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Abstract: Due to the frequently changing working conditions and complex operating environment
of electric vehicle permanent magnet synchronous motor(PMSM), the motor parameters change
dramatically. However, the performance of the PI current regulator, which is the most widely used,
is sensitive to motor parameters and has weak robustness, which will lead to the deterioration of
motor control system performance. To address this problem, active disturbance rejection control
(ADRC) technology is applied to the PMSM current loop control. Firstly, the traditional ADRC current
regulator is designed, and the performance and parameter tuning laws of the extended state observer
are analyzed by the method of frequency domain analysis. Then, the traditional ADRC algorithm is
improved in three aspects: observation error compensation, utilization of model information and
anti-windup. After that, simulations and bench test validation are performed. The simulation results
show that the improved ADRC current regulator is more robust in the face of parameter changes. The
torque step test results show that the improved ADRC current regulator has fast dynamic response
without overshoot and has high robustness when the motor parameters change. The dynamic test
results show that the improved ADRC current regulator has high robustness when the load, speed
and motor parameters change, and the anti-windup measures designed can effectively overcome the
integral saturation phenomenon.

Keywords: electric vehicle; permanent magnet synchronous motor; active disturbance rejection
control; current loop; robustness

1. Introduction

Because of its good mechanical characteristics, high power density and high reliability,
permanent magnet synchronous motor (PMSM) is widely used in the field of electric
vehicle drive motor [1,2]. The performance of the drive motor system plays a critical
role in the performance of the entire vehicle. With the development of modern control
theory, many advanced control technologies are used in PMSM control, such as model
predictive control (MPC) [3], internal model control (IMC) [4], model reference adaptive
system (MRAS) [5], etc. These control methods can improve the control accuracy and
dynamic performance of the motor control algorithm to a certain extent. However, so
far, these advanced algorithms have not been widely used in vehicle motors due to their
sensitivity to parameters, computational complexity and tuning complexity. Vector control
is still the mainstream of the vehicle PMSM control algorithm. In vector control, the current
regulator, as the innermost loop regulator of the motor control system, directly affects the
performance of the drive motor system. The most commonly used current regulator is
the PI regulator, whose parameters are directly related to motor stator inductance and
resistance. Frequent changes in operating conditions and temperature during vehicle

World Electr. Veh. ]. 2023, 14, 2. https:/ /doi.org/10.3390 /wevj14010002

https://www.mdpi.com/journal /wevj


https://doi.org/10.3390/wevj14010002
https://doi.org/10.3390/wevj14010002
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/wevj
https://www.mdpi.com
https://doi.org/10.3390/wevj14010002
https://www.mdpi.com/journal/wevj
https://www.mdpi.com/article/10.3390/wevj14010002?type=check_update&version=1

World Electr. Veh. |. 2023, 14,2

2 of 14

driving will cause changes in parameters, such as stator resistance, flux linkage and stator
inductance, which will cause PI current regulator parameters to mismatch and lead to
degradation of control performance [6-8].

The active disturbance rejection control(ADRC) is based on the idea of disturbance
observation. The uncertain factors, such as parameter changes and load disturbances in
the system, are attributed to total disturbances, which are observed and compensated by
the extended state observer (ESO) [9,10]. It is very suitable for the PMSM control system
of electric vehicles. At present, there are many precedents of applying ADRC technology
to PMSM current loop control; for example, Lin, P. [11] designed linear-nonlinear ADRC
regulators for PMSM speed loop and current loop regulators, and verified the robustness
of ADRC regulators through a bench test, however, the proposed algorithm has many
parameters and is difficult to tune, and the nonlinear functions contained in the algorithm
put forward higher requirements for hardware computing capability Zhao, R. [12] designed
ADRC current regulator with differential predictor. The simulation results show that
its dynamic performance and robustness are better than the PI regulator, however, the
robustness of the proposed algorithm when the motor parameters change was not analyzed
and verified, and the algorithm was not bench tested. Tian, M. [13] combined ADRC
with repetitive control and verified the suppression effect of this method on AC and DC
interference through a bench test, and the robustness to inductance parameter mismatch
was verified by changing the compensation factors (b; and b;). Ren, L. [14] designed a
PMSM sliding mode active disturbance rejection current regulator by combining ADRC
and sliding mode control. The simulation results show that it can improve the disturbance
rejection ability of the system and reduce chattering, but it also does not involve the change
of motor parameters. The above scholars have verified the performance of ADRC through a
variety of bench test or simulations; but at present, there is little research on the robustness
of ADRC when the motor parameters change.

Firstly, based on the PMSM mathematical model, the first-order linear ADRC current
regulator is designed and improved. The improvement involves three aspects: observation
error compensation, utilization of model information and anti-windup; then, the robustness
of ADRC current regulator is verified by simulation when the stator inductance changes.
Finally, the step response performance and the performance under high dynamic conditions
are verified by bench tests.

2. Design and Improvement of ADRC Current Regulator
2.1. Traditional ADRC Current Regulator

To simplify the analysis, factors such as magnetic circuit saturation, motor loss and
manufacturing process are ignored. The transient-state dq-axis voltage equations of a
PMSM are expressed below [15]:

ug = Lgig + Rsig — weLqiq + Wy
ug = Lgig + Rsig + weLgig + wepr + Wy

M

where iy and i, are dg-axis currents; Ly and L, are dg-axis inductances; u; and u, are
dg-axis voltages; w, is the electrical angular speed; ¢ fi is the rotor flux linkage; R; is the
stator resistance; w,; and w, are unmodeled dynamics.
The back EME, stator resistance voltage, cross coupling term and unmodeled dynamics
are combined into total disturbances, which can be expressed as:
aJ,qui,,

Rsi w,
fa= 4 g
d d o g o ZUq (2)

fa= Ly Ly L Iy
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In addition, make by = 1/Lg, by; = 1/Ly, (by and b, are called compensation factors),
and expand the total disturbance into a new state variable; (1) can be written in the form of
extended state as shown in (3):

ld = fd + bdud (3)
ig = fq + bgug

Similar i;,, and u,,, forms are used to express the physical quantities of d-axis or
g-axis to simplify the analysis; (3) can be expressed as the matrix form shown in (4):

xgi/q = Axd/q + Bud/q )
Yasg = Cxayq

where x4/, = [i4/q  fasq) T and the specific forms of A, B and C are shown in (5):

_ |0 1] L [bay _
A_{O 0],3_[04],c_[1 0] 5)

The design of Luenberger observer based on (4) is shown in (6):

z4/q = (A —LasqC)zasq + Bitasg + Lasgyasq (6)

where z;/, = [Zd1 /gl Zd2 /q2] is the observed value of x,4, z41/41 is the observed value of dg-
. . . . T

axis current; z, /4 is the observed value of dg-axis total disturbance; Ly,, = [,Bdl /- Baz /qz]
is the gain of the observer. Finally, the specific form of linear ESO (LESO) is obtained, as
shown in (7):

€d1/q1 = Zd1/q1 — ld/q

Zay/q = Zd2/q2 — Bd/qiear/q1 + basqiiasg )

Zd2/q2 = —Pdz/q2€d1/q1

The linear state error feedback(LSEF) can be expressed as a linear combination of
errors of each order of state variables and then the total disturbance observed value z; /4>
is feedforward compensated. The specific form of LSEF can be expressed as:

*
(kasqliasg — zaryq1) — Zaz/q2)

iy ®)

Ugsg =

*
where iy, is the current demand value of dq-axis; k4, is the proportional gain to be tuned.
The block diagram of the ADRC current regulator is shown in Figure 1.

Figure 1. ADRC current regulator.
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2.2. Observation Error Compensation

LESO observes and compensates the total disturbance of the system. In order to
analyze the influence of the total disturbance on the observation accuracy of LESO, the
observation errors of i4,, and f;/, are defined as:

ed1/q1 = Zd1/q1 — ld/q 9
_ _ ©)
ei2/q2 = Zd2/q2 — fd/q

Based on (3) and (7), the differential equation of observation error can be expressed as:

eq1/q1 = ea2/q2 — Pd1/q1€d1/q1

. (10)
ei2/q2 = —PBd2/q2d1/q1 — fasq
Laplace transform (10):
{ eq1/q8* = —Baz/qea1/q1 — fasqS — Bar/qrear/q1s (1)
—(€d2/q25 + fa/45)8 = Baz/q2€az/q2 + Ba1/q1(€a2yq28 + fasq5)

Arrange (11) to obtain the transfer function from the total disturbance to the observa-
tion error of each order of state variable as follows:

_ edl/ql(s) _ s
Gegn /i (8) = farg(s) S +Bar/qstBar/g (12)
G (s) = ear/qa(s) _ __ s(sHBa/q)
ed2/q2 firq(s) $24+Ba1/q15+Baz/ g2

Based on the bandwidth method proposed in the literature [16], the gains of LESO can
be tuned. The characteristic equation of LESO can be easily obtained from (6), and the two
poles of LESO are arranged at —w, /4

2
det(Al — (A = LaygC)) = A2+ B + Barsge = (A + wayq ) (13)

where I is a second-order identity matrix. According to (13):

{ ﬁdl/ql = 2(Ud/ (14)
Baz/q2 = Wayq

w4 becomes the only LESO parameter to be tuned, which is called observer band-
width. According to literature [17], when wy /q 18 greater than 0, the system is stable, so wy /q
should be a positive number. Changing the observer bandwidth, the frequency domain
characteristics of (12) are shown in Figure 2a,b. Figure 2 shows that the larger the wy , is,
the smaller the observation error of LESO in the middle and the low frequency bands of
ig/q and f;,4, the higher the observation accuracy and the better the disturbance rejection
performance. However, LESO cannot observe disturbances whose frequency is higher than
its bandwidth very well, so its performance is limited by bandwidth. If the bandwidth is
too large, the suppression ability of LESO to high-frequency noise will be reduced, so wg,,
cannot be too large. Therefore, in the case of limited bandwidth, it is necessary to design
the observation error compensation measures.
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Figure 2. Bode diagram of observation error transfer function: (a) Ge,,, (5); (b) Ge,y, (5)-
Substitute (8) into (3), and (3) can be expressed as:
L b _ b k(i q=2a1/q1) —2d2/ 2
la/q _‘fﬁ/q'+ d/qUd/q _‘fﬁ/q'+ d/q Basg (15)
= kasq(i3q — za1/q) — Zaz/q2 + fasq
Considering the observation error shown in (9), (15) can be expressed as:
ia/q = (—kajgear/q — eansq2) +kayq(ig g —iasg) (16)
The error term E;/, outside the ideal system can be expressed as
Easq = —kasgearyqp — eaz/q2 (17)

The observation error of the total disturbance cannot be calculated, so it needs to be
replaced with a known quantity according to (10), and then (17) can be expressed as:

Ea/g = —kasgearyq — ey — Bar/qea/qn (18)

When ignoring the differential term that is difficult to obtain, E;/, can be expressed as:

Eq/q = —kasqear/q — Bar/qiear/q (19)

Through feedforward, E;, q is introduced into LSEF to offset the observation error, the
LSEF with the observation error compensation function can be expressed as:

kasq(ig/q = Zanyn) — Zaz/q2 + (Kasq + Bar/q e/
bd/q

ud/q = (20)

2.3. Utilization of Model Information

As mentioned above, ADRC regards back EMF, cross coupling term and stator resis-
tance voltage as total disturbances and relies on LESO for observation. Under high speed
and large torque conditions, this total disturbance value will be very large, and relying
solely on LESO for observation will slow the convergence speed of LESO, thus affecting
the dynamic performance. The rated parameter values of PMSM are generally known,
so the values of back EMF, cross coupling term and stator resistance voltage under rated

parameters can be calculated. LESO only observes unmodeled dynamics and disturbances
due to parameter changes [18].
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LESO with known model information can be expressed as:

€d1/q1 = Zd1/q1 — ld/q
Za1/q1 = Zaz/q2 — Bavyqiear/qr + basq(asg + fraspg) (21)
Zaa/q2 = —Baz/q2d1/q1

where £/, is the known model information part, which can be expressed as:

frqg = —Rsiqg — we(P5 + Lyig)

(22)

where R, ¢ fs Ly and Lq are the rated values of motor parameters, which can be obtained
from the PMSM nameplate or technical manual. In addition, (22) can also be used as a
feedforward decoupling of the current loop. LSEF with feedforward decoupling can be
expressed as:

kd/q(i:;/q - Z,ﬂ/ql) —Zd2/q2 + (kd/q + 5d1/q1)€d1/q1
bd/q

Ugsg = ~ fpaspg (23)

2.4. Anti-Windup

In order to avoid voltage saturation caused by the regulator output exceeding the
DC voltage limit, the current regulator output is usually limited. When PMSM operates
at high speed and high torque, or DC voltage fluctuates, the output of the regulator may
exceed the limit value. At this time, the current cannot reach the demand value, resulting
in the continuous accumulation of the regulator’s integral link and deterioration of the
regulator’s performance. This phenomenon is called integral saturation [19].

In order to avoid the harmful effect of integral saturation on the performance of the
regulator, various anti-windup measures have been proposed and applied by researchers.
There are three common anti-windup design methods: integral separation [20], limit
weakening integral [21] and feedback suppression [22,23]. Among them, integral separation
and limit weakening of integral will make LESO lose all regulation ability when integral
saturation occurs, which is not suitable for ADRC. Feedback suppression introduces the
error before and after amplitude limiting into the integral link through negative feedback.
The integral link is used to eliminate this error and make the regulator exit from the
saturation state. This anti-windup method introduces an anti-windup coefficient, which
can adjust the strength of anti-windup effect according to needs. This anti-windup measure
makes the regulator exit from integral saturation faster.

In this paper, the anti-windup measure of an ADRC current regulator is designed by the
feedback suppression method. The LESO with anti-windup function can be expressed as:

ed/q1 = Zat/q1 — id/q — ked/eq(sat(uasq) —uasq)

Za1/q1 = Zaz/q2 — Bavyqear/qr + basq(ayg + fraspg) (24)
i2/q2 = —Baz/q2a1/q1

Zd2/q Baz/q2€1/q

where kgq/c4 is anti-windup gain and sat(u4,,) is output of the current regulator after
amplitude limiting. The larger the k.4, value is, the stronger the anti-windup effect.
However, the larger the k4, value is, the more unstable will be the LESO. Therefore, it
needs to be manually tuned to a suitable value in practical applications [24].

So far, the improved ADRC current regulator has been designed.
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3. Simulation Analysis
3.1. Establishment of Simulink Model

In order to make the simulation closer to reality, a double simulation rate model
is built to simulate and analyze the motor control system. The simulation step of the
controlled object (inverter and PMSM) model is 1 MHz, and the simulation step of the
control algorithm part is 5 kHz. The two parts are connected by a rate conversion module.
The motor operates in the torque (current) closed-loop mode. Based on the mathematical
model of PMSM, a PMSM model with variable parameters during simulation operation
is built to simulate the changes of motor parameters in the actual system. The simulation
control block diagram is shown in Figure 3. The motor parameters used for simulation are
shown in Table 1.

|
T | MTPA/ |. Inverter ||
TRV A
| Lt
| |
| |
|
| 7
| |
| |

Figure 3. PMSM single closed loop control block diagram.

Table 1. Motor parameters.

Parameter Name

Parameter Value

Number of phases 3
Rated DC voltage/V 540
Rated /peak power/kW 130/260
Rated/peak current/Arms 230/525
Rated /peak speed/(r-min~1) 1350/3000
Rated/peak torque/N-m 955/2800
Rated d-axis inductance/mH 0.618
Rated g-axis inductance/mH 0.197
Flux linkage/Wb 0.344
Stator resistance /() 0.035
Number of pole pairs 6

3.2. Analysis of Simulation Results

Due to the saturation and cross saturation effects, the stator inductances L and Ly
change with the dg-axis current in a wide range, and the speed of change is very fast, which
has a great impact on the system performance. Therefore, this paper verifies the robustness
of the improved ADRC current regulator when the inductance parameters change through
simulation.

In the simulation, the demand current of g-axis is 200 A and that of d-axis is—200 A.
Observe the robustness of ADRC by changing the stator inductance and compare it with
PI (the parameters of PI and ADRC are well tuned, and the PI parameters are: kpd = 0.6,
kizg = 40, kpg = 0.5, kij; = 20; the ADRC parameters are: w; = w; = 250, k; = kg = 200,
bg = 1618, by = 507). The dg-axis current waveforms are shown in Figure 4. According to
Figure 4, when the inductance parameters change, in terms of the peak value of dg-axis
current fluctuation, the two regulators are basically equal. In terms of regulating speed, the
ADRC regulator is obviously faster than the PI regulator, and there is no overshoot. The
dg-axis voltage waveforms are shown in Figure 5. It can be found that when the inductance
changes, the ADRC regulator has a high response speed and a small overshoot. This is
because the parameters of the PI regulator are related to the inductance parameters, and
the change of the inductance makes the open loop poles and zeros of the system unable
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to be accurately cancelled, thus causing large current fluctuations; ADRC regards the part
of parameter change as disturbance, and LESO with high gain can quickly and accurately
estimate the disturbance, therefore, the adjustment speed of current and voltage is high.

— ADRC(@,, =250) — ADRC(®,,=350) 3001

—100} —ADRC(a)l,‘fZSO)

— ADRC(@

ADRC(@,, =350)
=450) — Py

— ADRC(w,, =450) — Pl

digq

1
-
o
o

T

d-axis current/A
1
[
[=]
[=]

g-axis current/A

=250 L, 0.75L, 1.25L,

L, 0.751, 1252,
L YooTs, ©125L I i 075L D12sL
i i Al i P ; 100 9 L al i Ll ;
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7
timel/s timels
(a) (b)

Figure 4. Dqg-axis current waveforms: (a) d-axis current; (b) g-axis current.

_— ADRC((U{,,‘I=250) ADRC(®,, =350) — ADRC(®, ‘q=250) ADRC(@,,=350)
—100+ _— ADRC({U‘,“I=450) —PI _— ADRC(a)(,‘q=450) —PI
150f

3 3
3 8
3 —150¢ 3 100F
> >
2 0
> >
3 &

-200F W— 50+

L, . 075L, Y125l L, 0.75L, 1.25L,
s L, L 05L, i L2sE ) o} L, i 075L ;o L2sL )
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7
time/s timels
(a) (b)

Figure 5. Dg-axis voltage waveforms: (a) d-axis voltage; (b) g-axis voltage.

For ADRC itself, continue to increase the value of w,, to observe the control perfor-
mance. As shown in Figures 4 and 5, the larger the wy, is, the faster the convergence rate
of LESO and the higher the observation accuracy. Therefore, with the increase of w4, the
robustness of ADRC to parameter changes is further enhanced, the current fluctuation
is gradually reduced, and the adjustment speed is gradually increased, which verifies
the conclusion in Section 2.2. However, by observing Figure 5, it can be seen that when
wg/q = 450, the output fluctuation of the regulator increases significantly, indicating that
the noise suppression of LESO decreases with the increase of bandwidth.

4. Bench Test
4.1. Introduction to the Test Bench

The test bench system includes PMSM to be tested, dynamometer and DC power
supply. The PMSM to be tested operates in torque (current) control mode, and the motor
parameters are shown in Table 1; the dynamometer operates in the speed control mode.
The physical picture of the test bench is shown in Figure 6.
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Ey\/e’ supply Dynamometer

Figure 6. Physical picture of test bench.

4.2. Analysis of Test Results
4.2.1. Torque Step Test

Set the dynamometer speed to 200 r-min~—!, and test the step response of the maximum
demand torque of the PMSM to be tested. Under this working condition, the demand
current of g-axis is 495 A, and the demand current of d-axis is —546 A (according to the
motor inductance contour diagram shown in Appendix A, the inductance parameters
under this working condition are approximately L; = 0.522 mH, L; = 1.056 mH). Tune the
parameters of Pl and ADRC, respectively, until they have the same steady-state performance
(the PI parameters are: k3 = 0.6, kiy = 40, kpg = 0.5, kjy = 20; the ADRC parameters are:
wg = wy = 250, kg = k; = 200, by = 1618, b; = 507). The dg-axis current waveforms of
the two current regulators are shown in Figure 7. In terms of response speed, there is little
difference between the two regulators; however, in terms of overshoot, the g-axis current
under the PI regulator has an approximately 7% overshoot, while the ADRC regulator can
ensure no overshoot. This shows that the ADRC regulator can alleviate the contradiction
between response speed and overshoot to a certain extent.

200 — ADRC — PI 7001 — ADRC —PI
600} vershoot

< 0 < / \
=] =500}
; :
- =400
5-200 5
o 03001
2 ]
;_400 overshoot X200t
= 100}

=600 0 ) X ) - . .

22 23 24 25 26 27 28 22 23 24 25 26 27 28
timels time/s
(a) (b)

Figure 7. Peak torque step response(200 r-min—!): (a) d-axis current; (b) g-axis current.

Figure 7 shows the current response when the demand current is large. The same
PI and ADRC control parameters are used to analyze the working condition of the small
demand current (The change rule of d-axis demand current is: 0 A, —21.8 A, —53.3 A;
the change rule of g-axis demand current is: 0 A, 70 A, 119 A. According to the motor
inductance contour diagram shown in Appendix A; the inductance parameters under
this working condition are approximately L; = 0.928 mH, L; = 2.522 mH). The current
response is shown in Figure 8:
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— ADRC —PI 150 — ADRC —PI
20) — demand value — demand value
<
< =
E g1oof
o =
= =3
3 Q
2 £ 50f
>
¢ i
°
0
70 65 70 75
timels time/s
(@ (b)

Figure 8. Small torque step response(200 r-min~1): (a) d-axis current; (b) g-axis current.

According to Figure §, it can be seen that the dynamic performance of the ADRC
current regulator is good; it can maintain rapidity and has no overshoot. The g-axis current
of the PI current regulator still has overshoot. However, the steady state performance of the
d-axis current of the PI current regulator is poor, and there are low-frequency fluctuations.

Figures 7 and 8 can verify the robustness of ADRC when the inductance parameters
change. According to the contour map of inductance, the stator inductance is smaller
under high demand current conditions and larger under low demand current conditions.
On the premise of not changing the control parameters, ADRC has good dynamic and
steady-state responses in both conditions. However, due to parameter mismatch, the steady
state performance of the PI regulator is degraded under the condition of the small demand
current, which indicates that the robustness of the ADRC regulator is better than that of
the PI regulator. This also indirectly proves the conclusion drawn from the simulation in
Section 3.

4.2.2. Dynamic Test

First, the dynamometer speed is set to 200 r-min !, and then the speed is accelerated
to 3000 r-min~—! (PMSM peak speed) in 15 s. During this process, the motor’s operating
point moves along the external characteristics. As shown in Figure 9, ADRC parameters
under this working condition are shown in Appendix B.

3000f

2500f

m

Z 2000f

1500f

torque/

1000}

5007

500 1000 1500 2000 2500 3000
speed/r-min~’

Figure 9. PMSM external characteristic curve.

The voltage vector mode length and dg-axis current waveform are shown in Figures 10
and 11. Under high torque, high speed and high dynamic conditions, the improved
ADRC current regulator is accurate in the observation of dg-axis current, and can follow
the demand current well. The total disturbance observation value of dg-axis is shown
in Figure 12. It can be seen that the total disturbance of dq-axis current loop changes
dramatically due to the changes of current, speed and the internal parameters of the
motor, which indicates that the improved ADRC has good robustness when the load and
parameters change.
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Figure 12. Total disturbance observed value.

In addition, the performance of anti-windup measure designed in this paper is also
verified under this working condition. As shown in Figure 10, when the PMSM speed
rises to about 800 r-min~!, the amplitude of the demand voltage vector reaches the limit
value of the voltage vector modulus length, which indicates that the regulator will have
integral saturation. At this time, anti-windup measures play a role, and the error before and
after amplitude limiting is eliminated through negative feedback regulation. The module
length of the voltage vector can be limited below the limit value, which ensures that the
dg-axis current follows the demand value to the maximum extent, without generating
excessive current error or causing the system to be out of control. Since the anti-windup
measure only works when integral saturation occurs, it is equivalent to that when integral
saturation occurs; the control structure of ADRC changes, which causes fluctuations in the

observed values of dg-axis current and total disturbance, thus causing some fluctuations in
the demand voltage vector.
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5. Discussion

In this paper, ADRC technology is applied to the current closed-loop control of elec-
tric vehicle PMSM, and the traditional ADRC regulator is improved from three aspects:
observation error compensation, model information utilization and anti integral saturation
function; the simulation results show that the improved ADRC current regulator has good
robustness when the motor parameters change; after that, the bench tests are carried out.
The torque step test shows that the improved ADRC current regulator has a fast step
response performance without overshoot. Finally, the robustness of the improved ADRC
when the load changes and the motor parameters change is tested under high dynamic
conditions, as well as the effectiveness of the anti-windup measures. These studies can
provide reference for other ADRC technology users.

Compared with the existing research, the highlights of this paper are:

(1) Compared with reference [11], the proposed algorithm in this paper has fewer pa-
rameters to be tuned, less computational effort, and is more suitable for engineering
application;

(2) Compared with [12,14], this paper pays more attention to the robustness of the current
regulator when the motor parameters change. First, the robustness of the ADRC
current regulator when the motor parameters change during operation is verified
through simulation, and through bench experiments, a variety of working conditions
are designed for this verification;

(8) Compared with the literature [11,13], this paper has different verification methods for
robustness when motor parameters change. In this paper, the compensation factor
parameters are fixed, and the robustness in case of parameter mismatch is verified by
changing working conditions;

(4) Inorder to improve the safety of the algorithm under extreme operating conditions,
the anti-windup measures of ADRC are also designed and bench tested under high
dynamic conditions, which has not been found in the existing research on ADRC as
PMSM current regulator.

As a PMSM current regulator, ADRC also has the following limitations:

(1) Although according to the literature [16], the two gains of LESO can be expressed
in the form of observer bandwidth, which reduces the number of parameters to a
certain extent. However, compared with PI current regulator, ADRC still has more
parameters to be tuned, which limits the application of ADRC to a certain extent.
Finding a simpler parameter tuning method is the focus of the next research;

(2)  When ADRC is applied to some occasions with high system bandwidth (such as high-
speed motors), in order to obtain faster convergence speed and higher observation
accuracy, the bandwidth of LESO will inevitably be tuned to a larger value, which
will lead to the reduction of noise suppression ability. Therefore, how to reduce the
noise impact when the LESO gain is large will be the focus of future research.

6. Conclusions

In this paper, ADRC current regulator of vehicle PMSM is designed, analyzed and
improved. The following conclusions are drawn:

(1) The performance of LESO is analyzed using the frequency domain method, and
the traditional ADRC algorithm is improved in three aspects: observation error
compensation, model information utilization and anti windup;

(2) The simulation results show that the improved ADRC current regulator is more robust
than the PI current regulator when the parameters change;

(3) The bench test results show that the improved ADRC current regulator has a fast step
response without overshoot, good tracking performance and robustness when the
load changes and the parameters change. In addition, the anti-windup performance
is also verified.
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Appendix A

Figure Al shows the change of stator inductance with dq axis current as a reference for
the change of motor stator inductance parameters with operating conditions. The contour
map is given by PMSM manufacturer through finite element calculation.
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Figure A1l. Dg-axis inductance contour map: (a) d-axis inductance; (b) g-axis inductance.
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Appendix B

Table Al. ADRC parameters.

Speed/r-min—1 wy wy kg kq by b,
0 250 250 200 200
200 250 250 200 200
400 250 250 200 200
600 250 250 200 200
800 400 400 200 200
1000 450 450 200 200
1200 500 500 200 200
1400 500 500 200 200

1600 500 500 100 100 1618 507
1800 500 500 100 100
2000 500 500 50 50
2200 500 500 50 50
2400 500 500 50 50
2600 500 500 50 50
2800 650 650 25 25

3000 650 650 25 25




World Electr. Veh. |. 2023, 14,2 14 of 14

References

1. Wang, G.; Yang, R.; Xu, D. DSP-Based Control of Sensorless IPMSM Drives for Wide-Speed-Range Operation. IEEE Trans. Ind.
Electron. 2011, 60, 720-727. [CrossRef]

2. Kim,S; Ha, J.; Sul, S. PWM Switching Frequency Signal Injection Sensorless Method in IPMSM. IEEE Trans. Ind. Appl. 2012, 48,
1576-1587. [CrossRef]

3. Li, X; Tian, W.; Gao, X,; Yang, Q.; Kennel, R. A Generalized Observer-Based Robust Predictive Current Control Strategy for
PMSM Drive System. IEEE Trans. Ind. Electron. 2022, 69, 1322-1332. [CrossRef]

4. Mohamed, Y,; El-Saadany, E. A Current Control Scheme with an Adaptive Internal Model for Torque Ripple Minimization and
Robust Current Regulation in PMSM Drive Systems. IEEE Trans. Energy Convers. 2008, 23, 92-100. [CrossRef]

5. Jin, H; Lee, J. An RMRAC Current Regulator for Permanent-Magnet Synchronous Motor Based on Statistical Model Interpretation.
IEEE Trans. Ind. Electron. 2009, 56, 169-177.

6. Gao, Y.; Wu, Y.; Wang, X. Characteristic Model-based Adaptive Control with Genetic Algorithm Estimators for Four-PMSM
Synchronization System. Int. J. Control Autom. 2020, 18, 1605-1616. [CrossRef]

7. Wang, Y,; Feng, Y.; Zhang, X. A new reaching law for antidisturbance sliding-mode control of PMSM speed regulation system.
IEEE Trans. Power Electron. 2019, 35, 4117-4126. [CrossRef]

8. Wuy, J; Wu, H. Permanent magnet synchronous motor position sensorless control with current disturbance compensation.
Electr. Mach. Contrl. 2020, 24, 80-86+95.

9. Deng, F; Guan, Y. PMSM Vector Control Based on Improved ADRC. In Proceedings of the 2018 IEEE International Conference of
Intelligent Robotic and Control Engineering, Lanzhou, China, 18 October 2018.

10.  Zhu, L.; Zhang, G.; Jing, R. Nonlinear Active Disturbance Rejection Control Strategy for Permanent Magnet Synchronous Motor
Drives. IEEE Trans. Energy Convers. 2022, 37,2119-2129. [CrossRef]

11. Lin, P; Wu, Z; Liu, K. A Class of Linear-Nonlinear Switching Active Disturbance Rejection Speed and Current Controllers for
PMSM. [EEE Trans. Power Electron. 2021, 36, 14366-14382. [CrossRef]

12. Zhao, R;; Yan, J. Current Loop Controller Design Based on Active Disturbance Rejection Control. Micromotors 2019, 52, 41-47.

13. Tian, M.; Wang, B.; Yu, Y. Discrete-Time Repetitive Control-Based ADRC for Current Loop Disturbances Suppression of PMSM
Drives. IEEE Trans. Ind. Inform. 2022, 18, 3138-3149. [CrossRef]

14. Ren, L.; Zhang, X. Research on current loop control of permanent magnet synchronous motor based on sliding mode auto-
disturbance rejection. Electr. Measur. Technol. 2019, 42, 14-18.

15.  Yang, Z.; Shang, E; Brown, I. Comparative study of interior permanent magnet, induction, and switched reluctance motor drives
for EV and HEV applications. IEEE Trans. Transp. Electrif. 2015, 1, 245-254. [CrossRef]

16. Gao, Z. Scaling and Bandwidth-Parameterization Based Controller Tuning. In Proceedings of the American Control Conference,
Minneapolis, MN, USA, 6 June 2003.

17. Wan, H. Absolute Stability Analysis of Active Disturbance Rejection Controller. J. Shanghai Univ. Electr. Power 2011, 27, 507-511.

18. Gao, Y.; Zhao, H.; Ma, K. Control Design for Current Loop of PMSM Using A Modified Model-Compensation ADRC Controller.
In Proceedings of the Chinese Control Conference, Shenyang, China, 29 July 2020.

19. Tan, L.; Pham, T. Optimal Tracking Control for PMSM With Partially Unknown Dynamics, Saturation Voltages, Torque, and
Voltage Disturbances. IEEE Trans. Ind. Electron. 2022, 69, 3481-3491.

20. Huang, Z; Liu, Y. Improved PI Regulator with Integral Separation for Permanent Magnet Synchronous Motor Control. In Pro-
ceedings of the IEEE Student Conference on Electric Machines and Systems, Hangzhou, China, 3 December 2021.

21. Yang, J. Integral saturation in digital PID control. Huadian Technol. 2008, 30, 64—67.

22. Shi, W, Yan, J.; Luo, R. Linear active disturbance rejection control for mobile robot with input saturation. In Proceedings of the
Chinese Control Conference, Wuhan, China, 27 July 2018.

23.  Zhou, H,; Tan, W. Anti-windup schemes for linear active disturbance rejection control. Control. Theory Appl. 2014, 31, 1457-1463.

24. Tan, W.; Zhou, H.; Fu, C. Linear active disturbance rejection control for load frequency control of power systems. Control. Theory

Appl. 2013, 30, 1580-1588.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1109/TIE.2012.2205360
http://doi.org/10.1109/TIA.2012.2210175
http://doi.org/10.1109/TIE.2021.3062271
http://doi.org/10.1109/TEC.2007.914352
http://doi.org/10.1007/s12555-019-0421-x
http://doi.org/10.1109/TPEL.2019.2933613
http://doi.org/10.1109/TEC.2022.3150796
http://doi.org/10.1109/TPEL.2021.3086273
http://doi.org/10.1109/TII.2021.3107635
http://doi.org/10.1109/TTE.2015.2470092

	Introduction 
	Design and Improvement of ADRC Current Regulator 
	Traditional ADRC Current Regulator 
	Observation Error Compensation 
	Utilization of Model Information 
	Anti-Windup 

	Simulation Analysis 
	Establishment of Simulink Model 
	Analysis of Simulation Results 

	Bench Test 
	Introduction to the Test Bench 
	Analysis of Test Results 
	Torque Step Test 
	Dynamic Test 


	Discussion 
	Conclusions 
	Appendix A
	Appendix B
	References

