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ABSTRACT: To address the insufficiency of large computation and unfixed switching frequency in permanent magnet synchronous motor
(PMSM) of three-vector model predictive current control (TV-MPCC), simplified three-vector selection model predictive current control
(STV-MPCC) for PMSM considering fixed switching frequency is proposed. Firstly, a novel voltage vector selection strategy is con-
structed by calculating the reference voltage in combination with the deadbeat control and redividing the sectors, reducing the number of
optimizations from 11 to 5. Then, the current error is introduced in the calculation of the duty cycle to simplify the conventional control
algorithm. The current ripple is reduced, and the system switching frequency is fixed. Finally, the experimental results indicate that
compared with the conventional TV-MPCC, the d-q axis current ripple has been reduced by 13% and 18%, respectively, and the torque
ripple has been reduced by 6%, THD decreased from 4.70% to 4.25%, and the steady-state performance of the motor is improved.

1. INTRODUCTION

Due to the advantages of simple construction, reliable oper-
ation, high efficiency, and high power density, etc. perma-
nent magnet synchronous motor (PMSM) has been widely used
in high-performance speed control fields such as rail transporta-
tion, aerospace, and industrial drives [1-4].

Conventional PMSM control methods mainly include field-
orientation control (FOC) and direct torque control (DTC).
Among them, FOC relies on space vector pulse width mod-
ulation (SVPWM), resulting in slow system response speed,
controller output lagging behind current changes, and poor dy-
namic response performance [5, 6], while DTC tends to use a
single voltage vector action, resulting in large torque ripple and
weak robustness [7].

Compared with FOC, the finite state set model predictive
current control (FCS-MPCC) does not rely on SVPWM and
directly outputs the inverter drive signal, which has a simple
structure and better dynamic performance [8,9]. However, it
relies on the model parameters and is computationally inten-
sive. In [10], a supertwisting-algorithm-based second-order
sliding-mode observer is designed, but the observer design is
complex and has high difficulty in parameter tuning. In [11],
a model-free control method is proposed, which does not rely
on motor model parameters and has good control effects. How-
ever, the controller design is complex, and robustness is poor.
In [12], a sliding membrane observer is designed to improve
the stability of the system against parameter perturbations to a
certain extent, but its jitter and tracking errors are large. In[13],
delay compensation and multi-step prediction algorithms are
proposed to optimize the computational delay and improve the
steady-state performance of the motor, but the computation is
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still large. In [14], the optimal voltage vector selection strategy
is proposed, and the optimal voltage vector selection table is de-
signed to simplify the algorithm, but the switching frequency is
not fixed.

Due to the conventional single vector model predictive cur-
rent control (SV-MPCC) outputting a single voltage vector in
each control cycle, the optional voltage range is limited, which
leads to a large current ripple and poor system steady-state per-
formance. In [15], a dual-vector control strategy (DV-MPCC),
which outputs an optimal voltage vector and a zero-vector duty
cycle combination in one control cycle, can realize the output of
an effective voltage vector with arbitrary amplitude. To achieve
the output effective voltage vector with arbitrary direction and
amplitude, in [16], a control strategy in which the second volt-
age vector is not fixed as a zero vector is proposed, and the
second voltage vector is selected to consider the adjacent volt-
age vector, reducing the switching frequency. However, the
voltage selection range of the DV-MPCC strategy is limited;
the current ripple is large; and the switching frequency is high
and not fixed. In [17], a three-vector model predictive current
control (TV-MPCC) is proposed, which selects the third vec-
tor as the zero vector, resulting in a smaller current ripple and
better steady-state performance. However, its first voltage vec-
tor needs to be predicted six times by the cost function, and
the second voltage vector selection requires five times. The
selection of optimal voltage vector is complex, computation-
ally large, and demanding on hardware, which will affect the
system control effect to some extent. In [18], a three-vector
control strategy with fixed switching frequency is proposed to
reduce and fix the switching frequency by utilizing a vector se-
lection table combined with a three-stage modulation strategy.
However, it relies on the cost function and does not consider
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current error in the duty cycle calculation. In [19], a voltage
vector selection strategy is proposed, which combines the op-
timal voltage vector with five other sets of vectors and adds
the zero vector to expand the voltage selection range. How-
ever, it is computationally complex and requires high system
hardware. Therefore, while ensuring the excellent steady-state
performance of model predictive control in the system, how to
simplify the model prediction algorithm and fix the switching
frequency has become a hot topic in model predictive control
research [20-22].

To effectively simplify the conventional three-vector model
prediction algorithm and fix the switching frequency, combined
with deadbeat control, a simplified three-vector selection model
predictive current control (STV-MPCC) for PMSM considering
fixed switching frequency is proposed. The simplified voltage
vector selection strategy is devised; the switching frequency of
the inverter is fixed; and the current ripple is reduced. The main
contributions of this paper are as follows:

(1) The proposed STV-MPCC designs a vector selection
strategy that reduces the 11 predictions of conventional TV-
MPCC algorithms to 5 by redefining sectors, and the system
complexity has been reduced.

(2) The proposed method can select a combination of volt-
age vectors with a fixed switching frequency by employing
seven levels of modulation in one control cycle to achieve fixed
switching frequency control and reduce switching losses.

(3) STV-MPCC introduces current error in duty cycle cal-
culation, and the current and torque ripple are effectively sup-
pressed.

2. MATHEMATICAL MODEL OF PMSM

The d-q coordinate system mathematical model of PMSM can
be represented as [23].

(ud — Ryig + weLqiq)

dig _ 1
a L
dig 1 . .
T =1 (ug — Rstq — weLgiq — wety)

[

(M

where 44, i4, ug, and uq are the d-g axis stator currents and
stator voltages, respectively; Lq and L, are the d-q axis stator
inductances; we is the electrical angular velocity; R, and 1) ¢ are
the stator resistance and permanent magnet magnetic linkage,
respectively.

The expression of a first order forward Eulerian discretiza-
tion of (1) is as follows:

{ iq (k + 1) =g (k)-f—% (ud (k‘)—Rsid (k') —eyq (k)) @
iq (k+1)=i4 (k)JF%: (uq (k) —Rsiq (k) —eq (K))
eq = —Welygig
{ €q = We (Ldid + wf) (3)

where k is the current sampling time, £ + 1 the next sampling
time, and 7 the sampling period.
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3. CONVENTIONAL TV-MPCC STRATEGY

In conventional TV-MPCC, it is necessary to rely on the cost
function to optimize three of the eight basic voltage vectors in
Fig. 1, calculate the action time of each voltage vector, and syn-
thesize effective voltage vectors in any direction and amplitude
based on this.

u3(010) ux(110)

,(100)

us(001)

us(101)

FIGURE 1. Basic voltage vector.

Substituting 6 basic effective voltage vectors into (2), 6 cur-
rent predicted values are calculated. Compared with the current
reference value, the predicted value is selected closest to the
current reference value, and the selection of the optimal volt-
age vector is completed. Therefore, the cost function is often
represented as:

ref . 2 .re e 2
g= (i =) + g - i) @

where i/ and i, are the d-q axis reference currents, and %+

and i’;‘“ are the d-q axis predicted currents, respectively. In
the control strategy of i = 0, 7, is output by the speed loop
controller.
To calculate the duty cycle of each voltage vector, the d-q
axis predicted current can be represented by time and slope as:
iq (k + 1) =1q (/f) + Sgate + Sydty + Szdt- )
iq (k+1) = iq (k) + Seqta + Syqly + Szql-

where ¢, t,, and t, are the action times of the first, second, and
third voltage vectors, respectively. sS4, Szq, Syd> Syq> Szd, and
5.4 are the d-q axis current slopes for the first, second, and zero
vector actions, respectively.

By substituting the voltage vector selected through the value
function into (5), the voltage slope can be calculated.

(—Rsid + OJTLqiq + ug;d)
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FIGURE 2. The control diagram of STV-MPCC.

where u,, uy, and u, are the d-g axis components of the first,
second, and third voltage vectors, respectively.

From (6), (7), and (8), the action times t,, t,, and ¢, of the
three voltage vectors can be expressed as follows:

te = 1/D[(ig — ia(k))((52g — Syq)

+(i —iq(k))(8yqg—52q) +T5(52d5yq —SydS=q)] (9)
ty = 1/DI[(ig — ia(k))((Szqg — 5z¢)

+(ig —iq(k)) (520 — Sza) + Ts(S2a52q— SsdSzq)] (10)

where D = 5,48yq — 5:dSzq + SwdSzq — SydSzq — SzdSyq +
sydsxq.
The zero-vector action time is:

t, =T, — (te + t,) (11)

The implementation method of the conventional TV-MPCC
strategy is as follows:

1) Six basic voltage vectors are introduced into (2) to predict
the d-q axis current six times.

2) Using the cost function to traverse the optimization pro-
cess 6 times, the first and most significant voltage vector is se-
lected, and repeat optimization in the remaining 5 basic voltage
vectors. Then, select the third voltage vector from the two zero-
vectors.

3) Combining (9), (10), and (11), the action time of each volt-
age vector is calculated by the slope of the current, and synthe-
size effective voltage vectors in any direction and angle.

4. SIMPLIFIED VECTOR SELECTION STRATEGY FOR
STV-MPCC

The conventional TV-MPCC requires 11 times of cost function
optimization, with complex calculations and irregular switch-
ing frequency variations, resulting in a significant burden on
digital signal processors. To address the above deficiencies, a
simplified vector selection strategy is proposed to output effec-
tive voltage vectors uj, up, and us with fixed switching fre-
quency. As shown in Fig. 2, the control system diagram is
shown.

To reduce system complexity, the deadbeat control method
is adopted to calculate the reference voltage V. for each cycle.
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According to the principle of deadbeat, it can be concluded that
ig(k+1) =i ig(k+1) = i,

From (2), reference voltage of d-q axis can be obtained as
follows:

wg = Ryia(k)+ 3 (15 (k + 1) =ia(k)) =we (k) Lyiq

ug! = Raig(k) + 72 (15" (k +1) = ig(k)) ~ weLaia  (12)
‘H/}fwe(k)
ref

where u,;’, ufff “are the components of the d-g-axis reference
voltage; i;e/ , z'fff are the d-g-axis reference currents; i4(k),
iq(k), and we (k) are the d-g-axis currents and speed at moment

k.

4.1. Selection of the First Voltage Vector

The conventional TV-MPCC performs six optimization
searches through the cost function. However, STV-MPCC
only requires one sector judgment to select the optimal first
voltage vector from the three candidate first voltage vectors.
Therefore, optimization can be achieved without relying on
cost functions, reducing the complexity of the algorithm.

To simplify the selection of the optimal first voltage vector,
the effective voltage vector is re-delineated into 3 sectors, as
shown in Fig. 3.

13(010) +a

¥5(001)
FIGURE 3. Re-dividing sectors.
To calculate which sector the reference voltage falls in, it is
necessary to calculate the angle of the reference voltage. By

performing the inverse park transformation on (12), the refer-
ence voltage in the a-3 coordinate system can be represented
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(13)

sind  cosf

Un Ud
]l I
where u,, and ug denote the components of V. in the -3 co-
ordinate system, respectively, and 6 is the electrical angle of the
rotor.
Taking the phase angle of u,, and ug as the angle of the ref-
erence voltage in the a-f coordinate system, 6, can be ex-

pressed as
U
0,3 = arctan (a>
ug

sec = floor [(0qp + 30)/120 + 1] (15)
where 6, is the phase angle; sec indicates the sector where the
reference voltage resides; and the function floor denotes down-
ward rounding.

For example, if sec = 1, the reference voltage V. falls on the
first sector in Fig. 4. Therefore, the optimal first voltage vector
should be selected as V). Similarly, if sec = 2, the optimal first
voltage vector should be chosen as V3.

(14)

e V(110)

\ Vref

¥,(100)

FIGURE 4. Second voltage vector selection.

4.2. Selection of the Second Voltage Vector

According to the first voltage vector selected, the second volt-
age vector is selected among its two neighbouring voltage vec-
tors to minimize the number of switching actions.

As shown in Fig. 4, when the reference voltage falls on the
first sector, the first voltage vector is selected as V;. When the
second voltage vector is selected adjacent to V; (V4, V%), the
switch only needs to act once, i.e., the inverter is changed from
the state (100) to the state (110) or (101), so that the second
voltage vector is output at the minimum switching loss. There-
fore, in the selection of the second voltage vector, only V5 and
Vs are considered for the selected voltage vector.

To synthesize V,.rin Fig. 4, one of V; or Vj is required to act
in conjunction with V;. If V is selected as the voltage vector
to be selected, the duty cycle of Vj is calculated to be negative,
i.e., —Vs and V] work together. If V, and V) are selected to
act together, the duty cycle is positive. Because the negative
duty cycle of the inverter output has no real physical meaning,
the voltage vector corresponding to the positive value can be
output by calculating the duty cycle of V, and Vg separately
and rounding off the negative value. That is, V; is chosen as
the second voltage vector.

202

In summary, the proposed STV-MPCC algorithm requires
optimizations only 5 times to obtain the optimal voltage vec-
tor combination.

For zero vector selection, the principle of minimum number
of switching actions is followed to select between (000) and
(111) switching states. For example, when the previous state
output voltage of the inverter is (101), (111) is selected as the
zero-vector output currently.

5. DUTY CYCLE MODULATION STRATEGY

The effective voltage vectors of the conventional TV-MPCC in
one control cycle are selected by the cost function, and the three
vectors are independent of each other, resulting in an unfixed
switching frequency. Therefore, to achieve a fixed switching
frequency, the selection of the second voltage vector and zero
vector follows the principle of the minimum number of switch-
ing actions. In this paper, the seven-band modulation method
is adopted. Compared with the five-band modulation method,
only one switch state needs to be changed each time to fix the
switching frequency. The timing diagram is shown in Fig. 5.

000 1100 | 110:, mi 1105100 iooo
I ] I I ] I
S S S

ho Lo L L Lhg

4 2 2 2 2 2 4

FIGURE 5. Timing diagram.

The current error amount is introduced in the calculation of
the effective voltage action time, and the d-q axis voltage error
can be represented as

{ Ed(’u/i) = Z-Zlef— i§+1(Ui) (16)
Ey(u;) = ig? — i+ (u;)

where E;(u;) and E,(u;) are the d-¢ axis voltage error, respec-
tively; i% 1 (u;) and i’;“ (u;) are d-q axis predicted current cor-
responding to the effective voltage vector, respectively, ¢ = 1,
2,3.

The output voltage is modulated using the principle of cur-
rent error minimization, so that the average current error of the
three voltage actions in one cycle is made to be 0, and the fol-
lowing expression can be obtained.

Ed(ul)tl —+ Ed(UQ)tQ —+ Ed(uo)tg = (17)
Eq(ul)tl + Eq(’LLQ)tg + Eq(’uO)to =0

where ¢y, t|, and ¢, denote the time of action of the zero-voltage
vector and the first and second effective voltage vectors, respec-
tively, so there are:

ti 4ty +to =T, (18)
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FIGURE 6. Simulated waveform diagram. (a) iq, (b) iq, (¢) Te, (d) wm.

From (17) and (18), the following expression is obtained.
ty = %5 [Ba(uz) Eq(uo) — Ea(uo) Ey(us)]
ty = 5 [Ba(uo) Eq(u1) — Eq(u1)Ey(uo)] (19)
to = %5 [Ba(u1) Eq(uz) — Eq(uz) Eg(u1)]
where D = Eq(uo)Eq(u1) — Eg(u1)Eq(ug) —
Eq(uo)Eq(uz) + FEa(uo)Ea(uo) + FEa(uz)Eq(uo) +

Eq(u1)Eq(u2) — Eq(u2)Eq(u1).
When the load suddenly changes, the action time may be less
than zero, so it is necessary to adjust the action time.

ty = 728 (t < 0)
ty = 7=t (ty < 0) (20)
to = O(to < 0)

The implementation steps of the STV-MPCC strategy are as
follows.
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1) Adopting ifff = 0 control strategy, 7, is obtained by the
speed loop controller, and i/, ™" and i**! are calculated by (2).

2) Vs is calculated by (12). Select the first voltage vector
through (13), (14), and (15), and select the second voltage vec-
tor from its adjacent voltage vectors.

3) The voltage vector action times ¢, ¢, and ¢3 can be ob-
tained by (19).

4) A seven-band modulation is used to directly output the ac-
tion time to the inverter to realize the fixed switching frequency
control of the motor.

6. EXPERIMENTAL AND SIMULATION ANALYSIS

6.1. Simulation Feasibility Analysis

To verify the feasibility of the proposed control method, the
STV-MPCC, traditional TV-MPCC, and SV-MPCC methods
are constructed using MATLAB/Simulink simulation platform.
Comparative simulation analysis is conducted on the three

Www.jpier.org
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Parameter Value
Number of pole pairs 4
Stator resistance/S2 0.15
Stator inductance/mH 1.625
Permanent magnet flux/Wb 0.1
Moment of inertia/g-cm? 4.78
Rated power/kW 4.5
Rated speed/r/min 1000
Rated torque/N-m 10
Rated voltage/V 300
Peak current/A 32.0

TABLE 1. Parameters of PMSM.

@ . ®

32A
16.4A

FIGURE 7. RT-LAB platform.
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FIGURE 8. g-axis current waveform. (a) STV-MPCC, (b) TV-MPCC, (¢) SV-MPCC.

methods. Fig. 7 shows the waveforms of the d-q axis current,
torque, and speed of the motor.

From Fig. 7, in terms of steady-state, compared to the
TV-MPCC and SV-MPCC methods, the proposed STV-MPCC
method has smoother current and torque waveforms and
smaller ripple. When the load changes, the proposed STV-
MPCC method demonstrates better dynamic performance.

6.2. Experimental Analysis

To verify the feasibility and validity of the proposed STV-
MPCC strategy, the system model is built in an RT-LAB plat-
form. The RT-LAB (OP5600) platform is shown in Fig. 6.
The inverter and PMSM are constructed by RT-LAB. Both TV-
MPCC and STV-MPCC strategies use the same motor param-
eters and discrete integral anti-saturation PI parameters (k; =
40, k, = 2.7), with both sampling frequencies of 20 kHz. The
parameters of the PMSM are shown in Table 1.

To demonstrate the effectiveness of the proposed strategy, the
proposed method is compared with the conventional TV-MPCC
and SV-MPCC in a comparison experiment, and the execution
times in three algorithms are recorded. The core of both TV-
MPCC and STV-MPCC control strategies is to select the most
suitable voltage vector, combined with the optimal duty cycle,
and output to the inverter to realize the precise control of the
motor. SV-MPCC selects the optimal basic effective voltage
vector from six predictions within one cycle. The prediction
times and average execution time of the three algorithms are
shown in Table 2.

TV-MPCC requires 11 times of cost function optimization,
with an average prediction time of 45.3 us for each predic-
tion, while the proposed STV-MPCC control strategy only re-
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TABLE 2. Comparison of computational volume.

SV-MPCC TV-MPCC STV-MPCC
Number of predictions 6 11 5
354 453 32.5

Execution time (ps)

quires one voltage prediction, with an average prediction time
of 32.5 us for each prediction. The calculation time is reduced
by 28.2%, similar to SV-MPCC prediction time. Therefore, the
proposed method effectively reduces computational complex-
1ty.

To verify the steady-state and dynamic performance of the
proposed method, the working conditions are set as follows:
no-load start-up, 1000 r/min. The load is increased 10 N-m at
0.1s, and unload at 0.7s. The waveforms of g-axis current,
electromagnetic torque, d-axis current, speed, and three-phase
current for the three methods are shown in Figs. 7, 8, and 9.

From Fig. 8, the i, waveforms of three control strategies are
smooth, and both have good steady-state characteristics. The
current ripple of SV-MPCC is relatively large. Compared to
TV-MPCC, STV-MPCC has less current ripple.

As canbe seen in Fig. 9, in terms of steady state performance,
all three control methods effectively follow the torque changes,
running in steady state, and STV-MPCC has the smallest torque
ripple. This is because the optional voltage vector range of the
multi vector control strategy is larger, which can better suppress
torque ripple. At 0.1 s, the load torque increases, and the peak
torques of the three methods are 10.50 N-m, 10.55N-m, and
10.72 N-m, respectively with an overshoot of 5%, 5.5%, 7.2%,
all reaching the set torque at 0.13 s. At 0.7 s, the load torque of

WWwWw.jpier.org
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FIGURE 9. Electromagnetic torque waveform. (a) STV-MPCC, (b) TV-MPCC, (c) SV-MPCC.
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FIGURE 10. d-axis current. (a) STV-MPCC, (b) TV-MPCC, (¢) SV-MPCC.
TABLE 3. Performance comparison.
operating condition =~ Aig/A  Aig/A ATe/N-m switching frequency
SV-MPCC 0.364  0.492 0.1040 Not fixed (11.6 kHz~20 kHz)
TV-MPCC 1000 r/min, 1I0N-m  0.157 0.285 0.0821 Not fixed (11.6 kHz~20 kHz)
STV-MPCC 0.136  0.233 0.0769 Fixed (11.6 kHz)

decreases, and the minimum torque is —0.50 N-m, —0.52 N-m,
—0.66 N-m. The torque becomes 0 at 0.73 seconds for all three
methods.

As can be seen in Fig. 10, in comparison with the STV-
MPCC, the ¢4 amplitude of the TV-MPCC is reduced by 13%,
with fewer burrs and a smoother waveform. The current ripple
of SV-MPCC is relatively large, and its control effect is inferior
to that of multi vector model predictive control.

To demonstrate that the current and torque ripple of STV-
MPCC are suppressed, (21) is used to calculate the sample stan-
dard deviation of the three control strategies under the given
operating conditions.

Aig =
n=1
N 2

Aig =] % 3 (ig (n) = igave) @1
n=1
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where Aigy, Aig, AT, are the ripple of d-g axis current and
torque. N is the number of samples; iqqve, qave, ANd Teqve
are the average values of d-q axis current and torque; i4(n),
iq(n), and T (n) are the sampled values of d-¢ axis current and
torque, respectively. The motor is taken at operating condition
for comparison experiments. The comparison of current and
torque ripple between the three strategies is shown in Table 3.

The formula for calculating the average switching frequency
of three-phase inverters is

N

F= 12T,

(22)

where NV in the formula represents the number of switch actions
within a cycle.

For a given operating condition, compared to SV-MPCC, the
proposed method is superior in terms of current and torque rip-
ple. Compared to TV-MPCC and SV-MPCC, STV-MPCC’s
Aig are reduced by 13% and 167%; A, are reduced by 18%
and 111%, respectively; and AT, is reduced by 6%. Due to the
fixed switching frequency of STV-MPCC, the switching loss is
reduced.
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Figure 10 shows the A-phase stator current waveform and
Total Harmonic Distortion (THD) analysis for the STV-MPCC
and TV-MPCC methods. It is known that the THDs of the three
methods are 4.25%, 4.70%, and 5.90%, respectively. So com-
pared with conventional TV-MPCC and SV-MPCC, the pro-
posed method has better steady-state performance.

In conclusion, the three-vector control method demonstrates
better steady-state performance than the single-vector control
method due to a much larger voltage selection range than the
single-vector one. Compared with the conventional TV-MPCC
method, the torque and current ripples are effectively sup-
pressed because the proposed STV-MPCC reduces the com-
plexity of the system and takes into account the current error in
the duty cycle calculation. The calculation of (21) shows that
compared to TV-MPCC, Ay, Ai,, and AT, of STV-MPCC are
reduced by 13%, 18%, and 6%, respectively.

6.3. Dynamic Performance Analysis

The working conditions are set as follows: no-load start-up,
1000 r/min. The load is increased by 10 N-m at 0.1 s and unload
at 0.7s. The speed waveforms of three methods are shown in
Fig. 11, respectively.

From Fig. 12, the three methods all reach the rated speed
at 0.08 seconds after start-up, with an overshoot of 0.2%. At
0.10s, the load is increased to 10 N-m, and the speed returns to
the rated speed at 0.15 s. At0.70 s unloading, the speed returned
to the rated speed at 0.75 s. The results indicate that the dynamic
characteristics of the three methods are consistent.

7. CONCLUSIONS

In this paper, a simplified three-vector selection MPCC (STV-
MPCC) method for PMSM considering fixed switching fre-
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quency is proposed, which simplifies the traditional TV-MPCC
algorithm and achieves the fixed switching frequency control.
Through experimental verification, the following conclusions
are drawn:

(1) The proposed STV-MPCC method reduces the 11 pre-
dictions of conventional TV-MPCC to 5, which decreases the
computational complexity and shortens the algorithm running
time.

(2) The STV-MPCC method fixes the switching frequency,
reduces the switching tube losses, reduces some current har-
monics. The THDs of the three methods are 4.25%, 4.70%,
and 5.90%, and the energy utilization efficiency is improved.

(3) Compared with the SV-MPCC and TV-MPCC methods,
the STV-MPCC method calculates the effective voltage vector
action time by introducing a current error; the g-axis current
ripple is reduced by 111% and 18%, respectively; the electro-
magnetic torque ripple is decreased by 35% and 6%; and the
d-axis current burr is suppressed, which improves the dynamic
performance of the system and improves the efficiency of the
motor.
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