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ABSTRACT Drive system availability is critical in aerospace applications. Multi three phase machines
are a known solution to provide redundancy and fault tolerance capability. Control of multi three phase
machines is typically implemented in DQ domain or VSD domain. An alternate control approach is per phase
current control using proportional resonant controllers in ABC domain. In this work, ABC domain current
controllers are utilized to demonstrate key advantages in high reliability applications - fault reconfigurability
with minimal controller modifications and ability to control multiple harmonic components. ABC domain
control structure enables seamless transition from healthy mode to fault mode with only algebraic operations
at the controller output unlike DQ/VSD domains. Furthermore, single-phase operating mode in ABC domain
provides an additional fault mode for emergency operation which is unavailable in DQ/VSD control domains.
The Fault mode operation under open circuit fault of one phase in each winding set is demonstrated.
Simulation and experimental results validate the normal and fault condition operation of the proposed control
method.

INDEX TERMS Multi three phase machine, more electric aircraft, fault tolerance, multi level converter.

NOMENCLATURE
AEA All electric aircraft
EMF Electromotive Force
IPM Interior Permanent Magnet
MCU Micro controller unit
MEA More electric aircraft
MMF Magneto-Motive Force
NPC Neutral point clamped
PCB Printed circuit board
SOGI Second Order Generalized Integrator
SPM Surface Permanent Magnet
VSD Vector Space Decomposition
3L-NPC Three Level Neutral Point Clamped

I. INTRODUCTION
Electrical systems are being increasingly adopted is aviation
sector as a substitute for mechanical counter-parts. On-board

electrical generation has touched 1 MVA and is on the rise [1].
The trend of electrification is driven by multiple requirements
- societal demand for emission reduction and higher perfor-
mance, efficiency and simplified maintenance of electrical
systems. Recently MEA and AEA concepts are being consid-
ered for introduction of electrical propulsion. The backbone
for electrical propulsion is the electric drive consisting of-
electric motors/generators, power electronic converters, con-
trol platform and sensors [2].

In order to meet aerospace fault tolerance requirements [3],
redundancy and fault tolerance must be built into the
propulsion system. Fault tolerance in applications requiring
process continuity, for instance process industry, multi-phase
machines and multi three phase systems have been gaining
increasing popularity [4]. The key advantage of a multi
three phase machine in comparison to a conventional 3
phase machine is the ability to generate a rotating MMF
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and consequently, a smooth torque after failure of one or
more phases [5], [6]. Hence multi-phase machines are being
considered for future MEA/AEA propulsion applications.

The fundamental system equations in terms of flux linkages
for a multi-phase machine was shown in [7]. Typically, a
transformation is applied - Clarke transformation in the case
of three phase machine and VSD transformation is performed
for multi-phase machines and current control is carried out in
the transformed space.

Prior literature has extensively studied the two methods of
multi three phase machine control - DQ control, where each
three phase set is considered independently ignoring mutual
coupling between winding sets [8] and VSD based control [9],
[10]. The mismatch in torque estimation and reduction in
control performance of independent DQ control when inter
winding coupling is not accounted for is shown in [11]. A
comparison between VSD and DQ control and the condi-
tions under which the two are equivalent is shown in [12].
DQ control is chosen when independent control of 3 phase
winding sets is a requirement. This feature is important from
a safety certification point of view for high reliability applica-
tions, where a single point failure (controller in VSD method)
could lead to failure of the whole system. The work in [13]
provides a model for independent DQ control based on some
approximations. The model is similar to the one derived from
VSD transformation. Another approach was proposed by [14],
a distributed control scheme based on VSD analysis. Both the
above approaches provide the ability to perform independent
current control of each winding set. The above methods do not
propose a fault mode reconfiguration mechanism other than
disabling the faulty winding set.

Fault tolerance method for a multi three phase machine with
common neutral was proposed in [15]. The current references
of remaining healthy phases are modified to generate a rotat-
ing MMF. In [16], fault mode control of a dual three phase
machine with two isolated neutrals is presented. The current
controller is reconfigured such that the machine is operated
with two single-phase winding sets operating in quadrature
to each other. This approach is very interesting and a math-
ematical method of estimating the fault current references is
presented in this work.

In this paper, control of a dual three phase machine us-
ing PR controllers is implemented. It would be shown that,
controller implementation in ABC domain is comparable in
computational complexity with respect to DQ or VSD meth-
ods. The key contributions of this paper are the fault mode
controller reconfiguration and current reference generation to
maximize torque in fault mode. The controller in ABC domain
is easily reconfigurable for fault mode control. Single open
phase fault and dual open phase fault operation is presented
and experimentally validated.

The paper is organized as follows. Section II presents the
equivalent per phase model of an asymmetric dual three phase
machine. Section III describes the PR controller structure in
the healthy mode as well as the fault mode reconfiguration of
the controllers. Section IV presents the tuning of the current

FIGURE 1. 6 phase machine with isolated neutrals.

controllers and the simulated response of the system under
study. Finally, experimental validation of the proposed fault
mode operation is presented in Section V and paper is con-
cluded in Section VI.

II. MULTI 3 PHASE DRIVE SYSTEM
An asymmetrical six-phase machine with isolated neutrals is
analysed in this study. The analysis can be easily extended to
higher winding set configurations. The machine drive system
is showin in Fig. 1. Each three-phase set is fed by a 3L-NPC
converter.

A. MACHINE MODELLING AND CONTROL
The equivalent per phase model of the machine is derived in
this section. The phase progression angles are shown with the
reference axis aligned with phase a1.
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0 π
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5π
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θa1 θa2 θb1 θb2 θc1 θc2
] (1)

The stator voltage equation matrix with permanent magnet
flux λm can be expressed in most general form as

[Vs] = [Rs]·[is] + p·[λs]

= [Rs]·[is] + p([Lss][is] + λmcos[ωt − θx]) (2)

where, the voltage and current vectors are defined as

[Vs] =

⎡
⎢⎢⎢⎢⎢⎢⎣

Va1

Va2

Vb1
Vb2
Vc1

Vc2

⎤
⎥⎥⎥⎥⎥⎥⎦

[is] =
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ia1

ia2

ib1
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ic1

ic2

⎤
⎥⎥⎥⎥⎥⎥⎦
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The resistance and inductance matrices in (2) are defined as
follows.

Rs = rs

⎡
⎢⎢⎢⎢⎣

1 0 · · · 0

0 1 · · · 0
...

...
. . .

...

0 0 · · · 1

⎤
⎥⎥⎥⎥⎦ (3)

Lss = Lls

⎡
⎢⎢⎢⎢⎣

1 0 · · · 0

0 1 · · · 0
...

...
. . .

...

0 0 · · · 1

⎤
⎥⎥⎥⎥⎦

+ LA

⎡
⎢⎢⎢⎢⎢⎢⎣

cos[�a1]
cos[�a2]
cos[�b1]
cos[�b2]
cos[�c1]
cos[�c2]

⎤
⎥⎥⎥⎥⎥⎥⎦

− LB

⎡
⎢⎢⎢⎢⎢⎢⎣

cos[2(ωt − �LBa1)]
cos[2(ωt − �LBa2)]
cos[2(ωt − �LBb1)]
cos[2(ωt − �LBb2)]
cos[2(ωt − �LBc1)]
cos[2(ωt − �LBc2)]

⎤
⎥⎥⎥⎥⎥⎥⎦

(4)

Lls, LA, LB is the stator leakage inductance, average value
of magnetizing inductance and variation amplitude of magne-
tizing inductance respectively.

The angle matrices [�a1], [�a2]. . . represent the relative
angle difference between any particular phasexn with other
phases. They are given by

[�xn] = [� − θx]

The [�LB] matrix of each phase accounts for variation in
magnetizing inductance for different phases. It is computed
as half of the angle between the phases x and y added to
the absolute angle from reference of phase x. For instance,
θLBa2−a3 = θa2 + θa3−θa2

2 . The [�LB] matrix for phases a1
and a2 are provided for reference.
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Direct and quadrature inductance values, Ld , Lq in case of

a synchronous reluctance machine are related to Lls, LA, LB as
follows

Ld = Lls + 3N

2
(LA − LB) (5)

Lq = Lls + 3N

2
(LA + LB) (6)

(2) to (4) is a complete representation of the asymmetrical
6 phase machine. Typical control approaches perform a Clarke
transform or a VSD transformation to the machine model
to derive a rotating reference frame equivalent model of the
system. In order to further develop the machine model in ABC
domain, the following conditions which apply to synchronous
reluctance machine is considered. In a machine without inher-
ent asymmetries only the fundamental harmonic is useful for
torque generation. In order to generate a smooth mechanical

FIGURE 2. PR control structure per inverter.

FIGURE 3. Fault mode machine.

FIGURE 4. Single-phase open fault mode control structure.

torque, the stator currents must sum up to generate a rotating
MMF. Hence the current references in a 6 phase machine can
be expressed as

[is] =

⎡
⎢⎢⎢⎢⎢⎢⎣

K1·I·cos[ωt − θa1 + φ]
K2·I·cos[ωt − θa2 + φ]
K1·I·cos[ωt − θb1 + φ]
K2·I·cos[ωt − θb2 + φ]
K1·I·cos[ωt − θc1 + φ]
K2·I·cos[ωt − θc2 + φ]

⎤
⎥⎥⎥⎥⎥⎥⎦

(7)

Applying (7) in (2), the voltage equation per phase can be
written as

Vx =
(

rs + pLls

)
ix + pLA

3N∑
y=1

iycos(θy − θx )
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FIGURE 5. Double fault mode machine.

FIGURE 6. Rotating flux generated with two single-phase windings.

FIGURE 7. Bode plot of PIR controller tuned at fundamental frequency -
100Hz.

− pLB

3N∑
y=1

iycos(2ωt − θx − θy) + pλmcos(ωt − θx )

(8)

ix = KwIcos(ωt − θx + φ) (9)

Vx = rs·ix + p

(
Lls + 3

2
LA

N∑
w=1

Kw

Kx

)
ix

− p

(
3

2
LBIcos(ωt − θx − φ)

N∑
w=1

Kw

)

− ωλmsin(ωt − θx ) (10)

As can be noted, the sum of current sharing coefficients
equal number of winding sets, the equations can be written
in a form which is identical in form to the VSD equation.

Vx = rs·ix + p

(
Lls + 3N

2·Kx
LA

)
ix

− p

(
3N

2
LBIcos(ωt − θx − φ)

)
− ωλmsin(ωt − θx )

(11)

The first two terms in (11) account for machine flux dy-
namics represented in a per phase basis. The third term and
fourth terms account for reluctance generated back emf, de-
noted as Exrel , and permanent magnet flux generated back
emf, denoted as Ex respectively. The reluctance generated
back emf cannot be ignored in IPM machines. Reluctance
generated back emf has a phase shift of −2φ with respect to
the applied current. The phase voltage equation illustrates the
inter-winding set interaction. System state dependency on Kx ,
should be accounted for in the current controller.

The system model is very similar to the Clarke or VSD
transformed system equations with only the reluctance vari-
ation accounted for as a separate potential term. This result
in the present form is obtained due to the spatial and time
dependence of the phase currents. It should be mentioned that
this approach can be generalized to any spatial distribution
of coils and current references. Any current distribution in a
three-phase winding set with isolated neutral can be expressed
as a positive and negative sequence combination.

Net mechanical torque developed is easily calculated by
summing the power transferred by each phase. In healthy
mode, the system torque is given by (12). This expression is in
fact identical to the equations derived in DQ or VSD domain.
The torque expression can be used to setup the speed/flux
control loop in an identical manner to the DQ/VSD domains.
Instead of providing Id and Iq setpoints to regulate torque
and flux, phase current amplitude and phase angle, φ are
the setpoints required in ABC domain. Hence the calculation
complexity or lookup tables necessary for the outer speed/flux
controllers are identical compared to the conventional syn-
chronous reference frame approaches.

Tm = 3N

2

p

2

(
λmIsin(φ) − 3N

2
LBI2sin(2φ)

)
(12)

III. ABC DOMAIN CONTROL STRUCTURE
The detailed control structure for a single converter in normal
operation is shown below. Only 2 PR controllers are necessary
per inverter and control signal for third phase is obtained by
an arithmetic relation. Multiple resonant terms can be added
within the controller bandwidth to eliminate higher order har-
monics.

The PR controller structure is easily reconfigurable for fault
conditions as shown in Section III-A.
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FIGURE 8. Simulated phase faults.

FIGURE 9. NPC based Drive Setup.

FIGURE 10. Transient response of healthy drive system.

A. DOMINANT FAULT MODES OF DRIVE SYSTEMS
The dominant fault modes in industrial drives have been de-
scribed and quantified in [17]. Approximately 40% of the
faults are attributed to power circuits with a large portion
caused by power semiconductors. Semiconductor faults are ei-
ther open circuit fault or short circuit fault. According to [18],
the predominant failure mode in IGBTs is open circuit fault.
The above is valid in the case of wire bound IGBT modules

while for press-pack modules, short circuit failure mode is
more common. In the case of 3L-NPC converter, fault modes
of inner and outer IGBTs presents different options for fault
reconfiguration. Practically, inner switch fault prevents fault
reconfiguration for motor drive applications, even though it
can be mitigated for grid connected applications [19]. Short
circuit fault of the outer IGBT can be potentially destructive
for the inner IGBT as the entire DC link voltage would be
applied across it. Fault reconfiguration is a possibility under
open fault of outer IGBTs.

In the case of multi three phase drive systems with 3L-NPC
converters, the fault reconfiguration option is to operate the
faulty three-phase winding set in single-phase mode. Two
different fault modes are studied in this work - open phase
fault in phase C2 alone and open phase faults in phases C2
and C1 of a dual three phase machine.

1) SINGLE OPEN PHASE FAULT
In the previous section, fault reconfiguration options for
3L-NPC based drive systems were described. Operating the
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FIGURE 11. Single-phase open fault mode current control.

FIGURE 12. Dual phase open fault mode control.

FIGURE 13. Torque comparison across modes.

healthy phases as a single-phase winding set is considered as
the fault mode operation in this work.

As one phase is open, the two remaining windings carry the
same current and behave as a single winding set (Fig. 3).

ia2 = KS2Icos(ωt + φS2) (13a)

ib2 = −KS2Icos(ωt + φS2) (13b)

The system equations for the healthy winding sets and the
faulty set in single-phase operation is derived for development
of controllers. The individual phase voltages after fault can be
derived from (8). The single-phase set voltage equation takes

the form of a line to line voltage equation.

Va2b2 = 2rs·ia2 + p

(
2Lls + 3LA

)
ia2

+ p

(√
3

3(N − 1)

2
LA

)
Icos(ωt − θa2 + π

6
+ φ)

+ p

(
3LBia2 cos

(
2ωt − 2θa2 − 2π

3

))

− p

(√
3

3(N − 1)

2
LBIcos(ωt − θa2 + π

6
− φ)

)

−
√

3ωλmsin(ωt − θa2 + π

6
) (14)

The healthy winding set voltage equations are also im-
pacted by the faulty winding.

Vx = rs·ix + p

(
Lls + 3

2
LA

N−1∑
w=1

Kw

Kx

)
ix

+ p

(√
3LAia2

)
cos(θx − θa2 + π

6
)

− p

(
3

2
LBIcos(ωt − θx − φ)

N−1∑
w=1

Kw

)
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− p

(√
3LBia2cos(2ωt − θx − θa2 + π

6
)

)

− ωλmsin(ωt − θx ) (15)

The loss of three phase symmetry leads to harmonics in
phase voltages. The healthy winding set continues to generate
a rotating MMF. The faulty winding set in single-phase mode
can add an additional torque component albeit a pulsating
torque contribution.

From the machine stator voltage equations, it can be ob-
served that the machine reduces to a four winding set system
with a new effective winding set a2-b2. The effective winding
set in case of the six-phase machine is aligned with phase a1
given by vector summation of flux generated by the currents
through phase a2 and b2. Hence the current reference of the
single-phase winding must be set with a phase shift to reflect
the effective orientation of the fictitious winding set a2-b2 as
shown in (16). The magnetizing current and inter winding
magnetizing inductance due to the single-phase set is scaled
by a factor of

√
3 for the fundamental component.

φS2 = −θa2 + π

6
+ φ (16)

The control structure in the single-phase case is very similar
to the healthy mode as seen in Fig. 4. The faulty phase is left
uncontrolled while only a single PR controller is required to
control the single-phase set.

The net torque of the 4 winding set operation can be derived
as (17).

T3ph = 3(N − 1)

2

p

2

(
λmIsin(φ) − 3(N − 1)

2
LBI2sin(2φ)

(17a)

−
√

3

2
LBKS2I2sin(2φ)

)

Tsph =
√

3

2

p

2

(
λmKS2Isin(φ) − 3(N − 1)

2
LBKS2I2sin(2φ)

(17b)

−
√

3

2
LBK2

S2I2sin(2φ)

)

T4ph = T3ph + Tsph (18)

2) DUAL SINGLE OPEN PHASE FAULT
A more severe fault condition is when one phase in each
winding set suffers from open faults. The machine effectively
reduces to a dual winding set machine. The winding set dis-
tribution including fictitious single-phase systems is shown in
Fig. 5.

θa1−b1 = θS1 = −π

6
(19a)

θa2−b2 = θS2 = 0 (19b)

The machine stator voltages can be derived as before start-
ing with (8).

Va1b1 = 2rs·ia1 + p

(
2Lls + 3LA

)
ia1

+ p

(
3LA

)
ia2 cos(θa2 − θa1)

+ p

(
3LBia1 cos

(
2ωt − 2θa1 − 2π

3

) )

+ p

(
3LBia2 cos

(
2ωt − θa1 − θa2 − 2π

3

))

−
√

3ωλm sin(ωt − θa1 + π

6
) (20)

In the case of dual single-phase fault, rotating MMF is not
present from the healthy winding set. Hence the single-phase
currents must generate a rotating MMF to develop torque in
the machine. A rotating MMF condition is satisfied by the
presence of orthogonal current/flux components given by (21).

Icos(ωt ) = − ia1sin(θS1) − ia2sin(θS2)

−Isin(ωt ) = ia1cos(θS1) + ia2cos(θS2) (21)

The above equations are derived by fixing the rotating stator
flux at an angle 90°with respect to the rotor without account-
ing for reluctance torque. The graphical visualization is shown
in Fig. 6.

The general equation in (21) can be solved for the particular
situation at hand by applying the restrictions from (19).

Ia1 = 2·I
φS1 = − π

Ia2 = 2·I

φS2 = π

6
(22)

The torque contribution from each single-phase set can be
calculated as shown in (23).

TS1 =
√

3

2

p

2

(
λmIa1 sin

(π

6

) )

TS2 =
√

3

2

p

2

(
λmIa1 sin

(π

6

) )
(23)

The controller structure is identical to the single open phase
fault condition as shown in Fig. 4. Both winding sets are
operated as single-phase winding sets with the current phase
angles derived in (22). A comparison is made to the fault mode
control proposed in [16]. The above referred method requires
a controller reconfiguration while not able to provide a single-
phase fault mode operation. The machine control is directly
transitioned to the presented dual phase fault operation. The
potential for higher torque is lost by operating in dual phase
fault mode. Another key advantage for the proposed method
in comparison to the literature method is lack of controller
modification which is required in the latter.
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TABLE 1. Converter/Machine/PIR Tuning Parameters

IV. SIMULATIONS OF DUAL THREE PHASE DRIVE
A simulation model for a dual three phase machine was devel-
oped using PLECS blockset in Simulink to verify the current
controller performance of the 3L-NPC converters.

A. TUNING OF THE CURRENT CONTROLLER
The machine model is simplified to a RL load with a back
emf term to tune the PR controller. The discrete plant transfer
function including the effect of Zero order hold and computa-
tional delay is given by (24)

GPL (z) = z−2

R

1 − ρ−1

1 − z−1ρ−1
(24)

where ρ = eR·Ts/L

The ideal PR controller structure is shown in Fig. 2. A
damping term is added to the resonant term for practical
implementation. In the case of drives, the resonant terms do
not provide high gain at zero speed. Hence an integrator is
added to the controller to improve start-up performance. The
full control structure in s-domain is given by (25)

GPIR(s) = KP + KI

s

+ KR

hmax∑
h=1

kdamp(hω)s

s2 + kdamp(hω)s + (hω)2 (25)

The integrator term is discretized using the tustin method
while the resonant term is implemented using the SOGI
method [20]. The SOGI consists of two integrators and the
method for their discretization influences the frequency re-
sponse. The forward integrator is discretised using forward
Euler method and the feedback integrator using backward
Euler method according to [21]. Tuning of the PR controller
is performed to achieve a crossover frequency of 1kHz for
the current controller. KR is chosen to get a high gain at the
frequencies to track. The tuning procedure is as described
in [22]. The PR parameters are summarized in Table 1.

The open loop bode plot of the Plant and the PIR controller
is plotted in Fig. 7. It should be noted that the margins ob-
tained for the controller accounts for the discretization effects.

1) DC LINK BALANCING OF NPC CONVERTERS
DC link balancing is essential for NPC operation. A modified
balancing method is implemented based on [23] and [24].
During fault operation, the converters are operated in single-
phase mode and the zero sequence injection is not available
for balancing.

B. SIMULATED RESPONSES OF THE DRIVE SYSTEM
The simulated fault responses of the drive system are pre-
sented here. The transition to single-phase fault as well as
dual phase fault are simulated. In simulation fault injection
is achieved by switching is a high value series resistance. In
experiments, the fault injection is achieved by turning gate
signals off for one of the phases. The fault recovery behaviour
in experiments is to trip and restart even though a seamless
transfer is possible. The trip restart is chosen as the phase
reference would be sub-optimal for maximizing torque and it
could potentially lead to controller instability as the remaining
phase controllers are in contention to regulate the phase cur-
rent. Minimal disruption is still achieved as the demonstrated
by the transient response of the faulty current controllers.
A fault detection time of 5ms is simulated. The controllers
seamlessly transition to the fault mode operation. In practical
implementation, the fault transient may trip the converters.
The recovery from fault state is shown in the experimental
results. The fault responses shown in Fig. 8 are simulated at
the same conditions as the experimental setup as summarizedd
in Table 1.

V. EXPERIMENTAL SETUP
The experimental validation is carried out on a dual neutral 6
phase IPM machine. 3L-NPC converter prototypes developed
based on “FS3L30R07W2H3F_B11” power module from In-
fineon rated at 650V and 30A are used as the drive converters.
The control code is run on a C2000 family floating point
DSP (F28377D) clocked at 200MHz. The controller for each
three-phase set is run independent from each other. The exper-
imental setup is shown in Fig. 9.

Key parameters of interest of the experimental setup are
summarized in table below:

Step response of the drive system in healthy condition to
verify tuning is shown in Fig. 10.

The waveforms when phase sets are healthy are not in-
cluded for brevity. The single-phase open fault is considered
first. As the fault develops, one phase set goes offline. The
healthy winding set continues to operate and provides half the
torque to the machine. The reconfiguration in control code for
the faulty winding set is straightforward as shown in Fig. 4.

The current waveforms as well as the reference tracking is
shown in Fig. 11. The healthy winding set current reference
is set to 15A while the single-phase set is programmed with a
current reference of 10A.

Dual phase fault where phase C1 and phase C2 suffers open
phase fault is shown in Fig. 12. The current reference for each
single-phase set is set to 15A.
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TABLE 2. Torque Comparison

A comparison of torque developed in the healthy, single-
phase fault and dual phase fault is shown in Fig. 13. As the
sampling frequency of the torque meter is only 100Hz, the
double harmonic component in the torque is not visible on the
plot. The low frequency torque ripple (approximately 0.1Hz
frequency) in the case of dual phase fault is due to weak
mechanical coupling in the test setup at low torque values.
Theoretically predicted torque values based on the reference
currents following (12), (18) and (23) are listed in Table 2.

Transient conditions - speed or load changes are not consid-
ered in this work. This work focussed on the current control
loops. Speed and load disturbances result in a setpoint change
to the current controller. In fault modes, the system gain for
the outer speed loop changes as effective torque is lower.
This would have implications on achieving speed setpoints.
However, within the current limits of the drive converters,
the current loop will track the reference and the dynamic
performance is demonstrated with the step responses.

VI. CONCLUSION
In this work, two fault mode control schemes to enable limp
home functionality for multi three phase machines are pre-
sented. The machine model in ABC domain accounting for
inter-winding coupling is used to develop current control
scheme capable of fault mode operation. Control structure
using PIR controllers are presented. Using the fault mode ma-
chine model, it is shown that fault mode controller reconfig-
uration can be performed with no modifications to controller
structure. PIR controllers enable harmonic cancellation sim-
ilar to VSD control while providing independent controllers
per phase. The suitability of PIR controllers for fault modes
with single and double open phase fault operation is validated
with 3L-NPC inverters.
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