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ABSTRACT Once the motor stator winding is opened, balanced three-phase windings turn into unbalanced
two-phases windings. Unfortunately, by conducting Clarke and Park transformation for open-phase PMSM,
complete decoupling of the torque and flux cannot achieve. To maintain the rated torque, the two remained
phase currents have to be modified as sinusoidal currents with 60◦ phase difference (not 120◦). As a result,
the current controller design becomes complicated. In order to solve this problem, a new fault tolerance
method for the open-phase PMSM is proposed in this paper. It is designed based on a novel reference
frame transformation. Through proposed frame transformation, the modified sinusoidal time-varying current
commands are turned into dc variables in the redefined synchronous rotating frame. Hence, the design of the
open-phase PMSM current controller can be simplified. This method can deal with different phase open fault
and different current control mode (id = 0 or id 6= 0 mode). In addition, considering that the neutral current
ripple at usual switching frequencies may be very high, an optimal additional inductance that inserted into
the neutral wire is designed. With the designed additional inductance, complete decoupling can be achieved.
Experimental results confirm that the reliability and the performance of the PMSM drive can be improved
distinctly with the proposed open-phase fault tolerance strategy.

INDEX TERMS Fault tolerance, open-phase motor, PMSM, reference frame transformation.

I. INTRODUCTION
Permanent magnet synchronous motor (PMSM) is attractive
for a variety of applications owing to its high efficiency
and power density. In some critical applications, such as
spacecraft, aircraft, electric vehicles, motor drive system reli-
ability is very important [1]. However, faults may present
in motor winding or power converter, which mainly refer to
short-circuit and open-circuit faults [2], [3]. Generally,
the short-circuit fault can be dealt as open-circuit fault. There-
fore, the open-circuit faults have received more attention in
recent years [4]–[7].

When inverter open-fault occurs, three-phase inverter
can be reconfigured by backup switch. However, backup

The associate editor coordinating the review of this manuscript and

approving it for publication was Hao Luo .

winding is impracticable for most of industrial PMSM due
to the increased complexity and volume. For the three-phase
PMSM, only two phases windings remain under open-phase
fault. If the traditional Clarke and Park transformations is
employed, motor system equation would contain strong non-
linear. Complete decoupling of the motor torque and flux
cannot be achieved, and the controller design becomes com-
plicated under open-phase fault.

According to [8], [9], the performance of the open-phase
PMSMcan be preserved as long as the current in the remained
two phases generate the same dq-axes current components as
that in pre-fault state. It can be derived that to preserve same
rated torque, the phase current amplitude should increase
by
√
3 times, and the phase differences between the two

remained phases should be regulated to 60◦, no longer 120◦.
This implies that the PMSM current controllers are required
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to track two sinusoidal signals in A-B-C reference frame,
whose frequency is motor rotation frequency and the phase
differences are 60◦. Obviously, the conventional PI current
controllers are unsuitable to regulate this kind of sinusoidal
currents, especially at high speed range.

In order to track the sinusoidal current commands in
A-B-C reference frame, the hysteresis current controller
is employed during open-phase motor operation in [10]
and [11]. However, the system based on hysteresis controller
suffers from the inconstant switch frequency, and the yielded
tracking performance is restricted. Resonant controller pro-
vides infinite gain at its resonant frequency and can be
employed to solve similar problems [12]. However, due to
its high selectivity, its performance depends on the accuracy
of the resonant frequency [13]. Inaccurate frequency may
lead to significant loss of performance. If PR controller is
employed during PMSM acceleration or deceleration, the
sinusoidal current tracking performance would degrade under
the existence of speed/parameter variations and back-EMF
disturbance [14]–[16].

After that, A. Gaeta proposed a three-phase induction
motor modeling and field-oriented control method under
open-phase fault [17]. It is designed based on the three-leg
inverter with the neutral wire connected to the middle point
of a split capacitor. The voltage and current are decoupled
by exploiting suitable reference frame transformations. How-
ever, the analysis and modeling of the open-phase induction
motor presented in [17] are very complicated and it is not
suitable for the PMSM fault-tolerant system with four-leg
inverter [19]–[23].

Well known that the fault-tolerance of three-phase
PMSM can be designed based on three-phase inv-
erter [17], [24] or four-leg inverter [19]–[23]. The former
topology is designated as extra-leg split capacitor that con-
nected to the neutral point for reconfiguration after fault
(ELSC for short). While in the latter topology, the neutral
point is linked to the fourth inverter leg (ELES for short).
K. D. Hoang analyzed the pros and cons of these two
topologies in [25]. In the ELSC topology, motor maximum
speed reduces to half of its nominal value since the applied
voltage is decreased by half [25]. In addition, its voltage
and current ripples are higher. To solve these problems,
M. B. R. Corrê proposed the four-leg inverter [26]. Through
suitable controlling the additional leg, its voltage utilization
can be preserved. And then, S. Bolognani designed an inno-
vative open-phase fault remedial scheme [8], [9]. This kind of
remedial strategy is realized by compensating the unbalanced
voltage. It is easy to operate and does not need reconfigura-
tion of dq-axes current controllers after fault. However, when
the ambient temperature or working condition varies in large
scale, the change of the motor parameters (inductance and
resistance) may lead to the degradation of the compensation
effect.

The above open-phase PMSM fault-tolerance meth-
ods [8]–[25] have advantages such as simple or torque
smooth. However, there are some disadvantages as follows:

(1) The tracking performances of sinusoidal current com-
mands are unsatisfactory, such as hysteresis controller
and resonant controller in [10], [11], [19].

(2) The robustness needs to be improved, such as the volt-
age feedforward compensation method in [8], [9].

(3) Applicability should be popularized, and complexity
needs to be reduced, such as the motor modeling and
field-oriented control method proposed in [17].

Then, a new open-phase fault tolerancemethod is proposed
based on frame transformation [27], [28]. Through the new
frame transformation, the modified sinusoidal current com-
mands are transformed to dc variables. It is realized on the
four-leg inverter and easy to operate. However, design of the
additional inductance that is inserted in the neutral wire has
not been explained. It should be noticed that the PMSM neu-
tral wire inductance is typically very small. As a result, when
the fourth leg is modulating, the neutral current ripple at usual
switching frequencies may be very high. Therefore, an addi-
tional inductance should be added into the neutral wire [9].
It can be found that, the value of the additional inductance
is very important which influences the coupling between
phase voltage and current in the system equation, and affects
the voltage limit ellipses simultaneously [9], [10]. Although
most of the PMSM open-phase fault-tolerance methods
are designed based on the four-leg inverter [19]–[23],
however, the design theory of the additional inductance is
rarely discussed in the existing literatures, further studies are
still necessary.

To solve the above problem, a new open-phase PMSM
fault-tolerance strategy is designed in this paper. Through
the proposed frame transformation, the modified sinusoidal
current commands of the remained phases are turned into
dc variables in the redefined synchronous rotating frame.
Thus, the design of the open-phase PMSM current controller
can be simplified. This method can deal with different phase
open faults (phases A, B, or C) and different current control
modes (id = 0 or id 6= 0 mode). Furthermore, to elim-
inate the current ripple and obtain a suitable voltage limit
ellipse, an optimal additional inductance is designed. With
the designed additional inductance, complete decoupling can
be achieved and the stronger nonlinear induced by the unbal-
anced three-phase windings can be eliminated. In addition,
a comparison between the ELSC topology and ELES topol-
ogy is conducted. It is verified that proposed open-phase
PMSM fault-tolerance method has superior performance.

II. OPEN-PHASE PMSM FAULT TOLERACE METHOD
A. OPEN-PHASE MOTOR CURRENT COMMANDS
PMSM drive topology is displayed in Fig. 1, in which the
neutral wire is available. Under healthy condition, tradi-
tional three-leg inverter and Clarke/Park transformation are
employed, and the neutral point is not connected (Fig. 1(a)).
If power switch fault occurs, the fault leg is replaced by
the fourth leg directly (Fig. 1(b)). When open-phase fault
presents in motor winding, the fault tolerance ability can be
achieved through connecting the neutral point ‘‘n’’ to the
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FIGURE 1. PMSM drive topology under different conditions.

TABLE 1. Modified current commands under different phase open-faults.

fourth leg (Fig. 1(c)). The switch symbol ‘‘Td ’’ in Fig. 1 is
used for presenting bidirectional thyristor.

First, the expected phase current commands of the open-
phase PMSMare analyzed in A-B-C reference frame tomain-
tain the same torque. Assuming that phase A is disconnected,
at this instant ia = 0. Thus, i0 = −iα should be applied to the
following Clarke inverse transformation, iaib

ic

 =
 1 0 1
−1/2

√
3/2 1

−1/2 −
√
3/2 1

 iαiβ
i0

 (1)

where, ia, ib, ic are motor three-phase currents, iα , iβ , i0 are
motor currents in α-β-0 coordinate, respectively. i0 is zero-
sequence current, i0 = in/3 = (ia + ib + ic) /3, which is null
under normal condition.

By setting i0 = −iα in Eq.(1), the two current commands
of the remained phases can be calculated,

i∗b = −
3
2
i∗α +

√
3
2
i∗β

i∗c = −
3
2
i∗α −

√
3
2
i∗β

(2)

where, superscript ‘∗’ denotes command quantities.
According to the Park inverse transformation, the current

commands i∗α and i
∗
β can be obtained from the corresponding

current commands i∗d and i∗q,{
i∗α = i∗d cos θ − i

∗
q sin θ

i∗β = i∗d sin θ + i
∗
q cos θ

(3)

where, i∗d and i
∗
q are the dq-axes current commands respect to

the expected torque.
Substituting Eq.(3) into Eq.(2), the current commands in

A-B-C reference frame can be obtained [8], [9] (shown in
the first line of Table 1). Similarly, the corresponding current
commands in the case of phases B and C faults can be
obtained as described in the second and third lines of Table 1.

A concise current commands expression under different
phase open faults can be written as,

i∗x =
√
3i∗d sin(θ − π/3+ 2kπ/3)+

√
3i∗q

cos(θ − π/3+ 2kπ/3)
i∗y =
√
3i∗d sin(θ − 2π/3+ 2kπ/3)+

√
3i∗q

cos(θ − 2π/3+ 2kπ/3)
i∗z = 0
i∗n = 3(i∗d sin(θ − π/2+ 2kπ/3)+ i∗q
cos(θ − π/2+ 2kπ/3))

(4)

where, subscripts x and y denote the remaining phases,
subscript z denotes the open-phase, k is phase adjustment
coefficient. When z = a, then x = b, y = c, k = 0; while
z = b, then x = c, y = a, k = 2; If z = c, then x = a, y = b,
k = 1.
For the normal PMSM, its dq-axes current commands can

be described as Eq.(5) [29], [30],{
i∗d = −I

∗
s sin γ

i∗q = I∗s cos γ
(5)
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FIGURE 2. Healthy phase and neutral current commands under different phase faults.

where, I∗s is current command amplitude, and γ is current
angle, which denotes the angle between the sum vector of the
three phase currents and the d-axis of the rotor, respectively.
When γ = 0, id = 0 control mode is set.
Substituting Eq.(5) into Eq.(4), the remaining phase cur-

rent commands can be rewritten as,

i∗x = −
√
3I∗s sin γ sin(θ − π/3+ 2kπ/3)

+
√
3I∗s cos γ cos(θ − π/3+ 2kπ/3)

i∗y = −
√
3I∗s sin γ sin(θ − 2π/3+ 2kπ/3)

+
√
3I∗s cos γ cos(θ − 2π/3+ 2kπ/3)

i∗n = 3(−I∗s sin γ sin(θ − π/2+ 2kπ/3)
+I∗s cos γ cos(θ − π/2+ 2kπ/3))

(6)

As phase z is open, i∗z = 0. It is neglected in Eq.(6).
Through trigonometric function transformation, the modified
current commands in Eq.(6) can be rewritten as

i∗x =
√
3I∗s cos(θ + γ − π/3+ 2kπ/3)

i∗y =
√
3I∗s cos(θ + γ − 2π/3+ 2kπ/3)

i∗n = 3I∗s cos(θ + γ − π/2+ 2kπ/3)

(7)

where, θ = ωt , ω is rotor angular velocity.

B. NEW REFERENCE FRAME TRANSFORMATION
It can be seen fromEq.(7) themodified current commands are
synchronous with rotor flux. Assuming that γ = 0, the phase
relationships among the modified current commands can be
described in Fig. 2. For other current angle γ , the analysis is
the same. In Fig. 2 the currents i∗s , i

∗
t , and i

∗
r , i
∗
k are the current

commands in s-t frame and r-k frame, respectively.
According to the phase relationship described in Fig. 2,

a stationary orthogonal coordinate transformation can be
conducted first, similar to A-B-C frame→ α-β frame trans-
formation. In case of phase A open, the coordinate transfor-
mation from B-C-N frame to s-t frame can be obtained,[

i∗s
i∗t

]
= T ·

 i∗bi∗c
i∗n

 = [√3/2 √3/2 1
1/2 −1/2 0

] i∗bi∗c
i∗n

 (8)

where matrix T = [
√
3/2
√
3/2 1; 1/2 −1/2 0], respectively.

As i∗n = i∗b+ i
∗
c , the matrix T in Eq.(8) can be simplified as

a 2×2 matrix,[
i∗s
i∗t

]
=T ·

[
i∗b
i∗c

]
=

[
(
√
3+ 2)/2 (

√
3+ 2)/2

1/2 −1/2

][
i∗b
i∗c

]
(9)

Then, the stationary s-t orthogonal frame is transformed
to synchronous rotating r-k frame (as shown in Fig. 2).
To remove the sinusoidal terms in the modified current com-
mands, a special frame transformation is designed,[

i∗r
i∗k

]
= [S · T ]a ·

[
i∗b
i∗c

]
=

[
a cos θ b sin θ
c sin θ d cos θ

]
· T ·

[
i∗b
i∗c

]
(10)

where S = [a·cosθb·sinθ ; c·sinθ d ·cosθ], respectively.
Substituting the expression of i∗x (i∗b) and i

∗
y (i∗c ) in Eq.(7)

into Eq.(10), it can be derived that[
i∗r
i∗k

]
=
√
3 I∗s ·

[
k1 sin γ + k2 sin(γ + 2θ )
k3 cos γ + k4 cos(γ + 2θ )

]
(11)

where k1 = [(3+2
√
3)a − b]/4, k2 =[(3+2

√
3)a + b]/4,

k3 = [(3+2
√
3)c+d]/4, k4 = [(3+2

√
3)c−d]/4, respectively.

To simplify the current controller design, it is desired to
make i∗r = i∗d , and i

∗
k = i∗q. Based on this idea, the parameters

in the transformation matrix S can be obtained,

a=−2/(3
√
3+ 6), b=2/

√
3, c=2/(3

√
3+ 6),

d=2/
√
3 (12)

Thus, the transformation from stationary B-C-N frame to
synchronously rotating r-k frame can be expressed as[

i∗r
i∗k

]
= [S · T ]a ·

[
i∗b
i∗c

]
=

[
i∗d
i∗q

]
(13)

where transformation matrix [S·T]a = 2/3[sin(θ − π /6)
−sin(θ + π /6); sin(θ + π /3) sin(θ − π /3)].
The new dc commands i∗r , i

∗
k , which equal to i∗d , i

∗
q respec-

tively, can be obtained with the transformation matrix [S·T]a
under phase A open fault. However, when phase B or phase C
open faults, the dc current commands cannot be obtained by
designing the parameters a, b, c, d in Eq.(10).
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To acquire the transformation matrixes in cases of phase B
or phase C open, the relationship between the modified cur-
rent commands under different phase faults should be ana-
lyzed. From Fig. 2 it can be seen that the phase differences
between the opposite current commands under phase A, B
and C open faults are 4π /3 and 2π /3, respectively. Hence,
by conducting Euler rotation for the matrix [S·T]a (left mul-
tiplication), similar synchronous frame transformation can be
performed under phase B and phase C open faults as shown
in Eq.(14) and Eq.(15).

[
i∗r
i∗k

]
=

2
3

 cos(
4π
3
) sin(

4π
3
)

− sin(
4π
3
) cos(

4π
3
)

 · [S · T ]a · [ i∗ci∗a
]

= [S · T ]b ·
[
i∗c
i∗a

]
(14)

[
i∗r
i∗k

]
=

2
3

 cos(
2π
3
) sin(

2π
3
)

− sin(
2π
3
) cos(

2π
3
)

 · [S · T ]a · [ i∗ai∗b
]

= [S · T ]c ·
[
i∗a
i∗b

]
(15)

where, [S·T]b = 2/3[cos(θ+2π /3) cosθ ; sin(θ−π /3)−sinθ],
[S·T]c = 2/3[cosθ sin(θ − π /6); −sinθ sin(θ + π /3)],
respectively.

And then, the reference frame transformation matrixes in
cases of different phase open faults can be expressed as a
general form as shown in Eq.(16).[

i∗r
i∗k

]
= [S · T ]x ·

[
i∗x
i∗y

]
=

[
i∗d
i∗q

]
(16)

where, [S·T]x = 2/3[sin(θ − π /6+2kπ /3) sin(θ +
π /6+2kπ /3); sin(θ + π /3+2kπ /3) sin(θ − π /3+2kπ /3)].
The definitions of parameters k , x, y are consistent with
the corresponding definitions in Eq.(4). With the new frame
transformation, modified sinusoidal current commands are
turned into dc variables (i∗r = i∗d , and i

∗
k = i∗q). Thus, the rated

torque can be preserved, and the current controllers maintain
unchanged after fault.

After open-phase fault, to drive the four-leg inverter the
voltage control efforts u∗r , u

∗
k (r-k current controllers’ outputs)

should be transformed to u∗an, u
∗
bn, u

∗
cn, u

∗
ns in A-B-C-N frame.

By inversing the transformation matrix [S·T]x , the modified
voltage efforts can be obtained,[

u∗xn
u∗yn

]
= [S · T ]−1x

[
u∗r
u∗k

]
(17)

where, u∗r , u
∗
k are the voltage control efforts given by r-k cur-

rent controllers under open-phase condition, u∗xn, u
∗
yn are the

remaining phase voltage control efforts in A-B-C-N frame,
[S·T]−1x = 2/3[sin(θ − π /3+2kπ /3) sin(θ + π /6+2kπ /3);
−sin(θ + π /3+2kπ /3) sin(θ − π /6+2kπ /3)], respectively.

And then, the voltage commands given to the PWM gen-
erator can be acquired [31]–[33],

u∗ns = −(max(u∗bn, u
∗
cn)+min(u∗bn, u

∗
cn))/2

u∗xs = u∗xn + u
∗
ns

u∗ys = u∗yn + u
∗
ns

(18)

where, u∗xs, u
∗
ys are the voltage commands of motor terminal to

dc-link midpoint, and u∗ns is neutral point voltage command,
respectively. It is worth to note that the power switches with
respect to the open-phase are turned-off.

C. DETERMINATION OF THE ADDITIONAL
INDUCTANCE LN
Generally, an additional inductance Ln is inserted along the
neutral wiring (see Fig. 1(c)). Noticed that the larger addi-
tional inductance would influence the voltage limit ellipses,
while the smaller additional inductance cannot eliminate the
current ripple. Hence, it is very important to determine the
value of additional inductance Ln.

Assuming that phase A is opened and the influence of leak-
age inductance can be neglected, the motor voltage equation
can be expressed as Eq. (19),

ubf = rib + L
dib
dt
+Mbcic + eb + rnin + Ln

din
dt

ucf = ric + L
dic
dt
+Mbcib + ec + rnin + Ln

din
dt

(19)

where, ubf and ucf are the terminal voltage differences
between the terminal voltages ub and uf , uc and uf , r
and L are the winding phase resistance and self-inductance,
rn and Ln are the neutral wire resistance and induc-
tance, Mbc is the mutual inductance between phase B and
phase C, and Mbc = −L/2, eb and ec are the back-EMFs of
phases B and C, respectively.

Eq.(19) can be rewritten as[
ubf
ucf

]
=

[
r + rn rn
rn r + rn

] [
ib
ic

]
+

[
L + Ln Ln − L/2
Ln − L/2 L + Ln

]
p
[
ib
ic

]
+

[
eb
ec

]
(20)

where p is differential operator.
With the transformation matrix [S·T]a, the voltage equa-

tion can be transformed to the r-k reference frame, as shown
in Eq.(23), as shown at the bottom of the next page,
where urk = [ur uk ]T, irk = [ir ik ]T, in which ir , ik , and ur , uk
are motor current vector and voltage vector in r-k coordinates
after the fault, respectively.

Substituting the expression of [S·T]a into Eq.(23), Eq.(23)
can be rewritten as Eq.(24), as shown at the bottom of the
next page, where k1 = −1−cos2θ /2, k2 = −sin2θ /2,
k3 = −2sin2θ /

√
3+cos2θ , k4 = 2cos2θ /

√
3−sin2θ , k5 =

sin2θ , k6 = −2sin2θ /
√
3+1, k7 = −2sin2θ /

√
3− cos2θ ,

respectively.
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Usually, rn << r . Hence, rn can be neglected in Eq.(24).
In addition, it can be found that when Ln = L/2, Eq.(24) can
be simplified as,

urk =
[
r 0
0 r

]
irk +

[
Ld 0
0 Lq

]
pirk

+ω

[
0 − Lq
Ld 0

]
irk + ωψm

[
k1
k2

]
(21)

While the voltage equation of the healthy PMSM can be
expressed as,

udq =
[
r 0
0 r

]
idq +

[
Ld 0
0 Lq

]
pidq

+ω

[
0 − Lq
Ld 0

]
idq + ωψm

[
0
1

]
(22)

Compared Eq.(21) with Eq.(22), it can be seen that the main
difference between the two voltage equations is the last term.
Both the two last terms relate with motor speed (ω), which
change slowly compared with the electrical variables such
as winding current or phase voltage. Therefore, these two
terms can be regarded as interference and can be eliminated
by feedforward control if necessary. As for the cross couple
terms (ω·Ldq · idq,, the third term), it exist in the voltage
equations pre- and post-fault. This term can be removed by
decoupling and feedforward compensation, similar to the
treatment in the healthy PMSM. For the interior PM motor,
its self-inductance would change with magnetic saturation,
working temperature. Under this condition, the additional
inductance should be set as the average value of the self-
inductance during normal operation. Although error may
be induced, its influence is small which can be neglected
(Ln-L/2 is a small aqueous). Therefore, by setting Ln = L/2
the open-phase PMSM almost has the same model as
healthy PMSM. With simple PI controller, motor perfor-
mance can be preserved.

D. COMPARISON BETWEEN ELSC TOPOLOGY
AND ELES TOPOLOGY
1) VOLTAGE UTILIZATION
For the ELSC topology (employed in [17]), the neutral wire
is connected to the middle point of the dc bus capacitor
(point ‘s’ in Fig. 1). Suppose that phase A is disconnected,

FIGURE 3. Schematic diagram of composited voltage vector.

motor terminal voltages can be expressed as
ub = Udc · Sb
uc = Udc · Sc
un = Udc/2

(25)

where, ub, uc are motor terminal to ground voltages, un is
neutral point to ground voltage, Udc is the dc source voltage,
and Sb and Sc are the switching signals corresponding to
phases B and C, respectively.

The voltage drops on the phase winding can be written as{
ubn = ub − un
ucn = uc − un

(26)

and the composited voltage vector yielded by the phase volt-
ages can be expressed as

Eus = Eubn + Eucn = Euα + Euβ (27)

where, Eus is the composited voltage vector, Eubn and Eucn are
phase voltage vectors in A-B-C frame, Euα and Euβ are voltage
vectors in α-β frame, respectively.

By controlling the switching signals Sb and Sc, 4 basic
composited voltage vectors u0, u1, u2, u3 can be obtained
(u0 = 1

2e
j0, u1 =

√
3
2 e

j 3π2 , u2=
√
3
2 e

j π2 , u3 = 1
2e

jπ ), and
the available voltage area can be described in α-β reference
frame as shown in Fig. 3.

As shown in Fig. 3, any two adjacent basic voltage vectors
are orthometric, and the composited voltage vectors us can be
expressed by the linear combination of the two basic voltage
vectors (ux, uy),

Eus = m · Eux + n · Euy (28)

urk = [S · T ]a ·
[
ubf
ucf

]
= [S · T ]a ·

[
r + rn rn
rn r + rn

]
· [S · T ]−1a · irk + [S · T ]a ·

[
L + Ln Ln − L/2
Ln −L/2L + Ln

]
· p · [S · T ]−1a · irk + [S · T ]a ·

[
eb
ec

]
(23)

urk =
[
r 0
0 r

]
irk +

[
Ld 0
0 Lq

]
pirk + ω

[
0 −Lq
Ld 0

]
irk + ωψm

[
k1
k2

]
+ rn

[
k3 k4
k5 k6

]
irk + (Ln −

L
2
)
[
k3 k4
k5 k6

]
pirk

+ω(Ln −
L
2
)

 −k5 k7

3+ 2k1
−2
√
3
− k2

 irk (24)
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where, subscripts x, y = 1, 2, 3, 4, m and n are modulation
coefficients, which are determined by the duty cycle of Sb
and Sc, respectively.
The modulus of composited voltage vectorsus can be

expressed as,

|us| =
√
(m · ux)2 + (n · uy)2 (0 ≤ m, n ≤ 1,m+ n ≤ 1)

(29)

According to Eq.(28), the maximum of |us| can be
calculated,

usmax =

√
3
4
Udc (30)

where, usmax is the maximum of |us|.
Therefore, the voltage utilization (usmax /Udc) of the

ELSC topology is
√
3/4. Similarly, voltage utilization of

ELES topology (employed in this paper) can be derived
as
√
3/2. ELES topology possesses higher voltage utilization

compared with ELSC topology.

2) THE CURRENT/VOLTAGE RIPPLE
In ELSC topology, two split capacitors are used for providing
circuit for neutral current (see reference [17]). The polarities
of the currents that flow into the upper and lower capaci-
tors are opposite. So, the voltage of the two split capacitors
becomes asymmetry which invokes the neutral point voltage
fluctuation. In addition, the two split capacitors are hard to
be same. Hence, the phase voltage/current may be distorted,
which would affect the performance of the control system.

As for the ELES topology (see Fig.1(c)), although the
neutral point voltage is modulated, the influence caused by
the modulation can be eliminated by setting Ln = L/2. So,
the phase voltage/current ripple is smaller.

E. FAULT-TOLERANT CONTROLLER STRUCTURE
The control block diagrams of the proposed method and
voltage feedforward compensation method are described in
Fig. 4 and Fig. 5. In the fault-tolerance system, motor fault
state and fault phase are given by the fault phase judgement
module. Compared with the healthy system, the proposed
fault-tolerance system has similar structure and complexity.
The differences between them are the reference frame trans-
formation matrix and the modulation method. The transfor-
mation matrix used in the healthy system is derived based
on Clarke and Park transformation, while the transforma-
tion matrix used in the proposed fault-tolerance system is
derived based on the new transformation. When the motor is
healthy, traditional transformation matrix is employed. Once
open-phase fault occurs, traditional transformation matrix is
replaced by the new matrix. Besides, in the proposed system,
carrier-based PWMmethod is used formodulating the control
effort, which provides lower harmonic currents and higher
available modulation index [31]–[33].

However, there is an additional feedforward compen-
sation module in the voltage feedforward compensation

FIGURE 4. The control block diagrams of the proposed method.

FIGURE 5. The control block diagrams of voltage feedforward
compensation method.

FIGURE 6. CMGs experimental system.

method [8], [9]. The feedforward voltage is calculated
according to the difference between the dq-axes voltages
applied to the remained phases (B, C, N) after fault and
the voltages applied to the motor phase (A, B, C) before
fault [8], [9]. As the parameters used in the feedforward
compensation is fixed, its robustness is limited. Hence, com-
pared with the healthy system and proposed system, this
kind of fault-tolerance system is more complicated, and its
robustness is poor.

It should be noticed that the open-phase PMSM is dif-
ferent from the two-phase PM motor with regard to motor
design and control strategy. In the two-phase motor, there are
two phase windings, and the phase difference between them
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FIGURE 7. Comparison between traditional frame transformation and proposed transformation under motor open-phase fault.

is 90◦. The dq-axes currents can be obtained by Park transfor-
mation without the use of Clarke transformation. Therefore,
vector control can be employed directly. In the open-phase
three-phase PMSM, the phase difference of the current in the
two remained phases should be regulated to 60◦ to maintain
the rated torque. Conventional Clarke and Park transforma-
tions can not be used for obtaining the orthorhombic dq-axes
currents.

III. EXPERIMENTAL RESULTS
Control moment gyros (CMGs) prototype is utilized to evalu-
ate the proposed fault tolerance method. Fig.6 shows the pho-
tograph of the CMGs platform. The CMGs gimbal is driven
by PMSM. Key machine characteristics are listed in Table 2.
For the experimental PMSM, additional inductance
Ln = 4.5mH is chosen in the experiments.
The motor phase current is measured by high band-

width hall effect current sensor and fed to the controller
through 12-bit analog-to-digital (A/D) converter. The sam-
pling frequency and switching frequency of the power switch
is 20kHz, and the dead time is set as 200ns. As motor rated
voltage and current are not very large, the influence caused
by dead time can be neglected.

A. EXPERIMENT 1: COMPARISON BETWEEN
TRADITIONAL AND PROPOSED FRAME
TRANSFORMATIONS
In this experiment the current commands I∗s = 3A, current
angle γ = 0, and PI parameters kdp = 90, kdi = 6,

TABLE 2. CMGs gimbal motor characteristics.

kqp = 90, kqi = 6 are set, where kdp, kdi, kqp, and kqi are the
proportional and integral coefficients of the dq-axes current
PI controllers, respectively.

First, the motor performance is tested under open-phase
fault with traditional Clarke and Park frame transformation.
Assuming that phase A is disconnected at t=8s, at this
instant the current in phase A decreases to zero immedi-
ately, and the neutral wiring is connected to the fourth leg.
Although the fourth leg provides circuit for the healthy
phase currents, the yielded dq-axes currents present dis-
tinct fluctuations due to the unbalanced three-phase currents
(see Fig. 7(I)).

Then, the proposed fault-tolerant method is employed in
the system after fault occurrence. In the proposed method,
the proposed frame transformation is applied, and same
PI parameters are used in the current regulators under healthy
and fault conditions. From Fig. 7 (II) it can be noted that
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FIGURE 8. Performance comparison between different fault-tolerance method when motor parameters change.

the dq-axes current fluctuation reduces distinctly, which is
almost the same as pre-fault state. Besides, the motor toque
performance improves simultaneously.

B. EXPERIMENT 2: ROBUSTNESS TESTES BETWEEN
DIFFERENCE METHODS
Considering that phase inductance is position dependent in
3-phase reference frame for IPM, its average value is used
in this method. In practice, when the average value of phase
inductance is chosen, the maximum inductance error in
different position is less than 25%. In this experiment,
the robustness of different methods is verified when motor
parameters change. In the tests, open-phase fault occurs at
t=3s and motor parameters change after t=6s. The phase
resistance and additional inductance increase by 50% when

t>6s. The increases of the resistance and inductance are
realized by SPDT switch. With these settings, detailed exper-
iments are made.

First, the traditional Clarke and Park transformation is
applied to the system. When the open-phase fault occurs,
the traditional frame still operates. From Fig. 8 (I) it can be
seen that distinct current and torque fluctuations appear after
motor winding fault, and these fluctuations are even larger
when motor parameters changes.

Then, the voltage feedforward compensation method pro-
posed in [8], [9] is applied to the system for fault toler-
ance. As shown in Fig. 8 (II), when motor parameters are
accurate the current and torque fluctuations reduce distinctly
compared with the system employing traditional frame
transformation. However, when motor parameter changes,
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FIGURE 9. PMSM drive under different phase open faults.

the compensation effect degrades, and motor torque perfor-
mance reduces obviously.

Then, the proposed open-phase fault-tolerance method is
applied to the open-phase PMSM system. From Fig. 8 (III),
we can observe that dq-axes currents performances improve
obviously through the new frame transformation. Besides,
it can be found that torque performance degrades indeedwhen
motor inductance changes 50%. But, the dq-axes currents
fluctuations are very small, which is acceptable. The exper-
iment result indicates that the proposed method possesses
superior robustness than other methods.

C. EXPERIMENT 3: DIFFERENT PHASE OPEN FAULT
TOLERANCE
In this experiment, the performance of proposed fault-tolerant
method is verified under different phase open faults.

The current command I∗s = 3A, and current angle γ = 0 is
set. As the open fault in phase A has been tested in experiment
1, this experiment just tests the performance of the proposed
method under phase B and phase C open faults. The yielded
terminal voltage, phase currents, and dq-axes currents are
illustrated in Fig. 9 (I) and (II). To display at least one periods
in the oscilloscope, the time axis should be set longer. Hence,
the measured voltages look like sinusoidal not PWM style.

From Fig. 9 it can be observed that the neutral current is
the sum of the two remained phase currents. With the pro-
posed open-phase fault-tolerant method, the dq-axes currents

performances can be preserved under different phase open
faults. Particularly, with the proposed method the motor per-
formance can be preserved even when the motor parameters
change distinctly.

D. EXPERIMENT 3: PERFORMANCE TEST IN ID 6=0 Mode
In this experiment, phase C open fault under id 6= 0 mode is
tested. At first, the current command is set as I∗s = 3A and
γ = 0. Phase C is opened at t = 10s, and then at t = 16s
the current command changes to I∗s = 3A and γ = π /4.
Hence, before t = 16s, i∗d = 0A, i∗q = 3A, after t = 16s,
i∗d = −2.12A, i

∗
q = 2.12A. With these settings, detailed

experiment is conducted.
The motor voltage and current waveforms yielded by the

proposed fault tolerance system are shown in Fig. 10. We can
observe that the motor works well under normal condition.
When the open-phase fault presents, the current in the fault
phase reduces to zero immediately. While the current in
the remained phase currents increase rapidly to compen-
sate the change of dq-axes currents and torque. As reported
in Fig. 10(b) the dq-axes currents are almost unchanged
after the open-phase fault occurrence. In addition, when the
current angle changes to γ = π /4 at t=16s, dq-axes cur-
rents change with the change of current commands at once
(see Fig. 10(b)). The open-phase PMSM possesses superior
performance no matter which kind of current control mode is
adopted.
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FIGURE 10. Proposed open-phase fault-tolerant method in id 6= 0 control mode.

Noticed that in all of the experiments, same PI controller is
used, and its parameters are unchanged during pre- and post-
fault operations.

IV. CONCLUSION
Open-phase fault may result in motor current/torque ripple
and efficiency degradation. To improve PMSM post-fault
performance, a general fault tolerance method for the open-
phase PMSM is proposed in this paper. It is designed based
on a novel reference frame transformation. Through proposed
frame transformation, the modified sinusoidal time-varying
current commands in the remained phases are turned into dc
variables in the redefined synchronous rotating frame. Hence,
the design of the open-phase PMSM current controller can be
simplified. The proposed open-phase fault-tolerant method
can deal with different phase open faults and different current
control modes (id = 0 or id 6= 0 mode). Furthermore,
to eliminate the current ripple and obtain a suitable voltage
limit ellipse, the additional inductance inserted in the neutral
wire is designed. With the designed additional inductance,
complete decoupling can be achieved and the stronger non-
linear induced by the unbalanced three-phase windings can
be eliminated. Finally, the effectiveness of the new open-
phase PMSM fault tolerance method has been validated by
sufficient experiments on the PMSM in CMGs.
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