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Abstract: In the five-phase permanent magnet synchronous motor (PMSM) control system, the torque
ripple caused by coil inter-turn short-circuit (ITSC)fault will make the motor performance worse.
Due to the existence of the short-circuit current in the faulty phase and the third harmonic component
in the permanent magnet flux linkage, the electromagnetic torque will contain even-order ripple
components when the faulty phase is removed. Torque ripple also cause speed ripple. In this paper,
the repetitive controller (RC) is used to perform proportional gain compensation for speed ripple.
By designing the RC and connecting RC and proportional integral (PI) controller in parallel for the
speed loop, the torque ripple amplitude can be reduced. It can be seen from the simulation and
experimental results that the torque ripple suppression strategy based on RC can effectively suppress
the torque ripple under ITSC fault.

Keywords: five-phase permanent magnet synchronous motor (PMSM); inter-turn short-circuit (ITSC);
fault-tolerant control; torque ripple suppression

1. Introduction

Permanent magnet synchronous motors (PMSMs) have the advantages of high efficiency,
high torque density and good control performance [1-4]. Compared with traditional three-phase
PMSMs, multi-phase PMSMs have fault tolerance. Increasing the number of phases of PMSM can
makes the motor control method more flexible, and different voltage vectors can be used to synthesize
the reference voltage [5-7]. Since the motor has more control degrees of freedom, when the fault occurs
in phase winding, the remaining healthy phases can be used to achieve fault-tolerant operation [8,9].
Because of this advantage, multi-phase PMSMs are widely used in occasions with high reliability
requirements. The common faults in the stator windings of PMSMs include open-circuit fault and
short-circuit fault and inter-turn short-circuit (ITSC) faults are more common and tricky. The main
objective of this paper is to study the fault-tolerant method of ITSC fault in a five-phase PMSM.

ITSC fault have the following adverse effects on the PMSM: irreversible demagnetization of
permanent magnet, heat generated by the short-circuit current on the motor, ripple of electromagnetic
torque [10]. In order to limit the short-circuit current, sufficiently high inductance must be designed [11].
When designing the motor, the stator adopts the fractional-slot concentrated-winding, the suitable
pole-slot matching and the special stator core structure. In this way, the designed motor has the
characteristics of low thermal coupling and no electromagnetic coupling among phase windings [12].
When short-circuit fault occurs in the motor, the magnetic field generated by the short-circuit current
will not be interlinked with the remaining healthy phase windings, and the fault tolerance performance
can be improved. Diagnosing ITSC faults in time can prevent further aggravation of short-circuit
faults [13-15]. Therefore, short-circuit fault diagnosisis also an important research direction.

In order to improve the performance under ITSC fault conditions, reconstruction of fault-tolerant
control strategies under fault is a main method. In Ref. [16], for the overall short-circuit fault of one
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phase, a compensation current is added in the way of voltage feedforward compensation to eliminate
torque ripple. However, this method focuses on the whole short-circuit fault of one phase winding,
and the short-circuit current is measured. Since the short-circuit current and the short-circuit location
are unknown, this method is not applicable to coil ITSC fault. In Ref. [17], for the open-winding
five-phase PMSMITSC fault, the compensation current is calculated by detecting the zero sequence
current and the faulty phase voltage to suppress torque ripple. Since this method needs to detect
faulty phase voltage, it is difficult to use for five-phase PMSM with star-connected stator windings.
In Ref. [18], a short-circuit fault tolerance method for dual-redundancy motors is introduced. After a
short-circuit fault occurs, the motor runs in the single redundancy mode. By connecting adaptive
PR controller and PI controller in parallel, the torque ripple suppression effect at different speeds
can be achieved. However, in order to suppress torque ripple at multiple frequencies, multiple PR
controllers need to be connected in parallel. This increases the complexity of the control system.
In Ref. [19], the relationship between negative sequence current and torque ripple is given in internal
turn short fault. The influence of negative sequence current is eliminated by using positive and
negative sequence current regulators in this paper. But this is for the case of three-phase motor
short circuit. In multi-phase motors, it is difficult to extract positive and negative sequence currents.
In Refs. [20,21], these control methods can make the motor maintain better control performance when
it is open. They have important reference values for the open-circuit control mode of the motor after
short circuit. However, these methods are ineffective in suppressing the torque ripple caused by the
short-circuit current. In Ref. [22], ITSC faults are analyzed by taking afractional slot concentrated
winding interior PMSM as an example. The variations of phase currents, short-circuit current, torque,
temperature and other variables are compared under normal operation and ITSC fault. In the reference,
six-step square-wave control method and field-oriented control method are used, and the variations of
various parameters are compared through simulation and experiment. Since the current controller is
used in field-oriented control mode, the stator current harmonics and torque ripple under ITSC fault
is smaller than the six-step square-wave control mode. Therefore, field-oriented control method can
reduce the impact of ITSC fault.

In order to reduce the torque ripple in ITSC fault, this paper proposes a method of connecting
repetitive controller (RC) and proportional integral (PI) controller in parallel. RC will perform
proportional gain compensation on speed ripple components. Compared with other fault-tolerant
control methods, this method does not require additional sensors. There is no need to know the
magnitude of the short-circuit current. The discrete model of the control system is established in the
paper. By analyzing the fault-tolerant control system, the torque ripple can be suppressed after adding
RC. Taking a five-phase PMSM as an example, this paper verified the control effect through simulations
and experiments.

2. The Structure of Five-Phase PMSM

The cross-sectional diagram of five-phase PMSM and the outspread diagram of stator windings
with low thermal coupling and no electromagnetic coupling among the phase windings are shown in
Figures 1 and 2.

The proposed five-phase PMSM is evolved from the conventional fractional-slot
concentrated-winding 20-slot/22-pole five-phase PMSM. By adopting a winding structure with positive
and negative coils, the armature reaction inductance between windings of different phases can be
eliminated. But there is still slot leakage mutual inductance between adjacent phase windings.
By adding small teeth in the common slots among different phase windings, there is no electromagnetic
coupling between the phase windings. And the mutual inductance is almost zero [12]. The thermal
insulation materials are placed on both sides of small teeth to reduce thermal coupling between adjacent
phase windings. The structure of low thermal coupling and no electromagnetic coupling between the
phase windings improves the fault tolerance of the motor.
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Figure 1. The cross-sectional diagram of the five-phase PMSM.
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Figure 2. The stator windings outspread diagram of the five-phase PMSM.

The motor rotor adopts a surface permanent magnet structure. In order to increase the power
density of the motor during non-fault operation by injecting the third harmonic current, in the motor
design process, the permanent magnet magnetic field contains a certain third harmonic component.
There are 10 winding branches on the stator, namely Al, B1, C1, D1, E1, A2, B2, C2, D2, and E2. The two
winding branches of each phase have the same induced electromotive forces (EMF), which are connected
together through the series structure, and the five-phase windings are connected in a star shape.

3. The Mathematical Model of Five-Phase PMSM

Because the motor has the characteristic of no electromagnetic coupling between the windings of
each phase, there is no mutual inductance between the adjacent phase windings. When the motor
is running normally, the voltage equation and flux equation in the five-phase stationary coordinate
system can be expressed as:

) d
uss = Risg + ;/}fs )
Y55 = Lisg + 5¢ )

where us;, i55, 155 and 1Ps¢ are the phase voltage vector, phase current vector, phase winding flux vector
and phase winding permanent flux vector respectively; R and L are stator resistance and inductance
respectively. The initial position of the rotor is selected as the direction in which the direct axis (4 axis)
of the rotor coincides with the axis of the A-phase winding. Since the permanent magnet flux contains
the third harmonic component, the five-phase permanent magnet flux matrix can be expressed as:

Pea COS Wet CoS 3wet
Usp cos(wet —27/5) cos 3(wet — 27/5)
Ust = | Yic | = | cos(wet —47/5) |+ | cos3(wet —4m/5) 3)
U cos(wet — 67/5) cos 3(wet — 671/5)
Ye cos(wet —87/5) cos 3(wet — 87/5)

where ) and g3 are the amplitudes of the permanent magnet fundamental flux linkage and the third
harmonic flux linkage respectively; we is the electrical angular velocity of the rotor.
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When the five-phase PMSM is operating normally, the EMF of each phase windings can be
expressed as:

ea Sin wet sin 3wet
e dy sin(wet —27/5) sin 3(wet — 271/5)
e=|e |= TSf = —wely1| sin(wet —47/5) |—3wels| sin3(wet —47m/5) 4)
ep sin(wet — 67/5) sin 3(wet — 671/5)
ep sin(wet — 87/5) sin3(wet — 87/5)
The electromagnetic torque is as follows:
Te = Pe/Q = pe' -iss/ we (5)

where Tk is the electromagnetic torque; Pe is the electromagnetic power; () is the mechanical angular
velocity; p is the number of pole pairs.

In order to simplify the mathematical model of the five-phase motor and make it have a control
method similar to a DC motor, the voltage Equation (1) is transformed by Clark transformation and
Park transformation, and the voltage equation under the synchronous rotating coordinate system is
obtained as:

Ug Ig1 ig —ig1 0
Ug ig1 d| ip ig ¥n

(O I | L R st B L 6
Ugs ig3 + dt| iz + e —3ig3 e 0 ©
Ugs i3 iq3 3ig3 33

where the subscripts d or g represent the direct axis (d axis) component and quadrature axis (g axis)
component respectively; the subscripts 1 or 3 represent the fundamental component and the third
harmonic component respectively. The electromagnetic torque in the d-g coordinate system can be
expressed as:

5 . .
Te = EP(#’ﬂlql + 3'1[’f31q3) (7)

4. Analysis of Torque Ripple in the ITSC Fault

When the ITSC fault occurs in the A-phase winding of a five-phase PMSM, the control system
should cut off the A-phase and use the remaining four phases to continue operation through
fault-tolerant control. At this time, the A-phase winding current iy = 0. However, the rotating
permanent magnet rotor induces EMF in the short-circuit coil and generates the short-circuit current.
The equivalent circuit when short-circuit fault occurs between coil turns is shown in Figure 3. In the
figure, Ry and Ry are the short-circuit resistance and the contact resistance at the short-circuit coil
respectively; Ls is the self-inductance of the short-circuit coil; es is the EMF induced by the permanent
magnetic field in the short-circuit coil; i is the short-circuit current.

Figure 3. Equivalent circuit of short-circuit coil when short-circuit fault occurs.

Since the permanent magnetic field contains the fundamental component and the third harmonic
component, when other high-order harmonic components are ignored, the EMF induced by the
permanent magnetic field in the short-circuit coil can be expressed as:

es = €] + 653 = \/EEsl Sin(wet + (Psel) + \/EES?) Sin(3wet + (PseB) 8)
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where Eg; and Eg; are the effective values of the fundamental and third harmonic EMF in the short-circuit
coil respectively; @ge1 and @se3 are the initial phase angles of the fundamental and third harmonic EMF
in the short-circuit coil respectively.

The short-circuit current in the short-circuit coil contains fundamental and third harmonic
components, and its equation is:

is = i +is3 = V2l sin(wel + Pse1 — Ps1) + V213 sin(Bwet + Pses — Ps3) ©)

where I and I3 are the effective values of the fundamental and third harmonic components of the
short-circuit current respectively; @1 and @g3 are the fundamental and third harmonic impedance
angles in the short-circuit loop respectively.

According to the principle of electromechanical energy conversion, the electromagnetic torque
generated by the short-circuit current is:

Ts = PS/Q = Pesis/we = P[(esl + esB)Usl + isB)} / we
= plEs1ls1 cos @1 + Essls3 cos ps3—
Eqlg COS(Z(Uet + 2561 — qosl) — Egls3 COS(6wet + 2563 — @33)"‘ (10)
Es11s3 cos(2wet — Pse1 + Pse3 — Ps3) + Esals1 c08(2wet — Pse1 + Pse3 + Ps1)—
Eq1ls3 C05(4wet + Pse1 + Pse3 — (PSB) — Eg3lg C05(4wet + Psel T Pse3 — (Psl)] /we

It can be seen from Equation (10) that in addition to the constant component, the torque generated
by short-circuit current also contains the ripple components of the second order, the fourth order
and the sixth order. In this paper, the torque ripple component generated by the short-circuit coil is
denoted as Tg. The torque ripple component will cause adverse effect in the fault-tolerant control of
the five-phase motor.

5. Control Strategy of Five-Phase PMSM under Open Circuit Condition

When ITSC fault is detected in the A-phase winding through the control system fault on-line
detection method, the system should cut off the A-phase and use the remaining healthy fourphases
work to achieve fault-tolerant control.

Ignore the influence of short-circuit coil, it is possible to construct a Clark transformation matrix
from the B-C-D-E stationary coordinate system to the a1-$1-33-0 stationary coordinate system when the
A-phase is open. The Park transformation matrix from the a1-1-3-0 coordinate system to d1-q1-83-0
rotating coordinate system can also be constructed. They are expressed as follows [23,24]:

co +cos(d) co+cos(28) o+ cos(30) co+ cos(40)

T 2 sin(6) sin(20) sin(306) sin(49) 1)
Clak 4 = 51 sin(36) sin(66) sin(96) sin(126)
1 1 1 1
coswet sinwet 0 0
_ | —sinwet coswet 0 0
TPark_4 - 0 0 1 0 (12)
0 0 01

where 6 = 271/5; ¢ is the correction coefficient. In order to ensure that the back EMF under open
circuit condition rotates circularly in the a1-f1 plane, that is, to keep the back EMF before and after the
open circuit consistent, ¢y should be set to —1. According to the reduced order transformation matrix
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Equations (11) and (12), the voltage equation and torque equation of the motor in the synchronous
rotating coordinate system after one-phase open circuit can be obtained [25]:

g = Rig + Lgin — weLig
g = Rig + Lig + we(Lign + ¢p1) (13)
ugs = Riﬁg, + L%iﬁg, + 3wel)gs cos 3wet

5 , 15 .o . . .
Te = Epll)ﬂlql + Zplpfg[zdl (sin 2wet + sin 4wet) — i (cos2wet — cos dwet) + 2ig3 cos 3a)et] (14)

It can be seen from Equation (13) that by using the corrected transformation matrix, the voltage
equation of the motor on the fundamental coordinate system can be kept consistent with the
normal condition.

When the i3; = 0 and ig3 = 0 control strategies are adopted, the torque ripple produced by is; = 0
and ig3 = 0 approaches zero. However, the effect of i;; and ¢¢3 will produce the torque ripple of second
order and fourth order frequency. This part of the torque ripple is denoted as T in this paper.

Five-phase PMSM windings are connected in a star shape. After the A-phase winding is opening,
according to the switching states Sy of different bridge arms (x represents phases B, C, Dand E, Sx =1
means that the upper bridge arm is turned on, and Sy = 0 means that the upper bridge arm is turned
off), we can get the phase voltage of the remaining four phases:

up 1 0 0 O SB 1
Uuc | 01 00 SC 1
up | =9 0 01 0| sp | TN 1 (15)
Ug 000 1] Se 1

where Uy, is the inverter DC bus voltage; uy is the voltage from the neutral point of the motor winding
to the negative pole of the DC bus.
According to the back EMF sof healthy four phases, €4 can be constructed:

éa = —(ep +ec +ep +eg) (16)

Since the stator winding has spatial symmetry, &4 is equal to ex. Because the windings adopt star
shape, according to the voltage equation, we can get:

U 1
UuN = éfc (SB +Sc+ Sp + SE) + A_LéA (17)

After substituting Equation (17) into Equation (15) and transforming it by Clark matrix, Equation (18)
can be obtained:

Uy ug 02236 -0.2236 -0.2236 0.2236 |[ Sp 05
ugt | _ o uc | _ 03804 02351 -0.2351 -03804 || Sc | .| o )
g3 Clark 4} del _02351 03804 -03804 02351 || Sp | T o (18)
Uup Ug 0 0 0 0 SE -0.4

It can be seen from Equation (18) that after adopting the reduced order transformation matrix,
the voltage components of the 1 and 3 axes are only related to the switching states Sx. The voltage
component of the al axis is related to 0.5 . Therefore, 0.5 needs to be compensated.

The control method when the A-phase winding has fault can be shown in Figure 4. By adding the
feedforward compensation voltage to the al axis, u,1 is only related to the switch state Sy of the bridge
arm. Therefore, according to the relationship between the voltage of the a1-1-3 coordinate system
and the switching state of the inverter, the voltage vector distribution diagram of the fundamental
plane a1-f1 and the third harmonic component 3 can be obtained [26]. In order to make the switching
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devices act only once in a PWM period, three voltage vectors should be used to synthesize the reference
voltage. According to the principle that the action time of each voltage space vector is greater than
zero, the voltage space vector can be divided into different sectors, so as to realize the SVPWM control
under open circuit.

0.5¢, ‘—L'Idc
+ l
Uy »)—» R A
——» B
u51—> SVPWM > VSI —>» C
—» D
u53—> ——» E

Figure 4. Control diagram of system under A-phase open circuit with feedforward compensation.

6. Fault-Tolerant Control Strategy under ITSC Fault

6.1. The Principle of Torque Ripple Suppression

The five-phase PMSM adopts dual-closed loop control mode. Because the proportional integral
controller can control the DC component without static error, the speed controller and current controller
usually use PI controllers. When ITSC fault occurs in one phase winding, the power supply of the
faulty phase is stopped. The motor control system should switch to open-circuit mode.

The five-phase PMSM adopts i;; = 0 vector control strategy during fault-tolerant control operation.
The block diagram of the control system is shown in Figure 5.

k.|
Ko
. —fT
o 355 Gos) 45
I

Figure 5. Speed—current dual-closed loop block diagram considering torque ripple.

In Figure 5, Gasr(s) and Gacr(s) are the transfer functions of the speed and current controller
respectively; K; and K. are the torque factor and the electromotive force factor respectively;
Gp(s) = (30/m)/(Js + B) is the controlled object, where | is the system inertia and B is the friction
factor; n* and n are the reference speed and actual speed respectively; i;1* and ug " are the reference
current and reference voltage of the g1 axis respectively. The closed loop transfer function of the current

loop can be expressed as:
1

1
Ts+1 (19)

Geur (S) =

where 7. is the equivalent time constant. Since 7. is related to the system sampling time,
inverter switching delay and current filter time constant, the time constant of the current loop is
small, s0 Geyr(s) can be considered as 1.

According to the previous analysis, the torque ripple component of the motor includes T¢f and Ty

Ty = Ts¢ + Tos (20)
Speed loop adopts PI controller:

Gasr(8) = kp1 +ki1 /s (21)
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when Gy (s) is simplified as integral part, we can get the transfer function from the torque ripple T to
the sum of torque T

_ Tx(s) _ —Js*

© Te(s)  Js?+30Kikpis/ 7+ 30Kekiy /70

Gr(s) (22)
Substituting s = jw into Equation (22), it can be transformed into a frequency characteristic
equation. The amplitude-frequency characteristic of Tx, can be expressed as:

[T )] =|GT<jw>|1Tf(jc})>2)

_ - (23)
= [ 30Kk /71 (30wKskpr /7)) [TiGe)|

It can be seen from Equation (23) that )GT( jw)| determines the system’s ability to suppress torque
ripple. For torque ripple at the fixed frequency w, increase the PI controller proportional coefficient
kp1, Gr( ]a))| will become smaller. At this time, the amplitude of |TZ ( ]w)( becomes smaller, and the
torque ripple is suppressed. However, due to the error in the measured value of the speed, when the
proportional coefficient of the controller takes a larger value, the given value of the g axis current will
bring an error, which will affect the control performance of the system. For torque ripple at the fixed
frequency, a controller can be connected in parallel to the speed controller. Let the controller perform
proportional gain compensation on the ripple component at the specific frequency, thereby suppressing
torque ripple. This paper parallels a repetitive controller.

6.2. The Design of Repetitive Controller

The internal model structure of the RC is shown in Figure 6 [27-30]. In order to facilitate the
design of the RC, the following will be analyzed under the discrete model.

Figure 6. The structure diagram of the RC.

The transfer function of the controller from input to output is as follows:

w(z) _ zN0(z)
ui(z)  1-kz"NQ(z)

Grco (Z) = (24)

where z7N is the delay part; k. is a constant from 0 to 1; Q(z) is the transfer function of the low-pass filter.

The value of N in the delay part is determined by the torque ripple frequency. According to the
analysis in Sections 4 and 5, after the ITSC fault occurs in the motor, the electromagnetic torque will
appear even-order ripple components of the fundamental frequency f.. At this time, if N is set to
fs/(2fe), the controller will generate gain at even-order of f,, as shown in Figure 7. Here f; is the
system sampling frequency. fe is determined by the motor speed. When the motor occurs the ITSC
fault at different speeds, fe is different, and the value of N is also different. By changing the value of N
in the delay part, fault-tolerant control of the motor at different speeds can be realized. For the constant
ke, when it is set to 1, the ripple component in the controller input #; can be completely eliminated.
However, it can be seen from Figure 7 that the controller has the larger gain at the resonance frequency
and its robustness is lower.
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Figure 7. When Q(z) = 1 and k. = 1, the amplitude-frequency characteristic curves of RC under

different resonance frequencies.

In order to improve robustness, k. is usually set to a constant less than 1. When f. = 55 Hz and k.
are equal to 0.9, 0.95, 0.98 respectively, the amplitude-frequency characteristic curve of Gy (z) is shown
in Figure 8. When the value of k. is closer to 1, the gain of the controller at the resonance frequency
is higher. At this time, the control accuracy of the system will be improved, but the stability will be
reduced. In order to reduce the gain of the controller at high frequencies, a low-pass filter Q(z) is
added after the delay part z™N and before the feedback loop. The transfer function of the low-pass

filter is as follows:

Amplitude (dB)

(25)

z+2+z71
Qz) = ——F—
Lk =098
|~k =09
—k,=0.90
R
20 102
Frequency (Hz)

Figure 8. When Q(z) = 1, the amplitude-frequency characteristic curves of RC under different k..

Due to the symmetry of Q(z), its output has no phase shift relative to the input. When f. = 55 Hz
and k. take 0.95, the amplitude-frequency characteristic curve of Gy(z) is shown in Figure 9.

40
30
20
10
0
-10

Amplitude (dB)

-20

-!Q(z!);!!!SA " ||
| (Z):z+24+z’1§
RN W W
AR
L BRI EEE
20 102
Frequency (Hz)

103

Figure 9. When k. = 0.95, the amplitude-frequency characteristic curves of RC under different Q(z).

ITSC faults may occur at any speed. At the same sampling frequency, fs/(2f.) may appear
fractional, which makes the number of samples N in the delay part appear fractional. Usually,
the fraction part is ignored, and the sampling number N is taken as the integer part. But ignoring
the fraction part will reduce the control effect. By using Lagrange-interpolation, the fractional delay
part can be approximated, thereby improving the control effect [31,32]. Let N = I + F, where I is
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the integer part, and F is the fraction part in the range of 0 to 1. The fraction delay part can be
expressed as Equation (26), and Equation (27) is the Lagrange coefficient. When the order 1 is larger,
the approximation effect is better, but the calculation will increase. Therefore, on the premise of
ensuring the control effect, the order should be selected reasonably:

n
Fx Z k2 # (26)
u=0
n
F-A
k= H MT/\ p=0,1,--n (27)
A=0, A#pu

In order to ensure the stability of the RC, it is necessary to add a compensation part k,.z* in the
controller. ki is the control gain and z* is the leading compensation. The complete RC structure is
shown in the dashed box in Figure 10, and its transfer function is as follows [33]:

i"(z)  k 7 NHRQ(z2)
_ ql _ Kre
Gre(z) = en(z)  1-keQ(z)z N

(28)

Figure 10. The block diagram of the control system with RC.

It can be seen from Figure 10 that T, (z) can be expressed as:

_ [Gpi(2)+Gre(@)]K:
=@ = 5 pAZ (@K G 2 ) (29)

1+[Gyi +Grc )KiGp (z)[ £(z) + T(2)]

From this equation, the characteristic polynomial of the system can be expressed as:
H(z) = 1+ [Gpi(2) + Gre(2)[KiGp(2) = [1 + KiGpi(2) Gp (2)|[1 + KiGre(2) Gre p (2)] (30)

where Gy _p(z) is the control object of RC. It is a closed loop transfer function from torque disturbance
T to speed n when the PI controller acts alone:

Gp(2)
Grc_p(z) = 1+ KtGpi(Z)GP (2)

(81)

It can be seen from Equation (30) that the stability of the system is affected by the PI and RC
parameters. The first part in the equation is related to the design of PI parameters, and it should be
ensured that its characteristic root is within the unit circle. The second part is related to the design of
RC parameters. It should be ensured that its characteristic root is also in the unit circle. Substituting
the transfer function of RC into 1 + K;Gyc(z)Gre_p(z) = 0, we can get:

2N - Q(Z) [kc - KtkcmkGrcfp (Z)] =zN - Q(Z)Hrc (Z) =0 (32)
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where:
Hye(2) = ke = Kikrz"Gre p(2) (33)
The condition for system stability is that the characteristic root of Equation (32) is in the unit circle.
Therefore, if the leading part z¥ compensates for the phase offset of Gre_p(2), and satisfies |Hrc(z)| <1,

the system will best able [29,33].
Under the single action of torque disturbance T, taking Tt as input and Ty, as output, Equation (34)
can be obtained. Therefore, the amplitude-frequency characteristic curve of Gr(z) when the PI

controller acts alone and PI and RC act together can be obtained in Figure 11.

Tz(Z) _ -1 (34)
1+ [Gpi(2) + Gre(2) [KiGp (2)

Amplitude (dB)

100 10! 102 103 2x10°
Frequency (Hz)

Figure 11. The amplitude-frequency characteristic curves of Gr(z).

It can be seen from Figure 11 that when the PI controller acts alone, the system has a poor effect
on torque ripple suppression. The torque ripple T; generated by ITSC fault will cause T, to produce
torque ripple. When the RC is connected in parallel with the PI controller, the ripple component at the
2kfe frequency in Ty, will be suppressed, thereby achieving the torque ripple suppression effect.

7. Simulation Analysis
In order to verify the effect of the RC on the torque ripple suppression, the simulation analysis

was carried out by MATLAB.
After an ITSC fault occurs, the power supply of the faulty phase is stopped, and the SVPWM

control method under open circuit is adopted. The structure diagram of the control system after ITSC
fault is shown in Figure 12, and the parameters of the five-phase PMSM are shown in Table 1.

4
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Figure 12. Fault-tolerant control system of five-phase PMSM under ITSC fault.
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Table 1. Parameters of five-phase PMSM.

Parameter Symbol Unit Value
Rated power PN kW 6.3
Rated speed nN r/min 600
Rated current In A 22

Stator resistance R QO 0.1638
Stator inductance L mH 3.5
Number of pole pairs p - 11

1st PM flux linkage Yy Wb 0.121

3rd PM flux linkage Yes Wb 0.0051

Figure 13 shows the torque and speed waveforms of the five-phase PMSM before and after the
ITSC fault occurs in the No. 12 coil of the A-phase winding when the speed is 300 r/min and the output
torque is 30 Nm. When the motor is running normally, there is no ripple in the output torque. At ¢4,
the No. 12 coil in Figure 2 has the ITSC fault, and the output torque has ripple component of even-order
frequency. Stop supplying power to the faulty phase at t; so that the faulty phase current is zero.
By changing the control mode, the system works in the SVPWM control method under open circuit.
The torque ripple at this time is produced by Ty and T together. It can be seen from Figure 14a that
the peak-to-peak value of torque ripple is 15 Nm. In order to suppress torque ripple, RC is connected in
parallel to the PI controller of the speed loop at t3, and the RC is allowed to perform gain compensation
for the speed ripple components. It can be seen from Figure 14b that the torque is relatively stable at
this time, and the torque ripple has been effectively suppressed. Figure 13b is the speed waveform
before and after an ITSC fault of the A-phase winding. The speed ripple is related to the torque ripple.
When the former is greater, the speed ripple is also greater.

50
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Figure 13. Torque and speed waveforms of five-phase PMSM before and after ITSC fault: (a) The

output torque under normal, short-circuit, and fault-tolerant conditions; (b) The speed under normal,
short-circuit, and fault-tolerant conditions.
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Figure 14. Amplified waveforms of torque and speed of five-phase PMSM: (a) Torque waveform of
removing faulty phase after short-circuit; (b) Torque waveform after adding RC; (c) Speed waveform of
removing faulty phase after short-circuit; (d) Speed waveform after adding RC.

When the ITSC fault occurs at ¢1, the speed will also ripple greatly. After removing the faulty
phase winding at tp, it can be seen from Figure 14c that the peak-to-peak value of the speed ripple is
8.5 r/min. After adding the RC controller at t3, it can be seen from Figure 14d that the speed ripple will
be effectively suppressed, and the speed waveform is relatively stable. Figure 15a,b are the current
waveforms before and after adding RC. After removing the faulty phase of the A-phase, the current
waveform is shown in Figure 15a, and the current waveform has large distortion. After adding RC,
the current waveform is changed. In Figure 15b, the amplitude of the B-phase and D-phase current has
increased, and the additional current component will reduce the torque ripple.
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Figure 15. Current waveform of five-phase PMSM: (a) Current waveform of removing faulty phase
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after a short-circuit; (b) Current waveform after adding RC.

Figures 16 and 17 show the torque waveforms when the motor works at 600 r/min and 50 r/min,
respectively. At different speeds, the fundamental frequency fe is different and the torque ripple
frequency is consequently different. By changing the value of N in the delay part, torque ripple can be
suppressed. In Figure 16, the motor works at 600 r/min, and the peak-to-peak value of torque ripple
is 18 Nm. After adding RC, the motor output torque ripple is suppressed, and the motor torque is
relatively stable. In Figure 17, the motor works at 50 r/min, and the peak-to-peak value of torque ripple
is 7 Nm. After adding RC, the torque ripple is suppressed, and the output torque waveform has no
obvious ripple.
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Figure 16. Torque waveform when the speed of five-phase PMSM is 600 r/min: (a) Torque waveform of

removing faulty phase after a short-circuit; (b) Torque waveform after adding RC.
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Figure 17. Torque waveform when the speed of five-phase PMSM is 50 r/min: (a) Torque waveform of
removing faulty phase after a short-circuit; (b) Torque waveform after adding RC.

Figure 18 shows the speed waveform of the motor working at different speeds. The existence of
torque ripples will cause speed ripples. When the motor works with healthy four-phase windings,
and RC is connected in parallel to the speed controller, the speed ripple is suppressed. When the motor
speed change, the speed ripple frequency will also change. Now the speed ripple is non-periodic,
so RC will output wrong reference current signal. Let the PI controller act alone at this time. When the
motor reaches reference speed, add RC again and let RC and PI controller work together. It can be seen
from Figure 18 that the speed waveform is relatively stable after adding RC, and there is no obvious
ripple component.

700

Speed (100r/min/div)

Time (0.2s/div)

Figure 18. Speed waveform of five-phase PMSM at different speeds.

Through fast Fourier transforming (FFT), the components of different harmonics in the torque
can be obtained in Figure 19. Because the high-order harmonic components in the torque ripple are
very small, only the 2nd, 4th, and 6th order frequency components are shown in the figure. The ratios
of each harmonic relative to the DC component are shown in Table 2. When the PI controller acts
alone, the torque ripple component is larger. When the speed is 50 r/min, the total harmonic distortion
(THD) of torque is 10.95%. After adding RC, the THD of torque is 1.29%. When the speed is 300 r/min,



Energies 2020, 13, 5669 15 of 19

the THD of torque is 22.37%. After adding RC, the THD of torque is 2.36%. When the speed is 600 r/min,
the THD of torque is 29.09%. After adding RC, the THD of torque is 4.29%.
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Figure 19. Harmonic components analysis of torque ripple before and after adding RC: (a) Harmonic
components when the speed is 50 r/min; (b) Harmonic components when the speed is 300 r/min;
(c) Harmonic components when the speed is 600 r/min.

Table 2. Harmonic analysis result of the torque.

Speed Controller 2nd 4th 6th THD
50 t/min PI 6.41% 8.84% 0.61% 10.95%
PI+RC 0.31% 0.92% 0.10% 1.29%
PI 20.14% 9.60% 0.33% 22.37%

300 r/min PI+RC 1.21% 1.10% 0.19% 2.36%
PI+RC 3.37% 1.39% 0.29% 4.29%

8. Experimental Analysis

In order to verify the effectiveness of the proposed fault-tolerant control method in five-phase
PMSM, the experimental platform with a digital signal processor (DSP) as the core was built.
The experimental platform is shown in Figure 20.

Five-phase Magnetic
PMSM powder brake

The host Inverter circuit
computer

sampling circuit circuit Contact resistance

Figure 20. The experimental platform of five-phase PMSM.

The experimental platform includes the host computer, the control circuits, the inverter circuits,
the five-phase PMSM and the magnetic powder brake acting as the load. Among them, DSP model
adopts a TMS320F2812 by TI (Dallas, TX, USA). By using a resolver to measure speed and rotor position,
the output signal of the resolver is transformed by the decoder chip AD251210 (Analog Devices,
Norwood, MA, USA) and then transmitted to the DSP. The inverter part uses the intelligent power
modules (IPM) (Mitsubishi Electric, Tokyo, Japan), and the PWM generated by the DSP is transmitted
to the inverter circuit, and the switching devices in the IPM is driven on and off through the inverter
circuit. During the experiment, CAN communication (ZLG, Guangzhou, China) was used to send data
from the DSP to the host computer. The data can be used to establish the waveforms.

Take the No. 12 coil of the A-phase winding as an example. When the coil occurs 6-turn ITSC
fault, the motor control mode is switched to the fault-tolerant control state. At this time, the motor
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is in the open circuit operation state, and the motor only runs with healthy four phases. When the
motor speed is 300 r/min and the load torque is 30 Nm, the motor output torque waveform is shown in
Figure 21. The torque is obtained by calculating the measured current and the permanent magnet flux
through the host computer. It can be seen from the waveform that the torque ripple is large before RC
is added, and the peak-to-peak value of the torque ripple is 17 Nm. After adding RC, the torque ripple
is suppressed. The peak-to-peak value of the motor output torque is 5 Nm. Figure 22 shows the speed
waveform. Before adding RC, the torque ripple causes the speed to ripple greatly. The peak-to-peak
value of the speed ripple is 7 r/min. After adding RC, the speed ripple is also suppressed. The peak-
to-peak value of the speed ripple is 2 r/min.
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Figure 21. Torque waveform of five-phase PMSM: (a) Torque waveform of removing faulty phase after

a short-circuit; (b) Torque waveform after adding RC.
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Figure 22. Speed waveform of five-phase PMSM: (a) Speed waveform of removing faulty phase after a
short-circuit; (b) Speed waveform after adding RC.

Figure 23 is the current waveform under the open circuit operation state. After adding RC,
the current waveform is changed. The additional current components will offset torque ripple and
stabilize the output torque and speed.
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Figure 23. Current waveform of five-phase PMSM: (a) Current waveform of removing faulty phase
after a short-circuit; (b) Current waveform after adding RC.
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The FFT analysis of the torque is shown in Table 3. When PI controller acts alone, the THD
of torque is 22.40%. After adding RC, the THD of torque is 5.19%. It can be seen that RC has the
suppression effect on torque ripple under ITSC fault.

Table 3. Harmonic analysis result of the torque in the experimental part.

Controller 2nd 4th 6th THD
PI 12.62% 17.96% 0.45% 22.40%
PI + RC 4.67% 1.08% 0.21% 5.19%

9. Conclusions

An ITSC fault is a severe stator winding fault. When the five-phase PMSM is running in open
circuit mode due to ITSC fault, short-circuit current and third harmonic flux will cause torque ripple.
In this paper, the RC is connected in parallel with the PI controller in the speed loop to suppress torque
ripple. The main contributions of this paper are as follows:

(1) After an ITSC fault occurs in the five-phase PMSM, a short-circuit current will appear in
the short-circuit coil. Through analysis, the output torque of the motor produces the ripple
components at this time. In order to prevent the short-circuit fault from spreading, the power
supply to the faulty phase is stopped, and the motor control system turns into open circuit
mode. Due to the existence of the third order permanent magnet link, the torque of the healthy
four-phase will also contain ripple components. These even-order ripple components make the
motor performance worse.

(2) Torque ripples will cause speed ripples. This paper uses RC to perform proportional gain
compensation for speed ripple to suppress torque ripple. The design process of the RC is
introduced. By connecting RC in parallel with PI controller in the speed loop, the effect of torque
ripple suppression can be achieved.

(3) The discrete model of the motor control system is established in the paper. By changing the delay
part in the RC, the resonant frequency of the RC is changed, thereby suppressing the torque ripple
at different speeds. Simulation and experimental results show that the proposed fault-tolerant
control strategy can effectively suppress torque ripple.

The proposed torque ripple suppression method is an appropriate control strategy for five-phase
PMSM under ITSC fault, which can improve the fault tolerance of the system. How to quickly and
accurately detect the phase where the short-circuit fault is located is significant to fault-tolerant control.
The detection of faulty phase in five-phase PMSM can be further studied in future work.
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