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A Leading Angle Flux Weakening Control Method for PMSM Based
on Active Disturbance Rejection Control
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Abstract—A flux weakening (FW) control method of leading angle for a permanent magnet
synchronous motor (PMSM) based on active disturbance rejection control (ADRC) is proposed to solve
the problem of large fluctuation of speed, current, and torque in the control process. Firstly, according
to the mathematical model of PMSM and its voltage and current constraints, the leading angle FW
control algorithm is introduced. Then, according to the ADRC theory and the mathematical model of
PMSM, the speed loop ADRC and current loop ADRC are constructed. The controller parameters are
combined with the control bandwidth, and the parameter variation ranges are obtained by analyzing
the stability of the control system. Finally, the proposed ADRC methods are combined with the leading
angle FW control method to realize the ADRC leading angle FW control for PMSM, and the proposed
method is verified on the experimental platform. The experimental results show that the proposed
method has less speed, current, and torque fluctuations than the proportional integral (PI) controller
method, which can effectively improve the motor control performance. At the same time, the controller
parameters are combined with the bandwidth, which is convenient for practical engineering application.

1. INTRODUCTION

Permanent magnet synchronous motor (PMSM) is widely used in electric vehicles, wind power
generation, computer numerical control (CNC) machine tools, and other fields due to its advantages of
high efficiency, high power density, and easy flux weakening expansion. Electric vehicle system requires
a wide speed regulation range to meet the requirements of high-speed driving, so the research on PMSM
high-speed flux weakening control is very important. In the traditional flux weakening strategy, there
are two current regulators and one speed regulator in the system, which adjust the d-q axis currents and
speed, respectively. The saturation of the regulators and the mutual coupling of the d-q axis currents
in the high-speed stage will deteriorate the regulation performance of the system to the motor speed,
current, and torque, and even lead to system instability. Therefore, high-performance control of the
PMSM flux weakening region is required [1, 2].

For FW control of a PMSM system, many scholars have put forward different control schemes and
improvement methods. In [3], a voltage closed-loop is used to adjust the current angle value to realize
the FW control of the interior PMSM. In [4], the voltage closed-loop is also used to realize the FW
control. Different from [3], in this article, the FW control is realized by adjusting the d-axis current.
At the same time, only one current regulator is used to adjust the d-q axis currents. In [5], voltage
closed-loop mode is used to adjust the d-axis current, and a six step over modulation strategy is adopted
to improve the DC voltage utilization in the whole speed range. In [6], the voltage closed-loop control
is used to adjust the angle to realize FW control, and the vector current regulator with anti-saturation
is used to realize current regulation. In addition, the over modulation algorithm is combined with the
proposed FW control to improve the control effect. In [7], Taylor series method is used to simplify
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the current distribution expression, and voltage closed-loop is used to realize the regulation function
of d-axis current. However, the neglect operation of the higher-order term in Taylor series in this
literature is not in place. If the coefficient of the higher-order term accounts for a large proportion, it
will be inappropriate to continue to ignore it at this time. Therefore, the current distribution in this
method cannot be applied to motors with different parameters. In [8], DC bus voltage disturbance
is compensated, which almost achieves the maximum DC bus voltage utilization and improves the
FW control performance. In [9], the leading angle FW control method is introduced, and the current
distribution expressions corresponding to the leading angle are derived. Through these expressions, the
current distribution is realized. In [10], the current controller based on feedback linearization algorithm
is combined with the leading angle FW control algorithm to improve the control effect. In [11], the
control based on robust second-order current and the hybrid FW control based on look-up table/voltage
constraint tracking are combined to improve the effect of FW control. At the same time, the parameters
such as inductance and flux linkage are estimated to improve the performance of robust second-order
current controller. In [12], voltage phase is used to realize FW control. This method realizes FW
control by reasonably distributing voltage, which is different from the way of distributing current. In
the actual process of FW control, the current may not be optimally distributed. In [13], an improved
single current regulator control scheme is proposed, which effectively improves the FW speed regulation
range of the motor. This method has better applicability to motors with characteristic current less than
rated current. The researches of FW control are not only in traditional vector control algorithm, but
also in model-based predictive control. In [14], maximum torque per ampere (MTPA) control is used
to distribute current in the constant torque area. When the speed exceeds the base speed, the motor
will run in the FW control area and distribute the current using the theoretical formula. This method
has the problem of poor robustness and poor effect in practical application. In [15], the set speed is
also used as the switching point of FW control, which has poor effect in practical application.

The above FW control methods are generally realized by PI controller in the regulation process of
speed and current. Because the design parameters of PI controllers are affected by bandwidth, a set
of parameters cannot be applied to different speeds. In FW control, the speed range changes greatly,
and the same group of PI control parameters will not be applicable to different speed ranges, while
multiple groups of PI parameters are bound to complicate the parameter adjustment process. In order
to improve the control performance of speed, current, and torque in the process of FW control, an
active disturbance rejection leading angle FW control algorithm is proposed. In this algorithm, an
active disturbance rejection controller (ADRC) with strong parameter robustness is used to replace
the PI controller. By designing the parameters of the ADRC, the whole control system has strong
steady-state control accuracy on the premise of meeting the control performance. At the same time,
the speed and currents can be adjusted by designing different observer bandwidths. Then the speed
loop ADRC, current loop ADRC, and lead angle FW control are combined to realize high-performance
FW control. Finally, the effectiveness and correctness of the proposed algorithm are verified on the
experimental platform. The experimental results show that the proposed method can significantly
improve the control effect of motor speed, current, and torque, and has a good inhibitory effect on the
fluctuation of speed, current, and torque during steady-state operation.

2. MATHEMATICAL MODEL OF PMSM

The stator voltage formulas of PMSM in a d-g coordinate system can be expressed as

di
uq = Rig + de—j — weLyiy "
. 1
. di .
ug = Rig + qu—g + welLlgiq + weAys

where ig and i, are d-q axis stator currents, respectively; R is the stator resistance; Ay is the flux
linkage of permanent magnet; w, is the rotor electric angular velocity; Ly and L, are d-q axis stator
inductances, respectively; Ly = L, = L in a surface mounted PMSM, u4 and u, are d-g axis stator
voltages, respectively.

When the motor is running at high-speed FW area, the voltage drop generated by the stator
resistance part is far less than the back electromotive force (EMF) part; therefore, it can be ignored.
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(1) can be simplified to
(2)
In the control system, the power supply voltage has been determined, so there is a limit value for

the voltage that the inverter can output. Define this maximum as Upax, the voltage expressions satisfy

2=uj+ul <UZay (3)

s —

{ ug = —weLgiq
Ug = We (Ldid + )\f)

u

where u; is the stator voltage.
Current vector i is also limited, defining the maximum value of stator current as I;,.x, and current
meets ) ) ) )
s =14 + 7’q < Imax (4)

3. LEADING ANGLE FW CONTROL ALGORITHM BASED ON ADRC

During the operation of PMSM, with the increase of rotating speed, the back EMF generated by PMSM
is also gradually increasing. When the output voltage of the inverter reaches the limit, the speed of
the motor will not continue to increase without special methods. Since the back EMF of the motor is
related to the product of the motor speed and the air gap flux, the air gap flux must be weakened in
order to continue to increase the speed.

3.1. Principle of Leading Angle FW Control

In the d-q axis coordinate system, the electrical angle of the stator current vector 75 ahead of the ¢-axis
is defined as the current leading angle, which is recorded as +, as shown in Fig. 1. Due to the limitation
of inverter capacity, the voltage vector of PMSM during stable operation meets (3). After neglecting
the stator voltage drop, substitute (2) into (3) to obtain the expression
2 > _ Us
N - max
(Lqiq)” + (Laia + Af)” < 2 (5)
(&
According to (4) and (5), the voltage and current trajectory curves shown in Fig. 1 can be drawn.
Because the inductances of d-q axis are equal, the voltage trajectory corresponding to (5) is circular.

A
—=0 I, Current limit

Voltage limit—" circle 7

T,
T,

Iy

circle /(

w N
///4

Figure 1. Voltage, current limit circle and current leading angle.

Based on the parameters of the prototype, the voltage-current limit trajectory curve is plotted as
shown in Fig. 1. As the theoretical calculated value of the characteristic current point is located outside
the current limit circle, only this case is analyzed. The FW process of the PMSM can be analyzed by
means of Fig. 1. At speeds below the base speed, a vector control strategy with iy = 0 is used, and the
stator current i, is all used to generate the g-axis stator current 74, when the leading angle v = 0, and if
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the load torque is Ts, the current trajectory is 0 — A. When the speed exceeds the turning speed, the
inverter output capacity has reached the maximum value and cannot continue to provide the voltage
required for the speed increase. At this time, the speed can only be increased by means of FW, i.e.,
increasing the d-axis current component 74 in the negative direction to weaken the amplitude of air gap
flux linkage, at which time the leading angle ~ starts to gradually increase; the speed reaches wsy; and
the current trajectory is A — E. Similarly, when the load torque is 71 (77 > T»), the speed is stabilized
to wi, and the whole current trajectory is 0 — B — C. When the load torque is Ty (Ty > T > T5), in
order to increase the speed to wq, the whole current trajectory is 0 — C' — D. When the motor is at
point C, the motor runs steadily with torque Ty and speed wy. After continuing to increase the speed to
w1, the torque decreases from Ty to T7. F'W also reduces the g-axis current component ¢, to maintain
the voltage balance, thus increasing the motor speed and achieving the purpose of FW to increase the
speed.

3.2. Design of Active Disturbance Rejection Controller

A concise structure diagram of ADRC is shown in Fig. 2. By reasonably configuring the parameters
of the extended state observer (ESO), the controlled object and ESO can be simplified into an integral
series system. At this time, only the state error feedback (SEF) needs to be designed accordingly,
so that the system can have better control effect. The tracking differentiator (TD) in Fig. 2 has the
function of softening the input signal. Whether to use it can be determined according to the actual
control situation [16,17].
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Figure 2. Control block diagram of active disturbance rejection controller.

3.2.1. Speed Loop Active Disturbance Rejection Controller

The differential of motor speed is affected by 44, ¢y and 77, and the expression is

dwe 1 ) o
dt = j [15712 ()\qu + (Ld — Lq) Zdlq) — inL — Bwe} (6)

According to the principle of ADRC, %[1.5n§(Ld — Lg)igiq — npTy, — Bwe| in (6) is regarded as the

2
disturbance f,, of the speed loop, i, as the input u, and % as the coefficient b. From the ADRC
observation of the perturbation f,, (6) can be redescribed as

dwe 1.571%)\]0 .

i :7{] Zq+fw:bu+fw (7)

The structure of the speed loop regulator constructed by ADRC is shown in Fig. 3. As can be
seen from Fig. 3, the speed loop ADRC includes two links, linear ESO (LESO) and linear SEF (LSEF).
ADRC uses LESO to estimate the controlled object. In this process, not only the estimated values
of each state variable, but also the internal and external disturbance estimates can be obtained. The
estimated disturbance can be used to compensate the LSEF control signal.

The LESO in Fig. 3 can be written as

€0 = 221 — We
201 = 222 — e+ bu (8)
299 = —[re
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Figure 3. ADRC structure of speed loop.

where z91 is the speed observation value; z9o is the disturbance observation value; and 1 and By are
the observer gains.
LSEF can be written as

{ e1 =w! — 29 ()

ug = Pzer
where (3 is the controller gain.
The compensation output of disturbance is
z
u=ug — % (10)

After the speed loop ADRC is designed, the same method can be used to design the current loop
ADRC.

3.2.2. Current Loop Active Disturbance Rejection Controller

Convert (1) into current differential form, which can be expressed as

di 1 ) .
di;:i = fd (Ud - Rs’ld + OJLqu)
di, 1 (11)
pri (ug — Rsig — wlgiq — wAy)
q

Take the stator voltage ug and wu, as the input u., 1/Ls is b., and (—Rsiq + wLyiq)/Lgq and
(—Rsiq —wlgiq — wAf)/Ly are regarded as disturbance f.. (11) is rewritten into matrix form

id 1 Uq fcl
. = — 12
|:7;q:| LS|:UQ]+|:f02:| ()
i, = beu, + £, (13)
where iy = [ ig g |7, ue = ug ug ]’ £, =[ (—Rsia+wlyiq)/La (—Rsiq—wLaiq—wAs)/Lq |".

(12) also conforms to the construction paradigm of ADRC, so it can also be designed as an ADRC.
The current loop ADRC control structure is shown in Fig. 4. As can be seen from Fig. 4, the current
loop ADRC is also composed of LESO and LSEF. Its basic structure is consistent with (8)—(10).

la(q) Uy u Uq(q)

Figure 4. ADRC structure of current loop.
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3.3. Parameter and Stability Analysis

The ADRC in speed loop and current loop is a first-order ADRC structure. In order to analyze its
stability, firstly, the state space equation is constructed

x = Ax+ Bu+ Eh
{y:Cx (14)
01 b 0
whereA—[O 0 ’B_[O]’C_[l 0],E_[1],
The corresponding LESO is
z=Az+Bu+L(y—19)
{y:cz (15)

where L is the observer gain, L= 1 [ ]T.

By configuring L, the observation system can be stable, and different gain coefficients will make
the system show different control performances.

In order to prove the stability of the observation system, subtract (15) from (14) to obtain

x—2=Ax+Bu—Az—-Bu—-L(y—79)
=A(x—-—2z)—-L(Cx—Cz) (16)
=(A—-LC)(x—12)
Taking (x — z) as the error and recording as ey, the error matrix can be transformed into
é; = (A —LC)es; = He, (17)
The eigenvalue of H determines the control performance of the system. Therefore, the reasonable
design of the eigenvalue of H can ensure the stability of the system. Its characteristic equation is
IAI-(A—-LC)|=0 (18)
where 1 is the unit matrix.
After expanding (18), the following formula can be obtained

)\2+B1)\+52 =0 (19)
where A is the characteristic value of H, and 1 and P2 are the observer gains.

In order to associate the control system parameters with the bandwidth, let the eigenvalue
A1 = A2 = —wyp, so (19) can be rewritten as

wh — Bwo + B2 =0 (20)
Here, taking 1 = 2wy and B2 = w?, (20) can be established. Therefore, the gain matrix
L= [ 2w w% ]T
2

When the gain matrix L = [ 2wy wj ]T, the error matrix corresponding to (17) will approach 0,
and the whole observer system will remain stable.

3.4. Total Control System Design

This article uses the speed loop ADRC and current loop ADRC to control the FW control system. The
overall control block diagram is shown in Fig. 5. During the entire control process, the speed loop ADRC
is used to adjust the motor speed. According to the design in Section 3.3, different control effects are
achieved by configuring different bandwidths. The current vector command output by the speed loop
ADRC is used as the input signal of the leading angle FW control algorithm. In the leading angle FW
control algorithm, the integral operation is performed according to the difference between the voltage
vector and the maximum voltage value; the operation structure is taken as the leading angle; and the
d-q axis currents are adjusted. The leading angle FW control is to use the output d-g axis currents as
the input signals of the current loop ADRC, and also use the gain coefficient designed in Section 3.3 to
adjust the control system. It should be noted that the bandwidth of the current loop is generally higher
than that of the speed loop; therefore, the gain of the current loop observer needs to be set larger in
the actual adjustment process.
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Figure 5. Overall control block diagram.

4. EXPERIMENT AND ANALYSIS

In order to verify the control effect of the proposed method, the experiments of FW control based on
ADRC leading angle are carried out on the experimental platform shown in Fig. 6. In the experimental
platform, TMS320F28335 of Texas Instruments is used as the control unit, and intelligent power module
of Mitsubishi is used as the driving module. The basic parameters of the experimental motor are
shown in Table 1. Due to the limitation of the mechanical structure of the encoder, the experimental
speed is 65001/min, and the given load is 0.2N-m. The proposed method is compared with the PI
controller method. Between them, the parameters of speed loop PI controller in PI controller method
are k, = 2e—2, k; = 5e—>5. The PI controller parameters of d-q axis current loop are k, = 8, k; = 8e—2.
In the ADRC leading angle FW control method, the parameters of speed loop LSEF are 3 = 2e — 2,
b= 17277, and the observer bandwidth of LESO is wgs = 300. The parameters of LSEF of current loop
B3 = 8, b = 200, and the observer bandwidth of LESO is wg; = 600. The integral coefficient of two

Figure 6. Schematic diagram of the experimental platform.

Table 1. Parameters of the prototype.

Parameters Value Parameters Value
Stator resistance R (£2) and inductance L (H) | 1.6/0.005075 | Rated power P (kW) 0.2
Pole Pairs 4 Rated voltage U (V) 220
Permanent magnet flux Ay (Wb) 0.0825 Rated current I (A 2.1

Rated speed ny (r/min) 3000 Rated torque T, (N-m) | 0.64
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Figure 7. Speed waveforms. (a) PI method. (b) Proposed method.

0 0
A_z /'\-2 —_~
<4 NSy g
.6 3.6 — S
'80 02 04 067108 1 8002 04 06'08 1 0 02 04 06 08 1 02 04T06 0.8 1
£ (s) t(s) 1(s) 1(s)
(a) (b) (©) (d)

Figure 8. Current waveforms. (a) d-axis, PI method. (b) d-axis, proposed method. (c) g-axis, PI
method. (d) g-axis, proposed method.

kinds of leading angle FW control is 2e — 3.

Figures 7(a)-(b) are waveforms of the rotational speed using the PI control method and the
proposed control method. As can be seen from Fig. 7, both control methods can make the motor
run stably at a given speed. However, the PI control method has greater jitter during the dynamic
adjustment process, and in the steady-state operation, the speed fluctuation is 60.6 r/min, while the
speed fluctuation of the proposed method is only 5.8 r/min. Compared with PI control method, the
speed fluctuation of the proposed method is reduced by 90.43%.

Figures 8(a)—(d) are the d-q axis current waveforms of two control methods. Fig. 8(a) and Fig. 8(b)
are the d-axis current waveforms, and Fig. 8(c) and Fig. 8(d) are the g-axis current waveforms. As can
be seen from Fig. 8 when the motor is in steady state, the d-¢q axis currents jitter amplitudes of PI
control method are 1.7A and 1.6 A, respectively, while the d-q axis currents jitter amplitudes of the
proposed method are 1.1 A and 0.5 A, respectively. Compared with PI control method, the amplitudes
of d-q axis currents jitter of the proposed method are reduced by 35.29% and 68.75%, respectively.

Figures 9(a)—(b) are torque waveforms of two control methods. As can be seen from Fig. 9, when
the motor is in steady state, the torque fluctuation of PI control method is 0.6 N-m, while the torque
fluctuation of the proposed control method is only 0.2 N-m. Compared with the PI control method, the
torque jitter amplitude of the proposed method is reduced by 66.67%.

Figures 10(a)—(b) are the speed waveforms of the two control methods when the load changes

Figure 9. Torque waveforms. (a) PI method. (b) Proposed method.
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Figure 10. Speed waveforms. (a) PI method. (b) Proposed method.

suddenly. At 0.5s, the load changes from 0.2N-m to 0.6 N-m. Due to flux weakening control, the
given speed is adjusted to 5000 r/min; otherwise the speed will not reach the given value due to power
limitation. At this time, when the load torque changes abruptly, the speed change of the two control
methods is basically suppressed, but the recovery time T,. of the proposed method is 0.15s, while
the recovery time 7. of the PI control method is 0.34s, so the proposed method has better dynamic
performance.

In conclusion, the proposed method not only has better control effect in dynamic control, but also
has better disturbance suppression ability in steady-state operation.

5. CONCLUSION

Since the parameters of PI controllers cannot be applied to the entire operating range of the motor speed
control process, a leading angle FW control method based on active disturbance rejection method is
proposed to improve the control performance of motor at high speed. The experimental results show that
when the motor is in a steady state, the amplitudes of the speed fluctuation, stator current fluctuation,
and torque fluctuation of the proposed control method are smaller than those of the PI control method.
The parameter adjustment of the proposed ADRC method is directly related to the bandwidth, which
makes the motor parameter adjustment process more convenient and provides a reference for practical
applications.
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