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IDC-LADRC Linear active disturbance rejection controller
based on interference differential compensated
linear extended state observer.

C-LADRC Linear active disturbance rejection controller
based on cascaded linear extended state ob-
server.

T-LESO Traditional linear extended state observer.

C-LESO Cascaded linear extended state observer.

IDC-LESO Interference differential compensation linear
extended state observer.

IDC-C-LESO Interference differential compensation and cas-

caded linear extended state observer.

1. INTRODUCTION

OMPARED with alternating current asynchronous mo-
C tors, the PMSM has superiorities, such as dynamic charac-
teristics and energy conservation [1]. Its application fields have
expanded from electrical automation fields, such as substations
and petroleum smelting, to military fields, such as radar mon-
itoring and weapon equipment [2]. Compared to SPMSM, the
reluctance torque of IPMSM can be fully utilized by IPMSM to
further improve its load-bearing capacity, which has attracted
widespread attention. At present, the FOC based on MTPA
control is used by the IPMSM control system [3]. Among them,
the outer loop controller is taken as the reference signal of
the inner loop controller in the FOC system and has a pivotal
position. In the various characteristic indicators of IPMSM con-
trol systems, tracking and interference compensation capability
are considered the focus and difficulty of research in the field
of IPMSM control systems. The main reason is the diversity
of interference sources, rich frequency spectrum, and random
timing. The outer loop of the IPMSM control system is usually
influenced by both parameter mismatch and load interference.
Therefore, the mechanism and characteristics of interference
generation will be analyzed, and the theoretical and application
system of IPMSM interference suppression technology will be
improved, which is particularly urgent.

In response to the aforementioned interference types, the
traditional PI controller is held in an important position in
the IPMSM control system [4]. However, when the system is
affected by lumped interference, it is difficult for a traditional
PI controller to effectively control it. According to this issue,
two degrees of freedom PI control [5], sliding mode variable
structure control [6], backstepping control [7], dynamic fuzzy
neural network control [8], extended Kalman filter control
[9], robust adaptive model predictive control [10], and fuzzy
adaptive ADRC [11], [12] are adopted in the motor control
system. Among them, the concept of “model theory” in the
traditional control theory is abandoned by ADRC, and “en-
gineering cybernetics” is taken as the core. The parts of the
system that are different from the standard type are attributed to
the lumped interference. The lumped interference is observed
and compensated in real time through ADRC [13]. However,
nonlinear functions are mostly used by NLADRC, which are
complex in structure and numerous in parameters. This has to
some extent affected the promotion and application of ADRC.
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Its stability boundary is difficult to determine by the commonly
used frequency domain analysis method. To deal with the issue
of parameter setting and theoretical analysis, the LADRC is
proposed by Gao [14]. The controller parameters of LADRC
are correlated with bandwidth frequency, thus clarifying the
actual engineering meaning of ADRC parameters. Meanwhile,
compared with NLADRC, the stability domain of LADRC can
be determined by frequency domain analysis methods. However,
the development of NLADRC to LADRC is only for the purpose
of better simplifying its application and promoting it to the
industrial field and does not necessarily mean that the control
characteristic of LADRC is superior to that of NLADRC. At
present, large time delay systems cannot be effectively regulated
by LADRC.

Combining complex interference and different operating con-
ditions, numerous improvement methods for LADRC have been
proposed by many researchers and applied to the field of in-
dustrial control. In [15], to reveal the relationship between the
ten different ADRCs based on the fourth-order generalized PI
observer and the ADRC based on the third-order ESO, six
different third-order-ESO-based ADRC are present and com-
pared with the fourth-order-LESO-based ADRC. Thus, it can
be concluded that interference in different frequency bands can
be effectively observed and compensated using corresponding
controllers. Atthe same time, in LSEF, the proportional feedback
control is replaced by the PI feedback control, which improves
the low-frequency interference suppression ability of the system
and has a relatively small impact on other dynamic performance.
However, the oversaturation problem caused by the integrator
has not been effectively resolved. In [16], an adaptive ADRC
suitable for the current loop of IPMSM drive system is pro-
posed, aiming to suppress current ripple caused by periodic
and aperiodic interferences. In [17], to improve the control
performance of IPMSM sensorless control technology from
zero-speed to low-speed operating conditions, a high-frequency
voltage pulse injection method based on E-LADRC is proposed.
The C-LESO is established in this E-LADRC, ensuring that the
lumped interference is observed relatively timely and accurately.
In [18], a novel nonlinear active disturbance rejection speed
loop controller for PMSM drive system is proposed to expand
the observation range of lumped disturbance and improve the
robustness of the system. Due to the consideration of the ac-
curacy and dynamic performance of interference observation,
traditional linear function is replaced by nonlinear function in
this controller. To ensure relatively fast and accurate interference
observation and compensation, a cascaded nonlinear ESO is
also constructed. In [19], an improved LADRC is proposed. The
error proportion feedback term is added to LESO. Meanwhile, a
high-pass filter is used as the velocity compensator at the LSEF.
As aresult, the ability of the PMSM drive system to observe load
interference during low-speed operation is greatly enhanced, and
speed fluctuations are reduced. The control method proposed
above has improved its ability to suppress lumped interference.
However, when influenced by the observer bandwidth w,, the
coupling issue between tracking and interference compensation
capability brought by the system under complex interference
and different operating conditions still cannot be resolved by
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LADRC. The system instability will be caused by oversized
wo. If w, is too small, the lumped interference of the system
cannot be accurately observed. T-LESO has tracking errors for
rapidly changing interference. At the same time, the problem of
difficult parameter setting in the control methods proposed by
the aforementioned references (especially in the case of ADRC
with nonlinear functions) cannot be reasonably solved.

To deal with the above issues, an E-LADRC is proposed in this
article. This controller is introduced with a lumped interference
differential signal based on LESO. The IDC-LESO is embedded
into the LADRC in a cascade manner. The innovation and
contribution of this article can be included as follows.

1) In terms of interference observation compensation and
tracking performance, the IDC-C-LESO proposed in this
article is compared with the improved LADRC proposed
in [15], [17], [20], and [21]. First, a differential signal
with lumped interference is introduced into the LESO
in E-LADRC. Therefore, under the condition that w, is
not increased, the observation range of LESO for lumped
interference is expanded, and the problem of system os-
cillation caused by excessive w, is avoided. In this way,
the high-frequency interference received by the system
can be effectively observed and compensated without the
need to introduce other control methods, thereby reduc-
ing the complexity of the algorithm. Then, the C-LESO
based on IDC-LESO (IDC-C-LESO) is adopted so that the
high-order interference (such as acceleration interference)
experienced by the system can be effectively observed
and compensated. Meanwhile, the coupling problem be-
tween system traceability and anti-interference can also
be solved by IDC-C-LESO.

2) While the system control performance is improved, the
controller parameter setting problem is also taken into
account by the method proposed in this article. In terms of
parameter setting, the controller is closely combined with
IPMSM equations of motion, and the compensation factor
by is configured with the motor moment of inertia J. Mean-
while, the setting method for w, and controller bandwidth
w, 1s provided so that the final parameter that needs to be
set is only w,. Compared with the controllers proposed
in [18], [22], and [23], this method not only solves the
coupling problem of anti-interference and tracking but
also greatly reduces the difficulty of parameter setting.

3) The E-LADRC proposed in this article is a universal con-
troller. This controller can be applied not only to IPMSM
drive systems but also to other alternating current/direct
current motor control systems, special operating condi-
tions (weak magnetic acceleration [24]) and electric ve-
hicle control systems to demonstrate its optimal control
performance (electric vehicles are single loop control sys-
tems with only a current inner loop [25], and the current
inner loop PI controller can be replaced by E-LADRC to
improve the dynamic characteristics of the entire system).

The rest of the article is organized as follows. In Section II, the
IPMSM outer loop controller based on T-LADRC is established.
In Section III, a detailed introduction is given to the E-LADRC,
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and an [IPMSM outer loop controller based on E-LADRC is pre-
sented. In Section IV, the stability, anti-interference and tracking
characteristics of the E-LADRC are certificated. At the same
time, the setting range of the controller parameters is provided. In
Section V, the control characteristic of the E-LADRC is proved
by 2-kW experimental platform. The work of the entire article
is summarized in the final section, and future work plans are
elaborated.

II. ESTABLISHMENT OF IPMSM MATHEMATICAL MODEL
BASED ON T-LADRC

The design of the IPMSM speed loop controller mainly
depends on the motion equation under rotating coordinates.
Therefore, an accurate mathematical model of IPMSM in a
rotating coordinate system should be established. At this point,
it is assumed that IPMSM is an ideal motor and the following
conditions must be met [26].

1) The saturation of the motor core is ignored.

2) The eddy current and hysteresis losses in the motor are

ignored.

3) The current in the motor is a symmetrical three-phase sine

wave motor.

While satisfying the above assumptions, it is necessary to en-
sure that the entire system is a three-phase symmetrical system.
By coordinate transformation, the IPMSM motion equation with
moment of inertia mismatch can be obtained as follows:

wr = 3T — $TL F o — Zrop +d; 0
J=J+AJ

From (1), the IPMSM control system will be controlled by the
first-order LADRC. Due to the noise signal in the system being
amplified by LTD in LADRC, it can cause system oscillation
and even instability. Therefore, the LTD is not used in this paper
[27]. About first-order controlled object y = f(iy,w,H)+bou, y =
x1 and f = xo are selected as state variables. The T-LADRC is
shown as follows:

%1 =29 — 1 (21 — x1) + bou LESO
Z2 = —ﬂz (21 - $1) )
ug = kp (r — z1) LSEF
U= U —22
bo

Through pole configuration, 31 and (5 are configured at w,
and k,, is configured at w, [28] as

5%+ B15+ Ba = (5 +w,)? 3)
s+kp=s+w '

According to (3), 81 = 2w,, B2 = w?, and k), = w.

The control structure diagrams of T-LADRC and T-LESO can
be obtained from (2) and (3), as shown in Fig. 1.

For T-LADRC, as shown in (2), (3), and Fig. 1, it is mainly
composed of three parts: LSEF, LESO, and lumped interference
compensation link. Among them, the LSEF is mainly used to
control the generation of variables. The main function of LESO
is to observe the lumped interference received by the system. The
main function of the lumped interference compensation link is
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"/ "Lumped interference:
compensation

(b)

Fig. 1. Control structure diagrams of T"LADRC and T-LESO. (a) T-LADRC.
(b) T-LESO.

to combine the effect of LSEF to eliminate the system’s lumped
interference observed by LESO.

From (1), w, is selected as the state variable, and the equation
of state of IPMSM is shown in as follows:

Wy = f+b0Te

bo = + . 4)
f = :F%WT - %TL - %w'r +d,

In (4), :F%Cu,. — %wr is the internal interference of the
system, and —%TL + d, is the external interference of the
system. Among them, internal interferences include moment
of inertia mismatch and mechanical friction generated by the
motor during operation. External interferences mainly include
load interference and other external interferences imposed on
the system. Due to the uncertainty of each component in the
lumped interference, each interference component of the lumped
interference f will be observed and compensated as an unknown
interference.

From (1) to (4), the IPMSM outer loop controller based on
T-LADRC is shown as

W = f — 2w, (@ — wy) + boTe

f=-w? (@ —wr
(* A ) 5)
Uy = we (Wi — @)
_ ug—f
T. = %O

III. DESIGN OF ENHANCED LINEAR ACTIVE DISTURBANCE
REJECTION CONTROLLER

A. Interference Differential Compensation Linear Extended
State Observer

To broaden the observation scope of the lumped interference
by LESO without increasing w,, so that the lumped interfer-
ence can be accurately observed by LESO. The IDC-LESO is
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Fig. 2. Control structure diagram of IDC-LESO.
established as shown in the following equation:

21 =22 — 1 (21 —x1) + bou

2y =23 — P2 (21 — 1) . (6)

Z3 = —f3 (21 — 1)

From (6), it can be concluded that the introduction of the
lumped interference differential f is increased the order of
LESO.

The following equation can be obtained by Laplace transform
on (6):

Br5%+ 8548 bos”
Zl(s) - 33-:5152'*‘2;254?53 (S) + 53+51$20j‘/325+ﬂ3 U(S)
e bofas o
22(5) = 55557 asra Y (5) T STHBrsT+ fasipa U (5)
. B3 52 b B3
ZS(S) - s3+ﬁ1523jﬁ28+ﬁsy(s) - 53+ﬁ15%+3525+53 U(S)

N

where Z1(s), Zo2(s), Z3(s), Y(s), and U(s) are Laplace transform
of z1, 22, z3, ¥, and u, respectively.

According to (7), the characteristic polynomial of IDC-LESO
is shown as

P(s) = s + B15% + B2s + fs. )

Equation (8) is subjected to pole assignment. 31, 82, and 33
of IDC-LESO are configured at w,, as

5% + B15% + Bas + Bz = (5 +wo)®. 9)

From (9), 81 = 3w,, B2 = 3w3, and B3 = wg.
The control structure diagram of IDC-LESO can be obtained
from (6) and (9), as shown in Fig. 2.

B. Interference Differential Compensation and Cascaded
Linear Extended State Observer

From (6), the dynamic adjustment of the lumped interference
79 1s dependent on the differentiation of z; and the compensation
of z3. If the value of w,, is set to be small, only x; can be observed
by LESO. In this case, the observation error with large lumped
interference will be caused. If the value of w, is set to a large
value, the instability of the system will also be caused. To further
enhance the observation accuracy of IDC-LESO for lumped
interference, the observation error is reduced. z5 is considered
a known part, and the second level IDC-LESO2 is constructed
to observe the remaining interference x,-zo, where (6) is used
as the first level IDC-LESO1. The IDC-LESQO?2 is shown in the
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following equation:

U1 = Vg + 29 — 1 (’Ul—l'l)—l-bou
Uy = v3 — la (V1 — 1)
1}3 = —l3 (’Ul — .131)

(10)

The following equation can be obtained by performing
Laplace transform on (10):

2

v1<s>=% (5) + 7t U )
+ e 22(9)
Vals) = st Y () — i U s) (1)
— s e 22(9)
V3(8)Z$st+h (s) — sﬁﬂlz()?lii?zsmU(s)
~ e 22(9)

where Vi(s), Va(s), and Vs(s) are Laplace transform of vy, va,
and vs, respectively.

According to the analysis method of IDC-LESOI, /1, l5, and
I3 of IDC-LESO?2 are configured at w,, i.e., l1 = 3w,,lo = 3w§,

and I3 = w3.

C. E-LADRC Design for IPMSM

Based on the results of the above analysis, the E-LADRC
controller based on IDC-C-LESO is shown in the following
equation:

2.,’1 =22 — 3w(, (Zl - 1‘1) + bou
,7;’2 = Z3 — 3wg (Zl - CEl)
23 = —wg’ (Zl — (El)

IDC-LESO1
’l-}l = Vg + 22 — 3wo ('Ul - 1'1) + bou
; 2
Uy = v3 — w3 (v1 — x7)

12)

N 3
03 = —ws (v1 — 271)
IDC-LESO2
u = kp(r—z1)—(z24v2)
e

According to the method of pole configuration in (3), k,, is
configured at w,, i.e., k, = we.

According to (12), the IPMSM outer loop controller based on
E-LADRC is shown as

Gr = f — 3w (& — wy) + LT,
f:f._gwg(wr_wr)
f = _Wg) (Wr — wy)
IDC—LESOl
djr :’3/+f_3wo (ajr_wr)"_%Te (13)
’?:’y_gwo(wT_wT)
'?Y: *Wg (Wr — wr)
IDC-LESO2
T we (Wi @)= ( f+5)
e T

J
According to (13), the IPMSM dual closed-loop control block

diagram based on E-LADRC is shown in Fig. 3. The IDC-C-
LESO control structure diagram is shown in Fig. 4.
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IDC-C-LESO 1/J

@, c- |/ [he- @,
©, @D|LES02[ T|LESO1 |«@® o,
VA R

E-LADRC

Fig. 3. IPMSM control block diagram based on E-LADRC.

Fig. 4.

IDC-C-LESO control structure diagram.

According to Figs. 3 and 4, the core of the E-LADRC pro-
posed is still IDC-C-LESO. The known information that is
easily measurable by the system is utilized by the controller:
The system output (actual speed) and the system input (given
speed) to observe the lumped interference experienced by the
system. The lumped interference is fed back to the input of the
system in the form of a state variable f{f) and then compen-
sated by the LSEF and the lumped interference link. Therefore,
whether the lumped interference received by the system can
be accurately compensated depends on whether the lumped
interference received by the system can be accurately observed
by IDC-C-LESO.

Whether IDC-C-LESO can accurately observe the key fac-
tor of lumped interference is the precise adjustment of w,. If
w, is too large, it will cause system oscillation. If w, is too
small, the interference suffered by the system (especially high-
frequency interference and high-order interference) cannot be
accurately observed. At present, the coupling problem between
anti-interference and tracking brought by w, cannot be well
solved by T-LESO and other improved LESO.

Therefore, the maximum purpose of the IDC-C-LESO pro-
posed in this article is to broaden the observation range of
lumped interference by LESO under the condition that w,, is
not increased. In this way, the high-frequency and high-order
interferences experienced by the system can be accurately ob-
served and compensated, and the system oscillation problem
caused by excessive w, can be solved.

IV. ANALYSIS OF E-LADRC CONTROL CHARACTERISTICS

The stability of the system is the primary condition for its
normal operation, and its dynamic characteristic and control
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accuracy are marked by its anti-interference characteristic and
tracking error. Therefore, the stability, interference compensa-
tion characteristic, and tracking error of the IPMSM control
system based on E-LADRC are analyzed, and the parameter
setting method is provided.

A. Proof of Stability

The IDC-C-LESO and the corresponding system equation of
state are expressed in the form of following equations:

.’tl :m2+b0u 21 = Z2 —30.)0 (21 —$1)+b()u

iy =3 = z2:z3—3w§(21—x12
iy = f(z,w) 23 = —w; (21— 21) + f (2,0)
state equation of the system IDC-LESO1
(14)
i’l = T2 + ) + b()’u
i‘g = I3
3 =h (Iv U))
state equation of the system
1.)1 = V2 + 22 — 3w0 (Ul - Il) + b()u
= { Vg = v3 — 3w? (v — x1) (15)
U3 = —w3 (v1 — 1) + h (v,w)
IDC-LESO2

Let the tracking errors of IDC-LESOI1 and IDC-LESO?2 be
Zi = x; — z; and v; = x; — v;, respectively, where i = 1,2,3.
The differential tracking error values of IDC-LESO1 and IDC-
LESO?2 can be obtained from (14) and (15), as shown in the
following equation:

51 = 52 — 3&}021
Z9o = 23 - 3&)(2)21

Z3 = f(z,w) = f(z,0) —wik

IDC-LESO1

v = ’l~)2 — 3(.«)0171
Vg = 1~)3 - 3w21~)1 (16)

Z3 = h(z,w) — h(v,w) — w?

U1

IDC-LESO2

Leté; = Zj/wi ! and 5]- = 0j/wl1, where j = 1,2,3. Then,
the following equation can be obtained:

' 1 (B (f(zw) = f(zw
(ﬂ:%@®+2 o) = FE0)) )
0 g Wo \ Bs [ h(z,w) —h(v,w
where
€1 €1 01 01
g = a2 |, E= | &2 ,5: (52 ,5: (52 (18)
€3 €3 63 63
-3 1 0 0
A.=A;=1-3 0 1|,B.=Bs=1(0 (19)
-1 0 0 1
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According to |AE — A| = 0, the eigenvalues of A. and As
can be obtained as Ay = A2 = A3 = —1. Therefore, the system
composed of A, and As is stable. According to the Lyapunov
stability criterion, the positive definite symmetric matrices P,
and Ps; must exist so that A, and Ags are satisfied with the
following equation:

AT P, P.A\ E
(A5TP5 T\pa, )= \E (20)
where E is the identity matrix.
From (20), the following equation can be obtained:
1 -3 -1
P.=Ps=|-% 1 —3 (1)
-1 -2 4

The Lyapunov function is defined as I'(n) = n” P,n, and the
following equation can be obtained from (17):

(16) = = (i)

’ . o
N 22 e P.B, (f (z,w) f(z,w)) )
w5 \ 67 PsBs (h (x,w) —h (uw))

Since f(z,w), f(z,w), h(x,w), and h(v,w) are satisfied
by Lipschitz continuity theorem conditions in the domain of
a function, then constants c. and cs greater than zero must exist
so that all x, z, v, and w are satisfied by

f@w) = f (zw)| < cclla =,

(23)

(2, w) = (v,0)| < eslle = vl
By combining (22) and (23), the following equation can be
obtained:

2eT P B | f(z,w)—f(z,w)| _ 2T P.B. 22|,

2 S 2
e s . 24)
267 Ps Bs|h(z,w)—h(v,w)| < 207 PsBs|lz—v],
UJ2 = UJ2
o o

When w,>1, the following equation is obtained:

_ s 2+ (2; 2+ ;47 2
lecghs = L - VIR ey,
olly _ Lol _ /RS
wagHz — HZ‘(Q‘)Z — 61+ww‘§2+w 93 < ||5||2
Then, the following equation is obtained:
HPsBsCng*QHPsBeCstJrl >0 (26)
1PsBscs|| — 2| Ps Bscsll, + 1> 0

By combining (24)-(26), the following equation can be ob-
tained:
2e7 P. B | f(w,w)— f (z,0)|
w?d
25TP535‘H(z,w)7f7,(v,w)|
w?d

2 2
< (1P-Becell3 + 1) Jlell3

) y (27)
< (IPsBsesl3 +1) 611

The following equation can be obtained from (22) and (27):

{f (e) < —wo llellz + (1P Becell + 1) Jlell3

: 2 5 (28)
I'(6) < —w, [0l + ([ Bs Bses|| + 1) (191,
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When (29) is satisfied, the following equation is established:

We > ||PEBECE||§ +1 29)
we > || PsBscs||; + 1

I'(e) <0

) ) (30)
') <o

According to the Lyapunov stability criterion, the following
equation is described:
{ lim z; =0
t—o0

i=1,2,3. 31)

lim v; =0
t—o0
According to (31), when time approaches infinity, the es-
timation error of IDC-C-LESO tends to zero. Therefore, the
IDC-C-LESO is converged.
Assuming that the input and output of the system are bounded,
the following equation can be obtained from (12):

y=f—za —vat+we(r—z1)+r. (32)

Let o = r-x;. The following equation can be obtained from

(32):

& = Do+ Qe (33)

where D = (—w,), Q = (—w, —1),ande = (3, Z +12) .
Since the IDC-C-LESO has achieved stable output, (33) is
solved, and the expression of the solution is shown as

t
5 (t) =eP6(0) + / PN Qedr.
0

(34)

Due to the correlation between the stability of the system
and the coefficient matrix of the system, matrix D is assigned
to poles to obtain |AE — D| = A 4+ w,. Therefore, the charac-
teristic root of D is A = —w,. According to the principle of
similar diagonalization, the invertible matrix 7 must exist so
that D = T'diag(1)T ! is established.

According to norm theory, ||eP?||, < ||T|,||T ! ||,e™* can
be obtained. Let a = ||T|,||T7,, then [[ePt]|, < ae ™, i.e.,
lim ||eP?||, = 0. Similarly, when ||e?*~7)||, < ae *(*=7) the

t—o0
following equation is established:

t to
‘/ eD(th)QedT <@, (H/ Pt edr
0 2 0 2

t
/ ePTedr ) (35)
to 2

Since tlim e(t) = 0, the 2-norm of e(t) has an upper bound.
—00

§

If its upper bound is p, then ||e||, < p. Similarly, the following
equation is established:

t
‘ / P Qedr

0

From the above analysis, it can be concluded that
lim 2| Q[l,e (1 — e ™) = 0, ie., || [y P Qedr]|, = 0
is established. It can be concluded that the following equation

< %HQ\E@’“ (1—e™).  36)

2
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Fig. 5.

Control structure diagram of C-LESO.

is established:

lim a (1) = 0. (37)

Based on the results of the above analysis, the closed-loop
system based on E-LADRC is stable.

B. Analysis of Tracking Error

The transfer function ®;pc—c, (s) of IDC-C-LESO based
on the lumped interference observation value and the transfer
function ®rpc_ce, (s) of the lumped interference observation
value error can be obtained from (7) and (11), respectively, as
shown in the following equations:

o _ Zompce-c(s) + Vamne-c(s)
IDC*CZQ - F(S)

(3w§s + wg) (253 + 6wes? + 3w?s + wg)

(53 + 3wos? + 3w2s 4 w3)?

(38)
Bipe_ce, (5) = F(s) — (Z21Dclg((;’)) + Vape-c(s))
6 5 2.4
_ 5° + 6w, s +9w05 (39)

(53 + Bwos? + 3w2s 4+ wi)?’
The transfer function ®ipc,, (s) of IDC-LESO based on the
lumped interference observation value and the transfer function

Pipce, () of the lumped interference observation error can be
obtained from (7), as shown in the following equations:

Zopo(s) Bwos + W
Pipey, (5) = = T 30 0
IDCz, (5) F(s) 83 4 3wes? + 3ws + w3 0
Ppce, (8) = F(s) — Zaipc(s) 8° + 3w
IDCe, (8) = F(s) 5% 4 3wes? + Bw2s + w’
(41)

According to [28], the time-domain expression and control
structure diagram of C-LESO can be obtained as shown in the
following equation and Fig. 5, respectively:

21 = Z9 — 20.)0 (21 — xl) + b()’LL
22 = —wg (Zl — .%'1)
T-LESO1
. 42
U1 = vy + 22 — 2w, (11 — x1) + bou (42)
1')2 = —wg (Ul — xl)
T-LESO2
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According to (42) and Fig. 5, the transfer function ®¢., (s)
of C-LESO based on the lumped interference observation value
and the transfer function ®¢.,(s) of the lumped interference
observation error are shown in the following equations:

 Zao(s) + Vac(s)  wi (257 + dwos +wy)

e, (s) = F(s) - (52 + 2wos + w?)?
(43)
Do (s) = T2 (221?8 e
_ (s +2w,) (44)

(52 4 2wos + w2)?

Similarly, the transfer function ®ipc_cy,(s) of T-LESO
based on the lumped interference observation value and the
transfer function ®1pc_ce,(s) of the lumped interference ob-
servation error can be obtained from (2) and (3), respectively, as
shown in the following equations:

Zor(s) w?
) = = & 45
722(5) F(s)  s242w,s +w? (45)
F(s) — Zar(s) 52 + 2w,s
D, = = . 46
7es(5) F(s) $2 4 2w,8 + w? (46)

When the lumped interference f{(f) is the step interference
K, slope interference Kt, and acceleration interference Kt*/2,
respectively (K is the interference gain coefficient). The time-
domain expressions of IDC-C-LESO, IDC-LESO, C-LESO, and
T-LESO based on the lumped interference tracking error can
be obtained from (39), (41), (44), and (46), as shown in the
following equations:

€2,1DC—C (t) = Ke Wot —+ Kwot€7w°t - %ngt267w°t
—tKwitdemwol 4 TKwitte ol — LKwSthe vt
ea,po_c (t) = Kte @l 4 Kw,t?e wol — %Kwﬁt%"‘"’t
— tKwitte vl + L Kwitde vt
€2,IDC—C (t) = %Ktzeiwot + %Kwot367w°t

1 345 ,—wot
— g5 Kwyt e e

(47)

ea,ioc (1) = Ke @0t + Kw,te wol — Kw?2t?e wot

€2,IDC (ﬁ) = Kte wol 4+ KwotQG_w"t

ea.nc (1) = w% — %Ke’“’ot — %Kte*wot — Kt2e=wot
(48)

ea,c (t) = Kte wol — LKw2te ol

ea,c (1) = %Kth"”“t + %Kwot‘ge’%t

eg,c (1) = 25 — ZKe @l — 2 Kte ol —

wD

— %Kwot‘ge"*’ot

1 2 ,—wot
%Kte o

(49)
eo, 1 (t) = Ke ot + Kw,te ot
ea,r (1) = 25 — 2 emwol — Kpewo! (50)

— 3K 2K 3K —wot K 4 —wot
623’1" (t) = *Tg + Tot + Tge + Tote
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TABLE I
OBSERVATION ERRORS OF IDC-C-LESO, IDC-LESO, C-LESO, AND T-LESO
FOR DIFFERENT INTERFERENCES

lime, (t) K Kt KPP
€2sIDC-C 0 0 0
exne 0 0 3K/’
e 0 0 2K/}
erer 0 2K/w, ©

~ 20 T T T ~ 50 T T T
g o 1 8
g 20 1 = 50
=1 =1
R [ 100} =iy
§ _60 o IDC-LESO oD E _150 - IDC-LESO |4
_80 — \DC»C-IEESO | | \l. -200 | | — I:JC-C-LESO
90 T T T 360 T T
’;“) :'-TiLESO ’;ﬂ :'.-T-LESO
i [ eieso § 180 e, oiEso 1
Py B = IDC-C-LESO! P _________'::\ = IDC-C-LESO!
Z90}f 1 £ of
= [N BRI R W et A
180 L L -180, L . L
10° 10 10° 100 10 10° 10 10* 10° 10*
Frequency (rad/s) Frequency (rad/s)
(a) (®)
Fig.6. Bode plots of IDC-C-LESO, IDC-LESO, C-LESO, and T-LESO based

on lumped interference observation value and lumped interference observation
error. (a) Bode plot of the observed lumped interference. (b) Bode plot of the
lumped interference observation error.

where es,, e2,, and eg, are the observation errors when K, Kz,
and K7*/2 are affected in the system, respectively.

The observation errors of IDC-C-LESO, IDC-LESO,
C-LESO, and T-LESO for different interferences can be obtained
by calculating the limits of (47)—(50), as shown in Table 1.

From Table I, when f{(7) is a step interference, the observa-
tion error of all four observers is zero. When f{(7) is a slope
interference, there is an observation error for T-LESO, whereas
the observation error for IDC-C-LESO, IDC-LESO, and C-
LESO are zero. When f{(7) is an acceleration interference, only
the observation error of IDC-C-LESO is zero. This indicates
that IDC-C-LESO can eliminate observation errors caused by
slope and acceleration interferences compared to IDC-LESO,
C-LESO, and T-LESO.

C. Analysis of Anti-Interference and Coupling Characteristics

From (38) to (45), the transfer functions of IDC-C-LESO,
IDC-LESO, C-LESO, and T-LESO based on the lumped inter-
ference observation value and the lumped interference obser-
vation error are only associated with w,. Therefore, when w,
of different observers is taken as the same parameter, the Bode
plots of four types of observers based on the lumped interference
observation value and the lumped interference observation error
can be obtained, as shown in Fig. 6.

From Fig. 6(a), when w, is taken as the same value, the
observation scope of IDC-C-LESO for lumped interference is
widened and its interference compensation capability is im-
proved compared to IDC-LESO, C-LESO, and T-LESO. Thus,
the stability of the system caused by magnifying w, is solved.
From Fig. 6(b), in the low-frequency range, the observation
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Fig. 7. Bode plots of G(s) under different conditions. (a) Comparison perfor-

mance analysis of four types of observes. (b) Bode plot of IDC-C-LESO as w,
changes.

error gain of IDC-C-LESO for the lumped interference is lower
than that of IDC-LESO, C-LESO, and T-LESO. Thus, the
IDC-C-LESO has stronger interference compensation capability
compared to IDC-LESO, C-LESO, and T-LESO and the impact
of phase lag on the system has been improved.

For the tracking performance of four types of observers, the
frequency domain expressions of the observed system output
values for the four types of observers can be obtained from (2),
(3), (7), (11), and (42), as shown in the following equation:

_ 3w055+15w§s4+20w253+15w§52+6wg’s+wgY
‘/IIDC*C(S) - (S3+3w082+3wgs+wg)2 (S)
bos®+3bow, st
(8343w, s2+3w2s+ws
_ 2w,s46w2s?+4wdstwd Y
Vie = (5242w, s+w2)? (S) +
_ 3w052+3wgs+w§’
T s%43wes?+3w2stwd
b082
+ 343w, 82 4+3w2s+wd U(S)

2wos+wy :
ZlT(S) = SQQ;;U:}FZEY(S) + 52+23?;s+w3 U(S)

)2 U(S)

bos®+2bgw, 52
(5242w, s+w2)? U(S)

Y(s)

61V}

According to (51), the transfer function G(s) between the
observed system output value and the actual system output value
for the four types of observers is shown in as

G ( ) _ 3wo85+15w§s4+20w233+15w332+6wgs+wg

IDC-C\$) = (s3+3w082+3wgs+w3)2
G (8) o 2wos3+6w§s2+4wgs+w§

OV T T S 2w, st w?)”

_ 3wes?43w2s+wd
GIDC(S) - s3+30w082+30wgs+(2.zg
. 2wos+wg

GT(S) T s2 42w, stw?

(52)

From (52), G(s) of the four types of observers is only related
to w,. Therefore, when w,, is taken as the same value, the Bode
plot of the performance comparison between the four types of
observers can be obtained, as shown in Fig. 7(a). The Bode plot
of IDC-C-LESO with w,, variation is shown in Fig. 7(b).

From Fig. 7(a) and (b), under the condition that w, is taken
as the same value, the IDC-C-LESO has a better observation
ability for system output than the other three observers, and
its observation ability increases with the increase of w,. This
indicates that IDC-C-LESO has stronger tracking characteristics
compared to the other three controllers.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

Next, the anti-interference characteristic of E-LADRC and
the coupling characteristic between its tracking ability and anti-
interference ability will be further analyzed.

For E-LADRC, according to (12), the frequency domain
expression of the system output including input and interference
terms is expressed as

Ye(s) = R(s)

$5 + (6wo + we)s® + (w2 + Bwew,)s
+3wew? s + wewd s

(54 we) (53 + 3wos? 4 3w2s + w3)?

For IDC-LADRC, the same LSEF and interference compen-

sation forms as T-LADRC are adopted, as shown in (2) and

Fig. 1(a). The frequency domain expression of the system output

containing both input and interference terms can be obtained by
combining (7), as shown in the following equation:

Yipe(s) = R(s)

83+ (3w, + we) 82
(s + we) (82 + 3wos? + 3w2s + w?)

We
S+ Wwe

F(s). (53)

We
S + we

(54)

Similarly, for C-LADRC and T-LADRC, the system output
frequency domain expressions including input and interference
terms can be obtained from [29], (2) and (3), which are respec-
tively represented as

Yo(s) = R(s)

st 4 (dw, + we)s® + (dw? + 2wow,)s? + wew?s
Lt (o we)s® + (4 )5t el
(s 4+ we) (8% 4 2wos + w2)

We
S+ We

(55
2
We s° + (2wo + wC) S
Y, = R F(s).
r(s) s+ we (s) + (s 4+ we) (82 4 2wos + w2) ()
(56)
According to (53), the closed-loop transfer function S;F((:)

of the system output relative to the input term and the closed-
loop transfer function };f(,:) of the system output relative to the
interference term based on E-LADRC are shown in the following

equations:

YE(s We

ol @
% 4 (6w, + we) 8° + (Iw?Z + Bwew, ) s*

Yi(s) +3wew? s + wew?s?

F(s) - (54 we) (3 + 3w,s? + 3w2s + w3)® 8

From (57), fg(f)) of E-LADRC is only related to w, and has

the same tracking characteristics as the other three controllers
(IDC-LADRC, C-LADRC, and T-LADRC). The Bode plot of

};E((SS)) changing with w, is shown in Fig. 8(a). From the figure,
the tracking ability of the system for input items is enhanced with

the increase of w.. From (58), %((;)) of E-LADRC isrelated tow,
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Fig. 8. Bode plots of tracking, anti-interference, and coupling characteristics

of E-LADRC. (a) Bode plot for tracking characteristics. (b) Bode plot of
anti-interference characteristic (only w, is changed). (c) Bode plot of anti-
interference characteristic (only w, is changed). (d) Bode plot of coupling
characteristic.

and w,. The Bode plots of 1;? (SS) with changes in w, and w,, are

shown in Fig. 8(b) and (c). From the figure, the anti-interference
characteristic of E-LADRC is mainly influenced by w,, and its
anti-interference ability is enhanced with the increase of w,,. The
anti-interference ability of E-LADRC will not be significantly
altered by changes in w..

The Bode plot of the coupling between the tracking ability
and anti-interference ability of the four controllers under the
same w,. and w, conditions is shown in Fig. 8(d). At the same
time, combined with Fig. 7(a), under the condition that w, is
taken as the same value, the tracking characteristic of E-LADRC
is enhanced while its anti-interference characteristic is also
improved. It can be concluded that the coupling problem be-
tween tracking capability and anti-interference capability can be
directly solved by E-LADRC. Other controllers can only solve
this problem by increasing w,. Thus, under the condition that
w, 1s not increased, the coupling between the system tracking
ability and anti-interference ability can be reduced by E-LADRC
while also avoiding the problem of system oscillation caused by
the increase of w,.

D. Parameter Setting of the Controller

The selection of LADRC order should match the order of
the controlled object, i.e., the order of LADRC is equal to the
order of the controlled system. From (1), the motion equation
of IPMSM is a first-order differential equation, therefore the
first-order LADRC is chosen as the outer loop controller of the
IPMSM drive system. The reason for using a controller with the
same order as the system is mainly determined by the number of
state variables that need to be selected in the system. According
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to (5) and (13), the introduction of interference differential com-
pensation signal into IDC-C-LESO, the order of LESO has been
changed from the original second-order to the third-order, LSEF
is still controlled by first-order feedforward control. Moreover,
the observer feedback gain coefficient of C-LESO has been in-
creased to six. However, according to the pole allocation method,
the feedback gain coefficients of IDC-LESOI and IDC-LESO2
are all configured as w,,. Therefore, the w,, values of IDC-LESO1
and IDC-LESO?2 are taken as the same parameter values during
parameter setting.

From (5) and (13), the parameters that need to be set include
Wo,We, and by. Among them, by = 1/.J (by is set as the reciprocal
of the nominal value of J). But in actual engineering parameter
setting, b is usually maintained within the +-5% error range of
the theoretical value, i.e., by € [(1 —5%)%, (1 +5%) =] [30].
For the motion equation of IPMSM, it can also be expressed as

1 JJ—JJ+AJJ AT .
wT:iTE‘F—,A e F —=Wwyr
JJJ J
1 B
— =T, — =ZLw, +d, 59
7l — 5w + (59
For (59), the expressions for f and by are shown as
_ JJ-JJ+AJJ AJ - 1 B,
{g - 1TT6 T = gL = e tde g0
0=7

According to (60), by is configured as the observed value of J
and needs to be adjusted online, thereby increasing the difficulty
of parameter setting. The observed value of J usually needs to
be adjusted within a certain range [J — &, J + €] (¢ is a positive
real number) of its actual value. According to the configuration
method shown in (4), when b is configured as J, the differ-
ence AJ between it and the actual value is directly included
in the range of lumped interference, and then compensated by
LADRC. This not only clarifies the physical meaning of by but
also reduces the difficulty of parameter setting.

For most industrial control systems, w, and w, are satisfied
by the relationship w, = (3-5)w, [31]. Whether it is T-LADRC
or E-LADRC, only w, needs to be set.

In addition, due to the delay characteristic present in most
industrial control systems, w,, needs to be smaller than 2/7T' (T's is
the sampling time). For (29), || P.B.c.||2 + 1 = | Ps Bscs||3 +
1 =15.25¢2 + 1 (where ¢, = c¢s = ¢) can be obtained. It can

be concluded that the parameter setting scope of w, is w, €
[5.25¢% +1,2/Ty).

V. EXPERIMENTAL VERIFICATION

To further prove the validity and availability of the E-LADRC
proposed in this article, a 2-kW FOC experimental platform
of IPMSM is built. Among them, the experimental platform is
shown in Fig. 9. The program flowchart based on E-LADRC
is shown in Fig. 10. The design and execution process of the
proposed method is shown in Fig. 11. The nominal values of the
identified motor parameters are shown in Table II.
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Fig. 9. FOC experimental platform of [IPMSM.
Start }
+ Calculate i; and i, based on
MTPA control
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+ Operation of current loop
algorithm
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the system according to Eq. (13) SYPWM

Operation of speed loop *
algorithm and output 7e End

|

Program flowchart based on E-LADRC.

Fig. 10.

TABLE II
NOMINAL VALUE OF MOTOR PARAMETERS
Parameter Value
Rated power (kW) 2
Rated voltage (V) 380
Rated speed (r/min) 1000
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 w, (rad/s) , (rad/s) by
IDC-LADRC 32 155 91
E-LADRC 47 155 91

The IDC-LADRC based on IDC-LESO and E-LADRC are
compared in this section. The LSEF and interference compen-
sation links of IDC-LADRC are designed according to (2) and
(3).

To ensure that E-LADRC and IDC-LADRC are compared
and analyzed under the same w,, according to Section IV-C
and in combination with [30] and [31], w, in IDC-LADRC and
E-LADRC will be configured with equal optimal parameter
value, as shown in Table III.
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1 Establishment of IPMSM Mathematical Model

The state space expression (1) of the IPMSM
motion equation with parameter variations is
established. Meanwhile, state variables wr and
v fare selected.

Design of E-LADRC

According to Eq. (1), the speed loop controller
(13) of the IPMSM drive system based on E-
LADRC is designed.

3 Setting of E-LADRC parameters

According to the parameter setting principle
i provided in section IV-D, firstly, the nominal
i value 7 of the motor rotational inertia identified
i online is used to calculate the compensation
factor ho. Then, the range of values for wo and
{ wcin E-LADRC is determined.

Validation of experiments

Firstly, the designed control algorithm is
discretized. Then, the experimental platform
shown in Fig.9 is built and tested. Secondly,
a ccording to the value interval of each
parameter in E-LADRC, the optimal parameter
value is found. Finally, the proposed algorithm
is validated under various different operating
v conditions.

Fig. 11.  Design process of the proposed method.
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Fig. 12.  Speed waveform of the motor under +1000 r/min no-load operation.
(a) IDC-LADRC. (b) E-LADRC.
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Fig. 13.  n waveform of the motor under —1000 r/min no-load operation. (a)

IDC-LADRC. (b) E-LADRC.

A. Verification of Traceability

The speed n waveform of the motor under no-load operation
at +1000 r/min and —1000 r/min are shown in Figs. 12 and 13,
respectively.
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Fig. 15. T, and U-phase current waveforms of the motor during loading and
unloading at 41000 r/min. (a) IDC-LADRC. (b) E-LADRC.

According to Fig. 12, when controlled by IDC-LADRC, the
overshoot of the motor when accelerating to 41000 r/min is
5.1%, and the settling time is 0.4 s. When controlled by E-
LADRGC, there are no overshoot and oscillation of the speed.
According to Fig. 13, when controlled by IDC-LADRC, the
overshoot of the motor when accelerating to —1000 r/min is
also 5.1%, and the settling time is 0.35 s. When controlled
by E-LADRC, there are also no overshoot and oscillation of
the speed. This indicates that E-LADRC has better tracking
characteristics compared to T-LADRC.

B. Analysis of Interference Compensation Capability

To effectively verify the anti-interference characteristic of
the control method proposed in this article, the loading and
unloading experiments of the IPMSM drive system at different
speeds will be analyzed in this section. The observed speed 7
and actual speed n waveforms of the motor under +1000 r/min
operating conditions, as well as the output torque 7. and U-phase
current waveforms, are shown in Figs. 14 and 15, respectively.

From Fig. 14, under 41000 r/min operating conditions, the
speed drop of the motor controlled by IDC-LADRC is 7%, and
the settling time is 0.2 s. The speed overshoot is 7.9%, and the
settling time is 0.19 s. The speed drop of the motor controlled
by E-LADRC is 5%, and the settling time is 0.11 s. The speed
overshoot is 5.7%, and the settling time is 0.12 s. From Fig. 15,
the output torque pulse controlled by IDC-LADRC is 0.52 N-m,
whereas the torque pulse of the motor controlled by E-LADRC
is 0.4 N-m. This indicates that E-LADRC has better interference
compensation capability than IDC-LADRC at 41000 r/min.

The 7 and n waveforms of the motor under operating condi-
tions of +-500 r/min and 4100 r/min are shown in Figs. 16 and 17,
respectively. At the same time, the changes in speed drop, speed
overshoot, and settling time when the motor is controlled by two
different controllers under different speed operating conditions
are shown in Tables IV and V, respectively.
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Fig. 17. n and n waveforms of the motor during loading and unloading at

4100 r/min. (a) IDC-LADRC. (b) E-LADRC.

TABLE IV
COMPARISON OF SPEED DROP AND SPEED OVERSHOOT
% 100 r/min 500 r/min 1000 r/min
load unload load unload load unload
IDC-LADRC | 20% 24% 12.1% 13.5% 7% 7.9%
E-LADRC 12% 13.5% 8.2% 8% 5% 5.7%
A% 8% 10.5% 3.9% 5.5% 2% 2.2%
TABLE V
COMPARISON OF SPEED ADJUSTMENT TIME
. 100 r/min 500r/min 1000 r/min
! load unload load unload load  unload
IDC-LADRC 1.6s 1.65s 0.3s 0.25s 0.2s 0.19s
E-LADRC 0.2s 0.18s 0.2s 0.2s 0.11s 0.12s
Aty 1.4s 1.47s 0.1s 0.05s 0.09s 0.07s

According to Tables IV and V, under three different speed
operating conditions of low, medium, and high speeds, the
motor controlled by E-LADRC has a smaller speed drop, over-
shoot, and settling time compared to the situation controlled by
IDC-LADRC. Especially under low-speed operating conditions,
due to the increase in friction torque, the anti-interference and
tracking capabilities of the motor are further reduced. There-
fore, under low-speed operating conditions, the motor speed
drop, overshoot, and settling time are much higher than those
under medium to high-speed operation. When controlled by
E-LADRC, the drop, overshoot, and settling time of the motor
speed can still maintain small values. It can be concluded that
E-LADRC can better solve the coupling problem between anti-
interference and tracking compared to IDC-LADRC, especially
under low-speed operating conditions.

To verify that E-LADRC still has good control performance
under negative speed command signal. n, T,, and U-phase
current waveforms during motor loading and unloading under
operating conditions of —1000 r/min are shown in Fig. 18.

From Fig. 18, under the operating conditions of -1000 r/min,
the speed overshoot of the motor controlled by IDC-LADRC
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is 8%, and the settling time is 0.19 s. The speed drop of the
motor during unloading is 9.5%, and the settling time is 0.2 s.
The torque ripple during load operation is 0.53 N-m. The speed
overshoot of the motor controlled by IDC-LADRC is 6%, and
the settling time is 0.18 s. The speed drop of the motor during
unloading is 6%, and the settling time is 0.2 s. The torque ripple
during load operation is 0.41 N-m. This indicates that even under
anegative speed command signal, the E-LADRC still has better
anti-interference and tracking characteristics compared to IDC-
LADRC.

C. Verification of Robustness

To prove the robustness of the E-LADRC proposed to param-
eter changes in this article, the comparative experiment under
inertial mismatch conditions is conducted in this section, where
the motor is operating at +1000 r/min. The n and U-phase current
waveforms when controlled by two different controllers under
the conditions of increasing and reducing the J are shown in
Figs. 19 and 20.

When J is mismatched, the comparative analysis results of
the changes in speed and settling time are shown in Figs. 21
and 22. According to Figs. 19-22, when J is mismatched, the
speed overshoot and drop of the motor under E-LADRC control
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are smaller than those under IDC-LADRC control. Similarly,
when controlled by E-LADRC, the speed settling time during the
loading and unloading processes is also smaller than when con-
trolled by IDC-LADRC. In conclusion, the E-LADRC proposed
in this article can suppress the control characteristic degradation
caused by model mismatch compared to IDC-LADRC.

VI. CONCLUSION

To deal with the coupling issue between tracking and inter-
ference compensation capability of the IPMSM control system
based on T-LADRC under the influence of w,, an E-LADRC
based on IDC-C-LESO is proposed in this article. In E-LADRC,
an interference differential signal is introduced, and the scope of
LESO observation for lumped interference is expanded without
increasing w,. Thus, the issue of system instability caused by
oversized w, is avoided. The lumped interference observation
error of LESO is also reduced using C-LESO. The stability,
lumped interference compensation capability, and tracking error
of E-LADRC are analyzed theoretically in this article, whereas
the principle of controller parameter setting is given. Finally,
the validity and availability of E-LADRC are verified by ex-
periment. The analysis results indicate that the robustness and
anti-interference issues caused by a moment of inertia mismatch
and load interference can be solved by E-LADRC. Especially
in the case of low-speed and parameter mismatch, it can solve
the coupling problem between tracking and anti-interference of
the system affected by w,, thus having a certain engineering
application value. However, the method proposed in this article
still has certain defects. The parameter setting scheme provided
in the article can only determine w, within the stable scope of
the system, and this scheme is not the optimal setting scheme.
Next, parameter setting and optimization will be studied.
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