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Iterative Learning Observer-Based Composite SOSM

Control for PMSM Speed Regulation Problem
With Mismatched Disturbances

Chang Cheng ", Lu Liu

Abstract—Aiming at the speed regulation problem of the perma-
nent magnet synchronous motor (PMSM) in the presence of torque
ripple and external disturbance, a composite control algorithm is
proposed by combining an iterative learning control based on dis-
turbance observer (ILC-DOB) with a second-order sliding-mode
(SOSM) control scheme, which can improve the robustness and the
ability of torque ripple suppression for the PMSM speed regulation
system. First, the mathematical model of the PMSM is constructed
and then transformed into an SOSM dynamics with mismatched
disturbance. Second, a novel ILC-DOB is introduced to estimate
the mismatched disturbance containing periodic torque ripple.
Finally, a composite SOSM control algorithm with state feedback
and feedforward compensation is constructed. Consequently, the
robustness of the PMSSM system is improved, and the torque ripple
is also minimized. On this basis, the performance of the PMSM
speed regulation system is improved. Through experimental re-
sults, the effectiveness of the proposed composite control algorithm
is verified.

Index Terms—Disturbance observer, iterative learning control
(ILC), mismatched disturbance, permanent magnet synchronous
motor (PMSM), second-order sliding mode (SOSM).

I. INTRODUCTION

OLLOWING the development of power electronics tech-
F nology [1], [2], the permanent magnet synchronous motor
(PMSM) has become the core power unit in aerospace, rail
transportation, new energy, and other fields due to its remarkable
advantages, such as high power density, high torque density,
and wide speed regulation range [3], [4]. Generally speaking,
the magnetic field-oriented control (FOC) is widely used in
the PMSM system for its high control efficiency and control
accuracy, which is structured as a series control structure with
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a speed loop and two current loops, where the conventional PI
control technique is still popular because of its simple imple-
mentation [5]. Unfortunately, the actual PMSM system contains
massive internal or external disturbance and uncertainty [6], [7],
which usually consists of torque ripple, unmodeled dynamic,
parameter variation, frictional force, load disturbance, etc. Un-
der these circumstances, the traditional linear control methods
represented by PI control are difficult to possess satisfactory
robustness.

To this end, several nonlinear control methods are employed in
the PMSM to improve its steady-state and transient performance,
such as feedback linearization control (FLC) [8], [9], deadbeat
control [10], [11], model predictive control (MPC) [12], [13],
fuzzy logic control [14], [15], neural network control [16], and
sliding-mode control (SMC) [17], [18]. Among them, the FLC
scheme has satisfactory speed tracking performance without
parameter variation of the PMSM model [8], [9]. However, it
cannot keep acceptable transient performance since its fixed gain
cannot vary with the change of working conditions. Next, the
deadbeat control can realize the tracking goal without overshoot-
ing and the fast dynamic response of the system [10], [11], while
it requires high precision of the PMSM mathematical model. In
addition, the MPC method is simple in the design process and
can deal with various constraints on spatial state variables [12],
[13], however, it not only requires high model accuracy but
also is computationally intensive to solve optimization prob-
lems. It is obvious that all the abovementioned three nonlinear
control methods require an accurate system model to overcome
parameter variation problems. On the contrary, the fuzzy logic
control can handle the uncertainties and nonlinearities of the
PMSM system without an accurate mathematical model [14],
[15], while the rough fuzzy rules will degrade steady-state and
dynamic performance. In [16], the neural network control is uti-
lized to approximate complex nonlinear relationships for strong
robustness and fault tolerance. However, there are several crucial
issues such as training set problem, normalization, and compu-
tational burden need to be further addressed. Compared with the
abovementioned control strategies, the SMC method has been
receiving widespread attention due to its insensitivity to model
error, parameter variation, and external disturbance. Therefore,
it has been successfully applied to the PMSM system [17], [18].
Unfortunately, the SMC has two shortcomings. First, the chatter-
ing problem caused by discontinuous high-frequency switching
signals affects the control performance of the system. Second,
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the traditional first-order SMC can only be applied to the systems
with a relative degree of one.

To address the aforementioned disadvantages, the concept
of high-order sliding mode was systematically introduced for
the first time in [19], where the relative order limitation and
the chattering problem are solved without losing the strong
robustness of the traditional SMC method [20]. On this basis,
various second-order sliding-mode (SOSM) algorithms have
been proposed and applied to the PMSM system in recent
decades [21], such as twisting algorithm [22], suboptimal al-
gorithm [23], super-twisting algorithm [24], quasi-continuous
algorithm [25], and relay polynomial algorithm [26]. Among
these algorithms, the relay polynomial algorithm gives a more
concise structure to construct the SOSM controller with the help
of the backstepping-like technique [27].

It should be pointed out that the concept of mismatched
terms can be introduced in the relay polynomial algorithm,
while the traditional SOSM dynamics is obtained by taking the
second-order derivative directly on the sliding variable. Obvi-
ously, the traditional SOSM method brings all the information
of the system into the control channel, where the uncertainties
are significantly increased [28], [29]. Therefore, introducing a
mismatched uncertainty term could effectively reduce the uncer-
tainties in the control channel. In this situation, the uncertainties
can be suppressed with a lower control gain, which results in the
chattering problem being weakened [30]. Moreover, in the actual
PMSM system, there are often some external disturbances in
the mismatched channel, which cannot be handled by the relay
polynomial algorithm directly. Based on this, the disturbance
observation (DOB) technique is considered to deal with the
nonvanishing mismatched disturbance.

The DOB technique has been widely applied in the speed reg-
ulation problem of the PMSM to accurately estimate and com-
pensate for disturbance [31]. In [32], an improved robustness
observer was applied to enhance the PMSM system robustness.
Moreover, an extended-state observer was used to estimate the
lumped disturbance in the absence of exact information on the
speed loop [33]. It should be noted that the estimated values of
the abovementioned DOB are time-varying. This means that the
periodic torque ripple of the PMSM system during operation
could not be exactly estimated since it varies periodically with
the rotor position [34], which will degrade the drive performance
of the PMSM system, particularly at a low speed. To enhance the
observation capability of the DOB for periodic disturbance, an
iterative learning control based on high-gain DOB (ILC-DOB)
was proposed in [35]. The iterative learning control (ILC) is a
data-driven control method that can optimize the control signal
of the current iteration cycle by learning information from the
previous iteration cycle continuously [36]. In addition, the ILC
and SMC are combined to minimize the torque ripple of the
PMSM [37]. In [38], an improved iterative learning direct torque
control is proposed for torque ripple minimization. In [39], an
innovative ILC law is used to reduce the steady-state error caused
by aload disturbance torque. Consequently, the ILC has an ideal
suppression capability for the periodic torque ripple.

Inspired by the abovementioned discussion, for the speed
regulation problem of the PMSM system, an iterative learning
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observer-based composite SOSM algorithm is proposed in the
absence of the ripple. First, the relay polynomial algorithm is
adopted for the controller design of the PMSM system with
mismatched disturbance. Second, a novel ILC-DOB is intro-
duced to improve the suppression capability of the DOB for the
torque ripple. Finally, a novel composite SOSM control is con-
structed by combining the ILC-DOB with the relay polynomial
algorithm, which can duly handle the ripple problem and then
weaken the chattering problem. The main contributions of this
article mainly include the following.

1) Different from the traditional SOSM controller design
method, a composite SOSM controller for the PMSM sys-
tem is designed by combining a simpler relay polynomial
algorithm with the DOB technique.

2) Compared with the traditional SOSM algorithm, the pro-
posed composite SOSM algorithm can deal with the mis-
matched disturbance, which reduces the chattering prob-
lem and also ensures the robustness.

3) Distinguished from the traditional DOB, a new ILC-DOB
is introduced to minimize the periodic torque ripple of the
PMSM.

The rest of this article is organized as follows. In Section II, the
mathematical model of the PMSM is given and the components
of the torque ripple are analyzed. In Section III, the mathematical
model of the PMSM is first transformed into SOSM dynamics
with mismatched disturbance. Next, a novel ILC-DOB is de-
signed based on the SOSM system. Finally, a composite SOSM
controller is designed and its stability is analyzed. In Section IV,
the experiments are conducted to verify the proposed control
method. Finally, Section V concludes this article.

Throughout this article, | z]* denotes |z|® sign(x) witha > 0.

II. SYSTEM MODELING AND ANALYSIS OF TORQUE RIPPLES

The mathematical model of the surface-mounted PMSM is
established, on the basis of which the torque ripple analysis is
carried out.

A. Mathematical Model of PMSM

For the simplicity of analysis, the saturations of iron core,
eddy current, and hysteresis loss are ignored. The voltage equa-
tions for the stator dq axis of the PMSM in synchronous rotating
coordinate systems can be formulated as

. di . (1
Ug = R’Lq + Lqﬁ + pnde'Ld + pnwd’f

{ud = Rig+ Ld% — pnquiq
where u4 and u, are the stator voltages of the dq axis, i and i, are
the stator currents of the dq axis, Lq and L, are the inductances
of the dq axis, R is the stator resistance, p,, is the number of
pole pairs, w is the mechanical angular velocity, and 9 is
the rotor flux linkage. It should be further considered that the
surface-mounted PMSM with a salient rate of one, which implies
Lq=L,.

The FOC scheme is adopted for the PMSM system, which
means that the d-axis current should be zero. The dynamic
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equation of the motor can be formulated as

dw
J—=T.—Bw—-T 2
7 w—T}, (2)
where J is the inertia, B is the frictional coefficient, 77, is the
load torque, 7T+ is the electromagnetic torque, which is expressed
as

T, = ipnzq [Zd (Ld - Lq) + 1bf] = §pn"/}fzq~ (3)

B. Analysis of Torque Ripples

In the presence of torque ripples during PMSM operation, the
electromagnetic torque (3) can be rewritten as

3 oo
Te = Spn |5+ we1cos (610:) | - (ia + iz +1ig) + T
=1

“

where v and 1), are the rotor PM flux linkage and 6 /th-order
harmonic amplitude, 6. is the electrical angle of the PMSM,
11 and iy denote the current measurement errors generated by
current offset and scaling separately, and 7. denotes the cogging
torque. Generally speaking, the torque ripple is generated by
flux harmonic, cogging torque, and current measurement error,
which will cause the speed fluctuation, noise, and mechanical
vibration in the motor [34]. According to the abovementioned
analysis, the torque ripples in (4) could be expressed as

i1 = %\/Azg + Aif + Aig Ay - cos (0 + €)
iy = % (%) [cos (QHe + %) + 0.5] (5)
T(: = Zloil Tcl sin (lCminge)

where Ai, and Aiy are the dc offsets of a-phase and b-phase
stator current detection, £ is a constant angular associated with
Aig and Aip, I denotes the amplitude of the phase current,
fa and fp are the scaling factors of i, and ¢, T¢; denotes the
harmonic amplitude of the /th cogging torque, and C\,;,, denotes
the smallest common multiple within the number of the PMSM
cogging and pole pairs.

Obviously, it can be known from (4) that the flux harmonic
is mainly composed of the sixth and 12th periodic harmonics
generated by the nonsinusoidal magnetic chain distribution.
According to (5), the current offset error could generate torque
oscillation at the fundamental frequency, and the current scaling
error will generate torque oscillation at twice the fundamental
frequency.

Consequently, the electromagnetic torque consists primarily
of the dc component as well as the first, second, sixth, and 12th
harmonic components, and the torque ripple varies periodically
during the running of the motor. Therefore, (4) can be simplified
as

3 , 3 R .
T. = Sputbyiq + T = 5Puthsiq + le T cos (i — 1)

(6)
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where T}, denotes the torque ripple, Tt and ; are the amplitude
and phase angular of the harmonic component, and [th denotes
the harmonic order.

Remark 1: At the high operating speed of the PMSM, the
torque ripple is naturally filtered off by the rotor or load inertias
to some extent, and thus, the torque ripple is less than that at the
low operating speed [37].

Therefore, the goal of this article is to construct a proper
controller such that the dynamic performance of PMSM speed
regulation system (2) can be improved in the absence of the
torque ripple.

In this article, three practical lemmas are presented as essential
instruments for stability analysis.

Lemma 1: If a > 0 and 0 < b < 1, then the following in-
equality holds for Vz; € R", x5 € R", |[21]%° — |22]%°| <
210 | 2,10 — [25]°".

Lemma 2: If a, b, and c are positive real numbers, then the fol-
lowing inequality holds for Vz; € R", x5 € R™, |x1|%|xs]® <
a%rl)c|x1|“+b + %%c_%|x2|“+b.

Lemma 3: If the real number 0 < ¢ < 1, then the following
inequality holds for Va; € R" withi =1,...,n, (Jz1| + - +
|2n])¢ < ||+ - + |l

III. DESIGN OF ILC-DOB AND COMPOSITE SOSM
CONTROLLER

For the design of the speed loop control under the FOC
framework of the PMSM, the conventional SMC method pro-
vides satisfactory control performance. However, the chatter-
ing problem caused by discontinuous high-frequency switching
signals is an inherent problem. To this end, the SOSM control
method is used in this article. Furthermore, the mismatched
term and mismatched disturbance are introduced to decrease the
uncertainties in the control channel. Especially, due to the fact
that the torque ripple is contained in the mismatched disturbance,
the composite SOSM controller together with the ILC-DOB is
designed.

A. SOSM System and Assumption

For the speed loop control design of the PMSM, one can set
w* as the reference rotor angular velocity. After that, the speed
error is defined as the sliding variable s; = w — w*. Taking the
derivative of sliding variable s; with PMSM system (2) and
electromagnetic torque (6) in mind, one has
o 3pn"r/)f i 1

1= 757 q_j(TL‘FBUJ—Ttr)=82+<,0(81)—|—d(t)
(N

3 .. . g .
where sy = p;ff iq is a new sliding variable, p(s1) = —?sl

denotes the mismatched term, and d(t) = —+ (T, + Bw* —
T;-) represents the mismatched disturbance. Among them,
©(s1) and d(t) fulfil the following assumption.

Assumption 1: One can find a positive function p(s;) and a
positive constant D such that

(1)l < p(s)lsil?, |d()] < D. ®)
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Iterative Learning

ps+1

$ =8 +as +d
~ S

Fig. 1. Block diagram of the ILC-DOB.

Consequently, the sliding variables of the PMSM system are
expressed as
3pn¢f .
7 9)
According to the definition of sliding variables (9), PMSM sys-

tem (2) can be transformed into the following SOSM dynamics
with mismatched term and mismatched disturbance:

s1=w—w", s =

$1 =82+ asy +d(t),s2 = g(t,x)u (10)

B 3pn
where a = — 7, g(t, ) = =552

satisfies |g(t, )| > gm (gm is
a positive constant), and u = iq.

Therefore, the control problem for PMSM speed regulation
system (2) is transformed into the stability problem for SOSM

dynamics (10).

B. Design of ILC-DOB

In order to estimate the abovementioned mismatched distur-
bance, a novel ILC-DOB is introduced here [35]. The principle
diagram of the ILC-DOB is depicted in Fig. 1.

The design steps are as follows. First, a high-gain DOB is de-
signed to estimate the nonperiodic mismatched disturbance. Af-
ter that, the high-gain DOB and the iterative learning technique
are integrated to construct the ILC-DOB to further estimate the
periodic torque ripple.

With the help of SOSM dynamics (10), one can construct a
high-gain DOB as
{%152+a:§1+d (11)

d=K (81 — §1)

where 51, d represent the estimated values of sliding variable and
mismatched disturbance, respectively, and K denotes a positive
constant. For convenience of expression, d is used to represent
d(t) in the following.

Lemma 4: If the DOB is designed as (11) and the constant
gain K is chosen big enough, the observed value d will converge
to the mismatched disturbance d.

Proof: The proof of Lemma 4 is similar to that of [35, Th. 1].
For simplicity, the proof is omitted here. |

It is worth noting that d contains periodically varying torque
ripple 7%, which cannot be accurately estimated by the time-
varying high-gain DOB (11). To suppress the periodic torque
ripple, the ILC is applied to the high-gain DOB, which is
a data-based error correction algorithm that enhances the
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suppression capability of the system for the periodic disturbance
by learning error information from the previous iteration. The
current-iterative learning algorithm [36] is formulated as

ui(t) = (1 —n)uj—1(t) + qe;(t)

where u;(t) represents the learning term result of jth iteration
that is stored in the memory for the next iteration, j denotes
the iterative number, e;(¢) denotes the error signal of the jth
iteration, ) denotes the forgetting factor that is able to attenuate
the accumulated effect of aperiodic disturbances, and ¢ denotes
the learning gain that influences the tracking accuracy and
convergence rate of the ILC.

By combining high-gain DOB (11) with ILC (12), the ILC-
DOB is constructed as follows:

12)

élj = ng + a§1j + Cij
ej =1 =n)ej1+q(s1;— 1))

dj =K€j

13)

where s1; and 51 are sliding variable s; and estimated sliding
variable s; of jth iteration, so; and Cij are sliding variable so
and estimated disturbance of jth iteration, e; and e;_; denote
the estimated error of sliding variable s; of the jthand (j — 1)th
iteration, separately. It should be noted that the iterative cycle
T (i.e., the time interval between e; and e;_1) is chosen as the
fundamental period of torque ripple, which is expressed as T' =
27

" Lemma 5: For SOSM dynamics (10), if the ILC-DOB is
designed as (13), the observed value a?j will converge to the
disturbance d;.

Proof: The proof is performed on the iterative domain, which
is the discrete form. One should first define a Lyapunov function
E; at jth iteration as

E; =V ;+ Vo, (14)

where Vi, = 32 [0 DTDdr,  D;=d; —dj,

1 a2
(815 — 815)°.

Then, the difference of V; ; between two sequent iterations
AV j = Vi 5 — Vi j-1 is expressed as follows:

Vaj =

1 t
AV = 267(/0 (D] D; — D | D; y)dr

oo [ (G- 0) [2 (4= &) +dy ] ar

t n t
= — / Dj (slj — élj) dr + */ Dj@jfld’r
0 q.Jo

_ 2qLK /Ot (JJ - cij_l)QdT.

The difference of V5 ; between two sequent iterations AV, ; =
Va,j — Va1 is expressed as follows:
1

AVzj =35 (s — 815)% — Vo

15)

t
= / (515 — 815) [a(s1; — 815) + Dyl dr — Va4
0
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t
§1j)d7’+a/ (Slj —§1j)2d7'
0

t
= / Dj (s1; —
0
1

— 5 (15 = 815)” (16)

Thus, one can obtain

AEj = AVL]- + AVQ,]‘

| AN 1
= Tk, (dj—dj—l) dr — (SI(J H=d1G)’

2qK
t ) n [t
+ a/ (Slj — §1j) dr + - Djej,ldT. (17)
0 q.Jo

Considering that a = —% < 0, and g is relatively small, (17)

can be rewritten as
AE; <0 (18)
which is negative definite, this implies that the observed error of
disturbance d; will converge to zero asymptotically. |

Remark 2: Regarding the selection of the control gain K,
increasing K will reduce the observation error and phase lag,
while the interference of high-frequency noise to the system will
increase, which in turn damages the control performance [35].
Therefore, the principle of choosing K is to raise K beginning
with a small constant, until the balance between estimation
accuracy and noise is satisfied. Considering the selection of the
forgetting factor 7, the smaller it is, the better the suppressed
effect of the ILC-DOB for periodic torque ripple, but the cumu-
lative impact of aperiodic disturbance is greater, so the forgetting
factor 7 is not suitable for taking too small. For the learning gain
q, a larger learning gain will accelerate the convergence speed
of the ILC, while it will reduce the error convergence accuracy
of the ILC.

C. Design of the Composite SOSM Controller

According to Lemma 5, the estimated disturbance ch will
converge to d;, that is, SOSM dynamics (10) can be further
rewritten as

$1 =89 +as; + cij, $9 = g(t, x)u. (19)

Obviously, if a controller can be designed to stabilize SOSM
dynamics (19), it can also stabilize SOSM dynamics (10). On
this basis, the following theorem can be given.

Theorem 1: For SOSM dynamics (19) satisfying Assump-
tion 1, there is a positive constant o > ﬁ%, which enables
the following composite SOSM controller u to realize SOSM
s1 = §1 = 0 in finite time

u = —a - sign (LSQ + (ZﬂQ + le> .

Proof: With the help of the adding a power integrator method,
the proof is carried out in two steps.

Step 1: Select the Lyapunov candidate function as

2

5
— 2
5 |51‘ .

(20)

Vi(s1) =
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According to Assumption 1, the derivative of Vj(s;) along
SOSM dynamics (19) can be obtained as

%Vl (s1) = [s1]3 (52 +as) +d; )
< Ls1]* (52— s3) + Lsa] %53
o)’ + a1t @D
where s5 is a virtual controller designed as
sy =—B7s1]* —d; (22)

with 3% > p(s1) + Bo, Bo > 0. Substituting virtual controller
(22) into inequality (21) yields

EVa(s1) < — fost + o113
Step 2: Choose the Lyapunov function as

Va(s1,82) =Wy (sl) + W (s1, 52)
fsz ||k |551%12dk, 55 = s + d; and
5 =s5+ dj. Taking the derlvatlve of V5(s1, §2) along SOSM
dynamics (19) can be obtained as

(s2— s3). (23)

where W (s1, 52)

d - ow (81,52) . ow (81,82)
dtVQ (s1,52) = tV1 (s1) + EP S1 95, S2
< — fost+ [s1]% (52— s5)
OW (s1,592) . .
- %sl +1¢1%, 24)
$1

where ( = [52]2 — | 53]2. Next, the terms on the right-hand side
of inequality (24) need to be estimated.

First of all, notice that |sy — s5| = |52 — 55| = |52
55122 |. By using Lemma 1, it is obtained that

"2><%

31
[51]% (52— s3) <22 |s1|7 [¢]2 (25)
Then, applying Lemma 2 to (25) produces
: 1 (3 1
Lsﬂ% (s —s5) <22 fcs% + =3¢
4 4
1 2
< 005t +m¢ (26)
1
where 2%%c = 1Bo, c= 'ﬂ"l ,and vy, = 2%%( ﬁoz )3,
Second, it can be calculated that
OW (s1,3 |5572
M | <205 — 55[C] 21 1. 27)
881
Applying Lemma 1 to (27) can obtain
ow 3 | 0]55]2
(817 82) S 2% K—'é LSQ-I $1l. (28)
0s1 0s1

Due to 55 = s5 + d;, putting virtual controller (22) into 5%
obtains
0551
881

=—p. (29)
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In addition, with $; = 52 + as; in mind, it can be obtained by
using Lemma 3 and Assumption 1 that

182 +as1] < [C17 + 8% [s1]7 + p(s1)|s1]7. (30)
Integrating (29) and (30) results in
0|52 . 1 1
R B e AR T CR Y
1

where v2(s1) = B2 + Bp(s1). Plugging (31) into (28) obtains
‘ ow (81, 52) .
—— b7
881
Using Lemma 2 again, (32) can be further expanded as
ow (81, 52)
851

IN

23 C|% vy (s1) 31| +2381C12. (32)

3 1
$11 <2295 (s1) - 161 352

3 3 3
+ 227, (s1) - chcz +228¢%. (33)

Let 2%’)/2(81) . ic;g) = iﬂo, and ’}/3(81) = 2%’)/2(31) . %Cl +

2% 5, then (33) can be rewritten as

oW (s1,382) . 1
‘%sl‘ < Jost+r() (Y
Finally, substituting (26) and (34) into (24) yields
d 1
V2 (s1,82) < — 55053 + 71 + 73 (s1) ¢
+ 1¢12 gt @yu+ dy] (35)

By Assumption 1, it is obvious that |d; ()| < D. Therefore, the
controller v can be designed as

u = —a«-sign(¢) (36)
. =01
where o > Dﬂﬁ;—w. Putting controller (36) into (35)
yields
d = Bo 2 2
prL (51,32)§—5(sl+< )- (37)
With the help of Lemma 3, one can get
5 5 % 5|5 5 % 2 2
(s +[c3])" < [si] + |3 =st+c2 @9
Combining (37) with (38) yields
d _ Bo = 5 $
E‘@(Sl,sz)ﬁ—?(Sf +1¢2 ) . (39

According to the definition of function W (s1, 82), it follows that

/ K]? — 551712k < 22 [¢|F .

5
2

(40)

Thus, integrating the definition of function Vi(s1) and (40)
yields

Va(s1,5) <2 (Jsal? +1¢17) . (1)
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Fig. 2. Control diagram of PMSM system.
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Fig. 3. Experimental platform.

Plugging (41) into (39) results in

4

Dr(snm) <2800 Vi (s). @)

Obviously, controller (36) is the same as composite SOSM
controller (20). According to the finite-time Lyapunov the-
ory [29], SOSM dynamics (19) can be finite-time stabilized
under controller (20). That means SOSM dynamics (10) also
be finite-time stabilized under controller (20). [ |

Remark 3: It can be seen that the parameter (5 is related
to almost all other parameters, because we have employed a
backstepping-like method to deal with the control law design
for the considered system. Moreover, the control parameters
will increase significantly with the size of the system due to
the nature of the backstepping method. Therefore, according to
the virtual controller (22), a very small 3 and a proper « can be
chosen first, so that the sliding variable s; can be driven to zero.
On this basis, the best performance of the closed-loop system
can be obtained by turning the parameter 5 from small to large.

Accordingly, the principle diagram of the PMSM system
under SOSM controller with ILC-DOB (20) is depicted in Fig. 2.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

For the purpose of verifying the performance of the proposed
composite SOSM control method, the comparative experiment
is carried out on the 1.5 kW three-phase PMSM experimental
platform, which is shown in Fig. 3. The platform adopts a
three-phase motor with the model of 130ST-M10015 and an
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TABLE I
KEY PARAMETERS OF THE PMSM PLATFORM

Parameter Unit Value
Rated speed S r/min 1500
Rated phase current I A 6
Stator inductance L g mH 4.37
Number of poles pr, - 4
Rated power P kW 1.5
Flux linkage ¢ ¢ wb 0.142
Rated torque 77 N/m 10
Stator resistance Rg Q 1.5
Moment of inertia .J kg/m? | 0.00194

RTU-BOX204 real-time digital controller. The values of the
parameters are shown in Table I.

To have a clearer comparison, the conventional SMC, the
SOSM control, the SOSM control with high-gain DOB, and
the proposed SOSM control with ILC-DOB are applied to the
PMSM system. They are experimented with and analyzed under
different operating conditions (i.e., no-load startup, load torque
variations).

By the first-order sliding-mode concept, the conventional
integral sliding-mode surface is first selected as

t
s:lerc/ s1dt.
0

On this basis, the first-order sliding mode (SM) control law [20]
is designed as
2J
3pn¢f

According to the sliding variables (9) and controller (20), the
SOSM controller is designed as

(43)

B
uy = <_J + c) s1 — ky - sign(s), ky > 0. (44)

Uy = —Qg - Sign (|_31-|2 + 5281) yag > 0. (45)

And from the high-gain DOB (11) and controller (20), the SOSM
controller with high-gain DOB is designed as

uz = —ag - sign (LSQ + dV + ﬁgsl) ,asg > 0. (46)

Considering the reasonableness of the experimental comparison,
all the abovementioned algorithms use PI control with the same
parameters in the current loop (i.e., proportional gain K, = 1.5,
integral gain K; = 4.2).

A. PMSM Startup and Antidisturbance Property

This section analyzes the property of startup and antidis-
turbance, and the ability to weaken the chattering problem
under SM controller (44), SOSM controller (45), and SOSM
controller with ILC-DOB (20). To have a fair comparison, the
parameters of these controllers are arbitrarily taken to get the best
performance. In this case, the parameters of SM controller (44)
are selected as ¢ = 700, k; = 800. The parameters of SOSM
controller (45) are selected as as = 300, B3 = 540, and the
parameters of SOSM controller with ILC-DOB (20) are chosen
as o = 230, 5 =540, K =60, n =0.16, g = 0.8.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024

120

110
!

100 ——————i(‘i"ylw ! i“wﬂvh
0 [ 10.98s
80 4 0 05 1 15 2

10

100 pomemee f‘)\lv"‘\)‘/vf
% / L0.79

T o o5 1 15 2

60 [

Speed(rpm)

40

110

L ] b
20 sMc |
SOSM 1001---f jy'MM‘WW
—— SOSM + ILC-DOB |

| 0 | 10.56s
0 02 04 06 08 1 12 14 16 18 2 o o5 1 15 2
Time(s)

Fig. 4. Speed responses of no-load startup under the SMC, the SOSM, and
the SOSM with ILC-DOB.

6 —smc|| 6 —sosm|| 6 —SOSM + ILC-DOB
<
T4 | 4 4
T ¥
g i . ; M\mewwwwvww
|
Oyl MWWWWWWWWWW o 0
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Time(s) Time(s) Time(s)
(a)
1 . 1 1
Zo, WM o 0
g0
é 1 W | A
32 M —sug| o
— ~—SOSM + ILC-DOB
3 -3 3
0 1 2 3 40 1 2 3 40 1 2 3 4
Time(s) Time(s) Time(s)
(b)
50 | 5
2l
) ”\‘
go/\“‘\‘“‘w/vwvwvmww 0 o/\M
E |
LU
sl ] —SMC | | —SOSM | g —SOSM +ILC-DOB
0 1 2 3 40 1 2 3 4 0 1 2 3 4
Time(s) Time(s) Time(s)
(©
Fig. 5. Current responses of no-load startup under the SMC, the SOSM, and

the SOSM with ILC-DOB. (a) i4. (b) iq4. (C) iq.

During the startup phase of the PMSM, the motor speed
reference is set to 100 r/min without additional load torque.
The startup performance under the three controllers is shown
in Figs. 4 and 5, from which it can be concluded that the
speed response curve under SM controller (44) not only has
the largest settling time but also has a large overshoot. It can
also be observed that there is no overshoot during startup under
SOSM controller (45). In addition, under SOSM controller with
ILC-DOB (20), the speed response curve has a slight overshoot
but its settling time is significantly less than that under SM con-
troller (44) and SOSM controller (45), and the peak of the g-axis
current is relatively small. Consequently, the SOSM controller
with ILC-DOB (20) shows the best startup performance.

In the meantime, the disturbance rejection property under the
three controllers in the cases of sudden load and sudden unload
are depicted in Figs. 6-9. The load is added suddenly at t =
7.45 s and removed at ¢t = 12.4 s. It can be summarized from
Figs. 6 and 8 that the PMSM system under SOSM controller with
ILC-DOB (20) has lower speed fluctuation and shorter settling
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time than that under SM controller (44) and SOSM controller
(45) during load torque variations. Furthermore, it can be no-
ticed from Fig. 7(a) that the ripple of the g-axis current under
SOSM controller with ILC-DOB (20) is decreased due to the
lower control gain, which implies that the chattering problem is
weakened. Combining the abovementioned experiment results,
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several critical property indicators for the three controllers are
presented in Table II.

As shown in Table II, although the switching gain of SOSM
controller with ILC-DOB (20) is smaller than that of SM con-
troller (44) and SOSM controller (45), the startup performance
and disturbance rejection property under SOSM controller with
ILC-DOB (20) is still better than them.

B. Torque Ripple Suppression Analysis

For the purpose of verifying the performance of the ILC-DOB
in reducing torque ripple, the SOSM control with ILC-DOB and
the SOSM control with high-gain DOB are used to control the
motor for experiments at two reference speeds of 100 r/min
and 60 r/min. The parameters of SOSM controller with ILC-
DOB (20) are the same as before, and the parameters of SOSM
controller with high-gain DOB (46) are chosen as ag = 230,
B3 =540, K = 60.

Due to the usage of iterative learning, it can be observed
from Figs. 10 and 12(a) that the speed fluctuation under SOSM
controller with ILC-DOB (20) is about 3.4 r/min, which is lower
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TABLE I
PROPERTY INDICATORS FOR THE SMC, THE SOSM, AND THE SOSM WITH ILC-DOB CONTROLLERS
Control aleorithm Startup Sudden load Sudden unload
g Overshoot(%) | Settling time(s) | Speed fluctuation (r/min) Settling time(s) | Speed fluctuation (r/min)| Settling time(s)
SMC 10.1 0.98 10.0 0.50 11.6 0.39
SOSM None 0.79 7.8 0.41 9.1 0.26
SOSM + ILC-DOB 5.3 0.56 5.6 0.34 6.2 0.27
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than 6.7 r/min under SOSM controller with high-gain DOB (46).
Although the disturbance rejection property of the ILC-DOB is
slightly lower than that of the high-gain DOB during load torque
variations, this difference is within the acceptable range. Mean-
while, Fig. 11 shows the estimations of the lumped disturbance
under the ILC-DOB and the high-gain DOB. It is obvious that
the ILC-DOB can track periodic disturbances more accurately.
The aforementioned experimental conclusions reveal that the
proposed SOSM controller with ILC-DOB (20) not only has
satisfying robustness but also can minimize the speed ripple.
To further analyze the ability of the ILC-DOB in suppressing
the torque ripple, the speed harmonic components under SOSM
controller with high-gain DOB (46) and SOSM controller with
ILC-DOB (20) are obtained by using the fast Fourier transfor-
mation. At the reference speed of 100 r/min, the steady-state
speed data from 2 to 7 s are analyzed in Fig. 12. It can be

Fig. 14.  Comparison results of the harmonic amplitudes under the SOSM with
ILC-DOB and the SOSM with high-gain DOB. (a) At 100 r/min. (b) At 60 r/min.

clearly observed from Figs. 12(b) and 14(a) that the first, second,
and sixth harmonic components under SOSM with high-gain
DOB (46) are 1.21, 0.11, and 0.51 r/min, respectively. After
the combination of ILC-DOB and SOSM, the first, second, and
sixth harmonic components reduce to 0.43, 0.07, and 0.36 r/min,
separately. According to frequency domain analysis, the main
harmonic components of the torque ripple can be effectively
suppressed by using iterative learning.

Next, for more comprehensive verification, the steady-state
speed data from 2 to 14 s are analyzed at the reference speed
of 60 r/min. It can be seen from Fig. 13(a) that the speed ripple
under SOSM controller with high-gain DOB (46) and SOSM
controller with ILC-DOB (20) are about 5.5 and 3.4 r/min, re-
spectively. Furthermore, as depicted in Figs. 13(b) and 14(b), the
first, second, and sixth harmonic components are significantly
reduced at 60 r/min by using iterative learning.
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Through the aforementioned experimental data and analysis,
it is verified that the proposed SOSM controller with ILC-DOB
possesses good dynamic performance and torque ripple suppres-
sion ability for the PMSM system.

V. CONCLUSION

In this article, acomposite SOSM control algorithm combined
with a novel ILC-DOB scheme has been presented and applied
to the surface-mounted PMSM. The composite SOSM control
algorithm can handle the mismatched disturbance to improve
the robustness of the system so that the chattering problem can
be weakened by selecting a smaller switching gain. Further-
more, the proposed ILC-DOB is able to accurately estimate
the periodic torque ripple of the PMSM and minimize it. The
proposed composite SOSM control algorithm is validated by
conducting experiments on the motor platform under different
operating conditions, and the experimental results demonstrate
the effectiveness of the proposed algorithm. Our future work will
be devoted to the design of ILC applied in the current loop for
minimizing the torque ripple caused by current measurement
errors. Moreover, using adaptive techniques into the PMSM
system to address parameter changes dynamically is a promising
research direction.
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