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speed regulation
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In order to achieve speed control of high-speed permanent magnet synchronous motor with high
precision, the sliding mode control (SMC) is usually adopted. However, the inherent chattering
phenomenon affects the speed control performance. In order to solve this problem, a composite speed
regulator is proposed in this paper, which is made up of two parts: the adaptive full-order SMC and
extended state observer (ESO). Switching gain adaption law is proposed for minimizing chattering

as much as possible while ensuring the robustness of sliding mode control. The total disturbance is
estimated by the ESO and through feedforward, thus improving the system anti-disturbance ability.
Finally, the effectiveness of the proposed speed regulator has been validated in the test bench.

The high-speed permanent magnet synchronous motor (PMSM) plays an important role for automotive appli-
cations due to its high performance, efficiency and power density’. In the speed control, the drive systems will
be affected by the change of internal parameters (such as the change of output torque caused by the change of
rotational inertia and inductance), and the change of external load torque of the system. In order to improve the
robustness of speed loop in more high-performance applications, there have been many researches.

PI control is simple and easy to implement, which is the mainstream control method of speed loop'. Although
one-degree-of-freedom (1DOF) PI controller can handle the disturbance rejection, but it’s very limited, since
there exists contradiction between overshoot and disturbance rejection performance. Moreover, due to the zero
introduced by the PI controller, the overshoot of the speed loop is unavoidable. This problem can be handled
by replacing it with IP controller, but the bandwidth of that structure is lower than PI controller?. To resolve
the contradiction between overshoot and disturbance rejection, two-degree-of-freedom (2DOF) PI controllers
are exploited®=. In Ref.?, the 2DOF PI controllers are designed considering the loop transfer function, taking
the reference command into consideration. Those controllers can handle the tracking and anti-disturbance
respectively. In Ref.?, a new 2DOF PI control speed controller is proposed, which can not only ensure the speed
tracking performance, but also effectively improve the anti-load disturbance ability of the system and improve
the robustness of the system to the change of inertia. However the structure is complex compared with the
1DOF PI controllers, which means the parameters tunning may be difficult and the anti-windup®” algorithms
are also different.

However, PI control has poor robustness due to torque mutation and parameter variation, resulting in large
speed fluctuation. Therefore, improving the robustness of speed loop becomes one of the important indexes to
measure the performance of speed loop. Sliding mode control (SMC) is very popular with researchers because
of its strong robustness and simple structure®. But the existence of chattering is the biggest problem of SMC
due to various undesirable factors’. The boundary layer theory reduces the chattering problem of the system by
changing the switching function into a continuous function, such as: saturation function' or hyperbolic tangent
function'?, but this method can only achieve practical stabilization and the control accuracy of the system. i.e.,
the steady-state error of the speed, depends on the parameters of the continuous function. In order to eliminate
the chattering problem in the given signal of torque command, the improved reaching law is used'>!* (i.e., the
reaching law is designed by combining the state of the systems), but this greatly reduces the robustness of SMC,
reduces the control accuracy of speed controller, and the speed tracking error cannot converge to zero strictly. An
adaptive sliding mode controller design method is proposed in Ref.', but the switching control term appeared
explicitly in the design of the control law, and no strategy to weaken or eliminate chattering was considered.
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Therefore, there was high-frequency chattering in the control signal, which affected the stability of the system.
High-order SMCs are introduced in the literature to reduce the chattering by taking the discontinuous terms
into the integrals, which sufficiently degrades the chattering phenomenon!>!¢. But the complex structure and dif-
ficult stability proof are produced. In addition to the improvement of the main speed controller, the disturbance
observers'”!® are introduced to estimate the total or part disturbance which will be feed forward to the controller
output. Due to the compensation for the disturbance, the speed controller can handle the disturbance rejection
and the dynamic of the system will be enhanced. If the compensation is feed forward to the SMC, the switching
gain determined by the total disturbance will be reduced and hence, the chattering will be degraded too.

In view of the above analysis, in order to further reduce the chattering phenomenon of the sliding mode
control system and maintain the simple structure of the controller as far as possible, a composite speed regulator
is proposed, which is made up of two parts: the adaptive full-order SMC and the extend state observer (ESO).
The main contributions include:

1. Adaptive full-order SMC is introduced, which maintains the simple structure of first-order SMC. The dis-
continuous terms are hidden in the integral and thus, chattering reduction is achieved.

2. Switching gain adaption law is given for minimizing chattering as much as possible while ensuring the
robustness of sliding mode control. The total disturbance is estimated by the ESO and through feedforward,
and the compensation is added in the controller output to improve the system anti-disturbance ability.

This paper is structured as follows. The mechanical model of PMSM is introduced in “Mechanical model
of PMSM?” at length. In “Composite speed controller design for high speed PMSM”, the proposed composite
speed regulator will be discussed compared with other traditional speed regulators. Comparative experiment
are carried out to prove the superior performance of the proposed speed regulator. Finally, the “Experimental
verification” will conclude the paper.

Mechanical model of PMSM
The speed of the motor is determined by the torque, friction, load and the moment of inertia of the system. The
traditional mechanical model of PMSM can be described as follows by Newton’s law of the rotating rigid bodies:

{ STy Ao 1)
=By T _ 1pxy T
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where w,, is the mechanical speed of the motor, T, is the actual electromagnetic torque generated by the motor
and T} is the command electromagnetic torque generated by the speed control. The difference between them
takes into account the current or torque loop dynamics and the digital signal processing. Tr, is the load torque
and B is the viscous friction coefficient. J, J, are the actual moment of inertia and nominal moment of inertia
used for speed control. d(t) denotes the total disturbance. Considering the above inner and external disturbance,
the model for designing the speed controller is shown in (2):

om = JITF +d(@). )

. From a practical point of view, d(¢) is bounded and changes slowly with time, which means |d(t)| < o and
|d(t)| < A. High speed air compressor system is affected by various disturbances such as airflow disturbance,
unmodeled variations and uncertainties, and have nonlinear characteristics. The high-precision speed regulation
should fully consider the complex disturbances and uncertain factors, which can be realized by the composite
speed controller established in this paper.

Composite speed controller design for high speed PMSM

In this section, we will discuss the drawback of the traditional SMC, firstly. To mitigate the chattering problem,
three parts are introduced: full-order SMC, the switching gain adaptive law, and the disturbance observer. In
addition, the stability of the speed loop is guaranteed by the Lyapunov stability theory.

Traditonal SMC. The design of sliding mode controller is divided into two parts: one is the selection of slid-
ing mode surface; the second is the design of sliding mode controller. The sliding mode surface is selected so that
the system can operate in a desired way after reaching the sliding mode surface, and the controller is designed
to ensure the existence or arrival conditions of the sliding mode, so that the system can reach the sliding mode
surface and remain on the sliding mode surface in a limited time'’.

The speed loop is a first-order system. In order to design the sliding mode control and satisfy the reduced-
order dynamics since reaching sliding phase, the sliding variable is set as the error e between the reference speed
w;, and the measured speed wy,.

s=e=w), — on. (3)
In order to make the control quantity explicit, the derivative of the error can be expressed as:
§= 0k — am = ok — T, TF—d(1). (4)

The exponent reaching law can be used for designing the torque command:
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TY = Jule - sign(s) + k-s+ )], 6,k > 0. (5)

The Lyapunov asymptotic stability can be easily derived by selecting 1/2 - s> as the alternative Lyapunov
function?!,

In order to obtain the robustness during the sliding phase, the switching gain need to be sufficiently large to
counteract the effects of lumped disturbances. In the actual situation, it is hard to obtain the disturbance term
d(t) in real time, so the switching gain is set larger enough to satisfy s§ < 0. As mentioned in previous section,
continuous SMC and SMC based on improved reaching law® can reduce the chattering phenomenon, but those
methods only achieve practical stabilization, which reduce the robustness of SMC.

Although traditional SMC has the robustness during the sliding phase, the large switching gain will result
in large chattering, which may degrade the control performance and introduce more undesired harmonics to
the current loop.

Full-order SMC. However, according to reference?, if the full-order sliding mode controller is designed, the
control variable can be designed in the form of integral of the discontinuous control term. Thus, the purpose
of suppressing high frequency chattering is achieved. The full-order means that during the sliding phase, the
dynamics of the system is not reduced. Therefore, the corresponding sliding variable is designed as:

s=ce+e c¢>0. (6)
Substituting Eq. (2) into Eq. (6), we obtain:
s=ce+e
= c(wpy, — om) + @ — om (7)
= c(w}, — om) + o — T, T = d().
The torque command can be design into two parts:
TY = tieq + ur, ®)

where uyg = Jy [c (a):1 — a)m) + a)m , U =]y jot x (7)dz. x (t) needs to be designed according to the stability,
rapidity and steady-state performance of the system, which is the core part of the whole SMC.
Substituting Eq. (8) into Eq. (7), we obtain:

t
s= —/ x(T)dt — d(t). 9)
0
The derivative of s with respect to time is:
§=—x(t) — d(b). (10)
x (t) can be designed as follows:
x(t) = ¢ -sign(s) +k-s. (11)

Considering the alternative Lyapunov function V = 1/2 - s?. Hence, the time derivative can be obtained:

s§=s[—x(t) — d()]
= s[—e - sign(s) —k-s — di®)] (12)
< —k-s* —[e — |d®)]lsl.

Once e > |d(t)], s5 < 0. According to Lyapunov and LaSalle’s invariance theory?>%, the sliding variable can
reach sliding surface in finite time and the stability of full-order SMC design can be verified.

However, we still notice that the boundary of the |d(¢)|are hard to determined. In practice situation, ¢ is set
large enough to satisfy ss < 0 and guarantee the stability. Although in full-order SMC design, the discontinu-
ous term is integrated to obtain the corresponding control quantity, it still introduces unavoidable chattering.

Switching gain adaptive law. The unknown uncertainty of the inner and external disturbance is handled
by the online switching gain adaptive law to reduce the chattering phenomenon. The control law can be designed:

x () = Kisign(s) + Kas
K = K|s|sign(|s| — ), K1 > u (13)
WK <pu ’

where K;(0), K, 11, & are small positive number. According to reference?*, K; has maximum value.
The alternative Lyapunov function can be selected as:

1

1 2
V=-s+—(Ki—K)".
2% T, K= KD) (14)

Considering Egs. (12) and (13), the time derivative of the alternative Lyapunov function is:
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V=si+— (K1 KK,
Y

) K
= s[—Kisign(s) — Kos — d(t)] + > (Ky — KY)slsign(|s| — &)
2 - F * .
< —Kps* — Kils| + Isld(t) + " (Ky — KY)Islsign(|s| — &) (15)
2 * 5 * F * .
= —Kys* — K{Is| + Isld(t) — (Ky — K{)Is| + " (Ky — K7 Islsign(|s| — &)

. K
= —Kys* — [K{ —d(®)]ls| + (K1 — K}) {—|s| + ;IsIsign(IsI - s)}.

By introducing the coefficient 81> 0, it can be seen from reference* that there always exists K} >0, so that
from time ¢ >0, there is always K; < K{ and Kj > d(t). Moreover, this will lead to:

. . K
V< —Kps® — [K} —d®)]ls| + (K1 — KY) {—|s| o Islsign(ls] — s)}

+ B11K1 — K| — B1|Ky — KT |
< —Ks? — [Kf —d®)] Is| — filK1 — K}
N———

B2>0

— Ky = K[| —lsl + ;ISISlgn(ISI —&)— B

s (16)

< —Bals| — /31|K1 —K{| -3¢

K K
_ 7 —Br- \/*| 1 | _s

Is| |K1 K|
) (5 )

ﬂmin

< ~Bumin - V' =,

The positive and negative of § is unknown. The following two conditions are discussed.

@D When|s| > ¢,8 > 0:
K
=Isl+ —Isl=p1 >0
Y

K|s|
< .
Is| + B1

Because V < —Bmin - VY2 — 8 < —Bmin - V/2, the system is stable.
@ Whenl|s| < &, 8 may be negative, which may also lead to V > 0.

Since the system may not to converge, the value of |s| will increase. Once |s| is larger than ¢, the stability of
system will be determined by condition (D. Thus, the stability of the adaptive full-order SMC is verified.

Extend state observer design. When the simple sliding mode controller and sliding mode observer are
used to control the motor, the chattering and phase delay cannot be avoided due to the large switching gain
needed to overcome the large system disturbance. Therefore, the selection and improvement of the controller
and disturbance observer are particularly important.

To further reduce the chattering of speed loop, the extend state observer (ESO) is used to estimate the total
disturbance which is fed back as the feedforward compensation. Even though the disturbance may be estimated
inaccurately, the total disturbance can be compensated partly, which can reduce the switching gain and thus,
reduce the chattering.

According to Eq. (2), the linear second-order ESO* can be designed as follow equations:

{51 =2+ T + Li(z1 — om)

z2y = bh(z1 — op).

Scientific Reports |

(2023) 13:6200 | https://doi.org/10.1038/s41598-023-33455-x nature portfolio



www.nature.com/scientificreports/

z1, 2 are the estimated w,, and d(t), respectively. I}, I, are the gains of the ESO, which can be tuned as illustrated
in Ref.”. By properly adjusting the value of I3, I, the estimated states will asymptotically converge to w,, and d(¢),
respectively. The stability of the observer can be ensured by adjusting the two coefficients I,l5, so that the roots
of the observer characteristic equation are placed in the left half plane.

The composite speed controller is made up of two parts: the adaptive full-order SMC and the extend state
observer, which is shown in Fig. 1.

The new control law is redesigned:

T = theg + tr — 22. (18)

Substituting Eq. (15) into Eq. (7), we obtain:

t
s=— ./0 x(D)dt — [d(l‘)i— 22). (19)

/A represents the difference between real disturbance and the estimated one. The derivative of s with respect
to time is:

§=—x() — A (20)

x (t) remains in the form of Eq. (12). Z and / are bounded. The rest analysis of Lyapunov stability is totally
similar to the analysis in “Switching gain adaptive law”. We only need to replace the d(t) by 1. Due to the feedfor-
ward disturbance compensation, the adaptive switching gain will decrease and the chattering will be degraded.

The overall control diagram is shown in Fig. 2. The current controller adopts the PI controllers with time-
delay compensation®. MTPA control algorithm is used to calculate the reference current. Because the high speed
PMSM is surface mounted permanent magnet synchronous motor, i = 0 control law is employed in control
unit. The space vector pulse width modulation (SVPWM) is applied to produce the reference voltage which is
generated by cascade control.

Experimental verification

In order to validate the effectiveness of the proposed composite speed regulator, the speed-tracking and anti-
disturbance performance will be validated in the test bench of the high-speed air compressor, which is shown
in Fig. 3. The test bench is composed of a 35 kW high-speed air compressor, air filter/air inlet, back pressure

Adaptive [T : Whn
Full — order [— Eq. (2)
SMC

ESO

Figure 1. Proposed composite speed regulator for high-speed PMSM drives.
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Figure 2. Overall block diagram of the FOC-based high-speed PMSM drives.
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Figure 3. Test bench of high-speed air compressor.

value, air outlet, motor control unit based on the Infineon TC387 microprocessor. The load can be adjusted by
the duty cycle of the back pressure value.

The parameters of the air compressor are: the stator resistance R = 0.029€2, the stator inductance L; = 104 uH
,the permanent magnet flux yy = 0.026 Wb, the pole pairs P, = 1and the dc-link Uy, = 450 V. The PWM fre-
quency is 36 k. The idle speed of the air compressor is 30000 rpm, and the maximum speed is 80000 rpm. Thus,
the proposed speed regulator is tested between 30,000 and 80,000 rpm.

In order to validate the effectiveness of the adaptive full-order SMC, the speed control performance before
and after adaptation is compared at 50,000 rpm, which is shown in Fig. 4. It can be seen that after adopting the
switching gain adaptive law, the fluctuation of the sliding mode surface function and the q-axis command current
are suppressed, which means that the chattering resulting from the sliding mode switching term is reducing by
means of the adjustment of the online switching gain adaptive law. It should be noted that the speed fluctuation
is not affected after adaptation, even if the switching gain is reduced.

Figure 5 compares the performance of different speed regulators, including PI controller, adaptive full-order
SMC and the proposed composite speed regulator (adaptive full-order SMC + SMO), which is shown in Fig. 5.

As shown in Fig. 5a, during the acceleration from 70,000 to 80,000 rpm, the overshoot of PI controller is
240 rpm, while that of adaptive full-order SMC is 100 rpm. Moreover, the response time of adaptive full-order
SMC is shorter. Compared with the adaptive full-order SMC, the response speed of the proposed composite
speed regulator is faster due to the introduction of ESO. The response time is 0.08 s and 0.17 s, respectively. In
the acceleration process, the load torque increases rapidly, since the airflow input increases with the speed rises.
The ESO of the proposed composite speed regulator can estimate the load torque in real time, thus accelerat-
ing the speed response. It should be noted that, since the duty cycle of the back pressure value cannot change
rapidly, the disturbance rejection performance cannot be tested by sudden loading, otherwise it will lead to the
air compressor surge and damage.

Similarly, during deceleration from 70,000 to 60,000 rpm shown in Fig. 5b, it can be seen that the overshoot
of PI controller is 245 rpm, while that of adaptive full-order SMC is 100 rpm. Furthermore, the speed regulator
based on the PI controller oscillates when the speed reaches the steady state, resulting in longer adjustment time.
Compared with the adaptive full-order SMC, the response speed of the proposed composite speed regulator is
faster due to the introduction of ESO. The response time is 0.17 s and 0.36 s, respectively.

Figure 6 shows the speed response during acceleration and deceleration from 30,000 to 8000 rpm, and the
speed error is also compared. It can be seen that the speed error is below 120 rpm and the stable speed error
is below 20 rpm, which indicates the effectiveness and feasibility of the proposed composite speed regulator.

Conclusions

In this paper, a composite speed regulator is proposed, which is made up of two parts: the adaptive full-order
SMC and ESO. The adaptive full-order SMC maintains the simple structure of first-order SMC. The discontinu-
ous terms are hidden in the integral and thus, chattering reduction is achieved. Furthermore, a switching gain
adaption law is presented to minimize chattering as much as possible while ensuring the robustness of the sliding
mode control. The total disturbance is estimated by the ESO and the compensation is added to the output of the
controller by feed-back method, which improves the system anti-disturbance ability. Finally, the effectiveness
and feasibility of the proposed speed regulator has been validated in the test bench.
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Figure 4. Comparison of before and after adaptation for the switching gain adaptive law at 50,000rpm.
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Figure 5. The comparison of different speed controller under the condition of (a) acceleration from 70,000rpm
to 80,000rpm (b) deceleration from 70,000rpm to 60,000rpm.

Scientific Reports | (2023) 13:6200 | https://doi.org/10.1038/s41598-023-33455-x nature portfolio



www.nature.com/scientificreports/

Speed (rpm)

Speed Error (rpm)

4
9 X 10 : :
Command Speed
8 Estimated Speed | 7
2 I 1 I I I
0 1 2 3 4 5 6
Time (50us) x10°
200 T
100
0 4
100 y
-200 : .
0 1 2 3 4 5 6
Time (50us) % 10°

Figure 6. The speed response and speed error from 30,000rpm and 80,000rpm.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 8 September 2022; Accepted: 13 April 2023
Published online: 17 April 2023

References

1.

w

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

Zhu, Y., Xiao, M., Lu, K., Wu, Z. & Tao, B. A simplified thermal model and online temperature estimation method of permanent
magnet synchronous motors. Appl. Sci. 9(15), 3158 (2019).

. Niu, L., Xu, D, Yang, M., Gui, X. & Liu, Z. On-line inertia identification algorithm for PI parameters optimization in speed loop.

IEEE Trans. Power Electron 30(2), 849-859 (2015).

. Sul, S.-K. Control of Electric Machine Drive Systems (Wiley, 2011).
. Harnefors, L., Saarakkala, S. E. & Hinkkanen, M. Speed control of electrical drives using classical control methods. IEEE Trans.

Ind. Appl. 49(2), 889-898 (2013).

. Xia, C,, Ji, B., Shi, T. & Yan, Y. Two-degree-of-freedom proportional integral speed control of electrical drives with Kalman-filter-

based speed estimation. IET Electr. Power Appl. 10(1), 18-24 (2016).

. Mendoza-Mondragén, E, Herndndez-Guzman, V. M. & Rodriguez-Reséndiz, J. Robust speed control of permanent magnet syn-

chronous motors using two-degrees-of-freedom control. IEEE Trans. Ind. Electron 65(8), 6099-6108 (2018).

. Shin, H.-B. New anti-windup PI controller for variable-speed motor drives. IEEE Trans. Ind. Electron. 45(3), 445-450 (1998).
. Shin, H.-B. & Park, J.-G. Anti-windup PID controller with integral state predictor for variable-speed motor drives. IEEE Trans.

Ind. Electron. 59(3), 1509-1516 (2012).

. Mohd Zaihidee, F, Mekhilef, S. & Mubin, M. Robust speed control of PMSM using sliding mode control (SMC)—A review. Ener-

gies 12(9), 9 (2019).

Xu, W, Junejo, A. K, Liu, Y., Hussien, M. G. & Zhu, J. An efficient antidisturbance sliding-mode speed control method for PMSM
drive systems. IEEE Trans. Power Electron 36(6), 6879-6891 (2021).

Delavari, H., Ghaderi, R., Ranjbar, A. & Momani, S. Fuzzy fractional order sliding mode controller for nonlinear systems. Com-
mun. Nonlinear Sci. Numer. Simul. 15, 963-978 (2010).

Eker, I. Second-order sliding mode control with experimental application. ISA Trans. 49, 394-405 (2010).

Zhang, X., Sun, L., Zhao, K. & Sun, L. Nonlinear speed control for PMSM system using sliding-mode control and disturbance
compensation techniques. IEEE Trans. Power Electron 28(3), 1358-1365 (2013).

Wang, Y, Feng, Y., Zhang, X. & Liang, J. A new reaching law for antidisturbance sliding-mode control of PMSM speed regulation
system. IEEE Trans. Power Electron 35(4), 4117-4126 (2020).

Kong, X. et al. Phase and speed synchronization control of four eccentric rotors driven by induction motors in a linear vibratory
feeder with unknown time-varying load torques using adaptive sliding mode control algorithm. J. Sound Vib. 370, 23-42 (2016).
Hou, Q. & Ding, S. GPIO based super-twisting sliding mode control for PMSM. IEEE Trans. Circuits Syst. II Express Briefs 68(2),
747-751 (2021).

Gao, P, Zhang, G. & Ly, X. Model-free control using improved smoothing extended state observer and super-twisting nonlinear
sliding mode control for PMSM drives. Energies 14(4), 4 (2021).

Wang, L., Zhao, J. & Zheng, Z. robust speed tracking control of permanent magnet synchronous linear motor based on a discrete-
time sliding mode load thrust observer. IEEE Trans. Ind. Appl. 58(4), 4758-4767 (2022).

Qu, L., Qiao, W. & Qu, L. An extended-state-observer-based sliding-mode speed control for permanent-magnet synchronous
motors. IEEE J. Emerg. Sel. Top. Power Electron. 9(2), 1605-1613 (2021).

Scientific Reports |

(2023) 13:6200 | https://doi.org/10.1038/s41598-023-33455-x nature portfolio



www.nature.com/scientificreports/

20. Edwards, C. & Spurgeon, S. Sliding Mode Control: Theory and Applications 1st edn. (CRC Press, 1998).

21. Gao, W. & Hung, J. C. Variable structure control of nonlinear systems: A new reach. IEEE Trans. Ind. Electron 40(1), 45-55 (1993).

22. Feng, Y., Han, E. & Yu, X. Chattering free full-order sliding-mode control. Automatica 50(4), 1310-1314 (2014).

23. Bhat, S. P. & Bernstein, D. S. Finite-time stability of continuous autonomous systems. SIAM J. Control Optim. 38(3), 751-766
(2000).

24. Plestan, E, Shtessel, Y., Brégeault, V. & Poznyak, A. New methodologies for adaptive sliding mode control. Int. J. Control 83(9),
1907-1919 (2010).

25. Gao, Z. Scaling and bandwidth-parameterization based controller tuning. In Proceedings of the 2003 American Control Conference,
2003., Denver, CO, USA, vol. 6, 4989-4996 (2003).

26. Bae, B.-H. & Sul, S.-K. A compensation method for time delay of full-digital synchronous frame current regulator of PWM AC
drives. IEEE Trans. Ind. Appl. 39(3), 802-810 (2003).

Author contributions

Conceptualization, M.L. and Z.Y.; methodology, M.L.; software, L.X.; validation, Y.X., L.M. and Q.X.; formal
analysis, L.M.; investigation, Y.X.; resources, Z.Y.; data curation, L.X.; writing—original draft preparation, Z.Y.;
writing—review and editing, Z.W., M.L.; visualization, L.M.; supervision, Z.W., Y.X,; funding acquisition, M.L.
All authors have read and agreed to the published version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:6200 | https://doi.org/10.1038/s41598-023-33455-x nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Full-order adaptive sliding mode control with extended state observer for high-speed PMSM speed regulation
	Mechanical model of PMSM
	Composite speed controller design for high speed PMSM
	Traditonal SMC. 
	Full-order SMC. 
	Switching gain adaptive law. 
	Extend state observer design. 

	Experimental verification
	Conclusions
	References


