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Abstract: To solve the problem of the sensorless control method of a permanent magnet synchronous
motor, based on the study of a mathematical model for a permanent magnet synchronous motor and
model adaptation theory, a reference model equation and adjustable model equation are derived
according to the stator current equation. The correctness of the selected linear compensator matrix
is strictly proved. Then, Popov’s super-stability theory is used to derive the speed adaptive law
and prove its asymptotic stability. Based on the voltage closed-loop feedback MTPA weak magnetic
control strategy, a simulation model of a MRAS control system based on stator current is built and
combined with the principle of MRAS. Aiming to investigate the problem that the PI adaptive law in
the traditional MRAS algorithm is not robust, super-twisting sliding mode control is introduced to
replace the PI adaptive law. The observer based on STSM—MRAS is designed. The simulation model
of the MRAS control system based on the super-twisting sliding mode is established. Under certain
working conditions, the STSM—MRAS algorithm and the traditional MRAS algorithm are simulated
and compared. The results show that the STSM—MRAS algorithm can improve the steady-state
performance and robustness of a sensorless control system.

Keywords: model adaptive control; super-twisting sliding mode control (STSMC); permanent magnet
synchronous motor (PMSM)

1. Introduction

Permanent magnet synchronous machines (PMSM) are widely used in various indus-
tries due to their high power density and reliable performance [1]. Especially in the field of
new energy [2,3], PMSMs are widely used because of their low environmental pollution [4].
PMSMs are more stable than DC motors in performance and are more efficient than asyn-
chronous motors [5]. Therefore, in order to improve the performance of PMSMs, more
advanced control technologies should be adopted [6]. The model reference adaptive system
(MRAS) takes the motor body as the reference model, the stator current equation is taken
as an adjustable model, and the estimated speed is taken as an adjustable parameter [7].
The parameters such as the estimated speed can be obtained by calculating the difference
between the actual parameters and the estimated parameters, and then inputting the error
into the PI regulator [8,9]. However, because the traditional MRAS algorithm is not robust,
when the motor load is disturbed, the estimation accuracy of the MRAS algorithm will be
affected [10]. Therefore, the sliding mode control is introduced to replace the PI adaptive
law in the MRAS algorithm [11,12], which improves its robustness [13,14].

In [15], a novel switching linear feedback sliding mode controller (SLE-SMC) design
method is proposed. Simulation and implementation studies under different operating
conditions, such as speed range and inertia variation, show that the dynamic performance
of sensorless field orientation control (SFOC) with MRAS-SMC is higher than that with

Electronics 2022, 11, 3046. https://doi.org/10.3390/ electronics11193046

https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics11193046
https://doi.org/10.3390/electronics11193046
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0002-8227-2477
https://doi.org/10.3390/electronics11193046
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics11193046?type=check_update&version=3

Electronics 2022, 11, 3046

20f19

MRAS-PL. In [16], two types of speed, torque and flux estimators are introduced. A sliding
mode observer (SMO) and a model reference adaptive system (MRAS) type estimator
are applied to sensorless direct torque control of a space vector modulation algorithm
(DTC-SVM) driven by an induction motor (IM). This solves the problem of obtaining
motor parameters without sensors. In [17], a new predictive model reference adaptive
system (MRAS) velocity estimator is proposed. This eliminates the proportional integral
(PI) controller used in the adaptive mechanism of the traditional MRAS estimator. In [18],
a novel predictive MRAS rotor velocity estimator for sensorless IM drive is proposed.
Compared with the traditional PI controller, this estimator improves the algorithm and
reduces the computation.

This paper first studies the principle and basic structure of MRAS. The reference
model equation and adjustable model equation are derived according to the stator current
equation [19-22]. Based on Popov’s super-stability theory, a speed adaptive law is designed
and its asymptotic stability is proved. The simulation experiments under different working
conditions were carried out on the Matlab/Simulink platform. The feasibility and accuracy
of the MRAS algorithm are verified [23]. In order to solve the problem that the PI adaptive
law in the traditional MRAS algorithm is not robust [24], super-twisting sliding mode
control is introduced to replace the PI adaptive law [25]. The super-twisting sliding mode
MRAS observer is designed and its stability is analyzed. Under certain working conditions,
the super-twisting sliding mode MRAS algorithm and the traditional MRAS algorithm are
simulated and compared [26].

2. Mathematical Model of PMSM

The stator voltage equation of PMSM in the two-phase rotating coordinate system
is [27]:
{ ug; = Riy + Ld%id — weLqiq 1)

tg = Rig + Ly iy + we (Laia + )

ug and ug are the direct and quadrature components of space voltage vector. iy and i,
are the direct and quadrature components of space current vector. i; and ¥, are the direct
and quadrature components of space flux vector. R is the phase resistance of the stator
winding and w; is the electrical angular velocity.

The direct axis and cross axis components of the flux are [28]:

Ya = Laig + ¢y
{ ¥ = Lgiy @

L; and Lq are direct axis and quadrature axis synchronization inductors; l[Jf is the
magnetic field of the fundamental wave excited by the permanent magnet. The voltage
equivalent circuit in the synchronous rotating coordinate system d-q can be obtained [29],
as shown in Figure 1.

R -, L, R a)e(Ldri-d\_'_ v, )

W— L 3 W— L, —

U, l a Uql I

(a) (b)

Figure 1. Equivalent winding diagram of PMSM in d-q coordinate system. (a) d axis equivalent circuit.

(b) g axis equivalent circuit.
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The electromagnetic torque equation and the motion equation under the synchronous
rotating coordinate system d-q are:

3 T
Te = > pig|ia (La = Lg) + ¥y ®)
Jd, ¢ _1r_8
ﬁawe =T.—Ty pnwe 4)

3. MRAS Based on Stator Current

The identification idea of MRAS is to take the parameters to be identified as adjustable
parameters [30]. The expression containing parameters to be identified is regarded as the
adjustable model, and the expression without unknown parameters is regarded as the
reference model. We want the physical meaning of x and % to be the same. Subtract £ from x
to get the generalized error e. The suitable adaptive law is designed to adjust the parameters
to be identified in the tunable model, so that the generalized error e can approach zero. In
this way, the output of the system is asymptotically stable, and the accurate identification
of system parameters is finally realized. The parallel type MRAS is widely used, and the
parallel type structure is selected as the research object in this paper. Figure 2 shows the
structure diagram of the parallel type.

Reference X
Model
+
| Adiustable X
Model
Adaptive .
Law

Figure 2. Basic structure of model reference adaptive control system.

3.1. Reference Model and Adjustable Model

For the PMSM, the current equation in the synchronous rotating coordinate system
is [31]:

d; _ _R: Lo, 01

@ld— —Hld +ngdlq + fdud

dj = R ke, Y, 4 1y ©)
df'i— T L, eLyd T T,Me T LM

To obtain the adjustable model, change the above formula to:

df; . ¥ R(; . ¥ Ly . 1 R
a(hﬂ‘ L—Dz —L—d(zd+ L—;) +w€L—qu+ L—d(u‘ﬂ- L—dl/Jf)

6)
d: _ _R;: Ly(: o ¥r 1 (
i/d =i;+ g
iy =1 @)
wa =g+ £y
1
Wqg =g
Equation (7) is written as a space state expression of the form:
d
—i = Ai' + Bu ®)

dt
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When (8) is expressed as an estimated value, we can obtain:
dsy a2
—i' = Ai +Bu/ 9
i 9
2 R A Lq
v Va4 | "I, @er,
i = 7 LA = R de R
7 YL 7L

Since matrix A and A contains rotor speed information, Equation (9) can be used as an
adjustable model, Equation (5) as a reference model, and w, as an adjustable parameter.

3.2. Design of Reference Adaptive Law

By defining the generalized error e = i’ — i and subtracting Equations (8) and (9), we

can get:
L .
d {ed] —1;  wert| [es X g
e | ~1y 1114 Z j(@p = wo) | (10)
dt eq —wefz _L% eq e e llq
./ ' ./ y 0 %
Ed:ld*l/d,eq:lq*lq,]— Ly d
9
d
ae =Ae— W (11)
Equation (11) can be written as an equation of state:
e=Ae—W
{ V==Ce (12)

Figure 3 shows a standard feedback system obtained according to Equation (12). In
the figure, the matrix C is a linear compensator, and the forward channel in the dashed box
in the upper half is a linear time-invariant system. Since the relationship between output V
and feedback W cannot be completely determined, it can be represented by a nonlinear
time-varying feedback channel [32], as shown in the dashed box at the bottom of Figure 3.

| Linear ime-invariant
| forward channel

e

V

» C

 J

o | Adaptive
Law

@, Nonlinear time-varying

feedback channel

Figure 3. Structure diagram of equivalent nonlinear feedback system.
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According to Popov’s super-stability theory, the following two conditions must be met
to make the system asymptotically stable [33]:

1. Transfer function matrix G(s) = C(sI — A) ~! of linear time-invariant forward channel
is strictly positive real matrix;

2. The nonlinear time-varying feedback channel satisfies Popov’s integral inequality and
73 is any finite positive number.

10h) = /ot1 VIWdt > — 5 (Vh >0) (13)
x(t) = Ax(t) + Bu(t)
{y(t) = Cx(t) + Du(t) (14)

According to the positive real lemma, the necessary and sufficient condition for the
transfer function matrix A of the state equation of linear time-invariant system to be
G(s) = D+ C(sI — A) "B strictly positive real matrix is the existence of symmetric positive
definite matrix P and real matrix K, L, positive real number A, or symmetric positive
definite matrix Q which satisfies the condition:

x(t) = Ax(t) + Bu(t)
{yU)=:Cxa)+1h4g (15)

Since B = I and D = 0, Equation (15) can be reduced to:
PA+A'P=-Q
{ P=C (16)

Firstly, C is taken as the identity matrix. According to Equation (16), matrix P and
matrix A are equal and symmetric positive definite matrices. Then, matrix A and matrix P
are substituted into Equation (16) to obtain:

)R we (ke ﬂ)
L e\ L
Q= —(PA+ATP) = L i @ (17)
wel; — 1,) iy

Therefore, the first order major subequation of matrix Q is ZL% > 0, and the second
order major subequation of matrix Q is:

2
_ 4R? o Li-L3

QI =1 —wi| 1z,
|L7-L3] |L3-L3]

2R 2R
= w - w
(,/Lqu+ ¢ Lilg )(W/Lqu ¢ Lilg >

For Equation (18), since the built-in permanent magnet synchronous motor is used in
this paper, it is necessary to let:

(18)

R Lo L
~ we
VLaLq LiL,

According to Equation (19), the positivity of matrix Q is related to the inductance
components Ly and L, of the d-q axis and the electrical angular velocity w,. Therefore,
the matrix G(s) cannot always be guaranteed to be a strictly positive real matrix, so it is
necessary to select matrix C again.

Ly
c- l% h ] 0)
0 L

>0 (19)
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Equation (16), P = C, is also a symmetric positive definite matrix. By substituting
matrix A and the new matrix P into Equation (16), we can get:

Q=—-(PA+A"P) =

2, 0 ] a2
R
0 27

Clearly Q is a symmetric positive definite matrix. Therefore, for the built-in PMSM,
when the linear compensator matrix C is chosen as Equation (20), the transfer function
matrix G(s) of the linear time-invariant forward channel is a strictly positive real matrix.

The adaptive law in the nonlinear time-varying feedback channel must be designed
such that the nonlinear feedback channel satisfies inequality (13). Substituting V = Ce and
W into Equation (13), we can get:

t A
7(0,) = /O LTI (@e — we)i'dt > — 93, Vh >0 22)

According to the proportional integral form of the model reference adaptive system,
W, is expressed as:

t
@ = /0 Fi(v,t, T)dT + Fy (0, £) + @ (0) (23)

where @, (0) is the initial value of the estimated rotational speed. Substituting Equation (23)
into Equation (22):
1(0,t1) = 11(0, 1) +72(0, 1) (24)

To make #(0,#) > —'y%, you can separate them:

t t ~
m(0,t) = / ' [ / Fi(v,t, 7)dT + @ (0) — we [T CJi dt > —92 (25)
0 0

t N
12(0,11) = /0 B(o, )" Clidt > —2 26)

where ')f% and ’y% are any finite positive numbers. For inequality (25), construct a function
f(t) that satisfies:

{ Kif (t) = [3 Fy(0,t,7)dT + @e(0) — e 2

d{;gt) = eTCIt
Substituting Equation (27) into Equation (25), we can get:
m(0h) = [ GEKf(dt = S0 — £0)] o8)
> — 1K1f 2( ) > ')’1

Take the derivative of the first expression in Equation (27), and then according to the
second equation in Equation (27), we can obtain:

Fi(v,t,7) = Kie' CJi° (K > 0) (29)

If the integrand function in Equation (26) is positive, then the inequality must be true,
so take: )
Fy(v,t) = Kpe' CJi'  (Kp > 0) (30)

Substituting Equation (30) into Equation (26), it can be obtained:

'tl T 2 )
12(0,t1) = /O Kp(e' CJi') dt >0 > —; (31)
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So#(0,t1) > —v3 is proved. Substituting F; (v, t,7) and F»(v, t) into Equation (23), the
rotational speed estimation formula can be obtained as:

t N .
@ = / Kie' CJi'dt + Kpe' CJi’ + @.(0) (32)
0
) s L L7 A 5
e = {l.:d_lﬁ:d:|’c_ fg LO = OL TZ ,l/: |:1A/d]
g —1yg 0 -1 0 g
t A A A A
o = K; /0 (7' 4y — 74i') AT+ Kp (' 4y — 4 g) + @(0) (33)
Substituting Equation (7) into Equation (33), the final rotational speed estimation
formula is: X "
De = (?l +Kp) [idfq — lgig — L—g(iq - iq)} + @ (0) (34)

By integrating Equation (34), the estimated value of rotor position can be obtained as:
0 = [ @udr (35)

The block diagram of the model reference adaptive rotor position and speed estimation
system based on stator current is shown in Figure 4.

| 7, Refrenee |5
0 0 I
| e model e |
| , Ig
I abc Uahe Labe dq ; I
q
| | 194 abc |
ol O~~~ 1|
U, Ly
y P Adjustable 7
9y model q

TA Ao,

w,| - Ki Laoon. e A A —
j - a)ez(TJer) ldlq_ldq_L—d(lq—lq) +w,(0) e«
<_
Adaptive
Law

Figure 4. Block diagram of MRAS rotor position and speed estimation system.

The reference model receives the estimated electrical Angle 6, from the adaptive law
and outputs the parameters of the three-phase current iy, and voltage u,;,. through the
calculation of the reference model Equation (6). Through coordinate transformation, the
three-phase parameters in the natural coordinate system are converted to the DC parameters
in the rotating coordinate system [34]. At the same time, according to the estimated speed
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Nref

1 transmitted by the adaptive law and the voltage value u; and u,; transmitted by the
reference model, the adjustable model outputs the estimated ac-axis current fd and fq
through the operation of the adjustable model Equation (8), and then transmits the AC-axis
current iy and fq to the adaptive law. The adaptive law receives the actual ac-axis current
ig, iy and the estimated AC-axis current iy and fq from the reference model, calculates the
estimated rotor speed @, through the speed estimation Equation (34) of the adaptive law,
and transmits it to the reference model. The estimated rotor speed @, outputs the estimated
rotor position Angle 6, through integral operation, which is transferred to the reference
model, so as to realize the sensorless closed-loop control of the motor system [35].

3.3. Simulation of MRAS Control System Based on Stator Current

On the basis of the MTPA magnetically weak control strategy with voltage closed-loop
feedback and combined with the MRAS principle, the block diagram of MRAS control
system based on stator current is designed, as shown in Figure 5.

PI
regulator

g ® PI Uy, » _ |_“—|
> MIPA L regulator "I\ 4 ey >
weak _‘ . Y% > .
magnetic -« « | 4 Uy PWM > inverter
1 u q » »
- control d > PI I > >
regulator g
0
ud uq Udc dbe .
Labe -
Sensor
af \——>
08 L ——
A abel IPMSM
@ O dq

Figure 5. Block diagram of MRAS control system based on stator current.

The simulation model of the MRAS control system based on stator current is built in a
Matlab/Simulink environment, as shown in Figure 5. The motor parameters used in the
simulation are shown in Table 1.

Table 1. IPMSM parameters.

Parameter (Unit) Value
stator resistance R/Q) 0.958
d axis inductance Ly /mH 5.25
q axis inductance Lq/mH 12
number of pole-pairs P 4
magnet flux linkage ¢ ¢ /Wb 0.1827
moment of Inertia J/(kg-m?) 0.003
damping factor B/(N-s:m~') 0.008

According to the simulation requirements, the MRAS simulation module is built, as
shown in Figure 6, which includes the reference model module, the adjustable model
module and the adaptive law module.
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Figure 6. Simulation model of MRAS control system based on stator current.

4. Super-Twisting Sliding Mode Control
4.1. Design of Observer

To solve the problem that the PI adaptive law in the traditional MRAS is not strong, a
new super-twisting sliding mode control (STSMC) is proposed to replace the PI adaptive
law in the traditional MRAS. This algorithm is a further improvement of the traditional
MRAS algorithm. The basic form of this control is:

. 1
X1 = —kix1[?sgn(x1) + x2 (36)
xo = —kosgn(xy)

where x1 and x, are state variables; x; is the derivative of the corresponding variable;
k1 and k; are sliding mode gains; sgn() is the sign function. The sign function sgn() is a
discontinuous function, and its existence leads to a chattering problem in sliding mode
control. However, it can be seen from Equation (36) that STSMC is essentially a second-
order sliding mode. Adding the continuous term before sgn() and putting sgn() into the
higher-order derivative can alleviate the chattering problem of the traditional sliding mode
to a certain extent. At the same time, STSMC also has good robustness. Combined with the
adaptive law in Equation (34), the sliding mode surface is constructed as follows:

P ~. ll) . 2~
§ = igly — Igig — L—Z(zq —1g) (37)

Combining Equations (5) and (9), the derivative of Equation (37) can be obtained
as follows:

. Lo DS > o Pr oo >
s =lglg+iglg — igig — igig — fﬁ(lq —15) i
~ L;. » Ly. » e, . 2 P
= (We — @) [L’;ldld + fglqlq + fg(ld +1) + Ldiz;] + (38)

~. . oa Ug /. ~ . A
(£5 + 1) Gag — datg) + 72 (2 — 1) + (1 — 1) (ig — 1)
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According to the basic idea of sliding mode variable structure control, when the system
enters sliding mode, namely the sliding surface, the equivalent velocity expression can be
drawn as:

R RN\/% » .2 Ug (- 2 Rl,bf Ugy (s 2
(7, + fq)(ldlq —iglg) + fq(ld — 1) + (m — 12)(ig — 1g)
Weq = We + L . " ¥ (39)
fZidid + fZiqiq + fg(id + id) + T{q

From the above equation, it can be seen that when the estimated current converges on
the reference current, the equivalent speed converges on the actual real speed. According
to the selected sliding mode surface S and the equivalent velocity, the super spiral sliding
mode control is used to design the speed observer, and the velocity estimation expression is:

0
@ = k1|s|%sgn(s) + / kosgn(s)dt + @, (0) (40)
t

By integrating the equation, the estimated value of rotor position can be obtained
as follows:

0, = / @odt 41)

The block diagram of the model reference adaptive rotor position and speed estimation
system based on super-twisting sliding mode is shown in Figure 7.

___________________ -
Reference 0 |
e
model ] |
. d ld
Uabe Labc q . I
lq I
abc
_________________ |
u i
—»lAdjustable l"
‘! model g

b =

J. < STSMC algorithm

<
AAAA

Adaptive law

Figure 7. Block diagram of rotor position and speed estimation system.

4.2. Analysis of Stability

According to Lyapunov stability theorem, the state vector is chosen as:

Z= 7 Zz]T = [|x1|%sgn(x1) xz}T (42)

where Z; and Z; are selected state variables. It can be seen from Equation (42) that if we
show that the state variables Z; and Z; converge to 0 in finite time, then x; and x; also
converge to 0 in finite time. This proves that the system state can reach the sliding mode
surface and converge to 0 in finite time. Taking the time derivative of the state vector Z is:

Z:

L X1 1
om|2 | = ——FZ (43)
X2 |x1]2
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To construct the Lyapunov function:

V(Z)=Z'Nz (44)

No L [k% + 4k, —kl}

2| —k 2

Taking the derivative of time with respect to V(Z) is:

. T .
V(Z) =Z NZ+ Z"'NZ (45)
V(z) =—2-Z"F'NZ+ 1-Z"NFZ
|x1]2 |x1]2
=L ZY(FIN+NF)z (46)
%12
=-——L7"mMz
|x1|2
ko1 2 —
Substituting F = [ k2 (2)} and N =1 [kl +k4k2 Zk 1} into the expression of matrix
—k2 —K

M, we can get:

M

2 —kq 1

When the sliding mode gain k1, k» > 0, the matrices N and M are symmetric positive

definite matrices. When the matrix V(Z) is negative definite, the system is asymptotically
stable at the equilibrium point (origin).

4.3. Simulation of STSM—MRAS Control System

On the basis of the MRAS control system based on stator current, super-twisting
sliding mode control is introduced to replace the PI adaptive law. The block diagram of
the MRAS control system based on super spiral sliding mode is designed, as shown in
Figure 8. According to the system block diagram shown in Figure 8, a simulation model of
the MRAS control system based on super spiral sliding mode is built, as shown in Figure 9.
At the same time, simulation experiments are carried out.

Nret

relcal

PI
regulator

. aa
Lyl MTPA " »@—» PIIt N gy >
regulator > >
weak_ = " SV > inverter
_ | magnetic | ;* PI u, |dq /| PWM >~
control ™ regulator [ ™ >
), \u U. i .
’ ! * : aﬂ - l.a abc iabc SN
iy ig sensoD
AN op T |
fi g
é Yy " ¢ ¢ g
- " \abcly "y, IPMSM
4% @, @, | STSM-MRAS | u, |, abe
A‘«Wm < q

Figure 8. Block diagram of STSM—MRAS control system.
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i Alp—al 4
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Q Vabc
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Theta
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Figure 9. Simulation model of STSM—MRAS control system.

5. Discussion

In order to verify the performance of the proposed super-twisting sliding mode model
reference adaptation (STSM—MRAS) algorithm, simulation experiments are compared
with the traditional MRAS algorithm. The initial running speed of the motor is set as
1000 r/min by simulation. The initial load torque of the motor belt is 10 N-m. When
the simulation model is carried out to 0.5 s, the speed of the motor is suddenly changed
to 3500 r/min. Figure 10 shows the simulation waveform of motor speed when speed
mutation occurs. Figure 11 shows the simulation waveform of motor speed error under
speed mutation. It can be seen from Figure 10 that the motor speed response curves of the
traditional MRAS algorithm and the STSM—MRAS algorithm are basically the same in the
case of speed mutation.

Reference

Actual

- = == Estimated

4000
4000
3500 - #L,,,V,,,,,,,-,,, 3500 -
3000 | / 3000
— / g
=] L £ 2500 -
£ 2500 / ;
= 2000 | [ 5 2000 |
2 1500 | & 1500
n
1000 {‘" Reference ] 1000 1
500 | Actual |
i - - = - Estimated 500
0 1 1 I L 1 1 l‘ 3 ; j ; =
0.0:::50:055:02%:203+410:4:::70.555 0.6 ::0:7::4:10:8:5:0.9:::41:0 000
/s :
(a)

03 04 05 0.
/s

(b)

6::0.7- 0.8 0.9

1.0

Figure 10. Simulation waveform of motor speed when speed mutation occurs. (a) Traditional MRAS
algorithm. (b) STSM—MRAS algorithm.
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Figure 11. Simulation waveform of motor speed error with speed mutation. (a) Traditional MRAS
algorithm. (b) STSM—MRAS algorithm.

It can be seen from Figure 11 that in the process of motor startup, the error between
the actual speed and the estimated speed of the traditional MRAS algorithm is 46 r/min
at most. The maximum speed error of STSM—MRAS algorithm is 33 r/min. Then the
motor enters the stable running state. The speed error of the traditional MRAS algorithm
converges to zero in 0.075 time. The speed error of STSM—MRAS algorithm converges to
zero in 0.055 s. In the motor speed from 1000 r/min to 3500 r/min transition process, the
maximum speed error of the traditional MRAS algorithm is 40 r/min. The maximum speed
error of STSM—MRAS algorithm is 32 r/min. Then the motor enters the stable running
state again. The speed error of the traditional MRAS algorithm converges to zero in 0.62 s.
The speed error of TSM-MRAS algorithm converges to zero in 0.61 s.

As can be seen from Figure 12, in the case of sudden changes in speed, the rotor
position simulation curves of traditional MRAS algorithm and STSM—-MRAS algorithm
are basically consistent. The estimated rotor position of the motor can always track the
actual rotor position.
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Figure 12. Simulation waveform of rotor position under speed mutation. (a) Traditional MRAS
algorithm. (b) STSM—MRAS algorithm.

As can be seen from Figure 13, in the process of motor startup, the mechanical angle
error between the actual rotor position and the estimated rotor position of the traditional
MRAS algorithm is 0.036 rad. The maximum mechanical angle error of STSM—MRAS
algorithm is 0.011 rad. Then the motor enters the stable running state. The rotor position
error of the traditional MRAS algorithm converges to zero in 0.08 time. The time for the
rotor position error of STSM—MRAS algorithm to converge to zero is 0.06 s. In the motor
speed from 1000 r/min to 3500 r/min transition process, the mechanical angle error of
the traditional MRAS algorithm is 0.037 rad. The maximum mechanical angle error of the
STSM—MRAS algorithm is 0.023 rad. Then the motor enters the stable running state again.
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The rotor position error of the traditional MRAS algorithm converges to zero in 0.62 s. The
time for the rotor position error of STSM—MRAS algorithm to converge to zero is 0.61 s.
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Figure 13. Simulation waveform of rotor position error with speed mutation. (a) Traditional MRAS
algorithm. (b) STSM—MRAS algorithm.

The following experiments are designed to further verify the stability of the algorithm.
The initial running speed of the motor is set as 1000 r/min by simulation, and the initial
load torque of the motor belt is 10 N-m. When the simulation model is carried out to
0.5 s, the load torque of the motor is changed to 20 N-m. Figure 14 shows the simulation
waveform of motor speed when the motor load torque changes abruptly. Figure 15 shows
the simulation waveform of motor speed error when the motor load torque changes
abruptly. Figure 16 shows the rotor position simulation waveform when the motor load
torque changes abruptly. Figure 17 shows the simulation waveform of rotor position error
when the motor load torque changes abruptly.
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Figure 14. Simulation waveform of motor speed under sudden change of load torque. (a) Traditional
MRAS algorithm. (b) STSM—MRAS algorithm.
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Figure 15. Simulation waveform of motor speed error under load torque mutation. (a) Traditional
MRAS algorithm. (b) STSM—MRAS algorithm.
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Figure 16. Simulation waveform of rotor position under sudden change of load torque. (a) Traditional
MRAS algorithm. (b) STSM—MRAS algorithm.
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Figure 17. Simulation waveform of rotor position error under sudden change of load torque. (a) Tra-
ditional MRAS algorithm. (b) STSM—MRAS algorithm.

As can be seen in Figure 14, in the case of torque mutation in constant torque area,
the estimated speed of the motor by the two algorithms can always track the actual speed.
When the load torque is suddenly changed at 0.5 s, the motor speed of the traditional MRAS
algorithm has a drop of about 70 r/min. The motor speed of STSM—MRAS algorithm
drops at 65 r/min.

As can be seen in Figure 15, in the process of motor startup, the error between the
actual speed and the estimated speed of the traditional MRAS algorithm is 46 r/min. The
maximum speed error of STSM—MRAS algorithm is 33 r/min. When the motor enters the
stable running state, the speed error of the traditional MRAS algorithm converges to zero
in 0.075 s. The speed error of STSM—MRAS algorithm converges to zero in 0.055 s. When
the load torque of the motor is changed from 10 N-m to 20 N-m in 0.5 s, the maximum
speed error of the traditional MRAS algorithm is 18 r/min. The maximum speed error of
the STSM—MRAS algorithm is 13 r/min. When the motor enters the stable running state
again, the speed error of the traditional MRAS algorithm converges to zero in 0.56 s. The
speed error of STSM—MRAS algorithm converges to zero in 0.53 s. This means that the
STSM—MRAS algorithm has better robustness than the traditional MRAS algorithm.

As can be seen in Figure 16, in the case of torque mutation in constant torque area,
the rotor position simulation curves of the two algorithms are basically the same. The
estimated rotor position of the motor can always track the actual rotor position.

As can be seen in Figure 17, in the process of motor startup, the mechanical angle
error between the actual rotor position and the estimated rotor position of the traditional
MRAS algorithm is 0.036 rad. The maximum mechanical angle error of the STSM—MRAS
algorithm is 0.011 rad. When the motor enters the stable running state, the rotor position
error of the traditional MRAS algorithm converges to zero in 0.08 s. The time for the rotor
position error of STSM—MRAS algorithm to converge to zero is 0.06 s. When the load
torque of the motor is changed from 10 N-m to 20 N-m in 0.5 s, the maximum mechanical
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angle error of the traditional MRAS algorithm is 0.0065 rad. The maximum mechanical
angle error of STSM—MRAS algorithm is 0.0023 rad. When the motor enters the stable
running state again, the rotor position error of the traditional MRAS algorithm converges to
zero in 0.56 s. The time for the rotor position error of STSM—MRAS algorithm to converge
to zerois 0.53 s.

Compared with the traditional MRAS algorithm, the STSM—MRAS algorithm can
reduce the fluctuation of rotor speed and position estimation errors, and make the speed
and position estimation errors converge to zero faster under the condition of motor speed
mutation and load torque mutation. This shows that the STSM—MRAS algorithm has
better steady-state performance.

In the actual running process of PMSM, its parameters will change with changes in
the working environment. In particular, the influence of temperature, magnetic field and
other factors on inductance parameters is very obvious. The normal operation of PMSM is
affected. To verify the robustness of the proposed STSM—MRAS algorithm to the motor
parameters after perturbation, the inductance L is set to 120% of the nominal value of the
motor, the initial operating speed of the motor is set as 1000 r/min, and the initial load
torque of the motor belt is 10 N-m. When the simulation model is carried out to 0.5 s, the
speed of the motor is suddenly changed to 3500 r/min. Figures 18 and 19 show the speed
response curves of the two algorithms. Figures 20 and 21 show the torque response curves
of the two algorithms.
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Figure 18. Speed response curve of MRAS algorithm.
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Figure 19. Speed response curve of STSM—MRAS algorithm.
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Figure 20. Torque response curve of MRAS algorithm.
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Figure 21. Torque response curve of STSM—MRAS algorithm.

As can be seen in Figures 18 and 19, under the same working conditions, due to the
change of PMSM inductance parameters, the STSM—MRAS algorithm still has a small
overshoot after startup and speed change and can quickly reach the given speed value.
It reaches the stable state faster than the traditional MRAS algorithm. As can be seen in
Figures 20 and 21, when the inductance parameters of PMSM are perturbed, in the case of
motor start and speed mutation, then compared with the traditional MRAS algorithm, the
STSM—MRAS algorithm has a smaller overshoot and is relatively fast in reaching the stable
state. In conclusion, the STSM—MRAS algorithm has better robustness than the traditional
MRAS algorithm.

6. Conclusions

In this paper, the position and speed estimation method of the MRAS rotor based
on stator current is analyzed theoretically. The reference model equation and adjustable
model equation are derived according to the stator current equation. The correctness
of the selected linear compensator matrix is strictly proved. Based on Popov’s super
stability theory, the speed adaptive law is derived and its asymptotic stability is proved.
Based on the voltage closed-loop feedback MTPA weak magnetic control system and
the principle of MRAS, a simulation model of MRAS control based on stator current is
built. Aiming to solve the problem that the PI adaptive law in the traditional MRAS
algorithm is not robust, super-twisting sliding mode control is introduced to replace the
PI adaptive law. The MRAS observer based on super-twisting sliding mode is designed
and the asymptotic stability of the system is proved according to Lyapunov function.
Under certain working conditions, the STSM—MRAS algorithm and the traditional MRAS
algorithm are simulated and compared. The results show that the STSM—MRAS algorithm
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can improve the steady-state performance and robustness of sensorless control system.
The disadvantage of the STSM—MRAS algorithm is that it is complicated in principle
and is difficult to apply in engineering practice. In the future, we hope to improve this
algorithm and simplify the principle, so that the application level of the algorithm can
be more extensive. Unfortunately, the paper only carried out simulation verification on
the simulation platform without experimental verification. The next step is to carry out
experimental verification through the platform test.
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