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Abstract—This paper deals with the detection of single battery
or inverter switch faults during operation of a common and an
active three-level neutral-point-clamped (NPC) inverter with a
connected neutral point. Here, a main focus lies on the detection
and localization of open circuit faults of the inverter’s switches.
Therefore, a fault detection algorithm, using a current estimator,
and two fault localization algorithms, a pulse pattern injection
principle and an online adaption of the space vector modulation,
are investigated and verified through simulations and experi-
ments. Also investigated is how the power-train can be operated
under fault condition, so that the vehicle can drive with a limited
maximum power using an adapted space vector modulation,
referred to as ”’limp home” mode, to the next service station.
It is shown, that an active neutral-point-clamped inverter can
cope with any single short or open circuit fault of the inverter’s
switches without bringing the vehicle to standstill, whereas a
generic neutral-point-clamped inverter loses controllability, if an
open circuit fault at an inner switch occurs. Furthermore, both
inverter types are able to be operated just with half of the DC
link voltage in case of a failure in one part of the battery.

Keywords—Fault location, Fault tolerance, Multilevel systems,
Neutral-point-clamped (NPC), Redundancy, Vehicles.

LIST OF ACRONYMS

ANPC Active Neutral Point Clamped
NP Neutral Point

NPC Neutral Point Clamped

SOC State of Charge

SOH State of Health

SVM Space Vector Modulation

TF Transfer Function
NOMENCLATURE

0" Zero state with reverse conduction

0P Zero state with forward conduction

f Fundamental frequency

Feq Q-current controller TF

fow Switching frequency
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G Closed loop TF
G’Cq Motor g-current TF with active damping
Gel—cq Closed loop g-current TF
INP Neutral point current
sd Stator current in direct-axis
Tsdq Stator current in dq-quantities
Isq Stator current in quadrature-axis
iz Phase current with {a,b,c} € =
I ave Average current with {a,b,c} € x
iz Negative phase current with {a, b, c} € =
iz.p Positive phase current with {a,b,c} € x
Kica Integrative d-current control gain
Kicq Integrative g-current control gain
Kpea Proportional d-current control gain
Kpeq Proportional g-current control gain
Qz.p Positive phase charge with {a,b,c} € x
Qzn Negative phase charge with {a,b,c} €
R.q Active damping in direct-axis
Rag Active damping in quadrature-axis
Ry Stator resistance
Sz Switching state of phase leg =
with {a,b,c} € x
Tow Switching/sample time
VNP Phase voltage = with {a,b,c} € x
o Control bandwidth

Q. Current control bandwidth

AFauit the  Fault threshold
Ayans the  Transient threshold
Oy Rotor position

Wr Rotor speed

I. INTRODUCTION

In the field of vehicle traction applications, two-level inverter
topologies are widely spread and vastly used, due to their ma-
turity. However, these do not offer any redundancy under fault
condition, instead the vehicle’s power-train loses controllability
and might have to stall. To mitigate this, redundant two-level
inverter topologies, where additional inverter legs or switches
are paralleled and intricate short circuit protection circuitry is
applied, have been proposed [1]]. Multilevel inverter topologies,
on the other hand, can offer redundancy with additional ben-
efits such as common mode voltage reduction, power density
enhancement or stress reduction of the switches [2]. Therefore,
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Fig. 1: NPC inverter topologies.

the three-level neutral-point-clamped (NPC) inverter, which
was introduced by Nabae in 1981 [3], is under consideration
for vehicle traction applications [4]], [5]. Commonly, the three-
level NPC inverter, as shown in Fig. [[{a), is supplied by a
single DC source, hence no redundancy is provided. Therefore,
a neutral point connection in the double battery pack can
introduce a limp home functionality [|6], which makes it
possible to operate the vehicle with limited maximum power
by utilizing an adapted space vector modulation, thus the
vehicle could drive to the next service station without requiring
a towing service. However, an accurate and fast fault detection
is required to diagnose a limp home functionality. Within
the frame of this investigation, the detection, localization and
mitigation of single faults of the dual battery and inverter’s
switches of an NPC inverter with a connected neutral point are
investigated. The possibility to operate the power train under
fault condition is demonstrated. Here, a common NPC and
an active NPC (ANPC) inverter, utilizing MOSFETs in the
clamping paths, are considered, as can be seen in Figs. [I{b)
and [Tc), respectively.

A. Literature Review

The main focus of this analysis is on the detection and
localization of open circuit faults of the inverter’s switches.
Literature contains several fault detection and localization
methods for generic NPC converters, mainly used in grid
connected applications, operating as rectifier or inverter [7]—
[17]. Here, two main approaches, without requiring additional
circuitry, can be distinguished, which are described in [7]]—
[14]. These are either based on sensing the three-phase output
currents [7]-[11] or the DC link voltage ripple distortion [[12]—
[14]]. During fault condition, the average output current in the
af-plane surpasses a nonzero threshold [7]], [8], which can
be used in combination with the characteristic shape of the
currents [9]-[11] to detect and localize the open circuit fault.
A quite similar approach is the sensing of the DC link ripple
trajectories in the aS-plane [12]-[14]. However, the presented
approaches require up to two fundamental periods to detect the
error, the differentiation between a fault at an inner switch and
the clamping diode is not accurate and the DC link sensing
cannot be implemented, if a connected neutral point topology
is chosen. In [15]] a different approach for a single phase NPC

inverter for a railway application was analyzed. In this case
the switching states are used to determine an estimation of
the instantaneous load current, which is compared with a high
sampled load current. The fault detection is triggered, if the
difference of the estimation and measurement exceeds a certain
threshold. A similar method for a three-phase NPC inverter
has been implemented in [[16] and [17], requiring additional
sensors, either for the neutral point current or the PWM output
voltage. However, the measurement of a switched current or
voltage requires a high bandwidth, the detection algorithm
must be executed multiple times faster than the switching
frequency and an additional sensor comes with an extra cost
and bears a risk of failure. To sum up, missing in literature
is a fault-tolerance analysis and a software-based single open
circuit fault detection and localization algorithm for a common
and active NPC traction inverter with a connected neutral point,
which allows for a continued operation directly after a fault
has occurred.

B. Key Contributions

The contribution of this article is to present how all types
of inverter faults, as well as non-destructive battery faults,
can be handled and how the vehicle can be brought over
to a reduced performance mode. A new, simple open circuit
fault detection algorithm using a current estimator and the
algorithm’s performance are analyzed. Furthermore, two, new
fault localization algorithms, using a pulse pattern injection
principle and an online adaption of the space vector modu-
lation, are investigated and verified through simulations and
experiments.

C. Paper Organization

The remainder of this paper is divided into six sections. In
Section II, the operation of the three-level NPC inverter with
connected neutral point is described. Section III shows, with
the help of an example drivetrain, the potential to overcome
single battery and inverter faults. Based on this, Section IV and
V introduce a standstill and online open circuit fault diagnostic
algorithm, respectively. The algorithms are experimentally
verified in Section VI, followed by conclusions in Section VII.
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II. NPC INVERTER WITH NEUTRAL POINT CONNECTION

A common approach to operate and produce a certain
output voltage with a three-level NPC multilevel inverter is
space vector modulation (SVM) [18], [[19]. Each phase leg is
operated by the three switching states {1,0, —1} € S, , which
results in the output voltage

Veoxw = 1205, M)
The desired output voltage is created by a mean of switching
combinations within one sampling interval. The space vector
diagram of a three-level NPC inverter in the «/3-plane is
shown in Fig. P| The maximum RMS line voltage, that can
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Fig. 2: Space vector diagram of a three-level inverter (a) [6]
and voltage reference in region II of sector 1 (b).

be produced without introducing low order harmonics is

VLL,rms — M — 0707VDC . (2)

V2
Consequently, if one voltage source ceases to supply, the
maximum output voltage is halved. When operating with SVM
a characteristic current spectrum can be noticed on the DC side
of the NPC inverter. According to [18]-[20], a third harmonic
current component, referred to as neutral point current, is

conducted on the positive and negative DC link rail of the
NPC inverter, closing through the capacitors and midpoint
connection of the inverter, which can be depicted as seen in
Fig. B[a). This causes the capacitors’ voltages to oscillate with
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Fig. 3: Third harmonic current propagation paths with capac-
itor voltage oscillation (a) and connected NP (b).

a frequency three times that of the output voltage. Especially, at
low frequencies and stand still, the reactance of the capacitors
is high, which in turn results in a high voltage oscillation.
This oscillation appears as an unbalance of the DC capaci-
tors, whereby the semiconductor switches can suffer a higher
voltage than under nominal conditions. For this reason, several
voltage oscillation mitigation techniques can be found in the
literature [6f], [21]-[27]]. Within the inner hexagon the neutral
point current, and thereby the voltage oscillation, can easily
be cancelled out by the equivalent usage of redundant small
vectors [21]]. However, at higher modulation indices, the usage
of small vectors is limited, whereas the used medium vectors
inevitably introduce a neutral point current. On the contrary,
a neutral point connection to a dual battery pack removes
the capacitors’ voltage oscillations by providing another low
impedance path for the third harmonic current through the
batteries, as can be seen in Fig. b). According to [28], [29],
a “cycling” caused by a low frequency current, except for the
increased RMS current, does not lead to an additional aging of
the battery. For this reason it is just important to mitigate the
third harmonic current in terms of battery, motor and inverter
losses by adapted space vector modulation techniques, as for
example described in [|6], [21], [22f], [27]. Furthermore, another
important advantage of the neutral point connection is the
possibility to operate the power train just with a single battery
or under a single switch fault, referred to as “limp home”
mode.
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III. FAULT DETECTION AND OPERATION UNDER FAULT
CONDITION

Within this section, single battery or single inverter faults
and the controllability of the drive-train are analyzed. Motor
faults are not considered, because the introduced topology
with its neutral point connection does not alter the interaction
with the motor. Furthermore, the main focus of this analysis
is on the detection of open circuit switch faults. For the
analysis, a small passenger vehicle driven by an 84 kW rated
interior permanent magnet machine is used to exemplify the
operation under different fault conditions. The parameters of
the motor and the vehicle can be seen in TABLE [l These
are similar to [30], [31]]. For the simulated drive train, the DC
link, Vpc, is 400V and the switching or sample frequency
of the SVM is set to fsw=10kHz, which is typical for vehicle
applications. To control the drive train, a cascaded control with
an outer speed and an inner current control loop, as can be
seen in Fig. Eka), is used. The field oriented control requires

Speed Loop
( Current Loop \I
e == —— == N
| ( Current | |
| Controller ~ Inverter Motor Load
| T Optimal 7 Voo - —] v | I
| erlyf Current 2O {F, (o) ,smfl .4 ]75 Ge(s) Gi(s) |
I Reference | —— [y S |
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| | | |
| | | |
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Fig. 4: Cascaded control of the drivetrain (a) and current
control in dg-frame (b).

the motor’s rotor position, which is compensated, due to the
discrete sample delay of the inverter [32]. The dg-currents
are separately controlled, all nonlinearities are cancelled out

by feedforward terms, a voltage limiter and antiwindup are
implemented, as shown in Fig. @(b) [32]. All controllers were
designed in continuous time using loop shaping, which aims
to achieve a first order closed loop TF with the bandwidth «

as

a  F(s)G(s)
s+a 1+ F(s)G(s)
For example, the motor’s TF in quadrature-frame, including
active damping, can be rewritten as

1
Gog(s8) = 55— 4
ca(®) Legs + Ry + Rag )

Gcl<5> = (3)

and the quadrature-current controller Fq (PI controller) should
be parametrized to attain the closed loop TF as

Z'sq _ Q¢ FCCI<S>GIcq(S)

Gelog(8) = - = = 5
Lea(s) fsqref S+oac 14 ch(s)G{:q(s) )
Therefore, the controller’s parameters are determined as
Ol Rs + Ra Kic
Foq(s) = acLleq + % = Kpeq + ?q . (6)

To comply with the desired control bandwidth, the active
damping is accordingly parametrized as
Qlc 1

G (s) = - 7
cal®) geraC Leys+ Rs + Raq @

which results in

Raq = acleqg — Rs . (8)

TABLE I: Drive-train parameters
(a) Vehicle

Value  Unit
Vehicle mass myen 1500 kg
Occupant weight mocc 75 kg

Frontal area A 22 m?
Drag cofficient Cy 0.28 m?
Rolling resistance C;.  0.009
Wheel radius 7wheel 0.316 m
Gear box ratio G 10.2
Gearbox efficiency ng 95 %
Top speed vmax 140 km/h
(b) Motor-PMSM
Value Unit
Stator resistance R 20 mQ

D-axis inductance Lgq 250 uH
Q-axis inductance Lgq 700 uH

Flux constant 1m, 75 mWb
Pole pairs n 4
Max torque Tmax 200 Nm
phase current Irms 190 A
phase voltage Vpk 230 A
Max speed n 12000  rpm
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A. Battery Faults

Battery faults or charge imbalances are supposed to result
either in single battery operation [6] or asymmetric voltage
operation [33[]. The root of the fault can be an external
single battery short circuit [34], different SOC/SOH of the
batteries [35]-[37], etc. External short circuit faults in either
of the battery packs, should be detected by the BMS of
the battery, triggering the corresponding battery relay to trip.
Consequently, the power train can be operated with half of
the rated power, since the possible output voltage is limited to
the inner hexagon (small vectors) of the space vector scheme.
The torque boundaries of the motor, supplied by a complete
and half DC link for the small passenger vehicle are shown
in Fig. j] as Motor Limits I and Motor Limits II, respectively.
Different drive cycle operating points, according to [5]], are
also depicted. It can be seen, that the drive train can cope

Torque 7. [Nm]

—Motor Limits I
Motor Limits II|
4 ARTMWI30 ||
¢ WLTP class 3
-200 - NEDC ]

-150 e / N

0 200 400 600 800 1000 1200
Motor Speed w;[rad s~

Fig. 5: Motor limits I and II with full DC link and half DC
link voltage, respectively.

easily with the operating points at low speeds, whereas the
high speed region is slightly compromised. The required time
to reach 100 km/h from standstill increased from initial 10.1s
to 20.1s for limit I and II, respectively. In case of unequal
battery voltages, the SVM scheme can be adapted, without
a significant reduction of the output power [33[], [38]], [39].
Unequal battery voltages can be caused by different SOHs and
unsymmetrical load conditions. Fig. [6] depicts the distortion of
the space vector diagram. It can be seen, that a rotating field
can still be created. [32].

B. Inverter Faults

In general, inverter short circuit faults can be detected,
and the inverter protected, by additional gate driver circuitry,
for example as described in [40]-[42]. Since the switches
are operated in pairs, a shoot-through is caused, when three
switches in series are unintentionally conducting. If the NPC
inverter’s short circuit protection is triggered at one or multiple
switches, the localization of the fault (for example in a diode or
a switch) can be determined by the switching states before and
during the event of the short circuit [41]. If the location of the
short circuited switch is known, the space vector modulation
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Fig. 6: Asymmetric space vector modulation scheme (a) and
relation of vector distortion (b).

can be adapted to single source operation (small vectors) or
the faulty leg can be run in two-level operation (large vectors),
as can be seen in Fig. [7} Because of the topology symmetry,
it is enough to consider just one half leg. It is seen that a
single short circuit fault does not lead to a stall of the drive
train, which is a great advantage compared to a classical two-
level inverter. In contrast to short circuit faults, open circuit
faults of the inverter are difficult to detect and to localize.
Further, there is a need to distinguish between an open circuit
fault due to a switch breakdown or to a control circuit fault
[43]]. Here, it has to be mentioned that a pure open circuit
fault (package diode and switch are in open circuit condition)
due to breakdown at the switch, would cause an over-voltage,
which most likely destroys the circuit. Nevertheless, the most
common open circuit faults originate from the drive circuit
side. For these reasons, open circuit faults of the clamping
diodes/MOSFETs, semiconductor switches and control circuits
can be detected. If the fault type and location is known, the
space vector diagram changes its valid states according to
Fig. 8] In case of an open circuit fault at an inner switch,
the NPC inverter loses controllability of the current in four



IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL. X, NO. X, MONTHXX 201X

- Sa1 - short (b) NPC (¢) NPC - D,; - short

01-1 11-1 -1 1-1 01-1

(d) ANPC - Sa1 - short (e) ANPC - Saa - short (f) ANPC - Sa5 - short

Fig. 7: Space vector diagram at the corresponding short circuit fault for the three-level NPC and ANPC inverter.

-1 1-1 01-1

(a) NPC S,1 - open (b) NPC Sa2 - open (¢) NPC D,; - open

-1 1-1 01-1 -1 1-1 01-1 -11-1

(d) ANPC S,1 - open (e) ANPC S,2 - open (f) ANPC S,5 - open

Fig. 8: Space vector diagram at the corresponding open circuit fault for the three-level NPC and ANPC inverter.



IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL. X, NO. X, MONTHXX 201X 7

complete sectors, which in turn results in a high torque ripple,
forcing the power train to stall. For the other two open circuit
fault cases the space vector modulation can be adapted to
single source operation or the faulty leg is operated in two-
level operation. If an active NPC inverter is used, the remaining
valid states change according to Figs. [§(d) to [B[f). For an
open circuit at S,5 a complete open circuit was considered,
because an open circuit of the switch would not affect the
functionality of the inverter, since the body or package diode
would still work. A current estimator can be utilized to detect
open circuit faults, which can be used for current controlled
motors or grid feeding inverter applications. When designing
the current controller in direct and quadrature quantities for an
interior permanent magnet machine, loop shaping is commonly
used. This measure has the objective to shape the response of
the system like a first order system with a bandwidth 10 times
slower than the PWM-converter. Assuming a good knowledge
of the plant, the current can be estimated by a discrete first
order system as

stq(k) = —.sdq(k - 1) + ac(zsdq,ref(k) - zsdq(k - 1)) ) (9)

where the bandwidth a. typically equals 0.1 [32]. This esti-
mation is accurate as long as fi—; < 0.1. If ffTiv equals 0.1,
the phase shift is 18° and the amplitude error is about 2 %
[32]. This in turn results in an inaccurate current estimation
during high transients of the current reference. Figs. [Ofa) to
[O[f) describe the simulated detection of an open circuit event
for switch S,9, occurring at to,, =0.2s, if a speed reference
is applied as depicted in Fig. [9fe). The mechanical dynamics
are modeled as a rotating single mass with a low inertia to
speed up the simulation time. In the beginning of the fault, the
current of the faulty phase is negative, meaning that the fault
cannot be detected until the current becomes positive, which
is the worst-case scenario. To detect a fault condition, the
reference, estimated and measured current values in quadrature
quantities, as can be seen in Figs. [9(c) and [9[d), are processed
as illustrated in Fig. [I0}

Transient
Detection

ATrans,thr—> 2
— - e — — — — ==/ I—»o &
( A N
| Faultthr =} S

1 sq,est — > Z
~lsq,meas —>|

—> Fault

Fault
Detection

Fig. 10: Schematical fault triggering with fault and transient
detection conditions.

If the difference of the measured and the estimated value
exceeds a certain threshold (Apayit,¢nr), a fault detection signal
is activated. However, during high current transients, a current
difference occurs as well, as shown in Fig. Ekf), which could
be misinterpreted as an error. Therefore, a transient detection
condition is added, so that the actual fault signal is just

triggered during small transient conditions. From Fig. Bff), it
can be seen, that the estimated and the measured current differs
substantially when applying a step in the reference, due to the
sample delay of the discrete control and the bandwidth of the
controller. An additional delay of the estimated current reduces
the difference, but during a high transient a detection is not
instantly possible. However, during small transients and steady
state, the error detection time is within a few switching cycles
referring to the time instant where the faulty device would start
to conduct the phase current.

IV. OPEN CIRCUIT FAULT DIAGNOSIS AT STAND STILL

As noted above, the source of an error must be localized
to adapt the space vector modulation scheme properly. In this
section a fault localization in form of a pulse pattern injection
at standstill is introduced. It thus requires, the vehicle to stop
after the detection of a fault. TABLE [[I[a) shows the six
pulses that need to be applied for a single or multiple switching
intervals and the average phase currents of the response during
the zero state that must be observed.

TABLE II: Open circuit fault localization

(a) Pulse pattern

Case Pulse o Iy I C;)\?/(iitlgggg
L (10,005 (0,00 >0 <0 <0 b5l
(01,05 (0,0,0) <0 >0 <0 lg g b
o (0,0, 1) —(0,0,00 <0 <0 >0 [;‘bi%glgb;
IV (-1,0,00—(0,0,00 <0 >0 >0 %ﬁ,%ﬁi,@g
V. (0-1,0)—(0,0,0) >0 <0 >0 g:i: %f{, %f;’
VI (0,0-1)—(0,0,0) >0 >0 <0 %ﬁ;%é%ﬁ

(b) Diagnosis for phase leg a

Case combination Broken switch

I & I & II& IV & V & VI Sa1
I & II & I & IV &V & VI Saz
I &I &-II &IV & V & VI Sa3
I & II & I &IV & V & VI Saa
I & T & I & IV &V & VI Da
I &1 &I & IV & V & VI Do

If a response complies with the condition of the average phase
currents, all conducting switches are properly functioning and
the case response can be assessed as “"TRUE”, otherwise
“"FALSE”(—). Depending on the result of the responses, the
error can be localized by a combination of the 6 different
responses as described in TABLE [[I[b). Fig. [LT] shows the
pulse responses for an open circuit fault at S,». The dashed
lines mark the expected responses for Cases I and IV, where the
observed average currents do not comply with the conditions in
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Fig. 9: Motor currents (a)(b), quadrature current (c)(d), motor speed (e) and fault detection signal (f) for an open circuit fault at

Sao of the NPC inverter.

TABLE [[{b), while all other cases were successful. Therefore,
switch S, can be localized as the faulty switch. The same
approach can be applied to an ANPC inverter, to check the
main switches and the body/package diodes of the clamping

MOSFETs. As long as the body/package diodes of the clamp-
ing MOSFETS and the main switches S, 1 to S, 4 are working,
the inverter can be properly operated and the phase currents
do not yield any fault indications. The main difference of the
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Fig. 11: Pulse response for a localization of an open circuit fault at S,o for the NPC and ANPC inverter.

ANPC to the NPC inverter lies in the possibility to overcome
a fault at an inner switch, for example S,o. Therefore, the
channels of the MOSFETs must be tested in reverse direction.
For this purpose, a test pulse for each switch can be applied
and the response according to TABLE [III} must be observed.

Here, just one switch of the tested leg must be switched on
during the zero state, which is depicted in the table with a
positive (0P) or negative (0") marked exponent, representing
the upper and lower half leg, respectively. Fig. [I2] depicts the
pulse response of the clamping MOSFETs of phase leg a. Both
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are working properly, since they are able to conduct in reverse
direction.

TABLE III: Open circuit fault localization at clamping MOS-
FETs

Pulse L I, I Broken switch

(if FALSE)
(O, 1,1) = (0°,0,0) <0 — ~— Sas
(0°-1,-1) = (0°,0,0) >0 — ~— Sa6
(1,0°,1) = (0,0°,0) — <0 — Sbs
(1,0°-1) = (0,0,0) — >0 — She
(1,1,0°) = (0,0,0°) — — <0 Ses
11,0 > (0,0,0°) — — >0 Ses
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Fig. 12: Pulse response to test MOSFETs S5 (a) and Sys (b)
in reverse direction for the ANPC inverter.

V. ONLINE OPEN CIRCUIT DIAGNOSIS

To localize the open circuit fault during online operation, the
faulty half leg needs to be first determined and subsequently
two different space vector modulation patterns are used, two-
level operation of the corresponding half leg and single battery

operation. A schematic overview of the fault detection and
localization for the NPC inverter can be seen in Fig. [I3] To
determine the faulty half leg, the average Park vector method
is often used as described in [8]. It is based on the Clark
transformation of the average values of the phase currents,
yielding a nonzero value at fault condition. The method,
however, cannot be used to accurately determine the faulty
switch of the half leg. The average value of the phase currents
can be written as

1 to+Ts
Iy ave = = o dt ’ 10
we=g [ (10)

S
where the integral part stands for a charge, which can be
divided into a positive charge as

QI7PZ/+iw,pdt (11)
and a negative charge as
Qun= [ ~isade . (12)

The direction of the phase current yields the consideration of
a positive and negative charge, described as

0; ;>0
'asn = .7 -Z 5 13
b, {zg;; 1, <=0 3)
and
bp; G >0
P . 14
b {0; iy <=0 (14

Immediately after the detection of the fault, as can be seen
in the scheme, the polar phase charges should be calculated
according to (IT) and (I2) for a certain time duration, where
the minimum yields the faulty half leg according to TABLE[[V]

TABLE IV: Open circuit fault localization

Minimum Broken half leg
Qa,p Sal & Sa2 & Dal/Sa5
Qa,n SaS & Sa4 & DaQ/SaG
Qb,p Sbl & sz & Dbl/SbS
Qb.n Sba & Sba & Du2/Sve
Qep  Ser & Sea & De1/Ses
Qc,n SC3 & SC4 & Dc2/506

Fig.[T4(a) shows an example, when an open circuit fault occurs
at tery = 0.2s at S,o, as depicted in Fig. El Depending on
the accuracy of the charges, an acceptable result is already
achieved after about 3ms to 10 ms, which corresponds to 1
to 3 electrical periods . It can be seen, that (), remains
zero, which indicates a fault at the positive half leg of phase
a. Next, the space vector modulator should be adapted to
2-level operation, meaning the avoidance of the zero state
for phase a, as emphasized in green in Fig. [[4[b). If the
control of the current is regained, the clamping diode is broken.
Otherwise, the space vector modulator is subsequently adapted
only to small vectors. This causes the available torque to be
compromised, which may cause a braking torque to be applied
to the drive train.
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Fig. 13: Schematic overview of the online fault localization of an open circuit fault of the NPC inverter.
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Fig. 14: Phase charges in case of an open circuit fault at S,o
(a) and corresponding single battery and two-level space vector
modulation of phase a (b).

A. Open Circuit Fault - D4,

Fig. [13] shows the detection and localization of an open
circuit fault of D,;. The fault occurs at ¢, = 0.2s, as marked
in Fig. [[5]a), which shows the three-phase currents. As can
be seen in Fig. [[5(b), during fault operation the difference
of the estimated and measured current yields a nonzero os-

cillating distortion. The threshold, Agayit, thr, could be chosen
to be a few amps, so that the fault can be detected almost
instantaneous by the relation of the estimated and measured
current according to Fig. [T0] After a successful detection, the
positive and negative phase charges are calculated, as shown
in Fig. [T3] (c). Already after 6ms to 10 ms, depending on the
accuracy of the calculated charges, an open circuit fault at the
positive half leg of phase a can be localized. Subsequently,
two-level operation is started at tojevel =0.21s to finally regain
current control, which is achieved 15 ms after fault inception.
Since the current control is successfully regained, the clamping
diode D,; must be faulty. If an ANPC inverter is used, an open
circuit of S,5 or its antiparellel diode does not lead to a loss of
the current controllability, since the remaining MOSFET in the
clamping path works bidirectional. However, the commutation
path is affected. Therefore, it might be advisable to run a
standstill diagnosis for the ANPC inverter from time to time.

B. Open Circuit Fault - S,

In this case, shown in Fig. [T6 an open circuit fault at S,
occurs at tery = 0.2s. The same procedure as above is applied.
It can be seen in Fig. [T6(b) that the difference of the estimated
and measured current exceeds even 50 A, which is about 5
times higher than for the broken diode in the previous case.
Therefore, it should be noted that the threshold Ag,yis thy must
be chosen in manner to comply with all fault cases. Thus, the
threshold for this case should be kept as before, which is still
suitable for an instantaneous detection, but it provides a smaller
margin for disturbances, for example, signal noises and torque
ripple due to the slot harmonics. Also here, at tojeve] =0.21s,
two-level operation is started. However, for this fault the two-
level operation is not successful in regaining current control.
Therefore, the space vector modulation is changed to single
battery operation at tgp,y = 0.22s, which compromises the
available torque, as can be seen in Fig. 5] This, in turn, might
lead to a short braking torque, if the power-train was operating
at high load and high speed. Furthermore, it can be observed
that the output currents’ amplitude has increased by factor 2,
because the output voltage is halved. Nevertheless, it can be
seen, that current control is regained, which indicates an open
circuit fault at S,;. In this case, the procedure’s outcome does
not differ from a common to an active NPC inverter.
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Fig. 16: Localization of an open circuit fault at S,; for the NPC inverter.

C. Open Circuit Fault - Sy

As seen from section III, the differentiation between an
active and common NPC inverter is essential since the active
NPC inverter, containing MOSFETsS in the clamping path, is
able to be operated in single battery operation in the case
of an open circuit fault at an inner switch. Therefore, the
last fault case shows an open circuit fault at S,o, occurring
at tery = 0.2s, as shown in Figs. [T7] and [I§] for the NPC
and the ANPC inverter, respectively. The same procedure as
before is followed and both inverters show the same behavior
until single battery operation is applied. As can be seen in
Figs. [I7[b) and [T8]b), an instantaneous fault detection is easily
achieved due to the high three-phase current distortion. Next,
the phase charges are calculated as can be seen in Figs. [I7{c)
and [[§[c). Already after 3ms to 10ms, the phase charges
yield a minimum of @, ,, as expected, which indicates a
fault at the positive half leg of phase a. Afterwards, two
level operation and single battery operation are applied at
tolevel =0.21s and tghay = 0.22s, respectively. Regarding
the NPC inverter, neither in two-level nor in single battery
operation is current control regained, which indicates an open
circuit fault of S,5. Consequently, the NPC inverter has to shut
down, as seen in Fig. Ma), and the power train has to stall,
braking mechanically, shown in Fig.[T7(d). On the contrary, if
an ANPC inverter is used, two-level operation does not show
an effect either, but the fault can be overcome and current

control is regained by single battery operation, as can be seen
from the current and speed plots in Fig. [T8] This is due to the
fact, that the clamping MOSFET S,s works bidirectional. This
is one of the major advantages of an ANPC inverter compared
to an NPC inverter, in particular for an automotive application.

VI. NPC INVERTER TEST BENCH

To verify the theory assumptions and simulation results
above, a simple, open circuit fault test procedure is conducted
on a test bench, which can be seen in Fig. Ha). The test-bed
comprises a common NPC inverter, shown in Fig. ﬂl)kb), to
drive a two-pole induction machine. A field oriented control
is implemented, similar as described in Section II, although
an induction machine instead of an interior permanent magnet
machine is used. Nevertheless, the observer theorem, given
in (E[), remains valid since the current controller is designed
using loop shaping [32]. For safety reasons and simplicity, all
measurements are conducted with a nominal DC link voltage
of 60V, which is sufficient to prove the concept validity.
For the implementation of the pulse pattern injection and an
adapted space vector modulation, a PWM signal generator
is used. An introduced open circuit fault at S,; should be
handled. The test procedure is divided into three parts: the
fault detection, the fault localization and the fault mitigation.
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{ i within a band of 1A, which should not be misinterpreted
as a fault, an almost instant detection of a few ps is easily
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At first, the machine’s three-phase currents are controlled Time [s]
to have a peak value of 10 A and a fundamental frequency of (b) Fault detection
17 Hz, as shown in Fig. 20|a). Since the machine is unloaded, L5

isq equals the phase currents’ peak value (amplitude-invariant)
at steady state, whereas 4y, is roughly zero, as can be seen in
Fig. 20(b). The rotational speed reaches about 505 to 510 rpm,
which equals the synchronous speed of 510rpm . At steady
state, an open circuit fault at switch S,; is introduced at
terr =0.2s by disconnecting the corresponding fibre optic
cable, that transmits the gate signal. From the three-phase
current and dg-current plots, it can be seen that the currents are
distorted during fault operation. Similar as in the simulations,
the faulty phase leg does not conduct the current in forward
direction, which in turn distorts and increases the peak current
of the remaining phases. Comparing the currents with the

simulation results seen in Fig. [I6(a), a similar characteristic . 0.3 0.35 0.4
can be observed, but the phase shift of the currents is altered, Time [ms]
since the machine type differs and the operating point is () Phase charges

shifted from the field weakening to the constant torque region, ) ) o

though these changes do not change the effectiveness of the  Fig. 20: Measured detection of an open circuit fault at S, for
detection algorithm. Depending on the threshold for triggering ~ the NPC inverter.

a fault signal, the fault detection time could be within a few
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Fig. 21: Measured pulse responses for a localization of an open circuit fault at S,; for the NPC inverter.

If the online localization method would be applied, the phase =~ B. Pulse Pattern Injection

charge according to (T0)-(4) are calculated, as can be seen in After a successful fault detection, the motor is stopped
Flg‘.c)' The minimum of charge @, indicates a faultat the  apq the open circuit fault is localized by the response of the
positive half leg of phase a. It can be seen, that the algorithm injected pulse pattern, as can be seen in Fig Since the
converges to a reliable result after one electrical period, similar  pC 1link voltage is limited to 60 Volt, the current derivative
as in the simulations, of about 60 ms. is low. Therefore, a pulse duration of 1ms is chosen to
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achieve an acceptable magnitude of the current responses so
that these can be post-processed. In the simulations, a pulse
duration of 100us was used, which was already sufficient
since the DC link voltage was chosen to be 400V and the
motor inductance was less than, in comparison, the induction
machine. Regarding the responses, it can be seen that the
three-phase response currents for Case I are zero, whereas
all remaining cases show nonzero current responses with the
expected polarity. Therefore, according to TABLE [II} an open
circuit fault at switch S,; can be identified.

C. Single Source Operation

An open circuit fault at switch S,; means that the inverter
can still be operated in single battery operation. Therefore, the
inverter is restarted, utilizing just the negative DC link voltage,
as can be seen in Fig[22] The magnitude of the phase currents
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Fig. 22: Single source operation of the NPC inverter with
utilization of the negative DC link in the case of an open
circuit fault at S,;: three-phase stator currents (a) and zoomed
time interval with switched phase voltage (b).

can still be controlled to 10 A as shown in Fig.22a). Fig. 22{b)
shows a short time interval of 1 ms, so that the output voltage
of one phase can be seen. As expected, the output voltage

is just switched between the neutral point and the negative
DC link.

VII. CONCLUSION

This paper has shown the possibilities and limitations of a
“limp home” function of a three-level NPC and ANPC inverter
with a neutral point connection in the case of single, open and
short circuit switch faults and the failure of one battery supply,
due to an external short circuit or an internal battery supply
fault. The main focus is on a software-based detection and
localization of open circuit faults of the inverter’s switches.
Therefore, a new open circuit fault detection method using
a simple current estimator and two new fault localization
techniques are presented and verified using simulations and
experiments. The fault detection time is a fraction of an
electrical period, i.e. almost instantaneous up to a third of an
electrical period, referring to the time instant the faulty device
would start to conduct. The detection algorithm can be applied
to variable speed drives during steady state and transients,
as long as these are complying with the bandwidth of the
current controller. One of the fault localization algorithms can
be applied at standstill. It is based on the pulse response of
six injected pulses to check the main switches and clamping
diodes. In case an ANPC inverter is used, each MOSFET
must be tested in reverse direction by an additional pulse.
The second fault localization algorithm can be applied online
during operation. The phase currents can be used to localize the
faulty half leg and the adaption of the space vector modulation
scheme as two-level and single battery operation yield the
location of the faulty switch. It was found that an ANPC
inverter is able to overcome all shown single faults, even
without stopping the vehicle, whereas a common NPC inverter
loses current controllability in the case of an open circuit at
an inner switch, whereby the drive train will stall. From the
simulations and experiments, it was seen that the localization
of the faulty half leg requires one electrical period, which
might be quite long at low speeds. Hence, it would be more
suitable to stop the car and localize the fault during stand still.
However, at high speeds, the fault can be quickly localized
during operation. Nevertheless, a switch or diode fault in the
clamping path of the ANPC inverter does not lead to a loss of
the controllability, but the current commutation is affected. For
this reason, a stand still analysis should be conducted at certain
time intervals. Finally, it can be said that the demonstrated
principles can easily be implemented in NPC or ANPC inverter
driven vehicles without needing additional hardware. In case
of a fault, the vehicle driver would not need to call for a towing
service, instead the vehicle could easily be driven to the next
service station or even be used for some days with limited,
but acceptable performance. Furthermore, the algorithms could
be adapted for various multi-level inverter topologies and
multi-fault cases could be considered, since redundant power
electronic systems are gaining more interest. Regarding the
online open circuit localization algorithm, future challenges lie
in the determination of its robustness with respect to parameter
mismatches and measurement disturbances. Additionally, the
detection and localization in terms of the triggering time
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relative to the accuracy for various operating points of the
drive train, especially during rated torque and field weakening
region, should be investigated.
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