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Abstract: In this paper, a fault-tolerant three-phase induction drive based on field-oriented control is
studied, and an analytical approach is proposed to elucidate the limitations of FOC in flux-torque
regulation from the controller perspective. With an open-phase fault, the disturbance terms appear
in the controller reference frame and degrade the controller performance when operating in a d-g
plane with DC quantities. In addition, the hardware reconfiguration, which is essential to operate
faulted three-phase drives, causes substantial change in the way the control parameters v;, v; are
reflected onto the machine terminals. An accurate understanding of the feedforward term, by
considering the open-phase fault and the hardware modifications, is provided to re-enable the FOC
in presence of an open-phase fault. Furthermore, the concept of feedforward term derivation is
generically extended to cover multiphase induction drives encountering an open-phase fault whereby
no hardware reconfiguration is intended. The proposed method is explained based on a symmetrical
six-phase induction and can be extended to drives with a higher number of phases. The effectiveness
of the proposed derivation method, which is required to form a feedforward fault-tolerant controller,
is verified and compared through the simulation and experiment, ensuring smooth operation in
postfault mode.

Keywords: induction motors; fault-tolerant control; AC machines; back EMF; feedforward compen-
sation

1. Introduction

Adjustable speed AC motor drives are, in general, susceptible to failure, especially in
the power section where the stress is on the power switches and/or motor windings [1,2].
Since the failure might cause the whole drive to shut down, reliability is a key feature in
applications in which a failure can cause safety issues. For example, fault-tolerant control
of three-phase adjustable speed drives in automotive applications has recently attracted
significant attention [3-6]. Thus, the need for an effective fault-tolerant method that can be
embedded into the existing motor drives is practically favorable.

Since a three-phase machine with wye-connected stator winding will be effectively
reduced to a “single-phase machine” under an OPF, topological reconfiguration is necessary
for three-phase fault-tolerant drives to retain two degrees of freedom. In the literature, there
are several feasible topologies used to reconfigure the three-phase AC drives [7-10]. Among
these topologies, the majority of fault-tolerant three-phase drives utilize an additional
inverter leg connected to the neutral point of the three-phase machine [11-14] as shown in
Figure 1. Unless otherwise stated, this is considered the standard topology for fault-tolerant
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three-phase drive hereafter [1,11,15]. This is to allow neutral current to return back to
dc-link.
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Figure 1. Fault-tolerant AC drive with (3 + 1) leg inverter and switches to emulate the open phase
fault and reconfiguration. The signals fa, fb, and fc are designed to emulate OPF on phase a, b, or c.

For multiphase (more than three phases) machines, however, the higher DOF allows
the drive system to be inherently fault-tolerant towards OPF without the need for any
hardware reconfiguration, as long as there are still three or more phases intact. Due to
this higher fault tolerance, multiphase machines are often favored over their three-phase
counterparts as fault-tolerant drives [16-19]. Regardless of the number of phases, OPFs
always result in the loss of DOF in a drive and degrade the control performance if no
mitigation measures are taken. In light of this, various fault-tolerant control techniques
have been proposed in the past.

The mathematical model of the machine under OPF with a reduced order transfor-
mation matrix is attempted in [14,20-23]. It takes into account the reduced DOF and the
unbalanced condition of the machine. While these methods were shown to be robust to
machine parameter detuning, the re-derivation of machine models and reduced order
transformation matrices are mathematically complex and unique for specific faults.

Alternatively, the original machine model and transformation can be maintained, and
therefore, the effect of fault on the machine must be compensated by modifying the con-
troller to handle double frequency in a d-q plane. For fault-tolerant three-phase drive, [13,24]
demonstrated that the OPF gives rise to a negative sequence component and a negative se-
quence controller is needed to retain the current control performance in a positive sequence.
For multiphase machines, analysis using the vector space decomposition method shows
that OPFs create coupling between the torque-producing current components that are
otherwise decoupled under healthy conditions [25,26]. The non-flux-and-torque-producing
current components, also known as the x-y currents, are proportionally regulated to achieve
fault tolerance [25,27]. These studies, for both three-phase and multiphase machines, uti-
lize closed-loop feedback control methods where the unwanted current components are
controlled using designated feedback current loop. However, as with any feedback control
method, the dynamic performance during the transient will depend on the tuning of the
controllers’ parameters.

More recently, several research studies have highlighted the superiority of the feed-
forward compensation method being combined with a resonant controller for three-phase
and six-phase drives [24,28]. The sensitivity of stator resistance to temperate, hence the
inaccuracy of the feedforward term, is stated to be the main motivation for introducing an
additional current controller to control the neutral current. However, this is not the only
solution as the feedforward terms derived in the [11,12,29] are irrespective of stator resis-
tance, which makes it robust against temperature variations. An accurate compensation
term injected in a feedforward manner is shown to be effective for PMSM drives [11,12].
Similarly, for three-phase induction motors, feedforward compensation methods were
introduced in [30,31] using the zero-sequence component.

Despite the documented research in the area of feedforward compensation methods
for fault-tolerant induction motor drives, the following research questions still remain
unaddressed:



Energies 2023, 16, 51

30f17

1.  How the concept of feedforward compensation can be realized from a control per-
spective in the context of FOC-driven AC drives?

2. How the feedforward compensation technique developed for three-phase machines
can be extended for multiphase machines?

This paper is an extended version of the primary work presented in [29] to address the
highlighted research questions. It expands the preliminary investigation on feedforward
derivation and compensation techniques and the main contributions of this study are
as follows:

1.  An accurate feedforward compensation method based on FOC control and the open-
phase fault is systematically derived that can be readily integrated into any three-
phase AC drive with minimal modifications to the FOC controller. Furthermore,
the stationary reference frame is used to apply the feedforward compensation as it
simplifies the derivation complexities without any compromise in effectiveness.

2. The concept of feedforward term derivation is generically extended to a six-phase
drive where the back EMF term is still the dominant part of the feedforward term but
injected into a different plane to retain the control of the machine.

The organization of this paper is as follows. Section 2 discusses the fault tolerant
control of a three-phase induction machine in both stationary and rotation reference frames,
where the impacts of OPF on the mapping of the controlled variables to the machine
variables are elucidated. In Section 3, the discussion is extended to a multiphase machine
using a symmetrical six-phase machine as an example. Section 4 shows the experimental
results, where the performances of the proposed feedforward compensation methods are
verified using lab-scale three-phase and symmetrical six-phase induction machines. Finally,
conclusions are given in Section 5.

2. Fault-Tolerant Control of Three-Phase Induction Machines
2.1. Mathematical Model of Three-Phase IM under RFOC

The dynamic model of the induction machine is usually given in the SRF d-q vari-
ables (and zero-sequence variable), which can be obtained from the phase variables using
magnitude-invariant Clarke—Park transformation [32] as shown in (1):

cos(wt)  cos(wt—35)  cos(wt+ )
T3 = 3~ sin(wt) —sin(wt —3) —sin(wt+ 6) 1)
0.5 0.5 0.5

where w is the synchronous frequency of the machine and ¢ is the displacement factor of
27/3 a three-phase machine.

Based on the RFOC approach, the dynamic behavior of the induction machine can be
expressed in terms of the stator voltage equations as follows:

Vgs Rs+0oLsp  —wolLs 0 igs wLL—'fp
vgs| = | woLs  Rs+0Lgp 0 igs | + wLL— Py ()
V0s 0 0 Rs0 + Lop]  Lios 0

where Rs, Rso, L, Ly, Lo, and o are the stator resistance in the SRF plane, zero sequence
resistance, magnetizing inductance, rotor self-inductance, zero sequence inductance and
leakage factor of the induction machine, respectively. The leakage factor is defined to be ¢
=1 — (Ly?/Ls Ly). The synchronous angular speed of the machine in the electrical domain
and rotor flux is denoted by w and 1, respectively, where the symbol p represents the
time-derivative of the variable. The rotor flux under RFOC is controlled directly by iy,
known as flux current, to form a first-order system as

o Lmids
wdr -1 T 10 (3)
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with the rotor time constant 7, being the ration of rotor self-inductance over the rotor
resistance R,.

2.2. Relation between Control Variables and Machine Variables
2.2.1. Healthy Operation

A typical three-phase induction motor drive system connected in a wye configuration
and controlled under RFOC is depicted in Figure 2a. The main components of the drive
are given in separate modules to elucidate how the control variables would be eventually
mapped onto the machine under the healthy and postfault configuration.

Three-phase IM

75 3Lleg
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Figure 2. Three-phase induction motor drive with RFOC controller: (a) Typical topology for healthy
operation, (b) Reconfigurable fault-tolerant topology with fault emulation signals f, (n: a, b, c).

Starting with the machine on the rightmost part of Figure 2a, the phase windings
are supplied through the leg voltage of the inverter V4, Vp, and V. This configuration
explicitly implies that the motor phase voltages vy, vy, and vy, are indirectly defined by
the leg voltages of the inverter, as detailed in (4).

om] L[ 1 —05 —05][V4
ol =205 1 —05| |V )
Ven —05 —-05 1 ||V

The relation in (4) is valid for a balanced motor with all phases having equal impedance,
which is the case for a healthy drive.

On the inverter block, the carrier-based PWM helps to form a voltage amplifier with a
fixed gain of K = V;./2 that converts the modulating signals v,*, v;*, and v.* to leg voltages.
The lumped transfer function of the inverter together with Sine PWM is given in a matrix
in (5), assuming that inverter non-idealities are negligible, and no homopolar voltage is

being injected.

VA K 0 0 U,
Vgl =[0 K 0||v (5)
Ve 0 0 K||o*

One step before PWM, the control variables v;*, v;*, and vy* are basically transformed
into modulating signals by applying the inverse Clarke—Park transformation given in (1).

vk v
d
ot | = 11| ot (6)
b| = ‘3 q
(M v



Energies 2023, 16, 51

50f17

By substituting (6) into (5) and (5) into (4), the relation between the control variable
vy* and v,* and phase voltages received by the machine in matrix form is obtained to be as

follow.
Van cos(wt) —sin(wt) 0] [0}
[vbn] =K [cos(wt —0) —sin(wt —9) 0] [v;] (7)

cos(wt+46) —sin(wt+95) 0] [v§

Uen

By applying (1) to both side of (7), the machine phase voltages would also be trans-
formed into d-g-0 space, bringing everything to the same page (d-4-0), as stated in (8).

s 1 0 0] v
vs| =K[0 1 0f |o; ®)
00s 0 0 0 ’03

The terms v, vgs, and v, in (8) are in fact the transformed version of the stator phase
voltages that correspond to the machine model in (2).

Accordingly, a couple of notable conclusions can be made from (8) which are valid for
any wye connected three-phase AC drive, under healthy operation as:

C1: The voltage received by the motor in the synchronous frame (v and vys) are directly
proportional to the control variables (v;* and v,*) by a fixed gain of K. This unique property
of healthy drive allows current controllers (such as PI controllers) in the SRF to control the
flux and torque currents effectively;

C2: The zero-sequence voltage vy; reached to the machine winding is not linked to vp* of
the controller, making it decoupled from control variables (v;* and v,%).

2.2.2. Postfault Operation for Three-Phase Induction Motor Drive

Upon generation of fault flag f,, (n: a, b, c) in Figure 2b for the postfault topology, the
following modifications are applied [11,13] to provide a path for neutral current to flow
back to the dc-link:

m1: the fourth leg is clamped to the motor neutral point (according to hardware reconfigu-
ration block in Figure 2b);

m2: the modulating signal of the faulted leg is switched over to the fourth leg (according to
software reconfiguration block in Figure 2b).

To facilitate a quick transition to postfault operation for three-phase wye-connected
drives, the fault must be detected in the first place, followed by hardware and software
reconfigurations. However, fault detection is beyond the scope of this study, and the fault
flag is created manually.

For the sake of simplicity, the fault and reconfigurations are simultaneously emulated
by activating the corresponding fault signal, based on what has been shown in Figure 2b
with red lines. Therefore, the relation stated in (8) needs to be re-examined, as the topology
of the drive has been modified.

Assuming an OPF in phase g, i.e., by activation of f,, the motor phase voltages in terms
of leg voltage in postfault mode should be redefined as follow.

Van 0 0 0] (W E,
ol = 1=1 1 o |vg|+]0 )
’Ucn _1 O ]. VC O

where E; is the back EMF voltage on the faulted phase and Vy is the leg voltage of the
fourth leg. This induced voltage is basically due to the existence of rotating MMF in the
machine. Since the motor phase 2 is disconnected from an inverter, the back EMF voltage E,
is no longer directly controllable by any inverter leg voltage, and therefore, is represented
in a separate matrix in (9).
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Once the modification m2 is executed, the active inverter leg voltages as a function of
modulating signals would be the same as (5), with V4 being substituted with V.

Vy K 0 0]/[o
Vs| =0 K oo (10)
Ve 0 0 K| |ov

Taking the same step as in (6) the relation between the control variables and phase
voltage on the motor is obtained and stated in (11).

Van 0 0 0] [v; E,
Upn | = V3K |cos(6;) —sin(6;) 0 vg| + 10
Ven cos(fr) —sin(62) 0] v} 0 (11)

bh=wt—06—-% , h=wt+d+7¢

One step further, by applying the Clarke-Park transformation in (1) onto both sides
of (11), the voltage relation in d-4-0 space after reconfiguration is found to be as follows:

Vs 1 0 0] [v5 1 [ 2Ea cos(wt)
vs| =K| 0 10| || +5|—2Easin(wi) (12)
Vs —cos(wt) sin(wt) 0] v} E,

which is no longer the same as the healthy case stated in (8).

Equation (12) reveals that there exists a substantial double frequency AC disturbance
on the machine winding in the d-q plane, whereas it is supposed to have all quantities in
DC. The reconfigured drive, along with modifications m1 and m2, leads to the following
observations:

Observation 1. The OPF together with reconfiguration introduces double-frequency AC distur-
bance terms appearing on the d-q plane with the magnitude being proportional to the back EMF of
the faulted phase.

Observation 2. The zero-sequence circuit of the motor is excited through the d-q voltages of the
controller (vg* and v,*), and therefore, the machine voltages on the d-q-0 plane are now coupled
under OPF.

Observation 3. The zero-sequence reference voltage on the controller side, vy*, still has no impact
on either the zero sequence or the d-q components of the machine. Therefore, it can be ignored.

As with the case of faulted PMSM discussed in [11], issue X1 is the main cause of
control performance degradation in faulted three-phase induction drive even after converter
reconfiguration. When PI controllers are used, the AC disturbance voltages disrupt the
regulation of the d-g currents, due to the inability of PI controllers to completely suppress
AC signals.

2.3. Feedforward Compensation for Fault-Tolerant Three-Phase Induction Motor Drive

From (12), it can be observed that by compensating the disturbance terms appearing
on the right-hand side of the equation, one-to-one mapping of d-g voltages between the
controller and the machine voltages will be restored. This can be done by calculating the
terms and subtracting them from the control variables in the d-q plane in a feedforward
manner, in a similar way as in [11].

2 .
Vq_ff = ﬁEﬂ cos(wt) , vy ff= RE'I sin(wt) (13)
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Alternatively, if the inverse Park transformation is applied to (12), the relation between
controller and machine variables in the stationary reference frame (x-p-0) can be simplified
as follows.

Ops 1 0 0 U;Z 1 2Ea
vps| =K[ 0 1 0f o3| +5] 0 (14)
0os -1 0 0 US E;

In this form, the disturbance terms need to be compensated in the a-8 plane, as stated
in (15).

-2
le_ff = 37KEQ ’ v,B_ff =0 (15)

Once the feedforward terms are added according to Figure 3, the AC disturbance

terms in (12) or (14) would disappear such that;

i. The C1 would hold true, and therefore, the RFOC would take over the control of the
machine, just like the healthy drive, and

ii.  Unlike the healthy drive, there would be a non-zero voltage vy; appearing on the
zero-sequence circuit of the machine that is a function of control variables.

[ Ea.(13) oR Eq. (15 |

Rotor apo —o—-

Field dq0) V¥
Oriented ok y ¥
Control apo (Yo abe [—o—--

Park’ Clarke™

Figure 3. The two alternative planes for the injection of feedforward term(s) for three-phase IM drive.

After adding the feedforward term stated in (13) or (15), the zero-sequence voltage in
postfault mode according to (12) or (14) would become

vos = —Kuvj cos(wt) + Kv sin(wt) + E; = —Kovg + E, (16)

This should be in agreement with the machine equations given in (2) at steady state.
Since Cl1 is valid after feedforward injection (i.e., Kvg* = v4, and Kv;* = v4s), the back
EMF voltage E, can be calculated by revisiting machine equations so that (16) would

become ' ' ‘ '
Rsoios + Lopios = — (Rsigs — woLsigs) cos(wt)+

‘ ) (17)
(Rsigs + w0 Lsigs + wLtpg, /Ly) sin(wt) + E,
where the current relation in postfault mode is
igs = —ig cos(wt) + iy sin(wt) = —iy (18)

Finally, by substituting (18) into (17) and neglecting the resistive terms, the steady
state representation of back EMF voltage E, is found to be as follows.

Es = —w[((¢Ls — Lo)igs + $arLm/ Ly) sin(wt) + (0Ls — Lo )igs cos(wt)] (19)

Considering the feedforward terms obtained from (13) and (19), it is made clear that the
back EMF voltage in (19), hence the feedforward term (13), is irrespective of stator resistance
value. This important relation explicitly rules out the dependency of this feedforward
compensation method on the machine temperature. Furthermore, a general analogy
between the two types of machines, i.e., induction machine and PMSM, can be established.
Due to the absence of saliency in the rotor structure of the IM, the oL; in IM are found to be
equivalent to Ly and L, of the PMSM. Likewise, the equivalent term corresponding to the
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Uds
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permanent magnet flux (Apy,) of PMSM is found to be §4,*Ly, /Ly This agreement suggests
a further extension of the discussion to be detailed on the multiphase drives.

3. Fault-Tolerant Control of Six-Phase Induction Machines
3.1. Six-Phase Induction Machine Model under Rotor Field Oriented Control (RFOC)

For multiphase machines, analysis is usually performed based on the Vector Space
Decomposition (VSD) model [33], where the machine variables can be decoupled into flux-
and-torque producing - components, non-flux-and-torque producing x-y components
and zero sequence 01-0, components. The concept of VSD transformation for multiphase
machines with different phase numbers has been well-addressed in the literature on mul-
tiphase machines [26,34,35] and hence not dealt with further in this paper for brevity. To
facilitate the subsequent discussion, a symmetrical six-phase induction machine with is
used as a case study to represent a multiphase induction machine. The VSD model for a
symmetrical six-phase induction machine controlled using RFOC is given in (20).

1
I~

N
1

—wolLg 0 0 0 0 g wIp
Rs +0Lsp 0 0 0 0 igs w g
O Rsxy + nyp O 0 O ixs O
. . 20
0 0 Ruy+Leyp O 0 ie| T 0 | Y 0
0 0 0 RsO + Lop 0 i01 0
0 0 0 0 Rso + L()P ioz i 0 i

By using rotational transformation, the a- subspace can be rotated to form the syn-
chronous d-q subspace, where the control of the machine in RFOC will be identical to that
of a three-phase machine. Therefore, the rotor flux of a six-phase machine under RFOC is
obtained in the same way as (3).

However, the x-y and 01-0; planes remain in a stationary reference frame as they are
represented by a simple R-L circuit with no coupling to the rotor flux and do not contribute
to flux-and-torque production.

3.2. Relation between Controller and Machine Variables
3.2.1. Healthy Operation

For a six-leg inverter driving a six-phase machine with star-connected stator winding
and two isolated neutral, as shown in Figure 4, the motor phase voltages are a function of
the inverter leg voltages as follows:

Vuinl 2 -1 -1 0 0 07[Vy
Opinl -1 2 -1 0 0 0 VBl
Ocinl _ 1 -1 -1 2 0 0 0 VC] (21)
vl 310 0 0 2 -1 —1||Va
Op2n2 0 0 0 -1 2 -1 VBZ
Vean2 0 0 0 -1 -1 2]|Ve

where the leg voltages of (21) are determined through six modulating signals, as per
Figure 4, in a similar condition as the three-phase case explained in (5).

(Va1 Vi1 Ver Vaz Vi Vo™ = Koy vgy vl vl 03 0] (22)

The modulating signals for the six-phase machine can be obtained by transforming
the control variables using the extended inverse Clarke transformation (for symmetrical
six-phase) as follow.
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o 1 0 1 0 14142 0 7[w
of|  |-05 0866 —05 —0.866 14142 0 | |0
vh| _|-05 —0866 —05 0866 14142 0 | |03 23)
0l 05 0866 -05 086 0 14142| |0}
ot -1 0 1 0 0 14142 |op,
0% 05 -0866 —0.5 —0866 0  14142] |07

Finally, by substituting (23) into (21)—(22) and applying extended Clarke transforma-
tion, the voltage relation in healthy operation arrives at (24) as follows.

Dus 100 0 0 0][0]
Vg 0100 0 0|0
s 00100 0]]o
Vys =Ko o010 0 vg (24)
Do1s 00000 0f|of
0025 0 000 O0TO 95, |

The relation between control variables and machine voltages for a symmetrical six-
phase machine in (24) is harmonious to (8) whereby the a- components, corresponding
to a d-g plane, are directly controllable, as well as x-y components. Moreover, the ;s and
Ugps are still uncontrollable and isolated from one another since the machine is configured
with two isolated neutrals. Till this point, the conclusions C1 and C2 are also valid for (24),
however, the postfault relation is yet to be derived.

Six-phase IM
var¥| 6Leg
Rotor |¥4* vo* | @b [ inverter |V,
Fed |v* 19/ [l 2/ Bt oy [T
Oriented . Ver*
aff — Ve
Control L%
Va2 Vi
Park™ vy ¥ V -
|05 >
§ Vi ——p ) 2
- N atbicq| Ve Ves
vort >/ azbzc)

fa1

Figure 4. Six-phase induction motor drive (two isolated neutral) with RFOC and one reconfigurable
OPF on phase a;. The signal f,; is to emulate the OPF.

3.2.2. Postfault Operation

By introducing an OPF, emulated by a switch being triggered via f,1 in Figure 4, phase
a1 gets disconnected. As stated earlier, the six-phase drives do not require any hardware
reconfiguration, as there exists a minimum DOF to control the machine in presence of an
OPE. Nevertheless, the OPF alters the relation between the leg voltage and phase voltage of
the machine, represented by the following matrix.

Vet 0 0 0 0 0 07[Va Ea

Op1nl 0 1.5 —-15 0 0 0 VBl —0.5E,11

oam| 1[0 -15 15 0 0 0 ||Va|  |-05Em

va2| 310 0 0 2 -1 —1||va| | o (25)
Vpond 0 0 0 -1 2 —1||Vm 0

Oc2n2 0 0 0 -1 -1 2 ch 0

With the connection between phase a1 and leg V 47 being open-circuited in postfault,
the remaining phases in the a1b1c; winding set will receive an AC term proportional to the
back EMF of this faulted phase, E;1, as given in Equation (25). By replacing (25) with (21)
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and repeating the steps in section III-B-1, the voltage relation in postfault for a symmetrical
six-phase machine would be given as (26).

Vs 05 0 —05 0 0 07[vi| T[05E,
Vgs 0 1 0 00 0| 0
o | . |=05 0 05 0 0 0||or 0.5E,
Vys =Ko 0 0 100 v oo (26)
Dots 0 0 0 0 0 0f|of 0
Do2s 0 0 0 0 0 0]|o] 0

Similar to (14), OPF in a six-phase machine introduces AC disturbance in the a-axis
with the fundamental frequency. It is not hard to derive that this disturbance will appear as
double frequency AC disturbances in the d-g frame (0.5 E;; cos(wt) on the d-axis, —0.5 Ezq
sin(wt) on the g-axis), analogous to what appeared in (12), which will cause the degradation
of RFOC performance. Furthermore, (26) shows that there is a coupling between «a- and
x-axes, which is similar to the coupling between &- and 0-axes for the case of the three-phase
machine in (14).

3.3. Feedforward Compensation for Fault Tolerant Six-Phase Induction Motor Drive

To cancel the disturbance due to OPF in the «-f frame, the following steps are taken:
Firstly, since the reference voltages in the a- and x-axes have opposite and equal coefficients
in (26), the reference for the x-axis is derived directly from the a-axis and set to be exactly
opposite as:

*

vy =0, , U, =0Ug (27)

By substituting (27) into (26), the disturbance in the x-axis can be eliminated by adding
a feedforward voltage to the v,* as follows.

—E
Uy ff = 7Ka1 , v =0 (28)

The implementation of (27) and (28) is illustrated in Figure 5.

Eq. (28
6 Leg
® Val*
va* Vo N af Inverter Vi
Rotor > dq T Vm zud B Vo ¥ et

b, +
Field |v,* Ve 0.0 PWM Vi
Oriented [~ " '\-D_> o A A

Ve
Control af vy Var® 4’#} %
4 || Eq. 27 L2
Park *
ar * Vb2 Vi

arbicq| Ve2,

- 101C1| e Ve
01 ¢ >/ axb.cy
Vo2 >

A4

fa1

Figure 5. The injection of feedforward term(s) in symmetrical six-phase IM drive. The signal f,; is to
emulate the OPF.

As with a three-phase machine, the feedforward term requires the knowledge of the
back EMF of the faulted phase. Through the application of (27) and (28), the voltage in
the x-axis applied to the machine after injection of the feedforward term in (26) would be
obtained as (29).

Uxs = —Kvj cos(wt) + Koy sin(wt) + E;1 = —Kvy + En (29)

Using a similar approach as in the three-phase case, the back EMF voltage E;; needs
to be derived. The voltage in the x-axis from the machine equation in (20) needs to be
substituted into (29) to get E,;1 as follows.

En = —w[((0Ls — Lyy)igs + $arLm /Ly ) sin(wt) 4+ (0Ls — Lyy)igs cos(wt)]  (30)
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Equation (30) formulates the back EMF voltage of the lost phase on S6 in terms
of the a-p parameters and operating. However, compared to three-phase IM, the zero
sequence parameters are replaced with x-y, yet independent of stator resistance value.
The effectiveness of the derived feedforward terms for symmetrical three- and six-phase
machines is verified in the following section.

4. Results and Discussion

This section demonstrates the results of an experimental test conducted for the ef-
fectiveness and robustness validation of the proposed feedforward fault-tolerant control
methodology. The experiment is performed using symmetrical three- and six-phase IM
drives with the details given in Table 1. As shown in Figure 6, the motors are mechanically
coupled with a passive load (1.8 kW PMSM feeding an adjustable resistor bank) and an
incremental encoder (resolution 5000 pulse/rev) that is used to feedback on the speed.
The phase current of the motor is measured through a six-channel current sensor (based
on LEM current transducer). The motors are powered by a six-leg custom-made 12 kW
inverter being supplied from a DC power supply (TDK Lambda GEN600-8.5). The RFOC
control is implemented on the dSPACE DS1103 digital controller with a 5 kHz switching
frequency.

Table 1. kW three-phase and 0.55 kW symmetrical six-phase induction motors.

3-Phase IM 6-Phase IM
Power 1000 W 550 W
Phase Voltage 220V 240V
Phase Current 2.7 A 145 A
Speed 2800 RPM 1390 RPM
Frequency 50 Hz 50 Hz
Magnetizing Inductance Lm 490 mH 420 mH
Stator Leakage Inductance Lls 13 mH 6 mH
Stator Leakage Inductance Lxy - 3.6 mH
Rotor Leakage Inductance Llr 13 mH 78 mH
Rotor Resistance 590 5.77 Q)
Flux Current, ig 14 A 0.75 A

Figure 6. The experimental test rig for three-phase and six-phase induction motor drives under OPF.
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The experiment is started by running the motors in healthy operation and after a while,
a trigger signal is manually generated by the user to emulate the OPF using relay contacts.
For the case of three-phase the modifications m1 and m2, as described in Figure 2b, are
executed instantaneously together with OPFE.

Figure 7 illustrates the transient section before and after OPF happening to the three-
phase IM drive described in Figure 2b whereby both m1 and m?2 are executed. Being in
the postfault mode, the feedforward term shown in Figure 7b is calculated according to
(15) and injected at t = 0.2 s. The irregularity of the phase currents before injection of the
feedforward term, shown in Figure 7c, is highlighting the inability of the conventional
PI current controller even if the DOF is more than 2. This is because the PI controller in
the context of FOC is designed to handle DC quantities only. However, after t = 0.2 s the
disturbances originating from OPF are canceled out by injecting the feedforward voltage.
It eventually allows disturbance-free operation of the RFOC re-enabling the two PI current
controllers to track the set point. From 0.2 s onward in Figure 7c, the waveform of phases b
and c start to become equal in magnitude and 60 degrees apart to generate circular rotating
MMF with two windings only.

a,
. @ - -
a el

Voltage (V)
o
o o

o
[$)]
T

'
-

(b)

Voltage (V)
o

N

0 0.2 0.4 0.6 0.8 1
Time (s)

ARAAN

Current (A)
o

Figure 7. Postfault experimental result for the three-phase IM drive with feedforward injected at
0.2 s: (a) a-B voltage, (b) feedforward voltage, (c) phase and neutral current.

The experimental results show that feedforward injection successfully cancels out the
disturbance, and hence, enables the current controller to regulate the circular trajectory
of the a-B current, as illustrated in Figure 8a (highlighted by a circle). Unlike the healthy
operation, the Figure 8b shows the elliptical shape of reference a- voltage that has been
supplied to the motor to have a circular trajectory of the a-f current in postfault mode.
From the perspective of a rotating reference frame, the feedforward injection eventually
blocks the severe double frequency oscillations in d-g current as well as mechanical speed,
as depicted in Figure 9. Using the same approach as the three-phase IM, the symmetrical
six-phase IM is driven in healthy mode first and one OPF is created on phase a; by means of
relay contact. The waveform in Figure 10b shows the feedforward voltage that is obtained
using (30) and has been injected according to (28) at t = 0.2 s. Due to OPF being phase a;
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and the neutral configuration of the drive, the phase current of b; and ¢ are forced to have
equal and opposite magnitude, however, by implementing (27) together with feedforward
injection from (28) at t = 0.2 s, the phase current of the set 2 is regulated to be unequal to
restore circular current trajectory in the a-f plane, as illustrated in Figure 11a.

2 —A—B —A—B
0.5
1
> N
NS (-
“30 * 0
J =
-1
-0.5
2
2 1 0 1 2 0.5 0 0.5
i (A) v,* (V)

Figure 8. Trajectory of the current and voltage in a-p frame. A: before injection of feedforward, B:
after injection of feedforward for three-phase IM.

Current (A)
N

-

(b)

7§ 1050

=
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()
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9 950

1100

©

o

o
o

0.2 0.4 0.6 0.8 1

Figure 9. Postfault waveform of (a) the d-q current and (b) mechanical speed from the three-phase
IM drive before and after feedforward injection at 0.2 s.

The suppression of double frequency AC oscillations in d-g current as well as me-
chanical speed in Figure 12 confirms the effectiveness of feedforward compensation on
the S6 machine. It should be highlighted that feedforward compensation in the case of
multiphase machines helps to remove AC disturbance terms caused by OPE. However, the
speed oscillations of the symmetrical six-phase machine in Figure 12b due to one OPF are
comparably lower than the three-phase counterpart in Figure 9b. This is one of the claimed
advantages of multiphase drives in terms of fault tolerance which has been well-addressed
in the literature. On top of tolerating the OPF fault in a feedforward manner, additional
current control methods might be applied for multiphase drives to run the motor in max-
imum torque or minimum loss mode. However, this is not the case for the three-phase
drives with an OPE.



Energies 2023, 16, 51 14 of 17

(a

\v/“v/‘\v/‘\v/r\"/\V/\VlsVi\Vl\\'/\V/\Vl\V/\Vi\WVtMW

Voltage (V)
o

0 0.2 0.4 0.6 0.8 1
(b)

0 0.2 0.4 0.6 0.8 1

Voltage (V)
o

4 (c) -
%zAAAAAAAAAAAK;?XquRA
§2vvvvvvvvvvvvvvvvvvv
S ZL X
ggw WWMW

4

0 . 4 0.6 0.8 1
Time (s)

Figure 10. Postfault experimental result for the symmetrical six-phase IM drive with feedforward
injected at 0.2 s: (a) a-B and x voltage, (b) feedforward voltage, (c) phase current of setl, (d) phase
current of set 2.
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Figure 11. Trajectory of the current and voltage in a-B frame. A: before injection of feedforward, B:
after injection of feedforward for symmetrical six-phase IM.
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Figure 12. Postfault waveform of (a) the d-q current and (b) mechanical speed from the symmetrical
six-phase IM drive before and after feedforward injection at 0.2 s.

5. Conclusions

In this paper, a generic analytical method is proposed to formulate the governing
variables of FOC-driven AC drives under healthy and faulted conditions. This method
considers the imposed and mandatory changes to the drive after OPF, if any, to specify how
the control variables would be reflected in the machine terminals. The feedforward terms
are subsequently derived based on a comparison of postfault relation to the healthy mode.
The proposed method explicitly and generically formulates the feedforward terms to cancel
out the undesired AC oscillatory terms expressed in both rotating and stationary reference
frames. The experimental results of the symmetrical three- and six-phase machines verify
the effectiveness of the proposed analytical method. Besides, the following salient findings
can be noted:

e  The feedforward compensation method, previously introduced for three-phase PMSM,
has been re-derived in a generic way and applied to three-phase induction machines.

e  The feedforward compensation on the stationary a-f reference frame is introduced
instead of the d-q frame to make it immune to any error due to rotational transforma-
tions.

e  The concept of feedforward compensation is further extended to multiphase induction
machines, using a symmetrical six-induction machine as an example.

e It was shown that the feedforward term for a multiphase machine, like its three-
phase counterpart, is a function of the back EMF voltage of the faulted phase, and
independent of stator resistance value.

The future line of this study includes an investigation of the rapid fault detection
schemes [36] incorporating the impact of small transient oscillation and DC offset [34] to be
embedded into industrial drives, as well as commercial EVs [35,37].
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Nomenclature
AC Alternating current
DC Direct current

DOF Degrees of freedom

DSRF Double synchronous reference frame
FOC Field-oriented control

FTC Fault-tolerant control

MMF  Magnetomotive Force

OPF Open-phase fault

PMSM  Permanent magnet synchronous machine
RFOC  Rotor field-oriented control

56 Symmetrical six-phase
SRF Synchronous reference frame
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