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Abstract—The high fault-tolerant ability of multiphase drives
is favored in safety-critical applications. Under open-phase faults,
to guarantee ripple-free torque, stator current references should
be revised. In this paper, a global fault-tolerant control strategy
based on an online current optimization algorithm (OCOA) is
proposed for symmetrical multiphase machines (SMMs) to achieve
both the maximal torque production range (TPR) and minimal
stator winding losses under all possible OPFs. The OCOA can
calculate the minimum losses current references covering the full
TPR online, regardless of the number and locations of faulty
phases. With the online-optimized references, ripple-free torque
and minimum losses in full TPR can be achieved under faulty
conditions. Additionally, the proposed method can be adopted to
SMMs with arbitrary phase numbers. Simulation and experiments
demonstrate that the online optimization can be completed in a
short time, meanwhile, achieves the same TPR and loss reduction
compared with an existing offline strategy based on prestored
look-up tables. Due to the flexible online calculation ability and
excellent extensibility, the proposed method is especially favored
in modular multiphase converters and machines with high phase
numbers, where converters can adapt to machines with different
phase numbers or the number of possible faulty conditions can be
extremely large.

Index Terms—TFault tolerance, induction motor drives, multi-
phase drives, optimal current control, variable speed drives.

1. INTRODUCTION

ULTIPHASE drive systems have been an interesting
M subject in recent years due to its high reliability [1],
high power density [2], and especially the ability to achieve
the fault-tolerant control by exploiting additional degrees of
control freedom [3]. The high fault-tolerant ability of multiphase
machines is suitable for safety-critical applications (e.g., electric
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ship propulsion) and is also a hot topic in the existing literature
(4], [5].

Different types of faults in multiphase drive systems were
discussed in [6] and [7] and most of the faults can be con-
verted into open-phase faults (OPFs) by some suitable ways
(e.g., additional protection devices) [8], [9]. Therefore, most re-
search efforts are focused on fault-tolerant control against OPFs
[10], [11].

Fault-tolerant control methods for multiphase machines can
be mainly divided into three categories. The first category tries
to reconstruct the decoupled machine model under different
faulty conditions [12], [13]. However, the process to obtain
the decoupled model and transform matrix is complicated and
depends on the position and number of faulty phases [14];
therefore, this approach is not widely used even though fully
decoupled fault-tolerant operation can be achieved [15]. The
second category focuses on improving the robustness of the
algorithm without altering the control method, such as the robust
fault-tolerant control [16], [17], but the algorithm is complex and
the computational cost is relatively high. More importantly, the
precise control of currents in the torque-producing subspace, o -
(1, cannot be achieved and considerable torque ripples are still
induced under faulty conditions. The last category focuses on the
optimal current control using PR controllers or anti-synchronous
PI controllers with current references obtained in offline opti-
mization [8], [18]. This strategy has been widely studied by
researchers because of the advantages of easier implementation,
potential for adapting to various faulty conditions, and robust
fault-tolerant performance.

The strategy for calculating the post-fault phase current ref-
erences is important and has a great influence on the per-
formance of optimal current control. Two common strategies
for determining these current references have been proposed:
maximum torque (MT) and minimum losses (ML) [8], [18].
The MT strategy aims at the widest current amplitude range
in torque-producing plane while ensuring that all the phase
current amplitudes are below the rated value [19]. This typically
leads to equal phase current amplitudes and the widest torque
production range (TPR). Still, there are a few exceptions where
the phase current amplitudes are not equal under MT strategy.
The ML strategy aims to minimize the stator winding losses,
leading to unequal phase current amplitudes, and more efficient
operation [20]. The MT and ML strategies were studied and
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TABLE I
NUMBER OF DIFERENT OPF CONDITIONS IN A SYMMETRICAL NINE-PHASE
MACHINE WITH ONE NEUTRAL POINT

Number of faulty phases Number of faulty conditions

1 1
2 4
3 10
4 14
5 14
6 10

Total 53

compared for various kinds of multiphase machines in [9], [18],
and [21].

Typically, optimal current references for the MT and ML
strategies are calculated offline. However, the offline method has
two main limitations. First, the offline method lacks generality
and extensibility. The offline calculated references can only be
used in the fault-tolerant control of machines with the specific
phase number and neutral point connection. If a machine with
a different phase number or neutral point connection is used,
all the references need to be reoptimized and stored in the
controller, which is inconvenient and time-consuming. Second,
it is difficult to implement global ML fault-tolerant control
on a machine with a large phase number because the optimal
references depends on the phase number, the number of faulty
phases and their locations, and the load level [9], hence numerous
optimal references have to be calculated offline and stored in
the controller. In the MT and ML strategy, only one group of
references need to be optimized and stored for one possible
faulty condition, thus the total computational efforts and storage
cost is small. However, neither MT nor ML strategy can achieve
minimal stator losses in full TPR. The MT strategy can operate
over full TPR but the losses are high, while the ML strategy
has the minimized losses for a given torque at the expense of a
reduction of the TPR [22]. In [9], the concept of the unified global
fault-tolerant optimal current control was proposed, which can
achieve ML and smooth torque production in open-phase and
short-circuit faults. However, this method requires the storage of
the constraint matrices, which will occupy considerable storage
space if the machine phase number is high. Also, the method
in [9] failed to include the constraint of maximal phase rms
current, which causes a reduced TPR compared to the MT
strategy. In [22], control strategy for minimal losses operation
in full TPR under the single OPF was proposed, but offline
optimizations and phase current references look-up tables were
used, thus it is difficult to apply this strategy to machines with
a large number of phases because the number of possible OPF
conditions rises dramatically with the phase number. Take the
nine-phase symmetrical multiphase machine (SMMs) with one
neutral point, for example, and the possible numbers of OPF
conditions with consideration of the rotational symmetry are
listed in Table I. If offline optimization method is used for global
fault-tolerant control for the nine-phase machine, 53 look-up
tables need to be calculated offline and stored in the controller,
which requires considerable calculation efforts and storage cost.
For machines with more phases, such as the 15-phase machines,
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it will even be more difficult to apply the offline method because
more than one thousand OPF conditions may exist.

This paper presents an online fault-tolerant control strategy
with minimal losses in full TPR) based on a simple online
current optimization algorithm (OCOA), which can be applied
to SMMs with an arbitrary number of phases. Phase current
references with minimal losses covering the full TPR is cal-
culated online according to the present faulty condition. When
machine torque is within the TPR of ML operation, the phase
current references are the same as the ML strategy, thus ML
operation is achieved. When machine torque is beyond the TPR
of ML operation, the optimized phase current references can
provide the given torque reference without causing overcur-
rent in any phase, while losses are also minimized. As load
torque reaches the upper bound of the TPR in MT operation,
optimized references finally converge to the MT phase current
references. Therefore, both full TPR and minimal losses can be
guaranteed. The online optimization algorithm was evaluated for
machines with different phase numbers and experimental results
were demonstrated on a nine-phase induction machine (IM).
Experimental results show that the proposed method is simple
enough to be implemented online. Compared with the FRML
strategy proposed in [22], the same TPR and loss reduction
can be achieved without offline optimizations and prestored
look-up tables. When the OCOA is applied to machines with
different phase numbers and neutral point connections, only few
parameters need to be adjusted, which is much more convenient
and time-saving than the FRML strategy. The generality and
extensibility of the proposed method are especially suitable for
use in fault-tolerant modular multiphase converters. By combin-
ing this online strategy with the modular multiphase converters,
the converter system can easily achieve fault-tolerant operation
for machines with different phase numbers in different drives
and applications, which avoids the repeated current references
calculating and storing process. Also, the proposed method is
especially suitable for the global optimal fault-tolerant control
of machines with large phase numbers due to the avoidance of
calculating and storing large-scale look-up tables.

This paper is organized as follows. The general model of
SMMs is given in Section II. The online optimization algorithm
is described in Section III. The experimental setup and results
are presented in Section IV. Section V concludes this paper.

II. GENERAL MODEL OF SMMSs

In this section, the definition of SMMs discussed in this paper
is clarified and a general machine model is derived. A multiphase
machine is called an SMM if and only if the stator-winding
configuration has rotational symmetry of order m, where m is the
phase number. In other words, if the stator-winding configuration
is rotated by an angle of o« = 27/m, the derived stator-winding
configuration is equivalent to the original one. An example is
given in Fig. 1, where two possible stator-winding configura-
tions for nine-phase SMMs are demonstrated. Noticing that the
windings with different color have different neutral points.

SMMs can be modeled into several subspaces, among which
are m — 2n, subspaces correspond to m — 2n zero-sequence
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Fig. 1. Two possible stator-winding configurations for nine-phase SMMs

(windings with different color have different neutral points). (a) Single-neutral-
point configuration. (b) Three-neutral-point configuration.

axes. The other n, subspaces are denoted by «vi-£1, as, — Bs,»
Qsy — Bsys ooos s, — B, ., where ng = floor((m — nyp)/2)
[2]. Floor(x) maps x to the largest integer which is not greater
than x. n,;, is the number of neutral points. If m — n,,, is an
even number, m — 2n4 = n,, and each zero-sequence axis cor-
responds to the zero-sequence component of a group of windings
sharing the same neutral point. Otherwise, m — 2n, = nyp + 1
and an extra zero-sequence axis should be designed [2]. As only
odd order space harmonics exist, the commonly used subspaces
are as — 3, where s is an odd number and s # k(m/nyp), k=
1,2, 3, .... The phase variables vector v,, can be transformed
into these subspaces and zero-sequence axes if multiplied by a
transformation matrix 7" as shown in (2), where v, ¢ is a vector
of variables after the transformation. The operator " denotes the
transpose operation of a matrix [22]

vapo = T, (1)

2
T=\ [T Ty - Ty, 2122 Zmoon. T (@)

where
[1 cos (na) cos (2na) - - -

0 sin (na) sin (2na) --- sin((m — 1) na)

cos ((m — 1) n« T
s (( ) )] )

corresponds to the av,, — /3, subspace. And z1, 22, ..., Zm—2n,,
whose elements are determined by the configuration of neutral
points, correspond to the zero-sequence axes.

Components v, and vg; in ai;—31 subspace can be projected
onto a synchronous reference frame d;—q1, where the d; axis is
aligned with the rotor flux, which is generated by the magnetiz-
ing currents in an IM or by permanent magnets in a permanent
magnet synchronous machine [2].

For an IM with sinusoidally distributed windings, the model
in dq-¢q; frame can be expressed as [16]

Ug Ry —wLik| |is d isdl
[ dl] Ls B Ik . dl _’_le%
Usql Wik s 1sql isql
I d
+ At )
rl

S
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dwrdl _ Lmlisdl - wrdl (5)
dt Trl
Lm -S'

W = wy 4 ot 2edl ©)

Tr1 ¢rd1

Ly .
T, = p7™ isp¥ras (7)
rl

where u and i stand for voltage and current, respectively; R
and L, are the stator resistance and stator leakage inductance,
Ly, = Lg — L2,/L.1; L1, Ly, and L, are the stator in-
ductance, mutual inductance between stator and rotor, and rotor
inductance; 1,41 is the rotor flux; 7.1 is the rotor time constant; w
is the synchronous electric angular speed; w,. is the rotor electric
angular speed; T, is the electromagnetic torque and p is the
number of pole pairs.
For a PMSM, the model in d;-¢; is expressed as [23]

Usdl Ry —wLgi| |tsa1 Lay ! d |isq1
lusqll " |wLa R | |isa| | |Lg| dt LJ
+w 0 (8)
(2
Te = p (Wrign + (Lay — Lg1) iaiiq1) 9)

where Lg; and L are the stator inductances in d; axis and g
axis, respectively; v, is the rotor flux.

The model in other subspaces are the same for IM and PMSM,
which can be expressed as [23]

Ua(s)
UB(s)
where s+1.

From (7) and (9), a smooth torque and stator flux can be
achieved if the trajectory of the current space vector in a—
(1 is a circle, no matter the machine is in a healthy or faulty
situation [18].

ia(s)

= Rs .
LB(s)

(10)

d 7;oz s
+ Li— | . )
dt 25(5)

III. ONLINE CURRENT OPTIMIZATION ALGORITHM

In this section, the OCOA is presented for SMMs. First, the
ML redistribution (MLR) is introduced for calculating the ML
phase current references. Second, the algorithm for calculating
the optimized phase current references when machine torque is
beyond the TPR of the ML strategy is demonstrated. The OCOA
is evaluated on SMMs with different phase numbers and winding
configurations via simulation.

A. Online Calculation of ML Phase Current References

Referring to [18] and [22], for an SMM with sinusoidally
distributed windings, not considering the constraint on maximal
phase rms current and normalize the current with \/(2/m) I, 1,
where I3, is the amplitude of the current space vector in a1 —f31,
the ML optimization problem can be described as

min (I71) (11)
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subject to
CI=[b 0]
12)
FI=0
where
. . 1T
I = [11 19 zm] (13)
c=[r" z']" (14)
b= (m/2)- [coswt sinwt]T. (15)

I is the vector of phase current references. iy, is the reference
for phase k current. C is the constraint matrix containing
the current space vector trajectory constraint and the
zero-sequence current constraint. ¢ is the time variable. Z
is the zero-sequence current constraint matrix given in (16),
where I, xn,, is the identity matrix with n,;, rows and ny
columns [22]

Z = [Innpxnnp Innpxnnp

F is the OPF constraint matrix. Assuming n; phases
are open-phase and they are phase fi, phase fo, ...,
and phase f,,, the corresponding OPF is denoted by
OPF (f]_,fz,.. -7fnf)~FOPF(f1,f2 »---,fnf) is the fault con-
straint matrix under OPF (f1, fa,..., fn,;) and only the el-
ements shown in (17) are nonzero in the fault constraint
matrix. Fopr(f, f,,..., fnf)(n, fn) is the element in the nth row
and f,,th column of Fopp(fl,fh.__,fnf) [9]

(16)

I”npxnnp ] .

Fopr(fifayotn,) ) =1 n=12,...np. (A7)

If the machine is in a healthy situation, the optimal reference

is
, . ) T
I, =[i1n ion im_h | (13)
If the first phase is open and the current references in other
phases remain the same as (18), referring to (3), (12), and (14),

we have

T1[0ispisn - imn] =b—irn[10] =b. (19)

Apparently, the trajectory of b’is not a circle. To keep the
circular trajectory of current vector, the current references in
healthy phases should be revised to compensate the lost 7; j,
the compensation current reference in phase k is denoted as iy,_
and these references must satisfy

ime] =i n[10]".

We set i,_. has the form of (21), where 7, is a constant

Tl [O i27c Z'?Lc e (20)

Uk_c = TkI1_h- (21)
Substitute (21) into (20) we have
T, [0 72 73 rm] =1 0]" (22)

which is a set of undetermined linear equations, thus 7 has
infinite solutions. However, we are only interested in the ML
current references. In this case, 7, can be uniquely determined
as

rimr = (i M1 _0PF(1) — kn) [i1_n (23)
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where 75 wp, 1S the coefficient corresponding to the ML ref-
erences under OPF(1) and ij_pr7, opr(1) is the ML current
reference in phase k£ under OPF(1). The current reference after
the compensation is

I, opray = In+i1n [—1 72 ML 73 ML -+ TmoML |

= [0 io M1_OPF(1) i3 ML_OPF(1) *** im_ML_OPF(1) | -

Under OPF(1), the ML references changes from I to
Iy, opr(1) as shown in (24). This alternation can be intu-
itively regarded as a redistribution of the current reference in
the faulty phase to other healthy phases. We can further derive
the expression for the redistribution of current reference in any
phase k as

Iyiirery = Lo + ik_oRyirr) (25)

where Iy r(x) is the current reference vector after the redistri-
bution, I is the original current reference vector, iy, g is the kth
element of Iy and Ry r(y) is the redistribution vector given in
(26), where Ry (k) (1) is the nth element in Ryppg(x)

T(m—kt+nt+1) ML, 0<n <k
Ryr(k (n) = 4 —1, n=k (26)
T(n—k+1)_ML> k<n<m.
In this paper, the current reference vector is recorded as
I = coswt -x+sinwt-y
= [21 2 wm]” 27)
T
y = [yl y2 cee ym]

where x and vy are cosine and sine components reference vector,
respectively. Therefore, (25) can be rewritten as

TMLR(k) = To + Tk_oBMLR(K)
(28)
YMLR(k) = Yo + Yk_oRMLR(E)-

The aforementioned equation is called the ML redistribution
of phase k current reference (abbreviated as MLR(k)) in this
paper. The MLR operation has one important property is that in
(25), if

CI, =0 (29)

then

Clyrrk) =0. (30)

The current trajectory constraint and zero-sequence current
constraint are automatically preserved after MLR operations.

Due to the rotational symmetry of SMMs, ML references
under OPF(k) can be obtained by performing one MLR(k)
operation on I',. When multiple phases are in faulty condition,
an intuitive method for calculating the ML current references
is to redistribute all the current references in faulty phases to
healthy phases with MLR operations. One problem is that after
redistribution of current reference in one faulty phase, current
references in other faulty phases will also be changed and may
not equal to zero. Therefore, the MLR operations must be carried
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Fig. 2. Algorithm for online calculation of ML current references.

out iteratively. The block diagram for ML optimization is given
in Fig. 2.

As shown in Fig. 2, once the faulty phases are determined,
the current references are initialized with xj, and y;,, which are
the optimal cosine and sine reference vectors under the healthy
condition. Then the algorithm checks if the maximal amplitude
of current references in faulty phases exceeds the small threshold
value kipre_ys. If so, the maximal reference in faulty phases is
eliminated and redistributed with MLR to other phases. By doing
the MLR operations continuously, because the redistribution
coefficient 7,_ypp, is less than 1, the remaining current references
in faulty phases will keep decreasing. Finally, these references
are all below Kre_¢ and the faulty condition constraint is
satisfied. Considering the property of MLR given in (29) and
(30), the current trajectory constraint and the zero-sequence
current constraint are also satisfied. Therefore, all the constraints
are satisfied and the final calculated current reference vector will
be the ML reference vector under the given faulty condition. To
validate the optimality of the final solutions, numerical simu-
lations are done for various SMMs. During the optimization,
the error between the calculated references and the optimized
references can be described as (31) shown at the bottom of this
page, where x.,) and y,, are the vector of calculated current
references during the online optimization process. The two
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VECLOTS TNL_OPF(f1,...,fn ) ANAYML_OPF(f, vofn ) ATE the opti-
mal current references. |x|jis the Euclidean norm of vector x. The
relationship between dy,,, and the number of MLR operations
during the simulation is given in Fig. 3.

In Fig. 3, the ML optimization algorithm was evaluated on
four different SMMs. For each machine, six different faulty
conditions are demonstrated. The calculated references converge
to the optimal values within 20 iterations. The optimization
algorithm is suitable for online implementation because each
MLR needs only 2(m—1) multiplications and 2(m—1) additions,
which is not a big burden for available microcontrollers.

The optimized ML phase current references need to be fur-
ther processed according to the type of current controller. For
example, in this paper, the current controller proposed in [24] is
integrated with the harmonic suppression control to achieve both
fault-tolerant current control and reduced current harmonics.
The schematic of the current controller is given in Fig. 4. In
this control scheme, the fundamental phase current references
need to be transformed into positive and negative sequence
references. The equations for the transformation are given in
(32). The positive and negative sequence references are fed into
the current controllers on the fundamental plane to regulate the
fundamental currents.

The current references for the harmonic plane are all set to zero
to suppress the harmonic currents. Only the kth order positive
sequence current harmonic in subspace oy, — ), is compensated
because it typically has the largest amplitude in the healthy
condition and the computational resources are

T 71T T T
[®car” Year” | —[wML,OPF(fl,...,fnf) YML_OPF(f1,fn ;) }

dnorm =

T
T T T
[zn" un" ] - [“’ML,OPF(fl,..‘,fnf) YML_OPF(f1,fn ) }

Z.d(s)Jr kd(s)+ ld(s)+
itI(sﬂr _ klI(s)+ lq(s)+ Z‘dl+
()~ Kac= lag— | [lar+
bags) - Kago = lac-
as + ds Cs — bs
kg, = T Mae+ T T lagys = —kaeyys
as — dg
l =k k = —
A+~ M+ Pde)- m
bs + ¢s
kg = slay = ke s lagy = —Rag,
m
as = Zxk cos(s(k—1)a)
k=1
m
bs = Zykcos(s(k:— 1))
k=1
m
cs = ka sin(s(k—1)a)
k=1
m
de=> yesin(s(k—1)a) (32)
k=1
2
(€29)
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with three neutral points. (c) Fifteen-phase SMM with one neutral point. (d) Fifteen-phase SMM with five neutral points.
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limited [25]. Noticing that in faulty conditions, large current
harmonics may be induced in all the machine subspaces and both
positive sequence and negative sequence can exist. In healthy
condition, the most significant positive sequence current har-
monics are compensated, thus phase currents with the relatively
small distortion can be guaranteed. However, the severe asym-
metry caused by faults will enlarge negative sequence harmonic
currents and harmonic currents in other subspaces. Therefore,
much more distorted currents are expected to be observed under
fault-tolerant operation. In the meanwhile, current harmonics
in the rotor and corresponding additional losses are unavoid-
able because of magnetic nonlinearity of the iron core and
discrete number of bars (hence a nonsinusoidal rotor) in the cage
rotor.

B. Current References Optimization Beyond the TPR of
ML Strategy

In ML strategy, current references for different phases have
different amplitudes. As the machine torque increases, currents
in phases with the largest current reference amplitudes will reach
the rated value first. To extending the TPR without causing
overcurrent, the ML current references needs to be reoptimized.
Referring to (27) and considering the fact the current references
are normalized with /(m/2)1,p1, the real amplitude of current

Current control scheme with fundamental current regulation and harmonic suppression.

reference in phase k, denoted by Ij_,¢a1, can be derived as

Ik_real = lapl 2 (IZ’% + y]%) /m (33)

When I}, ;a1 exceeds the rated value /444, the sine and cosine
references can be decomposed into two parts, the allowable part
Tk_a»> Yk_a and the excessive part r ¢, Yi_e as

. Irated v y Irated
k_a — ks Yk_a =

Ik_real Ik_real (34)
Tk_e =Tk — Tk_as Yk_e = Yk — Yk_a

To limit /.1 on the premise of circular current trajectory,
Tk_e and yi_. must be properly redistributed. Due to the property
of automatically preserving the current trajectory and zero-
sequence current constraints, the MLR is again utilized and an
operation called MLR of excessive current references (MLRE)
is derived as

TMLRE(K) = T0 T Tk_e_oRMLR (%)

(35)

YMLRE(k) = Y0 + Yk_e_oBMLR(R)

where \LrE (k) a0d Y rE(k) are the phase current references
vector after MLRE(k). x5_. o and y_. o are the excessive cur-
rent references in phase k before the MLRE operation.

Similar with the algorithm in Fig. 2, the optimization beyond
the torque range of ML strategy can be achieved by eliminating
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strategy.

Optimization algorithm for current references beyond the TPR of ML

and redistributing the references in faulty phases and the exces-
sive current references in healthy phases at the same time. The
algorithm block diagram is given in Fig. 5. The algorithm can be
divided into two steps. The first step is initialization. The initial
current references are set to the calculated ML references under
the corresponding faulty condition and the maximal .z, for
ML strategy is calculated. The variable niter MT max 1S defined
to record the maximal number of MLR and MLRE operations
needed during the optimization of a given I, g;. To prevent the
algorithm from stopping too early, Niter MT max 1S initialized
with a relatively large value nite; MT min. The second step is
optimization. In this step, the given I,g; is first increased by a
predetermined increment, and an enumeration variable niger MT
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is initialized to count the number of MLR and MLRE operations.
Next, the algorithm checks the terminate condition of the whole
optimization procedure, whose principle will be presented later.
In each round of iterations, the maximal amplitude of phase
current reference is compared with the rated current first. If
the amplitude is greater than the rated value, MLRE operation
will be carried out to eliminate the excessive current references.
This procedure is continuously performed until all amplitudes
are below the rated value. As aforementioned, the MLRE will
preserve the current trajectory and zero-sequence current con-
straints, but the constraint of the fault will be affected. Thus,
current references for faulty phases are checked, furthermore
eliminated with MLR if the references go beyond the threshold.
When the references in healthy phases are all below the rated
value and references in faulty phases are all below K¢y ¢, the
optimization for the given /,3; is completed. The coefficients
needed by the current controllers are calculated as (32) and
stored in controller together with 7, 31.

The principle of the termination check is based on a basic
fact that the optimization problem will become infeasible when
I,p1 is above the maximal available value under MT strategy.
Therefore, no matter how many MLR and MLRE operations
have been done, a maximal current reference amplitude less than
the rated current and small enough references in faulty phases
cannot be achieved at the same time. However, the reduction
of the maximal phase current reference amplitude can be an
indicator of effective iterations because the final goal of the
algorithm is to limit the amplitude below the rated value. Based
on this principle, the algorithm checks if the maximal phase
current reference amplitude cannot be further reduced even after
arelatively large number of iterations. If so, the last optimization
step is terminated and the last reference vector is calculated.

The optimization algorithm was evaluated on different multi-
phase machines under various faulty conditions, and the results
are compared with ML, MT, and FRML (proposed in [22]) in
Fig. 6. The optimization results from the proposed algorithm
are almost the same with FRML. Minor difference is found near
the maximal available I, g1, which is caused by the small errors
existing in the constraints.

IV. EXPERIMENTAL SETUP AND RESULTS
A. Experimental Setup

The experiments were performed on a nine-phase IM, which
can be configured in open-end configuration. In the experiments,
the stator windings were connected in single-neutral-point and
three-neutral-point configurations, thus, the two nine-phase
SMM configurations were both evaluated. The parameters of the
machine are shown in Table II. A 15-phase inverter was used and
the machine is followed by a magnetic brake as the load. The
system block diagram is shown in Fig. 7 and the photograph of
experimental platform is shown in Fig. 8 [26].

The block diagram of the control system is shown in Fig. 9.
When fault occurs, the fault locations are first detected. Fault
detection is not the topic of this paper, so we use a simple method
of current monitoring. When current in one phase is observed to
be close to zero for arelatively long time, this phase is considered
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TABLE 1T
PARAMETERS OF THE NINE-PHASE IM

Machine Value Machine parameter Value
parameter
Ry 1.13Q L 5 mH
R, 0432 Q L, 12 mH
p 2 Lm 167 mH
Lrated SA Usated 205V
DSP ! (1
[!J - & :lﬁ CPLD 1 R\’FMAMM
= FPGA L AT

! I
* | J_ i i | Multiphase
T

| T . M
Three-phase Rectifier Lo '
AC Source Bridge Inverter Legs

Fig. 7. Block diagram of the distributed control system.

to be open-phase. The detected fault type is fed to the online
optimization block and the coefficients are optimized and stored
in the controller. The references for the current controller are
calculated with these coefficients. The OCOA is carried out in

9-phase IM [

Fig. 8.

Magnetic
powder brake

Photograph of the multiphase drive system.

each sample interval after the FOC algorithm has finished, thus
has no influence on the current control. Once all the references
covering the whole TPR are ready, the OCOA is terminated. If
the type of the fault remains unchanged, the current references
are directly calculated from the stored references. The OCOA
algorithm will not be carried out until the fault type changes.
Therefore, in most of the time, only the FOC algorithm runs in
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the controller and the additional computational burden of the
optimization algorithm is small.

One thing worth noticing here is that the magnetizing current
reference 7, , may need to be reduced to guarantee the maximal
available torque. An optimal 73, , can be calculated as (36).
Io31_MT_mae 1S the maximal available current space vector
amplitude under MT strategy. If the rated value of magnetizing
current is below iy, | ¢, 4514 1S set to be the rated value to
avoid oversaturation of the iron core. If the rated value is larger
than g, e, 9g14 Issettobe iy,

V2

-
7’dl—‘,—_opt = 9 Iozﬁl_MT_max-

opt

(36)

The optimization and control algorithm are all implemented
with a TMS320F288335 DSP. The control frequency is 4 kHz
and the switching frequency is 8 kHz. The dc-link voltage is
400 V and the dead-time is 5 ps. OPFs were created by discon-
necting the circuit breakers between the windings of the machine
and the converter. The stator phase currents were measured by
a Yokogawa DL350 oscilloscope. The amplitude of the current
space vector was read from the DSP.

B. Experimental Results

In the experiments, the nine-phase SMMs with a single neutral
point and three neutral points were both tested. In each type of
machine, three faulty conditions were considered, in which MT
strategy, FRML strategy, and the proposed online method were
evaluated. The current references of MT and FRML strategy
were obtained via offline optimization and stored in the memory
of the controller. The current references of OCOA were calcu-
lated online in the DSP. The required computation time for the
optimization algorithm was recorded with the timer embedded
in the DSP. The maximal available amplitude of current space
vector, stator winding losses, and the fault-tolerant capability of
the three strategies are compared.

The evaluated faulty conditions and corresponding computa-
tion time for the online optimization algorithm are listed in Ta-
ble III. In the implementation of the algorithm, we set kipre_f =
0.0001 and Niter MT min = 0 and the clock frequency of the
TMS320F28335 was set to 150 MHz. The optimization of the
ML references (the algorithm in Fig. 2) will be completed within
150 ps. Once the ML references are calculated, they will be
used to regulate the currents to guarantee effective control of the
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TABLE III
EVALUATED OPFS AND CORRESPONDING COMPUTATION TIME FOR THE
ONLINE OPTIMIZATION METHOD

Machine type OPF Computation time ~ Computation time
P condition for ML references for all references
Nine-phase OPE(1) 18.0 us 10.2 ms
single-neutral- OPF(1,3) 39.9 us 12.0 ms
point SMM OPF(1,2,3) 146 us 45.8 ms
Nine-phase OPF(1) 18.6 us 33.7ms
three-neutral- OPF(1,2) 47.0 us 36.1 ms
point SMM OPF(1,2,4) 118 us 173 ms
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Fig. 10. Experimental comparison of the MT, FRML, and proposed OCOA.
(a)—(c) For the single-neutral-point machine and (d)—(f) for the three-neutral-
point machine.

post-fault currents. Later the current references will be contin-
uously updated with the newly optimized references (obtained
with the algorithm in Fig. 5) according to the value of I,4;. In
this way, good dynamic performance and a smooth transition
can be achieved during fault transients.

The experimental results for the available amplitude of current
space vector and stator winding losses are given in Fig. 10. In all
the six OPFs, the three strategies have almost the same maximal
available current amplitude. The FRML strategy and OCOA
have almost the same winding losses, which is much smaller
than the MT strategy, especially when multiple phases are
open-circuit. The minor difference between FRML and OCOA
mainly came from the measurement error and unavoidable com-
putational error. In general, the proposed method achieved ML
operation in full TPR without offline optimization and prestored
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look-up tables at the cost of slightly increased computational
burden of the controller.

Fig. 11 shows the current waveforms during fault transients.
Fig. 11(a) shows the whole process and the three transient
processes are magnified in Fig. 11(b)-(d), respectively. At the
instant the fault occurred, the current in the faulty phase dropped
to zero. Shortly after the fault was detected (with a latency no
more than one control cycle), the ML references were calculated
and used to regulate the currents. Later when new references
were further optimized, the current references were adjusted
based on I, and the new references, which can be seen from
the gradual variation of current amplitudes in Fig. 11 before the
optimizations were completed. The transients caused by faults
are smooth and swift as expected.

Fig. 12 shows the variation of current amplitudes when the
load is increased. When the load torque is small, the current
space vector has a small amplitude. The phase current ref-
erences are the ML references, thus a relatively large differ-
ence between current amplitudes of different phases can be
observed in Fig. 12(b). As the load increases, 1,31 exceeds
the maximal available value of the ML strategy. In this region,
the optimized references can achieve minimal losses and the
demanded I,3; without overcurrent in any phase. Therefore,
amplitudes of several phases will be fixed to the rated value and
the difference of phase current amplitudes are also reduced. As
shown in Fig. 12(c), the current in phase 3 is fixed to the rated
value and the relative difference of phase current amplitudes
is narrowed compared with Fig. 12(b). When I,3; reaches the
maximal available value of the MT strategy, the references are
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identical with the MT strategy. In the case of OPF(1, 3) and the
single-neutral-point nine-phase machine, all the phases have the
same current amplitude, which equals to the rated phase current
as shown in Fig. 12(d).

Fig. 13 shows the current space vector trajectories in a1-/31
plane for the single-neutral-point machine under the OPF(1, 3)
condition. The trajectories under the proposed method show
a circular shape. This result shows that the proposed method
has very good fault-tolerant capability. Small distortions can be
observed due to the relatively concentrated winding configu-
ration of the machine and degraded performance of harmonic
suppression control. As mentioned in Section III-A, the current
harmonics are larger under faulty conditions, which will cause
some ripples in the torque and flux. However, the greatest ripples
caused by fundamental current components have been greatly
suppressed.

V. CONCLUSION

In this paper, an online global fault-tolerant control strategy
with ML in full TPR for SMMs is proposed. This strategy is
based on the proposed OCOA, which can be adopted to any
SMMs under any OPFs. The proposed method allows us to
compute the current references with the minimal stator wind-
ing losses in the whole TPR under various OPFs in real-time.
Compared to the offline method, the proposed scheme achieves
the same stator winding losses reduction and fault-tolerant capa-
bility without offline optimizations and prestored look-up tables.
Due to its generality and extensibility, the proposed method
can be combined with modular multiphase converters to form
a universal fault-tolerant multiphase converter system that can
adapt to the varied machine phase numbers in different drives
and applications. Additionally, the advantage of avoiding offline
optimization and storage of look-up tables becomes more signif-
icant for machines with high phase numbers, where the number
of possible OPFs can be extremely large. The proposed strategy
has been validated by experimental results on nine-phase SMMs
with two different types of neutral point connections.
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