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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 aircraft, 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. 
Key words: double star induction machine, active redundancy, field-oriented control, reliability. 
 

Вступ. Безпека експлуатації частотно-регульованого приводу має першорядне значення в таких галузях промисловості, як 
електроприводи для суден, залізничного транспорту, електромобілів та літаків, де надійність, ремонтопридатність та безпека 
є головними пріоритетами. Проблема. Одним із рішень для підвищення готовності частотно-регульованого приводу є 
використання асинхронного двигуна з подвійною зіркою (DSIM). Цей двигун може забезпечувати активне чи пасивне 
резервування. Резервування активно, якщо обидва перетворювачі працюють одночасно, і відмова одного з них не впливає на 
роботу системи. Пасивне резервування пасивне, якщо працює лише один перетворювач, а другий перебуває у резерві; останній 
працюватиме лише у разі відмови першого. Мета. Підвищення готовності DSIM завдяки роботі в режимі активного 
резервування системи живлення машини. Методика. Використання скалярного керування для управління системою живлення 
машини в режимі активного резервування. Результати моделювання з використанням скалярного управління показали 
необхідність оснащення управління поділом змінних, що відповідають за намагнічування машини та створення крутного 
моменту. Далі використовується полеорієнтоване управління (FOC) для забезпечення повторного підключення перетворювача 
після відмови для роботи в режимі активного резервування без ризику значних пульсацій крутного моменту. Наукова новизна. 
Для підвищення готовності перетворювача частоти реалізовано оригінальну стратегію управління для повторного підключення 
відремонтованого несправного перетворювача, що дозволяє відремонтованому перетворювачу відновити роботу приводного 
двигуна. Ця стратегія управління заснована на специфічному використанні FOC для повторної синхронізації вихідної частоти 
відремонтованого перетворювача зі швидкістю двигуна. Результати продемонстрували цінність векторного управління в 
кожній зіркоподібній системі електропостачання для запобігання перехідним струмам на вході другого перетворювача шляхом 
синхронізації частоти двох перетворювачів зі швидкістю ротора. Практична цінність. Створено експериментальну модель на 
основі DSIM для перевірки роботи системи в режимі активного резервування. Активне резервування забезпечує підвищення 
надійності перетворювача частоти і значно покращує коефіцієнт готовності навантаження, оскільки відключення одного з двох 
перетворювачів після відмови не впливає на роботу машини. Бібл. 17, табл. 2, рис. 13. 
Ключові слова: асинхронна машина з подвійною зіркою, активне резервування, полеорієнтоване управління, надійність. 
 

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.  

 
N 

a 
Single star point

N1 

N2 

N1 

N2 

b 
Isolated double star point 

c 
No star point 

d 
Double star point  

Fig. 1. Six phases induction machine 
 

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. 
 

Network 
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 Rectifier II  VSI 2 
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T22 T23 

T’21 T’22 T’23 

T21 

DSIM 
3 ~ 

Switch device 

 
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 Tr = kn. We considered the 
disconnection of converter 2 following a failure, then its 
reintegration into the machine power supply.  
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Fig. 3. Simulation of the converter 2 reconnection after the 

power supply failure of star 2 for a load torque Tr = kn 
 

The operation consists of a start cycle between t = 0 
and t = 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: Rr, Rs are the rotor and 
stator resistances; Mss is the mutual inductance between 2 
stars of the stator; Msr1 is the mutual cyclic inductance 
between star 1 and rotor; Msr2 is the mutual cyclic 
inductance between star 2 and rotor; Ls, Lr are the stator 
and rotor cyclic inductances; Te is the electromagnetic 
torque; TL 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, q) orthogonal axes 
reference frame running at ωdq. The decoupling between the 
torque and the flux are be accomplished by properly 
aligning the rotor flux vector along the d-axis. 

Sα1 ψ θdq 

Sα2 

Vsq1 

Vsd1 Vsq2 

d 

q 

Vsd2 

Vrq 
Vrd 

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

 

The mathematical flux model is written in (d, q) 
reference frame, and described as: 
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where X(t) = [sd1, sq1, sd2, sq2, rd, rq]
t is the state 

vector; U(t) = [U1, U2]
t = [Vsd1, Vsq1, Vsd2, Vsq2]

t is the 
control vector; Y(t) = [Isd1, Isq1, Isd2, Isq2]

t is the output 
vector; rd, rq are the direct and orthogonal components 
of the rotor flux; Isd1, Isq1, Isd2, Isq2 are the direct and 
orthogonal components of star 1 and star 2 current; sd1, 
sq1, sd2, sq2 are the direct and orthogonal components of 
star 1 and star 2 flux; Vsd1, Vsq1, Vsd2, Vsq2 are the direct and 
orthogonal components of star 1 and star 2 voltages; ψ is 
the shifting angle between 2 stars of the stator; θdq is the 
displacement between d-axis and the α1-axis of the star 1 of 
the stator; (θdq – ψ) is the displacement between d-axis and 
the α2-axis of the star 2 of the stator; (θdq – θ) is the 
displacement between d-axis and the α-axis of the rotor. 

The state matrix is determined as: 
[A(, dq)] = –([R][Ld,q]

–1 + [W]);          (2) 
[C] = [Ld,q]

–1;                           (3) 
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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 
[Ld,q]f1 the terms involving Msr1 and Mss can be ignored. 

Similarly, in the inductance matrix [Ld,q]f2 the terms 
involving Msr2 and Mss can be ignored in case of the 
disconnection of star 2 stator winding: 
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The control reintegration of 
repaired VSI. The block diagram 
of DSIM with FOC strategy is 
given on Fig. 5. The control 
system is divided in 2 redundant 
three phase subsystems; this 
allows a fault tolerant capability. 
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Fig. 5. The block diagram of DSIM with FOC strategy 
 

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 Isd1, Isq1 and Isd2, Isq2. In a large speed 
range, rotor flux rd is kept at constant nominal values 
controlling direct axis currents isd1 and/or isd2.  

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 
drive 

Speed reference 
Rotor flux 
references 

Inverter 1 up 
Inverter 2 up 

ref1 = n 
ref2 = n 

rdref1 = n/2 

rdref2 = n/2 

Inverter 1 up 
Inverter 2 down 

ref = n/2  if  TL = k 
ref = n/ 2   if  TL = k2 

rdref1 = n 

Inverter 1 down 
Inverter 2 up 

ref = n/2  if  TL = k 
ref = n/ 2   if  TL = k2 rdref2 = n 

Inverter 1 down 
Inverter 2 down 

0 0 
 
 

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, q) plane aligned 

with the rotor flux in 4 operating inverters states 
State of motor 

drive 
Electromagnetic torque Te; 

Field speed dq 
Rotor flux rd(p)
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Inverter 2 up 
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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 ≤ t < 0.2 s: machine fluxing provided by the 2 currents 
Isd1, Isd2 the reference fluxes are rdref1 = rdref2 = 0.5n. 
2) for 0.2 ≤ t < 0.8 s: acceleration from 0 to 1460 rpm. 
3) for 0.8 ≤ t < 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 Isd1 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 ≤ t < 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 t ≥ 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 kn2. 
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Fig. 6. Simulation of the fault in inverter 2 with Tr = kn 

 

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  
IM  

(30°) 

 
Fig. 7. Experimental 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 1st star and 
stator current in the 2nd star after fails and after 
reintegrated of inverter 2 are given in Fig. 9. 
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Fig. 8. Voltage between 2 phases of the 1st star and the 2nd star 

before and after fails and after reintegration of inverter 2 
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Fig. 9. Voltage between 2 phases of the 1st 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. 
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Fig. 10. Voltage between 2 phases of the 1st star and stator 

current in the 2nd stator before and after fails 
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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 

 

 
 

 

V
s2

1–
V

s2
2 

I s
21
 

 
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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