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Speed Control of IPMSM Based on Series
Connection Leading Correction Linear Active
Disturbance Rejection Controller

Yangyang Cui”, Zhonggang Yin

Yiqi Liu

Abstract—In the interior permanent magnet synchronous motor
drive system, the conventional linear active disturbance rejection
controller (LADRC) has coupling problems with tracking and
antidisturbance under different operating conditions and various
complex disturbance conditions due to the influence of bandwidth.
To solve abovementioned problem, a series connection leading
correction LADRC (SCLC-LADRC) is proposed in this article.
As the core of SCLC-LADRC, the SCLC linear extended state
observer (SCLC-LESO) is composed of the total disturbance trans-
fer function of the conventional linear extended state observer and
a series connection leading correction network. As a result, the
estimation range of the LESO for total disturbance is expanded,
and the problem of system oscillation caused by excessive observer
bandwidth is also solved. Finally, the validity and availability of
the proposed method are proved through theoretical analysis and
experiments.

Index Terms—Interior permanent magnet synchronous motor,
linear active disturbance rejection controller, linear extended state
observer, series connection leading correction network, speed
control.

I. INTRODUCTION

ERMANENT magnet synchronous motor (PMSM) are
extensive used in electric vehicles, aerospace, computer nu-
merical control machine tools, and military industries because of
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its good dynamic performance, structure compact, and high reli-
ability [1], [2]. According to the installation position of the rotor
permanent magnet, the PMSM can be separated into interior
permanent magnet synchronous motor (IPMSM) and surface-
mounted permanent magnet synchronous motor (SPMSM) [3].
Among them, compared to SPMSM, the IPMSM has received
widespread attention for its ability to improve load capacity
by utilizing its reluctance torque. At present, the IPMSM drive
systems are mostly implemented using dual closed-loop vector
control method bottomed on maximum torque per ampere con-
trol [4]. The speed loop controller is used as the given instruction
signal for the current loop controller in the dual closed-loop
speed control system, and has a pivotal position in the entire
drive system [5].

When the motor drive system is affected by inertia mismatch
and load disturbance under different operating conditions, its
output speed and torque have good dynamic tracking charac-
teristic and antidisturbance ability [6]. The conventional pro-
portional integral (PI) speed loop controller based on linear
negative feedback occupies a dominant position in IPMSM drive
systems due to its simple structure, easy parameter tuning, and
high reliability [7]. However, when the motor operates under
harsh operating conditions such as extremely low-speed and
ultrahigh speed, and is affected by inertia mismatch and load
disturbance simultaneously, it is difficult for conventional PI
controllers to effectively regulate it [8]. Based on the above-
mentioned analysis, sliding mode control [9], model predictive
control [10], internal model control [11], disturbance observer
control [12], fuzzy control [13], neural network control [14],
active disturbance rejection control (ADRC) [15], and others
are widely used in the IPMSM drive systems. The ADRC
abandons the concept of “model theory” in the conventional
control theory, takes “engineering cybernetics” as the core, and
compensates the total disturbance in real time through extended
state observer, combined with tracking differentiator (TD), and
state error feedback [16]. However, the nonlinear function is
adopted by the nonlinear ADRC, which has complex structure
and numerous parameters, and is not conducive to engineering
applications [17]. To solve the problem of difficult parameter
tuning, a linear active disturbance rejection controller (LADRC)
is proposed by Prof. Z. Gao [18] from Cleveland University
in the United States, which associates ADRC parameters with
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bandwidth frequency, making the physical meaning of ADRC
controller parameters more intuitive. Although the difficulties in
parameter tuning and theoretical analysis of LADRC have been
solved, its tracking speed and antidisturbance ability have also
been reduced. At present, the problem of insufficient regulation
ability of LADRC in certain applications, such as large time
delay system.

Many researchers have made improvements to LADRC and
applied it to PMSM drive systems for different types of distur-
bances and combined them with various operating conditions. In
[19], an IPMSM speed loop controller based on a quasi-resonant
LADRC is proposed, aimed at suppressing speed fluctuations
and torque ripple caused by periodic and aperiodic disturbances.
In [20], a LADRC considering velocity measurement noise is
proposed and applies it to the SPMSM velocity loop controller,
which has a good ability to suppress low-frequency disturbance
to the system without affecting its dynamic performance. In
[21], a SPMSM speed loop controller bottomed on sliding mode
LADRC is proposed, and to enhance the dynamic tracking
performance of SPMSM drive systems under both external
disturbances and internal parameter changes. In [22], a dis-
crete time repetitive control bottomed on LADRC is proposed,
which aims to suppress direct-current and alternating-current
disturbances in the current loop of the IPMSM drive system.
In [23], the LADRC is mainly used to achieve sensorless con-
trol of IPMSM, and compared with the conventional sliding
mode controller, the effect of phase delay and speed jitter is
reduced. Although the dynamic tracking and antidisturbance
abilities of the system have been improved by the improved
LADRC proposed previously, the coupling problem between
tracking and antidisturbance abilities caused by the influence
of observer bandwidth on conventional LADRC (C-LADRC)
under different operating conditions and various complex dis-
turbance conditions still cannot be solved. At the same time,
the problem of system oscillation can be caused by excessive
observer bandwidth, however, the total disturbance may not be
accurately estimated and compensated due to the small observer
bandwidth.

To solve the abovementioned problem, a series connection
leading correction LADRC (SCLC-LADRC) is proposed in
this article. As the core of SCLC-LADRC, the SCLC linear
extended state observer (SCLC-LESO) is composed of the total
disturbance transfer function of the conventional LESO (C-
LESO) and a series connection leading correction network. As
a result, the estimation range of the LESO for total disturbance
is expanded, and the problem of system oscillation caused by
excessive observer bandwidth is also solved.

The rest of this article is organized as follows. In Section II,
the IPMSM mathematical model is established and the SCLC-
LADRC is proposed. Meanwhile, an IPMSM speed loop con-
troller based on C-LADRC and SCLC-LADRC is designed.
In Section III, the control performance of SCLC-LADRC is
analyzed and the parameter tuning method is provided. In
Section IV, the validity and availability of the proposed method
are proved through experiments. Finally, Section V concludes
this article.
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II. DESIGN OF IPMSM SPEED LOOP CONTROLLER BASED ON
C-LADRC AND PROPOSAL OF SCLC-LADRC

A. Design of IPMSM Speed Loop Controller Based on
C-LADRC

Coordinate transformation is the foundation of vector control
in IPMSM drive systems, and the speed loop controller is mainly
influenced by the motion equation. The motion equation of
IPMSM is described as follows [24]:

Wy = %Te — %TL— %d)r— %wr—i-é
where w,. is the mechanical angular velocity, B, is the damping
coefficient, T, and T, are the electromagnetic torque and load
torque, respectively, ¢ is the external disturbances, and AJ, J,
and J are the changes in rotational inertia, nominal value, and
actual value, respectively, and J = J+AJ.

Due to the fact that the motion equation of IPMSM is a
first-order differential equation, the first-order LADRC is used
as the speed loop controller for the IPMSM drive system [25].
Considering that the research on the method of arranging the
transition process in the industrial control field is relatively ma-
ture at present, and to avoid the high-frequency oscillation of the
system, the linear TD is not used in this article [26]. Therefore,
the first-order C-LADRC consists of three major components: 1)
second-order LESO, 2) linear state error feedback (LSEF), and
3) total disturbance compensation. For first-order system ¢ =
SO.w,)+bou, the system output y = x; and the total disturbance
f = xo are selected as the state variables [27]. The control
algorithm is described as follows:

1

L1 =22 — f1 (21— 21) + bou

Ty = —f2 (T1 — 11)

. 2
ug = kyp (rh— Z1) 2
u=up— 3

where 27 and I, are the estimated values of state variables
x1 and xo, respectively, 81 and (9 is the LESO feedback gain
coefficient, by is the compensation factor (also known as control
gain), k,, is the controller proportional gain coefficient, r is the
given input value, and uy is the output of LSEF.

By pole assignment, the observer feedback gain coefficient
is configured at the observer bandwidth w,, the proportional
gain coefficient of the controller is configured at the controller
bandwidth w, [28]

82+ Bis + B2 = (s + wo)” 3)
5+ kp =5+ we.
From (3), it can be concluded that 81 = 2w,, B2 = w2 0, ky,

= we.
According to (1), the output w, of the system is selected as
the state variable, and its state equation is described as follows:

Wyr = f+boTe “4)

where

(&)
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As shown in (5), by is configured as the nominal value 1/J
of the moment of inertia. The error AJ generated by the actual
and nominal values of the moment of inertia is included as an
internal disturbance within the total disturbance.

In (5), both external and internal disturbances suffered by the
system are included in the total disturbance xo = f. Where exter-
nal disturbance refers to the disturbance imposed by the external
system (such as given disturbance and load disturbance). Internal
disturbances refer to internal changes in the system (such as
structural changes, temperature drift, zero drift, and changes in
system parameters).

From the abovementioned analysis, it can be concluded that
the IPMSM speed loop control algorithm based on C-LADRC
is described as follows:

‘br = fﬁ 2Wo (djr - Wr) + bOTe

f= —w (@ — wr) ©6)
Uy = we (Wi — Oy)

Te = Uy — bjT)

where @, and /" are estimated values of w,- and f, respectively. w,*
is the reference value for the given mechanical angular velocity.

B. Series Connection Leading Correction Linear Active
Disturbance Rejection Controller

According to (2) and (3), the Laplace transform of C-LESO
is described as follows:

Xl (S) = 52?2(:;;‘1%3 Y (S) + s2+2li?oss+wg U (S)
O w2s
Xz (s) = oY (s) — U (s)

8242w, s+tw?

(N

bowg
§2 42w, s+w?2
where X (s), Xg(s), Y(s), and U(s) are Laplace transforms of
X1, X2, y, and u, respectively.
For the first-order system state equation y = f4bgu, the
Laplace transformation formula is described as follows:

sY (s) = F (s) + boU (s) (8)

where F(s) is the Laplace transform of f.

The transfer function of C-LESO based on the total distur-
bance f can be obtained by combining (7) and (8) are described
as follows:

_ Xa(s) w;
e (s) = F(s) 824 2w,s + w2’ ©)

According to (9), ®(s) is only related to w,, and as w,
increases, the ability to estimate the total disturbance increases.
However, the problem of system oscillation can be caused by
excessive w, [29], [30]. Therefore, in order to broaden the
estimation range of LESO for total disturbance, the problem
of system oscillation caused by excessive w, can be effectively
solved, combined with the method of series connection leading
correction, ® ¢(s) is improved as follows:

X5 (s) aTys+1
F(s) Tas+1

Dscrc (s) =

w? alys+1
) 2" (10)
524+ 2wes +wi  Tas+1
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where T, is the lead correction time constant. « is the coefficient,
and a>1.

Through the abovementioned analysis, x3 is introduced as the
corrected total disturbance state variable. Let the estimated value
of x 3 be Z 3.

The transfer function of the total disturbance based on the
SCLC-LESO can be obtained as follows:

X3 (s
Pscrc (s) = Fj(i))

w? olys+1
= = 5 (11)
5%+ 2wos + w2 Tys+1

where X3(s) is the Laplace transform of x3.
According to (11), the SCLC-LADRC control algorithm is
described as follows:

i’l = (%2 — 20.)0 (I,i'l — 1'1) + b()u

Ty = —w; (&1 — 1)
T3 = —aw] (&1 — 21) + 7= (22 — &3) (12)
uy = we (r — &1)
u=uy— s
bo *

From the abovementioned analysis, it can be concluded that
the IPMSM speed loop control algorithm based on SCLC-
LADRC is described as follows:

Gr = f — 2w (& — wy) + boT
f: _WE (@r — wr)
fw = _O‘wg(‘br_wr)"'q% (f_fw)
Uy = we (Wi — Oy)
fo

TEZUO—R

13)

where f,, is the total disturbance state variable after correction,
fw is the estimated value of £,,, and by is still configured as 1/.J.
According to (5), fis the total disturbance composed of external
disturbances (load sudden changes) and internal disturbances
(inverter nonlinearity, parameter mismatch, and mechanical fric-
tion).

The control structure diagram of IPMSM driver system based
on SCLC-LADRC is shown in Fig. 1.

III. ANALYSIS OF SCLC-LADRC CONTROL PERFORMANCE

The primary problem of control system is stability, while
the essential problem is antidisturbance. Therefore, the estima-
tion error of SCLC-LESO and antidisturbance characteristic of
SCLC-LADRC under different types of disturbances are first
analyzed in this section, and parameter tuning methods are
provided. Then, the stability of the [IPMSM driving system based
on SCLC-LADRC is analyzed.

A. Estimation Error Analysis of SCLC-LESO

According to (6), (9), (11), and (13), the estimation error
transfer functions of C-LESO and SCLC-LESO based on total
disturbance are described as follows:

2+ 2w, s

E =F(s)—F(s)= —°
c (S) (S) (5) ) + 2&)08 + wg

F (s) (14)
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Fig. 1.  Control structure diagram of IPMSM driver system based on SCLC-LADRC.
TABLE I
ESTIMATION ERROR OF C-LESO AND SCLC-LESO BASED ON TOTAL DISTURBANCE UNDER DIFFERENT DISTURBANCES
LS K
2 3
F(s) K : :
S
(a-1)a,T, =2 (a-1)o,T,#2 (a-1)a,T, =2 (a-No,T, +2
. 2K 2K
lln’le‘c (t ) 0 — — © )
e @, @,
. K|2—(a-1)oT K(1+20,T,
lim €scre (l) 0 0 M ( zwﬂ ) -
10 o, .
FEscie (s) = F ( ) — F, (s) and acceleration disturbance, the steady-state error of both con-
trol methods is determined by whether expression (a-1)w,T,,
+1)(s? +2WOS+W 2)—w2(aTas + 1)F(s) is equal to 2. For slope disturbances, if (a-1)w,T, = 2, the
(Tos+1)(824+2wos+w?) " system controlled by C-LESO has steady-state error, while

15)

When F(s) are step perturbation, slope perturbation, and
acceleration perturbation, the time-domain expressions for the
steady-state errors of C-LESO and SCLC-LESO can be ob-
tained, as shown in (16)—(18) shown at the bottom of next page,
respectively. The estimation error of C-LESO and SCLC-LESO
based on total disturbance can be obtained from (16)—(18), as
shown in Table 1.

From Table I, it can be concluded that when F(s) is a step
disturbance, the steady-state error of both C-LESO and SCLC-
LESO is zero. When the total disturbance is slope disturbance

the system controlled by SCLC-LESO has zero steady-state
error. For acceleration disturbances, although there is a nonzero
steady-state error in the SCLC-LESO control system, compared
to the infinity steady-state error of C-LESO, the steady-state
error of SCLC-LESO can be reduced by increasing w,. It can
be concluded that compared to C-LESO, the steady-state error
caused by slope disturbance can be eliminated by reasonably
configuring the values of «, T,, and w,. At the same time, the
steady-state error generated by acceleration disturbances can
also be reduced.

From the abovementioned analysis, it can be concluded that
the following tuning method can be adopted for the time constant
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Fig. 2. Parameter relationship surface of the series connection leading cor-
rection network and the Bode Plots of LESO based on total disturbance.
(a) Relationship surface between «, Ty, and w,. (b) Bode Plots of C-LESO
and SCLC-LESO are based on total disturbance.

T, of the series connection leading correction network:

2

T, = — 2>
(a—1)w,

19)

The relationship surface between «, T, and w, is shown in
Fig. 2(a).

B. Analysis of Antidisturbance Characteristic

The expression obtained by substituting (19) into (11) is
described as follows:

Dscrc (s) =

B 20w?s + (a — 1) w3
283 + (aw, + 3w,) 82 + 20w2s + (a — 1) w3’
(20)

According to (9) and (20), under the same w, conditions,
the Bode Plots of C-LESO and SCLC-LESO based on total
disturbance are shown in Fig. 2(b). From the figure, it can
be concluded that under the same w, conditions, compared to
C-LESO, the total disturbance estimation range is expanded
by SCLC-LESO, and its antidisturbance ability is improved
without increasing w,. At the same time, the impact of phase lag
generated by C-LESO estimation of total disturbance can also
be improved by SCLC-LESO.
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is changed. (b) When « is changed.

According to (20), the transfer function of SCLC-LESO based
on total disturbance is related to a and w,, simultaneously.
Therefore, the Bode Plots of SCLC-LESO based on total distur-
bance can be obtained when « and w,, are changed separately,
as shown in Fig. 3(a) and (b). It can be concluded that the
disturbance compensation ability of the system is enhanced with
the increase of w,, and the impact of phase lag is also improved.
But when « is increased to a certain value, its antidisturbance
ability is no longer increased. Combining Figs. 2(a) and 3(b),
o = 7 can be selected as the optimal coefficient for the series
leading correction network.

The antidisturbance characteristics of SCLC-LADRC can be
further analyzed based on the abovementioned conclusions. The
Laplace transform of (13) is described as follows:

9 2wostw? b
0 (5) = 235 arm O (5) + mradera Te ()
. go 2ug
F(s) = %Qr (s) — WTE (s)
[ Tow2s®+w?
Fu(s) = mmisormesron 2 (5) 1)
T, w2bgs+bow? T
T (TastD)(s2F2wos+w?) ~ € (S)A
T. (5) = wel; (s) — weldy () — 3= Fuo (s)

where Q,.(s), Q,(s), Q(s), Te(s), and F,,(s) are the Laplace
transforms of w,, w, w}, T, and f,,, respectively.

ec (t) = Ke @t + Kw,te wot

2,,2 2 2 2
escre (t) = (K—&-aKTawonIz(Tawo)e_wot _ (KuofozKTawo)te_wot n (KTawofKaI;awo)T oAt (16)
(Tawo—1) Towo—1 (Towo—1) «
ec (t) = %TK - ?TKe‘“Ot — Kte wot
_ 2K+ KTawo—aKTow,  2K-3KTawo+2KaT2w2—KaTaw, —w,t K-KaTawe 4, —wot
escrc () = o oo (Lo 1)? R s wa a7
2 2
B (KTawo_KQZ;QWO)T2e—ﬁt
(Tawofl) «
K | 2K K - K, —
eo(t) = =Ty + 5t + Gre ot + e !
3K+KT2w§+2KT w, 7KaT2w§72KaT w, 2K+ KT w,—KaT,w,
escLe () = — a7 =+ w, ¢ (18)
+3K74KTawo+3Ko¢T§wg72Ko¢Tawn e—wot _ K—KaTaweyo—wot | T3(KTaw?—KaTaw?) e‘ﬁt
w2 (Tawe—1)2 Wo (Tawo—1) (Towo—1)2 ’
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According to (4), its Laplace transform is described as fol-
lows:

s 1
—Q,(s) — —F (s).
2 () = - F (5
The closed-loop transfer function of SCLC-LADRC based on
input and disturbance terms can be obtained by combining (21)

and (22) as follows:

T (s) = (22)

bow(.
Q) =0
H(8) = 0L ()
3 2
€ps” + €18° 4+ eas
F, 23
apst + a183 + ags? +aszs + ay (s) @3
where
f= b
eq = 23y
€1 = 4ﬂ —+ ngﬁ"}/wc +1 (25)
€9 = bowc
ag = 20y
a1 =408 + 2bySyw. + 1
as = 2Pw, + 2w, + 4bgPw. + bowe (26)

az = w2 + 2bg Bwew, + 2bowew,
a4 = bowew?

o

According to (23), the Bode Plots of SCLC-LADRC tracking
and disturbance compensation abilities are shown in Fig. 4(a)
and (b). From Fig. 4(a), as w. increases, its tracking characteris-
ticis enhanced. From Fig. 4(b), by increasing w,, the disturbance
gain of the system can be reduced, the disturbance compensation
capability of the system can be also enhanced.

As shown in Figs. 3(a) and 4, the antidisturbance ability of the
system increases with the increase of w,. But excessive w, can
lead to system oscillation. Therefore, the digital control system
is limited by the discrete time delay characteristic, the w, must
be less than 2/T; (where T, is the sampling time). And there is
a relationship of w, = (3-5)w. between w, and w, [31].

Therefore, when the range of values for w, and w. is deter-
mined, first, the w, should be selected from the minimum initial
value, and then w, should gradually increase until the system
requirements are difficult to meet by the influence of noise. Next,
the w, is gradually reduced until the optimal parameter value

3101

that meets the dynamic requirements of the system is adjusted.
Throughout the entire adjustment process, w, = (3—-5)w, must
always be maintained.

C. Analysis of Stability

The stability analysis of IPMSM control system based on
SCLC-LADRC should be conducted from two aspects: 1) con-
trol gain uncertainty and 2) model parameter uncertainty [32].
First, the uncertainty of control input gain is considered. The
inaccurate value of control gain by not only affects the control
effect of the entire closed-loop control system, but also affects
the stability of the system [33]. Therefore, the first step is to
analyze whether adopting the by = 1/.J configuration method in
this article will have an impact on the stability of the system.
According to (1), the following expression can be obtained:

1 B,
where
f==-3T, - Brw, + 6+ (b—bo)Te
b=1 (28)
by = L.

In (27) and (28), only a portion of the information in b is
considered known, and the known portion is represented as by.

For the convenience of theoretical analysis, the influence of
external disturbances and model parameter uncertainty is not
considered temporarily. From the abovementioned analysis, it
can be concluded that the total disturbance f at this time is
described as follows:

f=1(b—bo)Te. (29)
The Laplace transform of (29) is described as follows:
F(s)=(b—0bg)Te(s). (30)

The closed-loop transfer function of the system can be ob-
tained by simplifying (22)—(26) and (30) is described as follows:

Q. (s) 508° 4 5152 + s95 + s3 31)
Qi (s)  los* + 1183 +1as2 + 135+ 1y
where
50 = 2bbow. By
51 = 4bbowcﬁ + bbowc (32)
So = 2bb0wcwoﬂ + 2bb0wcwo
S3 = bbowcwg
lo = 2bo By
ll = 4b0,8 + 2()3&1667 + bo
ly = 4bbow, + 2bw,a B + biw,. (33)
I3 = bw? + 2bbow.wo + 2bbowewo
l4 = bbowcwg.
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Since ly, [y, Is, I3, 14 are all greater than zero, the odd-order
Hurwitz [34] determinant is described as follows:

Ay =a; >0
li I3 0

Ag = lo lo Iyl =1 (1213 — l1l4) — lolg >0 (34)
0 1 I3

From (34), it can be concluded that the odd-order Hurwitz
determinant is greater than zero. Therefore, according to the
Liénard-Chipard stability criterion [35], the compensation factor
bg isconfigured as 1/ J, which can ensure that the IPMSM control
system based on SCLC-LADRC is a stable system.

Second, the uncertainty of model parameters is considered.

The controlled object is described as follows:

bo

Q,(s) = " che (s)

where k. is an unknown parameter.
The closed-loop transfer function of the system can be ob-
tained by combining (22)—(26) and (35) as follows:

(35)

Q- (s) mos® + mqs? + mas + ms 36)
D (s)  npst +n183 +n2s? + ngs + ny
where
mo = 2bgw. By
my = 4b0wcﬂ —+ bowc (37)

ma = 2bpwewo B + 2bgwew,

ms = bowcwg

no = 28y

ny = 267]60 + 4ﬁ + 2[)0&106’7 +1

no=(4542bowBy + 1)ke+2w, 842w, +4bow.B+bowe
n3 = boweke + w? + 2bgwewo S + 2bowewo

ng = bowcwg.

(38)

From (36)—(38), when k.>0, the stability of the system can
be obtained from Hurwitz Stability Criterion.

When k<0, first, it is necessary to find that all coefficients
of the system characteristic equation are greater than zero, k.
needs to be satisfied by the set relationship represented of the
following equation Q:

Q=MNNNP (39)
where
M = {kc ke > __45+252(J;;5'y+1 }
_ 200 842w, +4bowe B+bow,
N = {kc ke > —= 4gfzb0wf§7+1 0 } (40)
— w{2)+2b Wewo B+2bpw wo
P = {ke | > — it 2osed idhowees |

Second, it is necessary to satisfy that the odd-order Hurwitz
determinant is greater than zero, which is described as follows:

Ai=n; >0
ny ns 0

Az =|ng ng ng|=mninonz —ning —nen3 > 0"
0 ny ns

(41)
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For the first-order Hurwitz determinant, the following con-
clusion can be obtained from (38) and (41):

74ﬂ -+ 2b0wcﬂ’}/ -+ 1
28 '
For the third-order Hurwitz determinant, the stability of the
system cannot be directly determined due to the unknown pa-
rameter k. in its expansion.

Therefore, it can be simplified as a cubic equation f{k.) with
unknown parameter k., which is described as follows:

ke > (42)

f (ko) = cocieak® + (cocads + crcad;
+ coerds — cidy — cado)k?
+ (codydy + codads + c1dyds
— 2¢pdydy — 2¢odpds)k.

+ dydyds — d3dy — dod> (43)
where
co = 2By
c1 =48 + 2byw. By + 1 (44)
Cy = bowc
do = 283y
dy =408 + 2byw.By + 1
do = 2w, + 2w, + 4bgw.f + bowe 45)

d3 = w? + 2bgwewo B + 2bowewo
d4 = bowcwg.

Assuming that k.1, k.2, and k.3 are the three roots of f{k.) =
0, and k.1 <k.o<k.3. Therefore, when k.1 <k.<k.o or k.>k.3,
the system is stable.

Based on the abovementioned analysis, the IPMSM control
system based on SCLC-LADRC is stable in engineering sense.
And its tracking ability and antidisturbance ability are better
than C-LADRC.

IV. EXPERIMENTAL VERIFICATION

To verify the correctness and effectiveness of the control
method proposed in this article, the 2-kW IPMSM vector control
experimental platform is built, as shown in Fig. 5. Where the
TMS320F28335 chip is selected as the system core processor.
The motor parameters are shown in Table II.

To achieve a fair and effective comparison between C-
LADRC and SCLC-LADRC controllers, the w, and w, of the
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TABLE II
MOTOR PARAMETERS
Parameter Parameter Value
Rated power (kW) 2
Rated voltage (V) 380
Rated current (A) 5.8
Rated frequency (Hz) 66.67
Rated speed (rpm) 1000
Polar logarithm 4
d-axis inductance (H) 0.01085
g-axis inductance (H) 0.02552
Moment of inertia (kg-m?) 0.011
Stator resistance (Q) 1.351
Permanent magnet flux linkage (Wb) 0.77
TABLE III
CONTROLLER PARAMETERS
Parameter Parameter value
o 7
by 90.91
, (rad/s) 100
w, (rad/s) 25
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Fig. 6. Speed waveform of IPMSM during
(a) C-LADRC. (b) SCLC-LADRC.

rated no-load operation.

two controllers are configured with the same parameter values
according to the parameter tuning principles in Section III-B, as
shown in Table III.

A. Verification of Tracking Characteristic

The given angular velocity wy., actual angular velocity wy.,
and estimated angular velocity w,. waveforms of IPMSM under
rated no-load operating conditions controlled by two different
controllers are shown in Fig. 6.
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From Fig. 6, it can be concluded that when controlled by
C-LADRC, the IPMSM has a 5% overshoot at the moment
of startup, and there is a tracking error of 0.03% between
the actual speed and the estimated speed. When controlled by
SCLC-LADRC, the IPMSM does not overshoot at the moment
of startup and can be achieved with an error free estimation of
the given speed. This indicates that SCLC-LADRC has better
tracking characteristic than C-LADRC, and also indicates that
SCLC-LESO has better estimation ability than C-LESO.

B. Verification of Antidisturbance Characteristic

To effectively verify the antidisturbance characteristic of the
control method proposed in this article in combination with
different operating conditions, the antidisturbance characteristic
between the two controllers under rated-speed and extremely
low-speed operating conditions will be compared and analyzed
in this section. The characteristic of the motor speed during
extremely low-speed operation is the presence of significant
speed fluctuations. The reasons for this include frictional torque,
harmonic torque (including ripple torque and cogging torque),
uneven internal structure of the motor, inverter nonlinearity, and
unstable power supply voltage. Where the main reason for the
low-speed fluctuation phenomenon of the motor is caused by
friction torque. Because when the motor operates at extremely
low-speed, the influence of the motor will be further exacerbated
by nonlinear frictional resistance, resulting in stable changes
in the input at low-speed, while the output of the system is a
pulsating change. The accuracy and stability of motors operating
at extremely low-speed can be affected by speed fluctuations,
which may lead to equipment failures in severe cases. There-
fore, the suppression of extremely low-speed oscillation is first
compared and analyzed by different controllers in this section.

The steady-state waveforms of the no-load given angular
velocity, actual angular velocity, estimated angular velocity, and
total disturbance of IPMSM at 1 Hz no-load operating frequency
are shown in Fig. 7. The actual angular velocity and U-phase
current waveform of IPMSM during loading and unloading at
1 Hz operating frequency are shown in Fig. 8.

From Fig. 7, it can be concluded that under extremely low-
speed no-load operation conditions, when controlled by C-
LADRGC, the actual speed offset of IPMSM is +0.1 rad/s, and
there is an estimation error of +0.015 rad/s between the actual
speed and the estimated speed. When controlled by SCLC-
LADRGC, the actual speed offset is +0.05 rad/s, and there is an
estimation error of +0.003 rad/s between the actual speed and the
estimated speed. This indicates that SCLC-LADRC has better
ability to suppress speed fluctuations at extremely low-speed
compared to C-LADRC, and also indicates that SCLC-LESO
has better steady-state estimation ability for speed and total
disturbance at extremely low-speed compared to C-LESO.

From Fig. 8, it can be concluded that under extremely low-
speed operating conditions, when controlled by C-LADRC, the
actual speed drop during loading is 13.3%, and the adjustment
time is 0.2 s. The actual speed overshoot during unloading is
also 13.3%, and the adjustment time is 0.19 s. When controlled
by SCLC-LADRGC, the actual speed drop during loading is 8%,
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Fig. 7. Speed and total disturbance waveforms of IPMSM during extremely

low-speed no-load operating conditions. (a) C-LADRC. (b) SCLC-LADRC.
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Fig. 8. Speed and current waveform of IPMSM during loading and unloading
under extremely low-speed operating conditions. (a) C-LADRC. (b) SCLC-
LADRC.

and the adjustment time is 0.16 s. The actual speed overshoot
during unloading is 10%, and the adjustment time is 0.17 s.
This indicates that SCLC-LADRC has better antidisturbance
ability than C-LADRC under extremely low-speed operating
conditions.

At the same time, the estimation errors of speed overshoot,
speed drop, and adjustment time under extremely low-speed
operating conditions are shown in Tables IV and V, respectively.
From the table, it can be concluded that when controlled by
C-LADRCUC, the estimated error of the speed drop during loading
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TABLE IV
ESTIMATION ERROR OF SPEED OVERSHOOT AND SPEED DROP UNDER
EXTREMELY LOW-SPEED OPERATING CONDITIONS

Ad% Drop Overshoot
C-LADRC 0.7% 1%
SCLC-LADRC 0.2% 0.02%
TABLE V

ESTIMATION ERROR OF ADJUSTMENT TIME UNDER EXTREMELY LOW-SPEED
OPERATING CONDITIONS

Aty Drop Overshoot
C-LADRC 0.01s 0.04 s
SCLC-LADRC 0.01s 0.01s

is 0.7%, and the estimated error of the adjustment time is 0.01 s.
The estimation error of the speed overshoot during unloading is
1%, and the estimation error of the adjustment time is 0.04 s.
When controlled by SCLS-LADRC, the estimation error of the
speed drop during loading is 0.2%, and the estimation error of
the adjustment time is also 0.01 s. The estimation error of the
speed overshoot during unloading is 0.02%, and the estimation
error of the adjustment time is 0.01 s. Thus, it can be proven
that SCLC-LESO has better dynamic estimation performance
compared to C-LESO.

The reason for the speed fluctuation of the motor during
extremely low-speed operation indicates that this fluctuation
is periodic, but the frequency is relatively low, so it can be
considered as a low-frequency disturbance. From Fig. 2(b), it
can be concluded that SCLC-LESO is equivalent to a low-
pass filter, and under the same w, conditions, compared to
C-LESO, the estimated range of total disturbance is widened by
SCLC-LESO, and the problem of system oscillation caused by
excessive w, is solved. Therefore, by adjusting w, reasonably,
the low-frequency disturbance that cause speed fluctuation under
extremely low-speed operating conditions can be effectively
estimated, and the total disturbance including low-frequency dis-
turbance that cause speed fluctuation can be effectively compen-
sated through feedforward compensation. For C-LADRC, speed
fluctuation under extremely low-speed operating conditions can
also be suppressed by further increasing w,. However, under
the same w, conditions, compared to C-LADRC, the speed
fluctuation of the motor under extremely low-speed operating
conditions can be effectively suppressed by SCLC-LADRC.
Moreover, if w, in C-LADRC continues to increase, the whole
system oscillation is highly likely to oscillate, leading to system
instability.

The actual angular velocity, estimated angular velocity,
torque, and U-phase current waveforms of IPMSM during
loading and unloading under rated-speed operating conditions
controlled by two different controllers are shown in Fig. 9.

From the figure, it can be concluded that under rated-speed
operating conditions, when controlled by C-LADRC, the actual
speed drop during loading is 8.9%, and the adjustment time is
0.2 s. The actual speed overshoot during unloading is 8.4%,
and the adjustment time is 0.21 s. However, when controlled by
SCLC-LADRGC, the actual speed drop during loading is 4.9%,
and the adjustment time is 0.1 s. The actual speed overshoot
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Fig. 9. Speed, torque, and current waveforms of IPMSM when loaded and
unloaded during rated-speed operating conditions. (a) C-LADRC. (b) SCLC-
LADRC.

TABLE VI
ESTIMATION ERROR OF SPEED OVERSHOOT AND SPEED DROP UNDER
RATED-SPEED OPERATING CONDITIONS

A% J 2J 0.5]
Drop Overshoot Drop Overshoot Drop Overshoot
C-LADRC 0.1% 0.4% 2% 0.3% 1.2% 1%
SCLC-LADRC | 0.05% 0.07% 0.5% 0.3% 0.9% 0.05%
TABLE VII
ESTIMATION ERROR OF ADJUSTMENT TIME UNDER RATED-SPEED OPERATING
CONDITIONS
AL J 2J 0.5J
Drop Overshoot Drop Overshoot | Drop  Overshoot
C-LADRC 0.015s 0.01s 0.04s 0.02s 0.03s 0.01s
SCLC-LADRC 0.01s 0.01s 0.005s 0.007 s 0.01s 0.006 s

during unloading is 4.2%, and the adjustment time is only
0.12 s. This further demonstrates that SCLC-LADRC has better
tracking and antidisturbance abilities than C-LADRC.

At the same time, the estimation errors of speed overshoot,
speed drop, and adjustment time under rated-speed operating
conditions are shown in Tables VI and VII, respectively. From
the table, it can be concluded that when controlled by C-LADRC,
the estimated error of the speed drop during loading is 0.1%, and
the estimated error of the adjustment time is 0.015 s. The esti-
mation error of the speed overshoot during unloading is 0.4%,
and the estimation error of the adjustment time is 0.01 s. When
controlled by SCLS-LADRGC, the estimation error of the speed
drop during loading is 0.05%, and the estimation error of the
adjustment time is also 0.01 s. The estimation error of the speed
overshoot during unloading is 0.07%, and the estimation error
of the adjustment time is 0.01 s. Thus, it can be further proven
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Fig. 10. Total disturbance waveform during loading under different speed
operating conditions. (a) Rated-speed. (b) Extremely low-speed.

that SCLC-LESO has better dynamic estimation performance
compared to C-LESO.

The total disturbance waveform estimated by SCLC-LESO
and C-LESO under different speed loading operating conditions
is shown in Fig. 10. From the figure, it can be concluded that
under the rated-speed loading operating conditions, the total
disturbance estimated by C-LESO lags by 1.47° compared to the
total disturbance estimated by SCLC-LESO. Under extremely
low-speed loading operating conditions, the total disturbance
estimated by C-LESO lags by 1.68° compared to the total
disturbance estimated by SCLC-LESO. It can be verified that
compared to C-LESO, the problem of insufficient tracking abil-
ity and antidisturbance ability caused by total disturbance phase
lag in the system can be improved by SCLC-LESO.

C. Verification of Robustness

The control performance of IPMSM is not only affected by
different types of external disturbances, but also by internal
uncertainties such as changes in system parameters. To verify
the robustness of the control method proposed in this article
to parameter changes, a series of comparative experiments are
conducted under inertia mismatch and rated-speed operating
conditions in this section.

The actual angular velocity, estimated angular velocity,
torque, and current waveforms of IPMSM controlled by two
different controllers with increasing and decreasing moment of
inertia are shown in Figs. 11 and 12, respectively. The data
comparison of speed drop, speed overshoot, and adjustment time
under inertia mismatch conditions is shown in Figs. 13 and 14,
respectively. The estimation errors of speed overshoot, speed
drop, and adjustment time under inertia mismatch rated-speed
operating conditions are shown in Tables VI and VII, respec-
tively.
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Fig. 11.  Speed, torque, and current waveforms of IPMSM during loading

and unloading under inertial mismatch and rated-speed operating conditions (J
increased to 2J). (a) C-LADRC. (b) SCLC-LADRC.
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Fig. 12.  Speed, torque, and current waveforms of IPMSM during loading
and unloading under inertial mismatch and rated-speed operating conditions (J
decreased to 0.5J). (a) C-LADRC. (b) SCLC-LADRC.

From Figs. 11-14, it can be concluded that when J is not
mismatched, compared to C-LADRC, the speed drop of SCLC-
LADRC at the moment of loading is reduced by 4%, and
the adjustment time is shortened by 0.1 s. At the moment of
unloading, the speed overshoot is reduced by 4.2%, and the
adjustment time is shortened by 0.09 s. When J is increased to
2J, compared to C-LADRC, the speed drop of SCLC-LADRC at
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the moment of loading is reduced by 6.5%, and the adjustment
time is shortened by 0.13 s. At the moment of unloading, the
speed overshoot is reduced by 4.3%, and the adjustment time
is shortened by 0.05 s. Similarly, when J is reduced to 0.5/,
compared to C-LADRC, the speed drop of SCLC-LADRC at
the moment of loading is reduced by 5.7%, and the adjustment
time is shortened by 0.13 s. At the moment of unloading, the
speed overshoot is reduced by 6.25%, and the adjustment time
is shortened by 0.11 s. From the abovemenntioned analysis, it
can be concluded that under the condition of inertia mismatch,
the SCLC-LADRC has stronger parameter robustness compared
to C-LADRC.

At the same time, from Tables VI and VII, it can be concluded
that when J is increased to 2J and the system is controlled by
C-LADRGC, the estimated error of speed drop during loading
is 2%, and the estimated error of adjustment time is 0.04 s.
The estimation error of the speed overshoot during unloading
is 0.3%, and the estimation error of the adjustment time is
0.02 s. When controlled by SCLS-LADRC, the estimated error
of speed drop during loading is 0.5%, and the estimated error
of adjustment time is 0.005 s. The estimation error of the speed
overshoot during unloading is 0.3%, and the estimation error of
the adjustment time is 0.007s. Meanwhile, when J is reduced to
0.5J and the system is controlled by C-LADRC, the estimated
error of the speed drop during loading is 1.2%, and the estimated
error of the adjustment time is 0.03 s. The estimation error of
the speed overshoot during unloading is 1%, and the estimation
error of the adjustment time is 0.01 s. When controlled by
SCLS-LADRC, the estimated error of the speed drop during
loading is 0.9%, and the estimated error of the adjustment time
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is also 0.01 s. The estimation error of the speed overshoot during
unloading is 0.05%, and the estimation error of the adjustment
time is 0.006 s.

V. CONCLUSION

To solve the coupling problem of tracking and antidisturbance
of C-LADRC under different operating and disturbance condi-
tions due to the influence of bandwidth, a SCLC-LADRC is
proposed in this article. Based on the IPMSM motion equation,
a speed loop controller based on SCLC-LADRC is designed.
Meanwhile, the estimation performance of SCLC-LESO, the
antidisturbance performance of SCLC-LADRC, and the stability
of the system are analyzed. Finally, the validity and availability
of the proposed method are proved through experiments. Theo-
retical analysis and experimental results indicates that the intro-
duction of a series leading correction network not only broadens
the estimation range of LESO for total disturbance, avoids
system oscillation problem caused by excessive w,, but also
improves the estimation accuracy of LESO for total disturbance.
Therefore, compared to C-LADRC, the SCLC-LADRC has
been proven to have better tracking capability, antidisturbance
capability, robustness, and certain engineering application value.
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