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Incremental Deadbeat Predictive Current Control
Strategy With Disturbance Observer for PMSM

Drive Systems Using Four-Leg Inverters
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Abstract—Deadbeat predictive current control (DPCC) has been
implemented in four-leg inverters to obtain faster dynamic response
and higher system bandwidth, and effectively reduce the machine
torque ripple caused by current tracking error after open-phase
fault. However, DPCC is a kind of model-parameter-sensitive con-
trol method, so inaccurate model parameters may cause deviations
in the current prediction and reduce control performance. To ad-
dress this issue, an incremental deadbeat predictive current control
strategy with sliding mode disturbance observer (IDPCC+SMDO)
is proposed in this article. Detailed studies are carried out to
validate the parameter robustness of the proposed method. Initially,
the permanent magnet synchronous motor model with connected
neutral point is conducted, followed by the parameter sensitivity
analysis of conventional DPCC method. Subsequently, an incre-
mental prediction model is established to eliminate the effects of
permanent magnet flux linkage mismatch on the prediction results.
Furthermore, a sliding mode observer is designed for the compen-
sation of disturbances and uncertainties caused by inductance and
resistance mismatches. Finally, the effectiveness of the proposed ID-
PCC + SMDO method is verified by comprehensive simulations and
experiments. The results demonstrate that the proposed method
can suppress the negative impact of parameter mismatches on the
control performance in both healthy and open-phase fault-tolerant
operation modes.
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I. INTRODUCTION

THE reliability and robustness of permanent magnet syn-
chronous motor (PMSM) drive systems have always been a

hotspot of academic research in power transmission applications
that require uninterrupted operation during a single task cycle,
such as the driving system of electric vehicles [1], [2], the actu-
ation system of more electric aircraft [3], and the motion system
of industrial robot [4]. According to statistics, the open-phase
fault is one of the main failure types in motor drive systems,
caused by the open circuit of windings or power semiconductor
devices, and may result in the loss of current control in a certain
phase [5]. In addition, the short circuit of power semiconductor
devices, the loss of gate control signals, and the disconnection
of cables between PMSMs and inverters can also be converted
into open-phase fault for processing [6], [7]. Therefore, it is
significant to study the fault-tolerant control strategy of PMSM
drive systems after phase loss.

Increasing the number of winding phases is a mainstream
method to strengthen the open-phase fault-tolerant capabil-
ity of PMSM drive systems, such as using five-phase wind-
ings, dual-three-phase windings, and nine-phase windings. [8],
[9], [10]. After an open-phase fault occurs, the multiphase
PMSM drive systems can continue to operate by isolating the
faulty phases and using the remaining healthy phases to re-
construct a stable circular rotating stator magnetic field. How-
ever, the high manufacturing cost of multiphase PMSM drive
systems and the complicated control strategy make their nar-
rower application range. Moreover, three-phase motors are still
the main equipment in current industrial applications. Hence,
it is significant and meaningful to develop the open-phase
fault-tolerant control strategy for three-phase PMSM drive
systems.

By connecting the neutral point of the three-phase PMSM’s
star-connected winding to the redundant leg of four-leg inverter,
the neutral line current can be controlled to compensate for the
negative-sequence magnetomotive force component after open-
phase fault, and then the three-phase motor has fault-tolerant
operation capability [11]. When the PMSM switches from the

https://orcid.org/0000-0002-0909-1071
https://orcid.org/0000-0001-9099-240X
https://orcid.org/0009-0002-0817-0605
https://orcid.org/0000-0002-6186-0771
mailto:asherzhou@buaa.edu.cn
mailto:asherzhou@buaa.edu.cn
mailto:yanliang@buaa.edu.cn
mailto:xiaocheng.wei@buaa.edu.cn
mailto:mostafa.hamad@staff.aast.edu
https://doi.org/10.1109/TPEL.2025.3589453


16484 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 11, NOVEMBER 2025

healthy operation mode to fault-tolerant operation mode, only
the zero-axis current reference needs to be reconfigured, and
the control strategy and machine model can be kept constant to
avoid attached uncertainties and unnecessary disturbances [6].
However, the zero-axis current reference is a rotor-position-
dependent sinusoidal waveform, which presents a challenge for
the proportional–integral (PI) controller to achieve zero-error
tracking, as it is inherently a linear controller [12]. To address
this issue, scholars have developed some current predictive
control methods for four-leg inverters, such as finite-control-set
model predictive current control (FCS-MPCC) [13], continuous-
control-set model predictive current control (CCS-MPCC) [14],
and deadbeat predictive current control (DPCC) [15]. Com-
pared with FCS-MPCC, DPCC has better steady-state current
tracking performance by introducing the pulse width modulator.
Meanwhile, since DPCC does not require the complex multistep
prediction and optimization processes, the computation burden
of DPCC is less than that of MPCC [16]. These characteristics
make DPCC have great application potential in the field of
high-performance PMSM drive systems [15].

However, DPCC is a kind of model-parameter-sensitive con-
trol method, so inaccurate model parameters may cause de-
viations in the current prediction results and increase torque
ripple. Meanwhile, the accuracy of PMSM current prediction
model is affected by temperature changes, magnetic saturation,
cross-coupling, and other factors [17], [18]. In order to solve
this problem, researchers mainly improved the robustness of
DPCC algorithm by online parameter identification and dis-
turbance observers. Online parameter identification methods
can estimate the values of PMSM parameters during opera-
tion, mainly including the recursive least-squares [19], [20], the
model reference-based adaptive system [21], and the extended
Kalman filter [22], etc. The PMSM model parameters used for
current prediction can be dynamically updated with estimated
motor parameter values, thereby improving the parameter ro-
bustness of DPCC. However, these online parameter identifi-
cation algorithms are complex and require high-performance
processors [23]. In addition, several online parameter identi-
fication methods using high-frequency current injection may
increase the copper loss and reduce the efficiency of PMSM
drive systems [24].

Another mainstream approach to compensate for prediction
errors caused by parameter mismatches and unknown inter-
ferences is to introduce disturbance observers. A Luenberger
disturbance observer proposed in [25] is to estimate the lumped
disturbances in the speed and current loop. In [26], the sampled
currents in the prediction model are replaced by the estimated
currents calculated by an extended state observer to address the
disturbances caused by parameter mismatches and one-step de-
lay. Compared to other disturbance observers, the sliding mode
disturbance observer (SMDO) is regarded as having superior
robustness against all types of system disturbances, making it a
hotspot both in academia and industry [27]. A composite control
method combining DPCC and SMDO is developed in [28] to
simultaneously predict stator current and compensate system
disturbances caused by parameter mismatches. The outputs
of SMDO are used as the feedforward values to compensate

Fig. 1. Three-phase PMSM fault-tolerant drive topology using a four-leg
inverter.

the voltage reference calculated by deadbeat predictive current
controller. Similar methods are also reported in [29] and [30].
However, these methods have only been analyzed and applied in
PMSM drive systems using three-leg inverters instead of four-leg
inverters. Hence, the performance of DPCC in PMSM drive
systems using four-leg inverters needs to be further evaluated,
especially in the fault-tolerant operation mode.

Therefore, the objective of this article is to propose an incre-
mental deadbeat predictive current control strategy with sliding
mode disturbance observer (IDPCC + SMDO) for PMSM drive
systems using four-leg inverters, aimed at enhancing the fault-
tolerant performance and parameter robustness. In this approach,
an incremental prediction model is employed to eliminate the
impact of permanent magnet flux linkage mismatch on the pre-
diction results. A disturbance observer based on sliding-mode
exponential reaching law is designed for the compensation of
disturbances caused by resistance and inductance mismatches in
the incremental prediction model. Since the current prediction
error caused by parameter mismatches is suppressed by the
incremental model and SMDO, the proposed IDPCC + SMDO
method ensures satisfactory steady-state and dynamic perfor-
mance in both healthy and fault-tolerant operation modes.

The rest of this article is organized as follows. In Section II,
the mathematical model of PMSM with connected neutral point
and DPCC method are introduced, and the parameter sensitiv-
ity analysis is conducted to illustrate the impact of parameter
mismatches on current prediction results. Section III presents
the proposed IDPCC + SMDO method. In Section IV, the
performance comparison between conventional DPCC and the
proposed IDPCC + SMDO method under parameter mismatches
is conducted by simulation. In Section V, one research prototype
along with the test rig has been developed, and experimental tests
are conducted to verify the effectiveness of proposed IDPCC +
SMDO method. Finally, Section VI concludes this aticle.

II. PMSM MATHEMATICAL MODEL AND CONVENTIONAL

DPCC METHOD ANALYSIS

A. Model of the PMSM With Connected Neutral Point

The fault-tolerant drive topology of three-phase PMSM using
a four-leg inverter is shown in Fig. 1. The neutral point of the
PMSM’s star-connected winding is permanently connected to
the fourth leg of inverter. The motor discussed in this article
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is a surface-mounted PMSM, which means that the effect of
saliency can be neglected. When magnetic saturation is ignored,
the voltage equations of machine can be expressed in the dq0
synchronous reference frame as⎡

⎢⎣uduq
u0

⎤
⎥⎦ = Rs

⎡
⎢⎣idiq
i0

⎤
⎥⎦+

⎡
⎢⎣Ldq 0 0

0 Ldq 0

0 0 L0

⎤
⎥⎦ d

dt

⎡
⎢⎣idiq
i0

⎤
⎥⎦

+ ωe

⎡
⎢⎣ −Ldqiq
Ldqid + ψf

0

⎤
⎥⎦ (1)

where uy and iy (y ∈ {d, q, 0}) are the voltage and current of
y-axis component in the synchronous rotating reference frame,
respectively. Rs, ψf , and ωe represent the stator resistance,
the permanent magnet flux linkage, and the electrical angular
velocity of the rotor, respectively. Ldq and L0 are the dq-axis
inductance and zero-axis inductance, respectively.

When the PMSM is in healthy operation mode, the three-
phase current is sinusoidal and the phase difference between
them is 120◦, so the zero-axis current i0 is zero. In order not
to affect the machine output torque, the zero-axis current i0
should be redistributed to keep id and iq unchanged when the
open-phase fault occurs [6]. If an open-circuit fault occurs on
phase A, then i0 should be adjusted to

iaf0 =
√
2 [iq sin (θe)− id cos (θe)] (2)

where θe is the rotor electrical position. Similarly, when the
open-phase fault occurs in phase B and phase C, the zero-axis
current component i0 should be adjusted to

ibf0 =
√
2 [iq sin (θe − 2π/3)− id cos (θe − 2π/3)] (3)

and

icf0 =
√
2 [iq sin (θe + 2π/3)− id cos (θe + 2π/3)] (4)

respectively. It can be seen from (2)–(4) that i0 should be
changed into an ac component that varies with rotor position
to maintain the dq-axis currents unchanged when the PMSM is
in fault-tolerant operation mode. However, it is difficult for PI
controllers to achieve zero-error tracking of ac components.

B. Conventional DPCC

In order to design the predictive current digital controller, the
forward first-order Euler discretization is applied to (1) to obtain
the predictive currents at the (k + 1)th instant

⎡
⎢⎣
id (k + 1)

iq (k + 1)

i0 (k + 1)

⎤
⎥⎦ = A(k)

⎡
⎢⎣
id(k)

iq(k)

i0(k)

⎤
⎥⎦+B

⎡
⎢⎣
ud(k)

uq(k)

u0(k)

⎤
⎥⎦+ E(k) (5)

Fig. 2. Block diagram of DPCC for PMSMs using four-leg inverters.

A(k) =

⎡
⎢⎣
1− TcRs

Ldq
Tcωe(k) 0

−Tcωe(k) 1− TcRs

Ldq
0

0 0 1− TcRs

L0

⎤
⎥⎦

B =

⎡
⎢⎣
Tc

Ldq
0 0

0 Tc

Ldq
0

0 0 Tc

L0

⎤
⎥⎦ , E(k) =

⎡
⎣ 0

−Tcψf

Ldq
ωe(k)

0

⎤
⎦

(6)

whereud(k),uq(k), andu0(k) are the dq0-axis stator voltages at
the kth instant, respectively. iy(k) and iy(k + 1) (y ∈ {d, q, 0})
are the stator currents in the synchronous rotating frame at the
kth and (k + 1)th instant, respectively. ωe(k) is the electrical
angular velocity at the kth instant. Tc denotes the execution pe-
riod of the digital control system and the phase current sampling
time. From (5), the output control voltages of the DPCC method
at the kth instant is

⎡
⎣ud(k)uq(k)
u0(k)

⎤
⎦ = B−1

⎛
⎝
⎡
⎣id (k + 1)
iq (k + 1)
i0 (k + 1)

⎤
⎦−A(k)

⎡
⎣id(k)iq(k)
i0(k)

⎤
⎦− E(k)

⎞
⎠ .

(7)

In order to make the actual currents generated by the output
control voltages of DPCC method approach the reference cur-
rents at the next instant, the (k + 1)th instant currents id(k + 1),
iq(k + 1), and i0(k + 1) should be replaced by reference cur-
rents i∗d(k + 1), i∗q(k + 1), and i∗0(k + 1). Therefore, the output
control voltages can be expressed as

⎡
⎣ud(k)uq(k)
u0(k)

⎤
⎦ = B−1

⎛
⎝
⎡
⎣i∗d (k + 1)
i∗q (k + 1)
i∗0 (k + 1)

⎤
⎦−A(k)

⎡
⎣id(k)iq(k)
i0(k)

⎤
⎦− E(k)

⎞
⎠.
(8)

The structure of DPCC for PMSM drive systems using four-
leg inverters is shown in Fig. 2. The q-axis current reference is the
output of speed loop PI controller. The motor speed is adjusted by
modulating the PMSM output torque to achieve the target speed
ω∗, which necessitates precise tracking of the reference by the
q-axis current iq . The d-axis current id is typically employed for
flux-weakening control, with its reference set to zero in surface-
mounted PMSMs to maximize efficiency by minimizing copper
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Fig. 3. Relationship between the prediction error of dq0-axis currents and the
machine parameter mismatches. (a)d-axis current prediction error underdq-axis
inductance and resistance mismatches. (b) q-axis current prediction error under
dq-axis inductance and resistance mismatches. (c) Zero-axis current prediction
error under zero-axis inductance and resistance mismatches. (d) q-axis current
prediction error under permanent magnet flux linkage mismatch.

losses. When the machine is in healthy operation mode, the
reference of i0 is set to zero. When an open circuit fault occurs,
the reference of i0 should be adjusted to (2)–(4) according to the
phase fault location. Based on the sampled currents at the kth
instant and the reference currents at the (k + 1)th instant, the
output control voltages of DPCC method can be calculated by
(8). Then, the control voltages are applied to the motor windings
by the four-leg inverter through the 3-D space vector modulator
in natural abc reference frame [31], [32].

C. Parameter Sensitivity Analysis

As depicted by (8), the prediction results of DPCC are affected
by motor parameters, including the stator resistanceRs, dq-axis
inductanceLdq , zero-axis inductanceL0, and permanent magnet
flux linkageψf . Hence, the accuracy of machine parameters used
in prediction model may directly influence the control perfor-
mance in the PMSM drive system. Therefore, the parameter
sensitivity analysis is conducted in this section to illustrate the
impact of parameter mismatches on current prediction results of
DPCC method.

From (5), the predictive currents of DPCC method under
motor parameter mismatches can be expressed as follows:

⎡
⎣i′d (k + 1)
i′q (k + 1)
i′0 (k + 1)

⎤
⎦ = A′(k)

⎡
⎣id(k)iq(k)
i0(k)

⎤
⎦+B′

⎡
⎣ud(k)uq(k)
u0(k)

⎤
⎦+ E ′(k) (9)

A′(k) =⎡
⎢⎣
1− Tc(Rs+ΔRs)

Ldq+ΔLdq
Tcωe(k) 0

−Tcωe(k) 1− Tc(Rs+ΔRs)
Ldq+ΔLdq

0

0 0 1− Tc(Rs+ΔRs)
L0+ΔL0

⎤
⎥⎦

B′ = diag
[

Tc

Ldq+ΔLdq

Tc

Ldq+ΔLdq

Tc

L0+ΔL0

]

TABLE I
TESTED PMSM PARAMETERS

E ′(k) =
[
0 −Tc(ψf+Δψf )

Ldq+ΔLdq
ωe(k) 0

]T
(10)

where ΔRs, ΔLdq , ΔL0, and Δψf are the difference be-
tween the parameter values of stator resistance, dq-axis induc-
tance, zero-axis inductance, and permanent magnet flux linkage
used for predictive currents calculation and the actual machine
parameter values. Therefore, the prediction errors of DPCC
method caused by parameter mismatches can be expressed as
follows:

ey = i′y (k + 1)− iy (k + 1) , y ∈ {d, q, 0} (11)

with⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

ed =
RsΔLdq−LdqΔRs

Ldq(Ldq+ΔLdq)
Tcid(k)− ΔLdq

Ldq(Ldq+ΔLdq)
Tcud(k)

eq =
RsΔLdq−LdqΔRs

Ldq(Ldq+ΔLdq)
Tciq(k)− ΔLdq

Ldq(Ldq+ΔLdq)
Tcuq(k)

+
ψfΔLdq−LdqΔψf

Ldq(Ldq+ΔLdq)
Tcωe(k)

e0 = RsΔL0−L0ΔRs

L0(L0+ΔL0)
Tci0(k)− ΔL0

L0(L0+ΔL0)
Tcu0(k).

(12)

It can be observed from (12) that the dq0-axis predictive
currents are all influenced by the stator resistance error ΔRs,
while the d- and zero-axes currents remain unaffected by the
permanent magnet flux linkage error Δψf . In addition, the
dq-axis inductance error ΔLdq impacts both the d-axis and q-
axis predictive currents, whereas the zero-axis inductance error
ΔL0 only affects the zero-axis current. Furthermore, the current
prediction errors are all dependent on mechanical parameters,
motor speed, and sampled currents.

Fig. 3 shows the relationship between the dq0-axis current
prediction errors and the mismatches in stator resistance, dq-axis
inductance, zero-axis inductance, and permanent magnet flux
linkage. The parameters of tested PMSM are listed in Table I
and the speed is set to 1200 r/min. As shown in Fig. 3(a)–(c),
the stator resistance error ΔRs has minimal effect on the dq0-
axis predictive currents when the inductance mismatch remains
unchanged. In contrast, the inductance errors ΔLdq and ΔL0

significantly influence current prediction, exhibiting a nonlinear
relationship with the prediction errors. Therefore, when the
inductance values used in the prediction model differ from the
actual values, compensating for the prediction error with a con-
stant becomes challenging. As depicted in Fig. 3(d), the q-axis
current prediction error is proportional to the permanent magnet
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flux linkage error Δψf , indicating that the error of flux linkage
may introduce a constant offset between the q-axis reference
current and the actual current.

In addition, there is a one-step delay between current sampling
and output control voltage loading because the microprocessor
executes instructions serially, which may deteriorate the perfor-
mance of PMSM drive system [33], [34]. Therefore, an incre-
mental DPCC strategy with sliding mode disturbance observer
(IDPCC + SMDO) is proposed in Section III to mitigate the
current tracking performance degradation caused by parameter
mismatches and one-step delay, thereby ensuring satisfactory
control performance in both healthy and fault-tolerant operation
modes.

III. PROPOSED IDPCC + SMDO METHOD

A. Establishment of Incremental Prediction Model

According to the abovementioned parameter sensitivity anal-
ysis of DPCC method, the permanent magnet flux linkage mis-
match can cause q-axis current prediction error, thus exerting
a substantial influence on the motor torque control. Therefore,
an incremental prediction model is created in this section to
eliminate the effect of flux linkage mismatch. According to
(7), the voltages at the (k − 1)th instant can be expressed
as follows:⎡
⎣ud (k − 1)
uq (k − 1)
u0 (k − 1)

⎤
⎦ =

B−1

⎛
⎝
⎡
⎣id(k)iq(k)
i0(k)

⎤
⎦−A (k − 1)

⎡
⎣id (k − 1)
iq (k − 1)
i0 (k − 1)

⎤
⎦− E (k − 1)

⎞
⎠ .

(13)

Since the mechanical dynamics of motors are much slower
than the electrical dynamics, the electrical angular velocity
can be considered constant during successive sampling periods,
i.e., ωe(k) = ωe(k − 1). Hence,A(k) = A(k − 1) andE(k) =
E(k − 1). Subtracting (13) from (7), the incremental voltages
at the kth instant relative to the (k − 1)th instant is⎡
⎣ud(k)uq(k)
u0(k)

⎤
⎦ =

⎡
⎣ud (k − 1)
uq (k − 1)
u0 (k − 1)

⎤
⎦

+B−1

⎛
⎝
⎡
⎣Δid (k + 1)
Δiq (k + 1)
Δi0 (k + 1)

⎤
⎦−A(k)

⎡
⎣Δid(k)Δiq(k)
Δi0(k)

⎤
⎦
⎞
⎠
(14)

where{
Δiy(k) = iy(k)− iy (k − 1)
Δiy (k + 1) = iy (k + 1)− iy(k)

, y ∈ {d, q, 0} . (15)

In order to make the actual currents generated by the output
voltages of controller approach the reference currents at the next
instant, the (k + 1)th instant currents id(k + 1), iq(k + 1), and
i0(k + 1) should be replaced by reference currents i∗d(k + 1),
i∗q(k + 1), and i∗0(k + 1), respectively.

As observed from (14) and (15), the incremental prediction
model of PMSM with connected neutral point can eliminate the
effect of flux linkage mismatch on current prediction. However,
the presence of resistance and inductance remains within the
incremental prediction model, so the impact of resistance and
inductance mismatches must be considered.

B. Sliding Mode Disturbance Observer Design

According to (1), the voltage equation of PMSM with con-
nected neutral point considering parameter mismatches is⎡

⎣uduq
u0

⎤
⎦ = Rs

⎡
⎣idiq
i0

⎤
⎦+

⎡
⎣Ldq 0 0

0 Ldq 0
0 0 L0

⎤
⎦ d

dt

⎡
⎣idiq
i0

⎤
⎦

+ ωe

⎡
⎣ −Ldqiq
Ldqid + ψf

0

⎤
⎦+

⎡
⎣fdfq
f0

⎤
⎦ (16)

where fd, fq , and f0 are the parameter disturbances caused by
the variation of stator resistance, dq-axis inductance, zero-axis
inductance, and permanent magnet flux linkage. Therefore, the
parameter disturbances can be expressed as follows:⎡
⎣fdfq
f0

⎤
⎦ = ΔRs

⎡
⎣idiq
i0

⎤
⎦+

⎡
⎣ΔLdq 0 0

0 ΔLdq 0
0 0 ΔL0

⎤
⎦ d

dt

⎡
⎣idiq
i0

⎤
⎦

+ ωe

⎡
⎣ −ΔLdqiq
ΔLdqid +Δψf

0

⎤
⎦ . (17)

In order to estimate the above parameter disturbances, the
disturbance observer can be designed as follows:⎡

⎣uduq
u0

⎤
⎦ = Rs

⎡
⎣îdîq
î0

⎤
⎦+

⎡
⎣Ldq 0 0

0 Ldq 0
0 0 L0

⎤
⎦ d

dt

⎡
⎣îdîq
î0

⎤
⎦

+ωe

⎡
⎣ −Ldqiq
Ldqid + ψf

0

⎤
⎦+
⎡
⎣f̂df̂q
f̂0

⎤
⎦+
⎡
⎣IdsmoIqsmo
I0smo

⎤
⎦

d

dt

[
f̂d f̂q f̂0

]T
=
[
GdIdsmo GqIqsmo G0I0smo

]T
(18)

where îd, îq , and î0 are the estimates of the d-axis, q-axis, and
zero-axis currents, respectively, f̂d, f̂q , and f̂0 are the estimates
of parameter disturbances fd, fq , and f0, respectively, Idsmo,
Iqsmo, and I0smo represent sliding mode control function, and
Gd, Gq , and G0 are the gain parameters of the disturbance ob-
server. The current estimation errors and disturbance estimation
errors can be expressed as follows:{

eiy = îy − iy
efy = f̂y − fy

, y ∈ {d, q, 0} (19)

where eiy (y ∈ {d, q, 0}) represents the errors between the
estimated dq0-axis currents and the actual feedback currents;
efy (y ∈ {d, q, 0}) represents the errors between the estimated
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parameter disturbances and the actual parameter disturbances.
Subtracting (16) from (18), the estimation error equations can
be obtained as follows:

d

dt

⎡
⎣eideiq
ei0

⎤
⎦ =

⎡
⎣1/Ldq 0 0

0 1/Ldq 0
0 0 1/L0

⎤
⎦

×
⎛
⎝−Rs

⎡
⎣eideiq
ei0

⎤
⎦−

⎡
⎣efdefq
ef0

⎤
⎦−

⎡
⎣IdsmoIqsmo
I0smo

⎤
⎦
⎞
⎠

d

dt

⎡
⎣efdefq
ef0

⎤
⎦ =

⎡
⎣GdIdsmoGqIqsmo
G0I0smo

⎤
⎦−

⎡
⎣FdFq
F0

⎤
⎦ ,
⎡
⎣FdFq
F0

⎤
⎦ =

d

dt

⎡
⎣fdfq
f0

⎤
⎦ (20)

where Fd, Fq, and F0 are the variation rates of parameter
disturbances fd, fq , and f0, respectively. To ensure the rapid
convergence of estimation errors eid , eiq , ei0 , efd , efq , and ef0 ,
according to the sliding mode control theory, this article selects
eiy (y ∈ {d, q, 0}) as the sliding mode surface, expressed as
follows:

sy = eiy = îy − iy, y ∈ {d, q, 0} . (21)

Moreover, the sliding mode control function is designed based
on the exponential reaching law to improve the estimation ac-
curacy of disturbances [35], which can be expressed as follows:

ds

dt
= −εsign(s)− λs, ε, λ > 0 (22)

where ε and λ are the reaching law parameters that determine
the convergence speed and chattering level. From (20) and (22),
considering efd , efq , and ef0 as the disturbance estimation errors
of sliding mode control function, the control function Idsmo,
Iqsmo, and I0smo can be designed as follows:⎧⎪⎨

⎪⎩
Idsmo = (Ldqλ −Rs) eid + Ldqεsign (eid)

Iqsmo = (Ldqλ −Rs) eiq + Ldqεsign
(
eiq
)

I0smo = (L0λ −Rs) ei0 + L0εsign (ei0) .

(23)

In order to guarantee the convergence of the estimation errors,
the sliding mode control function (23) should satisfy the sliding
mode stability condition as follows:⎧⎪⎪⎪⎨
⎪⎪⎪⎩
eid

deid
dt = eid

(
− Rs

Ldq
eid − 1

Ldq
efd − 1

Ldq
Idsmo

)
≤ 0

eiq
deiq
dt = eiq

(
− Rs

Ldq
eiq − 1

Ldq
efq − 1

Ldq
Iqsmo

)
≤ 0

ei0
dei0
dt = ei0

(
−Rs

L0
ei0 − 1

L0
ef0 − 1

L0
I0smo

)
≤ 0.

(24)

Substituting (23) into (24) yields

ε > max

(
|efd |
Ldq

,

∣∣efq ∣∣
Ldq

,
|ef0 |
L0

)
(25)

which means that the ε should satisfy (25) to ensure the sliding
mode stability condition (24) holds. Therefore, the disturbance
observer can make the current estimation errors eid , eiq , and ei0
and their derivatives converge to zero in a finite time. Thus, the

error equation (20) can be simplified as follows:

d

dt

⎡
⎣efdefq
ef0

⎤
⎦+

⎡
⎣GdefdGqefq
G0ef0

⎤
⎦+

⎡
⎣FdFq
F0

⎤
⎦ =

⎡
⎣00
0

⎤
⎦ . (26)

Therefore, the solution for disturbance estimation errors efd ,
efq , and ef0 are given by

efy = e−Gyt

(
C +

∫
Fye

Gytdt

)
, y ∈ {d, q, 0} (27)

where C is a constant. It can be seen from (27) that gain
parameters Gd, Gq , and G0 should be positive to ensure the
convergence of disturbance estimation errors. Moreover, the
above analysis proves that the designed disturbance observer
(18) is stable with appropriate control parameters ε, Gd, Gq ,
and G0.

For digital implementation [36], the expression of the distur-
bance observer (18) should be discretized as follows:⎡

⎣îd (k + 1)

îq (k + 1)

î0 (k + 1)

⎤
⎦ =M

⎡
⎣îd(k)îq(k)

î0(k)

⎤
⎦

+B

⎛
⎝
⎡
⎣ud(k)uq(k)
u0(k)

⎤
⎦−

⎡
⎣f̂d(k)f̂q(k)

f̂0(k)

⎤
⎦−

⎡
⎣Idsmo(k)Iqsmo(k)
I0smo(k)

⎤
⎦
⎞
⎠

+ Tcωe(k)

⎡
⎣ iq(k)
−id(k)

0

⎤
⎦+ E(k)

⎡
⎣f̂d (k + 1)

f̂q (k + 1)

f̂0 (k + 1)

⎤
⎦ =

⎡
⎣f̂d(k)f̂q(k)

f̂0(k)

⎤
⎦

+ Tc

⎡
⎣GdIdsmo(k)GqIqsmo(k)
G0I0smo(k)

⎤
⎦ , Gd, Gq, G0 ∈ R+

M = diag
[
1− TcRs

Ldq
1− TcRs

Ldq
1− TcRs

L0

]
(28)

where îd(k + 1), îq(k + 1), and î0(k + 1) are the (k + 1)th
instant d-, q-, and zero-axes currents estimated by the observer,
respectively. f̂d(k + 1), f̂q(k + 1), and f̂0(k + 1) are the esti-
mates of parameter disturbances at the (k + 1)th instant. The
Idsmo(k), Iqsmo(k), and I0smo(k) can be expressed as follows:⎧⎨
⎩
Idsmo(k) = (Ldqλ −Rs) eid(k) + Ldqεsign (eid(k))
Iqsmo(k) = (Ldqλ −Rs) eiq (k) + Ldqεsign

(
eiq (k)

)
I0smo(k) = (L0λ −Rs) ei0(k) + L0εsign (ei0(k))

(29)

with

eiy (k) = îy(k)− iy(k), y ∈ {d, q, 0} . (30)

Therefore, the output of observer at the kth instant is⎡
⎣îd(k)îq(k)

î0(k)

⎤
⎦ =M

⎡
⎣îd (k − 1)

îq (k − 1)

î0 (k − 1)

⎤
⎦
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+B

⎛
⎝
⎡
⎣ud (k − 1)
uq (k − 1)
u0 (k − 1)

⎤
⎦−

⎡
⎣f̂d (k − 1)

f̂q (k − 1)

f̂0 (k − 1)

⎤
⎦−

⎡
⎣Idsmo (k − 1)
Iqsmo (k − 1)
I0smo (k − 1)

⎤
⎦
⎞
⎠

+ Tcωe (k − 1)

⎡
⎣ iq (k − 1)
−id (k − 1)

0

⎤
⎦+ E(k − 1)

⎡
⎣f̂d(k)f̂q(k)

f̂0(k)

⎤
⎦ =

⎡
⎣f̂d (k − 1)

f̂q (k − 1)

f̂0 (k − 1)

⎤
⎦+ Tc

⎡
⎣GdIdsmo (k − 1)
GqIqsmo (k − 1)
G0I0smo (k − 1)

⎤
⎦

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Idsmo (k − 1) = (Ldqλ −Rs) eid (k − 1)
+Ldqεsign (eid (k − 1))

Iqsmo (k − 1) = (Ldqλ −Rs) eiq (k − 1)
+Ldqεsign (eiq (k − 1))

I0smo (k − 1) = (L0λ −Rs) ei0 (k − 1)
+L0εsign (ei0 (k − 1)) .

(31)

Subtracting (31) from (28) yields⎡
⎣Δîd (k + 1)

Δîq (k + 1)

Δî0 (k + 1)

⎤
⎦ =M

⎡
⎣Δîd(k)Δîq(k)

Δî0(k)

⎤
⎦

+B

⎛
⎝
⎡
⎣Δud(k)Δuq(k)
Δu0(k)

⎤
⎦−

⎡
⎣Δf̂d(k)Δf̂q(k)

Δf̂0(k)

⎤
⎦−

⎡
⎣ΔIdsmo(k)ΔIqsmo(k)
ΔI0smo(k)

⎤
⎦
⎞
⎠

+ Tcωe(k)

⎡
⎣ Δiq(k)
−Δid(k)

0

⎤
⎦

⎡
⎣Δf̂d (k + 1)

Δf̂q (k + 1)

Δf̂0 (k + 1)

⎤
⎦ =

⎡
⎣Δf̂d(k)Δf̂q(k)

Δf̂0(k)

⎤
⎦+ Tc

⎡
⎣GdΔIdsmo(k)GqΔIqsmo(k)
G0ΔI0smo(k)

⎤
⎦ (32)

with⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Δîy(k) = îy(k)− îy (k − 1)

Δîy (k + 1) = îy (k + 1)− îy(k)

Δf̂y(k) = f̂y(k)− f̂y (k − 1)

Δf̂y (k + 1) = f̂y (k + 1)− f̂y(k)
Δuy(k) = uy(k)− uy (k − 1)

, y ∈ {d, q, 0} (33)

⎧⎨
⎩
ΔIdsmo(k) = Idsmo(k)− Idsmo (k − 1)
ΔIqsmo(k) = Iqsmo(k)− Iqsmo (k − 1)
ΔI0smo(k) = I0smo(k)− I0smo (k − 1) .

(34)

It can be seen from (32)–(34) that the proposed SMDO
eliminates the flux linkage ψf , which has a significant impact on
the current and disturbance estimation. The structure diagram
of the proposed SMDO is shown in Fig. 4.

C. IDPCC + SMDO Method

By replacing the sampled currents in incremental prediction
model (14) with d-, q-, and zero-axes currents estimated by
the proposed SMDO at the (k + 1)th instant and compensating
parameter disturbances with the estimated incremental distur-
bances of observer, the proposed incremental DPCC with sliding

Fig. 4. Structural diagram of the proposed incremental form of SMDO.

Fig. 5. Control diagram of the proposed IDPCC + SMDO method.

mode disturbance observer method can be expressed as⎡
⎣u∗du∗q
u∗0

⎤
⎦ = B−1

⎛
⎝
⎡
⎣i∗d (k + 1)
i∗q (k + 1)
i∗0 (k + 1)

⎤
⎦−

⎡
⎣îd (k + 1)

îq (k + 1)

î0 (k + 1)

⎤
⎦

−A(k)
⎡
⎣Δîd (k + 1)

Δîq (k + 1)

Δî0 (k + 1)

⎤
⎦
⎞
⎠

+

⎡
⎣Δf̂d (k + 1)

Δf̂q (k + 1)

Δf̂0 (k + 1)

⎤
⎦+

⎡
⎣ud (k − 1)
uq (k − 1)
u0 (k − 1)

⎤
⎦ . (35)

The structure of the proposed IDPCC + SMDO method for
PMSM drive systems using four-leg inverters is shown in Fig. 5.
The sampled currents id(k), iq(k), and i0(k) are utilized to
derive the predictive currents and disturbance values through
the proposed SMDO, which can effectively suppress the impact
of resistance and inductance parameter mismatches on the in-
cremental prediction model. In contrast to the DPCC method,
the proposed IDPCC + SMDO method introduces an additional
disturbance estimation and compensation process. While this
slightly increases the computational burden, the benefit is clear,
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Fig. 6. Simulation performance of the two methods in healthy operation mode
at 600 r/min without parameter mismatch (ΔRs = 0, ΔLdq = 0, ΔL0 = 0
and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.

as it significantly enhances the controller’s robustness to param-
eter mismatches. In addition, the proposed SMDO is capable
of compensating for the one-step delay inherent in digital con-
trollers.

IV. PERFORMANCE SIMULATION

In this section, the simulation modeling and analysis are
implemented into a surface-mounted PMSM to verify the effec-
tiveness of the proposed IDPCC + SMDO method in mitigating
the influence of motor parameter mismatches. The simulation
of conventional DPCC method is also conducted to compare
the control performance of the proposed method in healthy and
open-phase fault-tolerant mode of the tested PMSM. Since the
motor parameters cannot be set arbitrarily, the corresponding
parameter mismatches are simulated by modifying the parameter
values used in the prediction model. The major parameters of
tested machine are listed in Table I.

A. Control Performance Comparison Under Healthy Mode

When the PMSM drive system is in healthy operation mode,
the reference of zero-axis current i0 should be set to 0 A. The
load torque changes are uniformly set to change from 3 to
8 N·m at the time instant t1 = 0.2 s and then to 6 N· m at the
time instant t2 = 0.4 s. The target speed is set to 600 r/min, and
the control frequency used in the simulation is 20 kHz, while
the speed loop sampling frequency is 2 kHz.

Fig. 6 illustrates a comparison of the current dynamic perfor-
mance between the two methods under conditions of no param-
eter mismatch (ΔRs = 0, ΔLdq = 0, ΔL0 = 0, and Δψf = 0).
Both methods accurately track the current reference, but the
proposed IDPCC + SMDO method exhibits lower current ripple
than the conventional DPCC method, particularly in the zero-
axis current ripple. This is because the proposed SMDO can
compensate for the effect of one-step delay, which has a more
pronounced impact on the zero-axis current due to the small
L0. The simulation results of the dq0-axis current responses
under various parameter mismatch conditions are presented
in Figs. 7–14.

The current dynamic performance comparison of the two
methods under 10 and 0.1 times resistance mismatch are shown
in Figs. 7 and 8, respectively. Under resistance mismatch, the
q-axis current of the DPCC method fails to accurately track
the reference, whereas the proposed IDPCC + SMDO method
effectively eliminates the static error in the q-axis current.

Fig. 7. Simulation performance of the two methods in healthy operation mode
at 600 r/min under 10 times resistance (ΔRs = 9Rs, ΔLdq = 0, ΔL0 = 0,
and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.

Fig. 8. Simulation performance of the two methods in healthy operation mode
at 600 r/min under 0.1 times resistance (ΔRs = −0.9Rs, ΔLdq = 0, ΔL0 =
0, and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.

Fig. 9. Simulation performance of the two methods in healthy operation
mode at 600r/min under 2 times dq-axis inductance (ΔRs = 0, ΔLdq = Ldq ,
ΔL0 = 0, and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.

Fig. 10. Simulation performance of the two methods in healthy operation
mode at 600 r/min under 0.5 times dq-axis inductance (ΔRs = 0, ΔLdq =
−0.5Ldq , ΔL0 = 0, and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.

Fig. 11. Simulation performance of the two methods in healthy operation
mode at 600 r/min under 2 times zero-axis inductance (ΔRs = 0, ΔLdq = 0,
ΔL0 = L0 and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.
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Fig. 12. Simulation performance of the two methods in healthy operation
mode at 600 r/min under 0.5 times zero-axis inductance (ΔRs = 0,ΔLdq = 0,
ΔL0 = −0.5L0, and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.

Fig. 13. Simulation performance of the two methods in healthy operation
mode at 600 r/min under 2 times flux linkage (ΔRs = 0,ΔLdq = 0,ΔL0 = 0,
and Δψf = ψf ). (a) DPCC. (b) IDPCC + SMDO.

Fig. 14. Simulation performance of the two methods in healthy operation
mode at 600 r/min under 0.5 times flux linkage (ΔRs = 0,ΔLdq = 0,ΔL0 =
0, and Δψf = −0.5ψf ). (a) DPCC. (b) IDPCC + SMDO.

Figs. 9 and 10 present the current responses under 2 and
0.5 times dq-axis inductance mismatch, respectively. It can
be observed that when the dq-axis inductance value used in
the prediction model is larger than the actual value, there is
no tracking error in the dq0-axis currents, while the dq-axis
current ripple may increase significantly. However, the proposed
IDPCC + SMDO method effectively suppresses this current
ripple by compensating for parameter mismatches. A similar
situation is observed in the current dynamic performance com-
parison under 2 and 0.5 times zero-axis inductance mismatch, as
shown in Figs. 11 and 12, respectively. Under 2 times zero-axis
inductance mismatch, the zero-axis current of the DPCC method
oscillates violently, whereas the IDPCC + SMDO method
suppresses these oscillations, contributing to smoother output
torque. In addition, the permanent magnet flux linkage mismatch
introduces a static error in the q-axis current of the DPCC
method. In contrast, the proposed IDPCC + SMDO method
completely eliminates the influence of flux linkage by employing
the incremental prediction model, as demonstrated in Figs. 13
and 14.

Fig. 15. Simulation performance of the two methods in open-phase fault-
tolerant mode at 500 r/min without parameter mismatch (ΔRs = 0,ΔLdq = 0,
ΔL0 = 0, and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.

Fig. 16. Simulation performance of the two methods in open-phase fault-
tolerant mode at 500 r/min under 10 times resistance (ΔRs = 9Rs,ΔLdq = 0,
ΔL0 = 0, and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.

B. Control Performance Comparison Under Open-Phase
Fault-Tolerant Mode

When the PMSM drive system is in open-phase fault-tolerant
operation mode, the reference of zero-axis current i0 should be
adjusted to (2)–(4) according to the position of open-phase fault.
In this simulation study, the open-phase fault occurs in the phase
A is taken as an example. The open-phase fault occurs at the time
instant t2 = 0.2s. The load torque changes are uniformly set to
change from 2 to 5 N·m at the time instant t2 = 0.4 s. The target
speed is set to 500 r/min, and the control frequency used in the
simulation is 20 kHz, while the speed loop sampling frequency
is 2 kHz.

Fig. 15 presents the current dynamic performance compari-
son of the two methods under open-phase fault-tolerant opera-
tion mode without parameter mismatch (ΔRs = 0, ΔLdq = 0,
ΔL0 = 0, and Δψf = 0). Both methods exhibit fast current
dynamic response and can accurately track the current reference,
particularly for the zero-axis ac current reference. However, the
proposed IDPCC + SMDO method can effectively mitigate the
influence of one-step delay on motor control, resulting in lower
current ripple compared to the conventional DPCC method.

Figs. 16 and 17 illustrate a comparative analysis of the current
dynamic performance of the two methods under 10 and 0.1 times
resistance mismatch, respectively. In the DPCC method, both the
q-axis current iq and the zero-axis current i0 fail to accurately
track their respective reference values under resistance mis-
match. Specifically, the amplitude of the actual i0 significantly
deviates from the reference current i∗0 under open-phase fault-
tolerant mode with 10 times resistance mismatch. In contrast,
the proposed IDPCC + SMDO method effectively mitigates the
tracking errors of both the q- and zero-axes currents, ensuring
accurate alignment with their reference currents by compensat-
ing for disturbances arising from parameter mismatches.
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Fig. 17. Simulation performance of the two methods in open-phase fault-
tolerant mode at 500 r/min under 0.1 times resistance (ΔRs = −0.9Rs,
ΔLdq = 0, ΔL0 = 0, and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.

Fig. 18. Simulation performance of the two methods in open-phase fault-
tolerant mode at 500 r/min under 2 times dq-axis inductance (ΔRs = 0,
ΔLdq = Ldq , ΔL0 = 0, and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.

Fig. 19. Simulation performance of the two methods in open-phase fault-
tolerant mode at 500 r/min under 0.5 times dq-axis inductance (ΔRs = 0,
ΔLdq = −0.5Ldq ,ΔL0 = 0, andΔψf = 0). (a) DPCC. (b) IDPCC + SMDO.

Fig. 20. Simulation performance of the two methods in open-phase fault-
tolerant mode at 500 r/min under 2 times zero-axis inductance (ΔRs = 0,
ΔLdq = 0, ΔL0 = L0 and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.

Figs. 18 and 19 demonstrate that the DPCC method exhibits
significant sensitivity to dq-axis inductance mismatch, with the
dq0-axis currents showing obvious oscillations when the Ldq
used in the prediction model exceeds the actual inductance value.
A similar phenomenon is observed under zero-axis inductance
L0 mismatch, the difference is that L0 mismatch mainly affects
the ripple of zero-axis current i0, as shown in Figs. 20 and 21.
However, the proposed IDPCC + SMDO method can effectively
suppress the current ripple induced by inductance mismatches,

Fig. 21. Simulation performance of the two methods in open-phase fault-
tolerant mode at 500 r/min under 0.5 times zero-axis inductance (ΔRs = 0,
ΔLdq = 0, ΔL0 = −0.5L0, and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.

Fig. 22. Simulation performance of the two methods in open-phase fault-
tolerant mode at 500 r/min under 2 times flux linkage (ΔRs = 0, ΔLdq = 0,
ΔL0 = 0, and Δψf = ψf ). (a) DPCC. (b) IDPCC + SMDO.

Fig. 23. Simulation performance of the two methods in open-phase fault-
tolerant mode at 500 r/min under 0.5 times flux linkage (ΔRs = 0, ΔLdq = 0,
ΔL0 = 0, and Δψf = −0.5ψf ). (a) DPCC. (b) IDPCC + SMDO.

thereby reducing the torque ripple resulting from current pre-
diction error.

In addition, the current dynamic performance comparison of
the two methods under 2 and 0.5 times flux linkage mismatch
are shown in Figs. 22 and 23, respectively. Similar to the healthy
operation mode, the proposed IDPCC + SMDO method com-
pletely eliminates the effects of permanent magnet flux linkage
mismatch in the open-phase fault-tolerant operation mode by
employing the incremental prediction model.

In summary, the comparison and analysis of the above sim-
ulation results demonstrate that the proposed IDPCC + SMDO
method has better current control performance under various
motor parameter mismatches than conventional DPCC method.
Disturbance compensation effectively mitigates the negative im-
pact of parameter mismatches and one-step delay on predictive
control performance, thereby greatly enhancing the parameter
robustness of the controller.

V. EXPERIMENTAL RESULTS

To validate the effectiveness of IDPCC + SMDO method
proposed in this article, one experimental platform has been
developed for the control performance evaluation, as depicted
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Fig. 24. Experimental setup for evaluating the contol performance of PMSM
drive system using a four-leg inverter.

Fig. 25. Experimental data of the two methods in healthy operation mode at
1000 r/min and 5 N· m without parameter mismatch (ΔRs = 0, ΔLdq = 0,
ΔL0 = 0, and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.

Fig. 26. Experimental data of the two methods in open-phase fault-tolerant
operation mode at 1000 r/min and 5 N·m without parameter mismatch (ΔRs =
0, ΔLdq = 0, ΔL0 = 0, and Δψf = 0). (a) DPCC. (b) IDPCC + SMDO.

in Fig. 24. The experimental platform consists of a tested PMSM,
a torque-speed meter, a loading motor, a load control cabinet,
an oscilloscope, a dc power supply and a four-leg inverter. A
circuit breaker is employed to connect the A-phase of tested
machine and inverter, which can simulate the open-phase fault
when in the disconnected state. The algorithm execution logic
is constructed based on the DSP TMS320F28379D chip, and
the major parameters of tested machine are provided in Table I.
The dc-bus voltage of tested PMSM in experiments is set to
220 V, and the control frequency adopted by the system is fixed at
20 kHz. The parameters of the sliding mode disturbance observer
are set as follows: ε = 1000, λ = 3150, Gd = Gq = 100, and
G0 = 2000, ensuring the asymptotic stability of the proposed
SMDO.

Fig. 27. Experimental data of the PID and FCS-MPCC methods in healthy
operation mode at 1000 r/min and 5 N·m without parameter mismatch (ΔRs =
0, ΔLdq = 0, ΔL0 = 0, and Δψf = 0). (a) PID. (b) FCS-MPCC.

Fig. 28. Experimental data of the PID and FCS-MPCC methods in open-
phase fault-tolerant operation mode at 1000 r/min and 5 N·m without parameter
mismatch (ΔRs = 0, ΔLdq = 0, ΔL0 = 0, and Δψf = 0). (a) PID. (b) FCS-
MPCC.

A. Steady-State Performance Comparison

Figs. 25 and 26 present the experimental outcomes of DPCC
and the proposed IDPCC + SMDO methods in both healthy and
open-phase fault-tolerant operation modes, respectively. The ex-
perimental data are all obtained at the speed of 1000 r/min and the
torque output of 5 N·m, with no parameter mismatch. It is evident
that the dq0-axis currents for both methods accurately track
the reference currents, and the total harmonic distortion (THD)
of the phase current is similar in both the healthy and open-
phase fault-tolerant operation modes. However, the proposed
IDPCC + SMDO method demonstrates lower dq0-axis current
ripple and phase current THD compared to the conventional
DPCC method, which is advantageous for achieving smooth
output torque in PMSM drive systems. To further validate the
current control performance of the proposed IDPCC + SMDO
method, this study presents comparative experimental results
with conventional PID and FCS-MPCC methods in both healthy
and open-phase fault-tolerant operation modes, as shown in
Figs. 27 and 28, respectively. The control frequency of the PID
method is set at 20 kHz, while that of the FCS-MPCC method is
50 kHz. When the PMSM drive system is in healthy operation
mode, both PID and FCS-MPCC methods can accurately track
the reference currents; however, their dq0-axis current ripples
and A-phase current THD are notably higher than those achieved
by proposed IDPCC + SMDO method. When the PMSM drive
system is in open-phase fault-tolerant operation mode, the PID
method exhibits an 8.2◦ phase difference between the zero-axis
current and its reference. Furthermore, the N-phase current THD
and dq0-axis current ripple of both PID and FCS-MPCC in-
crease significantly in fault-tolerant operation mode, remaining
considerably higher than those of the proposed IDPCC + SMDO
method.
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Fig. 29. Experimental data of the two methods in healthy operation mode at
500 r/min and 5 N·m under simultaneous multiparameter mismatches (ΔRs =
9Rs, ΔLdq = Ldq , ΔL0 = L0, and Δψf = ψf ). (a) DPCC. (b) IDPCC +
SMDO.

The control performance of DPCC and the proposed IDPCC +
SMDO methods under a single parameter mismatch has been
analyzed in the previous simulation study. The results indicate
that dq0-axis current ripple and static error usually increase
significantly when the parameter values used in the current pre-
diction model are larger than their actual counterparts. However,
in practical PMSM drive systems, parameter mismatches often
occur simultaneously across multiple parameters. To conduct
a more comprehensive analysis of control performance be-
tween the proposed IDPCC + SMDO method and conventional
DPCC method under simultaneous multiparameter mismatches
in this section, the parameter mismatch conditions are set to
ΔRs = 9Rs, ΔLdq = Ldq , ΔL0 = L0, and Δψf = ψf . The
performance comparison of the two methods is then conducted
at the speed of 500 r/min and the torque output of 5 N·m.

Fig. 29 shows a comparison of the steady-state performance
between the DPCC and the proposed IDPCC + SMDO methods
in healthy operation mode under simultaneous multiparameter
mismatches. The experimental results reveal that the multipa-
rameter mismatches lead to a significant increase in the A-phase
current THD for the DPCC method, from 12.63% at 1000 r/min
to 21.23% at 500 r/min. In addition, the current ripples in the
d-, q-, and zero-axes rise from 1.94 to 4.07 A, 1.78 to 3.64
A, and 1.67 to 4.56 A, respectively. Moreover, the static error
between the actual q-axis current and the reference current
caused by multiparameter mismatches reaches 0.73 A. However,
the steady-state performance of the proposed IDPCC + SMDO
method, as shown in Fig. 29(b), is almost unaffected by the
multiparameter mismatches, thereby achieving more satisfac-
tory control performance.

A similar situation is observed in open-phase fault-tolerant
operation mode under simultaneous multiparameter mis-
matches, as shown in Fig. 30. The N-phase current THD
for the conventional DPCC method increases from 13.34% at
1000 r/min to 25.32% at 500 r/min. The d-axis current ripple
rises from 2.19 to 4.93 A, and the q-axis current ripple in-
creases from 2 to 6.97 A. Furthermore, the zero-axis current
ripple also increases substantially in open-phase fault-tolerant
operation mode under multiparameter mismatches. In contrast,
the proposed IDPCC + SMDO method effectively suppresses
the N-phase current THD and dq0-axis current ripple caused by
parameter mismatches, while eliminating the static error in the
q-axis current, as shown in Fig. 30(b).

This study also investigates the current control performance of
conventional PID and FCS-MPCC methods under simultaneous

Fig. 30. Experimental data of the two methods in open-phase fault-tolerant
operation mode at 500 r/min and 5N·m under simultaneous multiparame-
ter mismatches (ΔRs = 9Rs, ΔLdq = Ldq , ΔL0 = L0, and Δψf = ψf ).
(a) DPCC. (b) IDPCC + SMDO.

Fig. 31. Experimental data of the PID and FCS-MPCC methods in healthy
operation mode at 500 r/min and 5 N·m under simultaneous multiparame-
ter mismatches (ΔRs = 9Rs, ΔLdq = Ldq , ΔL0 = L0, and Δψf = ψf ).
(a) PID. (b) FCS-MPCC.

Fig. 32. Experimental data of the PID and FCS-MPCC methods in open-phase
fault-tolerant operation mode at 500 r/min and 5 N·m under simultaneous
multiparameter mismatches (ΔRs = 9Rs, ΔLdq = Ldq , ΔL0 = L0, and
Δψf = ψf ). (a) PID. (b) FCS-MPCC.

multiparameter mismatches in both healthy and open-phase
fault-tolerant operation modes, as illustrated in Figs. 31 and 32,
respectively. Since the PID controller does not rely on the PMSM
mathematical model, its phase current THD and dq-axis cur-
rent ripple remain largely unaffected by parameter mismatches.
Meanwhile, the phase difference between the zero-axis current
and its reference slightly decreases from 8.2◦ at 1000 r/min to
6.7◦ at 500 r/min, as shown in Figs. 28(a) and 32(a). In contrast,
the FCS-MPCC method, similar to the DPCC method, is highly
sensitive to parameter mismatches, which result in a substantial
increase in both the dq0-axis current ripple and phase current
THD. Figs. 27(b) and 31(b) demonstrate that under healthy op-
erating conditions, the multiparameter mismatches lead to a sig-
nificant increase in the A-phase current THD for the FCS-MPCC
method, rising from 15.45% at 1000 r/min to 25.28% at 500
r/min. In addition, the current ripples in the d-, q-, and zero-axes
rise from 1.94 to 4.68 A, 1.96 to 3.86 A, and 2.11 to 4.97 A, re-
spectively. Moreover, the multiparameter mismatches introduce
a steady-state error of−0.58 A between the actual q-axis current
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Fig. 33. Experimental data of the two methods in healthy operation mode at
500 r/min with load torque from 2 to 5 N·m under simultaneous multiparam-
eter mismatches (ΔRs = 9Rs, ΔLdq = Ldq , ΔL0 = L0, and Δψf = ψf ).
(a) DPCC. (b) IDPCC + SMDO.

Fig. 34. Experimental data of the two methods in open-phase fault-tolerant
operation mode at 500 r/min with load torque from 2 to 5 N·m under simultaneous
multiparameter mismatches (ΔRs = 9Rs, ΔLdq = Ldq , ΔL0 = L0, and
Δψf = ψf ). (a) DPCC. (b) IDPCC + SMDO.

and its reference. The control performance degradation is even
more pronounced in open-phase fault-tolerant operation mode.
As depicted in Figs. 28(b) and 32(b), the N-phase current THD
for the FCS-MPCC method increases from 17.13% at 1000 r/min
to 29.77% at 500 r/min. The d-axis current ripple rises from 2.46
to 5.15 A, while the q-axis current ripple increases from 2.81 to
7.19 A. Although the FCS-MPCC method does not introduce a
phase difference in the zero-axis current as observed in the PID
case, its zero-axis current ripple also increases significantly in
open-phase fault-tolerant operation mode under multiparameter
mismatches. In comparison, the proposed IDPCC + SMDO
method effectively suppresses the increase in phase current THD
and dq0-axis current ripple induced by parameter mismatches,
while also eliminating the static error in the q-axis current.

B. Dynamic Performance Comparison

In order to evaluate the dynamic performance of the proposed
IDPCC + SMDO method, dynamic response comparisons be-
tween the DPCC and IDPCC + SMDO methods are conducted
based on sudden changes in load torque and target speed, re-
spectively.

At the target speed of 500 r/min and an increment in load
torque from 2 to 5 N·m, the experimental outcomes are depicted
in Figs. 33 and 34. Clearly, due to multiparameter mismatches,
the response time of the DPCC method is longer than that of the
proposed IDPCC + SMDO method, even with the same speed
loop PI controller. In both healthy and open-phase fault-tolerant
operation modes, the tested PMSM drive system using the DPCC

Fig. 35. Experimental data of the two methods in healthy operation mode at
5 N·m with speed from 500 to 1000 r/min under simultaneous multi-parameter
mismatches (ΔRs = 9Rs, ΔLdq = Ldq , ΔL0 = L0, and Δψf = ψf ).
(a) DPCC. (b) IDPCC + SMDO.

Fig. 36. Experimental data of the two methods in open-phase fault-tolerant
operation mode at 5 N·m with speed from 500 to 1000 r/min under simultaneous
multi-parameter mismatches (ΔRs = 9Rs, ΔLdq = Ldq , ΔL0 = L0, and
Δψf = ψf ). (a) DPCC. (b) IDPCC + SMDO.

method takes 200 and 180 ms, respectively, to recover to the
target speed, with a significant speed drop. In contrast, the
speed of IDPCC + SMDO method recovers in 160 and 155 ms
under the same conditions. Whether in healthy or fault-tolerant
operation mode, the dq0-axis current ripple and static error
of q-axis current caused by multiparameter mismatches lead
to large speed fluctuations in the DPCC method, resulting in
a slow torque response and preventing the actual speed from
quickly tracking the target speed. However, the proposed ID-
PCC + SMDO method effectively compensates for the current
prediction errors caused by multiparameter mismatches, thereby
demonstrating better variable load performance compared to the
DPCC method.

Figs. 35 and 36 present a dynamic speed response comparison
between the two methods under simultaneous multiparameter
mismatches, with the load torque held constant at 5 N·m and
a sudden increment in target speed from 500 to 1000 r/min.
The results indicate that for the conventional DPCC method,
the phase current THD and dq0-axis current ripple rise as the
speed increases, leading to larger speed fluctuations compared
to the IDPCC + SMDO method. In addition, the static error of
q-axis current also exhibits a growing trend with higher speed.
These problems result in the response time of the DPCC method
being longer than that of the proposed IDPCC + SMDO method
when the target speed suddenly changes. In both healthy and
open-phase fault-tolerant operation modes, the tested PMSM
drive system using the DPCC method takes 140 and 150 ms,
respectively, to reach the target speed, with speed overshoots
of 88.6 and 122.4 r/min. In contrast, the speed response time
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TABLE II
EXECUTION TIME COMPARISON OF VARIOUS CONTROL METHODS

for the IDPCC + SMDO method is 160 and 155 ms under the
same conditions, with speed overshoots of 49.5 and 50.7 r/min.
Moreover, the proposed IDPCC + SMDO method is unaffected
by parameter mismatches and accurately tracks the reference
currents in both healthy and fault-tolerant operation modes, with
smooth variations in speed and current, as demonstrated in Figs.
35(b) and 36(b).

Based on the above dynamic performance evaluation, the re-
sults demonstrate that the proposed IDPCC + SMDO method ef-
fectively mitigates the dynamic performance degradation caused
by parameter mismatches in DPCC method by enhancing pa-
rameter robustness, thereby ensuring satisfactory steady-state
and dynamic performance in both healthy and open-phase fault-
tolerant operation modes. The execution times of the PID, FCS-
MPCC, DPCC, and the proposed IDPCC + SMDO algorithms
obtained from the experimental setup are listed in Table II.
Although the proposed method introduces a slightly higher
computational burden, it remains well within the acceptable
range for real-time implementation and does not require any
additional hardware.

VI. CONCLUSION

The purpose of this article is to propose an IDPCC + SMDO
method to reduce the effects of parameter mismatches on the
control performance of PMSM drive systems using four-leg
inverters. The major advantages of the proposed method are as
follows. 1) An incremental prediction model is established for
current prediction in PMSMs with a connected neutral point,
effectively eliminating the adverse effects of permanent magnet
flux linkage mismatch on the prediction results. 2) A sliding
mode observer is designed to compensate for disturbances and
uncertainties caused by parameter mismatches, thereby miti-
gating the impact of resistance and inductance mismatches. 3)
The proposed IDPCC + SMDO method can improve the current
control performance of the three-phase PMSM drive systems
using four-leg inverters by applying predictive current control
and compensating for parameter mismatches in the prediction
model.

The control performance of the proposed method is verified
through comprehensive simulations and experiments conducted
on a surface-mounted PMSM. The results demonstrate that the
proposed IDPCC + SMDO method achieves satisfactory steady-
state and dynamic performance in both healthy and open-phase
fault-tolerant operation modes by effectively suppressing the
impact of parameter mismatches.
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