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Robust Deadbeat Predictive Direct Speed Control for

PMSM With Dual Second-Order Sliding-Mode
Disturbance Observers and Sensitivity Analysis

Shaobin Li"’, Yongxiang Xu

Abstract—A novel robust deadbeat predictive direct speed con-
trol (RDP-DSC) method for permanent magnet synchronous motor
is proposed to improve the speed control bandwidth and eliminate
the conventional cascaded speed control structure. First, the basic
DP-DSC method with one-step ahead time delay compensation is
introduced briefly. Then, the control sensitivity analysis issue on
the electrical and mechanical parameter mismatches, and external
disturbance and inverter nonlinearity are inspirationally discussed.
Further, based on the analysis above, a novel dual second-order
sliding-mode disturbance observer (SOSMDO) structure is pro-
posed for both current and speed disturbance suppression. The
proposed RDP-DSC equipped with SOSMDO is presented with full
control errors completely compensated. Meanwhile, the undesired
chattering phenomenon caused by the switching function in the
existing popular sliding-mode observers is eliminated by the pro-
posed SOSMDO. Rich experiments are then performed, showing
that the proposed method has strong enough robustness to various
parameter mismatches and external disturbances while the system
still holds the DSC methods’ advantages, such as high response
speed and satisfying bandwidth.

Index Terms—Direct speed control (DSC), permanent
magnet synchronous motor (PMSM), second-order sliding-mode
disturbance observer (SOSMDO), sensitivity analysis.

I. INTRODUCTION

REDICTIVE control has become a hot issue in motor
Pcontrol fields because of its advantages, such as good
dynamical performance, capability of dealing with multiinput
multioutput systems, and easy constraints handling ability. Fur-
ther, its combination with permanent magnet synchronous motor
(PMSM) has shown great potential and is attracting increasing
attention [1], [2].

Up till now, the most popular predictive control scheme in
PMSM control area is predictive current control (PCC). On this
scenario, the current controller is designed based on predictive
control theory while a linear proportional—integral (PI) speed
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controller is typically utilized for speed control in the cascaded
structure [3], [4]. The advanced current control performance can
somewhat improve the system’s performance. However, when it
comes to the outer loop speed control, the dynamic performance
is still tremendously limited by the double closed-loop cascaded
control structure [5].

Recently, an emerging technique called predictive direct
speed control (P-DSC) is proposed and widely studied, which
eliminates the conventional cascaded PMSM speed control
structure [6]. By eliminating the traditional cascaded structure,
P-DSC not only inherits the merits of the predictive control
algorithm but can also improve the system’s bandwidth because
the constraint of the outer loop slow dynamics is taken away
[7]. Normally, P-DSC can be categorized into model predictive
direct speed control (MP-DSC) [8], [9] and deadbeat predictive
direct speed control (DP-DSC) [10], [11], [12], [13]. Based on
the discrete PMSM model, MP-DSC optimizes a predefined
cost function by evaluating all the available voltage vectors
of the inverter [35]. For example, MP-DSC with an extended
Kalman filter is used in a two-mass system driven by a PMSM
in [8], and artificial neural networks are utilized for the selection
of weighting factors in [9]. Even if no modulator is required,
MP-DSC still has drawbacks, including large speed ripple,
high calculation complexity, variable switching frequency, and
painstaking weighing factor selection procedure [36].

Regarding the DP-DSC method, the idea is to generate the
reference dg-axis voltages by the reference speed and d-axis
reference current in a deadbeat manner, moving the motor’s
operating point precisely to the reference in the next moment.
Afterwards, a modulator is required to interpret the signals to
switching states before they are delivered to the inverter [26].
Compared with other MP-DSC methods, DP-DSC can enhance
the speed control quality with less speed ripple, less calculation,
fixed switching frequency, and faster control response [10]. In
[28], a DSC method is designed by the deadbeat principle and a
load torque observer (TO) is added to add robustness. Moreover,
an enhanced predictive model and an exponential extended state
observer are combined to realize deadbeat speed control [37].
Up till now, DP-DSC has not been well studied in the DSC field
and has become a hot issue to be further developed.

However, similar to other model-based methods, the DP-DSC
method relies highly on the precise modeling of the motor plant
as well as load torque [14]. In fact, even if all the parameters
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are measured accurately offline, the motor parameters may
largely change when PMSM operates under different conditions.
For example, if the ambient temperature changes dramatically
during operation, the actual flux linkage and resistance will
deviate far away from nominal values. Consequently, this model
mismatch will damage the transient tracking performance and
result in steady-state speed tracking error, or in the worst case,
system failure. In order to improve the robustness of DP-DSC,
scholars have proposed various compensation methods, such as
identification-based methods [15], [16], [17], augmented model
methods [18], [19], and most importantly, the observer-based
techniques [20], [21], [22], [23], [24], [25].

The parameter identification methods enhance the system’s
robustness by accurately identifying all motor parameters in
the controller. In [15], a novel parameters identification method
for the stator resistance and inductance is developed based on
a reconstructed characteristic vector to achieve zero-steady-
state error. In [16], an adaptive estimation law for unknown
parameters is built with stability and robustness guaranteed.
Besides in [17], stator inductance is extracted to improve the
parameter robustness of predictive control system. However,
identification-based compensation methods can only deal with
parameter mismatches, while the disturbance rejection ability to
varying parameters or unmodeled dynamics is poor.

Scholars also consider augmenting state-space model to en-
dow the controller with robustness. For example, Wang [18]
introduces the augmented model, where an integral action is
brought in to eliminate steady-state error. In [19], an incremental
model is applied for flux mismatch immunity control and the
observer is incorporated to deal with other disturbances. These
methods aim to augment the model to form an internal inte-
grator for eliminating steady-state error. However, the dynamic
performance cannot be guaranteed.

Recently, with the development of advanced control theory,
observer-based control methods are designed to add certain ro-
bust to predictive controllers, such as Luenberger observers [20],
Kalman filter [21], etc. Among all these observers, sliding-mode
observer (SMO) has the advantage of really strong robustness.
In [22], a sliding-model full parameter disturbances and load
observer (FPLO) is put forward. Such an observer can simul-
taneously estimate electrical parameter disturbances, mechani-
cal parameter disturbances, voltage reconstruction error, motor
speed, and external load torque with the feasibility proved by
experiments. What is more, an adaptive integral sliding-mode
model predictive control is designed to improve robustness and
reduce chattering [23]. In [24] and [25], super-twisting algorithm
is used for disturbance estimation, and the results are then
used in the main controller for disturbance rejection. In [7], a
sliding term is added to the cost function to ensure robustness,
but the resultant chattering is not negligible. Also, in [37], a
unified high-order SMO is designed to increase the speed control
robustness and current tracking accuracy.

In fact, the overall disturbance can be divided into the outer
loop and inner loop disturbance in the DP-DSC control topology.
The outer loop disturbance includes load torque, friction, and
mechanical parameter mismatches, while the inner one consists
of electrical parameter mismatches, inverter nonlinearity, and
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other unmodeled dynamics. Obviously, the features of both
disturbances are different in terms of amplitude and change
rate. Suppose only a single SMO is used for overall lumped
disturbance estimation. In that case, the observer gains need
tuning large enough to ensure convergence, which in turn brings
in severe chattering and deteriorates the control performance.
Resultantly, the optimal disturbance observation and speed con-
trol performance cannot be guaranteed. Hence, compared with
the conventional single-observer-based methods in DSC, it is
necessary to present a dual disturbance observer structure in
which different gains are specially designed for the disturbances
in either the inner or outer loop to ensure a perfect perturbation
estimation and error suppression.

In this article, a novel robust deadbeat predictive direct
speed control (RDP-DSC) method for surface-mounted PMSM
(SPMSM) based on DP-DSC topology and the dual second-
order sliding-mode disturbance observer (SOSMDO) structure
is proposed. This method belongs to the general disturbance-
observer-based control field. The novelties and main contribu-
tions can be summarized as follows:

1) First, a novel PMSM model is derived considering uncer-
tainties, including both parameter mismatches and exter-
nal disturbances, and a simple but effective DP-DSC con-
troller is constructed in a deadbeat manner. The deadbeat
control signal is directly generated from the PMSM equa-
tion considering one step ahead time delay compensation
with hardly any computational complexity.

2) Further, considering various disturbance sources in the
system, sensitivity analysis on how parameter mis-
matches, external disturbances, and inverter nonlinearity
affect the speed tracking performance is quantitatively per-
formed. Sensitivity analysis through discrete-time transfer
function is put forward for the first time. And the influence
on both steady-state and transient-state control behavior
can be clearly concluded, which serves as a general guide-
line for disturbance observer design and tuning.

3) Anovel RDP-DSC method is put forward for both current
and speed error suppression to enhance the robustness
of the DP-DSC controller. The proposed dual SOSMDO
structure can decouple the inner and outer disturbance
for individual estimation, which means that each observer
gain can be specially designed considering different am-
plitudes and change rates of the inner and outer loop
disturbance. The dual observer structure along with the
second-order SMO design makes the RDP-DSC have
strong superiority over other conventional disturbance
observer based, especially SMO based, DSC methods
in terms of lower speed ripple, and stronger disturbance
rejection ability.

The rest of this article is organized as follows. The mathe-
matical model of PMSM with disturbance is formulated and the
conventional DP-DSC controller design is introduced in Sec-
tion II. Then, Section III conducts the sensitivity analysis against
parameter mismatches, inverter nonlinearity, and external distur-
bance. Section IV presents the proposed dual SOSMDO struc-
ture and the RDP-DSC method. In Section V, the effectiveness
of the proposed method is verified by a series of experiments.
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Finally, Section VI concludes this article and discusses the future
work.

II. MATHEMATICAL MODEL OF PMSM AND CONVENTIONAL
DP-DSC METHOD

The PMSM mathematical model, including parameter mis-
matches and external disturbances, is formulated in this section.
Then, a one-step delay compensation algorithm in predictive
control is introduced. And the conventional DP-DSC is briefly
introduced to realize deadbeat speed control.

A. PMSM Mathematical Model

In the synchronous rotating frame (dg-frame), the electrical
and mechanical dynamics of an SPMSM can be constructed
mathematically with nominal parameters (usually measured of-
fline and used in the controller) as follows:

di 1

= Told — —szrwequrdd

dig 1 Ro,; _ Yrowe

T Lol T T, Lig — Weld I, T dg (H
dwp, _

dt 3%@5 < +dy,
where u4 and u, are dg-axis voltages; iy and i, are dg-axis
currents; Ly is the dg-axis inductance; Ry is the stator resistance;
1o is the permanent magnet flux linkage; w. and w,, mean
the electrical and mechanical angular velocity, respectively; p
means the pole pairs; Jy is the inertia; d4 and d, are lumped
disturbance for current equation; and d,, is the disturbance for
speed dynamics. Besides, parameters with subscript “0” denote
the nominal value used in the controller.

Further, the disturbance can be further extended as follows
including parameter mismatches, external load torque, and un-
modeled dynamics into consideration:

= (- ) - (E- 1)

L
_ (1 1 R _ Ro) . Y 0
dg= (f Lo)uq Z_LT?) @q_(Lf fu)we‘f'gq
__ 3p¥yoiq 3P¢ﬂ B T+Ty
duy = 270 t+ J 7
2

where ¢4 and €, mean the unmodeled dynamics, such as the
inverter nonlinearity; B is the viscous damping; 7y, and T are
the load torque and friction, respectively; and other parameters
without subscript “0” denote the real motor parameters.

B. One-Step Delay Compensation

Before constructing DP-DSC controller, time delay effect
in a real PMSM digital control system should be considered
and compensated by a one-step ahead prediction method [26].
That is, DP-DSC output w©gq0(k + 1) for t = k + 1 should be
calculated one step ahead at f = k moment so that this signal can
be implemented to the inverter at t = k + 1 without delay. Note
that the bold font represents vector variables in the whole paper,
while wqq0(k + 1) is comprised of uqo(k + 1) and ugo(k + 1).
If all the disturbances are ignored, the ideal control voltage can
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be obtained by discretization of (1) according to [27] as follows:

tgo(k+1) =% g (k+2)— 5 - (1= ) iy (k1)
(Loldo(k +1)+ 1/Jfo)we( )
uao(k +1) = Loig(k +2) — Lo (1 - TL’?) fao(k + 1)
— Lowe (k)iqo(k + 1)

3)

where T is the sampling time and the values annotated by k are
sampled at the kth sampling instant. Note that w. (k) is used to
replace w. (k + 1) because the motor speed can be regarded as
unchanged in the adjacent control periods [26].

In the equation above, the future dg-axis currents ’quo (k+1)
attime t = k + 1 cannot be measured directly at r = k. Therefore,
prediction is needed based on r = k measurement ¢4, (k) and the
electrical mathematical equation in (1)

ol +1) = (1- TL—’EO)- o) = Twe (k)ia(k)
(L) + 175 uq(k)
fao (k1) :( TRo) (k) + Twe (k)i (k) + L ua(k).

“

According to the deadbeat principle, the predicted current
is typically selected as the reference current so that PMSM
will track this reference current at the next moment. Hence,
taq(k + 2) in (3) can be viewed as the desired current value to be
exactly tracked at = k + 2. In other words, 44, (k + 2) serves as
the reference value for r = k. Since the d-axis current is always
controlled to be zero for SPMSM, i}, = iq(k + 2) = 0 can be
used. When it comes to i, (k + 2), it is treated as an intermediate
variable in the DP-DSC controller and will be further illustrated
in the following section.

C. DP-DSC Controller Design

To achieve DSC performance, the current and speed loops in
the conventional cascaded control topology are merged into one
single loop to form a cascaded-free structure. Hence, the overall
voltage control signal can be directly generated based on the
speed reference value.

The discretized mechanical equation can be written as (5) by
forward Euler expansion regardless of disturbances according
to [22]. The sampling interval of the speed dynamics is defined
as T}, = T¢, where ¢ is a positive integer larger than 1 (typically
5 to 10) to prevent the coupling of speed control and current
control on each other [28]. This statement is reasonable because
the mechanical dynamics is usually much slower than the current
one in the motor control system, and the speed sampling interval
is denoted by n. Hence, during t = n and t = n + 1, the g-axis
current will be regulated several times to track the same reference
iy = iq(n). Since iy (k + 2) is the reference value to be followed
for the deadbeat controller considering delay compensation at
t=k,iq(k + 2) is used instead of i, (n) as follows for expression
simplicity:

wm(n+1) 5%

= wp(n) + T, 5)
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Fig. 1. Schematic diagram of the PMSM control system based on the conven-
tional DP-DSC method.

where wy,(n) and wy,(n + 1) mean the speed value at t = n
and t = n + 1, respectively, while n denotes the speed sampling
instant.

Obviously, the intermediate current reference i,(k + 2) can
be further written as (6a) to achieve deadbeat speed tracking
performance. And from the analysis above, i,(k + 2) can also

be interpreted as the g-axis current reference value i

2Jo (~wm(n) +wp(n £+ 1))
3ppoTE

where the values with asterisks mean the reference values. And
in the ideal case, w;, (n + 1) can be exactly tracked att =n + 1
without any error. In fact, the amplitude of the g-axis current
reference may not exceed the control system’s current limitation.
That is, a clamp is needed. Hence, the modified g-axis current
reference should be constrained as follows:

o (200 (—w () iy (n 1)))
iq = Sat ( SpuroTE

where “Saf” means the saturation function constrained by the
maximum allowed g-axis current amplitude /g max-

By plugging in (4) and (6b) into (3), the control voltage of
the DP-DSC controller can be calculated as (7). This voltage is
then exerted on the modulator for switching states calculation

i =ig(k+2) =

q

(6a)

(6b)

L 2Jo (=wm, (n)Fwy, (n+1
wgolk +1) = % - Sat (22l (o) )

+Ag0(k+1) (7
udo(k + 1) = Ado(k + 1)

where Ago(k + 1) and A4o(k + 1) are expanded in detail at the
bottom of this page, and the overall DP-DSC method diagram
can be depicted in Fig. 1.

III. SENSITIVITY ANALYSIS ON PARAMETER MISMATCH AND
EXTERNAL DISTURBANCE

In order to obtain ideal deadbeat speed tracking performance,
the control voltage must be accurately calculated assuming that
the nominal and the actual model are identically the same. How-
ever, parameter mismatches (stator resistance Ry, stator induc-
tance Lo, flux-linkage 179, and inertia J), inverter nonlinearity,
as well as other external disturbances (such as load torque 7', and
friction T) are unavoidable in reality. Therefore, it is necessary
to quantitatively evaluate to what extent the aforementioned
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disturbances can affect the speed control performance. This
section performs sensitivity analysis to form a guideline for
further observer design and gain tuning.

A. Influence of Flux Linkage Mismatch

In reality, the permanent magnet flux linkage is prone to be
affected by the ambient temperature during motor operation. For
example, a 20% flux reduction may occur per 100 °C ambient
temperature rise for ferrite-based magnet [32]. The flux linkage
error is defined as the real value minus the nominal value A =
¢ — P ro. Suppose that the inverter is ideal and the calculated
voltage signal in (7) can be exerted on the real motor without
any loss. When analyzing flux linkage mismatch, all the other
disturbances are set as zero. If the control signal in (7) is brought
into the motor (1) and all the nominal values in (1) are replaced
by real motor values, the resultant rotor speed can be simplified
as follows when higher order terms of the control period 7 (third-
order or higher) are omitted:

(1) = iy (-4 1) - BT )
040
A ) w1
Yo

Obviously, the flux linkage mismatch will slow down the
dynamic tracking performance because the terms containing
At and rotor speed may force the velocity to deviate from the
reference. Discrete-time control theory analysis can also testify
to this conclusion. The transfer function between the speed
feedback and reference can be written as follows by applying
z-transformation to (8):

H (z):wm(z):ﬂ. i
Wy wh(2) Yo 44 (%+ iwf)'
o+o0 fo

©))

It is known that the deadbeat tracking performance requires
the system’s closed-loop pole to be located exactly at the origin.
However, with flux linkage error, the transfer function has only
a single pole at z = 7(% + %}Of) According to the
control theory, the system exhibits overdamping feature if the
pole resides on the positive real axis, while the system oscillates
when the pole lies in the negative part. In both cases, the settling
time will be prolonged under flux mismatch, and the dynamic
performance will be deteriorated. Apparently, when the flux
mismatch grows closer to somewhere near 1 ¢g or — s, the
absolute value of this pole locates outside the unit circle, and the
system becomes unstable. Hence, it can be concluded that the
stability region for flux linkage mismatch At is a subset of the
range (— fo, ¥ o), unnumbered equation shown at the bottom
of the next page.

As for the influence of flux linkage mismatch on the steady-
state performance, assume that w;,(n + 1) = wy,(n) and then
(10) can be derived from (8). It can be seen that the actual speed
will be bigger than the reference if A is smaller than 0 and
vice versa. Therefore, if not compensated, flux linkage error will
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bring in unacceptable steady-state error

JoLg
JoLo + 3AvYp*T%E) g,

wm(n+1) = wp,(n+1).  (10)

B. Influence of Inertia Mismatch

Typically, the rotor inertia is hard to be accurately measured,
and its value may change during operation. If we denote AJ =
J — Jy, the actual speed obtained by the DP-DSC method can
be deduced as (11) following the similar derivation procedure
in Section A. Obviously, it can be seen that the inertia mismatch
will not introduce any steady-state error. The reason is that
if wy(n+ 1) =w,(n) holds in the steady state, the equality
wm(n+1) =w} (n+1) can be obtained from the speed re-
sponse expression under inertia mismatch

AJ (n) + Jo
Jo + AJ wm Jo + AJ Wm

However, when it comes to the transient performance, too
large inertia deviation will deteriorate the system severely and
may even cause instability. Z-transformation is applied to (11)
to analyze this issue, and the discrete transfer function between
speed reference and response can be obtained as

wm(n+1)= wr(n+1). (11)

wm(2) zJ
0BG =y ~Tesan—a; 1?2

Apparently, this transfer function has a single pole located at
z = AJ/(Jo + AJ), which means that inertia mismatch hand-
icaps the ideal deadbeat control performance. What is more, all
the poles of Hy,(z) are required to locate within the unit circle
|z] < 1 so that the stability of the entire system can be ensured
[29]. In this case, the stability region of the nominal inertia can
be calculated as follows, which means that if the absolute value
of the inertia mismatch is greater than the real value, the system
diverges and becomes unstable:

0< Jg<2J. (13)

C. Influence of Resistance Mismatch

The variation of the resistance may come from the motor
temperature change. For example, the stator winding resistance
increases as the ambient temperature rises [34]. If we denote
AR = R — Ry as the real value minus the nominal one and
follow the analysis procedure above, the real motor speed under

the conventional DP-DSC method can be depicted as
wi(n+1) =wh (n+1)+ 0 (T?) (14)

where o(7?) means the terms containing the order equal to or
higher than 72.
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From (14), the tiny speed tracking error is negligible, and
the resistance mismatch hardly affects the system’s performance
both in transient and steady state. Even so, the nominal resistance
value should still be as accurate as possible.

D. Influence of Inductance Mismatch

In reality, accurate measurement of stator inductance is quite
challenging, and inductance mismatch is prone to happen in real
controllers. In this case, the difference between the nominal and
real inductance values is designated as AL = [ — L. Further,
the corresponding motor speed under (7) is shown as follows:

(n+1) = —2L () + 2w, (n+ 1)
Wi = T ALY Lot arem
3piq(k)YpoTAL (15)

2Jo(Lo + AL) -~

The analysis of the transient-state performance is similar
to the one in the inertia mismatch case with the deviated
closed-loop pole locating at z = AL/(Lg + AL). Similarly,
the inductance mismatch will deteriorate the transient tracking
performance, and a system failure will happen if the mismatch
value AL is larger than L.

As for the steady-state tracking performance, the following
equation can be deduced by the assumption that w,,(n + 1) =
Wi (n):
3piq(k)Y 0T ) &

2Jo Ly~

It is seen that the steady-state error grows proportionally with
AL when the load torque is unchanged. However, the real motor
speed may not deviate from the reference much because the

error expression contains a sampling period 7 term, which is a
relatively small constant.

wmn+1)=w) (n+1)+ (16)

E. Influence of External Disturbances

The external disturbance is represented by the d,, term in (1),
which mainly includes unexpected torque dynamics consisting
of viscous damping, load torque, friction, etc. Considering this,
the influence of d,, can be deduced as (17) and it can be regarded
as some deviation between the speed feedback and reference in
the steady state. Also, it is evident that transient-state tracking
performance is almost unaffected

wmn+1)=(Td, +w,(n+1). (17)

FE. Influence of Inverter Nonlinearity

The inverter nonlinearity influence is generally composed of
the dead-time effect as well as the diode and IGBT forward

Tl/lfgw

Ago(k+1) = QROZd(k) (S
+Tw?(k)(Loiq(k )+¢f0)

Lo

qo(k + 1) T

)

Lo
T

RL q (1_
T+ m)ialh) + (

1

)i

RyT

Lo

RoT 1 _
o 1—-Tw

+ Tk >( alk) - (1= BT ) 4 Toalb) 4 To(kyi (k)

)+ D5 — (k) Teo() — et
(F))ua(k) + 2iq(k)w(k)(RoT — Lo)
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voltage drop. These undesired elements will cause a 6kth-order
voltage distortion between the calculated control voltage and
the real value delivered to the PMSM [39]. Consequently, the
distorted voltage will produce a dc component as well as 6kth
harmonics in the dg-axis currents of the synchronous reference
frame, which can be modeled as follows [40]:

{Zggaj %kd  iDead Sm(DGk:guet + d6i) (18)
Tged = g6 + ey U cos(6kwet + Per)

where 192! and ;D¢ are the distorted dg-axis currents; ip* and
Dead

represent the amplitude of g-axis dc current component and

6kth order harmonics, respectively; i0f% means the amplitude of

d-axis 6kth-order harmonics; and ¢6k means the corresponding
phase angle.

Since the current harmonics in the d-axis will not contribute
to the torque performance, the analysis mainly focuses on the
behavior of the g-axis current. Obviously, the influence of in-
verter nonlinearity can be regarded as an oscillating torque and
can be deduced as (19) similar to subsection E. This effect will
not only introduce certain steady-state tracking errors between
the speed feedback and reference, but the undesired 6kth-order
speed ripple will also occur in the speed response, which is
unacceptable in high-performance speed control systems

3?}”" PP 4wt (n 4 1).

To conclude, the conventional DP-DSC method holds hardly
any robustness against parameter mismatches and other per-
turbations, which means that the ideal deadbeat speed control
performance cannot be achieved in most cases in reality. Hence,
developing a disturbance compensation scheme based on the
proposed sensitivity analysis results is reasonably necessary to
make the DP-DSC robust for real applications.

wm(n+1)=(T- (19)

IV. PROPOSED RDP-DSC METHOD

This section proposes a novel RDP-DSC method with a dual
SOSMDO-based compensation scheme. The error for current
prediction, g-axis current reference generation, and voltage cal-
culation can be suppressed simultaneously. Thus, the robustness
of conventional DP-DSC is strongly improved, while the unde-
sired chattering behavior from the conventional SMO is removed
by the advanced SOSMDO.

A. Error Decomposition and Formulation

According to the DP-DSC voltage generation (7), three main
aspects of disturbances in the design procedure should be com-
pensated. First, the electrical parameter mismatches and other
unmodeled dynamics in the motor current equation will lead
to an inaccurate future current prediction. Compared with (4),
the future current prediction error can be denoted as d 44(k) as
follows, where % qu (k 4+ 1) means the accurate current prediction
value:

= iao(k + 1) + Tda(k)

ia(k+1)
{ = ig0(k + 1) + Td, (k). 20)

ig(k+1)
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Second, assume that we have already acquired an accurate
t = k + 1 current prediction value. Another aspect lies in the
control voltage generation process where unknown disturbance
dj,(k + 1) may deviate the calculated voltage in (7) from the
value needed in practice as (21). Here, (21) is also obtained from
(1) with all the disturbances considered. This deviation hinders
the deadbeat speed control performance

wa(k+1) = 5o vig = G (1= L8 ik + 1)
—we (k) Loiq(k +1) — Loda(k +1)
ug(k+1) = L0 iy(k+2)— Lo (17 TLfgo) Cig(k+1)
+(Lota(k + 1) + ¥ po)we (k) — Lody(k + 1).

1)

What is more, perturbations in the mechanical equation, such
as the inertia mismatch and unknown load torque, will influence
the intermediate g-axis reference current ¢; calculation. The
generation of 7; in this case should consider d,, (k) on the basis
of (6a), and the updated equation goes as (22). The neglected
term d, (k) will unavoidably slow down the speed tracking
performance and cause steady-state error

2.Jy ( —wm (n) 4w’ (n+1)
3pisod T

07 =ig(k+2) = dw(k)) .

(22)

To conclude, three types of disturbances are decomposed
and formulated, respectively. Obviously, a robust design is
needed for the conventional DP-DSC method. A feasible but
straightforward solution is to compensate for each disturbance,
respectively, by independent disturbance observers, and this
novel thought is discussed in detail in the following section.

B. Observer Design

A novel dual SOSMDO structure is designed in order to
compensate for all the aforementioned disturbances. In this
topology, multiple advanced SOSMDO are designed based on
super-twisting algorithm theory, and they are used separately
for both electrical disturbance and mechanical disturbance esti-
mation. One main advantage is that each observer gain can be
individually tuned considering different features of inner current
loop disturbance and outer speed loop disturbance.

First, an inner SOSMDO observer is constructed for the
current prediction correction and the voltage generation error
observation. The inner loop observers can be built as follows in
compact form based on [30], and the observation results can be
further used to compensate for the negative influence of current
loop disturbances:

{idq = A’idq + Budq +H + ddq — ).dq\/ |edq|sign(edq)
dag = —agqsign(eqq)
(23)

B <1/(fo 1/OLO>’

. id
tdqg = < )’ Uqq =
tq

—Ry/Lg We
—We —Ro/Ly )’

s (d B 0
o= () 7= (odom)
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U, 4 A 2T ;
<ud>’ Taqg = (qu zq) , Adq, and g, are observer gains to
q

be tuned, e4, = %dq — 144 means the current observation error,
and parameters denoted with “hat” are estimated values.

Obviously, the second-order sliding mode principle allows
the “sign” function that results in chattering to hide inside an
integral action, which contributes to eliminating the chattering
phenomenon in essence. The convergence property of the pro-
posed observer can be analyzed by the error equation. Since
dg-axis current loops in the PMSM control system hold similar
dynamics, we take g-axis loop observer behavior for illustration.
Combining (1) and (23), the corresponding error equation can
be written as

{ch = _)‘q |6q|5ign<eq) + €q_error (24)

€q_error = 7aq8ign(eq) - é'(}{

where the g-axis disturbance observation error is €g_egor = czq —
d, and |d,| = &, represents the amplitude of the time derivative
of the g-axis current loop disturbance.

In reality, it is reasonable to assume that the time derivative
of the disturbance dq has an upper bound 7, [26], which can
be denoted by |d,| = £, < 7. Clearly, the condition above is a
relaxation of the disturbance constraint and is suitable for more
general cases than other observer-based methods that restrict the
disturbance amplitude. Once the error (24) has been obtained,
a family of strict Lyapunov functions can be selected for such
systems as long as condition |d,| = &, < 7, holds [30]. Further,
the finite-time convergence property can be proved mathemat-
ically and the detailed proof can be found in [33], which is
not the main focus of this article. In this case, the observation
EITOrS €4 crror and e, hold the finite-time convergence property
if coefficients A, and «, are properly chosen. Typically, dg-axis
current loop disturbance observer gains are usually chosen as
Aiq = 1.5\ /Mgy aq = 1.1m,, fora good compromise between
fast convergence and high observation accuracy [30], [31]. Con-
sequently, both d, and d 4 can be precisely estimated by the inner
SOSMDO observer and then used for accurate control signal
generation.

Further, an outer SOSMDO observer is built for mechanical
disturbance d,, estimation to obtain an accurate intermediate
reference current without bias. Similarly, in the PMSM system,
itis also reasonable to find an upper bound 7, for the speed loop
disturbance |dw\ < N, and the corresponding observer can be
designed as follows following a similar procedure:

S o 3p’¢)f0iq
{wm - 2Jo

d, = —a,sign(ey)

*)\w w ] w +dAw
[ewlsign(e.) 05

where the speed disturbance observation erroris e, = Wy, — Wy,
and cfw means estimation value.

The convergence feature of (25) is identical to the analysis
above and A,= 1.5,/7,, a,= 1.17,, are chosen accordingly.
Consequently, the inner and outer SOSMDO can accurately
compensate for the overall disturbances, which is the key part
of the proposed RDP-DSC method.

When selecting the observer gains 144 and 7,,, the tuning
is a tradeoff between the anti-disturbance property and the
undesired chattering phenomenon in the response. First, large
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d,(k+1)

d, (k+1)

Fig. 2. Block diagram of the proposed dual SOSMDO structure.

enough values covering the disturbance upper bound should be
chosen for convergence while enough margin should be left for
unexpected disturbance change. Note that the larger the observer
gains are, the stronger anti-disturbance ability is endowed to the
system because the tolerable varying rate of the disturbance is
higher. Once the convergence is guaranteed, engineers can adjust
the upper bounds based on the actual response performance.
Either increase 14, and 7, for a stronger anti-disturbance ability
or decrease them for less chattering. Meanwhile, even if the
chattering caused by the “sign” function is significantly attenu-
ated by an integral action in the proposed SOSMDO, the gains
are not recommended to be too high for a smooth observation
performance. Typically, the observer gain for the g-axis current
loop disturbance observer 7, should be tuned relatively larger
because g-axis disturbance will change abruptly at load torque
sudden change. Also, the observer gain tuning should be done
from the inside to the outside because both observers in the
g-axis channel are coupled. And a fast enough g-axis current
recovery should be guaranteed first before tuning the outer loop
speed observer.

The block diagram of the proposed dual SOSMDO structure is
displayed in Fig. 2. Obviously, the method decouples the inner
and outer disturbance for individual estimation, which means
that each observer gain can be specially designed considering
different amplitudes and change rates of the inner and outer
loop disturbance. Therefore, the best disturbance observation
performance can be achieved with the most minor chattering
phenomenon. And the proposed RDP-DSC controller can com-
pensate for the overall disturbances completely, and the pro-
posed RDP-DSC method can ensure an ideal deadbeat control
behavior even with severe disturbances.

C. Implementation of RDP-DSC

The overall control schematic diagram of the RDP-DSC con-
troller is illustrated in Fig. 3, and the following steps cover the
whole digital implementation scenario.
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The proposed RDP-DSC method

_________ A
a);,(n+1)| uy (k+1)
" —  TheRDP-DSC | 3-Phase | Ude
Iy _L, controller u, (k+1) Inverter
|
| ) u k) |
| d, (k+ 1: ! lq '
I ! i, (k)
| Inner STO
| . observer }
| d,(k+1)
l Outer STO
: d‘m(k +1) observer Encoder

Fig.3. Schematic diagram of the PMSM control system based on the proposed
RDP-DSC method.

1) Disturbance Observation: In the first step, the micropro-
cessor samples all the states at t = k, including dg-axis current
i 44(k) and the motor speed w,, (k). These values then serve as the
state feedback to the discretized dual SOSMDO (26) and (27)
for estimating current and speed-loop disturbance, respectively.
Accordingly, disturbances estimation dg, (k + 1) and d, (k + 1)
can be obtained

tag(k + 1) = tag(k) + TA(k)igg(k) + TB(k)ugq(k)

+ATH(k) + Tdaqg (k) = Thag/eaq(k)[sign(eq(k))
diq(k +1) = dag(k) — T'oagsign(eaq(k))

(26)
Gk + 1) = o (k) — T, 22ia )
~Tyhoo/Jew(R)[sign(ew (k) + Tpdu (k) 27)

dy(k+1) = dy (k) — Tpasign(ey(k)).

2) One-Step Delay Compensation: Once inner and outer
loop disturbances are acquired in the previous step, accurate one-
step ahead dg-axis current prediction can be realized. Further,
the accurate prediction value %dq(k + 1) is written as follows,
which combines the nominal model prediction value (4) and the
observed disturbance at r = k:

{%d(k +1) = tao(k + 1) + Tda(k)
tg(k+1) =iq0(k+1) +Tdy(k).

3) RDP-DSC Control Voltage Generation: Considering to-
gether disturbance compensation and time delay, the discrete
form of the proposed RDP-DSC method can be written as

follows, where uq(k + 1) and uq(k + 1) are the final control
signals to be implemented to the inverter at time ¢ = k:

b= s (2 (i )
Lo (1= T) ko4 )
+(Lota(k + 1) + Y f0)we (k) — Lodg(k + 1)
wa(b+1) = % 5 — 5 (1- ZB) da(k + 1)

—we(k)Loig(k +1) = Loda(k +1).

(28)

(29)

4) Voltage Constraint: The voltage constraint must be con-
sidered before delivering the calculated voltage to the inverter.
Thus, the amplitude of the reference voltage should be clamped
beforehand by Uy, / \/g, where Ug. denotes the dc-link voltage.
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Fig. 4. Actual PMSM experimental platform.

TABLE I
PARAMETERS RELATED TO THE TEST MOTOR

Parameters Value Unit
DC-link voltage 120 \Y
Rated speed 1000 rpm

Pole pairs 5

Flux linkage 0.059333 Wb

Inertia 0.000325 kg'm?
Inductance 0.0014 H
Resistance 0.72 Q

If the calculated reference voltage exceeds this limitation, the
following scaling method (30) will be adopted. In this case, the
results with prime are the final control signal

/! _ U . ud(k+1)
u d(k + 1) — V3 \/ud(k+1)2+uq(k+1)2 (30)
w g (k+1) =Y. ug (k1) )

a V3 Vua(k+1)2+ug (k+1)°

V. EXPERIMENTS

Experiments are performed on a digital PMSM system plat-
form based on a TMS320F28335 microprocessor to verify the
effectiveness of the proposed RDP-DSC method, as shown in
Fig. 4. An SPMSM is used, and both the electrical and mechan-
ical parameters are displayed in Table I. Moreover, the PWM
frequency is set as 10 kHz, adding a dead zone of 1 us. An
incremental encoder with 10 000 pulses per revolution is used
to measure the actual rotor position of the PMSM, which is fed
to eQEP module in the microprocessor for position decoding.
Phase A and B currents are measured by the LA 100-P transducer
before being delivered to the analog-to-digital interface. The
sampling rates of speed and current are both set as 10 kHz. Also,
14 max s setas 5 Ainthe experiment. £ in the speed control period
is set as 10. All the related parameters are appropriately tuned
according to the tuning method introduced in Section IV-B for
the best observation and control performance. And here symbol
“rpm” is used to have the same meaning as “r/min.”



8318

For comparison, the conventional DP-DSC method, the DP-
DSC method with a sliding-mode torque observer (DP-DSC-
TO), and DP-DSC with full parameter disturbances and load
torque observer (DP-DSC-FPLO) are also applied. DP-DSC-
FPLO has a single observer structure with its detailed proce-
dure listed in [22]. Also, DP-DSC-TO is deliberately created
with a dual observer structure for testing the superiority of the
proposed SOSMDO. The TO follows the rules in [28], and the
integral compensation in [41] is used for the current prediction
correction. An “Appendix” briefly introducing both comparison
methods with basic formulas and diagrams are given at the
end. Meanwhile, the overall calculation time of the proposed
RDP-DSC method is about 26.6 us. The experimental results
are given as follows.

A. Steady-State Performance Test

In this section, the steady-state performance under 1000 r/min
rated speed operation is evaluated in the case of various param-
eter mismatches. And the robustness of the proposed RDP-DSC
method as well as the sensitivity analysis are experimentally
verified.

The steady-state performance of the aforementioned four
methods is displayed in Figs. 5-8 under different parameter
mismatches when the motor operates at a rated speed of 1000
rpm. The parameter mismatch happens in the middle moment of
the figure, and the instant is designated by a straight dashed line.
Moreover, the control performance with or without parameter
mismatch is evaluated in terms of the current and speed tracking
ability as well as the speed fluctuation. Key experimental data
are labeled in the waveforms, including dg-axis current, speed
ripple, and the steady-state error of the conventional method.
And a local enlargement (40 ms/div) is made at transient to
reflect the details.

Fig. 5 shows the speed response controlled by different al-
gorithms with 50% inductance error (Lo = 1.5L) at rated speed
1000 r/min. By the conventional DP-DSC method, steady-state
tracking errors exist including the speed response tracking error
Aw,, = —3.8rpm, g-axis tracking error Ai, = 0.15 A, and d-
axis tracking error Aigz = —0.91 A. Since the nominal value
is 50% larger than the real value, the steady-state tracking
performance may have a negative deviation from the reference
according to (16), and some underdamping characteristics will
occur at transient because of the closed-loop pole at z = —0.5.
A steady-state tracking error of about —3.8 rpm exists in the
experiments, consistent with the analysis. Note that the oscil-
lation at transient is not apparent because the speed change is
too tiny. As for the comparison methods, it can be seen that the
other three methods can effectively eliminate the steady-state
tracking error. However, the proposed RDP-DSC method can
ensure the slightest speed ripple of about 3.9 rpm compared
with —12.1 rpm in DP-DSC-TO and 4.5 rpm in DP-DSC-FPLO.
Hence, RDP-DSC has the best compensation performance under
inductance error.

Another group of experimental results in Fig. 6 manifests the
motor behavior when flux linkage mismatch suddenly happens.
From Fig. 6(b), at the moment of 50% flux linkage (1) o = 1.5%y)
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Experimental results of three different methods under 50% flux linkage
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change, significant tracking errors occur both in the speed and
g-axis current response, with a value of about 39 rpm and 2.49 A,
respectively. This phenomenon is consistent with the sensitivity
analysis above, where the predicted speed tracking error will
reach about 44 rpm theoretically according to (10) in Section III.
In this case, the actual motor speed goes far beyond the reference
signal with the conventional DP-DSC method, which means that
the flux linkage mismatch will harm the control performance
most. Accordingly, it can be calculated that the system is stable
because the closed-loop pole at = = —0.587 is in the unit circle.
Obviously, RDP-DSC (4.8 rpm) and DP-DSC-FPLO (5.0 rpm)
have the most minor speed ripple compared with DP-DSC-TO
(13.5 rpm). However, the speed recovery time of the proposed
method (52.4 ms) is much shorter than DP-DSC-FPLO (202.3
ms), which means RDP-DSC has a better disturbance rejection
ability. This phenomenon makes sense because FPLO is still
constructed by first-order sliding mode principle. If the observer
gains are tuned moderately for less chattering, the disturbance
rejection property will be sacrificed. And this contradiction
can be successfully avoided by the proposed dual SOSMDO
structure in essence. In this case, RDP-DSC holds the best
transient performance both at sudden parameter change and at
steady-state performance.

Further, the comparison methods’ experimental results are
shown in Figs. 7 and 8 when the motor inertia mismatch
(Jo = 0.5J) and resistance mismatch (Ry = 2R) happen. As
shown in Fig. 7(b), a 50% increase in inertia from the actual
value has minimal effect on the speed tracking behavior, except
for a slight introduction of around 0.38 A tracking error in the
g-axis current. Similarly, in Fig. 8(b), the conventional DP-DSC
will not exhibit any speed tracking error in 100% resistance
bigger case, but the g-axis tracking error still exists. Compared
with other parameter differences, the resistance and inertia er-
rors have the least influence on the speed control performance.
The experimental results above show the sensitivity analysis’s
correctness in Section III. Various techniques aiming at dealing
with the static errors by certain specially designed observers are
experimentally testified in Figs. 7(a), (c), (d) and 8(a), (c), (d).
Despite achieving offset-free tracking, DP-DSC-TO exhibits
more chattering compared to the other two methods. On the other
hand, the proposed RDP-DSC method delivers a satisfactory
speed control performance even under conditions of inertia and
resistance errors.

As for the effect of inverter nonlinearity, the dead time used in
the experiments is 1 us (100 ps control period), which is a small
value with negligible effect on the overall control performance
compared to other disturbances, for example, parameter mis-
matches. The diode and IGBT voltage drops are 1.75 and 1.7 V,
respectively, according to the datasheet, which is relatively small
compared with the rated voltage of 120 V in the experiments.
Hence, it is reasonable to assume that the inverter nonlinearity
has little influence on the speed control performance. The left
half waveforms can also prove this assumption in Figs. 5 to 8(b),
where no parameter mismatches happen. Apparently, there is
hardly any tracking error and high-order vibration in the speed
response.
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In conclusion, all three compensation schemes can achieve
deadbeat steady-state tracking performance with the existence of
parameter mismatches. The proposed RDP-DSC method as well
as the DP-DSC-FPLO have similar speed ripple and chattering,
which is much smaller than DP-DSC-TO. However, it can be
seen that the disturbance rejection ability of the proposed method
is much better than DP-DSC-FPLO because of the novel dual
SOSMDO structure.

B. Load Torque Test

In addition to the steady-state error performance comparison
under parameter mismatches, the dynamic performance is also
evaluated at the sudden change of load torque with and without
parameter mismatches in this section. In this scenario, the pro-
posed method can also validate the tracking ability of the g-axis
current.

Fig. 9 contains the corresponding motor speed, g-axis current
reference (green) and feedback (pink), and the phase-A current
from top to bottom under 1000 rpm and 1 N-m torque condition
with no parameter error. Moreover, Fig. 10 shows the same con-
dition under 50% inductance error, 50% flux linkage error, 50%
inertia error, and 100% resistance error (Lo = 1.5L, 90 = 1.5vy,
Jo = 0.5J, and Ry = 2R). Such an extreme parameter error sit-
uation typically does not happen in reality, and the experiments
consider extreme cases for robustness testing. In this group of
experiments, 7)4, 14, and 7, are tuned as 50 000, 1200 000,
and 64 000, respectively, for the best performance after careful
tuning according to the guideline in Section IV. The tracking
error of motor speed reaches about —29 rpm after 1 N-m torque
is exerted by the conventional DP-DSC, while the theoretical
value is —29.38rpm according to (17). This result perfectly
proves the correctness of the proposed sensitivity analysis. Also
note that the phase current has an amplitude of about 1.4 A
under no load case. This phenomenon is reasonable because
of the existence of d-axis current tracking error when there is
no compensation scheme. Similarly, in Fig. 10(b), the speed
steady-state error reaches about 12 rpm below the reference with
parameter mismatch and load torque. Such a larger steady-state
error is not acceptable in high-quality applications.

In comparison, the other three compensation methods can
effectively eliminate speed and dg-axis current tracking errors.
Even so, our proposed method seems to have the best perfor-
mance in terms of speed ripple as well as the transient process.
Thatis, DP-DSC-TO in Figs. 9(c) and 10(c) exhibit about 200 ms
severe zig-zag behavior during the transition, while the largest
speed fluctuation in the response reaches about 13.9 rpm. As
for DP-DSC-FPLO, the chattering reach about 10.2 and 8.1 rpm
for both cases while the values for the proposed RDP-DSC are
5.2 and 5.4 rpm, respectively. The behavior of DP-DSC-FPLO
becomes worse regarding the speed chattering than the perfor-
mance in the steady-state test because the disturbance grows
at load torque change. So higher observer gains are needed for
convergence in this single observer structure. Nevertheless, the
disturbance rejection ability is still not as good as the proposed
method considering the significant speed fall spike in Fig. 10(d).
Therefore, it can be concluded that RDP-DSC shows superiority
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dy along with the a-phase current at sudden load torque change 1 N-m without
parameter mismatches by the proposed RDP-DSC method.

Experimental results of the observed disturbance value zfd, ch, and
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Fig. 12.  Experimental results of detailed figure on speed, dg-axis current, and

a-phase current control performance by the proposed RDP-DSC method at rated
load 1 N-m, rated speed 1000 r/min, and without parameter mismatches.

both in the steady state and in terms of robustness. And the
advantages of the proposed dual SOSMDO structure stand out,
especially in load case, because of the decoupled dual loop
disturbance estimation structure and optimized observer gains.

Meanwhile, another group of experiments is designed to
visualize the observed speed and current loop disturbance in
detail by our designed SOSMDO when there is no parameter
mismatch. The load torque is exerted in the middle and the
change of the estimated disturbances is clearly illustrated in
Fig. 11. From the result, the sudden change of the estimated
inner g-axis current loop disturbance ch and outer speed loop
disturbance d), shows the effect of load torque on the system.
The d-axis current disturbance dy hardly changes, which is
reasonable because the torque dynamics are decoupled from the
d-axis. Meanwhile, these observed values are used for compen-
sation to achieve deadbeat speed control performance. Since the
definition of these disturbances is some specific physical values
(current or voltage) over corresponding constants (torque factor
or inductance) according to (1), the physical meaning is not
the main focus, and hence the unit is set to null in the figure.
What is more, Fig. 12 displays the detailed figure under nominal
speed and load torque operating case. The conclusion that the
proposed RDP-DSC method can achieve good speed control
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(b) Fig. 14.  Bandwidth test experimental results of 20 rpm (2% rated) speed step

Fig. 13.  Speed step response of the proposed RDP-DSC method from 0 to 500
to 1000 rpm. (a) Without parameter mismatch. (b) With parameter mismatch
(Lo = 1.5L, Il)fo = 1.5’¢Yf, J() = 0.5.], and Ro = 2R).

performance without steady-state error can be drawn from the
perfect sinusoidal phase current profile.

C. Dynamic Performance Test

The improvement of dynamics is one of the critical advan-
tages of DSC compared with conventional cascaded structure.
This section conducts two sets of experiments for dynamical
performance evaluation, that is, the speed step response test and
bandwidth test.

Firstly, speed step tests are performed with the speed reference
starting from O to 500 to 1000 rpm covering the situation of both
without parameter mismatch case and with parameter mismatch
case (Lo = 1.5L, vy0 = 1.5¢4, Jo = 0.5/, and Ry = 2R). The
results are given in Fig. 13, and both figures verify that the
deadbeat speed control performance can be achieved without
any steady-state error. As for the transient performance, the
settling time is about 11.08 ms in Fig. 13(a), while 11.88 ms
in Fig. 13(b). It can be concluded that the RDP-DSC method
can guarantee satisfying dynamic speed tracking performance
even under strong parameter mismatches, which means that the
RDP-DSC method can add robustness without impairing the
tracking ability. And the experiments prove the feasibility and
effectiveness of the proposed method.

Further, the authors test the bandwidth improvement of the
cascaded-free structure in the proposed method under small
speed reference. In fact, the bandwidth of the whole system

reference without torque saturation. (a) Proposed RDP-DSC method under 1000
to 980 rpm reference. (b) Proposed RDP-DSC method under 1000 to 1020
rpm reference. (c¢) Cascaded PI method under 1000 to 980 rpm reference. (d)
Cascaded PI method under 1000 to 1020 rpm reference. (e) Cascaded PFC-PCC
method under 1000 to 980 rpm reference. (f) Cascaded PFC-PCC method under
1000 to 1020 rpm reference.

can be evaluated by the term called “practical bandwidth” from
the control theory field [20]. That is, the system’s bandwidth
Jfow can be approximated by the 10%-90% rise time t,. from
(31) according to [42]. Hence, the authors perform experiments
comparing the speed response bandwidth of the proposed RDP-
DSC method with the conventional cascaded PI controller. The
speed step reference is scaled to avoid torque saturation, and the
amplitude is set as 20 rpm (2% rated value) in the experiments

0.35

fbw = t .

Fig. 14 shows the results in the bandwidth test with 20
rpm speed step tracking response where (a), (c), and (e) are
the cases under 1000 to 980 rpm speed reference using the
proposed RDP-DSC method, cascaded PI control, and cascaded
PFC-PCC method, respectively. The PFC-PCC method adopts
full predictive controller for both speed and current loops,
which uses the robust PCC from [29] for current control and
predictive functional control method in [43] for speed control.
The full predictive cascaded control method is designed to
better illustrate the proposed cascaded-free RDP-DSC method’s
superiority over other cascaded methods. On the contrary, (b),
(d), and (f) show the cases when the speed reference jumps from
1000 to 1020 rpm with the three methods. From the results,
it can be observed that the average rise time of RDP-DSC is
about 3.15 ms, and the corresponding bandwidth is 111.1 Hz.

3D
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In comparison, the rise time of the cascaded PI controller is
about 5.12 ms, while the bandwidth is about 68.4 Hz. And the
bandwidth of cascaded PFC-PCC is about 79.3 Hz with a 4.42
ms rise time. Obviously, the proposed RDP-DSC has a signif-
icant improvement in bandwidth than the other conventional
cascaded controller structure, which means that much better
dynamics can be achieved. Another point to note is that the
PI controller’s coefficients have already been tuned relatively
large for faster transient performance. Even so, the response
speed is much slower while the speed response graphs in (c) and
(d) exhibit larger ripple compared to the proposed RDP-DSC
method. Also, even if the cascaded full predictive method has
a slightly smoother response, it scarifies a lot on the dynamics
speed, which is not desirable in high-end drives. In conclusion,
the bandwidth test proves that the proposed RDP-DSC method
significantly outperforms other cascaded control methods in
terms of fast dynamics. And perfect deadbeat speed tracking can
be achieved under small speed step reference by the proposed
method.

VI. CONCLUSION

A novel RDP-DSC method for high-quality PMSM speed
control is put forward in this article. The main contributions
include 1) sensitivity analysis on how parameter mismatches,
external disturbances and inverter nonlinearity affect the speed
tracking performance is quantitatively performed; and 2) anovel
dual SOSMDO structure with multiple advanced observers are
designed for separately compensating the inner and outer loop
disturbance. The gains can be specially tuned considering dif-
ferent disturbance features for the best observation and control
performance.

Both the sensitivity analysis and feasibility of the proposed
RDP-DSC method are experimentally verified. The results
show that the RDP-DSC method has superiority over other
conventional SMO-based compensation DSC methods in
terms of lower speed ripple and stronger disturbance rejection
ability. Meanwhile, the significant bandwidth improvement
of the proposed method is also proved compared with the
conventional cascaded structure. Future work may include
extending the RDP-DSC method to interior PMSM and field
weakening working conditions.

APPENDIX

This section briefly introduces the comparison methods, that
is, DP-DSC-TO and DP-DSC-FPLO, including their basic for-
mulas and block diagrams. This part is a supplementary to the
experiment section for better comparison and verification of the
proposed method’s superiority.

A. DP-DSC-FPLO Method

The DP-DSC-FPLO method in [22] adopts a sliding-mode
FPLO method to simultaneously estimate electrical parameter
disturbances, mechanical parameter disturbances, motor speed,
and load torque. This method uses a single SMO to estimate the
overall lumped disturbance in DSC topology. The control signal
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Fig. 16.  Block diagram of the PMSM system based on DP-DSC-TO method.

of DP-DSC-FPLO can be written in the following form:

Lo valk+1)+ falk+1)

B [TL B 4 bk 1) + fy(k+1)
(32)

where f,(k+1) and f;(k+1) are the output of FPLO; a(k + 1)
and b(k + 1) are intermediate variables calculated by the cur-
rent, speed, and motor parameters.

The block diagram of DP-DSC-FPLO is shown as Fig. 15.
First, the sampled current %5 (k) and the control signal 4y, (k)
at t = k are used to predict the g-axis current i,(k + 1) for
t = k + 1 because of the delay compensation issue. Further,
FPLO is adopted to acquire the disturbance estimation fq and fd,
the d-axis current estimation id, and the speed estimation w,,.
Finally, all the outputs from FPLO are fed into the controller
for the final control signal '&Zlq generation (32), which is then
delivered to the inverter for DP-DSC-FPLO realization.

B. DP-DSC-TO Method

DP-DSC-TO method combines a sliding-mode load TO from
[28] and an integral current disturbance compensation strategy
from [41]. Actually, this combination is deliberately created
based on the dual disturbance observer structure with known
techniques so that the superiority of the SOMODO observer can
be proved. The block diagram of DP-DSC-TO can be depicted
by Fig. 16, where uycomp and #geomp mean the current loop
disturbance calculated by an integral compensation module. A
TO estimates the load torque Ty, so that the speed disturbance can
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be considered and eliminated when generating the intermediate
current. Finally, the calculated values ugcomp, Ydcomp and TL
are delivered to the DP-DSC-TO controller for offset-free speed
control. Both schemes are briefly illustrated as follows.

The load TO is constructed based on (33a), where e; =
W — Wi, and eg = TL — T, denote the speed and load torque
estimation error, respectively. Meanwhile, all the parameters,
such as observer gains g and K, are tuned appropriately in the
experiments

P
C2—g.U (33a)
U =K -sgn(ey).

Besides, the integral current loop disturbance compensation
method is a model-independent method that adds the integral
of the dg-axis current tracking error to the voltage reference.
The formula for calculation ugcomp and ugcomp goes as (33b).
And the convergence property and effectiveness of the integral
compensation have been mathematically proved in literature

{Udcomp =>_ (ia —i7) (33b)

Ugeomp = 2 (iq = ig)-
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