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ABSTRACT The conventional double-vector model predictive current control algorithm based on rotat-
ing reference frame (RRF-MPCC) which used in fault-tolerant permanent magnet rim driven motor
(FTPM-RDM) has the problems of large output torque ripple and long selection time of optimal voltage
vector. Therefore, two novel MPCC algorithms based on six-phase stationary reference frame (SPSRF)
without coordinate transformation are proposed in this paper to reduce torque ripple and computation burden.
Both methods use the simplest computational steps to achieve the most effective control. The first method
is the single-vector SPSRF-MPCC algorithm which groups alternative voltage vectors according to the
magnitude of load torque. The second method is an improved double-vector combination optimal SPSRF-
MPCC algorithm which makes two independent rounds of current prediction for each stator winding and
goes through 61 space voltage vectors only 30 times compared with 122 times of conventional double-vector
SPSRF-MPCC which also requires coordinate transformation. In addition, the fault-tolerant control of one-
phase short-circuit is carried out with the current vector fault-tolerant control strategy. Finally, Through the
comparison and verification of simulation and experiment, it is found that the double-vector SPSRF-MPCC
algorithm can reduce the torque ripple and current fluctuation, and it can improve the stability and robustness
of the system.

INDEX TERMS Fault-tolerant permanent magnet rim drivenmotor (FTPM-RDM), model predictive current
control based on six-phase stationary reference frame (SPSRF-MPCC), current vector fault-tolerant (CVFT),
short-circuit fault.

I. INTRODUCTION
To the national economy and people’s life and property
safety, the need of traffic and transportation is more and
more urgent, especially the maritime transport industry. The
demand for tonnage of ship grow rapidly. The traditional
shafting propulsion system occupies a significant chunk of
cabin space, which affects the utilization and propulsion effi-
ciency [1], [2], [3]. In 1989, American scholar D. W was the
first person to present the rim propeller [4]. After years of
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research and development, the rim propeller has been widely
used in the field of ship propulsion for its high reliabil-
ity, small vibration and low noise [5], [6]. The permanent
magnet synchronous motor (PMSM) is widely used in the
rim-driven propulsion system for its simple structure and high
efficiency [7], [8]. However, the rim driven motor is prone to
electrical failure cause it usually work under the water, and
the PMSMmainly adopts the Y-type connection mode which
has limited fault-tolerant capability [9]. The fault-tolerant
permanent magnet rim driven motor (FTPM-RDM) has more
than just the advantages of PMSM: It is of good fault-tolerant
ability as well as stability with high efficiency due to the
special structure design [10], [11].
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In order to bring the advantages of the FTPM-RDM into
full play, it is necessary to study the control strategy. The
model predictive control (MPC) algorithm is widely used in
the field ofmotor control for its simple structure, fast dynamic
response and suitable for nonlinear control systems [12]. For
multi-phase PMSM, the common MPC is mainly divided
into model predictive current control (MPCC) and model
predictive torque control (MPTC) [13]. TheMPCC algorithm
possesses the features of smaller overshot, short adjusting
time and higher precision, which is used widely in motor
control system [14]. A novel method to determine the opti-
mal voltage vector with only one calculation to reduce the
calculation amount and current error proposed in [15]. The
cost function containing current is converted to the cost func-
tion containing voltage, and the optimal non-zero vector is
obtained by using the reference voltage obtained based on
the principle of no beat, for which only the Angle informa-
tion of the reference voltage need to determine. To reduce
the complexity of the control system and current harmon-
ics, [16] proposes an effective FCS-MPCC which combined
with the construction of virtual vector space and duty cycle
control without a modulator to drive PMSHM on the basis
of [15]. For improving the steady state performance, two
new multivector-operated MPCC methods which are applied
to the surface-mounted PMSM to reduce torque and flux
ripple are proposed in literature [17]. Both methods aim to
determine the necessary changes in the stator-flux to reduce
the stator current error during every sample. The algorithm is
computationally efficient and does not need iterative predic-
tion and cost function. But the switching frequency of the two
methods is large. A two vector-based MPCC strategy, which
extends the two vector combination to a combination between
any two basic voltage vectors is proposed in [18]. However,
this strategy requires ergodic optimization of 25 vector com-
binations, which brings great computational burden. In order
to reduce the number of ergodic optimization, on the basis
of conventional MPCC, literature [19] proposed two vector
and three vector MPCC algorithms based on the different
selection times of the voltage space vector in the optimization
process, and adopted a cascade cost function optimization
method to reduce the number of ergodicity to 14 times,
reducing the calculation burden effectively. The conventional
MPCC algorithm trend to follows the principle of free com-
bination of voltage vectors, which leads to complicate in
operation. To avoid this problem, [20] designed an optimized
double-vector combination principle that can reduce the num-
ber of traversal optimization, and introduced the current
tracking error term at the double-vector switch point in the
cost function. This method ensures that the selected vector
combination makes the current fluctuate less throughout the
control period, but it requires several coordinate transfor-
mations and depends on parameter identification. In [17],
three-vector MPCC was used to drive SPMSM, the first
and second vectors were obtained by introducing virtual
vectors combined with the cost function, and zero vectors

were added to adjust the amplitude of the output voltage
vector to reduce the current ripple, thus achieving the pur-
pose of expanding the output modulation range. However,
this method increases the computational burden due to the
introduction of virtual vector.

MPCC algorithm is rarely applied to FTPM motor, espe-
cially to six-phase FTPM-RDM, which has the characteris-
tics of multiple voltage vectors. Therefore, the application
of MPC will face large computational problems. Reduc-
ing torque ripple and improving system robustness while
achieving fault-tolerant operation will inevitably increase the
complexity in system control. An enhanced virtual vector
V3 MPCC fault-tolerant control strategy is used in [21] to
solve the problem of reallocation of control schemes during
open-circuit fault occurs, and the control methods before and
after faults are unified. This method can effectively suppress
the torque ripple after failure. Reference [22] uses normal
vector space to decompose the transformation matrix with-
out reconfiguration the controller topology for one-phase
open-circuit fault occurred in asymmetric six-phase motor.
By compensating 64 voltage vectors properly, 24 new virtual
voltage vectors are synthesized to suppress current harmon-
ics. This method does not require coordinate transformation,
but the matrix decoupling process is complicated and calcu-
lation is large.

In view of the above, this paper takes the surface-mounted
six-phase FTPM-RDM as control object and develops an
improved double-vector MPCC algorithm based on six-phase
stationary reference frame (SPSRF-MPCC). Firstly, this
paper proposes a single-vector SPSRF-MPCC algorithm.
Combined with the structure characteristics of FTPM-RDM,
the voltage space vector is divided into groups according
to the load torque to reduce calculation burden. Secondly,
on the premise of minimizing torque ripple and current
fluctuation, an improved double-vector combination optimal
SPSRF-MPCC algorithm which goes through 61 space volt-
age vectors only 30 times without coordinate transformation
is designed to reduce vector ergodic optimization times.
In addition, a fault-tolerant control strategy based on current
vector compensation is proposed. The fault phase current is
compensated by the normal phase current vectors recombi-
nation directly under the condition of one-phase short-circuit
fault. The method which is independent of the improved
MPCC algorithm proposed in this paper not only does not
need to change the control strategy after failure, but also able
to suppress the torque ripple effectively. Finally, three MPCC
methods are compared and simulated, and the effectiveness
and superiority of the proposed algorithm are verified by
experiments.

II. THE STRUCTURE AND MATHEMATICAL
MODEL OF FTPM-RDM
The FTPM-RDM is a new type of electric propulsion device,
which is different from the traditional motor structure.
FTPM-RDM is designed by the combination of fault-tolerant
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permanent magnet motor (FTPMM) and rim drive thruster
(RDT) [23]. The propeller is combined with the rotor directly
and it is driven by the rotation of the rotor, which can give
full play to its advantages. This design is suitable for electric
propulsion ships, which can improve their propulsion effi-
ciency and space utilization. Its topology is shown in Fig. 1
and the H bridge inverter is shown in Fig. 2.

FIGURE 1. The topology diagram of FTPM-RDM.

FIGURE 2. The H bridge inverter of FTPM-RDM.

The voltage equation of FTPM-RDM in SPSRF can be
expressed as:

us = Rsis +
d
dt

[
Lsis + ψf cos (ωet + δs)

]
(1)

where: us, is and δs are the voltages, currents and angle
relative to phase A of each phase stator winding. ‘‘s’’ is repre-
sented by ‘‘A, B, C, D, E, F’’. Rs, ψf and Ls are for resistance,
flux linkage, inductance respectively. ωe is the electrical
angular speed.

In order to solve the strong coupling characteristic of six-
phase FTPM-RDM, it is necessary to decouple the original
motor mathematical model to obtain the mathematical model
under the two-phase RRF. The current equation in RRF can
be expressed as:

ud = Rid +
dψd
dt

− ωeψq

uq = Riq +
dψq
dt

+ ωeψd (2)

where udand uq are the voltages in dq RRF. id and iq are the
currents in dqRRF.ψd andψd are the flux linkages in dqRRF,

and their expressions are as follows:ψd = Ld id +

√
3
2
ψf

ψq = Lqiq
(3)

where Ld and Lq are the inductances in dq RRF. In the surface-
mounted FTPM-RDM, Ld = Lq = L. The electromagnetic
torque equation can be expressed as:

Te = np(ψd iq − ψqid ) (4)

where np are the pole numbers.

III. CONVENTIONAL RRF-MPCC
The conventional MPCC algorithm uses the mathematical
model of FTPM-RDM in dq RRF to implement control,
i. e, deform equation (1):

did
dt

=
ud
Ls

+
−Rsid + ωeLsiq

Ls
diq
dt

=
uq
Ls

+
−Rsiq − ωeLsid − ωeψf

Ls
(5)

In order to predict the future armature currents in dq RRF,
the current prediction formula can be obtained by discretizing
equation (6) in use of first-order forward Euler:

id(k + 1) = (1 −
RsTs
Ls

)id(k) +
Ts
Ls
ud(k) +

Ts
Ls
ωeLsiq(k)

iq(k + 1) = (1 −
RsTs
Ls

)iq(k) +
Ts
Ls
uq(k) −

Ts
Ls
ωeLsid(k)

−
Ts
Ls
ωeψf (6)

where id (k) and iq(k) are the currents in dq axis at k period.
ud(k) and uq(k) are the voltages in dq axis at k period.
Due to the large number of voltage vectors, the enumer-

ation process of the 61 voltage vectors will take a certain
time which can result in a time delay to the optimal switch
action selection. That is, the voltage vector that should be
active at the current time k will not be updated until the
next time (k + 1). Therefore, the computation delay caused
by digital signal processor (DSP) will increase the current
harmonic and reduce the control performance. Hence, the
compensation for this phenomenon is added to the control
system to improve the control performance. Its principle is
shown in Fig. 3. Where iref is the reference current.

FIGURE 3. Schematic diagram of delay compensation.
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The reference current in the adjacent control period is
regarded as a fixed value. The current predicted model at
(k + 2)th cycle which is expressed in equation (7) after
delay compensation can be obtained through the feedback
current and voltage at (k+1)th cycle according to the current
prediction equation (6), and it can be expressed as:

id(k + 2) = (1 −
RsTs
Ls

)id(k + 1) +
Ts
Ls
ud(k + 1)

+
Ts
Ls
ωeLsiq(k + 1)

iq(k + 2) = (1 −
RsTs
Ls

)iq(k + 1) +
Ts
Ls
uq(k + 1)

−
Ts
Ls
ωeLsid(k + 1) −

Ts
Ls
ωeψf (7)

In the conventional double-vector RRF-MPCC algorithm,
the current prediction part is implemented as follows: The
first voltage vector is selected from the candidate voltage
vectors by using of a cost function based on the minimum
value principle. Rational allocate the action time of the corre-
sponding voltage vectors which is obtained by combining the
first voltage vector with the other candidate voltage vector.
Finally, the two voltage vectors are synthesized into a virtual
voltage vector with adjustable direction and amplitude to
realize the real-time control.

The cost function is an absolute value which includes the
errors between the given current and the predicted current at
(k+2)th time [24], as shown in formula (8).

g = |i∗d − id (k + 2)| + |i∗q − iq(k + 2)| (8)

where the superscript ‘‘∗’’ represents the given currents of
dq axis. Fig. 4 shows the block diagram of the conventional
double-vector MPCC.

FIGURE 4. Block diagram of conventional double-vector MPCC.

The salient feature of the conventional double-vector
RRF-MPCC is that it solves the problem of large steady-state
ripple and poor steady-state performance in the case of there
is a large deviation between the predicted and the given
currents under single-vector RRF-MPCC control. However,
the number of voltage vector is large. The two rounds of
voltage vector selection need a total of 48 calculations, and
each requires coordinate transformation even if the algorithm

is simplified. Therefore, the conventional double-vector
RRF-MPCC will inevitably impacts the control performance
of FTPM-RDM.

IV. PROPOSED MPCC ALGORITHM BASED ON SPSRF
A. SINGLE-VECTOR MPCC BASED ON SPSRF
Since the conventional double-vector RRF-MPCC algorithm
has a large computational quantity, a single-vector MPCC
algorithm based on SPSRF is proposed in this paper to reduce
the computational burden.

The strong isolation characteristic of six-phase FTPMM
can get the mutual inductance of each phase winding
approximately to zero. From this, the equation (1) can be
deformed as:

d
dt
is =

1
Ls

(
us − Rsis + ωeψf sin(θ − δs)

)
(9)

where: θ is the rotor position. In order to predict the future
armature currents in SPSRF, the current prediction formula
can be obtained by discretizing equation (9) in use of first-
order forward Euler:

is(k + 1) = (1 −
RsTs
Ls

)is(k)

+
Ts
Ls

(
us(k) + ωeψf sin(θ − δs

)
(10)

where is(k) is the current in SPSRF at k period. us(k) is the
voltage in SPSRF at k period.
Similarly, from Fig. 3, the current predicted model at

(k+2)th cycle after delay compensation can be calculated by
the predicted (k+1)th values, and it can be expressed as:

is(k + 2) = (1 −
RsTs
Ls

)is(k + 1)

+
Ts
Ls

(
us(k + 1) + ωeψf sin(θ − δs

)
(11)

where is(k + 1) and us(k + 1) are the currents and voltages in
SPSRF at (k+1) period.

From a detailed analysis of the six-phase H-bridge inverter
circuit, it is clear that it has 729 switching states and 343 space
voltage vectors synthesis without cancellation. Each syn-
thetic vector has multiple switch combinations and taking
voltage vector amplitude 4 as an example, it is synthesized as
shown in Fig. 5 (b). By removing duplicated vectors 61 space
voltage vectors with different amplitude and phase which
shown in Fig. 5 (a) can be obtained.
In order to enhance efficiency in utilization of voltage

space vector and take into account the performance of
MPCC algorithm, alternative voltage vector groups with dif-
ferent amplitude are selected according to the load torque
during the control process. With 50% of the rated torque
as the distinguishing point and fully considering the sym-
metry of the voltage vector combination, the alternative
voltage vector combination is limited to the following
two cases.
(1) The load torque is less than 50% of the rated torque

and the amplitude of the alternative voltage vector is 2.

VOLUME 11, 2023 133177



Y. Liu et al.: Research on Short-Circuit of FTPM-RDM Based on SPSRF-MPCC Algorithm

FIGURE 5. Schematic diagram of delay compensation.

The corresponding voltage vector is shown in Fig. 6.
Taking U32 vector as an example, the switch state is
defined phase A and phase U as effective phases. The
other phases should balance each other.

(2) The load torque is more than 50% of the rated torque
and the amplitude of the alternative voltage vector is 4.
The corresponding voltage vector is shown in Fig. 6.
Taking U34 vector as an example, the switch state is
defined all phases as effective phases.

FIGURE 6. Voltage space vector diagram with amplitude 2 (a) and 4 (b).

The alternative voltage vector combinations are shown in
Table 1.

TABLE 1. Alternative vector combinations.

After identifying the candidate voltage vectors table, the
corresponding predicted six-phase currents can be obtained
by substituting the candidate voltage vectors into us(k+1) of
the equation (11). The control voltage vectors are evaluated
by the following cost function (12).

g =

∑
|i∗s − is(k + 2)| (12)

where i∗s represents the six-phase reference currents.
The block diagram of this control scheme is shown

in Fig. 7. This control scheme has omitted the step of coor-
dinate transformation in conventional double-vector MPCC.
The current prediction is carried out in the SPSRF directly.
It reduces the computational burden, to a certain extent.
However, the utility ratio of the voltage vector is low with
only one vector is selected in each circle. Therefore, the
voltage vectors of this control scheme still requires further
utilization.

FIGURE 7. The control structure diagram of the double-vector MPCC
algorithm.

B. IMPROVED DOUBLE-VECTOR MPCC ALGORITHM
BASED ON SPSRF
The voltage vector number of FTPM-RDM is big with a
total of 61. It indicates that the candidate voltage vector
combination for implementing double-vector RRF-MPCC
would be highly impracticable due to the large computa-
tion burden and complexity. The single-vector SPSRF-MPCC
can reduce the calculation burden in the prediction pro-
cess, but the utilization of the space voltage vector is not
high in view of only one vector is selected in each cycle.
In order to improve utilization of the candidate voltage vec-
tors, a double-vector MPCC algorithm based on SPSRF is
proposed, which predict the stator current of each phase
separately.

This algorithm makes two independent rounds of current
prediction for each phase and different candidate voltage
vectors are selected in the two rounds. In the first round, the
nonzero voltage vector−1 and 1 are selected as the alternative
H-bridge switch states and it can be expressed as:[

usm1
usm2

]
=

[
1

−1

]
· Udc (13)
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where Udc is the DC voltage. Only a total of 12 calculations
are required to cover 61 voltage vectors. In the second round,
the voltage vector −1, 0 and 1 are selected as the alternative
H-bridge switch states and it can be expressed as:usn1usn2

usn3

 =

 1
0

−1

 · Udc (14)

Two rounds of current prediction need to be accomplished
as to achieve the MPCC algorithm, and the second round
requires 18 calculations. Take phase A as an example, the
predicted current in the first round are obtained after dis-
cretization and delay compensation can be expressed as:

iA(k + 2) = (1 −
RsTs
Ls

)iA(k + 1)

+
Ts
Ls
uA(k + 1) + ωeψf sin θA (15)

Two sets of predicted currents iAm1(k + 2) and iAm2(k + 2)
can be obtained by substituting the candidate voltage vectors
uAm1 and uAm2 in equation (13) into (15). The optimal voltage
vector is selected by the cost function (16), which is applied
to phase A as the first voltage vector.

g = |i∗s − is(k + 2)| (16)

The second round current prediction predict the current
based on the principle of deadbeat control. The prediction
formula is:

iA(k + 2) = iA(k + 1) + SAmtAm + SAntAn = i∗A (17)

where SAm and SAn are the current slope under the action of
two round voltage vectors. tAm and tAn are the action time of
uAm and uAn respectively. uAn is the voltage vector determined
after the second round prediction.
SAm can be calculated by equation (18) and SAn can be

obtained by plugging the three candidate voltage vectors of
the second round into equation (14). The calculation formula
are expressed as:

S0 =
1
Ls

(−RsiA + ωeψf sin θA)

SAmn = S0 +
uAmn
Ls

(18)

By combining the three candidate voltage vectors of the
second round with the voltage vectors determined in the first
round, the voltage vector combination which is obtained in
phase A are shown in Table 2.

TABLE 2. The second round predicts voltage vector combination.

The action time of the two sets of voltage vectors can be
obtained from equation (19) and it can be expressed as:

tAm =
i∗A − iA(k + 1) − SAnTs

SAm − SAn
tAn = Ts − tAm (19)

The synthesized voltage vector in SPSRF can be
expressed as:

uA =
tAm
Ts

uAm +
tAn
Ts
uAn (20)

The six-phase current prediction process is carried out
simultaneously without interference. The above calculation
method is also applicable for other five phases.

V. SHORT-CIRCUIT FAULT-TOLERANT CONTROL
STRATEGY
Of all motor faults, short-circuit fault is a frequent failure.
In [25], an open-circuit fault is studied by using flux com-
pensation strategy. The flux linkage is bound to change when
one open-circuit fault occurs. In this reference, the fault phase
is compensated by the remaining five normal phase flux
linkages, and the compensated stator flux linkage is expressed
as follows. Take phase A as an example.

ψ∗
A = |ψs|

∗ cos
(
θs +1σ (k + 1) −

h− 1
3

π

)
− ψf cos

(
θ −

h− 1
3

π

)
(21)

Although this method can achieve fault compensation,
it is difficult to guarantee the conservation of torque.
According to the output torque of FTPM-RDM in normal
operation:

Te =
1
ωm

(eAiA + eBiB + eC iC + eDiD + eE iE + eF iF )

(22)

where eA ∼ eF are the Back-EMF of each phase.
ωm is the mechanical angular velocity. When phase A
has an short-circuit, eAiA is equal to zero, and the out-
put torque is no longer conserved. From [26], the current
of the remaining five normal phases is used to compen-
sate phase A in αβ SRF, which can ensure that the vector
composition effect is unchanged and the output torque is
conserved. In this paper, it is improved and applied to
short-circuit fault. The specific compensation method is
as follows: 

i∗B = iB + iA/3 − iSA/3
i∗C = iC − iA/3 + iSA/3
i∗D = iD − iA/3 + iSA/3
i∗E = iE − iA/3 + iSA/3
i∗F = iF + iA/3 − iSA/3

(23)

By substituting the compensated reference current (19)
into the equation (22), it can be obtained that T ∗

e = Te.
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FIGURE 8. Current vector diagram after single-phase short-circuit fault
condition.

That is, the torque ripple can be reduced and the torque
conservation can be realized by using current vector fault-
tolerant (CVFT) when phase A short-circuit fault occurs. The
control structure diagram of the double-vector SPSRF-MPCC
algorithm is shown in Fig. 9.

FIGURE 9. The control structure diagram of the double-vector
SPSRF-MPCC algorithm.

The six-phase current prediction process is carried out
simultaneously without interference. The flow chart of phase
A current prediction process based on double-vector SPSRF-
MPCC algorithm is shown in Fig. 10.

VI. SIMULATION VERIFICATION
Establishing a simulink model in use of Matlab/Simulink to
verify the feasibility of the improved algorithm. The parame-
ters of the six-phase FTPM-RDM in the simulation are shown
in Table 3. the sampling frequency of the simulation model is
set as 10 kHz to make sure of the simulation effect satisfies
the request of actual application.

Torque ripple is an important evaluation condition for
evaluating the quality of motor control algorithms. For com-
parison, the torque ripple equation is defined as follows:

Tripple =
max

{∣∣Tmax − Tavg
∣∣ , ∣∣Tavg − Tmin

∣∣}
Tavg

(24)

where Tmax , Tavg and Tmin are the maximum, average and
minimum values of torque.

FIGURE 10. Flow chart of the proposed double-vector SPSRF-MPCC
algorithm.

TABLE 3. FTPM-RDM simulation experiment parameters.

A. STEADY-STATE SIMULATION
Fig. 11 shows the simulation results of the double-
vector RRF-MPCC and single-vector SPSRF-MPCC com-
pared with the improved double-vector SPSRF-MPCC. The
FTPM-RDM operates stably at 500r/min with 15Nm load.
The phase current harmonic distortion and torque ripple of
the double-vector RRF-MPCC are 11.07% and 18.78%, the
phase current harmonic distortion and torque ripple of the
single-vector SPSRF-MPCC are 7.72% and 11.98%. while
the improved double-vector SPSRF-MPCC are 4.22% and
4.67%.The result shows that the current control accuracy
of the improved double-vector SPSRF-MPCC is better than
that of the double-vector RRF-MPCC and the single-vector
SPSRF-MPCC, and the improvement of torque ripple is much
more obvious than that of the double-vector RRF-MPCC.
The improved algorithm has a good static performance and
the simulation results of the three algorithms are detailed
in Table 4.
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FIGURE 11. Steady state simulation results of FTPM-RDM using three MPCC algorithms.

TABLE 4. Comparison between three MPCC algorithms.

B. DYNAMIC SIMULATION
1) SIMULATION RESULTS UNDER HEALTHY CONDITION
In the control performance simulation, besides the steady
state experiment, the proposed algorithm is also verified
by simulation for the sake of dynamic responses perfor-
mance, which is divided into two types: speed step and
torque step.

Fig. 12 shows the dynamic characteristics of the
FTPM-RDM with 15Nm load running at speed change con-
dition. The initial speed is 200r/min and it abrupt change
of 500r/min at 1.2s. From the speed diagram of Fig 12, the
FTPM-RDM can run smoothly according to the specified
speed under the three algorithms, and the jitter is small
under the low speed. The torque ripple of the FTPM-RDM
under different speeds during stable operation is shown on
the upper half of the image. The torque ripple is obvious
in Double-vector RRF-MPCC. Combined with the local
up-scaling diagram of torque at 200r/min, it can be found
through comparison that the torque ripple is small under the

improved double-vector SPSRF-MPCC, and the torque sta-
bility is increased by 8.12% compared with the single-vector
SPSRF-MPCC. The torque stability effect of the improved
method is significantly improved.

Figure 13 shows the dynamic characteristics of the
FTPM-RDM with the speed of 200r/min at load change
condition. The motor starts with a 10Nm load and switches
to 15Nm at 1.2s. As can be seen from the speed diagram, the
speed fluctuation is about 7r/min under the improved double-
vector SPSRF-MPCC as the torque changes, it is smaller than
that of the single-vector SPSRF-MPCC and much smaller
than double-vector RRF-MPCC. In the three cases, the steady
operation can all be ensured and in, the speed recovery
time of the double-vector SPSRF-MPCC is smallest about
0.39s. The torque ripple under the improved double-vector
SPSRF-MPCC algorithm is nearly the same, with 3.91% and
4.36% respectively before and after the load change. It is
significantly improved compared with the other two MPCC
algorithms.

It can be concluded that the combination of analysis cov-
ering different simulation condition makes the improved
double-vector SPSRF-MPCC algorithm more suits to the
dynamic changes of FTPM-RDM.

2) SIMULATION RESULTS UNDER ONE PHASE
SHORT-CIRCUIT CONDITION
Fig. 14 shows the torque and current simulation results
by using of the improved double-vector SPSRF-MPCC
algorithm under one-phase short-circuit condition. CVFT
strategy is used for compensating the short-circuit fault
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FIGURE 12. Simulation results of FTPM-RDM using two MPCC algorithms under the speed change.

FIGURE 13. Simulation results of FTPM-RDM using two MPCC algorithms under the load change.

of FTPM-RDM. The given speed of the motor is 500r/min
and it works under 15Nm load. A short-circuit fault occurs in
phase A at 1.2s and the fault tolerant control strategy is added
at 1.4s.

When a short-circuit fault occurs in phase A, the phase of
the phase A current is opposite to the given current phase,
generating the torque which can prevents the motor normal
operation. From Fig. 14, the short-circuit fault has a sig-
nificant impact on the motor torque, and its torque ripple
reaches 24.23%. When the CVFT control strategy is added
at 1.4s, the torque ripple is about 6.21%, which is signifi-
cantly reduced, although it is higher than the 3.65% before
the fault, it ensures the normal and stable operation and is
within an acceptable range.

Combined with the current waveform in Fig. 14 and
enlarge the current diagram within 0.02s of each stage
locally. The current amplitude of phase B after fault-tolerance
increases the most, which accords with the derivation
results of fault-tolerant control theory in equation (19).

The simulation indicates that the fault-tolerant strategy is
effective and can ensure the stable operation under one phase
short-circuit condition.

VII. EXPERIMENT VERIFICATION
In this paper, the validity of the proposed control strategy is
verified by the six-phase FTPM-RDM vector control system
hardware experiment platform as shown in Fig. 15. This
platform mainly includes six-phase FTPM-RDM, motor con-
troller, hardware circuit and upper computer. Fast control
prototype Rapid Control Prototyping (RCP) is selected as
the core controller of motor control. It can download the
control algorithm written by simulink into the real-time fast
control prototype hardware to realize fast and accurate con-
trol. The motor parameters used in the experiment are the
same as used inMATLAB. The hardware sampling frequency
is 10 kHz.

The experiment of the proposed MPCC algorithms are
specifically divided into steady state operation and dynamic
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FIGURE 14. Simulation results of FTPM-RDM using double-vector SPSRF-MPCC before and after phase A short-circuit fault.

FIGURE 15. FTPM-RDM hardware experimental platform.

FIGURE 16. Experiment results of FTPM-RDM using two MPCC algorithms under the load change.

operation with variable load and speed. Furthermore an
short-circuit fault of phase A is simulated during the

dynamic operation, in which the change of the torque and
current are observed by adding fault-tolerant strategy.
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FIGURE 17. Dynamic experimental results of FTPM-RDM using two SPSRF-MPCC algorithms.

A. VERIFICATION EXPERIMENT OF STEADY-STATE
OPERATION RESULTS
The FTPM-RDM runs stably at 200r/min with 16Nm load.
The comparison waveform results of the three experiments
are shown in Fig. 16. From the diagram, the torque ripple of
the double-vector RRF-MPCC is 17.28%, the single-vector
SPSRF-MPCC is 12.14%, while the improved double-vector
SPSRF-MPCC is 6.18%. The speed fluctuation in double-
vector SPSRF-MPCC is small, and its sine property of
the current is obviously better than that of the other two
MPCC algorithms. The experimental results show that bet-
ter control performance can be obtained by using of the
double-vector SPSRF-MPCC. The experiment results of the
three MPCC algorithms are summarized in Table 5 for better
presentation.

The computations required for double-vector SPSRF-
MPCC is only 30 times which is much less than that of
the double-vector RRF-MPCC required 122 times. To bet-
ter reflect the advantages of the improved algorithm in

TABLE 5. Comparison between three MPCC algorithms.

TABLE 6. Implementation details of the three MPCC algorithms.

terms of calculation amount, the calculation time of the
three algorithms are shown in Table 6. The computation
time required by the two proposed algorithms which reduce
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FIGURE 18. Dynamic experimental results of FTPM-RDM using two SPSRF-MPCC algorithms.

the calculation time by eliminating the voltage vector opti-
mization process is significantly improved compared with
double-vector RRF-MPCC.

B. VERIFICATION EXPERIMENT OF STEADY-STATE
OPERATION
1) EXPERIMENT RESULTS UNDER HEALTHY CONDITION
The first dynamic experiment mainly compares and ana-
lyzes the FTPM-RDM in dynamic changes of speed using
the single-vector SPSRF-MPCC algorithm and double-
vector SPSRF-MPCC algorithm under healthy condition.
The FTPM-RDM driving constant 12Nm load and the speed
changes by 200r/min-300r/min-400r/min step. Fig.17 shows
the torque, speed and current changes when the two meth-
ods are adopted. By comparing (a) and (b) in Fig. 17, it is
obvious that the current and torque obtained by double-vector
SPSRF-MPCC are more accurate than those obtained by

single-vector SPSRF-MPCC, and the current distortion and
torque ripple are small.

The experiment results show that the improved method
can reduce the torque ripple of FTPM-RDM largely, and its
control effect of lower speed is more obvious than higher
speed situation.

Fig. 18 shows the comparative experimental results of
the FTPM-RDM in dynamic changes of load using the
single-vector SPSRF-MPCC algorithm and double-vector
SPSRF-MPCC algorithm under healthy condition, which
mainly include the changes of torque, speed and current.
The given speed is stable at 300r/min and the load changes
by 8Nm-12Nm-14Nm step. By comparing (a) and (b)
in Fig. 18, it is obvious that the current and torque obtained
by double-vector SPSRF-MPCC algorithm are more accu-
rate than those obtained by single-vector SPSRF-MPCC
algorithm, and the current distortion and torque ripple
are small.
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FIGURE 19. Phase A current Fast Fourier Transformation (FFT) diagram of two control algorithms.

FIGURE 20. Phase a current Fast Fourier Transformation (FFT) diagram of two control algorithms.

The harmonic analysis of six-phase currents is realized
by exporting experimental data. Fig. 19 shows the harmonic
analysis diagram of current A under the control of the two
algorithms. Through comparative calculation, the total distor-
tion of the double-vector SPSRF-MPCC algorithm is reduced
from 11.45% to 5.38% compared with the single-vector
SPSRF-MPCC algorithm. Combines the current diagram
in (a) and (b), the sin property of stator current has been
greatly improved.

2) EXPERIMENT RESULTS UNDER ONE-PHASE
SHORT-CIRCUIT CONDITION
Themotor runs stably at 300r/minwith 14Nm load and adopts
the double-vector SPSRF-MPCC algorithm to simulate the
phase-A short-circuit at a certain time. After the short-circuit
runs for a period of time, the fault-tolerant control strategy
is added. The experimental results of the process from fault
to fault tolerant are shown in Fig. 20 From the diagram,
the speed before and after fault-tolerant control is stable.
The torque ripple in fault condition is about 26.83%. After
adding the fault-tolerant strategy, the torque ripple drops to
about 12.21%, which is similar to the simulation situation.
Although it is higher than the torque ripple in the stable
operation under normal conditions, it ensures the normal and
stable operation and is within the acceptable range.

VIII. CONCLUSION
In this paper, a new type of shaftless rim propeller is pro-
posed to be applied to the FTPM-RDM, which can fully
improve the ship space utilization and propulsion efficiency
while realizing fault-tolerant control under fault conditions.
In order to give full play to the efficient application of
the MPCC algorithm in the FTPM-RDM, that is, the fast
dynamic response and the simple control. Two novel MPCC
algorithms based on SPSRF without coordinate transforma-
tion are proposed in this paper to reduce torque ripple and
computation burden. Both methods can achieve the most
effective control by using of the simplest computational steps.
First proposed the method of single-vector MPCC algorithm
in six phase RRF which groups alternative voltage vectors
according to the magnitude of load torque. Although only
one vector is selected in each cycle, this method obviously
saves computational burden and achieves the control effect
of double-vector RRF-MPCC algorithm, indicating that it
is feasible and can be further studied in detail. The second
method is an improved double-vector combination optimal
MPCC algorithm which makes two independent rounds of
current prediction for each stator winding and goes through
61 space voltage vectors only 30 times. Compared with
double-vector RRF-MPCC, the improved algorithm not only
saves operation time without several coordinate transfor-
mations, but also significantly improves torque ripple and
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control effects. In addition, the fault-tolerant control which
is independent of the improved MPCC algorithm proposed
in this paper is carried out with the CVFT control strat-
egy under one-phase short-circuit. It is not only does not
need to change the control strategy after failure, but also
able to suppress the torque ripple effectively. Finally, the
simulation and experiment validate the validity and relia-
bility of the two MPCC algorithms under static, dynamic
and one-phase short-circuit fault condition. Through com-
parison, it is found that the double-vector MPCC algorithm
can reduce the torque ripple better, and the current harmonics
and calculation burden are also decreased significantly.When
one-phase short-circuit fault occurs, the torque ripple is also
improved by adopting the CVFT method compared with the
failure time.
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