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ABSTRACT: To reduce the prediction times and algorithm complexity of model predictive current control (MPCC) for permanent magnet
synchronous motor (PMSM), a simplified duty cycle modulation model predictive current control without cost function (SDCM-MPCC)
method is proposed. The proposed method uses two fixed voltage vectors to generate the three-phase duty cycles for any sector, which
is directly applied to the inverter after correction, without using a cost function to traverse the combination and modulation of voltage
vectors in different sectors with only 1 prediction. Deadbeat control on the d-q axis current is performed simultaneously to obtain the
duty cycle for two fixed voltage vectors. The output voltage vectors can cover any amplitude and direction, effectively reducing current
ripple and phase current harmonics. Simulations and experiments confirm the method’s effectiveness and feasibility.

1. INTRODUCTION

ith the global energy structure shifting towards low-
Wcarbon, permanent magnet synchronous motor (PMSM)
has been widely used in fields, such as electric vehicles, new
energy generation, and aerospace due to its advantages of high
power density, high efficiency, and wide speed range [1-4].
Model predictive current control (MPCC) has strong non-
linear constraints and multi-objective control capabilities,
and its structure is simple and easy to implement. It has
also been widely used in power electronics and electrical
transmission [5, 6].

The classical finite control set model predictive control tra-
verses all basic voltage vectors of the inverter in each cycle, and
the cost function value corresponding to each vector is obtained
through 7 calculations per cycle, and the one with the smallest
cost function value is selected to act on the inverter [7]. How-
ever, due to the application of only a single vector throughout
the entire cycle and a fixed duty cycle of 1, the current and
torque ripple are relatively large in steady state. Consequently,
some scholars have proposed a multi-vector control method,
which uses two or three voltage vectors to act on the inverter
in each cycle [8—10]. In [8], two voltage vectors are selected to
act on the inverter in each cycle, effectively reduce current rip-
ple. In [9], the expected voltage vector is synthesized by three
voltage vectors in each cycle, which can cover any direction
and amplitude and more accurately track the reference current.
In [10], virtual vectors are introduced, and a hierarchical multi-
level optimization control algorithm is used to obtain the main
control set and the extended control set, solving the problem
of limited modulation range in traditional methods. However,
bus voltage fluctuations or dead zone effects may cause synthe-
sis errors. In [8—10], the steady-state performance is improved
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by increasing the number of vectors. However, as the number
of vectors increases, especially when being faced with issues
such as selecting vector combinations, optimizing cost func-
tions, and calculating duty cycles, the computational workload
also becomes much heavier. To simplify the vector selection
process, in [11], the first voltage vector is determined through
cost function traversal optimization, and the second vector is
only selected from three candidate vectors. In [12], only three
non-adjacent voltage vectors are traversed, and two of them are
determined by the cost function value relationship, reducing the
computational complexity to three times. Although [11, 12] re-
duce iterations compared to [8—10], the global optimal combi-
nation may be overlooked.

The core basis for selecting the optimal vector is the cost
function, and a reasonable design of the cost function can im-
prove the accuracy of current control [13]. However, traditional
cost functions rely solely on prediction errors, and control in-
puts may not be smooth. In [14], the current error at the switch-
ing point is introduced into the cost function, reducing the cur-
rent ripple caused by the switching action. Refs. [15, 16] pro-
posed dual cost functions. Specifically, in [15], different cost
functions are used for steady state and transient states, with a
decrease in switching frequency during steady state and a rapid
response during transient state. In [16], the first cost function
(J1) is used to balance current error and switching frequency,
while the second cost function (.J;) aims to suppress harmon-
ics. However, improper design of the dual cost function switch-
ing mechanism may lead to system stability issues, and the de-
fect of high computational complexity in traversal optimization
still exists. To further simplify the computational complexity of
MPCC, some scholars have proposed abandoning the cost func-
tion and solving the optimal solution with only one computa-
tion. In [17], the first voltage vector is directly determined by
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the region where the reference voltage vector is located, and the
second voltage vector is obtained using the mathematical aux-
iliary line method without the need for traversal and optimiza-
tion. However, precise calculation of the reference voltage vec-
tor, determination of sectors, and selection of auxiliary lines are
required for the controller. In [18], a voltage vector selection
table based on current tracking error is designed, which elimi-
nates the process of cost function optimization and reconstructs
the three-phase duty cycle, reducing computational complex-
ity. However, duty cycle reconstruction may lead to frequent
changes in switch signals.

Once the optimal voltage vector has been identified, how
to accurately calculate the duty cycle has a critical impact on
the control effect [19]. The traditional duty cycle calculation
method requires first calculating the current slope, but the cal-
culation of the current slope depends on real-time measure-
ments of current and voltage, and measurement errors can af-
fect the accuracy of the duty cycle. To optimize the duty cy-
cle, [20] proposed that only a simple constant and the ratio of
current tracking error are needed to calculate the duty cycle,
reducing computational complexity and parameter sensitivity.
However, current sampling noise may cause duty cycle jitter.
In [21], the duty cycle is calculated by the ratio of the reference
speed to the rated speed, which is simple to calculate. How-
ever, changes in speed or load may lead to a decrease in control
performance. In [22], the duty cycle of each candidate vector is
inversely proportional to its cost function value, which not only
reduces algorithm complexity but also enhances parameter ro-
bustness. However, the inverse duty cycle allocation depends
on the quality of vector selection. If the globally optimal vector
is missed, the duty cycle cannot be allocated to the optimal one.

To address the issues mentioned above, reduce the algo-
rithm complexity and prediction times, while maintaining good
steady-state performance, a simplified duty cycle modulation
model predictive current control without cost function method
is proposed. Firstly, two fixed phase voltage vectors are se-
lected to generate the three-phase duty cycle of any sector with-
out cost function. Secondly, the duty cycle of the two fixed
voltage vectors is obtained using the deadbeat control principle,
and the three-phase duty cycle is calculated from it to directly
drive the PMSM. Finally, simulations and experiments demon-
strate that the proposed method has low complexity, effectively
reduces d-q axis current ripple and phase current harmonics,
and exhibits superior steady-state performance.

The contributions of this study are detailed below:

(i) The proposed method can generate three-phase duty cy-
cles for any sector using two fixed voltage vectors, without cost
function traversal optimization, and only requires one predic-
tion.

(i) To address the issue of high complexity in traditional cur-
rent slope calculation, an innovative duty cycle calculation is
proposed, which can quickly determine the three-phase duty
cycle and directly drive PMSM without the need for driving
signal generation and modulation.

(iii) The amplitude and direction of the output voltage vec-
tor can be adjusted arbitrarily, significantly suppressing current
ripple and phase current harmonics.
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2. TWO-LEVEL INVERTER TOPOLOGY AND PMSM
MATHEMATICAL MODEL

2.1. Two-Level Inverter Topology

This article focuses on a two-level inverter, and the power
topology used to drive PMSM is presented in Fig. 1.

1+
Uarr.

PMSM

FIGURE 1. Two-level inverter drive PMSM topology.

In the two-level inverter, according to different switching
sequences of the switches, 8 voltage vectors can be formed,
and the distribution of each vector is shown in Fig. 2. u; (i =
1,2,3,4,5,6) are active voltage vectors, and ug and u7 are zero
vectors.

FIGURE 2. Voltage vector distribution.

2.2. PMSM Mathematical Model

The stator current equation of PMSM in the d-q coordinate sys-
tem can be represented as follows:

{ Ld% = Uq — Rsid — €q (1)
dig ‘

L3 = ug — Rsiq — eq
eq = —welyiy )
€q = We (Ldid + wf)

where R, is the stator resistance. Lq and L, are the stator in-
ductances of the d-g axis. 1 is the permanent magnet flux
linkage. we is the electrical angular velocity. uq, g, 74, and %,
are the voltages and currents of the d-q axis, respectively. eq
and e, are the d-q axis back EMF.

Using the first-order Eulerian discretization method typically
utilized in engineering, the discretization of Eq. (1) is expressed
as:

{id (k+1) = iq (k) + L= (uq (k) — Ryiq (k) —eq ()
iq (k4 1) = ig (k) + = (uq (k)= Rsig (k) —eq (k)
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FIGURE 3. DV-MPCC strategy structure block diagram.

where uq(k) and uy (k) are the d-g axis voltage components at
the constant k, respectively. iq(k + 1) and i4(k + 1) are the
d-q axis current components at the constant k 4 1, respectively.
iq4(k) and i, (k) are the d-q axis current components at the con-
stant k, respectively. w, (k) is the electrical angular velocity at
the constant k. eq(k) and e, (k) are the d-g axis back EMF at
the constant k, respectively. T is the sampling time.

3. DOUBLE VECTOR MODEL PREDICTIVE CURRENT
CONTROL

To enhance the steady-state performance of conventional
MPCC, a novel dual vector model predictive current controller
(DV-MPCC) is proposed. Firstly, the first optimal active
voltage vector is selected as the initial voltage vector by
traversing the cost function. Secondly, to ensure the proximity
of the reference voltage vector to the initial voltage vector, a
voltage vector, either a zero vector or an effective vector that
is close to the initial vector, is selected as the second standby
voltage vector. Finally, the duty cycles of the two voltage
vectors are allocated, the voltage combination that minimizes
the cost function is selected for application to the inverter. The
DV-MPCC strategy structure is shown in Fig. 3.

The initial voltage vector is selected by using Eq. (3) to pre-
dict the current for 6 active voltage vectors and then substituting
them into Eq. (4) to select the active voltage vector that mini-
mizes the cost function as the initial voltage vector.

g =ity —ia(k + 1) + |if —iq(k +1)] 4)

where ij; and ¢ are the d-q axis current reference components,
respectively.
The d-g axis components of the synthesized voltage vector
from two voltage vectors can be expressed as:
Ud = udoptdopt + (]- - dopt) Udj
®)
Ug = Ugoptdopt + (1 — dopt) tg;

where gt and uqop; are the voltage components of u,,,; on the
d-q axes dp; is the duty cycle of uope, ug; and ug; are the volt-
age components of u; on the d-q axes, and u; is the two active
voltage vectors or zero vector near the initial voltage vector.

By performing deadbeat control on the g-axis current, the
duty cycle of the initial voltage vector can be derived:

Aig + Ryig (k) +eq (k) — ug;

Ugopt — Ugj

(6)

dopt =

S it—ig(k)
where Aig = Lg=—

DV-MPCC strategy implementation steps:

(1) By traversing the predicted current values of 6 effective
voltage vectors through Eq. (3), the u,p; is determined to be the
initial voltage vector to minimize the cost function in Eq. (4).

(2) By substituting the initial voltage vector duty cycle ob-
tained from Eq. (6) into Egs. (5) and (3), the corresponding pre-
dicted current for the selected combination can be obtained.

(3) The combination of Uep, Uopt2, dopt, and 1 —depe, Which
minimizes the cost function, is selected and then applied to the
inverter.

Based on the analysis, the distribution of the synthesized
voltage vector in DV-MPCC is depicted by the red dashed line
in Fig. 4. When the reference voltage vector u is between u;
and wg, it can be observed that the shortest path among Aw;,
Aug, and Aug to uq, ug and the boundary cannot meet the de-
sired voltage error, which will cause the steady-state perfor-
mance of the control system to deteriorate.

FIGURE 4. Synthesized voltage vector distribution of DV-MPCC.

4. DESIGN OF SDCM-MPCC STRATEGY

DV-MPCC strategy requires the use of cost function to traverse
different voltage combinations, resulting in too much computa-
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FIGURE 5. SDCM-MPCC structure block diagram.

tional burden. SDCM-MPCC strategy adopts the fixed voltage
vectors u; and ug for control algorithm design and does not
use cost function to traverse different voltage vector combina-
tions. The three-phase duty cycle can be directly determined
and directly applied to the two-level inverter without modula-
tion. The simplified control algorithm offers a straightforward
yet practical technical solution for the practical application of
MPC in PMSM. The framework of the algorithm is presented
in Fig. 5. SDCM-MPCC strategy consists of three parts: duty
cycle calculation, three-phase duty cycle calculation, and three-
phase duty cycle redistribution and correction. To illustrate that
voltage vectors can be replaced equivalently, first analyze the
selection and reconstruction of voltage vectors, and then elab-
orate on other components.

4.1. Selection and Reconstruction of Voltage Vector

SDCM-MPCC strategy focuses on three voltage vectors w1, us,
and us, which are called phase voltage vectors. The phase volt-
age vector satisfies u1 +us +us = 0, and the duty cycle dy, ds,
and d5 of u1, us, and us correspond exactly to the three-phase
duty cycle, that is, d; — d,, ds — dp, and d5 — d.. When u
is in sector I, it can be synthesized from w1, us, and zero vector.
The spatial distribution of the synthesized voltage vector is il-
lustrated in Fig. 6. The three-phase voltage vectors are mutually
independent and satisfy the superposition principle. Therefore,
the reference voltage vector us can be vectorially composed by
the three-phase voltage vectors in any hexagon region. Even if
ug 1s at the position of an active voltage vector us at the vertex

FIGURE 6. SDCM-MPCC synthetic voltage vector distribution.
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of the regular hexagon, it can be obtained by u; + w3, and in
this moment the duty cycles of both u; and ug are 1.

Since u1 + us + us = 0, the control set can be further sim-
plified. For clarity, Fig. 7 describes the decomposition and re-
construction of the voltage vector in the vector space.

Il

usds

FIGURE 7. Decomposition and reconstruction of voltage vector.

When uy is located in sector III, «; and us are chosen as the
active voltage vectors, and the duty cycles d; and d5 are calcu-
lated by minimizing the current error. The lengths of the active
voltage vectors can be represented by d;u; and dsus, respec-
tively. In the meantime, if the fixed voltage vectors u; and ug
are selected, the duty cycles of u; and ug are reconstructed into
d1 — d5 and —ds, respectively, as shown in Eq. (7), and the syn-
thesized voltage vectors have the same effect. If u is located in
sector II, the duty cycle reconstruction formula for vy and ug is
Eq. (8), with the same effect and consistent analysis principle,
so it is not repeated here.

In summary, the voltage vector can be synthesized by u; and
ug in any sector, so it is unnecessary to use the cost function to
traverse different voltage combinations in the three sectors.

urdy + usds = urdy + (—u1 —ug) ds
= u (dl - ds) — uzds @)
usds + usds = usds + (—up —u3) ds
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= uz (d3 — ds) — uids (3

For convenience, the duty cycle of rewriting u; and ug is
expressed as d) and df. The combination of voltage vectors in
different sectors can be expressed as:

urd) + uzdy = urd) + usdy I
= Uy (dll - dé) - U5dé I (9)
4.2. Calculation of Duty Cycle

The components of u; and ug synthesized voltage vectors on
the d-q axes are calculated as follows:

{ ug = u1gd] + usqdy (10)

— ! !
ug = U14dy + uzqds

According to Egs. (3) and (10), deadbeat control is per-
formed on the current of the d-q axes simultaneously, i.c.,
iy = ig(k+1) and i; = i,(k+ 1), then the duty cycle of
w1 and ug is expressed as:

d = (Aig+sd)usg—(Aig+8q)usd
1 U1qU3q—ULqU3d

(11)

d, — Aig+sq—uiqd]
3 u3d

Aig = Ly iz—;;d(k)
sq = Rsig (k) + eq (k) .
sq = Ryig (k) + eq (k)

where

4.3. Calculation of Three-Phase Duty Cycle

The three-phase duty cycle can be derived from d} and df.
When d} > 0 && d4 > 0, this implies that the reference volt-
age vector resides in sector I, and the duty cycles d,, dp, and d..
of phases a, b, and c are d, = d}, dp = dj, and d. = 0, respec-
tively. The reason for d. = 0 is that in sector I, only the upper
and lower bridge switches of phases a and b are switched, while
the switch of phase ¢ remains off, similar to a five-segment
wave generator.

When u, falls within [0°, 60°] of sector I, the actual applied
effective voltage vectors are u; and us. When ug falls within
[60°, 120°] of sector I, the actual applied effective voltage vec-
tors are uo and ug, and the zero vectors are all ug. The corre-
sponding vector diagram and three-phase duty cycle are shown
in Fig. 8.

Based on Eq. (9), the three-phase duty cycle is calculated as
follows:

(HIfd) >0&&ds > 0,d, =di, dp =dj, d. = 0.

QIfd, <08&&dy,—d, > 0,d, = 0,dy, = d — d,
de = —dj.
()M dy < 0&&dj —dy > 0, dy = df = di dy = 0,
de = —dj.

It should be noted that since only three sectors are divided,
the three d}, dj, and d} — d judgments given have covered any
situation. If other situations occur in d}, d4, and d;j — d5, the
three-phase duty cycle can be attributed to any sector, or else
for (3).
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FIGURE 8. Voltage vector synthesized and three-phase duty cycle
waveform of sector I.

4.4. Three-Phase Duty Cycle Redistribution and Correction

If the zero vector can be evenly distributed between ug and u7,
the steady-state performance can be further improved. The duty
cycle of the zero vector is defined as follows:

do = 1 — max [dg, do, d.] (12)

After obtaining zero vector duty cycle, the duty cycle of ur
is expressed as follows:

du, = (1 — max [dg, dy, dc]) /2 (13)

At this time, the three-phase duty cycle is redistributed as
shown in Eq. (14). The three-phase duty cycle in Fig. 8 is up-
dated as shown in Fig. 9.

d) =d, + (1 — max [d,, dy, d.]) /2
dj, = dy + (1 — max [d,, dy, d.]) /2
d:: = dc + (1 — max [daa db7dc]) /2

(14)

When the speed or load suddenly changes, the three-phase
duty cycles d,, dj, and d,, may exceed the range of [0, 1], re-
quiring further correction. Possible situations include the fol-
lowing:

(1) If the duty cycle is less than 0, it is set to 0.

o o ,
[ T R b d
Loy gL L
) S A S A B A | a I L0

S”T-! Lody 0 0|0| Lod, o |O|0
TN Lyl Iyt

S, 070! Lod 0T STotr 1 1 411

gl o Iyl s Lot

OO0 000 (000 0000
uo:u]:uz:u7:u7:u2:u]:u0 un:u3:uz:u7:u7:uz:u3:uo

FIGURE 9. Three-phase duty cycle waveform of sector I after zero vec-
tor average distribution.
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FIGURE 10. Speed, current, and torque waveforms of the two strategies at variable speed with load torque of 5N-m. (a) DV-MPCC. (b) SDCM-

MPCC.

(2) If the duty cycle exceeds 1, reconstruction is required to
maintain the ratio of the three-phase duty cycles unchanged.
Taking d], > 1 as an example, the reassignment is as follows:

& =1
dy = di /d,
& =d./d,

(15)

The steps to implement the SDCM-MPCC strategy are out-
lined below:

(1) Calculate the duty cycle of u; and w3 through Eq. (11).

(2) The positive and negative values of d}, df, and d} — dj
are used to determine the sector, and then the three-phase duty
cycle is determined.

(3) Through Eq. (13), the duty cycle of u7 is obtained. Fur-
ther, the three-phase duty cycle is redistributed according to
Eq. (14), and the final three-phase duty cycle is corrected ac-
cording to the proposed strategy.

5. SIMULATION ANALYSIS

The DV-MPCC and SDCM-MPCC strategies on the same mo-
tor are compared and analyzed by Matlab/Simulink. The mo-
tor parameters are shown in Table 1. As a surface-mounted
PMSM is used, the control mode with ¢} = 0 is adopted. Both
control strategies maintain a sampling frequency of 10kHz

and the same proportional-integral (PI) parameters (k, = 2.7,
k; = 40).
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TABLE 1. The PMSM parameters.

Parameter Value  Unit
Number of pole pairs 4
Stator resistance 0.15 Q
Stator inductance 1.625 mH
Permanent magnet flux 0.1 Wb
Moment of inertia 478  gem?
Rated power 4.5 kW
Rated speed 3000  r/min
Rated torque 15 N-m
Rated voltage 300 \%
Peak current 38.8 A

5.1. Comparison of Dynamic Performance

(1) Operating conditions: reference speed 1000 r/min, load
torque 5 N-m, sudden change of speed to 2000 r/min at 0.2s,
sudden change of speed to 3000 r/min at 0.4 s.

Under constant load torque and variable speed operation con-
ditions, the speed, current, and torque waveforms for the two
control strategies are presented in Fig. 10. Both control strate-
gies reach 10001/min at 0.029s, accelerate to 2000 r/min at
0.229 s, and accelerate to the rated value at 0.429 s, with almost
no overshoot and steady-state error in speed. With the same
PI parameters, the speed dynamic performances of both strate-
gies are essentially the same. The current and torque of both
strategies can well follow the changes in speed and load with-
out overshoot. Since i}; = 0 control is adopted, the amplitude
variations in 44, T, and 7, are consistent with the theory.
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FIGURE 11. Speed, current, and torque waveforms of the two control strategies at rated speed and different load torques. (a) DV-MPCC. (b) SDCM-
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FIGURE 12. i, and FFT harmonic analysis of two strategies at 1000 r/min and 10 N-m. (a) DV-MPCC. (b) SDCM-MPCC.

(2) Operating conditions: reference speed 3000 r/min, load
torque 5 N-m, sudden change to 10 N-m at 0.2 s, sudden change
to 15N-mat 0.4s.

Figure 11 shows the speed, current, and torque waveforms
for two strategies operating under constant speed and varying
load torque conditions. Both strategies reach rated speed
at 0.068s after motor start-up, and the speed recovers to
3000 r/min at 0.28 s and 0.47 s after a sudden increase in load
torque at 0.2 s and 0.4 s, respectively, with the speed dropping
by Sr/min in both cases. Because DV-MPCC strategy only
uses deadbeat control for iy, it is observed that the i4 ripple is
relatively large.
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5.2. Comparison of Steady-State Performance

(1) Operating conditions: speed 1000r/min, load torque

10N-m.

The steady-state phase current and its > analysis for the two
strategies at a reference speed of 1000 r/min and load torque
of 10N-m are illustrated in Fig. 12. The figure demonstrates
the figure that the stator current waveform of SDCM-MPCC
is better than that of DV-MPCC. The THD of the DV-MPCC
strategy is 4.84%, while the THD of the SDCM-MPCC strat-
egy is 3.65%. The results indicate that the proposed strategy
reduces phase current harmonics and improves steady-state per-
formance.
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FIGURE 14. Speed, current, and torque waveforms of two strategies at 500 r/min and 5 N-m. (a) DV-MPCC. (b) SDCM-MPCC.

(2) Operating conditions:
15N-m.

Figure 13 displays the waveforms of output voltage and a
section of three-phase duty cycle. DV-MPCC uses only two
voltage vectors, resulting in discontinuous output voltage and
abrupt changes in three-phase duty cycle. When the output volt-
age vector is at a regular hexagon boundary, it is a combination
of active voltage vectors. When the output voltage is on the
active voltage vector axis, it is the combination of the active
voltage vector and the zero vector, which is consistent with the-

speed 30001/min, load torque
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oretical analysis. While the SDCM-MPCC strategy uses three
voltage vectors, and the output voltage vectors are continuously
distributed. Due to its three-phase duty cycle being adjusted
according to Eq. (14), the duty cycle of the saddle wave is out-
put. The results evidence that the SDCM-MPCC strategy re-
duces current ripple, suppresses phase current harmonics, and
improves waveform quality.

(3) Operating conditions: speed 500 r/min, load torque 5 N-m.

Figure 14 displays the speed, current, and torque waveforms
of the two strategies at low-speed and light-load at steady state.
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FIGURE 15. The ripple of d-q axis current for two strategies at no

The results indicate that both strategies basically no static error
in speed. For DV-MPCC strategy, the fluctuation ranges of 74,
1q, and T are [-0.6 A, 0.6 A], [7.9 A, 8.8 A], and [4.74 N-m,
5.28 N-m], respectively, while for the SDM-MPCC strategy, the
fluctuation ranges of 74, ¢4, and T, are [-0.22 A, 0.22 A], [8 A,
8.7A], and [4.8 N-m, 5.22 N-m], respectively. This indicates
that the SDCM-MPCC strategy has smaller ripple in the current
and torque of the d-q axis and better steady-state performance.

(4) Operating conditions: no-load speed of 500r/min,
1000 r/min, 1500 r/min, 2000 r/min, 2500 r/min, 3000 r/min,
and 500 r/min, load torques of ON-m, 3N-m, 6 N-m, 9N-m,
12N-m, 15N-m.

Figure 15 shows the current ripple line chart for DV-
MPCC and SDCM-MPCC strategies at no-load speeds of
500 r/min, 1000r/min, 1500 r/min, 2000r/min, 2500 r/min,
and 30001/min, and the current ripple rectangular chart
for both control strategies at 500 r/min and load torques of
ONm, 3N-m, 6N-m, 9N-m, 12N-m, and 15N-m. A total of
6,000,001 sets of data are extracted, and the current ripple is
calculated by Eq. (16). The results show that the current ripple
of SDCM-MPCC strategy is smaller than that of DV-MPCC
strategy in the whole speed range.

At 500 r/min no load, the Aigy of DV-MPCC and SDCM-
MPCC strategies are 0.2181 A and 0.07A, and Ai, are
0.1830 A and 0.1303 A, respectively. Aig of SDM-MPCC
strategy decreased by 0.1481 A and A, by 0.0527 A compared
to DV-MPCC strategy. Aiy of SDM-MPCC strategy decreases
by 72.07% and Ai, by 29.5% on average compared to the
DV-MPCC strategy for different load torques.

1 N

Aig = \ N Z (iq(n) — id-ave)2

—
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load, different speeds and 500 r/min, different load torques.

where N is the number of samples, —74.qve and ig_que are the
average values of iq and 4, iq(n) and i4(n) are the d-q axis
currents at the moment n.

5.3. Comparison of Algorithm Execution Time

The core algorithms of DV-MPCC and SDCM-MPCC strate-
gies are tested 10° times repeatedly using the ‘tic’ and ‘toc’
functions in MATLAB. The average of prediction times and
execution time for both strategies are shown in Table 2. DV-
MPCC strategy requires 9 prediction times with an algorithm
execution time of 0.5590 s, while SDCM-MPCC strategy does
not require iterations and only generates the drive signal by on-
line calculation with an execution time of 0.4561s. Compared
with DV-MPCC strategy, the execution time of the proposed
strategy is shortened by 18.4%, indicating that the algorithm is
more efficient.

TABLE 2. The core algorithm execution time and prediction times of
two control strategies.

strategy DV-MPCC SDCM-MPCC
prediction times 9 1
execution time 0.5590s 0.4561s

6. EXPERIMENTAL VERIFICATION

To validate the effectiveness of the method proposed, the RT
LAB (OP5600) platform used is shown in Fig. 16, and its hard-
ware in the loop system (HILS) configuration diagram is shown
in Fig. 17. The DSP adopts TMS320F2812, and the inverter
and PMSM are created by RT-LAB. The experimental condi-
tions such as motor and PI parameters are consistent with the
simulation.

The speed, current and torque waveforms of the two strate-
gies under constant load torque and variable speed conditions
are shown in Fig. 18. The graph shows both strategies reach
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FIGURE 16. RT-LAB experiment platform.
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FIGURE 17. RT-LAB hardware-in-the-loop system configuration.
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FIGURE 18. Constant load torque, speed, current and torque experimental waveforms at variable speed. (a) DV-MPCC. (b) SDCM-MPCC.
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FIGURE 19. Speed, current and torque experimental waveforms with constant speed and variable load torque. (a) DV-MPCC. (b) SDCM-MPCC.

1000 r/min at 0.030s. The reference speed is 2000 r/min at
0.2s, and accelerate to 2000 r/min at 0.231s. The reference
speed is 3000 r/min at 0.4 s, and accelerate to the rated speed
at 0.432 s, with basically no overshoot and static error in speed.
The current and torque can follow the speed and load torque
changes well, and there is basically no overshoot and static er-
ror. The experimental results demonstrate that the dynamic per-
formance of the two strategies is basically identical.

Figure 19 shows the speed, current, and torque waveforms of
the two strategies with constant speed and variable load torque.
From Fig. 19, both strategies reach the motor starting speed of
3000 r/min at 0.086s, and the speed returns to 3000 r/min at
0.29 s after a sudden increase of 10 N-m load torque at 0.2s.
Similarly, the speed returns to 3000 r/min at 0.49 s after a sud-
den increase of 15 N-m load torque at 0.4 s, and the speed drops
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by 8 r/min in both cases. The results demonstrate that the dy-
namic performance of the both strategies in terms of speed, cur-
rent, and torque are basically consistent.

Under the condition of 1000 r/min and 10 N-m, the phase cur-
rent and fast Fourier transform (FFT) analysis of the two strate-
gies are presented in Fig. 20. From Fig. 20, the harmonics of the
phase current in SDCM-MPCC strategy are smaller than those
in DV-MPCC strategy. The total harmonic distortion (THD)
of the two strategies is 7.83% and 4.17%, respectively, indicat-
ing that SDCM-MPCC strategy has better effect on suppressing
phase current harmonics.

Figure 21 shows the steady-state waveforms at 500 r/min
and 5N-m load torque. From Fig. 21, the steady-state per-
formance of SDCM-MPCC strategy has been improved to a
certain extent. To effectively demonstrate that SDCM-MPCC
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FIGURE 22. Output voltage experimental waveforms. (a) DV-MPCC. (b) SDCM-MPCC.

TABLE 3. Current ripple at 500 r/min and 5 N-m.

Strategies Operating conditions ~ Aig/A  Aig/A

DV-MPCC . 0.5561 0.2611
500 r/min, 5N-m

SDCM-MPCC 0.1278  0.1332

strategy improves steady-state performance, the current ripple
of the two strategies are calculated using Eq. (16), and the re-
sults are shown in Table 3. The data shows that the A7, and
Ai, of SDCM-MPCC strategy are decreased by 0.4283 A and
0.1279 A, respectively, indicating that SDCM-MPCC strategy
exhibits superior steady-state performance.

Figure 22 displays the output voltage waveforms of both
strategies at 3000 r/min and 15 N-m. As can be seen from the
figure, the u, and ug components of SDCM-MPCC strategy
are standard sine waves. According to Euler’s formula, the syn-
thesized voltage is circular, indicating that its output voltage
is continuously distributed and can cover any amplitude and
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direction. However, DV-MPCC strategy uses two non-fixed
voltage vectors, resulting in discontinuous output voltage and
frequent switching. Therefore, the output voltage vector range
of the SDCM-MPCC strategy is wider, which can effectively
suppress current ripple and harmonics caused by voltage errors.
Figure 23 shows the three-phase duty cycle waveforms for
both strategies under 3000 r/min and 15 N-m. As shown in the
figure, the duty cycle of the DV-MPCC strategy output volt-
age is not continuously distributed, but always jumps between
0 and 1. However, the duty cycle of the SDCM-MPCC strategy
output voltage is a saddle wave. The results demonstrate that
SDCM-MPCC strategy can improve steady-state performance.
To compare their computational complexity, the execution
times for both algorithms are presented in Fig. 24. From
Fig. 24, SDCM-MPCC algorithm simplifies the process of duty
cycle calculation and cost function optimization, and the exe-
cution time of this algorithm is 26 pus. However, the execution
time of DV-MPCC strategy is 45 ps. The experimental results
show that SDCM-MPCC strategy reduces the execution time.
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FIGURE 24. The execution time of the two strategies.

7. CONCLUSION

To reduce the prediction times and algorithm complexity of
MPCC and get good steady-state performance, a novel SDCM-
MPCC strategy is proposed. Through simulation and experi-
mental verification, the following conclusions are obtained:

(1) The dynamic performances of the two strategies are ba-
sically consistent. However, compared to DV-MPCC strategy,
SDCM-MPCC strategy can simultaneously achieve deadbeat
control for both d-q axis currents, reduce phase current har-
monics by 46.74%, and have smaller current ripples, improved
steady-state performance.

(2) SDCM-MPCC strategy uses two fixed voltage vectors,
and the duty cycles of the three phases can be directly deter-
mined, without using cost functions to traverse voltage vector
combinations. Compared with DV-MPCC strategy, its execu-
tion time is accelerated by 19 ps, and its complexity is lower.
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