Progress In Electromagnetics Research Letters, Vol. 116, 39-45, 2024

rlER Letters

(Received 13 October 2023, Accepted 26 December 2023, Scheduled 5 January 2024)

An Active Flux Model-Based Sensorless Flux Weakening
Gontrol Algorithm for Permanent Magnet Synchronous Motors

Kun Li, Lin Wang, and Yilin Zhu*

Jiangsu Changjiang Intelligent Manufacturing Research Institute Co, Ltd., Changzhou 213001, China

ABSTRACT: In order to improve the stability of sensorless high-speed operation of permanent magnet synchronous motors and effectively
expand the speed range, a voltage closed-loop flux weakening sensorless algorithm based on the active flux model is proposed. Firstly,
the mathematical model of sensorless control of the PMSM is designed based on the active flux model, and the state of the PMSM
flux weakening operation is analyzed. Then, based on the voltage closed-loop flux weakening control method, the corresponding flux
weakening control algorithm is analyzed and designed. Meanwhile, based on the active flux model, the speed and rotor position of
the motor are observed by sliding mode observer and phase-locked loop method. After that, the flux weakening control method and
sensorless control method are combined to realize the sensorless flux weakening control method to improve the stability of the control
system. Finally, the proposed algorithm is validated on the experimental platform. The experimental results show that the proposed
method can prevent the system from losing control during flux weakening processes, effectively improve system stability, and have
smaller angle errors. The speed convergence time is shortened by 80% compared to the non flux weakening control.

1. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) are cur-
rently widely used in CNC machine tools, mainly because
PMSMs have the characteristics of small heat generation, reli-
able operation, high power density, and simple structure [1, 2].
In CNC grinding machines, encoder-free PMSM is often used.
In this application field, because the motor must be applied in
high speed and harsh environments, the spindle motor of CNC
grinding machines must have characteristics such as fast rota-
tion speed, high-speed accuracy, and strong system robustness.
The speed limit of traditional photoelectric encoders does not
exceed 6500 r/min, and their anti-pollution ability is poor, so
they are not suitable for the use in this application. Other de-
vices such as rotary transformers and magnetic encoders have
some shortcomings to some extent. Therefore, it is necessary
to develop a sensorless control algorithm for high-speed appli-
cations [3, 4].

At present, according to the differences in PMSM appli-
cation scenarios, sensorless control algorithms are mainly di-
vided into low-speed and zero-speed sensorless control algo-
rithms [6—10] and medium to high-speed sensorless control al-
gorithms [11-13]. In low-speed and zero-speed sensorless con-
trol algorithms, the extraction of speed and position signals is
mainly achieved by injecting high-frequency signals. How-
ever, this type of method is not applicable at medium to high
speeds. The sensorless control algorithm at medium to high
speeds is mainly based on the back electromotive force (EMF)
model, which estimates the back EMF value through different
types of observers to achieve observation of speed and rotor
position. In the medium and high-speed sensorless control al-
gorithms, there are mainly two types: based on the extended
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back EMF model [5,6,14—17] and based on the active flux
model [18-22]. Ref. [5] proposes an improved model refer-
ence adaptive system (MRAS) method, which estimates sta-
tor resistance and permanent magnet flux in both reference and
adjustable models to suppress the adverse effects of parame-
ter changes on control performance, and continuously updates
them. Then, the Grey Wolf Optimization algorithm is used
to optimize the proportional integral controller parameters of
the speed adaptive law obtained by MRAS. In [6], by apply-
ing the Quadratic Extended Back-Electromotive Force model
and combining injection-based and model-based position esti-
mation into a universal sensorless control strategy for full-speed
operation, the switching problem of the motor from low-speed
to high-speed sensorless control is solved. In [15], a sensorless
magnetic field-oriented vector control strategy is proposed that
combines an improved adaptive sliding mode observer and a
back EMF observer. In this method, an adaptive sliding mode
observer is used to obtain the error of the back EMF and reduce
system chattering. Meanwhile, the back EMF observer can
adaptively track the speed and position of the rotor, avoiding
complex calculations. It has the characteristics of fast conver-
gence, small chattering, and good robustness. In [16], a simple
design guide and an adaptive full-order observer are proposed.
This method is based on the extended back EMF model, and
the adaptive law and feedback gain are designed in a cascade
manner. At the same time, a high bandwidth state observer is
studied to eliminate the impact of speed estimation errors on
system stability, and an adaptive feedback loop is added to en-
sure good rotor speed estimation performance at lower frequen-
cies. The extended back electromotive force model is the basis
for [17], which offers a thorough analysis of sensorless con-
trol algorithms for sliding mode observers. It also suggests de-
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signing SMOs in non-ideal scenarios and addresses potential
directions for future research on sliding mode observer-based
sensorless control techniques.

The sensorless control method based on the active flux model
is first proposed in [18]. When being applied to high-saliency
PMSM, this method can achieve full-speed domain operation
without injecting signals and has good application value. An
adaptive second-order active flux observer is introduced in [19]
to monitor the active flux. An MRAS-based compensation
strategy is suggested to account for voltage source inverter
(VSI) nonlinearity, thereby minimizing observation errors in a
variety of speed ranges. [20] uses an active flux model to cas-
cade the natural velocity observer and active flux estimator, re-
sulting in a simple sensorless algorithm that only needs to deter-
mine a bandwidth parameter for flux estimation and a frequency
band parameter for velocity observation. In [21], a new fre-
quency adaptive second-order disturbance observer is proposed
using the active flux model for the estimation of back EMF and
active flux. This method eliminates the need for a phase delay
compensator for traditional sliding mode observer-based back
EMF estimators. In addition, the active flux and back EMF are
estimated simultaneously, so the rotational speed and rotor po-
sition can be identified using quadrature phase-locked loop and
tan inverse method.

The above sensorless control methods based on entended
EMF (EEMF) and active flux models have been widely stud-
ied. In CNC grinding machines, the required high-speed is es-
sential, so flux weakening control is also particularly important.
Sensorless flux weakening control based on the EEMF model
has been explored [23, 24], while there is little research on sen-
sorless flux weakening control based on the active flux model.
Therefore, studying the sensorless flux weakening control algo-
rithm based on the active flux model is of great significance for
improving the high-speed operation performance of PMSM in
CNC grinding machines. Therefore, the research focus of this
article is on the sensorless flux weakening control method based
on active flux. On the one hand, a sensorless control algorithm
for PMSM is designed based on an active flux model. On the
other hand, based on the voltage closed-loop flux weakening
control method, flux weakening control is achieved. Combine
the two to achieve a sensorless flux weakening control algo-
rithm. This algorithm not only effectively improves the run-
ning speed of the motor, but also improves the stability during
flux weakening operation.

2. MATHEMATICAL MODEL AND FLUX WEAKENING
CONTROL ANALYSIS

2.1. Active Flux-based Model of PMSM

In the d-q rotation coordinate system, the mathematical model

of PMSM is:
Ud —weLq id + 0
Ug R+ pL, iq WeAy

where the subscripts d and ¢ respectively represent the coor-
dinate axes corresponding to the rotating coordinate system.
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Therefore, iq, i, Lq, Lq, uq, and u, are the current, inductance,
and voltage components corresponding to the coordinate axis.
R represents stator resistance, Ay represents the flux linkage
of permanent magnet, w, represents the rotor angular velocity
value, and in surface mounted permanent magnet synchronous
motors (SPMSMs), there exists Lqy = Ly, = L, because the d-
and g-axis reluctances are equal.
After calculation, it can be obtained that:

Ud | _ | ld iq —iq N ex
|: Uq :|R |: iq :|+qu |: iq :|+w6Lq |: Zbal :|+|: We)\ea:

where \.,, is the active flux. )\, is the derivative of the active
flux.
After coordinate transformation, it can be obtained that:

Ua ia ZO(
= . L , —
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where the subscripts a and [ respectively represent the co-
ordinate axes corresponding to the stationary coordinate sys-
tem. Therefore, 7, ig, Uq, and ug are the current, inductance,

and voltage components corresponding to the coordinate axis.
N qex and X g, represent the components of A, on a- and

[3-axes.
-

After converting (3) into current vector form, it can be ex-
pressed as:
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Compared with the traditional EEMF model, the active flux
model has no cross-coupling term, does not rely on d-axis in-
ductance, and has a permanent magnet magnetic flux. There-
fore, the active flux model has better robustness to parameter
changes and external load changes.

2.2. Mathematical Model of Motor Flux Weakening Control

When the motor is in a stable weak magnetic operation state,
and the speed is high, the resistance voltage drop and current
differential term in the winding can be ignored. Therefore, the
voltage equation in a flux weakening state can be rewritten as:

Uq . 0 —weLq ’id 0
B I RV
Meanwhile, the voltage also meets the requirements:
i+l < U2 @)
where U, is the maximum value of stator voltage.
Then, from Equation (6), it can be obtained that:
) . . \2
1 g+ 1
i+ M < ®
(weLg)? (weLa)?

The curve described in Equation (8) is an ellipse, and both
the long axis and broken axis are functions related to speed.
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FIGURE 1. The trajectory of the current operating state.
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FIGURE 2. The block diagram of the voltage closed-loop flux weakening control.

Because the prototype used in this design is a surface-mounted
PMSM with Ly = L, the curve described in the above equa-
tion is circular, and the center of the voltage circle corresponds
to (—iy, 0). Meanwhile, according to the expression, as the
speed increases, the voltage circular curve becomes a cluster of
circular curves.

At the same time, the current also satisfies the following ex-
pression:

ig+is <1}

where I,,, is the maximum value of stator current.

The curves corresponding to (8) and (9) are shown in Fig. 1.
From Fig. 1, it can be seen that the center of the voltage circle
(—1y, 0) is located outside the current limit circle. As the speed
increases, the current ¢, approaches 0, and (8) can be rewritten
as:

©

2
m

. . 2
g+ip) < —2
(fa+1if) ooLa)?

(10)

From (10), it can be seen that when ig — iy, w. — oo and
the rotor magnetic flux exceeds the maximum magnetic field
provided by the stator current, the center of the circle depicted
in Fig. 1 is outside the current limit circle. This characteristic of
the motor will cause a sharp decrease in power when the speed
exceeds the rated speed, indicating the existence of a theoretical
maximum speed.
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3. FLUX WEAKENING CONTROL METHOD AND SEN-
SORLESS CONTROL METHOD

3.1. Theoretical Analysis of Flux Weakening Control Method

At present, the mainstream flux weakening control method is
voltage closed-loop flux weakening control, and the implemen-
tation diagram of this method is shown in Fig. 2.

The voltage closed-loop control algorithm satisfies the fol-
lowing expression:

{

where f () represents the functional relationship corresponding
to the proportional-integral (PI) controller.

In the control block diagram, due to the use of a limiting func-
tion, the output value of i)}, will always be 0 when u, < Up,.

Us > Up,
us < Up,

Aigy = f(Un
Aido =0

_Us)

(11)

3.2. Design of Sliding Mode Observer and Phase-Locked Loop

Figure 3 shows the speed sensorless control block diagram of a
sliding mode observer (SMO) based on active flux model.
In this design, a sliding mode surface is defined as:

8 =tas —tap (12)
The current observation equation can be written as:
Lq%:m =Uap — R;Z/aﬁ + ksgn (s) (13)

WWwWw.jpier.org



rPlER Letters

Li, Wang, and Zhu

LPF PLL

@
@ >r:u€>

ok —_— u*
1 d a
. i Flux d2H & » dg
w. 1 : —) “
— S)—> Pl {—{ weakening | i Feedforward u u SVP L ol inverter
W control [ @ P dewplinguni] Uy | gl Uy JWM
@ -
, B N
d A !
|_______________________________ ________ | : -<_dq i I
| - llu llg I g B :
| ! | | |
o~ Au u | *—1/ABC|_ I
: W1 < Active [«—"a | | |
L PLL | },| smo flux Lo T@ !
b 0.~ " < model «— Uz : | c e i dl
r . urrent sampling and!
| [ al, L gt AP AL |
! 3 ! L _coordinate transformation; y ¥_
| Speed sensorless control algorithm |
. PMSM

FIGURE 5. Block diagram of the sensorless flux weakening control algorithm.

where ;Zaﬁ represent the observed values of stator current.
Subtracting (13) from (5) yields:

Lqiflﬂ— Rzaﬁ AL ksgn (s) (14)

aBexr
where 74 3 represent the error values between actual stator cur-
rent and observed stator current.

The stability of the system can be proven by the following
Lyapunov function, which is defined as:

1
V:582,V':s-s':s-( Rilys—Napes— ksgn(s)) (15)

When s > 0 and V' < 0, the system is asymptotically sta-
ble. When s < 0, in order to make V'’ < 0, it must be ensured
that & > [|A,5.,|l. Equivalent control can be applied to slid-
ing mode surfaces, and the back electromotive force satisfies

wper = —ksgn(s). After obtaining the flux derivative or
back electromotive force through a sliding mode observer, the
phase-locked loop (PLL) shown in Fig. 4 can be used to identify
the speed and rotor position.
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The basic principle of phase-locked loop satisfies:

AFE = —Agen sm@ + Agex cos@ = Aeg SIN ( ) (16)

Adjust the error component obtained in (16) by PI controller
to obtain the observed speed value w.. After integration, the
observed rotor position value 6, can be obtained.

3.3. The Proposed Sensorless Flux Weakening Control Method

By combining the flux weakening control algorithm mentioned
in Subsection 3.1 with the sensorless control algorithm men-
tioned in Subsection 3.2, a block diagram of the sensorless flux
weakening control algorithm can be drawn as shown in Fig. 5.
From Fig. 5, it can be seen that when the motor does not enter
the flux weakening control state, sensorless control is carried
out using the control method with 74 = 0. When the motor
enters the flux weakening control state, the terminal voltage of
the motor reaches a saturation state, and the motor achieves flux
weakening control by increasing the d-axis current in the nega-
tive direction, and continuously performing sensorless control.

WWwWw.jpier.org



Progress In Electromagnetics Research L, Vol. 116, 39-45, 2024

rlER Letters

Auxiliary
power supply

FIGURE 6. Schematic diagram of the experimental platform.

TABLE 1. Parameters of the prototype.

Parameters Value
Stator resistance R (£2) 1.6
Inductance Ls (H) 0.005075
Pole Pairs 4
Permanent magnet flux Ay (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 7e (N-m) 0.64

4. EXPERIMENT AND ANALYSIS

In order to verify the effectiveness of the proposed sensorless
flux weakening control method, experiments are conducted on
the experimental platform shown in Fig. 6 on both the sen-
sorless control algorithm without flux weakening control and
the active flux sensorless flux weakening control algorithm.
In the experimental platform, the main control unit selected is
Texas Instruments’ TMS320F28335, and the power drive mod-
ule uses Mitsubishi’s intelligent power module PS21965. The
basic 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 0.64 N-m. The parameters of the speed loop PI con-
troller are k, = 0.01 and k; = 0.002. The parameters of the
current loop PI controller are k, = 0.2 and k; = 0.73. The pa-
rameters of the PI controller in the voltage closed-loop are set
to k, = 0.55 and k; = 0.0046.

The first experiment is conducted on the algorithm with-
out flux weakening control, which used the sensorless control
algorithm proposed in Subsection 3.2. The given speed set
is 5000 r/min, and the load torque is 0.64 N-m at 0-0.5s and
0.32N-mat 0.5-1s. The corresponding speed waveform, speed
error, angle waveform, and angle error waveform are shown in
Fig. 7(a). From the figure, it can be seen that when the motor
is in this state, the speed error is 50 r/min, and the angle error is
—0.78 rad. When the load suddenly changes at 0.5 s, the speed

43

error becomes 300 r/min, and the angle error becomes 0.16 rad.
After 0.15s, it returns to stability, with a speed fluctuation of
50 r/min and an angle error of —0.78 rad. In order to verify the
operation effect of the motor under continuous flux weakening,
the given speed is increased to 5200 r/min. The corresponding
speed waveform, speed error, angle waveform, and angle error
waveform are shown in Fig. 7(b). From Fig. 7(b), it can be seen
that after reaching 5200 r/min, the system lost control.

Then, the proposed sensorless flux weakening control
algorithm experiment is conducted, with a given speed of
5500r/min and a load torque of 0.64N-m at 0-0.5s and
0.32N-m at 0.5-1s. The experimental waveform is shown
in Fig. 8. From Fig. 8, it can be seen that the motor has a
stable operating state at 5500 r/min, with a steady-state speed
error of 50r/min and an angle error of —0.68rad. When
the load suddenly changes at 0.5s, the speed error becomes
300 r/min, and the angle error becomes 0.21rad. After 0.03 s,
it returns to stability, with a speed fluctuation of 501r/min
and an angle error of —0.62rad. Compared to Fig. 7(a), the
proposed algorithm has a faster speed convergence when the
load suddenly changes, the convergence time has been reduced
by 80%.

In summary, the proposed sensorless flux weakening control
algorithm can ensure that the system does not lose control dur-
ing the magnetic flux weakening process and that angle error is
smaller.
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FIGURE 7. Waveforms of the speed sensorless control without flux weakening control algorithm. (a) Case 1. (b) Case 2.
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FIGURE 8. Waveforms of the proposed sensorless flux weakening con-
trol algorithm.

5. CONCLUSION

A sensorless algorithm based on a voltage closed-loop flux
weakening control method is proposed to expand the speed
range of PMSM and improve the stability of the control sys-
tem. The main contributions of this article are: (1) Based on the
voltage closed-loop flux weakening control method, the corre-
sponding flux weakening control algorithm has been analyzed
and designed. (2) Based on the active flux model, the sliding
mode observer and phase-locked loop method are used to ob-
serve the speed and rotor position of the motor. (3) Combine
the flux weakening control method with the sensorless control
method to achieve a sensorless flux weakening control method
and improve the stability of the control system.
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