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ABSTRACT: To solve the problem of poor control performance of internal permanent magnet synchronous motors (IPMSM) due to
parameter perturbations and external perturbations when adopting mode-free sliding mode control (MFSMC) algorithm, a double-closed-
loop model-free super-twisting terminal sliding mode control (MFSTTSMC) algorithm of IPMSM based on third-order super-twisting
observer (TOSTO) is proposed. Firstly, according to the new model-free control (MFC) algorithm, an ultra-local expansion model of
IPMSM speed-current double closed-loop is established. Secondly, based on the ultra-local expansion model, a double closed-loop
MEFSTTSMC is designed to achieve global rapid convergence of system state errors. At the same time, a TOSTO is designed to estimate
the disturbance in real time and carry out feedforward compensation, which enhances system robustness. Finally, the viability and
superiority of the proposed control algorithm is demonstrated through simulation and experiments.

1. INTRODUCTION

n recent years, internal permanent magnet synchronous mo-

tors (IPMSMs) have been widely used in traction systems,
servo drive systems, and household appliances due to their good
performance [1,2]. However, IPMSM is a nonlinear multi-
variable coupling system, and when the motor is running un-
der complex working conditions, the parameters such as flux
and d-q axis inductance of the motor fluctuate with the change
of temperature and working conditions [3]. These changes can
bring uncertain disturbance variables to the controller, which
will affect the overall control performance of the motor, result-
ing in unsatisfactory control results in high-performance appli-
cations. Therefore, it is of great significance to adopt better
control algorithms to ensure the stable operation of the motor
under complex working conditions [4].

With the deepening of theoretical research, many excellent
control algorithms have been applied to the drive system of
PMSM, such as adaptive control [5, 6], modulo predictive con-
trol [7, 8], robust control [9, 10], sliding mode control (SMC)
[11-13], and model-free control (MFC) [14-16]. Among them,
MFC was proposed by Fliess and Join, which has excellent
robustness to systems with unknown parameters and complex
coupling structures [14]. Ref. [15] analyzes the ultra-local
model in MFC and proposes an adaptive model-free control,
which uses the adaptive law to perform online parameter tun-
ing, reducing the workload of related parameter tuning. In[16],
a model-free control method was applied to the SPMSM speed
control system, and the influence of parameter changes was
eliminated by designing a model-free current controller.
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At the same time, SMC has the advantages of simple algo-
rithm and strong robustness to external interference [17]. With
the deepening of the research of MFC algorithms in the field of
motor control, relevant scholars have combined MFC and SMC
to realize the composite control algorithm of Model-Free Slid-
ing Mode Control (MFSMC). In [18], an MFC method based
on sliding mode was proposed, which used a sliding mode ob-
server to estimate the uncertainty in the ultra-local model, and
the experimental results proved the feasibility of the composite
control method. However, the traditional sliding surface is in
an asymptotic convergence state, and the convergence speed is
slow. Compared to the conventional sliding form, the terminal
sliding mode of the high-order sliding surface can achieve fi-
nite time convergence, but there are singular problems [19]. In
[20], a fast non-singular terminal sliding Mode (FNTSM) was
designed to effectively solve the singular problem in the ter-
minal sliding mode. In [21], an MFFNTSMC algorithm was
designed based on the MFC algorithm to effectively speed up
the response of the motor, but the influence of the motor on the
system under the failure of magnetism loss was not considered.
In [22], a model-free predictive control algorithm has been pro-
posed to enable the motor to suppress system disturbances dur-
ing demagnetisation faults, and the algorithm achieves good
control results, but the system tracking error needs to be in-
creased.

In the design of an MFSMC controller, the above methods ig-
nore the observation accuracy of the uncertain variables in the
ultra-local model, and directly use the traditional sliding mode
observer to estimate the uncertain variables, resulting in low ob-
servation accuracy and reducing the control effect of the motor.
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In [23], the ultra-local model was extended, and an extended
sliding mode observer (ESMO) was designed to effectively im-
prove the observation accuracy. In [24], a position-free control
method for ESMO was proposed, which was used to estimate
the position of the rotor, and the feasibility and effectiveness
of the method in the case of drive system failure were verified
by experiments, but ESMO was designed for first-order sliding
mode, and the observer still had large jitter. In [25], a super-
twisting observer (STO) is proposed, and the super-twisting al-
gorithm of the high-order sliding mode can effectively weaken
the jitter phenomenon on the low-order sliding mode, and the
experimental results show that the observation accuracy of the
super-twisting observer is better, but the convergence speed of
the super-twisting algorithm is affected by the integral term,
and the dynamic performance of the observer is poor. There-
fore, it is of great significance to design a model-free sliding
mode control method with accurate dynamic observation and
strong transient performance.

To solve the problem of poor control performance of IPMSM
due to parameter perturbations and external perturbations when
adopting MFSMC algorithm, a double-closed-loop model-free
super-twisting terminal sliding mode control (MFSTTSMC) al-
gorithm of IPMSM based on the third-order super-twisting ob-
server (TOSTO) is proposed. Firstly, according to the mathe-
matical model of IPMSM speed-current loop, a double-closed-
loop ultra-local expansion model is established. Secondly, a
super-twisting non-singular integral terminal sliding mode is
designed to make the systematic error converge quickly and sta-
bly in the global world, and a double closed-loop MFSTTSMC
based on speed-current loop is designed by combining the new
MEFC algorithm. For the nonlinear perturbation variables in the
ultra-local expansion model, a TOSTO algorithm is designed
to estimate the perturbation variables and realize feedforward
compensation. Finally, the feasibility and effectiveness of the
proposed control method are verified by comparing the sim-
ulation and semi-physical experiments of MFSMC and STO-
MFSMC.

2. ULTRA-LOCAL EXPANSION MODEL OF IPMSM

Considering the influence of parameters, a mathematical model
of IPMSM in the d-g axis coordinate system is established:

ug = Ryiq+ Laig — weLgiq + Aug
Ug = Rsiq + Lqiq + we(Lqid + ¢m) + Auq
We = pn(Te = Bwm —Tr, + AT,)/J

M

where u4 and u, represent the stator voltage components un-
der the decoupling of the d-q axis coordinate system, respec-
tively; 74 and ¢, represent the d-axis current and g-axis current,
respectively; Ly and L, represent the d-axis inductance and g-
axis inductance, respectively; R is the stator resistance; ¥,
is the flux of a permanent magnet; p,, represents the number
of pole pairs of the motor; w, represents the angular velocity of
the motor; B and J represent the coefficient of friction and mo-
ment of inertia, respectively; 77, and T, represent load torque
and electromagnetic torque, respectively; Aug, Au,, and AT,
are changes in uq, uq, and T, respectively.
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The formulas for Aug, Aug, and AT, are shown below:

Aug = ARgig + ALd%d - weALdiq
Auy = ARyig + ALyig + we(ALgiq + Atbyy,)
AT, = 1.5pniq[id(ALd — ALq) + Awm}

@)

where A R and A1, represent resistance and flux disturbance
variables, respectively; AL, and AL, represent the d-q axis
inductive disturbance variables, respectively.

In a single-input, single-output system, complex mathemati-
cal models can be written in the form of an ultra-local model

I 3)

{ i=au+G
where = and u are the outputs and inputs of each loop, respec-
tively. The controller gain is a. The uncertain variable of the
ultra-local model is G.

In order to reduce the large error of uncertain variables in the
ultra-local model, according to the new MFC theory, G can be
extended to obtain the ultra-local expansion model.

- )

{ T=au+br+ G
where G is a nonlinear variable in the ultra-local expansion
model. The linear function with respect to x is bz.

Using Eq. (4), the ultra-local expansion model of speed-
current double closed loop is established:

We = Quig — bywe + G
1q = QqUq — bgiq + Gyq
iq = aquq — bgiq + G

)

The following matrix can be set:
T
a=[a, aq aq |

= [ 15p2[ia(La— Lg) + ¥ml/J 1/La 1/Lg )" (6)

b=[ by by by |"=[ B/J —Ry/Ls —RJL,]" ()

G 1"

[Go G, Gq ] =[AT—p,TL/]

(weLaiq+Aua)/La [we(Lgia + $m)+Aug)/Ly]" (8)

According to Egs. (6), (7), and (8), the speed-current loop
ultra-local expansion model can be summarized as follows:

x=au+bx+G )

3. DUAL CLOSED-LOOP CONTROLLER DESIGN

3.1. MFSTTSMC Algorithm Design

Considering the influence of external load disturbance and in-
ternal motor parameter disturbance, in order to achieve the
high-performance control requirements of the motor, the speed
dynamic response is accelerated, and the transient performance
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is improved. In this section, a super-twisting non-singular
integral terminal sliding mode (STNITSM) is designed, and
a model-free super-twisting terminal sliding mode controller
(MFSTTSMC) algorithm based on speed-current double closed
loop is designed by combining with new MFC algorithm. The
structural block diagram of the MFSTTSMC involved in this
paper is shown in Fig. 1.

MFSTTSMC

FIGURE 1. The framework of MFSTTSMC.

According to the new MFC algorithm and the speed-current
ultra-local expansion model of Eq. (9), the controller of the sys-
tem can be designed as:

xX*—bx -G+ u,
a

u=

(10)

* *

where the elements in matrix w = [ % w} u’ |7 repre-
sent the g-axis current output and the d-¢ axis voltage out-
put of the system, respectively. The elements in matrix x* =
[ we iy g ]T represent the specified values of system speed
and the d-q axis current, respectively. The elements in matrix
Xx=[ we iq 14 |7 represent the system feedback values re-
spectively. The elements in matrix G = [ G, Gq G, |T
are estimates of the nonlinear perturbation variables of the sys-
tem. The element in matrix u. = [ Uew Uea Ueq |7 is the
output of the feedback controller.

Substituting Eq. (10) into Eq. (9) can derive Eq. (11):
u. = —(x* —x)

(1D

Therefore, the errors of the system are defined as follows:

T . . . 4T
R z*—zq} (12)

:[w q

e:[ew ed eq]

The system state variables are defined as follows:

é1:e2
e =e

The traditional speed loop MFSMC algorithm is established
by the following Eq. (14).

{ Sw=¢ey+c e, (r)dr

S, = —esign (s,,) — ks,

(13)

(14

where ¢ > 0, k > 0, and ¢ > 0. Since the MFSMC algo-
rithm adopts the low-order sliding mode, the systematic error
is very slow to converge. In order to make the state error con-
verge in the global range, a high-order sliding mode STNITSM
is designed.
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Firstly, for the above Eq. (13) state variables, a non-singular
integral terminal sliding mode (NITSM) based on double closed
loop is designed:

s =€ +k/e72’sign (e) d7'+c/e‘€2‘sign(e) dr  (15)

where the elements in k and ¢ are both greater than zero, and
the elements in p are positive odd numbers.
The derivative of Eq. (15) can be obtained:

&1 + kebsign (e) + cel®2lsign (e)

S =
= kebsign (e) + cel*?sign (e) — u, (16)
When s = 0, Eq. (16) can be written as:
—éy = u, = kebsign (s) + cel“lsign (s) 17)

Secondly, as a high-order sliding mode, the super-twisting
sliding mode can effectively reduce the jitter phenomenon of
the first-order linear sliding mode, and Eq. (18) gives the basic
form of the super-twisting sliding mode algorithm.

{ S = —ky 50| ? sign(sy) + uy (18)

U = —kosign(s,,)

where s, and u; are state variables. Both k; and k5 are gain
coefficients greater than zero. Since |s,,|'/? is calculated as a
square root during the convergence process, the speed of error
convergence is affected, affecting the transient performance of
the motor.

Finally, to increase the response speed and transient perfor-
mance of the system, an STNITSM algorithm is designed for
the speed-current loop in combination with Eq. (15).

$=-—n \s|1/2 sign(s) — ms + f
f=—asign(s) - G
s = ey + k [ ebsign (e) dr + ¢ [ el°tlsign (e) d7

(19)

where the elements in n, m, and « are all greater than zero;
ms is a fast term, and by combining the designed NITSM, the
systematic error state can converge stably in a global range.

The feedback controller output is obtained by combining
Eq. (16) and Eq. (19).

u. = kebsign (e) + cel*Isign (e)

+n |s|% sign(s) + ms + « / sign(s) (20)

Through Eq. (10) and Eq. (20), the MFSTTSMC control al-
gorithm can be obtained:

X" — bx — G + kelsign (e) + cel°tlsign (e)
1
+n [s| sign(s) + ms + a [ sign(s)

u= - 1)

Next, the proof of stability is carried out.
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Taking the speed controller as an example, the speed feed-
back output and controller output are shown below:

Uy = kb sign (ey) + coel®lsign (e,,)

+ny \sw\l/Q sign(sy) + Mwse + o [sign(se)  (22)
x wl—bwe—Gu,+ucw
¢ =" a4,

Firstly, it is proved that the sliding surface converges and sta-
bilizes in finite time. Choosing the Lyapunov function V,, =
e3,,/2, its derivative can be obtained:

V, = —esw [kzeg;sign (e20) + cel**Isign (ezw)}

< = [keBs ™ + celexl e, | (23)

Since p,, is positively odd, V., < 0. The system error con-
verges in time-limited according to the Lyapunov stability cri-
terion. In the next step, it is proved that the designed STNITSM
algorithm has a global stable convergence on NITSM.

Define the quadratic positive definite Lyapunov function as:

1
Vw (Swafw) = an |3w| + §ffz

1 . 2
+5 (o Il sign (s0) — 1)

T
[ sl sign(s) ] [ 4ne 402 —ay
) —ay, 2

Jo
{ |50|"7 sign (s.) } 24)
Jo
Define the following formula:
¢ = |3w|0.5 sign (s)
o
2
Q= 4nw+aa —Q, (25)
- —ay, 2
Equation (24) can be simplified through Eq. (25) as:
Vi (80, fu) = ¢7Q¢ (26)

Using the equation |3,,| = &,sign(s,,), the equation for ¢
can be given by:

1

i = o (c £ D]s,|"? Gw) 7)
where C = { _E'jn“ 065 } andD=1[0 1 ]T. Suppose

that G, is bounded, |G,,| < dand § € R+.
Combined with Eq. (27), the derivative of s is obtained:

Vi (50s f) = |51|05 (¢7CTQ¢ + ¢TQTCE

50

+[su[** GDTQC + [5.[*° GCTQDT)

< r 1|0A5CT (CTQ+QC+4?ETE+QDDT)¢
1 T
=—35C F¢ (28)

|8l
whereE=[1 0 JandF = -CTQ+QC+4*ETE+QDD”.

Therefore, it can be seen that Vw(sw, fu) < 0 and
Vo (Sw, fu) > 0 satisfy the stability condition of the quadratic
Lyapunov function.

Matrix F is shown below:

(29)

From Eq. (29), the matrix Q and matrix F can be obtained,
and the conditions for symmetric positive definite matrices are

as follows:
N > 2
nS +62%(4n,, —8)

(30)
Qg > ng, (4ne,—8)

The stability of the speed controller is proved, and the same
is true for the stability of the current controller. Therefore, ac-
cording to the above proof, it can be seen that the control sys-
tem based on speed-current double closed-loop MFSTTSMC
has stable convergence in the global range.

3.2. Third-Order Super-Twisting Observation Algorithm

In order to have a better observation effect on the nonlinear vari-
ables in the ultra-local extended model in this paper, according
to the formula of the ultra-local extended model in Eq. (11), the
following conventional super-twisting observer (STO) based on
the rotational speed loop is designed:
&p = ayiy + bawe + G G
G = —k1 |50u|? sign(s) — | kosign(sow)
where the observed value of motor speed is w,; G’w is the real-
time observation of the nonlinear disturbance of the rotational
speed system. s, is the sliding mode, s,, = wWe — We.

Due to the slow dynamic response of traditional STO, the
estimation of perturbation feedback is delayed, which affects
the observation accuracy. In order to improve the dynamic
response speed and observation accuracy, a third-order super-
twisting observer (TOSTO) based on rotational speed-current
double closed-loop is proposed:

X=au+bx+G
6w @)

where the elements in v are all greater than zero. G is the per-

turbation observation matrix,and G =[ G, G4 G, |7. U
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is a matrix of third-order super-twisting functions, and U =

(v, U, U, 1"
The matrix expression of the TOSTO function is designed as
follows:

U=,

U; = Uy — ryle|'/?sign(e) + rie
U, = —r3elsign(e) + &

\e\ = Ul =x—X

(33)

where the elements ry, ro, and r are all greater than zero.
The elements in g are nonlinear perturbation variables, and
g=1[ 090 94 9q ]

The speed-current double closed-loop MFSTTSMC based on
the TOSTO is designed as follows:

X" —bx—vU+u,
B a

u

(34

Taking the speed loop as an example, the TOSTO based on
the speed loop is designed as follows:

Uw = Ulw
Ulw = U2L/J - T2w|ew|1/28ign(€w) + T1wew (35)
U2w = _r3w|€w|5ign<ew) + gw
ew = Uiy = we — we
The rotation speed loop output controller is designed:
iq _ w: —bwwe—UWUw+ucw (36)

QA

The next step will be to perform a proof of stability of the
rotation loop system, using the Lyapunov function V/,:

V, =Tr7Jr (37)
T 1/2 . . 1
where I'" = [ |6w|/ sign(ey) ey Uz |54 = 3
473, + 13, —T1,T -
T3w 2w lw’ 2w T2w
— T 1wT 20 r?, r1we3 |, and J is a positive
—T2w T"w 2

definite matrix.
According to Eq. (37), Eq. (38) can be obtained as follows:

Amin (J) ”I‘HQ < Vi < Amax (J) ||I‘H2 (38)

where Apax () is the maximum eigenvalue of matrix J. Ayin (J)
is the minimum eigenvalue of matrix J.

According to the quadratic standard inequality, the following
equation can be derived:

(39

ITI = Vlew| +e2 + U3,

The derivative of I" is obtained:

{ el <IIT) < V2 /i (3)

11
2 |ew|1/2 €w

I = £
UZw

L ﬁ <77’2w |ew|1/2 sign (ew) + 1w + Ugw)

2 e
—T2w |ew|1/2 Sign (ew) + Tlw + U2w
g - 7”3wSigl’l (ew)

1 .

(40)
6w|1/2
—T2w Tlw 1
where P; = : 0 0 0|; P =
727’31,_, 0 0
0 0 1 r
T2 Tw 1 5nT=[0 0 g ]
0 0 O
The derivative of V,, is obtained:
v, = LT [PTJ+JP,| T
w = |6w|1/2 1 1
+T7 [PTJ +JP| T +"IT +T7 (In)
1 .
= _WFT%F ~T7q,I' +gq5T (41)
ew

2 2 2
219, 3w + 15, (7’2w + Tgw)’l"lw 5,

where q; = 3| (13, + r3w)r1ew —T20T1, —TFowT1w |
Tgw —T2wllw —T2w
Tgw —T2wT1lw —T2w
Uy =T1w | —T20T10 T, Mo [303=]—T2w T 2].
—T2w Tw 1

It is assumed that perturbation variable g, is bounded, g, <
o and 0 € R. Eq. (41) can be rewritten:

. 1 )
Vo = T |1/2rTq1r—rTq2r+gq3Tr
€w

1
< P q,r —17q,T +oq¢lT
€w

(42)

In Eq. (41), gq2 T can be further simplified:

. g .
gq3T = W [_T2w |€w|1/2 sign (ew)
€w

+T1wew |ew‘1/2 + 2U2w |ew|1/2i|

1
= (43)
leo|*TTL, T + T7L,T

—raudwsign (e,,) 0 Jwsign (ey)
where Ly = 0 TMwlw 0 ;
Juwsign (ey,) 0 0

Ly = 0
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_ 7Yy X
o, iy
i,
d/dt |«

FIGURE 2. The framework of the TOSTO-MFSTTSMC algorithm.

Substituting Eq. (43) into Eq. (41), Eq. (44) can be obtained
as follows:

1
_7I‘TQ1F - FT‘]QF + Q‘ISTF

Vw = ‘€w|1/2

1
= *WI‘T (@ —L1)T —T7 (g, ~L2)T  (44)
ew

From Eq. (44) it can be seen that in order for V,, < 0, the
following conditions need to be met.

{ ql_L1>0 (45)

q, — L2 >0
Eq. (45) can be further simplified:

3, + 2r3, + 2g,sign (e,) > 0
T%wrgw - QT%wT%wngign (ew) >0
r%w’rQw (T3w + 2gw5ign (ew))Q >0 (46)
2r2  + g.sign (ey) > 0

3, + gwsign (e,) — r1,73, > 0

According to Eq. (38), Eq. (39) and the conditions that satisfy
Eq. (46), V,, can be obtained:

. 1
Vo= *WI‘T (q —L)T —T"(q, - Ly)T
A @@ L) e At () (@=Lo) o
N Atan () ¢ Mm@
1/2 _
~ Amin () o (q Ll)le/Q <0 47)

Andee (9)

According to V,, < 0, the systematic error will converge in
a finite time. The speed loop observer is proven, and the same
is true for the current loop observer.

52

4. SIMULATION AND EXPERIMENTATION

4.1. Simulation Results and Analysis

Figure 2 shows the framework of the TOSTO-MFSTTSMC
algorithm-driven system proposed in this paper. As can be seen
in Fig. 2, the MFSTTSMC control algorithm is used for the
speed-current double closed loop, and the nonlinear variables
in the ultra-local expansion model are accurately estimated by
TOSTO to achieve feedforward compensation, so as to improve
the response speed and transient performance of IPMSM. The
motor model of the proposed control algorithm is built by using
the MATLAB platform, and the data were compared with the
MFSMC and STO-MFSMC. The parameters of the motor are
shown in Table 1. The three controller parameters are shown in
Table 2.

TABLE 1. The Parameters of The Motor.

Parameter Unit Values
voltage/uq. v 311
current/I i A 21
Stator resistance/R s Q 0.04
g-axis inductance/L, H 0.334
d-axis inductance/Lq H 0.25
Pole number/p,, pairs 4
Magnetic flux/ip, Wb 0.081
Inertia/.J kg-m?  0.003
Damping factor/B Nm-s/rad  0.008

Set the specified speed at the initial point a to 1000 r/min, and
the starting load torque to 10 N - m. At point b 0.3 s, the speci-
fied speed is 1500 r/min. At point ¢ 0.6, the load is increased
to 20N - m. Atpointd 0.9 s, the full load is removed. At pointe
1.2 s, the flux 0.081 Wb is reduced to 0.04 Wb. At point f point
1.4 s, the stator resistance increases from 0.04 2 to 0.1 . At
point g 1.6, L, increases from 0.334 mH to 0.8 mH. At point
h 1.8 s, L, increases from 0.25 mH to 0.5 mH.

Figure 3 illustrates the full operating conditions of the motor
under external load disturbances and internal parameter mis-
match. It can be seen from the external disturbance operation
conditions in Fig. 3(a) and the internal parameter disturbance
operating conditions in Fig. 3(b) that the TOSTO-MFSTTSMC

WWwWw.jpier.org
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FIGURE 3. Waveforms of motors operating under complex conditions. (a) External disturbances. (b) Internal parameter perturbations.
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FIGURE 4. Comparison of observer performance. (a) RPM observation error. (b) Observed disturbances G.,.

TABLE 2. The three controller parameters.

Control algorithms

The speed controller The current controller

MFSMC ¢ =300, =200,k =0.1

c=280,e =140,k = 0.2

kr = 50, kp = 80

STO-MFSMC

k1 = 0.3, k2 =400
k., = 100, ¢, = 10, ny,, = 0.2
me = 300, a, = 0.2, r1, = 0.8
Trow = 2,73, = 1, v, = 866, p, = 1.2

TOSTO-MFSTTSMC

kr = 50, k, = 80

k =60, c = 600,n = 0.2
m = 300, =0.1,r = 0.8
ro=2,r3=1,v=300,p=1.5

algorithm has better transient performance than the MFSMC
and STO-MFSMC algorithms. At point a, the MFSMC and
STO-MFSMC algorithms take 0.69 s and 0.48 s respectively to
make the motor output to the specified value, while the TOSTO-
MFESTTSMC algorithm only uses 0.23s. Compared with the
first two algorithms, the response speed and transient perfor-
mance of TOSTO-MFSTTSMC have been greatly improved.
Figure 4 shows a comparison of the overall the performance
ofthe observers. As can be seen from Fig. 4(a) and Fig. 4(b), the
tosto-MFSTTSMC has a smaller steady-state error of rotational
speed than the MFSMC and STO-MFSMC, and can be quickly
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and accurately traced to a given value. Therefore, the TOSTO-
MFSTTSMC algorithm can weaken the high-frequency har-
monics of the rotational speed to a certain extent.

Figure 5 shows the full operating condition simulation of
the motor parameters, and Figs. 5(a), 5(b), and 5(c) are the
d-axis current, g-axis current, and electromagnetic torque, re-
spectively. Because the observation accuracy of the TOSTO-
MFSTTSMC algorithm is superior to that of the MFSMC and
STO-MFSMC algorithms, the current pulsation and electro-
magnetic torque pulsation of the d-q axis are effectively weak-
ened.
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FIGURE 5. Waveforms of motor parameters under full working conditions. (a) d-axis current. (b) g-axis current. (c) Electromagnetic torque.
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FIGURE 6. THD analysis of a-phase current at 0.8 s for three control algorithms. (a) MFSMC. (b) STO-MFSMC. (¢) TOSTO-MFSTTSMC.
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FIGURE 8. Experimental waveform of RPM-torque. (a) MFSMC. (b) STO-MFSMC. (¢) TOSTO-MFSTTSMC.

Figure 6 shows the THD analysis of a-phase current at 0.8 s
for three control algorithms. As can be seen from Fig. 6, the
THDs of MFSMC and STO-MFSMC are 3.58% and 2.74%,
respectively. The control algorithm proposed in this paper can
make the systematic error converge quickly and stably in the
global world, and effectively weaken the high-frequency har-
monics. Therefore, the THD of the TOSTO-MFSTTSMC al-
gorithm is only 2.09%.

4.2. Experimental Results and Analysis

Hardware-in-the-loop simulation experiments were performed
on an RT-LAB platform, and Fig. 7 shows the RT-LAB experi-
mental platform. The experimental parameters and experimen-
tal conditions are the same as those of MATLAB simulation.
Figures 8 and 9 show the speed-torque experimental wave-
form and d-q current experimental waveform, respectively. As
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can be seen from Fig. 8 and Fig. 9, the time required for the
system to converge to stability at initial startup is 0.69 sec-
onds and 0.48 seconds under the MFSMC and STO-MFSMC
control algorithms, respectively. The observation error of
MFSMC and STO-MFSMC is large, and the torque pulsa-
tion is 15% and 11%, respectively. The double-closed-loop
TOSTO-MFSTTSMC control algorithm proposed in this paper
makes the systematic error converge quickly and stably glob-
ally through the designed MFSTTSMC algorithm, and only
0.23 s is required to make the output quickly converge to be
stable at the initial start-up. In addition, the designed TOSTO
algorithm improves the dynamic response speed and observa-
tion accuracy of the observer, so that the torque pulsation is
only 6.5%.

Figures 10 and 11 show the experimental waveform of phase
A current under all operating conditions and the experimental
waveform of phase A current in the period of 0.8s-1.5s,
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FIGURE 10. Experimental waveforms of a-phase current at full working conditions. (a) MFSMC. (b) STO-MFSMC. (c) TOSTO-MFSTTSMC.

respectively. Compared with MFSMC and STO-MFSMC, the
double-closed-loop TOSTO-MFSTTSMC control algorithm
proposed in this paper can accelerate the systematic error
convergence speed and improve the dynamic response ability
and observation accuracy. As can be seen from Figs. 10 and
11, the TOSTO-MFSTTSMC control algorithm is faster than
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the first two control algorithms, and the current waveform is
relatively smooth.

Table 3 shows the comparison of the overall performance of
the three control algorithms. From the comparison of various
performance indexes in Table 3, it is obvious that the control al-
gorithm proposed in this paper is better than the first two control
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TABLE 3. The overall performance comparison of control algorithms.

Parameters MFSMC STO-MFSMC TOSTO-MFSTTSMC
Initial convergence time (s) 0.69 0.48 0.23
Torque pulsation (%) 15 11 6.5
a Phase current THD (%) 3.58 2.74 2.09

(@ | Partial magnification of motor a-phase
/ current
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R
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‘\}I'!")‘\ I
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Partial magnification of motor a-phase

current

FIGURE 11. Experimental waveform of a-phase current under 0.8 s—1.5 s time period.

methods in terms of system response speed, current THD value,

and torque pulsation.

5. CONCLUSION

To solve the problem of poor control performance of IPMSM
due to parameter perturbations and external perturbations
when adopting MFSMC algorithm, a double-closed-loop MF-
STTSMC algorithm of IPMSM based on TOSTO is proposed.
The algorithm proposed in this paper can realize the rapid and
stable convergence of systematic error variables in the global
world, improve the transient performance, and enhance the
robustness of the system. Through the simulation and analysis
of experimental results under complex working conditions, the

following conclusions are drawn:

(1) In this paper, a double-closed-loop MFSTTSMC control

©)

TOSTO algorithm improved observer is designed to en-
hance the dynamic response ability and observation accu-
racy of the observer, and effectively weaken the torque and
current pulsation.

Compared with the MFSMC and STO-MFSMC algo-
rithms, the double-closed-loop TOSTO-MFSTTSMC al-
gorithm proposed in this paper reduces the torque pulsa-
tion and a-phase current THD to 6.5% and 2.09%, respec-
tively, which enhances the transient performance of the
motor and makes the overall performance of the motor su-
perior.
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