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Hybrid-Vector Model Predictive Flux Control for PMSM
Considering Narrow Pulse

Qianghui Xiao1, Zhi Yu1, Wenting Zhang1, Zhongjian Tang1, and Zhun Cheng2, *

Abstract—Multi-vector model predictive control (MPC) of permanent magnet synchronous motors
(PMSM) has two issues: selecting the optimal voltage vector (VV) combination is very complicated,
and multiple prediction calculations to minimize the cost function result in a heavy computational
burden; applying a VV with a short duration may generate narrow pulses, while the effect of reducing
torque ripples and stator current harmonics is not obvious. The hybrid-vector model prediction flux
control (HV-MPFC) strategy considering narrow pulse suppression is proposed in this paper. First, the
optimal VV combination is quickly identified by the sector where the stator flux error vector is located,
which lowers the control complexity and computational burden. Secondly, by the relationship between
the action time of three VVs and the set time threshold, the hybrid-vector strategy to switch among
three VVs, two VVs, and a single VV is employed to prevent the generation of narrow pulses. Finally,
experimental results show that, compared with the existing three-vector MPC strategy, the HV-MPFC
strategy effectively suppresses the generation of narrow pulses and achieves smaller torque ripples and
stator current harmonics at the same switching frequency.

1. INTRODUCTION

PMSM has the advantages of high efficiency, high power density, and high reliability and has been widely
used in industrial fields [1–3]. To meet the different control requirements of different applications on the
performance of the transmission system, control strategies with different advantages have been proposed.
In the past, the most representative ones were the field-oriented control (FOC) and direct torque control
(DTC) [4, 5]. FOC is used on many occasions due to its good steady-state performance, but its dynamic
performance needs to be improved. The difference is that DTC relies on a direct hysteresis comparator
and switch table, which has a fast dynamic response, but has disadvantages such as large steady-state
torque ripples and unfixed switching frequency [6, 7].

For achieving simpler and more effective control, model predictive control (MPC) has gradually
become a hot research topic in recent years [8]. Due to the inherent discrete characteristics of the
two-level voltage source inverter, the MPC strategy can be used to predict the future state of the motor
under the action of each VV, and the optimal VV for the next control period can be selected through
the evaluation of the designed cost function. Compared with the FOC strategy, MPC eliminates the
current regulator in FOC, and the dynamic response is faster [9]. Compared with the DTC strategy,
MPC has a similar dynamic response, and the selected VV is more accurate [10]. Based on the control
objective, FCS-MPC is divided into two major types: model predictive current control (MPCC) and
model predictive torque control (MPTC). MPCC aims to control d-axis and q-axis currents, while MPTC
controls torque and stator flux. The cost function of MPTC based on torque and flux errors requires
the design of suitable weighting factors, which is necessary because of the different units between torque
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and flux. However, the tuning of the weighting factors is an uphill task due to the lack of theoretical
design methods [11]. Model predictive flux control (MPFC) avoids the design of weighting factors by
converting the control of torque and flux magnitude into the control of the stator flux vector. The
simplified stator flux vector control objective is used as a criterion for selecting the optimal VV [12].

For finite control set MPC, a single VV for one control period limits torque and flux control
accuracy. An effective way to improve control accuracy is to increase the number of VVs. Thus, MPC
can be classified as single-vector [13] and multi-vector [14–19] MPC according to the number of VVs in
one control period. The single-vector MPC strategy is simple and has good dynamic performance, but
the steady-state control performance needs to be improved [15]. To improve the steady-state control
performance of the system, the double-vector MPC that applies two VVs in one control period to
synthesize the target VV is proposed in [11]. Virtual VVs are introduced in [12, 20, 21], which expand
the number of VVs to 38 and improve the system control performance. However, these MPC methods
for synthesizing finite VVs still cannot satisfy the higher control accuracy requirements. To further
improve the control performance, the three-vector MPC with three VVs applied in one control period
is proposed in [22, 23], which includes two non-zero VVs and one zero VV. However, since three VVs
are included in one control period, the search for the optimal VV combination is complicated, and the
calculation burden is heavy. [24] proposes two novel multi-vector MPCC methods for reducing torque
and flux ripples, as well as the computational burden. However, there are VVs with shorter duration.
Applying a VV with a short duration may generate narrow pulses, while the effect of reducing torque
ripples and stator current harmonics is not obvious.

To address the problem of the high computational burden of multi-vector MPC, many improved
algorithms have been proposed to reduce the number of candidate VVs and the times of prediction.
A new VV optimization strategy was adopted in [20] to reduce the number of candidate VVs from 38
to 13, which significantly reduces the computational effort without affecting the control performance.
An optimal VV selection method similar to the direct torque control strategy was proposed in [25],
which reduced the virtual candidate VVs from 38 to 12 by using information about the sector where the
stator flux vector was located and the torque and flux errors. A method combining direct torque control
and the novel deadbeat principle was proposed in [21] to reduce the virtual VV range to one sector.
According to the sector where the reference voltage is placed, [11, 26, 27] optimize the VV selection
process using the deadbeat principle to narrow the range of candidate VVs. These approaches lighten
the computing load, but they do not account for the possibility of narrow pulses being produced by the
anticipated VV action time.

In a PWM inverter-fed PMSM drive, an appropriate dead time (Tdead) must be inserted in the
drive signal to prevent shoot-through in the DC link caused by the simultaneous conduction of both
switches in one inverter leg [28]. Traditionally, to reduce switching losses, the minimum pulse width
(Tmpw) is usually limited. Pulses less than the minimum width will not pass to the gate drive circuit,
resulting in failure to turn on the switch. Since the drive signals of the upper and lower switches in the
same leg are complementary, pulses larger than the maximum width will result in failure to turn off the
switch. The pulse based dead-time compensator (PBDTC) method is an efficient way to compensate
for dead-time effects [29]. The minimum pulse width and the compensation of dead time will limit the
effective range of the VV in MPFC, affecting the control effect of torque and flux.

In this paper, a hybrid-vector MPFC strategy considering narrow pulse suppression is proposed.
The approach utilizes a hybrid VV strategy, switching among three VVs, two VVs, and a single VV to
prevent the generation of narrow pulses, and quickly selecting the best VV combination based on the
sector where the stator flux error vector is located. Compared with the existing three-VV-operated MPC
(3VMPC) schemes as presented in [24], HV-MPFC achieves smaller torque ripples and stator current
harmonics at the same switching frequency. Moreover, HV-MPFC can flexibly adjust the contradiction
between stator current harmonics and torque ripples and switching frequency by changing the set
time threshold, so that the system switching frequency can be reduced without significantly reducing
the stator current harmonics and torque ripples. The experimental results verified the validity of the
proposed method.
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2. PMSM MODEL AND FLUX PREDICTION MODEL

2.1. PMSM Model

In this paper, a surface-mounted PMSM (SPMSM) with equal d-axis and q-axis inductance is studied.
The model of PMSM in stationary α-β frame is expressed using complex vectors as follows:

us = Rsis +
dψs

dt
(1)

ψs = Lsis + ψr (2)

where Rs and Ls are the stator resistance and synchronous inductance, respectively; us and is are the
stator voltage and current vectors, respectively; ψs and ψr are the stator and rotor magnet flux linkage
vectors, respectively.

By equal-amplitude coordinate transformation, the stator voltage equation of PMSM in
synchronous rotating d-q frame can be described as

ud = Rsid +
dψsd

dt
− ωeψsq

uq = Rsiq +
dψsq

dt
+ ωeψsd

(3)

The stator flux in d-q frame can be described as{
ψsd = Lsid + ψr

ψsq = Lsiq
(4)

From [21], the electromagnetic torque can be expressed as

Te = 1.5pn{ψr ⊗ is} = 1.5pnψriq (5)

where ud and uq are the dq-axis components of stator voltage, respectively; id and iq are the dq-axis
components of stator current, respectively; ψsd and ψsq are the dq-axis components of stator flux linkage,
respectively; ωe is the electrical rotor angular velocity; and pn is the number of pole pairs.

2.2. Flux Prediction Model

Since the mechanical quantities change slowly relative to the electrical quantities, the motor speed can
be considered as a constant value within a short time interval. Substituting (4) into (3), eliminating
the current variable in the PMSM voltage equation, and performing Euler-forward discretization, the
motor flux prediction model can be expressed as follows:

ψsd(k + 1) = Tsud(k) + ψsd(k) + Tsω(k)ψsq(k)−
TsRs

Ls
[ψsd(k)− ψr]

ψsq(k + 1) = Tsuq(k) + ψsq(k) + Tsω(k)ψsd(k)−
TsRs

Ls
ψsq(k)

(6)

where Ts is the control period.

3. HYBRID-VECTOR MPFC STRATEGY

3.1. VVs Selection and Action Time Calculation

In order to determine VVs quickly and reduce control complexity, a fast selection method for the optimal
VV combination based on the sector judgment of the stator flux error vector is proposed in this paper.
The details are in the following text.

Eight basic VVs are provided by the three-phase two-level voltage source inverter. Fig. 1 shows
the VVs and sector divisions.
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Figure 1. VVs and sector divisions.

The minor voltage drop across the stator resistance can be neglected in the step of vector selection,
and the relationship between the stator flux vector and the voltage vector is expressed as

us =
dψs

dt
(7)

The Euler-forward discretization of (7) leads to the following equation:

ψs(k + 1) = ψs(k) + Tsus(k) (8)

Assuming that the rotor of the PMSM rotates counterclockwise, the stator flux vector is in sector
S1, as shown in Fig. 2, where ψ∗

s is the reference of the stator flux vector. According to (8) and Fig. 2,
u2(110) and u3(010) increase the q-axis stator flux, while u5(001) and u6(101) decrease the q-axis stator
flux; u2(110) and u6(101) increase the d-axis stator flux, while u3(010) and u5(001) decrease the d-axis
stator flux; u0(000) and u7(111) do not change the stator flux vector, but as the rotor rotates, the
q-axis stator flux decreases, and the d-axis stator flux increases. So, no matter which sector ψs(k) is in
and no matter whether the q-axis stator flux ψsq and the d-axis stator flux ψsd need to be increased or
decreased, there is always a VV that can satisfy the requirement. When a single VV is applied in one
control period, only the direction of increase or decrease of ψsq and ψsd is correct, but the amount of
increase and decrease cannot be precisely controlled. When two VVs are applied in one control period,
the direction of ψsq and ψsd changes is correct, and the variation of one can be precisely controlled.
When three VVs are applied in one control period, two component variations can be precisely controlled
simultaneously to achieve deadbeat control of ψsq and ψsd, so that torque ripples and current harmonics
can be reduced.

As can be seen from Fig. 2, ∆ψs = ψ∗
s − ψs(k), ∆ψs is in the second sector at k instant, and the

objective is to make ψsq increase and ψsd decrease. The active VVs u2 and u3 have the same effect on

Figure 2. Effect of VV on stator flux vector.
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Figure 3. Effect of VV on dq-axis stator flux.
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ψsq, both can increase ψsq, but have the opposite effects on ψsd. Therefore, a reasonable allocation of
the action time of u2, u3, and u0 can achieve precise control, as shown in Fig. 3.

The relationship between optimal VV combination and sector of stator flux error vector is shown
in Table 1.

Table 1. Quick selection.

sector of stator

flux error vector
first non-zero VV second non-zero VV

S1 u1(100) u2(110)

S2 u3(010) u2(110)

S3 u3(010) u4(011)

S4 u5(001) u4(011)

S5 u5(001) u6(101)

S6 u1(100) u6(101)

After the combination of VVs is determined, two adjacent active VVs and one zero VV are applied
in one control period to control the stator flux vector. Based on the flux deadbeat principle [30] under
the application of three VVs, i.e., ψ∗

s = ψs(k+1), the duration of each VV can be calculated, as shown
in (9). {

d1M1 + d2M2 + d0M0 = ∆ψs

d1 + d2 + d0 = 1
(9)

where d1, d2, and d0 are the duty cycles of the first active VV, the second active VV, and zero VV,
respectively; M1, M2, and M0 are the changes of the flux vector after the first active VV, the second
active VV, and zero VV are applied for one control period, respectively; d1 = t1/Ts, d2 = t2/Ts, and
d0 = t0/Ts; t1, t2, and t0 are the action time of the first, second, and zero VV, respectively.

3.2. Optimization of Voltage Vectors and Action Time

After obtaining the optimal VVs and action time, the three VVs are sequentially applied to the PMSM
using a symmetric pulse width modulation technique in order to further reduce torque ripples and
current harmonics. But applying a VV with a short duration may generate narrow pulses. Therefore,
the hybrid-vector strategy is proposed to eliminate the application of VVs whose action time is shorter
than the set time threshold, correct the selection and action time of the VVs, and prevent the generation
of narrow pulses. According to the most restrictive case, the total restriction time affected by dead time
compensation and minimum pulse width is Tlim = 2Tdead + Tmpw. Here, the time threshold is defined
as TTHR, whose value depends on Tlim. The active VV with a longer action time is defined as uopt1
and action time as topt1, and the shorter one is defined as uopt2 and topt2, respectively. According to the
relationship among topt1, topt2, t0, and TTHR, the control strategy is divided into the following modes.

1) Strategy when topt1 > TTHR, topt2 > TTHR, t0 > TTHR.
When the action time of the first VV, the second VV, and zero VV in one control period is

longer than TTHR, no narrow pulses will be generated at that moment. A three-vector symmetrical
modulation strategy is adopted, which is the same as 3VMPC. Taking the stator flux error vector in S1
as an example, when uopt1 = u1(100) and topt1 = t1, the three-vector symmetric modulation strategy is
shown in Fig. 4(a).

The case t2 > t1 will also occur in S1, when uopt1 = u2(110), topt1 = t2, and the symmetric
modulation strategy is shown in Fig. 4(b). This avoids using only (111) or (000) for zero VV in one
sector, balancing the number of switches of the upper and lower switching tubes.

2) Strategy when topt1 > TTHR, topt2 < TTHR, t0 > TTHR.
When only the action time of the second VV in one period is shorter than TTHR, the application of

the second VV cannot reach the expected effect and increases the switching frequency of the system. In
this case, topt2 is set to 0, and the double-vector modulation strategy with uopt1 and zero VV is adopted.
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Figure 4. Three-vector modulation strategy. (a) when uopt1 = u1(100), (b) when uopt1 = u2(110).

When applying an active VV and a zero VV in one control period, the direction of ψsq and ψsd changes is
correct, and the variation of one can be precisely controlled. In order to keep the electromagnetic torque
stable in priority, the ψsq deadbeat principle is adopted to correct the action time, i.e., ψ∗

sq = ψsq(k+1),
and the optimization equation is shown in (10).

d1M1q + d0M0q = ∆ψsq

d1 + d0 = 1

d2 = 0

(10)

Taking S1 as an example, the modulation strategy is shown in Fig. 5. As can be seen from Fig. 5, the
adoption of the double-vector modulation strategy not only suppresses the generation of narrow pulses,
but also reduces the switching frequency. Compared with the three-vector modulation strategy, in which
two inverter legs change state twice in one control period, the double-vector modulation strategy keeps
the state of two inverter legs unchanged, and only one inverter leg changes the state twice in one control
period, which reduces the switching frequency by half.

3) Strategy when topt1 > TTHR, topt2 > TTHR, t0 < TTHR.
When only the action time of zero VV is shorter than TTHR, the application of zero VV will generate

narrow pulses. Due to the short action time of zero VV, the strategy of only applying two active VVs
without zero VV can prevent the generation of narrow pulses and reduce the switching frequency with
little impact on the control performance. In this case, t0 is set to 0, and the double-vector modulation
strategy with uopt1 and uopt2 is adopted, as shown in Fig. 6. In order to keep the torque stable, the
action time is optimized using (11).

d1M1q + d2M2q = ∆ψsq

d1 + d2 = 1

d0 = 0

(11)
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Figure 5. Double-vector modulation strategy.
(a) when uopt1 = u1(100), (b) when uopt1 =
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4) Strategy when topt1 > TTHR, topt2 < TTHR, t0 < TTHR.
When the action time of both the second optimal VV (the active VV with a shorter action time)

and zero VV is shorter than TTHR, both the three-vector and two-vector modulation strategies will
produce narrow pulses. In this case, a single-vector modulation strategy is adopted, i.e., uopt1 is applied
to the whole period, eliminating the generation of narrow pulses. Compared with the double-vector
modulation strategy, the single-vector modulation strategy does not require switching in one control
period and reduces the switching frequency.

5) Strategy when topt1 < TTHR, topt2 < TTHR, t0 > TTHR.
When the action time of the two active VVs is shorter than TTHR, a single-vector modulation

strategy is adopted, i.e., the zero VV is applied to the whole period.
In summary, the optimal combination of VVs in each control period switches among single, double,

and three VVs, which is determined by the relationship between the action time of three VVs and the
set TTHR. When the action time of all three VVs is longer than TTHR, all three VVs are applied in
one control period, as shown in 1). When only one VV action time is shorter than TTHR, two VVs are
applied in one control period, as shown in 2) and 3). When only one VV action time is longer than TTHR,
one VV is applied in one control period, as shown in 4) and 5). The proposed hybrid-vector MPFC
strategy prevents the generation of narrow pulses and comprehensively considers the VVs distribution
and switching states. Hence, the steady-state performance is effectively improved at the same switching
frequency compared with 3VMPC. The control diagram of the proposed HV-MPFC strategy is shown
in Fig. 7.
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4. EXPERIMENTAL VERIFICATION

To verify the feasibility and effectiveness of the proposed strategy, experiments between 3VMPC and
HV-MPFC strategy are carried out based on RT-LAB experimental platform. In the experiments,
the IGBT dead time is set to 2.5µs, and the minimum pulse width is set to 3µs, and Tlim = 8µs.
The experimental platform and surface-mounted PMSM parameters are shown in Fig. 8 and Table 2,
respectively.

Figure 8. RT-LAB experimental platform.

Table 2. Motor parameters.

Parameter Description Value

Udc (V) DC-bus voltage 310

N (rpm) Rated Speed 2000

TL (N·m) Rated Torque 6

Pn Number of pole pairs 4

Rs (Ω) Stator resistance 1.2

Ls (mH) Synchronous inductance 8.5

ψr (Wb) Permanent magnet flux 0.175

J (kg·m2) Moment of Inertia 0.00275

4.1. Performance Comparison between HV-MPFC and 3VMPC

To compare the performance of the two control strategies, steady-state and dynamic experiments are
carried out. The time threshold in HV-MPFC is set equal to Tlim, i.e., TTHR = Tlim =8µs. The steady-
state experiments of 3VMPC and HV-MPFC are carried out at the same average switching frequency
under two working conditions of 1000 rpm, 4N·m load and 2000 rpm, 4N·m load. The steady-state
experimental results are shown in Fig. 9 and Fig. 10.

The steady-state experimental results of the drive system running at 1000 rpm and 4N·m are
shown in Fig. 9. In Fig. 9(a), the average switching frequency is 5.42 kHz. It can be observed that
there are high harmonics in the stator current when the 3VMPC strategy is adopted, and the Total
Harmonic Distortion (THD) of the stator current reaches 6.19%. In the meanwhile, it should be noted
that the 3VMPC has large torque ripples and that the tracking inaccuracy of torque reaches 1.01N·m.
In Fig. 9(b), the average switching frequency is 5.41 kHz. When the proposed HV-MPFC method is
implemented, it can be seen that the THD of the stator current is decreased to 5.23%, and the torque
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Figure 9. Steady-state experimental results when the drive system operates at 1000 rpm with 4N·m
load. (a) Steady-state experiments of 3VMPC (fav = 5.42 kHz). (b) Steady-state experiments of
HV-MPFC (fav = 5.41 kHz).
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Figure 10. Steady-state experimental results when the drive system operates at 2000 rpm with 4N·m
load. (a) Steady-state experiments of 3VMPC (fav = 5.67 kHz). (b) Steady-state experiments of
HV-MPFC (fav = 5.65 kHz).
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ripples are reduced to 0.74N·m. At the same switching frequency, the proposed algorithm reduces the
stator current THD and torque ripples, and the control effect is significantly optimized.

The experimental results of the drive system running at 2000 rpm and 4N·m are shown in Fig. 10,
and the average switching frequency is around 5.65 kHz. A similar conclusion can be drawn from
the comparison experiments in Figs. 10(a) and 10(b): the proposed HV-MPFC algorithm reduces the
stator current THD and the torque ripples and has better steady-state performance than the 3VMPC
strategy at the same switching frequency. Table 3 visually demonstrates the superiority of the proposed
HV-MPFC strategy in this paper.

Table 3. Steady-state experimental results of 3VMPC and HV-MPFC.

Number fav/kHz ∆Te/N·m Optimization/% THD/% Optimization/%

9(a) 5.42 1.01 - 6.19 -

9(b) 5.41 0.74 26.73 5.23 15.51

10(a) 5.67 0.97 - 5.75 -

10(b) 5.65 0.78 19.6 4.98 13.39

After comparing the steady-state performances of the two control strategies, a comparison of the
dynamic performance is necessary. Fig. 11 shows the dynamic performance comparison results of the
two control strategies when motor speed is 1000 rpm, and motor load is stepped from 0 to 4N·m and
2N·m in sequence. From Figs. 11(a) and (b), it can be observed that after the torque reference step
from 0 to 4N·m, both strategies can quickly track their reference values in about 0.43ms. Therefore,
the HV-MPFC strategy can obtain similar dynamic performance to the 3VMPC strategy.

Next, the speed test is carried out to further verify the performance of the proposed strategy. In
Fig. 12, the speed reference suddenly changes from 1000 rpm to 1500 rpm with a load of 4N·m. It can be
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Te (2N·m/div)

n (1000rpm/div)

t (40ms/div)

0.435ms 0.428ms

ia (4A/div)

Te (2N·m/div)

n  (1000rpm/div)

t (40ms/div)

(a) (b)

Figure 11. Dynamic experimental results when the load torque is stepped from 0 to 4N·m and 2N·m
in sequence. (a) Dynamic experiments of 3VMPC (fav = 5.42 kHz). (b) Dynamic experiments of
HV-MPFC (fav = 5.41 kHz).
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Figure 12. Dynamic experimental results when the speed changes from 1000 rpm to 1500 rpm.
(a) Dynamic experiments of 3VMPC (fav = 5.42 kHz). (b) Dynamic experiments of HV-MPFC
(fav = 5.41 kHz).

observed that both control strategies can drive the PMSM to make the speed track the reference value
promptly about 73ms, and the HV-MPFC method proposed in this paper has a more stable torque
control performance than 3VMPC. Thus, the proposed HV-MPFC strategy achieves good steady-state
and dynamic control and effectively improves the control accuracy.

4.2. Controller Performance at Different TTHR

In order to compare the controller performance of the proposed algorithm at different TTHR, 4 sets of
comparison experiments were carried out at different time thresholds. TTHR is set to 0µs, 8µs, 15µs,
and 20µs, respectively, and the control frequency is set to 10 kHz (the HV-MPFC of 0µs corresponds
to the 3VMPC). The motor speed and load are 1000 rpm and 4N·m, respectively. Fig. 13 shows the
experimental waveforms of motor stator current, electromagnetic torque and switching frequency in 4
cases, respectively.

As can be seen from Fig. 13, with the increase of TTHR, the switching frequency decreases greatly;
the stator current harmonics increase slowly; and the torque ripples are basically unchanged within
0.8N·m at TTHR ≤ 15µs. Large torque ripples that can occasionally approach 1.58N·m are present
when TTHR = 20µs. The large torque ripples arise due to an increase in TTHR, which makes the system
more likely to adopt single-vector strategy to lower switching frequency.

In the inverter control system, the two indicators, stator current harmonics and torque ripples, are in
contradiction with the switching frequency indicator. In order to compare the steady-state performance
of controllers corresponding to different TTHR, it is necessary to define an evaluation function to quantify
the performance of the control system. The focus on current harmonics, torque ripples, and switching
frequency varies in different application situations and should be adjusted flexibly. In this paper, the
evaluation function is designed with reference to the per-unit value; the torque base value is rated torque
6N·m; and the switching frequency base value is 6.67 kHz. The evaluation function is as follows:

E =
∆Te
6

+
fav
6.67

+
THD

100
(12)
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Figure 13. Experimental waveforms of current, torque and switching frequency of HV-MPFC with
different TTHR. (a) Experimental results of HV-MPFC (Ts =100µs, TTHR =0µs). (b) Experimental
results of HV-MPFC (Ts =100µs, TTHR =8µs). (c) Experimental results of HV-MPFC (Ts = 100µs,
TTHR = 15µs). (d) Experimental results of HV-MPFC (Ts = 100µs, TTHR = 20µs).

As can be seen from (12), the lower value of the function indicates better steady-state performance.
The values of the evaluation function corresponding to the 4 different TTHR are shown in Table 4.
From Table 4, it can be seen that under this evaluation system, the evaluation function value reaches
the minimum value when TTHR =15µs. Therefore, the introduction of TTHR not only prevents
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Table 4. Steady-state performance of different TTHR.

TTHR/µs ∆Te/N·m fav/kHz THD of current/% E

0.76 6.67 4.61 1.17

8 0.78 5.52 4.91 1.01

15 0.80 4.92 5.19 0.92

20 1.58 4.43 5.66 0.98

the generation of narrow pulses, but also enables flexible adjustment of the contradiction of current
harmonics and torque ripples vs switching frequency, making it possible to reduce the system switching
frequency without significantly increasing the stator current harmonics and torque ripples, which is an
advantage that the 3VMPC does not have.

5. CONCLUSION

For reducing the computational burden and preventing the generation of narrow pulses, a hybrid-
vector model predictive flux control strategy is proposed in this paper. The main contributions of this
achievement include the following:

1) HV-MPFC can quickly select the optimal voltage vector by judging the sector where the stator
flux error vector is located with only one prediction calculation, reducing the computational burden
compared to 3VMPC.

2) By eliminating the VVs whose action time is shorter than the set time threshold, a hybrid-
vector strategy to switch among three VVs, two VVs, and a single VV is adopted. The HV-MPFC
strategy suppresses the generation of narrow pulses and achieves smaller torque ripples and stator
current harmonics at the same switching frequency than 3VMPC.

3) By selecting an appropriate TTHR, the HV-MPFC strategy can greatly reduce the switching
frequency while maintaining small current harmonics and electromagnetic torque ripples.
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