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IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

All Current Sensors Survivable IPMSM Drive
with Reconfigurable Inverter

Jiadong Lu, Member, IEEE, Yihua Hu, Senior Member, IEEE, Jinglin Liu, Member, IEEE, and
Zheng Wang, Senior Member, IEEE

Abstract—The conventional phase current reconstruction
strategies utilize a DC-bus current sensor to reproduce the
three-phase currents during phase current sensor faults.
However, no current sensor is guaranteed to be healthy in
an actual drive. It means that the only survived current
sensor may not be accidentally located at the DC-bus side,
and it can also be at the phase side. In addition, previous
studies focus on a particular inverter topology for current
reconstruction, whose fault-tolerant capability is
threatened when the inverter topology is changed due to
malfunctions. This paper proposes a survivable IPMSM
drive that realizes the current reconstruction purpose
whichever the only survived current sensor is. Besides,
inverter topology reconfiguration can be realized by not
changing the wirings of the current sensors. Most
important of all, the proposed strategy does not affect the
normal operations of the drive when no fault occurs. The
effectiveness of the proposed strategy is verified by
experimental results on a 5kW IPMSM motor prototype,
which shows that the reconstructed phase currents track
the actual ones accurately in different failure conditions.

Index Terms—Current reconstruction, interior permanent
magnet synchronous motor (IPMSM), reconfigurable
inverter, survivable drive.

I. INTRODUCTION

WING to its outstanding advantages, interior permanent

magnet synchronous motor (IPMSM) shows excellent
application prospects [1]-[3] compared to other motors [4]. An
IPMSM drive usually contains several key components, i.c., an
inverter and multiple current sensors. The faults of these key
components will make the system out of service. To solve this
thorny problem, many fault-tolerant control technologies are
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proposed [5]-[9]. For inverter with one bridge arm open-circuit
fault, the three-phase four-switch (TPFS) topology is proposed
[10]-[12]. To deal with the phase current sensor faults, the
phase current reconstruction strategy is put forward [13]-[16].
Generally, an IPMSM drive has one DC-bus and three (two
at least for the drives without neutral line) phase current sensors
[17]. The current reconstruction strategy utilizes a single
current sensor for recovery of the three-phase currents in case
that the phase-current sensors malfunction [18]. Usually, the
single current sensor applied in the current reconstruction
strategies is the DC-bus current sensor [19]-[21]. Because the
DC-bus current is related to the three-phase currents according
to different switching states, it is possible to realize current
reconstruction by a single DC-bus current sensor. The phase
current reconstruction strategy is applied in a three-phase direct
matrix converter drive system by using the space vector
modulation control technique in [13]. The measurement vector
insertion method is proposed in [14], in which the three inserted
voltage vectors generate an equivalent zero vector that has
minimum impacts on the machine’s performance and operating
envelope. In [18], the impact of the offset error of the DC-bus
current sensor on the current reconstruction strategy is analyzed,
where the compensation method is also raised. In addition, the
overmodulation method for the single current sensor driven
IPMSM system is studied in [19]. The current measurement
errors are discussed in [22], where the impact of rotor speed on
position information is taken into account. Considering sensor
error detection and compensation, self-healing methods for the
multiple sensors in a motor drive are studied in [23], [24]. Three
independent observers are integrated in [24], which can detect
and localize the faults and switch the system to tolerant vector
control mode even only one healthy phase current sensor is
available. In [25] and [26], the current measurement error
introduced by the current sensor itself is analyzed in detail,
where the offset and scaling errors are taken into consideration.
No additional hardware but the commanded voltage reference
of the current controller is required in the compensation method
in [26]. As the current reconstruction strategy usually needs
significant changes on the PWM synthesis method for the
satisfaction of the minimum action time requirement, the
traditional symmetrical seven segment SVPWM technology is
difficult to be applied in these methods. To solve this problem,
a method with minor change on the cabling design of the single
current sensor is proposed in [27]. In [28], a fault detection,
isolation and reconfiguration strategy against line current
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sensor failures is proposed, where a flux-linkage observer is
used to estimate the current corresponding to the faulty phase.

However, in an IPMSM drive, none of the current sensors is
guaranteed to be healthy, which means that the malfunctioning
sensor can be either at the DC-bus side or phase side. Therefore,
a security risk might exist in these strategies when the single
survived current sensor does not happen to be located at the
DC-bus side. If there is only one healthy phase current sensor,
e.g., phase-A current sensor, neither the DC-bus current nor the
other phase currents can be measured or reconstructed at any
time or under any switching state.

The aforementioned security risk also exists in the IPMSM
drive fed by a TPFES inverter. In [29], the current reconstruction
strategy with a single DC-link current sensor in the TPFS
inverter is proposed. However, as mentioned, if the phase-A
current sensor alone survives (rather than the DC-bus current
sensor), the reconstruction strategy will also become invalid.
Moreover, as the DC-link current detected by the single sensor
is actually the difference between two current values in [29],
instead of the conventional DC-bus current, which means that
re-cabling design of the single current sensor is needed for
possible current reconstruction when the inverter topology
alters from a three-phase six-switch (TPSS, conventional one)
one to a TPFS one (reconfigured one).

Most of the strategies mentioned in the previous literatures
aim at reconstructing the three-phase currents by using the
single DC-bus current sensor. However, if one single phase

current sensor survives, the above methods will become invalid.

Additionally, in some methods that need minor changes on the
current sensor cabling, the normal operation of the system will
be greatly affected even if the current sensors are healthy [30].
Moreover, as the applied phase current sensors no longer detect
the conventional three-phase currents, the three-phase currents
cannot be correctly reconstructed during some periods.
Therefore, the minimum action time for specific basic vectors
is required for measuring the three-phase currents, resulting in
the current measurement “dead zones” [31], [32]. Besides, most
of these phase current reconstruction methods can only be
applied to TPSS inverters. When the inverter is reconfigured to
TPFS topology, these methods will also fail.

In order to deal with the aforementioned current
reconstruction challenges with any of the survived current
sensor, in this paper, an all current sensors survivable IPMSM
drive is proposed. In the proposed drive, the current
reconstruction strategy can be realized with any survived
current sensor. Also, the proposed current reconstruction
strategy can be applied in both the normal and reconfigured
inverters without changing the proposed current sensor cabling.
Most important of all, when all the current sensors are healthy,
neither the normal operation of the drive nor the output voltage
range of the inverter will be affected under no fault condition,
except for the slight adjustments on the current sampling points
in the high modulation areas (HMAs).

This paper is organized as follows. In Section II, the basic
working principles of the proposed all current sensor survivable
IPMSM drive are illustrated. In Sections III and IV, the current
reconstruction methods under all current sensors survivable
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Fig. 1. The proposed all current sensors survivable IPMSM drive with
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Fig. 2. Current paths under different switching states: (a) Sooo, (b) S1oo,
(c) S110, (d) Soro, (€) So11, (f) Soot, (g) S101, and (h) St11.

situations in both the conventional and reconfigured inverter
topologies are analyzed, respectively. In Section V,
comparisons between the proposed and conventional strategies
are illustrated. In Section VI, experimental results are presented.
The conclusion is given finally in Section VII.

II. PROPOSED ALL CURRENT SENSOR SURVIVABLE IPMSM
DRIVE WITH RECONFIGURABLE TOPOLOGY

The proposed all current sensors survivable IPMSM drive
with reconfigurable inverter is presented in Fig. 1. In Fig. 1, ipc,
ia, B, and ic are DC-bus and three-phase currents; ipus, ipa, ipB,
and irc are detected by the four current sensors. The triode
alternating current semiconductor switches (TRIACs) and the
quick fuses are utilized for inverter reconfiguration [33].

A. Sub-Circuits and Measured Currents in TPSS Inverter

When the drive is healthy, the current paths under different
switching states, Sooo - Si11, are presented in Fig. 2. It can be
noticed that the four measured currents vary with the topology
of sub-circuits. The relationships between the four current
values and the switching states are presented in Table I. The
DC-bus current is also given for comparison. It can be seen that
iBus is always twice of ipc. Therefore, when only the DC-bus
current sensor survives, the proposed topology can also obtain
the three-phase currents [16], [20].

It can be seen in both Fig. 2 and Table I that the three
“phase-current-sensors” measure the actual three-phase
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TABLE |
THE RELATIONSHIPS BETWEEN THE FOUR MEASURED CURRENTS AND THE
SWITCHING STATES OF THE INVERTER.

Switching States

(Action Vectors) 1Bus ipc ira ivs irc
Sooo( Vo) 0 0 ia iB ic
Shoo(V1) 2ia ia 2ia —ic —iB
St1o(V2) —2ic —ic ia—ic ip—ic 0
So10(V3) 2ip iB —ic 2ip —ia
So11(Va) —2ia —ia 0 —iatip  —iatic
Soo1(Vs) 2ic ic —iB —ia 2ic
S101(Vs) —2ip —ip ia—iB 0 —iptic
S (V7) 0 0 ia ip ic
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Fig. 3. Current paths with different switching states in reconfigured
inverter topology: (a) Soo, (b) Sto, (c) S11, and (d) Sos.

currents only under the switching states of Sooo and Sii1.
Whereas during the other switching states, the measured
currents no longer stand for the conventional ones.

B. Sub-Circuits and Measured Currents in TPFS Inverter

When one bridge arm open-circuit fault of the inverter
encounters, e.g., phase-leg-A, the current paths in the
reconfigured topology are presented in Fig. 3 with different
switching states, Soo - S11. It can be noticed that the relationships
between the four current values and the switching states of the
inverter are presented in Table II. It can be seen in both Fig. 3
and Table II that the three “phase-current-sensors” measure the
actual three phase currents only under the switching state Soo.
Whereas during the other switching states, the measured
currents no longer stand for the conventional ones.

[lI. CURRENT SENSOR SURVIVABLE OPERATION PRINCIPLE
IN TPSS ToPOLOGY

The sub-circuits of the proposed drive with TPSS topology
are illustrated in Fig. 2. In the drive, there exists four current
sensors. If some of these key sensors encounter faults, the
normal current sampling process is affected. To solve this
problem, current reconstruction strategies are applied. In this
paper, the normal operation of the drive under the situations
that only one current sensor survives is analyzed.

A. All Current Sensors Survived (Normal Operation)

If all the four current sensors survive, the normal operation
of the proposed drive is very similar to that of the conventional
“seven-segment SVPWM” strategy. Taking Section I for
example, the PWM generating and current sampling strategies
are illustrated in Fig. 4.

TABLE Il
THE RELATIONSHIPS BETWEEN THE FOUR MEASURED CURRENTS AND THE
SWITCHING STATES OF THE INVERTER.

Switching States iBUS ipA irB irc
Soo ia ia iB ic
Sio ig—ic —ic 2iB —iA
Sii —ia 0 —iatiB —iatic
Sot —iptic B A 2ic
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Fig. 4. The PWM generating and current sampling strategy in TPSS
topology with all current sensors survived (Section I).

It can be seen from Fig. 4 that the PWM generation method
has no difference with that of the “seven-segment SVPWM”
one. In the figure, 7o, ..., 77 represent the action time of the
basic vectors Vo, ..., V7, respectively. Tzero stands for the action
time of zero vectors, which is the sum of 7o and 7%. In order to
ensure that the current measurement is not sampled near the
switching action point, the minimum action time for basic
vectors, Tmin, Within one PWM cycle, is required for accurate
current sampling. Tmin not only contains the switching device
dead time but also the diode recovery time, AD sampling time
and so on [27], [34]. Therefore, the current sampling methods
vary with the action time of the basic vectors:

1) Tzero = 2Tmin

In this case, both Ty and 77 are long enough for current
sampling (no shorter than Tmin). The two current sampling
points are located at the beginning and middle of each PWM
cycle. The measured currents ipa, ipe, and ipc are equal to ia, iB,
and ic, respectively in both the two sampling points. Therefore,
the actual three-phase currents are the average values of ipa, ips,
and ipc measured at the two sampling points

NS (iPA1+iPA2 )/2
i = (ipp1 tipp2 )/2 (1
ic = (ipc1tipca )/2

where ipa1, ipB1, ipc1 and ipa2, ipB2, ipc2 are the values of ipa, ips,
and ipc measured at the two sampling points, respectively.

2) Tzero<2Tmin& T > >

However, if Tzero is not longer than 27min, which means that
neither 7o nor 77 is long enough for accurate current sampling,
the output voltage vector locates in HMA. Therefore, either 71
or 7> must be long enough for accurate current sampling.
Assuming that 71 > T, the two current sampling points are
located at the respective middle positions of the two action
periods of V1 in each PWM cycle. The measured currents are
given in Table I, therefore, the actual three-phase currents can



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

TABLE IlI
THE ACTUAL THREE-PHASE CURRENT IN EACH SECTOR.
Sector iA ip ic
Trero = 2Tmin Ira Irs Irc
I Trero <2Tmin & T1 2 T Iea /2 —Irc —Ir
Toero <2Tmin & TV <T>  Iea—Ipus/2  Ig—Ipus/2 —Ipus /2
Trero = 2Tmin Ira Irs Irc
U Taro<2Tuin& T2>T5  Iea—1Igus/2  Ies—Ipus/2 —Ipus /2
Trero <2Tmin & T2 < T3 —Irc Irg/2 —Ipa
Trero = 2Tmin Ira Irs Irc
I Toero <2Tmin & T3> T4 —Irc I /2 —Ira
Trero <2Tmin & T3 < T4y —Ipus /2 Irs—1Ipus/2  Irc—1Ipus/2
Trero = 2Tmin Ira Irs Irc
IV T <2Tmin & T4>Ts —Ipus /2 Ip—1Isus/2 Ipc—Ipus/2
Trero <2Tmin & T4 < Ts —Ir —Ipa Irc/2
Tero = 2Tmin Ira Irp Irc
Vv Trero <2Tmin & T5> T —IpB —Ipa Ic/2
Trero <2Tmin & T5<Ts  Ipa—IBus/2 —Ipus /2 Irc—Ipus /2
Tero = 2Tmin Ipa Irp Irc
VI Toero<2Tmin & T6>T1  Ipa—1Ipus/2 —Ipus /2 Irc —Ipus/ 2
Trero <2Tmin & Ts < T Ira /2 —Irc —Ir

be calculated by

ip = (iPAl Fippo )/4
ip =—(ipc1 ipca ) /2 2
ic = _(iPB1+iPB2 )/2

3) Tzero < 2Tmin & T1 < T2

Assuming that 71 < T2, the two current sampling points are
located at the respective middle positions of the two action
periods of V2 in each PWM cycle. The measured currents are
given in Table I, therefore, the actual three-phase currents are

in = (ipa1Tipa2 )/ 2—(iys1 Hipusa )/ 4
ig = (ipp) Tipg: )/ 2 —(igysi Hipusz )/ 4 3)
ic =—(ipus1 Hipus2 )/4

where ipus1 and isus2 are the values of isus at the two sampling
points, respectively.

In the other sectors, the PWM generation methods are also
similar to that in sector I. Therefore, the actual three-phase
currents in each sector can be calculated and are given in Table
III. In the table, Isus, Ipa, IrB, and Ipc are the average values of
iBUS, IpA, ipB, and ipc measured at the two sampling points,
respectively. The grey shading area indicates that the voltage
vector is located in HMA.

It can be seen that the proposed strategy is very similar to that
of the “seven-segment SVPWM?” one, which does not affect the
normal operation of the drive. Compared to the phase-leg-based
fault-tolerant organization in [30], the output voltage range is
not reduced due to the existence of Tmin. Therefore, there is no
limitation in the switching frequency for enlarging that region.
Additionally, all the measured currents are not directly related
to the inverter, therefore, the composition form of the inverter is
not limited. Compared to those methods that require the

(a) (b)
The output voltage range when only one current sensor
survived: (a) Phase-A, (b) Phase-B, and (c) Phase-C.

Fig. 5.

measurements of the internal currents of the inverter [27], [30],
the proposed scheme is more applicable.

B. Single Current Sensor Survived (Phase-A)

If one single phase-current sensor survives, e.g., phase-A
current sensor, only the current signal ipa can be measured. In
this case, it can be seen from Table I that the conventional
“seven-segment SVPWM?” strategy and corresponding current
sampling methods are no longer applicable. Because under the
switching state of So11 (action vector Vs), the measured current
is zero. Whereas under the switching states of Sooo, S100, and S111
(action vectors Vo, V1, and V7), the measured currents are only
related to ia. It can be easily seen from Table I that the action
time of the basic vectors should subject to the following rules to
make the correct current reconstruction possible:

1) Sector I

T2 > Tmin; At least one of Ty and 71 is longer than Tin.

2) Sector 11

At least two of To, 7>, and T3 are longer than Tmin.

3) Sector III

Both 7o and 75 are longer than 7min.

4) Sector IV

Both 7o and T’ are longer than Tmin.

5) Sector V

At least two of To, 75, and T are longer than Tmin.

6) Sector VI

T6 > Tmin; At least one of 7o and 71 is longer than 7min.

Limited by the above conditions, the output voltage range is
presented in Fig. 5 (a). In Fig. 5 (a), the area surrounded by the
pink line with yellow shading is the area that does not meet the
above conditions. The area is also called the current
reconstruction dead zones. In the “dead zone”, the peripheral
parts are within HMA of the output voltage, which cannot be
eliminated by compensation. Therefore, the circular output
voltage range is limited within the pale cyan shading area
surrounded by green lines in case that the “dead zone” in this
area are eliminated. The conditions that only phase-B or -C
current sensor survives are illustrated in Fig. 5 (b) and (c).

The causes and compensation schemes of the “dead zone”
within the circular output voltage range are:

1) Sector I

Causes: T2 < Tnin.

Compensation scheme: artificially increase 7> to Tmin, and
using 75 to compensate for the output vector.

Current sampling method: the first sampling point lies at the
middle position of the bigger one between 7o and T1; the second
sampling point lies at the middle position of 7>. The measured
currents are ia and ia — ic.

2) Sector 11
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Causes: T2 < Tinin & T3 < Tin.

Compensation scheme: increasing the longer one of 7> and
T to Tmin, and using Ts (7s) to compensate for the output vector.

Current sampling method: the first sampling point lies at the
middle position of 7o; the second sampling point lies at the
middle position of the longer one of 7> and 73. The measured
currents are ia and ia — ic (or ic).

3) Sector III

Causes: 75 < Tmin.

Compensation scheme: artificially increasing 75 to Tmin, and
using Ts to compensate for the output vector.

Current sampling method: the first sampling point lies at the
middle position of 7o; the second sampling point lies at the
middle position of 73. The measured currents are i and ic.

4) Sector IV

Causes: T5 < Tmin.

Compensation scheme: artificially increasing 7’s to Tmin, and
using 7> to compensate for the output vector.

Current sampling method: the first sampling point lies at the
middle position of 7o; the second sampling point lies at the
middle position of 75. The measured currents are ia and ip.

5) Sector V

Causes: T5 < Tmin & To < Tmin.

Compensation scheme: increasing the longer one of 75 and
Ts to Tmin, and using 72 (73) to compensate for the output vector.

Current sampling method: the first sampling point lies at the
middle of 7o; the second one lies at the middle of the longer one
of Ts and Ts. The measured currents are ia and is (or ia — iB).

6) Sector VI

Causes: T6 < Tmin.

Compensation scheme: artificially increasing 76 to Tmin, and
using 73 to compensate for the output vector.

Current sampling method: the first sampling point lies at the
middle position of the bigger one of 7o and 71; the second
sampling point lies at the middle position of 7s. The measured
currents are ia and ia — iB.

It should be noted that the PWM generation method only
utilizes one of Vo and V7 for output voltage range enlargement
in each PWM cycle. The current reconstruction strategies used
when only phase-B or phase-C current sensor survives are
similar to the case when phase-A current sensor survives.

[V. CURRENT SENSOR SURVIVABLE OPERATION PRINCIPLE
IN TPFS ToPOLOGY

The sub-circuits of the reconfigured drive are shown in Fig. 3.
In this part, the normal operation of the drive along with the
situations that only one current sensor survives are analyzed.

A. Single Current Sensor Survived (Faulty leg, Phase-A)

If the current sensor in the faulty leg, i.e., phase-A current
sensor survives alone, only ipa can be measured. It can be seen
from Table II that no current information can be detected under
switching state S11, therefore, in this part the basic vectors Vio
and Vo1 are utilized for zero vector synthesis. The PWM
generation method applies three basic vectors in each PWM
cycle, i.e., V1o, Yoo (V11), and Vo1. For accurate current sampling,
Tho and To1 are both artificially guaranteed to be longer than Zmin.

The measured currents are i and ic. For better clarification, in
this paper Vpci and Vpcz represent the voltages on Ci and Ca.
The coordinate of the output voltage vector end point in a-f
axis is denoted as P (x, y). The PWM generation and current
sampling schemes can be refined to two parts:

1) x> (Vbpc2 — Vper) /2

In this case, V10, Voo, and Vo1 are utilized for PWM generating.
The coordinates of P (x, y) should obey the following rules:

x =(too/T,) Viea +[ (110 +101)/ T J-[ (Vo Vo )/2]
y=[(to —101)/7;}[\/5(1/130 +VDC2)/2] 4)
T, =tg +to +1y

where to, too, t11, and to1 are the action time of V1o, Voo, V11, and

Vo1 in this paper, respectively.
From (4), the action time of the basic vectors can be deduced:

100={[2x—(VDCZ —Vbei )]/(VDCI +Vpe2 )} T

tloz{(_\/ng”/gVDcz +y)/|:\/§(VDC1 +Vbea )}} I (%)
’01:{(_\/§x+\/§VDC2 _)’)/\/g(VDa +Vbea )} I
2)x < (Vpcz2— Voer) /2

In this case, V10, V11, and Vo1 are utilized for PWM generation.
The coordinates of P (x, y) should obey the following rules:

~(1/T) Voer +|:(t10 +t01)/Ts:|'|:(VDC2 _VDCI)/2:|
y= [(ﬁo —Io1 )/Ts]'[\/g(VDa Vb2 )/2] (6)

I, =t +1 +1y

From (6), the action time of the basic vectors can be deduced:

tllz_{[zx_(VDCZ —Vpe ):|/(VDC1 +Vbe2 )} T

tlo:{(\/gx+\/§VDc1+J’)/[ (Vb1 +Voe }} I
t01:{(\/§x+\/§VD01 —y)/[ (et + Ve ]}

Due to the artificially guaranteed minimum action time of 7o
and 7o1, the output voltage range will be limited to a certain area.
Because the amplitudes of basic vectors Vio and Vo1 are much
larger than those of Voo and Vi1, the output voltage range are
determined by the maximum voltages in the positive directions
of Voo and V11 which are given below:

|Vmax_V00+|:(VDC2 Vocr) Toin /T + Voo (1-2 mm/T)

|Vmax7V11+|:(VDC1_VDC2 Tin /Ty + Vo1 +(1-2 mln/T)
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Therefore, the limited circular output voltage range is:
V.

B. Single Current Sensor Survived (Healthy leg,
Phase-B)

If the healthy leg, e.g., phase-B current sensor survives alone,
only ipe can be measured. In this part the basic vectors Voo and
V11 are utilized for zero vector synthesis. The PWM generation
method applies three basic vectors in each PWM cycle, i.e., Voo,
V1o (Vo1), and V11. For accurate current sampling, oo and 711 are
both artificially guaranteed to be longer than Twmin. The
measured currents are i and —ia + is (Phase-B sensor) or ic and
—ia + ic (Phase-C sensor). The PWM generating and current
sampling schemes can be refined to two parts:

y=>0

In this case, Voo, V10, and V11 are utilized for PWM generation.
The coordinates of P (x, y) should obey the following rules:

x= [foo Yoz =t Voer o - (Voea _VDCI)/Z:I/TS
y= \/gllo ‘(VDC1 +Vbe2 )/2Ts

foo +to 1 =1

(10)

From (10), the action time of the basic vectors are:

t00={(\/§x—y+\/§VDc1 )/[\/E(VDCI Ve )}} g
ti={(~Bx =+ Vs ) [V3 (e +Voca) |} 72 1)
to={23/[N3 (Vo +Voea) ]|

2)y<0

In this case, Voo, Vo1, and V11 are utilized for PWM generation.
The coordinates of P (x, y) should obey the following rules:

xX= [too Vo2 =t Voer o (Ve = Vo )/2:|/];
y==3t, (Ve + e )/ZTS

foo o1+ =1

(12)

From (12), the action time of the basic vectors are:

tooz{(\/gx+y+\/§VDc1)/[\/g(VDa +VDC2)]}'TS
tllz{(_\/gx+y+\/§VDC2)/|:\/§(VDC1 +VDC2):|}.T; (13)
t01:_{2J’/[\/§(VDc1 +Vpea )]} T

Similarly, due to the artificially guaranteed minimum action
time of Too and 711, the output voltage range will be limited to a
certain area. Also, the output voltage range are determined by

outmax | < \/§/2~[min(VDCl, Voc2)=(Voer +Voe2 ) 7Lu'n/Ts] )

the maximum voltages in the positive directions of Voo and Vi1:

‘Vmavaom‘:VDcz ~(Moer +¥oc2 ) (Tin /T (14
‘Vmax_VlH‘:VDCl ~(oe1 +Voc2) (Toin /T3

)

Therefore, the limited circular output voltage range is:

|Voutmax| = ﬁ/z'[min(VDCbVDCZ)_(VDCI + VDC2)'Tmin/Ts:| (15)

It should be noted that the current reconstruction strategy
when only phase-C current sensor survives is similar to that
when phase-B sensor survives.

C. Other situations

1) All current sensors survive

In this case, it can be seen from Table II that under all
switching states the four measured currents isus, ira, ips, and ipc
are sufficient for three-phase current measurements. Therefore,
the current sampling point should be placed at the middle point
of the longest switching period of Soo, S1o, S11, and So1. The zero
vector is synthesized by Voo and Vii. The PWM generation
method is a symmetrical one: Voo, V1o (Vo1), Vi1, Vio (Vor), Voo.

2) Only the DC-bus current sensor survives

From Table II, it can be seen that the three-phase currents can
be reconstructed during the action periods of any two adjacent
basic vectors. It should be noted that all the output vectors can
be synthesized by any two adjacent basic vectors [29].

D. Noise effect

It should be noted that the proposed current reconstruction
strategy is based on the logical relationships among all the
detected current values, i.e., ira, ipB, ipc and ipus according to
different switching states (measuring actual motor currents on
the same wire with different sensors). The measured currents
for each current sensor only flow through the inverter before
being injected into the motor windings, whereas other hardware
devices such as the motor and other power devices are not
included in the paths. Therefore, the relationships among all the
detected currents are only determined by the topology and the
switching status of the inverter as shown in Table I and Table II.
Thus the influence of noise at the DC side on the proposed
current reconstruction strategy itself can be neglected.

However, as shown in Fig.3, the fault phase winding is
directly connected to the neutral point of the two DC-bus
capacitors. Therefore, the deviations of the two capacitor
voltages exist in the reconfigured inverter topology. This
fluctuation in the DC-bus capacitor voltage affects the output
voltage vector and cause motor current distortion. An effective
compensation method used to balance the aforementioned two
voltages is proposed in [35], which can be applied in the
proposed all current sensor survivable IPMSM drive. Also, in
order to minimize the impact of this voltage fluctuation on the
output voltage vector, the capacitor voltage is sampled with a
same frequency as control and PWM cycle frequency, which is
7.5 kHz in the experiment.
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V. COMPARISON TO CONVENTIONAL STRATEGIES

The proposed all current sensors survivable IPMSM drive
has many advantages compared to the conventional ones.

First, when the single survived current sensor is the DC-bus
one, the proposed and conventional strategies do not show
obvious differences [16], [20]. They all utilize the relationships
between the DC-bus and three-phase current values for current
reconstruction. However, no current sensor is guaranteed to be
healthy, that is, if the single survived current sensor locates at
the phase side, the proposed strategy can still work whereas the
conventional ones do not. The reason is that in the conventional
strategies, the phase current sensors detect the corresponding
phase current values at any time and in any switching state.

Second, the proposed strategy does not need to measure the
branch currents of the inverter and seldom affect the normal
operation of the system when no fault is presented. In this paper,
all the current measuring points for the proposed all current
sensors survivable IPMSM drive are independent from the
inverter, which means that the configuration of the inverter -
integrated power module (IPM), three independent bridge arms
or six power tubes - will not affect the proposed strategy. The
current reconstruction strategies proposed in [18], [30] need to
measure the branch currents within the inverter, which can only
be applied in the inverters with six independent power tubes. In
[27], the values of currents in the wrings that link the different
bridge arms are measured for the proposed current
reconstruction strategy - ‘“zero voltage vector sampling
method”, which cannot be utilized in the IPM inverter.

At last, the proposed strategy realizes phase current
reconstruction without changing the current sensors wirings
after reconfiguration of the inverter, whereas the conventional
strategy usually requires a re-cabling design of the current
sensors. The cabling of the DC-bus current sensor in [29] for
current reconstruction is the same as that in the conventional
one [14] when the inverter does not encounter an open-circuit
fault. However, if the inverter works in the fault-tolerant
topology, the cabling of the DC-bus current sensor needs to be
re-designed for its current reconstruction strategy.

VI. EXPERIMENTAL VALIDATION

In order to verify the correctness of the proposed all current
sensors survivable IPMSM drive, an experimental platform is
set up as shown in Fig. 6. The main parameters of the [IPMSM
motor prototype used in the experiment are given in Table IV.
The drive is supplied by a three-phase AC 380 V voltage source
with a rectifier installed. The inverter applied in the drive is an
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TABLE IV

MAIN PARAMETERS OF IPMSM FOR EXPERIMENT.
Parameter Value Parameter Value
Rated power SkW Pole pairs 3
Inverter DC voltage 540 V d-axis Inductance 4.2 mH
Rated voltage 380V g-axis Inductance  10.1 mH
Rated current 85A Phase resistance 0.18Q
Efficiency 0.9 Maximum speed 3000 r/min
Rated torque 15N'm

intelligent power module, Mitsubishi PM75RLA120. The four
current sensors, which are installed in the drive, are isolated
hall-effect current sensors (HS01-100, maximum sample rate
100 kHz). In this paper, the measured currents for control (iare,
iBRE, icrE) are all calculated in DSP by using the four hall-effect
current sensors. Also, the three-phase and d-q axis current
values and the estimated electromagnetic torque value are all
sent to the host computer through RS-485. The actual
three-phase currents (ia, iB, ic, ipc) and the detected currents
(ira, irB, irc, iBus) are all re-detected by current clamps for
comparison. The load is produced by the MAGTROL 30 kW
dynamometer with a torque sensor installed. The main-control
frequency, PWM cycle and voltage sampling frequency in the
DC side are all set as 7.5 kHz.

The conditions when the DC-bus current sensor survives
alone have been reported in previous studies [16], [20], [29].
Therefore, these conditions are not included in the experiment.

A. Normal Operation of the Proposed Topology

When the proposed drive is healthy, the only difference
between the conventional SVPWM strategy and the proposed
one is the current sample method, especially for the method
used between HMAs and low modulation areas (LMAs).

The waveforms of actual three-phase currents and the total
harmonic distribution (THD) in HMAs and LMAs are
displayed in Fig. 7. It can be seen that the waveforms of the
actual currents are sinusoidal ones. The THDs are in the
acceptable ranges under both HMAs and LMAs. In LMAs, the
proposed topology and its control strategy has no difference
from the normal one with SVPWM strategy.

The actual phase-A current ia, the actual DC current ipc, and
the detected current ipa in HMA are illustrated in Fig. 8. It can
be seen that the detected current ipa is the synthetic curve of ia
and ipc. The same situation applies to ips and ipc.

As displayed in Fig. 9, with the proposed current
measurement strategy, the three-phase currents iare, isre, and
icre can be calculated from ipa, ipB, and irc. The calculated
three-phase currents are in ladder-like waveforms, which are
caused by the discrete current sampling. The THD of the
calculated three-phase currents is about 5.47 %. It also can be
seen that the calculated currents follow the actual ones even
under the dynamic load-change conditions.

B. Fault-Tolerant Operation of the Proposed Strategy

If the proposed drive encounters an error, the fault-tolerant
operation of the drive will be triggered. Because the situations
that only the DC-bus current sensor survives in both the normal
and reconfigured topologies have been studied in [20], [29],
these cases will not be included in this Section.
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Fig. 7. Waveforms of actual three-phase currents and THD.
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Fig. 8. The waveforms of ia, ioc, and ipa in HMA.

When only the phase-A current sensor survives in TPSS
inverter, as shown in Fig. 10, the actual and calculated
three-phase currents under the speed dynamic condition are
illustrated (speed changes from 3000 rpm to 500 rpm). It can be
seen that during fast speed change condition, the reconstructed
three-phase currents follow the actual ones accurately.
Compared with Fig. 7, the THD of the actual three-phase
currents is slightly increased, which is mainly caused by the
asymmetric PWM generation strategy. Although the THD of
the actual currents in Fig. 10 increases, the three-phase currents
are still balanced. However, the calculated ladder-like currents
show unbalanced curves, and the THD reaches 6.72 %. This is
due to the use of asymmetrical PWM generation and
asymmetrical current sampling strategy.

The experimental results of the actual and reconstructed
currents when all the current sensors survive in the
reconfigured topology during load sudden change are displayed
in Fig. 11. The load changed suddenly from full load to 2 N-m.
It can be seen that during this situation, the reconstructed
three-phase currents follow the actual ones accurately.

In Fig.12, the actual and reconstructed d-q axis currents, id, iq,
idre and iqre, are presented. It can be seen that the g-axis current
decreases gradually from the beginning of the abrupt load
change point. Whereas the d-axis current remains constant. The
load torque 7t produced by the dynamometer and the estimated
electromagnetic torque 7. are also given in Fig.12. It can be
seen that as the load torque decreases, the electromagnetic
torque also reduces.

The THD of the calculated ladder-like currents are smaller
than that of the actual currents. This is due to the use of
symmetrical PWM generating with symmetrical current
sampling strategy. The current waveforms under the situation
that only one phase current sensor survives in the reconfigured
topology are similar to those when all the sensors survive. The

<—1()N1114 15 N mo
. Load Change

.............................................

Time (10 ms/(llw)

Fig. 9. Waveforms of actual and calculated three-phase currents during
load change conditions in healthy condition.

3000 1'11111; Slolw Dfowni ;5()();11)111; -3
Time (60 ms/div)

Fig. 10. Waveforms of actual and calculated three-phase currents
during speed dynamic condition (Phase-A current sensor survives,
TPSS).

THDs of the currents are displayed in Table V. It can be seen
that the THDs of actual currents under different conditions are
very close, which are all about 7 %. The THDs of the calculated
currents with one single current sensor is slightly larger than
that with all sensors survive. This is caused by the use of
asymmetrical PWM generating strategy.

It can be seen from Table V, Fig. 10, and Fig. 11 that the
worst working scenario for this proposed all current sensors
survivable IPMSM drive is the situation when only single
sensor survives. This is mainly due to the modified output
voltage vector generation method and asymmetric current
sampling strategy. This current sampling accuracy reduction
and THD increment will cause degradation of system
performance. However, this is a compromised scheme for fault
situations, which enables the drive to have high fault-tolerant
capability against current sensor failures.

In Fig.13, the waveforms of the obtained three-phase
currents with phase current sensor failure are presented. In the
figure, ia pa, iB pe and ic pc are the obtained three-phase
currents with the installed phase current sensors; ia pc, iB DC
and ic pc are the reconstructed three-phase currents using the
installed DC-bus current sensor; ia oBrT, i oBT and ic_osr are the
obtained three-phase currents for signal feed-back using the
aforementioned current values. In Fig.13 (a), at the beginning,
all the current sensors are in healthy conditions. At the middle,
an artificial fault is added in the software, which results in the
disappearance of the three-phase current sensor signals. After
that, the fault-tolerant operation is triggered, and the single
survived DC-bus current sensor is utilized to reconstruct the
three-phase current values, so that the current feedback process
is not interrupted by the faults in the phase-current sensors.
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Fig. 11. Waveforms of actual and calculated three-phase currents
during load change (All current sensors survive, reconfigured topology).
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Fig. 12. Waveforms of actual and reconstructed d-q currents, load and
estimated electromagnetic torque in Fig.11.

TABLE V
THDS OF ACTUAL AND CALCULATED CURRENTS.
. THD
Situation
Actual Currents  Calculated Currents

All Sensors Survive 7.19 % 6.06 %
Fault-Phase Sensor Survives 6.71 % 6.28 %
Healthy-Phase Sensor Survives 7.03 % 6.14 %

In Fig.13 (b), the process of the fault-tolerant operation is
illustrated. It can be seen that the obtained discrete three-phase
current values are lost at the middle part of the waveform,
which triggered the fault-tolerant operation. Then, after one
PWM cycle, the current signals are reconstructed by using the
single survived DC-bus current sensor. During the period of
this fault-tolerant switching process, the feed-back current
value will remain the same as that in the previous PWM cycle.

The waveforms of the obtained currents, a-f stator fluxes
and motor torque are given in Fig.14. It can be seen that the
stator currents in o-f axis are sinusoidal ones. During the
fault-tolerant switching period of phase current sensor failure,
which is at the middle of the waveform, the ladder-like current
update is lost within one PWM cycle. However, it has little
impact on the system performance. Besides, the stator flux
remains in a circular shape. The torque ripple is relatively small,
which is about +0.5 N'm before the artificially introduced
sensor fault. The torque fluctuation increases from the
beginning of the fault-tolerant operation to about +0.9 N-m,
whereas the torque ripple is still within an acceptable range.

VII. CONCLUSION

Current sensors are essential components in motor drives.
The previous current reconstruction strategies usually utilize
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Fig. 13. Waveforms of obtained three-phase currents during phase
current sensors failures: (a) Waveforms of the detected and obtained
currents, (b) The process of fault-tolerant operation.
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Fig. 14. Waveforms of obtained currents, stator flux and torque in
Fig.13: (a) a-B axis currents, (b) Stator flux, (c) Torque.

the DC-bus current sensor to reproduce the three-phase currents.
However, when the single survived current sensor is not the
DC-bus current sensor, most of the strategies fail. Moreover,
those schemes are applicable only in a certain inverter topology.
In this paper, an all current sensors survivable IPMSM drive is
proposed. The proposed fault-tolerant inverter topology can be
utilized in the applications with high-reliability requirements,
where the cost is not the main consideration, such as mine
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ventilation, nuclear power station pump and so on.

1) The single survived current sensor can be either located at
the DC-bus side or the phase side in the proposed topology
for current reconstruction.

2) The cablings of the current sensors need no alteration when
the topology of inverter changes.

3) The normal operation of the drive is not affected by the
proposed reconfigurable inverter topology, and the output
voltage range is also not reduced.

4) All the four measured currents are not related to the branch
currents of the inverter, therefore, the proposed topology is
more applicable.

5) The proposed all current sensors survivable IPMSM drive
and the corresponding current reconstruction strategy is also
applicable in drives with only two phase-current-sensors.

6) If the fault tolerance capability against inverter fault is not
required, the additional hardware can be simply removed.
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