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Linear/Nonlinear Active Disturbance Rejection
Switching Control for Permanent Magnet
Synchronous Motors

Zhengjie Hao ", Yang Yang

Abstract—A linear/nonlinear active disturbance rejection con-
trol (ADRC) switching control (SADRC) strategy for permanent
magnet synchronous motors (PMSMs) is proposed in this article to
integrate the merits of the linear ADRC (LADRC) and nonlinear
ADRC (NLADRC), and handle the trouble in parameter tuning
and stability analysis of the NLADRC. The advantages and disad-
vantages of the LADRC and NLADRC are analyzed theoretically
and a hysteretic switching strategy is presented to estimate and
compensate the total disturbance smoothly and precisely. Based on
the proposed control strategy, the SADRC controller of the PMSM
is designed to achieve the accurate and robust speed control of the
PMSM. Moreover, a parameter tuning strategy of the SADRC is
proposed as well to simplify the parameter tuning of the NLADRC
linked inextricably with that of the LADRC due to limitation of
the switching conditions. Finally, the feasibility and superiority of
the proposed control strategy are demonstrated on a 180 W PMSM
platform.

Index Terms—Active disturbance rejection control (ADRC),
linear/nonlinear ADRC switching control (SADRC), parameter
tuning strategy, permanent magnet synchronous motor (PMSM).

NOMENCLATURE
ADRC Active disturbance rejection control.
SADRC  Linear/nonlinear ADRC switching control.
PMSM Permanent magnet synchronous motor.
LADRC  Linear ADRC.
NLADRC Nonlinear ADRC.
M Induction motor.
ESO Extended state observer.
IMC Internal model control.
ACO Ant colony optimization.
APSO Adaptive particle swarm optimization.
TD Tracking differentiator.
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SEF State error feedback control law.
NLESO Nonlinear ESO.

LESO Linear ESO.

NLSEF Nonlinear SEF.

LSEF Linear SEF.

MPTC Model predictive torque control.

I. INTRODUCTION

MSMs have been widely utilized in modern ac servo system
P with the advantages of small size, simple structure, high
power density, high reliability, and convenient maintenance,
especially in the fields with demanding motor performance and
control accuracy such as robot, aerospace, and numerical control
machines [1]-[3]. The dual closed-loop structure is adopted in
the PMSM with the current loop as inner loop and the speed
loop as outer loop, and the linear control like PI control method
is mostly used to control the PMSM. However, the PMSM is
a typical nonlinear multivariable coupling system, especially
as a servo motor influenced by unknown load, motor param-
eter variation and magnetic field nonlinearity [4], so that the
linear control is difficult to satisfy with the request of high
control performance. With the rapid development of power
electronic technology, microelectronics technology, and digital
signal processing technology, the modern control theory and
novel motor control strategy can be realized. Some modern
nonlinear control algorithms have been applied to PMSM control
recently, such as adaptive control method [5]—[7], sliding mode
control method [8]-[10], artificial intelligence control method
[11], [12], model predictive control method [13]-[16], ADRC,
and so on, which not only enrich the control theory of the PMSM,
but also improve the control performance of the PMSM in every
respect.

The ADRC is a new nonlinear algorithm applied to the motor
control in recent years and has been widely concerned in virtue of
the excellent anti-disturbance ability independent of the precise
system model. The ADRC technique is presented as a new
control strategy first in [17], which is in the basis of nonlinear
control mechanisms. The theoretical framework and experimen-
tal application of the ADRC to linear IMs are presented in [ 18], in
which the nonlinear transformation of the state is not calculated
via the IM model, but estimated online. The MPTC based on
the ADRC for IMs is proposed in [19] to realize the optimal
control of dynamic performance and torque tracking deviation
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compensation. In comparison with the PI-MPTC, this control
strategy is superior in the dynamic and steady-state performance,
and possesses higher robustness. A novel sliding-mode current
control strategy founded on the ADRC is presented in [20] for
the PMSM to ameliorate the dynamic performance of the current
controllers subjected to the internal disturbances like parameter
variations. In [21], the control loops of rotor flux and speed
for IMs based on the ADRC are designed to tackle both internal
and external disturbances, which are estimated and compensated
in virtue of two linear ESOs. And a sliding-mode component
is constructed taking into consideration disturbance estimation
errors and uncertainties of the control gains. An ADRC strategy
for the angular speed trajectory tracking on a PMSM with
serious disturbance is presented in [22]. The high-gain gener-
alized proportional integral observer-based ADRC controller is
designed to handle with the presence of unknown, time-varying
load-torque inputs and system parameters. In [23], anovel robust
control strategy utilizing three first-order ADRC controllers is
proposed for the speed control of IMs to cope with internal
and external disturbances with simple implementation and short
runtime.

Moreover, owing to high sensitivity of the sensorless control
to motor parameters, the ADRC is also applicable for the sen-
sorless control of motors in virtue of high robustness to motor
parameters. A speed estimation scheme for IMs in the basis
of the ADRC is presented in [24], which can achieve precise
disturbance estimation without the knowledge of accurate motor
parameters. A novel sensorless field-oriented control strategy
based on the enhanced LADRC for the PMSM is presented in
[25], which the total disturbance is estimated as a feed forward
compensation term of the current loop to enhance the speed esti-
mation ability. The sensorless control of interior PMSMs based
on the LADRC is proposed in [26], which obviously decreases
the phase delay as well as velocity fluctuation and achieves
strong anti-disturbance ability. An enhanced LADRC based HF
pulse voltage signal injection scheme is presented in [27]. The
cascaded ESO and linear control rules are utilized to realize
the opportune and precise estimation and compensation of the
whole disturbance, which improves the control performance of
the PMSM subjected to disturbances. In [28], an ADRC-based
sensorless control strategy for interior PMSM is presented to
enhance the robustness of the speed observation adopting an
ESO and a nonlinear error feedback controller for the estimation
and compensation of the total disturbance. However, although
the ADRC possesses the excellent performance, the systematic
tuning principle of the ADRC parameters is deficient so that
the LADRC with relatively easier parameter tuning is applied
more widely. Therefore, it is truly essential to research on the
parameter tuning method of the ADRC. A new LADRC in the
basis of IMC laws and ESO is presented in [29] for superior
performance of servo motors with input delay. The IMC is
utilized to adjust the parameters of the LADRC according to a
given set-point tracking and the ESO is adopted to estimate and
compensate total disturbance founded on a nominal model. The
ADRC of IMs in the basis of an APSO algorithm is presented in
[30] to achieve the accurate decoupling of IMs and disturbance
compensation, which adopts the APSO to tune automatically the
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parameters of the ADRC. The ADRC of IMs on the foundation
of an ACO algorithm is presented in [31], which utilizes the
ACO to adjust automatically the ADRC parameters.

In order to bring into full play the superiority of the LADRC
and NLADRC, a novel PMSM control method based on the
SADRC is presented in the article and the corresponding param-
eter tuning scheme is introduced as well. The SADRC possesses
the advantages of the LADRC and NLADRC, and overcomes
the shortcomings of them by means of a hysteretic switching
strategy, which can realize high robustness and precision in the
whole operating range. The rest of the article is organized as
follows. Section II elaborates the principles and characteristics
of the LADRC and NLADRC, and the SADRC is obtained on
this basis. Section III introduces the designed SADRC controller
for the second-order PMSM control system. In Section IV,
the physical meaning and setting direction of the SADRC
parameters are summarized by comparing and analyzing the
influence of parameter variations on system performance, with
the assistance of the frequency domain method and substantial
system simulation. Section V reveals the experimental results
with a 180 W PMSM drive platform, which demonstrates the
feasibility and effectiveness of the proposed method. Finally,
the conclusion is drawn in Section V1.

II. SADRC CONTROL LAW

The SADRC is comprised of the TD, ESO, and SEF. Taking
the second-order system as an example, the system equation can
be written as follows:

El.zao;;:—i—alx—i—bu—i—w @))

where y is the output variable of the system; x is the control state
variable of the system; u is the input variable of the system; w
is the state variable of the external disturbance; ag and a; are
the unknown system parameters; and b is the control gain of the
system. It can be observed from (1) thatin addition to the external
disturbance, the system is subjected to the internal disturbance
as well stemming from the variation of system parameters.
Therefore, (1) can be rewritten as follows:

y=f (x,w) + bou 2)

where by is the evaluation of b; f(z,w) represents the whole
disturbance of the system composed of the internal and external
disturbances, and can be defined as follows:

f(z,w) = ag z +arz + (b — by) u+ w. 3)
Then the state equation of the second-order system can be
written as follows:
3?.1 B )
l‘.g =23+ bou
17.3 = f (‘T.v ’LU)

Yy=2=a1.

“)

The second-order SADRC controller can be designed accord-
ing to (4).

The input variable of the system is positively related to the
system error. If the initial error is big, the input variable will
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Fig. 1.

Block diagram of the ESO.

become so large that it can have an adverse impact on the
system control. To cope with this problem, the SADRC adopts
TD to arrange a transition process for the system reference so
that the actual control variable can follow the transition process
to alleviate the contradictory between the overshoot and fast
response. Meanwhile, the approximate differential signal of the
reference can be obtained by TD. TD is a relatively independent
section in the SADRC, which is not the distinction between the
LADRC and NLADRC. For the sake of tracking the reference
quickly, the second order TD is constructed as follows:

L]
{@‘W )
vy = fhan (vy — v,va,1,h)
where v is the tracking value of the reference; vs is the differ-
ential signal of the reference; v is the reference; r is speed factor
and A is the control step; and fhan(xy,x2,r, h) is the optimal
control synthesis function defined as follows:

d=rh?ag = hxy,y = 1 + ag, a1 = \/d (d+ 8y|)

az = ag + sign (y) (a1 —d)/2

a3 = (sign (y + d) — sign (y — d))/2

ag = (ap +y —az)az + az

a5 = (sign (aq + d) — sign (aq — d))/2

fhan (z1, 2,7, h) = —r (% — sign (a4)) a5 — rsign (aq) .

(6)

ESO is the core of the SADRC, which is utilized to estimate
the state variable and total disturbance f(x,w) of the system.
Consequently, the operation characteristics of the ESO have a
significant influence on the control performance of the SADRC.
The ESO of the second-order SADRC is designed as follows:

e=2z1—Y

2'1 =20 — P11 (e)
Zo = 23 — Bagpa (€) + bou
Z3 = — P33 (e)

(N

where z; and z5 are state variables of the ESO to track state
variables of the system; z3 is the state variable to track the total
disturbance f(x,w); 81, P2, and B3 are the gains of the ESO,
and @1 (e), pa2(e), and p3(e) are the processing functions of
the observation error. The structure of the ESO based on (7)
is revealed in Fig. 1, where G(s) is the mathematical model
of the system. If o1 (e), va(e), 3(e) are chosen as nonlinear
functions, the ESO can be called as an NLESO. The form of a
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general nonlinear function is expressed as follows:

(@)= fal(eansy={ T =0

i b le|*sgn (e) le| >0
where «; and § are undetermined parameters. When «; <1, the
function has the features of small gain with large error and large
gain with small error; § represents the linear range, aiming at
avoiding the oscillation caused by the large gain of extremely
small error. @1 (e), p2(e), and @3(e) can also be simply chosen

as e, and in this way, the ESO can be called as an LESO.

By means of theoretical analysis and simulation research, the
features of the LESO and NLESO are summarized as follows,
respectively. The parameters setting and theoretical analysis of
the LESO are relatively easier, and the disturbance tracking
performance hardly changes with the disturbance amplitude
so that the LESO is very popular in practical application; the
NLESO has the advantages of better tracking performance and
higher control accuracy on the premise of the same noise am-
plification effect as the LESO, but the parameter setting of the
NLESO is relatively more complicated. Moreover, the tracking
performance of the NLESO is associated with the disturbance
amplitude, and that is the reason estimation capability to large
disturbance of the NLESO is limited.

In view of the characteristics of the LESO and NLESO, anidea
comes into existence that the LESO is operated with the large
disturbance while it is switched to the NLESO with the small
disturbance, which makes full use of the merits of the LESO and
NLESO. Consequently, the LESO/NLESO switching strategy is
introduced in the following.

When ESO tracking deviation |e| > 1 is satisfied, the ESO is
switched to the LESO described as follows:

e=z1—-Y
[ ]
/
z21 = 23 — e
L]
29 = z3 — fBhe + bou

2.3 = —5§,6

€))

where /3], (5, and 3% are the gains of the corresponding LESO.
On the contrary, if the above condition is unsatisfied, then the
ESO is switched to the NLESO expressed as follows:

e=z1—Y
2,“.1 = Z2 — ﬂlfal (6,041,5)

. 10
2y = 23 — Pafal (e, a2,0) + bou 10
z3 = —f3fal (e, a3,9)
where u is set as follows:
w=upg—32 (11)
bo

where g is the output variable of the SEF which can be divided
into NLSEF and LSEF, the general forms of which can be
denoted as follows:

Ug :Zkifal (vi — 2,04, 0") (12)
i—1

uy = Z K (v; — z;) (13)
i—1
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where k; and k/ are the gains of NLSEF and LSEF, respectively;
and o/ and ¢’are two undetermined parameters of the NLSEF.
When a;< 1, the SEF becomes an NLSEF, which possesses the
features of relatively high efficiency, fast error attenuation, and
high robustness. However, relatively complex parameter setting,
laborious stability analysis and consecutive oscillation of small-
signal place restrictions on the development of the NLSEF in
practical application so that the LSEF is still mostly applied
nowadays. In order to take full advantage of the NLSEF, the
LSEF/NLSEF switching strategy is proposed in the following.
When either ESO tracking deviation |e¢[>1 or |z3]|>D is satis-
fied, the SEF is switched to the LSEF described as follows:

up =k (v1 — 21) + kb (va — 29) . (14)

On the contrary, if both of the above conditions are unsatisfied,
then SEF is switched to the NLSEF expressed as follows:

up = kifal (v1 — z1,0a4,8") + kafal (va — 29,05,8"). (15)

D is determined by the requirement of system state variables
and the control range of the NLSEF is positively related to D.
The above switching conditions of LSEF/NLSEF contain the
switching conditions of LESO/NLESO so that in this article
the LSEF/NLSEF switching conditions are unified as the whole
switching conditions, which brings benefit to ameliorate the
stability and control performance.

The general idea of the SADRC is that the LADRC is adopted
to quickly track the reference in the initial stage, and then the
NLADRC is utilized to enhance the tracking accuracy and anti-
jamming capability; once the tracking or observation deviation
gets large, the controller ought to be switched to the LADRC to
ensure the fast response of the system.

III. DESIGN OF SADRC CONTROLLER FOR PMSM

The control object in the article is a surface-mounted PMSM
with equal d- and g-axis stator inductances, the mathematical
model of which is a multivariable and nonlinear system with
strong coupling. Assuming that the core saturation, eddy current,
and hysteresis loss are ignored as well as the symmetrical wind-
ings under the premise of guaranteed performance, the PMSM
mathematical model of motion equation and voltage equation in
the synchronous rotating dg coordinates is expressed as follows
[32]:

T — Ty, = J Wi +Buwm

T, = Kyig = L5nyt) sig

uqg = Lgtqg +Rsiqg — Lsnpwmiq

Uq = Lgiqg +Rsiqg + npwm (Lsia + ¥y)

(16)

where T, and 77, are electromagnetic torque and load torque,
respectively; J is the moment of inertia; wy, is the mechanical
angular speed; B is the friction coefficient; K is the torque
coefficient; 74 and 7, are the d- and g-axis currents, respectively;
ug and u, are the d- and g-axis voltages, respectively; L and
R are the stator inductance and resistance, respectively; ny, is
the pole pairs of the PMSM; and v; is the permanent magnet
flux. As known from (16), there is a strong coupling relationship
between i4, 4, and wy, in the PMSM. However, due to the MTPA
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Fig. 2. Block diagram of the proposed SADRC for the PMSM.

control of surface-mounted PMSMs, that is to say, ;=0 control,
it is unnecessary to take the coupling of 74 and ¢, into account.

The second-order equation of the mechanical angular velocity
in PMSM can be obtained from (16) as follows:

oo T Bwm npKopy KR K
meg J JL, ™ JLy 1 JLg T
(17)
Assuming
po B
JLg
. z:L Bw.rn n Ktwf
S msio Tu) = = 7F = =57 = = =
KtRs .
- IL g+ (b—bo) ug
then, (17) can be rewritten as follows:
Wi = [ (Wi g, TL) + botig (18)

where f(wm,iq,71,) represents the total disturbance of the
PMSM. The whole disturbance can be effectively estimated and
compensated via f(wm, 4, 71,) to improve the robustness of the
PMSM. The state equation of the PMSM can be expressed from
(18) as follows:

Tl = T2 = Wm

.

To = X3 + bouq
.

° .
I3 = f (wmvlquL)
Y= = Wnm-

19)

It can be indicated that (19) is similar to (4). Therefore, each
section of the SADRC controller in the PMSM can be designed
according to (5), (9), (10), (11), (14), and (15), the structure
of which is revealed in Fig. 2, where w,.f is the reference of
mechanical velocity. The SADRC controller equation of the
PMSM can be expressed as follows:

V1 = Vg

L]
Vy = fhcm (Vl — Wref, V2, T, h)

21
z | = feso (20)
2

ug = fsEr

uq = Up —Zg/bo
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Block diagram of PMSM control system based on the proposed

where frso is the switch between (9) and (10), and fsgp is
the switch between (14) and (15), in the basis of the switching
conditions.

To achieve a smooth transition between the LADRC and
NLADRC, a hybrid switching strategy is adopted, in which
the controlled g-axis voltage i, is obtained with the linear
combination of both methods during the switch-over area, and
114 can be expressed as follows:

Qg = My + (1 — 1) g 1)

PGt 22)
2
1 le] <ey

a=q 2l o) <e|<e (23)
0 le] > e
1 |Z3| § D1

B=1< D=l py < |z <D, (24)
0 |23| Z D2

where e; and ey are the low- and up-observed speed limitation
of the transition, respectively; D1 and D5 are the low and up
observed disturbance limitation of the transition, respectively;
11 and 19 are the controlled g-axis voltage of the NLADRC and
LADRGC, respectively.

The controlled g-axis voltage is obtained by switching both
strategies with two hysteresis bands according to (21)—(24). In
order to guarantee the response and accuracy of the PMSM
mechanical angular velocity, D and D are supposed to be set
t0 20%bo g max and 25%boug max, respectively, where g max 1S
the maximum g-axis voltage. Moreover, e; and e, are set to 1
and 1.2, respectively, based on the characteristic of (8) which is
analyzed in Section IV in detail.

The block diagram of the PMSM control system in the basis
of the SADRC is shown in Fig. 3, which adopts 74=0 control
method with dual closed-loop control, namely speed loop and
current loop. The SADRC controller is designed to integrate the
g-axis current loop with the speed loop, forming a new speed
current loop. The transition process of wye¢ is arranged by the
TD, the differential signal of which is given as well, so that
the system response is fast without overshoot. Furthermore, not
only the speed and its differential value can be observed, but
also the observation of total disturbance can be obtained by the
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Fig. 4. Transition process tracking curves with different .

LESO/NLESO switching control, such as the disturbances com-
ing from the variation of rotational inertia, stator resistance, sta-
tor inductance, load and other unknown disturbances. Through
the LSEF/NLSEF switching control, various disturbances can
be compensated effectively and the nonlinear characteristics of
fast response with large error and large gain with small error can
be achieved. The improvement of the typical ADRC in the article
also makes SADRC obtain the optimal control particularly in the
case of large disturbance. The proposed SADRC strategy of the
PMSM possesses the merits of the LADRC and NLADRC, and
avoids the drawbacks of them via the switching strategy, which
enhances the robustness and accuracy of the PMSM control.
Nevertheless, the convenient parameter tuning strategy is still
demanded for the SADRC to be applied in practical engineering.

IV. SADRC PARAMETER TUNING STRATEGY

The parameters of the LADRC in the SADRC controller of
the PMSM can be easily tuned through the bandwidth method
[33], the difficulty of which lies in the parameter tuning of the
NLADRC. There is still no systematic tuning strategy for the
NLADRC so far, mainly dependent on practical experience.
However, the parameter tuning of the NLADRC in this article is
much easier than the traditional NLADRC because the operation
condition of the NLADRC proposed in the article is limited
by the switching strategy. Meanwhile, the parameters of the
NLADRC can be adjusted by reference to the parameters of
the LADRC in the SADRC controller as well.

A. TD

The only parameter to be set in TD is speed factor r, which
influences the tracking speed of v1 to wy..¢. In order to determine
the adjustment direction of r, the tracking curves of transition
process are drawn by simulation as shown in Fig. 4, and &, w.ef
are 0.001 s and 3000 r/min, respectively. When r is selected as
10 000, 20 000, 30 000, the transition time is 1.06, 0.77, and
0.62 s, respectively. Hence, with the increase of r, v; reaches
wret faster, showing the better tracking performance.

B. NLESO

As known from (10), a1, ae, a3, 81, B2, B3, and 6 are all the
parameters to be set. The parameter tuning method is proposed
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a=0.8

Fig. 5. Outputs of the function A;(e) with different ;.

in the article by revealing the internal law of NLESO parameters
and adopting bandwidth method.
Let

_ fal(e,a;,0)

fal (e, i, 0) = e=x;(e)e (25)

e

wherei = 1,2, 3. Substituting (25) into (10) yields the following:

e=2z1—Y
Z.l = Z2 — ﬁl)nl (6) e
Z.Q = Z3 — ﬂg)»g (6) e+ b()’u '
Z.3 = —ﬂ3)\3 (6) e

The features of the function A;(e) are analyzed in the fol-
lowing. The functions A;(e) with different «; are compared in
aspect of output variation by selecting «; as 0.2, 0.4, and 0.8,
respectively, and ¢ is set to 0.1, the function curves of which
are shown in Fig. 5. As known in Fig. 5, with the decrease
of «;, the nonlinear degree of X;(e) becomes higher and the
maximum gain becomes larger. Hence, too small o; may resultin
the high-frequency oscillation of observation, while the NLESO
cannot play the advantages of fast error attenuation and strong
anti-interference capability with large «;. That is to say, a; can
significantly affect the performance of NLESO. In addition, the
function A;(e) is a constant if e is under the linear interval of [-,
8], and (A;)max = 6%~ When |e[>6, A;(e) decreases with the
increase of |e|, which realizes the small gain with large error and
large gain with small error. For the LESO/NLESO switching
control method, when |e|>1, A;(e)<1, namely relatively small
gain, so e; and eo are set to 1 and 1.2, respectively, which are
appropriate to be selected as the switching thresholds.

According to (26), the NLESO can be considered as a LESO
with variable parameter, the parameter of whichis ;1 (e). Thus,
the parameters of the NLESO can be adjusted by adopting the
bandwidth method of the LESO. First, the parameters of the
LESO are adjusted taking the sampling step length, noise, etc.,
into account synthetically. Then, the bandwidth of the observer is
set to wy, and correspondingly the gain of the LESO is obtained
as f3}. On the basis of Routh stability criterion, the convergence
condition of the LESO is expressed as follows:

BBy > Bs.

As the NLESO is equivalent to the LESO with variable
parameter, the convergence condition of the NLESO can be

(26)

27)
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obtained as follows:

5162()"1 (6))min()‘2 (e))min > 53()"3 (e))max'

Due to the restriction of the SADRC switching conditions, it
can be obtained that

(A1 (&) min = (A2 (€)) yin = 1
()‘3 (e))max = 503_1'

Substituting (29) and (30) into (28) attains the following:

B1Ba > B35, 3D

It can be obtained that (31) is the basic principle of the NLESO
parameter tuning, which not only takes into consideration the
system performance, but also guarantees the system stability. As
known in Fig. 5, too large linear interval § brings about the failure
of the nonlinear gain, while too small § makes the observer more
volatile. Generally, J should be under the interval of [0.01, 0.1],
and 6 = 0.03 is suitable in this article; «; is supposed to meet
the condition of a1 >as >3, and aiq, as, az can be selected as
the empirical value of 1, 0.5, 0.2, and 5 respectively.

According to the principle of the SADRC, the LESO is
utilized to estimate and compensate the relatively larger dis-
turbance, while the NLESO is only used to estimate the rel-
atively smaller disturbance. Thus, the influences of sampling
step length and noise are the key to setting parameters (31, 2,
and f3. Although the optimal property is enhanced with the
appropriate increase of s, the overshoot and oscillation of the
total disturbance observation can be introduced easily, which
makes the PMSM stability deteriorate, and too small 83 can
limit the response of the NLESO to the disturbance as well.
Hence, based on the optimal parameter setting obtained by the
simulation in [34], the tuning formulas of 31, B2, 53 proposed
in the article are expressed as follows:

(28)

(29)
(30)

 3wp? _ wp®
/82 - 5 ) ﬁ-?) - 10 .

Substituting the tuned parameters 31, 82, 83, a3, and J into
(31) attains the following:

Bl = 3W0a

(32)

1.8wp> > 1.4wy>. (33)

It can be found that (33) is always satisfied for any w greater
than zero, and thus these tuned parameters meet the stability
requirement of the NLESO, which reflects the validity of the
switching conditions as well. However, the steady-state and
dynamic performances of the NLESO are still affected by the
different wq. The transfer function of the disturbance observation
z3 can be written as follows [34]:

Lo (€) B3s*wm — A3 (e) Bsboug
s34+ 11 (e) 152 + A2 (€) Bas + A3 (e) B3

As known in (34), the NLESO has an excellent ability to
suppress the disturbance of u,, so the noise introduced by wyy, is
the major factor of influence on the performance of the observer.
Consequently, to simplify the analysis, the effects of the u,
disturbance and nonlinear function are ignored, that is to say,
ug=0,A1(e) = Aa(e) = Az(e) = 1and (32) are substituted into

2 = (34)
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(34), and (34) can be rewritten as follows:

z3 0.1w352 35)
83+ 3wps? + 0.6wls + 0.1wg

Wm
The frequency domain characteristics of the estimated dis-
turbance are shown in Fig. 6, selecting wq as 100, 250, 400,
respectively. With the increase of wy, the dynamic performance
of the NLESO becomes better, which specifically reflects in the
accurate estimated disturbance, small phase lag of the distur-
bance observation and fast convergence speed of the estimated
error. However, the effect of large wy to high-frequency noise
is supposed not to be ignored, which leads to the deterioration
of the PMSM performance. Therefore, wg should be adjusted
from small to large in practice until the disturbance observation
satisfies the requirement of the system.

C. NLSEF

As known in (15), k1, ko, o}, o, §'are all the parameters to
be set. First, the parameters &}, &/, of the LSEF can be tuned, and
it can be seen from (14) that they are similar to the proportional
gain k,, and differential gain k4 in the PD control so that £},
k4 can be set as ky, kq, respectively, according to the parameter
tuning strategy of the PD control. With regard to the NLSEEF, the
physical meanings of k1, ko are the same as £, k% of the LSEF.
Thus, k1=Fk}, ko=Fk/, and they can also be slightly adjusted
nearby. The adjustment principle of o/}, &, 0" is similar with that
of ay; and ¢ in the NLESO. Although the error attenuation speed
becomes faster and the antijamming ability becomes stronger
with the decrease of o}, o, the high-frequency vibration of w,
is introduced easily as well, which brings adverse effects on the
PMSM. It is generally required that oy < o, for the NLSEF of
the PMSM because relatively larger differential gain in PMSM
controller is easy to bring about speed oscillation, so o}, o, ¢’
are selected as 0.5, 0.75, 0.03, respectively, in this article.

D. Control Gain Estimation bg

The core of the SADRC is to achieve the precise estimation
and reasonable compensation of the whole disturbance in the
PMSM control system. The control gain estimation by in (18)
reflects the compensation intensity of the SADRC controller.
Considering the uncertainty of the model, variety of the actual
operation conditions and perturbation of the motor parameters,
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the practical control gain of the PMSM also changes in real time.
Consequently, it is essential to set the parameter by reasonably
in practical engineering application.

As shown in (17), the deviation of the control gain estimation
bo can be incorporated within the total disturbance so that by
has the feature of strong robustness which can be adjusted in
large range and guarantee the system stability. For the sake of
designing the SADRC controller conveniently, by can be taken as
the control gain b calculated via the PMSM model and then the
other parameters can be set first. After accomplishing the tuning
of the other parameters, by can be adjusted properly, which has
influence on the dynamic performance of the PMSM. The total
disturbance estimations z3 are shown in Fig. 7 with the step load
at 1 s, and by is selected as 0.1b, 0.5b, and b, respectively. With
the diminution of by, the disturbance compensation response
becomes faster, improving the dynamic performance of the
system. However, too small by can bring about the overshoot and
intense oscillation of the disturbance observation. Consequently,
bo 1s set as 0.5b in the article.

V. EXPERIMENTAL RESULTS
A. Experimental Setup

In order to further validate the effectiveness and superiority
of the proposed SADRC controller for the PMSM, the proposed
control strategy and the control strategies for comparison, in-
cluding LADRC, NLADRC, PI control methods, are imple-
mented in a 180-W PMSM setup, shown in Fig. 8, and the
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TABLE I
PARAMETERS OF THE PMSM PROTOTYPE

Symbol Quantity Value

ny Number of pole-pairs 3
K; Torque coefficient 0.625 N-m/A
Ry Stator resistance 32Q
L Stator inductance 54.6 mH
wN Rated speed 3000 rpm
Tn Rated torque 0.48 N-m
In Rated current 0.8 A
Py Rated power 180 W
Ve DC-link voltage 310V

4000
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Fig. 9. Start-up performance of the PMSM based on the SADRC.
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Fig. 10.  Start-up performance comparison of the PMSM.

main parameters of the PMSM prototype are listed in Table I.
In this setup, a mechanically coupled load dynamometer is
employed to generate the load torque. The control algorithms
are executed by a STM32F301C8T6 MCU with the control
frequency of 8 kHz and the PMSM is driven by an intelligent
power module STGIPQSCO60T with the switching frequency of
8 kHz. A quadrature encoder is installed at the end of the shaft
to measure the speed of the PMSM prototype. Furthermore,
the parameters of the SADRC, LADRC, and NLADRC are the
same in view of the parameter tuning strategy in Section IV. The
parameter r of the TD is 5x 10*, and the SADRC, LADRC, and
NLADRC are of the same gains, which are set as ky =k} = 7.34,
ko=kh= 3.2, B1=P1= 1.5x10°, Bo=P4= 1.5x10°, B3=L4=
1.25x 107, and the other parameters of the SADRC is tuned as
a1=1,a=0.5,03=0.25,,= 0.5, a4,=0.75,5=6'=0.03, and
bo= 3200, which is the same as the NLADRC. The speed loop
parameters of the PI control method are chosen as kg, = 1.344,
ksi=0.27, and the current loop parameters are corrected as k.=
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27.3, k= 1600 with the same bandwidth of the SADRC based
on the frequency domain method [35].

B. Start-Up Performance

The first experimental test is the comparative experiment of
the PMSM start-up performance. The waveforms of the speed,
phase current i,, d- and g-axis currents in the PMSM based on
the SADRC are revealed in Fig. 9, the reference speed of which is
set to 3000 r/min. After the arrangement of the speed transition
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process in advance by the TD, the actual speed can track the
set speed rapidly without the speed overshoot and overcurrent,
which demonstrates the excellent start-up performance of the
proposed SADRC.

The start-up performance comparison between the SADRC,
LADRC, NLADRC, and PI control strategies is revealed in
Fig. 10, and the comparative results are shown in Table II, where
o is the speed overshoot and 7 is the settling time. It can be
obviously seen that the speed overshoot and settling time of the
PI control strategy are relatively larger and longer, while the
start-up performances of the SADRC, LADRC, and NLADRC
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TABLE II
START-UP PERFORMANCE COMPARISON OF THE PMSM

Performance metrics SADRC LADRC NLADRC PI
o (rpm) 11 91 17 179
£ (s) 0.21 0.69 0.46 1.05

arerelatively better. More specifically, the speed regulation of the
LADRC with the large speed difference is rapid so that the actual
speed can reach the target speed quickly, but a certain of speed
overshoot is generated and the settling time is correspondingly
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TABLE III
DYNAMIC PERFORMANCE COMPARISON OF THE PMSM

Performance 3000/1500/100/0 rpm
metrics SADRC NLADRC LADRC PI
1 22/25 19/25 38/34 43/39
An | Nm /24/21 /22/21 /35/32 145/41
(tpm) | 1.5 48/44 63/61 50/46 102/94
N'm /47/49 /68/71 149/47 /98/91
1 0.09/0.07 0.07/0.11 0.13/0.12 0.37/0.32
Ar | Nm /0.1/0.11 /0.08/0.13 | /0.15/0.14 /0.33/0.3
(s) 1.5 0.19/0.17 0.37/0.35 0.18/0.17 0.67/0.56
N-m /0.18/0.2 /0.39/0.4 /0.2/0.19 /0.59/0.63

prolonged due to the poor speed regulation capacity of the
LADRC under the circumstance of small speed difference. On
the contrary, the speed regulation of the NLADRC with the large
speed difference is relatively slower, but the strong speed regula-
tion ability of the NLADRC has the effect of alleviating the speed
overshoot. The proposed SADRC combines the advantages of
the LADRC and NLADRC, and avoids their deficiencies, the
start-up performance of which is superior to that of the LADRC
and NLADRC, with tiny speed overshoot and short settling time.

C. Steady-State Performance

The second experimental test is the comparative experiment of
the PMSM steady-state performance. The given speed and load
torque are set to the rated value of 3000 r/min and maximum
value of 1.5 N-m, respectively. The waveforms of speed as
well as phase current and current harmonics of the PMSM
are revealed in Figs. 11 and 12, respectively, comparing the
steady-state performances of the SADRC, NLADRC, LADRC,
PI control strategies. It can be seen that the speed fluctuation of
the PI control method is the largest and that of the LADRC is
relatively smaller, while the speed fluctuations of the NLADRC
and SADRC strategies are the smallest, which can also be
reflected by the current harmonics of the PMSM shown as
Fig. 12. The current harmonics of the PMSM adopting SADRC,
NLADRC, LADRC, PI control strategies are 8.02%, 8.04%,
9.49%, 10.62%, respectively, which demonstrates the superior
steady-state performance of the proposed SADRC due to same
characteristic of large gain with small error as the NLADRC.

D. Dynamic Performance

The third experimental test is the comparative experiment
of the PMSM dynamic performance, which is mainly reflected
in the dynamic response of the motor speed under the differ-
ent step load torque to highlight the distinction between the
NLADRC and LADRC. Moreover, the comparative experiments
at different given speeds are aimed to confirm the effectiveness
and superiority of the SADRC in the whole speed range. The
speed and phase current waveforms of the SADRC, NLADRC,
LADRGC, PI control strategies under the step load torque of 1
and 1.5 N-m at 3000, 1500, 100, and O r/min are revealed in
Figs. 13-16, respectively. The comparative experimental results
of the dynamic performance in the PMSM are summarized in
Table III. This indicates clearly that the dynamic performance of
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Fig. 14.  Dynamic performances at 1500 rpm under step load torque of 1 and
1.5 N-m. (a) SADRC. (b) NLADRC. (c) LADRC. (d) PL

the PMSM utilizing the ADRC is superior to that of the PMSM
utilizing the PI control while the dynamic performances of the
LADRC and NLADRC method both under the step load torque
of 1 and 1.5 N-m are significantly different in the two circum-
stances. According to the theoretical analysis of the LADRC
and NLADRC in Section II, the response of the LADRC to
large disturbance is faster than that of the NLADRC, while the
gain of the NLADRC to small disturbance is larger than that
of the LADRC. Consequently, the dynamic performance of the
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Fig. 15. Dynamic performances at 100 rpm under step load torque of 1 and
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LADRC is superior to that of the NLADRC under the large step
load torque, while the dynamic performance of the NLADRC is
superior to that of the LADRC under the small step load torque.
The SADRC proposed in the article unites the merits of the
LADRC and NLADRC through the switching control strategy,
which validates the better dynamic performance than that of
the NLADRC, LADRC, PI control strategies under the range
between 0 and 100% of step maximum load torque as shown in
Fig. 17. Furthermore, Fig. 18 reveals that the speed fluctuation
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maximums An and settling times At of the SADRC at the speed
from 0 to 3000 r/min under the same step load torque are both
smaller than those of the other strategies which demonstrates
that SADRC can maintain the superior dynamic performance in
the whole speed.

E. Robustness to Motor Parameters

The fourth experimental test is the comparative experiment of
the robustness to PMSM parameters. In the SADRC controller
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of the PMSM, the mismatched parameters like stator resistance
and inductance are noted as RS and f/s, respectively, which
undergo the variation in the range between 100% and 200%
of Rs and L in the experimental test, and corresponding results

are revealed in Fig. 19. The experiment tests the speed tracking
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performance of the PMSM under the rated speed condition
not only when the variations of Rs and ES work alone, but
also when they work simultaneously, and the maximum speed
tracking error occurs when R and L change to the 200% of
Rg and L concurrently. As shown in Fig. 19, the speed tracking
error surface can clearly reflect the superiority of the ADRC in
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robustness to PMSM parameters compared with the PI control
strategy. In particular, the speed tracking performance of the
SADRC is better than that of the LADRC with small parameter
mismatch and the NLADRC with large parameter mismatch,
because the SADRC possesses the features of large gain with
small error and fast response with large error. Consequently,
the direct comparison of SADRC, NLADRC, LADRC, and PI
control methods demonstrates the higher robustness to PMSM
parameters with the SADRC.

VI. CONCLUSION

In this article, a novel SADRC strategy for the PMSM was
proposed in order to enhance the control performance of the
PMSM, which possesses the LADRC feature of fast response
with large error and the NLADRC feature of large gain with
small error. The SADRC can maintain the ability of estima-
tion and compensation to disturbances in different operation
conditions and effectively improve the robustness and tracking
accuracy of the system. Taking the nonlinear mechanism of the
PMSM into account, the SADRC controller is constructed, the
anti-interference mechanism of which was analyzed in depth. In
particular, the influence of each parameter on the dynamic and
steady-state performance of the whole system was emphatically
studied, and then the rules of SADRC parameter tuning was sum-
marized. The proposed SADRC strategy was comprehensively
compared with NLADRC, LADRC, PI control strategies on a
180 W PMSM platform. The experimental results show that the
SADRC strategy is superior in start-up performance, steady-
state performance, and parameter sensitivity of the PMSM.
In respect of the dynamic performance, the speed fluctuation
maximum and settling time of the SADRC are approximately
10.7 r/min and 0.046 s smaller than those of the LADRC, respec-
tively, under the step load torque of 1 N-m in the whole range;
these metrics of the SADRC are approximately 20.2 r/min and
0.188 s smaller than those of the NLADRC, respectively, under
the step load torque of 1.5 N-m as well. Hence, the effectiveness
and feasibility of the SADRC for the PMSM is verified, which
is especially applicable for variable parameter systems.

REFERENCES

[1] J. Lara, J. Xu, and A. Chandra, “Effects of rotor position error in the
performance of field-oriented-controlled PMSM drives for electric ve-
hicle traction applications,” IEEE Trans. Ind. Electron., vol. 63, no. 8,
pp. 47384751, Aug. 2016.

[2] X. Zhou, J. Sun, H. Li, and X. Song, “High performance three-phase
PMSM open-phase fault-tolerant method based on reference frame trans-
formation,” IEEE Trans. Ind. Electron., vol. 66, no. 10, pp. 7571-7580,
Oct. 2019.

[3] Y.C.Kwon, S. K. Sul, N. A. Baloch, S. Morimoto, and M. Ohto, “Design,
modeling, and control of an IPMSM with an asymmetric rotor and search
coils for absolute position sensorless drive,” IEEE Trans. Ind. Appl.,
vol. 52, no. 5, pp. 3839-3850, Sep./Oct. 2016.

[4] F. Bu et al., “Speed ripple reduction of direct-drive PMSM servo at low-
speed operation using virtual cogging torque control method,” IEEE Trans.
Ind. Electron., vol. 68, no. 1, pp. 160-174, Jan. 2021.

[5] A. K. Junejo, W. Xu, C. Mu, M. M. Ismail, and Y. Liu, “Adaptive
speed control of PMSM drive system based a new sliding-mode reaching
law,” IEEE Trans. Power Electron., vol. 35, no. 11, pp. 12110-12121,
Nov. 2020.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 8, AUGUST 2021

[6] L. Wang, Z. Q. Zhu, H. Bin, and L. M. Gong, “Current harmonics
suppression strategy for PMSM with nonsinusoidal back-EMF based on
adaptive linear neuron method,” IEEE Trans. Ind. Electron.,vol.67,no. 11,
pp- 9164-9173, Nov. 2020.

[71 M. L. Masmoudi, E. Etien, S. Moreau, and A. Sakout, “Amplification of
single mechanical fault signatures using full adaptive PMSM observer,”
IEEE Trans. Ind. Electron., vol. 64, no. 1, pp. 615-623, Jan. 2017.

[8] C. Gong, Y. Hu, J. Gao, Y. Wang, and L. Yan, “An improved

delay-suppressed sliding-mode observer for sensorless vector-controlled

PMSM,” IEEE Trans. Ind. Electron., vol. 67, no. 7, pp.5913-5923,

Jul. 2020.

Y. Wang, Y. Feng, X. Zhang, and J. Liang, “A new reaching law for

antidisturbance sliding-mode control of PMSM speed regulation system,”

IEEE Trans. Power Electron., vol. 35, no. 4, pp. 4117-4126, Apr. 2020.

V. Repecho, D. Biel, and A. Arias, “Fixed switching period discrete-time

sliding mode current control of a PMSM,” IEEE Trans. Ind. Electron.,

vol. 65, no. 3, pp. 2039-2048, Mar. 2018.

D. Flieller, N. K. Nguyen, P. Wira, G. Sturtzer, D. O. Abdeslam, and

J. Mercklé, “A self-learning solution for torque ripple reduction for

nonsinusoidal permanent-magnet motor drives based on artificial neural

networks,” IEEE Trans. Ind. Electron., vol. 61, no. 2, pp. 655-666, Feb.

2014.

H. Yan, Y. Xu, F. Cai, H. Zhang, W. Zhao, and C. Gerada, “PWM-VSI

fault diagnosis for a PMSM drive based on the fuzzy logic approach,”

IEEE Trans. Power Electron., vol. 34, no. 1, pp. 759-768, Jan. 2019.

G. Wu, S. Huang, Q. Wu, F. Rong, C. Zhang, and W. Liao, “Robust

predictive torque control of N#3-phase PMSM for high-power traction ap-

plication,” IEEE Trans. Power Electron., vol. 35, no. 10, pp. 10799-10809,

Oct. 2020.

Y. Zhou and G. Chen, “Predictive DTC strategy with fault-tolerant

function for six-phase and three-phase PMSM series-connected drive

system,” IEEE Trans. Ind. Electron., vol. 65, no. 11, pp.9101-9112,

Nov. 2018.

T. Tiirker, U. Buyukkeles, and A. F. Bakan, “A robust predictive current

controller for PMSM drives,” IEEE Trans. Ind. Electron., vol. 63, no. 6,

pp- 3906-3914, Jun. 2016.

J. Hang, J. Zhang, M. Xia, S. Ding, and W. Hua, “Interturn fault di-

agnosis for model-predictive-controlled-PMSM based on cost function

and wavelet transform,” IEEE Trans. Power Electron., vol. 35, no. 6,

pp. 6405-6418, Jun. 2020.

J. Han, “Auto-disturbance-rejection controller and its application,” Control

Decis., vol. 13, no. 1, pp. 19-23, Jan. 1998.

F. Alonge, M. Cirrincione, F. D’lppolito, M. Pucci, and A. Sferlazza,

“Active disturbance rejection control of linear induction motor,” IEEE

Trans. Ind. Appl., vol. 53, no. 5, pp. 4460-4471, Oct. 2017.

L. Yan, F. Wang, M. Dou, Z. Zhang, R. Kennel, and J. Rodriguez,

“Active disturbance-rejection-based speed control in model predictive

control for induction machines,” IEEE Trans. Ind. Electron., vol. 67, no. 4,

pp. 2574-2584, Apr. 2020.

L. Qu, W. Qiao, and L. Qu, “Active-disturbance-rejection-based sliding-

mode current control for permanent-magnet synchronous motors,” IEEE

Trans. Power Electron., vol. 36, no. 1, pp. 751-760, Jan. 2021.

F. Alonge, M. Cirrincione, F. D’Ippolito, M. Pucci, and A. Sferlazza,

“Robust active disturbance rejection control of induction motor systems

based on additional sliding-mode component,” IEEE Trans. Ind. Electron.,

vol. 64, no. 7, pp. 5608-5621, Jul. 2017.

H. Sira-Ramirez, J. Linares-Flores, C. Garcia-Rodriguez, and M. A.

Contreras-Ordaz, “On the control of the permanent magnet syn-

chronous motor: An active disturbance rejection control approach,”

IEEE Trans. Control Syst. Technol., vol. 22, no. 5, pp.2056-2063,

Sep. 2014.

J. Li, H. Ren, and Y. Zhong, “Robust speed control of induction mo-

tor drives using first-order auto-disturbance rejection controllers,” /EEE

Trans. Ind. Appl., vol. 51, no. 1, pp. 712—720, Jan./Feb. 2015.

C. Du, Z. Yin, J. Liu, Y. Zhang, and X. Sun, “A speed estimation method

for induction motors based on active disturbance rejection observer,” IEEE

Trans. Power Electron., vol. 35, no. 8, pp. 8429-8442, Aug. 2020.

L. Qu, W. Qiao, and L. Qu, “An enhanced linear active disturbance rejec-

tion rotor position sensorless control for permanent magnet synchronous

motors,” IEEE Trans. Power Electron., vol. 35, no. 6, pp. 6175-6184,

Jun. 2020.

B. Du, S. Wu, S. Han, and S. Cui, “Application of linear active distur-

bance rejection controller for sensorless control of internal permanent-

magnet synchronous motor,” I[EEE Trans. Ind. Electron., vol. 63, no. 5,

pp- 3019-3027, May 2016.

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]



HAO et al.: LINEAR/NONLINEAR ACTIVE DISTURBANCE REJECTION SWITCHING CONTROL FOR PMSMs

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

G. Wang, R. Liu, N. Zhao, D. Ding, and D. Xu, “Enhanced linear
ADRC strategy for HF pulse voltage signal injection-based sensorless
IPMSM drives,” IEEE Trans. Power Electron., vol. 34, no. 1, pp. 514-525,
Jan. 2019.

G. Zhang, G. Wang, B. Yuan, R. Liu, and D. Xu, “Active disturbance rejec-
tion control strategy for signal injection-based sensorless IPMSM drives,”
IEEE Trans. Transp. Electrific., vol. 4, no. 1, pp. 330-339, Mar. 2018.

P. Li, G. Zhu, and M. Zhang, “Linear active disturbance rejection control
for servo motor systems with input delay via internal model control
rules,” IEEE Trans. Ind. Electron., vol. 68, no. 2, pp. 1077-1086, Feb.
2021.

C.Du, Z. Yin, Y. Zhang, J. Liu, X. Sun, and Y. Zhong, “Research on active
disturbance rejection control with parameter autotune mechanism for
induction motors based on adaptive particle swarm optimization algorithm
with dynamic inertia weight,” IEEE Trans. Power Electron., vol. 34, no. 3,
pp. 2841-2855, Mar. 2019.

Z.Yin, C.Du, J. Liu, X. Sun, and Y. Zhong, “Research on autodisturbance-
rejection control of induction motors based on an ant colony optimization
algorithm,” IEEE Trans. Ind. Electron., vol. 65, no. 4, pp. 3077-3094,
Apr. 2018.

Z. Tang and B. Akin, “A new LMS algorithm based deadtime compen-
sation method for PMSM FOC drives,” IEEE Trans. Ind. Appl., vol. 54,
no. 6, pp. 6472-6484, Nov./Dec. 2018.

B. Sun and Z. Gao, “A DSP-based active disturbance rejection control
design for a 1-kW H-bridge DC-DC power converter,” IEEE Trans. Ind.
Electron., vol. 52, no. 5, pp. 1271-1277, Oct. 2005.

K. Li, Y. Xia, X. Qi, and Z. Gao, “On the necessity, scheme, and basis
of the linear-nonlinear switching in active disturbance rejection control,”
IEEE Trans. Ind. Electron., vol. 64, no. 2, pp. 1425-1435, Feb. 2017.

K. Li, “PID tuning for optimal closed-loop performance with specified
gain and phase margins,” IEEE Trans. Control Syst. Technol., vol. 21,
no. 3, pp. 1024-1030, May 2013.

Zhengjie Hao received the B.Sc. degree in electrical
engineering and automation and the M.S. degree in
electrical engineering from Jiangsu University, Zhen-
jiang, China, in 2016 and 2019, respectively. He is
currently working toward the Ph.D. degree with Jilin
University, Changchun, China.

His research interests include control technology
for PMSM.

Yang Yang received the Ph.D. degree from Jilin
University, Changchun, China, in 2018.

He is currently a Postdoctoral Fellow with the Col-
lege of Physics, Jilin University. His research interests
include power electronics and control of PMSM.

9347

Yimin Gong received the Ph.D. degree from Jilin
University, Changchun, China, in 2008.

He is currently a Professor with the College of
Physics, Jilin University. His current research in-
terests include electrical machines and their control
systems.

Zhengqiang Hao received the B.S. and M.S. degrees
in 2016 and 2019, respectively, from Jilin University,
Changchun, China, where he is currently working
toward the Ph.D. degree in control science and en-
gineering.

His research interests include optimized sensorless
control in PMSM.

Chenchen Zhang received the B.S. and M.S. de-
grees, in 2016 and 2019, respectively, from Jilin Uni-
versity, Jilin, China, where he is currently working
toward the Ph.D. degree in applied physics.

His research interests include power electronics,
high-performance ac motor drives, and sensorless
control for electrical drives.

Hongda Song received the B.S. and M.S. degrees in
2016 and 2019, respectively, from Jilin University,
Changchun, China, where he is currently working
toward the Ph.D. degree in applied physics.

His research interests include electrolytic capac-
itorless motor drives, thermal simulation, magnetic
simulation, and single-phase rectifiers.

Jiannan Zhang received the B.S. and M.S. degree
from Jilin University, Changchun, China, in 2014 and
2017, respectively.

She is currently an Engineer with the College of
Physics, Jilin University. Her research interests in-
clude electromagnetic simulation.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


