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ABSTRACT: To address speed-tracking degradation and torsional vibration caused by flexible-shaft coupling and load disturbances in
PMSM dual-inertia systems, this paper proposes a high-order nonsingular fast integral terminal sliding mode control (HONFITSMC)
method integrated with dual finite-time extended sliding mode disturbance observers (FTESMDOs). First, a third-order load-side dynamic
model is derived to explicitly describe the effects of shaft torque and load disturbance. Next, the HONFITSMC method is developed using
an inner integral sliding surface, an outer high-order sliding surface, and a dual-power reaching law. Furthermore, a weighting function
is introduced to adapt the convergence speed across different error regions, reducing chattering and improving speed-tracking accuracy.
Then, dual FTESMDOs are designed for the motor side and load side to estimate the shaft torque and load-side disturbances, and the
estimated values are fed forward into the control law for real-time compensation. The simulated and experimental results demonstrate
that the proposed control scheme significantly improves the system’s disturbance rejection capability and overall robustness.

1. INTRODUCTION

igh-performance servo systems based on permanent

magnet synchronous motors (PMSMs) are widely used
in robotics, computer numerical control (CNC) machining,
aerospace, and other industries that require precision [1,2].
These systems typically incorporate transmission components,
such as drive shafts, gearboxes, and couplings, which connect
the motor to the load. These systems are often referred as dual-
inertia systems. They typically exhibit nonlinear disturbances,
such as friction and backlash. These disturbances can cause
resonance and degrade the control performance.

Various control strategies have been proposed by researchers
to improve system performance, including active disturbance
rejection control (ADRC) [3], proportional-integral (PI) con-
trol [4], model predictive control (MPC) [1], and sliding mode
control (SMC) [5]. Among them, the conventional linear SMC
is the most widely used. This is because it offers strong ro-
bustness, fast dynamic response, and excellent disturbance re-
jection capability. However, its switching function is not con-
tinuous. This can easily cause system chattering, which can
then excite mechanical resonance in a flexible transmission sys-
tem [6]. Meanwhile, the system states on a conventional linear
sliding surface typically converge asymptotically. This makes
it difficult to meet the fast dynamic response requirements of
high-performance servo systems.

To overcome the asymptotic convergence of the conven-
tional SMC, terminal SMC (TSMC) [7] achieves finite-time
convergence by introducing nonlinear power terms into the
sliding surface. However, conventional TSMC may suffer
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from singularity when the system state approaches the equilib-
rium point. Nonsingular terminal SMC (NTSMC) was there-
fore developed to avoid this problem [8]. Fast terminal SMC
(FTSMC) [9] was subsequently introduced to improve the con-
vergence speed when the system state is far from or close to
the equilibrium point. Integral terminal SMC (ITSMC) [10]
was also developed to improve the transient response and ini-
tial robustness. Yang et al. [11] combined fast integral terminal
SMC with an iterative learning-based disturbance observer to
improve speed-tracking and disturbance-rejection performance
of a PMSM drive system. However, its capability to handle pa-
rameter perturbations and time-varying load disturbances has
not been fully verified. Lu et al. [12] proposed a model-free
recursive terminal SMC method with a double-disturbance ob-
server for a PMSM dual-inertia system.

In PMSM dual-inertia flexible transmission systems, speed
tracking behavior of the load side is affected jointly by load
disturbances, parameter perturbations, and flexible shaft
torque coupling. To address this issue, disturbance observers
(DOs) [13] and extended state observers (ESOs) [14] have
been widely used to estimate unknown dynamics and exter-
nal disturbances. The estimated disturbances can then be
introduced into the controller for feedforward compensation.
However, the performance of conventional DOs and ESOs
depends strongly on model uncertainties, observer bandwidth,
and parameter selection. A higher observer bandwidth may
improve the response to fast disturbances, but it may also
increase sensitivity to measurement noise. Extended sliding
mode disturbance observers (ESMDO) treat the unknown
disturbance as an extra state. They are more robust to bounded
uncertainties than linear observers. However, their discontin-
uous injection terms can cause chattering in the disturbance
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FIGURE 1. Model of a two-inertia system.

estimate. The ESMDO in [15] improves the estimation per-
formance. Nevertheless, the rigorous finite-time convergence
of the disturbance estimation error has not been explicitly
established.

To address load-side speed tracking and torsional vibration
suppression in the flexible shaft of a PMSM dual-inertia
flexible transmission system, this paper presents a high-order
fast integral terminal SMC (HONFITSMC) method based on
dual finite-time extended sliding mode disturbance observers
(FTESMDOs).  The proposed method is compared with
proportional-integral (PI) control and the extended sliding
mode disturbance observer (ESMDO)-based non-singular
fast terminal SMC (NFTSMC) method. The results verify its
effectiveness in tracking load-side speed, reducing torsional
vibration of the flexible shaft, and compensating for load
disturbances. The main contributions of this study are as
follows:

(1) We develop HONFITSMC and FTESMDOs for the
PMSM dual-inertia system. The HONFITSMC controller
improves load-speed tracking and torsional vibration
suppression, while the dual FTESMDOs estimate and
compensate for motor-side and load-side disturbances.
Their coordinated operation improves the disturbance
rejection capability and system robustness.

(ii) We improve the controller by introducing an inner inte-
gral sliding surface, an outer high-order sliding surface,
a weighted terminal function, and a dual-power reaching
law. These modifications improve the convergence speed
in different error regions and enhance load-speed tracking
and torsional vibration suppression.
(i) We derive a third-order load-side dynamic model and
analyze the stability of the proposed control system
under bounded disturbances. Subsequently, we verify
the effectiveness and performance advantages of the
proposed method through comparative simulations and
experiments.

This paper is organized as follows. Section 2 derives the
load-side dynamic model. Section 3 designs the HONFITSMC
controller and proves its stability. Section 4 develops dual
FTESMDOs and analyzes their stability. Section 5 validates
the proposed method using comparative simulations and exper-
iments. Finally, Section 6 summarizes the paper.
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FIGURE 2. Structure of a two-inertia system.

2. MATHEMATICAL MODELING OF PMSM DUAL-
INERTIA SYSTEMS

This section introduces relevant definitions, formulates a model
of a PMSM dual-inertia flexible transmission system, and ob-
tains the load-side dynamic model.

In a PMSM dual-inertia flexible transmission system, the
motor side experiences electromagnetic torque and shaft torque.
When the connecting device between the motor and load sides
is elastic, it undergoes elastic deformation because the load side
experiences shaft torque and load torque. This results in incon-
sistent rotational speeds between the system’s motor and load
sides. Figure 1 shows the model of the dual-inertia system, and
Figure 2 shows the structural block diagram of the dual-inertia
system.

Ignoring core saturation, neglecting eddy current and hys-
teresis losses, and assuming no parameter mismatch, the math-
ematical model of the PMSM dual-inertia system in the d-q axis
reference frame is

dig _ _Re; ; Ug
at = T Lgld T MpWmlq T Y
di R, ; . np u
th:_fqlq_npwmzd_ iqum"FL*Z
dwy, _ 1 T3 A
dt — Tm [anﬂ/’rlq T bmwm] 1
dw; 1
dt T~ TL (Ts =T — wal)
T, = b, (wm — wl) + kg (9m — 91)

where uq, uq, 4, and i, represent stator voltages and currents
along d and q axes, respectively; Lq and L, denote stator in-
ductances along d and g axes; R, is the stator resistance; 1,
is the permanent magnet flux linkage; w,,, and w, are mechan-
ical and electrical angular velocities on the motor side, with
We = MNpwm; wy is the mechanical angular velocity on the
load side; 6,,, and 6; are mechanical angles of the motor and
load, respectively; J,, and Jr, are the motor’s moments of in-
ertia and load respectively; k; is the torsional stiffness of the
coupling shaft; by is the torsional damping coefficient of the
coupling shaft; n, is the number of pole pairs; b,, and b; are
friction coefficients of the motor and load, respectively; T
is the shaft torque; and 77, is the load torque. For a surface-
mounted PMSM, L; = L4, and the electromagnetic torque is
T, = 1.5npYri,.

Assumption 1 The system s initial state is a stationary state,
that is, wy,(0) = 0, wr(0) = 0, T5(0) = 0. The load-side
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reference speed and its first, second, and third derivatives are
piecewise continuous and bounded.

Assumption 2 All parameter perturbations, external distur-
bances, and unmodeled dynamics in the system are bounded.
Moreover, the first derivatives of the disturbances on the
equivalent motor and load side are piecewise continuous and
bounded.

The effects of parameter perturbations, friction, and unmod-
eled dynamics are represented by disturbance terms d,,, and d..
Since the viscous damping coefficients b,, and by, are negligi-
ble, the dual-inertia system can be simplified as follows:

Tiom = To — Ty + dp,
Jrwp =Ts —Tp, +dp, 2
TS = Ks(wm —wr).

where d,;, = —AJy Wiy + T, dp, = —AJpwr + 7. Symbols
AJ,, and AJ;, denote inertia perturbations, and symbols 7,
and 7, denote external disturbances or unmodeled terms.

3. DESIGN OF HONFITSMC

This section presents the HONFITSMC method based on an
improved double power reaching law and proves its stability.
Subsequently, a controller was designed to achieve closed-loop
control of the load speed in the PMSM dual-inertia system.

Taking the third-order derivative of the load speed Equa-
tion (2) yields:

K
. [Te—(1+‘]’")TS+J"’TL}+AT 3)

RS Tr TL
_ K, K. 1 17
where A, = 7 dm — EdL — ﬂTL + Idb From As-

sumption 2, it follows that |A,| < A,.
Define the load-side speed tracking error as:

e=w; —w. 4
Theorem 1 Define the weighted terminal function

J1(Sw) = p(Sw)sign(S,)[Su [P
+[1 - p(S.)]sign(S.) asinh(S)PP (5)

Sl 0<p<lr>006>0 I

where p(Sw) = m,

f1(Sw) satisfies f1(0) = 0, S, f1(S,) > 0, Sy, # 0, then in
a neighborhood of the origin, there exist positive constants c1
and ¢y such that

c1|Swl” < [f1(Sw)] < cof Sul”. (6)
Proof 1 For S # 0, we have

[F1(S) = p(S)|SIP + [1 = p(S)][asinh(S)P,  (7)

where the two terms on the right side of (7) have the same sign
as S. Because asinh(S) = S 4+ O(S3) (S — 0), we have

7““‘{?'(:')“’ —1(S—0).

Therefore, there exist a neighborhood U and constants
m, M > 0 such that

lasinh(S)[P
— <M Seu. 8

Since 0 < p(S) < 1, there exist positive constants ¢y, ca
such that ¢1|S,|P < |f1(S.)| < 2| S, |P.

Select the inner integral sliding surface S,, and outer high-
order sliding surface sliding surface /,,:

{ Sy = €, + cre,, + ¢ fewdt ©)

lo = $u + [ (Vi + Bfa)dt

where f; has been defined in Theorem 1. fo = sign(s,,) - [$,]%,

r

a1 >0,<:2>O,7>O,B>O,p(5w):ls|j%,0<p<1,
q:%,r>0,5>0.
Differentiating [, gives:
lo =50 +7f1+ Bf2 (10)

The improved dual power reaching law [16] is selected
sy = 1 (1S |Lo]) ™ sign(ly,) + kallo |9 sign(l,) (11)
where k1 > 0,k > 0,0 < a1 < 1.
Combining (1), (3), (10), and (11) yields the control law:

I
Jr

o 2 [ Jwds
T 3n,ih, K,

where u = ¢1€,, 4+ coé+yf1 + Bfo + tsy. The uncertain terms
are represented as follows: the motor-side disturbance, D,, =
Ts — d,,, and the load-side disturbance, Dy, = T, — dy,. D,,

and D are disturbances on motor and load sides, respectively.

wt <1 + ) Dy — J’"DL} (12)
Jr

Lemma 1 [17] Assume that the function V : D — R is con-
tinuous and satisfies:

(i) V is positive definite.

(ii) There are some real constants ¢ > 0, g € [0,1], a € (0,1),
0 < ¢ < oo and an open region containing the origin U C D
such that:

V(z,t) < —cV(z, )" +s,2(t) € U\{0} (13)

Then, the system reaches stability within finite time. The con-
vergence time is given by:

* 1 11—«

Define the observation error as:

D,, = D,, — D,,
- . (15)
Dy =Dy — Dy.
Substituting (15) into (3) gives:
w(Lg) =—u+A4, (16)
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where

Ko Jm =
™D+ A, (17
Ty, Jy, DE A (7)

K, T\
Ay=——"(1+"") Dy
JmJL< +JL) *

which is bounded and differentiable. Then, it follows that:

|A6] < Amax- (18)

Theorem 2 If the sliding surface (9) is selected, and the im-
proved sliding mode reaching law (11) is adopted, then the con-
trol law (12) is asymptotically stable.

Proof 2 Define the Lyapunov function as follows:

1
W= 513;. (19)

Vi =yl = k1| Su] ™ [l [P — kalu]*T + 1,A,
< *]’f1|Sw|17a1 |lw|27041 - k2|lw|2+alAmaX|lw|
< — | [Ra [Su ] ™ |l T kol | T — Amax] - (20)
Choose the width of the boundary layer:
k| Sul' T T + Kb T > Ay

Differentiating (19) gives

@n

Then, when |l,| > &, there is Vl < 0. Thus, l,, can enter
the boundary layer in a finite time. If a constant 0 < p < 1 is
selected, and Apax < p [k1|Sw|1_a16l1_°‘1 + k2(511+a1] is set,
then when |l,,| > &;, we have:

Vi < —(1=p) L] [FalSul = ] + kol Fo1] . (22)

According to Lemma 1, the convergence time to the boundary
layer, denoted by ts, is:

Ts <

(1=p)r(1—¢) )\1+>\2511_5

Moreover, under ideal observation and complete disturbance
compensation conditions, that is, when Ag = 0, the conver-
gence time of the outer sliding mode variable l, satisfies.

1
T <

)‘2 1—¢
< m]n |:1+/\1|lw(0)| ] . (24)

Based on the definition of the 1, sliding surface, when l,, =
0, the following equation is obtained.:

Su +7£1(Sw) + Psign(S,)[S,]? = 0. (25)
Letxy = S, and xy = S,,. Then:
j?l = X9
. 26
{ By = —7yfi1(z1) — Bsign(xz)[x2|%. 20

From Theorem 1, we know that x4 f1 (x1) > 0. If positive
constants ¢y, co exist, then we have ci|x1|P < |fi(x1)] <
ca|r1|P. Therefore, fi(x1) is equivalent to sign(x)|x|" over
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the entire error range, and system (26) can be regarded as a
standard second-order terminal stable system:

{,.El = X2
. . : e 27
T = —ysign(x;)|x;|P — Bsign(xy)|xa| 0.
Consider the Lyapunov function:
1, o
Vo = 5%t fi(t)dt. (28)
0

Differentiating V5 gives:
Vo = @iy +vf1(21)dn
= o [y f1(z1) — Bsign(x2) [x2|Y] + 7 f1(21) 22
= —yx2f1(21) — Bazsign(xz)[xa|? + yxofi (x1)

= —Bagsign(xy)[x,]| = —B|x,[9F! < 0. (29)
According to the LaSalle invariance principle, 1 — 0,
xo — 0, that is, S, — 0, S, — 0. Since ¢ = %, system (27)

is a negatively homogeneous system with homogeneity degree
k= p—;l < 0. According to the finite-time stability theorem
for negative homogeneity [18], there exists a finite convergence
time Ty, such that S, (t) = 0, S,,(t) = 0, for t > Ts.

When S,, = 0, there is:

t
€, +cre, + 02/ eu(T)dr = 0. (30)
0

Let z, = fot e (T)dr. Then, . = e,,. This can be expressed
in the form of the following state-space equation.

bu| _|—c1 —c2f |ew
G-l
The characteristic equation of (31) is obtained as:
2415+ ey =0. (32)

According to the Hurwitz criterion, because c; > 0, ca > 0,
the system is asymptotically stable. Therefore, the proposed
control law is stable.

4. DESIGN OF DUAL FTESMDOS

This section presents dual FTESMDOs and analyzes their sta-
bility.

Considering the motor-side disturbance D,, an extended
state, the augmented system can be expressed as follows:

HERRIE

where O is the derivative of the shaft torque D,,, and both ©
and D,,, are bounded.

According to Equation (33), the observer can be constructed
as:

1
J'r n

0

T, 0 33
e+[@J (33)

uy
T+ [ } (34)
llul
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where w,,, denotes the observation of wy,,; ﬁm denotes the es-
timate of D,,,; [; represents the control gain; and u; represents
the observer’s SMC law.

Similarly, considering the load-side disturbance D an ex-
tended state, the augmented system can be expressed as fol-
lows:

HERIE

where O, is the derivative of the load side disturbance Dy, and
both ©, and Dy, are bounded.
According to Equation (35), the observer can be constructed

as:
| _ o —7z] [@r + o U (36)
[)L - 0 0 DL 0 s l2u2

where wy, denotes the observation of wy,; D 1, denotes the esti-
mate of Dy ; I represents the control gain; and uo represents
the observer’s SMC law.

The motor angular velocity estimation error e,,, estimation
error e; of the motor side disturbance D,,,, load angular velocity
observation error ey, and estimation error e, corresponding to
the load disturbance Dy, are expressed as:

1
Jr

0
AESA KA

em:wm_d}m

€1 = Dm - Dm

. (37
er = wyp —wyp,
€9 = DL — [)L-

From Assumption 2, e; and e, have upper bounds D1 ax and
Dy max, respectively, namely |e1]| < D1 max and |ea| < Dag .

By combining (33) to (36), the error dynamic equations of
the dual observers are obtained as follows:

. 1 .
bm = —5-€1 —u1éy = Op, — liuy
. 1 . (3%
er = _KGQ — Ug€y = @L — ZQUQ.

Select sliding surfaces s,,, and sy, as:

{ Sm = €m + Cm1 fof emdt + cmo fot sign(em)|em|" dt

sp=ep+cr fot erdt + cra fot sign(er )|er|™dt.

(39)
From Equations (33) to (39), it follows that:
S = 7(]%"@1 — U1 + Cm1€m + Cmasign(en)|em|”
o . w40
$p=—g-e2 —us+crier + crasign(er)leL|”.

where ¢ > 0, ¢2 > 0,¢c01 > 0,¢c0 > 0,0 <7y < 1,
0<ry <1.
Select the double power reaching law as:

1—am,

Sm = Um = —Ekm1(|em||sm]) sign(sm)
—kmalSm |t T sign(sy) — kmssign(sm
2[Sm| gn(Sm) 38ign(Sm) @

$p=ur = —kp(Jesl|sp])' " sign(s.)

—kra|sp| T2 sign(sy) — kpssign(sy)

where 0 < a,, < 1, k1 > 0, ko > 0, kg > 0,0 <
ar < 1,kpy >0, ks > 0,and krs > 0 are parameters to be
designed.

By combining (39) and (40), the SMC law is obtained as fol-
lows:

{ U1 = Cm1€m + Cmasign(en)lem|” — unm @)

us = crier, + crasign(er)ler|? — up

Theorem 3 Select sliding surfaces (39), dual power reaching
law (41), and design the control law (42). When the system
gains satisfy (43), error dynamics converge to the sliding sur-

face in finite time, and the disturbance estimation errors be-

come bounded after finite time.

kg > Bims 1) <0
o (43)
krs > 32““, lo <0.
Proof 3 Define the Lyapunov function as follows:
Vs = 0.552, (44)
Vi = 0.55%. (45)
Differentiating Vs with respect to time gives:
1 p
= Sm|=goe1—w + Cmi1€m + Cm2sig’ (em)
1 Dl max
:_km m| — 7 Sm < - km_i m|-
3l5m| T Smel ( ST [$m|
To ensure Vg < 0, parameter k,,3 must satisfy:
D max
kms > }ma (46)
such that
e1(t)] < p1, for t>tn,. 47)

To ensure the convergence of the disturbance estimation er-
ror, parameter 1y must be selected as a negative value. Thus,
the speed observation error on the motor side converges within
a finite time t,,,. When ©,, = 0 or ©,, — 0, the disturbance
estimation error converges to zero.

Similarly, differentiating (45) gives:

. Do s
Vi=s15p < — </€L3 - 3:3 ) st (48)

To ensure V4 < 0, parameter ko must satisfy.

D
kpg > —2ma (49)
Jr,

Thus, the observer (36) is asymptotically stable, and the sys-
tem state can reach the sliding surface in finite time t4s. From
s = §¢ = 0, it follows that e;, = é;, = 0. At this point,
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FIGURE 3. Block diagram of the PMSM dual-inertia system.
TABLE 1. System parameters. TABLE 2. Parameters of control schemes.
Parameters Value Unit PI NFTSMC HONFITSMC
DC link voltage (Ugc) 350 Vv kp, =175 « = 12000 c1 = 90, co = 2500
Rotor PM flux () 0.171 Wb ki =20 £ = 2000 q=082, 01 =p=0.8
Stator inductance (L) 0.00334 H - I/h="1/3 k1 = 1.5, k2 = 500
Number of pole pairs () 4 - - p/q=>5/3 cm1 = 100, cr,1 = 100
Stator resistance (Rs) 1.9 Q — e =0.01 cm2 = 50, cr2 =75
Rotational Inertia (.J,,) 0.025 kgm? - k=0.008 rm=r=7/9an=ar=038
Load inertia (Jr) 0.15 kgm? - v = 200 Iy = -30,1l = =50
Torsional damping (bs) 0.8 Nmsrad ™! - n = 4000 km1 =50,kr1 =75
Stiffness coefficient (Ks) 415 Nmrad~! - lh =62 km2 = 100, k2 = 300

- - km3 = 60, kr3 = 250

ér, and és (33) can be simplified as é3 = Op + %62. Since
function sat is defined as follows:

©1| < O, forany ps > % where aj, = —5—2 > 0, we have
" ’ 1 s>0
0 = —0<s<
Can(t—te) | OL an(t—tua) sat(s) = ¢ s/0 —0<s<o (53)
62(t)| S |62(ts)|e L 52 + I (1 — € L 52 ) . (50) _1 s < —0
ar,

where o denotes the transition layer. Linear feedback control
is used inside this layer, whereas switching control is applied
outside it.

Then, there exists

b <ty 1 In le2(ts2)] - %LL (51 Figure 3 shows the structural diagram of the proposed HON-
- ag p2 — %LL FITSMC torsional vibration suppression system.
such that 5. SIMULATION AND EXPERIMENTATION
ea(t)| < pa2, for t>tr. (52)
To ensure convergence of the disturbance estimation error, 5.1. Simulation Results and Analysis
lo must be selected as a negative value. Thus, the speed obser- Table 1 provides system parameters. Table 2 lists the pa-
vation error on the load side converges within a finite time t7,. rameters of control schemes. The PMSM operates using the
When ©1, = 0 or O, — 0, the disturbance estimation error iq = 0 vector control strategy. The sampling interval is set
further converges to zero. to 0.00001s, and the DC link voltage of the three-phase in-
verter is Uy, = 350 V. The presented HONFITSMC approach
To suppress high-frequency chattering, the conventional sign is then evaluated against the PI and ESMDO-based NFTSMC
function was replaced by a saturation function. The saturation algorithms.
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FIGURE 5. Electromagnetic torque and shaft torque. (a) Electromagnetic torque response and (b) shaft torque response.
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FIGURE 6. Speed response on motor and load sides. (a) Speed response of the motor side and (b) speed response of the load side.

The initial load torque is setto 77, = 5 N-m. AtO0s, the induc-
tance, resistance, motor inertia, and viscous friction coefficient
are increased by factors of 1.02, 1.12, 1.4, and 3, respectively.
External disturbances are applied as follows:

« at 3s, the motor speed increases from 600r/min to
1200 r/min;

* at 1s, aload torque of 10 N-m is suddenly applied;
e at 1.5s, the 10 N-m load torque is suddenly removed;

e at 2, a sinusoidal disturbance of 5sin(40wt) is intro-
duced.

Figures 4(a), 4(b), 5(a), and 5(b) present the g-axis cur-
rent, d-axis current, electromagnetic torque, and shaft torque re-
sponses, respectively. Compared with PI and NFTSMC, HON-
FITSMC produced smaller ripple in d- and g-axis currents and
electromagnetic torque during steady-state operation. It also
provides smoother shaft torque responses during step changes
in speed. Although all three methods generate transient shaft
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torque fluctuations, HONFITSMC suppresses torsional vibra-
tion more rapidly and enables the shaft torque to approach its
steady-state value more smoothly.

Under periodic disturbances, the low bandwidth of PI con-
trol limits its response to high-frequency disturbances. Thus, PI
control produces relatively small shaft torque fluctuations, but
its speed-tracking and disturbance-recovery performance are
poor. NFTSMC and HONFITSMC respond more effectively
to disturbances and provide stronger compensation. Com-
pared with NFTSMC, HONFITSMC produces a smoother shaft
torque response while maintaining strong disturbance compen-
sation. Therefore, HONFITSMC achieves a better balance be-
tween disturbance compensation and torsional vibration sup-
pression.

Figures 6(a) and 6(b) present speed responses on motor and
load sides. Sudden changes in the speed reference or load
torque induce torsional vibrations on both sides, which arise
from the dynamic response of the elastic shaft. The results were
as follows:
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FIGURE 7. Acceleration response on the motor and load sides. (a) Acceleration of the motor side and (b) acceleration of the load side.
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FIGURE 8. Speed tracking error and observed disturbance. (a) Speed tracking error and (b) observed disturbance.

(i) Under PI control, the load speed follows the reference sig-
nal within 0.7 s, with an overshoot of approximately 5%.
The NFTSMC tracked the reference signal within 0.54 s,
with an overshoot of approximately 2.5%. In contrast,
HONFITSMC achieved tracking without a steady-state er-
ror within 0.5 s, with an overshoot of only 0.83%.

At 1s, a sudden load was applied, and at 1.5s, it was
removed. Under both conditions, PI control produced a
load-speed deviation of approximately 12 r/min, with a re-
covery time of approximately about 0.3s. NFTSMC re-
duced the speed deviation to approximately 3 r/min and the
recovery time to approximately about 0.1 s. HONFITSMC
further reduced the deviation to approximately 1 r/min and
provided the fastest recovery. However, the motor speed
exhibited a reverse overshoot under NFTSMC and HON-
FITSMC.

At 2s, when a sudden sinusoidal load disturbance is
applied, PI control shows speed fluctuations of about
3 r/min. The NFTSMC method shows speed fluctuations
of about 1 r/min, while the HONFITSMC method shows
only 0.2 r/min speed fluctuation.

In summary, compared with PI and NFTSMC, the HON-
FITSMC method achieves faster load-side response speed,
smaller overshoot, and better disturbance rejection capa-
bility. The HONFITSMC and NFTSMC control methods
using load-speed feedback and sliding-mode algorithms
can effectively suppress torsional vibration.

(i)

(iif)

(iv)

Figures 7(a) and 7(b) present angular acceleration responses
on the motor-side and load-side, respectively. Compared with
Pl and NFTSMC methods, HONFITSMC produced smaller ac-
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celeration fluctuations and shorter settling times on both sides,
improving the stability of the dual-inertia system.

Figures 8(a) and 8(b) present speed estimation errors and dis-
turbance estimates obtained using ESMDO and FTESMDO,
respectively. Both observers provided satisfactory estimation
performance. Compared with ESMDO, FTESMDO produced
less chattering in estimated signals, improving the robustness
and disturbance rejection of the dual-inertia system.

5.2. Experimental Results and Analysis

Figure 9 shows an RT-LAB (OP5600) experimental platform,
which is mainly composed of a host computer, digital signal
processing (DSP), and OP5600. TMS230F2812 is the DSP’s
control chip, and RT-LAB (OP5600) simulates the PMSM dual-
inertia system. The experimental and simulated parameters are
kept consistent.

DSP
controller

TMS230F2812

FIGURE 9. RT-LAB HILS experiment platform. (a) RT-LAB platform
and (b) configuration.
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FIGURE 10. Experimental waveforms of the current, speed, and torque. (a) PI control, (b) NFTSMC, and (c) HONFITSMC.

Figure 10 shows experimental results of the three methods:
PI, NFTSMC, and HONFITSMC. It can be concluded that:

(i) For abrupt changes in the load speed reference and load
torque, the proposed HONFITSMC method achieves the
fastest load speed response and smallest steady-state error
among the compared methods.

(i1) In the case of periodic disturbances, both PI control and
NFTSMC show limited disturbance rejection and slower
convergence speed. In contrast, HONFITSMC effectively
suppresses load-side torsional vibration, maintains accu-
rate and stable load speed tracking, produces a more stable
output torque, and achieves excellent dynamic and steady-
state performance.

6. CONCLUSION

To address problems in load speed tracking, flexible shaft tor-
sional vibration, and load-disturbance suppression in PMSM
dual-inertia flexible transmission systems, this paper proposes a
dual FTESMDOs-based HONFITSMC method. The main con-
clusions are as follows:

(1) The third-order load-side dynamic model of a PMSM
dual-inertia flexible drive system was established. An
HONFITSMC controller was designed, by which a good
trade-off between the system convergence speed and chat-
tering suppression was achieved. The load speed tracking
performance was also improved.

Dual FTESMDOs were designed for motor and load sides.
Shaft torque and load disturbance were estimated using
two observers. Feedforward compensation was provided
for the control law using estimated values. Consequently,

(i)
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the system robustness against disturbances from both the
flexible shaft and external sources was enhanced.

(iii) The comprehensive comparison of simulated and exper-
imental results shows that the proposed method exhibits
good control performance in load speed tracking, distur-
bance suppression, and torsional vibration reduction.
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