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 The article is introducing a new control technique for the 7-phase permanent 
magnet synchronous motor (PMSM) drive to enhance its robustness against 
the failure of phases ‘a’ and ‘c’ in addition to the failure of the encoder 
occurring simultaneously. The article is firstly developing a new multi-
dimension space vector pulse width modulation (SVPWM) technique as a 
part of the fault-tolerant control technique (FTC) to control the magnitudes 
and angles of the motor’s current after the failures of phases ‘a’ and ‘c’. 

Moreover, the paper is developing another FTC to obtain a sensorless 
operation of the 7-phase motor after the failure in the encoder while the 
phase ‘a’ and ‘c’ are faulted based on the tracking of the saturation saliency. 
Simulation results prove that the ripple in the speed post the three failures 
was maintained to be less than 10 rpm compared to 2 rpm when the 7-phase 
drive is running without faults. In addition to that, the results demonstrated 
that the motor responded to instant changes in speeds and loads with a 
dynamic response very close to that obtained when the 7-phase motor ran 

under healthy operating conditions. 
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1. INTRODUCTION 

Multi-phase machines have a remarkable advantage in many industrial applications. For example, it 

is used in applications that demand high power and torque to produce high output power without the need for 

any increase in the voltage or current such as electric marines. Also, it is used in an application that demand 

low torque and speed ripples such as electric vehicles. Moreover, it is used in an application that demands a 

high degree of reliability as it inherently faults tolerant such as electric aircraft [1]–[3]. 

In the last decades, many efforts have been made in three directions for the multi-phase machines: 

the first one was devoted to researching the design of the multiphase drive [4]–[8] in terms of the fault-

tolerant property. The second direction was devoted to re-searching the modeling of these drives [9], [10]. 

And the last direction was devoted to re-searching the control techniques of the multi-phase drive [11]–[13]. 

Among the above-mentioned research areas of multiphase motor drives, the fault-tolerant property 

has received the most research interest. Hence, many fault-tolerant control techniques (FTC) techniques have 
been proposed to maintain the operation of the multi-phase machine post the faults. These FTC techniques 

are classified into active or passive based using a robust fixed control structure or a reconfigured control 

structure [14]–[17]. Although, the active FTC is difficult to be implement, it can significantly enhance the 

robustness of the multi-phase drive system.  

https://creativecommons.org/licenses/by-sa/4.0/
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Whether it is active or passive, most of the FTC techniques are based on obtaining a new 

distribution of the remaining healthy currents post the faults to maintain magneto motive force (MMF) purely 

sinusoidal and without harmonics. This distribution of the currents depends on the drive arrangement and the 

connection of the windings. Also, it depends on the optimization techniques that needed to be achieved post 

the fault beside maintain the MMF sinusoidal such as maximum torque, minimum losses, and minimum 

torque ripple [18]–[20]. It is worth saying here that the distribution of the stator current post the faults can be 
calculated offline using the mathematical model of the multi-phase machine. 

However, to achieve the new distribution of the current post-the failures according to the FTC 

techniques, many kinds of controllers were utilized in the literature. Some of the research used the hysteresis 

current controller [21]–[23] to implement the FTC technique. Regardless of it is simplicity in 

implementation, this technique has limited use in the motor drive due to its variable switching frequency. 

Another control technique that is used in the literature to obtain the new distribution of the currents posts the 

faults was the vector control technique. Some research used it besides using a modified space vector pulse 

width modulation (SVPWM) technique [24], [25]. Other research was used besides using a new 

transformation matrix that considers the new distribution of the currents post the faults [26]–[30]. Besides 

these techniques, other control techniques have also been used post the faults such as model predictive 

control [31], direct torque control (DTC) [32], and sliding mode control [33]. 

The fault in the encoder (speed and position sensor) is another type of fault that has been researched 
in recent years in multiphase motors. The idea is to obtain the speed and position of the shaft without using 

the encoder. The techniques that are used to achieve that are model-based techniques, DTC, and voltage and 

current excitation methods [32]–[36]. Recently, some techniques have been proposed to maintain the 

operation of the multiphase drive system post the two types of faults which are: the open-circuit fault in one 

phase of the multi-phase drive in addition to the fault in the encoder [37], [38]. 

This paper is the first paper that proposed a 7-phase drive capable of running simultaneously after 

encoder failure, phase 'a' and phase 'c' failures. Firstly, a new multi-dimensional SVPWM has been developed 

to guarantee proper distribution of the stator currents post the fault in phases ‘a’ and ‘c’ according to the 

minimum current FTC technique. Secondly, the robustness of the drive system is improved by presenting a 

new technique to determine the shaft speed and position in case of encoder failure while the motor continues 

to run after phase 'a' and 'c' failures. 
 

 

2. METHOD  

2.1.   Fault-tolerant 7-phase permanent magnet synchronous motor (PMSM) drive  

2.1.1. 7-phase PMSM dynamic model 

The 7-phase PMSM drive system used in this research is shown in Figure 1. A 7-phase inverter is 

used to supply the motor. The dynamic model of the 7-phase PMSM motor is described in (1)-(2). 
 

[𝑣𝑠] = 𝑟𝑠 ∗ [𝑖𝑠] + lσs ∗ ∆[𝑖𝑠] + [𝑒𝑠] (1) 
 

𝑗 ∗ ∆𝜔 = 𝑇𝑒 − 𝑇𝐿 + 𝐵 ∗ 𝜔 (2) 
 

where ∆=
𝑑

𝑑𝑡
, [𝑣𝑠] = [𝑣𝑠𝑎 , 𝑣 𝑠𝑏 , 𝑣𝑠𝑐, 𝑣𝑠𝑑, 𝑣𝑠𝑒 , 𝑣𝑠𝑓 , 𝑣𝑠𝑔] 𝑇 are the stator terminal voltages, [𝑖𝑠] =

[𝑖𝑠𝑎 , 𝑖𝑠𝑏 , 𝑖𝑠𝑐 , 𝑖𝑠𝑑 , 𝑖𝑠𝑒 , 𝑖𝑠𝑓 , 𝑖𝑠𝑔] 𝑇  are the stator phase currents, lσs is the stator leakage inductance, 𝑟𝑠 is the stator 

resistance, 𝑗 is the moment of inertia, 𝐵 damping coefficient, 𝑇𝑒 is the induced torque, and 𝑇𝐿 is the load 

torque. The values of these parameters that are adopted in this paper are given in below. The motor 

parameters are:  

a) 𝑅𝑎𝑡𝑒𝑑 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 = 400 𝑉 

b) 𝑅𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑒𝑑 = 1500 𝑟𝑝𝑚 

c) 𝑅𝑎𝑡𝑒𝑑 𝑡𝑜𝑟𝑞𝑢𝑒 = 12 𝑁. 𝑚 

d) 𝑅𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 = 2.15 𝑘𝑊 

e) 𝑘𝑡 = 1.2 𝑁. 𝑚/𝐴 

f) 𝑘𝑒 = 147 𝑣/𝐾𝑟𝑝𝑚 

g) 𝐼𝑛𝑒𝑟𝑡𝑖𝑎 = 20 𝑘𝑔/𝑐𝑚2 

h) 𝑅(𝑝ℎ − 𝑝ℎ) = 4 Ω 

i) 𝐿(𝑝ℎ − 𝑝ℎ) = 29.8 𝑚𝐻 
 

2.1.2. Healthy operation of 7-phase drive 
When the 7-phase motor is operating without faults, the stator currents will be equal in magnitudes 

and phase shifted by 51.42. This distribution of stator currents is illustrated in Figure 2 and (3) [39]–[41]. 
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Figure 2(a) illustrates the phasor distribution of the stator currents while Figure 2(b) illustrates the sinusoidal 

distribution of the stator current under healthy operating condition. 

 

[
 
 
 
 
 
 
𝑖𝑠𝑎
𝑖𝑠𝑏
𝑖𝑠𝑐
𝑖𝑠𝑑
𝑖𝑠𝑒
𝑖𝑠𝑓
𝑖𝑠𝑔]

 
 
 
 
 
 

=

[
 
 
 
 
 
 
 

𝐼𝑚 ∗ cos (𝜔𝑡)
𝐼𝑚 ∗ cos (𝜔𝑡 − 51.42)
𝐼𝑚 ∗ cos (𝜔𝑡 − 102.85)
𝐼𝑚 ∗ cos (𝜔𝑡 − 154,28)

𝐼𝑚 ∗ cos(𝜔𝑡 − 205.71)

𝐼𝑚 ∗ cos(𝜔𝑡 − 257.14)

𝐼𝑚 ∗ cos(𝜔𝑡 − 308.57)]
 
 
 
 
 
 
 

 (3) 

 

where 𝐼𝑚 is the peak value of the current in any phase. 

 

 

 
 

Figure 1. Seven-phase drive topology 
 

 

  
(a) (b) 

 

Figure 2. Distribution of the currents in the 7-phase motor running without faults (a) phasor and  

(b) sinusoidal 

 

 

2.1.3. Operation of 7-phase drive after the loss of phase ‘a’ 
If a single phase of the 7-phase motor is lost due to a fault, the operation of the 7-phase motor can be 

maintained by applying a suitable FTC technique. The FTC changes the distribution of the current in the 
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remaining healthy phases to keep the MMF purely sinusoidal and without harmonics after the fault. In 

addition, the FTC can also perform other optimizations, such as equal currents, minimum losses, and 

maximum torque [39]–[42]. If a fault occurs in phase 'a', the remaining healthy currents have to be 

redistributed as given in (4) and Figure 3 to keep the MMF while minimizing the inverter current [39]–[41]. 

Figures 3(a) and 3(b) illustrate the phasor and the sinusoidal distribution of the stator currents respectively 

after the failure in phase ‘a’.  
 

[
 
 
 
 
 
 
𝑖𝑠𝑎
𝑖𝑠𝑏
𝑖𝑠𝑐
𝑖𝑠𝑑
𝑖𝑠𝑒
𝑖𝑠𝑓
𝑖𝑠𝑔]

 
 
 
 
 
 

=

[
 
 
 
 
 
 

0
1.23 ∗  𝐼𝑚 ∗ cos (𝜔𝑡 − 21.4 °)
1.23 ∗  𝐼𝑚 ∗ cos (𝜔𝑡 − 90 °)

1.23 ∗ 𝐼𝑚 ∗ cos (𝜔𝑡 − 158.6°)
−𝑖𝑠𝑎
−𝑖𝑠𝑏
−𝑖𝑠𝑐 ]

 
 
 
 
 
 

 (4) 

 

 

  
(a) (b) 

 

Figure 3. Distribution of the remaining health current of the 7-phase motor post the loss of phase ‘a’ to 

achieve minimum inverter current optimization (a) phasor and (b) sinusoidal 

 

 

2.1.4. Operation of 7-Phase drive after losing phases ‘a’ and ‘c’ 

If phases ‘a’ and ‘c’ were exposed to a fault, the remaining healthy current has to be redistributed as 
given in (5) as shown in Figure 4. This distribution will keep the MMF while achieving the minimum the 

inverter current optimization [39]–[41]. Figures 4(a) and 4(b) illustrates the phasor and sinusoidal distribution 

of the stator currents respectively after the failure in phases ‘a’ and ‘c’.  

 

[
 
 
 
 
 
 
𝑖𝑠𝑎
𝑖𝑠𝑏
𝑖𝑠𝑐
𝑖𝑠𝑑
𝑖𝑠𝑒
𝑖𝑠𝑓
𝑖𝑠𝑔]

 
 
 
 
 
 

=

[
 
 
 
 
 
 

0
1.497 𝐼𝑚 ∗ cos (𝜔𝑡 − 51.4 °)

0
1.497 𝐼𝑚 ∗ cos (𝜔𝑡 − 122.6°)

1.497  𝐼𝑚 ∗ cos(𝜔𝑡 − 196.8 °)

1.497  𝐼𝑚 ∗ cos(𝜔𝑡 − 266.1 °)

1.497  𝐼𝑚 ∗ cos(𝜔𝑡 − 340.3 °)]
 
 
 
 
 
 

 (5) 

 

2.2.  FTC technique of the 7-phase motor drive after the failures in phases ‘a’ and ‘c’ 

2.2.1. SVPWM of the 7-phase drive under healthy condition  

It is common knowledge that every 3rd or 5th harmonic generated at the output of the 7-phase 

inverter generates enormous stator currents in the 7-phase motor. This is because these currents are limited 

only by the stator impedance. Therefore, to generate a pure sinusoidal output of the 7-phase inverter (free 

from the 3rd and 5th harmonics), multi-dimensional SVPWM is used as shown in Figure 5 [42], [43]. In this 
modulation technique, the six adjacent vectors of the reference voltage (V_ref) are utilized to synthesize the 

V_ref in each sector, as shown in Figure 5(a). The adjacent vectors are calculated according to (6): 
 

𝑉𝑠 =
2

7
 𝑉𝐷𝐶 (𝑆𝑎 + 𝑆𝑏e

j51.4° + 𝑆𝑐e
𝑗102.8° + 𝑆𝑑e𝑗154.2° + 𝑆𝑒e

𝑗205.6° + 𝑆𝑓e
𝑗257° + 𝑆𝑔e𝑗308.4°) (6) 
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where 𝑆𝑎 , 𝑆𝑏 , 𝑆𝐶 , 𝑆𝐷 , 𝑆𝐸 , 𝑆𝐹 and 𝑆𝐺 are the control signals of the upper switches in each leg of the 7-phase 

inverter. The pulse width modulation (PWM) waveform for synthesizing the V-ref is depicted in Figure 5(b). 

The technique to apply the near six vectors-SVPWM (NSV-SVPWM) is illustrated in [42], [43]. 

 

 

  
(a) (b) 

 

Figure 4. Distribution of the current in the 7-phase motor post after the loss of phases ‘a’ and ‘c’ to achieve 

minimum inverter current optimization (a) phasor and (b) sinusoidal 

 

 

 
(a) 

 

 
(b) 

 

Figure 5. 7-phase SVPWM under healthy operating conditions (a) space vector diagram and (b) PWM 

waveform 

 

 

2.2.2. SVPWM of the 7-phase drive after losing phase ‘a’ 

When a fault occurs in phase ‘a’ of the 7-phase drive is lost due to fault, a new SVPWM is proposed 

in [42] to guarantee a new distribution of the remaining currents to minimize the inverter current as shown in 
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Figure 6. In this SVPWM technique, the five adjacent vectors were utilized to generate the V_ref in each 

sector as depicted in Figure 6(a). The space vectors are obtained using (7). The PWM waveform for 

synthesizing the V_ref is depicted in Figure 6(b). The procedures to implement the new SVPWM are 

illustrated in [41]. 

 

𝑉𝑠 =
2

7
 𝑉𝐷𝐶 (𝑆𝑏e

j21.4° + 𝑆𝑐e
𝑗90° + 𝑆𝑑e𝑗158.6° + 𝑆𝑒e

𝑗201.4° + 𝑆𝑓e
𝑗270° + 𝑆𝑔e𝑗338.6°) (7) 

 
 

 
(a) 

 

 
(b) 

 

Figure 6. 7-phase SVPWM post failure in phase ‘a’ (a) space vector diagram and (b) PWM waveform 

 

 

2.2.3. SVPWM of the 7-phase drive after the failures in phases ‘a’ and ‘c’ 

This paper is presenting a new multidimensional SVPWM technique which is used after the loss of 
phases ‘a’ and ‘c’ to guarantee a new distribution of the currents to achieve the FTC techniques given in (5). 

The new SVPWM technique which is illustrated in Figure 7 is based on the following assumptions. Firstly, it 

considers the new distribution of the currents after the failure of phases ‘a’ and ‘c’ in the 7-phase drive. In 

addition, it suppresses any 3rd harmonic at the output of the inverter. This is done by mapping the 

fundamental component of V_ref into the orthogonal stationary frame α1-β1 as shown in Figure 7(a) and 

mapping the third component of V_ref into the orthogonal stationary frame α3-β3 as shown in Figure 7(b). 

The vectors in α1-β1 and α3-β3 are obtained with (8)-(9). The SVPWWM waveform of this technique is 

shown in Figure 7(c). 

 

𝑉𝑠1 =
2

7
 𝑉𝐷𝐶 (𝑆𝑏ej51.4° + 𝑆𝑑e𝑗122.6° + 𝑆𝑒e

𝑗2196.8° + 𝑆𝑓e
𝑗266.1° + 𝑆𝑔e𝑗340.3°) (8) 

 

𝑉𝑠3 =
2

7
 𝑉𝐷𝐶 (𝑆𝑏ej3∗51.4° + 𝑆𝑑e𝑗3∗122.6° + 𝑆𝑒e

𝑗3∗2196.8° + 𝑆𝑓e
𝑗3∗266.1° + 𝑆𝑔e𝑗3∗340.3°) (9) 

 
The flowchart depicted in Figure 8 illustrates the procedures for implementing the new SVPWM 

after the loss of phases ‘a’ and ‘c’ in the 7-phase drive. The function of the individual parts is explained as 

follow: Firstly, according to the location of V_ref, the sector is determined as shown in Table 1. Secondly, the 

dwell time of application of the five vectors adjacent to V_ref is calculated according to (10). 
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(a) (b) 

  

 
(c) 

 

Figure 7. 7-phase SVPWM post failure in phase ‘a’ and ‘c’. (a) space vector diagram in α1-β1 frame, 

(b) space vector diagram in α3-β3, and (c) PWM waveform 

 

 

 
 

Figure 8. The flowchart illustrates the implementation of the new SVPWM after the loss of phases 'a' and 'c’ 

 

 

Table 1. Selecting the sector 
V_ref angle (θ) Sector no V_ref angle (θ) Sector no 

16.8° ≤ 𝜃 < 51.4° 1 196.8° ≤ 𝜃 < 213.4° 6 

51.4° ≤ 𝜃 < 86.1° 2 213.4° ≤ 𝜃 < 266.1° 7 

86.1° ≤ 𝜃 < 122.6° 3 266.1° ≤ 𝜃 < 302.6° 8 

122.6° ≤ 𝜃 < 160.3° 4 302.6° ≤ 𝜃 < 340.3° 9 

160.3° ≤ 𝜃 < 196.8° 5 340.3° ≤ 𝜃 < 16.8° 10 
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[

𝑉𝛼1

𝑉𝛽1

𝑉𝛼3

𝑉𝛽3

] ∗
𝑇𝑠

𝑉𝐷𝐶
=

[
 
 
 
. 28 ∗ 𝑐𝑜𝑠(51.4°) . 47 ∗ 𝑐𝑜𝑠(16.8°) . 47 ∗ 𝑐𝑜𝑠(51.4°) . 28 ∗ 𝑐𝑜𝑠(16.8°)

. 28 ∗ 𝑠𝑖𝑛(51.4°) . 47 ∗ 𝑠𝑖𝑛(16.8°) . 47 ∗ 𝑠𝑖𝑛(51.4°) . 28 ∗ 𝑠𝑖𝑛(16.8°)

. 28 ∗ 𝑐𝑜𝑠(160.3°)

. 28 ∗ 𝑠𝑖𝑛(160.3°)

. 16 ∗ 𝑐𝑜𝑠(231.4°)

. 16 ∗ 𝑠𝑖𝑛(231.4°)

. 16 ∗ 𝑐𝑜𝑠(340.3°) . 28 ∗ 𝑐𝑜𝑠(51.4°)

. 16 ∗ 𝑠𝑖𝑛(340.3°) . 28 ∗ 𝑠𝑖𝑛(51.4°)]
 
 
 

∗ [

𝑡1
𝑡2
𝑡3
𝑡4

] (10) 

 

where 𝑉𝛼1, 𝑉𝛽1, 𝑉𝛼3,  and 𝑉𝛽3 are the components of V_ref in the 𝛼1 − 𝛽1 and 𝛼3 − 𝛽3 frames, 𝑇𝑠 is the 

time for one PWM period. Solving (10) gives (11)-(12). 

 

[

𝑡1
𝑡2
𝑡3
𝑡4

] =
𝑇𝑠

𝑉𝐷𝐶
∗ [

−0.4675 1.5473 −2.1329 1.7038
2.16 −1.7251 −0.5601 −1.5609

−0.7983
1.262

2.6454
−1.0072

1.2957 −1.0351
0.922 2.5694

] ∗ [

𝑉𝛼1

𝑉𝛽1

𝑉𝛼3

𝑉𝛽3

] (11) 

 

𝑡0 = 𝑇𝑠 − 𝑡1 − 𝑡2 − 𝑡3 − 𝑡4 (12) 

 

The timing in addition to the order of the application of each vector in each sector to generate the V_ref in the 

new SVPWM is illustrated in Table 2. 

 

 

Table 2. Timing and switching order in each sector in the new SVPWM 
Sector no dwell Time Switching order 

1 

[

𝑡1
𝑡2
𝑡3
𝑡4

] =∗
𝑇

𝑉𝐷𝐶
[

−0.46 1.54 −2.13 1.70
2.16 −1.72 −0.56 −1.56

−0.79
1.262

2.64
−1.00

1.29 −1.03
0.92 2.56

] ∗ [

𝑉𝛼1

𝑉𝛽1

𝑉𝛼3

𝑉𝛽3

] 

10000,10001,11001,11011 

2 

[

𝑡1
𝑡2
𝑡3
𝑡4

] =∗
𝑇

𝑉𝐷𝐶
[

1.60 −0.11 2.67 0.18
−2.15 1.72 0.55 1.53
2.75

−1.26
−0.18
1.00

1.62 −0.11
−0.90 2.52

] ∗ [

𝑉𝛼1

𝑉𝛽1

𝑉𝛼3

𝑉𝛽3

] 

10000,11000,11001,11101 

3 

[

𝑡1
𝑡2
𝑡3
𝑡4

] =∗
𝑇

𝑉𝐷𝐶
[

−1.53 0.10 2.75 −0.18
2.22 1.42 −0.48 1.60

−2.63
1.30

0.18
0.83

−1.67 0.11
0.80 −2.54

] ∗ [

𝑉𝛼1

𝑉𝛽1

𝑉𝛼3

𝑉𝛽3

] 

01000,11000,11100,11101 

4 

[

𝑡1
𝑡2
𝑡3
𝑡4

] =∗
𝑇

𝑉𝐷𝐶
[

0.50 1.41 2.26 1.44
−2.16 −1.38 0.47 −1.56
0.86

−1.26
2.41

−0.80
−1.37 −0.87
−0.7753 2.56

] ∗ [

𝑉𝛼1

𝑉𝛽1

𝑉𝛼3

𝑉𝛽3

] 

01000, 01100, 11100, 11110 

5 

[

𝑡1
𝑡2
𝑡3
𝑡4

] =∗
𝑇

𝑉𝐷𝐶
[

−0.50 −1.45 −2.30 −1.46
−0.76 2.52 1.30 −1.03
−0.89
−0.44

−2.48
1.47

1.40 0.90
−2.13 1.70

] ∗ [

𝑉𝛼1

𝑉𝛽1

𝑉𝛼3

𝑉𝛽3

] 

00100, 01100, 01110, 11110 

6 

[

𝑡1
𝑡2
𝑡3
𝑡4

] =∗
𝑇

𝑉𝐷𝐶
[

−1.26 1.00 −0.92 −2.57
0.80 −2.64 −1.30 1.03

−2.16
0.46

1.72
−1.54

0.56 1.56
2.13 −1.70

] ∗ [

𝑉𝛼1

𝑉𝛽1

𝑉𝛼3

𝑉𝛽3

] 

00100, 00110, 01110, 01111 

7 

[

𝑡1
𝑡2
𝑡3
𝑡4

] =∗
𝑇

𝑉𝐷𝐶
[

1.26 −1.00 0.90 2.52
−2.75 0.19 −1.62 0.11
2.15

−1.60
−1.72
0.11

−0.55 −1.53
2.67 −0.18

] ∗ [

𝑉𝛼1

𝑉𝛽1

𝑉𝛼3

𝑉𝛽3

] 

00010, 00110, 00111, 01111 

8 

[

𝑡1
𝑡2
𝑡3
𝑡4

] =∗
𝑇

𝑉𝐷𝐶
[

−1.30 −0.83 −0.80 2.64
2.63 −0.18 1.67 −0.11

−2.22
1.54

−1.42
−0.10

0.48 −1.60
−2.67 0.19

] ∗ [

𝑉𝛼1

𝑉𝛽1

𝑉𝛼3

𝑉𝛽3

] 

00010, 00011, 10011, 10111 

9 

[

𝑡1
𝑡2
𝑡3
𝑡4

] =∗
𝑇

𝑉𝐷𝐶
[

1.26 0.80 0.77 −2.57
−0.86 −2.41 1.37 0.87
2.21

−0.50
1.38

−1.40
−0.47 1.56
−2.26 1.44

] ∗ [

𝑉𝛼1

𝑉𝛽1

𝑉𝛼3

𝑉𝛽3

] 

00001,00011,10011,10111 

10 

[

𝑡1
𝑡2
𝑡3
𝑡4

] =∗
𝑇

𝑉𝐷𝐶
[

0.44 −1.47 2.13 −1.70
0.90 2.48 −1.40 −0.90
0.76
0.52

−2.52
1.44

−1.29 1.03
2.3 1.47

] ∗ [

𝑉𝛼1

𝑉𝛽1

𝑉𝛼3

𝑉𝛽3

] 

00001,10001,10011,11011 

 
 

2.2.4. Simulation results for sensored control of 7-phase drive after losing phases ‘a’ and ‘c’ 

The proposed FTC technique suggested in the previous section after the loss of phases ‘a’ and ‘c’ 

was implemented using the SABRE simulator as shown in Figure 9. Under healthy operating conditions, the 

SVPWM technique presented in [36] was utilized. In case of failure of phase ‘a’, the SVPWM presented in 

[41] was utilized. If the failure occurred in phases ‘a’ and ‘c’, the new SVPWM proposed in the previous 
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section was used. It should be mentioned here that the switching frequency was set to 5 kHz in all cases. 

In addition, the encoder was used to obtain the speed and position of the motor to achieve vector control. The 

result of the test described above is depicted in Figure 10. The 7-phase motor was running at half load under 

healthy operating conditions. The encoder results show that the speed of the shaft of the 7-phase motor was 

120 rpm. Furthermore, the waveforms of the stator current show that the SVPWM technique succeeded in 

suppressing the 3rd and 5th harmonics in the stator current and achieving a symmetrical distribution of the 

stator current with a phase shift of 51.4 as shown in (3). 
 

 

 
 

Figure 9. 7-sensored control structure of the 7-phase drive post the failures in phases ‘a’ and ‘c’ 

 

 

 
 

Figure 10. Simulation results of the FTC technique proposed for the 7-phase drive after the loss of phases ‘a’ 

and ‘c’ 
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After that when 𝑡 = 2 𝑠, a fault occurred in phase ‘a’, and the space vector pulse width modulation 

(SVPWM) proposed in [41] was utilized simultaneously. The measured speed of the motor obtained using 

the encoder proves that the 7-phase motor speed was not changed but the ripple in speed was slightly 

increased. In addition, the other waveforms of the stator current showed that the SVPWM technique 

succeeded in suppressing the 3rd and 5th harmonics in the stator current and achieving a new distribution of 
the stator current with a 23% increase in amplitude and a phase shift similar to that given in (4). Finally, at 

𝑡 = 3.5 𝑠, faults occurred in phases ‘a’ and ‘c’, and the new SVPWM technique proposed in this paper was 

applied simultaneously. The results prove that the measured speed of the 7-phase drive obtained using the 

encoder was not changed and the ripple in the speed was not changed too. From the remaining waveforms of 

the stator currents, it can be seen that the SVPWM technique suppresses any 3rd harmonic in the stator 

current and achieves a new distribution of the stator current with a 49.7% increase in amplitude and a phase 

shift similar to that given in (4). 

 

2.3.  FTC technique of the 7-phase motor after the failure in the encoder while phases ‘a’ and ‘c’ are 

faulted 

2.3.1. Algorithm to obtain the speed and position of the 7-phase motor after the failure in the encoder 
In this section, a new algorithm has been proposed in this paper to determine the shaft speed and 

position after the encoder failure, while the motor continues to run after the failure of phases ‘a’ and ‘c’. This 

procedure is help to enhance the stability of the 7-phase PMSM drive significantly. Unfortunately, the 

algorithms introduced in [36] and [41] to determine the shaft speed and position in the 7-phase motor running 

under healthy operating conditions and after a failure of phase ‘a’, respectively, are no longer applicable after 

the failure of phases ‘a’ and ‘c’. The reason for this is that the derivative of the stator currents in the faulty 

phases ‘a’ and ‘c’ becomes zero after the fault. Moreover, the implementation of the new SVPWM after the 

failures in phases ‘a’ and ‘c’ as part of the FTC technique changes the switching operations of the 7-phase 

inverter, which affects the algorithms proposed in [36] and [41] to determine the shaft speed and position. 

Therefore, in this paper, a new algorithm is developed to determine the shaft position and speed of the 

7-phase motor after the failure of phases ‘a’ and ‘c’. This algorithm is considering the use of the new 
SVPWM technique presented in the previous section as a part of the FTC technique in the 7-phase drive after 

the loss of phases ‘a’ and ‘c’. 

Figure 11 illustrates the technique used to track the saliency of the 7-phase drive post the failure in 

phases ‘a’ and ‘c’ using the transient current responses. Figure 11(a) shows how can the neighboring active 

vectors be used to generate the V_ref in sector no 1. Figure 11(b) illustrates the PWM signals in one period 

related to the application of the neighboring vectors and the sampling instance for measuring the stator 

current derivatives in one PWM period. 

The equivalent circuits of the 7-phase motor after the loss of phases ‘a’ and ‘c’ during applying the 

neighboring vectors according to the new SVPWM are depicted in Figure 12. Figures 12(a) illustrates the 

equivalent circuit of the 7-phase motor when the zero vector V0 (00000) is applied. Figures 12(b)-12(e) 

represent the equivalent circuits of the 7-phase motor when the active vectors V1(10000), V2(10001), 

V3(11001), V4(11011) are applied respectively.  
Based on the above circuits, the (13)–(18) can be written: 

 

[𝑉𝐷𝐶
0

] = 𝑟𝑠 ∗ [
𝑖𝑠𝑏

V1

𝑖𝑠𝑔
V1] + [

𝑙𝜎𝑠𝑏 ∗ ∆(𝑖𝑠𝑏
V1)

𝑙𝜎𝑠𝑔 ∗ ∆(𝑖𝑠𝑔
V1)

] + [
𝑒𝑠𝑏

𝑉1

𝑒𝑠𝑔
𝑉1] (13) 

 

[
𝑉𝐷𝐶
0

] = 𝑟𝑠 ∗ [
𝑖𝑠𝑏

V1

𝑖𝑠𝑔
V1] + [

𝑙𝜎𝑠𝑏 ∗ ∆(𝑖𝑠𝑏
V1)

𝑙𝜎𝑠𝑔 ∗ ∆(𝑖𝑠𝑔
V1)

] + [
𝑒𝑠𝑏

𝑉1

𝑒𝑠𝑔
𝑉1] (14) 

 

[𝑉𝐷𝐶
0

] = 𝑟𝑠 ∗ [
𝑖𝑠𝑔

V2

𝑖𝑠𝑑
V2

] + [
𝑙𝜎𝑠𝑔 ∗ ∆(𝑖𝑠𝑔

V2)

𝑙𝜎𝑠𝑑 ∗ ∆(𝑖𝑠𝑑
V2)

] + [
𝑒𝑠𝑔

𝑉2

𝑒𝑠𝑑
𝑉2

] (15) 

 

[𝑉𝐷𝐶
0

] = 𝑟𝑠 ∗ [
𝑖𝑠𝑑

V3

𝑖𝑠𝑓
V3] + [

𝑙𝜎𝑠𝑑 ∗ ∆(𝑖𝑠𝑑
V3)

𝑙𝜎𝑠𝑓 ∗ ∆(𝑖𝑠𝑓
V3)

] + [
𝑒𝑠𝑑

𝑉3

𝑒𝑠𝑓
𝑉3] (16) 

 

[
𝑉𝐷𝐶
0

] = 𝑟𝑠 ∗ [
𝑖𝑠𝑓

V4

𝑖𝑠𝑒
V4

] + [
𝑙𝜎𝑠𝑓 ∗ ∆(𝑖𝑠𝑓

V4)

𝑙𝜎𝑠𝑒 ∗ ∆(𝑖𝑠𝑒
V4)

] + [
𝑒𝑠𝑓

𝑉4

𝑒𝑠𝑒
𝑉4

] (17) 

 

 



                ISSN: 2088-8708 

Int J Elec & Comp Eng, Vol. 13, No. 5, October 2023: 5006-5025 

5016 

[𝑉𝐷𝐶] = 𝑟𝑠 ∗ [𝑖𝑠𝑒
V0] + [𝑙𝜎𝑠𝑒 ∗ ∆(𝑖𝑠𝑒

V0)] + [𝑒𝑠𝑒
V0] (18) 

 

If the voltage drops on 𝑟𝑠 and the back emf are neglected as in [42], can be written as (19). 

 

[
 
 
 
 
 
𝑉𝐷𝐶
𝑉𝐷𝐶
𝑉𝐷𝐶
𝑉𝐷𝐶
𝑉𝐷𝐶
𝑉𝐷𝐶]

 
 
 
 
 

=

[
 
 
 
 
 
 𝑙𝜎𝑠𝑏 ∗ ∆(𝑖𝑠𝑏

V1 − 𝑖𝑠𝑏
V0)

𝑙𝜎𝑠𝑑 ∗ ∆(𝑖𝑠𝑑
V3 − 𝑖𝑠𝑑

V2)

𝑙𝜎𝑠𝑒 ∗ ∆(𝑖𝑠𝑒
V1 − 𝑖𝑠𝑒

V0)

𝑙𝜎𝑠𝑓 ∗ ∆(𝑖𝑠𝑓
V4 − 𝑖𝑠𝑓

V3)

𝑙𝜎𝑠𝑔 ∗ ∆(𝑖𝑠𝑔
V0 − 𝑖𝑠𝑔

V4)]
 
 
 
 
 
 

 (19) 

 

The position scalars 𝑝𝑠𝑏, 𝑝𝑠𝑑, 𝑝𝑠𝑒 , 𝑝𝑠𝑓, and 𝑝𝑠𝑔 can be written as (20). 

 

[
 
 
 
 
 
𝑝𝑠𝑏

𝑝𝑠𝑐

𝑝𝑠𝑑

𝑝𝑠𝑒

𝑝𝑠𝑓

𝑝𝑠𝑔]
 
 
 
 
 

=

[
 
 
 
 
 
 ∆

(𝑖𝑠𝑏
V1 − 𝑖𝑠𝑏

V0)

∆(𝑖𝑠𝑑
V3 − 𝑖𝑠𝑑

V2)

∆(𝑖𝑠𝑒
V0 − 𝑖𝑠𝑒

V4)

∆(𝑖𝑠𝑓
V4 − 𝑖𝑠𝑓

V3)

∆(𝑖𝑠𝑔
V2 − 𝑖𝑠𝑔

V1)]
 
 
 
 
 
 

 (20) 

 

 

 
(a) 

 

 
(b) 

 

Figure 11. SVPWM technique and the associated sampling instant in sector 1 of the 7-phase drive after the 

loss of phases ‘a’ and ‘c’ (a) synthesizing V_ref and (b) PWM waveform and sampling instants 

 

 

The (13)–(20) are applied to the other sectors to obtain the position signals. The position scalars in 

all sectors are given in Table 3. These position signals can be used then to obtain the position scalars 𝑝𝛼, 𝑝𝛽 

as shown in (21). 
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[
𝑝𝛼

𝑝𝛽
] = [𝑉]

[
 
 
 
 
 
𝑝𝑠𝑏

𝑝𝑠𝑐

𝑝𝑠𝑑

𝑝𝑠𝑒

𝑝𝑠𝑓

𝑝𝑠𝑔]
 
 
 
 
 

 (21) 

 

where 

 

𝑉 = [
cos(102.8°) cos(225.2°)     cos (33.6°) cos (172.2°)    cos(320.6°) 
sin(102.8°) sin(225.2°)     sin(33.6°) sin (172.2°)    sin(320.6°)   

] (22) 

 

 

   

(a) (b) (c) 

 

 
 

 

(d) (e) 

 

Figure 12. Equivalent circuit of the 7-phase PMSM after the loss of phases ‘a’ and ‘c’ when active vectors: 
(a) V0 was applied, (b) V1 was applied, (c) V2 was applied, (d) V3 was applied, and (e) V4 was applied 

 

 

Table 3. Formulas to get the position signals in all sectors after the loss of phases ‘a’ and ‘c’ 
Sector 𝒑𝒔𝒃 𝒑𝒔𝒅 𝒑𝒔𝒆 𝒑𝒔𝒇 𝒑𝒔𝒈 

1 ∆(𝑖𝑠𝑏
V1 − 𝑖𝑠𝑏

V0) (𝑖𝑠𝑑
V3 − 𝑖𝑠𝑑

V2) ∆(𝑖𝑠𝑒
V0 − 𝑖𝑠𝑒

V4) ∆(𝑖𝑠𝑓
V4 − 𝑖𝑠𝑓

V3) ∆(𝑖𝑠𝑔
V2 − 𝑖𝑠𝑔

V1) 

2 ∆(𝑖𝑠𝑏
V1 − 𝑖𝑠𝑏

V0) (𝑖𝑠𝑑
V2 − 𝑖𝑠𝑑

V1) ∆(𝑖𝑠𝑒
V4 − 𝑖𝑠𝑒

V3) ∆(𝑖𝑠𝑓
V0 − 𝑖𝑠𝑓

V4) ∆(𝑖𝑠𝑔
V3 − 𝑖𝑠𝑔

V2) 

3 ∆(𝑖𝑠𝑏
V2 − 𝑖𝑠𝑏

V1) (𝑖𝑠𝑑
V1 − 𝑖𝑠𝑑

V0) ∆(𝑖𝑠𝑒
V3 − 𝑖𝑠𝑒

V2) ∆(𝑖𝑠𝑓
V0 − 𝑖𝑠𝑓

V4) ∆(𝑖𝑠𝑔
V4 − 𝑖𝑠𝑔

V3) 

4 ∆(𝑖𝑠𝑏
V3 − 𝑖𝑠𝑏

V2) (𝑖𝑠𝑑
V1 − 𝑖𝑠𝑑

V0) ∆(𝑖𝑠𝑒
V2 − 𝑖𝑠𝑒

V1) ∆(𝑖𝑠𝑓
V4 − 𝑖𝑠𝑓

V3) ∆(𝑖𝑠𝑔
V0 − 𝑖𝑠𝑔

V4) 

5 ∆(𝑖𝑠𝑏
V4 − 𝑖𝑠𝑏

V3) (𝑖𝑠𝑑
V2 − 𝑖𝑠𝑑

V1) ∆(𝑖𝑠𝑒
V1 − 𝑖𝑠𝑒

V0) ∆(𝑖𝑠𝑓
V3 − 𝑖𝑠𝑓

V2) ∆(𝑖𝑠𝑔
V4 − 𝑖𝑠𝑔

V0) 

6 ∆(𝑖𝑠𝑏
V0 − 𝑖𝑠𝑏

V4) (𝑖𝑠𝑑
V3 − 𝑖𝑠𝑑

V2) ∆(𝑖𝑠𝑒
V1 − 𝑖𝑠𝑒

V0) ∆(𝑖𝑠𝑓
V2 − 𝑖𝑠𝑓

V1) ∆(𝑖𝑠𝑔
V4 − 𝑖𝑠𝑔

V3) 

7 ∆(𝑖𝑠𝑏
V0 − 𝑖𝑠𝑏

V4) (𝑖𝑠𝑑
V4 − 𝑖𝑠𝑑

V3) ∆(𝑖𝑠𝑒
V2 − 𝑖𝑠𝑒

V1) ∆(𝑖𝑠𝑓
V1 − 𝑖𝑠𝑓

V0) ∆(𝑖𝑠𝑔
V3 − 𝑖𝑠𝑔

V2) 

8 ∆(𝑖𝑠𝑏
V4 − 𝑖𝑠𝑏

V3) (𝑖𝑠𝑑
V0 − 𝑖𝑠𝑑

V4) ∆(𝑖𝑠𝑒
V3 − 𝑖𝑠𝑒

V2) ∆(𝑖𝑠𝑓
V1 − 𝑖𝑠𝑓

V0) ∆(𝑖𝑠𝑔
V2 − 𝑖𝑠𝑔

V1) 

9 ∆(𝑖𝑠𝑏
V3 − 𝑖𝑠𝑏

V2) (𝑖𝑠𝑑
V0 − 𝑖𝑠𝑑

V4) ∆(𝑖𝑠𝑒
V4 − 𝑖𝑠𝑒

V3) ∆(𝑖𝑠𝑓
V2 − 𝑖𝑠𝑓

V1) ∆(𝑖𝑠𝑔
V1 − 𝑖𝑠𝑔

V0) 

10 ∆(𝑖𝑠𝑏
V2 − 𝑖𝑠𝑏

V1) (𝑖𝑠𝑑
V4 − 𝑖𝑠𝑑

V3) ∆(𝑖𝑠𝑒
V0 − 𝑖𝑠𝑒

V4) ∆(𝑖𝑠𝑓
V3 − 𝑖𝑠𝑓

V2) ∆(𝑖𝑠𝑔
V1 − 𝑖𝑠𝑔

V0) 
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2.3.2. Simulation results for the shaft speed and position signals in the 7-phase motor drive after the 

loss of phases ‘a’ and ‘c’ 

The algorithm to get speed and position in the 7-phase drive after the failures in phases ‘a’ and ‘c’ 

was simulated in the SABER simulator see Figure 13. Firstly, the transient current waveforms (∆(isa, isb, isc, 

isd, ise, isf, and isg)) of the 7-phase motor were sampled after 10 us of each IGBT switching action to allow 

the oscillation to decay and reduce noise, hence a minimum pulse width of 10 us was introduced. Secondly, 

based on the operation, the algorithm for determining the shaft speed and position was selected (i.e., healthy 
condition [36], phase ‘a’ fault [41], and phase ‘a’ and ‘c’ faults). Finally, the position signals obtained from 

these algorithms were used by a mechanical observer [44] to filter out the noises and obtain a clean estimated 

position and velocity signal. Note that if the dwell time for any vector was less than 10 us, it is extended to 10 

us to assure the decaying of any oscillation in the current derivatives. 

 

 

 
 

Figure 13. The control structure of the 7-phase drive to get the speed and position of the shaft after the loss of 

phases ‘a’ and ‘c’ 

 

 

The 7-phase drive system depicted in Figure 13 was simulated and the results are illustrated in 

Figure 14. The 7-phase motor was rotating at 120 rpm speed and under healthy operating conditions. In this 

case, the 7-phase control technique presented in [36] to control the inverter and to estimate the shaft position 

and speed were utilized. At 𝑡 = 2 𝑠, phase ‘a’ was lost and hence, the control technique presented in [41] was 

used to control the inverter and estimate the shaft speed and position. After that and while the motor 

continued to run after the fault in phase ‘a’, another fault was introduced in phase ‘c’ at 𝑡 = 3 𝑠. In this case, 

the new SVPWM proposed in this article was utilized while the algorithm presented in [41] was used to 

estimate the shaft speed and position. The results show that the shaft position and speed were distorted and 

cannot be used to control the 7-phase motor. Finally, at 𝑡 = 3.5 𝑠, the algorithm presented in the previous 

section was utilized to estimate the position and speed in the 7-phase drive after the loss in phases ‘a’ and ‘c’. 

The results prove that the new algorithm succeeded to estimate the speed and position in the 7-phase drive 

after the failures in phases ‘a’ and ‘c’. Also, the estimated position signals were cleaned and of the same 

quality as those obtained before that fault. 
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Figure 14. Obtaining shaft speed and position of the 7-phase drive post the failure in phases ‘a’ and ‘c’ 

 

 

3. RESULTS AND DISCUSSION 
3.1.   Sensorless control of the 7-phase drive after the failures in phase ‘a’, phase ‘c’ 

The sensorless control of the 7-phase drive in the cases of losing phases ‘a’ and ‘c’ was simulated 

using the SABER simulator according to the control schematic illustrated in Figure 15. When the motor was 

operated without failures, the 7-phase drive was controlled according to the technique presented in [36]. 

When a fault occurred in phase ‘a’, the 7-phase drive was controlled according to the technique presented in 

[41]. Finally, if phases ‘a’ and ‘c’ were lost due to a fault, the 7-phase drive will be controlled according to 

the FTC technique and the position and speed estimation algorithm that are presented in this article. The flow 

chart for implementing the whole system is shown in Figure 16. 

Figure 17 shows the operation of the 7-phase drive at low speed after the failure in phases ‘a’ and 

‘c’ in addition to the failure of the encoder. Initially, the 7-phase motor was running at 30 rpm under healthy 

operating conditions. The stator currents are identical to those given in (3). At 𝑡 = 2 𝑠. An open circuit fault 

was introduced in phases ‘a’ and ‘c’ and at the same time, the new SVPWM was used as part of the FTC 

technique. The current waveforms were identical to those given in (5) and the controller was able to maintain 

the shaft speed at 30 rpm. Then a failure was introduced to the encoder at 𝑡 = 3 𝑠 and therefore the algorithm 

presented in section 4 was used to obtain the shaft speed and position to be used in vector control of the  

7-phase drive, as shown in Figure 15. The results show that the controller was able to keep the 7-phase drive 

running at the same speed after these faults. Finally, at 𝑡 = 4.5 𝑠 and 𝑡 = 6 𝑠, the 𝑤𝑟_𝑟𝑒𝑓 was set to 0 and  

-30 rpm respectively in the 7-phase drive while it was running under failures in phases ‘a’ and ‘c’ in addition 

to the failure of the encoder. The results obtained from the encoder prove that the 7-phase motor responded to 

these speed steps with good dynamic and stable behavior. Furthermore, the result proves that the robustness 
of the drive has been significantly increased by using the FTC technique and the algorithm to get the position 

that is presented in this paper. 
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Figure 15. Control schematic to obtain sensorless operation of the 7-phase drive after the loss of phases ‘a’ 

and ‘c’ 

 

 

 
 

Figure 16. Flow chart for the hardware implementation of the 7-phase drive post of three failures 
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Figure 17. Sensorless low-speed control of 7-phase drives under fault in phases ‘a’ and ‘c’ 

 

 

Figure 18 shows the results of the 7-phase inverter subjected to different types of faults while 

running at a higher speed than depicted in Figure 17. The motor was operating at speed of 250 rpm and half 

the rated load without faults. At 𝑡 = 1 𝑠, an-open circuit faults were introduced into phases ‘a’ and ‘c’. The 

motor maintains operation at the same speed with minimum speed ripple. The current is also controlled to be 

identical to the values given in (5) by using the FTC technique proposed in this paper (i.e., by the new 

SVPWM). At 𝑡 = 1.5 𝑠, 𝑤𝑟_𝑟𝑒𝑓 was set to 0. The measured speed (wr) shows that the 7-phase drive 

responds to these speed steps with good dynamic and steady-state behavior. Then, at 𝑡 = 3 𝑠, while the motor 

was at standstill and phases ‘a’ and ‘c’ were lost due to a fault, another fault occurred in the 7-phase drive, 

namely the fault in the encoder. In this case, the algorithm presented in the previous section was utilized to 

determine the shaft speed and position in case of encoder fault to be used in the vector control. The results 

show that the speed of the 7-phase drive was maintained at zero. Finally, at 𝑡 = 3.5 𝑠, while the 7-phase 

motor was running after the faults in phases ‘a’ and ‘c’ and the fault in the encoder, 𝑤_𝑟𝑒𝑓 was changed from 

0 to 250 rpm. The transient and steady-state performance of the 7-phase drive system proves that the 

behavior after the faults is at the same quality as the performance of the drive system when it is running 

without faults. 

The results depicted in Figure 19 prove the ability of the 7-phase drive to maintain the speed when a 

load step was suddenly applied to the 7-phase drive system while it was running post the failures in phases 

‘a’ and ‘c’ in addition to the failure of the encoder. Firstly, the motor was rotating at 100 rpm without faults. 

At 𝑡 = 1.5 𝑠, faults occurred in phases ‘a’ and ‘c’ in the 7-phase drive at the same time the FTC technique 

that is proposed in this paper (new SVPWM) was utilized. Then, at 𝑡 =  2 𝑠, while the two phases ‘a’ and ‘c’ 

of the 7-phase drive were faulted, a load disturbance was applied to it and removed after 0.5 s. after that, at 

𝑡 = 3.5 𝑠, the additional fault occurred in the 7-phase drives which is the encoder fault. In this case, the speed 

and position of the 7-phase drive were estimated using the technique presented in the previous section and 

used instead of those obtained using the encoder. Finally, at 𝑡 = 4 𝑠, while the 7-phase drive was running 

post the above-mentioned faults, a load step was implemented and removed at 𝑡 = 4.5 𝑠. The measured speed 

of the 7-phase drive obtained from the encoder illustrated in Figure 19 proves that during the whole test the 

7-phase drive system could maintain the speed even under the extreme condition such as running under faults 

in phases ‘a’ and ‘c’ in addition to the fault in the encoder and at the same time applying the load disturbance.  
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Figure 18. Sensorless operation of the 7-phase drive post the failures in phases ‘a’ and ‘c’ and during the 

demanding of high-speed steps 

 

 

 
 

Figure 19. Sensorless operation of the 7-phase drives when the phases ‘a’ and ‘c’ are faulted during steps in 
the load toque 
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4. CONCLUSION 

This article has outlined a new FTC technique for the 7-phase PMS drive to significantly enhance its 

robustness by maintaining its performance post the faults in phases ‘a’ and ‘c’ in addition to the fault in the 

encoder. This is achieved by implementing two FTC techniques. The first one is represented in developing a 

new SVPWM technique in the cases of faults in phases ‘a’ and ‘c’ to obtain a new distribution of currents to 

minimize the inverter current. The second one is represented in developing a new algorithm to estimate the 
speed and position in the 7-phase drive in the cases of a failure in the encoder while phases ‘a’ and ‘c’ are 

faulted. The results have shown that the ripple in speed post the faults in phases ‘a’ and ‘c’ only was ±4 rpm 

and this ripple will reach ±10 rpm if the fault is introduced to the encoder too. Moreover, the results have 

shown that the performance of the 7-phase drive with and without faults was almost at the same quality. 

Finally, it should h mentioned that these techniques can be implemented quite easily (i.e., software 

modifications) and can be applied to the induction motor (IM) too. 
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