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Integrated Observer-Based Terminal Sliding-Mode
Speed Controller for PMSM Drives Considering
Multisource Disturbances
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Abstract—There are multisource disturbances in permanent
magnet synchronous motor (PMSM) drives, which can lead to
speed fluctuations, deteriorating the speed control performance.
The existing terminal sliding mode controller (TSMC) methods
cannot achieve the desired control performance when they are
applied as the speed controller. This is because these methods do not
overcome the inherent problems of the traditional TSMC, such as
the chattering phenomenon and differential calculation. To solve
this problem, this article proposes an integrated observer-based
TSMC for the speed regulation of PMSM drives. First, a TSMC
is proposed. Then, an error-based extended state observer with
generalized integrators is proposed and it is introduced to the
proposed TSMC. In the proposed scheme, the proposed observer
is employed to estimate the multisource disturbances, which are
adapted to the TSMC to attenuate the chattering level. In addition,
the proposed observer contains the speed error differential signal,
which can be employed for the calculation of the TSMC. Thus, the
proposed scheme can solve the inherent problems of traditional
TSMC. Compared with the existing TSMC methods, the proposed
scheme can achieve the desired control performance even in the
presence of multisource disturbances when it is employed as the
speed controller. Finally, the effectiveness of the proposed scheme
is validated on a 2.2-kW PMSM platform.

Index Terms—Error-based extended state observer, generalized
integrator, permanent magnet synchronous motor (PMSM), speed
loop, terminal sliding mode controller.

NOMENCLATURE
PMSM Permanent magnet synchronous motor.
PI controller Proportional-integral controller.
SMC Sliding mode controller.
TSMC Terminal sliding mode controller.
EESO Error-based extended state observer.
GI Generalized integrator.
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I. INTRODUCTION

HE speed control quality of permanent magnet syn-
T chronous motor (PMSM) has been put forward high
requirements by many high-performance applications, espe-
cially in high-precision computerized numerical control ma-
chine tools, laser cutting systems, and robotic systems [1],
[2]. However, the speed quality is deteriorated by multisource
disturbances [3], which can limit the application of PMSMs in
advanced manufacturing industries. Based on the effects of the
multisource disturbances, they can be divided into periodic and
aperiodic disturbances [4], [5], as shown in Table I. In Table I,
n is a positive integer, w. is the electrical angular speed, and N,
is the least common multiple between the number of slots and
pole pairs. These aperiodic and periodic disturbances can lead
to serious aperiodic and periodic speed fluctuations, which are
intolerable for high-precision industrial applications. Therefore,
it is necessary to study the multisource disturbance suppression
strategy for the speed loop to improve the speed control quality.
To suppress the multisource disturbances in the speed loop,
many control strategies have been studied, such as two degree-
of-freedom PI controller, adaptive controller, fuzzy controller,
active disturbance rejection controller, and sliding mode con-
troller (SMC) [6], [7], [8], [9]. In these strategies, the SMC is
regarded as an effective strategy for its distinguished features,
such as easy implementation and strong robustness to parameter
uncertainties and external disturbances [10], [11], [12]. Based
on this, the SMC has been widely applied in PMSM drives.
However, the robustness of SMC can only be guaranteed by
the selection of large control gains, while the large gains can
cause the undesired chattering phenomenon, which can excite
high-frequency dynamics [13]. In addition, since the traditional
SMC employs a linear sliding surface, its convergence rate can
only at best be exponential with an infinite settling time. To
solve the problems, different improved SMC methods have been
proposed [14], [15], [16], such as observer- based SMC, terminal
sliding mode controller (TSMC), and observer-based TSMC.
Table II shows the advantages and disadvantages of the existing
improved SMC methods. Then, the improved SMC methods
listed in Table II are explained sequentially.
First, to reduce the chattering level of the traditional SMC,
the observer-based SMC method is proposed [17], [18]. This
method is to estimate the disturbances using an observer, then
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TABLE I
MULTISOURCE DISTURBANCES IN PMSM DRIVES [3]

Disturbance

classification Disturbance type Symbol  Frequency
Load torque mutation T, /
d?slt)jil])(:ljllcce Friction torque Ty /
Parameter mismatch T, /
Flux harmonic W 6nw,
Periodic Voltage harmonic up 6nw,
disturbance Torque harmonig caused by T o,/ 20,
current sampling error
Cogging torque Teog nN,w,

compensate for them. After compensation for these distur-
bances, it is pointed out that the switching gain of SMC can
be selected smaller to reduce chattering. For instance, in [18],
a chattering attenuation disturbance observer is used to achieve
chattering reduction in the SMC. The proposed observer with
SMC is employed in PMSM drives to improve the control
performance. However, since the observer-based SMC still uses
a linear sliding surface, its convergence rate is slow.

To improve the dynamic response performance, a direct way
is to introduce nonlinear sliding surfaces. Based on this, the
TSMC is studied [19], [20], [21]. The TSMC has a nonlinear
sliding surface, which can ensure the finite-time convergence of
states during the sliding mode stage. However, like the traditional
SMC, the robustness of TSMC can only be guaranteed by the
selection of large control gains, while the large gains can lead
to the undesired chattering phenomenon.

Compared with the observer-based SMC and pure TSMC,
the observer-based TSMC is regarded as an effective strategy.
This method not only uses an observer to suppress disturbances
to reduce the chattering level, but also uses a nonlinear sliding
mode surface to improve the convergence rate. Based on this,
this method has been widely used in PMSM drives [22], [23],
[24]. In [25], for instance, a disturbance observer is applied to
enhance the robustness of the TSMC. The proposed method in
[25] is employed as the speed controller to improve the speed
control accuracy. Despite having an excellent control impact,
as indicated in Table II, this method still has three issues that
require further study.

1) The existing methods do not consider the impact of peri-

odic disturbances.

2) The existing methods contain the error differential signal.
However, the differential calculation is likely to amplify
the measurement noise in the system, which is not toler-
ated by the practical system [26].

3) The existing methods are relatively complex and have a
dispersed structure, which is in two-degree-of-freedom
form. However, most industrial controllers are imple-
mented as single blocks in one-degree-of-freedom error-
driven form [27]. Thus, the existing methods are not
directly compatible with industrial controllers.

Recently, an error-based extended state observer (EESO) has

been proposed. Unlike the traditional observers, whose input is
system output [28], [29], the input of the EESO is the system
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error signal [30]. This indicates that the EESO is designed
based on the error-dynamic equation. The EESO can accurately
estimate the aperiodic disturbance. However, it cannot fully
estimate the periodic disturbance due to the limited control
bandwidth. Thus, the pure EESO cannot accurately estimate
the multisource disturbances in the speed loop. To address the
problem, a GI-EESO is proposed in this article. In the proposed
observer, the GI can expand the bandwidth of the EESO at
a specific frequency [8], [31], thereby further observing the
corresponding periodic disturbance.

In the article, an integrated observer-based TSMC is proposed
for the speed loop of PMSM drives. The proposed GI-EESO
is introduced to estimate the multisource disturbances in the
speed loop, which are adapted to the TSMC to avoid chattering
phenomena. The contributions of this article can be summarized
into the following three aspects.

1) Compared with the existing observer-based TSMC, the
proposed scheme further considers the periodic distur-
bances.

2) The proposed GI-EESO contains the error differential
signal, which can be employed for the calculation of
the TSMC. Thus, the proposed scheme can avoid the
differential calculation.

3) Both the proposed GI-EESO and the TSMC are designed
based on the same error dynamic equation of the speed
loop. Thus, the GI-EESO and the TMSC can enable inte-
grated design, and the proposed scheme is an integrated
observer-based TSMC structure. In addition, the input of
the GI-EESO is the same as the TSMC, which is the error
between the reference speed and the feedback speed. This
indicates the proposed scheme is an error-driven form.
Thus, it is well compatible with industrial controllers.

The rest of this article is organized as follows. In Section II,
the speed loop control objective is described. In Section III, a
TSMC is designed and analyzed. In Section IV, an integrated
observer-based TSMC is proposed for the speed loop of PMSM
drives. The experiments are conducted on a 2.2-kW PMSM setup
to show the validity of the proposed scheme in Section V. Finally,
Section VI concludes this article.

II. SPEED LoorP CONTROL OBJECTIVE
A. Mechanical Dynamics With Multisource Disturbances

The mechanical dynamics of the PMSM can be written as [5]

d 1 1 1

—wy = =T, — =1} — =Bwy, 1
T R AL Rt .
where w,, is the mechanical angular velocity, J is the rotational
inertia, 77 is the load torque, B is the viscous friction coefficient,

and T, is the electromagnetic torque, which can be written as

3 3
Te = Spntslssin B+ Spn (La — Lg) I7sincos - (2)

where p,, is the number of pole pairs, v is the flux linkage, I,
is the stator current, [3 is the electrical angle between the stator
flux linkage and the permanent magnet flux linkage, and L4 and
L, are the d- and g-axis inductances, respectively.
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TABLE II
ADVANTAGES AND DISADVANTAGES OF THE EXISTING IMPROVED SMC METHODS

Method Chattering level Convergence rate Periodic dlstl_lrbance Err_or d1ffer.e ntial Structure
suppression information

. . . one-degree-of-

Traditional SMC [13] high slow not considered necessary freedom form

Existing observer-based low slow 1ot considered necessal two-degree-of-

SMC [17], [18] Ty freedom form

. . one-degree-of-

TSMC [19]-[21] high fast not considered necessary freedom form

Existing observer-based low fast 1ot considered necessa two-degree-of-

TSMC [22]-[25] Y freedom form

Substituting (2) into (1) can yield T T T T T T————————— 7 T~
1)

d 1 1 1 3 '
—w, =bly+ =T, — =T, — =Bw,,, b=— sin '
am s 7T T l 7 m B Jpn"/) f B :

3

where T, = 3p,,(Lq — Lq)I?% sin 3 cos 3.

Considering the periodic disturbances, such as flux harmonic,
cogging torque, torque harmonic caused by current sampling
error, and others [3], [4], [5], the PMSM mechanical dynamics
can be rewritten as

%w’m = bl + %T’f - %ﬂ - }me + %T}LLLT 4
where Thqr = g(Un, un, Teog, T3). Here, Thq, is defined as the
total torque harmonic in the speed loop, 1, is the flux harmonic,
up, is the voltage harmonic, T, is the cogging torque, and 7} is
the torque harmonic caused by current sampling error. Given that
many papers have already modeled these periodic disturbances,
we will not provide models for these periodic disturbances.

Define f,,,s to denote the multisource disturbance, the PMSM
mechanical dynamics can be further rewritten as
d
%wm - bOIs + fms (5)
where  frs = AbL, + 2T, — 2T — L Bwp, + L Thar Ab =
b — by, and by is the nominal value of the parameter b.

According to [8], the multisource disturbance f;,,; satisfies the
following practical supposition.

Supposition 1: It is differentiable, and its differential value is
bounded.

B. Control Objective

According to (5), the control objective is to force the output
speed to follow the reference speed by manipulating the current.
However, there are multisource disturbances in the speed loop.
They can inevitably cause serious speed fluctuations and de-
stroy the speed steady-state performance. The objective of this
article is to minimize the speed fluctuations in the presence of
multisource disturbances. In addition, it should be noted that the
reference speed (w ) satisfies the following supposition.

Supposition 2: It is bounded and known at the current time
instant 7.

Supposition 3: Its consecutive first and second derivatives
exist for all # > 0 and are bounded.

PMSM mechanical
dynamics

, \ = ___—_ J

Fig. 1. Block diagram of the speed loop with the proposed TSMC.

From (5), if the tracking error is defined as e,, = Wyef — W,
the tracking error dynamics can be derived as

d

d
%em - fe - bOIS7 fe - %wref - fms

where f, is the redefined multisource disturbance in the error-
based form. According to the effects of these disturbances,
multisource disturbances can be divided into periodic and ape-
riodic disturbances [4]. Thus, the multisource disturbances can
be expressed as

(6)

fe:fp+fap (7)

where fp = 7%Thar’ fap = %wnaf - Ab[e - %Tr + %T'l +
%me, fp 1s periodic disturbance, and f;,, is aperiodic distur-
bance.

Remark 1: According to (6), the control objective of the speed
loop has been changed to keep the tracking error (e,,) at zero
in the presence of multisource disturbances affecting the speed
loop through the control input channel.

Remark 2: According to the suppositions 1-3, the new mul-
tisource disturbance is differentiable, and its differential value
is bounded and defined by f = sup |d f, /dt|.

III. TERMINAL SLIDING MODE CONTROLLER

In this section, a TSMC is first proposed for the speed loop
of PMSM drives. Then, the stability of the proposed TSMC is
analyzed in detail.

A. Design of the Proposed TSMC

Fig. 1 demonstrates the block diagram of the speed loop with
the proposed TSMC. According to Fig. 1, the design of TSMC
can be divided into two steps, as follows.
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1) Design the Sliding Mode Surface of the Proposed TSMC:
To guarantee fast and high-precision tracking performance, the
following sliding mode surface is proposed:

0= Tem+ clem|”sat (e,),

1, emn > Aepy
ems  em < |Aen| ®)
-1, en<-—Ae,

sat (ey,) =

where ¢ > 0,and 0 < o < 1.

When the closed-loop system is driven to reach the sliding
mode o = 0, the convergence trajectory of the system will be
determined by the following nonlinear equation:

d
prns clem|”sat (ey,) = 0. )
From (9), the convergence time of the error can be solved as

te (em)

e [lem O — lewl™?] o] > Aen]

- é [|em‘_a - |Ae’m|_a]

ety [lem O = [Aen[7] . len] < [Acn]
(10)

where e,,(0) is the initial value of the speed error.

According to (10), the convergence time is related to two
parameters, including ¢ and a.

2) Design the Control Law of the Proposed TSMC: The
control law of the proposed TSMC should be designed such
that o satisfies the following sliding mode condition:

d
— 0.
adta <

If condition (11) is satisfied, o can approach zero in finite
time. Based on (8) and (11), the control law of the proposed
TSMC can be designed as follows:

Is :qu +In

I, = %c\emrlsat (em)

Y

(12)
%In = %ksgn (o)

where k is the control gain of the control law.

According to (12), it can be seen that the stator current [ is
calculated by two parts: 1) one is the equivalent control term /.,
and 2) the other is the SMC term /,,. The analysis of the two
terms is presented as follows.

1) The first term (/.,) is calculated based on the PMSM
mechanical dynamics [seen (6)] and the sliding mode
surface [seen (9)]. Neglecting the multisource disturbance
fe in (6), the ideal mechanical dynamics can be written as

em = —bols. (13)

dt
Combining (9) and (13), the equivalent control term (/)
can be derived.
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Fig. 2. Convergence trajectory of the proposed TSMC.

2) The second term (/,,) is mainly used to compensate for the
multisource disturbance f, to ensure that the system state
variables can converge to the sliding mode surface. The
reason is explained as follows.

Substituting the control law in (12) into the tracking error

dynamics in (6) can obtain

d

Z76m = fe — clem|®sat (em) — /ksgn (o) dt. (14)

According to (8), the (14) can be rewritten as

g

= Jyem + clem|¥sat (em) = fe — /k:sgn (o)dt. (15)

From (14) and (15), there are two possible trajectories for
error convergence. /) The gain c is larger than the gain k. In this
case, the equivalent control term (/) plays a much greater role
than the disturbance compensation term (/,,) in the initial stage,
and the convergence trajectory will converge along a direction
similar to the sliding mode surface. As it approaches zero, the
effect of /., decreases, and I,, begins to play the predominant
role until the error converges to zero. 2) The gain k is larger
than the gain c. In this case, I,, plays a major role in the initial
stage to quickly compensate for the total disturbance. Once the
disturbance is fully compensated, it converges to the sliding
mode surface (o = 0). Then, /., plays a major role until the
error converges to zero.

In this article, to reduce chattering level, a smaller switching
gain k and a larger gain c are selected. Thus, the convergence
trajectory follows the first case, as shown in Fig. 2. The tuning
parameters are set as follows: ¢ = 50, « = 0.9, k = 5, Ae,, =
0.5, and ¢,,(0) = 5.

B. Stability Analysis of the Proposed TSMC
Substituting (6) into (8) can yield
0= fo—bols + clem|“sat (en) . (16)
Substituting 7, in (12) into (16) can yield

0= fe—boleqg — bol, + clem|"sat (en) = fe — boln. (17)
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According to (12) and (17), the derivative of the sliding mode
surface can be derived as follows:

d d d d

—0c=—f —by—1I,=—f. —k . 18

g0 = gl — b 7! sgn (o) (18)
According to (18), the sliding mode condition (11) can be

proven as follows:

dt dt
< —klo[+ ol f == (k= f)lol.

According to (19), to satisfy the condition in (11), the control
gain k should satisfy the following condition:

k> fr.

Once the condition in (20) is satisfied, the speed error e,,, can
converge to zero in finite time.

Uia =0 {dfe — ksgn (U)] = —k|o|+ a%fe

19)

(20)

IV. PROPOSED INTEGRATED OBSERVER-BASED TSMC

Although the TSMC proposed in Section III can achieve
good control effects, it still has some inherent problems of the
SMC. Pure TSMC cannot achieve the desired control result
when it is employed as the speed controller. The reasons can
be summarized in the following two aspects.

1) To ensure that the proposed TSMC is robust to the mul-
tisource disturbance in the speed loop, a large switching
gain (control gain k) is desired. However, this can lead to
the undesired chattering problem.

2) The design of the proposed TSMC requires an available
error differential signal [see (8)]. However, the differential
calculation is likely to amplify the measurement noise
in the system, which is not tolerated by the practical
system [26].

To address the two problems, an integrated observer-based
TSMC is proposed. In this section, the overall structure of the
proposed scheme is first described. Then, the design process,
stability analysis, and parameter selection rules of the proposed
scheme are presented in sequence.

A. Structure Description of the Proposed Scheme

Fig. 3 illustrates the block diagram of the field-oriented
control (FOC)-based PMSM drives with the proposed scheme.
From Fig. 3, the PMSM control system adopts a cascade dual
closed-loop structure, including the current loop and the speed
loop. The current loop is controlled by the PI controllers, which
generate the d- and g-axis reference voltages. The maximum
torque per ampere (MTPA) algorithm is employed to calculate
the d- and g-axis reference currents. The speed loop is controlled
by the proposed scheme, which generates the stator current /.
From Fig. 3, the proposed scheme contains two parts: 1) the
first part is the GI-EESO and 2) the second part is the TSMC.
In the GI-EESO, the integral term can estimate the aperiodic
disturbances in the speed loop, such as load torque mutation.
While the GIs can estimate the periodic disturbances, such
as torque harmonic caused by current sampling error. Thus,
the GI-EESO can estimate the multisource disturbance, which

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 7, JULY 2024

Inverter

Rectifier Brake module

380V
S0Hz

r }
lx & =%
= |
|

|Upc
|

<:’I
|
CI
|
==

T
|
!
= |
|
|
!

PMSM

|

|

. |
e t
; |
|

|

|Bus voltage detection | |PWM drive circuitl |Current sensor” Encoder |

Control Unit

Pefiodic
|dist"rhance
| estimation

|GIi_

Part 2:TSMC -
Proposed integrated observer-based TSMC

Fig. 3.
scheme.

Block diagram of the FOC-based PMSM drives with the studied

is adapted to the TSMC to enhance its robustness. This can
help to select a smaller value for the switching gain (control
gain k) of TSMC to reduce chattering level. Furthermore, from
Fig. 3, the GI-EESO contains differential information of the
speed error, which is employed to calculate the sliding mode
surface of the TSMC. Therefore, the proposed scheme solves the
inherent problems of pure TSMC. In addition, the input of the
GI-EESO is the same as the TSMC, which is the error between
the reference speed and the feedback speed. This indicates the
proposed scheme is an error-driven form. Compared with the
existing observer-based SMC schemes [22], [23], [24], [25], the
structure of the proposed scheme is integrated. Therefore, it has
benefits similar to those of the PI controller, such as compact
structure and industry-proven form, and it is well compatible
with industrial controllers.

According to Fig. 3, the design of the proposed scheme can
be designed in the following two steps.

Step 1: Design the GI-EESO of the proposed scheme.

In the speed loop, compared to the speed harmonics caused
by cogging torque, flux harmonics, and inverter nonlinearity,
the speed harmonics caused by current sampling error are more
serious [4]. There are first and second speed harmonics caused by
the current sampling error in the experimental platform used in
the lab. Therefore, two GIs are employed to optimize the EESO
to estimate the corresponding speed harmonics in this article.

Taking the disturbance f, as an extended state variable, the
tracking error dynamics (6) can be further written in extended
state equation form as follows:

iem: eib IS’
{dt f (X (21)

%fe = he
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where &, is the differential value of the disturbance f,.
According to (21), the GI-EESO can be designed as follows:

%ém = fe —bols + hi(em — €m), fe = fap + fp
& fap = P2 (em — Em) [ = 20+ 2

L2 =2

diZ? = —w? 21 + k1 (em — ém)

Ly =12y

%24 = —w2yz3 + kra (€ — ém)

(22)

where the symbol “A” denotes the estimated value, and i; and &5
are the GI-EESO gains. z1, z2, z3, and z4 are the state variables
of the two GIs. k1 and ko are the gains. w,; and w9 are the
angular frequencies of the periodic disturbances.

Supposition 4: The estimated error can exactly keep up with
the actual speed error, this means e,, — €,, = 0.

Step 2: Design the TSMC of the proposed scheme.

By replacing de,, /dt with dé,, /dt estimated by the GI- EESO,
the sliding mode surface in (8) can be rewritten as

5= L6+ clem|®sat (em)
0= —¢é, +clegn| sat (e,,) .
dt

Based on (12), (22), and (23), the control law of the TSMC
can be rewritten as

(23)

Is = qu +In + éfe
_ 1 o
I, = i clem|”sat (em) (24)
Fln = p-ksgn (6) .

From (23) and (24), compared with the TSMC proposed in
Section III, the TSMC of this proposed scheme incorporates ob-
server information, including the error differential signal and the
estimated multisource disturbance information. This utilization
of observer information allows the proposed scheme to avoid
the inherent challenges associated with pure TSMC.

B. Stability Analysis of the Proposed Scheme
Substituting the first equation in (22) into (23) can yield

6= fo—bols + hi(em — ém) + clem|“sat (e).  (25)
Substituting / in (24) into (25) can yield
6 = fe—boleq = boln = fe + hu (em — ém)
+ clem | sat (em)
= hi(em — ém) — bol,, = —bol,,. (26)

According to (24) and (26), the derivative of the sliding mode
surface can be written as

d d

a& = _b0$ln = —ksgn (7).
According to (27), the sliding mode condition (11) can be
proven as follows:

27

6—06 = —cksgn (o) = —k|o|. (28)

=
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Once the condition k£ > 0 is satisfied, the speed error e,, can
converge to zero in finite time.

C. Parameter Tuning of the Proposed Scheme

According to (22), (23), and (24), the proposed scheme con-
tains 7 parameters, namely hi, hs, k1, k2, ¢, a, and k. The
tuning methods of these parameters are presented as follows:

1) The tuning method of parameters h; and hg: The hy and
hy are the GI-EESO gains. According to [28], a bandwidth
parametrization method is that

hy = 2w, hy = w? (29)

where w, is viewed as the bandwidth of the observer. It mainly
affects the antidisturbance performance of the observer, which
can be used as the performance index to set the value of w,.
However, w, cannot be excessively large, as this can amplify
the high-frequency noise in the speed loop, resulting in system
instability. Thus, the selection of w, should be a tradeoff between
the dynamic response performance and the system stability.

2) The tuning method of parameters k,; and k,2: The k1
and ko are the gains of GIs. From [8] and [31], increasing the
parameter k, (k,.; and k,2) can increase the GI gain near the
resonant frequency. This means that the parameter k, mainly
affects the antidisturbance performance of the GI, which is used
as the performance index to set the values of k,1 and k.

3) The tuning method of parameter c: The parameter c is the
control law gain of the TSMC. From (10), the parameter c affects
the convergence time, which is used as the performance index
to set the values of c. However, an excessively large parameter ¢
may cause the undesired chattering problem. Thus, ¢ should be
set by balancing the convergence time and the chattering level.

4) The tuning method of parameter . The « is the index
of the absolute value of the error (e,,). According to (10), the
parameter o mainly affects the convergence time. It is worth
mentioning that formula (10) calculates the convergence time of
the error along the sliding mode surface. However, from Fig. 2,
as the error approaches zero, the error convergence trajectory no
longer converges along the direction of the sliding mode surface.
Thus, formula (10) cannot be used to calculate the time for the
error to converge to zero. But we can use the formula (10) to
estimate the time for the error to converge to a very small value,
such as 0.3.

Fig. 4 shows the relationship between the convergence time 7,
and the parameter . The tuning parameters are set as follows:
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Fig. 5.

Photograph of the PMSM experimental platform.

TABLE III
PARAMETERS OF THE TESTED PMSM

Quantity Value Quantity Value
Rated power 2.2 kW Number of pole pairs 3

Rated voltage 380V Stator resistance 1.025 Q
Rated current 44 A D-axis inductance 9 mH
Rated speed 3000 r/min Q-axis inductance 18.5 mH
Rated torque 7 Nm Flux linkage 0.249 Wb

Motor inertia ~ 0.002379 kg-m?

¢ =50, e,,(0) =5, and Ae,,, = 0.5. From Fig. 4, as the value of
« increases, the convergence time 7, becomes shorter. Thus, the
value of a should be set to a constant close to 1. Based on this,
the parameter « is set to 0.9 in this article.

5) The tuning method of parameter k: The k is the switching
gain of the TSMC. In pure TSMC, to ensure that it is robust
to multisource disturbances, a large k is desired. However, this
can lead to the undesired chattering problem. In the proposed
scheme, since the multisource disturbances are suppressed by
the GI-EESO, the parameter k can be set to a small value.

V. EXPERIMENTAL VERIFICATION

The proposed scheme has been experimentally assessed on a
2.2-kW PMSM platform, which is shown in Fig. 5. The para-
meters of the tested PMSM are listed in Table III. In this tested
platform, a motor chip STM32F103 ARM serves as the control
core. The PWM switching frequency is 6 kHz, and the PWM
interrupt period is 166.7 pus to provide adequate execution time
for the essential algorithms. For the experimental platform used,
the current sampling error has a significant effect on the speed,
while other disturbances have a minor effect. There are first
and second speed harmonics caused by the current sampling
error. In addition, the load torque is widely considered one of
the most significant aperiodic disturbances in the speed loop. In
this article, the proposed scheme is employed to suppress these
disturbances to illustrate its effectiveness and feasibility.

To illustrate the advantages of the proposed scheme, in the
following experiments, it is compared with the PI controller and
pure TSMC, respectively. According to [6], the parameters of
the PI controller are set as follows: k,, = 0.6 and k,; = 50.48.
The tuning parameters of pure TSMC are set as follows: ¢ =
18000, a = 0.9, and k = 300. According to Section IV-C, the
parameters of the proposed scheme are set as follows: ¢ = 18000,
a=09,k=5,w, =750, and k1 = ka = 10000. In addition,
the parameter by is set to 235.49. It is worth mentioning that all
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these methods are implemented employing forward difference
discretization [6], [32].

A. Limitation Verification of Pure TSMC

The antidisturbance performance of pure TSMC is verified
under step load. According to [4] and [5], the multisource
disturbances have the biggest impact on the system at medium
and low speeds. Based on this, the speed is set to 200 r/min.
Fig. 6 demonstrates the experimental results of pure TSMC
with different k. With k& = 100, it can be seen from Fig. 6(a)
that the speed drop caused by the step load is 65 r/min, and
the speed ripples are 16 r/min. From the Fourier analysis of
the steady-state speed, there are mainly first and second speed
harmonics. The first harmonic amplitude accounts for 0.67% of
the base speed, and the second harmonic amplitude accounts
for 1.82%. With k = 300, it can be seen from Fig. 6(b) that the
speed drop caused by the step load is reduced to 52 r/min, and the
speed ripples increase to 18 r/min. The first harmonic amplitude
accounts for 0.65% of the base speed, and the second harmonic
amplitude accounts for 0.75%. With k = 500, it can be seen from
Fig. 6(c) that the speed drop caused by the step load is reduced
to 42 r/min, and the speed ripples increase to 23 r/min. The first
harmonic amplitude accounts for 0.59% of the base speed, and
the second harmonic amplitude accounts for 0.55%. From the
above analysis, the following two conclusions can be drawn.

1) The antidisturbance performance of pure TSMC is weak
when the parameter k is small. Increasing parameter k can
enhance the capability to suppress step load.

2) However, increasing k does not necessarily suppress peri-
odic disturbances and may even cause more severe peri-
odic disturbances. This is because increasing k will cause
chattering in the controller output. From Fig. 6, increasing
k will cause stator current (/) chattering, and this can
also cause severe distortion of the phase current (i,). The
chattering of the stator current (/) can lead to speed
ripples, deteriorating the steady-state performance of the
output speed.

Therefore, pure TSMC is not suitable for suppressing multi-

source disturbances in the speed loop of PMSM drives.

B. Antidisturbance Performance Verification

To show the antidisturbance performance of the proposed
scheme, it is compared with the traditional PI controller and
pure TSMC, respectively. It is worth mentioning that to balance
the antidisturbance performance and the chattering level, the
switching gain k of pure TSMC is set to 300. Fig. 7 shows
the comparative experimental results of the three different con-
trollers under 100% rated load torque. With traditional PI con-
troller, it can be seen from Fig. 7(a) that the speed drop caused
by the step load is 99 r/min, and the speed ripples are 18 r/min.
From the Fourier analysis of the steady-state speed, the first
harmonic amplitude accounts for 2.54% of the base speed, the
second harmonic amplitude accounts for 1.94%, and the total
harmonic distortion (THD) is 3.24%. With pure TSMC, it can
be seen from Fig. 7(b) that the speed drop caused by the step
load is 52 r/min, and the speed ripples are 18 r/min. The first
harmonic amplitude accounts for 0.65% of the base speed, the
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Fig. 6.
analysis of steady-state speed. (a) k = 100. (b) k = 300. (c) kK = 500.

Experimental results of pure TSMC with different k£ under 100% rated load torque. From top to bottom: speed, stator current, A-phase current, and Fourier
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Comparative experimental results of three different controllers under 100% rated load torque. From top to bottom: speed, stator current, A-phase current,

and Fourier analysis of steady-state speed. (a) PI controller. (b) Pure TSMC (k = 300). (c) Proposed scheme.

second harmonic amplitude accounts for 0.75%, and the THD
is 2.81%. With proposed scheme, it can be seen from Fig. 7(c)
that the speed drop caused by the step load reduces to 38 r/min,
and the speed ripples reduce to 7.9 r/min. The first harmonic
amplitude accounts for 0.06% of the base speed, the second
harmonic amplitude accounts for 0.28%, and the THD is 0.62%.

To clearly compare the antidisturbance performance of the
three different control schemes, all the data related to the speed
fluctuations are displayed in the radar diagram, as shown in
Fig. 8. Two conclusions can be drawn from Fig. 8.

1) Compared with the PI controller, although pure TSMC
can suppress the speed drop caused by step load, it cannot
attenuate the speed ripples. Pure TSMC can suppress the
first and second speed harmonics to a certain extent, but
it can also introduce new speed harmonics due to the
chattering problem. Overall, the speed ripples are not
reduced in the speed loop.

Compared with pure TSMC, the proposed scheme can
effectively suppress the multisource disturbances and

2)

Speed drop [20r/min/div]

THD > ‘\‘*\convergence time
[0.66%/div] v 1 [14ms/div]
2nd harmonic ; Speed ripple
amplitude [0.52%/div] - [4r/min/div]

1st hé}fﬁonic
amplitude [0.52%/div]
Pure TSMC

[ PI controller Proposed scheme

Fig. 8. Comparative radar diagram of antidisturbance performance of three
different control schemes.

reduce the speed drop and the speed ripples. The proposed
scheme also eliminates the inherent chattering problem
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and Fourier analysis of steady-state speed. (a) PI controller. (b) Pure TSMC (k = 300). (c) Proposed scheme.

of the TSMC. This is because the proposed scheme no
longer relies on the large switching gain to suppress the
disturbances in the speed loop. Instead, it suppresses
the multisource disturbances through the introduced GI-
EESO. Therefore, compared with pure TSMC, the pro-
posed scheme is more suitable for suppressing multisource
disturbances in the speed loop of PMSM drives.

C. Periodic Load Suppression Capability Verification

To evaluate the capability of the proposed scheme to suppress
the periodic load, Fig. 9 shows the comparative experimental
results of three different controllers under 20%-rated periodic
load. With traditional PI controller, it can be seen from Fig. 9(a)
that the speed ripples caused by the periodic disturbance are
60 r/min. From the Fourier analysis of the steady-state speed, it
can be seen that the THD is 11.40%, and the speed harmonic
caused by the periodic load accounts for 9.45% of the base speed.
With pure TSMC, it can be seen from Fig. 9(b) that the speed
ripples are 31 r/min. The THD is 3.84%, and the speed harmonic
caused by the periodic load accounts for 2.55% of the base speed.
With proposed scheme, it can be seen from Fig. 9(c) that the
speed ripples are 13 r/min. The THD is 1.09%, and the speed
harmonic caused by the periodic load accounts for 0.65% of
the base speed. To sum up, compared with the traditional PI
controller, pure TSMC can suppress the speed ripples caused
by the periodic load to a certain extent, but it is difficult to
completely suppress them. Different from this, the proposed
scheme can effectively suppress the speed ripples caused by
the periodic load and achieve smooth speed control.

D Parameter Robustness Verification

To evaluate the parameter robustness of the pure TSMC and
the proposed scheme, verification was performed in the presence
of parameter mismatch. According to (8), (12), (22), and (24),
both pure TSMC and the proposed scheme are only related
to the parameter by, which is the function of the rotor flux
and the rotational inertia. Thus, b is selected as the tested

parameter, and its values are set to 0.5by, 1.0by, and 1.5b,
respectively. Fig. 10 shows the experimental results of the pure
TSMC (k = 300) under parameter mismatch, while Fig. 11
shows the experimental results of the proposed scheme under
parameter mismatch. From Figs. 10 and 11, both pure TSMC
and the proposed scheme can still operate stably under parameter
mismatch. Compared with pure TSMC, the proposed scheme is
less affected by parameter mismatch. Therefore, the proposed
scheme has good robustness to parameter mismatch.

E. Dynamic Response Performance Verification

To evaluate the dynamic response performance of the pro-
posed scheme, experimental verification is conducted under
speed-step change conditions. Fig. 12 shows the dynamic re-
sponse experimental results of three different controllers. With
traditional PI controller, it can be seen from Fig. 12(a) that there
is an obvious speed overshoot. In addition, when the speed is
100 r/min or 200 r/min, the speed fluctuates seriously. With
pure TSMC, it can be seen from Fig. 12(b) that there is no
obvious speed overshoot. This indicates that pure TSMC has
good dynamic response performance. However, when working
under steady-state speed conditions, the speed fluctuates seri-
ously, especially when the speed is zero. With the proposed
scheme, it can be seen from Fig. 12(c) that there is a slight
oscillation in the speed, which is caused by the GI in the proposed
scheme. This mainly demonstrates the process of suppressing
speed fluctuations through the proposed scheme. Compared
with the PI controller and pure TSMC, the proposed scheme
can not only suppress the speed fluctuations under different
steady-state speed conditions, but also show superior dynamic
response performance.

FE. Verification Under Multiple Operating Conditions,
Including On-Load Starting, Braking, and Reversal

Fig. 13 presents the experimental results of three different
controllers in various modes under 100% rated load torque,
including on-load starting, braking, and reversal. In Fig. 13,



TIAN et al.: INTEGRATED OBSERVER-BASED TERMINAL SLIDING-MODE SPEED CONTROLLER 7977

I in/div]. Sudden increase of 100% rated torque T div]._ Sudden increase of 100% rated torque 3 in/div]._Sudden increase of 100% rated torque
Speed Atr=36m: Speed Atr=64m: Spe d\ Atr=66m:
2000l v#'rﬁﬂw g l'\vw MMMWW‘W b‘ o 2 ™ W_Mj"“‘fv oy r‘m( TSY CYWRNARY M‘]g,::,:. 00~ - "r‘(‘; = ”\w:“‘ Vi vl e ];/mvi“
i 3pr/min Sarfoin Y " .‘/ 72u/iin ‘\;f - Lw/
AN R PR TR LY
LU A o
i I f | i N L, R . i 3
(A JMMMMW "WMM‘WWW‘W" JWW‘M N\MMN (MWW [3A[(dw] (,w ’ l\/:rA gt [3A]{dw] }M e "
o MVWW‘W 45A . o= 233A . ~ I71A
[5A/div] [5A/iv] [5A/iv]
i N O W T OO i P ST N Y A i A ApA A A A
AR LN A TAR AN WA AWANAN o AOVA A A R AAAA AN A AN A
VRVRYAVATRY RVRIATRY DVRIATAY VRVAVAVIAVRVAVATRVRVIAVRVIATAY VALV VY
VA W e A S A B A A R v
Time [200ms/div] Time [200ms/div] Time [200ms/div]
T [0.5%]div] T [0.5%div] T [0.5%]div]
oF I THD=466% | , = THD=281% | , = THD = 2.44%
85 [| 0% 73%0n0) N 85 [ ] ,065%(1s0-75%Cnd) 85 [ | 037%(1s0 0-51%(2nd)
22NV AN 22004 22 A
N V N 4 — ], v Y/ N NG S S I LA A
0 10 20 30 40 S0 60 70 8 90 100 0 10 20 30 40 S0 60 70 8 90 100 0 10 20 30 40 50 60 70 8 90 100
Frequency [Hz] Frequency [Hz] Frequency [Hz]
(a) ®) ()

Fig. 10.  Experimental results of pure TSMC (k = 300) under parameter mismatch. From top to bottom: speed, stator current, A-phase current, and Fourier
analysis of steady-state speed. (a) 0.5b¢g. (b) 1.0 bg. (c) 1.5b¢.

0r/min/div] | Sudden incréase of 100% rafed torque 0r/min/div] | Sudden incréase of 100% rafed torque 0r/min/div] | Sudden incrase of 100% rafed torque
Spe d\ Aty 30m Spe d\ Aty #u Spe d\ Aty R'U*m
2 s 200 = 2001 . v
A T _&svimin l T _Torimin ‘\‘ ’ T _&svimin
25t/min EYPAONT N AN 38qmin TSR I Ay AP o1 UWF ¥ TN
Laaid i L' e Wy L W '”M"ﬁ
[3A/div] N 3 [3A/div] f\v [3A/div] i
I r _t I “ _ I ’ _
~ [ 1324 ~ 0.84A ~ 0.98A
0 0 0
[5A/iv] [5A/iv] [5A/iv]
i A FANY M I i N
0 g ALUVA VA VA VT > AN AUA TAWA WA WAITAA . g PUA AU AU LT LT
JRTRTRTRTRIRIRTATAVATRTAIAY u/\//\//\//\//\//\//\/ \v/\//\//\//\//\//\//\/
Time [200ms/div] Time [200ms/div] Time [200ms/div]
10.5%]div] 10.5%/div] 10.5%]div]
) THD=081% | , = THD=0.62% | , = THD = 0.88%
E £ £
53 53 5% .58%(2nd)
S ] 0.16%(1sy O-31%E0d) 2 (| .0a0(1sn 28%20d) S [[037%0s
0 LA 0 A S o=~
0 10 20 30 40 S0 60 70 8 9 100 0 10 20 30 40 S0 6 70 8 9 100 0 10 20 30 40 50 60 70 8 9 100
Frequency [Hz] Frequency [Hz] Frequency [Hz]
(@ (b) (©
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Fig. 13.
reversal. (a) PI controller. (b) Pure TSMC (k = 300). (c) Proposed scheme.

the experimental results of sections AB, DE, FG, and HI show
the speed steady-state performance. The experimental results
of segment BCD demonstrate the speed reversal performance.
The experimental results of segment EF demonstrate the braking
performance. In addition, the experimental results of segment
FGHI show the performance of on-load starting. According to
Fig. 13, three different control methods can always operate
stably. Thus, employing the proposed scheme as the speed
controller can ensure the stable operation of the motor in modes
such as loaded start-up, braking, and reverse. Additionally, it is
worth mentioning that, as can be seen from Fig. 13, the proposed
scheme can effectively suppress speed ripples at different speeds
and achieve high-precision speed control.

VI. CONCLUSION

In this article, an integrated observer-based TSMC was pro-
posed to improve speed control accuracy by suppressing the mul-
tisource disturbances in the speed loop of PMSM drives. Com-
pared with the existing TSMC, the proposed scheme has three
significant advantages: First, it can further suppress the periodic
disturbance. Second, it can avoid the differential calculation.
Third, it is an integrated observer-based TSMC structure, and
it is well compatible with industrial controllers. The proposed
scheme has been verified on a 2.2-kW PMSM setup. The exper-
imental results demonstrate that the proposed scheme can effec-
tively suppress the multisource disturbances to enhance speed
control accuracy. The results also show that the proposed scheme
has good robustness to parameter mismatch. With the merits
of the integrated structure and the antidisturbance capability
against multisource disturbances, the proposed scheme can also
be applied in the current loop or voltage loop of PMSM drives.
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