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ABSTRACT The failure of the motor or controller of a motor servo system could lead to terrible casualties
and property loss in fields such as aviation and transportation. Current research mainly focuses on the
algorithm for fault-tolerant control and the topological structure of hardware. Such approaches may reduce
the system frequency through the use of a complex algorithm or increase the system cost through the
use of special components. The present paper proposes and tests a multi-redundant, permanent-magnet
synchronous motor. Through the parallel connection of multiple independent windings and a supporting
control method that controls each redundancy separately, the system continues to run even when the
winding or controller of one redundancy suffers an open-circuit or short-circuit fault. The system controller
is easy to build and minimize without special components and does not require additional algorithms.

INDEX TERMS Fault-tolerant motor, multi-redundant, permanent magnet synchronous motor, proportional-

integral control.

I. INTRODUCTION

Motor servo systems are widely used in the aviation and trans-
portation industries. In these applications, serious casualties
and property loss will occur if the servo system fails because
of a fault. Therefore, the improvement of the reliability and
fault-tolerance properties of servo motor system is an impor-
tant research topic.

There is currently more research focus on the multi-phase
permanent-magnet motor and switch reluctance motor in the
field of fault-tolerant motors. The multi-phase permanent-
magnet motor can keep running in the event of a fail-
ure through isolation of the fault phase and rebuilding of
the control system. For example, a permanent-magnet syn-
chronous motor (PMSM) with quadruple three-phase star-
connected windings and a corresponding control algorithm
was designed [1]. Because there are many phases, each phase
has a lower proportion of the power, and the system thus
ensures a rated torque output exceeding 50% when any wind-
ing has a symmetric short-circuit fault. The switch reluctance
motor normally has no permanent magnet, winding or brush
on the rotor and it thus has a lower failure rate. Each tooth
of the stator has only one winding. Windings are energized
by turns during working, and the independence of windings
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is thus high. It is thus easy to realize high-performance fault-
tolerant control.

Research on the multi-phase permanent magnet motor has
mainly focused on rebuilding the fault system and fault-
tolerant control theory. Studies [2], [3] have used model pre-
dictive control and derived a prediction model for a specific
fault situation according to the model of a healthy system,
such that the normal decoupling transform can still be used
after failure occurs. Other studies [4], [5] used a new frame of
reference to build the running model and simplified the con-
trol after faults. Another study [6] proposed the orthogonal
reduced-order transformation matrix based on fault-tolerant
current. Other work [7] divided the vector space into six
sectors and reconfigured six equal nonzero voltage vectors
to achieve a new analogous three-phase space vector pulse
width modulation (SVPWM) control.

Holt-per-Hertz (V/f) scalar control has been used to con-
trol the motor speed stably when the system suffers an
open-circuit fault in one or two phases [8]. Meanwhile,
a new method of phase current control has been proposed
to maximize the reluctance torque [9]. Feedforward voltage
compensation based on the short-circuit current and the back-
electromotive force (back-emf) of the fault phase has been
designed and used to eliminate the effect of short-circuit
current [10]. Two fault-tolerant control strategies, involv-
ing the optimized copper loss and phase current, have been
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proposed [11]. A current set that outputs the maximum
smoothing torque by reconfiguring the maximum round
magnetomotive force in different fault situations has been
obtained [12].

Studies on the switched reluctance motor mainly focused
on the topological structure and control of the power
switch. One study [13] used four extra power switches and
a relay network to keep the system working in the event of a
fault. Another study [14] used a single-phase bridge to bypass
the faulty part and form a fault-tolerant topology with the
healthy part. Other work [15] optimized the position of the
current sensor and suppressed short-circuit current by modi-
fying the switching states of power transistors. Meanwhile,
a system has been put into a derating state by shortening
the conduction angle of the faulty phase and adjusting the
duty cycle of all switches, thus suppressing the torque ripple
caused by the short circuit [16]. Other work [17] identified
the short switch using a logical dynamic model and analyzing
system residual generation.

The references cited above show that research on the
fault-tolerant motor mainly focuses on the system rebuild
algorithm and fault-tolerant control after a fault occurs and
the topological structure of hardware, such as the power
switch or invertor part. The limitations are that an additional
algorithm may increase the computing cost and decrease
the system frequency and that a specific structure may need
special components. Additionally, studies have mostly been
conducted for one-phase or specific multi-phase failure.

Against the above background, the present paper pro-
poses a multi-redundant PMSM that uses multiple indepen-
dent windings and a supporting control method that controls
each redundancy separately. When one redundancy’s con-
troller or winding is broken, the other redundancies allow
the device to working normally and ensure that the whole
system does not stop suddenly. This system does not need
a complicated algorithm or specific components. Due to the
parallel connection structure, the system also has a lower bus
voltage, which reduces the effect on the power conversion
unit. Furthermore, the control system can easily be downsized
and integrated.

Il. THEORETICAL ANALYSIS AND SIMULATION
A. ANALYSIS OF MUTUAL INDUCTANCE WINDING

CONTROL
In contrast to a traditional PMSM, a multi-redundant PMSM
system has mutual inductance between the stator windings
of various redundancies. To realize this system, the cur-
rent in mutual inductance windings must be shown to be
controllable.

The voltage equilibrium of a mutual inductance winding
under a static condition can be expressed as

. dij dir

uy = Ryiy + Ly —— + Lin——
lt /] D

uy =R i2+L2—1+Lm£

2= = dt dt
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FIGURE 1. Block diagram of the current control system.
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where Ry and R; [€2] are respectively the resistance of wind-
ings 1 and 2, Lg; and Ly [H] are respectively the self-
inductance of windings 1 and 2, and L,, [H] is the mutual
inductance of windings 1 and 2.

Both windings 1 and 2 use a proportional-integral (PI)
controller. Fig.1 is a block diagram of the current control
system.

Expressions are obtained from Fig. 1 as

K;
Ui(s) = [Lrep1 () = I1 (9)] <Kp + T)

K. 2)
wm=@mw—hmmm+;>

For the multi-redundant PMSM in this paper, the parame-
ters of different static windings and current references are the
same, and the transfer function of the current loop can thus
be written as

11 (s) _ I(s) _ Kys + K;
Iref(s) Iref(s) (L + Ly) 52 + (Kp + R) s+ K;
Equation (3) shows that the current control system is a

second-order system. The standard expression of a second-
order system is

3

w2

G = —-"—— 4
© 52 + 26 wys + w2 @
where w, [Hz] is the system’s natural frequency while & is
the system’s damping ratio.
From equations (3) and (4), the parameters for the PI
controller are obtained as

Ky = 28 wp (L + Ls) — R

Ki = (Ly + Ly) @2 )

For a conventional PMSM, the block diagram of the current
control system is shown in red in Fig. 1. The transfer function
is

I (s) _ Kys + K;
Lot (5) L¢s? + (Kp + R) s+ K;

From equations (4) and (6), the parameters of the PI con-
troller are obtained as

(6)

K, = 2Ew,L, — R

7
K; = Lyw? M
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Equations (5) and (7) show that if regulating K, and K;
and introducing L,, while calculating the parameters of the
PI controller, £ and w;, of the mutual inductance winding are
the same as those of conventional winding, which shows that
current in a mutual inductance winding can be controlled as
in conventional winding.

B. MATHEMATICAL MODEL FOR THE MULTI-REDUNDANT
PMSM

The following assumptions are made before building a math-
ematical model of the motor.

1) Magnetic reluctance from the stator and rotor core,
magnetic saturation, eddy currents, and hysteresis
losses can be ignored.

2) The permeability of the permanent magnet is zero.

3) The rotor does not have a damping winding.

4) The magnetic field in the air gap has a normal distribu-
tion.

5) The effects of high harmonics can be ignored.

1) STATOR FLUX EQUATION
The flux of the stator winding is the sum of the armature
magnetic field and rotor magnetic field. The rotor’s excitation
field axis is denoted as the d-axis, while the g-axis is 90 elec-
trical degrees before the d-axis. The system uses the vector
control strategy and iy = 0. The system has n redundancies,
and each redundancy’s stator flux vector is decomposed on
the d-axis and g-axis. The flux equation of each redundancy
is, (8), as shown at the top of the next page, where ¥4, and ¥,
[WD] are respectively the stator flux on the d-axis and g-axis
of redundancy n, ¥, and ¥, [Wb] are respectively the rotor
flux on the d-axis and g-axis of redundancy n, Ly and Ly, [H]
are respectively the self-inductance on the d-axis and q-axis
of redundancy n, and M gygn and My,qm [H] are respectively
the mutual inductance of the d-axis and g-axis of redundan-
cies m and n. Further, Mg, [H] is the mutual inductance of
the d-axes of redundancies m and n,M ¢, [H] is the mutual
inductance on the g-axis of redundancies m and n, and iy, and
ign are respectively the current components on the d-axis and
g-axis of redundancy m.

The phases of different redundant windings are the same,
and equation (8) can thus be rewritten as

Liv=Ljg=Lap=Lyp="-+=Lan = Lgn = Ly

M gman = Manam = quqn = quqm =Ly

Mamgn = Mangm = 0 )
Ypa1 = Ypaz2 = -+ = Ypan = Vg

Vi =Y = -+ = Ypgn = 0

where Y¥¢g [WD] is the rotor flux component on the d-axis, Lg
[H] is the winding self-inductance, and L,, [H] is the mutual
inductance of coaxial windings.

If the motor has three redundancies, then the stator flux
equation is, (10), as shown at the top of the next page.
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Equation (10) can be simplified as

Va1 = Y

qu = Lsiql + LmiqZ + Lmiq3

Va2 = Y (a1
qu = Lmiql + inqZ + Lmiq3

Va3 = Yy

1pq3 = Lmiql + Lmiq2 + Lsiq3

2) STATOR VOLTAGE BALANCE EQUATION
The voltage vector equation of the stator is transformed from
the a—b—c frame to the d—q frame through vector transforma-

tion as
dq

+jor (12)

The voltage component equatlon then becomes
ug = Ryig + d'//d — Yy
ug = Ryig + 7 + wrYq

where R; [€2] is the resistance of the d-axis and g-axis wind-
ing, ¥4 [Wb] is the flux vector component on the d-axis,
Y, [Wb] is the flux vector component on the g-axis, and w,
[rad/s] is the rotor speed.

After the stator flux equation is brought into equations (12)
and (13), the voltage-equilibrium equation of the d—q axis of
each redundancy can be obtained as, (14), as shown at the top
of the next page.

When the motor has three redundancies, the voltage-
equilibrium equation can be written as, (15), as shown at the
top of the next page.

The resistances of the d-axis and g-axis windings for dif-
ferent redundancies are the same, and the known quantities
can be brought into equation (15) to obtain
Udglr = —wr (L iql + LmiqZ + Lmiq3)

di, di
Ugl = R; lql + Ly Zhl + Ly ;tz +Lm dt +wrW)‘d

Uqy = —wy (Lmlql +L lq2 + Lm’q?) (16)
di di di

Ugr = Rsigr + Ly :1,1 + Ls lqz + Ly (;,% + or Y

Uqz = —wy ( mlql + Linig2 + L, lq3)

di
Ugz = slq3 “I‘Lm lql +Lm lqz + Ly ;33 + wrl/ffd

dq—dequd

(13)

3) ELECTROMAGNETIC TORQUE EQUATION
When a PMSM uses vector control, its torque vector equation
is
le = POWs X iy = Po (%1 +]Wq) X (id +jiq)
= po (Vaiqg — Vgia) 7)

where pg is the number of pole pairs of the rotor, 1, [Wb] is
the stator flux vector, and i; [A] is the stator current vector.

After bringing equation (8) into (17), the torque equation
of the multi-redundant motor becomes

T T

Va1 iq1 Va1 iq1
Va2 i (%) iq2

te=po| . .| —po| o : (13)
VYdn iqn an Idn
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Va1 Lai Moy Maaz  Margp Miian  Maign id1 Va1 |
Yql M 141 Ly Mga2 Mg Mgian  Mgign igl Vg1
Va2 Marar  Mazg La> Marp Mazan  Maogn id2 Ypan
Yoo | = | Mpar  Mpg  Mpa2 Ly Mgpan  Mgpgn | 4| Y2 8)
Yan Manar  Mangt  Manaz  Mango Ly M ingn Ldn Ytan
L an _ L qudl quql qud2 quq2 qudn an L iqn L wan |
Yai Lai Maigt Malaz Maie Maas  Maig id1 Yra1
Va1 Maa Lg Mapax Magp Mpas Mag igl Vg1
Var | _ | Ma2ar  Mazgi Lao Mapgy  Marazs  Mazgs id2 Va2 (10)
) Mpa1r  Mgpg  Mga Ly Mpaz  Mggs ) Y2
Va3 Maza1  Masgr Mazax  Masg Ly3 Ma3q3 iq3 Y3
Y3 Mgpar Mggr  Mgpgaz  Mpagp Mgaas Ly ig3 | Y3
[ a1 [ Ratign ] [ L Maigt  Maraz Mg Maian  Margn | [ ia1 ] RZGE
Ugl Rg1ig Mg1a1 Ly Mgax  Mga Maan  Mgign igl Vg1
uq Razian Marar  Mazg La2 Marg2 Mazan  Maogn id2 Yrao
ugp | = | Reigp | 4 4 Mpar  Mpg  Mgpa Ly Mgpan  Mpgn i | + 4 Yrg2
. dt . . . . . . : dt :
Udn Ranidn M gnar M dngl M inaz Mdnq2 Lin M dngn Ldn wfdn
| Ugn L an iqn _ L qudl quql qudZ quqZ qudn an L iqn L Wfqn _
[ — qld1 _qu —Mgld2 _Mqqu _Mqldn _Mqlqn 17 ld1 ] [ _Wfql ]
La1 Mg1p Mgia2 Mg1g2 Ma1dn Mgign igl Yra1
—Mgpa1r —Mpg —Mpa —Lp —Mpin  —Mggn la2 Vi
o, | Mazai Maoq1 Ly Marp Maoan Maogn i | 4w, | Va2 (14)
—Mgnd1 —Mgngl —Mgnd2 —Mgnqg2 —Mgndn _an Ldn - I;[ffqn
| Manar M ng1 Mnaz Mng2 Lin Mangn | [ ign | | Van |
Uq1 Ratiai Lai Maigt Mgraz Mg Maas  Maigs idl Y1
Ugl Rg1igi Mg Ly Mapax Magp Mapazs Mag iq1 (U
uar | _ | Raoiaz | d | Maaat Margt  Laa Maxp  Mazazs  Mazgs a2 | d | Y
Ug Rpigp dt | Mpa1r  Mpg  Mpaz Ly Mgpas  Mgpgs ig2 dt | Y2
uq3 Razias Mgzar  Mazgy  Mazaz  Masg Lg3 Ma3q43 id3 Va3
Ug3 Ry3ig3 Mgpar  Mggr Mgpaz  Mgpagp Mgsas Ly ig3 7%
—Mj1a1 —Lg ~Mya2 —Mugp —Mpas —Mggs id1 Vi
Lg Mgi41 Mgia2 Maig Maia3 Mai143 ig1 Yrd1
to, | Mo —Mpg —Mpa —Lp  —Mpas —Mgpg l:d2 + o Vg2 (15)
Ma2a: Marg1 Lo Margo Maoa3 Mg I Va2
Mg —Mpp  —Mpar —Mgpgp  —Mgas —Lg3 id3 —Vrg3
L Mazai Ma3q1 Ma3a2 Mazqn La3 Mazgz | | a3 | | Va3

For a PMSM with three redundancies, the electromagnetic
torque equation is

te = po (Vatigi + Yazigz + Vazigs)
= poyaiqn +ig + ig3) (19)

In the real world, controlling the motion of the load is the
same as controlling the output torque of the motor. According

VOLUME 7, 2019

to the dynamic principle, the equation of mechanical motion
is
dw, d%6, o,

i + Row, + 1= JW +sz +1
where 7, [N-m] is the motor output torque, 7, [N-m] is the load
torque, J [kg.mz] is the rotational inertia, w [rad/s] is the
mechanical angular velocity of the rotor, R, [N-m-s/rad] is the

te=1J (20)
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FIGURE 2. Control block diagram for current on the g-axis.

damping coefficient, and 6, [rad] is the angular displacement
of the rotor.

Equation (20) shows that the control of both the angular
velocity and angular displacement is realized by controlling
the torque (7, — #7.). Thus, improving the control quality of
electromagnetic torque will improve the performance of the
whole PMSM system.

C. ANALYSIS OF THE MULTI-REDUNDANT CONTROL
SYSTEM

A vector control strategy was used for the new motor. To real-
ize good control performance, this system uses two loop
PI controllers, including a current loop and velocity loop.
Equation (20) shows that to control the motor output torque
is to control the current on the g-axis of each redundancy.
Fig. 2 is a control block diagram for current on the g-axis for
a PMSM with three redundancies.

In Fig. 2, i;‘l, i:;z, and iZS are the reference current outputs
from the host computer and i;1, i;2, and iy3 are the actual
current in each of the three redundancies.

During operation, the response of the current loop is much
faster than the mechanical response; thus, w,Yy can be
treated as constant and ignored when calculating the system’s
transfer function. The working conditions of a PMSM with
three redundancies can be divided into three situations.

When the system operates normally, the transfer function
can be expressed as

Ig1 (5) _ I (s) _ I3 (5)
e e e

_ Kys + K;

B (2L, + Ls)S2 + (Kp + Ry)s + K;

Equation (21) shows that the system is of second order, and
the parametric expression of the PI controller is

G(s) =

@2y

L — 2
{ﬁ@-(l@—%sz)wn o)

Ky = 28 wp(Ls + 2Lm) — Ry
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When one of the redundancies fails owing to a fault,
the current control block is configured as the block within
the blue rectangle in Fig. 2. The transfer function is
In(s) _ Ip(s)

Ixs) — 13(s)
K,s + K;
= BT (23)
(Lm + Lg)s= + (Kp + Ry)s + K;

The system is still of second order and its parametric
expression is

G(s) =

K= (Ls+ Lm)w,%

(24)
Kp = 28 wy(Ls + L) — Rs

When two of the redundancies fail, the current control
block is configured as shown by the block within the red
rectangle in Fig. 2. The transfer function is

KPS + K;
Lgs? + (Ry + Kp)s + K;
The system is still of second order system and its parametric
expression is

G(s) = (25)

K; = Lyw?

(26)
K, = 2Ew,Ls — Ry

In the equations above, L, Ls, and R; are constants.
Therefore, no matter which situation the system is working
in, proper values for K}, and K; allow the pole of the system
to remain on the left side of the complex plane and the system
to be stable. If the system is initially stable, any stray current
will not change the denominator of the transfer function, and
the system thus remains stable during faults.

D. SIMULATION BASED ON MATLAB AND SIMULINK

A mathematical model of the multi-redundant PMSM
was used to build a simulation model in Simulink,
as shown in Fig. 3. The inputs of the PMSM are voltages
Uy1, Ugz, and Ugz on the three redundant g-axes and PMSM
load 7 . The outputs are currents iy, ig2, and ig3 for the three
redundancies, rotational speed w,, and output torque .

Fig.4 shows the PMSM control system model in Simulink.
The inputs are the command speed w and motor load 7z ; the
outputs are the same as those of the PMSM.

The basic parameters of the PMSM are listed in Table 1.

To simulate an operating situation in which two redundant
windings fail, the simulation time was set to 5 s, the rotational
speed was 30 rad/s, and the motor load was 30N - m. When t
=2 s, redundancy 3 was cut off, and when t =4 s, redundancy
2 was cut off. The system response is shown in Figs. 5,
6, and 7.

Fig. 5, 6, and 7 show that when the system was initially
working normally, the three-phase current waveforms for the
three redundancies were the same, revealing that the current
was synchronized. When redundancy 3 was cut off at t =
2 s, the current from redundancy 3 decreased to zero and the
current from redundancies 1 and 2 increased to 1.5 times the

VOLUME 7, 2019



T. Feng et al.: Development of a Fault-Tolerant Permanent-Magnet Synchronous Motor

IEEE Access

Phifd

L

al
Phifd |

FIGURE 3. Simulation model of the PMSM with three redundancies.
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FIGURE 4. Simulation model of the control system for the PMSM with
three redundancies.

TABLE 1. Basic parameters of the simulation model.

POLE-

PARA PAIR ‘WINDING SELF- MUTUAL
METE NUMBER RESISTANCE INDUCTANCE INDUCTANCE
R P Ry(Q) Ls(MH) Ly (MH)

0
Value 1 2.5 0.444 0.434
PARA RO;::IO DAMPING D-AXIS
METE INERTIA COEFFICIENT ROTOR FLUX
R J(KGM2) Ry (Nes) Yrn(WB)
Value 2 0.01 1.00

synchronous current value. When redundancy 2 was also cut
off at t = 4 s, the current from redundancy 2 decreased to
zero and the current from redundancy 1 increased to twice
the value of the synchronous current.

Because of the initial static friction of the motor, the torque
was higher when the system started and then decreased
to a value that matched the load stably. When redundan-
cies 2 and 3 were cut off, the torque decreased slightly and
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FIGURE 5. Current waveforms of U, V, and W for all three redundancies
during the failure of two redundancies.
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FIGURE 6. Motor output torque during the failure of two redundancies.
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FIGURE 7. Motor speed during the failure of two redundancies.

then again quickly increased to a value that matched the
load stably. The output torque was essentially constant during
the entire process. The rotational speed increased rapidly to
30 rad/s. When redundancies 2 and 3 were cut off, the speed
was maintained at the set value.

The simulations show that when any redundant system
is cut off, the other redundancies transition from normal
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Windings A

FIGURE 9. Schematic figure of stator windings.

operation to a compensation mode to increase the current
automatically and maintain a constant output torque and
speed.

Ill. DESIGN OF THE MOTOR AND CONTROLLER

A. DESIGN OF THE MULTI-REDUNDANT PMSM

1) MOTER STRUCTURE AND MATERIALS

The multi-redundant motor system has n sets of driver and
stator winding. Each set is defined as one redundancy, and
each redundancy has the same characteristics. All redundan-
cies are in parallel with one another, and the sum of the output
torques of all redundancies is the output torque of the motor.
The basic theory of the multi-redundant motor is presented as
Fig. 8.

Windings of different redundancies have the same enwind-
ing method and same phase. There is physical isolation and
thermal isolation between different redundancies. Magnetic
field coupling still exists at present. Fig.9 is a schematic
figure of the stator windings, where different colors indicate
different redundancies.

Technical specifications of the motor designed in this study
are given in Table 2.

Because of the higher load torque, the permanent magnetic
material needs to have excellent magnetic properties, such as

146234

TABLE 2. Main PMSM specifications.

SPECIFICATION VALUE SPECIFICATION VALUE

Power(kW) 6.3 AC Supply 220
Voltage (V)

Max Speed(r/min) 100 Motor’s 60
quality(kg)

Torque(N-m) 600 Limit 650

Torque(N-m)

higher remanent magnetic induction, a maximum magnetic
energy product, and coercivity, to give the motor higher
energy density. Among common kinds of permanent mag-
netic material, Nd-Fe-B has a remanent magnetic induction
as high as 1.49 T, maximum magnetic energy product up to
422 kJ/m3, and coercivity of up to 1035 kA/m. Therefore,
Nd-Fe-B, grade N38SH, was chosen as the magnetic material
of the motor. The stator was made from 50W470 silicon steel
and the rotor from #10 steel.

2) STRUCTURAL DESIGN OF THE ROTOR AND PERMANENT
MAGNET

The motor structure is that of an outer rotor. Because of
the rotor’s limited volume, the magnetic circuit structure is
surface mounted. Surface-mounted structures can be divided
into protrusion and insertion types.

A permanent magnet’s differential permeability is approx-
imately 1 and close to that of air, and the d-axis inductance of
the protrusion type of structure is thus almost equal to the
g-axis inductance; this type of structure is suitable for the
control strategy of iy = 0. In addition, the protrusion type of
structure is simple and has low processing cost. A protrusion
type rotor was therefore used in this study.

The motor used fan-shaped permanent magnets. The length
of the magnetizing direction /y; strongly affects the d-axis
reactance X,4, and hys can be approximately determined as

Ihr

hy = di (27)

G
Bs

where , [H/m] is the differential permeability of the perma-

nent magnet, §; [mm] is the length of the motor air gap, B,

[T] is the remanent magnetic induction, Bs [T] is the air gap

flux density, and g—; is the ratio of induction to flux density,

normally set in the range of 1.1-1.35.

The N38SH permanent magnet has a remanent magnetic
induction of 1.24 T. The maximum value of the air gap flux
density was obtained as 1.06 T after simulation. The length of
the motor air gap was taken as 1 mm. Inserting these values
into equation (27) gives hys as 6 mm.

When the motor’s armature diameter, current density, and
air-gap magnetic flux density are invariant, increasing the
number of motor slot poles reduces the amount of copper
and improves the motor’s power density. However, it also
increases the fabrication difficulty and makes it difficult to
guarantee machining precision. After careful consideration,
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FIGURE 10. Three-dimensional structure of the multi-redundant motor.

this study chose 45 slots and 40 poles as the motor’s plan.
Fig. 10. shows the three-dimensional structure of the motor.

3) SIMULATION OF ELECTROMAGNETIC PROPERTIES
The armature winding in the present study adopted a Y con-
nection. Variations in output characteristics and magnetic flux
density were analyzed by changing the current magnitude.
Diagrams of the final magnetic force lines are shown
in Fig.11. The top diagram shows that most magnetic force
lines form closed loops through the teeth, air gaps, magnetic
steel, and yokes, and these lines form the main magnetic flux.
An enlarged diagram of the air gap area in the bottom panel
shows that a small number of magnetic force lines do not
pass through the teeth or yokes—these lines are the leakage
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FIGURE 11. Magnetic lines of the prototype motor: (top) main diagram
and (bottom) enlarged view of the air gap area.

magnetic flux. Fig.11. shows that there is little leakage flux
and that the motor therefore has lower loss.

Fig.12. shows that the cogging torque of the motor fluctu-
ated between +1.14 and —1.10 N-m, accounting for 0.37% of
the specified torque, which meets the design requirements.

The output torque of the motor working at 500 ampere-
turns is shown in Fig.13. The average output torque is
645.6 N-m, which is 7.6% more than the specified torque; the
fluctuation of the torque is 18.5 N-m, accounting for 3.1% of
the total output, which meets the design requirements.

The air-gap flux density variation is shown in Fig. 14.
The result was processed with a fast Fourier transform, and
the harmonics are shown in Fig. 15. The results show that
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FIGURE 12. Cogging torque of the prototype motor.
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FIGURE 13. Output torque of the prototype motor.
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FIGURE 14. Gap flux density.

the fundamental frequency is 10 Hz and the amplitude is
1.05 T; these values are mainly affected by the second and
third harmonics. The other harmonics have lower amplitudes.

B. DESIGN OF THE CONTROL SYSTEM
The system comprises three main modules, namely the
host computer, motion controller, and motor driver. One
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FIGURE 15. Gap flux density spectrum.

communication module in the motion controller, one drive
module in the motor driver, and one winding in the motor
constitute each redundancy.

The motion controller comprises a motion control mod-
ule, magnetic encoder module, and multiple communication
modules. The motion control module uses a serial peripheral
interface communication to receive commands from the host
computer and position data from the encoder module. It then
calculates the real-time speed or position instructions and
sends the instructions to the encoder module.

The magnetic encoder module receives data from a Hall-
effect sensor, calculates the position data, and sends the
position data to the motion control module. It also receives
instructions from the motion control module and sends them
to all the communication modules synchronously. Feedback
from the motor driver is also sent to the motion control
module through the encoder.

Because of the limited number of communication ports in
a central processing unit, the system needs multiple commu-
nication modules to receive instructions and send them to the
corresponding redundant motor drivers. Each module has a
tri-gate to ensure that only one redundancy’s feedback is sent
to the encoder module at a time.

The motor driver has multiple independent driver modules.
Each module receives instructions from the communication
module and runs the current loop, outputting a pulse-width
modulation wave to drive the redundancy.

During failure, the current sensor on the fault redundancy’s
driver detects the feedback current’s raising (short-circuit
fault) or falling (open-circuit fault), and the central processing
unit then stops driving redundancy. The action does not affect
the other driver and motion controller. If the failure breaks the
driver, the fault redundancy will also stop.

The output of the multi-redundant motor is the sum of
the outputs of all redundancies. There will therefore be a
torque ripple in the system that reduces the fall in the motor
speed after shutting down the fault redundancy. The motion
controller can detect the change in speed in real time and
adjust the current reference. By increasing the current of other
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FIGURE 16. Setup for the measurement of the back-emf.

TABLE 3. Results of the back-emf.

REDUNDANCY 1 REDUNDANCY 2

SPEED BACK-EMF  COEFFICIENT BACK-EMF COEFFICIENT

(R/MIN) %) (V/(R/MIN)) V) (V/(R/MIN))
200 8.3 0.0415 10.1 0.0505
400 15 0.0375 16.2 0.0405
800 28.5 0.0356 29.5 0.0369
1000 345 0.0345 355 0.0355
1500 52 0.0347 525 0.035
1800 61 0.0339 61 0.0339

redundancies, the output can be recovered and the ripple can
be eliminated.

IV. EXPERIMENTS

A. EXPERIMENT ON MOTOR CHARACTERISTICS

To save time, the motor used in the experiments had two
redundancies. A test motor was used to measure the back- emf
by imposing drag on the multi-redundant motor at different
speeds. The setup is shown in Fig. 16.

Experimental data are given in Table 3. The data in the table
were used to visualize the relationship between the speed and
back-emf, as shown in Fig. 17.

Fig. 17 shows that back-emf coefficients for redundancies
1 and 2 tend to become uniform with increasing speed, and
the linearity is adequate. The induced emf waveforms of the
two redundancies, which are shown in Fig. 18, are basically
coincident. This reveals that the back-emf characteristics of
the two redundancies basically remain consistent.

The motor-locked rotor output torque was measured by
changing the current command. The experimental results are
listed in Table 4 and plotted in Fig. 19.

Fig. 19 shows that the static torque increases as command
current increases, and the static torque coefficient had good
consistency.

VOLUME 7, 2019

70 T T T

60

50

40

30

Back-emf (V)

20

10

0 | ] ]
200 600 1000 1400 1800
Speed (r/min)

FIGURE 17. Speed versus back-emf for the prototype motor.
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FIGURE 18. Waveform of the back-emf for the prototype motor.

TABLE 4. Results for static torque.

REDUNDANCY 1 REDUNDANCY 2
CURRENT  STATIC  COEFFICIENT  STATIC  COEFFICIENT
(A) TORQUE (N-M/A) TORQUE (N'M/A)
(N-M) (N-M)

0 0 / 0 /

5 0.55 0.1100 0.62 0.1240
7.5 1.21 0.1613 1.25 0.1667
10 1.65 0.1650 1.67 0.1670
12.5 2.31 0.1848 2.20 0.1760
15 3.00 0.2000 3.04 0.2027
17.5 3.79 0.2166 3.68 0.2103

The consistency of the back-emf coefficients and static
torque coefficients of the two redundancies shows that the
characteristics of the two redundancies are consistent. It also
shows that the relationship between the motor output torque
and the number of redundancies is linear.

B. TEST DRIVING OF THE MULTI-REDUNDANT MOTOR
The platform for the driving experiment is shown in Fig. 20.
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FIGURE 21. Waveforms of the prototype motor current without the
encoder.

First, the system was driven without a magnetic encoder to
ensure that the redundant windings were synchronous. Two
redundant U-phase current waveforms were collected using
two probes. The waveforms are shown in Fig. 21.

Fig.21 shows that the two redundancies work well together,
with there being stationary and consistent waveforms for
both phase and amplitude. Above all, these results show that
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FIGURE 22. Current waveforms during a fault.

the system works normally when driven by two redundant
windings.

Next, the two redundancies were driven with the same
parameters. During operation, redundancy 1 was powered off
to simulate the situation of one redundancy failure. Powering
off redundancy 1 is equivalent to shutting down the output
voltage of redundancy 1. This situation has the same effect as
a failure in the armature winding, inverter, or driving circuit.

Fig.22 shows the U-phase current waveforms of both
redundancies during the experiment. When redundancy 1 was
turned off, its U-phase current fell to 0 A after a short
shock. Redundancy 2 still output current normally and simul-
taneously. The waveforms show that the system continues
operating normally under failure of the armature winding,
inverter, or driving circuit.

In this experiment, the back-emf and static torque of each
redundancy were tested firstly to show that each redundancy
has basic consistent characteristics. The two redundancies
were then driven synchronously with the same controller
and same parameters. Results show that the multi-redundant
PMSM system was controllable. Finally, the driver of one
redundancy was shut down to simulate a failing situation,
and waveforms showed that the other redundancies continued
working normally during and after failure.

V. CONCLUSION

A new multi-redundant PMSM was proposed. First, the con-
trollability of the mutual inductance winding was shown. A
mathematical model for the multi-redundant PMSM was then
built, and its fault-tolerance performance was demonstrated
through simulation. The structure and drive system of the
motor were then designed. Finally, an experimental platform
was built, and the system’s fault-tolerance performance was
verified by powering off one redundancy as the motor was
operating. The experimental results show that the multi-
redundant PMSM continued to work when one redundant
winding failed. Compared with other fault-tolerant motor
systems, the proposed PMSM system uses normal PI control
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theory, has no additional complex algorithm, and has no
specific component for controller or drivers. The redundant
windings are in parallel with others so the need to bus voltage
could be low. The hardware of the control system is easy to
downsize and integrate because the controller and driver are
independent and divided. The system is suitable for situations
that require a shorter control cycle, higher system frequency,
lower bus voltage, and a smaller controller and drivers.
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