated torque 4.78 Nm
Motor parameters Rated current 37A
Number of flux linkage 0.174 Wb
Armature resistance 1.10
d-axis inductance 11.0 mH
g-axis inductance 25.0 mH

Figure 14 shows a configuration of the controller. The controller has a digital signal processor
(DSP: TMS320C6657) and a field-programmable gate array (FPGA: XS65LX45-2FGG676C). The SVM
algorithm is implemented in the DSP, where the voltage vectors are selected to synthesize the command
voltage vector and the time durations of each voltage vectors are calculated. In this SVM algorithm,
the three voltage vectors which are nearest the command voltage vector are selected according to
a map created beforehand. Then, the appropriate switching states generating each voltage vector
are selected among the redundant states to reduce the number of the switching transitions and to
avoid the unexpected error voltage. In particular, the calculation of the time durations is conducted
depending on the capacitor voltage in the fault situation. However, the SVM is required to switch over
the switching devices of the inverters with a high-time-resolution. Therefore, the FPGA, which can
generate the gate signals to the gate drivers of both inverters with the time-resolution of 100 MHz
according to the calculation results of the DSP, is employed. In addition, the compensation technique
to reduce the error voltage vectors during the dead time is also implemented in the FPGA.
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3.2. Experimental Results and Discussions

The experimental results are shown in Figure 15 and Table 3. In Figure 15, the fault signal of the
DC-bus battery of the INV2, the capacitor voltage of the INV2, the three-phase currents of the motor,
the voltage between the U-phase terminals of the INV1 and the INV2 are depicted. In the normal
situation, the fault signal is 5 V, the capacitor voltage of the INV2 keeps at 100 V, the three-phase
motor currents are balanced with the effective value irms = 0.59 A and the 9-level voltage waveform is
generated across the U-phase winding of the motor with the measured THD 13.7%. Then, after the fault
signal is detected, the system is switched over to the fault situation smoothly with the proposed SVM
techniques in the high-modulation-index case. On the other hand, the fault tolerant operation of the
DC-bus battery in the case of the low-modulation-index was also verified by the authors with several
experimental test conditions, which was published in Reference [20]. However, the capacitor voltage
starts to decrease before the SVM is switched over to the fault situation. In the experimental setup, in
order to detect the fault signal of the DC-bus battery in the INV2, an analog circuit is connected across
the relay to isolate the failed DC-bus battery, which is configured with Schmitt-triggers and RC-filters.
Therefore, it takes time to output the fault signal to the controller. The dual inverter motor drive is
operated with the SVM for the normal operation, until the fault signal is given to controller. As a
result, the capacitor voltage cannot be controlled and is reduced before the operation is switched over
to the fault situation. In fact, the time to detect the fault signal is reduced by using a voltage sensor in a
battery management system of the Li-ion battery across the inverter DC-bus.

In the fault situation of the DC-bus battery in the INV2—as shown in Figure 15—the capacitor
voltage of the INV2 is regulated at 50 + 5 V by charging and discharging the capacitor with the
SVM, the three-phase motor currents are balanced with the effective value irms = 3.74 A and the
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9-level voltage waveform is generated across the U-phase winding of the motor with the measured
THD 13.0%. The output voltage waveform in the fault situation still has error voltage pulses but
achieves the approximately same THD as the normal operation waveform by employing the SVM
techniques to reduce the error voltages during the dead time. The error voltage pulses caused by
the synchronous switching transition in the same phases of both inverters can be improved, if the
corresponding semiconductor devices carry out perfectly simultaneous turning on or off. However, the
perfect simultaneous switching is actually difficult because the phase current flows through the diode
in one side device and the insulated gate bipolar transistor (IGBT) in the other side device. Therefore,
the switching transition time is different between the two inverters. Besides, the error voltage pulses
can be generated at the point of the transitions between the capacitor charging and the discharging
modes and between the operating regions of the SVM, for example. Therefore, it is difficult to eliminate
the voltage ripple completely.

The efficiency measured results of the INV1 and the motor are deteriorated by 7.9% and 90.2%,
respectively. The reason why the measured efficiency of the INV1 is deteriorated is that the switching
loss and the conduction loss are increase due to the d-axis current in the field-weakening control.
Moreover, the reason why the measured motor efficiency is deteriorated is that the d-axis current does
not contribute to the motor torque and the motor rotating speed, that is, the output power of the motor.
However, it is difficult to measure the efficiency of the INV2 in the fault situation, because the INV2
utilizes only a reactive power.
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Figure 15. Experimental result of fault tolerant operation of DC-bus battery.
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Table 3. Measurement results.

. . o
THD of Vu [%] i [A] Efficiencies [%]

INV1 INV2 Motor
Normal 13.7 0.59 96.0 96.4 420
situation
Fault situation 13.0 3.74 88.4 No data ! 41

1INV?2 utilizes only reactive power in fault situation.

4. Conclusions

This paper describes the fault tolerant operation of the dual inverter motor drive focusing on
the DC-bus battery failure with the SVM. The SVM technique for the fault tolerant operation in the
high-modulation-index is proposed for the first time in this paper. The proposed technique was verified
through experimental tests and the operation characteristics of the fault situation were assessed and
compared with the normal operation from the viewpoints of the measured THD and the efficiencies of
the inverter and the motor.
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