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Abstract—Although the robustness is enhanced essentially by the
model-free predictive control, the accuracy of its data-driven model
is directly affected by the unnecessary current harmonics, such as
the harmonics caused by the control strategy itself. To reduce the
influences of these harmonics, a continuous-control-set model-free
predictive fundamental current control (MF-PFCC) strategy is
proposed in this article for the permanent magnet synchronous
motor driving system. Harmonics due to the controller including
side frequency effect and frequency coupling effect are analyzed in
principle, and a frequency-converting double second-order gener-
alized integrator structure is designed to exclude the fundamental
terms from the sampled current to cut the coupling path of the
effects and to improve the accuracy of the data-driven model in
the MF-PFCC without any time-variable physical parameters. The
analyses of the effects and the effectiveness of the proposed method
are verified by experimental and supplementary simulation results,
as well as advantages including the reduced influence of effects and
enhanced robustness with improved stator current quality.

Index Terms—Current harmonics, frequency-converting double
second-order generalized integrator (DSOGI), fundamental terms,
model-free predictive control.

I. INTRODUCTION

HE permanent magnet synchronous motor (PMSM) has
T advantages including less volume, higher power density,
and larger torque, and is often considered for industry appli-
cations in harsh environments. With the development of the
applications, the requirement for the control strategy becomes
more strict in the electrical driving realm. Model predictive
control (MPC) strategy is widely focused due to its excellent
dynamics, good compatibility of the multiple objectives, easy

Manuscript received 30 June 2022; revised 21 October 2022 and 6 December
2022; accepted 21 January 2023. Date of publication 27 January 2023; date of
current version 10 March 2023. The work of José Rodriguez was supported
by ANID through Projects FB0008, 1210208, and 1221293. This work was
supported in part by the National Natural Science Funds of China under
Grant 52277070, in part by Project FRO19101 MINEDUC. Recommended for
publication by Associate Editor H. Hofmann. (Corresponding author: Yao Wei.)

Fengxiang Wang, Yao Wei, and Dongliang Ke are with the Quanzhou
Institute of Equipment Manufacturing, Haixi Institutes, Chinese Academy
of Sciences, Jinjiang 362200, China (e-mail: fengxiang.wang@fjirsm.ac.cn;
wei@fjirsm.ac.cn; dongliang. ke @fjirsm.ac.cn).

Hector Young is with the Department of Electrical Engineering, Universidad
de La Frontera, Temuco 4811230, Chile (e-mail: hector.young @ufrontera.cl).

Haotian Xie is with the Chair of High-Power Converter Systems, Technical
Unversity of Munich, 80333 Munich, Germany (e-mail: haotian.xie @tum.de).

José Rodriguez is with the Faculty of Engineering, Universidad San Sebastian,
Santiago 8370146, Chile (e-mail: jose.rodriguezp@uss.cl).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3240282.

Digital Object Identifier 10.1109/TPEL.2023.3240282

, Member, IEEE, Hector Young
, Member, IEEE, and José Rodriguez

, Senior Member, IEEE,
, Life Fellow, IEEE

understanding, and operation [1], [2]. According to the imple-
mentation modes of the MPC, it is divided into the following: 1)
continuous-control-set (CCS) MPC; 2) finite-control-set MPC.
The former requires a modulator to generate pulses with fixed
switching frequency and the latter is realized based on the
candidate vector table with variable switching frequency [3].
MPC can also be divided into predictive current control (PCC),
predictive speed control, and predictive torque control (PTC)
mainly according to the primary objective of the motor control
system [4].

Since some physical parameters of the motor are nonlinear
time-varying, the system is always operating under the con-
dition of parameter mismatches and the weak robustness is a
serious problem for the MPC strategy [5]. Research efforts have
addressed different aspects, including elimination of weighting
factors [6], prolonged prediction horizon [7], and the design
of observers, trying to solve this problem. Since the accurate
variables and online adjust the model of the MPC are obtained
by the observer, it is an effective method to enhance the ro-
bustness. Based on the typical structures such as disturbance
observer, linear extended state observer (ESO), and Luenberger
observer [8], [9], some advanced observers are designed to
estimate the variables. An integral sliding mode observer (SMO)
is presented respectively to improve estimating accuracy [10],
and an extended high-gain state observer is used to suit a variety
of loads without integral term [11]. A parallel ESO structure is
designed to consider both the system behavior prediction and
disturbance estimation simultaneously [12].

Building a data-driven model is an effective consideration to
solve the problem of weak robustness essentially because this
model is directly built by the sampled data and the dependence
on the physical parameters is fully eliminated [13]. There are
three typical structures including full-form dynamic lineariza-
tion, ultralocal and auto-regressive with exogenous input (ARX)
that are selected to design a data-driven model. The first one
is a composite of the compact-form and partial-form dynamic
linearizations used to estimate the plant, and the model adaptive
predictive control is presented to build a data-driven model [14].
The known and unknown parts of the plant are summarized
and replaced by a variable for the one-order ultralocal struc-
ture and approximated by the mathematical optimization or
observer [15]. An ESO is used to estimate the above-mentioned
variable to resist parameter mismatches and converted as the
voltage objectives to realize the CCS type [16], and the required
number of parameters is further reduced in [17]. The full-order
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SMO also can be applied to estimate the total disturbance of the
ultralocal structure to further enhance the robustness, and two
vectors are applied in each sampling period to reduce the current
ripple [18]. The ARX structure makes the plant approximate as
a group of transfer functions, and their coefficients are online
calculated by the recursive least square algorithm [19]. The
input and output variables for the multiple-input multiple-output
system are decoupled and an accurate model of the plant is
achieved by this structure [20]. But this structure is not widely
applied in the industry for now due to its heavy requirement for
processor resources.

Since some plants have no information about the sampled data
and hard to determine a suitable typical structure, some artificial
intelligence algorithms, such as artificial neural network [21]
and recurrent neural network [22], are adapted to generate a
data-driven model of the black box plant.

To solve the harmonic control issue, an improved switching
table is designed to preselect the vectors with reduced stator
flux in the x—y subspace to suppress the stator harmonic current
in the predictive control [23]. A deadbeat PCC based on adap-
tive harmonic reference correcting current injection method is
presented in [24] to compensate for the harmonics caused by
the inverter nonlinearity and back electromotive force (EMF). A
virtual-vector-based model predictive current control (MPCC) is
proposed in [25], and the 3rd harmonic is reduced by controlling
the proportion of medium vector and large vector reasonably. A
similarly improved modulation is also proposed in [26] to reduce
low-order harmonics.

Since some harmonics are generated by the control strategy
itself, such as the harmonic coupling effect and side frequency
effect [27], [28], the quality of the data-driven model is directly
influenced by these harmonics, and the sampled data should
be cleaned to reduce their influences. The typical second-order
generalized integrator (SOGI) in [29] and [30] is used to lock the
phase or frequency and to estimate speed or position in the sen-
sorless system, as well as the flux linkage [31], and this structure
has enough potential to clean the sampled data and achieve an ac-
curate data-driven model in the model-free predictive control. A
model-free predictive fundamental current control (MF-PFCC)
strategy is proposed in this article and applied to a PMSM
speed control system. The harmonics caused by the control
strategy are analyzed, including the frequency coupling effect
and side frequency effect, and a frequency-converting double
SOGI (DSOGI) structure without any time-variable physical
parameters is designed to reduce the influences of these effects
and to improve the data-driven model accuracy. The effective-
ness of the proposed method and the advantages of the reduced
influences of the effects and enhanced robustness with better
stator current quality are demonstrated by the experimental
and supplementary simulation results compared to the MF-PCC
strategy in [17].

The rest of this article is organized as follows. The PMSM
model and its basic PCC strategy are briefly introduced in
Section II. The harmonics caused by the control strategy are
analyzed in Section III, and the MF-PFCC strategy is presented
based on the frequency-converting DSOGTI structure in Section
IV and applied to the PMSM speed control system. Compared
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with the MF-PCC, the experimental validations are expressed
to demonstrate the obtained performances and current quality in
Section V. Finally, Section VI concludes this article.

II. PMSM MODEL AND PCC

A. PMSM Model

The model of PMSM is expressed as the following expres-
sions including stator voltage v,, electrical torque 7T, and stator
flux linkage s

. di .
{Usd = Rszsd + Lsd did - quwrzsq

i _ ()
disq + LdeTZSd + wr/l/)m

Vsq = Rsisq + qu dt

{wsd = Lsdisd + 'l/)m (2)
wsq = quisq
Te - p[Q/Jstq + (Lsd - qu)l’sdisq] (3)

where the subscript d and ¢ are the components on d-axis and
g-axis of a synchronous reference frame, respectively; Ry is the
stator resistance, L is the stator inductance, 1), is the magnet
flux linkage, p is the number of pole pairs, and w,. is the electrical
angular velocity.

An equation of motion for PMSM is

L o Bir 1) - D @
where 77, is the load torque, .J is the inertia coefficient, and B
is the viscosity coefficient of PMSM.

The discrete-time model of the PMSM is obtained based on
the Euler algorithm and sampling period 7, and the stator
current components are predicted for the (k + 1)th sampling
period.

B. CCS-PCC Strategy

According to the objectives for the PCC strategy, the cost
function is designed as

J = (isa(k+1))* + A(isq(k + 1) — i%,)? (5)

where 77, is the reference of is, and A is the weighting factor
which is tuned by the branch and bound algorithm in [32]. The
two terms in the cost function make the components of the
current follow their references.

To find the optimal control action, substitute the model into
the cost function and solve the derivative with respect to the
stator voltage u; as zero, i.e.,

dJ _ 0 dJ _ 0 ©)

b
du g

dusd

and the stator voltage is expressed as follows to generate pulses
to control the motor driver:

L . .
Usd = (Rs - Tssd) lsd — Lsdzsqwr

L, . . Lsg .
Usqg = (Rs - qu) lsq + qulsdwr + quwanr + qu qu'

(N
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Fig. 1. Space vectors of the input and output signals. (a) Symmetric strategy.

(b) Asymmetric strategy.

Based on the cost function in (5), the required stator voltages
have the minimum gradient and it can be seen as an equality-
constrained optimization process

minf = [[z* — 2(k+ 1)|[3 + |IS(k +1) — S(k)][3

{s.t. z(k+1) = A(k)x(k) + B(k)u(k)

8
U2 < U lz(k)|l2 < Cy ®)

where U is a set of candidate voltages, Uy, is the limitation for
the voltage, and C7, is the limitation for the current. The second
term about .S in the first formula is a penalty.

The Lagrangian function is defined as

L(m7)"7/,u17,u2) - f +)\-/[(A — I).’I} + B’LL]
+ m([[Ul]2 = Ur) + p2(|lzll2 — CL)

)
and its Karush—-Kuhn-Tucker (KKT) conditions are
L =0,2=1,2
(A-I)x+Bu=0
|U[l2 = UL <0, [z|l2—CL <0 (10

1= 0,02 >0
p1([[Ull2 = Ur) = 0, pz(l|z|[2 = CL) = 0

where A and B are the state matrices, = [x1, mg]T means the
current components, and A’, 11, and pz are the KKT multipliers.

Since the matrix A is full rank, all KKT conditions are
satisfied through the matrix calculations, and the cost function
has a solution. A maximum modulation ratio and a limitation
of current reference are preset to implement voltage and current
constraints, respectively. These constraints allow to achieve a
good control performance and their inclusion in the control
algorithm is possible with a suitable calculation burden for
online implementation.

III. HARMONIC EFFECTS IN PCC

Besides the harmonics caused by the motor such as the
distorted magnetic field and cogging torque, some harmonics
are also generated and affected by the control strategy because
of its specific property, as discussed later in this section.

A. Asymmertric Property and Frequency Coupling Effect

As shown in Fig. 1, the d- and g-components of the stator
current are the same if their controllers are symmetric, and a
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Fig.2. Divided processes of the lagging output vector. (a) Input vector and its
orthometric directions. (b) dq-axis.
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Fig. 3. Vector table of PMSM. (a) Normal operation. (b) Operation with
harmonic.
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Fig. 4.  Sketch of the frequency coupling effect.
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Fig. 5.  Sketch of the side frequency effect.

difference appears between the phases of the input and output
signals if these controllers are asymmetric. The MF-PCC strat-
egy belongs to the latter according to its model and cost function.
Due to the asymmetric property, the output signal can be divided
based on the same direction and the orthorhombic direction of
the input signal, as shown in Fig. 2. Defining the components in
the two directions as X,; and X2, they are expressed as follows
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Fig. 7. Bode diagram of the frequency-converting DSOGI.

on the dg-frame:

Xol = Xold +jX01q

. 11
Xoo = Xoo4 :I:.]Xo2q (in

and
Xout = Xol + Xo2 = Xold + Xo2d + j(Xolq + Xo?q) (12)

where the output vector might be leading or lagging compared
with the input vector since the minimum gradient of the error
between the vectors is required for the PCC strategy. The positive
signs in the equations are satisfied if the output vector is leading,
and the negative signs are satisfied on the contrary. It can be
seen that a harmonic is generated by the asymmetric property,
and this phenomenon is called frequency coupling effect. The
content and rotating direction of the generated harmonic are
directly affected by the relative angle between the input and
output vectors.

According to the model of PMSM, its space vectors are shown
in Fig. 3(a) when the motor is operating normally, and the
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vectors are changed as Fig. 3(b) if a harmonic with frequency
fn is inserted in the system. The harmonic frequencies for each
term of the PCC strategy are shown in Fig. 4. The frequency of
inserted harmonic is changed as f, — fj after the Clark and Park
transformations. Since the output vector is operated on the abc
coordinate, the harmonic frequencies reflected on this coordinate
are fpn, 2fo + fn, and 2fy — f, after the controller, where the
last harmonic appears if 2f, > f;, is satisfied in principle.

B. Side Frequency Effect

The harmonics whose frequencies are equal to the carrier fre-
quency and its integral multiple are generated in the modulator
due to the side frequency effect. A Fourier analysis result of the
pulse width modulation is shown in Fig. 5 as an example. The
affected bands of the carrier frequency and its integer multiple
frequencies are growing wider with the decrement of the carrier
ratio, i.e., operating within the high-speed range for the motor
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TABLE I
MAIN PARAMETERS OF THE PLATFORM

Symbols Quantity Values
Rs Stator resistance 0.637 Q
Lgg Stator inductance on d-axis 10 mH
Lsq Stator inductance on g-axis 14.5 mH

P The number of pole pair 4
Ym Magnet flux linkage 0.31 Wb
J Rotor inertia 0.005 kg.m?
Uge DC voltage 540 V
Ts Sampling period 62.5 us
w Required bandwidth 8500 rd/s
k Resonance coefficient 2.5
Ky Proportional coefficient 750
A Weighting factor 2
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Fig. 10. Experimental waveforms of the proposed method. (a) Reference
changing process. (b) Disturbance resisting process.

driving system with a fixed switching frequency. These bands
intrude into their neighbors and the left side of the carrier band
enters into the required signal band when the carrier ratio is
small enough, and these harmonics influence the quality of the
data-driven model.

Considering the inherent harmonics caused by the motor, the
A-phase stator current of PMSM with the harmonics is

isq = iy sin(wot + 0) + i5 sin(—5wot + 61)
13)

and the B and C phases of the stator current have similar
expressions with different phases, where 6, 61, and 65 are the
initial phases of the fundamental and harmonics; ¢5 and i7 in the
last two terms are the magnitudes for the 5th and 7th harmonics,
respectively. Due to the asymmetric property and repetitive
frequency coupling effects, more harmonics are generated and
brought into the current by the existing harmonics including the
inherent harmonics and harmonics of the side frequency effect
mainly.

+ 17 sin(7w0t + 92) + .-
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Fig. 11. Experimental waveforms of the MF-PCC strategy. (a) Reference
changing process. (b) Disturbance resisting process.
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Fig. 12. Experimental waveforms of the CCS-PCC strategy. (a) Reference
changing process. (b) Disturbance resisting process.
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Fig. 13.  Enlarged g-axis currents of MF-PFCC and MF-PCC strategies.



WANG et al.: CONTINUOUS-CONTROL-SET MODEL-FREE PREDICTIVE FUNDAMENTAL CURRENT CONTROL FOR PMSM SYSTEM

. 49 | |IIIll MF-PFCC
I Mr-pCC; [l CCS-PCC

% of Fund
N
N

2 3 4 5 6 7 8 910111213 1415
Harmonic order

Fig. 14.  Fourier analysis results of the sampled phase currents for different
control strategies.
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Fig. 15.  Experimental waveforms with parameter mismatches of Rge/Rs =
0.1, Lse/Ls = 0.5, and ¥yme /1m = 2. (a) ME-PCC. (b) MF-PFCC.
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Fig.16.  Experimental waveforms with parameter mismatches of Lge /Ls = 2
and Yume /Pm = 2. (a) MF-PCC. (b) MF-PFCC.
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Fig. 17. Experimental waveforms with parameter mismatches of Rse/Rs =
10, Lse/Ls = 2, and ¥ume /9 = 0.7. () MF-PCC. (b) MF-PFCC.

IV. MF-PFCC WITH CLEANED SAMPLED DATA
A. Cleaned Sampled Data by Frequency-Converting DSOGI

The structure of the frequency-converting DSOGTI is shown
in Fig. 6, and it can be expressed as

. kwgs
lor = s Ta 157 (14)

kwo

lqx 2+kwgs+w2 Zsm
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Fig. 18. Experimental waveforms with different amplitudes of the inserted
harmonics. (a) MF-PCC with 0.5 A amplitude. (b) MF-PCC with 1 A amplitude.
(c) MF-PCC with 2 A amplitude.

where the subscript  means the component is on the « or 3
axis, 7o, and ¢4, are the output and its quadrature signal of the
SOGI, respectively, k is the resonance coefficient, and wy is the
angular frequency of fundamental, which is satisfied as

pT

20" (15)

wWo = 2w fo =

where n is the rotor speed in r/min.

The bode diagram of the frequency-converting DSOGI in (14)

is shown in Fig. 7 when wy is fixed. It shows that the break

frequency is moving right with the increment of the angular

frequency of the fundamental, and the passed band is tracking
the fundamental continuously to extract the harmonics.

B. Proposed Control Strategy

Since a large number of calculation processes are required in
the actuation, the prediction horizon P is prolonged to compen-
sate these delays. The following one-order ultralocal structure
is selected to estimate the harmonic influence:

di s
dt

=F + au, (16)
where 455 = [isdf,isqf]T, Ug = [usd,uSq]T, « is the propor-
tional coefficient, and F' is the estimated part including all of
the known and unknown terms of the plant.

The following linear ESO is designed to estimate 45y and F',

i.e., defined z; = 'Lsf, Z9 = F:

e=z(k) — iy
z1(k+1) = z1(k) + Ts(z2(k) + aus —
ZQ(k + 1) = ZQ(]C) — TQBQG

Bre) a7)
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Fig. 19.  Experimental waveforms of MF-PFCC strategy with different ampli-
tudes of the inserted harmonics. (a) Sampled currents with inserted harmonic of
0.5 A amplitude. (b) Cleaned currents with inserted harmonic of 0.5 A amplitude.
(c) Sampled currents with inserted harmonic of 1 A amplitude. (d) Cleaned
currents with inserted harmonic of 1 A amplitude. (e) Sampled currents with
inserted harmonic of 2 A amplitude. (f) Cleaned currents with inserted harmonic
of 2 A amplitude.

where 31 and 3, are the feedback gains which can be calculated
by the required bandwidth w

{ﬁ1 = 2w

B2 = w?.

Based on the Lagrange interpolation algorithm, the refer-
ence 72} is predicted to the Pth sampling period. Considering
calculation delay in the digital implementation, assuming the
fundamental reaches its reference at the next sampling period,
the output voltage u is

(18)

_ dit(k+ P+ 1)
== (-Fh+p) 4+ BT 70
u, a< (k+P)+ o >

FERG R P4 g+ P)  (9)

where @7 = [iZ,,i%,]", and K, is the proportional coefficient.
The derivative in the equation is computed by the Euler approx-
imation. The prediction horizon P is selected as 2 based on

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 5, MAY 2023

Insert harmonic

=}
5
[ Coupled
Gy .
o harmonics
X
2 3 45 6 7 8 9101112131415
Harmonic order
(a)
6% r——r———T—T 1T T T T T
< Insert harmonic I Amp. 0.5
g 4% B Amp. 1A
(s 9
o B Amp.2A
o\o 7
0%
02345678\9/101112131415
Harmonic order
(b)
2% —T——T—T T T T T T T T T
E' Insert harmonic Amp. 0.54
g I Amp. 1A
=R I Amp. 2A
©
0%

2 3 45 6 7 8 9101112131415
Harmonic order

(c)

Fig.20.  Fourier analysis results of the phase currents with different amplitudes
of the inserted 7th harmonics. (a) Sampled currents of MF-PCC. (b) Sampled
currents of MF-PFCC. (c) Cleaned currents of MF-PFCC.

the computation delays. A space vector modulation is used to
generate the pulses.

The structure of the proposed method is shown in Fig. 8, and it
islocated between the sampling process and predictive controller
to clean the sampled data. Based on the frequency-converting
DSOGI structure, all of the fundamental within the sampled
current is extracted to online build the data-driven model, and
the achieved model is not affected by the harmonics and their
frequency coupling effect. Moreover, the calculation process of
the proposed method does not need any time-variable physical
parameters of the plant to ensure robustness, where p is a
constant value in (15).

V. EXPERIMENTAL VALIDATIONS

According to the structure in Fig. 8, a platform is built based
on a 4.8-kW PMSM and a DSP F28379D as shown in Fig. 9.
The parameters of the platform are listed in Table I, where & and
K, are determined by the branch and bound algorithm.

A. Tracking Performance

The initial speed reference is set 1000 r/min. The speed
reference is step changed to 2000 r/min, and the load torque
is changed from O to 11.5 N.m. Experimental waveforms in-
cluding speed, sampled A-phase current, g-axis current, and its
reference are shown in Fig. 10 for the MF-PFCC strategy. It
shows that the speed tracks the reference within 3.8 s during the
tracking reference process without overshoot and enters into the
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Fig. 21. Continuous Fourier analysis results of the cleaned currents with
different amplitudes of the inserted 1.5th harmonics.
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Fig. 22. Simulation waveforms of phase current with different speed refer-

ences and their fast Fourier transform (FFT) results. (a) Simulation waveforms.
(b) FFT results.

steady-state. During the disturbance resisting process, the speed
has an overshoot of about 10% and returns to the steady-state
within about 5.5 s. The system can track the reference and resist
the disturbance successfully and the total harmonic distortion
(THD) of the sampled phase current is 2.702%.
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TABLE I
TYPICAL INDEXES OF CONTROL PERFORMANCE
Index MF-PFCC ~ MF-PCC  CCS-PCC

Settling time within

reference changing process 3.8s 3.9s 4.4s
Overshoot of

reference changing process - - 2.5%

Settling time within

disturbance resisting process 5.4s 5.6s 5.2s
Overshoot of

reference changing process 5.0% 5.25% 5.0%

Sampled phase current THD 2.083% 2.702% 7.267%
Speed ITAE 10.861 11.653 12.116

Under the same conditions, the experimental waveforms of the
ME-PCC with ESOin [17] and CCS-PCC strategies are shown in
Figs. 11 and 12, respectively. The settling times are 3.9 and 5.6 s
for the MF-PCC strategy during these two transient-states, and
the overshoot is about 105 r/min during the disturbance resisting
process. The settling times during these two transient-states are
4.4 and 5.2 s for the CCS-PCC strategy, and the overshoots both
appear during the two states, which are about 50 and 100 r/min.
THDs of the sampled phase currents are 2.702% and 7.267%
for these two strategies.

During the steady-state, the g-axis currents of the proposed
method and MF-PCC strategy in Figs. 10 and 11 are enlarged
and shown in Fig. 13 to provide more detail. It shows that some
high-frequency ripples are obviously decreased by the proposed
method due to the decreased harmonic contents by the improved
model accuracy and reduced harmonic coupling effect.

The Fourier analysis results of the A-phase currents for these
three strategies are shown in Fig. 14, where the 3rd and its
integral-times order harmonics are not fully eliminated as the
platform is not exactly symmetric. The main low-order har-
monics, such as 5th and 7th harmonics, are reduced due to the
accurate model. The even-order harmonics, such as 2nd, 4th,
and 6th harmonics, are also reduced since these harmonics are
always aggravated by the mechanical vibration which is caused
by the harmonics with all kinds of parameters.

Some typical indexes of control performance are summarized
in Table II, where the speed integrated time and absolute errors
(ITAEs) are obtained by the continuous 2000 sampled points.
It shows that the dynamics and overshoots of the proposed
method are similar to the MF-PCC and better than the CCS-PCC
strategy. The sampled phase current THD and the speed ITAE
for the proposed method are improved by 29.717% and 6.797%,
respectively compared with the MF-PCC strategy.

B. Tolerance of Parameter Mismatches

Define the used physical parameter values including Rq,
Lg, and 1, in the control strategy as Rg., Lse, and ¥y,
respectively. The experimental waveforms and the sampled
phase current THDs under the conditions of Ry./Rs = 0.1,
Lg./Ls = 0.5, and ¢ye /10y, = 2 with 11.5 N.m load torque
are shown in Fig. 15 for the MF-PFCC and MF-PCC strategies,
where the second ratio of the stator inductance are applied to
the d- and g-axis components at the same time. It shows that the
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stator currents for the proposed method have lower THD values
and ripples.

Similarly, the experimental waveforms and sampled phase
current THDs under the conditions of Lg./Ls=2 and
Wme /m = 2 and the conditions of Rs./Rs = 10, Lg./Ls = 2
and ¥,¢ /10, = 0.7 are shown in Figs. 16 and 17, respectively.
These two strategies both have good control performance which
is insensitive to parameter mismatches. Due to the accurate data-
driven model, the quality of the current is improved compared
with the MF-PCC strategy.

C. Performance of Cleaned Currents

Since the generated harmonics by the control strategy cannot
be extracted clearly from the sampled stator current, a 7th
harmonic is used to simulate the enlarged harmonic caused
by the control strategy and inserted into the sampled current.
The experimental waveforms with amplitudes of 0.5 A, 1 A,
and 2 A are shown in Figs. 18 and 19 for the MF-PCC and
proposed strategies respectively, in which the figures on the left
side are the sampled currents and the figures on the right side are
the cleaned currents of the proposed method. For the previous
control strategy, it shows that the current quality is decreased
obviously with the increment of the harmonic amplitude accord-
ing to the increasing ripple of the g-axis current and THD of the
A-phase current. For the proposed method, some high-frequency
harmonics are reduced obviously in the sampled currents and the
current quality of the cleaned currents is not obviously affected
by the inserted harmonic because of the frequency-converting
DSOGI structure to achieve an accurate data-driven model.

The Fourier analyses of the phase currents are shown in
Fig. 20. Compared with the content of the 9th harmonic in
Fig. 14, the content has an obvious increment by the increasing
amplitude of the inserted harmonic for the MF-PCC because
of the frequency coupling effect. For the proposed method, the
9th harmonic contents have no obvious trend with the inserted
harmonic in the sampled currents and cleaned currents, and the
inserted harmonics are almost completely deleted.

Under the same conditions, the continuous Fourier analysis
results of the cleaned currents with 1.5-order inserted harmonic
are shown in Fig. 21 where the harmonic contents are analyzed
within [0, 2000 Hz]. It shows that all of the integral-order
harmonics are affected by the inserted harmonic, but the 1.5th
harmonic has no obvious changes for these two strategies, and
the (2 fy — f)th harmonic is not generated. Moreover, although
the 1.5th harmonic cannot be fully filtered due to its location
close to fundamental, according to the THDs of the phase
currents, influences of the fractional-order harmonics are also
reduced because the frequency-converting DSOGI structure is a
band-pass filter.

VI. SUPPLEMENTARY SIMULATION VALIDATIONS

Because the harmonics caused by the side frequency effect
are located in the high-frequency range, they are always flooded
by the other harmonics, such as the noises and harmonics due
to the motor in the high-speed range, and this effect could be
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verified by the simulation. A simulation environment is built on
MATLAB software based on the parameters in Table I.

The phase-current waveforms and FFT results under the
conditions of different speed references are shown in Fig. 22,
in which the switching frequency is set to 1600 Hz and the
load torque is set to 11.5 N.m to observe easily. Although the
FFT results have randomness and are affected by the harmonic
coupling effect repeatedly, the tendency of the side frequency
effect is that with the increasing speed reference, the current
quality is reduced and the affected band is moved left and
becomes wider, which satisfies the analysis in Fig. 5.

VII. CONCLUSION

To improve the data-driven model accuracy of the model-free
predictive control in the motor driving system, the MF-PFCC
strategy is presented in this article based on the analyses of
the harmonic coupling effect and side frequency effect. The
fundamental terms are extracted from the sampled currents by
the designed frequency-converting DSOGI structure without
time-variable physical parameters. Based on this structure, the
influences of the unnecessary harmonics caused by these effects
are reduced during the model building and prediction processes
since they are effectively filtered, and an accurate data-driven
model of the plant is online built based on the cleaned currents.
Under the conditions of parameter mismatches and inserted
harmonics due to the effects, the proposed method shows ad-
vantages such as reduced influences of the effects and improved
quality of the phase currents according to the experimental and
simulation results compared to the MF-PCC strategy, while
maintaining its high robustness against parameter mismatches.

The proposed method has the potential to improve the data-
driven model quality of the model-free predictive control on
principle. However, since the model-free predictive control
based on the look-up table (LUT) has a different building pro-
cess, the proposed method should be further modified to improve
the accuracy of the continuously updating LUT.
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