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ABSTRACT This paper proposes a nonlinear disturbance observer (NDO)-based sliding mode speed con-
troller (SMSC) to guarantee the superior control performance in terms of robustness, fast transient response,
and small steady-state error for a surface-mounted permanent magnet synchronous motor (SPMSM) drive.
Generally, the control performance of the SPMSM drives can be degraded by disturbances, so an NDO with
a proper disturbance rejection capability is proposed to appropriately improve the tracking performance of
the SMSC designed for the SPMSM drives. Unlike the linear disturbance observers (LDOs), the proposed
NDO can efficiently estimate the lumped disturbance such as uncertainties parameters and unmodeled
dynamics by using the nonlinear design function. The proposed NDO rejects the complex disturbances as
well as self-regulates the observer gains to increase the convergence rate. The feasibility of the proposed
NDO-based SMSC is verified by using a MATLAB/Simulink software program and a prototype SPMSM
drive system with a TT TMS320F28335 digital signal processor (DSP). The comparative results with a
conventional LDO-based SMSC are analyzed under load torque disturbances and model uncertainties to
prove the excellent performance of the proposed NDO-based SMSC.

INDEX TERMS Nonlinear disturbance observer (NDO), sliding mode speed controller (SMSC),

surface-mounted permanent magnet synchronous motor (SPMSM).

I. INTRODUCTION

Currently, the permanent magnet synchronous motors
(PMSMs) occupy a major proportion when compared with
other motors in the contemporary drive applications (e.g.,
electric vehicles, servo drives, industrial processes, etc.)
because of their advanced features such as high efficiency,
high power density, wide range operation, simple struc-
ture, and compact size [1]-[4]. In controlling the PMSMs,
the disturbance (e.g., load torque disturbance, and parameter
uncertainties) is one of the factors that degrades the control
performance of the drive system (e.g., transient response,
robustness, etc.), so it is needed to be rejected [S]-[7].
However, it is not an easy task to properly reject the distur-
bances in industrial applications because these disturbances
are mostly not measurable in industrial motor drives. Thus,
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an appropriate disturbance observer (DO) is required, which
can precisely estimate the disturbances.

In recent decades, various DOs in the control schemes are
designed to attenuate the disturbances and uncertainties in
the ac motor drives [8]. In general, the DOs can be clas-
sified as such: linear disturbance observer (LDO) [9]-[12]
and nonlinear disturbance observer (NDO) [13], [14]. In [9]
and [10], the disturbance compensator is designed relying on
the frequency-domain for the PMSM drives. These LDOs
are designed by using the transfer function techniques to
find an appropriate filter that compensates for the feedfor-
ward part of the controller in the PMSM drives. However,
the stability of the drive system is not easy to be assured
and its implementation is limited in the trial and error tech-
nique. Also, in the DOs mentioned above, the low-pass
filter (LPF) should be used to acquire the evaluated parame-
ters, which cause the phase delay and amplitude attenuation,
then decrease the estimation accuracy. In [11] and [12], the
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state-space-based methods are used for the linear dynamic
systems or the linearizable nonlinear systems. In [11],
an active disturbance rejection control (ADRC) scheme is
adopted to perform the angular velocity trajectory tracking
mission by using the high-gain generalized proportional inte-
gral observer (GPIO) for the PMSM drives. In [12], a lin-
ear extended state observer (LESO) used as an elementary
part of the ADRC method is presented for adapting to the
robust backstepping tracking controller in the PMSM drives.
Although the LDO methods in [11] and [12] can achieve
good performance, both of them have poor robustness against
the variations in the electrical parameters of the SPMSM.
In [13], the NDO is investigated to compensate for the offsets
caused by the external load torque and parametric uncertain-
ties. In [14], an adaptive DO scheme using the back-EMF
estimation and the dynamic internal model is presented for
the current controller in the PMSM drive. However, the mod-
eling inaccuracy and disturbances included in the lumped
disturbances are not considered.

Some control methods combined with the NDO for PMSM
drive are presented in the previous studies, such as model pre-
dictive control (MPC) [15], fuzzy control [16], [17], adaptive
control [18], [19], and sliding mode control (SMC) [20]-[25].
In [15], the cogging torque disturbance is estimated by
the DO and look-up table combined with a finite control
set (FCS) MPC scheme at low speed. However, the dis-
turbances with the complex forms (e.g., parameter uncer-
tainties, other unmodeled dynamics, etc.) in the real-time
PMSM drives are not considered. In [16] and [17], the DOs
are combined with the fuzzy controller. However, it has
a computational burden in the calculation of digital signal
processor (DSP) when regarding the involved disturbances.
In [18], a robust adaptive torque observer is incorporated
into a hybrid-type variable structure for instantaneous torque
control. However, it does not show the efficacy of the distur-
bance rejection of the whole drive system. In [19], the DO
is designed to support a robust adaptive controller by com-
pensating for parameter uncertainties and input saturation.
However, the performance is not compared fairly to another
common approach. In [20] and [21], the DOs are designed
to provide the compensation terms for the sliding mode con-
troller. However, the factors of the complicated disturbances
are not solved completely to render the better performance.
In [22], the NDO is presented to compensate for the lumped
disturbances. However, the method that chooses the observer
gain matrix is vague. In [23], an adaptive nonsingular termi-
nal sliding mode control based on the DO is introduced by
using an improved exponential reaching law to shorten the
settling time. In [24], another nonsingular terminal sliding
mode control based on the DO is presented to eliminate the
modeled disturbance and compensate for the norm-bounded
disturbance. In [25], an adaptive sliding mode current control
with a sliding mode DO for PMSM is designed to improve
the performance of the current loop in terms of the transient
speed response, zero tracking error, and robustness. However,
these methods [23]-[25] have the complex algorithms despite
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good control performance. Thus, the NDO is required to
achieve the improved performance by estimating the dis-
turbances and rejecting these disturbances in the PMSM
drives.

This paper proposes an NDO-based sliding mode speed
controller (SMSC) to ensure good control performance such
as robustness against parameter variations and external dis-
turbances, fast transient response, and small steady-state
error (SSE) for an SPMSM drive. In general, the disturbances
can significantly degrade the overall control performance of
the system in the practical SPMSM drives. Thus, an NDO
with a proper disturbance rejection capability is proposed
to properly enhance the speed tracking performance of the
designed SMSC for the SPMSM drives. Unlike the LDOs,
the proposed NDO using the nonlinear design function can
effectively estimate the lumped disturbances in terms of
uncertainties parameters and unmodeled dynamics. The pro-
posed NDO rejects the complicated disturbances as well as
self-tunes the observer gains to increase the convergence rate.
Finally, the original performance of the SMC is preserved
since the proposed NDO plays a supplementary role for the
controller, whereas the NDO does not cause negative effects
on the system in case of no uncertainties. The overall perfor-
mance of the SPMSM control system (e.g., robustness, fast
transient response, and small steady-state error) is remarkably
enhanced by using the proposed NDO-based SMSC. To val-
idate the efficacy of the proposed scheme, the comparative
studies with a conventional LDO-based SMSC are carried out
through a MATLAB/Simulink software package and a proto-
type SPMSM drive system with a TI TMS320F28335 DSP
under load torque disturbances and model parameter
variations.

Il. DYNAMIC MODEL OF AN SPMSM WITH LUMPED
DISTURBANCES

The dynamic model of an SPMSM can be described in the
synchronously rotating d-q reference frame as follows [3]:

w= gliqs — g —g3TL + 0,
Igs = —84lgs — 850 + g6Vgs — Wids + &4 (H
ids = —&alds + 86Vds + wigs + 84

where g1 = 3p’¢s/8J, g2 = BlJ, g3 = pl2J, g4 =
Ry/Ls, g5 = ¢rlLs, g6 = 1/Lg, w is the electrical rotor
speed considered as the controlled output, iyzs and igs are
the g-axis and d-axis stator currents, 77 is the load torque
disturbance, v, and vy are the g-axis and d-axis stator volt-
ages considered as the control inputs, ¢ is the magnetic flux
linkage, J is the rotor moment of inertia, B is the viscous
friction coefficient, p is the number of poles, L is the stator
inductance, Ry is the stator resistance, and &, 84, and 8y
denote the unmodeled dynamics [26]. The uncertainties of
the parameters (g1,..., g¢) are denoted as Agi,..., Age,
respectively.
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From (1), the dynamic model considering the parameter
uncertainties is represented as follows:

w = 8ligs — g +dy
lgs = —&algs — 850 + 86Vgs — Wids + dq 2
ids = —84ids + g6Vds + wigs + dg

where d,,, dy, and dy denote the lumped disturbances as

dy = Agiigs — Agrw — (g3 + Ag3)TL + 8y
dq = _Ag4iqs — Agso + Ag6vqs + aq
dq = —Agaigs + Agevas + 4. 3)

It is supposed that the above lumped disturbances are
bounded with a certain varying rate (i.e., |d;(¢)| < n; with
ni >0,i = w, q, and d). Also, for simplicity, the follow-
ing assumptions are set to design the proposed NDO-based
SMSC scheme.

Assumptions: 1) o, ig, and igg are measurable; 2) Ty is
unknown and varies slowly during a small sampling period.

1Il. NDO DESIGN AND STABILITY ANALYSIS

This section designs an NDO to precisely estimate the lumped
disturbances defined in (3). Its stability is also analyzed by
using a Lyapunov function.

A. NDO DESIGN

Unlike the dynamic models of the PMSMs applied in [1], [3],
this paper uses the lumped disturbances which cover all
uncertainties of the parameters (i.e., Agi,..., Age) and
unmodeled dynamics (i.e., 84, 84, and 8y4) in the mechani-
cal dynamics (i.e., @) and electrical dynamics (i.e., igzg and
igs). It is noted that the load torque (77) is included in the
lumped disturbance d,,, which can be rejected by the proposed
SMSC to be presented in Section V. To simplify the dynamic

model (2), the control inputs (v4s and vyy) are defined as
Vgs = Uog + Wids/86, Vds = Uod — wiqs/g6 4

where u,4 and u,g are considered as the control input of the
modified dynamic model used for designing the NDO below.

By substituting (4) into (2), the following dynamic model
can be achieved to design the NDO:

Xo = Apxo + Bou, +d (®)]

where x, = [, igss ids]T’ Uo = [uoq’ uod]T, d =|dy, dq’ dd]T’

-& & 0 0 0
Ap=|—-g —g 0 |,andB,=]| g¢ O
0 0 —g4 0 g6

The disturbances term in the dynamic model (5) can be
distinctively gathered and rewritten as

— Bou,. (6)
Hence, an NDO [26]-[28] is designed as

d =%, — Aux,

Z = —L(x5)z — L(x)[p(x0) + Apxo + Boti],
d = 7+ p(x,), @)
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where z € R? is an internal state variable of the nonlinear
observer, d is an estimate of d , p(x,) is a function vector to
be designed, and L(x,) is an observer gain matrix defined as
L(x,) = 9p(x,)/dx, [26], [28].

In this paper, the disturbances are assumed to change
slowly during a small sampling time (7) in ac motor drives,
so the first-order derivative of lumped disturbances is consid-
ered to be zero. Then, the disturbance estimation error can be
established as

d=d—d. )

The NDO (7) can exponentially track the constant dis-
turbance if the observer gain matrix L(x,) is chosen such
that [26]-[28]

d=—L(x,)d ©)

which is globally exponentially stable regardless of for all
x, € R3.In [26]-[28], it is difficult to choose the observer gain
matrix L(x,) that efficiently compensates for the disturbances
appearing in the SPMSM drives owing to the linear design
function p(x,). Moreover, the disturbance observer possesses
a slower convergence rate because of the fixed gains of
L(x,) at some critical scenarios such as load torque step-
change [28]. Given the nonlinear design function p(x,) € R3
and the observer gain L(x,) € R3*3, L(x,) is selected as the
gradient of the function vector p(x,) with respect to x, = [w,
igss igs]T [27]. Thus, the nonlinear design function p(x,) is
proposed as

. . . 31T
p(xo) = [mla) + m2w3 m3igs + I”I14l(3{S msigs + mﬁlzs]
(10)

where m; > 0 (i =1, 2,..., 6) are constant parameters. In [29]
and [30], the conventional LDOs using the linear design func-
tion p(x,) estimate the disturbances with a slow convergence
rate. In addition, the conventional LDO in [30] does not men-
tion the lumped disturbances that require an appropriate esti-
mation. Unlike the conventional LDOs, the proposed NDO
uses the nonlinear design function p(x,) including the first-
order and third-order state variables. By obtaining the time
derivative of the nonlinear design function (10), the nonlinear
observer gain matrix L(x,) can be represented as

L(xo) = 3P(Xo)/3xo

my + 3maw? 0 0
= 0 m3 + 3m4iés 0
0 0 ms + 3meiz,

Y

Note that the observer matrix gain L(x,) is selected to sat-
isfy the condition of the globally exponential stability of the
disturbance estimation errors in (9). It is clear that the higher
matrix gain L(x,) will force the exponential convergence rate
of these disturbance estimation errors to be faster [31]. Thus,
it can be known in (11) that the nonlinear gain matrix L(x,)
can enable the proposed NDO to increase the convergence
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FIGURE 1. Block diagram of the proposed NDO.

rate by using the high gains updated online with the square of
equivalent state variable of each eigenvalue. Fig. 1 displays
the block diagram of the proposed NDO.

B. STABILITY ANALYSIS

This subsection can briefly analyze the convergence and
stability of the proposed NDO. Let the Lyapunov function
be given by V = dTd. Then its time derivative along (9)
is reduced to V. = —2dTL(x)d < —2mod’d < 0 where
mg is the minimum constant among mp, m3, and ms. This
implies that V(r) < V(0)e™2"’or equivalently ||§(t)|| <
||§(0)| |e~™0! ie., the disturbance estimation error converges
exponentially to zero. This implies that if the nonlinear design
function p(x,) is chosen as (10), the proposed NDO (7) is
exponentially stable.

Remark 1: In this section, an NDO for the SPMSM drive
is proposed to increase the disturbance rejection capability.
The disturbance observers reported in the previous refer-
ences [20], [21] mainly estimate the external load torque
disturbances. Meanwhile, the proposed NDO (7) can effi-
ciently estimate the lumped disturbance terms. In [23], a DO
is presented to evaluate the lumped disturbances. However,
this DO is designed to estimate only the lumped disturbance
in the mechanical dynamics for the speed loop of the PMSM
with the cascaded control structure. Whereas, the proposed
NDO (7) can observe the lumped disturbances in both the
mechanical dynamics and electrical dynamics terms (i.e., d,,,
dy, and dy). Additionally, unlike the DO presented in [22],
[24], the nonlinear observer gain matrix L(x, ) of the proposed
NDO (7) is defined with the presence of the state feedback
updated online in the entry values, while the observer gain
in [22], [24] includes the fixed values. Therefore, the pro-
posed NDO can give the precisely estimated results with
a faster convergence rate compared to the DO presented
in [22], [24].

Remark 2: The parameters in the observer matrix gain
L(x,) can be chosen by using a trial-and-error method in
accordance with the following parameter tuning guideline:

1) First, select an small value of my,..., mg (m; > 0 for
i =1, 2,..,6) to intensively study the simulation results.
It should be noted that the lumped disturbance in the mechan-
ical dynamics (d,,) is exactly estimated with the properly
selected parameters (m; and mjy). Also, the lumped distur-
bance in the electrical dynamics (d,; and dy) is precisely
observed with the appropriately selected parameters (m3, my4,
ms, and mg).

2) Increase the parameters m; and my at a low speed
condition to get a high gain for well estimating the load torque
change. However, in case of a high speed, the parameters m;
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and my can be reduced to a bounded value to guarantee the
good speed tracking.

3) Select the parameters m3, ma4, ms, and mg based on the
degree of motor parameter variations. Although the parameter
variations are practically unknown, the degree of param-
eter variations can be evaluated via the speed and load
torque. With a high speed and high load torque of the motor,
the degree of parameter variations is increased proportion-
ately. In this condition, the high values for the parameters m3,
my, ms, and mg are essential.

IV. NDO-BASED SMSC DESIGN AND STABILITY
ANALYSIS

This section designs the NDO-based SMSC to optimize the
estimation capability of the proposed NDO (7) investigated
in Section III.

A. SMSC DESIGN

To develop the proposed controller, the nonlinear model (2)
of the SPMSM needs to be changed to a proper error dynamic
model. Thus, the speed error and g-axis current error can be
defined as

%:a)—wd, iqsziqs_iqsd (12)
where wy is the desired rotor speed and iysy is the g-axis
current reference that can be defined as

fosd = (g2w4 + wq dw)_ (13)
81

In this paper, it is noted that the iz5 should include the
lumped disturbance in the mechanical dynamics as defined in
(13) due to the intrinsic torque component current in the indi-
rect vector control [25], [29]. Meanwhile, the d-axis current
reference (iz5q) is set to zero owing to the rotor non-saliency
of an SPMSM. From (2), (12), and (13), the error dynamic
model considering the parameter uncertainties is represented

as follows:

w = 81igs — 20

iqs = _g4iqs - gSET) + 86Vgs — widgs — g4iqsd
8204 + &g (14)
gy = S

ids = —galgs + gevas + wiqs +dqg,

where the derivative of the lumped disturbance is neglected
due to the supposition of a bounded varying rate as mentioned
in Section II (i.e., d, = 0).

The control inputs (v4s and vgs) are decomposed into the
feedforward and feedback control terms to handle the remain-
ing nonlinearities terms in (14) as

Vgs = Uge + Ugs,  Vds = Udc + Uds (15)
where
1/ . 8204 + &a
Uge = — (wlds + 84igsd + §5Wq + ————
86 81
i,
Uge = ——=+ (16)
86
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are considered as the feedforward components which com-
pensate for the nonlinear dynamics of the SPMSM drive,
whereas ugs and uyg are considered as the feedback com-
ponents that stabilize the error dynamics. It is noted that
ugs and ugg can be also considered as the new con-
trol inputs after transformed with (15). By substituting
(15) into (14), the following error dynamic model can be
achieved:

%= Ax +Bu+d,. a17)
where x = [6,745, l.ds]Ta u = [uqs’ uds]Ta d. =
[0, dy. dql”,
-8 &l 0 0 0
A=|-g —g+ 0 |,andB=| g O
0 0 —g4 0 86

It is noted that the error dynamic model (17) linearizes
the dynamic model (1) by gathering the lumped distur-
bances that comprise the external load torque, parame-
ter uncertainties, and unmodeled dynamics. Additionally,
the linearized model (17) can assist the stability proof
of the proposed control scheme. Thus, the estimation of
these lumped disturbances using the NDO in the previous
section can improve the robust performance of the proposed
scheme.

Generally, the SMC system design can be separated into
two independent steps [16], [32], [33]. In the first step,
a sliding surface for the sliding mode is designed. The sec-
ond step is to choose a switching feedback control law
that assures the reachability condition in the presence of
uncertainties.

Let us define a new variable g as

q= g17qs — £20. (18)
Then, the error dynamic model (17) can be rewritten as
S=gq
G = —(g185 + 8284)0 — (82 + g4)q + g186Uqs + &1dy

ids = —8aids + 8eltas + da.
(19)

The sliding surface can be designed as

az["q}z[c‘“.ﬂ‘)}:[c“’.”} (20)
0d lds Lds
where c satisfies the Hurwitz condition [27], ¢ > O.

The time derivative of the sliding mode function vector can
be expressed as follows:

+g186Ugs +81dg | . (21)

[é ] —(g185 + 8284)0 — (g2 + 84 — ¢)q
q =
—84lds + geUtds + dg

o4

By adopting the reaching law with a constant rate for the
sliding mode function, the control inputs (i, u4s) of the error

VOLUME 8, 2020

dynamic model (19) can be obtained as the following sliding
mode controller:

1 ((8185 + g284)0 + (g2 + g4 — c)q)
8186 \ —81dq — kqsgn(oy)

Ugs

1 .
Ugs = g_6 (gaigs — dg — kgsgn(oy)) (22)

where k;, > 0 and k; > 0.

B. NDO-BASED SMSC DESIGN AND STABILITY ANALYSIS
It should be noted that the lumped disturbance d,, is included
in the g-axis current reference (13). By utilizing the estimated
lumped disturbance in the mechanical dynamics (i.e., cAz'w),
the estimated g-axis current reference is rewritten as
ot = (8204 + wg dcu). 23)
81

Also, by using the NDO (7) designed in Section III,
the control inputs (22) of the error dynamic model (19) are
rewritten as

1 ((glgs + 8284 + (82 + 84 — c)q)

u = - ~
® 7 g186 \ —81dg — kgsgn(Gy)
1 . A
Ugs = 8_6 (g4lds —dq — degn(Ud)) (24)

where 6, = cw + g and ¢ = g1 (igs — i,sd) — go@. From (15)
and (24), the control inputs (v, vgs) of the error dynamic
model (14) are designed as

(8185 + 8284)0 + (82 + 84 — ©)g + g1 igs

Vgs = 12 + 8184lgsd + 818504 + g20a + Pa
6 — g1dy — kysgn(6y)
1, .
Vas = 2 (g4ldx —wigg—dg — degH(Ud)) . (25)

Remark 3: Note that the control inputs (v4s and vg) include
the lumped disturbances estimated with more exact values
based on the proposed NDO (7). This enhances the distur-
bance rejection capability of the whole control system. Also,
the chattering issues caused by the last terms with high gains
in (25) can be compensated for by the terms that consist of
the estimated disturbances [5], [33]. To select the switching
gains (k; and kg), it is essential to know the upper bounds
of the parameter uncertainties. Additionally, the gains (k,
and k4) are chosen based on the adaptation mechanism by
considering the trade-off between the steady-state error and
the chattering phenomenon [34]. Fig. 2 exhibits the block
diagram of the proposed NDO-based SMSC.

Then, the stability analysis of an SMC system is classified
into two stages. The first stage is to show the stability of the
sliding mode dynamics, whereas the second stage is to verify
the reachability condition. First, by setting 0 = ¢ = 0 and
using the equivalent control method, it can be observed that
the sliding mode dynamics limited to o = 0 is given by

» = —ca. (26)
which is asymptotically stable if ¢ > 0.
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FIGURE 2. Block diagram of the proposed NDO-based SMSC.

Second, by using (19) and (20), it can be easily identified
that the following reachability condition is satisfied for all
NONZero o':

olé <. 27)
Let us define the Lyapunov function as follows:
v (28)
=5

Then, the time derivative of V (¢) is achieved as
Vity=0'6. (29)
From (19)-(22), the generalized dissipation function in
(29) is written as
V(t) = —kgo4sgn(oy) — kyogsgn(oy)
—kg |og| — kaloal <0 (30)

which shows that o converges to zero. This proves the fol-
lowing: Suppose that the NDO (7) is asymptotically stable
and there exist a sliding surface (20) and a feedback control
law (24). Then, the proposed NDO-based SMSC (25) makes
the state of the system (14) converge to zero. As mentioned in
the literature [31], [32], [35], the separation principle can hold
the stabilization of the proposed closed-loop system with the
designed observer. It means that the stability of the NDO and
the stability of the SMSC can be proven independently.
Remark 4: The proposed control law includes two terms:
the feedforward compensation term (24) and the feedback
stabilization term (15). The former term is proposed to com-
pensate for the nonlinearities and lumped disturbances by
using the proposed NDO, which helps the proposed con-
troller be robust against parameter variations and uncertain-
ties. The latter term is designed by the simplified adaptive
sliding surface (20), which stabilizes the proposed controller
to guarantee a good transient performance for the SPMSM
drives. Additionally, the chattering problem appearing in
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TABLE 1. Nominal SPMSM parameters.

Parameter Symbol Value
Rated speed ORated 3000 r/min
Rated power Pratea 750 W
Rated load torque Tt -Rated 2.4 N-m
Rated phase current Trated 43 A
Stator resistance R 043 Q
Stator inductance L, 32x10°H
Number of poles p 8
Magnet flux linkage & 0.085 V-s/rad
Equivalent rotor inertia J 1.8 x 107 kg-m?
Viscous friction coefficient B 0.2 x 107 N-m-s/rad

the proposed NDO-based SMSC (25) is attenuated by the
disturbance compensation terms derived from the proposed
NDO (7). Thus, the proposed NDO yields not only the robust
capability against the lumped disturbances but also the good
tracking performance for the SPMSM control system.

Remark 5: The gains of the SMSC (25) can be selected
based on the following parameter tuning guideline:

1) Choose an initial value ¢ with a small value for the slid-
ing surface (20) to meet the fast transient response require-
ments.

2) With the gains (k; and ky), too small values can lead
to a slow transient response, whereas too large values can
cause the chattering problem in the steady-state response.
Thus, a small value of the gains (k; and k) are more suitable
for a steady-state operating condition because the transient
response can be compensated by choosing the coefficient c.

As a result, the design procedure of the proposed
NDO-based SMSC can be summarized as follows:

Step 1) Build the matrices A, and B, for the dynamic
model (5).

Step 2) Measure w, iy, and igg to create the state variable x,
of the nonlinear disturbance observer (7).

Step 3) Set the proper observer gain matrix L(x,) following
(11) via extensive simulation studies.

Step 4) Establish the matricesA and B for the error dynamic
model (17).

Step 5) Construct the control inputs (vg4s and vgs) following
the control law (25) after replacing the lumped distur-
bances (d,, dy, dq) with the estimated lumped distur-
bances (Elw, aq, cAid) and the g-axis current reference
(igsa) with the estimated g-axis current reference (;qsd).

Step 6) Select the suitable coefficient ¢ and switching gains
(kq and kg) via extensive simulation studies.

V. COMPARATIVE VERIFICATION RESULTS
To evaluate the robust performance of the proposed
NDO-based SMSC for the SPMSM drive, the simulations
on a MATLAB/Simulink software and the experiments on
a prototype SPMSM drive system are conducted with the
nominal SPMSM parameters listed in Table 1.

Fig. 3 illustrates the overall experimental setup of a pro-
totype test-bed SPMSM drive with a Texas Instruments (TT)
TMS320F28335 DSP. In this test-bed, the SPMSM drive
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TT TMS320F28335 DSP Board

FIGURE 3. Experimental platform of a prototype test bed SPMSM drive
with a TI TMS320F28335 DSP. (a) Overall block diagram. (b) Photograph of
an overall experimental setup.

system includes five parts: an SPMSM, a three-phase
two-level pulse-width modulation (PWM) inverter, a control
board with a TT TMS320F28335 DSP, a magnetic powder
brake, and an optical incremental encoder. A single-phase
H-bridge diode is used to rectify the grid AC voltage
(220 V/60 Hz) that supplies the dc-link voltage (Vy.) to
the inverter. As depicted in Fig. 3, the two actual phase
currents (i, ip) on the stator windings are measured by
using two Hall-effect current sensors LTS6-NP via a 12-bit
A/D converters. Also, the motor speed is extracted from
the position (0) acquired by an optical incremental encoder
E40HB-6-2500-3-N-24 mounted in alignment with the shaft
of motor. It is noted that this paper uses the space-vector
PWM (SVPWM) technique to supply less harmonic voltage
from the three-phase inverter to the SPMSM. The sampling
time (75) and PWM switching frequency (f) are set as 200
ws and 5 kHz [21], [36], respectively, based on the control
performance and system efficiency in the simulation and
experiment parts.

It is noted that the test-bed uses the Code Composer Stu-
dio Development Tools v3.3 (CCSv3.3) software as a code
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‘Void main(void) {

- Disable CPU interrupts and clear all CPU interrupt flags

i- Initialize: SCI for data monitoring

: GPIO module

: ADC module

i DAC module

; Sequence Timer module

: PWM module

! Encoder module

;- Enable Global realtime interrupt

¢ interrupt void InterruptFunction(void) {

i - Enable PWM interrupt routine

; - Initialize the parameters

i = Calculate the rotor position (@) from the encoder signal
¢ - Measure the phase currents (Z,. i,)

i - Clark and Park transformations (i, Z4)

i - Nonlinear disturbance observer (NDO) ;
i - Proposed NDO-based sliding mode speed controller (v, Vo)
bo- Inverse Park transformation (v,. vp) i
i - Space Vector PWM update
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FIGURE 4. Implementation flowchart of the proposed NDO-based SMSC
algorithm using the C code.

composing tool. To transfer and receive the data between the
Host-PC and DSP board, the RealDSP DataMon v2.0 soft-
ware and the RealDSP-UT are utilized as a hardware man-
agement software and an intermediate transfer device, respec-
tively. First, the main program of the control algorithm is
composed in the CCSv3.3 environment by using the C code.
Then, the compiled file, which is generated by building
the main programming project created for the current work,
is downloaded into the DSP board by using the RealDSP
DataMon software via the RealDSP-UT device. Finally, the
real time data for the variables such as the control flags, speed
references, and control gains can be established and adjusted
online thanks to the intuitive interface of the RealDSP Data-
Mon platform. Fig. 4 shows the implementation flowchart
of the proposed NDO-based SMSC algorithm using the
C code.

The next subsection presents the good performance of the
proposed NDO under load torque step-change and parameter
uncertainties by analyzing the comparative results between
the proposed NDO (7) and conventional LDO [26].

A. COMPARATIVE RESULTS OF CONVENTIONAL LDO AND
PROPOSED NDO UNDER LOAD TORQUE STEP-CHANGE
AND PARAMETER UNCERTAINTIES

This subsection examines the performance of the proposed
NDO by comparing the outputs of the conventional LDO
and proposed NDO in a condition of sequentially combining
the change of the rotor speed and load torque disturbance.
As shown in (3), the parameter uncertainties and sinusoidal
change of unmodeled dynamics are also investigated in this
simulation. First, in case of the parameter uncertainties, the
stator resistance Ry can naturally vary in the range of +10% to
+60% from the nominal value due to the temperature changes
throughout operation [37]. The stator inductance Ls can be
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deviated from its nominal value in the scope of —10% to
—30% [7] because of the temperature variations and magnetic
saturation caused by the stator currents [14]. Also, the mag-
netic flux linkage is changed from +10% to —30% of the
nominal value due to the temperature changes [37]. Regard-
ing the mechanical parameters, the equivalent rotor inertia
(J) and viscous friction coefficient (B) can be significantly
distorted because of the external mechanical loads [38].
Synthetically, the parameter uncertainties of the SPMSM in
this paper are set as AJ = +80% J, AB = +100% B,
ALy = —30% Lg, ARy = +60% Ry, and A¢y = —30%
¢y to inspect the estimation performance of the proposed
NDO. Second, in case of the sinusoidal change of unmodeled
dynamics, the first unmodeled dynamics (§,,) in (3) caused
by the acceleration of the rotor speed (w) are chosen with a
sinusoidal value of 10-sin(5t) by considering the proper upper
boundary of magnitude and bandwidth of system [7] to check
the steady-state error (SSE) of the proposed NDO. Regard-
ing the rotor materials and motor structure which result in
the cogging torque and flux harmonics, the two remaining
unmodeled dynamics (34, 84) in (3) are designated as the
sinusoidal forms [26]. It is noted that the frequency of these
sinusoidal forms is selected based on the 6™-order harmon-
ics in comparison with the fundamental frequency [27] and
their magnitudes are chosen based on the number of poles
and rated current presented in the SPMSM drive. From the
parameters listed in Table 1, the 6, and 3, are assigned as
30-sin(6w,t) and 50-cos(bw,t) [26], respectively, to show the
tracking performance of the proposed NDO, where w, is
the fundamental frequency derived from the electrical angle.
In this paper, the parameters for the nonlinear observer gain
matrix L(x,) are selected as my,..., mg = (103, 1,103, 1,103,
1) based on the principle of high gains updated online [21],
respectively. In case of the conventional LDO, the linear
observer gains are selected based on the internal model prin-
ciple when ignoring the unmodeled dynamics [39]. In this
paper, the linear observer gains L are chosen as diag(1000,
1000, 1000).

Fig. 5 shows the comparative simulation results of the
disturbance values estimated by the conventional LDO (i.e.,
d w_Cons d q_Con» and d d_con) and proposed NDO (i.e., d w_Pros
d q_Pro»and d d_Pro)- In this figure, the mechanical disturbance
(cAi w_Pro) Observed by the proposed NDO has the faster settling
time (15 ms) than that (EZuLCon) by the conventional LDO
(30 ms) when the load torque suddenly changes from 1.2 N-m
to 2.4 N-m. It is noted that the estimated load torque can be
calculated from (3) by ignoring the parameter uncertainties
and unmodeled dynamics (i.e., TL = c;’w/g3). In case of the
electrical disturbances (d;) and (dy), the trajectories of the
proposed NDO (c} q_Pro and CAld_Pm) have a shorter delay time
(2.1 ms) and smaller SSE than those of the conventional LDO
((} q_Con and d d_con) (i.e., longer delay time (4 ms) and larger
SSE). In addition, the proposed NDO shows that the speed
response has a shorter recovering time (23 ms) and a lower
speed overshoot (11 r/min) compared to the conventional
LDO (i.e., recovering time: 49 ms and speed overshoot:
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FIGURE 5. Comparative simulation results of the conventional LDO and
proposed NDO under load torque step-change and parameter
uncertainties.

26 r/min) when the load torque suddenly changes from
1.2 N'-m to 2.4 N-m. Thus, it is clear that the proposed
NDO has a better estimation capability than the conventional
LDO by showing a faster transient response, smaller SSE,
and a faster convergence from choosing the proper nonlinear
observer gain matrix L(x,).

B. DYNAMIC RESPONSE INVESTIGATION OF
CONVENTIONAL LDO-BASED SMSC AND PROPOSED
NDO-BASED SMSC

To exhibit the control performance of the proposed
NDO-based SMSC and conventional LDO-based SMSC,
the two operating conditions are investigated. First, Condition
1 is chosen to demonstrate the transient performance when
the desired speed (wy) is suddenly changed from startup (i.e.,
0 r/min) to rated speed (i.e., 3000 r/min) at the constant
load torque of 1.0 N-m with parameter uncertainties (i.e.,
AJ = 4+80% J, AB = +100% B, ALy, = —30% L,
ARy = +60% Ry, and A¢y = —30% ¢r). Next, Condition
2 is selected to verify the fast recovery capability of the
proposed NDO-based SMSC when the load torque (77) is
abruptly changed from 1.2 N-m to 2.4 N-m (rated load torque)
at the constant speed command of 1000 r/min with parameter
uncertainties (i.e., AJ = +80% J, AB = +100% B, AL; =
—30% Ls, ARy = +60% R;, and A¢y = —30% ¢r). In the
course of an experiment, it is very difficult to directly change
the real system parameters in the SPMSM drives, so the
system parameters are modified in the control algorithm
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FIGURE 6. Comparative simulation results under Condition 1 with
parameter uncertainties (i.e., AJ = +80% J, AB = +100% B, ALs = —30%
Ls, ARs = +60% Rs, and A¢s = —30% ¢y). (a) The conventional
LDO-based SMSC scheme. (b) The proposed NDO-based SMSC scheme.

based on a code composer instead of adjusting the real system
parameters [16].

It is noted that the gain (c) contributes to the stabilization
of the drive system. If the stabilizing gain (c) is too small,
the system will become unstable, while if the gain (c) is too
big, the system will be sensitive to the parameter uncertain-
ties. Additionally, the gain values (k4, kg, and c¢) are designed
based on the knowledge of the system parameters. If the
gain values (k; and ky) are too big, the chattering cannot be
suppressed, whereas if the gain values (k; and k) are too
small, the steady-state error (i.e., speed error) may occur.
In this paper, the gain values of the proposed NDO-based
SMSC are selected as k; = k; = 1000 and ¢ = 100 based on
Remark 5.

1) COMPARATIVE SIMULATION RESULTS

Fig. 6(a) and (b) shows the comparative simulation results
of the conventional LDO-based SMSC and proposed
NDO-based SMSC under Condition I with the parame-
ters uncertainties, respectively. This figure shows the motor
speed, speed error, load torque, dg-axis stator currents, and
phase-a stator current. It is observed that the proposed
NDO-based SMSC in Fig. 6(b) has a much faster speed
response (settling time: 145 ms) without overshoot than
the conventional LDO-based SMSC response (i.e., settling
time: 187 ms) in Fig. 6(a). It means that the proposed
scheme can settle faster to steady-state than the conventional
scheme.

Fig. 7(a) and (b) presents the comparative simulation
results of the conventional LDO-based SMSC and proposed
NDO-based SMSC under Condition 2 with the parameters
uncertainties, respectively. Fig. 7(a) shows a poorer speed
response (i.e., settling time: 30 ms and speed overshoot:
20 r/min), whereas Fig. 7(b) shows a more stable speed
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FIGURE 7. Comparative simulation results under Condition 2 with
parameter uncertainties (i.e., AJ = +80% J, AB = +100% B, ALs = —30%
Ls, ARs = +60% Rs, and A¢s = —30% ¢y). (a) The conventional
LDO-based SMSC scheme. (b) The proposed NDO-based SMSC scheme.

response (settling time: 15 ms) and a smaller speed overshoot
(10 r/min) during the transient-state when the load torque
profile suddenly changes. Thus, the proposed method exhibits
a faster recovering response than the conventional method.

2) COMPARATIVE EXPERIMENTAL RESULTS

Fig. 8(a) and (b) demonstrates the comparative experimental
results of the conventional LDO-based SMSC and proposed
NDO-based SMSC under Condition 1 with the parameters
uncertainties, respectively. Fig. 8(a) shows that the measured
speed (w) accurately pursues the desired speed (wy) in the
steady-state with a long settling time (232 ms). Meanwhile,
Fig. 8(b) shows that the rotor speed rapidly tracks the desired
speed with a shorter settling time (197 ms) and no over-
shoot in the transient-state. Thus, it can be observed that
the proposed NDO-based SMSC has much better tracking
performance than the conventional LDO-based SMSC in the
speed transient behavior because the tracking errors during
the transient are speedily compensated.

Fig. 9(a) and (b) depicts the comparative experimental
results of the conventional LDO-based SMSC and proposed
NDO-based SMSC under Condition 2 with the parameters
uncertainties, respectively. In this figure, it can be observed
that the proposed NDO-based SMSC in Fig. 9(b) reveals
a shorter settling time (36 ms) and a smaller speed over-
shoot (4.5%) of the rotor speed (w) than the conventional
LDO-based SMSC (i.e., settling time: 52 ms and speed over-
shoot: 8.8%) in Fig. 9(a) during the transient-time. Hence,
it can be observed that the speed transient responses for the
proposed speed controller are quickly recovered because of
its capability to mitigate the abrupt external disturbances.
According to Figs. 6—9, Table 2 summarizes the control per-
formance comparison of the conventional LDO-based SMSC
scheme and proposed NDO-based SMSC scheme under two
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FIGURE 8. Comparative experiment results under Condition 1 with
parameter uncertainties (i.e., AJ = +80% J, AB = +100% B, ALs = —30%
Ls, ARs = +60% Rs, and A¢s = —30% ¢¢). (a) The conventional
LDO-based SMSC scheme. (b) The proposed NDO-based SMSC scheme.

TABLE 2. Control performance comparison of two control schemes under
two operating conditions through simulation and experimental results.

Conventional LDO
“based SMSC Condition 1 Condition 2
Proposed NDO-based SMSC
Maximum Speed Error | 1489 20
(r/min) 1001 10
Co_mpargtlve Speed Overshoot - 0.02
Simulation 0.01
(%) - .
Results
Settling Time 187 30
(ms) 145 15
Maximum Speed Error | — 88
(r/min) - 45
Comparatlve Speed Overshoot 0 8.8
Experimental o 0 45
Results (0] )
Settling Time 232 52
(ms) 197 36

operating conditions through the simulation and experimental
results.

By analyzing the comparative results listed in Table 2, it is
worthwhile to conclude that the proposed NDO-based SMSC
has the better disturbance rejection capability and control
performance.
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FIGURE 9. Comparative experiment results under Condition 2 with
parameter uncertainties (i.e., AJ = +80% J, AB = +100% B, ALs = —30%
Ls, ARs = +60% Rs, and A¢s = —30% ¢;). (a) The conventional
LDO-based SMSC scheme. (b) The proposed NDO-based SMSC scheme.

VI. CONCLUSION

This paper has presented an NDO-based SMSC scheme with
a proper disturbance rejection capability for the SPMSM
drives. In ac motor drive applications, the proposed SMSC
can achieve the superior control performance such as robust-
ness, fast transient response, and small steady-state error.
Additionally, the disturbances can considerably deteriorate
the overall control performance of the drive system, so an
NDO with a proper disturbance rejection capability is pro-
posed to remarkably improve the trajectory tracking perfor-
mance of the SMSC designed for the SPMSM drives. The
effectiveness of the proposed NDO-based SMSC scheme is
validated via the comparative simulation and experimental
results on a MATLAB/Simulink software package and a pro-
totype test-bed SPMSM drive with a TI TMS320F28335 DSP
when compared to the conventional LDO-based SMSC
scheme under load torque disturbances and model parame-
ter uncertainties. Finally, the proposed SMSC can markedly
improve its performance such as robust tracking capability,
fast dynamic response, and small steady-state error.
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