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ABSTRACT. When a single-phase open fault occurs in five-phase permanent magnet syn-
chronous motor, there is a coupling term between the speed loop and the current loop. It
is difficult to suppress the coupling term by using the predictive current control strategy
with the conventional cascade structure, which results in speed and torque fluctuations
and a reduction of anti-interference ability. Here, an integrated speed predictive control
strategy combining speed loop with current loop is proposed to suppress the coupling term.
When the motor is in fault of single-phase open, the mathematical model is derived by
the coordinate transformation matriz in the a-B coordinate. It is discretized into the
speed predictive model by Taylor series. The fault-tolerant current is calculated by the
constraint condition of the minimum stator copper loss. Moreover, the cost function is
designed with the speed and current error term, and the optimal voltage vector is deter-
mined to switch the inverter by the minimum of the cost function among the all basic
voltage vectors. The simulation results show that the proposed control strategy can reduce
the errors in the speed and torque for the motor system and improve an anti-interference
ability by comparing with the conventional strategy.

Keywords: Five-phase permanent magnet synchronous motor, Phase open fault, Cou-
pling term, Fault-tolerant current, Speed predictive control

1. Introduction. Multi-phase permanent magnet synchronous motor (PMSM) has the
characteristics of low voltage, high power, low torque ripple and strong fault tolerance
[1]. It has been widely used in military equipment, aerospace [2], and ship propulsion [3].
Due to the redundancy of the number of phases, when a phase open fault occurs in the
stator coil or the inverter, an appropriate fault-tolerant strategy is adopted to achieve
smooth operation. It is one of the most prominent advantages from multi-phase PMSM
to three-phase PMSM [4-6].

The control strategy of multi-phase PMSM is similar to that of three-phase PMSM,
mainly including field-orientated control (FOC) [7], direct torque control (DTC) [8] and
finite control set-model predictive control (FCS-MPC) [9]. FCS-MPC selects the optimal
voltage from all basic voltage vectors according to the minimal cost function [10,11].
Compared to FOC and DTC, FCS-MPC has the advantages of simple structure, high
control flexibility and better dynamic control performance [12]. For an asymmetrical
six-phase PMSM with single-phase open fault, the perturbation term in a-f axis and z-y
axis is derived to compensate the predictive variables to obtain accurate current predictive
values to reduce the torque ripple. However, the motor model in fault is not analyzed
[13]. For asymmetric double-three-phase induction motors, the predictive current control
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(PCC) algorithm is used to regulate the current inner loop by the a-f axis current selected
as the control target to reduce the stator current ripple and improve dynamic behavior [14].
A mathematical model of five-phase induction motor in the a-f coordinate is analyzed
[15], and adopts the proposed control strategy in the work of [14] to realize the smooth
operation of the five-phase induction motor in single-phase open fault. However, the PI
controller for speed loop neglects the speed coupling term in the a-f axis current model,
which results in a large fluctuation of speed and torque [15,16]. A speed predictive control
(SPC) strategy is adopted to simultaneously manipulate speed and current variables by
adding the error terms of speed and d-axis current into the cost function [17]. SPC selects
the optimal voltage vector from all basic voltage vectors according to the minimal cost
function. SPC obtains a better precision and dynamic performance by comparing with the
cascade structure. However, SPC still has not been used to control multi-phase PMSM
with the phase open fault.

An integrated SPC strategy is proposed for the five-phase PMSM (FPMSM) with phase
open fault by combining the speed loop with the current loop. Firstly, the mathematical
model with the single-phase open fault in the a-f coordinate is established by the coordi-
nate transformation matrix. It is discretized by the Taylor series to obtain the predictive
values of speed and a-f axis current. The fault-tolerant current is calculated by the con-
straint condition of the minimum stator copper loss and is further transformed into the
expected value of the zero-sequence current. Moreover, the predictive values of d-g axis
current are transformed from o-f axis. The optimal voltage vector is selected from all
basic voltage vectors according to the minimal cost function with the speed and d-axis
current error term. The optimal voltage vector is used to regulate the inverter. Finally,
the simulation results show that SPC system can keep the motor running smoothly in
the phase open fault. The speed and torque fluctuations are reduced to 1/50 and 1/3
respectively compared with the cascaded PCC system.

In this work, the mathematical model of FPMSM is derived in o-f axis in Section
2. The expected fault-tolerant current in single-phase open fault is calculated in Section
3. SPC strategy is proposed to regulate the speed and current loops in Section 4. The
simulation results are provided by comparing the performance of system for the SPC
strategy and cascaded PCC strategy in Section 5. The conclusions are summarized in
Section 6.

2. FPMSM Model of Single-Phase Fault.

2.1. Model of single-phase open fault. For the surface-mounted FPMSM, the coils
are sinusoidally distributed with star-shaped connection. When a phase open fault occurs
in any coil or inverter of FPMSM (the phase short circuit fault can be converted into the
phase open fault), the mathematical model of phase open can be derived from the three-
phase PMSM model. Figure 1 shows the structure of FPMSM system with the assumption
that the A-phase coil or the inverter is open fault in the motor system. i,, iy, ., iq and
1. are five-phase stator currents, u,, uy, u., uq and u, are five-phase stator voltages, and
Sas Sy Se, Sq and S, are the switching state of five-phase inverter, respectively. S; = 0 or
1, where j = a, b, ¢, d, e, 0 means turn-off, and 1 means turn-on. Uy, is DC-link voltage.
The analysis of another phase fault is similar.
The stator voltage equation and the motion equation are

u, = Ri, + L34, + 4y,

Jdem — Teal Ty, — Bw, (1)
T.=p ;%5
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where u, = [ uy, u. ug u. |T is the stator voltage vector; i, = [ iy 4. iq i, |* is the
stator current vector; R = diagl R R R R |, R is the stator resistance; L, is the
stator inductance matrix; v, is the permanent magnet flux linkage to the axis of the
remaining phase windings; w,, is the mechanical angular velocity of the motor; T, is the
electromagnetic torque; 77, is the load torque; J is the motor inertia; B is the friction
coefficient; p is the pole pairs.

1 0 00 1 cosd cos2d cos3d
01 00 cos o 1 cosd cos2d
L= L 0010 + L cos2) cosd 1 cos 0 (2)
00 01 cos3d cos20 cosd 1
cos(f — )
B cos(f — 20)
hy =1y cos(6 — 36) (3)
cos(f — 49)

In Equation (2) and Equation (3), ¢ is the angle of the stator coil spatial position,
d = 2/5m; Ly is the stator leakage inductance; L,, is the inductance amplitude; s is the
permanent magnet flux amplitude; € is the electrical angle of motor rotor.

L T ==

Ny Yy Uy
# So | 28, #Sﬁk # o

FiGure 1. FPMSM system

2.2. Clark transform matrix with single-phase open fault. From Equation (1)
and Equation (2), the phase voltage has relationship between the self-phase current,
and other phase currents and rotor position. It has too many coupling terms and is
difficult to analyze and control. In order to obtain a decoupling mathematical model by
eliminating the coupling terms, Equation (1) is transformed into the a-5 model by Clark
transformation matrix.

In a-( axis, the center of A, B, C, D, E five-phase coil is the axis origin O, the axis of
the A-phase is selected as the a-axis, and the angle between the (-axis and the «a-axis is
90°, in Figure 2.

For A-phase open fault, the Clark transform matrix Tip is

Ty=[a Bz y] (4)

where @ and y vectors are zero-sequence components to make T3 become an orthogonal
matrix. To map B, C, D, and E axis into a-axis and (-axis, a and 3 vectors are defined



1838 Y. HUANG, S. TANG, W. HUANG AND S. CHEN

as

o = [ cosd cos2d cos3d cosdd }

. . . . (5)
8= [ sind sin20 sin3d sin4d }
When the motor is in a healthy state, & = [ cos0 cosd cos20 cos3d cos4d |, and B =
[sin0 sind sin20 sin3d sin4d |. They satisfy cos 0+ cos d + cos 20 + cos 30 + cos 40 = 0
and sin 0 4 sin § + sin 20 + sin 30 + sin 49 = 0, respectively. The sum of the phase currents
should be zero due to the coils with star-shaped connection, i.e., 7, + iy + tc + iqg + i = 0.
Moreover, the vector y is selected as y = [ 1/2 1/2 1/2 1/2 1/2], and satisfies By* = 0,
which is orthogonal to the vector 3.

A
(LB
TN ;
L.
S 90° A
\\ i [ \J > a
0 —
D( )
./\’V\“ N
E

F1GURE 2. Relationship between a-( axis and five-phase axis

In the single-phase open fault, the vector y is taken as

1 1 1 1
|- - = = 6
Y { 2 2 2 2 ] (6)
Equation (5) and Equation (6) show that ay™ = 1/2(cos d + cos 26 + cos 36 + cos 40) =

—1/2, the vector y is not orthogonal to vector c. In order to satisfy the orthogonal
relationship between vector e and vector y, the vector ¢ is changed to oy,

1 1 1 1
=| - - - - 7
o, { 4—|—cosc5 4—|—00525 4+c0s35 4—|—cos46} (7)

From Equation (7) and Equation (6), vector a; and vector y satisfy the orthogonal
relationship with a;y* = 0. From Equation (7) and Equation (5), vector a; and vector 3
also satisfy the orthogonal relationship with a; 37 = 0. In single-phase open fault, under
the condition that the sum of phase current and voltage is zero, i.e., iy + it + ig + 1. = 0
and up + u. + ug + u. = 0, the vector a satisfies the Clark transformation condition.

When the vectors ay, B3, and y are determined, the vector & can be obtained by
satisfying the equation zal =0, 28" = 0 and 2y = 0,

x=[ —sin20 sind sindd —sin3d | (8)
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In single-phase open fault, the Clark transformation matrix T,z is redesigned as

;l+cos5 ;l+cos26 %l—l—cosi’)é %+COS45
sin 0 sin 20 sin 30 sin 40
Tos =X | _ sin 20 sin d sin 40 — sin 30 (9)
1 1 1 1
L 2 2 2 2

In Equation (9), A is a coefficient to guarantee that the amplitudes are consistent before
and after the Clark transformation, where A = 2/5.

2.3. a-B axis mathematical model with single-phase open fault. The Clark trans-
formation matrix T, 5 with Equation (9) is left-multiplied to the stator voltage u, Equation
(1), ; ]
Taﬁus = TaBRTgﬁl ’ Taﬁis + TaﬁLsTo;gl ’ E(Taﬁis> + Taﬁ ’ wa (10)
Equation (10) is the mathematical model of FPMSM with single-phase open fault in
the a-f axis. Since the sum of the phase currents satisfies (i, + i, + iq + i.) /2 = 0, the
fourth row in the zero-sequence variable can be neglected in Equation (10)

d .
af * Frlap t (0 (11)

where wos = Top - Us = (U Ug u,)T, Ug, ug and u, are a-f3 axis stator voltage and zero-
sequence voltage, respectively; o5 = Tog-ts = [ia 15 .]7, ia, ig and i, are a-3 axis stator
current and zero-sequence current, respectively; Los = Tppg - Ly - T(;f;l = diag[Lq, Lg, Li,
L, and Lg are o~ axis equivalent stator inductances, respectively, and L, = 1.25L,, + L;,
Lg =250+ Li; ¢ = d(Top-1py)/dt = wipf[—0.5sin6 cosf]*, w is the electrical angular
velocity, w = p - Wn,.

The electromagnetic torque in Equation (1) is also transformed as

Upp = R’L.ag —+ L

T.=p- (Ta_ﬁliag)T % = gpwf(ig cos ) — i, sin ) (12)

From Equation (11), Equation (12) and Equation (1), the mathematical model of F-
PMSM with single-phase open fault in a-f axis is obtained,

(O = o= i+ L (a)
ddif=%ﬁuﬁ—%iﬁ—%cjw (v
= - s (©) (13)
R A (@)

\ T, = gp@/)f(z‘g cos — i, sin ) (e)

In Equation (13), (a), (b) and (c) are the current loops of the FPMSM, and the
a-f axis current loops are affected by the speed coupling term: wi;sinf/(2L,) and
wiscos@/(2Lg), and the electromagnetic torque T, of the speed loop is directly affected
by i, and ig. If the cascaded PCC strategy is used by proposed in [15], a current loop
predictive controller is designed for Equation (13)(a), (13)(b) and (13)(c), and a PI speed
controller is designed for Equation (13)(d). The PCC strategy is a very practical control
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scheme. However, due to the coupling terms between the inner and outer loops, the PCC
strategy is a cascade structure and is difficult to suppress the coupling terms between
the current loop and the speed loop PCC is difficult to improve the control accuracy and
anti-interference ability.

In order to improve the anti-interference ability for suppressing coupling terms, the
predictive control method is used to directly regulate the speed. The cost function is
designed by adding the speed and current variables, and an SPC method combining speed
loop with current loop in single-phase open fault is proposed to suppress the coupling
terms for a better system performance.

3. Fault-Tolerant Current in Single-Phase Open Fault. For single-phase open fault
in FPMSM, the electromagnetic field generated by the coils of remaining four phases will
be distorted to worsen the speed performance, and to increase the copper loss of the
coils. To reproduce a continuous spatial electromagnetic field in single-phase open fault,
the expected fault-tolerant currents of the remaining four phases are re-solved to make
FPMSM operate normally.

The magnetomotive force at the angle v related to the axis of A-phase is

FA:Fb+F0+Fd+Fe
= 0.5Niy cos(y — d) + 0.5Ni. cos(y — 20) + 0.5Nig cos(y — 30) (14)
+ 0.5Ni, cos(y — 49)

where N is the number of the coil.

When FPMSM is in a healthy state, the magnetomotive force at the angle v related to

the axis of A-phase is
F =1.25N1,, sin(wt — 7) (15)
where I, is the amplitude of current.

In order to run smoothly in phase open fault, Equation (14) and Equation (15) are
equal according to the principle that remains the magnetomotive force consistent before
and after phase open fault,

Fy=F (16)

In phase open fault, B, C, D, and E phase currents are

iy = Tplpy, sinwt + ypl,, cos wt
te = Tely, sinwt + .1, coswt

tqg = Tqly, sinwt + ygl,, coswt (17)
te = Tely sinwt + y 1, coswt
where the coefficients x; and y;, ¢ = b, ¢, d, e are to be solved.
Substituting Equation (17) into Equation (16),
0.309z;, — 0.809z. — 0.809x4 + 0.309z, = 2.5
0.309y, — 0.809y,. — 0.809y, + 0.309y, = 0 (18)

0.9511y; + 0.5878y, — 0.5878y, — 0.9511y, = —2.5
0.9511z + 0.5878z, — 0.587874 — 0.9511z, = 0

Since the coils of FPMSM are the star-shaped connection, x; and y; also satisfy the
condition
Yo+ Yo+ Ya+ ye =0 (19)
From Equation (18) and Equation (19), six equations contain eight unknown variables,
which result in the infinite solutions on x; and y;. They can be solved unique by adding
constraints from actual control requirements. In this work, the expected fault-tolerant

{ Ty + Toe+ Tqg+ 1o =0
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current is solved with the constraint condition of the minimal stator copper loss. The
expression of the stator copper loss for single-phase open fault in FPMSM is

P, =I}R+I?’R+I?R+I’R (20)

where I; is the effective value of the i-phase current, i = b, ¢, d, e, and I; = I,/ (2? + y?) /2.
Equation (20) is the objective function with Equation (18) and Equation (19) as the
constraints. In order to obtain the minimum value of the stator copper loss P,, in Equation
(20), A, is introduced to construct Lagrange function [18], where n = 1 ~ 6. The partial
derivative of Lagrange function to x;, y; and \, are equal to zero to get 14 equations,
the unique solutions by solving the 14 equations is: \y = 2R, Ay =0, A3 = —R, \y = 0,
A5 = 0.5R, A\¢ = 0, and the unique solutions of x; and y; are

z, = 1.118 yp = 0.951

r. = —1.118 y. = 0.588

ta=—1.118 ) ya= —0.588 (21)
r. = 1.118 Yo = —0.951

*
c)

The expressions of expected fault-tolerant currents i;, ¢
stator copper loss are obtained from Equation (17)

i, and ¢, with the minimal

;= 1.4681,, cos (wt — 49.6°)
¥ =1.2631,, cos (wt + 62.3°)
ity = 1.2631,, cos (wt + 117.7°)
‘ (

i* = 1.4681,, cos (wt + 229.6°)

L

~

(22)

Equation (22) shows the expected B, C, D, and E phase currents in single-phase open
fault of the FPMSM. At this time, the stator copper loss is minimal.

After obtaining the expected four-phase current expressions iy, i, ¢ and i}, the ex-
pected current of d-g axis and «a-f3 axis can be obtained by transforming i;, <%, 7 and ¢}
into d-q axis and a-f axis. The SPC strategy is used to make the output current track
the expected current accurately and obtain the optimal performance in single-phase open
fault.

4. SPC Strategy of FPMSM in Single-Phase Open Fault. The main idea of SPC
strategy is to simultaneously calculate the discretized model of the FPMSM in Equation
(13)(a)-(13)(d) to obtain the predictive values corresponding to each basic voltage vector,
which are substituted into the cost function with the speed and d-axis current error term.
Moreover, the optimal voltage vector is selected to regulate the inverter according to the
minimal cost function. Figure 3 shows the basic control structure diagram, including the
cost function and the predictive model.

4.1. The discretized model by Taylor series. In order to obtain the predictive value
of the state variable, Equation (13) is discretized by the Taylor series expansion. The
Taylor series expansion is described as

w(k+1) = z(k) +Zi@ (23)

where x(k) = x(kT) is the value of state variable at k time, [ is the order number.
In Equation (13), the a-/ axis current ¢, and ig have the relation of first-order differen-
tial with the input voltages u, and ug, and w has the relation of second-order differential
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FiGURE 3. Control structure of SPC strategy

with the input voltages u, and ug. So first-order truncation is used for i, and ig, and
second-order truncation is used for w. Equation (13) is discretized as

ok +1) = (1 - i—f) (k) + L%ua(k) + 0'55;% (k) sin[0 (k)] (24)
is(k+1) = (1 - 7;—];) ia(k) + %uﬂ(m - %w(k) cos[0(k)] (25)
(k1) = <1 _ %) i (k) + Lzluz(k) (26)
w(k+1)
= I (22 1) sl ot cosfo]
- (FE+1) costo] + gatisinlowl) i o
+(1- B BT 57";}”[{: corto(hy) - 22T s[04 ) ()
TR, ST, (B8 g,

where i,(k + 1), ig(k + 1), i.(k + 1), and w(k + 1) are the predictive values of state
variables at k + 1 time, respectively; i,(k), i5(k), i.(k), and w(k) are the values of state
variables at k time; u,(k), ug(k), and u.(k) are a-f axis voltages and zero-sequence
voltage, respectively; T" is the sampling period.

4.2. The cost function. In SPC strategy, the speed and current error terms are added
into the cost function to regulate speed directly. The cost function is designed as
Fo=X (w(k+1) —w(k+ 1))+ Na (i(k + 1) — ia(k + 1)) 28)
+ Xiz (120 (k +1) = G (b + 1)) + f (iamaxs Tgmax, iz max)
where
f ({dmax; Tgmax; $2 max)

[ 00 ig(k +1)] > igmax o |ig(k 4 1)| > igmax oF |iz1(k + 1) > i2max (29)
0 |ig(k4+1)] <igmax and |ig(k + 1)| < lgmax and |i1(k + 1)| < i, max
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Equation (29) is the overcurrent protection term, where igmax, gmax, and 7, max are the
upper limits of the d-q axis currents and the zero-sequence current, respectively. When
the d-q axis currents or the zero-sequence current exceed 74 max, gmax, a0d 75 max, Equation
(29) is set to infinity, and the corresponding basic voltage vector is not selected as the
optimal voltage vector. When the d-q axis currents and the zero sequence current are
lower than igmax, %gmaxs and @, max, Equation (29) is set to zero, which has no effect for
selecting the optimal voltage vector.

The predictive currents of d-¢ axis and zero-sequence component iq(k + 1), i,(k + 1)
and i, (k+ 1) are obtained by Park transformation from i,(k+1), ig(k+1), and 7,(k+1)

iq(k +1) [ cosf sinf 0 io(k+1)
ig(k+1) | = | —sinf cosf 0 ig(k+1) (30)
i(k+1) i 0 0 1 i,(k+1)
The Park transformation matrix is
[ cosO sinf 0 0
—sinf cos@ 0 O
qu = 0 0 1 0 (31)
0 0 01

Since the fourth row in the zero-sequence variable is neglected in Equation (10), the Park
transformation matrix in Equation (31) only performs the first three rows in Equation
(30).

In Equation (28), w*(k + 1), ¢5(k + 1), and %, (k + 1) are the expected speed, d-axis
current, and zero-sequence current, respectively. The control method with ¢, = 0 is used
in this work, and the i, can be obtained from Equation (22) by Clark transformation
in Equation (9) and Park transformation in Equation (31), the result is i}, = 0. More-
over, the weight coefficients A\,, A\;q, and \;, are introduced for balancing the difference
dimensions.

4.3. The selection of optimal voltage vector. In A-phase open fault, the relationship
between the phase voltage and the switching state of the inverter is

Up 3 -1 -1 -1 Sb
ue |1 -1 3 -1 -1 S.
ug | ZUdC -1 -1 3 -1 Sq (32)
Ue -1 -1 -1 3 S,

(S Se Sq Se]=1[000 0] ~[1 11 1]is the 16 different combinations of switching
state in remaining four-phase bridge arms. The 16 groups of wuy, u., ug and u, are obtained
by substituting different combinations into Equation (32). Each group of uy, u., ug and
u, synthesizes a basic voltage vector in space and each basic voltage vector determines a
switching state. In Figure 4, ug ~ w5 are corresponding to [Sy S. Sy Se] =[0 0 0 0] ~
[1 1 1 1] respectively, where uy and u5 are zero voltage vectors, and u; ~ w4 are non-
zero voltage vectors. Table 1 shows the magnitude and angle of the basic voltage vectors
ug ~ uy5 in Figure 4.

When all basic voltage vectors are defined, the zero voltage vector ug5) and the non-
zero voltage vectors u; ~ uy4 can be transformed into the corresponding a-f axis voltage
uq and ug by Clark transformation. The predictive values i, (k+1), ig(k+1), i.(k+1) and
w(k 4+ 1) are calculated by substituting u, and ug into Equations (24)-(27), the iq(k + 1),
iq(k + 1) and i, (k + 1) are obtained by Park transformation to calculate 15 different
values of the cost function. The optimal voltage vector is determined by the minimal cost
function to switch the inverter. Moreover, the zero voltage vector is determined by the
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Uiz
A

FI1GURE 4. Voltage vector in A-phase open fault

TABLE 1. The magnitude (M) and angle (A) of the basic voltage vector

A M 0 0.145U,. 0.325U,4. 0.441U,4. 0.447U,4. 0.616Ug4.

0° Ug, U1s X X X Ug X
46.4° X X U13 X X X
59.5° X X X ug X X

90° X U10 X X X U2
120.5° X X X U4 X X
133.6° X X Uy X X X
180° X X X X Ug X
226.4° X X Us X X X
239.5° X X X Uy X X
270° X Us X X X U3
300.5° X X X Uuq X X
313.6° X X U1 X X X

principle of minimal switching times, i.e., when the voltage vector is selected as u7(0111),
u11(1011), u13(1101), u14(1110) at the previous time, the zero vector can be selected as
u15(1111) at the current time; otherwise, the zero vector is selected as uo(0000).

In summary, the implemental steps of SPC strategy are

1) The state variables of system are given, i,(k), ig(k), i.(k), w(k), 0(k); when k = 0,
the initial values of the state variables are: i,(k) =0, ig(k) =0, i,(k) = 0, w(k) = 0, and
6(k) = 0;

2) 15 different basic voltage vectors and i, (k), ig(k), i.(k), w(k), (k) are substituted
into Equation (24), Equation (25), Equation (26), and Equation (27) to obtain the cor-
responding predictive values io(k + 1), ig(k + 1), i,(k + 1), w(k 4+ 1). Then, i,(k + 1),
ig(k 4+ 1) and i,(k + 1) are transformed to ig(k + 1), i,(k + 1) and i, (k + 1) by Park
transformation with Equation (31);
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3) 15 groups of i4(k+1), i,(k+1), i.1(k+1) and w(k+1) are substituted into Equation
(28) to calculate the corresponding 15 values of the cost function F;

4) All F, are ranked and compared, and the optimal voltage vector is selected with the
minimal F, from all basic voltage vectors. The optimal voltage vector is used to switch
the inverter at k + 1 time;

5) When k > 0, the state variables of system i, (k), ig(k), i.(k), w(k), (k) are measured
by the current and speed sensors. Then, return to the step 2) for next control period.

5. Simulation Result. In Matlab/Simulink platform, the SPC system and PCC system
with single-phase open fault in FPMSM are built as shown in Figure 5 and Figure 6.
Compared with Figure 5 and Figure 6, SPC system needs to add the speed predictive
model Equation (27) instead of adding PI controller to calculate the control variable .
In Figure 6, the cost function of the PCC strategy only consists of current error terms in
Equation (33)

Fl = (ir(k+1) —ig(k + 1))2 + (i5(k 4+ 1) —ig(k + 1)) + (if(k + 1) —i(k + 1)) (33)

The parameters of the FPMSM are: DC-link voltage is: 120 V; rated power is: 5.5
kW; rated speed is: 550 r/min; pole pairs is: p = 4; stator resistance is: R = 0.11 Q;
inductance are: L, = 0.001985 H, Lg = 0.00317 H, L; = 0.0008 H; flux linkage is: ¢ =

v ™
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F1GURE 5. The structure of SPC strategy
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FIGURE 6. The structure of PCC strategy
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0.05 Wb; motor inertia is: J = 0.002 kg-m?; friction coefficient is: B = 0.0001 Nm-s/rad.
The sampling period is: T" = 40 us; the weighting of the cost function in the SPC strategy
are: \, = 1000, A\jg = 1, A\;; = 0.1; the upper limits of output are: igmax = 20, tgmax = 0.5,
iymax = 2.5. In the PCC strategy, the output range of the PI controller is [—20, 20]; the
proportional integral gain is: k, = 4, k; = 30. These control system parameters are
optimal through the parameter tuning by the cross validation in simulations.

In simulation, the expected speed is w* = 127 rad/s when 0 < ¢ < 0.15 s and w* = 187
rad/s when 0.15 < ¢ < 0.3 s. The motor starts with a load torque with 77, = 4 N-m, and
the load torque sharply adds to T, =7 N-m at t = 0.1 s.

In Figure 7, the speed response of SPC strategy has a steady-state speed error of
+0.0015 rad/s. When the load increases sharply from 4 N-m to 7 N-m, the speed decreases
by only 0.05 rad/s and reaches steady state within 0.0004 s. In Figure 8, the PCC strategy
has a steady-state error of +0.075 rad/s. When the load increases, the speed decreases
by 1.5 rad/s. Those results show that SPC strategy has a strong anti-interference ability,
a smaller steady state error, and a faster dynamic response, by comparing with PCC
strategy.

60
?;40 / 3775 o
N— —w
E 20 I
0 7409 0.15
0 0.1 0.2 03
t/s
FIGURE 7. Speed of SPC
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F1GURE 8. Speed of PCC
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F1GURE 9. Torque and d-axis current of SPC
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FicURE 12. Phase currents of PCC

Figure 9(a) shows the torque response by the SPC strategy. T, increases rapidly to
the maximum value during the dynamic process, to obtain the maximal acceleration of
the motor. The steady-state torque fluctuation is about +0.04 N-m. The maximal value
of the d-axis current i, in Figure 9(b) does not exceed 0.5 A, which satisfies the limited
condition in the overcurrent protection term in Equation (29). Moreover, the steady-
state fluctuations of the torque and d-axis current are consistent after the sudden load.
However, Figure 10(a) shows the torque responses. The steady-state fluctuations of T,
approximately reach +0.1 N-m and +0.15 N-m with different loads, which is three times
as SPC strategy. Figure 10(b) shows the d-axis current response ig fluctuates from —0.6
to 1.2 A, which is twice as SPC strategy.

From Figure 11 and Figure 13, the response waveform of four-phase B, C, D, E current
and a-f axis current of SPC strategy have a regular sinusoidal shape in single-phase open
fault. From the detail of the phase current in Figure 11(b), the maximal amplitudes
of the B-phase and E-phase currents are about 12 A, and the maximal amplitudes of
the C-phase and D-phase currents are about 10 A, the ratio 12/10 = 1.2 is very close
to 1.468/1.263 in Equation (22). The maximal amplitudes of B, C, D, E phase currents
appear at about 0.0432 s, 0.0565 s, 0.0625 s and 0.0755 s, respectively. The current period
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FIGURE 14. a-f axis currents of PCC

is about 0.0147 s, the phase differences between i, and i., i. and i4, 74 and . are calculated
as 114.8°, 51.8°, and 112.2°, respectively, which are close to those calculated by Equation
(22). Equation (22) calculates the phase difference between i, and i, i, and i4, iq and i, of
62.3° — (—49.6°) = 111.9°, 117.7° — 62.3° = 55.4°, 229.6° — 117.7° = 111.9°. Therefore, the
magnitudes and phases of B, C, D, E phase currents satisfy the relationship described in
Equation (22), which is consistent with the constraint of minimal stator copper loss. From
Figure 12 and Figure 14, the response waveforms of the phase currents and the a-f axis
currents by PCC strategy are distorted which results in larger current fluctuations than
the SPC strategy. PCC system is sensitive to the speed coupling term, and is difficult to
obtain a satisfactory current control performance.

Therefore, for FPMSM in single-phase open fault, the SPC strategy can keep the motor
running smoothly to obtain a superior system performance compared with PCC strategy.

6. Conclusions. In FPMSM with single-phase open fault, the PCC strategy cannot e-
liminate the coupling term between speed loop and current loop since a-f axis current
is affected by the speed coupling term wi)fsinf/(2L,) and wiscos#/(2Lg) in the math-
ematical model. The fluctuations of speed and torque are obvious in PCC system. To
overcome the shortcomings of PCC strategy, SPC strategy combining speed loop and
current loop is proposed to suppress the coupling terms to regulate the speed in FPMSM.
The speed error term is added to the cost function to regulate the speed directly, and the
weight coefficient is introduced to balance the difference dimensions between the speed
and the current. Moreover, the expected fault-tolerant current expression in single-phase
open fault is calculated with the minimal stator copper loss. The simulation results show
that SPC strategy can keep the motor running smoothly in FPMSM with single-phase
open fault. Compared with PCC strategy, the steady-state errors of speed and torque are
reduced to 1/50 and 1/3 respectively. SPC strategy has a superior system performance.
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