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ABSTRACT: Double Parallel Rotor Permanent Magnet Synchronous Motors exhibit superior performance and compact size, but the
growing trend of electrification imposes higher demands on them. This study proposes a predictive fault-tolerant control integrating a
closed-loop identification model and conducts experiments on Double Parallel Rotor Permanent Magnet Synchronous Motors. Results
indicated that the proposed closed-loop identification model, along with its fractional-order lead-lag compensator module, effectively
optimized motor performance, reducing average tracking error by 78.36%. Additionally, with demagnetization faults, the predictive
fault-tolerant control outperformed traditional fault-tolerant control in speed, current, and torque fault-tolerant control, demonstrating
superior performance. Through 10 weeks of practical application records, Double Parallel Rotor Permanent Magnet Synchronous Motors
achieved a working accuracy of 95%—99% under the closed-loop identification model, with recall rates reaching 92%-96% in fault-
tolerant scenarios. In both natural and simulated demagnetization fault situations, 97.69% of Double Parallel Rotor Permanent Magnet
Synchronous Motors could continue normal operation. This research holds positive significance for the development of motor systems

and enhancing their adaptability in the trend of electrification.

1. INTRODUCTION

n today’s industrial and transportation sectors, the perfor-

mance of motor systems is crucial for improving energy ef-
ficiency and achieving intelligent production [1]. As an ad-
vanced structure in motor systems, Double Parallel Rotor Per-
manent Magnet Synchronous Motor (DRPMSM) has attracted
widespread research interest due to its unique design and out-
standing performance [2]. However, as motor systems con-
tinue to evolve and become more complex, the need to en-
hance their robustness, reliability, and control precision has
become increasingly urgent [3]. In practical operation, mo-
tor systems often face challenges from various aspects, includ-
ing nonlinear characteristics, load disturbances, external in-
terference, and performance degradation caused by harmonics
within the system [4]. Especially in high-precision and de-
manding applications such as precision instrument manufac-
turing, electric vehicle propulsion, and aerospace, the issues
posed by these challenges require higher stability and accu-
racy from motor systems [5, 6]. Traditional closed-loop con-
trol strategies have struggled to meet the growing demands of
the system. Therefore, this study proposes a DRPMSM har-
monic closed-loop model integrating a closed-loop identifica-
tion model. The model analyzes the error magnitude character-
istics in the motor, enhances DRPMSM identification accuracy
through the closed-loop identification model, and achieves pre-
dictive fault-tolerant control. The research aims to improve the
performance of DRPMSM systems, providing a novel and ef-
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ficient solution for intelligent control and uncertainty response
in motor systems through a comprehensive control framework.

The research is mainly divided into four parts. The first part
introduces the current research on DRPMSM and its perfor-
mance optimization, fault-tolerant control, etc. The second part
establishes the mathematical model of DRPMSM and explains
the prediction error control method based on the closed-loop
identification model. The third part conducts experiment on
the proposed predictive fault-tolerant control to verify its ef-
fectiveness and feasibility. The final section summarizes the
entire research content, points out the research shortcomings,
and provides prospects.

2. RESEARCH BACKGROUNDS

DRPMSM is a motor design structure that consists of two
rotors. Introducing new design concepts and structures has
brought more possibilities and innovations to the field of motor
technology [7]. Ladghem-Chikouche and the team proposed a
two-dimensional hybrid model for solving the magnetic field
distribution of dual-rotor permanent magnet synchronous mo-
tors. This model was based on the precise subdomain technique
and finite difference method, addressing the common modeling
challenges in motor design considering nonlinearity and mag-
netic saturation effects. This approach aimed to enhance the
computational efficiency and accuracy of results [8]. In ad-
dressing the issue of low internal space utilization in single-
rotor motors, Wu and his colleagues designed four different
dual-rotor permanent magnet synchronous motors. They com-
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pared their performance, including air gap flux density, elec-
tromagnetic field, torque characteristics, efficiency, etc. They
used the equivalent magnetic circuit method and finite element
analysis. This comparison provided guidance for rotor structure
selection [9]. To meet the demand for improving motor torque
density and output characteristics, Ghaffarpour and Mirsalim
proposed an innovative dual-rotor permanent magnet switched
reluctance motor. Through tooth segmentation design, the mo-
tor’s torque density was increased, and the introduction of a
small permanent magnet generator between stator poles im-
proved output characteristics. This offered a practical design
and validation method for innovative motor structures [10]. Al-
lahyari and Torkaman addressed the need to enhance the per-
formance of a cursor mechanical system by proposing a bidi-
rectional pole dual-rotor permanent magnet cursor mechanical
system composed of double-sided stators, windings, and in-
ner and outer slot magnets. This system demonstrated superior
performance in terms of magnetic flux, torque, power factor,
and notably, torque density compared to traditional virtual ma-
chines [11].

The optimization of the performance of Permanent Magnet
Synchronous Motors involves various aspects, including me-
chanical structure, electromagnetic design, and control strate-
gies. Fault-tolerant control for Permanent Magnet Synchronous
Motors is a technique aimed at improving system reliability and
robustness, with the goal of maintaining normal operation when
the motor experiences faults or abnormal conditions. Sun et
al. addressed control issues in bearingless Permanent Magnet
Synchronous Motor drives and proposed an optimization con-
trol strategy based on the Grey Wolf Optimization algorithm
for state feedback control. This strategy exhibited faster re-
sponse times and no overshoot compared to traditional con-
trollers, effectively optimizing the design of Permanent Mag-
net Synchronous Motor drives [12]. Fang et al. tackled the op-
timization of controller parameters in Permanent Magnet Syn-
chronous Motors, introducing a parameter adjustment design
model based on an improved hybrid particle swarm optimiza-
tion algorithm. Through the algorithm, they optimized the pa-
rameters controlling speed and position in Permanent Mag-
net Synchronous Motors, significantly enhancing the perfor-
mance of the motors [13]. Zuo et al. addressed the low fault
tolerance of dual-inverter-fed open-winding Permanent Mag-
net Synchronous Motors, presenting a fault-tolerant control
method based on winding reconnection. This approach im-
proved the fault tolerance of Permanent Magnet Synchronous
Motors against multiple open-circuit faults, providing a new so-
lution for their application in electric vehicles [14]. Jlassi and
Cardoso focused on the problem of back-to-back converter fail-
ures in Permanent Magnet Synchronous Motor drives, propos-
ing an efficient model predictive fault-tolerant current control
algorithm. This algorithm aimed to enhance the reliability and
availability of wind turbines powered by Permanent Magnet
Synchronous Motors [15].

In summary, the introduction of DRPMSM and various in-
novative design structures has brought new possibilities to the
field of motor technology. Performance optimization and fault-
tolerant control, as essential means to improve the reliability
and robustness of Permanent Magnet Synchronous Motor sys-

tems, have been widely researched and applied. However, there
is limited research discussing the application of closed-loop
identification models in DRPMSMs. Therefore, investigating
fault-tolerant control strategies by combining closed-loop iden-
tification models and harmonic closed-loop models holds the
potential for breakthroughs in enhancing the performance and
fault tolerance of Permanent Magnet Synchronous Motor sys-
tems.

3. FAULT-TOLERANT CONTROL OF HARMONIC
CLOSED-LOOP MODEL FOR DRPMSM BASED ON
CLOSED-LOOP IDENTIFICATION MODEL

This section provides a brief overview of DRPMSM and then
focuses on the harmonic closed-loop model of DRPMSM, inte-
grating the closed-loop identification model for modeling pur-
poses. After obtaining its mathematical model, the section elab-
orates on feedback control based on closed-loop identification
and predictive fault-tolerant control, thus completing a detailed
introduction to the research methodology.

3.1. Modeling of DRPMSM Harmonic Closed-Loop Control with
Integrated Closed-Loop Identification Model

DRPMSM and single-rotor permanent magnet synchronous
motors exhibit significant differences in structure and perfor-
mance. Single-rotor permanent magnet synchronous motors
have a simple structure and are suitable for applications with
general performance and power density requirements, such as
household appliances and general industrial drives [16, 17]. In
contrast, DRPMSM, by introducing two rotating rotors, pro-
vides higher power density and performance within the same
volume, which makes it suitable for areas with higher power
density requirements, such as high-performance electric vehi-
cles and wind power generation [18]. The schematic diagram
of the DRPMSM structure is shown in Figure 1.
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FIGURE 1. Schematic diagram of the internal structure of DRPMSM.

From Figure 1, it can be observed that DRPMSM typically
consists of two independent rotors, each with its stator. These
two rotors are usually located on the same axis and can share
the same rotating axis or adjacent axes. Each rotor can be
considered as an independent motor unit with its own stator
and permanent magnet. The harmonic closed-loop model of
DRPMSM refers to the use of a harmonic closed-loop model
to describe its operation and control characteristics in a dual-
rotor structure of a permanent magnet synchronous motor. The
harmonic closed-loop model is a mathematical model used to
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analyze and control harmonic effects in motor systems. In per-
manent magnet synchronous motors, there may be harmonic
components in current and magnetic fields that affect the per-
formance and efficiency of the motor. However, the dual-
rotor structure makes the mathematical model of the motor
system more complex, especially when considering harmon-
ics and nonlinear effects, increasing the difficulty of modeling
and controlling the system. Additionally, compared to ordi-
nary single-rotor permanent magnet synchronous motors, the
DRPMSM structure is more complex, and its tracking accu-
racy and stability decrease continuously as the motor operates.
Therefore, the study aims to achieve closed-loop identification
of DRPMSM through current loop control, thereby reducing
the impact of external interference signals on system parame-
ter identification and improving the accuracy of identification.
The purpose of integrating the closed-loop identification model
is to adaptively estimate and adjust system parameters in real
time to enhance adaptability to the complexity and uncertainty
of the motor. The study initially establishes the mathematical
model of DRPMSM in the rotor coordinate system, as shown
in Equation (1).
ug = Rgig+ Ly (%) — quiq
dig

ug = whaia + Ly (G ) + Raig +wiy (1)

Fom = 525 = Fy 4 (4) + B

In Equation (1), ug, ug4, and Fe,, represent the control voltage
and electromagnetic thrust of the motor on the d and ¢ axes,
respectively; R denotes the stator resistance of the motor; iy
and ¢, indicate the control currents on the d and ¢ axes; L4 and
L, represent the inductance on the d and ¢ axes; w is the angular
velocity of the motor; 1) ¢ is the magnetic flux of the motor; p,, is
the pole pair number; 7 is the motor’s pole pair inductance time
constant; F, represents the load force; m represents the mass
of the load; B is the damping of the load; and v is the velocity
of the load. To simplify the control system, the study focuses
on keeping the ig value at 0, and u, is shown in Equation (2).

dig )
Ug = Ly (dt) + Ryig +wipy 2)

Equation (2) is substituted into Equation (1) with a Laplace
transform, which yields the transfer function model of the
DRPMSM motion system from control voltage to velocity, as
shown in Equation (3).

3pnmhy — 27Fy, (Lgs + Ry) 3)
27 (Lys + Rs) (ms+ B) + STPM/J? — 270 Febgot o)

™

In Equation (3), s is the complex variable of the transfer
function, typically representing the complex frequency in the
frequency domain. After simplification, the open-loop identi-
fication model transfer function of DRPMSM is obtained, as
shown in Equation (4).

bls —+ bo
ass? + a1s + ag

G(s) = 4)

The terms by, by, ag, a1, az in Equation (4) are derived from
Equation (3). They are detailed in Equation (5).

by = 3p,mipy — 27FL Ry
bO = QTFLL,I
ag = 27 BR, + 3rp, )2 — 2 ulLls 5)

a] = 2TBLq + 2T’I’)’LRS - 2T2wj;_FLLq
az = 2TmL,

In Equation (5), b1, by, ag, a1, and ay are parameters to be
identified. The denominator polynomial of this transfer func-
tion has a maximum order of 2, and the numerator polynomial
has a maximum order of 1, making it a model with a double
pole and a single zero. The constructed identification model
accurately reflects the dynamic characteristics of the system
while reducing the computational and experimental costs re-
quired for identification, thus enhancing efficiency. Building
upon the open-loop identification model, the study introduces
a proportional-integral (PI) closed-loop feedback controller for
the current loop to transform the model into a closed-loop iden-
tification model. The goal of the PI controller is to minimize
current errors by adjusting the control output, enabling the mo-
tor current to accurately follow the given current reference
value, as shown in Equation (6).

_ kps+ kg
o s

Ci (s) (6)

In Equation (6), C1(s) is the transfer function of the current
loop, with kp and k; representing the proportional gain and in-
tegral gain, respectively. The closed-loop identification model
block diagram of the DRPMSM with the added controller is
illustrated in Figure 2.

The block diagram shown in Figure 2 improves the accu-
racy of control signal tracking. However, it inevitably alters
the identification structure of the system. Therefore, when per-
forming parameter identification, it is necessary to adjust the
corresponding transfer functions to account for the influence of
the current loop, ensuring the accuracy of parameter identifi-
cation. The transfer function of the closed-loop identification
model established based on Figure 2 is shown in Equation (7).

Q' (s) = M{s) (7)

L(s)s+ |52+ FL} N (s)

In Equation (7), L(s) represents the denominator polynomial
of the closed-loop identification model, while M (s) and N(s)
are the two components of the transfer function, as detailed in
Equation (8).

L(s) = 27 (Lys + Ry) (ms + B) + 3rp, 0%
_ 27%¢ s Fr (Lgs+Rs)

M (s) = (kps + k1) [3pumtpy — 27FL (Lgs + Rs)] (8)

N (s) = (ms + B) (kps + k1)
[Bpnmpy — 27Fp, (Lgs + Rs)]
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FIGURE 2. Closed-loop identification model of DRPMSM.
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FIGURE 3. Fractional order feedback control method based on closed-loop identification model.

Equation (8) is arranged to yield the standard form of the
transfer function; therefore, Equation (9) is obtained.

bhys? + bys + b},
a5s3 + abs? 4+ afs + a

@ (s) = ©

In Equation (9), b, b, b(, and a%, a}, a, af, are parameters
to be identified for closed-loop identification. The numerator
polynomial of this transfer function has a maximum order of
2, and the denominator polynomial has a maximum order of
3, representing a model of a double pole triple-order system.
At this point, the control voltage to displacement transfer func-
tion model of the DRPMSM motion system is given by Equa-
tion (10).

by s® 4+ bYs + by
o4 .3 1.2 "
a3s* + ay8° + ays* + aps

e (8) _

(10)

In Equation (10), the denominator has an additional order
compared to the closed-loop identification model, mainly re-
flecting the integration relationship between velocity and dis-
placement. This additional order ensures a more comprehen-
sive description of the dynamic characteristics of the system.

3.2. Feedback Control and Predictive Fault-Tolerant Control
Based on Closed-Loop Identification

To further optimize the DRPMSM and achieve better perfor-
mance metrics including system stability, response speed, and
robustness, the research conducts a fractional-order feedback
control method based on closed-loop identification models.
The advantage of this approach lies in its better adaptation to
the actual dynamic characteristics of the system. By more ac-
curately modeling the system dynamics and employing the flex-
ibility of a fractional-order controller, the DRPMSM can better
adapt to different operating conditions and abnormal situations.
Additionally, this approach helps improve the system’s fault
tolerance performance when facing faults or changes, demon-
strating significant advantages in predictive fault-tolerant con-
trol. The specific fractional-order feedback control method is
illustrated in Figure 3.

In Figure 3, R and Y represent the reference displacement
and output displacement, while v and u; represent the output
voltage of the Proportion Integral Differential (PID) closed-
loop feedback controller and the voltage compensated after.
As shown in Figure 3, the control method’s structure includes
a PID closed-loop feedback controller Cpip(s), whose output
voltage is compensated through frequency domain characteris-
tics to form a control voltage used to regulate the system’s mo-
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FIGURE 4. FS-MPC flow diagram.

tion. Building upon the PID closed-loop feedback controller,
an element called fractional-order lead-lag compensator C'r(s)
is introduced. Its role is to adjust amplitude and phase angle
characteristics within the specified frequency domain range,
enhancing the system’s responsiveness to low-frequency sig-
nals. The specific expressions for Cpip(s) and Cr(s) are given
by Equation (11).

Crip (5) = kD82+§PS+kI (11)
Cr (s) =S558

In Equation (11), kp, kp, k; represent the differential gain,
proportional gain, and integral gain, respectively. K, A, x are
parameters of the compensator, and « is the order of the com-
pensator. In the feedback control system of the DRPMSM,
the response to inputs is relatively weak at low frequencies,
meaning that the closed-loop magnitude approaches zero. Si-
multaneously, the closed-loop error mainly exists in the low-
frequency range, i.e., when the DRPMSM responds slowly
to input signals, resulting in a significant error. In the low-
frequency range, compensator parameters are determined by
considering error variations to achieve precise control of the
closed-loop magnitude characteristics. Therefore, based on
this, the study explores the utilization of Finite Set Model Pre-
dictive Control (FS-MPC) to achieve predictive fault-tolerant
control. In the context of DRPMSM, the core idea of FS-MPC
is to select the optimal voltage vector for the system through
the computation of a cost function to achieve high-precision
and stable control. In FS-MPC, the switch control function
of the inverter is crucial. The research employs a three-phase
two-level inverter, which has a relatively simple circuit struc-
ture, making the design and implementation of the control func-
tion more intuitive and feasible. The FS-MPC flow diagram is
shown in Figure 4.

From Figure 4, FS-MPC first collects the DRPMSM related
variables through sensors, such as speed, current, and torque.
Then the prediction model of DRPMSM is built, and the predic-
tion model is brought into the cost function for calculation. The
cost function considers the error between the predicted value
and reference value of the system control variable. Then, the
operating state of DRPMSM is adjusted as close as possible to
the reference value by selecting the control action that mini-
mizes the cost function. Finally, the optimal control action is
input into the inverter, and the corresponding voltage vector is
synthesized by the inverter and used in DRPMSM to achieve
accurate control of its operating state and stability regulation.
The specificity of the FS-MPC method is that by calculating
the cost function, the method selects the optimal current vec-

tor to achieve the high precision and stability control of the
DRPMSM system. The simplified three-phase two-level in-
verter structure can effectively reduce the complexity and loss
of the inverter and improve the control efficiency. In addition,
the FS-MPC method is based on the basic current vector control
mode, and the output current vector of each cycle has the char-
acteristic of fixed selection, which further improves the control
efficiency of the system. The predictive model expression is
shown in Equation (12).

ia (k+1) = i (k) + (= Rsia + wLyiq + ua + wipp) £
%(k+1):iq%)+(—Rﬂq+ud@@—%my+w¢ﬂ%%

(12)

In Equation (12), T represents the sampling period, and k
represents the sampling time. Thus, iq(k + 1) and i4(k + 1)
represent the predicted currents, while i4(k) and i4(k) repre-
sent the current values at the present time. The study focuses
on current fault-tolerant control for demagnetization faults in
DRPMSM, emphasizing the minimization of the error be-
tween the current reference value and predicted current value
to achieve better current fault-tolerant performance. The cost
function J is defined as shown in Equation (13).

J =il (k) —iq (k+ 1)| + |i, (k) — iq (k +1)] 13)
st. 'V, € {Vb, Vi,..., V7}

In Equation (13), i, (k) and 7, (k) represent the reference cur-
rents, and Vy, V1, ..., V7 represent the voltage space vector val-
ues corresponding to the eight switch states of the three-phase
two-level inverter. V,, satisfies Equation (14).

2o |SE+ e 5 Sf + 5 5t
V, = 3

(14)

In Equation (14), V. represents the DC bus voltage of the
inverter, and S, SF, S* represent the switch functions of the
inverter at the kth sampling instant. Each of the eight switch-
ing states of the three-phase two-level inverter corresponds to
a unique voltage vector. In each sampling period, the voltage
vectors of these eight switch states are input into the model pre-
dictive equation, obtaining predicted values for eight control
variables. These predicted values are compared one by one with
the respective reference values through the cost function. The
voltage vector that minimizes the cost function, along with its
corresponding switch state function, is input into the inverter,
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FIGURE 5. Experimental hardware platform construction. (a) Hardware diagram. (b) Component connection block diagram.

generating the corresponding voltage vector, which is then ap-
plied to the DRPMSM. This process is designed in the study
to enable the actual current of the motor to closely follow the
reference current, ensuring stable motor operation. The study
achieves predictive fault-tolerant control by dynamically ad-
justing inverter output, enhancing the system’s adaptability to
load variations, and enabling the motor to better cope with de-
magnetization faults.

4. EXPERIMENTAL VERIFICATION AND ANALYSIS
OF FAULT-TOLERANT CONTROL FOR DRPMSM WITH
CLOSED-LOOP IDENTIFICATION

The performance of the closed-loop identification model for
DRPMSM was validated. The process included experiments
for parameter identification, simulation experiments for differ-
ent parameters, and open-loop versus closed-loop comparison
experiments. Subsequently, the performance of fault-tolerant
control for DRPMSM was also verified.

4.1. Performance Verification and Analysis of the Closed-Loop
Identification Model

To verify the effectiveness and superiority of the closed-loop
identification model, extensive experiments were conducted.
The study involved collecting motion information of DRPMSM
on a gantry motion platform and controlling DRPMSM using
the DSPACE1104 controller. The establishment of the experi-
mental hardware platform is shown in Figure 5.

Initially, parameter identification experiments were con-
ducted, followed by a comparison between the open-loop

identification model and closed-loop identification model. The
results are depicted in Figure 6.

g 1.5
=
£
5 1.0
o
E
3 0.5 -
o 40 60 80 100120 140
Time /s
0 200 400 600
Time /s

FIGURE 6. Parameter identification experiment and open-loop com-
parison.

From Figure 6, it could be observed that under the open-
loop identification model, the measured current values exhib-
ited varying degrees of displacement and amplitude changes
compared to the sweep signal throughout the measurement pe-
riod. In contrast, under the closed-loop identification model,
the measured current values showed small errors compared to
the sweep signal, with high tracking accuracy. Moreover, the
closed-loop identification model effectively suppressed subtle
fluctuations in current, enhancing the accuracy of parameter
identification. Consequently, the study used these results to
calculate the parameter values in Equation (10), specifically,
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TABLE 1. Comparison results of following difference at different frequencies.

Frequency Method and comparison Error
IMAX| MAE RMSE
PID method (pm) 195.54 11538 122.74
2Hz Research method (pum) 42.34 14.52 16.14
Error reduction degree (%)  78.34 87.41 86.85
PID method (pm) 348.17 153.82  194.82
S5Hz Research method (pum) 106.48  26.94 30.14
Error reduction degree (%)  69.41 82.48 84.52
PID method (pm) 694.61 199.74 302.36
10Hz Research method (pum) 231.52  27.15 49.27
Error reduction degree (%)  66.66 86.40 83.70

TABLE 2. Simulation of DRPMSM parameters and experimental conditions.

Experimental condition Numerical value

Motor parameter Numerical value
Dc-side bus voltage 1500V
Stator winding phase resistance 0.02Q
Number of poles 4
Stator winding D-axis inductance 0.001H
Stator winding ()-axis inductance 0.003572H
Rotor flux 0.892 Wb
Moment of inertia 100 kg-m?

Limit value of stator current 200 A
Reference speed 200 rad/s
Load torque 300N
Simulation time 8s

0.892 Wb—0.4 Wb
Orad— w/6rad

Time point of magnetic failure 4s

Amplitude change
Magnetic declination change

by = 5.389, b = 52.25, b = 8.6,af = 1,a) = 7.72,
ay = 25.47, and af = 9.341. Building upon this, the study
conducted simulation experiments on the parameters and or-
ders of the fractional-order lead-lag compensator component in
the closed-loop identification model. The results are illustrated
in Figure 7.

Figures 7(a), (b), (c), and (d) respectively illustrate the fre-
quency domain characteristics of the compensator under dif-
ferent parameter values. Combining these figures, it could be
observed that the fractional-order lead-lag compensator could
adjust the amplitude and phase of the system within specific
frequency ranges. It exhibited a range of applicability, pro-
viding effective adjustments not only for low-frequency signals
but also demonstrating good adaptability to high-frequency sig-
nals. The phase characteristics manifested adjustments only at
specified angular frequencies and their surrounding frequency
domains, without affecting the entire frequency spectrum. By
appropriately adjusting the order, the system remained insensi-
tive to high-frequency noise, maintained a suitable bandwidth
for rapid response to normal signal variations, and could ad-
just the system’s frequency response. The introduction of the
fractional-order lead-lag compensator contributed to improv-
ing the system’s frequency domain characteristics, enhancing
the control system’s responsiveness to both low- and high-
frequency signals. Furthermore, the proposed feedback con-
trol method and PID feedback control method were compared

under sinusoidal motions at 2 Hz, 5 Hz, and 10 Hz. Follow-up
errors were calculated, and the results are presented in Table 1.

The sinusoidal motion amplitude in Table 1 was 10 mm. It
can be observed from Table 2 that at a frequency of 2 Hz, the
PID feedback control method had maximum, average abso-
lute, and root mean square errors of 195.54 um, 115.38 um,
and 122.74 pm, respectively. In contrast, the proposed feed-
back control method performed relatively better at 2 Hz, with
maximum, average absolute, and root mean square errors of
42.34 um, 14.52 um, and 16.14 um, respectively. The reduc-
tion in follow-up errors for the proposed method compared
to PID at 2 Hz was significant, with percentage decreases of
78.34%, 87.41%, and 86.85%, respectively. Similarly, at fre-
quencies of 5Hz and 10 Hz, the follow-up errors of the pro-
posed feedback control method remained significantly lower
than those of the PID feedback control method. This indicates
that with the assistance of the closed-loop identification model,
the follow-up errors of DRPMSM were markedly reduced.

4.2. Simulation Experiment and Practical Application Analysis
of DRPMSM Predictive Fault-Tolerant Control

Furthermore, to verify the effectiveness and superiority of the
predictive fault-tolerant control method proposed based on the
combined transformation identification model, the study uti-
lized MATLAB software for the simulation modeling of the
closed-loop identification model and DRPMSM, conducting
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FIGURE 8. Comparison of fault-tolerant control results in speed simulation experiments. (a) Before and after the magnetic failure. (b) Comparison

of PI and FS-MPC.

simulation experiments. The simulation parameters for the con-
structed DRPMSM in the study are detailed in Table 2.

Table 2 provides a comprehensive presentation of DRPMSM
parameters and experimental conditions. The study compared
the effects of traditional PI fault-tolerant control inherent in
DRPMSM with the proposed FS-MPC fault-tolerant control
before and after the occurrence of demagnetization faults in
DRPMSM. Firstly, the simulation of DRPMSM speed was con-
ducted. The results are depicted in Figure 8.

As evident from Figure 8(a), approximately 1 s after the initi-
ation of DRPMSM, it reached the reference speed of 200 rad/s.
However, after a demagnetization fault occurred around the 4th
second, the speed rapidly decreased, reaching only 38.24 rad/s
at the end of the 8s simulation. Figure 8(b) shows that un-
der PI fault-tolerant control, the speed declined within 0.5 s af-
ter the demagnetization fault at a decreasing rate, stabilizing

above 180rad/s subsequently. On the other hand, under FS-
MPC fault-tolerant control, the speed exhibited minor fluctua-
tions within the initial 0.5 s after the fault and then stabilized
at 200rad/s. Subsequently, the study simulated the current of
DRPMSM, and the results are illustrated in Figure 9.

In Figure 9(a), after a demagnetization fault occurred around
the 4th second, the current directly reached the rated current
of 200 A set by the three-phase two-level inverter. Figure 9(b)
shows that for PI fault-tolerant control, the current, although
maintained within the rated current after the fault, exhibited
fluctuations at the 7th second, reaching 200 A. In contrast,
under FS-MPC fault-tolerant control, the current underwent
changes after the demagnetization fault but remained below the
rated current of 200 A, maintaining stability. Furthermore, the
study simulated the torque variation of DRPMSM, and the re-
sults are presented in Figure 10.
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results.

Figure 10(a) illustrates that after a demagnetization fault
occurred around the 4th second, the torque of DRPMSM no
longer remained balanced and experienced significant fluctu-
ations, rendering DRPMSM unable to operate normally. Fig-
ure 10(b) indicates that PI fault-tolerant control resulted in a
sudden drop in torque after the 4th second of the demagnetiza-
tion fault, recovering to normal levels after approximately 0.2 s,
with minor fluctuations near the original torque, remaining un-
stable. In contrast, FS-MPC fault-tolerant control restored the
torque to its original value within 0.1 s after the demagnetiza-
tion fault and maintained a constant torque, enabling normal
operation of DRPMSM. Finally, on the basis of the simulation
experiment, the daily work of the simulated DRPMSM within

10 weeks was studied, and the 10-week loss was set at 3.00%,
with the weekly loss floating no more than 0.05% on the basis
of the average value of 0.30%. At the same time, the working
state of DRPMSM during the simulation period was recorded.
The results are shown in Figure 11.

Figure 11(a) indicates that within 10 weeks of implemen-
tation, the operational accuracy of DRPMSM reached 95%—
99%, averaging 97.10%. Considering positive cases as situa-
tions requiring fault tolerance when faults occurred, the recall
rate reached 92%—-96%, averaging 94.26%. Figure 11(b) re-
veals that the natural occurrence probability of demagnetiza-
tion faults in DRPMSM generally ranged from 1% to 2%, with
only the 4th week showing 3.61%. Therefore, the study in-
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troduced randomly added artificially induced demagnetization
faults of 10%—20%. Despite the faults, an average of 97.69%
of DRPMSM continued to operate normally, validating the ef-
fectiveness and practicality of predictive fault-tolerant control.

5. CONCLUSION

In response to the increased demand for higher precision in
motor systems due to the rapid development of industry, a
study was conducted focusing on the DRPMSM. A closed-loop
identification model was designed, and its mathematical model
and closed-loop transfer function expression were established.
Building upon this foundation, feedback control and predic-
tive fault-tolerant control were proposed. The research content
was subjected to simulation experiments to validate the effec-
tiveness of the study. Experimental verification on a gantry
motion platform confirmed that the closed-loop identification
model exhibited higher tracking accuracy in DRPMSM current
measurement than the open-loop model. The fractional-order
lead-lag compensator successfully adjusted the system’s fre-
quency domain characteristics under different parameters. The
feedback control method introduced in the study demonstrated
smaller tracking errors. For instance, at a frequency of 2 Hz, the
maximum, average absolute, and root mean square errors were
42.34 um, 14.52 um, and 16.14 um, respectively. This showed
a significant reduction in tracking errors compared to the PID
feedback control method at 2 Hz, with percentage reductions of
78.34%, 87.41%, and 86.85%, respectively. Concerning pre-
dictive fault-tolerant control, under FS-MPC fault-tolerant con-
trol, slight speed fluctuations occurred within 0.5 s after a de-
magnetization fault. The speed stabilized at 200 rad/s, and the
current, although varying, remained below the rated current of
200 A, which was stable. The torque recovered to its original
value within 0.1 s after the demagnetization fault and remained
constant. In the event of a demagnetization fault, an average
0f 97.69% of DRPMSM continued to operate normally. Over-
all, the closed-loop identification model and predictive fault-
tolerant control methods demonstrated significant advantages
in enhancing DRPMSM performance and mitigating the impact
of demagnetization faults on the system. This provides strong
support for the stable operation of DRPMSM in practical ap-
plications. Furthermore, the study did not address other faults
in DRPMSM, leaving room for further refinement of methods
and experiments in subsequent research.
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