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A Predictive Bandwidth Extended State Observer
With Gain Optimization for Model Predictive Speed

Control of Electrical Drives
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Abstract—In this study, a predictive bandwidth extended state
observer (PB-ESO) with gain optimization is put forward to obtain
high dynamic performance and parameters robustness for the
model predictive speed control (MPSC) of electrical drives (EDs).
The proposed observer preserves the primary feature of standard
low bandwidth ESO in terms of strong suppression to measurement
noise, while overcoming their main drawbacks, namely the “slow
convergence” and “disturbance estimation distortion.” First, the
conventional ESO-based MPSC scheme is presented, followed by
an analysis of the disturbance estimation mechanism of the ESO.
Second, the PB, based on the recursive least squares algorithm,
is designed to accommodate to the frequency of fast time-varying
disturbances in advance. A general mathematical formula for the
gain optimization of even-order ESOs is then derived to enhance
the estimation accuracy of periodic dynamic interference. In con-
sequence, the gains of PB-ESO are optimized, where stability and
fast convergence are ensured rigorously. Finally, a speed control
strategy, combining the MPSC scheme and the proposed PB-ESO,
is developed in a rational way. Comparative experimental results
with existing methods demonstrate the enhanced robustness of
the proposed control approach for ED across four representative
operating conditions.

Index Terms—Electrical drives (EDs), gains optimization, low
bandwidth extended state observer (ESO), model predictive speed
control (MPSC), predictive bandwidth.

I. INTRODUCTION

THE speed control of electrical drives (EDs) is crucial across
various industrial and transportation applications, signif-

icantly impacting energy efficiency, environmental sustainabil-
ity, and overall productivity [1], [2]. However, the traditional
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proportional-integral (PI) speed control strategies struggle to
adapt to variable speed conditions and dynamic load variations.
Their relatively low convergence rates and limited degrees of
freedom hinder optimal performance, especially in high-demand
applications where precise speed control is essential. Recently,
advancements in microprocessors have facilitated the emergence
of model-predictive control (MPC) as a key development in
control engineering [3]. Specifically, the model predictive speed
control (MPSC) has shown excellent dynamic performance by
selecting optimal control laws to minimize speed tracking errors,
leading to extensive research and application as a promising
method for ED speed control [4].

The MPSC schemes of ED can be categorized into two types,
namely finite-control-set model predictive speed control (FCS-
MPSC) and continuous-control-set model predictive speed con-
trol (CCS-MPSC). The cost function of FCS-MPSC includes
both electrical and mechanical states, which complicates the
design of appropriate weighting factors necessary for balanc-
ing control objectives across different dimensions [5]. In [6],
an algebraic design-based FCS-MPSC strategy is proposed to
facilitate the selection of weighting factors. In [7], a unified
reference voltage is calculated based on the deadbeat concept,
eliminating the need for weighting factors. However, this ap-
proach remains highly sensitive to parameter variations, as it
incorporates both electrical and mechanical parameters, and
requires complex multivector modulation schemes to minimize
torque harmonics.

CCS-MPSC employs a cascaded architecture where MPC
computes torque references for the outer loop controller, while
a variety of current controllers and pulsewidth modulation
(PWM) strategies can be used in the inner loop [8]. Al-
though CCS-MPSC introduces some delay due to its struc-
ture, it generally offers superior global performance without
the complications of weight factor design, making it easier to
implement.

It is worthy of highlighting that the stability and robustness
of MPSC methods mainly depend on the accuracy of predictive
model. In situations where inaccuracies arise, techniques for
estimating disturbances and uncertainties serve as enhancement
tools for ED systems [9], [10]. For instance, in [11] and [12], the
Kalman filters are employed for estimating the unknown load,
which effectively mitigate the influence of measurement and
quantization noise, but the mechanical parameter mismatches
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are overlooked. Meanwhile, extended state observers (ESOs)
have also been extensively investigated and applied [13], [14],
which regard uncertainties and inaccurate parameters as lumped
disturbance and extended state [15]. Furthermore, a linear ESO
based on the ultralocal model is introduced in [16], eliminating
the necessity of parameter involvement in future state predic-
tions. In order to counteract the rapid and time-varying dis-
turbance caused by mismatched parameters, it becomes crucial
to enhance the bandwidth of the ESO, which is typically con-
strained by measurement noise and mechanical system stiffness.

To further improve the robustness of the predictive control
system, various enhanced ESOs have been proposed, e.g., the
exponential ESO [17], the parallel ESO [18], and the adaptive
integral ESO [19]. Besides, the sliding mode observer is also
widely regarded as an effective method to overcome perturba-
tion [20], [21].

Notably, all the aforementioned observer techniques utilize
the error and the rate of change of error between the cur-
rent state and the estimated state for estimation, exhibiting
time-delay characteristics relative to disturbance. To resolve
this, a predictive model error observer (PEMO) is proposed
in [22]. However, PEMO primarily focuses on the convergence
of the unextended state while neglecting interference estimation
performance. This can lead to an excessively high bandwidth
setting, making predictive outcomes susceptible to interference
from measurement noise. [23] reveals that ESO’s interference
estimation is essentially a low-pass filtering (LPF) mechanism.
Considering that the Chebyshev filter approximates an ideal
filter closely, its amplitude-frequency characteristics are utilized
for optimizing disturbance estimation of ESO [24]. However,
due to gain deviation in the transfer function, it is only appli-
cable to odd-order systems whereas the ED system discussed
in this paper belongs to even-order systems. Furthermore, even
with optimized ESO gain values, fixed-bandwidth designs can
still pose challenges when balancing noise suppression and
convergence.

An alternative approach to bolster system robustness involves
parameter identification. In [25], an adaptive ESO (AESO)
with parameter identification is introduced in active disturbance
rejection control, which is capable of simultaneously identifying
multiple mechanical parameters. Furthermore, an LPF and a low
control gain are employed to suppress the measurement noise
in the speed feedback loop, thereby achieving precise parameter
identification. Nevertheless, this modification degrades the con-
vergence rate of parameter identification and the dynamic per-
formance in suppressing the time-varying disturbance rapidly.
Besides, it exclusively focuses on the outcomes of parameter
identification while neglecting an exploration of overall motor
control performance. In essence, existing parameter identifica-
tion strategies address system model mismatches but fail to
account for unknown disturbances or unmodeled dynamics,
a limitation prevalent in broader parameter identification re-
search [26], [27], [28].

To optimize the tradeoff between noise suppression and rapid
convergence, while mitigating amplitude fluctuations in distur-
bance estimation, this paper proposes a predictive bandwidth
ESO (PB-ESO) with gain optimization. This method aims to

improve both the dynamic performance and parameter robust-
ness of CCS-MPSC in EDs.

The main contributions can be described as follows.
1) A PB-ESO based on the recursive least squares (RLS)

algorithm is proposed. For step interference caused by
model mismatch and sudden load changes, it can adjust the
bandwidth in advance to adapt to the ultra-high-frequency
variations of the interference and quickly converge to
the steady state. In addition, for interference with fre-
quency changes within the bandwidth, it switches to a
low-bandwidth ESO. Since this process is transient, no
high-frequency noise is introduced into the estimated
state.

2) A general formula for gain optimization in even-order
ESO systems is derived and combined with PB-ESO. The
combination of these two methods is mutually beneficial.
Gain optimization enhances the disturbance estimation
accuracy of ESO within the bandwidth. The variable band-
width of PB-ESO provides greater flexibility to the gain-
optimized general formula. In other words, it can reduce
the maximum fluctuation of the estimated interference to a
small range without needing to focus on the roll-off speed
of the ESO transition zone.

3) Based on the PB-ESO with gain optimization, the MPSC
of ED is developed and evaluated to enhance dynamic
performance and parameter robustness under conditions
such as inertia mismatch, abrupt load changes, dy-
namic reference signals, and high-frequency periodic
loads.

The rest of this article is organized as follows. In Section II, the
conventional CCS-MPSC method based on ESO is described.
Section III proposes a CCS-MPSC method based on a PB-ESO
with gain optimization, denoted by MPSC-PB-ESO. In Section
IV, the experimental results are presented and analyzed. Finally,
Section V concludes this article.

II. PRELIMINARIES

A. Mechanical Dynamic Model of ED

The mechanical dynamic model of the permanent magnet
synchronous motor (PMSM) and the induction motor (IM)
commonly used in ED is described as follows [29]:

JΩ̇ = Te −BΩ− TL − Tc sign(Ω) (1)

where Ω is the rotor angular speed of ED, J is the moment of
inertia, B and Tc are the coefficients of viscous and coulomb
friction torque, respectively, and Te and TL represent the elec-
tromagnetic and load torques of the drive model.

In practical systems, the discrepancies may arise between
the actual parameters of the drive model and those set in (1)
due to load disturbances and temperature variations, leading to
model mismatch. To overcome this, the ultralocal model (2) is
presented by combining load torque and inaccuracy mechanical
parameter loads to the lump load Tf , which is expressed as
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follows: {
J0Ω̇ = Te − Tf

Ṫf = g
(2)

where g denotes the change rate of lump load. Defining ΔJ ,
ΔB, ΔTc as the perturbed values and J0, B0, Tc0 as the initial
values of model parameters in (1), the lump load Tf is defined
as follows:

Tf = [(B0 +ΔB)Ω + (Tc0 +ΔTc) sign(Ω) + TL] + ΔJΩ̇.
(3)

B. Conventional CCS-MPSC Based on ESO

Based on the ultralocal model (2), an ESO is presented to
estimate the lump disturbance as follows [25]:⎧⎪⎪⎨

⎪⎪⎩
ê = Ω̂− Ω− ζ1
˙̂
Ω = 1

J0
Te0 − δ̂ − β1ê

˙̂
δ = β2ê

(4)

where Ω̂ is the estimated angular speed, ζ1 the measurement
noise in the speed sensor, ê the estimated error of angular speed,
δ̂ the estimated lump disturbance, Te0 the input of ESO, and β1,
β2 are the gains of ESO.

Due to mismatch in the torque model ΔTe = Te − Te0 and
measurement noise ζ2 in the current sensor, the lump disturbance
is expressed as follows:

δ =
1

J0
(Tf + ζ2 −ΔTe). (5)

By adopting a normal Euler forward method to the second
equation in (4), the one-step predictive model of the motor’s
speed is

Ω̂(k + 1) = Ω̂(k) + Tsp

(
1

J0
Te0(k)− δ̂(k)− β1ê(k)

)
(6)

where Tsp is the sampling period.
The cost function is designed as follows:

Jc = [Ω∗ − Ω̂(k + 1)]2 (7)

where Ω∗ is the reference speed. By solving ∂Jc/∂Te0(k) =
0, the optimal reference torque of CCS-MPSC is then derived
as [29]

T ∗
e =

J0(Ω
∗ − Ω̂(k))

Tsp
+ J0δ̂(k) + J0β1ê(k) (8)

where (T ∗
e )

2 ≤ (Te,lim)
2, and Te,lim represents the maximum

torque, which accounts for the physical constraints of ED sys-
tems. The reference torqueT ∗

e can be tracked by the inner current
loop (CL) controller.

C. Disturbance and Noise Analysis

From (8), it is well known that inaccurate interference obser-
vations would generate a negative impact on the speed tracking
performance. Therefore, a study on disturbance and noise is es-
sential and beneficial for designing an improved control method
of CCS-MPSC.

Combining (2) and (4), the estimated error dynamic equation
is given as

˙̂e =
˙̂
Ω− Ω̇− ζ̇1 = δ − δ̂ − β1ê− ζ̇1 (9)

where the relationship δ = (Tf + ζ2 −ΔTe)/J0 is used. Taking
the Laplace transformation for (9) and noticing from the third
equation of (4) that δ̂(s) = β2ê(s)/s, it has

sê(s) = δ(s)− 1

s
β2ê(s)− β1ê(s)− sζ1(s). (10)

By simplifying (10), the estimated error dynamic equation in the
s-domain is

ê(s) =
s

s2 + β1s+ β2
δ(s)− s2

s2 + β1s+ β2
ζ1(s). (11)

Noticing the definition of estimation error ê in (4), it follows
from (11) that

Ω̂(s)− Ω(s) =
s

s2 + β1s+ β2
δ(s) +

β1s+ β2

s2 + β1s+ β2
ζ1(s).

(12)
To guarantee the stability of ESO, the gains of ESO based on
pole assignment method are designed as:{

β1 = 2ωo

β2 = ω2
o

(13)

where ωo > 0 represents the bandwidth of ESO. Substituting
(13) into (12), we have

Ω̂(s)− Ω(s)=
s

s2 + 2ωos+ ω2
o

δ(s) +
2ωos+ ω2

o

s2 + 2ωos+ ω2
o

ζ1(s).

(14)
The characteristic polynomial of (14) is given by s2 + 2ωos+
ω2
o , implying that the estimated angular speed Ω̂ will converge

to its actual value when the lump disturbance δ remains constant
or change slowly. Moreover, the measurement noise ζ1 can be
effectively suppressed in the estimated speed.

Based on (11) and δ̂(s) = β2ê(s)/s, the transfer function
between the estimated lumped disturbance δ̂ and the actual
lumped disturbance δ is then derived as follows:

δ̂(s) =
β2

s2 + β1s+ β2
δ(s)− β2s

s2 + β1s+ β2
ζ1(s). (15)

Noticing (5) and (13), (15) is rewritten as

δ̂(s) =

(
ωo

s+ ωo

)2 [
1

J0
(Tf (s) + ζ2(s)−ΔTe(s))

]

− ω2
os

s2 + 2ωos+ ω2
o

ζ1(s). (16)

From the term (ωo/(s+ ωo))
2 on the right-hand side of (16), it

is evident that the lumped disturbance estimation mechanism
of the ESO can be interpreted as a Butterworth LPF, where
the ESO bandwidth ωo corresponds to the LPF’s cutoff fre-
quency. The estimated disturbance will converge to its actual
value when the frequency of the lumped disturbance δ is within
the bandwidth ωo. In addition, the high-frequency noise ζ2
outside the bandwidth can be filtered out.
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Fig. 1. Dynamic process of the estimation error under the step change of
disturbance. (a) Estimation error of ESO. (b) Differentiation of the estimation
error. (c) Dynamic fitting process of RLS.

In fact, as demonstrated in (3) and (5), the lumped distur-
bances acting on the drive system can exhibit multiple orders
and change rapidly during dynamic speed tracking or sudden
load variations. If the bandwidth ωo of ESO is insufficient,
the estimated disturbance δ̂ and speed Ω̂ will be distorted.
Consequently, the optimal control law T ∗

e derived from (8) will
be inaccurate, leading to oscillations of the MPSC system at the
reference point and potential system instability. Although in-
creasing the bandwidthωo of the ESO can improve the dynamics
of the observer, it also introduces high-frequency measurement
noise ζ2 into the control loop.

To select the appropriate bandwidth of ESO that balance
noise suppression and convergence, several AESOs have been
proposed [30], [31]. However, with step changes in parameters
and disturbances, these methods remain passive due to the delay
caused by the maximum disturbance [22].

Consequently, the suitability of these observers should be
further enhanced to improve the overall performance of the
CCS-MPSC system under various conditions.

III. PB-ESO-BASED MODEL PREDICTIVE SPEED CONTROL

WITH GAIN OPTIMIZATION

To address the aforementioned issues, we propose a PB-ESO
with gain optimization, which is then integrated into the CCS-
MPSC system of ED to enhance the overall control performance.

A. PB-ESO Design With Gain Optimization

1) Design of PB: From (14) and (16), it is clear that the
bandwidth determines the performance of the ESO. How-
ever, due to the random and highly nonlinear nature of mo-
tor parameter variations and disturbances, it is difficult to
accurately determine the system’s frequency for selecting an
optimal bandwidth. To address this challenge, a PB with
adaptive and proactive disturbance suppression capabilities is
proposed.

Fig. 1(a) illustrates the speed estimation error dynamic pro-
cess of the ESO under the step disturbance caused by model
mismatches at 1s. Due to the influence of inertia elements
such as the motor rotor, inductance, and filters, the estimation
error gradually changes and exhibits convex behavior. This
demonstrates that the error-based adaptive bandwidth has a
significant time delay compared to the actual disturbance’s
frequency.

Fig. 1(b) illustrates the rate of change of the estimation error
under model mismatches. This rate peaks Δt1 s before the
estimation error itself, resembling an approximate step signal.
This behavior suggests that feeding ∂|ê|/∂t into the ESO’s
bandwidth could synchronize the bandwidth adjustment with
the disturbance.

However, due to the presence of ripples in the speed estimation
error, the rate of error variation ∂|ê|/∂t exhibits oscillations. To
prevent this, a linear fitting model based on the RLS algorithm
is used to smooth the rate. The execution steps of the RLS
algorithm are summarized as follows [22], [32]:⎧⎨
⎩P(k) = P(k − 1)− P(k−1)x̄(k)x̄T (k)P(k−1)

I+x̄T (k)P(k−1)x̄(k)

θ̂(k) = θ̂(k − 1) +P(k)x̄(k)[ȳ(k)− x̄T (k)θ̂(k − 1)]

(17)
where x̄ = [1, nk]

T , nk represents the number of sampling
period, ȳ = |ê| is the absolute value of estimated speed
error, P(k) is the gain matrix, and θ̂(k) = [θ̂1, θ̂2]

T is
the estimated parameters of linear equation: Y = Xθ̂(k),
Y = [y(1), y(2), y(3). . .y(k)]T , y(k) = x̄(k)T θ̂(k) and X =
[x̄(1), x̄(2), x̄(3). . .x̄(k)].

The number of sampling period nk is calculated by{
nk = τ

Tsp
, |ê| > estable

nk = 0, Otherwise
(18)

where τ is the timer value after activation, and estable de-
notes the steady-state speed estimation error. The timer acti-
vates only when the system experiences disturbances, ensur-
ing that steady-state ripple does not interfere with the RLS
algorithm.

Fig. 1(c) illustrates the dynamic fitting of the estimation error
using the RLS algorithm. The parameter θ̂2 exhibits behavior
similar to the rate of change ∂|ê|/∂t but with significantly im-
proved smoothness. Thus, θ̂2 can be fed into the ESO bandwidth,
allowing it to adapt effectively to rapidly changing disturbances.

The PB is then designed as

ωp = [aθ̂2ωo + 1]ωo (19)
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where a ≥ 1 is a scaling coefficient, and ωo is the initial band-
width. From Fig. 1(c), when disturbances are weak, the value of
θ̂2 may fall below 1. The coefficient a can amplify changes in
θ̂2, ensuring that the PB ωp can quickly adjust to required level.

Subsequently, the PB-ESO is derived, sharing the same ex-
pression as (4) but with different gains (β1 = 2ωp, β2 = ω2

p).

When the interference changes slowly, θ̂2 → 0 and ωp →
ωo. In this case, the PB-ESO reverts to a conventional low-
bandwidth ESO, effectively tracking slow-varying disturbances
and suppressing high frequency measurement noise. When the
observation system is disrupted, the variable θ̂2 is influenced,
and ωp follows the relationship ωp → aθ̂2ω

2
o + ωo.

As shown in Fig. 1(c), due to the sensitivity of θ̂2 to distur-
bances, the PB ωp rises to its peak with a rate resembling a step
signal, ensuring that the ESO has sufficient bandwidth to esti-
mate step disturbances accurately. Given the transient nature of
this bandwidth adjustment—lasting only a few microseconds—
high-frequency noise lacks sufficient time to enter the observa-
tion system. This mechanism achieves a balance between rapid
convergence and effective noise suppression.

2) Parameter Tuning of Even-Order ESO: The design of
the PB-ESO improves the system’s capability to manage fast
time-varying disturbances under noise constraints. However, the
disturbance estimation performance is limited by the amplitude
attenuation inherent to the Butterworth LPF. To enhance speed
tracking and disturbance estimation, the ESO parameters should
be further optimized with ideal filters that maintain a unity
magnitude response within the bandwidth.

The Chebyshev filter, resembling an ideal filter, is chosen
to optimize the ESO’s gain. The characteristics of the N -order
Chebyshev Type-I filter are given by

|H(jω)| =
√√√√ 1

1 + ε2 · T 2
N

(
ω
ωc

) (20)

whereωc is the cutoff frequency corresponding to the bandwidth

of ESO, ε is the ripple coefficient of pass band, and TN

(
ω
ωc

)
is

an N -order Chebyshev polynomial defined as

TN =

⎧⎨
⎩
cos

[
N cos−1

(
ω
ωc

)]
,

∣∣∣ ω
ωc

∣∣∣ ≤ 1

cosh
[
N cosh−1

(
ω
ωc

)]
,

∣∣∣ ω
ωc

∣∣∣ > 1.
(21)

The passband ripple coefficient ε can be determined by the
maximum amplitude fluctuation γ in the passband. For | ω

ωc
| ≤ 1,

with0 ≤ T 2
N

(
ω
ωc

)
≤ 1,H(jω)will fluctuate between unity and

1/
√
1 + ε2. Thus, γ is given by

γ = 20 lg 1− 20 lg
1√

1 + ε2
= −20 lg

1√
1 + ε2

(22)

where γ primarily determines the attenuation speed at cut-off
frequencyωc and the fluctuation level in the passband. Although
increasing γ will reduce the amplitude-frequency gain in the
transitional band, it will cause larger amplitude-frequency fluc-
tuations in the passband.

From (20), and let ω → −js, we have

H(s)H(−s) = |H(jω)|2s=jω =
1

1 + ε2 · T 2
N

(
−js
ωc

) . (23)

By setting

1 + ε2 · T 2
N

(−js

ωc

)
= 0 (24)

the 2N poles of (23) can be calculated accordingly, where half of
them belong to H(s) and half to H(−s). To ensure the stability,
the poles in the left half-plane of the s-plane should be assigned
to H(s). Then, the transfer function of the Chebyshev filter is
obtained by

H(s) =
K∏N

k=1(s− sk)
(25)

where sk represents the kth pole of (23) determined by (24),
and K the gain of the transfer function H(s). Substituting ω =
0 rad/s into (20) and (25), then

|H(0)| =
√√√√ 1

1 + ε2 · T 2
N

(
0
ωc

) =
K∏N

k=1(0− sk)
. (26)

Combining (21) and (26), the gain K is derived as

K =

{∏N
k=1 sk, if N is odd,

(−1)N
√

1
1+ε2

∏N
k=1 sk, if N is even.

(27)

The transfer function of the disturbance estimation of the N -
order ESO can be written as [23]

G(s) =
βN∏N

k=1(s− pk)
=

βN

(sn +
∑N−1

i=1 βisn−i+1 + βN )
(28)

where pk is the kth pole ofN -order ESO, βi is the ith parameter,
and βN is the N th parameter satisfying βN = (−1)N

∏N
k=1 pk.

Comparing (26) and (28), if we set the poles of G(s) equal
to the poles of H(s), then βN = K for an odd-order ESO. This
indicates that the gains of an odd-order ESO can be uniquely
determined by the Chebyshev filter.

For an even-order ESO, if we set the poles ofG(s) andH(s) to

be the same, K = (−1)N
√

1
1+ε2

∏N
k=1 sk �= (−1)N

∏N
k=1 pk.

In this case, the magnitude frequency response for even-order
ESO with gain optimization is derived as

|G(jω)| =
√√√√ 1 + ε2

1 + ε2 · T 2
N

(
ω
ωc

) . (29)

For | ω
ωc
| ≤ 1, 0 ≤ T 2

N

(
ω
ωc

)
≤ 1, |G(jω)| will fluctuate be-

tween unity and
√
1 + ε2. Thus, the maximum amplitude fluc-

tuation γ1 for an optimized even-order ESO is

γ1 = 20 lg
√

1 + ε2 − 20 lg 1 = 20 lg
√

1 + ε2. (30)

Fig. 2 presents the Bode diagram of the conventional ESO
and the gain-optimized ESO with varying values of γ1, both
set to a bandwidth of 100 rad/s. The gain-optimized ESO
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Fig. 2. Bode plot comparison among the conventional ESO, the optimized
ESO with 0.25 dB amplitude fluctuation range and the optimized ESO with
1.70 dB amplitude fluctuation range. (a) Original plot, (b) Zoom area in
1–100 rad/s.

maintains a closer proximity to 0dB compared to the conven-
tional ESO, though it does not achieve the same degree of
flatness.

Notably, adjusting the parameter γ1 can reduce amplitude
fluctuations of the observer but also lowers the roll-off rate
in the transition zone, thereby diminishing the suppression
capability for high-frequency noise. Consequently, while the
gain-optimized ESO outperforms the conventional ESO in
disturbance estimation, determining an optimal value for γ1
remains a challenge.

3) PB-ESO With Optimized Gains: Considering the flexibil-
ity and sensibility of PB mentioned in Section III-A1 for actual
disturbances frequency, it is naturally employed to decouple the
suppression of high-frequency noise from the desired observa-
tion performance.

To facilitate the design, we first ignore measurement noise in
the mechanical system of the ED and its disturbance observer (4).
The transfer function of disturbance estimation can be rewritten

as:

δ̂(s) =
β2

s2 + β1s+ β2
δ(s) = G(s)δ(s). (31)

Referring to Section III-A2, and assuming a maximum ampli-
tude fluctuation range γ1 to be 0.25 dB (a small fluctuation
range), we have ε ≈ 0.243.

Setting |G(jω)| = √
G(jω)G(−jω) and substituting ω →

−js with N = 2, we get

G(jω)G(−jω) =
1.059

1 + 0.059 · T 2
2

(
ω
ωp

) . (32)

Here, the PB ωp replaces the fixed cut-off frequency.
The poles of (32) are given by

TN

(−js

ωp

)
= ±j

√
17. (33)

Using the relationship (21) and noting N = 2, we have the
following Chebyshev polynomial for (33):

T2

(−js

ωp

)
= 2

(−js

ωp

)2

− 1 = ±j
√
17. (34)

The polynomial (34) has four poles, with half belong to G(s)
and the other half toG(−s). To ensure system stability, the poles
in the left half-plane of the s-plane should be assigned to G(s).
Thus, the poles of G(s) are derived as

p1 = (−0.9 + 1.145i)ωp, p2 = (−0.9− 1.145i)ωp. (35)

Using these poles, the transfer function of PB-ESO with gain
optimization is obtained as follows:

G(s) =
2.121ω2

p

s2 + 1.801ωps+ 2.121ω2
p

. (36)

By comparing (31) with (36), the optimized gains of PB-ESO
are determined as follows:

β1 = 1.801ωp, β2 = 2.121ω2
p. (37)

4) Stability and Convergence Analysis: Equation (35) shows
that the poles of the characteristic polynomial of the PB-ESO,
when subjected to the gain optimization, are all situated in
the left half-plane. This confirms the stability of the proposed
observer.

Rewriting the PB of (19), its form changes to the following:

ωp = [aθ̂2ωo + 1]ωo = lωo (38)

where l ≥ 1.
Substituting (38) into (35), the poles of the proposed ESO

become

p1 = (−0.9 + 1.145i)lωo, p2 = (−0.9− 1.145i)lωo. (39)

The convergence rate is primarily governed by the real part of
system’s poles, where a smaller real part corresponds to a faster
dynamic response. For the proposed observer, the real parts
of the poles are all equal to −0.9lωo. With l 	 1 during the
dynamic process, the proposed ESO achieves a higher conver-
gence rate than the conventional ESO. In addition, due to the
transient characteristics of the PB, even with amplified observer
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Fig. 3. Bode plot comparison among the proposed ESO in steady state, the
conventional ESO, and the Chebyshev filter. (a) Original plot, (b) Zoom area in
1–10 rad/s.

gains, high-frequency noise interference is not introduced into
the observation system.

In steady-state conditions, the variable θ̂2 approaches to zero
causing the PBωp to converges to the low-bandwidthωo. Setting
ωo = 50 rad/s, Fig. 3 compares the steady-state observation per-
formance of the proposed observer with that of the conventional
ESO and the Chebyshev filter. The results show that the proposed
observer provides a higher gain in the passband and is closer to
0 dB with minimal amplitude fluctuation.

B. CCS-MPSC Based on Proposed Observer

Now, recalling the proposed PB-ESO with gain optimization
in Section III-A, its final expression is⎧⎪⎪⎨

⎪⎪⎩
ê = Ω̂− Ω
˙̂
Ω = 1

J0
Te0 − δ̂ − β1ê

˙̂
δ = β2ê

(40)

where β1 = 1.801ωp, β2 = 2.121ω2
p . Considering (6) and (8),

the PB-ESO with gain optimization is then integrated into the

Fig. 4. PB-ESO based CCS-MPSC controller. (a) General architecture.
(b) PB. (c) Parameters tuning. (d) ESO.

CCS-MPSC of ED system to enhance the speed tracking perfor-
mance and robustness.

The block diagram for the proposed MPSC-PB-ESO is de-
picted in Fig. 4, where CL denotes the CL. Fig. 4(b)–(d) depicts
the block diagrams of PB module, parameters module, and ESO
module, respectively.

The optimal control law (8) is updated in real time using
the estimated angular speed Ω̂ and lump disturbance δ̂ of the
proposed observer. Once the reference torque T ∗

e is obtained, an
current controller is employed to ensure that the motor generates
the desired torque. Fig. 5 presents the overall block diagram of
MPSC-PB-ESO.
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Fig. 5. Block diagram of the motor control system.

Fig. 6. IPMSM test platform.

TABLE I
SPECIFICATION OF THE IPMSM

IV. EXPERIMENTAL RESULTS

To evaluate the effectiveness of the proposed method, the
experiments were performed on an interior PMSM (IPMSM)
test platform, as illustrated in Fig. 6. The setup includes a
2.3 kW IPMSM, a 3 kW IM, a control cabinet featuring a
two-level voltage source inverter integrated with a rapid control
prototype controller, a personal computer for data monitoring,
and a photoelectric rotary encoder. The detailed specifications
of the experimental setup are presented in Table I.

The experiments compare the proposed MPSC-PB-ESO with
the PEMO-based CCS-MPSC (MPSC-PEMO) and traditional
ESO-based CCS-MPSC (MPSC-ESO) methods under various
conditions, focusing on the robustness and dynamic tracking
performance of the system. Table II provides the parameter
settings for the three methods.

In the MPSC-ESO method, two bandwidths are used: 50 rad/s
and 250 rad/s. The method with a bandwidth of 50 rad/s is labeled
MPSC-ESO1, and the one with a bandwidth of 250 rad/s is
labeled MPSC-ESO2. These settings are used to demonstrate the
impact of varying bandwidths on control system performance
and observation accuracy.

For the PEMO method, the bandwidth is set to be 50 rad/s,
and the predictive stepm is set to be 50 to avoid potential system
instability with higher values. In the PB-ESO method, the base
bandwidth ωo is fixed at 50 rad/s, the maximum bandwidth is
set to be 250 rad/s, and the coefficient a is set to 10.

For fair comparison, the identical PI current controller (d-axis
parameter: kPid = 2.255, kIid = 660, q-axis parameter: kPiq =
4.367, kIiq = 660) and the space vector pulsewidth modulation
(SVPWM) technology are employed in the inner CL of ED
systems [33]. It is important to note that, as the primary focus of
this article is on speed control in ED, the control performance
of the current is not specifically highlighted.

All methods are implemented and executed within a sam-
pling period of 100 μs on the Xilinx FPGA-XC7Z100 (CPU:
800 MHz) for comparison. Table III presents the maximum exe-
cution time of each algorithm throughout the entire operational
phase. Specifically, the execution times of MPSC-PB-ESO and
MPSC-PEMO are identical at 35 μs, representing a slight in-
crease of 5 μs compared to MPSC-ESO, which is attributed to
the execution of the RLS algorithm.

A. Speed Performance Under Rated Conditions

In this section, the performance of the proposed method and
the comparison methods are evaluated under rated conditions.
Fig. 7 shows the dynamic and steady-state responses from 0 to
the rated speed of 1500 r/min under the rated load for different
methods. Each part of Fig. 7 contains three subplots: the first
displays the speed tracking performance, the second shows the
q-axis current reference (red line) alongside its actual value (blue
line), and the third illustrates the load disturbance estimation
performance.

As shown in Fig. 7, MPSC-ESO1 reaches the rated speed of
1500 r/min under the rated load in 5.5 s, while MPSC-ESO2,
MPSC-PEMO, and MPSC-PB-ESO achieve the same speed
within 3.6 s. Once the motor reaches steady state, the ripple
in the MPSC-ESO2 method is larger than that of the other
methods, reaching about 20 r/min, whereas the ripple in other
methods remains below 1.4 r/min. This highlights a limitation of
conventional fixed-bandwidth ESO, which struggles to achieve
an optimal balance between response time and ripple suppres-
sion. In contrast, both the MPSC-PEMO and MPSC-PB-ESO
methods offer better compromises between these two factors.

Moreover, all methods effectively track the q-axis refer-
ence using a PI controller with identical parameters. However,
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TABLE II
THE PARAMETERS OF DIFFERENT OBSERVERS

Fig. 7. (Experimental data) The performance of speed from 0 to 1500 r/min
under rated load. (a) MPSC-ESO1. (b) MPSC-ESO2. (c) MPSC-PEMO.
(d) MPSC-PB-ESO. (e) PB.

TABLE III
COMPUTATIONAL BURDEN OVERVIEW

the MPSC-ESO2 method displays notable current fluctuations.
The load disturbance estimation performance in Fig. 7 explains
this issue: the high-bandwidth ESO introduces excessive mea-
surement noise into the load disturbance estimation, leading to
significant fluctuations in the reference current generated by
MPSC-ESO2.

Fig. 7(e) illustrates the dynamic process of the PB ωp in
the MPSC-PB-ESO method. Following the input of the refer-
ence signal, the PB rapidly increases and then converges to
the base bandwidth of 50 rad/s within 0.1 s. This behavior
demonstrates that the proposed method enhances both the dy-
namic and steady-state performance of the MPSC approach by
dynamically adjusting the observer gain through abrupt band-
width changes.

Compared to the MPSC-PEMO method, the MPSC-PB-ESO
method demonstrates smaller overshoot and reduced fluctuation
in disturbance estimation. However, due to the relatively stable
load disturbance under rated conditions, this advantage is not
significantly reflected in speed control performance. The follow-
ing section will evaluate these methods under specific operating
conditions.

B. Robustness Verification

Model mismatch and abrupt load introduce step disturbances
into the system [see (5)]. To assess the robustness of the proposed
method, we first evaluate the performance of the MPSC-PB-ESO
method under conditions of inertia mismatch and sudden load
changes. In this scenario, the IPMSM operates in speed mode
with a reference speed of 700 r/min.

Fig. 8 illustrates the performance of all methods when the
inertia experiences a sudden change of ΔJ = 1/3J at 0.2 s. In
Fig. 8(a)–(d), the upper section of each subplot shows the speed
tracking performance, the middle section displays the q-axis
reference current, and the lower section presents the observer
speed estimation error.

From Fig. 8(a), it can be observed that MPSC-ESO1 stably
tracks the 700 r/min reference with a speed ripple of 1.4 r/min.
Following the model mismatch, the speed returns to a steady
state after 0.13 s.
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Fig. 8. (Experimental data) The performance of speed tracking when the
inertia suddenly changes by ΔJ = 1/3J . (a) MPSC-ESO1. (b) MPSC-ESO2.
(c) MPSC-PEMO. (d) MPSC-PB-ESO. (e) PB.

Fig. 8(b) illustrates the control performance of MPSC-ESO2,
where the motor speed is severely distorted due to the intro-
duction of high-frequency noise. This confirms that higher ESO
bandwidth results in increased ripple in the system state. The
dynamic performance of MPSC-ESO2 under model mismatch
is significantly affected and will not be further discussed.

Fig. 8(c) and (d) shows the performance of MPSC-PEMO and
MPSC-PB-ESO, respectively. Like MPSC-ESO1, both methods
exhibit a speed ripple amplitude of 1.4 r/min, indicating that nei-
ther PEMO nor PB-ESO introduces significant high-frequency
measurement noise. In terms of recovery time, MPSC-PEMO
requires 0.1 s, while MPSC-PB-ESO recovers in just 0.03 s.
These results demonstrate that the proposed method effectively
suppresses measurement noise while ensuring a rapid conver-
gence rate under model mismatch conditions.

Fig. 9 illustrates the performance of the MPSC-ESO method
under abrupt load conditions. From 0 to 0.2 s, the IPMSM is

Fig. 9. (Experimental data) The performance of speed tracking under the
abrupt load. (a) MPSC-ESO1. (b) MPSC-ESO2. (c) MPSC-PEMO. (d) MPSC-
PB-ESO. (e) PB.

subjected only to Coulomb and friction torques. At 0.2 s, a
sudden load torque of 3.5 N· m is applied.

In Fig. 9(a)–(d), the upper section of each subplot shows the
speed tracking performance, the middle section depicts the q-
axis reference current (red line) alongside its measurement value
(blue line), and the lower section presents the load observation
values.

Similar to the model mismatch scenario, MPSC-ESO1 and
MPSC-ESO2 exhibit limitations in both recovery time and rip-
ple reduction. In contrast, MPSC-PB-ESO and MPSC-PEMO
demonstrate shorter recovery times while maintaining low rip-
ple. Notably, the proposed method is the fastest, returning to
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Fig. 10. (Experimental data) FFT of speed signals with a speed of 700 r/min.
(a) MPSC-ESO1. (b) MPSC-ESO2. (c) MPSC-PEMO. (d) MPSC-PB-ESO.

a steady state within just 0.2 s. The q-axis current tracking
performance and load observation results further support this
conclusion.

Fig. 8(e) and 9(e) illustrate the dynamic behavior of the PB
ωp for PB-ESO. The value of ωp peaks before the maximum
estimation error occurs, exhibiting transient and anticipatory
characteristics. This behavior indicates that integrating PB-ESO
with MPSC significantly improves speed tracking performance
and effectively handles step disturbances in the ED system.

It is important to note that, as derived from Figs. 8(e) and 9(e),
a smaller coefficient a in (19) reduces the sensitivity of the PB to
unknown disturbances, while a coefficient a that is large makes
it difficult for the PB to quickly converge to the basic bandwidth
and may introduce additional noise. Therefore, the coefficient a
is typically chosen within the range of 1 to 10.

Fig. 10 shows the frequency spectrum characteristics obtained
from the fast Fourier analysis (FFT) of the motor speed signal
at 700 r/min over a duration of 2 s. From Fig. 10, it can be
observed that the maximum amplitudes of high-frequency signal
of the proposed method and the MPSC-PEMO method do not
exceed 0.1 r/min, which is similar to the MPSC-ESO1 method.
In contrast, the maximum amplitudes of high-frequency signal
of the MPSC-ESO2 method reached 14.88 r/min, an increase
of 148 times. This further explains that the proposed PB-ESO
exhibits performance in noise suppression comparable to that of
low-bandwidth ESO methods.

C. Dynamic Speed and Dynamic Load Tracking Performance

ED often operates at dynamic speeds and dynamic load condi-
tions, such as in servo systems and electric vehicles. To explore

Fig. 11. (Experimental data) The performance of speed tracking under the
dynamic reference speed (The red dashed line represents the given speed).
(a) MPSC-ESO1. (b) MPSC-ESO2. (c) MPSC-PEMO. (d) MPSC-PB-ESO.

the dynamic performance of the proposed method, MPSC-PB-
ESO is experimentally verified under sinusoidal reference speed
and sinusoidal load conditions, as shown in Figs. 11 and 12. The
red dotted line represents the reference value.

For the dynamic reference speed, a common sine wave speed
reference, 300 sin(5t) + 700 r/min, is adopted. eΩ is defined as
the tracking error of speed. From Fig. 11(d), it can be seen
that the MPSC-PBO has the smallest amplitude of tracking
error under the dynamic reference (1.3 rad/s). In contrast, the
tracking errors of the MPSC-ESO1 and the MPSC-PEMO both
reach 2.1 rad/s, which is twice as much as that of the proposed
method. The amplitude of ripple for the MPSC-ESO2 is ap-
proximately 6 rad/s, the highest among all methods. As men-
tioned earlier, this is caused by high-frequency measurement
noise.

Next, the dynamic load is considered. To test the limiting
performance of the proposed method, a sine wave load torque
with a frequency of 48 rad/s (4 sin(48t) + 1.75 N · m) is se-
lected, which is close to the bandwidth ωo = 50 rad/s. Fig. 12
shows the performance and load of all methods under dynamic
load. The upper part of each block displays the speed tracking
performance, the middle part shows the load estimation, and the
lower part zooms in on the estimated load within 0.2 s.

From the upper part of each block in Fig. 12, it can be seen that
the motor speed driven by all methods struggles to maintain the
reference speed of 700 r/min and fluctuates sinusoidally with
the load changes. In load estimation, the amplitudes of ESO1
and PEMO differ greatly from the actual load, consistent with
the theoretical derivation. The maximum error of ESO1 is 1.6
N · m, and that of PEMO is 1.54 N · m. This discrepancy arises
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Fig. 12. (Experimental data) The performance of speed tracking under the
dynamic load torque (The red dashed line represents the given speed or actual
load). (a) MPSC-ESO1. (b) MPSC-ESO2. (c) MPSC-PEMO. (d) MPSC-PB-
ESO.

because the interference estimation mechanisms of ESO and
PEMO exhibit a monotonous decrease. For the high-bandwidth
ESO, the load estimation deviation of ESO2 is 0.66 N · m, which
is still large due to the excessivew ripple.

For the proposed PB-ESO method, the estimated load am-
plitude and frequency match the actual load, demonstrating
excellent tracking performance. This proves the effectiveness
of the proposed method. However, the estimated load of all
methods shows a large delay for high-frequency loads, which
is caused by the group delay of the filter.

D. Comparison Summary

To comprehensively evaluate the proposed method, the key
performance indicators for all methods under four operat-
ing conditions—namely, speed ripple, recovery time from

Fig. 13. Overall comparison of three control methods under different condi-
tions.

disturbances, tracking error with dynamic reference speed, and
observation error under dynamic load—were extracted and com-
pared. The results are presented in Fig. 13 through circular bar
charts. Due to the poor performance of MPSC-ESO2, it was ex-
cluded from the final comparative analysis. From Fig. 13, under
the step load disturbance, the recovery time of MPSC-PB-ESO
is 26% shorter than that of MPSC-ESO1 and MPSC-PEMO.
With a dynamic reference, the speed tracking error amplitude
of MPSC-PB-ESO is 38% lower than that of the MPSC-ESO1
and MPSC-PEMO. Under the dynamic load conditions, the
load estimation error of MPSC-PB-ESO is 94% lower than that
of MPSC-ESO1 and 93% smaller than that of MPSC-PEMO.
Clearly, the proposed strategy achieves outstanding performance
to the CCS-MPSC system.

V. CONCLUSION

This study investigates the utilization of a PB-ESO with
gain optimization in CCS-MPSC of ED. The effectiveness
of the proposed control method is experimentally validated
and compared within a commonly used IPMSM systems in
ED.

It should be noted that, despite the amplitude and frequency
of the estimated interference by PB-ESO being consistent with
the actual interference, a significant time-delay estimation per-
sists for periodic fast time-varying interference. In the future,
the gains of PB-ESO should be further improved. Designing
the gains of ESO with reference to a zero-delay filter might
prove to be more effective.
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