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Performance Analysis and Comparison of Two
Fault-Tolerant Model Predictive Control
Methods for Five-Phase PMSM Drives

Wentao Huang, Member, IEEE, Wei Hua, Senior Member, IEEE, Qigao Fan, Member, IEEE

Abstract—Model predictive current control (MPCC) and model
predictive torque control (MPTC) are two derivatives of model
predictive control. These two control methods have demonstrated
their strengths in the fault-tolerant control of multiphase motor
drives. To explore the inherent link, the pros and cons of two
strategies, the performance analysis and comparative
investigation of MPCC and MPTC are conducted through a five-
phase permanent magnet synchronous motor with open-phase
fault. In MPCC, the currents of fundamental and harmonic
subspaces are simultaneously employed and constrained for a
combined regulation of the open-circuit fault drive. In MPTC,
apart from the torque and the stator flux related to fundamental
subspace, the x-y currents are also considered and predicted to
achieve the control of harmonic subspace. The principles of two
methods are demonstrated in detail and the link is explored in
terms of the cost function. Besides, the performance by two
methods is experimentally assessed in terms of steady-state,
transition, and dynamic tests. Finally, the advantages and
disadvantages of each method are concluded.

Index Terms—Permanent magnet motor, five-phase, fault-
tolerant control, model predictive control.

I. INTRODUCTION

ULTI-PHASE motor drives have been increasingly

gaining attention in many industrial applications with

high reliability requirements due to their remarkable fault
tolerance [1]-[2]. Extensive research has been conducted to
improve the fault-tolerant ability and performance of multi-
phase drives under different faulty conditions [3]-[6].

Among all types of failures, the most widely studied is open-
circuit fault (OCF) in recent years. In order to obtain an
undisturbed rotating magneto-motive force (MMF) after OCF,
control strategies, including maximum torque (MT) and
minimum loss (ML), are proposed based on the demands of
actual applications [6]. With these criteria, the classic field-
oriented control (FOC) and direct torque control (DTC), which
are popularly used for motor drives under healthy conditions,
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have been investigated in the field of multi-phase drives under
faulty situations. Both hysteresis comparator and pulse width
modulation (PWM) are utilized to generate pulse patterns in
fault-tolerant FOC [7]-[9] and DTC [10]-[13] schemes. The
employment of PWM can achieve superior steady-state
performance and constant switching frequency compared with
hysteresis regulators. Generally, the transient behaviors of DTC
are more desirable since the stator flux amplitude and torque are
directly controlled. Different from normal healthy operations,
the fundamental and harmonic components under OCF
situations become coupled with a decrease of the control degree
of freedom. Hence, the joint regulation of both subspaces
should be considered. With the development of vector space
decomposition (VSD), an extra proportional-integrator (PI) or
proportional-resonant (PR) controller is usually employed in
fault-tolerant FOC [7] and fault-tolerant DTC [13] to realize
control of harmonic subspace.

Recently, the model predictive control (MPC) has become a
significant alternative for high performance control of motor
drives. According to the control variable, MPC can be
categorized into two sorts, model predictive current control
(MPCC) [14]-[16] and model predictive torque control (MPTC)
[18]-[20]. When MPC strategy is applied in multi-phase motor
drives in faulty states, the regulations of both fundamental and
harmonic subspaces can be obtained by designing predictive
models and optimizing cost functions. Unlike the structures of
fault-tolerant FOC and DTC, no extra controller or control loop
is required when MPC is applied. In [21], the MPCC method is
explored on a five-phase induction motor (IM) drive under the
open-phase situation. The predictive model and cost function
associated with the current components in the x-y subspace are
constructed for complete control of the faulty drive. In [22]-[23],
the MPCC approach is utilized to enhance the fault-tolerant
performance of six-phase permanent magnet synchronous
motor (PMSM) drives under OCF conditions. Compared to
fault-tolerant MPCC, research on MPTC is relatively rare.
Derived from the classic hysteresis-based DTC, the fault-
tolerant MPTC is also concentrated on the regulation of the
torque and stator flux amplitude, which are both related to the
a-f subspace. In [24], the MPTC schemes are developed to
realize independent control of different motors in multi-motor
drives under OCF operation. Later, the harmonic regulation has
been considered in fault-tolerant MPTC of five-phase PMSM
drives [25]-[26]. The predictive model of the x-y current is built
and taken into account during the cost function optimization.
As a result, complete control of the faulty five-phase drive is
achieved.
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Comparative studies have been carried out to explore
differences and similarities of fault-tolerant performance by
different control schemes. In [21], a quantitative comparison
between FOC with the proportional integral-resonant controller
and MPCC has been conducted with both MT and ML methods.
It is found that MPCC can provide faster control response and
superior performance at low-speed operation but at the expense
of higher current ripples. Later, the performances by MPCC,
PR-based DTC and FOC have been experimentally evaluated
in terms of steady-state and dynamic conditions for a five-phase
IM with OCF [27]. The results indicate that the change of
control structure after OCF is minimum when MPCC is used.

Generally, most of the research is focused on the
performance analysis and comparison between MPCC and
classic linear control strategy for multi-phase drives under OCF
operation. Although behaviors of MPCC and MPTC are
assessed experimentally for three-phase IM drives [28]-[29]
and a PMSM fed by a matrix converter [30] under normal
operation, the inherent relationship between two control
strategies has not been disclosed. Moreover, fault-tolerant
MPCC and MPTC have not been comparatively evaluated for
multi-phase motor drives with OCF.

Hence, this paper presents a comprehensive comparison of
fault-tolerant MPCC and MPTC for a five-phase PMSM drive
with OCF. For the simultaneous regulations of fundamental and
harmonic subspaces, the currents of two subspaces are
employed and constrained in MPCC. Apart from the torque and
stator flux, the x-y currents are additionally considered to
achieve the control of harmonic subspace in MPTC. The
principles of two methods are demonstrated in detail and the
inherent link is explored through cost functions. Besides, the
performance by two methods is experimentally assessed in
terms of steady-state, transition, and dynamic tests. Finally, the
advantages and disadvantages of each method are concluded.
This work provides an effective principle for the proper

selection of MPC methods in practical engineering applications.

The remainder of this paper is organized as follows: The
modeling of a five-phase PMSM drive under OCF conditions is
introduced in Section II. The principles of fault-tolerant MPCC
and MPTC methods are presented in Section III and Section IV,
respectively. In Section V, the inherent relationship is
investigated and discussed. The performances by two fault-
tolerant MPC strategies are evaluated by simulations and
experiments in Sections VI and VII, respectively. The
conclusions are presented in the final section.

II. MODELING OF A FIVE-PHASE PMSM DRIVE UNDER OCF

Fig. 1 illustrates a conventional two-level voltage source
inverter-fed five-phase PMSM drive. When two OCF occurs,
e.g., phase A, the number of switching states decreases from 32
to 16 naturally, and consequently, the current of phase A, i4 will
be zero. According to the available switching states, the
remained healthy four-phase voltages are derived as

Vg 3-1-1-1| S,
Ve |_ Upl|-13-1-11| S, 1)
vy 4 |-1-13-1|| S,
v -1-1-13 || S

E

where Uy, is the DC power supply; S,=1 when the upper switch
of each inverter leg is ON, and S,=0 when the upper switch is
OFF (n=B, C, D, E).

Based on the theory of VSD, the four-phase voltages can be
mapped into the a-f subspace and x-y subspaces, as illustrated
in Fig. 2. Different from the healthy condition, here each space
plane in the faulty state is unevenly divided into 12 sectors. In
addition, the voltage vector magnitudes are classified into 6
types: 0, 0.145Uc, 0.325U4, 0.441Uy4c, 0.447Uqe, 0.616 Uy

(@) (b)

Fig. 2 Voltage vectors in two subspaces. (a) a-f subspace. (b) x-y subspace.

Due to an OCF, the control degrees of freedom decrease. The
amplitudes of the x-component and a-component currents are
identical but the phase-angles are opposite. Consequently, only
af-component and y-component currents are controllable in
faulty drives. A modified VSD transformation is used to map
the five-phase variables into the fundamental and harmonic
subspaces as

cosd co0s20 cos3d cosdo
_ 2| sind sin26 sin3d  sindo @)
€7 5|sin36 sind  sindd  sin20
1 1 1 1

where 6= 27/5.

With the extended Park transformation in (3), the voltage
components in stationary coordinates are transformed to the d-
q1 and ds-g3 planes voltage components, respectively.

cosd sind 0 0
—sinf cosd 0 0
T = 0 0 cos36 sin3é 3)
0 0 —sin36 cos36

where 6 is the electrical rotor position.

Although the five-phase PMSM drive with OCF becomes an
asymmetrical four-phase system, the mathematical model is
similar to that under healthy operations. Neglecting the
influence of flux-linkage harmonics, the voltage equations in
the di-q1-ds-q3 reference frame are given as [4]
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vy = Rgiy + L, diy, /dt—w,L,di,
vql = Ryiy, +L,di,, /dt+ o, (L,di, +v )
= Rgiyy +Lyydiy; /dt —30,L ,di
=Rgi, +Ldi, /di+30,L,,di,,

where Vim, Vgm, Idm, Igm, and La, and Lg, are the du-gm
components of the phase voltages, currents, and inductances
components, respectively; m={1, 3}; R; is the stator resistance;
wris the fundamental magnitude of phase PM flux-linkage; w.
is the electrical angular frequency.

Accordingly, the equations of the stator flux-linkage and the
electromagnetic torque can be expressed as

Ve | _|La 0 ||y 14
|:\V5q:||: 0 qu:||:iq1:|+|: Of:l (5)
I:‘/// Iy (L qu)lm Ly +3( qu)idsiqu (6)

where wsq and Wsq are the stator flux-linkage components in the
di-q1 reference frame; P, is the number of pole pairs.

“4)
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III. MPCC FOR A FIVE-PHASE PMSM UNDER OCF
CONDITION

For complete control of the faulty drive system, the
simultaneous regulation of the fundamental and harmonic
subspaces should be considered. Hence, the currents in two
subspaces are employed as the control variables of the MPCC
method. Fig. 3 illustrates the control diagram of the fault-
tolerant MPCC of a five-phase PMSM under OCF.
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Fig. 3 Control diagram of fault-tolerant MPCC strategy for a five-phase PMSM
under OCF condition.

A. Predictive Current Model

In a real digital implementation, there is a one-step delay
between the obtained voltage vector and the applied vector.
Therefore, a two-step prediction is used to compensate for the
time delay. Using Euler’s formula to discretize the voltage
equation, the predictive current models are designed in the d-
q1-ds-q3 reference frame as
where (k+1) and (k+2) means the (k+1)" and (k+2)* sampling
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B. Cost Function

Based on the predictive current model in (7), a cost function
is subsequently designed to evaluate the optimal switching state
in a manner where the absolute errors between the referenced
and predicted currents are employed as

¢ =i =i (k+2)| +|is, =i,y (k +2)|
+|i;3 iy (k+2) i, iy (k+ 2)|
where denotes the reference value. i={1,2,...,15}. Since the
elements in the cost function have the same property essentially,

it is unnecessary to use the weighting factor to connect different
parts.

®)

ek

C. Reference Current Criterion

Under OCF situations, the reference current of the
fundamental subspace is identical to that under the normal
operation while the criteria for reference harmonic current are
selected according to different requirements of drive
applications. As mentioned previously, there are two control
approaches for harmonic current tracking, namely, minimum
loss and maximum torque.

1) Minimum loss

The ML criterion can maintain the overall faulty drive losses
at the normal level, resulting in the unequal amplitudes of the
remained phase currents and reduced output torque. If an open-
phase fault occurs in phase A, the amplitude of phases C and D
currents is the same, being larger than those of phases B and E.
According to this criterion, the y-axis current becomes zero and
the x-axis current is fixed to -i,", as expressed in (9).

i
»
The current references in the ds-g3 reference frame can be

derived using Park transformation as
i = —(islcOSH—i;sinH)cosw (10)
iy= (i;lcos 0- i;lsinﬁ) sin36

2) Maximum torque

The MT principle is to ensure the torque output remains the
same value as before a failure. As a result, the magnitude of
healthy phase current is increased equally by a factor of 1.382.
According to the result in [6], the current references in the x-y
plane are presented as

l*: l*
P 11
{i},——0.2631iﬂ (1

Similarly, the references of d3-current and g3-current are
= —(i;lcose - i;lsiné’) cos30—-0.2631 (i;lsine +i,,cos 9) sin36
i7y = (i} cos0—i},sin@)sin30 - 0.2631(i},sin6 + i;,cos 0| cos30

step, respectively, and 7 is the sampling time. (12)
iy (k+2)=(1=RT, /Ly )iy (k+1)+wI L i (k+1)/Ly+Tv, /L,
iy (k+2)=(1=RT, /Ly )i, (k+1)=wT Ly, (k+1)/ Ly +T, / L, (v, —wy,) -
iy (k+2)=(1=RT /Ly, )i, (k+1)+3wLi, (k+1)/ Lyy+ Ty, / Ly,
iy (k+2)=(1=RT. /L )ip, (k+1)=3w,T Lysiys (k+1)/ Ly +Tv,5 / Ly
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IV. MPTC FOR A FIVE-PHASE PMSM UNDER OCF
CONDITION

Similar to the fault-tolerant MPCC, when the MPTC method
is applied in the fault-tolerant multi-phase drive, appropriate
variables in fundamental and harmonic subspaces should be
taken into consideration as a whole. In this study, apart from the
torque and stator flux-linkage, the x-y currents are selected as a
pair of additional control variables to realize the regulation of
the x-y subspace. Fig. 4 illustrates the overall control structure
of MPTC for the fault-tolerant five-phase PMSM drive.
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Fig. 4 Control diagram of fault-tolerant MPTC strategy for a five-phase PMSM
under OCF condition.

A. Predictive Model

Based on the selected control variables (torque, stator flux,
and the harmonic currents), the predictive models are
constructed as follows

{% (k+2)=(1=RT,/ L,3)iys (k+1)+30,T Lsiys (k+1)/ Lis+ Tvys / Lys (13)

(k+2)=(1-RT, /L, )i, (k+1)=30,T.Lyiy, (k+1)/ L+ Ty, /L,

43 q3 a3

)i
{d( 2)= dlldl(k+2)+'//f
V/Sq ( ) q1 ql (k + 2)
Te(k+2)=§Pr|:l///iq1(k+2)+(Ld1 Ly )iy (k+2)iy, (k+2)]
+3(Lys =Ly )igs (k+2)i5 (k+2)

(14)

(15)
B. Cost Function

In order to achieve the best switching state, a cost function is
constructed by using the absolute errors of the control
objectives, where two weighting factors are required to balance
the importance of three control variables due to differing
natures. Finally, the cost function is defined as

g =1 =T (k+2) 4 Al v —wa (k+2)|+|ws, ~ v, (k+2)]
+4 |:|i;3 ~iy ( i;s —iy (k + 2)|]

(16)

The reference torque is the output of the speed controller.
Due to the similar inductance components in the d-g plane, the
control method i;1=0 can be considered as the maximum torque
per ampere and used to reduce the stator copper loss. Besides,
i;1* which is proportional to the reference torque is expressed as

ir, =21 /(5Py, ) (17)

Consequently, the stator flux reference can be obtained as

‘//Ed = Ldlif;l Ty, (18)
l//sq = qllql

V. RELATION OF TWO MPC METHODS

Since three control variables with different natures are
employed, the predictive model of the fault-tolerant MPTC,
expressed by equations (13)-(15), is relatively complicated
when compared with equation (7) for the fault-tolerant MPCC.
Noticeably, one identity in two predictive models is that the
dsq3-axes currents are predicted.

Apart from the predictive model, differences and similarities
can be found with the cost function. Considering i;1=0 control
method and the similar inductances in the d-g axis, the cost
function in (8) is rewritten as

¢ =c +c,+c +c, (19)
where,
& =lin (k+2)[, ¢ =|if =iy (k+2)| .y =i}y =iy (k+2)|
¢y =izy —ips (k+2)
L1kew1se, the cost function of MPTC can be expressed as
8 =8+8+8& (20)

where,
g, = |To- 5P,y i, (k+2)/2]
&, = MlLailiay (k+2)[+Lyy ligr-igy (k+2)]]
83 = Aalligz-igs(k+2)[Higs-i,3(k+2)]]
According to equations (19) and (20), the following
relationships can be directly concluded as

g = (5P [2)c, (21)
g, =h(LgctLgicr) (22)
g, = Ma(cstey) (23)

Consequently, the cost function of MPTC can be further
modified as
8; = mCrttu,ertus(cstey) (24)
where
Uy =ALa, 1y = /11Lq1+5Prl//f/2,lu3 =

The newly obtained function in (24) has clearly demonstrated
the link between fault-tolerant MPCC and MPTC. In essence,
the optimization process of both MPC methods can be
implemented in terms of predicted currents and outputs of speed
regulators. Specifically, the current prediction in two methods
is identical. The output of the speed controller in MPTC is
proportional to that in MPCC. Since there is no inner loop, the
transient response is dependent on the bandwidth of the speed
controller. In addition, the system behavior by fault-tolerant
MPTC is highly associated with two weighting factors.

For the desired weighting factors, the ratio 41, between the
rated values of the torque and stator flux-linkage is considered
and set as a benchmark. Meanwhile, the ratio 1., between the
nominal amplitudes of the torque and harmonic current is set as
another benchmark [19]. The definitions are expressed by
equations (25)-(28). Then, standard deviations of the digi-
currents and y-current are calculated to evaluate performances
by different weighting factors around the benchmarks. With
these quantitative analyses, the best weighting factors can be
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achieved.
lln:Ten/V/M (25)
lZn:Ten/i,, (26)
2
wm:\/ Y2+ 2ToLy1 /(5P )] 27)
i,= /iinﬂin:im:2Ten/(5Prw,;) (28)

where 7., is rated torque. y, and iz are nominal magnitudes of
stator flux-linkage and harmonic current. iy, iy, and i, is the
nominal magnitude of x-, y- and a-axis currents, respectively.

Substituting the nominal values (listed in Table I) into (25)-
(26), the benchmarks are 458.72 and 1.58 with respect to 41, and
Aon. Thereafter, applying the benchmarks into (24), the
following equation can be obtained as

g, = 1.15¢;12.91¢c,+1.58(cs+ey) (29)

Compared to the cost function of MPCC in (20), the
coefficient of each component is increased. The maximum gain
is found with the ¢;-axis current.

TABLE 1
KEY PARAMETERS OF THE FIVE-PHASE PMSM

Items Specifications
No. of poles in rotor 18
Phase resistance 03Q
di-axis inductance 2.5mH
¢1-axis inductance 2.9 mH
ds-axis inductance 2.5mH
¢s-axis inductance 2.5mH
PM flux-linkage 0.035 Wb
Rated torque 30 Nm

VI. SIMULATIONS

To assess the performance of the fault-tolerant MPC and
MPTC methods for a five-phase PMSM drive under OCF
conditions, simulations are conducted in the environment of
MATLAB/Simulink. The key parameters of the five-phase
PMSM are the same as those in the experimental setup, which
are shown in Table I.

A. Relation Discussion

In the previous section, the relation between the fault-tolerant
MPCC and MPTC is analyzed through the cost function, as
presented in (24) and (29). For the purpose of quantitative
evaluation, the total harmonic distortion (THD) and the torque
ripple are employed as two evaluating indicators. Since u; is
closed to 1 in (29), this variable is fixed to 1 in simulations. Fig.
5 shows the evaluation results of the phase A current and the
torque by the fault-tolerant MPCC with different coefficients.
The reference speed is 800rpm with a load of 20Nm. The dark
blue block indicates a low THD value and a low torque ripple.
When i and w» are equal to 1, the cost function in (24) is
equivalent to that of the fault-tolerant MPCC. As shown in Fig.
5, the phase currents are desirable with low THD values while
the torque ripple is not minimized. When g is in the range from
2 to 4 and w3 increases to a value of 2, the lower torque ripple
can be obtained and the THD is nearly changed. Consider the
expression in (29), it can be concluded that the benchmarks of

the weighting factors can theoretically improve the torque
performance of the fault-tolerant MPTC.

1 20%
2
3 15%
2] 4 E
) - 10%
6 5%
2 I 8
(a)
1 20%
2 2
3 15% &
) s
s 10% 5
6 5%
2 4, 6 8
(b)

Fig. 5 Evaluations of simulated current and torque by MPCC with different
coefficients. (a) THD. (b) torque ripples.

B. Weighting Factor Tuning

The impact of two weighting factors in the fault-tolerant
MPTC on system behavior has been investigated by repetitive
simulations. For the sake of simplification, the ML principle is
employed, where the reference of the y-axis current is constant.
Fig. 6 illustrates the standard deviations of the y-axis current by
fault-tolerant MPTC with different weighting factors.
According to the above-mentioned benchmarks, the sweeping
ranges of 11 and A, are from 0 to 4000 and from O to 5,
respectively. As shown in Fig. 6, the darker regions indicate a
good performance of currents. Consequently, the ranges of two
weighting factors are finally obtained as 800<2;<1200 and
0.8<42<4.

—
[w]

Standard deviation

[N I e el

Fig. 6 Standard deviations of simulated y-axis current by MPTC with different
weighting factors.

C. Condition Transitions

Fig. 7 demonstrates the transitions from the normal to the
fault-tolerant operations by two MPC methods with both the
ML and MT criteria. The best value of weighting factors 4; and
A» are specified as 500 and 1.7, respectively. Accordingly, the
values of the two coefficients x> and u3 are 3.02 and 1.7,
respectively, which belong to the above-mentioned ranges.
Compared with the fault-tolerant MPCC, the fault-tolerant
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MPTC with the optimal weighting factors is supposed to
suppress torque ripple.

Under the healthy situation, the virtual vector (VV) presented
in [31] is used in conjunction with the MPCC and MPTC. The
phase currents are balanced and sinusoidal with the harmonic
current being well suppressed, as shown in Figs. 7(a) and 7(b).
At the instant 7=0.01s, an open-phase fault occurs in phase A.
Accordingly, the phase A current becomes null and the currents
in the healthy phases vary irregularly. Besides, the magnitudes
of the x-y currents, the torque ripple and the copper loss increase
significantly. When 7=0.03s, the fault-tolerant MPC with the
ML principle is applied. The remaining phase currents become
balanced, where the amplitudes of the currents in phases B and
E are the same and higher than those in phases C and D. In
addition, the y-axis current is nearly null and the copper loss
decreases. The torque ripple is also suppressed although it is
relatively higher than that in the normal state. Once the ML
method is replaced by the MT, the amplitudes of phase currents
become equal and y-current increases immediately, which is
consistent with the theoretical analysis. Meanwhile, the average
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value of the copper loss rises, as listed in Table II. Since the
load torque is less than the maximum achievable value, the
average torque output is the same under the ML and MT modes
[32].

In summary, the open-phase fault would increase harmonic
currents, torque ripples as well as copper losses. The VV-based
MPC cannot maintain the faulty system performance at the pre-
fault level. Although the simulated waveforms of two fault-
tolerant methods during transitions are quite similar, they verify
that both schemes can address the failure and ensure the fault-
tolerant operation of the drive. In contrast with the MT, the ML
can suppress the system loss. Hence, to reduce the overall drive
loss in the post-fault operation, the ML method should be
applied when the phase currents are below the rated value,
while the MT method would be used if the demanded torque is
required. Moreover, the fault-tolerant MPTC generates a lower
torque ripple, which agrees with the analysis in Section VI-B.
This is mainly because that the more desirable coefficient of
each current component in the cost function is applied.

~
=
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A
A
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40 N T N T le T
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40 | I I I
0 0.01  0.02

30 N T
Normall Faulty |

0.06  0.07

0.06  0.07

e

Normal:
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Fig. 7 Transition from the normal to fault-tolerant operation by two MPC methods. (a) MPCC. (b) MPTC.

TABLE II
SIMULATED PERFORMANCE EVALUATIONS FOR TWO FAULT-TOLERANT MPC METHODS

ltems VV-MPCC Fault-tolerant MPCC VV-MPTC Fault-tolerant MPTC
Normal Faulty ML MT Normal Faulty ML MT
Torque ripple (%) 4.52 6.33 5.57 522 3.64 5.76 4.13 4.02
Copper loss (W) 61.10 128.13 94.30 105.60 61.24 124.38 93.23 104.88
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VII. EXPERIMENTS

To further evaluate two fault-tolerant MPC approaches,
experimental validations are carried out on a five-phase PMSM.
The experimental platform is shown in Fig. 8. The five-phase
PMSM is coupled mechanically with a magnetic powder brake,
which is used to provide load torques. The five-phase inverter
is built using five power modules (FF300R 12ME4) with drivers
of 2SPO115T. The phase current and DC-link voltage are
measured by LEM current sensor and LEM voltage transducer,
respectively. The actual rotor position is obtained by an
incremental encoder with 2000 pulses per revolution. The
control algorithm is implemented in a DSP-TMS320F28335
control board. Phase currents are captured and displayed by an
oscilloscope. The other variables which cannot be directly
acquired are recorded by the memory of DSP and then
processed in Matlab.

DC power 1 |

Voltage sensor

DSP-TNIS320F28335

—

Magnetic powder brake Five-phase P:\ l{‘;l\l

Fig. 8 Experimental platform.
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A. Steady-State Performance

The steady-state test is performed to assess the behaviors by
MPCC and MPTC with both ML and MT criteria. The
execution time of the main MPC modular is 44.22us and
62.15us with respect to MPCC and MPTC. Obviously, the
computational cost of MPTC is relatively higher than MPCC.
The main reason is that the estimation and prediction of both
torque and stator flux-linkage increase computational workload.
The sampling frequency is set to 12kHz for both MPC methods.
The five-phase system is driven at 300 rpm with a load of 15Nm.
According to the results in Fig. 6, the weighting factors 4; and
A2 in the fault-tolerant MPTC are specified to 800 and 1,
respectively. To guarantee a fair comparison, the same
parameters are used for speed PI controllers in two MPC
methods. The OCFs in phase A are implemented by turning off
the driving signal of the corresponding switches.

Fig. 9 exhibits the steady-state phase currents, x-y currents,
and torque waveforms by two MPC methods. It can be seen that
the fundamental and harmonic subspaces are well regulated. As
stated earlier, the ML principle results in the unequal
amplitudes of four-phase currents. By contrast, the amplitudes
of four-phase currents by MT are equal. Quantitative
evaluations of phase currents by two MPC methods are
illustrated in Fig. 10. From Fig. 10(a), it is found that THD
values of phase currents by MPCC are almost lower than those
by MPTC. This is mainly because that the importance of
different current components is well balanced in the cost
function of MPCC. However, the amplitudes of currents by two
MPC methods are similar regardless of the criterion for
harmonic current, as shown in Fig. 10(b). It should be
mentioned that due to the asymmetry of the five-phase windings
of the PMSM caused by the manufacture, the measured current
in phase C is slightly larger than others in magnitude.
Consequently, it can be concluded that the MPCC outperforms
MPTC in phase current performance.
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Fig. 9 Experimental steady-state results by different methods with 50% of rated load. (a) MPCC-ML. (b) MPTC-ML. (c) MPCC-MT. (d) MPTC-MT.
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Fig. 10 Evaluations of phase currents by two MPC methods. (a) THD. (b)
Amplitude.

Table III shows the detailed torque performance. The
average torque of MPCC-ML, MPTC-ML, MPCC-MT, and
MPTC-MT is 14.90Nm, 14.95Nm, 14.96Nm, and 14.92Nm,
respectively, which means the average torque in the ML mode
is quite similar to that in the MT mode, since the output torque
has not reached the torque/current limitation [20]. The torque
ripple is 8.47%, 6.66%, 10.07%, and 7.60% with respect to
MPCC-ML, MPTC-ML, MPCC-MT, and MPTC-MT, which
reveals that MPTC can reduce torque pulsations compared to
its counterpart. The reason may lie in the fact that the
importance of the ¢g;-axis current component is increased in the
cost function of MPTC.

In addition, the switching frequency analyses in Table III
illustrate that the average switching frequency of MPTC is
higher than that of MPCC. As for two criteria for harmonic
current, a higher average switching frequency is found with ML.

B. Condition Transition

To further explore the fault-tolerance of MPCC and MPTC,
the transition tests are conducted from the faulty condition to
the fault-tolerant condition. Similar to the simulations, the VV
algorithm is applied in the MPCC and MPTC. After OCF, the
five-phase drive operates in the post-fault condition initially
while the control strategy remains unchanged. As shown in Fig.
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11, when the faulty drive operates with the healthy MPC
methods, the currents in the a-f and x-y subspaces are similar
to those by fault-tolerant MPC with ML principle [Figs. 8(a)
and 7(c)]. The detailed analyses in Table IV indicate that both
VV-based MPC methods can almost provide desirable average
torque. Nevertheless, the torque ripples are considerable, which
are 13.64% and 11.78% with respect to the VV-based MPCC
and the VV-based MPTC. It can be concluded that the five-
phase PMSM drive cannot maintain a similar performance after
OCF.

TABLE III
STEADY-STATE PERFORMANCE ASSESSMENTS FOR TWO MPC
METHODS
MPCC MPTC
Items
ML MT ML MT
Average torque (Nm) 14.90 14.96 14.95 14.92
Torque ripple (%) 8.47 10.07 6.66 7.60
Average switching
frequency (KHz) 2.00 1.79 2.57 2.19

For better illustration, the MT criterion is used in conjunction
with fault-tolerant MPCC and MPTC. When the fault-tolerant
MPC schemes are applied, the currents vary as expected and the
torque ripples decrease to 8.60% and 7.35% with respect to
MPCC and MPTC. Being identical with the results of the
steady-state test, MPTC methods can offer relatively lower
torque pulsation. The transition test shows that both fault-
tolerant MPC methods can address OCF effectively and provide
similar performances as before OCF.

TABLE IV
TRANSITION PERFORMANCE ASSESSMENTS FOR DIFFERENT MPC
METHODS
VV- VV-
Items MPCC  MPTC MPCC MPTC
THD of current (%) 17.18 19.21 13.83 16.16
Average torque (Nm) 14.92 15.00 15.01 15.02
Torque ripple (%) 13.64 11.78 8.60 7.35
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Fig. 11 Transition from OCF condition to fault-tolerant operation by two MPC methods. (a) MPCC-MT. (b) MPTC-MT
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C. Dynamic Performance

Apart from the steady-state and the transition tests, the
dynamic experiment is also conducted. Fig. 12 shows speed
reversal behaviors by MPCC-MT and MPTC-MT. When 7=0.4s,
the speed reference varies from 300rpm to -300rpm with a
constant load of 15Nm. To achieve the same limit of the current
and the torque for two MPC methods, the linear relationship
between the ¢;-current and the torque is used. The output limit
of the PI controller in MPCC is specified to +20A. According
to (17), the limit in MPTC is £31.5Nm. When the speed
reference changes, the torque outputs reach the lower limit (-
31.5Nm). Besides, the speed response is quantitatively assessed
by using the function of stepinfo in MATLAB [33]. The settling
time of the speed (0.19s) in MPCC is close to that in MPTC
(0.18s).

Fig. 13 demonstrates the experimental results by two
methods with MT under load variation conditions. When the
faulty drive operates under the steady-state of 300rpm without
load, an external load of 15Nm is added suddenly at the instant
of 0.4s. After the load step, a small drop of the speed (around
20rpm) can be seen with both MPCC and MPTC. It takes 0.15s
for each speed to recover to the reference. Meanwhile, it can be
seen that the response by two fault-tolerant approaches is quite
similar.
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Fig. 12 Speed reversal test by two fault-tolerant MPC methods. (a) MPCC-MT.
(b) MPTC-MT.
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Fig. 13 Step load test by two fault-tolerant MPC methods. (a) MPCC-MT. (b)
MPTC-MT.

The tests above reveal that the transient behavior by MPCC
is highly analogous to that by MPTC. This result can be
explained by the employment of the same parameters of PI-
based speed regulator. In addition, the dynamic response
capability of the MPC-controlled drive system is dependent on
the bandwidth of the speed controller.

VIII. CONCLUSION

The fault-tolerant MPCC and MPTC have been explored for
a five-phase PMSM drive under OCF operation. The
relationship between two methods is investigated through cost
functions. Besides, the performance of two methods is
evaluated in terms of steady-state, transition, and dynamic tests.
According to the quantitative comparisons, the conclusions are
drawn as

1) Both MPCC and MPTC can address OCF effectively.

2) The number of the control variables in MPTC is more than
that in MPCC. The increased control variables lead to more
predictions and constraints, resulting in larger computation.

3) Two weighting factors are used for the cost function of
MPTC to balance the importance of different variables. The
inappropriate weighting factor has an adverse impact on the
system performance. While the weighting factor is not required
in MPCC.

4) MPCC is superior to MPTC in current performance since
the importance of current components in the cost function is
well balanced, while MPTC offers a lower torque ripple due to
the increased weight of ¢;-axis current.

5) The transient performances of two fault-tolerant MPC
methods are similar when the same speed controller is applied.

6) The optimization process of both MPC schemes is
dependent on the current prediction and the output of the speed
controller.

Summarily, this work can provide effective guidance for the
MPC method selection for fault-tolerant control of multiphase
drives under OCF conditions.
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