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Abstract. The structure of open-winding motor fed by the dual-inverter can increase the winding
terminal voltage of the primary permanent-magnet linear motor (PPMLM). So, it is an effective
method to improve the thrust performance of the PPMLM. Based on the detailed derivation of the
mathematical model of the open-winding PPMLM and the in-depth analysis of the space voltage
vector distribution characteristics of the dual-inverter, a deadbeat two-vector model predictive
current control (MPCC) model is proposed in this paper. First, the optimal vector of the inverter
1 is determined by judging the position of the large sector. Second, two optimal vectors of the
inverter 2 is determined by judging the position of the small sector. Finally, the duty cycle of the
two optimal vectors of the inverter 2 is calculated to realize the proposed deadbeat two-vector
MPCC algorithm. Compared with the traditional model predictive torque control (MPTC) and
MPCC strategies, the proposed algorithm has the advantages of lower current harmonics (lower
34 % and 44 % under rated conditions, respectively) and better thrust performance (higher 77 %
and 61 % under rated conditions, respectively) as well as lower computational complexity.
Simulation and experimental results show that the proposed two-vector MPCC has good
steady-state and dynamic performances, which can reduce the current harmonics and thrust ripple,
and thus improve the motor drive performance compared with the traditional method.

Keywords: primary permanent-magnet linear motor, open-winding, dual-inverter, model
predictive current control, deadbeat control.

1. Introduction

Primary permanent magnet linear motor (PPMLM) is based on the principle of magnetic gear.
The short primary provides excitation magnetic field, and the long secondary plays the role of
modulating air gap, which has the advantage of high thrust [1]. In addition, because the long
secondary has neither armature winding nor permanent magnet, it also has the advantage of low
cost and is very suitable for long-distance linear motion fields such as high-rise elevator and rail
transit [2].

Compared with the traditional permanent magnet linear motor, the power factor of PPMLM is
relatively low, resulting in lower thrust than the traditional permanent magnet linear motor under
the same DC bus voltage [3]. Increasing the DC bus voltage of the inverter can improve the thrust
performance of the motor. However, for specific applications, the increase of DC bus voltage is
often limited by the available power supply voltage. In addition, adding a boost converter at the
front end of the inverter can increase the DC bus voltage, but this multi-stage converter structure
with large inductance will increase the volume of the driving device and reduce the system
efficiency [4]. The open winding motor structure driven by dual inverters is another DC bus
voltage boosting method [5], [6]. Since each phase winding of the motor is equivalent to being
powered by the full bridge inverter, the winding terminal voltage can be greatly improved [7]. The
dual inverter can produce more space voltage vectors to form a multi-level effect, which is helpful
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to reduce current harmonics [8].

In order to realize the high-performance operation of open winding PPMLM fed by the dual
inverter, the traditional vector control and direct torque control have been extensively studied.
Vector control can achieve good steady-state performance, but the controller is sensitive to motor
parameter changes, and the coupling between AC and DC axis currents also worsens the dynamic
performance [9]-[11]. Compared with vector control, direct torque control has the advantages of
strong parameter robustness and fast dynamic response, but it suffers from a large torque ripple
[12], [13]. In recent years, finite control set model predictive control has attracted extensive
attention of scholars, because of its advantages such as simple idea, fast dynamic response, and
flexible voltage vector selection [14]-[17].

For the model predictive control of dual inverter open winding motor drive system with dual
power supply, a model predictive torque control (MPTC) is proposed for open winding induction
motor under asymmetric DC bus voltage [18], which effectively reduces torque and flux ripple by
increasing the number of voltage vectors. However, there is a weight coefficient between torque
and flux, so it is difficult to obtain the optimal control performance. To solve this problem, an
MPTC strategy for open winding induction motor is proposed to eliminate the weight coefficient
[19], [20], which can achieve better torque and flux control performance. However, this strategy
requires a large amount of computation. A low complexity MPTC strategy is proposed for open
winding permanent magnet synchronous motor, which can reduce the computational burden.
Because only one voltage vector works in each sampling period, the steady-state performance is
poor. Alternatively, in order to avoid the difficulty of adjusting the weight coefficient of MPTC,
a model predictive current control (MPCC) is proposed [21], which not only improves the current
control performance, but also enhances the robustness of motor parameter change [22]. A MPCC
with zero-sequence current suppression is proposed to improve torque performance for the open
winding permanent magnet synchronous motor fed by common dc-link dual-inverter [23].
Similarly, a zero-sequence current suppression strategy is proposed to reduce the thrust ripple
[24]. However, the MPCC strategies mentioned above all have the problem of complex
implementation, and the required switching frequency is high under the same performance,
affecting the efficiency of open winding drive system.

In addition, a tri-partition state alphabet-based sequential pattern is proposed for multivariate
time series [25]. Relevant ideas have a good reference significance for improving the control
performance of MPCC. On the other hand, the resistance between arbitrary sites in the infinite
networks is studied and calculated by Cserti’s method [26], Green’s function method [27],
equivalent transformation method [28]. In these methods, an infinite network goes to a finite one
if the separation between the two sites is large. Introducing the above idea into the MPCC with
the finite control set, a similar conclusion is that the greater duty cycle of the voltage vector, the
greater the impact of the vector has on the PPMLM control performance. Thus, the voltage vector
with the largest duty cycle is the optimal vector.

This paper presents a two vector MPCC based on deadbeat current control principle. Compared
with the traditional MPTC and MPCC strategies, the proposed deadbeat two-vector MPCC
algorithm has the advantages of lower current harmonics and better thrust performance as well as
lower algorithm complexity. Moreover, the proposed algorithm can avoid the adjustment of the
weight coefficient, which facilitates the optimization of the control performance. The rest of this
article is organized as follows. In Section 2, the mathematical model of the open winding PPMLM
is derived. In Section 3, the space voltage vector distribution characteristics of dual inverters are
analyzed. In Section 4, the basic principle of the proposed deadbeat two-vector MPCC is
presented, including the determination of the sector location and the duty cycle calculation of the
optimal vectors. Simulation and experimental results are given in Section 5. Finally, Section 6
concludes this article.

5 7 8 JOURNAL OF VIBROENGINEERING. MAY 2022, VOLUME 24, ISSUE 3



DEADBEAT TWO-VECTOR MODEL PREDICTIVE CURRENT CONTROL FOR OPEN-WINDING PRIMARY PERMANENT-MAGNET LINEAR MOTOR.
HONGYU TANG, OU SHA, ZHENLI Y ANG, DEZHI XU

2. Mathematical modeling of open winding PPMLM

The open winding PPMLM system driven by dual inverter is shown in Fig. 1. In the figure, i,,
ip and i, are the mover currents of PPMLM. u,;, u;; and u., are the output voltage of inverter 1.
Ug2, Upy and U, are the output voltage of inverter 2. U, is the DC bus voltage, and the supply
voltage on both sides of this paper is equal [22].

Inverter 1 Inverter 2
Open windingg:1 {‘1
o He} ae} bo X Jro K Jbo
%} i, PPMLM
+ Ua) . Uy +
j B
U= Uy l,b ’ Uy = Uy
ucl = -— U
o HK'} ar]} {FH {r\,ﬂ-o o

Fig. 1. Topology of open-winding PPMLM driven by dual-inverter

The voltage equation of open winding PPMLM in three-phase abc coordinate can be expressed

as:
[4ia]
Uyl [Ma1]  [Uaz i I ;iti - sin(6,)
Up [ = |up1 | = |2 | = R|ip | + L] =2 | = — v |sin(6, — 120°) |, (1)
uel  ue ]l ues i git T |sin(8, + 120°)
Cc
iyl
Ry 0 0 Li+Ls Ly L
where R=|0 Ry O [ is the resistance matrix, L= Ly, Ly + L, Ly, is
0 0 R L Lm Li+L,

inductance matrix. u,, u;, and u. are the winding terminal voltage of open winding PPMLM,
which is equal to the difference between the output voltage of inverter 1 and inverter 2. The 7 Is
the polar distance, v is the linear velocity, 45 is permanent magnet flux linkage, 6, is the mover
position angle, R, is winding resistance, L is winding self-inductance, L, Is winding leakage
inductance, L,, is winding mutual inductance.

In order to simplify the mathematical model and facilitate the control, the voltage equation in
the three-phase abc coordinate is equivalent transformed into the two-phase rotating dgq
coordinate through the rotating coordinate transformation theory:

2 . 2la
Ugq _ s T q lg Ld 0 dt 2
[uq]‘ 2 [i ]+[0 L] di | T 1% oa | )
—uvl R 1 =) e 77
r @ $ dt

where i; and i, are d-axis current and g-axis current respectively, u; and u, are d-axis voltage
and g-axis voltage respectively. dq axis inductance Ly = Ly = 1.5Lg + L.
The current equation of open winding PPMLM can be obtained from Eq. (2):
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did RS ) ZTUJLq i 1

= — — + + — ,
dt = LT oL, Tt \
di, Ry 2mvlg 2mv_ 1 3)
@ Ll e A e
t q Thq Thq q

In the rotating coordinate, the electromagnetic torque of open winding PPMLM can be
expressed as:

3T
Fe = T’lflq' (4)

3. Dual inverter output voltage vector

In the dual inverter drive system shown in Fig. 1, the space voltage vector generated by inverter
1 and inverter 2 can be expressed as:

2 2 _i2
U, = g(um +upe’3" +ug e ]3"),
2 2 _i2 )
U, = g(uaz + upe’3" + uge 13”).
Therefore, the synthetic space voltage vector generated by the dual inverter can be expressed
as:
U="U,—U,. (6)

As can be seen from Eq. (5), inverter 1 can generate 8 switching states, thereby generating 8
space voltage vectors. The same is true for inverter 2. Further, according to Eq. (6), the dual
inverter can generate 8 x 8 = 64 switching states, resulting in 64 synthetic space voltage vectors,

as shown in Fig. 2.
36/ ]
4 y / 06' ()3
30’
11
41' 47, U0
71" - (}l 44‘?%‘ ~

()U' &
/ AN / o4
Q57

(R)63'

52(P )

33

Fig. 2. Synthetic space vector distribution of dual-inverter

In Fig. 2, 64 synthetic vectors are distributed in 19 different spatial positions, corresponding
to 18 non-zero vectors and 1 zero vector. Taking the spatial position G as an example, the synthetic
voltage vector is 1'. Corresponding to the voltage vector V; (100) of inverter 1 and the voltage
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vector V, (011) of inverter 2 respectively. The synthetic space vector distribution of the whole
dual inverter can be divided into six trapezoidal large sectors I-VI, and the centers of the large
sectors are A-F respectively. As can be seen from Fig. 2, the space voltage vector distribution of
the dual inverter is exactly the same as that of the three-level inverter. Therefore, better control
performance can be obtained than that of the single inverter drive system.

4. Deadbeat two vector MPCC

In order to improve the control performance of open winding PPMLM dual inverter drive
system, a deadbeat two vector MPCC is proposed in this paper. Firstly, based on the deadbeat
current control principle, the position of the large sector where the reference vector OU is located
is determined. For example, when the reference vector OU is located in sector I, as shown in Fig. 3,
the optimal vector produced by inverter 1 is OA, and the corresponding voltage vector is V; (100).

The reference vector OU can be synthesized by the reference vector OA and the reference
vector AU. Therefore, when the vector OA is generated by one voltage vector of inverter 1, the
vector AU can be approximated by two voltage vectors of inverter 2. In order to obtain the two
optimal vectors and their duty cycle of inverter 2, the position of the small sector where the vector
AU is located is further determined. For example, in Fig. 3, when AU is located in small sector
(1), the non-zero vector V, (011) output by inverter 2, non-zero vector Vg (001), zero vector
V, (000) are three undetermined vectors. Finally, according to the action time of each vector, two
optimal vectors are selected and their duty cycle is calculated to realize the proposed MPCC
algorithm.

16’

15
@ \
r—

7 © 3
Fig. 3. Principle of deadbeat two-vector MPCC

In order to implement proposed MPCC algorithm, first of all, the current equation shown in
Eq. (3) needs to be discretized by first-order forward Euler:

2nvTy L T.
ld(k+1)—< ) L3O + "—d (k)+—sud
7
ig(k+1) = ( ) iq () ——2’”’ e, 0+ —Z”SLTslf .
q q q

According to the deadbeat current control principle, it is assumed that the d-axis current iy
and g-axis current i, can track their reference values respectively at the end of each sampling

period:

{id(k +1)= id‘ref:

ig(k +1) = igyey. ®)
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When the open winding PPMLM is controlled by i; = 0, bring Eq. (8) into Eq. (7) to obtain
the d-axis and g-axis reference voltages:

u ——L—d—R '(k+1)—2m7Lq‘(k+1)
dref = T s ld T lq )
N
Lq , 2mvly 2mvdy | Lq, ®
uqrefz—(F—Rs)Lq(k+1)+ T lalk+ D+ ———+ igrer.
s N

Transform Ugyer and Ugyer from two-phase dq coordinate system to two-phase af8 coordinate
system, available a-axis and [§-axis reference voltage as follows:

{uaref = 0SB, Ugrer — SINBUgrer, (10)
Ugrer = SINB Ugrer + COSO UG -
To facilitate the judgment of large sectors, three auxiliary variables are defined:
X = Uarefs
1 V3
Y = _Euaref-l_?uﬁTEf' (11)
1 V3
Z= _Euaref - 7uﬁref
Redefine variables:
N = —4sign(X) — 2sign(Y) — sign(2), (12)

where, sign(x) is a symbolic function, and the output is 1 when x > 0. When x < 0, the output is
0. According to Eq. (12), when N is 1, 2, 3, 4, 5 and 6, the corresponding large fan area codes are
I, VI, I, IV, IIT and V respectively. According to the switching state of two-level three-phase
inverter and the above large sector judgment method, the reference voltage ugzrer and Ugyres Of
inverter 2 in each large sector can be obtained, as shown in Table 1.

To facilitate small sector judgment, three auxiliary variables are defined:

(3

X = U_dcuBZTef'
V3 3

y=- 204, Ugzref + 2Uq, Uazref: (13)
V3 3

z= —mumref - muaZref-

Redefine variables:
n = sign(x) + 2sign(y) + 4sign(z). (14)

According to Eq. (14), when n is 1, 2, 3, 4, 5 and 6, the corresponding small fan area codes
are II, VI, I, IV, IIl and V respectively. According to Eq. (13), Eq. (14) and Table 1, the action
time of three vectors in each small sector of inverter 2 can be obtained, as shown in Table 2. In
the table: t; represents the action time of the i-th voltage vector V; of inverter 2, and t; represents

the action time of the j-th voltage vector V; of inverter 2. When i <6, j =i+ 1. When i =6,
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j=1. In addition, if t; +t; >1, the unitary treatment is performed, t; =t;/t; +¢;,

Table 1. Reference voltage components of inverter 2

Large sector Ugzref UBoref
2
I 3 Uge — Ugref “UBref
1 V3
I 3 Uac — Ugres 3 Uac — Ugrer
1 V3
111 —gUdc — Ugref ?Udc — Ugref
2
v 3 Uge — Ugref “Upref
1 V3
v _§Udc — Ugref _?Udc — Ugref
1 V3
VI gudc — Ugref _?Udc — Ugref
Table 2. Active times of voltage vectors of inverter 2
Small section | t; | t; to
I y X
1I -z | =y
111 x z
1—t;—t;
v -y | —x L
\ z y
VI X | —z

Finally, the action times of ¢;, t; and t, are determined and the optimal vector is selected. The
longer the action time of the voltage vector, the greater the impact on the control performance.
Therefore, among the three vectors in each small sector of inverter 2, the two voltage vectors with
large action time are the optimal vectors. In order to ensure that the sum of the action time of the
two optimal vectors is the sampling period T, the minimum action time is evenly distributed to
the other two optimal vectors.

Further, a theoretical analysis of the proposed deadbeat two vector MPCC is presented here.
For a model predictive control, a cost function is usually used to select the optimal vector. In the
open-winding PPMLM drive system with MPCC algorithm, the cost function can be defined as:

9 = [igres — iaCk + 2)]" + [igres — ig(k + 2)]°
T,

2 T 2
— <E> [gres — ua(k +2)]° + (i) [Uares — uq(k +2)]".

(15)

As shown from Fig. 3, the vector combination (V;, V) in sector IV is used as an example to
analyze the action time distribution principle of the proposed algorithm. The volt-second error
caused by (V;, V) is:

u, = —to(xVy + (1 — x),), (16)

where x is the distribution factor of the action time of V;. Therefore, the square of u, can be
expressed as:

luel? = V11268 (1 — x + x?). (17)
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As can be seen from Eq. (17), the error of is minimal when x = 0.5.
The duty cycle calculation of the two optimal vectors of inverter 2 is shown in Table 3.

Table 3. Judgment of optimal vectors of inverter 2

Minimum action time | Optimal vector Duty cycle
t; Vi, Vo D; =t; +0.5t;, Dy =ty + 0.5¢;
tj Vi, Vy D; = t; + 0.5¢;, Dy = to + 0.5¢;
to Vi, Vi D; =t; +0.5ty, D; = t; + 0.5¢,

Fig. 4 is the control block diagram of the proposed deadbeat two vector MPCC, which is
composed of coordinate transformation, reference voltage calculation, large sector judgment and
optimal vector selection of inverter 1, small sector judgment and optimal two vector selection of
inverter 2, pulse generation, etc. For the linear velocity outer loop control, the classical PI
controller is still used for closed-loop regulation.

Small Sector

Vref PI gref Judgment.
=+ . Selection of
v dref Inverter2 Vector,
0 and Duty Cycle

PWM2 ,l | I
Pulse

Generation Inverter2

Calculation ua2| uhll Mc2|
Open
Winding
PPMLM
l!-"a l.b ic
Large Sector Judgment Reference
and Selection of Voltage
Inverterl Vector Calculation
Ug1|Up1|Uel
Inverter1

PWMI1 |_||_|

Fig. 4. Block diagram of deadbeat two-vector MPCC for open-winding PPMLM
5. Simulation and experimental verification

In order to verify the correctness of the proposed deadbeat two-vector MPCC for open winding
PPMLM drive system, the simulation analysis is carried out in the environment of
MATLAB/Simulink, and the experimental verification is carried out on the prototype platform.
The experimental platform is shown in Fig. 5. Motor parameters as follows: d-axis inductance
Ly =85.2 mH, g-axis inductance L, =85.2 mH, winding resistance R; = 1.12 Q, permanent
magnet flux linkage A, = 0.105 Wb, polar distance 7 = 14.7 mm, mover mass M = 32 kg.

Fig. 6 shows the simulation waveform of linear velocity and current under rated thrust. At
0.2 s, the linear velocity suddenly changes from 0.3 m/s to 0.6 m/s. As can be seen from Fig. 6,
the linear velocity of the motor can well track the reference value. In addition, when the linear
velocity changes suddenly, the adjustment time is about 50 ms, indicating that the linear velocity
can quickly track the reference value. Fig. 7 shows the simulation waveform of thrust and current
at rated linear velocity. At 0.2 s, the load thrust suddenly changes from 30 N to 60 N. As can be
seen from Fig. 7, the motor thrust can track the load thrust quickly and accurately. Because the
proposed algorithm does not need current inner loop PI controller, there is almost no overshoot in
the thrust response process. It can be seen that the proposed algorithm has good steady-state
performance and dynamic performance.
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R | AN —
Fig. 5. Experimental setup of open-winding PPMLM
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Fig. 6. Simulation results with sudden velocity change
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Fig. 7. Simulation results with sudden thrust change

In order to verify the superiority of the proposed deadbeat two vector MPCC, the traditional
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MPTC, the traditional MPCC, and the proposed algorithm are compared and analyzed. Fig. 8
shows the simulation results of phase current and thrust of three control algorithms at 60 N thrust
and 0.6 m/s linear velocity. In Fig. 8(a), the total harmonic distortion (THD) and thrust ripple of
phase current are 8.81 % and 9.97 N respectively. In Fig. 8(b), the total harmonic distortion (THD)
and thrust ripple of phase current are 4.54 % and 7.76 N respectively. In Fig. 8(c), the phase current
THD and thrust ripple are 3.16 % and 4.86 N respectively. It can be seen that the proposed
deadbeat two vector MPCC has better current sinusoidal degree and smaller thrust ripple.

2_ T T T T 4
1| ]
0/\/\./\/\/
s ]
2l 1

0.50 0.52 0.54 0.56 0.58 0.60
70 T T T T

Phase current/A

60

Thrust/N

50 1 1 L 1
0.50 0.52 0.54 0.56 0.58 0.60
Time/s

a) Traditional MPTC

T 2of ' ' ]
8 1} b
2 -lr 1
o
£ -2t : . : ; ]
0.50 0.52 0.54 0.56 0.58 0.60
70 T T T T
z
Z
g 60
-=
=
50 1 1 1 1
0.50 0.52 0.54 0.56 0.58 0.60
Time/s
b) Traditional MPCC

Phase current/A
~ o

.2 1 1 1 1 ]
0.50 0.52 0.54 0.56 0.58 0.60
70 T T . T
z
2
Z 60 A Ar AT M e i e A A M A/ N
P - |
=
50 1 1 L 1
0.50 0.52 0.54 0.56 0.58 0.60
Timefs

¢) Deadbeat two vector MPCC
Fig. 8. Simulation comparison of conventional and deadbeat two-vector MPCCs

Fig. 9 shows the experimental results of open winding PPMLM deadbeat two-vector MPCC
control system. It can be seen from the Fig. 9 that the three-phase current of the motor has good
sinusoidal degree, and the linear velocity of the motor also has good steady-state and dynamic
performance. In addition, from the dg-axis current waveform, it can be seen that there is almost
no cross coupling between dg-axis in the dynamic process. Therefore, the proposed deadbeat
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two-vector MPCC has fast dynamic response.

f
-
=
)
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o Z
23
s <
29K
&2
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a) Three phase current waveform
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-
~.
=}
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7

Time (200 ms/div)
b) Linear velocity and dg-axis current waveform
Fig. 9. Experimental results of deadbeat two-vector MPCC

In order to further verify the advantages of the deadbeat two-vector MPCC proposed in this
paper, the phase current THD and thrust ripple of the traditional MPTC, the traditional MPCC,
and the proposed deadbeat two vector MPCC under different linear velocities are tested on the
experimental platform, as shown in Fig. 10.

20 T T T T
15 B vrTC Il MPCC Proposed MPCC ]

Thrust Ripple (N)
=

0.2 03 0.4 0.5 0.6
Velocity (m/s)
a) Thrust ripple
20 T T T T
B vrTC Il MPCC Proposed MPCC ]

Thrust Ripple (N}
>

0.2 0.3 04 0.5 0.6
Velocity (m/s)
b) Current THD

Fig. 10. Experimental comparison of conventional and deadbeat two-vector MPCCs

It can be seen from the Fig. 10 that the proposed algorithm can effectively reduce the current
harmonic and thrust ripple of open winding PPMLM, so as to reduce the motor loss and improve
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the system performance.
6. Conclusions

For the open winding PPMLM driven by dual inverter, a deadbeat two-vector MPCC is
proposed in this paper. The proposed algorithm obtains the optimal voltage vector of the dual
inverter through the deadbeat current control principle. Therefore, compared with the traditional
MPTC and MPCC, the control complexity is greatly reduced and the problem of weight coefficient
adjustment is avoided. Because inverter 2 has two optimal voltage vectors synthesized to
approximate the reference vector in each switching cycle, it can effectively reduce the current
harmonic distortion and thrust ripple, and improve the driving performance and system efficiency.
Simulation and experimental results show the effectiveness of the proposed algorithm.
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