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Abstract: Dual three-phase permanent magnet synchronous motors (DTPMSM) are used in the
steer-by-wire system of electric vehicles that require high reliability. Multiple faults should be
considered for the steering system, such as open-circuit faults and speed sensor faults. However,
the current speed sensorless control methods of the dual three-phase motor are mainly derived
from the promotion of the three-phase motor. They fail when an open-circuit fault occurs, leading
to the failure of fault-tolerant control. Researchers have noticed this problem and proposed many
methods, but they are very complicated and computationally intensive. This paper proposes one
type of improved model reference adaptive system (MRAS). By adding certain fault-related restraints
to the output of the adjustable model, speed sensorless control can automatically fit the open-circuit
fault and estimate accurately even if an open-circuit fault occurs, which makes sure the whole system
continues to operate. Simulation results are presented that contain normal operation, open-circuit
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can accurately estimate the motor speed and position. The improved model reference adaptive
system is significant for improving the reliability of the motor steering system and ensuring the safety
of people and property.
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Because of high power density, high reliability, and low torque ripple, dual three-
phase motors are widely used in electric vehicles, ship driving, and other fields. When
open-circuit faults occur, even if the neural point is not connected to the midpoint of the
bus, it still can generally operate through proper fault-tolerant control strategies. The
motor winding arrangement is shown in Figure 1, and the structure diagram of using two
three-phase inverters to drive dual three-phase motors is shown in Figure 2.

It has been many years since the emergence of multi-phase motors and the proposal
of the related fault-tolerant control strategies. The methods of fault-tolerant control have
been relatively mature. In the 1990s, Y.F Zhao and Thomas A. Lipo proposed a vector space
decomposition (VSD) method and adopted four-vector SVPWM modulation. In 1996, they
proposed a fault-tolerant control strategy that established the mathematical model of the
multi-phase motor under fault conditions. Then, they performed a secondary coordinate
transformation to eliminate coupling between the d axis and ¢ axis [1].

After the 2000s, more and more scholars devoted themselves to research related
to fault-tolerant control. They combined novel control strategies with original motor
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control to achieve a similar control effect during regular operation [2]. Tao used a finite
control set model predictive control for a faulty five-phase PMSM, drastically reducing the
calculation time and improving steady-state performance [3]. Yixiao Luo proposed a novel
deadbeat current control-based model predictive control. It can not only improve dynamic
performance and steady-state accuracy but also reduce the amount of calculation [4]. Lei Xu
used a deadbeat controller to replace the traditional PI controller in the closed-loop control
of a faulty six-phase motor, but compared with the increased calculation, the performance
improvement is not apparent enough [5]. After 30 to 40 years of development, fault-tolerant
control theories are relatively mature. The fault-tolerant control strategies can be divided
into three main categories: decoupling control, proposed by Y.F Zhao; current optimization
control to maintain circular flux; and novel robust control. This paper uses the original
decoupling control as the fault-tolerant strategy.

]

N,

Figure 2. Dual three-phase motor system powered by dual voltage source inverters.

In the 2010s, scholars noticed that other fundamental control methods would fail
because of the open-circuit fault. They began to consider improving to make them work
even if they fail, such as MTPA, speed sensorless control, and field weakening control. Take
speed sensorless control as an example. It requires the voltage and current signals of the
motor. Without open-circuit faults, these conventional speed sensorless control methods
perform well. When an open-circuit fault occurs, the structure of the motor changes and
the observation accuracy is inevitably affected. In the past two years, there have been
few research results concerning this problem. Alberto Gaeta analyzed the three-phase
motor under one phase open. Then, he compared three types of speed sensorless control
strategies considering the open-circuit fault: model-based sensorless estimation I, model-
based sensorless estimation II, and carrier-signal-injection-based sensorless technique. The
results show that the third method has the highest accuracy, and it is necessary to improve
the conventional method to fit the fault [6]. Zhong Peng and Zicheng Liu combined the
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Ls(e) =

+Ly

LaalIs + Ly | cos

virtual winding method and full-order observer to realize the observation of speed and
angle under normal and fault conditions, which is effectively proved by simulation and
experiment [7]. Yonggang Li improved the sliding mode velocity observer under open
phase fault. It is effective, but the chattering problem still exists [8]. Jinquan Xu proposed
a new sensorless control based on the robust observer, nonorthogonal phase-locked loop
(PLL), and variable phase delay compensation. They performed the method on a faulty
six-phase PMSM, and it could guarantee excellent speed control performance even under
the postfault condition [9]. Although researchers have noticed that sensorless control
methods fail when an open-circuit fault occurs on multi-phase motor and proposed serval
solutions, they are complicated and computationally intensive.

In order to realize the identification under postfault conditions, this paper proposes
an improved model reference adaptive system. This method does not need to change the
adjustable model in MRAS according to different faults; rather, adding some fault-related
restrictions to the output of the adjustable model realizes the identification under normal
and fault conditions. The fault-tolerant method establishes the mathematical model and
performing vector control. A simulation model with MATLAB/Simulink is established,
and the proposed method is simulated to verify the effectiveness of the algorithm on
different occasions.

2. Fault-Tolerant Control Strategy
2.1. Establishment of Faulty DTPMSM

As shown in Figure 2, the neutral points of two windings in the dual three-phase
motor are not connected nor to the midpoint of the DC bus. Although the harmonic current
of this connection in regular operation is slightly bigger than when the neutral point is
connected, it can avoid zero-sequence currents between the two sets of windings under
open-circuit fault [10].

Taking W-phase open circuit as an example, this paper establishes the mathematical
model of the faulty motor and carries on vector control. For the W-phase open-circuit
DTPMSM system, the voltage equation and flux equation are as follows:

Us = Rsls + pis. 1)
$s = Ls(0)Is + T'(0) . @
where Us = [ua ug uc uy uv] , stator voltage matrix; R; = diag[Rs Rs Rs Rs RS]T, stator
resistance matrix; Iy = [ia i ic iy iV]T, stator current matrix; p, differential operator;
¥s = [a P8 Pc Py Py]', stator flux matrix; [(8) = [cos(8) cos(6 — ) cos(6+ &)
cos(0 — Z) cos(6 — °Z)]T; ¢, permanent magnet flux; Ls(6), stator inductance matrix.
1 cos(2F) cos(#F) cos(Z) cos(2Z)
cos(4F) 1 cos(Z) cos(3E) cos(Z)
(3F) cos(F) 1 cos(2Z)  cos(3F)
cos(E)  cos(3F) cos(2Z) 1 cos(2F)
cos(3Z)  cos(Z) cos(3F) cos(4F) 1 3)
cos(26) cos2(0— %) cos2(0+ %) cos2(0—75) cos2(6— %)
cos2(0— %) cos2(0+ %) cos(20) cos2(0—3F) cos2(0+ %)
cos2(0+ %) cos(20) cos2(0— %) cos2(6+ %) cos2(0—7T5)
cos2(0—75) cos2(0—3F) cos2(0+%F) cos2(0—F) cos2(6— %)
cos2(0— %) cos2(0+F) cos2(0—75) cos2(0—%) cos2(0+ %)

where L, is the leakage inductance of the stator winding, Ly is the average value of the
main self-inductance, and L, is the second harmonic amplitude of the main self-inductance.
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The coordinate transformation matrix from the five-phase stationary coordinate sys-
tem to the & — p — z1-22-z3 coordinate system is [10]:

1 -1 _1 V3 3
2 2 2 2
02 -2 0 o
Tss = - 1 1 3 3 . 4
s=301 -3 -1 - ¥ @)
1 1 1 0 0
0 0 0 1 1

The & — 3 sub-plane involved in the electromechanical energy conversion needs to be
transformed to realize the transformation from a stationary coordinate system to a rotating
coordinate system. The coordinate transformation matrix is as follows:

cosf sinf O
Ps = | —sinf cosf O0]. 5)
0 0 I3

The final transformation matrix from the five-phase stationary coordinate system to
the two-phase rotating coordinate system is:

Ts = PsTs;. (6)

After the coordinate transformation matrix is calculated, the modeling process of the
faulty motor is similar to that of the normal one, which uses T5 to multiply the left and
right sides of the voltage Equation (1) and the flux Equation (2).

TsU, = TsR.I, + Ts ¥

dt
_ d(Tsyps _
= (TR, )(TsL) + S8 — (4515 (Tsgpy) 7)
dy
= Raglag + ~q* — g

T5tps = T5LsIs + T51I)m
= (T5LeTy ') (T5ks) + Tspm ®)
= ququ + lpdqm
If only considering the d — q sub-plane where energy conversion occurs, then Ugq =
TsUs = [ug Mq}T; Ryq = TsRT;' = Rly; Iy = T5Ls = [ig iq]T; Paq = Tsps =
T
[Ya ol

Q) is the velocity matrix:

dTs, 4 0 1
Q_ETS —w[ 1 0]. )
The inductance matrix Lqq is:
_ —1 __ Laad 0
qu = TsLsT5 " = Lagl> +3 A(6). (10)
0 Laag

where L, is leakage inductance of stator winding, and L,,q and Laaq are the main induc-
tance of d—q axes.

. 0.75 + 0.25cos 20
A(9) = —0.25sin 26

—0.25sin 260
0.75 —0.25c0s20 |-
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The flux is:
0.75 +0.25cos 26
Finally, the stator voltage equation of the faulty motor in the d—g frame can be de-
scribed as:
g Rs 0][id] ({Lm 0} [3Laad ODd{id}
= S+ +A(0 =
[ ug } { 0 Rs iq 0 Laa (6) 0 BLaaq |/ U] ig (12)
0 —3Laaq 0 — L iq —0.255in 20
T (A(G) { 3Lug O ] + { Lt 0 ) { iq | T [ 0.75 —0.25cos28 |V
The voltage equation of the z1-axis is:
. di
Uz = Rsiz + LaalT?~ (13)

The z2-axis and z3-axis are zero-sequence current components due to the isolated
neutrals. Therefore, it is not necessary to perform closed-loop control, just to set the voltage
to zero.

2.2. Vector Control of Faulty DTPMSM

According to the mathematical model of the faulty motor above, the inductance ma-
trix and flux matrix contain terms related to the double frequency of the speed, which is
constantly changing with time. Furthermore, there is a coupling between the d-g axes. In
order to eliminate the influence of these factors, multiply both sides of the voltage matrix

by A(6) to perform the secondary transformation, and the result is as follows:

A(G)il uq _ 15Rs 0 id + 1-5Laal + 3Laad 0 d id
Ugq 0 1.5Rq iq 0 1.5Laa1 +3Laaq | 4| iq (14)
— ( 1.5La1 +3Laaq) } [ iq [ 0 [ iq }
+w S+ wiiq +F(O) | .
{ 5L, + 3Long 0 iq | |t EO)]
where:
F(9) = Rs [ —cos20 sin 26 Laal | —cos26 sin20 | d | wLaa [ sin26 cos 26
2 sin 26 cos 20 2 sin 26 cos20 |dt 2 cos 20 —sin20 |’
Define:
ugp | —1| ug | _ 1] 3—cos26 sin 20 ug
{ Uql ] = A(9) { Ug ] N 2{ sin20 34 cos20 || uq |’ (15

F(0) is the component related to the stator resistance, leakage inductance, and double
frequency of the speed. If F(0) = 0, then u4; and uq; can be completely decoupled. In this
regard, the feedforward decoupling compensation method can introduce a compensation term
in the current loop and finally realize the vector control of the W-phase open-circuit faulty motor.

The block diagram of the vector control of DTPMSM with one-phase open-circuit fault
for secondary coordinate transformation is shown in Figure 3.



World Electr. Veh. ]. 2021, 12,183

6 of 12

+ dl

i = PI —> "
T, A(6) io A
, i u u, | e |u Ay
* 1
o' —Q® 3R P RN ER Uy, ,
-4 -A y —> -
_* + L) o | Y T
i, > » PI T;S —»{ Inverter -
'y . iy
u, =0 |
> Uy
u,=0 ’
—
- MRAS

Figure 3. Block diagram of the fault-tolerant control strategy.

3. Proposed Speed Estimating Method

When in symmetrical operation, MRAS can accurately estimate the speed and position.
Once one phase becomes open, the motor changes from a symmetrical system to an
asymmetrical one, and conventional MRAS fails. The strategy proposed in this paper is to
maintain the adjustable model in MRAS as a dual three-phase motor without any fault and
add some fault-related constraints to the output of the model, which makes it automatically
adapt to the motor structure and estimate correctly.

3.1. Original MRAS

MRAS consists of three parts: reference model, adjustable model, and adaptive law.
The reference model represents the actual operating state of the system and does not
contain any unknown parameters. The adjustable model has the same physical meaning
as the reference model, but it contains parameters to be estimated. The two models work
at the same time. The difference between their outputs is to adjust the parameters in the
adjustable model according to the appropriate adaptive law. The output of the adjustable
model tracks the output of the reference one. The adaptive formula is calculated according
to the stability principle. The asymptotic convergence of the system is guaranteed by Popov
or Lyapunov superstability [11].

The dynamic voltage equation of the DTPMSM in the d—-q coordinate system is:

Uug . id Lp 0]d id 0 *LQ id 0
A e R A R A R P R

Rewrite the above equation as the state equation and choose stator current as the state

variable:
. Rs L . L
dbig+fs | _ |1 WIo| | ot By 1| Lomat R | )
dt iq —w % — TCSQ iq Lp LQ LQuq

The adjustable model is written as follows:

2 R ~ L 2
dlif|_| 13 w—Lg Iy 1 ul 18
dt Z* A, ED Rg 1* + L L u* . ( )
q Y, Lo q DLQ L Hq
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where i} = ig + Lfg, ig = iq, uy = Lpug + %Rslpfd, ué‘i = Lquq. According to Popov’s
superstability theory, the adaptive law can be expressed as:

~ sk D t ok DS xS A,
@ = kp (i3 — iti5) + /O k(@58 — it dT + @ (0). (19)
Rewrite as PI regulator form:
@ = (kp + =) (i57% — i%85). (20)

The estimated value of the rotor electrical angle can be calculated by integrating the
speed as follows:

b— /Ot @dt +8(0). @1)

3.2. Proposed Improved MRAS

As mentioned above, MRAS can accurately identify the speed and angle of the motor
when there is no fault, or only the speed sensor fails, and it has high steady-state accuracy
and suitable dynamic performance. However, once an open-circuit fault occurs, the motor
structure changes and the performance of MRAS is affected. It is thus necessary to improve
MRAS to adapt to other faults and expand application scenarios of speed sensorless control.

The method adopted in this paper is to keep the adjustable model in MRAS as trouble-
free DTPMSM unchanged and add some fault-related constraints to the output of the
adjustable model to realize the identification of the speed of the faulty motor.

The inverse Clarke transformation is:

i 1 0 1 0 10 ,

A 1 V3 1 V3 1 e

A Y I S B |

. 1 .

Ic _ 1 }g — 7 - \% -5 1 0 1,1 (22)

. 1 ] ;

‘v 3l 7 =% 7 0 1|

vy _V3 1 V3 1 0 1 Tol

i 2 2 2 2 i

w | 0 -1 0 -1 0 1)L "2
Taking W-phase open-circuit fault as an example, the W-phase current is 0; that is:

w = _iB — i, +ipn =0. (23)

Keeping the zero-sequence current i,y = 0, only one constraint condition i,, = —ip

needs to be added to the output of the adjustable model to realize the adaptation to the
W-phase open fault. For other open-phase open, a similar method is applicable so that
MRAS can accurately identify the speed and position under fault conditions.

The control block diagram of improved MRAS is shown in Figure 4.
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Figure 4. Block diagram of the fault-tolerant control strategy.

4. Results and Discussion

In order to verify the effectiveness of the fault-tolerant control strategy and the pro-
posed improved MRAS speed sensorless control strategy, we conducted a simulation
analysis on a built-in DTPMSM based on the Simulink toolbox of MATLAB. The parame-
ters of the motor are shown in Table 1. The switching frequency of the inverter is 20 kHz.

Load torque is 150 N - m. The solver type is a fixed step ode45 algorithm. The sample time
is 1 x 107 %s.

Table 1. Parameters of the DTPMSM in the experiment.

Parameter Value Parameter Value
Pole Number 4 Rated Voltage 540 V
Stator Resistance R 0.0274 Q) Rated Current 180 A
Stator Leakage Inductance L,,; 0.06 mH Maximum Current 360 A
d — axis Main Inductance L,.q 0.242367 mH Rated Speed 3000 rpm
g — axis Main Inductance Laaq 0.490018 mH Rated Torque 255N -m
Permanent Magnet Flux ¢4 0.095 Wb

The simulation results with no faults are shown in Figure 5. The speed is set to
3000 r/min. Under regular operation, the speed observed by MRAS is almost the same as
the motor’s actual speed. The current and the torque are stable.

Figures 6 and 7 show the simulation results after open-circuit fault and after the fault-
tolerant operation. From Figure 6, under one-phase open-circuit fault, the torque and the
speed have an apparent secondary pulsation, and the motor flux is almost elliptical. The
current of each phase is not a sine wave, and their amplitudes and phases have changed.
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Figure 5. Simulation results in normal mode. (a) Speed; (b) phase current; (c) torque; (d) speed comparison.
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Figure 6. Simulation results under W-phase open circuit.
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Figure 7. Simulation results under fault-tolerant control. (a) Torque; (b) phase current; (c) speed comparison; (d) flux.

After the fault-tolerant control strategy is performed, as shown in Figure 7, the pulsa-
tion fades away, making the torque stable. The current of each phase changes back to the
sine wave, and the motor flux is a perfect circle. The whole system becomes stable.

Whether open-circuit fault occurs or not, the improved MRAS can accurately estimate
the speed and angle of the motor. If there is no improved speed estimation method, the
motor will lose control and influence the security of the whole electric vehicle. After the
method is performed, the speed identification operates normally, which ensures the regular
operation of sensorless control on multiple occasions.

Figure 8 shows the whole process from start-up to fault, and finally to fault-tolerant
operation under improved MRAS speed sensorless control. The fault-tolerant control
strategy ensures the stability of the whole system. Even if the load is increased or reduced,
the system can rapidly adapt to the difference. No matter in which period, the proposed
speed estimation method can accurately calculate the speed and angle of the motor, which
expands the application scenarios of speed sensorless control.
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Figure 8. Simulation results of all periods under improved MRAS control. (a) Speed; (b) torque; (c) phase current.

5. Conclusions

This paper proposes a speed identification algorithm under fault-tolerant control. The
simulation results show the effectiveness of this method. According to the simulation
results of the ordinary motor, the faulty motor, and the motor under fault-tolerant control,
this fault-tolerant strategy has suitable dynamic performance and steady-state accuracy. It
ensures the stability of the whole system.

As for the improved MRAS method, the simulation results show that no matter
whether an open-circuit fault occurs or not, it can accurately estimate the speed and angle of
the motor, which expands the application scenarios of speed sensorless control. The novelty
of this method is that it does not need to change the adjustable model in the MRAS and
only needs to add some constraints to the output to realize the identification of the speed
and angle under fault and fault-tolerant control, which is simpler and less computationally
expensive. In the steer-by-wire system, this ensures that regardless of whether there is an
open-circuit fault or a speed sensor fault, or even if both fail simultaneously, the steering
operation can still be completed, which is of significant importance.



World Electr. Veh. ]. 2021, 12,183 12 of 12

Author Contributions: Conceptualization, H.L. and D.G.; Methodology, F.C.; Validation, E.C. and
H.L.; Formal analysis, F.C.; Investigation, E.C.; Resources, D.G. and Y.M.; Data curation, EC.; Writing—
original draft preparation, F.C. and H.L.; Writing—review and editing, F.C. and H.L.; Project admin-
istration, H.L., D.G. and Y.M.; Funding acquisition, Y.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Shanghai Automotive Industry Technology Development
Foundation grant number 1811. And the APC was also funded by Shanghai Automotive Industry
Technology Development Foundation.

Acknowledgments: The authors would like to thank Shanghai Automotive Industry Technology
Development Foundation for supporting our team.

Conflicts of Interest: Yonggang Meng is the employee of Lianchuang Automotive Electronics. The
paper reflects the views of the scientists, and not the company. The motor under test is provided by
the company.

References

1.  Zhao, Y,; Lipo, T.A. Modeling and control of a multi-phase induction machine with structural unbalance. Part I. Machine
modeling and multi-dimensional current regulation. IEEE Trans. Energy Convers. 1996, 11, 570-577. [CrossRef]

2. Guzman, H,; Duran, M.].; Barrero, F.; Bogado, B.; Toral, S. Speed control of five-phase induction motors with integrated open-
phase fault operation using model-based predictive current control techniques. IEEE Trans. Ind. Electron. 2014, 61, 4474-4484.
[CrossRef]

3. Tao, T,; Zhao, W.; Du, Y,; Cheng, Y.; Zhu, J. Simplified fault-tolerant model predictive control for a five-phase permanent-magnet
motor with reduced computation burden. IEEE Trans. Power Electron. 2020, 35, 3850-3858. [CrossRef]

4. Luo, Y, Liu, C. Elimination of harmonic currents using a reference voltage vector based-model predictive control for a six-phase
PMSM motor. IEEE Trans. Power Electron. 2019, 34, 6960-6972. [CrossRef]

5. Xu, L; Xu, Q.; Huang, M. Six-phase Motor fault-tolerant control based on deadbeat predictive current control. In Proceedings of
the 2020 IEEE 1st China International Youth Conference on Electrical Engineering (CIYCEE), Wuhan, China, 1-4 November 2020.

6. Gaeta, A.; Scelba, G.; Consoli, A. Sensorless vector control of PM synchronous motors during single-phase open-circuit faulted
conditions. IEEE Trans. Ind. Appl. 2012, 48, 1968-1979. [CrossRef]

7.  Peng, Z.; Zheng, Z.; Liu, Z.; Kui, W,; Li, Y. A novel sensorless fault-tolerant control of five-phase induction machine using virtual
winding and full-order observer. Trans. China Electrotech. Soc. 2018, 33, 4949-4961.

8. Li, Y. Research on Control Strategy of Multi-Phase Induction Machine under Fault-Tolerant Operation and Speed Sensorless; China
University of Mining and Technology, Electrical Engineering: Xuzhou, China, 2019.

9. Xu,J;Du, Y,; Zhang, B.; Fang, H.; Guo, H.; Chen, Y.H. Sensorless fault-tolerant control with phase delay compensation for
aerospace FTPMSM drives with phase open-circuit and short-circuit faults. IEEE Trans. Ind. Electron. 2021, 68, 4576-4585.
[CrossRef]

10.  Zhou, D.C.; Wei, T.; Zhou, Z.; Yang, G.; Su, J. Control strategy for dual three-phase PMSM based on reduced order mathematical
model under fault condition due to open phases. J. Eng. 2018, 2018, 489-494.

11. Li, Y. AC Motor Digital Control System; Machinery Industry Press: Beijing, China, 2017; ISBN 978-7-111-54831-7. (In Chinese)


http://doi.org/10.1109/60.537009
http://doi.org/10.1109/TIE.2013.2289882
http://doi.org/10.1109/TPEL.2019.2934578
http://doi.org/10.1109/TPEL.2018.2874893
http://doi.org/10.1109/TIA.2012.2226192
http://doi.org/10.1109/TIE.2020.2988231

	Introduction 
	Fault-Tolerant Control Strategy 
	Establishment of Faulty DTPMSM 
	Vector Control of Faulty DTPMSM 

	Proposed Speed Estimating Method 
	Original MRAS 
	Proposed Improved MRAS 

	Results and Discussion 
	Conclusions 
	References

