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ABSTRACT Affected by the magnetic saturation effect and unmodeled dynamics, the parameters of the
synchronous reluctance motor (SynRM) are highly nonlinear and time-varying. The resulting unreasonable
current loop reference command severely restricts the maximum efficiency and high control performance
of SynRM. Therefore, an adaptive non-singular terminal sliding mode control scheme for SynRM drive
system is proposed to improve the dynamic performance and robustness. Firstly, an analytical model of flux
linkage and inductance that satisfies the energy conversion mechanism is proposed to estimate the required
parameters of the control system in real time. Secondly, a novel fast finite time adaptive-gain reaching
law is proposed to shorten the arrival time while reducing the chatter near the sliding mode surface. Then,
a non-linear disturbance observer is designed to estimate the total disturbance of the system. The asymptotic
stability of the system is proved by Lyapunov’s theorem. The experimental results demonstrate that the

system has satisfactory dynamic performance and robustness.

INDEX TERMS Synchronous reluctance motor (SynRM), nonsingular terminal sliding mode control, fast

finite time, adaptive-gain reaching law.

I. INTRODUCTION

Owing to the advantages in structural robustness, high effi-
ciency, temperature rise capability and flux-weakening capa-
bility, synchronous reluctance motor (SynRM) has received
an increasing attention in various industrial applications [1].
As a typical electromechanical energy converter with sin-
gle excitation, its copper loss is generated entirely by sta-
tor current. Besides, coupled magnetic field is established
completely by the stator current as well. Energy conversion
inside SynRM is accomplished via the reluctance torque,
which is generated by rotor in a coupled magnetic field.
Thus, its distinct characteristics include high non-linearity
and time-varying parameters depending on the special energy
conversion mechanism. To ensure the high-efficiency oper-
ation of SynRM and minimize copper loss, rational dis-
tribution of reference currents on d-g axis is necessary.
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This can be achieved by implementing the maximum torque
per ampere (MTPA) strategy.

There are many challenges in implementing a superior
MTPA strategy for SynRM. The main obstacle is the shift
of the MTPA operating point caused by the magnetic cir-
cuit nonlinear behavior. Specifically, as the motor speed or
load increases, the input electric energy increases the exci-
tation level while intensifying the coupling effect between
the magnetic barrier and the magnetic bridge [2]. As a result,
the increase in the excitation level causes the saturation of the
magnetic circuit to increase, and the cross-coupling cancels
part of the excitation energy. The MTPA operating point
is deflected due to the saturation of the flux linkage and
the energy transfer between the d-and g-axis. Therefore,
while maintaining the excitation level, d-axis reference cur-
rent must be reduced to obtain the maximum torque output.
However, it is difficult to accurately assess the excitation
level during motor operation. Concentratedly reflected
as the time-varying characteristics of motor parameters.
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This indirectly impedes the optimal current distribution.
Besides, the motor parameters are time-varying due to the
highly nonlinear magnetic circuit. In addition, conventional
control methods have shortcomings in simultaneously con-
sidering the optimal current distribution and control per-
formance. Especially, in the presence of interference and
dynamic uncertainty, conventional control methods cannot
achieve the desired control performance.

Several research works have focused on improving the
performance of SynRM drives where various methods based
on advanced control strategies provide good control perfor-
mance [3]-[12]. These methods can be classified into online
and offline. In [3], based on the radial basis function neural
network, the optimal current distribution is obtained through
online evaluation of the excitation level. In [4], the method
of combining backstepping control and recurrent neural net-
work is implemented. The optimal current angle is calculated
online by the recurrent neural network. In [5], an approxi-
mation integrator with compensator of gain and phase errors
is proposed to estimate fluxes. In the case that the g-axis
current is determined, the three-point search algorithm is
implemented to obtain the optimal d-axis current reference.
A Newton iteration algorithm using the inductance value
calculated online was proposed in [6] to obtain the optimal
current distribution. An optimization search algorithm was
employed in [7] to obtain the current distribution relation-
ship online. Furthermore, the real high-frequency pulse injec-
tion [8] and virtual high-frequency signal injection [9] based
MTPA were presented through reconstructed motor torque
estimates, respectively. Regarding the offline strategy, look
up table (LUT)-based optimal current distribution is the most
common. A high-efficiency control algorithm at maximum
efficiency condition with proper current angle was presented
in [10], [11]. The key to LUT to build data tables on optimal
current mapping relation offline by utilizing the measured or
finite element analysis (FEA) data. As a simple and easy to
implement method, the price is too much storage space and
limited modeling range [12]. The existing methods have a
great contribution to the acquisition of the optimal current
distribution relationship. However, under a certain current
distribution relationship, the compensation of uncertainties
and disturbances in the system is an urgent problem to be
solved.

In recent years, due to its clear mathematical meaning
and strong robustness, sliding mode control (SMC) has
received increasing attention for the control of uncertain sys-
tems [13], [14]. In [15], a fractional-order SMC controller is
proposed, improving the overall control algorithm robustness
under parameter deviations. To improve the dynamic perfor-
mance of permanent magnet synchronous motor (PMSM),
terminal sliding mode control (TSMC) with the goal of
achieving a finite settling time is proposed and applied to
PMSM [16]. To overcome the singularity problem, nonsin-
gular terminal sliding mode control (NTSMC) is proposed to
design the speed controller of PMSM [17]. To further shorten
the settling time, various fast terminal sliding mode control
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(FTSMC) [18], [19] have been proposed and successfully
applied to the speed control system of PMSM. However,
the global convergence of state variables in TSMC still needs
to be improved. For SynRM, fast tracking of MTPA operating
points under the influence of time-varying parameters and
saturation is still a challenge.

The motivation to design a novel control system for
SynRM is that an MTPA control guideline with unmod-
eled dynamic compensation based on online excitation level
calculation is lacking. Therefore, an adaptive non-singular
terminal sliding mode control based on nonlinear disturbance
observer (ANFTSMC-NDO) system is designed to obtain and
track the optimal current distribution. Through the mecha-
nism analysis for the magnetic circuit nonlinear behavior,
the flux linkage and inductance models with the d-g-axis cur-
rent as the independent variable are first established, as well
as the optimal current vector angle model. Then, a nonlinear
controller is designed to improve the dynamic response per-
formance. Lyapunov’s stability theorem is used to prove the
stability of the proposed nonlinear controller. Based on the
combination of nonlinear control and the proposed optimal
current angle model, the MTPA operating point is tracked.
Finally, through various experiments, the robustness of the
proposed control scheme is verified.

The contributions of this paper are as follows.

1) Designing an adaptive nonsingular finite-time terminal
sliding mode control for a SynRM drive system that could
effectively track MTPA operating points and solve the ref-
erence current distribution problem under the influence of
nonlinear and time-varying parameters.

2) To solve the problem of unknown dynamics and dis-
turbances under a specific current distribution. A nonlin-
ear observer independent of motor parameters is designed
and embedded in the adaptive terminal synovial controller.
Unmodeled dynamics and disturbances are effectively com-
pensated. Meanwhile, in the case of finite time conver-
gence, convergence performance is adaptively adjusted.
Effectively prevent chattering while accelerating the speed of
convergence.

The rest of this paper is organized as follows. In section
II, the non-linear flux linkage and inductance models are
proposed. The shift mechanism of MTPA operating point
is also analyzed. In section III, detailed ANFTSMC speed
tracking control for the SynRM drive system is presented
and derived. In addition, experimental results are pro-
vided to demonstrate the robustness of the proposed con-
trol system in Section I'V. Finally, Section V concludes this
article.

Il. ELECTROMAGNETIC MODEL OF SynRM

A. CONVENTIONAL ELECTROMAGNETIC MODEL

In a d-g coordinate system rotating synchronously
with the rotor, the general mathematical model con-
sidering the nonlinearity of SynRM can be expressed

VOLUME 9, 2021



L. Ren et al.: Adaptive Nonsingular Finite-Time Terminal Sliding Mode Control for SynRM

IEEE Access

as [20]:
dyr(ig
Uy = Ryis + wed ¥ (is) + %
n _ 117, — Bow — T2
dr = ey ells Wm L
do.
dar We = P
. 3 T .
T.(is) = zp(ls) Jr(is) (D

where Ry denotes the stator winding resistance, iy = (ig, iq)T
denotes the stator current vector, p represents the number of
pole pairs, and ., wy, represent the frequencies of motor
electrical angle 6, and mechanical angle 6,,, respectively. ©®
denotes the inertia constant, B denotes the friction coefficient,
T.(is) denotes the electromagnetic torque, 77 is the load
torque including external disturbances, and J the orthogonal
rotation matrix. ¥y = (Yg4, wq)T is the stator flux linkage
vectors. The subscripts d and g represent d- and g-axis,
respectively, of which the d-axis is aligned with the direction
of maximum permeability in the rotor magnetic circuit.

The coupled magnetic field in SynRM is established
entirely by the stator current. Due to the particularity of
the excitation circuit, the change of the flux linkage with
the stator current is nonlinear. Meanwhile, the flux linkages
on the d- and g-axes interact through a common magnetic
circuit, which results in a redistribution of flux linkages.
Such nonlinear behavior of rotor magnetic circuit is known
as self-saturation and cross-saturation. Under the assumption
of ignoring iron loss, the mapping relationship between flux
linkages and stator current can be further expressed as [21]:

Vi = Ya (id7 iq)
Vg =Yy (id» iq)

To further characterize the level and variation of flux
linkage for the rotor magnetic circuit, the magnetic model
can be expressed with apparent inductance and incremental
inductance, respectively. The apparent inductance is defined
as:

@

19 Y00
. < 3)
L&ia,ig) = —wq(lid’ 's)
q

where superscript ai represents the apparent inductance.
Meanwhile, the incremental inductance is defined as the par-
tial derivative of flux linkage with respect to the stator current:

i 0Valia, i) ;.. . 0aia, ig)
Litia, ig) = — 5, L (ia, ig) = — ==

R o S S W I RO
L, (g, ig) = T, Lyq(ia,iq) = o,

where superscript ii represents the incremental inductance,
whereas subscripts gd and dgq refer to the cross-saturated
incremental inductances. By substituting (2) and (3) into (1),
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a torque model as a function of flux linkage and apparent
inductance can be obtained:

3
Te (i) = 5p (Va (ia. ig) ig — ¥q (ia, ig) ia) &)

B. PROPOSED ELECTROMAGNETIC MODEL
For SynRM, under the conservative field assumption,
the energy balance equation can be expressed as

. . daw, .
i us = Ry |lig))* + 7’" + Tolis)m (©6)

where W,, denotes the magnetic energy in coupled field
that varies with variation of flux linkage. For convenience,
the derivative of magnetic energy can be equivalently
expressed with the derivative of magnetic co-energy W, as:
O
t dt dt
From (6), a negative correlation is present between copper
loss and electromagnetic torque in the steady state, which
serves as the theoretical basis for MTPA control. It is clear
from formula (7) that due to the conservation of energy,
the calculation result of magnetic co-energy by curve integral
is irrelevant to the path integral. Accordingly, the reciprocity
condition that the magnetic co-energy satisfies is:

W, 92We - Wa Yy
digdiy  igdig iy  dig

(N

®)

A combination of (7) and (8) suggest that the change
of stator current leads to an energy exchange between
d- and g-axis. This is also the root cause of cross-saturation.
Moreover, the (7) and (8) also suggest that v, is an irrotational
field, while W, is the scalar potential of 1. The divergence of
¥ can be calculated by the Laplace operator V2 of magnetic
co-energy as:

VAW, = Li(iq. ig) + Li(ia. iy) ©)

As expressed in (10), the magnetic co-energy satisfies
Poisson’s equation. Its analytical solution cannot be obtained
directly, however, since the analytical form of incremental
inductance is unknown. It is clear from the general solution
of Poisson’s equation that Gaussian terms are often con-
tained therein. Hence, magnetic co-energy is modeled using
a Gaussian-based nonlinear function. The variation in the
magnetic energy caused by the current can be modeled as

AWe =k (75 = 1) (Vii2 = ige™" + kyiy — V)
(10)

Combining (7) and (10), the variation of magnetic co-
energy with current can also be expressed by flux linkages
as

. . AW,
Ya(ia, ig) = Valia) — —
dia 11
o . OAW. an
wq(ld, lq) = I;/fq(lq) - i
lq
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where ¥4 (iy) and ¥, (i) represent the flux linkages under the
influence of self-saturation, while the second term on the right
side represents the flux linkage that is influenced by cross-
saturation. Under the restrictions of (8) and (11), flux linkage
model based on Gaussian’s function is proposed as

Vdlia. ig) = a2 — 744 — 7YY 1 i
—k (2Wige ™) (V12 = ige ™ + iegig — ™)

Vglia ig) = g2 — ¢ Wi — V) 4 i

—k (1= &) (2vyig + Vige Vs + Kq) (12)
T A |
Valia. lg) _ qlia.ly) _ (2Wide*Wl§)
dig dig

(2V1iq + Viqef‘/iq + /cq>

where {«, ¥, B} denotes the saturation coefficient, and {k,
W, V, V1, K4} represents the cross-saturation coefficient.
Combining formulas (3) and (12), the analytical expression
of apparent inductance can be derived as

. )
. a (2 — e7Vdid _ =Vallg)
Li'(iq, ig) = y + Ba

) .
—k (2We™) (V12 = ige ™ + segiy — ™)

ey 13)
a (2 — eVl — g7 Vale) (
q : s

—k (1 - e—W’%) (2V1 + Ve Vi 4 ?)
q

L ia, ig) =

Meanwhile, combining (4) and (12), the analytical expression
of incremental inductance can be derived as:

Li(ia.ig) = g ()/de*”‘”"’ + 2Vd1ideiy‘“i§) + Ba
—2kW (e—Wifz - 2Wi§e—W’5)
(V] ifl — iqe_w‘i + Kkqlq — e_w‘f)
LG4, ig) = g (yge 7 + 2pquige™0%) + 8, (14)
ke (1= ™) (2v) + Ve - V2ige™V)
i7 . . I . . o —_ ‘2
Ly, Gia, ig) = Lyg (ia, ig) = —k (ZWzde W’d)
(2Viig + Vige™" + )

C. EFFECT OF MAGNETIC CIRCUIT NONLINEARITY ON
MTPA

The conventional MTPA operating point is obtained under the
premise that the apparent inductance and stator resistance are
constant. Accordingly, the maximum torque condition is [22]:

drT,
dy |Is = const
Ly — Lg’ = const

3 . .
= >pl} (L;“ - Lg’) cos2y) =0 (15)

where y denotes the current angle. Influenced by the
magnetic circuit nonlinear behavior, the flux linkages and

51286

inductances are functions of the stator current. From (5),
the derivative of torque with respect to the current angle is:

dT, 3 [dya. di dvyg, . dig
R e R L %
dy 2" | dy dy dy dy
According to (2), the derivative of stator flux linkages with
respect to the current angle is:

} (16)

d¥a _ adia | dyu diy
dy — dig dy = dig dy
dby _ 0y dia | Dy diy “”
dy dig dy dig dy

At given current and amplitude, the derivative of d-g axis
current with respect to the current angle is:

dig _ dlscos (y)

—1
d dy 4
dly, dlsing) as)
—_—= —— =]
dy dy ¢

Combining (4), (16), (17) and (18) yields the derivative of
torque with respect to the current angle as:

dT, 3 5, . .
d—; = Zpls (Lfi" - Lg’) cos (2y)
+ZpIS2 i il ’ ! i
+ (Ld - Lq> cos (2y) + 2Ly, sin (2y)
(19)
dT,
¢ =0 (20)
d'}/ y=yOont
where y°P! is the optimal current angle. Comparing (15)

and (19), it can be observed that the variations of the flux
linkages are the main factor for the deviation of the MTPA
operating point. As the excitation level increases, y°P* will
gradually increase [23], [24].

Ill. PROPOSED CONTROL SYSTEM

In order to achieve the current minimizing and improve tran-
sient response, an ANFTSMC-NDO speed tracking control
is proposed for the SynRM drive system. The control block
diagram of the proposed system is shown in Fig. 1, which
mainly includes the speed tracking, current regulators, opti-
mal current angle estimator and parameters estimator.

A. PROBLEM FORMULATION

Under the determined d-g axis current distribution relation-
ship, the dynamic model of SynRM is expressed as

B 3
Wy =——wy, + 2P 2

. N 1
o 6 s (Lsz* _ L:Iu*) sin (Zy*opt) _ 6TL

1)

The superscript with *x represents the reference value. Due
to the unknown or partly known physical quantities like
external disturbance, friction coefficient, inertia constant and

load in the actual control system, unmodeled dynamics are
present in (21). Besides, affected by temperature variation
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FIGURE 1. Control block diagram of ANFTSMC system.

and data fitting accuracy, there always exists an error between
the apparent inductance model and the actual apparent induc-
tance of SynRM. On these bases, a dynamic equation that
considers unmodeled dynamics and parameter perturbation
can be represented as:

Wy = — (ay + Aay) oy + (by + Aby) U* — (cu+Acy) T
= —aywy, — b U* —f (22)

The coefficient in (22) is defined as:

ut = 1*2
s
B
a, = 6
3[7 aix aix \ o opt
b, = 16 (Ld - L )sm (Zy ) (23)
1
Cy = 6
f = Aaywy + Abu* + (by + Ab,) T, fl<F

where U* denotes the square of the reference current vector

amplitude, and Ab, represents the parameter perturbation

under the combined action of inertia constant, apparent induc-

tance model error and optimal current angle fitting error. f

is defined as the total disturbance of the system, which is
assumed bounded, and F}, is a positive constant.

The speed tracking error and its derivative are defined as:

ey = — o

o — Wy m

’ (24)

Cp =W, — Wy

where ], represents the reference speed. Derivation of (24)
by combining (22) yields a dynamic equation as:

by = W, — Wy = @, + aywy — byu” +f (25)
ey = W, — Oy = O, — Ay + ayw,, —b,u™ +f
where

f = Aa,om + Abul:i* + (by + Aby) TL
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Rearrangement of (25) by taking e, and é, as the state
variables x1, x» gives
X =x

. . (26)
X2 = —ayX — buu* + fu

where
Ju= a):‘;, + aud);kn +f

where f, represents the total disturbance of speed error system
and |f,| < Fp. As in (26), the speed error dynamic system
is a typical second-order system with unmodeled dynamics.
Accordingly, the MTPA operating point tracking problem is
transformed into the stabilization problem of the speed error
dynamic system (26).

B. DESIGN OF AERL
The traditional exponential reaching law (TERL) [25] has
the defect of poor convergence performance under different
state variables [26], [27]. Besides, there are problems such
as banded switching surface, chattering near the origin and
insufficient reaching speed. Considering the rapidity of the
exponential arrival law when it is far away from the sliding
surface and the smoothness when the terminal attractor [28]
|s|% sgn(s) is close to the sliding surface, an adaptive-gain
reaching law, named AERL, is proposed as
ko o

TS eIl |s|” sgn(s)  (27)
where ||x|| denotes the norm of a state variable, ki, kp,
&> 0,0 < o < 1, and sgn(-) represents symbolic function.

According to (27), the adaptive-gain exponential reaching
law —ky (1 + € ||x||) s and the adaptive-gain terminal attractor
—%2”)(” |s|¥ sgn(s) regulate the convergence speed at differ-
ent stages away from and close to the system equilibrium
point, respectively. The gain variations of the two are in
opposite directions. When the system state is far from the
sliding surface, ||x| satisfies ||x|| > 1, thus

ki (14 ¢ llxll) > ki

ky
— Kk 28
14 ¢lx|l 2 28

§=—ki(I1+elxl)s—
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(28) shows that the proposed AERL convergence speed is
much greater than TERL. When the system state is close to
the sliding surface, |s| satisfies |s| < 1, thus

ko
1+ ¢ llx]l
(29) indicates that the proposed AERL is smoother when
approaching the sliding surface.
When the system state is infinitely close to zero, the pro-
posed AERL degenerates to a fixed parameter reaching law
with only smoothing effect:

Is1% < k2 (29)

§ = —kys — ko |s|* sgn(s) (30)

Particularly, if « = 1, (30) degenerates to TERL. There-
fore, TERL is a special case of AERL.

Theoreml: For the initial state determined sliding surface,
under the reaching law (27), the time from the initial state to
the sliding surface is finite.

Proof: Letting the initial value of sliding surface be
s(0) = t > 0, the general solution of (27) can be expressed
as
ko

sl = gemUmbielaly _ 2
ki (1+ellx)

(3D

where
C =501 +k2/k1 (1 + ¢ x>

Thus, the time from the initial state to the system equilib-
rium state can be expressed as

11—«
ki s (0)] ) 32

1
fy=——1In|1
’ kl(l—a)n<+ 2

It is clear from (32) that at given coefficient and initial
value, the time taken for the system state to converge to the
origin after reaching the sliding surface is finite.

C. ANFTSMC-NDO

For ANFTSMC, its design goals are to overcome the param-
eter perturbation and disturbances, as well as to improve the
system robustness while tracking the speed reference com-
mand. To further improve the dynamic response performance,
we propose a nonsingular terminal sliding mode control strat-

egy with AERL.
For system (26), the sliding surface is selected as:
1
s=x+ Eng‘f (33)

where >0, and p, g(p > ¢) are positive odd numbers and
satisfy 1< p/q <2.

Theorem?2: For system (26), the sliding surface (33) is
selected. Under the following control law, the system state
on the sliding surface will converge to zero in a finite time.

—auxy + ﬂgxzz_p/q + Dsgn(s)
it = p
ko

1
bu +ki (1-}-6‘||)C||)S+T”x||

Is|* sgn(s)
(34)
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where 8 >0, D >0 and p, g(p > ¢) are positive odd numbers
and satisfy 1<p/g<2.

Proof: To prove the stability of the proposed control
method, the Lyapunov function is selected:

v=s/2 (35)
Derivation and rearrangement are performed in the light of
Lyapunov stability theory by combining (34) to give:
V =s§
=g (xz + %Sg/q—%)
= %gx‘;/q‘l [s[fu = Dsgn] = ki (1 + & lix]) 8

ka a+1
_ 36
14+ ¢lx|] s (56)

(36) Owing to 1 < p/q < 2, thatis 0 < p/g-1 < 1. Because
B > 0, and p, g(p > q) are positive odd numbers, thus

1 _
Ll S0 £0 (37)
Baq
Thus
. k
V<—ki(+elxls® — ————s/**' <0 (38)
I+e|x|

When xp #0, the controller satisfies the Lyapunov stability
criterion, and the system will reach the sliding surface in finite
time.

When x, = 0, (34) is substituted into (26) to get:

. 2
X2 =fu—Dsgn(s) — ki (1 + ¢ [|x]|) s— Tre xl Is|* sgn(s)
(39
According to (39), x; satisfies:
. k o
X —s|*, s<0O
22 e
) ka «
Xp < ————1s|%, s>0 40
2 < 1+£||x|||| (40)

that is, x quickly decreases to negative when s >0 and
quickly increases to positive when s <0. Therefore, when
xp =0, s = 0 can achieve s = 0 in a finite time.

In order to compensate for the internal and external dis-
turbances present in the system by the control law (34),
estimation of f;, in the system (26) is necessary, to this end,
a nonlinear disturbance observer (NDO) is designed as:

fu=Z1+§x2

41
21 =—¢21 — ¢ (—awxs — byit* + £x2) @D

where fu denotes the estimated total disturbance, zo denotes
the internal state of NDO, and ¢ represents the parameter to be
designed. If f,, & 0, the estimated error of NDO is asymptoti-
cally stable, and a positive real number & can always be found
when the observer energy function is selected as Vo = egh / 2,
such that Vo < —Eegb [29]. By defining the upper bound of
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observation error as 8,5, > 0, the NDO-based ANFTSMC can
be derived through (34) combined with (41) as:

u
1 —ayxy + ﬂgxzz_p/q + fut
=7 k
bu | &y (14¢|x]) s + (Tﬁ:w |s|¥ +emax) sgn(s)

(42)

where ¢, denotes the maximum estimation error of NDO.
Thus, the Lyapunov function of closed-loop system with
NDO can be defined as:

e2 52
Vi=Vo+V="24+">0 (43)
2 2
The time derivative of equation (43) is obtained:
Vi=Vo+V (44)
In the closed-loop system, (36) can be rewritten as
o 1p plg—
V = ——Xp q
Bq?
2 ka a+1
x |\ =kt (I+e llx])) 87 = ———[s]""" — Gop |s| + seop
14¢ ||x]]
(45)
Substituting Vo < —& 6(2;}; and (45) into (37) yields:
. 1 _
Vv, < _Ijxg/q 1
Baq
1Y 2 ka 1 2
X <— (k] (I+¢lx|) — E)S — m 5|2t —&eyy
(46)

As shown in (46), when k; > %, VS <0 holds. (46) also
suggests that in the scenario where the estimated total distur-
bance f,, of speed error system is obtained using NDO (41),
the ANFTSMC can make the speed tracking error approach
zero in a finite time by selecting the appropriate parameters.

Therefore, from (41) and (42), the reference current ampli-
tude of the ANFTSMC-NDO control system can be expressed
as

2 22— 7
—ayey + ﬂ%ew Pl + fu
_ /t 1| +k (1+8‘e(2,)+é§)‘>s &
0

u
(151 o+ e ) s05)
1+s‘e3,+ei‘
(47)

In view of the accurate modeling of flux linkages, induc-
tance and optimal current angle that takes the nonlinearity
of magnetic circuit into consideration, the motor and control
parameters required by the minimum copper loss control
system can be calculated online merely by the present sam-
pled current value. Based on real-time parameter calculations,
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FIGURE 2. The derivative of torque with respect to the current angle at a
given current amplitude.

the ANFTSMC-NDO compensates for unmodeled dynamics
and parameter perturbation, and determines the set current
amplitude /. The input of current loop is determined accord-
ing to the set current amplitude output by ANFTSMC-NDO
and the optimal current angle model. In addition, the decou-
pling of current controller is also accomplished based on the
online calculation of nonlinear flux linkages.

D. OPTIMAL CURRENT ANGLE ESTIMATOR

As revealed by the comparison between (15) and (20), mag-
netic circuit nonlinear behaviors lead to a change in MTPA
operating point. Without considering the effect of nonlin-
ear behavior, the apparent inductance is equal to the incre-
mental inductance, and the expressions for (15) and (20)
are identical. That is, (15) is a special case of (20) when
SynRM is not saturated. As shown in Fig. 2, the relation-
ship between torque and current angle can be expressed
more intuitively after incorporating the FEA results into
(19) and (20).

It can be observed in Fig. 2 that the current amplitude and
the optimal angle have a mapping relationship. Influenced
by the nonlinear magnetic behavior, the analytical form of
optimal current angle cannot be derived from (20). The rela-
tionship between stator current amplitude and optimal current
angle is obtained through polynomial fitting by utilizing the
data at the lowest point of curved surface in Fig.2. The fitting
results are as follows:

yPl = —0.0004617 4 0.0276712+0.02077I; + 45 (48)

where y°P! denotes the optimal current angle corresponding
to a given current amplitude /.

E. PARAMETERS ESTIMATOR
In the ANFTSMC-NDO system, the input parameters are
calculated in real time based on (13) and (14). To this end,
FEA for the tested 2-kw prototype is performed. Fig. 3 depicts
the nonlinear flux linkages obtained based on the FEA results.
As shown in Fig.3, the d-axis flux linkage changes nonlin-
early with the d-axis current, whose curve is bent markedly at
d-axis currents exceeding 10 A influenced by the saturation
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FIGURE 3. Nonlinear flux linkages of the prototype SynRM.

TABLE 1. Identified model parameters.

self-saturation coefficients cross-saturation coefficients

as  0.0615 0y 0.0071 k 0.0216

pa 0.0013 Ba 0.00078 w 0.0020

ya  0.1498 Vq 1.0321 V 0.2633

v, 0.0057

Kq 0.0758

TABLE 2. Parameters of SynRM prototype.
Parameters Values Parameters Values

Rated Power (kw) 2 Rated Voltage (V) 42
Rated Speed (r'min™") 1500 Rated Current (A) 35
Rated Torque (N-m) 12.7 Number of pole pairs 2

Stator resistance (£2) 0.3 Moment of inertia (kg-m) 0.025

of magnetic circuit. Due to the influence of cross-coupling,
the d-axis flux linkage also exhibits a slight decrease with
increase in the g-axis current. The g-axis flux linkage
also shows similar trends, which is affected more by the
cross-coupling than the magnetic circuit saturation. Taking
the FEA in Fig.3 as the reference data, the parameters in
the model (12) are identified. Tab. 1 details the identification
results.

IV. EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed
ANFTSMC-NDO algorithm in practical application, an exper-
imental benchmark is established based on a SynRM pro-
totype. The experimental benchmark including a dspace
(ds1202), interface circuit board, SynRM, VSI drive,
dc power supply, oscilloscope, torque sensor, load and its
drive system, and personal computer is shown in Fig. 4.
The basic parameters of the SynRM are shown in Table. 2
The tested SynRM is driven by a current-controlled VSI. The
switching frequency of VSI is 10 kHz, and the dead-time is
set to be 3.2 us. The de-link voltage of the VSI is set at 72 V
and is provided by the dc power supply.

The design objective of the system is to track vari-
ous reference commands robustly with the novel proposed
ANFTSMC-NDO method. The speed response experiment
under a constant load and the load experiment under a con-
stant speed were implemented. The performance of the pro-
posed ANFTSMC-NDO method and NTSMC method are
compared in two experiments. The two types of experiments
are named Experiment I and Experiment II respectively.
In Experiment I, the speed step responses experiment results
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FIGURE 4. Experimental platform of SynRM prototype: (a) PC with
software of dSPACE ControlDesk; (b) Torquemeter; (c) 9 kW DC power
supply; (d) MicroLabBox dSPACE ds1202; (e) Customized three-phase
inverter; (f) Oscilloscope; (g) 2-kW SynRM prototype with resolver;
(h) Torque sensor; () Hysteresis brake.
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FIGURE 6. Experiment I, speed step responses.

are shown in Fig. 5 and Fig. 6. In Experiment II, the exper-
imental results of the dynamic response during the loading
process are shown in Figs. 7-9. To evaluate the performance
of the two methods, the speed tracking error e, the maximum
speed tracking error Spax, the average speed tracking error
Sav, and the standard deviation of speed tracking error are
defined as [30]:

ew (1) = wy, (n) — wy (n) 49)

Smax = n}ax (lew (M) (50)
n

S, = Zn:1t|ew ()] (51)
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TABLE 4. Scheme description of experiment II.
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FIGURE 8. Speed tracking in case 2. (a) Speed response comparison.
(b) Speed tracking error comparison.

TABLE 3. Comparison of the speed responses time.

Speed command (rpm)  Load torque (Nm)  Loading time (s)
Casel 500 1—3N 1.3
Case2 500 37N 1.2
Case3 1000 1-3N 1.6
Case4 1000 3—7N 0.8

Proposed NTSMC
0—300 rpm 0.221s 0.291s
300 rpm—600 rpm 0.225s 0.296s
600 rpm—900 rpm 0.228s 0.299s
900 rpm—1200 rpm 0.232s 0.333s
Average time 0.227s 0.305s
standard deviation 0.004s 0.017s
1
M:JZmew—mﬁ )
n

where 1, is the total number of iterations.

Fig. 5 compares the response performance of the proposed
ANFTSMC-NDO method and NTSMC method during the
ascent of the reference speed from O rpm to 1200 rpm with
300 rpm as the step. Compared with the NTSMC, the pro-
posed method spends less time to reach the step speed com-
mand during the ascending process.
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Compared with NTSMC, the proposed method takes less
time to reach the step speed command during the ascending
process. In the steady state, the speed pulsation of the pro-
posed method is smaller. The speed adjustment time during
the experiment is compared in Table 3. In terms of average
adjustment time, the proposed algorithm is 25.7% less than
NTSMC. It can be seen from the comparison of the standard
deviation of the adjustment time that the proposed algorithm
has better robustness under the same step reference speed.

Fig. 6 shows the comparison of the step response when
the 800rpm acceleration command is received. As shown
in this Fig, when the speed command is given, the pro-
posed ANFTSMC-NDO method spends less time to reach
the command speed than NTSMC method. In steady state,
the proposed method has less speed chattering.

In experiment II, sudden loads at constant speed are imple-
mented to further verify the control performance under differ-
ent loads. The experiment is divided into four cases, the load
torque of two grades is suddenly applied under the reference
speed command 500 rpm and 1000 rpm respectively. The
scheme of experiment II is summarized in Table 4.

The experimental results of Casel to Case4 are shown
in Fig. 7 to Fig. 10. Under the 500 rpm reference speed
command, the speed adjustment performance during the load-
ing process is shown in Fig. 7(a), and Fig. 7(b) shows the
comparison of the tracking error during the speed adjustment
process. The results of other experiments are presented in a
similar way to Case 1. In order to facilitate statistical analysis,
the time spent in the four experiments is 4s.
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In terms of dynamic response, the adjustment time of the
proposed method is: 0.33s in case 1, 0.34s in case 2, 0.36s
in case 3, and 0.39s in case 4, as shown in Fig. 7 to Fig. 10.
The adjustment time spent by the NTSMC method in the four
cases exceeds the time spent in the proposed method under the
same conditions. From the experimental results, it can be intu-
itively observed that the proposed ANFTSMC-NDO method
is better than NTSMC in dynamic performance. To further
evaluate the control performance of the two methods. Accord-
ing to (50)-(52), the speed tracking error of the experimental
results of the four cases are analyzed. The performance eval-
uation results of the two control methods based on the speed
tracking error measurement are shown in Fig. 11.

As shown in Fig. 11, because the proposed ANFTSMC-
NDO method has a powerful total disturbance compensation
capability, its maximum tracking error is lower than the
NTSM method in all four cases. On the other hand, in the
comparison of the average tracking error and the standard
deviation, the proposed ANFTSMC-NDO method is better
than the NTSMC method. In other words, the A method has
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smaller speed pulsation during adjustment process and in
steady state. Fig. 12 shows the torque curve of the proposed
ANFTSMC-NDO method and the NTSMC method when the
system is loaded at 2s. In steady state, the ANFTSMC-NDO
method had less chattering than that of NTSMC scheme.

Based on the above experimental results, the proposed
method has more satisfactory comprehensive performance
than NTSMC. By using the proposed AERL, the steady-state
velocity pulsation is significantly improved. In addition,
the proposed method has ideal adjustment time and speed
tracking capabilities during the loading process.

V. CONCLUSION

In this article, a novel control design based on ANFTSMC-
NDO is proposed for the SynRM drive system. A non-
singular sliding mode control law with adaptive gain arrival
law and nonlinear disturbance observer has been developed
to adjust the lumped uncertainty online to generate current
loop commands. In addition, the time-varying parameters
and controller parameters of SynRM are estimated online by
the proposed analytical magnetic model. By implementing
tracking experiments on different speed reference trajectories
and different load conditions, the proposed ANFTSMC-NDO
control scheme shows satisfactory speed control performance
and robustness.
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