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Robust Amplitude Control Set Model Predictive
Control With Low-Cost Error for SPMSM Based on

Nonlinear Extended State Observer
Zhenrui Zhang , Xingyu Wang , and Jing Xu

Abstract—The finite control set model predictive current control
involves addressing challenges related to greater cost function val-
ues and inaccurate current prediction models, which can adversely
impact the steady-state performance in permanent magnet syn-
chronous motor (PMSM). A robust amplitude control set model
predictive current control method (RACSMPCC) is proposed in
this study, aiming to enhance prediction accuracy and control
precision. This method introduces a rotation coordinate system
amplitude control set to reduce the cost function value and im-
prove current control precision. Then, a nonlinear extended state
observer (NESO) is employed to observe and compensate for com-
prehensive disturbances in the current prediction equation, thereby
improving the accuracy of the current prediction. Simultaneously, a
parameter configuration method in the complex frequency domain
is proposed for NESO, and its influence on the disturbance rejection
performance of the system is analyzed. Hardware experiments on a
PMSM are conducted to validate the effectiveness of RACSMPCC
in reducing cost function and improving current control accuracy.

Index Terms—Current harmonic suppression, finite control
set model predictive current control, nonlinear extended state
observer, permanent magnet synchronous motor (PMSM).

I. INTRODUCTION

IN RECENT years, industrial servomechanism has witnessed
the application of various drive control strategies and motors

with superior performance, thanks to the rapid development of
power electronics technology [1], [2], [3]. Vector control ex-
hibits good comprehensive performance but requires parameter
tuning [4]. The dynamic performance of direct torque control
is superior, but the problem of torque ripple restricts its devel-
opment [5]. Finite control set model predictive current control
(FCSMPCC) has the potential to realize system multiobjective
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optimization. Therefore, it has received extensive attention. Such
methods can be divided into direct speed control [6], torque
control [7], and current control [8]. On this basis, it can optimize
the performance of the drive system in many aspects, such as
maximum torque per ampere [7], flux weakening control [9],
and dc-link oscillation suppression [10]. FCSMPCC usually is
used to solve multiobjective optimization, but its steady-state
performance is often unsatisfactory. The FCSMPCC usually
designs the control set based on the inverter state. The two-level
voltage source inverter, as an example, uses six effective voltage
vectors that the inverter can output to control the motor. Because
the six voltage vectors are scattered in a circle space, the optimal
predicted vector may have considerable prediction errors com-
pared to the required vector for the motor, leading to harmonic
currents and mechanical noise [11]. The prediction deviation
is also directly related to the change in motor parameters. An
inaccurate mathematical model will also cause significant cur-
rent harmonics and torque ripple, affecting the system’s stable
operation [12].

The optimal vector’s amplitude error can be minimized by
controlling the output vector’s switching time, thereby mit-
igating the current harmonics resulting from voltage vector
discrepancies. In [13], the optimal scheme is given under dif-
ferent motor states to reduce the flux harmonic. Two feasible
vector combinations are considered in [14] and [15] to calculate
the corresponding duty cycle to compute the control vector.
Nevertheless, the duty cycle computation depends on the mathe-
matical model and motor parameters. Inaccurate parameters can
compromise the robustness of the control approach and hinder
the optimization of multiple control objectives. In addition, the
optimization of the cost function design can also contribute to the
reduction of current harmonics [16]. However, it cannot solve
the current harmonic caused by a significant prediction error.
Expanding the virtual vector control set can also reduce the cost
function. In [17], the amplitude of the basic voltage vectors is
divided into three segments and develops into 18 voltage vectors.
Like this method, in [18], the amplitude of six effective primary
vectors is reduced to one-half of the original and synthesizes
two adjacent voltage vectors into a new vector. In [19], virtual
vectors with different phase angles are generated by evenly
dividing adjacent primary effective vectors included angles to
construct extended vector sets. Based on the virtual voltage
vector scheme synthesized by three active vectors, harmonic
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voltage components are eliminated in [20]. These methods
increase the number of voltage vectors in the rotating coordinate
system so that each control cycle will enhance the coordinate
transformation computation. These methods still cannot avoid
the vector phase error. Therefore, designing the control set in a
rotating coordinate system is more meaningful. However, few
reports exist on creating amplitude control sets in the rotating
coordinate system.

When there are few voltage vectors in the optimization pro-
cess, the system still has strong robustness even if the motor
parameters change significantly. However, if the motor pa-
rameters change, the output control value from the extended
control set may no longer be optimal. Therefore, reducing the
influence of time-varying motor parameters on model predictive
control is necessary. Online motor parameter identification can
obtain accurate motor parameters in real-time [21]. However,
this method has an extensive calculation and fails to address
the issue of inaccurate modeling. The feedforward compensa-
tion strategy directly using the current prediction difference is
a direct compensation method [22], [23], [24]. Although the
current prediction values obtained by all voltage vectors in each
control cycle are compensated and corrected, the prediction error
update corresponding to each voltage vector is delayed, reducing
compensation effectiveness during dynamic processes. In addi-
tion, disturbance observers help to improve the antidisturbance
performance of the system, such as the Luenberger observer
[25], extended Kalman filter [26], sliding mode observer [27],
and adaptive observer [28]. Compared with the motor parameter
identification scheme and the prediction compensation method,
the disturbance observation compensation scheme can consider
more influencing factors simultaneously and has relatively low
requirements for microprocessor performance [29]. Han [30]
proposed the active disturbance rejection control technology,
in which the extended state observer can effectively reduce the
impact of inaccurate mathematical modeling on the controller.
By reforming the mathematical model, the easily disturbed part
of the motor model is extended to an independent state variable
and observed. Based on this method, progress has also been
made in reducing the model prediction error. A model-free
predictive control method based on the linear observer is pro-
posed in [30] and [31]. However, this method is based on the
deadbeat model predictive control, which is not conducive to the
multiobjective optimization of the control object. In the present
research results, the disturbance compensation structure for the
permanent magnet synchronous motor (PMSM) multiobjective
optimal predictive control scheme is still relatively rare, and the
control structure in this article enriches this deficiency.

This article proposes robust amplitude control set model
predictive current control method (RACSMPCC) to improve the
control and predictive accuracy of FCSMPCC, which enhances
the steady-state and dynamic performance of the system. The
main contributions are twofold.

First, a design approach for the amplitude control set is pro-
posed to improve control accuracy. This control set is designed
based on the motor voltage equation in the rotating coordinate
system, avoiding the need for coordinate transformation compu-
tation. The phase angle error is also eliminated by synthesizing

Fig. 1. Diagram of the PMSM’s equivalent structure circuit.

the control vector based on the rotor position to improve the
dq-axis current control performance.

Second, the predictive model is simplified using an ultralocal
model, and a corresponding nonlinear extended state observer
(NESO) is designed to observe the disturbances of the predictive
model. Furthermore, a bandwidth-based NESO parameter con-
figuration method is introduced, and experimental comparisons
are conducted with other observers to demonstrate the advan-
tages of the observer in terms of parameter configuration. The
impact of NESO on system disturbances is analyzed through
Bode plots.

The performance of the control method proposed in this
article is verified through experimental analysis. The rest of this
article organized as follows. Section II introduces the mathe-
matical model of the motor and proposes a design method for
voltage amplitude control. Section III presents a disturbance
suppression method based on NESO, where the observer is
linearized and treated as a second-order low-pass filter to sim-
plify the application of the nonlinear function. An overdamping
parameter configuration method is proposed to ensure system
stability. Furthermore, the impact of NESO on the system’s
disturbance rejection performance is analyzed using an equiv-
alent control structure. In Section IV, an experimental setup is
established to validate the performance of RACSMPCC by com-
paring it with other methods. Finally, Section V concludes this
article.

II. AMPLITUDE CONTROL SET MODEL PREDICTIVE CONTROL

STRATEGY

This section introduces the PMSM mathematical model.
Subsequently, the amplitude control set model predictive cur-
rent control method (ACSMPCC) is proposed to reduce the
predictive errors of FCSMPCC. In addition, prediction errors
between the two methods are compared within a single control
cycle.

A. Mathematical Model of PMSM

As illustrated in Fig. 1, the schematic diagram displays
the permanent magnet synchronous motor equivalent circuit
structure. The inductance values along the dq-axis are equal
for surface-mount PMSMs (SPMSM): Ld = Lq = Ls. The
dq-axis current model of the motor in a rotating coordinate
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Fig. 2. FCSMPCC control structure.

system is as{
did
dt = −Rs

Ld
id +

Lq

Ld
ωeiq +

1
Ld
vd

diq
dt = −Rs

Lq
iq − Ld

Lq
ωeid − ωe

ψ
Lq

+ 1
Lq
vq

(1)

where, id, iq and vd, vq are the motor dq-axis current and voltage.
ωe, Rs, and ψ are the motor electrical angular velocity, winding
resistance, and permanent magnet flux linkage, respectively.

Assuming that the sampling period is Ts, the forward Euler
method is used to discretize (1) to obtain the current prediction
equation of PMSM as

ik+1
d = ikd +

Ts
Ld

(
vkd −Rikd + ωkeLqi

k
q

)
ik+1
q = ikq +

Ts
Lq

(
vkq −Rikq − ωkeLdi

k
d − ψωke

)
(2)

where k represents the current sampling period, and k + 1 is
the predictive current. vkq and vkd are the control solutions in
the rotating coordinate system. Predicting the current values at
k + 1 for all basic voltage vectors by the FCSMPCC through
calculating (2) [7]. Subsequently, the cost values of all basic
voltage vectors can be determined by

JMPCC =
(
iref
d − ik+1

d

)2
+
(
iref
q − ik+1

q

)2
+ Jlimit (3)

where iref
q is the q-axis reference current output by the speed

loop and Jlimit represents the current constraint [6].
Fig. 2 depicts the control structure of FCSMPCC, which

involves three steps. First, the dq-axis current reference value
is determined based on the speed loop. The basic voltage vector
is then transformed into the dq-axis coordinate system based on
the rotor position. Subsequently, each vector’s predictive dq-axis
current values are predicted and taken into the cost function
to evaluate the optimum voltage vector. Finally, the inverter is
switched accordingly to apply the chosen voltage vector to the
motor.

The FCSMPCC’s main issue lies in the eight space voltage
vectors distributing 360°, causing a significant phase and am-
plitude difference. Hence, during the prediction process, it is
challenging to consistently select the optimal vector that aligns
with the desired reference vector, resulting in significant current
harmonics in the motor current due to large prediction errors.
Increasing the virtual space voltages in the stationary coordinate

Fig. 3. Amplitude control set design process.

system puts excessive pressure on the controller. Therefore, this
article directly designs the voltage amplitude control set in the
rotating coordinate system, reducing the range of amplitude
selection and saving calculation efforts related to coordinate
transformation.

B. Amplitude Control Set Design Method

The control set in FCSMPCC comprises eight basic voltage
vectors, as shown in Fig. 3(a). The control set is in the stationary
reference frame, but the control implementation of the motor is
usually in the d-q rotating reference frame. Therefore, the control
set in the stationary reference frame must undergo coordinate
transformation to predict the motor current. In addition, there
may be phase errors present. The amplitude control set in a
rotating coordinate system can be designed to avoid those prob-
lems based on the amplitude |Si| of the basic voltage vectors,
as shown in Fig. 3(b). The basic voltage amplitude control set is
formed in

{(0, 0), (0, |Si| ), (0,− |Si| ), ( |Si| , |Si| ), (− |Si| ,− |Si|)}.
(4)

Compared to the basic vector control set, the amplitude con-
trol set (4) does not require coordinate transformation for each
vector and has fewer numbers. The amplitude control set has
a distinct advantage regarding computational performance but
does not significantly improve control accuracy. Therefore, it is
necessary to adopt specific optimization mechanisms to improve
the control accuracy of the control set. At this point, there are two
approaches. The first approach is to manually divide the control
region depicted in Fig. 3(b) [composed by (4)] to generate
more control solutions. This control set includes all possible
voltage vectors of the inverter, regardless of the motor’s state.
Although this approach can enhance the control performance of
specialized motors, it comes at the cost of sacrificing control
accuracy and computational efficiency. The voltage equation
designs the other approach. The voltage equation of the motor
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in the rotating coordinate system is as

vd = Ld
did
dt

+Rsid − ωeLqiq

vq = Lq
diq
dt

+Rsiq + ωeLdid + ψωe. (5)

Due to the motor’s inductance and direct current variations
in (5), it can be inferred that the magnitude of the current
does not undergo significant changes within a given sampling
time. Therefore, compared to the back electromotive force,
the product of inductance and the differential term of current
can be neglected. In addition, constraining current variations
is necessary to prevent excessive fluctuations of torque. Instead,
the voltage range can be designed using the maximum allowable
current, usually around 3–5 times the rated current. The SPMSM
exhibits 0 for the d-axis current reference value. Therefore,
when designing the d-axis voltage, only the q-axis current and
speed terms must be considered for SPMSM. Similarly, for the
q-axis voltage, after disregarding the differential term and d-axis
current term, only the q-axis current and speed terms need to be
taken into account. Although this article primarily focuses on
the SPMSM, an amplitude control set can also be designed for
the interior PMSM by calculating the d-axis current.

The reference value for the control set is determined by
selecting the larger value between current and speed in order
to minimize the control set’s range. Consequently, the current
is utilized as the range value for designing the voltage range at
a specific speed. The load torque mainly determines the motor
current. The voltage range can be estimated based on the motor’s
permissible maximum output torque. For example, the electrical
angular speed is ωe. The motor’s maximum current is imax, and
the voltage range in the rotating coordinate system is as follows:

vmin
d = −ωeLqimax ≤ vd ≤ vmax

d = ωeLqimax

vmin
q = ψωe −Rsimax ≤ vq ≤ vmax

q = Rsimax + ψωe. (6)

The amplitude control region for a particular motor state can
be selected according to (6), as shown in Fig. 3(c). The voltage
density of the d-axis and q-axis voltages is determined for this
region based on the number of iterations that the actual processor
can perform

vddensity =
vmax
d − vmin

d

Nd
, vqdensity =

vmax
q − vmin

q

Nq
(7)

where Nd and Nq are the number of partitions in the voltage
range. The selection of Nd and Nq is related to the controller’s
performance. Then, the control set can be defined as

{(vmin
d + ivddensity, v

min
q + jvqdensity)i=0∼Nd,j=0∼Nq

}. (8)

The voltage range involved in d-axis voltage is small, so Nd

can be set smaller. The voltage range involved in q-axis voltage is
extensive, so its voltage selection density can be slightly greater.

The process of generating the amplitude control set, as shown
in Fig. 3, begins with measuring the motor speed, determining
the inverter voltage vectors [see Fig. 3(a)], and establishing
the range of the inverter amplitude [see Fig. 3(b)]. Next, the
voltage selection range [see Fig. 3(c)] for the d-axis and q-axis

Fig. 4. Control set selection principle of ACSMPCC.

is determined based on the maximum allowable current of the
motor. Subsequently, the voltage range [see Fig. 3(d)] is man-
ually partitioned according to the voltage density or number of
partitions, generating the amplitude control set (8).

The prediction equations and cost functions typically deter-
mine the optimal voltage vector. During the control process of
the motor, the voltage vector should scan through a continuous
circular shape, meaning that the optimal vector can appear at
any position. Fig. 4 analyzes a specific case in the first sector.
Let vopt

s denote the ideal voltage vector of the motor in a
specific control state. The role of model predictive control is
to accurately evaluate this vector using prediction equations
and cost functions and select a vector from the control set to
approximate it. It can be observed that FCSMPCC will choose
vector S2 or S1 to approximate the optimal vector, resulting in
a significant deviation from the optimal vector. ACSMPCC will
form a vector control region in the dq-axis coordinate system,
and each solution in the control region has a lower deviation.
According to the motor speed, the control region (blue part) of
vmin
q , vmax

q , vmin
d , and vmax

d can be determined by (6). Next, the
control subset of the control region is determined based on (8).
Finally, the control solution closest to the optimal vector can be
obtained by iterating through the control set.

C. Prediction Error Analysis of FCSMPCC and ACSMPCC

Fig. 5(a) and (b) shows the two possible optimal vectors
in the first sector. Each voltage vector corresponds to voltage
control solutions (vs1, vs2, and vs3) approximated by FCSM-
PCC, duty-cycle FCSMPCC, and ACSMPCC. δ1, δ2, and δ3
are the errors between the three methods’ selected vector and
the optimal vector.

Among the three methods considered for selection, the FC-
SMPCC exhibits the largest deviation between the predicted
voltage vector and the optimal vector, followed by the duty
cycle FCSMPCC. At the same time, the ACSMPCC shows the
smallest error. ACSMPCC is achieved by selecting the voltage
value in the rotating coordinate system, which reduces phase
errors. Moreover, designing the magnitude control set based on
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Fig. 5. Error analysis of ACSMPCC and FCSMPCC in different control
vectors.

Fig. 6. ACSMPCC control structure.

the motor voltage equation is beneficial in reducing magnitude
errors.

D. Control Structure of ACSMPCC

ACSMPCC’s system control structure diagram is similar to
that of FCSMPCC, as shown in Fig. 6. The speed loop calculates
the q-axis reference current, and the d-axis reference current of
surface-mounted PMSM is set to 0. During the computation of
the optimal solution, the maximum values of vd and vq for the
control set are obtained separately using (6). Then, the voltage
iteration step size, such as Nd and Nq, is determined in (7). For
example, if the d-axis is divided into three parts, Nd is set to
two. Similarly, if the q-axis is divided into ten parts, Nq is set to
nine. The combination of vd and vq forms the 30 control sets (vd,
vq), as depicted in (8). Subsequently, each of these 30 subsets
is evaluated by substituting them into (2) and (3), resulting in
the computation of 30 cost function values. A control subset
(vkd , v

k
q) corresponding to the minimum cost function value is

selected as the optimal voltage solution.
As mentioned above, the optimal control voltage vector of

the motor is determined by accurate prediction equations and
cost functions. However, if there is a deviation in the prediction
equations, the obtained optimal control solution may differ from
the actual optimal control solution. Therefore, in addition to
improving the control accuracy of the control set, it is also
necessary to enhance the accuracy of the prediction model.

Fig. 7. Equivalent control structure of RACSMPCC.

III. ROBUST AMPLITUDE MODEL PREDICTIVE CONTROL

BASED ON NONLINEAR EXTENDED STATE OBSERVER

In the previous section, although the ACSMPCC reduces
the cost function value. The optimal vector selection is only
achieved when the prediction model is consistent with the actual
motor model. Any changes in motor parameters or deviations
in the prediction model (2) can result in suboptimal control
solutions, disrupting system steady-state performance, and the
presence of noticeable steady-state current harmonics.

Assuming parameter deviations and current disturbances ex-
ist in the motor equation. "�" represents the parameter error
between the prediction and the actual motor. The accurate motor
current mathematical can be represented by{

did
dt = −Rs+�Rs

Ls+�Ls
id + 1

Ls+�Ls
vd + ωeiq

diq
dt = −Rs+�Rs

Ls+�Ls
iq +

1
Ls+�Ls

vq − ωeid − ωe
ψ+�ψ
Ls+�Ls

.
(9)

First, the influence of speed on the inner current loop is
disregarded to analyze the impact of parameter transformation
on the current loop. By assuming an approximate cost function
of zero, the control structure diagram is shown in Fig. 7, based
on the analysis of FCSMPCC discussed in [33 Chapter 6].
Assuming vf represents the equivalent voltage disturbance. The
closed-loop transfer function between the reference and output
current values is as

iq(s)

iref
q (s)

=
1

Tss+ 1 + (Rs Ts −KRs Ts) /Ls︸ ︷︷ ︸
K ′

,K> 0 (10)

where K represents the deviation between the actual parameters
and the control parameters. In the following analysis, variables
in the complex frequency domain are represented by adding (s),
while the rest are all time-domain models.

It can be observed in (10) that when K ′ < 0, the system
exhibits a right-half plane pole. As shown in Fig. 8(a), the value
of K impacts the system’s steady-state control accuracy. It can
be deduced from the closed-loop transfer function of the current
loop that only when K = 1 can the system achieve zero-error
control. The excessive gain increases the steady-state control
error, which is detrimental to the stable control of the system.

Furthermore, the impact of different K values on the speed
loop can be analyzed. The transfer function of the speed loop PI
controller is

PI(s) =Kp +
Ki

s
. (11)
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Fig. 8. Steady-state performance and stability analysis of ACSMPCC.
(a) Bode plot of the current closed-loop transfer function with different K.
(b) Motor speed’s root locus diagram changes as K.

The transfer function of the motor motion equation is

ωr(s)

iq(s)
=

1.5Pψ

J
. (12)

Combined with the transfer function of the inner current loop,
the motor system’s transfer function is shown in

ωref
r (s)

ωr(s)
=

(−1.5PψLsKp) s− 1.5KiPψLs

m3s3 +m2s2 +m1 s+m0

m3 = −JLsTs

m2 = JKRsTs − JRsTs − JLs

m1 = −1.5PψLsPs

m0 = −1.5KiPψLs (13)

where Kp = 0.089, Ki = 1.1744.
From Fig. 8(b), it can be observed that as K increases, the

root locus of the system moves to the left and then to the
right, eventually leading to system instability. This indicates an
improvement in dynamic performance, with the dominant poles
moving closer to the left. However, only when K equals one
does the dominant pole’s damping coefficient approach 0.707,
close to an ideal control system. When K exceeds 10, the system
stability leads to instability. Moreover, the disturbance rejection
capability gradually deteriorates.

The variation of K has a bad influence on the current loop’s
steady-state performance and the speed loop’s dynamic perfor-
mance. Inaccurate values of K can lead to steady-state errors in
the current loop, and in severe cases, it can disrupt the system’s
stability. Moreover, if there are disturbances in the system, the

inaccurate value of K can also affect the disturbance rejection
capability. Therefore, it is essential to construct an accurate
predictive model for control systems.

A. Current Disturbance Nonlinear Extended Observer

The current model is divided into the input and lumped dis-
turbance parts to simplify the analysis. Then, the mathematical
model (9) can be represented by an ultralocal model ignoring
motor parameters [31]⎧⎨

⎩
i̇s = If + bvs

İf = w(t)
y = is

(14)

where is = [id, iq]
T,vs = [vd, vq]

T, If = [idf, iqf]
T. b is the

gain of the input value, and If is a nonlinear current disturbance
term that replaces all disturbance terms, and idf and iqf replace
model disturbances in the current

If =

[
fd − R+�R

Ls+�Ls
id + ωeiq,

fq − R+�R
Ls+�Ls

iq − ωeid − ωe
ψf+�ψf

Ls+�Ls

]
.

The state current If of the motor is a nonlinear disturbance.
According to Prof. Han’s ESO design theory [34], a nonlinear
function is used to construct a second-order NESO⎧⎪⎪⎨

⎪⎪⎩
e1 = z1 − is
ż1 = z2 − β1e1 + bvs
ż2 = −β2fal(e1, α, δ)
ŷ = z1

(15)

where z1 is the observed value of dq-axis current. z2 is the
observed value of the PMSM control system state current If,
and e1 is the observation error. The nonlinear fal function is as
follows:

fal(e, α, δ) =

{
e

δ1−α , |e| � δ
|e|αsign(e), |e| > δ

. (16)

α and δ are the adjustable parameters of the nonlinear func-
tion. The value range of α is generally 0 ∼ 1. The smaller its
value is, the stronger the nonlinearity of the fal function is; δ is
the filtering parameter of NESO. The detailed selection criteria
have been provided in [34] and [30] and will not be reiterated
here. The system can estimate the state variable and the lumped
disturbance if the parameters are appropriately selected.

The following results can be obtained when the system enters
the steady state:⎧⎨

⎩
e1 = z1 − is, e2 = z2 − If
ė1 = e2 − β1e1
ė2 = w(t)− β2fal (e1, 0.5, 0.01) .

(17)

The parameters in (17) are designed as α = 0.5, δ = 0.01 to
suppress chattering and ensure stability [35]. Then, considering
the measurement noise, the corresponding steady-state error of
the steady-state system is⎧⎪⎨

⎪⎩
e1 = z1−is =

(
w(t)
β2

)2

e2 = z2−If = β1

(
w(t)
β2

)2

.
(18)
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When β2 � w(t), the steady-state error magnitude of the
NESO is small. Therefore, the fal function can improve the con-
vergence speed of the system, and the steady-state observation
effect is also much better.

B. NESO Parameter Configuration

Since observing the d-axis current is consistent with the q-
axis in (10), iq (or id) is used to simplify the analysis. îq (or
îqf) and îqf (or îdf) are the corresponding observation value and
disturbance term, and eq is used to replace the observation error
of the corresponding q-axis (or d-axis). At the same time, to
more conveniently analyze the NESO in (15), abounded variable
function f is set by

f =
fal (e, α, δ)

e
=

{
δα−1, |e| � δ
|e|α−1, |e| > δ

. (19)

Take the q-axis (or d-axis) current as an example to write the
state equation, then the iq’s NESO in (15) can be expressed by⎧⎪⎪⎪⎨

⎪⎪⎪⎩
eq = îq − iq
˙̂iq = îqf − β1eq + bvq
˙̂iqf = −β2feq
y = iq.

(20)

After Laplace transformation (20), the transfer function ex-
pression of iqf, iq, and vq can be obtained in

îqf(s) = β2f
iq(s)s− bvq(s)

s2 + sβ1 + β2f
(21)

where, iq(s)s− bvq(s) = iqf(s), then the above formula is
shown in

îqf(s) = β2f
iqf(s)

s2 + sβ1 + β2f
. (22)

The transfer function with iqf as input and îqf as output is
showing in

G(s) =
îqf(s)

iqf(s)
=

β2f

s2 + sβ1 + β2f
. (23)

In (23), based on the Routh–Hurwitz criterion, it can be proven
that the system is stable when β1 > 0, β2 > 0. Then, (23) is
regarded as the second-order oscillation link (or low-pass filter)

G(s) =
1

s2

ω2
n
+ 2ξ s

ωn
+ 1

(24)

where ωn =
√
β2f, ξ =

β1

2
√
β2f

.
The oscillation frequency ωn is defined as the observer band-

width. The system damping is restricted to an overdamped
range(ξ = 1) to mitigate the amplification of high-frequency
noise by the NESO. Defining the upper and lower bounds of f as
fmax and fmin, the parameters of the observer can be determined
as {

β2 = ω2
n

fmin

β1 = 2ξ
√
β2fmax

. (25)

According to (19), the variation curve between f and the
observed error is shown in Fig. 9(a) when α = 0.5, δ = 0.01.

Fig. 9. NESO analysis. (a) Relationship between f and observation error e.
(b) Logarithmic magnitude-frequency response curve of NESO.

Fig. 10. Bode plot depicting the relationship between disturbance voltage and
current.

The value of f solely depends on the system’s steady-state error.
Therefore, the range of f can be determined based on the system’s
error. For instance, considering the measurement noise of the
system, with a maximum steady-state error of 1 and a minimum
error of zero, according to Fig. 9(a), the range of f is determined
to be 1 to 10. Therefore, β2 = ω2

n, β1 = 2
√
10ωn. The obser-

vation performance of the observer varies with the change in f
when the bandwidth of the observer is set to 2000 rad/s, as shown
in Fig. 9(b). It can be observed that regardless of the variation
in f, the system’s control requirements are met, and the observer
exhibits accurate observation capability for disturbances.

According to Fig. 7 and the established NESO transfer func-
tion (23), the effect of system disturbances vf on motor currents
can be derived. The transfer function is as

vf(s)

iq(s)
=

−Tss2 +−Tsβ1s
m3 s3 +m2s2 +m1 s+m0

m3 = LsTs

m2 = Ls +RsTs + LsTsβ1

m1 = Lsβ1 + LsTsβ2f +RsTsβ1

m0 = Lsβ2f. (26)

As the bandwidth of NESO increases in Fig. 10, the system’s
disturbance rejection capability becomes stronger, indicating
that NESO possesses robust disturbance suppression capability
for the system.
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Fig. 11. Overall control block diagram of RACSMPCC.

C. RACSMPCC Based on NESO

After discretizing the NESO in (17) by the forward Euler
method, the relevant variables at time k + 1 can be obtained by⎧⎪⎨

⎪⎩
ek1 = zk1 − iks

zk+1
1 = Tsz

k
2 − Tsβ1e

k
1 + Tsbv

k
s + zk1

zk+1
2 = −Tsβ2fal(ek1 , α, δ) + zk2

(27)

where

zt+1
1 =

[
îk+1
d

îk+1
q

]
≈ ik+1

s , zk+1
2 =

[
îk+1
df

îk+1
qf

]
≈ ik+1

f . (28)

The disturbance and current values at k + 1 can be predicted
in (27) within k sampling periods. The implementation of de-
lay compensation using NESO provides a convenient solution.
Based on (14), the predictive equation is modified to

ik+2
d = îk+1

d + Ts(bv
k
d + îk+1

df )

ik+2
q = îk+2

q + Ts(bv
k
q + îk+1

qf ). (29)

The RACSMPCC can be realized by the control set (8),
prediction (29), and cost function

JMPCC =
(
iref
d − ik+2

d

)2
+
(
iref
q − ik+2

q

)2
+ Jlimit. (30)

D. Overall Control Block Diagram of RACSMPCC

Fig. 11 illustrates the overall control structure of RACSM-
PCC. After obtaining the sensor data, such as speed, dq-axis
current information, and the previously recorded voltage control
signal, the NESO is employed to observe the dq-axis current
value and disturbance at k + 1. These observed values are then
used to construct the prediction equation. Subsequently, each
control subset (8) is introduced to (29), allowing for predicting
the dq-axis current of every subset at time k + 2. The predicted
value is compared with the current reference value calculated by
the speed loop. Finally, the optimal control subset that minimizes
the cost value is selected by (30). This optimal control subset
corresponds to the control voltage, which is outputted through
PWM to synthesize control vectors.

Fig. 12. Motor hardware structure diagram.

TABLE I
MOTOR PARAMETERS

IV. EXPERIMENTAL VERIFICATION

An experimental hardware platform is built to verify the
theoretical analysis in the previous parts, as shown in Fig. 12.
In the platform, two SPMSMs are used for the drive motor
and the load motor. The hardware parameters are shown in the
Table I. The controller adopts the F28379D chip produced by
TI. During the experiment, the internal data of DSP is uploaded
to the host computer in real-time through serial communication.
The switching frequency of 10 kHz is used in the experiment.

A. Experimental Results of ACSMPCC

First, the experiment compared the computation time of sev-
eral mainstream methods: the PI controller, the original FC-
SMPCC, the TVMPCC [36] based on duty cycle calculation,
the DCSMPCC [11] based on the expanded control set, and
the ACSMPCC with NESO proposed in this article. A single-
precision floating-point arithmetic was employed throughout
the programming to maintain method fairness. Simultaneously,
trigonometric functions are computed using a table lookup
method, with efforts to optimize the associated computation
process as much as possible. The experimental results are shown
in Table II. The PI control method exhibits a distinct compu-
tational advantage due to its simple proportional and integral
operations. The vector control set requires coordinate transfor-
mation during the prediction process, which involves significant
trigonometric function computations. Despite optimizing the
trigonometric function computations, the computational time
for eight vector sets remains noticeably greater than that for
fifteen amplitude subsets. Hence, the amplitude controller holds
a significant advantage for processors with lower performance.
In addition, Fig. 15(c) demonstrates that even fifteen amplitude
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TABLE II
CALCULATION CYCLE COMPARISON

Fig. 15. Prediction error comparative analysis. (a) FCSMPCC. (b) DCSM-
PCC. (c) ACSMPCC (15 subsets). (d) ACSMPCC (30 subsets).

subsets have significantly lower cost values compared to FC-
SMPCC, illustrating the proposed method’s high computational
cost-effectiveness. For processors with superior performance,
increasing the number of control sets can enhance steady-state
control accuracy. Taking the F28379D controller in this article
as an example, the maximum number of control subsets can

Fig. 13. Phase current comparative analysis between ACSMPCC and other
methods.

Fig. 14. Dynamic performance comparative analysis of ACSMPCC and PI
control.

reach 60 (at a 10 kHz sampling frequency). However, 30 control
sets were ultimately selected to facilitate communication, data
transfer, and other functionalities. The number of control sets can
be further reduced for motors with stronger filtering capabilities.

Fig. 13 shows the phase current of ACSMPCC, RACSMPCC,
DCSMPCC, and TVMPCC. The torque in the experiment is set
to rate torque. Due to the more accurate optimization of motor
parameters in TVMPCC, the resulting output vector is improved,
similar to ACSMPCC, exhibiting good performance in phase
current. The phase current distortion is minimized, and the phase
current is approximately sine. ACSMPCC introduces some pa-
rameter perturbations, resulting in certain current distortions.
In contrast, DCSMPCC, despite having double the number of
control sets compared to ACS-MPCC, exhibits notable current
distortion resulting from errors in vector phase and amplitude.
Experimental evidence of phase current distortion demonstrates
the advantage of RACSMPCC in improving steady-state perfor-
mance.

Fig. 14 tests the dynamic performance of the ACSMPCC
compared to that of the PI to demonstrate that the amplitude
control set does not affect the dynamic performance of the
model predictive control. As the bandwidth of the current PI
controller increases, the system’s response becomes faster. How-
ever, this can lead to slight oscillations and harmonics, and fur-
ther bandwidth increases can cause stability issues. In contrast,
ACSMPCC, without parameter disturbance, or RACSMPCC,
maintains a fast response speed with more minor oscillations
than PI controllers.
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Fig. 16. Observation error in the dynamic process.

Fig. 15 compares FCSMPCC, DCSMPCC, and ACSMPCC
prediction errors in 500 r/min, 1000 r/min, and 2000 r/min.
FCSMPCC exhibits higher prediction errors across different
operating conditions due to its utilization of only eight basic volt-
age vectors. DCSMPCC enhances the control accuracy of the
control sets by constructing 61 virtual voltage vectors through
configuring the duty cycle. However, each control solution still
contains phase angle errors, resulting in a discrepancy in control
accuracy compared to the amplitude control sets. The ACSM-
PCC is evaluated with both 15 and 30 subsets. It can be observed
that employing 15 control subsets leads to a slight increase in
the cost value compared to the case with 30 subsets. However,
the configuration with 15 subsets still maintains an advantage
over the FCSMPCC regarding prediction accuracy. TVMPCC
achieves zero prediction error by directly optimizing the optimal
control solution using the rate-of-change equation of the model
and implementing duty cycle limiting.

The above experiments demonstrate that the ACSMPCC has
good dynamic and steady-state performance. However, once
subjected to parameter perturbations, the steady-state perfor-
mance of the system will be reduced. The following will verify
the antidisturbance performance of the NESO proposed in this
article.

B. Experimental Results of RACSMPCC

First, the observed error of NESO is tested under different op-
erating conditions. The steady-state error of the NESO is small,
as depicted in Fig. 16, indicating high accuracy in observation
under various operating conditions.

The RACSMPCC was tested for forward and reverse rota-
tions, as shown in Fig. 17. The steady-state current on the
d-axis is around 0 A, and the motor efficiency is relatively
high. Due to the influence of frictional resistance, there is a
certain amount of q-axis current, and it exhibits symmetry in
both forward and reverse operating conditions. The experimental

Fig. 17. Forward and reverse rotation test.

results demonstrated that the motor speed can be effectively
controlled within the rated speed range (±2000 r/min).

In RACSMPCC, a single motor-related parameter, denoted as
b in (29), is utilized. Although this value is a proportional coef-
ficient in the super-local model, setting b equal to 1/Ls is more
appropriate to ensure consistency between the predictive and the
actual motor equation. The motor inductance decreases usually
as the load increases [37]. Therefore, the system’s performance
was tested when this value varied in Fig. 18. The inductance
parameter in the control program was adjusted to conduct the
experiments. In Fig. 18(a), parameter b undergoes a step change
in the range of 0.5 to 5, which tests the extreme situation of motor
state variations. Although the motor has experienced current
and speed spikes, the system converged quickly, indicating high
robustness. The control system exhibits lower sensitivity to
variations in larger inductance values than smaller inductance
values. In Fig. 18(b), the different b values affected the system’s
dynamic performance. Since b influences the control gain of
the current, a higher gain leads to a faster current response
and better speed performance. Therefore, when designing the
system, choosing a slightly larger value than the actual value
(1/Ls) for b is advantageous as it is more conducive to control.

Fig. 19 presents the results of the current tracking experiment
for RACSMPCC in both rotating and stationary coordinate
systems. The reference and actual values of the current are in
close agreement, indicating that the current prediction equation
based on NESO exhibits high accuracy.

Then, sinusoidal disturbances (The amplitudes are 5% of
vdc, and the frequency is 10 Hz, 50 Hz, and 100 Hz) were
intentionally added to the voltage loop of the motor to test the
disturbance rejection capabilities of TVMPCC, DCSMPCC, and
RACSMPCC. The experimental results are shown in Figs. 20
and 21. In Fig. 20(a), when there is no disturbance in the system,
TVMPCC achieves a cost deviation of zero by sacrificing mul-
tiobjective optimization, resulting in the lowest ripple in q-axis
current and speed. RACSMPCC also exhibits strong ripple
suppression in current. However, when disturbances are present
in the system in Fig. 20(a), TVMPCC and DCSMPCC represent
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Fig. 18. Experimental results of time-varying parameters. (a) Steady-state
performance test. (b) Dynamic performance test.

Fig. 19. Current tracking performance during dynamic processes.

more significant amplitude speeds and current ripples, while
RACSMPCC exhibits the lowest. The specific harmonic content
can be seen in Fig. 21. In the absence of disturbance, there is
little difference in the harmonic content between RACSMPCC
and TVMPCC. However, when disturbances are present, the

Fig. 20. Results of disturbance rejection experiment of different control meth-
ods. (a) Without disturbances. (b) With the disturbances.

Fig. 21. Harmonic contrast analysis in the presence of parameter disturbance.

advantage of RACSMPCC becomes apparent as it exhibits
more robust disturbance rejection capabilities. Results of the
disturbance experiment indicate that RACSMPCC has more
vital disturbance rejection capabilities.

To further validate the advantages of NESO, Fig. 22 presents
experimental comparisons of the sliding mode observer (SMO)
[27] and the Luenberger disturbance observer (LDO) [25]. SMO
shows superior dynamic performance but struggles with pa-
rameter tuning from a bandwidth perspective due to its large
number of parameters. Consequently, it exhibits poorer noise
suppression ability and more pronounced current overshoot. On
the other hand, NESO allows for flexible bandwidth configu-
ration, enabling a more accessible selection of optimal control
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Fig. 22. Experimental results of different disturbance observers.

parameters for the system. Its dynamic performance surpasses
that of SMO in high-bandwidth applications. However, LDO’s
current dynamic performance and speed disturbance rejection
capability are inferior to the other two methods due to the
absence of a high-gain stage. Considering all these factors,
NESO performs better in both rapid and steady-state behavior,
making it a more favorable choice for system control.

Based on the experimental results, it is evident that RAC-
SMPCC exhibits superior dynamic performance compared to
proportional-integral controllers. It effectively reduces current
harmonics and enhances computational efficiency compared to
the vector extended set by minimizing the cost function value.
Moreover, using NESO for predictive equation compensation
dramatically improves the system’s disturbance rejection capa-
bilities.

V. CONCLUSION

This study presents a novel approach to enhance the steady-
state performance of SPMSMs by introducing an RACSMPCC
based on the NESO. The proposed method mitigates steady-state
current harmonics caused by predictive errors and unknown
disturbances. An amplitude control set is designed based on
an analysis of the motor voltage equation to improve control
accuracy and computation efficiency. By utilizing the NESO,
current disturbances can be effectively observed and minimized,
thereby reducing the impact of motor parameter variations on
steady-state performance. In addition, the influence of NESO
on the system’s disturbance rejection capability is investigated.
Experimental validation is conducted on a test platform to
evaluate the effectiveness of RACSMPCC, and comparative
studies demonstrate its superior performance in terms of current
dynamic performance and harmonic suppression.
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