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ABSTRACT During motor operation, the motor parameters change, which causes parameter drift. They
are also affected by internal and external unknown disturbances, which lead to reduced motor control
performance, poor anti-interference performance, and low robustness. A method termed ultra-local model-
free predictive current control (MFPCC) has previously been proposed to solve this problem; it uses only
the input and output of the system and does not involve any motor parameters, because of which it is free
of problems caused by model mismatch. However, the conventional MFPCC method requires adjustment
of several control parameters and the estimated value of the total disturbance of the system has a certain
deviation and a large pulsation, which result in obvious chattering of the motor output, low stability, reduced
anti-interference performance, and low robustness. Therefore, this paper proposes an MFPCC method based
on nonlinear disturbance compensation (NDC). This method does not involve any motor parameters, and
it can more accurately and stably estimate the total system disturbance, and feedforward compensation,
real-time update control information, only need to adjust two control parameters, the workload is small.
Simulation results show that the proposed control method has high anti-interference performance, high
robustness, small output ripple, and improved dynamic characteristics and that it can estimate the system
disturbance accurately and stably.

INDEX TERMS Permanent magnet synchronous motor (PMSM), ultra-local, model-free predictive current

control (MFPCC), current limiting, nonlinear disturbance compensation (NDC).

I. INTRODUCTION

A PMSM is a complex object with multiple variables, strong
coupling, nonlinearity, and variable parameters; therefore, a
reasonable control method needs to be adopted to improve its
operating efficiency [1]-[4]. Conventional control methods
include vector control and direct torque control (DTC). The
vector control technology draws on the direct current (DC)
motor control method to realize the current decoupling
through coordinate transformation, and thus the decoupling
of the magnetic field and torque. However, the vector control
method cannot meet practical requirements when the motor
is subjected to external disturbances or internal changes
in parameters [5]-[8]. DTC abandons the decoupling con-
cept of vector control and does not require coordinate
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transformation; this weakens the system’s dependence on
motor parameters. However, the inverter switch is not
constant, which leads to large flux linkage and torque
ripple [9]-[12]. Approaches such as sliding mode control,
proportional resonance control, and the model predictive con-
trol (MPC) have been proposed for improving the PMSM
control performance and solving problems such as the depen-
dence and disturbance of the control model on the motor
model and the parameter insensitivity [13], [14].

MPC is widely used because of its simple design and
superior control performance. MPC uses the mathematical
model of the control object to discretely obtain the pre-
dicted value and then optimizes the cost function to make
the predicted value approach the expected value along the
reference trajectory [15], [16]. MPC is classified into two
types depending on the control variables: model predictive
current control (MPCC) and model predictive torque control.
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The MPCC performance depends on the accuracy of the
parameters of the control object [17]. However, during the
operation of a motor, its parameters are affected by factors
such as temperature, magnetic field saturation, and operating
state, which leads to parameter drift and model mismatch as
well as a decrease in the control accuracy and degradation of
the control performance.

Several solutions to this problem of MPCC performance
degradation due to model mismatch have been proposed.
A previous study [18] proposed a predictive function con-
trol method by simplifying the PMSM mathematical model
in order to make the predicted value approach the actual
value along the reference trajectory. An extended state
observer (ESO) was designed to handle parameter changes,
measurement interference, and external interference, and the
observed interference terms were used as feedforward com-
pensation. Another study [19] suggested that the accuracy of
MPC is greatly affected by the sampling time and therefore
proposed a generalized predictive control method based on a
continuous-time predictive model. Aiming at the disturbance
caused by the parameter change, a sliding mode disturbance
compensator is designed to perform feedforward compensa-
tion. As aresult, the actual output of the system contained two
parts: the generalized predictive control output and the output
of the synovial disturbance compensation. Literature [17]
research revealed that the accuracy of the inductance and
flux linkage parameters has a strong influence on the pre-
diction accuracy; therefore, an incremental prediction model
was first used to eliminate the influence of the flux linkage
parameters. Then, an inductance jammer was designed to
eliminate the influence of the inductance parameters, and the
inductance value was extracted and updated in real time. This
approach effectively reduced the sensitivity of the prediction
model to parameters. One study [20] abandoned the conven-
tional cost function and selected the best control vector on the
basis of the current trajectory circle. The results revealed that
this method has a simple design and can effectively reduce
torque ripple and current ripple and improve the sensitivity
of the control model.

A model-free control method uses only the input and out-
put of the system without considering the influence of any
parameters; in this case, known terms with parameters and
unknown interference terms constitute the total interference
terms of the system. As a result, the method prevents param-
eter drift from influencing the control model, improves the
robustness of the control model, and reduces the parameter
dependence of the control model [21], [22]. Because of its
excellent control performance and simple design, this method
is widely used in various fields [23]. A previous study [24]
used a model-free control method that considered the inter-
ference caused by parameter changes, inverter nonlinearity,
and cross-coupling terms in order to establish an ultra-local
model. Parameter identification method was used to estimate
the interference terms. The findings of the study showed
that the developed model reduced current ripple to a certain
extent and improved the dynamic response of the system.
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However, the pulsation of the estimated interference terms
was large and the estimation accuracy of the method was
low. Another study [25] investigated the effects of differ-
ent sampling frequencies on MFPCC and reported that the
system control accuracy may be reduced at lower sampling
frequencies. In addition, an ESO was established to esti-
mate the system disturbance. The results revealed that the
method showed better performance in terms of the tracking
error, current harmonics, and dynamic overshoot. However,
a PMSM control system contains both matching disturbances,
e.g., electromagnetic parameter changes, and nonmatching
disturbances, e.g., external loads and mechanical parame-
ter changes. The above-discussed disturbance compensation
methods have certain limitations [26]. A study [27] pro-
posed an ultra-local model and a deadbeat predictive con-
trol method. The model was established using the input and
output variables of the speed loop, and the results showed
that the method had high robustness and anti-interference
performance.

With the aim of improving both the anti-interference per-
formance of the PMSM system and its robustness to param-
eter changes, internal interference, and external interference,
this paper proposes an ultra-local model-free predictive cur-
rent control method based on nonlinear disturbance compen-
sation (hereafter referred to as MFPCC + NDC method). This
method uses only the system output and input and does not
consider any parameter effects, and it is used to establish
an ultra-local MFPCC model. Known matching terms con-
taining parameter disturbances and unknown nonmatching
terms constitute the total interference terms of the system.
A nonlinear disturbance observer aimed at estimating the total
interference terms is established, and it monitors the system
disturbance and obtains accurate total interference items and
updates the control system information in real time [28]-[30].
Simulation results reveal that the proposed method has small
output ripple, small pulsation, high robustness, and high
anti-interference performance under the condition of external
interference and variable parameters and that it estimates
the total interference terms more accurately and stably than
conventional control methods. The main contributions of the
paper are as follows.

1. For the PMSM model mismatch caused by motor param-
eter drift and system disturbance, this paper established
the MFPCC method, which reduces the dependence on the
PMSM model parameters and reduces the impact of control
performance degradation caused by parameter changes and
system disturbances.

2. The traditional MFPCC method has a large pulsa-
tion in the estimation of the total disturbance of the sys-
tem, the accuracy of the estimated value is not high, and
involves more parameters and a larger workload. PMSM is a
non-linear complex system, so this paper proposes the NDC
method, online estimation of the total system disturbance, and
feed-forward compensation, real-time update control infor-
mation, only need to determine two parameters, the workload
is reduced.
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3. A larger current will produce a larger electromagnetic
torque, and the motor will be impacted, which is not con-
ducive to the smooth operation of the motor. In order to pre-
vent the generation of large current, the current limit control
is established to improve the motor control performance.

The rest of the paper is structured as follows. Section II
first introduces the principle of the ultra-local model and
then derives an expression for ultra-local MFPCC of the
PMSM system. Then, the section presents the construction
of a nonlinear disturbance observer for monitoring the total
disturbance of the system and performing feedforward com-
pensation; it next describes the subsequent application of the
forward-time Euler discrete method to obtain the reference
voltage. Section III presents the design of a current-limiting
link aimed at controlling the current output size. Section IV
presents an analysis of the simulation results, and Section V
summarizes the paper.

Il. ESTABLISHMENT OF ULTRA-LOCAL

MFPCC MODEL FOR PMSM

A. CONSTRUCTION OF ULTRA-LOCAL MODEL

The conventional ultra-local mathematical model is expressed
as [23]

y=F 4+ au €))]

Here, y is the system output, u is the system input, F is the
sum of known and unknown interferences of the system, and
« is a nonphysical scale factor of the designed model.

Vv —F+¢
U= ——
o

@)

Here, y* is the expected output of the system, F is the esti-
mated value of F, and £ denotes the output of the designed
controller.

e+E=0 3)

Here, ¢ = y* - y, which denotes the tracking error. When a
proportional-integral (PI) controller is used, equation (2) is
rewritten as

v —F+ K
MZ}JT—FPE )

¢+ Kye =0 (5)

where K}, is the proportional gain.

B. PMSM-BASED ULTRA-LOCAL MFPCC
The PMSM mathematical model is

. diy
uq = Roig + d_wt - we‘ﬁq

C o dy, (6)
Ug = ROlq + ? + weWa

Ya = Lgiq + Yo

7
Vg = Lgly @
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Here, uy and u, are the dg-axis voltage vectors, iy and i, are
the dg-axis current vectors, ¥4 and v/, are the dg-axis compo-
nents of the stator flux linkage, Ry is the stator resistance, and
Ly and L, are the dg-axis inductances. For a surface-mounted
PMSM, the stator inductance satisfies Ly = L; = Lo. In the
above equations, Wy is the permanent-magnet flux linkage,
w, 1s the electrical angular velocity of the motor.

Rois+ L dig Iy
ug = Rolq d . — Welglg

& ®
Ug = Roiq + an + weLgiq + wel[ff()

Under consideration of parameter changes and unknown
interference terms, equation (8) can be rewritten as

ug = (Ro + AR)ig + (Lo + AL)%J
—we(Lo + AL)ig + fa _
ug = (Ro + AR)iy + (Lo + AL)%
+we(Lo + AL)ig + o(Yro + AYry) + 14

&)

Here, Ry, Lo, and Wy are the calibration values on the motor
nameplate; AR, AL, and AWy are the parameter change
values; and f; and f, are the unknown interference terms in the
d-axis and g-axis, respectively. Equation (9) can be expressed
as

diy _ug AL diz  (Ro+ AR)ig
dt L Ly dt Lo
we(Lo + ALy fa
)
, Ly . Lo . (10)

dip_ug | ALy Teo+ amig
dr Ly Ly dt Lo

_we(Lo+ AL)ig — we(Yr0 + Ady) Ji)

Lo Lo Lo

If we consider the dg-axis current as the system output, the
dg-axis voltage as the system input, and the remaining terms
as the sum of the known and unknown interference terms of
the system, the ultra-local model-free control of the PMSM
can be expressed as

diy
' =oaqug + Fy4
! (11)
dig
E = aquq + Fq

Here, oy and a are the controller gains in the d-axis and g-
axis, respectively.

ALdiy  (Ro+ ARy 4 we(Lo + AL)ig,
d Lo dr Lo Lo
_Jd
o _ _ALdiy  (Ro+ ARy | Lo+ ALg (12)
7 Ly dt Lo Lo
+we&0fo +AY) Sy
Loy Lo
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C. NDC

To improve both the robustness and anti-interference per-
formance of the control model, the total disturbance of the
system is estimated more accurately and updated in real
time. A nonlinear disturbance observer is designed to esti-
mate the total disturbance of the system for feedforward
compensation. For PMSM based ultra-local model-free con-
trol expressed in equation (11), the nonlinear disturbance
observer is designed as follows [31]:

Z = —1(x)Z — 1(x) {Mx) + au} a3
F=27Z+ix)
Here, Z = [Z4, Zq]T is the internal state variable of the

system, [(x) = |:ld(()x) lq(()x)} is the gain of the nonlinear

disturbance observer, A(x) = [L1g(x), )»q()c)]T is the nonlinear
|:ad 0 :| is the
0 o4
dg-axis controller gain, u = [uy, uq]T is the system input, and
P=[i.F,
The relationship between the observer gain and the nonlin-
ear function to be designed is given as

function of the observer to be designed, o« =

is the estimated value of the total disturbance.

ar
I(x) = @ (14)
ax
Define the total disturbance error e of the system as
e=F—F (15)

Then
é:F—Ié"zF—[Z—i-).»(x)]=—l(x)e+F (16)

Use the Lyapunov function to verify the stability of the
NDC controller and define the function V

y=lg (17)
= —e
2

Considering that the total disturbance F and F are
bounded, which is tlim F = 0. Differentiate the equa-
—00

tion (17) to get
V=et=ex[-lx)e+F]=—-l(x)e* <0  (18)

According to the principle of Lyapunov function stability,
the NDC system is progressively stable.

D. REFERENCE VOLTAGE CALCULATION

The forward-time Euler discrete method is used in the
continuous-time model expressed in equation (11) in order
to obtain the discrete model:

a4+ 1) = ia(0) + T {aatk) + Fai}

R (19)
@%+D:MH+R%WMM+&QH
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Simplification of equation (15) gives

ia(k + 1) —ia(k)  Fa(k)

nak) = = o o)
gk ) ik Fyh)
ug(k) = Tsay - o

To make the current track the expected current more accu-
rately [32],

0 =iqtk +1)

=i,k +1)

Here, i;’; = 0 is considered as the reference control, i; is the
g-axis current output of the speed outer loop, and iz(k) and
ig(k) are the feedback outputs of the system at time k.

Therefore, the reference voltage of the system is obtained
as

ig = ia®) _ Fath)

ug(k) =
. Tv(?ld L aq (22)
iy —igk)  Fyk)
uq(k) =77 -
sQq g

IIl. CURRENT LIMIT CONTROL

Excessive current produces greater torque, which, in turn,
affects the smooth operation of the motor and leads to
a decrease in control performance. Therefore, a current-
limiting link is designed. Equation (8) is discretized to obtain

Ly . Ly . .

ug(k) = Fld(k +1) - (F — Ro)ig(k) — Low,iy

L (23)
z@@:%%@+D—%§—&M@)

+we(Loia + Yro)

According to equation (19), when the dg-axis current is the
highest at time k + 1, the dg-axis voltage is also the highest
at time k.

Lo, Lo . .
Ud(max) = ?ld(max) - (F — Ro)iq(k) — Lowelq
s s
Ly . Lo ) .
Ud(min) = — 7 ld(max) — (T — Ro)ig(k) — Loweiq
N s
. 0 .
Ug(max) = qu(max) - (T - RO)lq(k) (24)
N s
+we(Loia + Yro)
Lo . Lo .
Ug(min) = _qu(max) - (F - RO)lq(k)
s N
t+we(Loia + Yro)

Therefore, the maximum dg-axis current is set, and then,
the amplitude of the dg-axis voltage is controlled to limit
this maximum current to ensure that it lies within a reason-
able interval. If we assume that the maximum values of the
dg-axis current are ig(max) and igmax), the amplitude of the
dg-axis voltage can be expressed as equation (20).

Where u4(max) and ug(min) are the maximum and minimum
values, respectively, of the d-axis voltage and uymax) and
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Ug(min) are the maximum and minimum values, respectively,
of the g-axis voltage.

The control structure of the MFPCC + NDC method pro-
posed in this paper is shown in Fig (1).

Ul

L
Iq uak) Current ug* Sus S
e s Dby ¢
W X i ’\-AHI:lIg(( u,(k) limit w* | SVPWM : Inverter
i = = control 4
(&) i ifk) i ]
ig(k) ia(k) iq(k) (k)
IIJ
- Coordinate .
@E Converter ’y
0 -

1s L_‘_,]oad Lo o pmsm )

FIGURE 1. Control of PMSM system by MFPCC + NDC method.

IV. ANALYSIS OF SIMULATION RESULTS

To verify the effectiveness of the proposed method, simu-
lation is performed using the MATLAB/Simulink platform.
The simulation parameters are listed in Table 1.

TABLE 1. Simulation parameters.

Parameter Value
Sampling period T 10 us
Pole pairs p 4
Stator resistance Ro 0.958 Q
Flux linkage ¥ 0.1827 Wb
Inductance Lo 8.5 mH
Moment of inertia, J 0.003 kgm?
DC-bus voltage Uy 311V
Variable 1, o [120, 120]"

Variable 2, / [1000, 1000]"

To examine the control performance of the model, the sim-
ulation is performed under two conditions and the rated speed
of the motor is 1000 rad/s. Under one condition, the simula-
tion is performed using precise parameters without any load.
Under the other condition, the simulation is performed with
variable parameters and an external load; under this latter
condition, the parameters are varied; specifically, the induc-
tance is varied to twice the original value and the flux linkage
is varied to half the original value, and an external load (7,)
of 10 Nm is applied att = 0.2 s.

To confirm the feasibility of the proposed MFPCC +
NDC method, its performance is compared with those of the
conventional PI control and the previously proposed MFPCC
method [22] via simulations.
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Figs 2(a)—(c) show the simulation results for the three
methods, i.e., conventional PI control, MFPCC method, and
proposed MFPCC + NDC method, respectively, under the
condition of precise parameters and no load. Simulation
results of four parameters, namely, speed, electromagnetic
torque, d-axis current, and g-axis current, estimated by the
three methods are selected for comparison. The simulation
results reveal that the motor speed estimated by all three
methods has a certain overshoot, but the overshoot in the
value estimated by the conventional PI control is larger than
those in the values estimated by the other two methods;
additionally, the conventional PI control and MFPCC have
large pulsations. However, our proposed MFPCC + NDC
method provides stable speed operation and has a strong
dynamic response, and it facilitates return of the motor speed
to the rated speed in a relatively short time. For the param-
eter of electromagnetic torque, the MFPCC method has the
largest pulsation, followed by conventional PI control; that
is, the MFPCC + NDC method has the smallest pulsation.
For the d-axis and g-axis currents, the conventional PI control
has larger current ripple and a poorer tracking performance
than the other two methods. The MFPCC + NDC method
has smaller current ripple and better dynamic characteristics.

When the PMSM control system is subjected to param-
eter changes and unknown disturbances, both the control
accuracy and the system performance decrease. To test the
anti-interference performance and robustness of the model
developed in this study, the PMSM inductance is doubled,
the flux linkage is halved, and an external load (7,) of 10 Nm
is applied atr = 0.2 s.

Fig 3 shows the simulation results under this condition of
variable parameters and interference in the form of an exter-
nal load. In the case of the motor speed, the conventional PI
control has a larger overshoot and significantly larger speed
ripple than the other two methods. Although the MFPCC
and MFPCC + NDC methods both have certain overshoots,
the latter method is able to rapidly track the motor speed to the
rated speed and provide stable speed operation almost without
any pulsation. In the case of the electromagnetic torque, the
conventional PI control and the MFPCC method both have
large torque ripple, which is unconducive to the smooth oper-
ation of the motor; in contrast, the MFPCC + NDC method
has smaller torque ripple, because of which it can perform
rapid tracking and maintain stable operation when an external
load is applied. In the case of the d-axis and g-axis currents,
the conventional PI control and MFPCC both clearly have
large current ripple and poor current tracking performances.
The conventional PI control d-axis current has been in a state
of large fluctuations, and when 0.2s is added to the load, the d-
axis current cannot accurately track the rated current, and the
control accuracy is the lowest. In the estimation of the d-
axis current by the MFPCC method under application of an
external load, the current ripple is noticeably larger and the
jitter is also worse. The MFPCC 4+ NDC method has high
anti-interference performance and high robustness under the
condition of variable parameters and an external load. This
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FIGURE 2. Simulation results under condition of precise parameters and no load:
(a) conventional PI control, (b) MFPCC method, and (c) MFPCC + NDC method.
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FIGURE 3. Simulation results under condition of variable parameters and external load:
(a) conventional PI control, (b) MFPCC method, and (c) MFPCC + NDC method.
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method has an ideal tracking performance and better dynamic
characteristics, and it does not generate large speed, torque,
or current ripple.

To test the effectiveness of the proposed method and verify
the estimated accuracy and stability of the total disturbance
of the system, the MFPCC and MFPCC + NDC methods
are compared in terms of the total disturbance of the dg-axis
system. The comparison is performed under two conditions:
(1) precise parameters and no load and (2) variable parame-
ters and an external load.

Fig 4 shows a comparison of the total disturbance of the dg-
axis system estimated by the MFPCC and MFPCC + NDC
methods under the condition of precise parameters and no
load. The results show that the MFPCC method estimates
the total disturbances of the d-axis and g-axis systems with
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FIGURE 5. Comparison of simulation results obtained using MFPCC and
MFPCC + NDC methods under condition of variable parameters and

external load: (a) estimation of total disturbance of d-axis system and
(b) estimation of total disturbance of g-axis system.

larger pulsation, more obvious chattering, and lower accuracy
(especially in the case of the g-axis system). In contrast, the
MFPCC + NDC method estimates the total disturbance of the
system with high accuracy and good stability and without any
obvious pulsation. The total disturbance of the d-axis system
estimated by the proposed method has a large overshoot
initially; however, it rapidly drops to the normal value, and
the method has a faster dynamic response and better dynamic
characteristics.

Fig 5 shows a comparison of the total disturbance of the dg-
axis system estimated by the MFPCC and MFPCC + NDC
methods under the condition of variable parameters and an
external load. The results reveal that when the parameters
are changed and an external load is applied, the MFPCC
method estimates the total disturbance of the system with
more obvious chattering, larger pulsation, significantly lower
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accuracy, and poorer stability. When an external load is
applied in the estimation of the total disturbance of the d-axis
system, the model will encounter external interference and
the estimated value of the total disturbance of the d-axis
system will suddenly change.; therefore, the total disturbance
cannot be estimated accurately. The MFPCC + NDC method,
however, provides an accurate and stable estimate of the
total system disturbance when the system is subjected to
parameter changes and external load disturbances, and it does
so without any obvious pulsation and chattering and has high
anti-interference performance and high robustness.

From Fig 2 to Fig 5, under precise parameters and no-load
conditions, the MFPCC+NDC method can smoothly track
the dg-axis rated current without generating large current
ripple, the motor runs smoothly, and the estimation of the total
disturbance of the system is relatively accurate and stable,
the output ripple of the system is small and the tracking
performance is better. Under the condition of variable param-
eters and an external load, the conventional PI control method
and MFPCC method have obvious chattering, large output
ripple, and poor tracking performance. Under this condition,
the total disturbance estimated by the MFPCC method has
an obvious deviation, with obvious overshoots and severe
chattering. However, The MPCPC+NDC method can still
track the rated current and speed smoothly, and estimate the
total disturbance of the system more accurately and stably.

V. CONCLUSION

With the aim of resolving the problem of model mismatch
caused by parameter changes and unknown disturbances,
which leads to a decrease in control performance, this paper
proposes an ultra-local model-free predictive current con-
trol method based on nonlinear disturbance compensation
(MFPCC + NDC). Simulation results show that under two
conditions the MFPCC + NDC method is able to estimate the
total disturbance of the system more accurately and stably;
furthermore, the method provides a stable system output
and its tracking performance and dynamic characteristics are
better than those of the other two methods. All these results
demonstrate that the proposed MFPCC + NDC method
has high anti-interference performance and high robustness
against disturbances.
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