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Abstract—This paper deals Torque control strategy for fault –

tolerant “five-phase PMSG-PWM rectifier” set for marine 
current turbine applications. Based on Fortescue transformation 
a dynamical model of “five phase PMSG non sinusoidal EMF” in 
natural basis is established. In order to maximize the average 
torque, to minimize the copper losses and to reduce the torque 
ripples all harmonics of EMF are exploited not only for the 
normal operation mode but also under open phase conditions. 
Thus, an adequate stator phase current waveforms are 
synthesized in natural basis (abcde).  To ensure an effective 
tracking of these currents waveforms a robust nonlinear model-
free controller with a large bandwidth is proposed. Simulation 
and experimental results highlight the performances of the 
control strategy and confirm the efficiency and the robustness of 
the proposed controller.   

Index Terms— Five-Phase PMSG, Current Control, AC 
current controller, Fault tolerant control, Torque control 
strategy 

I. INTRODUCTION 
Multiphase permanent magnet synchronous generator 

(PMSG) seems to be an attractive solution in the context of 
renewable energy source exploitation and in case of fault 
tolerant applications [1], [2]. The association of multiphase 
PMSG to AC-DC converter increases the converted power, 
segments the electrical power and ensures the energy 
conversion chain under fault operation. This paper deals with 
an improved torque control strategy for fault –tolerant “five-
phase PMSG-PWM rectifier” set for marine current turbine 
applications. All currents harmonics and EMF harmonics 
which contribute positively to the torque are exploited. In the 
literature, many papers deal with MCT applications or Wind 

 
  
 

turbine applications and the proposed control strategy is done 
in the dq Park frame because the dq current references are 
constants and a simple PI controller is sufficient for a good 
control. Nevertheless, in the case of open-circuit failure due to 
the failure of a power active component of the rectifier, the 
machine can still continue to operate using the remaining 
healthy phases but a torque ripples appear. The torque control 
strategy need to impose a new optimal current references in 
other to reduce the torque ripples and minimize the copper 
losses. Many methods are proposed in order to determinate 
these current references [3]-[10]. A vectorial approach in real 
time is proposed in [10]. Another method using the 
Lagrangian approach via optimization is used in [8], [9]. In 
our paper an optimal current references are obtained via the 
model of the five-phase PMSG - AC/DC rectifier set under 
fault operation. The same strategy under normal operation is 
adopted. Nevertheless these current references are not 
constants in the dq frame or neither in the abcde frame as 
highlighted in [10]-[18]. Then an accurate and robust 
controller is requested as proposed in [10]-[18]. As the new 
current references are not constants in the dq frames, it is not 
necessary to develop a dynamical model in view of control of 
the 5-phase PMSG in the Park frame. An adequate model in 
the abcde frame or Concordia’s frame is sufficient. In all cases 
robust controller which has a large bandwidth is needed. Many 
controllers are investigated and proposed in the literature. In 
[15], [16] a fractional controller is proposed while in [10], [18] 
a hysteresis regulator is used. In [13] a second-order sliding 
mode control is proposed and in [17] a H∞ controller is 
proposed too. In [11] fuzzy logic and sliding mode controls 
are used. For the hysteresis regulator the switching frequency 
of the power device is not controlled. Others methods can be 
used to control maximum switching frequency of the power 

Torque control strategy for 
fault –tolerant “five-phase PMSG-PWM 
rectifier” set for marine current turbine 

applications 
A. Dieng1, J.C. Le Claire2, M.F. Benkhoris2, M. Ait-Ahmed2 

Université Cheikh Anta Diop de Dakar – Ecole Supérieure Polytechnique de Dakar1 

IREENA – UNIVERSITY OF NANTES2 

Laboratoire LER1 
37 boulevard de l'université – BP406 – 44602 Saint-Nazaire Cedex, France2 

Tel : 00 221 776665138 1 , (+33)2 40 17 26 02 2 
E-Mail: abdoulaye.dieng@esp.sn1, jean-claude.le-claire@univ-nantes.fr2, mohamed-

fouad.benkhoris@univ-nantes.fr2, mourad.ait-ahmed@univ-nantes.fr2 
  



 2 

device. This is the case of the chosen AC current controller 
which is used in [19]-[21]. This AC current controller is 
accurate, robust and it is not necessary to know the control 
model of the system even in fault operation. It is the reason 
why here, this AC current controller is chosen. As it generates 
the PWM signals, a control of the currents in the abcde frame 
under normal operation and under fault condition is imposed. 

This work focuses on the current control performances of 
the five-phase PMSG (Fig. 1) achieved thanks to a robust and 
accurate AC current controller which also controls the 
switching frequency of the power switches and is slightly 
sensitive to the system’s electrical parameters [21]. For the 
marine current turbine simulator the control strategy 
developed in [22] and the model proposed in [23] are used. 
The paper is organized as follows. Section II gives the 
electrical models of the five-phase PMSG under normal 
operation and under fault operation. The harmonics analysis 
based on the theory of Fortescue is presented. In Section III, 
the control strategy of the 5-phase PMSG is introduced. The 
optimal current references are given. Section IV presents the 
generation of the current references of the considered 
machine. The Fourier analysis of EMF is given. Then the 
chosen AC current controller is detailed in Section V. Finally, 
Section VI shows the simulated and experimental results. An 
itemized analysis is performed. 

II. ELECTRICAL MODEL OF THE 5-PHASE PMSG 
To establish the model of the 5-phase PMSG, the following 

assumptions are given: all phases are identical and regularly 
shifted by an angle α= 2π

5
, effect of the saturation is neglected 

and the machine under consideration is a smooth poles one. 
The neutral of the considered machine is not connected and its 

homopolar EMF is equal to zero. 	

A. Under normal operation 
In the natural abcde frame, the electrical equation of the 

generator can be written in the following matrix form: 
E = R I + L (

()
I + V                            (1) 

Where R =

r 0 0 0 0
0 r 0 0 0
0 0 r 0 0
0 0 0 r 0
0 0 0 0 r

, L =

L- L. L/ L/ L.
L. L- L. L/ L/
L/ L. L- L. L/
L/ L/ L. L- L.
L. L/ L/ L. L-

 

X =

X1
X2
X3
X(
X4

 And X= V (voltage), I (current), E (EMF). 

According to Fortescue’s transformation [24], a 5-phase 
system can be decomposed on four symmetric sub-systems, 
and one sub-system, which represents the zero sequence 
vector called homopolar. 

M6 =

1 1 1						1 		1
1 a a. a/ a9
1
1
1

a.
a/
a9

a9 a a/
a a9 a.
a/ a. a

                    (2) 

Where 	a = e;
<=
>  

It can be noticed that all vectors are orthogonal. Hence three 
orthogonal subspaces can be defined. The first subspace is 
called the main frame and it is deduced from the 2nd and 5th 

column of [M5].  

 
Fig. 1. Synoptic diagram of the 5-Phase PMSG supplied by PWM rectifier under normal operation  
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The second subspace is called the secondary frame and it is 
deduced from the 3rd and 4th columns of [M5]. The first 
column of [M5] is the zero sequence. Then, each physical 
vector [X] (voltage, current, EMF) can be projected in the well 
subspace according the following complex formulation and 
taking into account the direct sense: 

X ? = C?e;(?BCDE)

1
a9?
a/?
a.?
a?

                    (3) 

Where h is the rank of the harmonic, Ch and φh are 
respectively the magnitude and the phase of the harmonic ‘h’. 

Using (2) and (3), the harmonics repartition of the 5-Phase 
PMSG is summarized in Table I. 

 
TABLE I 

HARMONICS REPARTITION OF THE 5-PHASE PMSG 

Subspaces Main frame Secondary 
frame Homopolar  

Harmonic order 1,4,6,9,… 3,2,7,8,… 5,10,15,… 

 
Indexing the direct sense of the main frame on the 

fundamental and looking the sequence order of the matrix 
[M5], the direct sense of the secondary frame is indexed 
automatically on the third harmonic. Therefore, in the natural 
abcde frame the Five-Phase PMSG is equivalent to three 
fictitious Five-Phase PMSG, called respectively main machine 
where the electrical pulse is ω, secondary machine where the 
electrical pulse is 3ω and homopolar machine. Fig. 2 
illustrates the new fictitious repartition of phases of the main 
and secondary machines.  

  
  (a)              (b) 

Fig. 2. New fictitious repartition of phases ((a) main machine), ((b) secondary 
machine) 

The harmonics (EMF, current, voltage and flux) which are 
projected in the main frame will be seen only by the main 
machine and the harmonics which are projected in the 
secondary frame will be seen only by the secondary machine. 
The fifth harmonic and its multiples will be seen by the 
homopolar machine. Therefore, (1) can be decomposed in the 
three fictitious frames: 
E G = R I G + L G

(
()
I G + V G             (4) 

E H = R I H + L H
(
()
I H + V H                (5) 

E I = R I I + L I
(
()
I I + V I               (6) 

Where m, s, h represents respectively the main, secondary 
and homopolar machine. 

Based on the principle of the diagonalization of the matrix 
inductance L G, L H and L I, the electrical equation of each 
fictitious machine becomes: 
E J = r I J + LK

(
()
I J + V J  y=m,s,h          (7) 

LG = L- + 2L. cos 2π 5 + 2L/ cos 4π 5   

LH = L- + 2L. cos 6π 5 + 2L/ cos 8π 5   
LI = L- + 2L. + 2L/		  

The generator’s electromagnetic torque for each fictitious 
machine is given by: 
ΓJ =

-
Ω
E1,JI1,J + E2,JI2,J + E3,JI3,J + E(,JI(,J + E4,JI4,J     (8) 

Where y=m,s,h 
The generator’s total electromagnetic torque is given by: 

Γ = ΓG + ΓH	                       (9) 
It can be shown that the expression (9) is equivalent to the 
known general expression of the torque given by: 
Γ = -

Ω
E1I1 + E2I2 + E3I3 + E(I( + E4I4          (10) 

Where EX = EX,G + EX,H and IX = IX,G + IX,H z = a,b,c,d,e 
Indeed, as the two sub-machines are decoupled, the sum of the 
terms due to the interactions between them is equal to zero: 

EX,GIX,H + EX,HIX,G4
XY1 = 0             (11) 

B. Under fault operation 
In the case of open-circuit failure corresponding for 

example to the opening of the fifth phase after failure of a 
power active component of the rectifier, the voltage equation 
of the fifth phase, in natural base, becomes: 

V4 = E4 − L.
([\]

()
+ L/

([^
]

()
+ L/

([_]

()
+ L.

([`
]

()
        (12) 

Knowing that  V1 + V2 + V3 + V( + V4 = 0         (13) 
It can be shown that: 

V1a + V2a + V3a + V(a + V4 = 4Vba               (14)  

Where N is the neutral point of the machine 
V1
V2
V3
V(

=

V1a − Vba
V2a − Vba
V3a − Vba
V(a − Vba

= -
9

3
−1
−1
−1

−1
3
−1
−1

−1
−1
3
−1

−1
−1
−1
3

V1a
V2a
V3a
V(a

− -
9
V4       (15) 

By substituting (12) in (15), (15) becomes: 
V1
V2
V3
V(

= 	

V1d

V2d

V3d

V(d
− -

9
E4 + L.

([\]

()
+ L/

([^
]

()
+ L/

([_]

()
+ L.

([`
]

()
       (16) 

Where: 

V1d

V2d

V3d

V(d
= 1

4

3
−1
−1
−1

−1
3
−1
−1

−1
−1
3
−1

−1
−1
−1
3

Vao
Vbo
Vco
Vdo

 

By substituting (16) in (1), (1) becomes: 
Ed = Rd Id + Ld (

()
Id + Vd                   (17) 

Where: Rd =

r 0 0 0
0 r 0 0
0 0 r 0
0 0 0 r

  

a 

b 

c d 

e 

a 

c 

e b 

d 
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Ld =

L- +
1
4 L. L. +

1
4 L/ L/ +

1
4 L/ L/ +

1
4 L.

L. +
1
4 L. L- +

1
4 L/ L. +

1
4 L/ L/ +

1
4 L.

L/ +
1
4 L. L. +

1
4 L/ L- +

1
4 L/ L. +

1
4 L.

L/ +
1
4 L. L/ +

1
4 L/ L. +

1
4 L/ L- +

1
4 L.

  

It can be noticed that following the open phase, the matrix Ld  
changes. 
The new EMF is: 

Ed =

E1d

E2d

E3d

E(d
=

E1 +
-
9
E4

E2 +
-
9
E4

E3 +
-
9
E4

E( +
-
9
E4

 , Xd =

X1d

X2d

X3d

X(d
 and Xd = Vd, Id, Ed  

The expression of the total generator’s electromagnetic 
torque is now given by: 
Γd = -

Ω
E1d I1d + E2d I2d + E3d I3d + E(d I(d              (18) 

The torque expression can be generalized for any open 
phase. Therefore the general expression of the matrix Ed  can 
be deduced for any open phase: 

Ed =

𝑘hE1d
𝑘iE2d

𝑘jE3d
𝑘kE(d

𝑘lE4d

=

𝑘h E1 −
-
9
𝑘hE1 + 𝑘iE2 + 𝑘jE3 + 𝑘kE( + 𝑘lE4

𝑘i E2 −
-
9
𝑘hE1 + 𝑘iE2 + 𝑘jE3 + 𝑘kE( + 𝑘lE4

𝑘j E3 −
-
9
𝑘hE1 + 𝑘iE2 + 𝑘jE3 + 𝑘kE( + 𝑘lE4

𝑘k E( −
-
9
𝑘hE1 + 𝑘iE2 + 𝑘jE3 + 𝑘kE( + 𝑘lE4

𝑘l E4 −
-
9
𝑘hE1 + 𝑘iE2 + 𝑘jE3 + 𝑘kE( + 𝑘lE4

   (19) 

Where 𝑘m = 1 if the corresponding phase is healthy and 𝑘m =
0 if the corresponding phase is opened, z=a,b,c,d,e.  

When 𝑘m = 0 , the corresponding line from the matrix	 E′ 	is 
removed.  

The new expression of the total generator’s electromagnetic 
torque is now given by: 
Γd = -

Ω
𝑘hE1d I1d + 𝑘iE2d I2d + 𝑘jE3d I3d + 𝑘kE(d I(d + 𝑘lE4d I4d     (20) 

III. CONTROL STRATEGY OF THE 5-PHASE PMSG 

A. Under normal operation 
The MPPT strategy is applied. The maximum power 

available from the tidal current is transformed and injected to 
the grid. The power transfer is optimal when the losses are 
minimal. In this case an optimal control strategy that 
minimizes the reactive power and the copper losses is 
proposed. 

The generator’s electromagnetic power is given by: 
P = PG + PH	                                       (21) 

Where PG = E G
) I G = ΓGΩ  and  PH = E H

) I H = ΓHΩ  
The reactive power is equal to zero when the EMF and 

current vectors of the machine are collinear: 
p\,q
[\,qrst

= p^,q
[^,qrst

= ⋯ = ps,q
[s,qrst

,								 pv,w
[v,wrst

= pv,x
[v,xrst

            (22) 

Where z = a, b, c, d, e and i = m, s. 
The optimal current references for each fictitious machine 

in the main and secondary frame can be written: 

IX,yz4{ =
pv,q
pv,q

<s
v|\

Γz4{,yΩ                     (23) 

The total optimal current reference for each phase becomes: 
IXz4{ =

pv
pv<s

v|\
Γz4{Ω                      (24) 

B. Under fault operation 
The same strategy as under normal operation is adopted. 

Assuming the fifth phase is open-circuited due to the failure of 
power devices, torque ripples appear. 

In order to reduce the torque ripples and to minimize the 
copper losses, the chosen torque control strategy consists to 
impose optimal current references in the remaining four 
phases. 

The reactive power is equal to zero when the EMF and 
current vectors of the machine are collinear: 
p\]

[\rst
] = p^

]

[^rst
] = ⋯ = p`

]

[`rst
]                           (25) 

The new optimal current reference for each phase becomes: 

IXz4{d = pv]

pv]
<`

v|\
Γz4{d Ω                            (26) 

Where z = a, b, c, d. 

IV. GENERATION OF THE CURRENT REFERENCES OF THE 
STUDIED MACHINE  

The Fourier analysis of the EMF of the machine under 
consideration is summarized in Table II. Table II summarizes 
the normalized magnitude of each harmonic of the considered 
machine. The fundamental and the ninth harmonics project in 
the main machine, the third and seventh harmonic in the 
secondary machine.  

TABLE II 
FOURIER ANALYSIS OF THE EMF PROFILE 

(a) Main machine 

EMF Harmonic 1 9 

Magnitude/Fundamental % 100% 0.7% 

(b) Secondary machine 

EMF Harmonic 3 7 

Magnitude/Third harmonic % 100% 0.3% 

 
Other harmonics are equal to zero. The ratio of the 

fundamental and the third harmonic is equal to 30%. It may be 
noticed that the amplitude of harmonics, particularly the third 
one, is important and can produce torque. 

The Fourier analysis of the EMF shows that the ninth 
harmonic and the seven harmonic are very low and can be 
neglected. Then the fundamental and the third harmonic of 
EMF are only considered. In this case the	E1,	E2,	E3,	E(,	E4 
expressions are written: 
E = ωΦG G θ + 3ωΦH G 3θ                 (27)  

Where:  
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G θ =

A θ
B θ
C θ
D θ
E θ

=

sin θ
sin θ − .�

6

sin θ − 9�
6

sin θ − ��
6

sin θ − ��
6

 and G 3θ =

A 3θ
B 3θ
C 3θ
D 3θ
E 3θ

sin 3θ
sin3 θ − .�

6

sin3 θ − 9�
6

sin 3 θ − ��
6

sin 3 θ − ��
6

 

Where ΦG,ΦH are respectively the maximum magnitudes 
of the flux in the main and in the secondary machine, ω = pΩ 
is the electrical angular speed and p is the number of pair 
poles and it is equal to 3 for the considered machine. 

A. Under normal operation 
According to (24) and (27) the global optimal current 

references of the considered machine can be written: 
Iz4{ =

-
�
<
�<�w

< C��<�x
< ωΦG G θ + 3ωΦH G 3θ 	Γz4{Ω      (28) 

Where Iz4{ = I1z4{ I2z4{ I3z4{ I(z4{ I4z4{ ) 
Let us consider x = /�x

�w
, (28) becomes: 

Iz4{ =
1
3

1
5
2Φm 1+x2

G θ + x G 3θ 	Γref                           (29) 

Iz4{ = Im G θ + Is G 3θ                (30) 
Where IG, IH are respectively the maximum magnitude of 

the fundamental current (main machine) and the third 
harmonic current (secondary machine). 
IG = -

�
<�w -C�<

�rst
/
	 , 	IH = x	IG, x =

/�x
�w

= 0.3  

Assuming the phase shift between the measured currents 
and the current references tends to zero thanks to the AC 
current controller, the generator’s average electromagnetic 
torque is given by: 
Γ = ΓG + ΓH	 =

6
.
3ΦGIG + 9ΦHIH                (31) 

As previously mentioned, the adopted strategy allows to 
minimize the copper losses. Indeed the global copper losses 
taking into account the contribution of the third harmonic are 
given by: 
P;w.x = 5RH IG. + IH.                     (32) 

For given constant torque the copper losses by exploiting 
only the main machine can be written: 
P;w = 5RHIG. (1 + x.).                      (33) 

The ratio of the two copper losses gives: 
��w.x
��w

= -
-C�<

= 92%                      (34) 

The exploitation of the secondary machine, with given 
torque, reduces the copper losses thus it permits to get an 
optimal power transfer.  

B. Under fault operation 
When one phase of the 5-phase PMSG is open-circuited (jth 

phase), if the same currents under normal operation and their 
magnitudes are maintained, the expression of the global 
torque, is given by: 
Γ( = Γ − -

Ω
EXIX                   (35) 

Where z = a or b or c or d or e according the open jth phase. 
After development, (37) becomes: 

Γ(,; =
9
6
Γ − -

.
T 2θ + T 4θ + T 6θ           (36) 

Where  

T 2θ = 3ΦGIG + 3ΦGIH + 9ΦHIG cos 2 θ − (j − 1) .�
6

  

T 4θ = − 3ΦGIH + 9ΦHIG cos 4 θ − (j − 1)
2π

5
  

T 6θ = 9ΦHIH cos 6 θ − (j − 1)
2π

5
  

Assuming the fifth phase (corresponding to the phase e) is 
open-circuited, the expression of the global torque becomes: 
Γ( =

9
6
Γ − -

.
3ΦGIG + 3ΦGIH + 9ΦHIG cos 2 θ −

8π

5
−

3ΦGIH + 9ΦHIG cos 4 θ −
8π

5
+ 9ΦHIH cos 6 θ −

8π

5
   (37) 

When the same currents under normal operation and their 
magnitudes are maintained the generator torque is pulsating 
and the average value decrease (Fig. 3). The ratio between the 
torque ripples and the average value of the generator torque is 
around 60%. 

 
Fig. 3. Electromagnetic torque under fault operation 

Now in order to reduce the torque ripples and to minimize 
the copper losses, the new current references given by (26) are 
imposed. 

Under fault operation, assuming the fifth phase is open-
circuited, the new E1d , E2d , E3d , E(d  expressions, determined in the 
subsection II-B, are deduced: 
E1d

E2
d

E3d

E(
d

= ωΦG

A θ
B θ
C θ
D θ

+ -
9
E θ + 3ωΦH

A 3θ
B 3θ
C 3θ
D 3θ

+ -
9
E 3θ (38) 

By replacing the E1d , E2d , E3d , E(d  expressions in (26), the 
global optimal current references of the considered machine 
under fault operation are obtained: 
Iz4{d = -

� B
ΦG Gd θ + -

9
E θ + 3ΦH Gd 3θ + -

9
E 3θ Γref     (39) 

Where Gd θ =

A θ
B θ
C θ
D θ

 and Gd 3θ =

A 3θ
B 3θ
C 3θ
D 3θ

 

Iz4{d = I1z4{d I2z4{d I3z4{d I(z4{d )  
 
F θ = -6

.
ΦG
. 1 + x. − -6

9
ΦG sin θ − ��

6
+ 3ΦH sin 3 θ − ��

6

.
  

V. AC CURRENT CONTROLLER 
Controllers such as Hysteresis Self-Oscillating (HSO) and 

Phase-Shift Self-Oscillating (PSSO) are able to achieve high 
performances. They are robust [25] and are used in many 
application areas such as Class-D audio amplifiers where low 
output impedance, extremely low voltage levels of distortion 
and simple implementations with analog devices are requested 
[26]. So, relay feedback controls without hysteresis such as 
PSSO controls are very efficient and then in this work each of 
the current controls involve a PSSO controller that has been 
used in DC/AC converters [21] and AC/DC converters [19]. It 
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has been patented [20].  Its concept combines two ideas. This 
controller must act at lower frequencies for current regulation 
and it must act at higher frequencies for switching frequency 
control. In such way, an analog filter is added in the feedback 
loop in order to induce a phase-shift, which causes a self-
oscillation. This is the reason why it is a PSSO PWM 
controller. Fig. 4 shows one of its basic schemes where the 
inverter delivers the output voltage u(t) to an inductive load 
and the current sensor (whose transfer equals RT) is used to 
create a current to voltage feedback. 

RT

+

-

Output

non-linear amplifier

F  (p)1 current
i(t)Input

i      (t)ref
current

u(t)
inverter

F  (p)2
current sensor

error

RT

 
Fig. 4. Scheme of the inverter current control loop 

The state of the inverter depends on the error e(t). If e(t) is 
positive, u(t)  is positive. If e(t) is negative, u(t) is negative. A 
sign block may be drawn on the figure, but this is not done in 
order to simplify. It should be shown between the error 
detector and the inverter input. Here, the F2’s filter is added in 
order to cause and control the self-oscillation and then the 
switching frequency of the power devices. The transfer 
functions F1(p), F2(p) and RT respectively depict the load 
voltage to current transfer function, the second order low-pass 
filter transfer function and the current sensor transfer one. 
They are given by: 

pRLpRpU
pIpF

1
1 1

1.11
)(
)()(

+
=

+
==                         (40) 

2
0

2
0

2
//21

1)(
pp

pF
++

=                                 (41) 

Where L is the load’s inductance, r the load’s resistance, x 
is the damping factor of the second order low-pass filter and 
w0 is its natural frequency. 

Thus, it is possible to determine the transfer function H(p) 
that relates to the linear part of the system without the error 
detector. It takes into account F1(p), RT and F2(p). Thanks to 
H(p), the system oscillates at the switching frequency where 
the total phase shift becomes 0° modulo 360° (with the error 
detector) and the oscillation frequency is found by requiring 
that the argument of H(p) equals -180° [27]. In details, thanks 
to this third order low-pass transfer function H(p), the phase-
shift can rotate from 0° to –270° and then the system gives 
birth to a self-oscillation and the amplifier oscillates at the 
frequency where the feedback network has a 180 degrees 
phase-shift and the non-linear amplifier adjusts itself for unity 
loop gain at the switching frequency [28]. This can be written 
as the conditions of Heinrich Georg Barkhausen concerning 
oscillators. Taking into account a reference which equals zero, 
the conditions of Barkhausen permit to get the oscillation 
frequency fosc (assuming the H(jw)’s imaginary part equals 
zero) and the gain of the amplifier gain A0 at this frequency 
(assuming the -HCC(jw)’s real part equals unity). Then the 
oscillation frequency fosc comes [21]: 

0

1

1000
.2121
f
f

f
f coscosc +=+==                  (42) 

It depends of the load’s time constant t1 multiplied by the 

natural frequency f0 of the F2’s filter. By comparing the F1’s 
cut-off frequency fc1 with the F2’s natural frequency f0, it can 
be observed that fosc depends on the F2’s filter and is slightly 
sensitive to the F1’s parameters. Thus the F2’s filter controls 
the switching frequency of the inverter [21]. In fact the 
oscillation frequency previously defined is the maximum 
switching frequency. It is possible to find its instantaneous 
value using Boiko’s works [29]. Another tool presented in 
[30] could be used in order to do it. 

VI. RESULTS 
This work focuses on the current control performances of the 

five-phase PMSG. For the marine current turbine simulator the 
control strategy developed in [22] and the model proposed in 
[23] are used. Simulations are carried out using Matlab 
Simulink. The experimental prototype used to validate the 
proposed control strategy is illustrated by Fig. 5. It involves a 
3 kW DC machine, 3kW five-phase PMSG, five-phase PWM 
rectifier and a 4 quadrant inverter which controls the DC 
machine in order to emulate the marine turbine. A DSPACE 
1103 development board which is interfaced to a standard PC 
is used to generate the control algorithms. Current 
measurements are done thanks to sensors LEM LA25-NP. An 
absolute encoder attached to the generator shaft measures the 
electrical angular position and the mechanical angular speed 
of the generator. The DC machine ensures the equivalent 
speed of the tidal current, the mechanical torque of the turbine 
and the gearbox. To better show the performance achieved by 
the inner current control loop it is only interested in an 
operating point. In this case for the tidal current, assuming that 
the swell effects are neglected, the speed tidal current is 
supposed constant. It is true when a period of 60mn is 
considered. Under fault operation an open-circuit failure is 
introduced in the fifth phase (phase e).  The figures of the 
generator torque, the generator speed and the generator active 
power are obtained by using the Control Desk Software. The 
figures of the currents are obtained by using a scope PM3394. 

        
Fig. 5. Part of the experimental bench 

A. Under normal operation 
Figs. 6 and 7 show the simulated and experimental results. 

All current references are under control of the chosen AC 
current controller, where the natural frequency of the filter F2 
equals 18.4 kHz. Then the maximum switching frequency is 
limited to this value. All simulated results are in accordance 
with the experimental results. Figs. 6(c), 7(e) and 7(f) show 
the good performance of the AC current controllers which 
accurately track its references. 
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(a)            (b) 

  
(c)              (d) 

Fig. 6. Simulated results; (a) generator speed, (b) generator active power, (c) 
currents in the phase a, (d) generator electromagnetic torque 

No disturbances have been observed in the generator torque 
(Fig. 6(d), Fig. 7(c)), the generator speed (Fig. 6(a), Fig. 7(a)), 
the generator active power (Fig. 6(b), Fig. 7(b)). The proposed 
control strategy is proved by Figs. 7(d) and 7(e). The phase 
shift between the EMF (without load) and the current 
reference is equal to zero (Fig. 7(d)). 

   
(a)               (b) 

  
(c)            (d) 

  
(e)            (f) 

Fig. 7. Experimental results; (a) generator speed, (b) generator active power, 
(c) generator electromagnetic torque, (d) current reference and EMF in the 
phase a, (e) and (f) currents in the phase a 
As the phase shift between the measured currents and the 
current references tends to zero (thanks to the AC current 
controllers which track accurately its references) and the phase 
shift between the EMF (without load) and the measured 
current tends to zero too, the power transfer is optimal. 

B. Under fault operation 
When one phase (assuming the fifth phase) is open-circuited, 
the machine can still continue to operate using the four healthy 
phases. New current references are imposed in the four 
healthy phase in order to keep constant the generator torque.  

   
(a)              (b) 

  
(c)              (d) 

    
(e)            (f) 

 
  (g) 

Fig. 8. Simulated results; (a) generator speed, (b) generator active power, (c) 
generator electromagnetic torque, (d) new currents in the phase a, (e) new 
currents in the phase b, (f) new currents in the phase c, (g) new currents in the 
phase d 

  
(a)               (b) 

   
(c)            (d) 

  
(e)            (f) 
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(g)            (h) 

  
(i)            (j) 

  
(k)            (l) 

Fig. 9 . Experimental results; (a) generator speed, (b) generator active power, 
(c) generator electromagnetic torque, (d) Ia current reference and Ea

’ EMF in 
the phase a, (e) and (f) new currents in the phase a, (g) and (h) new currents in 
the phase b, (i) and (j) new currents in the phase c, (k) and (l) new currents in 
the phase d 
As it is normal operation, i.e. Figs. 8(d)(e)(f)(g), 9(e)(g)(i)(k) 
and 9(f)(h)(j)(l) show the good performance of the AC current 
controllers which accurately track their references. The phase 
shift between the new EMF (without load) and the current 
reference tends to zero as shown in Fig. 9(d). The generator 
torque is constant (Fig. 8(c), Fig. 9(c)) and there is no 
oscillation in the generator speed (Fig. 8(a), Fig. 9(a)) and the 
generator active power (Fig. 8(b), Fig. 9(b)). The numerical 
results torque ripples is given in TABLE III. 
 

TABLE III 
NUMERICAL RESULTS TORQUE RIPPLES 

 Normal operation fault operation fault operation 
after corrections 

Ratio 
between the 
torque ripples 
and the 
average value 
of the 
generator 
torque 

0 %                
(see Fig. 6(d), 

Fig. 7(c)) 

60 %   
 

     (see Fig. 3) 

0 %                 
(see Fig. 8(c), Fig. 

9(c)) 

 

VII. CONCLUSION 
In this paper an improved torque control strategy of five-

phase PMSG-PWM rectifier is proposed for both normal 
operating mode and fault operating mode. Under normal 
operation a new vectorial modeling approach based on 
Fortescue’s transformation is established. Under fault 
operation a new method based on the model of the five-phase 
PMSG - AC/DC rectifier set, to determinate the optimal 
current references, is developed. This method can be applied 
for any open phase. The adopted torque control strategy, for 
any operation, allows to reduce the torque ripples and to 
minimize the copper losses. The used controller ensures an 
effective tracking of the non-constants current references 

imposed by the torque control strategy. Thanks to this 
controller, it is not necessary to know the model of the 
controlled system. Simulation and experimental results show 
the good performances achieved thanks to the AC current 
controller.   
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