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Switching Active Disturbance Rejection Based
Deadbeat Predictive Current Control for
Permanent Magnet Synchronous Motors

Zhengjie Hao"”, Yang Yang

Abstract—To enhance prediction precision and tracking perfor-
mance of current controllers for permanent magnet synchronous
motor (PMSM) drives subject to control delay and disturbances,
a switching active disturbance rejection based deadbeat predictive
current control (SADR-DPCC) strategy of the PMSM is presented
in this article. First, a traditional DPCC strategy is introduced
based on the dynamic model of the PMSM and the parameter
sensitivity of the DPCC is analyzed. Then, an active disturbance re-
jection based DPCC (ADR-DPCC) strategy is presented to alleviate
the influence of disturbances on the DPCC controller. However, the
ADR-DPCC only with the linear extended state observer (LESO)
is incompetent in the applications with high requirement of control
accuracy and robustness. Therefore, the SADR-DPCC strategy of
the PMSM is proposed to integrate the advantages of the LESO
and nonlinear extended state observer (NLESO) with a hysteretic
switching strategy. Moreover, the stability analysis and parameter
setting of the NLESO are elaborated, which are simplified by the
switching strategy of the SADR-DPCC. Finally, the effectiveness
and superiority of the SADR-DPCC are validated experimentally.

Index Terms—Deadbeat predictive current control (DPCC),
extended state observer (ESO), permanent magnet synchronous
motor (PMSM), switching active disturbance rejection control
(SADRC).

I. INTRODUCTION

ERMANENT magnet synchronous motor (PMSM) drives

have wide applications in the domain of frequency conver-
sion drives such as rail transit traction and new energy vehicles
due to the merits of good reliability, convenient maintenance,
high efficiency, and power density [1], [2], [3]. Under normal
operation conditions, the ratio of inverter switching frequency to
motor running frequency is high to achieve outstanding dynamic
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performance and stability by adopting the classical PI controller
in the current loop of the PMSM. However, the inverter is
required to work at the lowest possible switching frequency
to mitigate the power dissipation of switching components and
reduce the radiator volume in the application of electric vehicles
and high-power drives, the current loop of which is prone to
oscillation and instability because the current control delay is
increased with the decrease of converter switching frequency
[4], [5]. Correspondingly, the system coupling is aggravated and
the phase margin is reduced. Thus, a predictive current control
(PCC) strategy of the PMSM is proposed and has been widely
concerned and studied due to the features of good dynamic per-
formance and low current harmonic components [6], [7], [8], [9].

There are mainly two types of PCC methods at present. One
is to adopt a cost function, which is evaluated according to eight
different voltage vectors of a voltage source inverter. Then, one
of the voltage vectors is selected as the input voltage of the
PMSM based on the principle of cost optimization, which is
simple in design [10]. However, the control error of one-vector
model predictive control (MPC) is large with only eight voltage
vectors, which cannot achieve satisfactory control accuracy and
current harmonic components. To overcome this deficiency,
two-vector and three-vector MPC methods are presented in
succession [11], [12], [13], [14], [15]. The other is to sample
the stator current of the present control period and calculate the
corresponding reference voltage of the next control period based
on the PMSM model. Then, the voltage vector is synthesized by
the space vector pulse width modulation (SVPWM) so that the
output stator current of the next control period is equal to the
reference stator current. The deadbeat PCC (DPCC) can achieve
excellent dynamic performance and low current harmonics [16],
[17], [18].

Nevertheless, an accurate PMSM model is essential to the
DPCC strategy, but the PMSM is a typical nonlinear multivari-
able time-varying system and its stator resistance and permanent
magnet flux are sensitive to temperature. Moreover, the discrete
PMSM model equation is an approximate discrete linearization
of the nonlinear model equation, and neglecting high-order
terms can introduce model errors [19], [20]. In this way, the
predictive reference voltage calculated by the nominal model
equation deviates from the actual required voltage so the high
current accuracy cannot be guaranteed. Therefore, the key of
high-precision PCC is to obtain the compensation of model
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errors. In [21], an observer-based robust PCC method is pro-
posed for PMSMs which utilizes an extended state observer
(ESO) to observe and compensate disturbances and currents with
an augmented system model. However, the filtering effects have
less influence on the low-order harmonics by virtue of the limited
observer bandwidth. In [22], a DPCC strategy founded upon the
enhanced predictive model and exponential ESO is presented
for PMSMs to augment robustness and transient performance.
However, in consideration of the system inertial element, the
robustness analysis still lacks the speed predictive model in the
discrete domain. An extended sliding mode observer (SMO)
with Hurwitz-based power reaching law is presented in [23]
for PMSMs to enhance the performance and robustness of the
PCC. In [24], a composite control strategy integrating a modified
DPCC scheme with feedback compensation based on a distur-
bance observer is proposed to enhance the current performance
of the PMSM with parameter mismatches and control delay.
In [25], an ameliorative DPCC controller for PMSMs with a
composite SMO is presented to enhance the current accuracy and
robustness of parameter mismatches. A static-errorless DPCC
with the SMO is presented in [26] to handle static current errors
and parameter mismatches. The SMO is designed to estimate
the disturbances including parameter variation and system non-
linearity, which can effectively alleviate the chattering effect
by the switching control. However, the SMOs in [23], [24],
[25], and [26] inevitably result in jittering in the observation.
A robust PCC strategy for PMSMs is presented in [27], which
utilizes an incremental system model to realize motor opera-
tion with unknown rotor flux. An ESO is adopted to augment
inductance robustness and a traditional DPCC is improved for
multistep prediction to compensate for the control delay and
enhance the control accuracy. In [28], an improved DPCC for
surfaced PMSMs based on a Luenberger disturbance observer
is presented to enhance the tracking performance and transient
response of the PMSM which has no chattering and less compu-
tation in comparison with the SMO. Although the Luenberger
observerin [27] and [28] is widely utilized for its straightforward
structure and easy effectuation, it cannot accurately estimate
the system status when the parameters vary rapidly. In [29],
an improved model-free PCC for surface-mounted PMSMs is
presented to tackle the disturbance of parameter mismatches
with an improved ESO, which can expeditiously compensate for
the disturbances without the knowledge of motor parameters.
An improved robust PCC based on online dg-axis inductance
identification for five-phase PMSMs under open-circuit fault is
proposed with a fault-tolerant model reference adaptive system
in [30].

To further improve the current performance, robustness, and
prediction accuracy of the PMSM, an improved switching active
disturbance rejection based DPCC (SADR-DPCC) is proposed
in this article. The major contributions of this article can be
summarized as follows.

1) The proposed SADR-DPCC integrates a DPCC with a
switching ESO (SESO) to simultaneously improve the
current prediction accuracy and disturbance rejection per-
formance, which is the core component of the switching
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active disturbance rejection control (SADRC). It is advan-
tageous to realize the DPCC with fast dynamic response
and low current harmonics.

2) Parameter mismatches and external disturbances of the
PMSM are taken as the estimated total disturbances,
which are substituted into the predictive current model
of the PMSM and observed in real time by the SESO
to enhance the prediction accuracy and robustness of the
SADR-DPCC.

3) The performance of nonlinear ESO (NLESO) decreases
seriously with the rise of estimated error [31]. The SESO in
this article combines the linear ESO (LESO) and NLESO
via an appropriate switching strategy, which not only
possesses the merits of the LESO and NLESO but also
overcomes their shortcomings.

4) Compared with the existing NLESO schemes, the pro-
posed switching strategy simplifies the parameter tuning
and stability analysis of the NLESO, making the controller
design intuitive.

The rest of this article is organized as follows. Section II
proposes the dynamic model of the PMSM on account of dis-
turbances and introduces conventional DPCC. Moreover, the
parameter sensitivity of the conventional DPCC is analyzed
and the active disturbance rejection based DPCC (ADR-DPCC)
is proposed based on the dynamic model to ameliorate con-
ventional DPCC. Section III proposes the SADR-DPCC of the
PMSM and its stability analysis and parameter tuning strategy
are elaborated by theoretical analysis and simulation. Section IV
verifies the feasibility and validity of the SADR-DPCC for the
PMSM by comparative experiments with conventional DPCC
and ADR-DPCC. Finally, Section V concludes this article.

II. DPCC DESIGN FOR PMSM
A. Dynamic Model of the PMSM Considering Disturbances

The voltage equations of the surface-mounted PMSM in the
synchronous rotating dq frames are expressed as follows [32]:

{ud = Lgpiq + Rsiq — npwm Lsig

1
ug = Lgpiq + Rsiq + npwm (Lsiq + ¢y) o

where i4 and i, are dg-axis currents, respectively, uq and ug
are dg-axis voltages, respectively, Ly and Ry are motor stator
inductance and phase resistance, respectively, n;, are motor pole
pairs, 17 is permanent magnet flux, wy, is mechanical angular
speed, and p is time derivative operator. Equation (1) can be
rewritten as a standard state space equation given by

iq| 14 ug|
sl =alevsli]re o
where
_ |—Rs/Ls  npwm B [1/Ls 0
A= {—npwm —RS/LJ , B = | 0 1/LJ ’
C =

o
_npwmwf/Ls ’
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Fig. 1. Control block diagram of the PMSM drive system based on the
traditional DPCC.

According to (1) and (2), the dynamic model of the PMSM
taking parameter mismatches and external disturbances into
account can be expressed as

pld] —arli]m [l sos D] o

q q q q
where
e [R:/L: Myt } B F/L: 0 }
—NpWm fR;‘/L: 0 1/L:
0
Cr = * *
|:_npwmz/}f/Ls:|

L%, R} and 7,/132 being the nominal stator inductance, phase
resistance, and permanent magnet flux, respectively, and D, and
D, are total disturbances of dg-axis currents, respectively, which
can be expressed as

D4 = Dain + Daex
= [(npwmiq — pia) ALs — ARgiq] /L% + Dgex
Dy = Dyin + Dyex “4)
= [— (npwmia + piqg) ALs — ARgiq
*npwmqubf] /LS + D gex

where ALy = Ls— L, ARy = Ry — R}, Ay =y — ¥3,
D gin and D, are the dg-axis internal disturbances, respectively,
mainly containing motor parameter variation, and D gex and D jex
are the dg-axis external disturbances, respectively, reflected in
step change of the reference currents.

B. Conventional DPCC

The control block diagram of the PMSM drive system based
on conventional DPCC is shown in Fig. 1, where i grer and ¢ et are
dg-axis reference currents, respectively, 6., is rotor mechanical
angle, and superscript “k” represents the corresponding state
variable at KTy where T is the control period. In virtue of
the controller delay, the output voltage obtained at k7T will
drive the PMSM at (k + 1)T; so that the delay compensation
module is utilized in the DPCC to compensate the controller
delay. Specifically, the sampled current and applied voltage at

kT, are used to calculate the predictive current 4% "' and i,
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then on this basis, the predictive output voltage USH and u’q”l
required can be obtained.

The dg-axis currents at ¢ € [kTy, (k + 1)T3] can be obtained
by solving (2) as

o) == L] e ae

t
-l—/lc et=1AB [ud (T;] dr 5
Ts

Uq (T

where I is the identity matrix.

The form of (5) is so complicated that it is inconvenient for
practical application. The off-diagonal elements in matrix A
contain wy,, and ny,wr, T is very small when the ratio of control
frequency to motor running frequency is high. Thus, they can
be obtained as

SRTOA & (¢ KT A4 T ©)
We (t - kﬂ) ~ 0. (7)

Moreover, uq(t) and wu,(t) at ¢ € [kTy, (k+ 1)1y can be
written as

[ud (t)} _ { cos we (t — KT3)

O] [ o -4 sin we (tkTs)] [ud (kTs)}

coswe (t — kTy) | |ug (KTy) ]|
®)
Substituting (7) into (8) gives

BZ gﬂ - [—we (tl— KT2) ol | kTS)] [Zj Egﬂ O

Substituting (6) and (9) into (5) gives

0] - oy [20] -
+ kL) B [ZZ EZ;H ~ (10)

Both the delay compensation and predictive current calcula-
tion depend on the discrete form of (10) for the DPCC. In view
of (10), the discrete form of dg-axis currents at (k + 1)7} can
be expressed as

41
tq
k41
tq

According to (1) and (11), the output voltage of the PMSM
DPCC can be obtained as

uptt = (igrer — i ') Lo /Ty + Reili ™' — npwhkt! Lok +1

Ul = (g — ik*1) Ly /Ty + Reil ™!

+npwht (Leigt™ + oy)

k k

d Ug

k] +TSC+TSB{ k].
U

q q

— (LA+I) L (i

12)
where w®*! = wF because the control frequency is much higher
than the motor running frequency.

Equations (11) and (12) are the discrete solutions of (2)
obtained by the forward Euler approximation method and are
mostly utilized by the existing DPCC to realize the delay
compensation and predictive variables calculation. However,
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the performance of traditional DPCC has a strong correla-
tion with the precision of the PMSM mathematical model.
In the practical operation process, the motor parameter vari-
ation and external disturbance have a strong influence on the
PMSM drive system, resulting in increased prediction error so
that it is difficult to realize precise tracking of the reference
current [33].

C. Parameter Sensitivity Analysis

It can be seen from (12) that the traditional DPCC controller
of the PMSM has high sensitivity to Ls, Rs, and ;. The
accuracy of the predictive model parameters has a significant
influence on the control effect of the PMSM. To evaluate
the impact of various parameter mismatches on predictive er-
rors, the parameter sensitivity of the DPCC in the PMSM is
analyzed.

According to (11), the discrete forms of dg-axis currents at
(k + 1)Ty considering the parameter mismatch can be written
as

gk+1 ik ’U,k
d * d * * d
Cl=@A D | e+ B | Y (3)
qu i up

where 74 and fq are dg-axis currents considering the parameter
mismatch, respectively.

The error between the predictive currents in (11) and (13) can
be expressed as

_ AL.R.—L.AR.p ;&
€4 = T (AL Lstd — I (AL o )T“d
AL.R.—L.AR.
&g = L(AL+L) Tyig L(AL+L)T“ (14)
ALspe—Ls Avpe
+ TRy Tsws
Differentiating (14) gives
dey  _ Te[(RaAAR)il—ul]
AL, (ALs+Lg)?
35(1, — Tcls
9AR, —  AL.+Ls
Oeq  __
i = (15)
dey _ T[(RetARL)iE—uk—wk (et Ars)|
OALs — (ALS+L )2
Oeq T.ik
AR, AL.+L.
Oegq _ Tswé"
OAYy —  ALs+Ls

Equations (14) and (15) indicate that the d-axis current is
not affected by flux mismatch, but the g-axis current suffers.
Meanwhile, both the dg-axis currents are disturbed by resistance
and inductance deviations. On these grounds, the relationship
among the dg-axis predictive current response errors and the
parameter mismatches of stator inductance, resistance, and per-
manent magnet flux is attained by simulation, as shown in Fig. 2.
The reference speed of the PMSM is set to 3000 r/min with no
load and the parameters of the PMSM are set as presented in
Table I. It can be seen that the inductance mismatch exerts a
strong influence on the dg-axis predictive current errors, espe-
cially on the g-axis predictive current error. Due to the adoption
of the iy = 0 control scheme, the resistance mismatch does not
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Fig. 2. Predictive current response errors under parameter mismatches.
(a) d-axis. (b) g-axis.

TABLE I
MAIN NOMINAL PMSM PARAMETERS

Symbol Specification Value
np, Pole pairs 3
vy Permanent magnet flux 0.139 Wb
R Stator phase resistance 3.1Q
L Stator dg-axis inductances 51.3 mH
[N Rated velocity 3000 r/min
T Rated torque 0.48 N-m
In Rated current 0.7 A
Py Rated power 170 W
Ve Rated dc bus voltage 310V

affect the d-axis predictive current and it also has little effect on
the g-axis predictive current error. Moreover, there is no coupling
relationship between the d-axis predictive current and permanent
magnet flux, but the flux mismatch has a significant effect on the
g-axis predictive current error.

Based on the above analysis, it can be concluded that the
current control performance of the traditional DPCC strategy is
highly sensitive to stator inductance, resistance, and permanent
magnet flux. Hence, the robust design of the DPCC controller
for the PMSM is supposed to be conducted.

D. ADR-DPCC

The ADRC can unify internal parameter perturbation and
external disturbances into whole disturbances observed by the
ESO, which is not dependent on a precise system model [34].
Due to the superior anti-interference capability of the ADRC,
the ADR-DPCC of the PMSM is presented in this article to
mitigate the influence of motor parameter variation and external
disturbances on the DPCC.

According to (3), the discrete forms of dg-axis currents at
(k + 1)Ts considering disturbances can be calculated in the
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same way as

ikt ik uk Dk
et | = (LATHD) | | + TC BT | G+ |
q q q q

As known from (16), it is essential to obtain dg-axis total
disturbances at k7T to predict the currents accurately. Hence,
based on (3), two LESOs of dg-axis currents are designed to
estimate the disturbance in real time as

€d =14 — iq

pia = ug/L: + fa+ Da — Banea a7
pDg = —fBaizeq
fd = npwmiq — R:Zd/L:
€q = %q — g
piqg = uq/Li + fg + Dy — Baiieg
N (18)
qu = _ﬁql2€q
fo = —Riiq/ L — npwmia — npwm}/ L

where 74 and fq are dqg-axis observed currents, respectively, Dy
and ﬁq are dg-axis observed total disturbances, respectively,
Bai1 and Bgo are the gains of d-axis LESO, and 41 and 3,2
are the gains of g-axis LESO.

According to (3) and (17), assuming ep, = lA)x — D, ,where
x represents d and ¢, respectively, the differential of e, and ep,
can be described as

€ o €
p LDJ =H, LDJ (19)
where
76zl1 1
H, = .
|:_B:vl2 0

It can be seen from (19) that the stability of the LESO entirely
depends on the eigenvalue A ;7 of H,,, which can be obtained by

AHﬁtlfmll )th(’ =A% + Benhm + Baiz = 0.
(20)

Aslong as both of the eigenvalues or their real part are less than
zero, that is to say, 5,1 > 0and 5,2 > 0, (19) is asymptotically
stable. Moreover, if the parameters of the LESO are tuned as the
demand that A7 equals the bandwidth wg of the LESO, it can

be attained in view of (20) that

|AHI—Hx:’

A+ Bannhi + Baiz = (har + wo)”. 1)
Then, 8,1 and (3,2 can be tuned as
Beir = 2wo, Btz = wp- (22)

Based on the observed currents 74 and 7, and disturbances Dy
and Dy, (16) can be rewritten as

ikJrl ,Zk uk Dk
4 | =(TA+I) | +T.C+T,B | ¢ +T, | ¢
”Lk+1 k uk: Dk;
q tq a q

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 11, NOVEMBER 2023

P ADR-DPCC

x )

ixref

Voltage
Calculation

A
ik+1 Cl)k+1

X m

Delay
Compensation |

w't ot

Block diagram of the ADR-DPCC.

Fig. 3.

Then, the output voltages of the ADR-DPCC for the PMSM
are expressed as

k1 , K1 K1
uy = (zdref—zd )L;/TS+R;‘Zd
— npwkH Lyt — L D5

k+1 _ (; 1 1

uktl = (quef —ipt ) L /Ts + Riig*

q
+npwhit! (L;zﬁ“ n 1/1}> — LDk

m

(24)

where ﬁg“ = bs and ﬁg“ = ﬁg because the motor pa-
rameter variation and external disturbances can be regarded as
constant during extremely short current control period.

The block diagram of the ADR-DPCC for the PMSM is
shown in Fig. 3. System disturbances caused by motor parameter
mismatches and external disturbances can be observed in real
time by the ADR-DPCC with the LESO, and the opportune
disturbance compensation is provided, which enhances the ro-
bustness and prediction accuracy. Nevertheless, the ADR-DPCC
only with the LESO is incompetent in the applications with high
requirements of control accuracy and antidisturbance capability.
The nonlinear ADRC (NLADRC) can be taken into consid-
eration to further improve the control performance. However,
complicated parameter tuning, stability analysis, and relatively
slow response to large disturbances place restrictions on the
application of the NLADRC for the DPCC of the PMSM [35].
To break the restrictions, the SADR-DPCC of the PMSM is
proposed in the following section.

III. SADR-DPCC DESIGN FOR PMSM

A. Proposed SADR-DPCC for the PMSM

According to (3), two ESOs of the SADR-DPCC for the
PMSM can be designed, respectively, as follows:

€q = %d — id
pia = ua/L:+ fa+ Da— Barpar (ea) 25)
pDa = —Bazpaz (eq)
fd = npwmiq — R;fid/L:
eq = %q — g
Dig = uq/L: + fq + Dy — Bql‘qu (6(1)
: (26)
pDgq = —Be20q2 (eq)
fq = —R3iq/ Ly — npwmia — npwm¢;/L;
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where 841 and 4o are the gains of d-axis ESO, and (3, and
Bq2 are the gains of g-axis ESO. If ¢, (e;) and ¢go(ey) are
selected as nonlinear functions, the ESO turns into an NLESO,
which can be written as [31]

f?im |6r| < 0y
Pri (ex) = fal (617 Qs 530) =< % s
lex|"**sgn (ex)

les| > 0y

27
where i = 1, 2, and «,; and §, are indeterminate parameters.
When «,; < 1, the nonlinear function possesses the character-
istics of small gain with large deviation and high gain with small
deviation, and J,, stands for linear region to prevent the instability
resulting from high gain with tiny error. Moreover, ¢, (e,.) and
vz2(e,) can be set to e, as well, and by this means, the ESO
turns into an LESO.

Through the analysis of simulated mensuration, properties
of the LESO and NLESO can be summarized below severally.
Theoretical analysis and parameter setting of the LESO are
simpler and its disturbance tracking ability cannot vary with the
disturbance amplitude; the NLESO possesses the merits of supe-
rior tracking performance and estimation precision although the
parameter tuning of the NLESO is more complex. In addition,
the observation ability of the NLESO is relevant to disturbances,
which is not entirely satisfactory under the condition of large
disturbances.

Taking features of the LESO and NLESO into consideration,
an idea is proposed that the ESO is chosen as the LESO with
large disturbances while switching to the NLESO with small
disturbances, which makes the most of two ESOs. Hence, a
linear/nonlinear SESO is introduced.

To realize a smooth handoff in the SESO, a hysteretic switch-
ing scheme is presented, in which 7, and D, are acquired
by linear combinations of the LESO and NLESO, described,
respectively, as

%VL - )‘Liln + (1 - )".L) %Ll (28)
ag + by

= 30
5 (30)
1 ‘ez| S €1

Ay = Z:;%Le;l‘ er1 < ‘er| <eéyx2 (31)
0 |ez| Z €12
Dgyo— f)a‘ -

b= gl D <|Bu|<p. G
0 f);r > Dx2

where e, and e, are lower and upper limitations of estimated
current error in the switchover process, respectively, D, and
Do are lower and upper limitations of disturbances in the
switchover process, respectively, fm and %ml are the observed
currents of the NLESO and LESO, respectively, and f)m and
er ; are the observed disturbances of the NLESO and LESO, re-
spectively. The observed currents and disturbances are acquired

by means of switching two observers with hysteresis bands based
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on (28)—(32). By substituting them into (23) and (24), the output
voltages of the SADR-DPCC for the PMSM are obtained, and
its block diagram is shown in Fig. 4.

The control block diagram of the PMSM drive system founded
upon the presented SADR-DPCC strategy is shown in Fig. 5.
The PI control scheme is utilized in the speed loop to generate
the g-axis reference current. The SADR-DPCC is utilized in the
current loop, which expeditiously compensates the various dis-
turbances comprised of motor parameter variation and external
disturbances through the nonlinear mechanism of fast response
with large deviation and high gain with small deviation. The
proposed SADR-DPCC strategy integrates the merits of the
LESO and NLESO and evades their drawbacks by virtue of
the proposed switching scheme, which augments the control
precision and robustness of the PMSM.

B. Stability Analysis and Parameter Tuning for the NLESO

The stability analysis and parameter tuning of the LESO in
the SADR-DPCC controller are elaborated in Section II-D, the
difficulty of which lies in the NLESO. Until now, no systematic
tuning method has been competent for the NLESO, mainly rely-
ing on practical experience. Nevertheless, the stability analysis
and parameter setting of the NLESO in the SADR-DPCC con-
troller are much simpler than that of the conventional NLESO
because the operating state of the NLESO is circumscribed by
the proposed switching scheme. Meanwhile, the stability of the
NLESO can be analyzed by means of borrowing the bandwidth
scheme of the LESO as well [36].
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Fig. 6.

Outputs of function A; (e ) with different ar;.

According to (25)—(27), a1, @2, B21, Br2, and d, need to be
tuned. The parameter tuning strategy is presented by researching
the functional roles of indeterminate parameters in the NLESO
and utilizing the bandwidth method.

Let
fal (e, Qtzi, 02) = Mem = Agi(€z) €z (33)
Substituting (33) into (25)—(27) gives

ey = %x — iy

Piv = tug/Ly + fo + Dy = Barhar (e2) e (34)

p[)'r = 7Bm2)"m2 (e'r) €x

The properties of A,; (e ) are researched below. The functions
Azi(es) with different c,; are obtained for comparison in output
change by choosing «a;; as 0.3, 0.5, and 0.7 severally, and ¢, is
selected as 0.1, outputs of which are illustrated in Fig. 6. With
the increase of «,;, the nonlinearity of A,;(e,) decreases, and
the maximum gain decreases as well. Thus, greatly small a;
can lead to intensive oscillation of outputs, whereas large a;
makes the NLESO unable to bring into play expeditious error
attenuation and strong robustness. In other words, «;;; has a great
impact on the observer. Moreover, A,; (e, ) is invariant, whereas
e, is in the interval [—d,, 0,], and (Ay;),.. = 0= 1. When
|| > 0, Awi(e,) decreases with the increase of |e,|, which
achieves nonlinear properties of small gain with large deviation
and high gain with small deviation. With regard to the SESO,
when |e;| > 1, Azi(e,) < 1, namely small gain leading to slow
response, so e;1 and e, of the proposed switching strategy are
setto 1 and 1.2, respectively, which are proper as the switching
thresholds. Meanwhile, D,; and D,» are supposed to be set
t0 20% L1tz max and 25% Loty max respectively, where Uy max
is the maximum x-axis voltage. Furthermore, it can be deduced
from Fig. 6 that large J,. can result in the invalidation of nonlinear
characteristics, whereas small §,, can make the NLESO violently
oscillatory. Ordinarily, §,. ought to be in the interval [0.01, 0.1],
and J, = 0.05 is appropriate in the SADR-DPCC controller of
the PMSM; «,; should satisfy the condition of a1 > a2, and
a1 and oo can be set to empirical values of 0.5 and 0.25,
respectively.

Based on (34), the NLESO can be regarded as a LESO with
varying parameters, which are (3,;A;(e; ). Then, imitating the
stability analysis of the LESO, the differential of e, and ep,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 11, NOVEMBER 2023

can be expressed as
(35)
where
|:_le)\:61 (ez) ]-:l
Sz = .
_ﬁxZAmQ (ez) 0
Therefore, the stability of the NLESO entirely depends on the
eigenvalue Ag of S, which can be obtained by
As + Briral (ex) -1
ﬂm2)hwm (eac) )LS
= )‘QS + /le)\xl (ez) As + ﬁ;cQ)\mc (eac) =0.
(36)

As long as both of the eigenvalues or their real part are less
than zero, the NLESO can be proved to be asymptotically stable.
According to (36), the conditions of stability are obtained as

le)\zl (61) > 07 512)‘@2 (ex) > 0. (37)

Furthermore, it can be obtained owing to the switching strat-
egy of the ADRC-DPCC that

|)»31 — Sd‘ =

)\'Il(ew)min = )LCEQ(eZD)min =1 (38)
Substituting (38) into (37) yields
le)\zl (ez) Z /311 > 07 ﬁz?sz (ez) Z ﬂz? > 0. (39)

Hence, the stability conditions of the NLESO are the same as
that for the LESO. That is to say, provided 3,1 > 0 and 5,2 > 0
are satisfied, the NLESO is asymptotically stable.

In the SADR-DPCC controller, the LESO is adopted to
observe and compensate for large disturbances, whereas the
NLESO is just applied in the case of small disturbances. Con-
sequently, the current control period and interference are signif-
icant factors to be taken into account in the process of tuning
parameters (3,1 and (2. Although the dynamic performance
of the NLESO is augmented with a proper increase in (2,
overshooting and instability of whole disturbances estimation
are generated easily, which deteriorates stability of the NLESO,
and small 3,5 can also attenuate the response of the observer
to disturbances. Therefore, based on the parameter tuning op-
timization in [35],5,1 and (.2 can be written as, respectively,

2

Bxl = 3&)0, BIQ - 3%

Obviously, (40) always meets the stability conditions of the
NLESO for any wq greater than zero, which also embodies
the effectiveness of the switching strategy in the SADR-DPCC
controller. Nevertheless, wy still has an impact on the NLESO.
By reorganizing the Laplace transform of (34), the transfer

function of the observed current ¢,, can be expressed as
- _ Sﬁzl)kﬂl (e;v) + BIQ)‘QZQ (ex)
¢ 82 + ﬂmlkzl (ez) S+ ﬂm2)"m2 (em)
sugﬁ/l:S + sfz

52 4+ /83}1)"301 (61) s+ ﬂx2)\x2 (e;z) ’

(40)

x

+ 41)
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Fig. 7. Frequency analysis of observed currents with different wq.

Equation (41) indicates that the influence of wg on the distur-
bance rejection ability to disturbances of u, and f, is apparent,
which is augmented with the increase in wg, whereas the analysis
of disturbance rejection ability to disturbance with regard to i, is
complicated. Therefore, to facilitate the analysis, disturbances of
u, and f, and nonlinearity are neglected; in other words, u, = 0,
fo =0, Az1(ex) = Aza(e,) = 1, and (40) are substituted into
(41), which can be rewritten as

iy 3wos+ O.6w§
iz 82+ 3wps + 0.6w3

(42)

The frequency domain characteristics of observed currents
are shown in Fig. 7, with different wq selected as 200, 500,
and 800 severally. With the increase in wy, the transient perfor-
mance of the observer is improved, concretely reflected by faster
convergence speed of observation error, higher accuracy, and
less phase lag of observed current. Nevertheless, the influence
of high-frequency interference with large wy ought not to be
neglected, resulting in the deterioration of current prediction
accuracy. Thus, wq is supposed to be tuned by increasing slowly
until the current estimation accuracy of the SADR-DPCC con-
troller meets the requirements.

IV. EXPERIMENTAL RESULTS
A. Experimental Setup

To further demonstrate the feasibility and validity of the
proposed strategy for PMSMs, the SADR-DPCC, ADR-DPCC,
and conventional DPCC control strategies are conducted for
comparison at a laboratory platform, as shown in Fig. 8. Main
nominal parameters of the prototype are given in Table I,
which can change under different operation conditions. The
temperature and current amplitude have a strong influence
on the parameters of the PMSM, causing actual parameters
to deviate from nominal parameters, and the error from that
can be corrected by the proposed SADR-DPCC strategy. In
the platform, the load torque of the PMSM is generated by
a mechanically coupled load dynamometer. The control pro-
grams are executed by RSF24TSADFM MCU and the pro-
totype is driven by SCMI1272MF IPM. Moreover, both the
current control frequency and inverter switching frequency
are set to 2 kHz. A quadrature encoder is utilized to ob-
tain the position information of the prototype. Moreover, the
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Fig. 8. Experimental setup for verifying the presented SADR-DPCC strategy.
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Fig. 9. Execution times of different control strategies.

gains of the SADR-DPCC and ADR-DPCC are the same
based on the parameter setting method in Section III-B, which
are set as By = Bg1 = Ban = Bg1 = 1.8 x 10%, and
Baz = Bg2 = Baiza = Bgz2 =2.16 X 10, and the other parameters
of the SADR-DPCC are tuned as ag; = g1 = 0.5, age = g
=0.25, and 64 = 0, = 0.05. The parameters of the PI controller
in the speed loop are corrected as kg, = 1.344 and kg = 0.27
and the current loop parameters are selected as k¢, = 32.76 and
ke = 1920 with the same bandwidth of the SADR-DPCC.

The execution times of different control strategies in
R5F24T8ADFM MCU are shown in Fig. 9. The execution times
of current sampling, transformation, and SVPWM are 4 s, 9 ps,
and 28 s, respectively, which are the same in different control
strategies. The main difference in the execution times in the PI,
DPCC, ADR-DPCC, and SADR-DPCC strategies is the time
used for current control calculation, which are 6 ps, 8 us, 12 us,
and 17 us, respectively. It can be obviously seen that all four
strategies can be executed in one sampling period, which is 500
us. Hence, the total execution time of the proposed strategy is
slightly longer than those of the PI, DPCC, and ADRC-DPCC
strategies, but it is totally worth adopting the SADR-DPCC due
to significant performance improvement.

B. Speed Reversal Performance

The waveforms of the speeds, g-axis currents, and phase
currents i, in the PMSM based on conventional DPCC, ADR-
DPCC, and SADR-DPCC are shown in Fig. 10; the given
velocity is set to 1000 r/min first, and then set to —1000 r/min at
0.4 s, where Atis the settling time and €, is the average error of i,
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Fig. 10. Speed reversal performances of the PMSM. (a) DPCC. (b) ADR-

DPCC. (c) SADR-DPCC.

TABLE I
SPEED REVERSAL PERFORMANCE COMPARISON

Metric DPCC ADR-DPCC  SADR-DPCC
At (s) 0.32 0.21 0.13
2, (A) 0.16 0.15 0.12

during the transient of the speed reversal. The PMSM works with
aconstant load torque of 0.16 N-m. The contrastive experimental
results of speed reversal performances are shown in Table II. This
indicates clearly that the settling time of conventional DPCC
is relatively longer, whereas the speed dynamics of the ADR-
DPCC and SADR-DPCC are faster. Moreover, there is little
difference between the average current errors of the DPCC and

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 11, NOVEMBER 2023

TABLE III
STEADY-STATE PERFORMANCE COMPARISON

. ADR- SADR-
Metric PI DPCC DPCC DPCC
An (r/min) 36 33 18 12
Aig (A) 0.19 0.17 0.11 0.06
THD 12.84% 11.13% 8.7% 7.55%

ADR-DPCC, but the ADR-DPCC can regulate the current faster.
The current adjustment of the ADR-DPCC with large current
deviation is as expeditious as the SADR-DPCC, but the current
regulation of the SADR-DPCC with small current difference is
better than the current regulation of ADR-DPCC so that the aver-
age current error of the SADR-DPCC is minimum. The settling
times of conventional DPCC and ADR-DPCC are 146.15% and
61.54% slower than that of the SADR-DPCC, which confirms
the excellent transient performance of the SADR-DPCC during
speed reversal process.

C. Current Steady-State Performance

The reference velocity is regulated to 3000 r/min with a con-
stant load torque of 0.48 N-m for the prototype. The waveforms
of speeds, g-axis currents, phase currents 7, , and current harmon-
ics are shown in Fig. 11, in comparison with the PI, conventional
DPCC, ADR-DPCC, and SADR-DPCC methods, where An and
Ai, are speed and g-axis actual current fluctuation maximums,
respectively. Experimental results of steady-state performances
in the prototype adopting different control strategies are pre-
sented in Table III. It can be observed that the velocity, current
fluctuations, and harmonics of the PI are all larger than those of
the DPCC strategies, which reflects the good steady-state per-
formance of the DPCC strategies with fewer current harmonics.
Among the DPCC strategies, conventional DPCC has the largest
velocity, current fluctuations, and harmonics, the ADR-DPCC
has relatively smaller, and the SADR-DPCC has the smallest.
An of conventional DPCC and ADR-DPCC are 175% and 50%
larger than An of the SADR-DPCC, respectively, and Ai, of
conventional DPCC and ADR-DPCC are 183.33% and 83.33%
larger than Ai, of the SADR-DPCC, respectively. Moreover,
phase current harmonics of the DPCC with the ESO are de-
creased compared to conventional DPCC. Current harmonics of
the ADR-DPCC and SADR-DPCC make reductions of 21.83%
and 32.17%, respectively, which validates the excellent steady-
state performance of the presented SADR-DPCC in virtue of the
feature of high gain with small deviation.

D. Current Dynamic Performance

The reference velocity is regulated invariably to 3000 r/min
and the g-axis current reference is set from 0.9 to 1.4 A at 3 ms.
The g-axis currents of the PI, traditional DPCC, ADR-DPCC,
and SADR-DPCC strategies at a given state are shown in Fig. 12.
The dynamic current regulation capability of the DPCC strate-
gies is significantly superior to the PI control strategy. Moreover,
the current overshoot of the DPCC and ADR-DPCC are both
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Fig.11.  Steady-state performances of the PMSM at 3000 r/min with a constant
load torque of 0.48 N-m. (a) PI. (b) DPCC. (c) ADR-DPCC. (d) SADR-DPCC.
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TABLE IV
ROBUSTNESS COMPARISON OF THE PMSM
Metric DPCC ADR-DPCC SADR-DPCC
3R 0.31/0.2 0.22/0.13 0.07/0.06
0.3R; 0.24/0.17 0.16/0.11 0.06/0.06
AAI}/ 3L 0.39/0.43 0.27/0.23 0.09/0.07
I
(A 03L, 022/0.21 0.17/0.12 0.06/0.06
3y 0.27/0.16 0.21/0.11 0.1/0.07
0.3y 0.19/0.17 0.14/0.1 0.05/0.06

larger than that of the SADR-DPCC due to the nonlinear char-
acteristic of high gain with small deviation. Correspondingly,
the settling time of the PI, DPCC, and ADR-DPCC are all
slower than that of the SADR-DPCC. This indicates clearly that
the current tracking performance of the PMSM adopting the
SADR-DPCC is the best, which confirms the superior dynamic
performance of the SADR-DPCC, with a tiny current overshoot
and the shortest settling time.

E. Parameter Sensitivity

The reference velocity is regulated to 3000 r/min with a
constant load torque of 0.48 N-m. The parameter mismatches
are set at 0.5 s to verify the parameter sensitivity of the control
strategies. The experimental results of reference and actual
current responses with different parameter mismatches utilizing
conventional DPCC, ADR-DPCC, and SADR-DPCC strategies
are shown in Figs. 1315, respectively, where Ai, and Aig
are g-axis and d-axis actual current fluctuation maximums,
respectively. Actual current fluctuations after different added
parameter mismatches of three control strategies are shown in
Table IV. As shown in Fig. 13, parameter mismatches have a
great influence on dg-axis current responses with regard to con-
ventional DPCC. More specifically, the parameter mismatches
of resistance and permanent magnet flux linkage can produce
the static deviation between g-axis reference and actual currents
of conventional DPCC. Moreover, the parameter mismatches
of resistance, inductance, and permanent magnet flux can de-
teriorate the g-axis actual current fluctuation of conventional
DPCC, and the effect of inductance mismatch is the worst. Not
only that, the d-axis actual current of conventional DPCC also
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Fig. 13.  Performances of conventional DPCC strategy under different param-

eter mismatch conditions where the orange lines represent reference currents
and the blue lines represent actual currents. (a)R; = 3Rs. (b)R; = 0.3Rs.
(¢o)Lf = 3Ls. (d)L = 0.3Ls. (e)w} = 3y. (f)zp} =0.3¢y.

suffers most from inductance mismatch but is slightly influenced
by resistance mismatch, and permanent magnet flux mismatch
has no influence on the d-axis actual current. As shown from
Figs. 14 and 15, in comparison with conventional DPCC, the
deviation between g-axis reference and actual currents by virtue
of parameter mismatches is eliminated by the ADR-DPCC
and SADR-DPCC strategies. The parameter mismatches are
estimated and compensated by the ESOs in the ADR-DPCC
and SADR-DPCC controllers. In addition, the dg-axis current
fluctuations of them are much smaller than conventional DPCC.
However, it can be clearly found that not only the dg-axis current
fluctuations of the ADR-DPCC strategy are larger than those
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Fig. 14.  Performances of the ADR-DPCC strategy under different parameter

mismatch conditions where the orange lines represent reference currents and
the blue lines represent actual currents. (a) R = 3Rs. (b) R = 0.3Rs. (c)
Li =3Ls.(d) L = 0.3Ls. (e) w; =3y () w} =0.3¢y.

of the SADR-DPCC strategy, but also the sudden change of
g-axis current in the ADR-DPCC controller is greater in the
circumstances of the parameter mismatches of resistance and
permanent magnet flux, which is detrimental to high precision
current control of the PMSM. In the SADR-DPCC controller,
the dg-axis current fluctuations have little difference before and
after the parameter mismatches, embodying excellent robustness
by means of the appropriate switching between the LESO and
NLESO. Hence, comparative experiments of the SADR-DPCC,
ADR-DPCC, and conventional DPCC strategies validate the
superior robustness of motor parameters in the PMSM drive
system with the SADR-DPCC.
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Fig. 15. Performances of the SADR-DPCC strategy under different parameter

mismatch conditions where the orange lines represent reference currents and
the blue lines represent actual currents. (a) R = 3Rs. (b) R = 0.3Rs. (¢)
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V. CONCLUSION

A SADR-DPCC strategy for the PMSM drive system is pre-
sented to improve the dynamic performance, robustness, and
prediction accuracy. Conventional DPCC is introduced first,
which is extremely sensitive to the parameters of the PMSM,
and the parameter sensitivity of the DPCC is analyzed. Then,
the ADR-DPCC is proposed to improve the robustness but is
still unsatisfied with the requirement of high control accuracy.
The proposed SADR-DPCC scheme incorporates the nonlinear
mechanism of the SADRC into the DPCC to achieve the charac-
teristics of high gain with small deviation and fast response with
large deviation, which overcomes drawbacks of conventional
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DPCC and ADR-DPCC. The smooth handoff between the LESO
and NLESO is realized by the proposed hysteretic switching
strategy. Moreover, the stability analysis and parameter setting
method of the SADR-DPCC are elaborated, and, particularly, the
impact of each parameter on the system is emphatically studied
and summarized. Finally, comprehensive and comparative ex-
periments are conducted between the proposed SADR-DPCC,
conventional DPCC, ADR-DPCC, and PI. The experimental
results show that the SADR-DPCC method performs better in the
speed reversal performance, steady-state performance, current
dynamic performance, and parameter sensitivity in the PMSM
drive system. Consequently, the validity and feasibility of the
SADR-DPCC for the PMSM are demonstrated.
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