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Abstract

To insure stable operation and eliminate twice torque ripple, a topology for a six phase permanent magnet synchronous generator
(SP-PMSG) with a neutral point connected together was analyzed in this paper. By adopting an extended transformation matrix, the
mathematic model of the space vector control was established. The voltage and torque equations were deduced while considering the
third harmonic flux and inductance. In addition, the suppression third harmonic method and the closed loop control strategy were
proposed. A comparison analysis indicates that the cooper loss minimum method and the current magnitude minimum method can
meet different application requirements. The voltage compensation amount for each of the methods was deduced which also takes
into account the third harmonic effect. A simulation and experimental result comparison validates the consistency through
theoretical derivation. It can be seen that all of the two control strategies can meet the requirements of post-fault.
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cooper loss minimum

I. INTRODUCTION

The multi-phase PMSM has attracted more comprehensive
attention in recently years [1]-[3]. In addition to the advantages
such as small size, light weight, high power density and
efficiency when compared with conventional three phase
machines, they also have advantages such as high power output
with low voltage and fault tolerant [4]-[7]. By increasing the
number of stator winding phases, a SP-PMSG can reduces the
phase current dramatically. At the same time, the zero
sequence circulation current was thoroughly avoided such as in
a parallel converter applied to wind energy conversion systems.
Filter design is difficult in the high current application. By
connecting the neutral point with different topology, it can
realize mid-voltage grid connection by DC-bus series [8], or it
can enhance the system stability and meet the requirements of
the filter by a parallel topology.

In multi-phase machines, when faults occur in one or more
of the phases, the machine can still operate with the healthy
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phases [9]-[12]. In order to solve the problem of fault tolerance,
one of the related control techniques for it is ohmic loss
minimum [13],[14], which can limit the loss in fault mode.
Nevertheless, the maximum torque output of the machine was
also limited. Another technique is one that limits the maximum
magnitude of stator current [15]. It can make each phase
current have the same or nearly the same magnitude, and it
caused the ohmic loss to increase. Minimizing the inverter
inactive power transfer was also introduced [16]. In practice,
fault tolerant control is an optimizing process of the stator
current. The stator phase currents are optimized to keep the
rotating MMF undisturbed under fault mode, and to eliminate
the torque ripple. Compared with the third harmonic, the
effects of other low harmonic are slight. Many studies have
focused on inhibiting the twice ripple of the torque which
caused by the third harmonic. To inhibit the torque ripple in the
fault mode of a five phase motor, the third harmonic was
eliminated by using the instantaneous power balance method
[17]. However, it cannot reflect the coupling relationship of the
d-q subspace which involves the electromechanical energy
conversion and harmonic subspace which involves the
harmonic losses, and each subspace cannot decouple
completely [18]. A third harmonic injection method to reduce
the output torque ripples of a five phase PMSM under one
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phase open faults is reported in [19]. This method caused an
increase in the stator ohmic loss and it can lead to a
deterioration of the torque ripples. By applying the extended
transformation matrix for the stator current, the twice and
fourth torque ripples were separated, and it can decouple the
d-q subspace and harmonic subspace and adopt the closed loop
control separately [20]. Based on the proposed theory, this
paper presents the decoupling matrix for the stator current in
the fault mode. By applying the matrix, the ohmic loss
calculation expression and the decoupled fundamental voltage
and third harmonic voltage expression were deduced. The
proposed method was applied to the ohmic loss minimum and
the stator current magnitude minimum strategies, in order to
inhibit the torque ripples. The compensation voltage for both of
the strategies in the close loop control were analyzed in depth.
All of these proposed methods were applied to a SP-PMSG
which was specially adapted from an induction motor with 36
slots.

This paper is organized as follows. The mathematical model
and the extended transformation matrix for the one phase open
mode were proposed in Section 2. The optimization current
methods using the ohmic loss minimum and the stator current
magnitude minimum strategies were presented in Section 3.
The compensation method in the closed loop control was
illustrated in Section 4 to eliminate the effects caused by the
third harmonic. Simulations and experiments were carried out
to validate the proposed method and are shown in Section 5.
Some meaningful conclusions are given in Section 6.

II. MATHEMATICAL MODEL OF A SP-PMSM IN
THE FAULT MODE

A. SP-PMSG Mathematical Model in the Fault Mode
Fig. 1 shows the topology of a SP-PMSM connected to a

voltage source converter with a Z phase opening. In this figure,
C,. represent the capacity of the DC-bus, V. is the voltage of
the DC-bus, A-B-C and X-Y-Z represent the two sets of three
phase windings, where X-Y-Z shift 30 degrees from A-B-C,
and the two sets winding’s neutral points were connected
together.

In the normal state, the flux distributes the air-gap evenly,
the current of each phase is also balanced, and stator current
can be expressed as (1).

i =1, sin(@,t—7,) @)
where, i, denotes the stator current vector, /,,; denotes the
magnitude of the fundamental, @, is the electrical angular

velocity, and p, is the original angle vector, shown as (2),
where n denote A, B, C, X, Y, Z.

T
2r 2rm & 5w
=0 = -=—==== 2
mejo 2223 @)

According to the N phase stationary transformation theory
described in [21], the six phase motor discussed in this paper is

(b)

Fig. 1. Topology structure with Z phase opening and reference
frame a) topology of the referred SP-PMSG, b) stationary frame to
d-q reference frame.

a semi-twelve phase motor. According to Fig.1 b) the o-f
coordinates and d-q frame, it can gain a transformation matrix
that is the so-called Ty Remove the row corresponding to the
open phase, the transformation matrix for open phase called Ts,,
it then consist of the five vectors that are orthogonal each other.
As (3) shows, the original matrix was not satisfying the
orthogonal condition. By extending the transformation matrix
to fit (3), the matrix was split into the a-f subspace and the
zI1-z3 subspace. As (4) shows, the former represents the
electromechanical energy conversion subspace and the latter
contributes to the losses. For a motor with non-isolated neutral
point, the sum of stator current is zero. As a result, all of the
elements of z3 subspace must be set to 1. In order to make all
of the vectors orthogonal, all of the elements of f subspace can
subtract 0.2. The extended transformation matrix elements are
shown in (5) after adjustment.
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The rotational transformation matrix can be written as (6).
cosf sind 03
P(0)=|-sin@ cosf 03 (6)
030 03 I3
where 6 =@w,t, ®,is the electrical angular speed.
By applying the stationary and rotational transformation
matrix to (1), the decoupled current can be gained.
. T . T
iaqs =T(0)i, @)
where T(60)=P(6)Ts,, iquT consists of iy-iy and i,-i,3, the

ig-iq involved in the energy conversion which the MMF
produced by the healthy phase is equal to the MMF produced
by the two equivalent windings on the d-g axes or the a-f axes.

The stator voltage in the d-q frame can be written as
traditional three phase motor as follows:

. dig
Udqz = Rsldqz +4 (H)quz d;lz
0 _qu 01><3 ®)

+(UA1 (0) LdS 0 0]><3 iqu + C!)Bl (0)

05, 03 033

where Rqis the stator resistance, Ly, is the inductance in the
d-q frame, 4,(0) is the coefficient matrix corresponding to the
fundamental voltage, and B,(0) is the fundamental flux in the
rotational frame as follows:

0.8+0.2cos280  —0.2sin26 0, 0.12sin@
—0.2sin260  0.8+0.2cos20 0, 0.12cosé
A0y 0 0 0
2x1 2x1 2x2 2x1
0.33sin 6 0.33sin6 0o  0.0667
—0.25in26
0.8—-0.2cos20
By (0)=ym 0
0
0.333sin 6

If only the third harmonic inductance and the flux are
considered, the third harmonic voltage can be expressed as
follows:

_ dy dig,
W34q, =T 1(9)673:%3143(9)742 ©)
+@L,3B3(0)igy. + @y yC3(0)

di
where 3 :LM%H//M is the third harmonic flux, 4;(6)
and B;(0) are the coefficient matrixes which relate to the
inductance after the rotational coordinate transformation,
A3(0) show at the top of this page. C;(#) can be gained by
applying 7(0) to the third harmonic flux.

0.2-0.2cos26 0.2sin26 0 0.6sind —0.12sin@
0.2sin 26 0.2+0.2cos20 0 0.6cosé —0.12cosé
A;(0) 0 0 0 0 0
1.33siné 1.33cosé 0 2 -0.4
0.33sin@ —0.33cosd 0 0.5 2.6

0.2sin20  —0.2(1—-c0s26) 03
0.2(1+cos20)  —02sin20 0,3

B;(0)= 0 0 013
1.33cos® —-1.33sin@ 0,3

-0.33sin0 0.33sin @ 0,3

0‘3(cos 20 — cos46 —sin 20 + sin 40)
0.3(—cos26 — cos 46 +sin 26 + sin 46
C3(0)=¥m3 0
2(cos36 —sin36)
2cos360 —3sin 360

For equation (8), the fundamental was taken into account
only, after applying 7(6). It can be seen in A(#). It includes
twice the ripples between the d-q axes which is not decoupled
completely. Therefore, it is possible to multiply P(6) only for
the d-q frame to gain a completely decoupled model. P(6) is
shown in (10), and this is not for the third harmonic voltage.
It can be an independent variable to control.

(10)

0.8+02c0s20  ~02sin20 |
P(0)= :
—0.2sin20  0.8+0.2cos26

The decoupled voltage in the d-q frame is the sum of the

fundamental and the third harmonic voltage.
The inductance matrix is show in (11). It considers the third
harmonic inductance effect. The flux induced by the magnets
shows in (12), consists of fundamental and third harmonic flux.

Ly = Lyhyq + Ly + L3 = Ligd gy

P RS R
2 2 2
SR | W3
2 2 2
+L,q L 1 _ﬁ 0
2 2 2
B, Bt (1)
2 2 2
B
L 2 2 J
1 1100
1 11 00
+L31 1 100
00 0 1 1
00 0 1 1
cosé
2w
o=~
COS( 3) cos36
[ erJ cos30
cos| 0 +—
Vi =Vl Y Wm3 =¥m 3 W3 cos 30 (12)
cos H—Z s?n3¢9
6 sin 36
cos(@—s—”j
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B. Torque and Power Equation in Fault Mode

It is well known that torque can be calculated by partial
differentiation of the co-energy that is stored in the stator
inductance and the permanent magnet, as shown in (13).

ow, 1, 10L,, .roy )
T,=—%X= —i Sjo+ig — 2
il “(25 00 ° ° 00
} (13)

m

| (O T 00

where W._is the co-energy of the motor, 6,, is the mechanical
angular speed, p is the pole pairs, and the first part of (13)
equals zero for the surface mounted permanent magnet motor.
It will not induce the torque ripple in the fault mode, and only
the flux induced by the magnet was considered. By applying
the rotational transformation matrix, and substituting (12) into
(13), the torque can be gained as shown in (14). It can be seen
that the torque is more complicated than the fundamental.
Because it was taken into account the twice, third, fourth
harmonics components were involved in the torque.

R
T, =3p, [‘//m]lq] +gl//m1123 COSHJ
3
+=PWm3| ig1(cos26 —cos40 —sin 26 + sin 460
5 £n m3|:d1( ) (]4)
+ig1(c0s20 +cos 46 +sin 20 +sin40)

+iyy (3c0s 30+ 3sin39) +iz (%cos%’ + lsgsiHSHH

According to the instantaneous theory, the power can be
expressed as follows:

5
S=Yu-i; (15)
i=l1
P=P,, +P, (16)
Qzuﬂ'ia—ua-iﬂ (17)

where S is the apparent power, P is the active power, which
contains P, and P, , B, =P, +Ug4 14 , B, 15 the

sw

5
switch 10sS, P. =Y R-ij+u,q iy +U,y i +uy3-i,3, and O
i=1

is the reactive power.

III. SP-PMSG FAULT TOLERANT CONTROL IN THE
ONE PHASE OPEN MODE

A. Stator Ohmic Loss Minimum Control (M1)

In the one phase open mode, the power devices of the
converter can stand the fault current under a light load because
the phase number is increased. Therefore, the M1 method fits
this occasion. This control strategy can lead to lower loss and
gain a higher power output if the rated current of the converter
is not limited.

The ohmic loss of the SP-PMSG can be expressed as follows.

As can be seen in (18), in order to get lower losses, ig can be set
to zero. In addition, (18) can be simplified as (19).

— . T — .
P=il iR =(T7(0)igq,) (T (6)iggs )Rs
4 2.2\, {2 2
7§R‘{(Id +Iq)+§([q_1d)00520 (18)
+§1qu sin20+ 12 +0.7512, + 0.61223}

P=R, (215 + %15 cos20+ 12 +0.751% + 0.61223] (19)
The phase currents can be written in a complex form as
shown in (20).

i, =Xy I,cos0 +Y I sinb; =X 1, +Yn1ﬁ (20)
where n represents A,B,C,X,Y,Z, and X, and Y, are unknown
variables. For smooth torque production, torque ripples equal
to zero are preferred. Therefore, the MMF is balance under
normal or fault operations. X, and Y, satisfy the conditions as
shown in (21) [9]:

Xp +\3Xx /2-05Xg —B3Xy /205X =3
Yo +~/3Yx /2-0.5Y5 /3%y /2057 =0
0.5Xy +V3Xp /2+0.5Xy —B3Xc/2=0
0.5Yx +~/3Y /2+0.5Yy —3Y-/2=3

@n

For the topology considered in this paper, the neutral point
was connected together, so the real and imaginary parts also
satisfy the condition shown in (22).

{XA+XB +Xc+Xx+Xy =0

22
Yo +Yg+ Yo +Yx +Yy =0

To gain the optimal current, Lagrangian function can be used
to calculate the real and imaginary parts of the current value
offline. For loss minimum consideration, the sum square of the
current can be an objective function, as can be seen in (19).
This means that the objective function can be written as (23).
The objective function satisfies (21) and (22). As a result, the
extreme value of the Lagrangian function is the solution of the
optimal current.

F(HE) =3 (2 1?) (23)

i=1

The solution is shown in (24), and the initial phase angle is
in radians. It can be seen that i, reaches 1.846 times than
normal operation. It is worth noting that the maximum of the
stator current is limited by the converter rated current.
Therefore, the generator can gain higher efficiency under the
M1 strategy. However, if the current approaches the rated
current, the over current can lead to converter fault protection.
i =1.0541, sin(6; +0.32)
ig =1.2171,,sin(0 ~1.993)
ic =1.8461,,sin(6; +1.845)

b=l sin(ﬁi _%j (24)

. 5
iy =1, sm[@i —?ﬂj

B. Stator Current Magnitude Minimum Control (M2)
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To overcome a phase current that is much higher than others,
the M2 strategy was proposed. It is an optimization process to
obtain the minimum current magnitude, by optimizing the
z1-z3 harmonic subspace currents. The solution is the
minimum of the optimal results. Some optimization functions
can be readily used for this optimization problem, such as the
fmincon and fininmax provided by Matlab. The optimization
function is shown in (25).

S(X0oY) = fun( X5+ Y3, X5+ Y3, X2+ Y2, X + Y3, 47 + 17

(25)
where (21) and (22) can be constraints for the optimal function,
and the range of X; and Y; are not limited between 0 to 1. The
initial value should be set for optimization. After several
attempts at optimization, an effective solution was determined,
as shown in (23). The initial phase angle is in radians.

iy =1.4401, sin(H +0. 883)
ip =1.4401,, sin(6, —1.545)
ic =1.4401,,sin(6, +1.798)
iy =1.4401,,sin(6, —0.974)
iy =1.4401,, sin (6, +3.061)

(26)

Compared with the M1’s solution, the ohmic loss increased
to 1.296 times that of the M1, the maximum current is 1.44
times than in normal operation.

IV. CLOSE LooP CONTROL IN THE FAULT MODE

According to the analysis in Section II(A), in order to get
the current expressed in (21), lower losses can be achieved by
the harmonic subspace current 7,; and I, being set to 0. In
accordance with (11), the third harmonic voltage effects should
be added. For the topology studied in this paper, /,; is neglected.
As a result, the close loop d-q —z axis voltage can be expressed
as (24).

Pl; 0 0 0

0 PI‘I 0 0 .ref  .real
YTl o pr Mgz ™ oz
0 0 0 P, (24)
0 —qu 00 AU,
AU,
‘o Ly 0 00 ‘o q
0 0 00 AU,

0 0 00 AU,

where the four parameters in the first part matrix indicate the PI
regulator, which K, is the proportional coefficient and K; is the

integral coefficient. t:,ef is the reference value for PI

.real

regulator, iy is the feedback current after the rotational

transformation. L4 and Ly are the inductances considering the
third harmonic effect. Ly=Lai+Lns, Lo=LqtLms, AU are the

compensation voltages for the output voltages in each subspace.
For M1 method, the compensation voltage is shown in (25).

TABLE 1
SP-PMSG PARAMETERS

Resistor 1.4Q
Main inductance 2.04mH
Leakage inductance 1.76mH
Number of pole-pairs 2

Magnet flux 0.68Wb
Inertia 0.015kgm’
Slot 36

AU, =0.30v,,3(c0s26 - cos 46 —sin 20 +sin 46
AU, =0.30y,,3(c0s 20 + cos 46 +sin 26 + sin 46 )
AU, =0

AU,y =20y ,3(cos36 —sin36)

(25)

For the M2 method, the ohmic losses increased indicating
that the harmonic currents were injected into the z1-z3
subspace. The injected harmonic currents cannot be gained in
the optimization process, while they can be calculated by
applying T(6) to the optimization results. The reference
currents in the harmonic subspace were calculated as
shown in (26).

7 =0.2953,7 sin6 - 0.7542i) cos 0
i =0.4176i;7 sin 0 +0.0505i cos 0 (26)
iy =0

The voltage expression of M2 is same as the M1 method,
the compensation voltage in (25) also fits for the M2 method
because the harmonic inductance and flux were not influenced
by the current.

V. SIMULATIONS RESULT

The parameters of the SP-PMSG utilized in this paper are
listed in Table L.

To achieve an ideal Matlab model the fundamental current
was taken into account in the simulation only. Therefore, the
simulation results cannot reflects the third harmonic effects. All
of them validate the correctness of the theory referred to in
Section III.

The two versions of optimization presented in Section III
were validated. The parameters used in the simulations and
experiments are shown in Table I. All of the simulations have
been performed at 150rpm and 7N.m. In this paper, in order to
compare the currents intuitive, all of the currents are expressed
in magnitude. If the RMS value is needed, it can be gained by
dividing by V2. Fig. 2 presents the stator currents operating
in the normal condition. The currents in the XYZ windings
shift 30 degree from the ABC winding, and the torque of the
SP-PMSG operates in 7N.m steadily with lower ripples that
can be neglect .
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Fig. 2. Stator current and torque in normal operation ((a)stator
current,(b) electromagnetic torque )
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Fig. 3. Fault tolerant control with M1 method ((a) currents, (b)
current in o-ff subspace and in z/-z2 subspace ).

Fig. 3(a) indicates the SP-PMSG under the fault tolerant
control in the M1 method. Even though each phase current
never has the same magnitude, the C phase current reached
2.05A, while the X and Y phase currents are the lowest at
1.11A which the same as in normal operation. In addition, each
phase current is sinusoidal. Fig.3(b) and Fig.4(b) show the
currents in the a-f subspace and in the z1-z2 subspace with both
methods. It also indicates that the MMF recovers to normal
operation. The difference is that the currents in the z1-z2
subspace with M1 is lower than M2 but not equal to 0. Fig.4(a)
shows that the SP-PMSG with the M2 method is controlled
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Fig. 4. Fault tolerant control with M2 method ((a) currents, (d)
current in o-f subspace and in z/-z2 subspace).
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Fig. 5. Electromagnetic torque under fault tolerant control.

when the Z phase is open. All of the phase currents
magnitudes are 1.60A equally and sinusoidal well. Fig. 5
shows that the torque recovers to 7N.m under both of the fault
tolerant controls. It is as smooth as in the normal condition.

VI. EXPERIMENTAL RESULTS

To verify the efficiency of the proposed method, an
experimental test-rig bed has been developed. The test rig is
shown in Fig.6. The switching frequency is set to 12.5kHz
using the classical SPWM technique. The control algorithm
was validated on a TCI1767 digital signal controller
manufactured by the Infineon company. The CPU receives the
stator current data by its 12-bit A/D converter. All of the PWM
output was produced by a general purpose time array (GPTA).
The speed was measured through a resolver and decoder by
AD2S1200.

Several experiments have been carried out on the test-rig.
Firstly, it must be noted that there are no filters between the
converter and the PMSG. Therefore, the harmonics will be
more than with filters. All of the waveforms were measured
by a YOKOGAWA DLM2024 oscilloscope, and the power
was measured by a WT1806. The SP-PMSG operates at
150rpm, and the DC motor output power is equal in each
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Control and
drive unit

Fig. 6. SP-PMSG experimental test rig.
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Fig. 7. SP-PMSG operates in normal state with vector space
decomposition((a) stator currents, (b) A phase current FFT
analysis, (c) phase voltages, (d) A phase voltage FFT analysis ).

occasion. Since no torque and speed transducers were used in
the test rig, the speed was output by a D/A board. The speed
fluctuation reflects the torque ripples, so no torque
experiments were involved.

A. Experimental Results of the Normal States

Fig. 7(a) presents the current under normal conditions with
the SVPWM modulation, where the magnitudes are 1A, and
X phase shifts 30 degree from A phase. Fig. 7(b) presents the

[
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/;\ Main = 125 k 50ms/div
5
g
g
S
"
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5]
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i #(50ms/div)
(a)
-3 3
) —
F <
=) =
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(b)
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z 0~
<
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2
S :
#(100ms/div)
(c)

Fig. 8. The performance of SP-PMSG operates in normal state
((a) Speed, (b) currents in alpha-beta subspace and in z/-z2
subspace), (c¢) active power and reactive power.

A phase currents and their FFT analysis. The 3rd, 5th, and 7th
harmonics were less contained in the currents, since there are
essentially 6N * 1 harmonic in a six phase motor. As a result,
the 11th and 13th harmonics are slightly higher, but their
effects can be neglected. The voltage of the steady states are
distributes normally, and it contains third and fifth harmonics.

When in steady state, the SP-PMSG operates smoothly in
terms of speed and at 150rpm steadily. In addition, ripples are
hardly seen, as shown in Fig.8(a). As shown in Fig.8(b), the
currents in the alpha-beta subspace indicate that the MMF is
well distributed in the air gap. At the same time, the currents
in the z1-z2 subspace indicate harmonics which were not
involved energy conversion. As can be seen, the harmonics
losses are very low in the z1-z2 subspace in the steady state.
Fig.8(c) shows that the active power fluctuates slightly, and
that the reactive power is at a very low level.

B. Experimental Results of the Fault States

Fig. 9(a) shows the SP-PMSG operating in the fault state
with SVPWM and no fault tolerant control. The currents are
not equal and evenly distributed. The magnitude of the C
phase current reaches 2.4A, and the currents have more
harmonic such as the 3th, 5th, 7th, 9th, 11th, and 13th, as
shown in Fig. 9(b). Similarly, the phase voltage is distributed
as shown in Fig. 9(c). In addition, the magnitude is not equal
as normal, and it contains various harmonics such as 2nd,
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Fig. 9. Six phase PMSG operates in fault state with vector space
decomposition and without fault tolerant control ((a) stator
currents, (b) A phase current FFT analysis, (c) phase voltages, (d)
A phase voltage FFT analysis).

3rd, 4th, 5th, 7th, etc.

For the deteriorated voltage and currents, the performance
of the SP-PMSG is in the faulty state, as shown in Fig.10. By
applying the stationary transformation matrix of the normal
state for the currents, the currents in the « axis and f axis
were no longer had a phase shift of 90 degrees. The
harmonics were also transformed in the z1-z2 subspace. As a
result, the distortion of the currents caused I,-I; to be
elliptical and contain harmonics, and the currents in the
harmonic subspace obviously increase, as shown in Fig.10(b).
This leads to twice the torque ripples and speed fluctuations,
as shown in Fig.10(a). Fig.10(c) shows that active power
fluctuates irregularly, and that the reactive power increased a

lot more.

C. Fault Tolerant Control in the M1 Method

Following the strategy proposed in section III, the MI
method was applied to improve the performance of the
SP-PMSG in the faulty state. By applying the transformation
matrix (5) and (6) for the fault currents, as shown in Fig.11,
the SP-PMSG currents and voltages under the M1 strategy
are controlled without compensation and called M1A. The
magnitude of the currents are obviously reduced, and the
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Fig. 10. The performance of SP-PMSG operates in faulty state
((a) Speed, (b) currents in alpha-beta subspace and in zI-z2
subspace), (c¢) active power and reactive power).

currents are not sinusoidal and obviously have the 3rd
harmonic as shown in the A phase current FFT. The voltage
can be distributed as the normal state and it contain less
harmonics when compared to Fig.9(d). It can be seen that the
2nd, 4th, 5th, and 7th harmonics are dramatically reduced.
The SP-PMSG speed recovered to 150rpm steadily. Due to
currents with higher 3rd harmonic, Fig.12(b) presents the /,-I;
and I;-I, variety law, which indicates the MMF irregular
distribution. even though the reference was set to zero, the
current in the z2 subspace has much higher feedback currents
which cannot meet the ohmic loss minimum requirement.
The results suggested that only the speed or torque of the
SP-PMSG under the M1 strategy without compensation
recover to smooth operation. Figl2(c) shows that the active
power and reactive power fluctuate as the faulty state.
Therefore, it can be deduced that the severe harmonic losses
in the harmonic subspace cause active fluctuations with a
higher magnitude.

This drawback is overcome after compensation under the
M1 method, and this method was called M1B. It can be
clearly seen that the currents coincide to the theoretical
analysis and the simulation results. Currents with lower
harmonics are shown in Fig.13(b). The 3rd harmonic was
obviously reduced, and 7th also dropped to a low level. For
the compensation voltage function, the harmonics of the
voltage with compensation in the M1method are much higher
than those without compensation, as can be seen in Fig.13(d).
Fig. 14(a) shows that speed performance can achieved the
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Fig. 11. Six phase PMSG operates in fault tolerant control with
M1 method without harmonic compensation((a) stator currents,
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normal state steadily. The most obvious improvement is that

the current in the z2 subspace is decreased to a very low level.

This means the ohmic loss dropped, and the efficiency
increased.

D. Fault Tolerant Control in the M2 Method

Fig. 15 presents the SP-PMSG under the M2 strategy
control without compensation (M2A). Due to the third
harmonic flux and inductance effects, the requirements of the
M2 strategy are hard to achieve so that the magnitudes of
each of the phase currents are equal. The currents contain
more harmonics than the M1 method for the currents injected
to the z1-z2 subspace. There is no obvious difference in the
voltage comparison for the M1 method.

The performance of the SP-PMSG is presented in Fig. 16,

for injection to the harmonic subspace. Although the speed of
the SP-PMSG operates at 150rpm steadily, Fig. 16(b) shows
that the MMF is similar to Fig. 12(b) with M1 method. This
means that the third harmonic effect causes MMF with
ripples. When 7;-1; increase to a much higher level, it means
that the ohmic loss will be a lot higher than normal state. Fig.
16(c) shows that the harmonic losses in the z1-z2 subspace
causes the active power to fluctuate violently.
When compared to Fig. 15, Fig. 17 presents the results with
voltage compensation under the M2 strategy (M2B). The
phase magnitudes of the A, B, C, X phase currents are very
close, which corresponds to the theoretical and simulation
results. After compensation, the 3rd harmonics in the currents
decrease to -86dBV compared to Fig. 15(b) at -74dBV. All of
the fault tolerant control strategies are based on the MMF
balance principle. As a result, the fault tolerant voltage in
each strategy has no obvious difference. This can be seen in
Fig. 7(b), Fig. 11(b), Fig. 13(b), Fig. 15(b), and Fig. 17(b).

Fig. 18(a) presents the SP-PMSG operating at 150rpm
without violent ripples. In Fig. 18(b), /,-I; shows that the
MMEF recovers to the normal state and distributes evenly in
the air gap. At the same time, the elliptical trace of 7,-I, is
identical to that of the theoretical analysis. After voltage
compensation, the active power outputs smoothly and the
reactive power with lower twice ripple are shown in Fig.
18(c). However, the reactive power has little effect on the
system steady operation.

As the power dates in Table II indicate, the efficiency of the
SP-PMSG is not highly efficient when it operates in a light
load. However, it should be noted that the output power of the
M2 methods are less than both of the M1 methods. Due to the
currents injection to the z1-z2 subspace, the active power
contains much more ohmic loss Py,. The efficiency of M1B is
the highest. After compensation, it can be seen that the
efficiency of both methods were raised.
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Fig. 15. Six phase PMSG operates in fault tolerant control with
M2 method without harmonic compensation((a) stator currents,
(b) A phase current FFT analysis, (c) phase voltages, (d) A phase
voltage FFT analysis).
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M2 method with compensation((a) stator currents, (b) A phase
current FFT analysis, (c) phase voltages, (d) A phase voltage
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TABLE II
POWER OUTPUT AND EFFICIENCY

MIA MIB M2A M2B

P 414 429 408 420

0 366 344 370 359
Efficiency 0.75 0.78 0.74 0.76

VIL CONCLUSIONS

This paper proposes a model of a SP-PMSG under the fault
of a one phase open circuit while considering the third
harmonic effect. By analyzing the third harmonic flux and
inductance effects for the torque and voltage, a voltage
compensation method was proposed with the strategies of
stator ohmic loss minimum and stator currents magnitude
minimum. Even though the analytic solutions of the fault
tolerant fundamental currents can be gained by extending the
transformation matrix, for the coupling effect of the
fundamental and third harmonic, the twice torque ripple is hard
to eliminate. The extended transformation matrix takes the
effects for the fundamental and the third harmonics. After
transformation, the twice, third, and fourth ripples were
introduced to the torque and the electromechanical energy
conversion subspaces, to eliminate the harmonic inductance
and flux effects. The unique compensation voltage was added
to the current loop output according to the motor’s parameters.
As a result, the compensation magnitude can be calculated
offline. For multi-phase permanent magnet synchronous
motors, if the extended transformation matrix is established,
the compensation magnitude can be specified according to the
different strategy requirements. A comparison of the
experimental results suggested that the proposed method can
eliminate the third harmonic effects and improve the power
efficiency of SP-PMSGs.
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