UDC 621.314 https://doi.org/10.20998/2074-272X.2025.6.04

S. Guizani, A. Nayli, F. Ben Ammar

Fault-tolerant control of a double star induction machine operating in active redundancy

Introduction. The operating safety of a variable-speed drive is of paramount importance in industrial sectors, such as electric propulsion for
ships, rail transport, electric cars, and aircrafi, where reliability, maintainability, and safety are top priorities. Problem. One solution to
improve the availability of a variable-speed drive is the use of a double star induction machine (DSIM). This machine can provide active or
passive redundancy. Redundancy is active if both converters operate simultaneously, and the failure of one of them does not affect system
operation. Passive redundancy is passive if only one converter is operating and the 2nd is on standby, the latter will only operate if the first
fails. Goal. Improving the availability of a DSIM by the operation in active redundant of the machine supply system. Methodology. Use
scalar control to control the machine power system in active redundancy. Simulation results with this scalar control demonstrated the need
to equip this control with a decoupling of the variables responsible for machine magnetization and torque production. Field-oriented control
(FOC) is then used to ensure the reconnection of a converter after a failure for active redundancy operation, without the risk of significant
torque ripples. Scientific novelty. To increase the availability of the variable speed drive, an original control strategy for reintegrating the
repaired faulty inverter is implemented to allow the repaired inverter to resume operation of the drive motor. This strategy control is based
on the specific use of FOC to resynchronize the output frequency of the repaired inverter with the motor speed. Results. The results
demonstrated the value of vector control in each star power supply system to avoid transient over currents at the input of the 2nd converter,
by synchronizing the frequency of the 2 converters to the rotor speed. Practical value. An experimental model around a DSIM is set up to
validate the active redundancy operation of the system. Active redundancy provides the variable speed drive with an increase in the
reliability of the variable speed drive and significantly improves the availability rate of the driven load, since the disconnection of one of the
2 converters following a failure does not affect the operation of the machine. References 17, tables 2, figures 13.
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Bcemyn. besnexa excniuyamayii 4acmomHo-pe2yiv08aHo20 NPUBOOY MAE NEPUIOPAOHE 3HAYEHHSA 8 MAKUX 2aY3AX NPOMUCTIOBOCHI, AK
eeKmponpugooU O CyoeH, 3ali3HUYHO20 MPAHCNOPNLY, eNEeKMPOMOOINie ma Nimaxis, 0e HAOIHICMb, PeMOHMONPUOAMHICIL Ma be3nexa
€ eonosnumu npiopumemamu. IIpoénema. Oonmum i3 piwenv 01 NIOBUWEHHA 2OMOBHOCHI UYACMOMHO-PESYIbOBAHO20 NPUBODY €
BUKOPUCIAHHA  ACUHXPOHHO20 08u2yHa 3 noositinoio 3sipkoio (DSIM). Lleii Osucyn modce 3abesneuysamu axmueHe 4Yu NACUBHE
pesepeysanns. Pesepeysanhs akmugHo, aKujo o0UO8a nepemeopiosayi npayioionb 00HOYACHO, | 6i0MOBA 0OHO20 3 HUX HE 6NIUBAE HA
pobomy cucmemu. Tlacusne pezepgysaniis nacusie, AKWO NPAYIOE Tuie 0OUH nepemeopiosay, a opy2uil nepedyeac y pesepesi; ocmanmiil
npayrosamume auuie y pasi iomosu nepuioco. Mema. Iliosuwenns zomoenocmi DSIM 3a60sxku pobomi 6 pedxcumi axmueHoz2o
pesepeysanis cucmemu dcuenenns mawiunu. Memoouka. Buxopucmants ckansapHo20 KepyBanHsi ONisl YAPAGTIHHA CUCIEMOIO JICUGTIEHHS
MauiuHy 8 pedcuMi aKmueHo2o pesepsyéants. Pesynbmamu mo0emosanHs 3 GUKOPUCMAHHAM CKAAPHO20 YAPAGIIHHA NOKA3GMU
HeOOXIOHICMb OCHAWEHHSL YNPAGTIHHA NOOLIOM 3MIHHUX, WO 6IONOGIOaiomb 34 HAMAZHIYY8AHHS MAWUHU MA CMEOPEHHS. KPYMHO20
momenmy. Jlani euxopucmosyemucs honeopienmosane ynpagiuinna (FOC) ona 3abe3neuents nosmopHo2o niokmouents nepemeoposasa
nicas 6ioMo8u 0151 pobomu 8 pedtcuMi aKMmuUGHO20 pe3epeyeanHs be3 pusuKy 3HauHux nyavcayii kpymuozo momennmy. Haykoea nosusna.
Mna nioguwenns 20mogHOCmi nepemsopiosaia Yacmomu peanizoeaHo OpULIHALHY CIPAMeziio YAPasiiHHa Ol NOGMOPHO20 NIOKIIOYEHHS!
8IOPEMOHMOBAHO20 HECHPABHO20 NePemBeopiosaya, wo 003B0JAE GIOPEMOHMOBAHOMY Nepemeoplosaty GiOHOBUMU pPOOOMY NPUBOOHO2O0
osueyHa. Lla cmpamezisi ynpasninns 3acHosana Ha cneyugiunomy euxopucmanni FOC 0ns noemopHoi cunxporizayii suxionoi wacmomu
8I0peMOHMOBano20 nepemeopiosaya 3i wieuokicmio osucyua. Pezynemamu npooemoncmpyeanu yinnicmb GeKMOPHO2O YNPAGNIHHA 6
KOJMCHILl 3ipKONOOIOHIL cucmeMi eneKmponocmayants O 3anobieants nepexionum cmpymam Ha 6xo00i 0py2020 Nepemseopro6aya Wiaxom
CUHXpOHI3ayii yacmomu 080X nepemeopiosayis 3i weuokicmio pomopa. Ilpaxmuuna yinnicms. Cmeopeno excnepumeHmanbHy mMooeins Ha
ocrogi DSIM 0Ona nepegipxu pobomu cucmemu 8 pedxicumi akmusHo20 pe3epgysanis. Akmusne pesepsyeanHs 3adesneqye nioGUieHHs
HAOIIHOCMI NePemaopiosaia Yacmomu i 3HAYHO NOKPAWLYE KOepiyicHm 20mo6HOCME HABAHMANCEHHSL, OCKLIbKU GIOKTIOUEHHS 00HO20 3 080X
nepemeoplosaia nicisi 6iomosu He enausac na pobomy mawiunu. biomn. 17, rabmn. 2, puc. 13.

Knrouosi cnosa: acHHXpOHHA MAIIMHA 3 NO/ABIIHOIO 3ipPKOI0, AKTHBHE pe3epPBYBAHHS, 110J1€0Pi€HTOBAHE YIIPABJIiHHSA, HAXIIHICTD.

Introduction. In the speed drive applications (pumps,
fans, extruders, railway traction, drive of the compressors
in the methane tankers, electric propulsion of the ships etc.)
[1-3], the use of multiphase or multi-stars asynchronous
machine offers multiple redundancy degrees [4—6], since
the loss of one star does not stop the machine. For motors
and drives for surface ship propulsion, particular attention
is paid to the separation of the phases, motor and inverter
connection scheme [7]. As consequence of complete
separation between the phases, the loss of any motor or
inverter phase will not jeopardize the remaining phases and
continue operation at reduced load.

In the case of 6 phase induction machine, different
configurations are possible. In Fig. 1,a the stator can be
realized with a single star point with a 6 independent
armature currents [8, 9]. As shown in Fig. 1,b, to avoid
the 3rd harmonics, the 6 stator windings can be combined
into 2 three phase windings; the star points are kept
isolated with 2 pairs of independent stator currents.

In the asymmetrical stator windings structure the
2 three phase windings are spatially shifted by 30°.

The  symmetrical winding  structure  with
displacement between any 2 consecutive stator phases is

60° [10, 11]. It’s shown by that non shifted star windings
are preferred to have a weak magnetic coupling between
stars. Figure 1,c shows the configuration in which each
phase is electrically insulated from the others for
independent control; each phase is supplied with H-bridge
voltage source inverter (VSI). In Fig. 1,d the 2 stator
windings are not mutually coupled, this aim can be
accomplished if the 2 stator windings are designed with a
different number of poles.

ToaE

Single star point
Fig. 1. Six phases induction machine

Isolated double star point No star point Double star point

As shown in Fig. 2, the drive-motor configuration
employs 2 identical pulse-width modulation VSIs to supply
the double star induction machine (DSIM) [12—14]. The
failure that may involve VSI can take place either in the
diodes of the rectifier, in the DC link capacitors and the
switches of the inverter or in their gate control circuit.
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Note that the reliability level is increased if the IGBT
driver uses differential signal processing to provide a high
level of signal integrity and high noise rejection. For
example, with the over voltages, especially those that
occur during a short-circuit turn-off, are reduced by the
IGBT driver like Skyper 52 of Semikron, using intelligent

turn-off control to switch the power transistor slowly.
Rectifier I ann, VSI 1
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Fig. 2. DSIM supplied by 2 VSI

To detect the failure inverter, the controller receives
feedback from each gate drive IGBT signals. If the fault is
detected, then the inverter can be disconnected and
electrically isolated from the corresponding star stator
winding while continuing to operate using the healthy
inverter. In case of failure in one inverter the motor will
be driven with up to half of maximal torque. The faulty
inverter can be repaired or replaced and reintegrated into
the system without over-voltage or over-current.

The goal of this work is to improve the availability of
a DSIM by the operation in active redundant of the
machine supply system.

The scalar control. Figure 3 shows the simulation
for a load torque of the form 7, = kn. We considered the
disconnection of converter 2 following a failure, then its
reintegration into the machine power supply.

1500 2 1P
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Fig. 3. Simulation of the converter 2 reconnection after the
power supply failure of star 2 for a load torque 7, = kn

-200

The operation consists of a start cycle between ¢ = 0
and ¢ = 0.6 s. At t = 1.2 s we disconnected converter 2
supplying the 2nd star following a failure. The speed is
then reduced to 50 % of the nominal speed. At time
t = 2.5 s, we simulated the reconnection of converter 2.

The parameters of DSIM are: R,, R, are the rotor and
stator resistances; M, is the mutual inductance between 2
stars of the stator; M, is the mutual cyclic inductance
between star 1 and rotor; M, is the mutual cyclic
inductance between star 2 and rotor; L, L, are the stator
and rotor cyclic inductances; 7, is the electromagnetic
torque; 77 is the load torque; p is the number of pole pairs.

Preliminary results have shown significant ripples in
the torque and stator currents during the reconnection of the
2nd star. Scalar redundancy therefore does not allow for the
reintegration of the repaired converter.

To increase the availability of the variable speed
drive, an original control strategy for reintegrating the
repaired faulty inverter is implemented to allow the
repaired inverter to resume operation of the drive motor.
This strategy control is based on the specific use of field-
oriented control (FOC) to resynchronize the output
frequency of the repaired inverter with the motor speed.

The model obtained by using Park’s transformation
(Fig. 4) is undoubtedly the best adapted for the description
of the DSIM behavior at the transient, as well as steady state
operation [14—16]. The control strategy and fault manager
software of the double stator supplied by redundant VSIs
are realized in the field rotating (d, ¢g) orthogonal axes
reference frame running at w,,. The decoupling between the
torque and the flux are be accomplished by properly
aligning the rotor flux vector along the d-axis.

q

Fig. 4. The DSIM in (d, q) frame

The mathematical flux model is written in (d, q)
reference frame, and described as:

dx
O .04 JlxO1+ 18100 "

(1 =[clx .
where X(¢) = [Dua1, Doty Py Doy Pra, Dyy)' is the state
vector; U(t) = [Uy, Us]' = [V, Vigts Vears Vigol' is the
control vector; Y(t) = [Lai, L1, L, ]qu]z is the output
vector; @,4, @,, are the direct and orthogonal components
of the rotor flux; Ig, Ly, L, I are the direct and
orthogonal components of star 1 and star 2 current; @,
D1, Dy, Dy are the direct and orthogonal components of
star 1 and star 2 flux; Vi, Vg1, Viaa, Vige are the direct and
orthogonal components of star 1 and star 2 voltages; v is
the shifting angle between 2 stars of the stator; 0, is the
displacement between d-axis and the a;-axis of the star 1 of
the stator; (64, — y) is the displacement between d-axis and
the op-axis of the star 2 of the stator; (0, — 0) is the
displacement between d-axis and the a-axis of the rotor.
The state matrix is determined as:

[A(®, @4)] = ~([RI[Lgg] ™" + [WD); @)

[C]=[Lag] s E))
L 0 My, 0 My O
0 Ls 0 Mss 0 Msrl
L, ]- My 0 L 0 Mg, o [-4
4 0 Mss 0 Ls 0 Msr2
Msrl 0 Msr2 0 Lr 0
| 0 My 0 Mg, 0 L |
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In case of failure in VSI 1, it could be disconnected
from star 1 of stator winding. In the inductance matrix
[Lagln the terms involving M, and M, can be ignored.

Similarly, in the inductance matrix [L,,], the terms
involving M, and M, can be ignored in case of the
disconnection of star 2 stator winding:

ﬁ>

Fig. 5. The block dlagram of DSIM with FOC strategy

[ L 0 0 0 0 i
0 L, 0 0 0
[L ] _ 0 0 Ly 0 Mg, : (5)
daliT| o 0 0 L, 0 Mgy,
0 0 M, 0 L, 0
| 0 0 0 M, 0 L. |
L, 0 0 0 My 0 ]
0 LS 0 0 0 Msrl
0 0 L 0 0 0 |.
Ligl., = s ;(6)
| d’q]ﬂ o 0 0 L 0 0
My, O 0 0 L 0
0 Mg, 0 0 0 L |
(R, 0 0 0 0 O]
0 R, 0 0 0 0O
0O 0 R O O O]
[R]: S > (7)
0 0 0 R 0 O
0 0 0 0 R 0
0 0 0 0 0 R|
[0 -y O 0 0 0 ]
wy 0 0 0 0 0
[W]: 0 0 0 —Cl)dq 0 0 ; (8)
0 0 @y O 0 0
o 0 0 0 0 —(og-o)
0 0 0 0 oy-o 0
(1 0 0 0] The control reintegration of
0100 repaired VS!. The block diagram
of DSIM with FOC strategy is
0010 . .

[B]= given on Fig. 5. The control
0001 system is divided in 2 redundant
0000 three phase subsystems; this
0 0 0 0] allows a fault tolerant capability.
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The feedback regulators are working in coordinates
which rotates synchronously with the rotor flux in all
operating modes; the direction of axis d is always
coincident with the rotor flux representative vector. The

measurements stators current are transformed to field-
oriented quantities Iy, Iy and Ly, Iyp. In a large speed
range, rotor flux @, is kept at constant nominal values

controlling direct axis currents iy, and/or isy.
Table 1 shows speed and rotor flux references in
different operating inverter states.

Table 1

Speed and rotor flux references in different operating

State of motor Rotor flux
. Speed reference
drive references

Inverter 1 up Wrep = W, Drgron = Dyl2

Inverter 2 up Wrepp = ), Drigren = D2

Inverter 1 up W= @,/2 if T; = ko o — @
Inverter 2 down | @,,= @,/2 if T, = ko’ rdrefl — ©n
Inverter 1 down W= @,/2 if T, =ko o o

Inverter 2 up Orop= w2 if T, =kd? rdref2 = Pn
Inverter 1 down 0 0
Inverter 2 down

Table 2 shows the electromagnetic torque, the speed
of rotor flux vector and the magnitude of rotor flux in all
operating configurations.

Table 2
Electromagnetic torque and rotor flux in (d, ¢) plane aligned
with the rotor flux in 4 operating inverters states

State of motor | Electromagnetic torque 7,; | Rotor flux @,(p)
drive Field speed ay,
3M,.p@,
Te _ srPPrd (1“[1 +1\'q2)
2L, : ) M.,
Inverter 1 up r srl (1 I X )
sdl TLsq AP
Inverter 2 up M, ( 1+T,.p
Oyy = O+ e le *1342)
r*rd
T = 3Mg1p Py I
e S
Inverter 1 up 2L, ! M, ()
Inverter 2 down . 1+7.p ¥
a)dq =w+ 1Sq1
rrd
T = 3M 2P ]
e
Inverter 1 down 2L, Mg,y
Lo (p)
Inverter 2 up M, 1+T.p
Wgy =0+ ——Ig»
T, (prd
Inverter 1 down 0 0
Inverter 2 down

The results simulation (Fig. 6) shows the active
redundancy operation of the system using the
reconfiguration and reintegration control strategy of the
repaired inverter is based on the special use of the FOC
[14—-16]. The operating description is as follows:

1) for 0 <¢< 0.2 s: machine fluxing provided by the 2 currents
L1, Ly the reference fluxes are @,yen = Doy = 0.5 D,

2) for 0.2 <t < 0.8 s: acceleration from 0 to 1460 rpm.

3) for 0.8 << 1.49 s: machine operation at nominal speed.
4) at t = 1.49 s: fault in converter 2.

5) for 1.49 <t < 1.59 s: the current I of the healthy star
winding is controlled to impose the required rotor flux.
The motor must be controlled at half speed.

6) for 1.59 <¢<2.1 s: deceleration from 1460 to 730 rpm.
7) for 2.48 <t < 3.1 s: once the faulty converter is replaced
or repaired, it will attempt to return to normal operation.
The prerequisite for the repaired converter to return to a
healthy state is for the output frequency to be
resynchronized with the motor speed.

8) for # > 3.1 s: machine operation at nominal speed.

In active redundancy operation, the converters are
sized for a power 0.5P. Thus, in degraded mode, the speed
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is reduced to 50 % or 70 % of the nominal speed depending
on whether the torque is in the form of kn or kn’.
djrdreﬂ — I(prdl, Wb
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Fig. 6. Simulation of the fault in inverter 2 with T, = n

Experimental results. In Fig. 7 the experimental
platform shows the DSIM shifted by 30 el. degrees of 1.5 kW
power feeding by 2 VSI using Spartan 3E FPGA board [17].

Double star

Fig. 7. Expérimental platform

The obtained experimental results of the active
redundant operating mode of supply system of the DSIM

are shown in Fig. 8—13. The voltage between 2 phases of
the 1st and the 2nd star before and after fails and after
reintegration of inverter 2 are shown in Fig. 8.

The voltage between 2 phases of the Ist star and
stator current in the 2nd star after fails and after
reintegrated of inverter 2 are given in Fig. 9.

T ; r A ; ; :

V.v]]‘VylZ

T

Vle@VsZZ

hi SDD 'U' : (hZ SO0 W : M1Dﬁms ( 1 J:
Fig. 8. Voltage between 2 phases of the 1st star and the 2nd star
before and after fails and after reintegration of inverter 2

chi B0 W BCha| T MOTOOmS ehi
Fig. 9. Voltage between 2 phases of the st star and stator current in
the 2nd star before and after fails and after reintegration of inverter 2

The voltage between 2 phases of the 1st star and stator
current in the 2nd star after fails and after reintegrated of
inverter 2 are shown respectively in Fig. 10, 11.

The voltage between 2 phases and stator current in
the 2nd stator after fails of inverter 2 are given in Fig. 12.

The voltage between 2 phases and stator current in the
2nd stator after reintegrated of inverter 2 are given in Fig. 13.

Vsll_VSIZ

'ajﬂl:l \."' - lChZi “Z w M El:-ll'l'ls C 1 -':
Fig. 10. Voltage between 2 phases of the 1st star and stator
current in the 2nd stator before and after fails

] S0 v i3 Ll M Bhms hi o~
Fig. 11. Voltage between 2 phases of the 1st star and stator current
in the 2nd stator before and after reintegrated of inverter 2
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Fig. 12. Voltage between 2 phases and stator current
in the 2nd stator before and after fails of inverter 2
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Fig. 13. Voltage between 2 phases and stator current

in the 2nd stator before and after reintegrated of inverter 2

Conclusions. The aim of this work was the DSIM
supplied by redundant VSIs improves reliability, availability
and safety of the system since the loss of a one star does not
stop the motor. A control strategy by reintegration of the
repaired faulty inverter increases system survivability by
allowing the faulty inverter to resume operation of the drive
motor. The 1st strategy based on scalar control demonstrated
its weaknesses in terms of torque and stator current during
converter reintegration. To address these weaknesses, the
2nd strategy was used. This reintegration control strategy
relies on the specific use of FOC to resynchronize the output
frequency of the repaired inverter with the motor speed.
Simulation results of FOC of the active redundancy
operation of the DSIM power supply demonstrated a good
solution for fault-tolerant control. Indeed, the reintegration of
repaired inverter gave for the 1st control strategy a current
peak of 200 A (maximum value) whereas with the fault-
tolerant control strategy, the current gradually goes from 0 to
100 A (maximum value), then it stabilizes at its nominal
value. This is also true for the torque.

Experimental results on a 1.5 kW DSIM are
performed to demonstrate the ability of a fault-tolerant
architecture to improve availability.
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