
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

1 

  

Abstract—Model-based sensorless field-oriented control (FOC) 

suffers from over-parameterization and can be laborious to use for 

a five-phase Permanent Magnet Synchronous Motor (5Φ-PMSM). 

On the other hand, Insulated Gate Bipolar Transistor (IGBT) 

frequently fails in an electric drive. Under IGBT failure, a 

freewheeling current is observed, and, above all, it carries the 

failed phase back-Electromotive Force (back-EMF) information. 

Based on this observation, this paper presents the design of a 

brand new sensorless FOC by exploiting the freewheeling current 

to accommodate both IGBT and position sensor failures, which is 

expected to further enhance the drive’s fault-tolerant capability. 

The mathematical model of this current is firstly established to 

provide a theoretical basis and a comprehensive understanding of 

the presented sensorless FOC. By virtue of this model, a second-

order generalized integrator with a frequency locked loop (SOGI-

FLL) can be used as a simple and elegant way to extract 

position/speed estimates. Experimental results are provided to 

validate the proposed sensorless FOC philosophy.  

 
Index Terms—Sensorless field-oriented control, freewheeling 

current, SOGI-FLL, single-phase IGBT failure, five-phase PMSM  

 

I. INTRODUCTION 

owadays, to accommodate the growing consumer demand 

for high-power density devices, the multi-phase motor has 

emerged and offers an alternative solution by increasing phase 

numbers. As such, the multi-phase drive has been nominated in 

the applications of the electric vehicle, aerospace, and electric 

propulsion to substitute its 3Φ counterparts [1-3]. On the other 

hand, the electric drive is frequently required to work in a very 

narrow space. To meet this working environment, the motor 

tends to pursue a compact physical structure with a trapezoidal 

back-Electromotive Force (back-EMF) and sometimes a 

reluctance torque [4, 5]. Besides, the multi-phase motor also 

offers additional merits like the fault-tolerant capability, 

because of the greater number of phases available. To date, 

there has been considerable research interest in improving the 

fault-tolerant capability of a five-phase (5Φ) motor at the failure 

of one or more phases [6]. As a summary, progress can be made 

from the perspectives of either the control algorithm design or 

motor structural design. The former is termed fault-tolerant 

control (FTC) and concentrates on the re-configuration of the 

 
 

remaining phase currents, whereas the latter is often referred to 

as fault-tolerant motor (FTM) [7]. The FTM is subject to a 

modular design for pursuing low mutual-inductances as well as 

huge self-inductances to restrain the short circuit current [8].  

FTMs provide a balance of complexity and capability for 

implementing FTC [9, 10] which, however, suffers from poor 

compatibility with a generic 5Φ motor featured by the time-

variant self- and mutual-inductances. In this regard, the 

investigation of a generic 5Φ Permanent Magnet Synchronous 

Motor (5Φ-PMSM) is more meaningful because of its general 

validity. FTC takes a variety of forms, however, the one under 

the field-oriented control (FOC) philosophy is more appealing. 

In this context, FTC manifests itself as the field-weakening 

control, maximum torque per ampere (MTPA), id=0 control, 

and torque ripple-free control as well as their combinations [11]. 

The fault-tolerant FOC of a generic 5Φ motor under certain 

phase failures relies on the decoupled modeling and the 

representative achievements are noted below. H. Guzman, [12], 

proposes a set of Clarke and Park transformations for a 5Φ 

induction motor under a single-phase open fault, and it proves 

the fault-tolerant FOC is possible. H. Zhou, [13], presents a 

remedial FOC for a 5Φ-FTM with constant self-inductances 

and low mutual-inductances. [11] finalizes a decoupled model 

for a generic 5Φ-PMSM under a single-phase open fault, and 

particularly, the inductances and rotor fluxes under the 

synchronous reference frame are constant.  

The aforementioned decoupled models are most efficient 

under the open circuit fault. As per the relevant literature, the 

failures of motor windings and power converter are most 

common in an electric drive [14, 15]. As the first line of 

protection, shutdown of Insulated Gate Bipolar Transistors 

(IGBTs) is common in response to the electrical and thermal 

stress. Besides this, many severe faults, such as the short circuit, 

are also transformed into an open circuit fault by closing IGBTs 

at the first time of occurrence. Given this, the IGBT failure is 

the norm in an electric drive, irrespective of what the incipient 

faults involve. However, the IGBT failures do not create the 

desired open circuit situation, and to the best of our knowledge, 

this problem is only stressed in a few publications. As reported 

in [6, 16], an amount of current still circulates through the 

freewheeling diodes of the failed bridge, but no in-depth 

analysis is offered.  
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On the other hand, the failure of the position sensor is also 

hazardous to the FOC of a 5Φ drive. Regarding the position 

sensor fault detection, a common practice is to use a position 

observer to monitor the position sensor failure. Once a 

divergence between the measured position and the estimated 

one is observed, the control scheme switches to the sensorless 

control mode [17, 18]. Position sensor fault detection has been 

investigated in the previous articles, and this work does not 

attempt to cover this area in detail. In contrast, the sensorless 

control deserves more attention and can be grouped into four 

types: I) model-based sensorless FOC [19], II) high-frequency 

(HF) injection-based sensorless FOC [20], III) sensorless direct 

torque control (DTC) [21], and IV) zero sequence 

current/voltage-based sensorless FOC [22, 23]. In particular, an 

ultra HF-square-wave injection has recently emerged and 

claims a full speed range [24], however, the downgraded DC-

bus voltage utilization is worthy of concern [25]. Besides this, 

Type-IV also features on the HF voltage/current injection, and 

its application is likewise limited to the low speed region [22, 

23]. The dividing line between Types II and IV has been blurred, 

and Types I and II are more popular since FOC is always at the 

heart of the engineering practice. However, the sensorless 

control of a 5Φ drive is only reported in a few limited 

publications, currently, the following progress has been made. 

[25] proposes an HF injection-based sensorless FOC for a 5Φ-

PMSM where the digital delay is incorporated; In [26], an ultra 

HF voltage injection from the 3rd harmonic space is attempted 

for a 5Φ-PMSM at a few hundred revolutions-per-minute (rpm). 

In [27], a robust back-EMF observer is presented for a 5Φ-

PMSM under the single-phase open fault. As a major drawback, 

five extra phase-voltage sensors are needed to construct the 

state estimator. Besides, in [21], the sensorless DTC for the 

healthy condition is also investigated.  

The sensorless FOC has been investigated for three decades 

and its application is typically found in household appliances 

like washing machines and air conditioners, where the mid-high 

speed performance is usually at the center of the attention. At 

present, the state-of-the-art method is the sliding mode 

observer-based sensorless FOC (SMO-sensorless-FOC) which 

claims strong robustness in estimating system states [28]. 

However, the back-EMF observer may not be as efficient as it 

appears. Advances are still being made to improve its steady-

state performances, such as harmonic elimination of the 

estimated position [29], delayless filtering [28], inverter 

nonlinearity compensation [30], and its extension in the low-

carrier-ratio areas [31]. Apart from this, an assumption of 

0 = and ̂ =  is often made to linearize the back-EMF 

observer [27, 32], resulting in a restrained speed dynamic. The 

sensorless FOC of a 5Φ drive is normally borrowed from a 3Φ 

drive, and similar drawbacks are therefore inherited. 

Consequently, a completely new sensorless control is in 

demand to circumvent these defects of the model-based 

methods.  

Although the position sensor and IGBT failure rarely occur 

simultaneously, they can occur successively. For the first time, 

this work combines the IGBT failure with position sensor 

failure to further enhance the fault-tolerant capability of an 

electric drive. To this end, this paper investigates a brand-new 

sensorless control by exploiting an existing current sensor to 

substitute the software back-EMF observer. It is found 

experimentally that an amount of current circulates through the 

anti-parallel diodes of the failed bridge which carries the back-

EMF signal; however, currently, no related articles reveal the 

modeling of this current, and this work attempts to fill this gap. 

In post-fault, the 5Φ-PMSM downgrades to a 4Φ-motor fed by 

a 4Φ-inverter with the failed bridge serving as a zero-sequence 

path, thus the freewheeling current is termed “zero-sequence 

current”. This zero-sequence current reflects the failed phase’s 

back-EMF state and thus eliminates the need for a software 

back-EMF observer which suffers over-parameterization and a 

slow dynamic. To extract speed and position estimates from the 

freewheeling current, a second-order generalized integrator 

(SOGI) with a frequency locked loop (FLL) is adopted because 

of the simplicity it offers. For comparative purposes, a 

complex-valued model of an SMO-sensorless-FOC is 

established by incorporating parameter and speed mismatches. 

This complex-valued model suggests the system is prone to 

oscillation under some disturbances because of its slow 

dynamic. Fortunately, there is no such issue with the presented 

method, benefiting from an improved dynamic. The 

experimental comparisons confirm the stated advantages. 

Meanwhile, the anti-disturbance of the proposed method in 

response to external/internal disturbances is also evaluated.  

The novelty of this work lies in the freewheeling current 

modeling and its first attempt at the sensorless FOC by using 

this current. Compared with the widely investigated SMO-

sensorless-FOC which is often criticized for its slow dynamic 

and over-parameterization, the presented sensorless FOC 

achieves: (1) an improved dynamic with decent accuracy, and 

(2) less parameterization. As an added value, the freewheeling 

current modeling enriches the decoupled control theory of a 5Φ-

PMSM subjected to the IGBT failure which is a norm in an 

electric drive. As a major drawback, the presented sensorless 

FOC is limited to the single-phase IGBT-failure condition only. 

II. FREEWHEELING CURRENT MODELING  

A. Analysis of IGBT failure  
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Fig.1 Freewheeling current through a) the upper diode, and b) the lower diode. 

Without loss of generality, suppose the gating signals of 

phase-A IGBTs are grounded to protect the motor from possible 
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secondary damage. The topology of a 5Φ drive under phase-A 

IGBT failure is illustrated in Fig.1, where the inactive phase 

winding is still connected to the power stage. Even though the 

electrical faults are manifold in an electric drive, they are 

primarily transformed into the IGBT failures by the gate driver. 

Hence, the IGBT failure can be the norm, regardless of the 

incipient faults. However, the motor is not open circuited, and, 

as pointed out by [16], a certain current still circulates through 

the anti-parallel diodes of the failed bridge.   
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Fig.2 Re-definition of the electric drive at the failure of phase-A IGBTs. 

For simplicity, the stator windings are divided into two sets: 

1) the primary set comprises four healthy windings fed by the 

four healthy bridges, and 2) the other set involves only the 

inactive winding which is physically connected to the mid-point 

of the failed bridge. Fig.2 re-defines this faulty electric drive 

where the inactive winding is treated as a zero-sequence path. 

For a generic 5Φ-PMSM, the stator windings are magnetically 

linked, and this effect is manifested as mutual-inductances. In 

Fig.2, a rotary transformer is used to demonstrate the magnetic 

coupling effect. In this work, a four-phase five-bridge (4Φ5B) 

inverter concept is introduced to gain a better understanding of 

the freewheeling current.  

The mathematic model for the inactive phase is given by  

( )AN s A AA A AB B AC C AD D AE E A

d

d
u r i L i L i L i L i L i e

t
= + + + + + +    (1) 

where uxN with x=A,B,C,D,E stands for the terminal-to-neutral 

voltage on phase-x (also known as the phase voltage), ix with 

x=A,B,C,D,E denotes the phase current whose positive 

direction is defined as flowing into the neutral point (denoted 

as “N” point), rs is the stator resistance, Lxy with x,y=A,B,C,D,E 

refers to the self- or mutual inductances, and ex with 

x=A,B,C,D,E represents the back-EMF of phase-x. 

Whereas the remaining phase voltages are represented by  

BN B B B BA ABB BC BD BE

CN C C C CA ACB CC CD CE

s

DB DC DD DEDN D D D DA A

EB EC ED EEE E E EA AEN

d d

d d

u i i e L iL L L L

u i i e L iL L L L
r

L L L Lu i i e L it t

L L L Li i e L iu

          
         
         = + + +
         
                           


 
 
 
 
 

(2) 

For a single-phase open fault, iA is null so the last term of (2) 

is zero. In the former articles, a set of reduced-order Clarke and 

Park matrices is presented which is capable to translate (2) into 

DC quantities. On this basis, this paper enriches the decoupled 

modeling theory by incorporating the freewheeling current.  

The reduced-order Clarke and Park matrices for the single-

phase open fault case are given by  

pk

cos sin 0 0

sin cos 0 0

0 0 1 0

0 0 0 1

 

 

 
 
−

   =   
 
 

T

           

             

(3) 

 clk

cos 1 cos 2 1 cos 3 1 cos 4 1

sin sin 2 sin 3 sin 4

sin 3 sin 6 sin 9 sin12

1 1 1 1

2

5

   

   

   

− − − − 
 
 =
 
 
 

T      

 (4) 

with δ=2π/5 the spatial angle between adjacent windings. 

Accordingly, the decoupled model under phase-A open fault 

can be given by 

d d dd

q s q q q

q3q3 q3 q3

dq

d q r1

r3q3

0 0

0 0

0 0

0 0 0

0 0

0 0 0 3 cos3

u i iL
d

u r i L i
dt

Lu i i

iL

L i

i

  

 

      
      

= +      
      

      

    
    

− − +    
        

      

(5)

 

where ud, uq, uq3 are the d-q-q3 frame voltages; id, iq, iq3 are the 

d-q-q3 frame currents; Ld, Lq, Lq3 are the d-q-q3 frame 

inductances which are constant, with their detailed 

representations referred to [11]; λr1, λr3 are the magnitudes of 1st 

and 3rd rotor flux linkages; and ω is the rotor speed (electrical).  

Under bridge-A failure, iA is small and its influence on the 

FOC is limited and can be offset by the resonant controllers. 

This implies that the decoupled model also applies to the IGBT 

failure condition. 

The electromagnetic torque under the open fault is given by 

1

3

3

5
( )

2

3( sin 2 sin 4 cos 2 cos 4 )5
3

2 2

e d q d q q r

d d q qr

q

p
T i i L L i

i i i ip
i



   

 = − + 

+ − + 
+ + 

 

   (6) 

where Te is the electromagnetic torque, and p represents the 

number of pole pairs.  

Since iA carries the back-EMF information, the modeling of 

iA (or rather, the freewheeling current) is primarily performed, 

which constitutes one of the main contributions in this work.  

B. Modeling of zero-sequence voltage 

For a 5Φ-PMSM with undamaged windings, one always has 

AN BN CN DN EN 0u u u u u+ + + +                         (7) 

XN XO NO , , , , ,u u u x A B C D E − =                      (8) 

where uNO denotes zero-sequence voltage measured between 

point “N” and DC bus midpoint (denoted as “O” point). 

Substituting (8) into (7) yields  

( )NO AO BO CO DO EO5u u u u u u= + + + +              (9) 

where uAO, uBO, uCO, uDO, uEO are pole voltages measured 

between motor terminals and point “O”. Note that the pole 

voltages are not identical to the phase voltages in this scenario, 

and this problem has been addressed in [33].   

The pole voltages of the active phases can be modeled as  

BO

CO

DO

EO

0.5

0.5

0.5

0.5

dc B dc

dc C dc

dc D dc

dc E dc

u u s u

u u s u

u u s u

u u s u

= −


= −


= −
 = −

                           (10) 

where sx with x=B,C,D,E denotes the switching status of the 
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upper IGBT.  

Whereas uAO is modeled as a current-controlled voltage-

source (CCCV), and its representation is given below, ignoring 

the diode forward voltage  

AO

0.5 , 0

( ) 0, 0
2

0.5 , 0

dc o

dc

o o

dc o

u if i
u

u sign i if i

u if i




= = =
−

               (11) 

where io is the freewheeling current also termed “zero-sequence 

current” from the perspective of the 4Φ5B inverter.  

This CCCV takes the following form 

   AO ,
2

dc

o o o

o

u
u r i r

i
= =                           (12) 

where ro denotes the control gain of the CCCV and manifests 

itself as a resistor. ro is infinite when the following property is 

satisfied 

( ),
2o

dc

o i

o

u
r

i
  −

= = +                       (13) 

with γ denoting the maximum value of io.  

As γ is much smaller than the rated current, condition (13) 

always holds. On the other hand, due to the inverter’s physical 

limit, the maximum value of uAO is firmly restricted between 

±½udc, thereby (12) makes sense in describing a faulty inverter.  

Substituting (9) with (10) and (12), uNO can be derived as 

( )NO AO

1 4 1 1 4

5 5 4 2 5 5

dc
B C D E dc o o CMV

u
u u s s s s u r i u

 
= + + + + − = + 

 
  

(14) 

where  

( )
1

4 2

dc

CMV B C D E dc

u
u s s s s u= + + + −                (15) 

In (14) and (15), uCMV stands for the common-mode voltage 

(CMV) because of the inverter chopping, and it has a zero-mean. 

C. Modeling of the freewheeling current 

For a 5Φ-PMSM, there exists 

0A B C D Ei i i i i+ + + +                         (16) 

In fault mode, the 5Φ drive downgrades to a 4Φ drive, with 

the failed winding acting as a zero-sequence path. Given this, 

we have  

o B C D E Ai i i i i i= + + + = −                       (17) 

Substitute (1) with (17), (1) is formalized as 

( ) ( ) ( ) ( )

AN s A

AB AA B AC AA C AD AA D AE AA E

d

d

ou r i e

L L i L L i L L i L L i
t

= − +

+  − + − + − + −  

(18) 

The last term of (18) corresponds to the mutually induced 

voltage because of the magnetic coupling. Suppose id, iq, iq3, io 

are the motor currents represented under the d-q-q3-o frame, 

then transform these currents into the stationary frame, we have  

     
1 1

B C D E clk Pk 3

T

d q q oi i i i i i i i
− −

 =  T T     (19) 

Substituting (19) into (18) yields  

( ) ( ) ( ) ( )( )

( ) ( )

AB AA B AC AA C AD AA D AE AA E

o2.5 cos 2.5 sin 2.5

d

d

m d m q ls

d
L L i L L i L

d

L L i L L i L L i L L

t

i
t

i  

− + − + − + −

− − − += + +  

   (20) 

where Lls denotes the leakage inductance which is usually 

relatively small, Lm is the magnitude of the magnetizing 

inductance, and Lθ is the magnitude of the mutual inductance 

between the stator and rotor [11, 34]. 

Substituting (20) into (18) yields the following  

( ) ( )

NO AO AN

o
s A 2.5 cos

d
2. 2.5 5 si

d
nlo s d m qo o m

d

u u u

i
r L L L i L Li

t t
e

d
r i i  − − +

=

+

−

 = + − + +  

(21) 

NeA

-2.5(Lm-Lθ)d(idcosθ)/dt io

rsro

+-

O

id

+-

iq

2.5(Lm+Lθ)d(iqsinθ)/dt 

2.5Lls

+ -

 
Fig.3 Graphical illustration of the zero-sequence path. 

Fig.3 reveals the graphical form of the zero-sequence path. 

In this figure, the magnetic coupling is represented by two 

separate CCCVs which are directly controlled by id and iq. 

Combining (14) with (21) yields the following frequency-

domain representation 

( ) ( )

A

o

s

s

0.8

0.8 2

2.5 c

.

os 2.5 si

5

0

n

.8 2.5

ls

m d m q

l

M

s

C V

o

o

L

d
L L i L L i

dt

e u
i

r r

r L

s

r s

  

+
=

+ +

  

+ +

− − + +

−

       (22) 

with 

A 1 3sin 3 sin3r re    = − −                       (23) 

Considering the following inequality which always holds 

s0.8 2.5 lsor r L+                               (24) 

Equation (22) is rewritten as 

( ) ( )

( ) ( )

A

o

s s

s s

s s

2.5 sin 2.5 co

0

s

.8

0.8 0.8

0.8 0.8

0

2.5 cos 2.5

. 8

sin

8 0.

CMV

o o

o o

m m

d q

qm m

o o

d

L L L L
i i

diL

ue
i

r

L L

r r r

r r r

Ldi

dt d

r

r r tr r

 

 

   

 

= +
+ +

−
+ +

+
+

+
−

−

+

−

+
−

   (25) 

As per [11], Ld and Lq are represented by 

( ) ( ),2.5 2.5d ls m q ls mL L L L L L L L = + − = + +      (26) 

To minimize (25), we define  

 
( ) ( )A

1 3sin 3 sin

2.5 sin 2.5 sin

3

d m q m

ex

A

ex

r r

i L L i L LE e    

   

−−

−

−=

= −

+
(27) 

( ) ( )1 1

q

d d ls

e

r lr q s

x
i

i L L L L 


−= −+ +                (28) 

where
ex

AE  and 1

ex

r are the extended back-EMF and rotor flux 

which are borrowed from an SMO-sensorless-FOC. Note that 

1

ex

r is corrupted at the low speeds and thus the presented 

sensorless FOC is likewise unsuitable to the low speed region. 

  Substitute (26) and (27) into (25), this obtains 

( ) ( )
o

s s s

0.8

0.8 0.
s

0 8
co

8 .

d ls
ex

CMV dA

o o o

q q lsL L i i LuE
i

r r r r r r

L
= + +

+

− −

+

−

+
     

(29) 

where uCMV is the high-frequency pulse, and this work uses a 
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double sampling technique to best restore the wanted signal io.  

This paper firstly proposes a mathematical model for the 

freewheeling current. From (29), io directly reflects the back-

EMF condition and can be used for the sensorless FOC. 

However, the back-EMF information can be affected by iq and 

the dynamic of id, and below stresses the limitation of the 

presented sensorless FOC.  

III. PROPOSED SENSORLESS CONTROL SCHEME  

A. The limitation of the proposed method 

Equation (29) offers a brand-new way to perform the 

sensorless FOC by exploiting the freewheeling current which is 

by nature a good back-EMF estimator. The presented sensorless 

FOC is most efficient when: I) cosθ-related term in (29) is 

negligible, and II) 1

ex

r  is positive and stable. 

To fulfill the first rule, we have 

( ) ( ) ( )1 d ls d q q ls q q ls

ex

r L L i i L L i L L  − − − −  (30) 

The current id is subject to a slow dynamic either in the filed-

weakening, or MTPA, or id=0 control mode, and the derivative 

of id is therefore disregarded. Correspondingly, iq is supposed 

to satisfy the following property  

1
q f

q ls

ri i
L L


=

−
                           (31) 

where if is defined as the excitation current due to the permanent 

magnet (PM). Note that if is considerable in many instances. For 

most motors with the current rating of around 1/5if, the phase 

shift while measuring 
ex

AE is 11.3o. Ignore this minor phase 

shift, (29) can be approximated by  

o

s s

0.8

0.8 0.8

ex

CMVA

o o

uE
i

r r r r
= +

+ +
                    (32) 

For some specific motors, the current rating can be up to 1/3if, 

and in this context, the position estimation error is expected 

18.4o, and angle compensation is required, however, this topic 

is currently beyond the scope of this work. 

On the other hand, from (28), 1

ex

r is distorted because of the 

presence of id and iq and becomes fluctuating when ω 

approaches zero, which means the sensorless FOC is unable to 

suit the low speed region. Theoretically, the low speed limit can 

be obtained by solving the following inequality  

( ) ( )1

q

d d lsr q ls

i
i L L L L


 + − −                 (33) 

As it is difficult to evaluate the magnitude of qi , the 

analytical value of the low speed limit is currently hard to give. 

However, according to the trials during the experiment, this low 

speed limit is roughly 350 rpm. 

B. The adopted filtering technique 

In practice, io is distorted and unable to follow a sinusoidal 

shape. In this case, band-pass filters (BPFs) are demanded prior 

to the position calculation. A SOGI is a good practice to extract 

the frequency of interest from io and it takes either of the 

following two forms [35, 36]  

( )
2 2

o

v k s
BPF s

i s k s






 
= =

+ +
                     (34) 

( )
2

2 2

o

v k
BPF s

i s k s







 
= =

+ +
                     (35) 

with k the damping factor and ω the resonant frequency. 

The graphical form of the SOGI-FLL is depicted in Fig.4, 

and it comprises two paralleled integrators which calculate vα 

and vβ. Finally, vα and vβ are forwarded to an FLL for the 

position/speed extraction. 
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k

1/s

1/s
+
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io 
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Fig.4 Graphical representation of the adopted SOGI-FLL. 

The FLL takes broad forms, but the following algebraic 

operation is recommended  

ˆ
ˆ ˆarctan ,

v d

v dt






 

 −
= =  

 

                   (36) 

The implementation of (36) is delayless and can be based on 

either the CORDIC (coordinate rotation digital computer) or a 

look-up table, both of which offer a fast speed dynamic with, 

however, a noisy profile. Nevertheless, this solution is still 

preferred as the electric drive is more complex than ever, and 

each observer shall be designed separately using a unique speed 

dynamic. The proposed sensorless FOC adopts this basic SOGI-

FLL where the speed estimate is further processed before being 

used in other observers. The SOGI-FLL is not the innovation of 

this work and readers are referred to [36] for more details. 

C. The proposed sensorless FOC  
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Fig.5 Overview of the adjustable speed drive under the IGBT failures using 

the proposed sensorless FOC. 

Fig.5 outlines this adjustable speed drive under IGBT failures 

of a single-phase, using the proposed sensorless FOC. Aside 

from the Park and inverse Park transformations, other modules 

using the position or speed signals are marked in green and they 

are, respectively: 1) Proportional-Integral-Resonant (PIR) 

controllers to regulate d-q-q3 frame currents; 2) the 

transformation of α-β-β3 frame voltage to pole voltage, where 
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the failed phase back-EMF is required to offset the drifting 

neutral effect (refer to [33] for the details); and 3) low-pass filter 

#1 (LPF1) and low-pass filter #2 (LPF2) to smooth ̂ .   

IV. COMPARISON WITH A MODEL-BASED METHOD 

A. A model-based back-EMF observer 

Sensorless control is mainly about back-EMF acquisition. In 

the proposed method, the back-EMF acquisition is based on an 

existing current sensor and robust to disturbances. However, in 

a model-based method, the back-EMF acquisition develops a 

closed-loop observer which can be conditionally stable. Take 

the SMO-sensorless-FOC as an example. In this method, 

similar quantities such as the extended rotor flux linkage and 

extended back-EMF can be defined below 

    ( ) q

d q d

ex

r r

i
L L i


 

 
= + − −  

 
                  (37) 

1 1sin , cosex ex ex ex

r rE E    = − =             (38) 

where 
ex

r  is the extended rotor flux linkage, and 
exE  and 

exE  are, respectively, the α- and β-axis extended back-EMFs.  

From (37), the dynamic of iq likewise impacts the extended 

rotor flux, especially at the low speeds. Although the extended 

back-EMFs defined in, respectively, (38) and (27), resemble 

each other, the way to acquire them differs. In a model-based 

method, a state estimator is developed which indirectly returns 

the back-EMF estimates. Before going into the state estimator, 

we define 

α α β α α β, , ex ex ex
i i u uji ju E E jE    = + = + = +      (39) 

where iαβ, uαβ, and 
exE  are, respectively, the complex-valued 

current, voltage and extended back-EMF. Thereby, the matrix 

representation of the motor model can be minimized as a single-

input single-output (SISO) system [27, 37] 

( )α s d q α α ,ex

dsL i
d

R j L L i u E
dt

   


  = − − − + − =

 
 (40) 

A state estimator is constructed below 

( )α s d q α α
ˆ ˆ

ˆ
ˆ ˆ ˆ ˆˆˆ ˆ,ex

dsL i
d

R j L L i u E
dt

   


  = − − − + − =

 
  (41) 

where the quantities with “^” indicate the estimated parameters. 

It has to be emphasized that ̂  represents the prefiltered speed 

estimate according to the definition of the SISO system.  

   A saturation function-based sliding mode controller (SMC) is 

able to restrict the state estimation error onto the sliding surface. 

To facilitate the analysis, this SMC is simplified as a 

proportional component with an infinite gain 

( )α
ˆ ˆex

smcE k i i  = −                            (42) 

where ksmc is the equivalent gain.  

By solving the above three equations, we can obtain the 

representation of the complex-valued back-EMF estimate  

( )( ) ( )α
ˆ ex ex

u bEMFE f s u E f s
  = +              (43) 

with  

( )
( ) ( ) ( )
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d q d q s s
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ˆ
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d d
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s L L
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(44) 

and 

( )

( )

( ) ( )

s d q

s d q s d q

ˆ

ˆ

ˆ ˆ ˆˆ

ˆ ˆ ˆˆ

E

smc d

d smc d

sL

sL sL

f s

k R j L L

R j L L k R j L L





 

=

 + − −
 

   + − − + + − −
  

(45) 

Equation (43) discloses the back-EMF estimate properties in 

the presence of parameter and speed mismatches. As per (43), 

( )uf s


is a phase-lead compensator and introduces certain 

noises whereas ( )Ef s


acts as a 2nd-order LPF.  

B. Major drawbacks of the model-based method 

From (43), uαβ contaminates ˆ exE  via ( )uf s


 and is 

therefore classified as a disturbance. This disturbance is 

expected to be fully attenuated by using well-matched 

parameters in the state estimator, however, this condition is too 

hard to fulfill.  

Besides this, both poles and zeros of ( )uf s


and ( )Ef s


can 

be time-variant (or rather, they vary with ̂ ), and this indicates 

the state estimator tends to be nonlinear. To be specific ̂  is 

prone to swinging under disturbances, and it aggravates the 

state estimator nonlinearity, which returns a more distorted 

back-EMF estimate. This distorted back-EMF estimate further 

generates an alternating ̂ , and, eventually, the state estimator 

becomes nonlinear. Therefore, the SMO-sensorless-FOC 

frequently assumes ̂ =  and 0 =  so that the poles and 

zeros can be time-invariant. Fortunately, the freewheeling 

current model makes no such assumption. 

In summary, the SMO-sensorless-FOC is subject to a slow 

dynamic. In contrast, the back-EMF acquisition in the presented 

method takes advantage of an existing current sensor and is 

robust to the dynamic of ̂ . From this respect, the freewheeling 

current is more desirable to replicate the realistic back-EMFs.  

C. Response time of the position estimate 

As stressed earlier, io is sensed by an existing current sensor 

and not affected by the speed variation (or parameter 

mismatches). Up to this point, we only need to focus on the 

extraction of the position and speed estimates, and this can be 

accomplished with a single SOGI-FLL. Note that some SMO-

sensorless-FOC also use the SOGI (or rather, BPF) for 

delayless filtering, and, from this perspective, the proposed 

method benefits from a reduced computational complexity for 

canceling a stator estimator.  

From Fig.4, the natural frequency of a SOGI shall adapt the 

speed estimate, and the involved LPF is used to stabilize the 

natural frequency. The time constant of the LPF is set close or 

equal to the mechanical constant. However, this does not mean 

the natural frequency has to strictly follow the motor’s actual 
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speed, and in fact, a certain speed mismatch is allowed.  

Fig.6 reveals the bode plots of SOGIs with k=0.1,1,10, 

respectively. From Fig.6, the bandwidth of the SOGI is 

narrowed with a decrease of k. There are many criteria for 

choosing the SOGI’s bandwidth, however, from a more 

practical viewpoint, k=1 can be a good trade-off as the inherent 

DC-bias during ADC sampling is not magnified along with a 

decent resiliency to the speed mismatch. Given this, the cut-off 

frequency of the SOGI is 1.5ω, and the response time for the 

position estimate is 1/1.5ω. 

  
Fig.6 Bode plots of the SOGI under different damping factors. (a) The 

frequency response of BPFα(s), and (b) the frequency response of BPFβ(s). 

V. EXPERIMENTAL RESULTS  

The proposed method is examined on a 5Φ-PMSM with its 

shaft coupled to a DC generator. A Digital Signal Processor 

(DSP), i.e., TMS320F28335, joint with a Field Programmable 

Gate Array (FPGA), i.e., XC3S500E, is used to implement the 

presented sensorless FOC, with the SOGI-FLL and PWM made 

in the FPGA and all the other algorithms in the DSP. Phase 

currents are sampled via an Analog-to-Digital Converter (ADC) 

build in the DSP and shared with the FPGA via a 16-bit Parallel 

Bus Interface (PBI). Also placed on the PBI are the 

position/speed estimates. Computational results are captured 

with an external Digital-to-Analog Converter (DAC) which has 

been mapped to the DSP’s memory via a Serial Peripheral 

Interface (SPI). Fig.7 reveals the block diagram of the 

experimental implementation of the presented method. The 

switching frequency is 10 kHz, the rotational inertia is 

0.12kg·m2, the DC bus voltage is 320V, and io is quantized with 

a double-sampling technique. Experimental waveforms are 

recorded with a TPS2024B (Tektronix) oscilloscope.  

F
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ADC PWM Generator

SOGI-FLLP

B

I
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P

I

Oscilloscope

DC Generator 5Φ-PMSM 

5Φ-InverterDAC

FPGA

P

B

I

Current sensors

        DSP-core
ˆˆ , 
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Fig.7 Experimental implementation of the presented method 

The control of id=0 and iq3=0 is adopted to feed the motor, 

whereas the torque-current, iq, is deduced from the speed PI 

regulator. The low speed limit of the sensorless FOC is around 

350rpm below which io suffers a low signal-to-noise ratio 

(SNR). Because of the workload type, the motor is 30% loaded 

at 350rpm and can be fully loaded at the rated speed. Also, 

detailed comparisons with the SMO-sensorless-FOC are 

conducted. Table I is a summary of the 5Φ-PMSM parameters. 

Table I 
Prototype motor parameters  

Symbol Description Value 

λr1 1st order rotor flux  0.512Wb 

λr3 3rd order rotor flux  0.034 Wb 

R Resistance per phase 1.1 Ω 

P Pole pair number 2 

Ld d-inductance of 1st subspace 6.54 mH 
Lq q-inductance of 1st subspace 8.32 mH 

Lls Leakage inductance 1.34 mH 

 
 

if 

rated speed 
rated q-current 

current defined in (31) 

1000 rpm 
10A 

73A 

A. Free-wheeling current profiles 

[Time: 10ms/div]

[Time: 10ms/div]

ia



ia

(a)

(b)

[ia: 0.2A/div]

[ia: 0.5A/div]

[θ : 90deg/div]

[θ : 180deg/div]

 
Fig.8 Position and ia (i.e., -io) under: (a) the low-speed limit at 30% load, and 
(b) the rated speed at full load.  

Fig.8 shows the position and the freewheeling current at, 

respectively, the lower speed limit and rated speed under the 

presented sensorless FOC. In the figure, ia (or rather -io) is 

sensed by a current probe, and the noise on its contour is caused 

by CMV, and hence, a double-sampling technique is suggested. 

From visual inspection, the zero-crossing point of ia aligns well 

with the starting point of the ramped position signal, which 

agrees with the anticipation of (29) and confirms the correctness 

of the derived freewheeling current model.   

B. Performance comparisons (at the low speed limit) 

[Time: 100ms/div] [Time: 100ms/div](a) (b)



̂

Δθ



̂

Δθ

Sensorless FOC

Sensored FOC

Sensorless FOC

Sensored FOC

 
Fig.9 Position and its estimation error in transition from the sensored FOC to 

the sensorless FOC under: (a) the sliding mode observer-based method, and (b) 

the presented method. The position and its estimate are scaled to 144deg/div, 
and Δθ is scaled to 15deg/div. 

Fig.9 reveals Δθ ( ˆ   = − ) oscillation in transition from 

the sensored FOC to the SMO-sensorless-FOC. The abrupt 
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switchover in Fig.9 represents a disturbance. Unfortunately, 

this disturbance eventually brings the system to the edge of 

oscillation as evident in Fig.9(a). Δθ oscillation in Fig.9(a) is 

caused by the narrow stability margin of a model-based method, 

where ̂  variation eventually triggers the nonlinearity of the 

state estimator. This drawback can be overcome in the 

presented sensorless FOC, and as evident in Fig.9(b), the mode 

transitions more smoothly. To further validate this contention, 

the speed waveforms during the mode transition are provided. 

[Time: 100ms/div] [Time: 100ms/div](a) (b)

n̂ n̂

Δθ Δθ

n n

Sensorless FOC

Sensored FOC

Sensorless FOC

Sensored FOC

 
Fig.10 Speed and position estimation error in transition from the sensored FOC 
to the sensorless FOC under: (a) the sliding mode observer-based method, and 

(b) the presented method. The speed and its estimate are scaled to 200 rpm/div 

and Δθ is scaled to 15deg/div. 

Fig.10 reveals the speed and Δθ profiles in transition from 

the sensored FOC to the sensorless FOC under the investigated 

two philosophies. From Fig.10(a), the speed estimate tightly 

follows the real speed under the sensored FOC. However, in 

transitioning to the sensorless FOC, Δθ becomes fluctuating. 

This is because the minor variation of the speed estimate 

intensifies the nonlinearity of the state estimator. From 10(b), 

the speed estimate is also deteriorated after engaging the 

sensorless FOC, however, Δθ is least impacted. This is because 

the hardware-based io is much more robust against the variation 

in the speed estimate. 

io
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[eα ,eΒ: 0.2A/div]

[Time: 10ms/div] [Time: 10ms/div]

[io ,   : 0.2A/div]
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oi
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[eα ,eΒ: 0.2A/div] [io ,   : 0.2A/div]
f
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f
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ˆ exE
ˆ exE
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Fig.11 The extended back-EMF estimates and freewheeling currents. (a) The 

extended back-EMF estimates under a model-based method before engaging 

the sensorless FOC, (b) freewheeling currents under the presented method 
before engaging the sensorless FOC, (c) extended back-EMF estimates under a 

model-based method after engaging the sensorless FOC, and (d) freewheeling 

currents under the presented method after engaging the sensorless FOC. 

Fig.11 shows the back-EMF estimates (or rather, the 

freewheeling current) before and after engaging the sensorless 

FOC under two different philosophies. Figs.11(b) and (d), 
f

oi

represents the fundamental component of the noisy io where the 

unwanted CMV has been filtered out by an LPF. Note that 
f

oi , 

herein, is used for exhibition only. When contrasting Figs.11(a) 

with (c), the back-EMF estimates become severely distorted 

after engaging the SMO-sensorless-FOC, and this is because 

the software back-EMF observer suffers nonlinearities. As a 

contrast, in Figs.11(b) and (d), io rarely changes, regardless of 

whether the presented sensorless FOC is engaged or not.  
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Fig.12 d-q-q3 frame currents and phase currents. (a) d-q-q3 frame currents  under 

the SMO-sensorless-FOC, (b) d-q-q3 frame currents under the presented 

sensorless FOC, (c) phase currents under the SMO-sensorless-FOC, and (d) 
phase currents under the presented sensorless FOC. The position estimate is 

scaled to 144deg/div. 

Fig.12 refers to the d-q-q3 frame currents and the phase 

currents under the two different sensorless control philosophies. 

When contrasting Figs.12(a) with (b) as well as Figs.12(c) with 

(d), the currents under the presented sensorless FOC are more 

desirable, and its superiority is therefore well proven. 

C. Performance comparisons (at the rated speed) 

[Time: 100ms/div]

[Time: 50ms/div]

[Time: 100ms/div]

[Time: 50ms/div]

n̂

n

n̂

n

Δθ
Δθ
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(c) (d)

[Speed:200rpm/div] [Speed:200rpm/div]

Sensorless FOC 
Sensored FOC 

Sensorless FOC
Sensored FOC

Sensorless FOC 
Sensored FOC 

Sensorless FOC
Sensored FOC

 
Fig.13 An aggregate of the experimental results at the rated speed in transition 

from the sensored FOC to the sensorless FOC. (a) Speed and its estimate under 
SMO-sensorless-FOC, (b) speed and its estimate under the presented sensorless 

FOC, (c) position and its estimate under the SMO-sensorless-FOC, and (d) 

position and its estimate under the presented sensorless FOC. The position and 
its estimate are scaled to 144deg/div, and Δθ is scaled to 15deg/div. 

Comparisons with the SMO-sensorless-FOC at the rated 
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speed are also performed, and Fig.13 shows the corresponding 

experimental results under the two control philosophies. In both 

methods, the transition from the sensored FOC to the sensorless 

FOC could incur oscillation on the speed estimate. However, 

from Fig.13(c), this oscillation propagates to the back-EMF 

observer, which further aggravates the oscillation of the 

position/speed estimate. In the proposed method, this 

oscillation is blocked at the measurement of io, and the 

position/speed estimate is, therefore, less impacted, as evident 

in Fig.13(d). Moreover, in Fig.13(d), the mode transitions 

smoothly and Δθ rarely changes, and this confirms the 

superiority of the presented method at the rated speed. 

D. Anti-disturbance performance of the presented method 

As demonstrated above, the SMO-sensorless-FOC is subject 

to a slow dynamic and can oscillate or may even fail facing 

disturbances. In contrast, the presented sensorless FOC is more 

functional. Therefore, in this section, only the presented method 

is evaluated by exerting certain external or internal disturbances. 

Additionally, for a successful sensorless FOC, the bandwidth of 

the speed PI controller should be narrowed. This implies the 

dynamic response of a sensorless FOC is slower than the 

sensored FOC, because the sensorless FOC always uses filters 

to improve the SNR.  

[Time: 500ms/div] [Time: 500ms/div](a) (b)

iq iq

n̂
n̂

Δθ Δθ

UnloadingLoading

 
Fig.14 Sensorless FOC in response to abruptly loading/unloading. (a) the motor 

is fully loaded at rated speed, and (b)The motor is unloaded at 350 rpm. iq is 

scaled to 5A/div, the speed estimate is scaled to 500rpm, and Δθ is scaled to 
15deg/div. 

Fig.14 refers to the presented sensorless FOC under abruptly 

loading/unloading at, respectively, the lower and upper speed 

limits. This is to evaluate the robustness of the proposed 

sensorless FOC against the external disturbance. Fig.14(a) 

shows the responses of, respectively, the speed estimate, iq, and 

Δθ against abruptly loading. Note that at the rated speed, 

unloading action will bring the sensorless FOC to the 

overmodulation region and thus shall be avoided. From 

Fig.14(a), the motor resettles to the speed setpoint in 1.2s, and 

as anticipated, Δθ increased slightly in this process. Fig.14(b) 

shows waveforms of the speed estimate, iq, and Δθ in response 

to abruptly unloading. Also note that at this low-speed limit, 

loading action will bring the sensorless FOC to the failure 

region which shall also be avoided. The low-speed limit, 

350rpm, is obtained by experimental trials, and below this 

speed, the sensorless FOC may fail because the extended rotor 

flux is corrupted by the dynamic of iq.  

[Time: 500ms/div]

iq

n̂

Δθ

Speed step command 

 
Fig.15 Step response and Δθ trend while driving the motor from 350rpm to 

1000rpm under the presented sensorless FOC. iq is scaled to 5A/div, speed 

estimate is scaled to 1000rpm, and Δθ is scaled to 15deg/div. 

Fig.15 refers to the step response and Δθ trend while driving 

the motor from 350rpm to 1000rpm under the presented 

sensorless FOC. Limited to the workload type, the motor is 

initially set at 350rpm with 30% load, and after a step command 

is initiated at 1s, the motor is brought to a fully loaded condition. 

During the first 1s, Δθ is within 5o. Then, Δθ experiences a 

shortly damped oscillation immediately after issuing the step 

command, and this oscillation is supposed to be caused by the 

dynamic of iq. As the motor gets fully loaded, Δθ increases up 

to 12o. The position estimation error agrees with that anticipated, 

and the validity of the proposed sensorless FOC is therefore 

confirmed.  This test also suggests that abrupt change of iq could 

incur some oscillation on Δθ, which is in line with the analytical 

model. Fortunately, this oscillation is damped swiftly and does 

not lead to any system abnormalities, which proves the 

robustness of the proposed sensorless control. 

 In summary, the presented sensorless FOC is efficient in 

dynamic response, and it is less parameterized and more 

functional in comparison to a model-based method. 

VI. CONCLUSIONS 

This paper proposes a brand-new sensorless control for a 

generic 5Φ-PMSM under the single-phase IGBT failures by 

exploiting the freewheeling current in the failed phase. In this 

work, the freewheeling current is firstly modeled and 

theoretically proved to carry the back-EMF information. Based 

on this model, a single SOGI-FLL is suggested to extract the 

position/speed estimates. The proposed method is 

experimentally evaluated at the mid-high speeds with 

capabilities to withstand non-frequently varying 

internal/external disturbances. The proposed sensorless control 

is less parameterized and is featured on an improved dynamic 

relative to a model-based method, and it can be best suitable for 

a 5Φ-PMSM under the single-phase IGBT failures.  

Besides this, in the healthy mode, it is possible to deliberately 

switch off one IGBT-bridge to create the IGBT failure 

environment so the presented sensorless FOC is still applicable, 

with, however, a power derating. The contention is whether the 

benefit of an improved dynamic overweighs its disadvantage of 

the power derating. Comprehensive comparisons in this respect 

will be performed in the future.   
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