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Abstract: - The model of three-phase permanent magnet synchronous motor (PMSM) with loss of one phase or
loss of one transistor is built and its fault tolerant direct torque control (DTC) is investigated. Extra-leg extra-
switch inverter is put to use in the post-fault operation. Two different flux estimators are employed in order to
calculate stator flux linkage & their corresponding torque and switching table is kept the same as the case of
DTC for the healthy motor. The parameters of PI controller and hysteresis controller are determined by
differential evolution algorithm. Dynamic responses of both healthy and unhealthy PMSM DTC system
adopting aforementioned two flux estimators are given to compare their performance via simulation and some
discussion is presented. The simulation results show the proposed fault tolerant DTC yields satisfactory torque
and speed control no matter which one of two flux estimators provided in the paper is employed.
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Flux estimator; Inverter

1 Introduction is indispensable to solve the problem such that
motor system is controlled to be disturbance-free.

As for the aforementioned fault, nowadays there
are two modulation techniques, one being based-on
hardware techniques and the other based-on
software. By means of some different approaches
such as using matrix converter structure[3,4],
adding redundant switch [1,5-7], introducing phase-
redundant topology [8-10], proposing cascaded two-
level converter [11] as well as giving redundant
converter[12,13], etc., the effective fault tolerant
results have been achieved. However, these methods
are less preferable in some applications because of
in electrical motor is the loss of one phase (LOP) of complicated hardware and high opgration cost.
the motor, or alternatively, the loss of one transistor Therefore the fault tolerant method using software
(LOT) in legs of the inverter. If LOP or LOT w1th' low-cost reconfiguration has begn highly
happens suddenly, the corresponding phase is open- praising .[14-17]. Over the past years, making use of
circuited, supply and load currents are significantly field oriented control strategy (FOC) [18], the
distorted and the load phase current in which the perforrpance .Of faulty .electr1c drive systems can be
failure occurred has large zero periods resulting in a malt}talned via Contm”mg current [2,10,19-21]. Due
loss of torque control and in high pulsating to high performance of direct torque control (DTC),
unacceptably torques. Consequently, the drive it has recently begun to be applied to electrical
system’s operation has to be interrupted [1, 2]. So it motor [22,23].

The electrical drive systems of modern automotive
and aerospace must be required to be high reliable
and safe. Due to a variety of complex factors,
potential failures are often inevitable. Once the
electrical drive is out of order, if repairs and
maintenance cannot be completed on the spot, this
will result in the system to stop working, may cause
great financial losses, and even result in enormous
human and property losses. Therefore, there is an
urgent need to research fault control for electrical
motor.

One of the most common types of potential faults
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Permanent magnet synchronous motor (PMSM)
drive is nowadays widely used in the industry
applications due to their high efficiency and high
power/torque density. For healthy three-phase
PMSM inverter, Fig.1 is its topology. For unhealthy
three-phase PMSM with LOP or LOT fault, there
are mainly three solving schemes at present: the first
is called the extra-leg split capacitor control strategy
[2, 24], which adds a redundant switch to connect
the source’s neutral to the load’s neutral. The
second is known as split capacitor scheme for
isolating the phase with a faulty switching device of
motor drive system and connecting to the midpoint
of DC link [25]. The disadvantage of
aforementioned two reconfiguration topologies lie
in that the maximum speed in the post-fault
operation is half of its nominal value due to the
applied voltage on the machine terminals is
decreased to half of its original value. Then appears
the third termed as extra-leg extra-switch (ELES)
scheme shown in Fig.2. In the scheme, the added
switch connects the motor neutral point to an extra
inverter leg, which provides the current path during
the fault operation.

Based-on the third scheme, employing voltage &
current model flux estimator, [22,23] discussed fault
tolerant DTC for PM AC motor with one phase
open-circuit fault. To go further more, using two
different flux-linkage estimators, this paper
investigates fault tolerant DTC for PMSM. The
largest difference between this paper and [22,23] is
that the latter need to change the switch table, while
the former doesn’t do, i.e., the switching table
adopted in this paper is the same as one for healthy
three phase motor. It will be shown that using the
method developed in this paper, the reliability and
satisfactory performance can be achieved for the
drive system under LOP or LOT operating condition.

Ry
)

b

Vae

Fig. 1 Healthy three phase inverter

The paper consists of five sections: modeling of
PMSM with LOP or LOT is presented in section
two. By means of two different flux linkage
estimators and their corresponding torque estimators,
section three gives fault tolerant DTC for PMSM
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with LOP or LOT. Simulation results & discussion
and conclusion are reported in section four and five.

2 Model of PMSM with LOP or LOT

in abc-System

In this paper, as for three phase PMSM, its phase a
is assumed to be off. Schematic diagram of the
motor-inverter is shown in Fig. 2. Like the process
of building model [26] for healthy motor, modeling
of unhealthy motor includes three equations: flux
linkage, voltage and torque equation.

+

Ve

Fig.2 ELES three phase inverter

2.1 Stator flux-linkage expression in abc-
system

Suppose three-phase stator self-inductances L, L,
and L. are same, i.e. L,=L,=L.=L and three-phase
stator mutual-inductances Mg, My and M, are same,
ie. Mgp=Mp=M, =M (neglecting stator self-
inductance’s and mutual-inductance’s second
harmonics). And i, and i. are stator phase currents.
When phase a is off, stator flux-linkages ¥y, ¥y
and W, produced only by the stator currents in
abc-system (that means three-phase stationary
coordinate) are shown as in Fig. 3 and can be
expressed as follows:

B
v d):L l'beZ'c

Y o=MipMi

Ye=LictMip
C

Fig. 3 Flux-linkages of three phases produced by
stator currents in abc-system

(1)
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Considering the rotor magnet, the stator flux-linkage
vector in abc-system can be expressed as follows:

., Cos0,
Wa Wsa \Ij 275
Vo || Ve |T| Vi cos(Or _?) (2)
\‘VC \IISC

Wi cos(0, +2)

Where W, W, and W, are resultant of stator flux-
linkages produced both by the stator currents and
by the rotor magnetic along a-axis, b-axis and c-axis,
respectively. 0, and y  are electrical angular rotor
position with reference to phase a and permanent
magnet flux, respectively.

2.2 Stator voltage equation in abc-system
When phase a is off, stator voltage vector of PMSM
is given by:

Val [0 0 Va
v l=lr o +4 3)
b b i | dt Y
VC 0 RC \‘VC

Where V, ,Vy and V. are stator voltages, Ry, R¢ are
stator resistances.

Neglecting V, and substituting (2) into (3), we
can get following expression,

MR

dib_ . 2n 4
{L M} el Wmo‘)rSIH(er_?) “)
M L | di 2n

_c n(6 +—

gt | | Yn® sin(0, 3)

where @, is rotor speed, the phase currents ip, ic and
neutral line current i, in Fig. 2 meet following
mathematical relationship

|n = Ib + |C

()

2.3 Electromagnetic torque equation
The electromagnetic torque equation of PMSM with
LOP or LOT fault is as follows,

J d(’:r :Te _TI _Bm('or _Tf

(6)
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where J, Te, Ti, By, and T¢ are respectively inertia
of moment, electromagnetic torque, load torque,
viscous friction coefficient and coulomb friction
torque.

Combination of the above-given flux-linkage
vector equation, phase voltage vector equation and
electromagnetic torque equation is the model for
PMSM with LOP or LOT.

3 Fault Tolerant DTC for PMSM with

LOP or LOT

The objective of fault tolerant DTC for PMSM is
that when LOP or LOT failure happens, motor
speed and torque still can be controlled to meet
given requirements. The block diagram of fault
tolerant DTC for PMSM with LOP or LOT is shown
in Fig.4. It mainly comprises of power unit and
DTC component. The power unit adopts ELES
inverter structure as shown in Fig.2. DTC includes
flux and torque estimators, switching table, PI
controller and hysteresis controller.

Power

BES
Inverter

Switching
E Table [ 7|

N

Aux b, 1c
&Torque

Estimators

Unit PAISM

DTC

Fig. 4 Fault tolerant DTC for PMSM

3.1 Flux and torque estimators

Generally, voltage model flux estimator and current
model flux estimator can be employed in DTC
algorithm. The former involves integrator sensitive
to not only DC offset but also initial value [27], and
bigger DC offset along with improper initial value
easily leads to the saturation problem, which
consequently results in the whole system being
unstable. Nevertheless, the latter is able to avoid the
troublesome problem. The currents involved in the
latter can be calculated from measuring phase
currents. Therefore this paper concentrates on the
latter. Two kinds of current model flux estimators
will be discussed in this paper, one being in of-
system (that means two-phase stationary coordinate)
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and the other in dg-system (that means two-phase
rotary coordinate). Obviously, two kinds of
estimators used for healthy PMSM cannot be
directly applied to unhealthy one. The modified flux
estimators suitable for fault tolerant DTC are
established as following.

3.1.1 Current model flux estimator in ap-system
In of3-system, the flux-linkages ¥y, and ¥sg, which
is produced only by the stator current, can be
expressed as following vector:

l(M -L) l(M -L) |-
{wm} |2 2 {'b} o
S| iC
WV ﬁ(L—M) —ﬁ(L—M)
2 2
Since stator currents i, and Ig in af-system can be
expressed as following vector:

R
RR A
3 3

Taking (8) into account, (7) can be rewritten as
o L-M 0 I,
Vs _ . )
Vs 0 L-M |1,
Considering the rotor magnet, the stator flux-

linkages W, and Wp in af-system can be expressed
as following vector:

2
v v E\pm cos 0,
o _ sa. + (10)
WB Ws[& 2 :
E\ym sin O,

The magnitude of stator flux linkage . is

AENITRE ST (11)

Electromagnetic torque estimator under two-phase
operation in af}-system is given [17] as following,

3 . .
T, = E p(\lfalﬁ _\Vﬁla) (12)

where p is number of pole pairs.
Substituting (8) and (10) into (12), torque can be
estimated.

3.1.2 Current model flux estimator in dq-system
In dg-system, the flux-linkage ¥4 and Wq can be
expressed as following vector:
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L, O |i
Yy _| - N Wi (13)
Yy 0 Lyl 0
Where Lq and L4 are inductances in dq- system, Iq
and i are currents in dg-system.

By Park and Clarke transformations, iq and Iq can be
yielded from phase current vector as follows

iy | [cos®, —sin6, -2 =1/2 i,
{ij_[siner cos 0, Mﬁ/z —Jg/z}{ij
(14)
The magnitude of stator flux linkage _ is

V= (15)

Electromagnetic torque developed in dg-system can
be given as following

Tezgp[wmiq+(Ld—Lq)idiq} (16)

Substituting (14) into (16), torque can be estimated.

Here it is necessary to mention of how to obtain
phase inductance L and phase mutual inductance M.

Suppose mutual inductance M is one half of phase
inductance L. Neglecting stator self-inductance’s
and mutual-inductance’s second harmonics, we have,

1 3
LdquzL+M=L+EL=EL (17)
Thus
2
L=—L 18
3 e (18)

3.2 Switching table

The principle of designing switching table is to
simultaneously reduce torque error AT, and flux
linkage error A¥;. So switching table to be adopted
in this paper is the same as the case for DTC of
healthy motor, which is shown as in Table 1.

Table 1 Switching Table

Estimator Sectors

€rror

AW, | AT, | S1 | S2 | S3 | s4 | S5 | s6

0 | o | V5| Vve|Vl|Vv2]| V3| vs
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Sector S1- sector S6 in Table 1 are stator flux
linkage positions as shown in Fig.5. Torque
estimator error AT, and flux linkage estimator error
AY; are defined as following discrete functions,

*

1 if T, >T,
ATe = - *
0 if T,>T,
C (19)
1 i >
Ay, = | Vs Ws*
0 if >y,

On the basis of the flux linkage estimator error AWy
and torque estimator error AT,, voltage vector V1-
V6 offered by ELES inverter can be gotten via
looking up Table 1. Fig.5 shows the symmetrical
layout of six voltage vectors V1-V6 and six sectors
S1-S6.

Fig.5 Layout of voltage vectors and sectors

3.3 PI controller and hysteresis controller

PI controller is used to regulate rotor speed. Its main
advantage lies in accelerating the movement of the
rotor speed towards setpoint and decreasing or
eliminating the steady-state speed error. Two
hysteresis controllers are adopted to adjust torque
and stator flux linkage, respectively and define the
switch control signals directly. If either estimated
torque or flux deviates from the reference more than
allowed tolerance, the transistors of ELES three
phase inverter are turned off and on in such a way
that the torque and flux errors will return in their
tolerant bands as fast as possible. Properly selecting
proportional & integral parameter, switch on &
switch off point (the width of the tolerance bands)
could keep the torque and phase current ripple small.
These parameters are determined by differential
evolution algorithm [28,29].

4 Simulation Results of Fault Tolerant
DTC for PMSM with LOP or LOT
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Table 2 Parameters of PMSM

Parameters Values
Phase resistance 0.466Q
dg-coordinate inductance 3.19Mh
Rotor magnetic flux 92.8mWeb
Number of pole pairs 1
DC bus voltage 70V
Rated speed 3000rpm
Rated torque 0.3Nm
Moment of inertia 0.0002Kg.m’
Viscous friction coefficient 0
Coulomb friction torque 0

We take a PMSM as an example to validate the
effective of proposed fault tolerant DTC, parameters
of which are given in Table 2 [22]. According to
two kinds of current flux estimators proposed, their
corresponding systems of fault tolerant DTC for
PMSM with LOP or LOT are established based on
MATLAB/SIMULINK/SIMSCAPE platform.

The reference speed o is set to 2000 rpm. The
torque command T is set to 0.2Nm, which is the
output of speed PI controller. The state flux linkage
command ‘P; 1s set to the value of the rotor
magnetic flux. The simulation results are given from
Fig. 6 to Fig.10 in terms of rotor speed, torque,
stator flux linkages, stator currents, trajectory of
stator flux linkage, etc.
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Fig. 7 Dynamic responses of DTC for healthy
PMSM using estimator based-on dq- system
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Fig.9 Phase currents comparison between healthy
and unhealthy PMSM using estimator based-on of3-
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Fig.10 Dynamic responses of fault tolerant DTC for
unhealthy PMSM using estimator based-on dg-
system

As for healthy PMSM, Figs. 6 and 7 are simulations
of DTC using current model flux estimator based-on
af-system and dQ-system, respectively. As for
unhealthy PMSM with LOP or LOT DTC, Figs.8
and 10 are simulations of fault tolerant using current
model flux estimator based-on af-system and dg-
system, respectively. And Fig. 9 shows the phase
currents comparison between healthy and unhealthy
PMSM using current model flux estimator based-on
af-system.

Analyzing above simulations, the

consequence could be obtained:

e Comparing Fig.6 with Fig.8 and comparing
Fig.7 with Fig.10, it can be seen that the
proposed fault tolerant DTC for PMSM has

of

whether current model flux estimator in of3-

following

satisfactory performance regardless
system or current model flux estimator in
dg-system is employed.

e Fig9 shows phase currents relationships
between healthy and unhealthy motor. It can
be clearly seen that phase b current could be
approximately regulated to advance by 30°
and phase ¢ current regulated to be retarded
by 30°. Meanwhile both phase b and phase
C current magnitude is increased to be 3

their

consistent with the theoretical analysis [2].

times previous value, which is
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e Fig.10 shows that the phase iq and ¥, could
been successfully modulated to be zero
while iq and W4 to be constant. It means the
fault tolerant DTC employing current model
flux estimator in dQ-system is equivalent to
FOC.

e As far as dynamic response characteristic is
concerned, by comparing Fig.6 with Fig.7
(for healthy PMSM) and comparing Fig.8
with Fig.10 (for unhealthy PMSM), it can
be analyzed that the estimator based-on of3-
system is better than one based-on dg-
system in terms of rotor speed, torque, stator
flux linkage and trajectory flux linkage, but
the latter’s phase currents required is
smaller than the form’s one. The results of
comparison between estimators based-on
af-system and dQ-system applies to both
healthy and unhealthy PMSM.

To sum up, two kinds of proposed DTC strategies
for PMSM with LOP or LOT can make electrical
drive system to tolerate fault and therefore are
effective and correct.

4 Conclusion

In this paper, model of three-phase PMSM with
LOP or LOT is first built. Then its fault tolerant
DTC is investigated based-on two current model
flux estimators. The motor control system uses
ELES inverter as power unit in the post-fault
operation. The switching table adopted is the same
as case of DTC for the healthy motor. The
parameters of PI controller and hysteresis controller
are determined by differential evolution algorithm.
According to the above-mentioned two flux
estimators, healthy and unhealthy PMSM DTC
simulation systems are established individually and
their performances are compared. The simulation
shows that in the post-fault operation, on the one
hand, two remaining phase currents can be
approximately regulated to advance by 30° and
retard  30° respectively and their magnitudes
increased to be 3 times their previous value, on the
other hand, the effect of fault tolerant DTC
employing current model flux estimator in dQ-
system is equivalent to FOC. These results show
that the proposed fault tolerant DTC yields
satisfactory torque & speed control no matter what
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any one of two flux estimators provided in the paper
is employed, therefore is effective and correct.
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