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ABSTRACT:Amodel prediction based leading angle flux weakening control method is proposed to improve the dynamic and steady-state
performance of permanent magnet synchronous motors during the flux weakening process. First, the mathematical model of a permanent
magnet synchronous motor is used to construct the prediction model in this method, and then a thorough analysis of the permanent magnet
synchronous motor’s flux weakening control procedure is carried out. Secondly, based on the principle of model predictive control and
the existing delay problems, the corresponding delay compensation method is proposed, and the leading angle flux weakening control
method is applied to the proposed model predictive control algorithm, so as to achieve flux weakening speed-up control. Finally, the
prototype is used to confirm the effectiveness and precision of the proposed technique. The experimental results show that the leading
angle flux weakening control method based on model prediction has faster dynamic response to speed and current than the traditional
vector flux weakening control method. At the same time, the steady-state current amplitude is smaller, which has superior current control.

1. INTRODUCTION

With the improvement of rare earth material performance
and the development of power electronics technology,

permanent magnet synchronous motors (PMSMs) gradually
surpass traditional induction motors in terms of power factor,
operating efficiency, speed stability, torque density, and other
performance. Meanwhile, due to the advantages of high power
density, high torque density, and wide speed range, PMSMs are
widely used as core power units in fields such as aerospace, rail
transit, and new energy [1–3]. At present, the model predictive
control algorithm is an excellent algorithm for achieving high-
performance drive control of the PMSM [4–8]. This method
inherits the idea of vector control and achieves closed-loop con-
trol by adjusting the d- and q-axis current components. How-
ever, how to achieve flux weakening speed-up control using
model predictive control algorithms is an important research
topic.
Many scholars have conducted in-depth research on the flux

weakening speed-up algorithm in the process of model pre-
dictive control. In [9], the flux weakening control method is
combined with model predictive current control to remove the
current loop proportional integral (PI) controller and reduce
the number of required debugging parameters. In addition, an
adaptive flux weakening control method based on voltage feed-
back is proposed, which can make the parameters of the con-
troller change with speed, thereby improving the dynamic sta-
bility performance of the controller. In [10], an equivalent op-
timization problem is proposed to simplify the complex flux
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weakening control problem. However, the matricesQ and R in
this method need to be adjusted appropriately to achieve good
weak magnetic control. In [11], a PMSM control method based
on explicit model predictive control (MPC) is proposed, which
has a new linearization and constraint processing method that
can achieve flux weakening control process. In [12], a cost
function based model predictive flux control strategy is pro-
posed. This method takes the stator flux vector as the con-
trol variable and configures the cost function of the proposed
method in the form of flux increment, which can reflect the sat-
uration degree of the inverter output and determine whether to
perform flux weakening control by judging the saturation de-
gree. In [13], a flux weakening method based on model predic-
tive direct speed control is proposed. The cost function of this
method only includes voltage error, effectively eliminating the
influence of weighting factors in traditional model predictive
direct speed control methods on control system performance.
However, the method is based on whether the motor speed is
larger than the turning speed, which can not accurately judge
whether the motor is in the flux weakening state, so the effi-
ciency of the motor is affected. In [14], a novel linearization
method is adopted to handle the strongly coupled nonlinear in-
terior PMSM mathematical model, and an improved linear ob-
ject model suitable for constant load torque motors is obtained.
By calculating the required d-axis current, the model predicts
flux weakening control. However, the basis for determining
whether to enter a flux weakening state using this method is
also the turning speed value, so it will also have an impact on
the efficiency of the motor.
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The aforementioned techniques have been used to study flux
weakening speed-up algorithms for various kinds of model pre-
dictive control. Nevertheless, little research on flux weaken-
ing speed-up has been conducted for the finite set model pre-
dictive control technique presented in this paper. In view of
this, this article proposes a model prediction-based leading an-
gle flux weakening control (MP-LAFWC) algorithm based on
the model predictive current control algorithm. This algorithm
adopts the conventional id = 0 control method before themotor
enters the flux weakening control process, and the q-axis cur-
rent is adjusted through the model prediction algorithm. When
themotor enters a fluxweakening state, the d-axis current is cal-
culated through the leading angle, and the calculated d-axis and
q-axis currents are fed into the MPC algorithm for adjustment,
and closed-loop control is completed. Therefore, this algorithm
can not only achieve operation below the turning speed, but also
achieve flux weakening operation above the turning speed.

2. MATHEMATICAL MODEL AND FLUX WEAKENING
CONTROL ANALYSIS

2.1. Model Predictive Control Mathematical Model
In the process of vector control, the stator voltage equation in
the rotating coordinate system is more applicable, and the ex-
pression in the d- and q-axis rotating coordinate system is:[

ud

uq

]
=

[
R+ pLd −ωeLq

ωeLd R+ pLq

] [
id
iq

]
+

[
0

ωeλf

]
(1)

where the subscripts d and q respectively represent the coor-
dinate axes corresponding to the rotating coordinate system.
Therefore, id, iq , Ld, Lq , ud, and uq are the current, induc-
tance, and voltage components corresponding to the coordinate
axis. R represents stator resistance, λf the flux linkage of per-
manent magnet, ωe the rotor angular velocity value. In surface
mounted permanent magnet synchronous motors (SPMSMs),
there exists Ld = Lq = Ls because the d- and q-axis reluc-
tances are equal.
When the motor operates stably at high speed, the back elec-

tromotive force will reach the maximum value that the inverter
can output, which is much greater than the voltage drop value
generated by the resistance. Therefore, the stator resistance part
and current differential term in (1) can be ignored. (1) can be
simplified as:[
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iq

]
+

[
0

ωeλf

]
(2)

Formula (1) can be transformed into current form since the
motor control mechanismmostly takes the form of current. For-
mula (1) is discretized using the forward Euler method in the
meantime to make it easier to understand the states of the cur-
rent at different times, with the specific form shown below.
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Ts
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(3)

where (k) and (k+1) represent the corresponding states of the
parameters at the current time and the next time, respectively,
while Ts represents the control period.

2.2. Model and Analysis of Flux Weakening Control
The value of the back electromotive force is also steadily in-
creasing as the PMSM accelerates. If alternative control strate-
gies are not applied, the inverter’s maximumvoltage output will
prevent the motor speed from rising further. The back electro-
motive force’s magnitude is determined by the product of the
motor’s electric angular velocity and the permanent magnet’s
magnetic flux. While the back electromotive force value ap-
proaches the maximum value of the power supply, the motor
speed cannot continue to increase using the original control al-
gorithm since the permanent magnet flux in the motor is con-
stant. The speed needs to be increased further, hence a flux
weakening control mechanism must be implemented [15–18].

FIGURE 1. The trajectory of the current operating state.

The angle between the stator current is and the q-axis will
continue to grow as a result of the negative directionally in-
creasing d-axis current during this operation. The current lead-
ing angle, shown as γ in Fig. 1, is defined as the angle between
is and the q-axis in the aforementioned setting. When the cur-
rent leading angle γ = 0, it is a conventional id = 0 control.
The larger the current leading angle γ is, the deeper the degree
of weakening magnetic field is. The stator voltage of the motor
is limited by the capacity of the inverter, and the voltage vector
during stable operation satisfies (4).

u2
s = u2

d + u2
q ≤ U2

max (4)

where us is the stator voltage.
After substituting (2) into (4), it can be obtained that:

(Lqiq)
2
+ (Ldid + λf )

2 ≤ U2
max
ω2
e

(5)

The stator current is is limited by the power device’s capa-
bility, and the output value is similarly constrained. The maxi-
mum value of the current Imax conforms to the following form:

i2s = i2d + i2q ≤ I2max (6)
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FIGURE 2. The control block diagram of the MP-LAFWC. (a) Leading angle flux weakening control block diagram. (b) Total block diagram.

According to (5), voltage related constraints can be plotted
as shown in Fig. 1, and the trajectory equation satisfies the form
of an elliptical equation. When the inductance coefficients of
the d- and q-axes are equal, the elliptical curve will become a
circle. Meanwhile, according to (6), the circular trajectory at
maximum current can be plotted.
In Fig. 1, where the characteristic current point’s theoretical

calculation value (id = −λf/Ld) is outside the current limit
circle, and the trajectory of the current operating state is plotted
using the data from the experimental prototype parameters. We
shall conduct analysis using this example.
The motor’s rotational speed, when the stator voltage ap-

proaches the maximum the inverter can produce, is known as
the turning speed. The field oriented control approach of id = 0
is typically employed when the speed of the SPMSM is slower
than the turning speed. To produce torque, all of the stator cur-
rent is in this approach is situated on the q-axis. It is clear from
Fig. 1 that the leading angle γ = 0 at this moment. If the load
torque is T1, the current should be at point B. The power sup-
ply will then no longer be able to deliver the higher level volt-
age value needed for speed expansion because the back elec-
tromotive force generated by the SPMSM will reach the limit
value of the inverter output when the speed exceeds the turning
speed. Only by reducing the magnetic field of the permanent
magnet can the speed be increased at this moment. The specific
implementation process is to gradually increase the current in
the d-axis direction, which reduces the amplitude of the air gap
magnetic flux. From the analysis in Fig. 1, it is found that the
leading angle γ gradually increases; the speed reaches ω1; the
operating state of the current isB → D. In a similar manner, if
the load torque is T2 (T1 > T2), the speed stabilizes to ω2, the
trajectory of the entire current is O → A → E. If the torque is
T0 (T0 > T1 > T2), the speed needs to increase to ω1, and the
trajectory of the entire current is O → C → D [19].
At the same time, we also find that during the flux weak-

ening control process, the d-axis component id is increasing
negatively, and the q-axis current component iq is decreasing.
According to the motor torque expression, the flux weakening
process is bound to lose part of the torque performance, which
is also a compromise between speed and torque.

3. MODEL PREDICTIVE FLUX WEAKENING CONTROL
METHOD

3.1. Analysis of Model Predictive Control Principle and Delay
Compensation
The basic principle of finite set model predictive control is to
control the motor using the inverter’s constrained set of volt-
age vectors. First, establish a corresponding prediction model
based on the PMSMmathematical model, and then use the volt-
age and current that have been sampled to determine the next
predicted current. The next drive control process is then com-
pleted by applying the corresponding switch state of the vari-
able to the inverter drive after the optimal control variable has
been chosen using the defined cost function [20].
In actual control systems, system delay is inevitable due to

the influence of hardware and digital control systems. It means
that the optimal voltage vector selected using the cost function
in the current control cycle needs to be applied to the motor at
the next moment, which will lead to poor performance of the
entire control system. Therefore, it is necessary to perform one
shot delay compensation on the system.
The currents at (k + 2) can be expressed as follows because

(k + 2) stands for the time corresponding to delay compensa-
tion: [
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where (k + 1) and (k + 2) represent the predicted values at
the moment of (k + 1) and (k + 2), respectively. Since the
mechanical variable changes at a much smaller rate than the
electrical variable, the rotational speed is considered constant
for the unit control cycle.
The d- and q-axis voltages at time (k + 1) in (7) can be cal-

culated using the following formula:[
ud (k + 1)
uq (k + 1)

]
=

[
cos θe (k) sin θe (k)
− sin θe (k) cos θe (k)

] [
uα (k)
uβ (k)

]
(8)
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Parameters Value
Stator resistance R (Ω) 1.6
Inductance Ls (H) 0.005075

Pole Pairs 4
Permanent magnet flux λf (Wb) 0.0825

Rated speed nN (r/min) 3000
Rated power P (kW) 0.2
Rated voltage U (V) 220
Rated current I (A) 2.1

Rated torque Te (N·m) 0.64

TABLE 1. Parameters of the prototype. FIGURE 3. Schematic diagram of the experimental platform.

FIGURE 4. Waveforms of the traditional vector flux weakening control. FIGURE 5. Waveforms of the MP-LAFWC.

where uα and uβ are obtained by voltage reconstruction, re-
spectively, where uα and uβ can be reconstructed from the DC
bus voltage value and the driving signal.
The two-level three-phase voltage source inverter can gener-

ate 8 basic voltage vectors, including 6 non-zero voltage vectors
and 2 zero vectors. After the delay compensation, the predicted
current becomes the form shown in (7), and the compensated
predicted current is brought into the cost function shown in (9)
for calculation and performance evaluation, and the switching
state with the smallest cost function value is calculated. Finally,
the obtained switching state is applied to the drive control of the
power device to realize the model predictive control. Here, the
cost function is calculated using the following form.

J = [i∗d − id (k + 2)]
2
+
[
i∗q − iq (k + 2)

]2 (9)

3.2. The Proposed Model Prediction-Based Leading Angle Flux
Weakening Control Method

The control block diagram of the MP-LAFWC method pro-
posed in this article is shown in Fig. 2, where the leading an-
gle flux weakening control algorithm is shown in Fig. 2(a).
Through the formula shown in (4) to calculate the stator voltage
andwith the voltage limit valueUmax for difference, integration,
and limiting operations, the required leading angle γ can be fi-
nally obtained, according to the leading angle shown in Fig. 1,
and the stator current i∗ projected on the d- and q-axes can be
used as a reference value for the d- and q-axis currents. When
the stator voltage us is less than or equal to the voltage limit
value Umax, the output result of the leading angle γ is 0, then
i∗d = 0. When the stator voltage us is greater than the volt-
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age limit value Umax, the output result of the leading angle γ
is negative and is limited within −π/2. At this time, the cur-
rent distribution process is consistent with the current change
process analyzed in Fig. 1.
After the design of the flux weakening control algorithm is

completed, it is applied to the MPC algorithm block diagram
shown in Fig. 2(b). By calculating the allocated stator current
i∗s and the predicted current is(k+2), the optimized voltage Vopt
is obtained. The motor is driven and controlled through voltage
vector output and driving circuit.

4. EXPERIMENT AND ANALYSIS
In order to verify the control performance of the proposed
method, an experimental platform as shown in Fig. 3 is built,
and experiments based on MP-LAFWC are conducted on this
platform. In the experimental platform, the main control unit
selected is TI’s TMS320F28335, and the power drive module
uses Mitsubishi’s intelligent power module PS21965. The ba-
sic parameters of the testing motor are shown in Table 1. Due
to the mechanical structure limitations of the encoder, the ex-
perimental speed tested is 5500 r/min, and the load torque is
rated at 0.64N·m. The proposed method is compared with tra-
ditional vector flux weakening control method. Among them,
the parameters of the speed loop PI controller are kp = 0.01
and ki = 0.002. The integral coefficient in leading angle flux
weakening control is 0.0002.
Figure 4 shows the waveform of d- and q-axis currents,

speed, and torque under traditional vector flux weakening con-
trol. From these figures, it can be seen that the average d-axis
current of the motor at steady state after entering a flux weaken-
ing state is īd = 1.55A, with a fluctuation range of 0.43A. Av-
erage q-axis current at steady state īq = 2.06A, with a fluctua-
tion range of 0.45A. In the speed waveform, the given speed of
5500 r/min is reached for the first time at 0.12 s. The fluctuation
amplitude of the torque waveform in steady-state is 0.45N·m.
Figure 5 shows the waveform of d- and q-axis currents,

speed, and torque for the proposed method. From these figures,
it can be seen that the average d-axis current of the motor at
steady state after entering a fluxweakening state is īd = 1.36A,
and the fluctuation amplitude is 0.09A. Compared with tradi-
tional vector flux weakening control method, the average d-axis
current īd is decreased by 12.26% and the fluctuation amplitude
decreased by 79.07%. Average q-axis current at steady state
īq = 1.65A, and the fluctuation amplitude is 0.08A. Compared
with traditional vector flux weakening control method, the av-
erage q-axis current īq is decreased by 19.90% and the fluctu-
ation amplitude decreased by 82.22%. In the speed waveform,
the given speed of 5500 r/min is first reached at 0.01 s, and then
the given speed is reached again at 0.11 s and remained stable
thereafter. The fluctuation amplitude of the torque waveform
in steady-state is 0.37N·m, which is reduced by 17.78% com-
pared to the traditional vector flux weakening control method.

5. CONCLUSION
High performance and efficient flux weakening control has al-
ways been a hot topic in the motor control process. This paper

proposes a model prediction-based leading angle flux weak-
ening control algorithm. This method can adjust the current
through model predictive control algorithm after the motor en-
ters the flux weakening state, achieving fast speed control. The
experimental results show that the proposed method has faster
speed and current dynamic response than traditional vector flux
weakening control method. At the same time, the steady-state
current amplitude is smaller, and it has better current control
performance.
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