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Torque Ripple Minimization of PMSM Based on
Robust ILC Via Adaptive Sliding Mode Control

Jing Liu

Abstract—Torque ripples due to cogging torque, current mea-
surement errors, and flux harmonics restrict the application of
the permanent magnet synchronous motor (PMSM) that has a
high-precision requirement. The torque pulsation varies periodi-
cally along with the rotor position, and it results in speed ripples,
which further degrade the performance of the PMSM servo sys-
tem. Iterative learning control (ILC), in parallel with the classical
proportional integral (PI) controller (i.e., PI-ILC), is a conventional
method to suppress the torque ripples. However, it is sensitive to
the system uncertainties and external disturbances, i.e., it is para-
lyzed to nonperiodic disturbances. Therefore, this paper proposes
arobust ILC scheme achieved by an adaptive sliding mode control
(SMC) technique to further reduce the torque ripples and improve
the antidisturbance ability of the servo system. ILC is employed to
reduce the periodic torque ripples and the SMC is used to guar-
antee fast response and strong robustness. An adaptive algorithm
is utilized to estimate the system lumped disturbances, including
parameter variations and external disturbances. The estimated
value is utilized to compensate the robust ILC speed controller
in order to eliminate the effects of the disturbance, and it can
suppress the sliding mode chattering phenomenon simultaneously.
Experiments were carried out on a digital signal processor-field
programmable gate array based platform. The obtained experi-
mental results demonstrate that the robust ILC scheme has an
improved performance with minimized torque ripples and it ex-
hibits a satisfactory antidisturbance performance compared to the
PI-ILC method.

Index Terms—Adaptive algorithm, iterative learning control
(ILC), motor drives, permanent magnet synchronous motor
(PMSM), robust, sliding mode control (SMC), torque ripple.

1. INTRODUCTION

ERMANENT magnet synchronous motor (PMSM) is an
P appealing candidate for many high-precision applications,
because of its attractive characteristics in terms of efficiency,
power density, torque-to-inertia ratio, reliability, etc. However,
inherent torque ripples in the PMSM are encountered in many
industrial applications. These torque ripples induce periodic
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oscillations in the motor speed. These speed oscillations usually
lead to a degradation of the servo system performance and fur-
ther cause undesirable mechanical vibrations at low speed and
an acoustic noise at high speed [1].

Usually, the periodic torque ripples can be attributed to
various sources, e.g., flux harmonics, cogging torque, current
measurement errors, and phase unbalancing [2], [3]. Several
methods have been proposed to deal with the issue of pulsat-
ing torque. Generally, these methods can be categorized into
two types. The first type consists of techniques that focus on
the improvement of motor design, such as skewing the slot or
magnet, ensuring fractional number of slots per pole, improving
the winding distribution, etc. [4]. Optimization of motor design
is a natural and effective approach to weaken the torque ripple
phenomenon. However, the applicability of these techniques is
limited to newly developed motors, and they can result in a fur-
ther complicated realization and higher manufacturing cost. The
second type includes active control techniques, which modify
the input current or voltage, using control methods for the atten-
uation of torque ripples. As the controller is a necessary part of
the PMSM servo system, the active control technique requires
no additional hardware. Moreover, the active control technique
can be easily matched to most types of motor machines.

Therefore, this paper focuses on the second type that uses
active control techniques to reduce the torque ripples. In previ-
ous works, active control techniques are used to store prepro-
grammed current in a look-up table to cancel torque ripples at
specific positions, which are open-loop compensation approach
[5]-[7]. However, in such a method, sufficiently accurate infor-
mation of the PMSM parameters, in particular, preknowledge
of the relationships between the torque ripples and stator exci-
tation currents, must be obtained. A small error or variation in
the parameters can lead to even higher torque ripples due to the
open-loop feed-forward control.

Thereafter, closed-loop control algorithms have been pro-
posed in [8]-[19]. These control schemes are implemented
either in speed or current (torque) loops. In torque control
schemes, a popular method is to regulate the torque using on-
line estimated torque based on the electrical subsystem variables
only. Various algorithms have been proposed for instantaneous
torque estimation [4], [20]-[22]. But, on the other hand, this
approach can be used only for those torque ripple components
that are observable from the electrical subsystem; ripples due
to mechanical parts (e.g., cogging torque and load oscillations)
cannot be estimated from the electrical subsystem variables, and
therefore are uncontrollable. An alternative technique is to use
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a torque transducer, which could increase the cost of the drive
system significantly.

As all possible sources of torque ripples are observable from
the rotor speed, methods that rely on a closed-loop speed regula-
tor can accomplish the same objective indirectly. Furthermore,
these methods have potential for complete torque ripple mini-
mization. Iterative learning control (ILC) is an approach to im-
prove the performance of a system that executes repetitively and
periodically over a fixed time interval, by learning from previ-
ous executions (trials, iterations, and passes) [23]. Since torque
ripple reduction can be regarded as a periodic disturbance re-
jection problem, the ILC technique naturally fits this goal as
presented in [1], [12], and [24]-[27]. Conventionally, the speed
controller relies on the ILC in parallel with the proportional
integral (PI) control to compensate the reference current, and
it achieves impressive torque ripple depression. However, the
scheme that combines PI and ILC is paralyzed to a nonperiodic
object. Itis sensitive to the uncertainty of the system parameters,
and the antidisturbance ability is weak. Therefore, robustness of
the system should be considered, when the ILC method is used
to reduce torque ripples.

Sliding mode control (SMC) is a popular nonlinear control
to handle disturbances, and it exhibits advantages such as quick
response, strong robustness, and simple implementation [28],
[29]. Therefore, to deal with the periodic torque ripples and the
nonperiodic disturbance of the system, a robust ILC controller
via SMC is developed. Conventionally, in SMC the switching
gain should be set large enough to offset the system disturbance
in order to guarantee strong robustness and stability of the sys-
tem, i.e., the minimum switching gain must increase along with
the increasing system disturbance. However, in practice, the up-
per bound of the system disturbance is difficult to determine;
meanwhile, owing to the switching function in the control law,
the large switching gain will lead to the occurrence of high-
frequency sliding mode chattering. To overcome the aforemen-
tioned drawbacks, an adaptive algorithm is employed to estimate
the lumped system disturbances, including parameter variations
and external disturbance. Subsequently, the estimated value is
applied to compensate the robust ILC speed controller. This pa-
per presents and validates a robust ILC scheme that synthesizes
ILC and adaptive sliding mode technique with the help of the
Lyapunov direct method for torque ripple reduction, and it is im-
plemented in the speed loop. The ILC is employed to inhibit the
periodic disturbance, i.e., periodic torque ripples. Meanwhile,
the adaptive SMC acts as the robust part. The adaptive SMC
deals with the system parameter variations and external distur-
bances, to ensure the global asymptotic stability and to speed
up the system response.

This paper is organized as follows. In Section II, the math-
ematical model of the PMSM is described. Section III briefly
analyzes the source of the torque ripples, and the speed ripples
induced by the torque ripples are presented. The scheme of a
robust ILC via adaptive SMC is explained in Section IV, where
the convergence of the output tracking error is also proven using
the Lyapunov direct method. In Section V, the implementation
of the PMSM drive system is introduced. In Section VI, ex-
periments are implemented to demonstrate the effectiveness of
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the proposed robust ILC scheme where the experimental re-
sults are also derived and discussed. The paper is concluded in
Section VIIL

II. MATHEMATICAL MODEL OF PMSM

Under the assumptions that the PMSM iron core is unsatu-
rated and the eddy currents and hysteresis losses are negligible,
the stator d — q axis voltage equations of the PMSM in the syn-
chronous rotating reference frame can be expressed as follows:

d
Uqg = RZ(] + T: 7&16)\,(1
d
Ug :Riq—l—d—tq—i—wekd (D)

where Aq = Lqiq + g and A, = Lyi, + 1, are the total flux
linkages along the d and ¢ axes, respectively, 14 and ¢, (¢, = 0)
are the PM flux linkages along the d and g axes, respectively, and
w, is the electrical angular speed. Furthermore, uq and u, are
the stator voltages along the d and ¢ axes, respectively, i; and
i, are the stator currents along the d and ¢ axes, respectively, R
is the stator resistance, and L, and L, are the stator inductances
along the d and g axes, respectively. It has been further assumed
that, since the surface-mounted PMSM is nonsalient, L and L,
are equal,ie., Ly = L,.
The equation of PMSM dynamic is
7% 1, Ty~ Bu, @
t

where w,,, is the mechanical angular speed, J is the inertia, 75,
is the electromagnetic torque, 77, is the load torque, and B is
the frictional coefficient.

Using the method of field-oriented control (FOC) of the
PMSM, the d-axis current is maintained at zero to maximize the
output torque. The electromagnetic torque mathematic model
can be expressed as

3 . . 3 . .
T, = =p ()‘dzq - )qud) = §p¢dl(1 = Ktzq (3)

2
where K; is the torque coefficient and p is the number of pole
pairs.

IIT. ANALYSIS OF TORQUE RIPPLES
A. Analysis of Torque Ripples

The main causes of torque ripples include cogging torque,
flux harmonics, and current measurement errors, and they are
briefly analyzed as follows.

Cogging torque is manifested by the tendency of the rotor to
align with a number of stable positions, even when the machine
is unexcited. It is caused by the interaction between the mag-
netic flux and stator slots. Until now, no accurate modeling has
been available for the cogging torque. According to the analy-
sis presented in [30], the cogging torque can be modeled as a
periodic function of the rotor position, which depends on the
number of stator slots and rotor pole pairs. It can be suppressed
by specific control methods.
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Flux harmonics is another main source of torque ripples. Due
to the nonsinusoidal flux density distribution in the air gap, the
resultant flux linkage between the permanent and stator currents
contains harmonics, which appear 3rd, 5th, 7th, 11th ... in the
a — b — ¢ frame(triple harmonics are absent in the Y-connected
stator windings) [25]. In the d — ¢ frame, the corresponding
harmonics appear sixth and at the multiples of the sixth-order
harmonics, and they can be expressed as

Ya(6.) = Va0 + Pascos(66.) + g1ocos(126.) + - - - (4)

where @40 = ¢y, in which ¢ is the rotor PM flux linkage.
Coefficients g4, are constants related to the PM flux linkage,
and 0, is the electrical angle.

Combining (3) and (4) yields

T, =Ty + Ts cos(66,) + T1o cos(120,) + - - - 5)

where T, Ty, and 175 are the dc component, 6th and 12th har-
monic torque magnitudes, respectively. Equation (5) indicates
that the 6th and 12th torque harmonics produced mainly due to
the nonsinusoidal flux distribution are periodic in nature. Since
0. = 46,,, the harmonic torque can also be considered as a
function of the mechanical angle 6,,, .

Current offsets and scaling errors also cause the torque to
oscillate at specific frequencies. Stator currents are measured
and converted to voltage by current sensors. Furthermore, any
voltage fluctuations may affect the measurement error, resulting
in a controlled amount of fluctuation. The analysis in [1] showed
that the dc offsets in the current measurement give rise to a torque
oscillation at the fundamental frequency, and the scaling errors
cause the torque to oscillate at twice the fundamental frequency.

These analyses indicate that the electromagnetic torque con-
sists of a fundamental component together with the 1st, 2nd,
6th, 12th harmonic components, etc. The control objective is to
suppress these periodic torque ripples via the proposed control
method.

B. Speed Ripples Induced by Torque Ripples

The transfer function between the motor mechanical angle
speed w,, and the electromagnetic torque 7,,, is expressed as

T (s) — T1(s)
Js+ B

where T,,, = f(14,%4,wm ). It can be concluded that the speed
will oscillate at the same harmonic frequencies as those of 7, ,
especially at low operating speeds. In order to reduce the speed
ripples, their sources, i.e., the torque ripples, need to be mini-
mized.

(6)

wm (8) =

IV. DESIGN OF ROBUST ILC VIA ADAPTIVE SLIDING
MODE CONTROL

A. Iterative Learning Control Algorithm

ILC is actually an error-correction algorithm, which is based
on a memory that stores the previous controller output data and
error information. The iterative learning controller calculates
the error ey, (¢) between the desired output y,(¢) and the actual
system output yy, (¢), and computes a new control input uy 1 (t),
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which is stored in the memory for use in the next cycle of op-
eration. The new control input is evaluated based on the criteria
that the reduction of ey, (t) is guaranteed by iteration [23].

For a qualitative description of the ILC operation, the follow-
ing dynamic system is considered:

Fig. 1. Block diagram of PI-ILC scheme.

(t) = agx(t) + bou(t) + 6(t)
y(t) = coz(t) (7N

where ag and by are piecewise continuous in ¢ for all ¢ € [0, 7],
T is the time period of the desired output, ¢, is differentiable in
x and ¢, and J(¢) represents the unstructured uncertainties due
to state perturbations.

The P-type algorithm is widely used in ILC control as it is
simple to implement. Meanwhile, in contrast to the D-type, the
differentiation of the speed signal is unnecessary in the P-type
algorithm. Hence, noise build-up in the input update caused by
the differentiation of speed signal can be avoided. The P-type
ILC scheme is expressed as follows:

ug 1 () = ug(t) +T(er(t)) (8

where k indicates the number of iterations, uy, (¢) is the control
signal generated from the ILC, e (t) is the error signal, and
I (ex (1)) is the learning law.

For convergence of the ILC system, given ¢ as the learning
gain, the following criterion must hold [1]:

||I — C(]b(]&” < 1. (9)

The overall block diagram of the conventional PI-ILC method
is shown in Fig. 1. 7, is provided by the PI speed controller,
and ILC is applied to provide the additional compensation term
Ay to ig4,, to minimize the periodic speed ripples.

B. Robust ILC Design Using the Adaptive Sliding Mode
Technique

The underlying robust ILC scheme synthesizes the ILC with
adaptive SMC. ILC learns and approaches the unknown state-
dependent function and leaves other system uncertainties and
external disturbances to be handled by the adaptive SMC. The
global asymptotic convergence with respect to iterations is es-
tablished by the Lyapunov direct method.

According to (2), the PMSM dynamical system is described
as follows, where the parameter variations and external distur-
bances are taken into account

{:'c(t) = f(x,t) + bu(t) —r(t) — B(x,t)

10
y(t) = (1) 1o
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where the measurable system state z(t) = wy, . u(t) = igrer and
y(t) = wy, are the control input and system output, respectively.
Furthermore, f(z, ) is an unknown state-dependent function to
be learned, b is a known constant, r(¢) represents the total of
external disturbances and parameter variations, and B(x, t) is a
known friction torque function.

Before presenting the proposed robust ILC scheme, the fol-
lowing assumptions are first addressed.

Assumption 1: The desired output wy(t) is differentiable
with respect to time ¢ on a finite time interval [0, 7], and all the
higher order derivatives are available.

Assumption 2: The unknown lumped disturbance variable
r(t) is bounded such that |r(t)| < l4,Vt € [0,T], where [; is a
known constant.

Assumption 3: The initial condition is e(0) = é(0) at any it-
eration V¢ € [0, T, such that the sliding mode switching surface
S(0) = 0, where e(t) is the output speed tracking error that is
defined as e(t) = wyer(t) — wy (1).

Subsequently, a control law w(t) is designed for the nonlinear
system (10), such that the system output w,,, can follow the given
reference speed w;.t With prescribed accuracy ¢ as follows:

Vit € [0, T), |wret () — wim ()] < e.
Considering the system (10), an integral sliding mode switch-
ing surface is defined as follows:

S(t) =e(t) + c/ e(r)dr (11)

0

where ¢ > 0, satisfying the Hurwitz polynomial.
Differentiating both sides of (11) with respect to time ¢ yields

S(t) = é(t) + ce(t). (12)
Substituting (10) into (12) yields

S(t) = ce(t) + wrer(t) — (f(z,t) + bu(t) — r(t) — B(z,t)).
13)
Equation (13) can be interpreted as the sliding surface dy-
namics. The condition S(¢) = 0 defines the system motion that
stays on the sliding surface. The objective of this work is to de-
sign a robust ILC scheme to steer the sliding surface to become
zero within a finite time interval.
A robust ILC controller via sliding mode concept at kth
iteration is designed as follows:

wn(t) = b7 (cen(t) + ner () + Bl 1) = fi, 1) = vi(0))

(14)
where k indicates the number of iterations and xy (t) is the
system state variable at kth iteration. Furthermore, f (2, t) is
the recursive control part that is used to learn the unknown state-
dependent function f(xy, t), and it is generated by the following
update law:

Fi(t) = fior(6) — a (Brsgn(Se) + B2Si (1))

where ¢, 01, and 35 are positive constants and Sy (¢) is the
sliding surface dynamics at kth iteration.
The SMC law vy () is defined as follows:

v (t) = —g - sgn(Sk) — Sk (1)

as)

(16)
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where ¢ is the switching gain and g > 0; and 7 is a positive
constant. sgn(.9) is the switching function, which is defined as

1 if (S >0)
0 if (S=0).
—1if (S <0)

sgn(S) = (17

Therefore, the sliding surface dynamics (13) can be simplified
by inserting the robust ILC law (14)

Se(t) = (flar, t) = flan, 1) + (ve(t) + i (t) -

The above-mentioned equation reveals that if f (z,t) can ac-
curately learn from f(z,t) and v(t) can dynamically attenuate
the effect of the lumped disturbance 7 (¢), then the sliding surface
S(t) will converge to zero.

In SMC, according to the Lyapunov theorem, the minimum
switching gain must satisfy gy,in > lg to meet the condition of
sliding mode existence and accessibility and resist the system
disturbance effectively. However, in practical application, the
exact value of the lumped disturbances is difficult to obtain. In
addition, large switching gain will lead to the chattering phe-
nomenon, which can excite high-frequency dynamics. To over-
come the above-mentioned drawback, an adaptive technique is
employed to estimate 7(¢) online, and the estimated value is
used as the compensation part in the control law

wp(t) = b7 (cer (t) + et (t) + B, t) —f(ap, t)
— v (t) + 7 (1))

where 7 (t) is the estimated lumped disturbance and is adapted
according to the following update law:

Pi(t) = Sk (t)

where 7 is the learning constant of the adaptation law and v > 0.

The estimated error is defined as 7 (t) = 74 (t) — 1 (2).
Controller (19), together with (15), (16), and (20), defines the

robust ILC controller via adaptive SMC technique.
Substituting (19) into (13) yields

Sk (t) = (f(we,t) = flan, 1)) + o (8) = (Fr(t) — () -
(2D
Equation (21) implies that if f (2, t) can accurately learn from
f(z,t) and v(t) can dynamically eliminate the estimated error
7(t), then the sliding surface S(¢) will converge to zero.

(18)

19)

(20)

C. Stability Analysis of the System With the Robust ILC
Method

The following theorem constitutes the convergence of the
sliding surface dynamics and the output speed tracking error
when the robust ILC scheme is applied to the PMSM servo
system.

Theorem 1: For system (10), under Assumptions 1-3, the
control law proposed in (19) can guarantee that the system
output speed tracking errors will asymptotically converge to
zero over [0, T'] when the iteration number approaches infinity.

Proof: To evaluate the convergence property of the output
speed tracking error e(t) and the sliding surface dynamics S(t),
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the following Lyapunov function is defined at kth iteration:
Vi) = Vi) + VPO + VP + Vi) (22
1
where  Vii(t) = 5558 (1),  VE(6) = BilSk ()], VP () =

- L Do), 6u(0) = (6~ fu(0), and V2 (D) =
%52 7, (1).

The proof consists of two steps. The first step consists of
deriving the difference in the Lyapunov function V}, (¢) between
two consecutive iterations. Meanwhile, the second step consists
of evaluating the convergence of the output tracking error.

1) Differences in the Lyapunov Function Between Two Con-
secutive Iterations: The difference in the first Lyapunov func-
tion V;!(¢) between kth and (k — 1)th iterations has the
following form:

AVL(H) = By / Si(r)éx (r)dr — B / 918 (7)|dr

t

t
— 10 : Sk(r)dr — f2 ( Si(T)7(7)dT
) )

1
= 3B Si(®). (23)
See Appendix A for more details on the derivation of AV;! (¢).
The difference in the second Lyapunov function V(t) be-
tween kth and (k — 1)th iterations is shown as follows:

AVE() = 5 /

t

t t
sen(Sy) e (r)dr — By / 0154 (r)| dr

A / sen(Sy) (—g - sgn(Sy) — 7(r))dr

— B1[Sk-1(t)]-

See Appendix B for more details on the derivation of AV (¢).
The difference in the third Lyapunov function V;?(¢) between
kth and (k — 1)th iterations can be expressed as

(24)

AV (t) = —% /0 (Busgn(Se) + B2 Sk (7)) dr
_ 51/0 sgn(Sy ) o (1)dT

t
— 0y / Sk ()i (T)dr. (25)
0
See Appendix C for more details on the derivation of AV} (t).
The difference in the fourth Lyapunov function V;!(¢) be-
tween kth and (k — 1)th iterations has the following form:

t
AVA(t) = fo / Se(r) (r)dr — %ﬁzﬁ%_m. (26)

See Appendix D for more details on the derivation of AV, ().

2) Convergence of the Output Tracking Error: Based on the
differences in Vi1 (t), Vi2(t), V2 (t), and V;}(t) between two
consecutive iterations, we go further to prove the convergence of
both the sliding surface dynamics and the output speed tracking
error.
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Fig. 2. Block diagram of the robust ILC controller.

The difference in the Lyapunov function V}, (¢) between kth
and (k — 1)th iteration can be obtained by adding all of them

AVi(t) = AV () + AVE() + AVE () + AV (1)
t t
=— T)|dr — 2(rVdr
- 52/0g\sk< )/d nﬂQ/U Si(r)d

1
- 552513—1(0

t

B ISk (B)] + By / “sgn(Si) (~gsen(Si)

0
—7(7))dr

- g/o (Bisgn(Sk) + B2 Sk (7)) dr

t
_ 5177/0 1S, (7)] dr

1 ~2

- %52%71(@

=h /O/Sgn(sk) (—g-sgn(Sk) — 7(7))dr.  (27)

Let switching gain ¢ satisfy g > |7|, and then the above-
mentioned inequality can be further simplified as
AVi(t) <0 (28)
which is negative definite when Sy, (t) # 0, ¢ € [0, T']. This result
concludes that the Lyapunov function Vj (¢) is convergent. In
addition, positive definiteness V, (¢) can ensure the convergence
of the sliding surface dynamics Sy (t) to zero. Since the sliding
surface dynamics (11) is selected to be Hurwitz, the output speed
tracking error e(t) is convergent asymptotically. Thus, the proof
of Theorem 1 is completed.

From (27) and (28), it can be seen that the minimum switching
gain simply needs to satisfy g,,i, > |7| to guarantee the system
stability and robustness. It means that the adaptive technique can
reduce the minimum switching gain and thus alleviate sliding
mode chattering on the premise of the assurance of system
robustness.

A block diagram is employed, as shown in Fig. 2, to depict
the configuration of the proposed robust ILC controller.
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Fig. 3. Structure diagram of the PMSM servo system based on robust ILC scheme.
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Fig. 4. Configuration of the DSP and FPGA-based experimental setup.
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Fig. 5. Photograph of the experimental platform.

V. IMPLEMENTATION OF DRIVE SYSTEM

Fig. 3 shows the overall structure diagram of the PMSM
servo system based on the robust ILC scheme for torque ripple
minimization. The FOC method is utilized to control the PMSM.
The robust ILC controller is employed as the speed controller to

PMSM PARAMETERS

Description Value
Rated power 200 W
Rated speed 3000 r/min
Armature resistance 1542 Q
Armature inductance 30.08 mH
Torque constant 0.41 Nm/A
Number of pole pairs 4
Inertia 0.138 kg-cm?

generate the g-axis reference current 7,,.¢. PI current controllers
are adopted in the inner loop to generate the control voltages.
The configuration of the experimental setup is shown in
Fig. 4, whereas Fig. 5 shows the photograph of the experimen-
tal platform. The parameters of the surface-mounted PMSM
(delta-connected stator windings) used are listed in Table 1. An
incremental optical encoder is employed for measurement of
the digital position and the resolution ratio is 2500 pulse per
revolution (ppr). A quadruplicated frequency is achieved using
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a field programmable gate array (FPGA), and in practice, the
resolution ratio can be 10 000 ppr. Speed detection is realized
using the FPGA. The proposed overall control scheme is re-
alized in DSP-TMS320F28335 and FPGA-EP3C40F324-based
drive setup. The proposed robust ILC algorithm is implemented
using a C-program in digital signal processor (DSP).

The performance evaluation of the proposed robust ILC
scheme is presented in the following section.

VI. EXPERIMENTAL RESULTS AND DISCUSSIONS

In this section, to verify the effectiveness of the proposed
robust ILC scheme, experiments are carried out using the DSP-
FPGA-based PMSM drive system described in the previous
section.

Experiments are conducted to evaluate the effectiveness of
the proposed robust ILC scheme under various operating con-
ditions, including low speed, high speed, light load, heavy load,
sudden load, and sudden unload conditions. The traditional PI
method is applied to define the original torque ripple situation of
the PMSM control system without compensation. The PI-ILC
scheme for comparison is shown in Fig. 1, and the ILC law is
chosen to be P type, which is simple and widely used and can
be expressed as follows:

g1 (t) = up () + Eepv1(t). (29)

The parameters of the current PI controllers in the three
methods are all the same: g-axis controller: K, = 5.0 and
Ki; = 0.5; d-axis controller: K;, =5.0 and Kj; = 0.5. The



3662

original signal

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 4, APRIL 2018

original signal

920 i i i i i i
| | | |
| | | |
g MO T R T T
= l <
5 900 S’:m,
i ‘ :
D 89Of - ----- R a------- AR P
: : : :
880 1 1 1 1
0 2 4 6 8 10
Time(s)
FFT
3 T T T T T T i T
| | | | | | | |
| | | | | | | |
| | | | | | | | .
£ T I e e e St S S S g 02p--- ”T’””’o”b] T
3 l l l l l l l l 3 l | [ i .
15 £ . odad 1
T it T SRR R SRR BE i R B PR TR
! ! ! ! ! ! ! ! ! ! ! !
et b YR WO DY) I l ; ‘ ‘ ‘ | ‘
0 " . 0 . . .
50 100 150 200 250 300 350 400 450 500 0 100 200 300 400 500
Frequency (Hz) Frequency (Hz)
(@ (b)
Fig. 8. Experimental results of the robust ILC control at 900 r/min: (a) speed response; (b) phase current /, response.
3 0.03
NP1 [y
B pEHC - 0.025F - ------------ - - - I PILC - -
B robust ILC EE robust ILC
************************** 0.02F------------- il
® o)
o o
2 2
S 15 - 5 0015 ------------| -
S E
< <
************************** 0.01fF-----====---1 Se e
********************** 0.005F----gg~~"~ """ i Ty
2 m 0 h -
0 1th 2th 6th 0 3th 5th 7th
Harmonic order(x60Hz) Harmonic order(x60Hz)
(a) (W]
Fig.9. Comparison results of the harmonic amplitudes with the PI, PI-ILC, and robust ILC methods: (a) comparison results of the harmonic amplitudes in speed;

(b) comparison results of the harmonic amplitudes in phase current [, .

TABLE I

DETAILS OF THE HARMONICS IN SPEED

Control method

Amplitude of harmonics in speed

Ist 2nd 6th
PI 249 0.20 0.89
PI-ILC 0.35 0.10 0.83
Robust ILC 0.18 0.13 0.60

parameters of the PI-ILC speed controller are K, = 0.015,
K,; =0.0003, and ¢ = 0.004. The parameters of the robust
ILC speed controller are ¢ = 5, k = 500, n = 180, ¢ = 0.1,
01 =04, 85 =0.3, and v = 0.003. The sampling frequency
for the speed and current controllers is 1 and 15 kHz, respec-
tively. Notably, the iterative cycle of the ILC controller is dif-
ferent from the system control cycle. To reject the periodic rip-
ples, the iterative cycle should be the same as the period of the

TABLE III
DETAILS OF THE HARMONICS IN CURRENT

Control method

Amplitude of harmonics in I,

3rd Sth Tth
PI 0.0049  0.0295 0.0045
PI-ILC 0.0032  0.0286 0.0049
Robust ILC 0.0025  0.0235 0.0040

ripples. Therefore, the iterative cycle 7j;., should be chosen as
T’iter = 27T/pwm .

A. Effectiveness of Robust ILC in Torque Ripple Minimization
Under Different Operating Speed Conditions

In order to demonstrate the ability of the robust ILC to mini-
mize torque ripples under different operating speed conditions,
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Fig. 11.

experiments are carried out in both high speed (900 r/min) and
low speed (60 r/min) conditions, with the PI, PI-ILC, and robust
ILC methods.

To be precise, only the 1st, 2nd, and 6th speed ripple harmon-
ics and only the 3rd, 5th, and 7th phase current ripple harmonics
are picked up, since they are pertinent to the assessment of the
effectiveness of the proposed robust ILC method in torque ripple
minimization.

The experimental results of the PI, PI-ILC, and robust ILC
methods at 900 r/min are shown in Figs. 6-9. Figs. 6(a), 7(a),
and 8(a) show the speed response and Fourier analysis of the c-
orresponding speed.Figs. 6(b), 7(b), and 8(b) show the phase
current I, response and the Fourier analysis of the correspond-
ing current. The detailed experimental results of the harmonics

Experimental results of the PI-ILC control at 60 r/min: (a) speed response; (b) phase current I, response.

in speed ripples and phase current ripples are shown in
Tables II and III. Furthermore, the harmonic amplitude results
of the three different methods are compared in Fig. 9 in the
shape of a histogram.

The experimental results demonstrate that, at the speed of
900 r/min, the robust ILC method achieves a satisfactory torque
ripple minimization performance, as the speed and phase-
current [, responses show the smallest ripple harmonic am-
plitude under robust ILC control compared to the PI and PI-ILC
methods. Consider the sixth harmonics in speed for instance. In
the PI control, the sixth harmonics amplitude is 0.89, whereas
in the PI-ILC and robust ILC, the amplitudes are reduced to
0.83 and 0.6, respectively. Similarly, consider the fifth harmon-
ics in phase-current I, for instance. In the PI control, the fifth
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harmonics amplitude is 0.0295, whereas in the PI-ILC and ro-
bust ILC, the amplitudes are reduced to 0.0286 and 0.0235,
respectively. The speed steady-state error is maintained at +5
r/min, within one encoder pulse when the robust ILC method is
employed. At a high operating speed, these torque pulsations are
naturally filtered off by the rotor or load inertias to some extent,
and thus, the ripples in speed and phase-current are fewer than
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TABLE IV
DETAILS OF THE HARMONICS IN SPEED

Control method  Amplitude of harmonics in speed

Ist 2nd 6th
PI 1.25 1.38 4.87
PI-ILC 1.14  0.725 1.92
Robust ILC 0.87 0.72 0.46

those at the low operating speed.

TABLE V
DETAILS OF THE HARMONICS IN CURRENT

Control method

Amplitude of harmonics in I,

3rd Sth 7th
PI 0.0154  0.0231 0.0106
PI-ILC 0.0090  0.0066 0.0064
Robust ILC 0.0061  0.0055 0.0053

The experimental results of the PI, PI-ILC, and robust
ILC methods at 60 r/min are shown in Figs. 10-13. Figs. 10(a),
11(a), and 12(a) show the speed response and the corresponding
speed spectrum analysis.Figs. 10(b), 11(b), and 12(b) show the
phase current [, response and the corresponding current spec-
trum analysis.The detailed experimental results of the harmonics
in speed and phase current ripples are listed in Tables IV and V.
The harmonic amplitude results of the three different methods
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Fig. 14. Experimental results under 30% load condition: (a) speed response of the PI method; (b) speed response of the PI-ILC method; (c) speed response of

the robust ILC method.

are compared in Fig. 13 in the shape of a histogram, for the sake
of clarity.

From the experimental results presented, it is evident that at
low speed, the torque ripples reflected back in the motor speed
are more serious than at high speed, and both the PI-ILC and ro-
bust ILC methods are able to reduce the speed ripple harmonics
as well as the current ripple harmonics to a certain extent. Con-
sider the sixth harmonics in speed ripples for instance. In the PI
control, the sixth harmonics amplitude is 4.87, whereas in the
PI-ILC control, the amplitude is reduced to 1.92. In the robust
ILC control, the amplitude is further reduced to 0.46. Similarly,
consider the fifth harmonics in /, for instance. In the PI control,
the fifth harmonics amplitude is 0.0231, whereas in the PI-ILC
control, the amplitude is reduced to 0.0066. In the robust ILC
control, the amplitude is further reduced to 0.0055. The speed
steady-state error is controlled to be within £5 r/min with the
robust ILC method. Obviously, it can be concluded that the ro-
bust ILC guarantees better performance in the minimization of
torque ripples compared to the PI-ILC method.
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Fig. 15.  Comparison results of the harmonic amplitudes in speed.

According to the above-mentioned experimental results, the
effectiveness of the proposed robust ILC scheme in suppressing
torque ripples has been verified under various operating speeds.
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B. Effectiveness of Robust ILC in Torque Ripple Minimization
Under Different Load Conditions

In order to investigate the effectiveness of the robust ILC
in torque ripple minimization under different load conditions,

©

Experimental results under 78% load condition: (a) speed response of the PI method; (b) speed response of the PI-ILC method; (c) speed response of

experiments are carried out in both 30% (light load) and 78%
(heavy load) load conditions, with the PI, PI-ILC, and robust
ILC methods. Since the influence of torque ripples in high-speed
operating condition is relatively small, experiments are only car-
ried out in the low-speed operating condition (60 r/min). The
speed response results are presented to illustrate the effective-
ness of the robust ILC, which are sufficient. The experimental
results are shown in Figs. 14-17.

Fig. 14 shows the speed response and the corresponding speed
spectrum analysis with different control methods, under the con-
ditions of a speed reference of 60 r/min and 30% load. The
detailed experimental results of the harmonics in speed ripples
are listed in Table VI. Furthermore, the comparisons of the
harmonic amplitude results of the three different methods are
shown in Fig. 15 in the shape of a histogram. We can see that
speed ripple harmonics are reduced by PI-ILC to a certain ex-
tent. Further reduction is possible using the robust ILC method.
Consider the sixth harmonics in speed ripples for instance. In
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TABLE VI
DETAILS OF THE HARMONICS IN SPEED

Control method  Amplitude of harmonics in speed

1st 2nd 6th
PI 1.48 2.1 5.15
PI-ILC 1.02  1.31 2.85
Robust ILC 0.72  1.10 1.95
TABLE VII

DETAILS OF THE HARMONICS IN SPEED

Control method ~ Amplitude of harmonics in speed

1st 2nd 6th
PI 1.52 2.89 6.98
PI-ILC 1.27  2.60 4.85
Robust ILC 093 1.62 2.49

the PI control, the sixth harmonics amplitude is 5.15, whereas
in the PI-ILC control the amplitude is reduced to 2.85. In the
robust ILC control, the amplitude is further reduced to 1.95.
The experimental results demonstrate that, under the light-load
condition, the robust ILC method achieves a satisfactory torque
minimization performance compared to the PI-ILC method.

Fig. 16 shows the speed response and the corresponding speed
spectrum analysis with different control methods, under the
conditions of a speed reference of 60 r/min and 78% load. The
detailed experimental results of the harmonics in speed ripples
are listed in Table VII. From the presented experimental results,
it can be found that the PI-ILC can suppress the torque ripple
harmonics effectively. The torque ripple harmonics is further
decreased, when the robust ILC is employed. Consider the sixth
harmonics in speed ripples for instance. In the PI control, the
sixth harmonics amplitude is 6.98. In the PI-ILC control, the
sixth harmonics amplitude is reduced to 4.85. In the robust ILC
control, the amplitude is reduced to 2.49. The comparisons of
the harmonic amplitude results of the three different methods are
shown in Fig. 17 in the shape of a histogram. The experimental
results demonstrate that, under the heavy-load condition, the
robust ILC method also guarantees better performance in torque
ripple minimization, compared to the PI-ILC method.

According to the above-mentioned results, the effectiveness
of the proposed robust ILC scheme is verified in torque ripple
minimization under various load conditions.

C. Verification of Robust ILC Antidisturbance Ability

In order to test the antidisturbance ability (i.e., the ability to
suppress nonperiodic speed ripples) of the robust ILC scheme,
experiments were carried out under the impact of sudden load
and sudden unload disturbances. The load torque 77, = 0.6 Nm
was added suddenly and removed after a duration of £ = 8 s in
all the experiments presented in this section. The load torque
of 0.6 Nm acted as the disturbance on the load side. The sud-
den load and unload were realized by the magnetic powder

3667

estimated vaule
o8F—————"—— m— real vaule I

lumped disturbance estimated vaule(N.m)

Time(s)

Fig. 18. Estimated results of the adaptive algorithm.

TABLE VIII
COMPARISONS OF ANTIDISTURBANCE PERFORMANCE INDICES AT HIGH SPEED

Control Scheme PI-ILC  Robust ILC

Maximum speed fluctuation (r/min) 38 20

Speed adjustment time (s) 0.7 0.38
Overshoot in I, (A) 0.65 0.18
1, adjustment time (s) 0.65 0.32

TABLE IX
COMPARISONS OF ANTIDISTURBANCE PERFORMANCE INDICES AT LOW SPEED

Control Scheme PI-ILC  Robust ILC

Maximum speed fluctuation (r/min) 36 21

Speed adjustment time (s) 0.77 0.45
Overshoot in I, (A) 0.55 0.25
1, adjustment time (s) 0.72 0.42

brake. The reference high and low speeds are set to be 900 and
60 r/min, respectively.

Considering the robustness of the PMSM servo system, the
comparison of the experimental results of the PI-ILC and ro-
bust ILC methods is shown in Figs. 18-20. Fig. 18 shows
the estimated results of the adaptive algorithm. Fig. 19 shows
the dynamic responses of the speed, phase current [,, and ¢
axis current /, when the motor is running at high speed (i.e.,
900 r/min) with the PI-ILC and robust ILC control method, re-
spectively. Fig. 20 shows the arrangement in the same sequence,
but with the motor running at low speed, i.e., 60 r/min.

From the experimental results, it is evident that the adap-
tive algorithm can estimate the lumped disturbance exactly and
quickly, and the robust ILC method has a satisfactory antidistur-
bance ability compared to the PI-ILC method. The experimental
results show that the robust ILC control gives a smaller fluctua-
tion in speed and /,, and a smaller overshoot in I, irrespective
of the high or low speed operating conditions. In addition, the
speed, 1, and I, are guaranteed to be restored to their original
values much faster.

For the sake of clarity, the characteristics of the speed and
1, response are chosen to be the antidisturbance performance
indices. The details of the antidisturbance performance indices
with respect to the PI-ILC and robust ILC method under differ-
ent operating speeds are shown in Tables VIII and IX. It can be
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found that when the motor is operating at the speed of 900 r/min
and a sudden load disturbance of 0.6 Nm is added, the max-
imum speed fluctuation under the PI-ILC control is 38 r/min,
whereas the robust ILC method reduces the maximum speed
fluctuation to 20 r/min. Furthermore, the maximum speed fluc-
tuation is reduced by 2% compared to the PI-ILC method, and
the adjustment time needed for the speed to return to its original
value is as small as 0.38 s under the robust ILC control. When
the motor is operating at a speed of 60 r/min, the PI-ILC method
shows a maximum speed fluctuation of 36 r/min, whereas the
robust ILC method gives a smaller fluctuation of 21 r/min. Fur-
thermore, the maximum speed fluctuation is reduced by 25%,
and a much smaller adjustment time of 0.45 s is needed for the
speed to return to the original value. The overall comparisons
of the performance indices are shown in Fig. 21.

It can be concluded that the robust ILC has an overwhelming
advantage with respect to disturbance rejection compared to the
PI-ILC method.

VII. CONCLUSION

A robust ILC strategy via adaptive SMC is presented in this
paper, for the purpose of torque ripple minimization as well as
improvement of the antidisturbance ability of the PMSM speed
control system. ILC is a reasonable choice for torque ripple min-
imization because of the periodic nature of torque ripples and
therefore, the speed ripples. The SMC is synthesized into the
design of ILC controller, to ensure that the system is more ro-
bust to disturbances. Adaptive technique is utilized to estimate
the lumped disturbances of the system. The estimated distur-
bance is utilized to compensate the robust ILC controller, which
can reduce the minimum switching gain and thus alleviate the
system sliding mode chattering simultaneously. Experimental
investigations were conducted on an integrated DSP-FPGA-
based PMSM platform. The PMSM servo system was operated
at different speed and load conditions to evaluate the proposed
robust ILC method. The effectiveness of the proposed robust
ILC scheme was demonstrated by the experimental results.

APPENDIX A

The difference in the first Lyapunov function V}! (¢) between
kth and (k — 1)th iterations has the following form:

1 1
AV (1) = 5580 () = 5B 5i (0): (30)
1
Differentiating 55% (t) with respect to time ¢ yields

d (1 i
= <2S§(t)> = S (t)Sk(t). 31)

Based on (30) and (31), it follows that:

¢ ) 1
AVH) =8 [ SenSulrdr - 38t (0. (2
0
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Substituting (21) into the above-mentioned equation and con-
sidering (16), we have

AV (1) 252/0 Sk(7) (f(ﬁck,T) — f(@g,7)

() = () = () dr = 2P, ()

t

e /0 S4() bk (7)dr — 1B /0 S(r)dr

- 62/0/ g - sgn(Sk)Sk (r)dr — 62/0/ Si ()7 (T)dr

1
—~ 5&5271(0- (33)

Considering the fact that sgn(Sy)S; = |Sk|, the above-
mentioned equation can be simplified as

AV () = By / Sk (T)éx(r)dr — B / 1Sk(7)dr
- t 2(H\dr — 9 t () (T)dT
nﬂz/o S2(r)dr — / Si(r)i(r)d

1
- 5550 (34)
APPENDIX B

The difference in the second Lyapunov function V() be-
tween kth and (k — 1)th iterations is shown as follows:

AVE(t) = Bu1Sk(#)] = b1 1Sk-1(D)] . (35)
Differentiating |y, (t)| with respect to time ¢ yields
d .
7 (B1Sk(0)]) = Brsgn(Sk) S (2)- (36)

Based on (35) and (36), it follows that:
AVE0) = [ (808~ 810 @
Combining (16) and (21) into (37) yields
AVEW) =1 [ senSi)on(rdr = |5 ()
+ 1 [ sn(0(-gmmn (1)~ nSi(r) — Fr)de
=0 [ sanisoomrir - [ nisi)ir

s / sen(Si) (—g - sgn(Sy) — 7(r))dr

— Bi|Sk-1(t)]. (38)



3670

APPENDIX C

The difference in the third Lyapunov function V;? () between
kth and (k — 1)th iterations can be expressed as

‘ 1 [
AV = 5 [ (o) - o (o) ar
q.Jo (39)
In reference to the relationship (a —b)" (a—b) —

(a— &) (a—¢) = (c— )T (2a—b) + (b~
ship in (39) also holds

¢)), the relation-

% (6L éx — &7 1)

- ;q(fk_l — fk) (Z(fk — fk) + (fk: _ fk—l))
= %q(fk - fkfl)(fk - fkfl — 2fk)

- ém )= fi) - ;q(fk GG = Fe).
(40)

According to the update law (15), the above-mentioned equa-
tion can be expanded as

= ((b{(bk — Ot 1Pk-1)

—_

=~ (—q (Bisgn(Sk) + Sk (1))

(=)

(Bisgn(Sy) + B2k (1))*. 41

N[

Therefore, V;3 (t) is related to sliding surface dynamics in the
following manner:

AVE() = 4 [ (Brsenlsi) + g5 () dr

_ 4 /0 san(Sk)éx (1)dr — fo /O Sk () (7)dr
(42)

APPENDIX D

The difference in the fourth Lyapunov function V;*(¢) be-
tween kth and (k — 1)th iterations has the following form:

1 1.
AVE(t) = 5 Bafi(t) — o B (). @3)
Differentiating 3>77 (¢) with respect to time ¢ yields
d ~9 ~ 2
= (BoTi (t)) = 2B (£)7k (). (44)

Based on (20) and (44), (43) has an alternative form

/ — BTk (T

AV (t ()T—fﬂm (1)

/ Lo ><vsk<>—m<>>dr——ﬂzrk (1),

(45)
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The system disturbance is considered to vary much slowly
compared to the system state, and r(¢) is defined as 7(t) = 0;
thus, (45) can be rearranged as

t
AV () = By /0 Si (7)) (T)dT — %ﬂgf,%_l(t). (46)
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