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Abstract: For a permanent magnet synchronous motor
(PMSM) model predictive current control (MPCC) system,
when the speed loop adopts proportional-integral (PI) control,
speed regulation is easily affected by motor parameters,
resulting in the inability to balance the system robustness and
dynamic performance. A PMSM optimal control strategy
combining linear active disturbance rejection control
(LADRC) and two-vector MPCC (TV-MPCC) is proposed.
Firstly, a mathematical model of a PMSM is presented, and
the PMSM TV-MPCC model is developed in the synchronous
rotation coordinate system. Secondly, a first-order LADRC
controller composed of a linear extended state observer and
linear state error feedback is designed to reduce the complexity
of parameter tuning while linearly simplifying the traditional
active disturbance rejection control ( ADRC)
Finally, the conventional PI speed regulator in the motor speed
control system is replaced by the designed LADRC controller.
The simulation results show that the speed control system using
LADRC can effectively deal with the changes in motor
parameters and has better robustness and dynamic performance
than PI control and similar methods. The system has a fast
motor speed overshoot,  strong
interference, and no steady-state error, and the total harmonic
distortion is reduced.
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ermanent magnet synchronous motors (PMSMs) are
P widely used in servo and high-performance speed
regulation systems due to their high efficiency, high pow-
" Vector control and direct torque
control are two typical control strategies for a PMSM.
However, as vector control, its closed-loop performance
is restricted due to the conflict between the linearity of the
proportional-integral (PI) controller adopted in its current
loop and the rotation speed loop and nonlinearity of the
PMSM. For the direct torque control, the hysteresis loop
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controller adopted in its inner loop results in an increased
ripple of the electromagnetic torque and three-phase cur-
rent. In recent years, with the rapid development of mi-
croprocessors, predictive control has become a novel non-
linear control strategy for PMSMs, owing to its fast dy-
namic response and high control precision. Model predic-
tive control (MPC) has become a high-performance con-
trol scheme because of its merits such as fast dynamic re-
sponse, simplicity, and no requirement for the parameter
tuning of the current loop" ™. MPC mainly includes
model predictive torque control and MPCC. Compared
with the former control, MPCC has a value function
whose control variable only involves current. Without
considering the weight of different control variables, it
can achieve the fast tracking of current overshoot, which
is highly favorable for actual control. To further improve
the static performance of the PMSM control system, do-
mestic and foreign scholars have performed a substantial
amount of research on the two-vector model predictive
current control (TV-MPCC) strategies of PMSMs'"™
APMSM is a typical nonlinear multi-variable strongly
coupled system. Its predictive current control system gen-
erally adopts a PI controller as its rotation speed loop con-
troller. However, due to the complexity of the PMSM’s
rotation speed control model, a mathematical model is not
precise enough. Moreover, PI control is sensitive to the
parameter changes of the PMSM model, resulting in the
poor dynamic performance and robustness of the speed
regulation system. In response to the inherent defects of
the conventional PI, Han'” proposed active disturbance
rejection control (ADRC), which is characterized by sim-
ple regulation, high accuracy, real-time estimation, and
compensation of internal and external disturbances without
the need for an accurate and controlled mathematical
model system. In recent years, ADRC has been widely
applied to the PMSM’s control system. Zhou et al. ''"
suggested that a speed control system with ADRC
showed better dynamic and static performance than the
speed control system with PI control in the vector control
of PMSMs. Hezzi et al. "' investigated the speed track-
ing capability and elastic control performance of the AD-
RC technique under different operating conditions based
on a five-phase PMSM for electric vehicles. According-
ly, ADRC can ensure higher dynamic performance and
robustness of a system than PI control. Zhang et al. "’
proposed an extended state observer ( ESO)-based pre-
dictive control strategy for a PMSM’s active disturbance
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rejection model to reduce the ripple of electromagnetic
torque, which demonstrates a satisfactory performance of
the rotation speed tracking and disturbance rejection.
However, ADRC cannot be widely applied due to its
complex parameter calibration and nonlinear function.
Accordingly, Gao'" simplified nonlinear ADRC into
linear ADRC (LADRC), which has been applied to
power systems”s].

This paper attempts to design a one-order LADRC con-
troller that consists of the following parts: linear extended
state observer ( LESO) and linear state error feedback
(LSEF) ",
intuitive parameter calibration and significantly reduces
computational effort, achieving the same high perform-
ance as nonlinear ADRC, making it more suitable for
PMSM speed loop control system!” ™. The proposed
control strategy can increase the disturbance rejection ca-
pacity and robustness of the PMSM’s predictive current
control system.

1 PMSM Mathematical Model

The innovative LADRC controller provides

Based on the magnetic field orientation theory, igno-
ring the hysteresis loss of the PMSM, the state equation
of the stator current for the table-posted PMSM in the
synchronous rotation coordinate system is

;1 . .
lq :f( _Rslq + Mq _Lzllzlwr _wrl/’f)

q

) (1)
l :L—I -Rji,+u,+Ljio,)

where i, and i_ are the stator current, u, and u, are the sta-
tor voltage, respectively; L, =L, = L denote the stator’s
winding inductance; R, is the stator resistance; i, is the
permanent magnet flux linkage; and w, is the rotor electri-
cal angular velocity.

The mechanical motion equation of the motor is

Jo,=T,-T, -Fo, (2)

where T, and T, are the load torque and electromagnetic
torque, respectively; J is the rotational inertia; and F is
the rotor viscous friction coefficient. In w, =pw,, o, re-
fers to the rotor mechanical angular velocity, and p is the
number of pole pairs.

The electromagnetic torque equation is

T, =1.5py,i, (3)

2 PMSM TV-MPCC

A two-level three-phase voltage source inverter may
generate eight basic switch states: Six valid voltage vec-
tors U,(001), U,(010), U,(011), U,(100), U,(101),
U,(110) and two zero vectors U,(000) and U,(111).
They can determine the limited number of output current
possibilities for the next sampling interval. A traditional

MPCC only selects one optimal voltage vector V, as the
output voltage. However, the electromagnetic torque and
stator current demonstrate obvious ripples. With TV-
MPCC, another voltage vector is selected within one con-
trol period to determine the second optimal voltage vector
\% The optimal voltage vector V, and the eight volt-
age vectors are combined and pre-allocated to the action

opt2 *

time of two voltage vectors in each combination. There-
fore, the selected voltage vector is accurate. It can effec-
tively improve the current tracking accuracy and obtain
good static performance. TV-MPCC aims to minimize the
error between the prediction current value and the set cur-
rent value by calculating the value function. With d-g ax-
is currents as the control quantities, the value function
can be established as follows:

g. =i —i(k+D) | + |ij —i(k+1) | (4

where i, and i, are the given values of the d and ¢ axis
currents, respectively. The seven voltage vectors of the
voltage source inverter correspond to the values of the
seven value functions.

For state Eq. (1), the Eulerian method is adopted to
obtain the discretized d-g phase current prediction equa-
tion:

i (k+1) =i,(k) +i,,(k)t, +i,(k)t, :ij} (5)
i,(k+1) =i (k) +i,(k)t, +ip(k)t, =i,

where t, and 7, are the action times of V _, and V_,
within a control cycle T, respectively, ¢, =T, - 1,;
iy (k), ip(k), i;,(k) and i},(k) denote the current slope
of d and g axis components with the actions of V_, and

optl
V- The calculation is as follows:

-1
(uy=uy,) L

. did
ldn( k) =

ar [u, —Ri, (k) +L wi (k)]

(6)

:L[u

. ! dl‘l
lqn( k) =7, L qn

dr -Ri (k) +Lwi, (k) —wip]

(7)

where n =1,2, u,, and u,, denote the d and g axis voltages
of V , and V,

opt

above, the action time of V,

(u,=u,)

s Tespectively. Combining the equation

is obtained:

_Lig =i (k) —ip(R) T iy (k) — iy (k)]
. il (k) =il (k) |?

th = TS - tgl

(8)

(9)

When the motor is started, there may be circumstances
where the calculation results of 7, and 7, do not fall within
0 and 7,. At this time, 7,
There are mainly two circumstances: if t, <0, then, 1,
=0; if z, > T,, then, t, =T,. The structure block dia-
gram of the PMSM TV-MPCC is shown in Fig. 1.

and 7, should be reallocated.
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Fig.1 Structure block diagram of the PMSM TV-MPCC

3 Design of the LADRC Controller
3.1 LADRC rotation speed loop controller

For the surface-mount PMSM (i, =0) with the given

L,=L,, the following expression is obtained from Egs.
(2) and (3):

o, = W (10) Fig.2 Structure diagram of the designed one-order LADRC
3 3.2 LESO
where N = —py, is the torque current coefficient. . .
2 LESO is the core part of the LADRC controller. It is
The disturbance is set as mainly applied to observe the actual value of the disturb-
ance actions inside and outside the system and compensate
f, = - F;)' _ % (11)  for the feedback to eliminate the influence of disturbances
and improve the performance of the control system.
Eq. (10) can be rewritten as The equation of the controlled object is set as follows:
al)r:fw"'boiq (12) .);:fl(y’d’t)"'bu (13)

1 3py,;

is the compensation coefficient.

This paper utilizes the TV-MPCC controller as the
current loop of the PMSM control system and the
LADRC controller as the speed loop. The input of the
rotation speed loop controller is the given rotation
speed w,” and feedback rotation speed w,, and the out-
put is the given torque current i, . In Egs. (2) and
(3), the input and output of the rotation speed loop
are a one-order differential equation, so only one-order
LADRC is needed. The structure diagram of the de-
signed one-order LADRC is shown in Fig. 2, where z,
refers to the rotation tracking speed, z, is the observed
value of the total disturbance, z,/b, denotes the com-
pensation for internal and external disturbances. u, is
the initial signal of the LSEF’s control object, u is the
final control signal after disturbance compensation, d is
and P

the external disturbance, is the controlled

object.

where y and u denotes the output and input; 7 is the
system’s time-varying state; and b is the gain of the con-
trolled variable. The true value of b is hard to estimate in
real systems. Therefore, Eq. (13) can be written as

y =byu +bu —byu +f,(y, w,1) =byu +(b-by)u+

iy, o, 1) =bu +f(y, w, 1)
(14)

where f (y, w, t) is the total internal and external disturb-
ances.

The state variables are selected as follows: x, =y, x, =
f. h=f Then, Eq. (14) can be converted into a state-
space equation:

x:Ax+Bu+Eh} (15)

y=Cx +Du
whereA:[g (1)] B:[l:)n], C=[1 0], D=[0],

andE:[(l)].
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The corresponding LESO is

z:Az+Bu+L(xl—z,)} (16)

y=Cz

where z is the state variable of the observer (z—x). L re-
fers to the error feedback gain matrix of the observer as in
L=1[8, Bz]T = [zwo
bandwidth of the observer and can be exported through
the pole assignment.

Substitute the parameters for A, B, L and C into Eq.
(16), and the LESO equation can be obtained as follows:

=13 A o

w.]", where w, denotes the

_Bz 0 0 Bz
y=[1 0]z

3.3 LSEF

The traditional proportional-integral-derivative (PID) is
a simple weighted sum of the error’s proportion, integral,
and differential. As the LESO can achieve real-time esti-
mation and compensate for internal and external disturb-
ances, there is no need to employ traditional PID integra-
tion to eliminate residual errors under constant disturb-
ances. Similar to a PI controller, the LSEF is mainly
used to control the reference input, error feedback, and
offset disturbance. It converts a complex mathematical
model into an integral series model, thus eliminating the
negative influence of the integrator. The control law can
be expressed as

e=w, -7

u, =k,e (18)
U TG

u= by

where k_ is the gain coefficient. Supposing that w, is the
bandwidth of the LADRC controller, the high-perform-
ance tracking of the signal can be achieved when k, = w,.

3.4 Parameter calibration strategy

In a rotation speed loop’s one-order LADRC control-
ler, only three parameters need to be calibrated: band-
width w, of the controller, bandwidth w, of the observer,
and compensation coefficient b,. ®, determines the
controller’s response speed. Moreover, the greater the

w., the better the control effect. However, excessiveness

may cause system divergence. w, determines the tracking
speed of the LESO, where the greater the w,, the faster
the LESO’s estimation of disturbance. However, the sys-
tem is still sensitive to noise. Therefore, a balance be-
tween the observer’s parameters and the system’s sensitiv-
ity to noise must be found. b, represents the characteris-
tics of the controlled object and can be directly exported

based on those characteristics.

Gao'"" proposed a strategy that simplifies the LADRC
parameter adjustment to the bandwidth parameter adjust-
ment problem. Therefore, for most engineering projects,
the relationship between w, and w, can be set as w, = (3
~5) w.. In simulations, appropriate parameters can be
found through multiple comparative analyses using cut-
and-try methods.

4 Simulation Results and Analysis

To verify the correctness and effectiveness of the pro-
posed control strategy, the performance test of the PMSM
system with the TV-MPCC as the current loop and the
LADRC controller as the speed loop was performed on
the MATLAB/Simulink platform, and the results were
compared with those of the TV-MPCC PMSM where the
speed loop adopts a PI controller. The general block dia-
gram of the PMSM’s control system is shown in Fig. 3.
The selected main parameters of the PMSM are shown in
Tab. 1. The system sampling cycle T, is 50 ws, and the
base frequency of both systems is 133. 33 Hz. The
LADRC parameters are as follows: w, =1 950, w, =
480, and b, =1 734.5.

i=0 Use
o, "~ | Tv-MPCC Pulse
+" LADRC[ = B generation Interver
4
, |-
iy(k) i(k)
dq i,(k), i(k), i (k) L
abc g 1\

d 0 PMSM
dt

Fig.3 General block diagram of the PMSM’s control system

Tab.1 Selected main parameters of the PMSM

Parameters value
DC bus voltage Uy./V 300
Rotor flux /Wb 0.1827
d-q coordinate inductance L,/H 0.005 25
Stator resistance R /() 0.958 5
Friction coefficient F/(10 °N + m - s) 3
Number of pole pairs p 4
Rotational inertia J/ (g + m?) 0.632

The PI parameters were adjusted at the same simulation
conditions so that the two TV-MPCC PMSM systems that
adopt PI and LADRC achieve the same dynamic perform-
ance as much as possible. Accordingly, k, =0.20 and k,
=0. 014 can be obtained. Fig. 4 shows the system re-
sponse of the TV-MPCC PMSM with PI.

4.1 Simulation results with the PMSM parameter match

To solidly and comparatively analyze the dynamic
performance of the two systems, the PI parameters were
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Fig.4 System response of the TV-MPCC with PMSM parameter match based on PI(k, =0.90 and k; =0.70). (a) Speed response;
(b) Three-phase current response of the PMSM in the steady state; (c) FFT analysis of the PMSM phase current( THD =3.61% )

adjusted so that the two TV-MPCC PMSM systems using
PI and LADRC can achieve the same anti-interference
performance as much as possible. Accordingly, k, = 0.
90 and k, = 0.70 can be obtained. The simulation condi-
tions are as follows: When the motor operated at a stable
speed of 2 000 r/min without load, 8 N - m load disturb-
ance was abruptly added at 0.1 s. Figs.4 and 5 show the
corresponding response curves of the two systems.

Figs. 4 and 5 show that when the rotation speed loop
has the same anti-load disturbance capacity, the fluctua-
tion of the rotation speed wave and the overshoot are great
with the PI controller during the initial startup period of
the motor. It takes a long transition time when 7, = 16
ms. However, as the LADRC controller was adopted,
the overshoot was smaller with the transition time (7, =8
ms) , and the response was faster. Figs.4(b) and 5(b)
show the waves of the three-phase current (i,, i,, and
i, ) under the control of the PI and LADRC, respectively,

in a stable state after 0. 16 s. A fast Fourier transform

(FFT) analysis was conducted for i,, and one cycle after
0.16 s was selected. As shown in Figs.4(c) and 5(c),
the THDs controlled by the PI and LADRC are 3. 61%
and 3.32% , respectively.

The robustness of the LADRC and PI controllers are
compared in Figs. 5 and 6. When the speed loop basical-
ly has the same dynamic performance, the rotation speed
controlled by PI was reduced by 3.35% as an abrupt 8
N - m load was added at 0.1 s, as shown in Fig.6(a).
At the same time, when the rated rotation speed was re-
sumed, there was a 2.4% steady-state error. In Fig. 5
(a), however, the rotation speed is reduced by only
1.62% . Furthermore, when the rated rotation speed is
resumed, there is no steady-state error. Figs.5(b) and
6(b) show the wave of three-phase current (i,, i,, and
i.), respectively, under the control of the LADRC and
PI in a stable state after 0. 16 s. The FFT analysis was
conducted for i,, and one cycle after 0. 16 s was
selected.
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Fig.5 System response of the TV-MPCC with PMSM parameter match based on LADRC. (a) Speed response; (b) Three-phase cur-
rent response of the PMSM in the steady state; (c¢) FFT analysis of the PMSM phase current( THD =3.32% )
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Fig.6 System response of the TV-MPCC with PMSM parameter match based on PI(k, =0.20 and k; =0.014). (a) Speed response; (b)
Three-phase current response of the PMSM in a steady state; (c¢) FFT analysis of the PMSM phase current( THD =4.17% )
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The THDs controlled by the PI and LADRC were 4. 17%
and 3.32% , respectively.

To further test the application of the designed LADRC
in the high-performance PMSM speed regulation system,
the control strategy was simulated in comparison with that
presented in Ref. [ 13 ], in which the control strategy
speed loop employs the conventional active disturbance
rejection controller under the same simulation conditions.
The PMSM system response of Ref. [ 13 ] is shown in
Fig. 7.

disturbance rejection control than that of Ref. [ 13]. Figs.5
(b) and 7(b) show the three-phase currents (i,, i,, and
i.) of the proposed control strategy and those in Ref. [13]
in a steady state after 0. 16 s, respectively. The FFT analy-
sis also demonstrates that the THD of the phase current is
small. Tab. 2 presents the control system performance of
the speed loop with different control strategies.

Tab.2 Control system performances of the rotation speed loop
adopting different control strategies

5 500- Control strategy T'ransition Start THD of Steady-state
time/ms overshoot i,/ % error/ %
2 000 TK Pl (k,=0.90, k, = 0.70) 16 Yes 3.61 2.35
' 1 500}{2020 2050 PI (k, = 0.20, k; = 0.014) 16 No 417 3.35
=1 gool 20 e Ref. [13] 14 No 401 275
T ) otratzats ' eoio airotz LADRC 8 No 3.3 L6
% 0.05 0,-;150 0.15 020 4.2 Simulation results with the PMSM parameter
(a) mismatch
10r; i During the actual running of the motor, due to factors
B\ such as temperature rise and magnetic saturation, the
< PMSM parameters may deviate. To verify the effective-
\1 0t ness of the proposed LADRC controller in the case of
e mismatched motor parameters, under the same conditions
B as in Section 4. 1, the actual values of the inductance, ro-
-10 . s . | tor flux linkage, and stator resistance in the control strate-
0.16 017 0}/158 019 i gy are set to be 1.5, 1.2, and 0. 8 times their nominal
(b) values, respectively. Fig.8 shows the response of the PI-
®25 based TV-MPCC PMSM system, where k, =0.90 and k;
g 20 =0.70. Fig.9 presents the corresponding response when
g k, =0.20 and k, =0.014.
E 15 Fig. 10 shows the corresponding system response of the
E 1.0 LADRC-based TV-MPCC PMSM system in the case of a
E 05 motor parameter mismatch. Comparing Figs. 8 and 9, the
& motor speed response time of the proposed control strate-
= 9 2 4 6 8 10 gy is short, the steady-state error is small, and the simu-
er:l; encylkHz lation is close to the nominal value of the motor parame-

Fig.7 PMSM system response of the control strategy in Ref.
[13]. (a) Speed response; (b) Three-phase current response of the
PMSM in a steady state; (c) FFT analysis of the PMSM phase current
(THD =4.01% )

Comparing Figs.5(a) and 7(a) , the proposed control
strategy demonstrates better transient response features and

ters. Based on the FFT analysis on i, ( see Fig. 10(c) ),
the THD of the phase current is small. Hence, the system
under the proposed control strategy has good perform-
ance, can effectively deal with the changes in motor pa-
rameters, and has good robustness when the motor pa-
rameters do not match.
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Fig.8 System response of the TV-MPCC with PMSM parameter mismatch based on PI(k, =0.90 and k; =0.70). (a) Speed re-

sponse; (b) Three-phase current response of the PMSM in a steady state; (c¢) FFT analysis of the PMSM phase current( THD =5.13% )
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Fig.9 System response of the TV-MPCC with PMSM parameter mismatch based on PI(k, =0.20 and k; =0.014). (a) Speed re-
sponse; (b) Three-phase current response of the PMSM in a steady state; (c¢) FFT analysis of the PMSM phase current( THD =4.55% )
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Fig.10 System response of the TV-MPCC with PMSM parameter mismatch based on LADRC under motor parameter mismatch.
(a) Speed response; (b) Three-phase current response of the PMSM in a steady state; (c) FFT analysis of the PMSM phase current( THD =4.

18% )

5 Conclusions

1) A control strategy employing the LADRC controller
as the speed loop of the PMSM predictive current control
system is proposed, which effectively overcomes the con-
tradiction between PI control robustness and dynamic per-
formance. The proposed LADRC controller is of simple
design with intuitive parameters without reliance on pre-
cise mathematical models. Moreover, it improves the dis-
turbance rejection capacity and robustness of the PMSM’s
predictive current control system.

2) Based on the simulation and comparative analysis
results of two TV-MPCC PMSM systems based on PI and
LADRC, the comprehensive performance of the rotation
speed loop based on the LADRC is better than that of the
PI controller in terms of its fast response speed, low star-
tup overshoot, high disturbance rejection performance,
and non-steady-state error. The LADRC achieves more
satisfactory results than the PI controller in controlling
speed and current.

3) The proposed control strategy can be applied in the
fields of aerospace, wind power systems, new energy ve-
hicles, home appliances, and elevator control. However,
due to the addition of the LADRC controller in the pro-
posed control strategy, the computational complexity of
the sampling period is increased. Nonetheless, the param-
eter setting of the LADRC controller is relatively vague,
and further research is required.
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E T LADRC Wk #E S HEHTNERIEH RS

Eom R OF EHE FRRK

(ZMRBRFEFT 548 TRFER, 20 730070)

FEE AT 23K AL PMSM) B2 AL T & 742 4] (MPCC) & % i JE 37 R R PLAx 4l af, 2 LR R
B 5 % AR v da Bk R -G An ) PR 69 P AR, 3 h T — AP &k A 342 %) (LADRC) 5 R &
AR FRM & 426 (TV-MPCC) A8 5 6-69 PMSM sk ALz 4] K wk. B 20 T PMSM e 3 F 4R 5 £ F
Wik A AR R T2 PMSM TV-MPCC AR ; K )E %t T —Ar i Z I KK AN 2 (LESO) fe £ K &
% £ R4t (LSEF) #y %, 89 — - LADRC 42 4] 3% , 72 &1 ) /4% 42 ADRC 25464 ) B AR A B2 o9 26 55
3G AR & 3T 69 LADRC 424 S 8K LBk & %P 40y PLak R Y % 5 A4 R &9, K A LADRC
#9RE A RARBAH A E B B ALA R AL, AB L PL 354 R R £ 5 ik B A B0 Stk o sh AR, &AL
Feig vl ik M, IR AR A R AR SIR £, WA BRI R R LR
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