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In this paper, three model predictive current control (MPCC) schemes for permanent magnet synchronous motors (PMSM) are
studied. ,e first control scheme is the traditional optimal duty cycle model predictive current control (ODC-MPCC). In this
scheme, according to the principle of minimizing the cost function, the optimal voltage vector is selected from the six basic voltage
vectors which are optimized simultaneously with the duty, and then, the optimal voltage vector and its duty are applied to the
inverter. In order to reduce the computational burden of ODC-MPCC, a second control scheme is proposed. ,is scheme
optimizes the voltage vector control set, reducing the number of candidate voltage vectors from 6 to 2. Finally, according to the
principle of minimizing the cost function, the optimal voltage vector is found from the two voltage vectors, and the optimal voltage
vector and its duty cycle are applied to the inverter. In addition, in order to further improve the steady-state performance, another
vector selection method is introduced. In the combination of voltage vectors, the third control scheme extends the combination of
voltage vectors in the second control scheme. ,e simulation results show that the second control scheme not only reduces the
computational burden of the first control scheme but also obtains steady-state performance and dynamic performance equivalent
to the first control scheme. ,e third control scheme obtains better steady-state performance without significantly increasing the
computational burden and has dynamic performance comparable to the first and second control schemes.

1. Introduction

Currently, the new energy vehicle industry is undergoing
rapid development. Electric vehicles (EVs) not only require
frequent start and stop under working conditions but also
require good steady-state performance at high speeds. ,e
PMSM not only has the characteristics of small size,
lightweight, good reliability, and large torque when running
at medium and low speeds, it can also carry out weak
magnetic acceleration and low noise [1, 2]. ,erefore, the
PMSM is the best choice as the drive motor for EVs. ,e
control performance and reliability of PMSM will not only
affect the working status of related equipment but also affect
the economic benefits of the entire industry. ,erefore, it is
particularly important to study the high-performance
control strategy driven by PMSM [3].

According to the different input control strategies of
PMSM, it can be roughly divided into two categories [4]:

continuous and discrete. ,e typical representatives of
continuous input control strategies are vector control
(VC) and continuous control set model predictive
control (CCS-MPC) [5, 6]. ,is input control strategy is
more prominent in robustness, stability, or adaptability.
Discrete input control strategies include direct torque
control (DTC) [7] and finite-control-set model predic-
tive control (FCS-MPC) [8, 9]. ,is type of control
strategy directly considers the discrete switching state of
the inverter [10], so it usually does not require a mod-
ulation module and has better dynamic response capa-
bilities. Aiming at the requirements of EVs with high
precision and rapid response, the FCS-MPC is consid-
ered in this paper.

From the perspective of control objectives, the hot re-
search areas of PMSM FCS-MPC include model predictive
torque control (MPTC) [11, 12] and model predictive
current control (MPCC) [13]. MPTC is usually implemented
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by selecting a voltage vector that can minimize the cost
function. ,e cost function includes torque and flux linkage.
When implemented with a digital signal processor, the
motor torque and magnetic flux in the stator core are not
easy to obtain directly and need to be estimated with the
stator phase current measured by the motor, which requires
more calculation time. In MPTC, the selection of weighting
factors is also problematic. ,ere is no general theory to
guide the design of weighting coefficients. In specific ap-
plications, repeated simulations and experiments are gen-
erally used to optimize the coefficients [14], which hinders
the further development and practicability of the MPTC
method to a certain extent. ,e MPCC that uses the stator
current as the control variable does not need to estimate
torque andmagnetic flux, so it is easy to implement and has a
small computational burden. In summary, for PMSM drives,
MPCC is a simpler solution than MPTC [15].

According to the different number of voltage vectors
employs during one control period,MPC can be divided into
single vector MPC, double vector MPC, and triple vector
MPC. ,e single number of voltage vectors selected is the
cause of the large current pulsation of single vector MPC
[16]. ,erefore, the research on double vector MPC and
triple vector MPC is more important. In dual-vector MPC,
the main research goal is generally to improve the steady-
state performance of the system. Duty cycle and voltage
vector are optimized at the same time to improve the steady-
state performance of the system in Ref. [17]. Since the second
voltage vector is fixed to a zero vector, the steady-state is
poor at high speed. Two groups of basic voltage vectors are
combined arbitrarily, and a group of optimal voltage vector
combinations is selected among all kinds of combinations
[18]. ,e abundant voltage vector combination makes the
voltage vector have a wider selection range, and the steady-
state performance is improved; at the same time, the
computational burden is increased. However, this is not
what we want to see. In Ref. [19], after selecting the first
optimal voltage vector, the optimal voltage vector combi-
nation is selected from the seven combinations of the basic
voltage vector and the first optimal voltage vector. In order
to obtain better steady-state performance and reduce the
computational burden of the algorithm, literature [20] by
calculating the q-axis current slopes for different voltage
vector and finding the optimal intersection point. Although
the system has achieved better steady-state than the tradi-
tional dual-vector MPCC performance, its computational
burden is still relatively large. ,e position of the reference
voltage vector is determined by deadbeat principle, and the
voltage vector nearest to the reference voltage vector is
selected as the optimal voltage vector, and the duration is
calculated according to the deadbeat principle [21]. ,is
method requires only one current prediction, and it has
achieved a better steady-state performance than traditional
deadbeat current control. In Ref. [22], an MPCC based on
the current track circle is proposed. By establishing a ref-
erence coordinate system, this strategy omits the design of
the cost function and reduces the computational burden of
the algorithm, but it is essentially the same as the deadbeat
control method used in Ref. [21]. ,ere is no doubt that

these works have made certain contributions to the study of
dual-vector MPCC.

Aiming at the problem that the optimal duty cycle
control (ODC-MPCC) is performed 6 times in total, the
calculation burden of current prediction is heavy.,is paper
aims to reduce the computational burden of the control
algorithm. ,e method of selecting the optimal voltage
vector for deadbeat q-axis current control and the method of
selecting the optimal voltage vector for deadbeat current
control are run in the same simulation model. When
selecting voltage vectors, the number of candidate voltage
vectors can be reduced from 6 to 2, because the optimal
voltage vectors selected by deadbeat q-axis current control
and deadbeat current control are in the same sector and
adjacent. ,erefore, MPCC with reduces computational
burden (RCBI-MPCC) is proposed. ,e algorithm uses the
idea of deadbeat current control, but essentially it is iq
deadbeat control. ,e algorithm combines the null vector
and the two basic voltage vectors in the sector, respectively,
and determines the duration of the voltage vector based on
the principle of deadbeat q-axis current. Finally, the voltage
vector that minimizes the cost function is selected as the
optimal voltage vector. In addition, in order to further
improve the steady-state performance of the system, the
algorithm is improved on the basis of not significantly in-
creasing the computational burden, and a new MPCC with
reduces computational burden (RCBII-MPCC) is proposed.
When performing voltage vector combination, expand the
selection range of the second voltage vector to the candidate
voltage vector and null voltage vector in the sector. Finally,
the steady-state and dynamic control effects of ODC-MPCC
and the method proposed in this paper are compared and
analyzed through simulation, and the feasibility and effec-
tiveness of the proposed method are verified.

,e main contributions of this paper are as follows:

(1) It is found that the optimal voltage vector selected by
iq deadbeat and the optimal voltage vector selected
by current deadbeat are in the same sector and
adjacent to each other.

(2) Compared with the ODC-MPCC, the proposed
MPCC not only reduces the computational burden
but also improves the steady-state performance of
the system.

(3) Compared with the ODC-MPCC, the proposed
MPCC does not change the dynamic performance of
the system.

2. Discrete Mathematical Model of PMSM

,e voltage equation of surface-mounted PMSM in the
synchronous d-q reference frame is as follows:

uq � Rsiq + Ls

diq

dt
+ ωreLsid + ωreψf, (1)

ud � Rsid + Ls

did

dt
− ωreLsiq, (2)

2 Mathematical Problems in Engineering



where ud and uq are the d-axis and q-axis components of the
stator voltage. id and iq are the d-axis and q-axis stator
current. Rs is the stator resistance. Ls is the stator inductance.
ωre is the rotor electrical velocity. ψf is rotor flux established
by the permanent magnets.

,e motor current is selected as the state variable, and
the motor voltage equation can be written as the state
equation as follows:

_i � Ai + Bu + D, (3)

where A �
− (R/L) ωre

− ωre − (R/L)
 , B �

(1/L) 0
0 (1/L)

 ,

D �
0

− (ωreψf/L)
 , and i � id iq 

T
.

Formula (3) is processed by the first-order Euler method
discretization as follows:

i
g

�
i(k + 1) − i(k)

Ts

, (4)

where Ts is the sampling period.
Substituting formula (4) into formula (3), the PMSM

prediction model is obtained as follows:

i(k + 1) � A′(k)i(k) + B′(k)u(k) + D′(k), (5)

where i(k) � id(k) iq(k) , u(k) � ud(k) uq(k) ,

A′(k) �
1 − (TsR/L) Tsωre(k)

− Tsωre(k) 1 − (TsR/L)
 , B′(k) �

Ts/L 0
0 Ts/L

 , and D′(k) �
0

− (Tsψs/L)ωre(k)
 . id (k) and

iq (k) are d- and q-axis state current at kth sampling instant. i
(k+ 1) is state current at (k+ 1)th sampling instant. Ts is the
sampling period. ud (k) and uq (k) are d- and q-axis state
voltage at kth sampling instant. ωre (k) is the state rotor
electrical velocity at kth sampling instant.

3. Traditional Optimal Duty Cycle MPCC

According to the principle of q-axis current deadbeat
control, the method for ODC-MPCC to select the best
voltage vector is

,e principle of iq deadbeat control is as follows:

iq(k + 1) � iq(k) + siαiTs + s0 Ts − αiTs(  � i
∗
q , (6)

where iq (k), iq (k+ 1), and i∗q are the feedback value, pre-
dicted value, and reference value of q-axis current. αi is the
duty cycle of the active-voltage vector.

,e duty cycle of the active-voltage vector can be ob-
tained by formula (6) as follows:

αi �
i
∗
q − iq(k) − s0Ts

Ts si − s0( 
, (7)

where si and s0 are the q-axis current slopes when the active-
voltage vector and null voltage vector are applied, respec-
tively, i� 1, 2, . . ., 6. It should be noted that the duty cycle is
limited to the range of [0, 1] in practical applications.

s0 �
diq

dt
|uq � 0,

si �
diq

dt
|uq � uqi.

(8)

Simultaneous optimization of voltage vector and duty
cycle. ,e ud and uq in formula (5) can be written as

uq � aiuqi,

ud � aiudi,
(9)

where uqi is the q-axis stator voltage corresponding to the
voltage vector vi, udi is the d-axis stator voltage corre-
sponding to the voltage vector vi, and i� 1, 2, . . ., 6.

,e 6 nonzero voltage vectors which optimized simul-
taneously with the duty cycle are used to predict the value of
the stator current in the next period. ,e optimal voltage
vector is obtained by minimizing the cost function g:

g � i
∗
q − iq(k + 1)



 + i
∗
d − id(k + 1)


, (10)

where g is the cost function. id (k+ 1) and iq (k+ 1) are d- and
q-axis state current at (k+ 1)th sampling instant. i∗q is the
reference value of q-axis current.

4. The Proposed MPCC

4.1. MPCC with Reduced Computation Burden I.
ODC-MPCC needs to find the optimal voltage vector from 6
basic voltage vectors, and its calculation burden is heavy.
,is paper analyzes the simulation results of selecting the
optimal voltage vector in the samemodel for deadbeat q-axis
current control and deadbeat current control, and a new
method of selecting voltage vectors is proposed.

,e method of selecting the voltage vector [14] using the
deadbeat current control MPCC is

,e reference voltage vector that should be applied at the
next moment can be obtained by formulas (1) and (2) as
follows:

ud(k + 1) � Ld

i
∗
d − id(k)( 

Ts

+ Rsi
∗
d − Lqi

∗
qωre, (11)

uq(k + 1) � Lq

i
∗
q − iq(k) 

Ts

+ Rsi
∗
q + Ldi

∗
dωre + ψfωre, (12)

where ud (k+ 1) and uq (k+ 1) are d- and q-axis state voltage
at (k+ 1)th sampling instant. Ld and Lq are the d-axis and q-
axis stator inductance.

,e reference voltage vectors ud (k+ 1) and uq (k+ 1) are
transformed to the αβ frame. ,e phase angle of the ref-
erence voltage vector is obtained by formula (13). ,e sector
where the reference voltage vector is located is determined
by the phase angle of the reference voltage vector.

θ � arctan
uβ(k + 1)

uα(k + 1)
, (13)
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where uα (k+ 1) and uβ (k+ 1) are the values of ud (k+ 1) and
uq (k+ 1) after coordinate conversion.

If uβ (k+ 1)< 0, then θ� θ+ 2π.
,e calculation method of the sector where the optimal

voltage vector uopt is located is as follows:

sec � floor
3θ
π

  + 1, (14)

where sec represents the number of the sector, the floor is the
function of rounding down. Table 1 shows sec and its
corresponding voltage vector.

,e method of selecting the optimal voltage vector for
deadbeat current control and the method of selecting the
optimal voltage vector for ODC-MPCC are both run in the
same simulationmodel, and the sequence number difference
relationship between the selected optimal voltage vectors
under the two methods is obtained in the oscilloscope.

It can be seen from Figure 1 that there are three kinds of
sequence number difference between the optimal voltage
vector obtained by quadrature axis deadbeat current control
and the optimal voltage vector obtained by deadbeat current
control. ,e values are 0, 1, and, 5 respectively. 0 means that
the optimal voltage vectors selected under the two methods
are the same; 1 or 5 indicates that the optimal voltage vectors
selected under the two methods are adjacent.

Read the serial numbers of two adjacent basic voltage
vectors of sec, and formula (15) is used to explore the re-
lationship between um (the optimal voltage vector obtained
by deadbeat current control) and un (the optimal voltage
vector obtained by ODC-MPCC). um is located in the sector
sec; judge whether un is a voltage vector in the sector sec.
And get the waveform diagram shown in Figure 2 in the
oscilloscope.

error � (n − sector(sec, 1))(n − sector(sec, 2)), (15)

where error is used to determine whether n is equal to one of
the numbers in the sector. n is the sequence number of the
optimal voltage vector obtained by the iq deadbeat method,
and sec is the sector number. Sector� [1 2; 2 3; 3 4; 4 5; 5 6; 6
1].

It can be seen from Figure 2 that the value of error is
always 0, indicating that un has always been in the sector sec
area. In combination with Figures 1 and 2, um and un are in
the same sector and adjacent to each other. An MPCC with
reduced computation burden I (RCBI-MPCC) is proposed.
RCB I-MPCC only performs two current predictions.

,e reference voltage vectors ud (k+ 1) and uq (k+ 1) that
should be applied at the next moment are obtained by
formulas (11) and (12). uα (k+ 1) and uβ (k+ 1) are obtained
by coordinate transformation from the reference voltage
vector.

,e sector where the reference voltage vector is located is
calculated by formula (13), and two effective voltage vectors
that fall in the sector are selected as candidate voltage
vectors. ,e duty cycle of the two candidate voltage vectors
in the sector is calculated by formulas (7), and the optimal
voltage vector combination that minimizes the cost function

g is selected. Compared with the traditional ODC-MPCC,
RCBI-MPCC reduces the computational burden by 66.6%.

4.2.MPCCwithReducedComputationBurden II. In terms of
voltage vector selection, the RCBI-MPCC reduces the
number of candidate voltage vectors to 2, and there are only
2 combinations of selected voltage vectors. If the second
voltage vector is not fixed to zero but selected between the
zero vector and the effective voltage vector in the sector, the
steady-state performance of the system will be improved. At
this time, an MPCC with reduced computation burden II
(RCBII-MPCC) is proposed. ,is method performs 3 cur-
rent predictions, reduces the calculation burden by 50%
compared with the traditional ODC-MPCC, and improves
the steady-state performance. ,e implementation steps are
as follows:

(1) ,e principle of deadbeat current control is used to
predict the reference voltage vector that should be
applied in the next cycle online and then convert the
reference voltage vector to αβ frame.

(2) ,e position angle is used to determine the sector
where the reference voltage vector is located. Two
effective voltage vectors in the sector are determined
as the candidate voltage vector. ,e system obtains a
total of three sets of candidate voltage vector com-
binations: the combination between two effective
voltage vectors, the null voltage vector combined
with two basic voltage vectors in the sector,
respectively.

(3) ,e iq deadbeat control principle is used to calculate
the duration of the effective voltage vectors are se-
lected as the optimal voltage combination.

As shown in Figure 3, when the reference voltage vector
falls in the first sector, the combination of candidate voltage
vectors is u1 and u0; u2, and u7; u1 and u2.

,e principle of deadbeat q-axis current control prin-
ciple is used to allocate the duration of the selected voltage
vectors ui and uj.

When the combination of voltage vector is u1 and u2,
assuming that the duration of u1 is t1, the formula (6) is
changed as follows:

iq(k + 1) � iq(k) + s1t1 + s2 Ts − t1(  � i
∗
q , (16)

s1 � s0 +
uq1

Ls

, (17)

where s1 and s2 are the slopes of the q-axis when the voltage
vectors u1 and u2 act, respectively.

,e duration of u1 can be calculated by formula (16) as
follows:

t1 �
i
∗
q − iq(k) − s2Ts

s1 − s2
. (18)

When the combination of voltage vector is u1 and u0; u2
and u7, formulas (5) and (6) are used to calculate the duty
cycle of u1 and u2. ,e cost function values corresponding to
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the above three voltage vector combinations are sorted and
the optimal voltage vector combination is obtained.

,e control strategy block diagram of this text is shown
in Figure 4.

5. Simulation Result Analysis

,e three double vector model predictive current control
strategies mentioned above are simulated and verified in
MATLAB/Simulink software. ,e parameters of PMSM are
flux linkage 0.1Wb, stator inductance 1.625mH, stator

resistance 0.15Ω, rated torque 15N·m, rated speed 3000 r/min,
number of pole pairs 4, and rotor inertia 0.00478 kg·m2.

5.1.4eSteady-StateResponseTests Results. At the beginning
of the simulation, the motor runs at a rated speed of
3000 r/min and a rated torque of 15N·m.

Figure 5 is the a-phase current THD waveform of the
motor under three different control methods. Figure 6 is the
phase current waveform of ia. Figure 7 shows the waveforms
of id ripple, iq ripple, and Te ripple of the motor at different
speeds under three different control methods.

From Figures 5 and 6, it can be seen that the waveforms
of RCBI-MPCC and ODC-MPCC are similar under the
same conditions. As a result, RCBI-MPCC obtains steady-
state control performance equivalent to ODC-MPCC.
However, RCBI-MPCC does not need to predict the be-
havior of all voltage vectors when selecting voltage vectors,
which reduces the calculation of the algorithm and reflects
the superiority of the method. Since the selection range of
the second voltage vector of RCBII-MPCC is not limited to
the null voltage vector, its THD value is reduced by 26.01%
compared to the traditional ODC-MPCC. Under this
control, the id ripple value, the iq ripple value, and the Te
ripple value in the full speed range are all lower than RCBI-
MPCC. ,e simulation results show that RCBII-MPCC
obtains better steady-state performance than RCBI-MPCC
without significantly increasing the calculation burden.

5.2. 4e Dynamic Response Tests Results. In order to further
compare the dynamic control performance of the proposed
method, three control strategies are simulated for variable
torque and variable speed control.

Figures 8–10, and show the simulation results of ODC-
MPCC, RCBI-MPCC, and RCBII-MPCC when performing
variable torque control.

At the start of the simulation, the motor accelerates from
still to rated speed 3000 r/min, and then, at 0.2 s, the load is
suddenly increased to 15N·m.

From Figures 8–10, it is known that the id, iq, Te, and
speed waveforms under the three control strategies are
equivalent. ,e torque response time of the three control
strategies is about 0.008 s when the motor is suddenly ap-
plied with a rated torque in 0.2 s, indicating that their torque
response speeds are equivalent. When the motor is under
variable torque control, the speed under the three control

Table 1: Effective voltage vector in sector sec.

Sec Effective voltage vector
1 U1, U2
2 U2, U3
3 U3, U4
4 U4, U5
5 U5, U6
6 U6, U1

0
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Figure 1: ,e sequence number difference between the optimal
voltage vector selected by iq deadbeat control and the optimal
voltage vector selected by id and iq deadbeat control.
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Figure 2: ,e sector difference of the optimal voltage vector se-
lected by the two methods.
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Figure 3: Schematic diagram of the basic voltage vector sector
range.
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strategies has a certain drop, but all quickly return to the
rated speed after 0.19 s, which shows that its antidisturbance
ability is good. In summary, the three control strategies have
equivalent dynamic performance when performing variable

torque control. However, RCBI-MPCC avoids the large
calculation burden caused by the traditional method of 6
predictions and simplifies the system’s algorithm. RCBII-
MPCC can obtain better steady-state performance without

THD = 5.15%

0 500 900
Frequency (Hz)

0

0.5

0.9 ODC-MPCC

(a)

THD = 5.15%

0 500 900
Frequency (Hz)

0

0.5

0.9 RCB I -MPCC

(b)

THD = 3.81%

Frequency (Hz)
0 500 900

0

0.7

0.4

RCB II -MPCC

(c)

Figure 5: ,e harmonic spectrum of the a-phase stator current under the three methods at a rated speed of 3000 r/min and a rated load of
15N·m. (a) ODC-MPCC. (b) RCBI-MPCC. (c) RCBII-MPCC.
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Figure 6: ,ree methods of a-phase stator current at rated speed 3000 r/min and rated load 15N·m. (a) ODC-MPCC. (b) RCBI-MPCC. (c)
RCBII-MPCC.
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Figure 4: Control block diagram of the proposed MPCC.
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significantly increasing the amount of calculation and has
dynamic control performance comparable to RCBI-MPCC.

Figures 11–13, and show the simulation results of ODC-
MPCC, RCBI-MPCC, and RCBII-MPCC for variable speed
control.

At the beginning of the simulation, the motor was
running at a given speed of 1200 r/min, and then, at 0.2 s, the
speed suddenly dropped to 600 r/min.

According to Figures 11–13, the waveforms of id, iq, Te,
and speed are similar under the three control strategies. ,e
speed response time of the three control strategies is about
0.01 s when the motor speed drops suddenly in 0.2 s. When
the motor is under variable speed control, the torque under
the three control strategies has a certain drop, but it quickly
returns to the rated torque after 0.02 s, which shows that the
speed response performance is equivalent and the
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Figure 8: Simulation waveform of ODC-MPCC for variable torque control. (a) d-axis current. (b) q-axis current. (c) ,e waveform of
torque. (d) ,e waveform of speed.
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Figure 7: Pulsating line chart of three methods at different speeds. (a) id ripple. (b) iq ripple. (c) Te ripple.
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Figure 9: Simulation waveform of RCBI-MPCC for variable torque control. (a) d-axis current. (b) q-axis current. (c) ,e waveform of
torque. (d) ,e waveform of speed.
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Figure 10: Simulation waveform of RCBII-MPCC for variable torque control. (a) d-axis current. (b) q-axis current. (c) ,e waveform of
torque. (d) ,e waveform of speed.
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Figure 11: Simulation waveform of ODC-MPCC for variable speed control. (a) d-axis current. (b) q-axis current. (c) ,e waveform of
torque. (d) ,e waveform of speed.
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Figure 12: Simulation waveform of RCBI-MPCC for variable speed control. (a) d-axis current. (b) q-axis current. (c) ,e waveform of
torque. (d) ,e waveform of speed.
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antidisturbance ability is good. In summary, the three
control strategies have considerable dynamic performance
in variable speed control. ,e RCBI-MPCC reduces the
number of candidate voltage vectors to 2, which reduces the
number of current predictions and reduces the calculation
burden while ensuring the same control performance.
RCBII-MPCC has a dynamic control performance equiva-
lent to RCBI-MPCC while obtaining better steady-state
performance.

6. Conclusion

,is paper proposes an MPCC that reduces the computa-
tional burden. In the research, it is found that the optimal
voltage vector selected by the deadbeat quadrature axis
current control and the optimal voltage vector selected by
the deadbeat current control are in the same sector and
adjacent to each other. Using this law, the number of
candidate voltage vectors is reduced from 6 to 2.

After theoretical analysis and simulation verification, the
conclusions are as follows:

(1) Compared with the traditional optimal duty cycle
model predictive current control, the first control
strategy reduces the computational burden of the
algorithm by 66%, and the second control strategy
reduces the computational burden of the algorithm
by 50%.

(2) ,e dynamic response speed of the two proposed
control strategies is equivalent to that of the tradi-
tional optimal duty cycle model predictive current
control.

(3) ,e steady-state performance of the first proposed
control strategy is equivalent to that of the traditional
optimal duty cycle model predictive current control,
while the second proposed control strategy has
improved steady-state performance, and the THD
value is reduced by 26.1%.
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