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Abstract: This paper focuses on the loss estimation for the multiphase induction machine (IM)
operating under fault-tolerant conditions through the field–circuit coupling finite element method
(FEM). Both one-phase and two-phase open-circuit faults of a seven-phase IM are researched, and
different spatial positions of the fault phases are taken into consideration. The magnitudes and phase
angles of the residual phase’s current are deduced based on the principle of equal magnitude of the
residual phase currents and unchanged fundamental magnetic motive force (MMF). The magnetic
fields’ coupling between the fundamental and harmonic planes is analyzed. Then, the time-stepping
electromagnetic fields calculation of the seven-phase IM are carried out under the commercial
software Simplorer–Maxwell environment. The transient and steady performance for both the health
and fault conditions are obtained based on the rotor field-oriented control (RFOC) strategy. The Joule
loss and iron loss are calculated for the torque step and slope responses. The seven-phase motor
driving platform is established to verify the numerical calculation results. The proposed method
is effective for predicting the loss and designing a reasonable operating range for multiphase IM
operating under fault-tolerant conditions considering the thermal balance.

Keywords: loss estimation; multiphase IM; open circuit fault; field–circuit coupling FEM

1. Introduction

Multiphase induction machines show remarkable advantages in industrial appli-
cations of high-power, high-reliability and high-torque density, such as vessel electric
propulsion, more electric aircrafts, locomotive traction and electric vehicles [1,2]. The in-
herent features of power splitting, better fault tolerance and additional degrees of control
freedom cause the upward research in multiphase IM. Abundant efforts have been devoted
in areas of designing, modelling and driving the multiphase machine for several decades.
Recent research supports the future widespread application of multiphase machines [3–7].
There has been considerable research undertaken on control strategies [8–14] and fault de-
tections [15–17] for open-circuit faults; however, there are few studies on loss and efficiency
issues under fault-tolerant conditions.

The closed loop control for the phase currents is essential under fault-tolerant con-
ditions due to the asymmetrical nature of the electrical and magnetic structure, so that
the field–circuit coupling FEM is adopted to complete the investigation. The field–circuit
coupling FEM has been successfully employed to solve the motor issues [18–22]. The code
for field–circuit coupling finite element (FE) calculation is presented to calculate the tran-
sient performance of a single-phase IM, and the results are compared with the commercial
software FLUX in literature [18]. The FEM with external circuit coupling has been used to
estimate the stray loss [21].
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This paper focuses on the loss calculation and estimation for the multi-phase IM
operating under open circuit fault-tolerant conditions. The numerical and experimental
works are both carried out to assess the iron loss, rotor Joule loss and total loss. The residual
phase currents for various open-circuit fault conditions are deduced based on the principles
of unchanged fundamental magnetic motive force (MMF) and the equal amplitudes of
residual phase currents. The step and slope responses of torque are performed using field-
circuit FEM under both health and fault-tolerant conditions using a seven-phase IM in this
paper. The iron loss is calculated based on the classical iron model, and the time-harmonics
caused by the inverter are taken into consideration [22–26]. The stator and rotor Joule loss
are calculated through the RMS of the stator and rotor currents. The spatial vectors of
MMF caused by the coupling between the fundamental and harmonic planes are analyzed
to illustrate the increasing rotor Joule loss. The total increased loss and efficiencies under
the fault-tolerant conditions obtained by the numerical method are compared with the
experimental results. The reasonable operation range for load torque is provided for the
seven-phase IM under different fault-tolerant conditions considering thermal balance.

2. Fault-Tolerant Current Design and Analysis
2.1. Residual Phase Currents Reconstitution

Unlike the common three-phase machines, the smooth and steady torque can also be
obtained for the multiphase machines under open-circuit fault conditions. The principle
for the reconstitution of residual phase currents is keeping the MMF of fundamental plane
consistent with the health condition, so that the smooth electromagnetic torque can be
expected on the fundamental plane. Both one-phase and two-phase open-circuit faults
conditions for a seven-phase IM are discussed in this section. Several relative spatial
positions for the fault phases are taken into account, which are described in Figure 1.

Figure 1. Spatial position of fault phases. (a) Fault 1: 1st phase fault; (b) Fault 2: 1st and 2nd phase
fault; (c) Fault 3: 1st and 3rd phase fault; (d) Fault 4: 1st and 4th phase fault.
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Firstly, the seven-phase phase currents can be given as Equation (1).
i1 = k1 cos(ωt)

i2 = k2 cos
(
ωt − 2π

7
)

. . .
i7 = k7 cos

(
ωt − 12π

7

) (1)

where i1,i2 · · · i7 are seven phase currents, k1,k2 · · · k7 are the amplitudes of phase currents
and ω is the angular frequency.

The constraint for the circular magneto motive force (MMF) can be expressed as
Equation (2).

a0i1 + ai2 + a2i3 + a3i4 + a4i5 + a5i6 + a6i7
= (2/7) cos ωt + j(2/7) sin ωt

(2)

where a = ej(2π/7) = cos(2π/7) + j sin(2π/7).
The coordinate components of the MMF can be obtained by simplifying Equation (2),

which can be described as Equation (3). Equation (3) can be used as one of the constraints
when reconstructing the fault-tolerant currents.{

i1 cos(0) + i2 cos(2π/7) + · · · i7 cos(12π/7) = (2/7) cos ωt
i1 sin(0) + i2 sin(2π/7) + · · · i7 sin(12π/7) = (2/7) sin ωt

(3)

For the circumstance of no neutral line, another constraint for the residual phase
currents should be given as Equation (4) [1].

i1 + i2 + · · ·+ i7 = 0 (4)

The constraint of constant amplitudes of the residual phase currents is employed in
this paper, which can be given as Equation (5).

k1 = k2 = · · · = k7 (5)

The magnitudes and phase positions of the residual phase currents can be deduced
based on Equations (1)–(5), and the optimized results are shown per-unit in Table 1, from
which it can be seen that the phase positions become unsymmetrical under fault-tolerant
conditions and the amplitudes of residual phase currents were kept consistent.

Table 1. Residual phase currents reconstruction.

Fault 1 Fault 2 Fault 3 Fault 4

i1 0 0 0 0
i2 1.233∠21.4◦ 0 1.497∠51.4◦ 1.562∠24.8◦

i3 1.233∠90.0◦ 1.761∠43.5◦ 0 1.562∠129.5◦

i4 1.233∠158.6◦ 1.761∠142.6◦ 1.497∠122.6◦ 0
i5 1.233∠201.4◦ 1.761∠205.7◦ 1.497∠196.8◦ 1.562∠173.5◦

i6 1.233∠270.0◦ 1.761∠268.8◦ 1.497∠266.1◦ 1.562∠257.1◦

i7 1.233∠338.6◦ 1.761∠368.0◦ 1.497∠340.3◦ 1.562∠340.7◦

2.2. Coupling between the Fundamental and Harmonic Planes

The health condition is symmetrical for both the spatial and electric quantities, so that
the relationship for the fundamental and harmonic planes are independent from each other.
However, the fundamental and harmonic planes are coupled with each other under fault
conditions due to the asymmetrical fault-tolerant currents. The asynchronous rotational
MMF will be produced by the interaction between the asymmetrical fundamental currents
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and the spatial winding harmonics. The seven-phase synthetic magnetomotive force can
be expressed as Equation (6).

Fµ = Nµ ·
7

∑
v=1

iv · cos
[

µ

(
θ − v · 2π

7

)]
(6)

where µ = 1, 3, 5 is the order of the spatial harmonics; v is the phase number and is from
Table 1; θ is the spatial electric angle; Nµ = Nφ/µπ is magnitude of winding function; and
Nφ is the number of series turns per phase.

The coupled harmonic MMF components for the 3rd and 5th harmonic planes are
listed in the first column of Table 2, and the magnitudes are listed in the other columns.
The speeds of the harmonic magnetic fields are one third and one fifth of the fundamental
magnetic field with forward and reverse direction.

Table 2. Principle of equal magnitude of the residual phase currents.

Fault 1 Fault 2 Fault 3 Fault 4

cos(ωt − 3θ) −1.108N3 −0.387N3 −0.233N3 −2.446N3
sin(ωt − 3θ) 0 0.486N3 −1.106N3 −1.178N3
cos(ωt + 3θ) −0.449N3 0.255N3 −1.443N3 −0.650N3
sin(ωt + 3θ) 0 1.116N3 −0.695N3 −0.815N3
cos(ωt − 5θ) −0.523N3 −0.204N3 −0.743N3 −0.250N3
sin(ωt − 5θ) 0 0.893N3 −0.358N3 −0.313N3
cos(ωt + 5θ) −1.419N3 3.164N3 −1.081N3 −0.154N3
cos(ωt + 5θ) 0 1.524N3 −1.356N3 −0.677N3

3. Time-Stepping FE Calculation
3.1. Field–Circuit Coupling FE Model

The field–circuit coupling FEM model is shown in Figure 2, which is composed of
the seven-phase half-bridge inverter and a seven-phase IM. A redesigned seven-phase
IM with concentrated windings is used as prototype for the finite element calculation
and the subsequent experimental validation. The specifications of the seven-phase IM are
listed in Table 3. The fault-tolerant operation for the prototype is carried out based on the
RFOC strategy using a C program model. The block diagram of the C program model is
drawn in Figure 3. The traditional mode of supplying voltage source is infeasible under
fault-tolerant conditions due to the asymmetrical of residual phase currents, so that the
current closed-loop control strategy is adopted in this simulation.

Figure 2. Field−circuit coupling FE model.
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Table 3. Main parameters of the prototype.

Phase number 7 Pole number 4
Rated voltage (RMS) 110 V Rated current (RMS) 8.5 A

Rated flux 0.468 Wb Rated magnetizing
current 3.6 A

Rated speed 1460 pm Number of turns 76
Number of stator

slots 28 Number of rotor slots 38

Figure 3. Block diagram of the C program model.

The common dual close-loop control is employed in this scheme, where hysteresis
controller is adopted in the current loop and traditional PI controller is used in the speed
loop. The constant magnetizing current is used as the d-axis reference current, and the
q-axis reference current is the output of the speed loop. The q-axis reference current is
calculated based on the electromagnetic torque equation, which is given by Equation (7).

Te = p
L2

m
Lr

× isd × isq (7)

where Te is electromagnetic torque, p is pole pairs, Lm is magnetizing inductance, Lr is
rotor self- inductance, isd is d-axis stator current and isq is q-axis stator current.

The reference fault-tolerant phase currents are calculated based on Table 1, and then
the IGBT signals are obtained using reference and feedback currents through the hysteresis
current controller.

The proportional-integral controller is adopted in the speed loop, and the hystere-
sis controller is adopted in the current loop for tracking the reconstructed phase currents.
The rated speed and rated torque of the prototype motor are 1460 rpm and 30 Nm. The tran-
sient equation, field–circuit coupling equation and the mechanical equation are described
as Equations (8)–(10).

∂

∂x

(
µ

∂Az

∂x

)
+

∂

∂y

(
µ

∂Az

∂y

)
= −Js + σ

∂Az

∂t
(8)

Where µ, Az, Js and σ are, respectively, the magnetic permeability, z component of magnetic
vector potential, stator current density and rotor bar conductivity.

Us = Rsis + Ledis/dt + dψs/dt (9)
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where ψs, Le, Us, is and Rs are, respectively, stator flux, stator end leakage inductance,
stator terminal voltage, stator phase current and resistance of stator winding.

J(dωm/dt) = Te − TL − Dωm (10)

where J, D, Te, TL and ωm are, respectively, the moment of inertia, damping coefficient,
electromagnetic torque, load torque and mechanical angular velocity.

3.2. Transient and Steady Performance

The simulated results of the field–circuit coupling FEM are presented in this section.
Both the step and slope responses for the load torque are performed for the seven-phase IM
under health and fault-tolerant circumstances. For the load step process, the seven-phase
IM is firstly operated under the rated speed, while the load torque for the step response is
from 10 Nm to 20 Nm. For the slope response process, the load torque is increased from 0
Nm to 30 Nm gradually.

The performance for the stator phase currents under the torque step response and
slope response are shown in Figures 4 and 5, respectively, where the corresponding load
conditions are noted. The transient processes from the health condition to the fault con-
ditions are depicted in the zoom areas of Figure 4. The currents for the fault phases were
restricted to zero when the machine went into the fault-tolerant condition, and the ampli-
tudes of the residual phase currents increased for the fault-tolerant condition compared
with the health condition. The current waveforms for the gradually increasing torque
process under both the health and fault conditions are amplified in the zoom areas of
Figure 5.

Figure 4. Currents performance for torque step response. (a) 1 phase fault (fault 1); (b) 2 phases fault (fault 2).
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Figure 5. Current performance for the torque slope response. (a) Health condition; (b) 1 phase fault condition.

3.3. Loss Calculation and Analysis

The loss will increase due to the machine operating under the fault-tolerant condition
due to the increased rms currents and the additional harmonic MMF. The derating operation
should be considered to limit the loss and temperature rise. The calculations of loss under
fault conditions are of great concern. The total losses of induction machine include the iron
loss, stator copper loss, rotor Joule loss and stray loss, of which the iron and rotor Joule
loss are calculated in detail in this section. As the stator current is closed-loop-controlled,
the increased stator copper loss can be obtained through Table 1. The stray loss is deemed
as 2% of the output power. The classic iron loss model is used in this paper, which can be
given as Equation (11).

PFe = kh f Bα + ke f 2B2 + ka f 1.5B1.5 (11)

where kh, ke and ka are the hysteresis loss coefficient, classic eddy-current loss coefficient
and excess loss coefficient, which are obtained based on the iron loss curves from manufac-
turer. f is the power supply frequency and B is the amplitude of the flux density.

The FE calculation results of the iron loss and rotor Joule loss for both the health and
fault-tolerant conditions with 20 Nm load torque are shown in Figures 6 and 7. Both the
iron loss and rotor Joule loss are increased for the fault conditions compared with the
health condition. The iron losses increase slightly because the amplitudes of fundamental
magnetic field are kept unchanged. In addition, the frequencies for the harmonic magnetic
fields are relatively low, which are one third or one fifth of the fundamental one, while the
rotor Joule loss increases remarkably due to the asynchronous harmonic magnetic fields
with elliptic trajectories. Furthermore, the rotor Joule loss is oscillating with the time variance,
due to the fact that the periodic harmonic loss is superposed on the fundamental loss.
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Figure 6. FE results of the iron loss for health and fault conditions under 20 Nm.

Figure 7. FE results of the rotor Joule loss for health and fault conditions under 20 Nm.

The actual values and per-unit values for the rotor Joule loss under 20 Nm load, where
the basic value is the loss under health condition, are presented in Table 4. The rotor
Joule loss for torque slope response is calculated, and the numerical results for health
and fault conditions are shown in the right part of Figure 8, from which the rotor Joule
loss curves varying with load torque can be obtained. The pulsating for the rotor Joule
loss become larger as the torque increases. The trajectories of the MMF spatial vectors
for both the fundamental and harmonic planes are drawn in the left part of Figure 8 to
further illustrate the increasing loss. The MMF vector trajectories of the fundamental
plane are unit circles for the health and each fault-tolerant condition, which can satisfy the
principle of the unchanged fundamental MMF. There exists no harmonic MMFs for the
health condition, while the MMF vector trajectories of the harmonic planes are ellipses
under fault conditions, which is caused by the reconstructed stator currents mapping
on the spatial harmonic planes. In addition, the increased iron loss and rotor Joule loss
under fault-tolerant conditions caused by the harmonic MMF can be deemed as stray loss.
The rotor Joule loss and total loss deteriorate most seriously for the fault-tolerant condition
of two adjacent phases open-circuit. The rotor Joule loss obtained by FEM for both the
fault-tolerant conditions and health condition with regard to the torque slope response are
shown by solid lines in Figure 9. The distinct loss is caused by the different fault conditions,
which induce various spatial MMFs.

Table 4. Loss distribution for fault conditions under 20 Nm load.

Iron Loss
(W/pu)

Stator Joule
Loss (W/pu)

Rotor Joule
Loss (W/pu)

Total Loss
(W/pu)

Fault 1 78.4/1.04 124.2/1.31 143.3/1.57 345.9/1.32
Fault 2 82.2/1.09 212.5/2.24 309.8/3.40 604.5/2.31
Fault 3 79.8/1.06 153.2/1.61 200.0/2.20 433.0/1.66
Fault 4 81.6/1.08 166.6/1.75 205.8/2.26 454.0/1.74
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Figure 8. Trajectories of spatial MMF vectors for fundamental and harmonic planes. (a) Health,
(b) Fault 1, (c) Fault 2, (d) Fault 3 and (e) Fault 4.
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Figure 9. Calculated rotor Joule loss varying with torque.

4. Experimental Validation and Analysis

The seven-phase IM driving system is depicted in Figure 10, which is composed of a
seven-phase IM with concentrated windings, torque sensor, dSPACE controller, multiphase
inverter, DC power supply and the alternating current servo load. A power analyzer with
12 channels is used to complete the efficiency test. The multiphase inverter is composed of
the IGBT power module, and the nine-phase half-bridge modules share the common bus
voltage. The control signals from the dSPACE controller are transferred through the optical
fiber to drive the IGBT switches. The operation procedure is established under MATLAB
environment using Simulink and then compiled by dSPACE processor. The upper computer
is used as the real-time control interface and displays the real-time datum. The load torque
is supplied by servo machine, which operates under constant torque mode. Two six-
channel power analyzers are used to measure the efficiency the seven-phase machine.
The input power is obtained by the phase voltage and phase current, while the output
power is obtained by the speed and torque. The zoom for the seven-phase protype and
load platform is shown in Figure 11. The machine windings are Y connection, and there
are seven-phase outgoing lines. The winding distribution of the seven-phase IM is shown
in Figure 12.

Figure 10. Seven-phase IM test system.
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Figure 11. Zoom of the seven-phase IM and load machine.

Figure 12. The winding distributions of the seven-phase IM.

The fault tolerant control strategy designed for the FE calculation is employed in the
experimental validation, which can be referred to Figure 3. The no-load test is carried out
to obtain the mechanical loss, and the results are adopted in the FE calculation results.
The load torque is decreased for the fault-tolerant conditions in comparison to the health
condition to ensure the machine does not overheat in a long time running. The load torque
is imposed after the multiphase IM converting from the health condition to the fault-tolerant
conditions. The process for the step response of torque is shown in Figure 13. The load
torque is decreased from 0 Nm to 10 Nm and then decreased to 0 Nm. The transient and
steady performance of the experimental seven-phase stator currents for the one-phase and
two-phase open-circuit fault-tolerant operations under 10 Nm load torque with 1500 rpm
speed are shown in Figure 14.
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Figure 13. The process of the step response of torque.

Figure 14. Cont.
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Figure 14. Seven-phase currents of experimental performance at 1500 rpm speed and 10 Nm load
condition (20 ms/div). (a) Fault 1, (b) Fault 2, (c) Fault 3 and (d) Fault 4.

The experimental results are compared with the FE curves using scatter diagrams to
verify the numerical calculated results indirectly. The efficiencies obtained from the FEM
and experiment are compared in Figure 15, where the extra stray loss is considered as 2%
of the output power in the FE results. The efficiency decreased by about 10% for the most
serious condition Fault 2, which illustrates that the loss is serious for this fault-tolerant condition.
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Figure 15. Comparation of the numerical and measured results for efficiency varying with torque.

There exists slight error between the simulated and experimental results, which may
be caused by the current harmonics when compared with the simulated ones. However, the
simulation and experiment results show the similar tendencies. The limitation of the load
torque for different fault-tolerant conditions under different speeds is shown in Table 5,
where the total loss under health condition with the rated speed is deemed as the limitation.
For the most serious condition Fault 2, the load torque should be decreased to about 60%
of the rated load torque to maintain the total loss and the thermal balance.

Table 5. Torque limitation for fault conditions.

Rated Speed Fault 1
(FEM/Test)

Fault 2
(FEM/Test)

Fault 3
(FEM/Test)

Fault 4
(FEM/Test)

20% (92%/91%) (67%/66%) (81%/80%) (79%/78%)
60% (89%/88%) (65%/64%) (79%/78%) (77%/76%)

100% (86%/85%) (62%/61%) (76%/75%) (74%/73%)

5. Conclusions

The residual phase currents are reconstructed based on the principle of unchanged
fundamental MMF and equal amplitudes of phase currents. The field–circuit coupling FE
model is successfully established, and the numerical calculation for the fault-tolerant opera-
tions are performed. The basic iron loss and rotor Joule loss are consistent for the health and
fault conditions on account of the unchanged fundamental magnetic field. The coupling
between the fundamental and harmonic planes is analyzed under fault-tolerant conditions,
and the harmonic MMF vectors are deduced. The increasing loss under fault-tolerant con-
ditions is mainly caused by the asynchronous rotational harmonic MMF and the increased
root-mean-square of the reconstructed stator currents. The increased rotor Joule loss, which
is dependent on the rotational directions and amplitudes of the asynchronous rotational
MMF, contributes the most to the total increased loss. The increased rotor Joule loss for
the two-phase fault conditions with different relative positions is distinguished due to the
different spatial MMF vectors reflecting on harmonic planes. The derating operations for
different fault-tolerant conditions can be designed according to the estimated loss, so that
the utilization and reliability for the fault machine can be achieved simultaneously.
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