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Robust Deadbeat Predictive Current Control of
Permanent Magnet Linear Synchronous
Machines Based on Time-Varying
Asymmetric Model

Ziyu Zou
and Qinfen Lu

Abstract—In permanent magnet linear synchronous machines,
the longitudinal end effect gives rise to the manifestation of asym-
metric and time-varying characteristics. When employing the
model-based deadbeat predictive current control (DPCC), these
characteristics can lead to additional disturbances and more in-
tricate stability analysis. To enhance control performance, this
article proposes a robust DPCC tailored for time-varying asym-
metric machine model. Initially, an analysis is conducted on the
disturbances, focusing on those induced by parameter mismatches
and their associated frequency characteristics. In order to observe
and compensate for various disturbances in time-varying model,
the uncertainty and disturbance estimator (UDE) is employed to
design one-step prediction and deadbeat control law. Building upon
this, the parameter mismatch observer is developed to suppress
high-frequency tracking errors while addressing the bandwidth
limitations of the UDE. The proposed method not only facilitates
arigorous and concise stability proof for time-varying asymmetric
system, but also mitigates disturbances across the entire frequency
spectrum. The experimental results validate the effectiveness and
superiority of the proposed method.

Index Terms—Deadbeat predictive current control (DPCC),
parameter asymmetry, permanent magnet linear synchronous
machine (PMLSM), robust control.

1. INTRODUCTION

ERMANENT magnet linear synchronous machines
P (PMLSMs) are widely employed in precision control ap-
plications due to their characteristics of direct drive and high
accuracy [1], [2]. To meet the higher demands on current control
performance in these scenarios, the deadbeat predictive current
control (DPCC) is extensively adopted for its rapid dynamic
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response and low current ripple [3]. However, the performance
of DPCC is highly dependent on machine model and exhibits
significant sensitivity to disturbances within the model [4].

To enhance the robustness of DPCC against disturbances,
numerous approaches have been proposed for permanent magnet
synchronous machines (PMSMs), which can be categorized as
follows. First, some studies construct compensation terms based
on the error between the measured and the predicted currents to
correct the voltage commands [5]. In view of the sensitivity
of DPCC control performance to parameter variations, some
researches have incorporated online parameter identification
methods to improve robustness [6], [7]. While this approach mit-
igates the impact of parameter mismatches, their ability to sup-
press unmodeled disturbances remains limited. The disturbance
observer can effectively address various disturbances [8], which
has led to extensive research on the combination of disturbance
observer and DPCC. In these studies, lumped disturbances are
estimated by various observers, including Luenberger observer
[9], sliding-mode observer [10], and extended state observer
(ESO) [11].

Although the robust DPCC for PMSMs is well-developed, the
more complex nature of PMLSM poses additional challenges
for enhancing robustness. The differences of PMLSMs arise
from the longitudinal end effect, which inevitably leads to
the detent force and parameter asymmetry [12]. In particular,
the parameter asymmetry affects the electromagnetic perfor-
mance, highlighting the necessity of addressing asymmetry in
control strategies [13], [14]. In DPCC, asymmetry introduces
time-varying characteristics [15], which indicates that both the
lumped disturbances and the machine model exhibit inherent
time-varying behavior.

The time-varying disturbances in DPCC have been analyzed
in many existing studies. These disturbances lead to time-
varying errors in the current tracking results, which are man-
ifested as current harmonics. In [16], the harmonic reference
correcting current is injected to eliminate the harmonics without
affecting dynamic performance. Based on the sampled harmonic
currents, the control voltages can be calculated to mitigate the
harmonics [17]. Since time-varying disturbances are typically
characterized by distinct frequency components, DPCC can be
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integrated with a resonant controller to effectively suppress them
[18]. In addition, the extended model of disturbances can be es-
tablished, then the disturbances along with their derivatives can
be estimated based on the Kalman filter [19], thereby facilitating
the compensation of time-varying disturbances.

The aforementioned methods are aimed to address time-
varying disturbances of PMSMs. However, as previously men-
tioned, the asymmetric model of PMLSMs is inherently time-
varying, which transforms the entire control system into the
linear time-varying (LTV) system. The stability analysis of
LTV systems is significantly more complex than that of lin-
ear time-invariant (LTI) systems. Moreover, commonly utilized
methods, such as the Routh—Hurwitz stability criterion, cannot
be extended to LTV systems [20]. To achieve tracking and
suppression of time-varying disturbances within the framework
of LTV system, the uncertainty and disturbance estimator (UDE)
is adopted in this article. As a robust control strategy, UDE
demonstrates broad applicability to both LTI and LTV systems
[21]. Compared to conventional disturbance observers, it em-
ploys filtering for lumped disturbance estimation and compen-
sation, offering clearer frequency-domain insights into distur-
bance rejection. Moreover, it possesses excellent disturbance
suppression capabilities and has been applied in scenarios such
as PMSMs [22] and grid-tied inverters [23]. In this article, the
UDE is applied within the control framework of the asymmetric
DPCC, which improves disturbance rejection capability without
compromising dynamic performance.

When the UDE is embedded into DPCC, its limited band-
width may fail to meet the demands for suppressing high-
frequency (HF) disturbances caused by excessive inductance
parameters in DPCC. Although these HF disturbances are dif-
ficult to observe directly, they can be effectively suppressed by
self-tuning or correction of inductance parameters [24], [25].
In addition, some methods extend conventional disturbance
observers by incorporating dedicated inductance observers to
compensate for inductance mismatches [26]. Nevertheless, due
to the presence of asymmetry in PMLSMs, the inductance is
time-varying and coupled, making it challenging to employ
conventional estimation methods. Besides, existing parameter
estimation methods that consider asymmetry also lack the capa-
bility to estimate time-varying parameters [27], [28]. Therefore,
the time-varying parameter identification algorithm proposed
in [29] is employed to develop the parameter mismatch ob-
server (PMO), thereby suppressing HF disturbances. Compared
with existing parameter observer methods, the proposed PMO
exhibits superior accuracy and stability in handling the time-
varying and coupled inductance within the asymmetric model.
Furthermore, the extension and mixing process from [30] is
applied to decouple parameter mismatches and simplify the
observation.

Based on the time-varying asymmetric model of PMLSM, this
article investigates a robust DPCC method. The time-varying
lumped disturbances and their frequency characteristics are
modeled and analyzed. The UDE is embedded into DPCC to
compensate for the lumped disturbances. On this basis, the
PMO is employed to eliminate the HF disturbances beyond
the bandwidth of UDE. The stability proof and experimental
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Fig. 1. FE results of inductance. (a) Self-inductance. (b) Mutual inductance.

validation for the proposed method are provided. The main
contribution of this article can be summarized as follows.

1) The proposed DPCC is modified based on the asymmetric
PMLSM model, leading to a more precise control strategy.
In addition, a novel modeling approach and frequency
analysis are introduced to characterize the time-varying
disturbances in the asymmetric model.

2) The UDE is integrated into the asymmetric DPCC frame-
work to address challenges in the stability analysis of LTV
systems. By improving the UDE, the proposed method
achieves enhanced disturbance rejection while maintain-
ing good dynamic performance.

3) The PMO is employed to observe the asymmetric in-
ductance mismatch matrix, thereby broadening the dis-
turbance suppression bandwidth. The design of the PMO
explicitly accounts for the time-varying and coupling char-
acteristics of the asymmetric model, which enhances its
generality and stability in the observation and compensa-
tion of parameter mismatches.

The rest of this article is organized as follows. In Section II, the
modified DPCC considering asymmetry is proposed. The time-
varying disturbances are modeled and analyzed in Section III.
The proposed robust DPCC that incorporates UDE and PMO is
introduced in Section IV, and the robustness proof for the LTV
system is provided. In Section V, the verification experiments
of the robustness are conducted. Finally, Section VI concludes
this article.

II. ASYMMETRIC MODEL AND MODIFIED DPCC
A. Time-Varying Asymmetric Model of PMLSM

To PMLSMs, the linear structure leads to discontinuity at
longitudinal direction, which causes longitudinal end effect.
This inevitably causes an asymmetric spatial distribution of
the three-phase windings, thereby introducing asymmetry into
the inductance parameters, which is influenced by machine
topologies. To the studied flat PMLSM prototype, the finite
element (FE) simulation results of the self-inductances and
mutual inductances are shown in Fig. 1. It can be observed that
the ac mutual inductance exhibits noticeable asymmetry.

To achieve higher modeling accuracy for PMLSM, asym-
metry is incorporated into the model. According to [28], the
asymmetric component is introduced into the three-phase in-
ductance matrix, which is then substituted into the three-phase
machine equation. By subsequently transforming the model



ZOU et al.: ROBUST DEADBEAT PREDICTIVE CURRENT CONTROL OF PMLSMS BASED ON TIME-VARYING ASYMMETRIC MODEL

into the synchronous reference frame, the asymmetric machine
model can be derived as

Ud|
Ug|

Ry — ywesin (20, + b;.)
weLg — ywe cos (20, + b,.)

XF}

g

n Ly + ~ycos (20, + b,.)
—~sin (260, + b,.)

—we Ly — ywe cos (26, + b;)
R + ywesin (26, + b,.)

—~sin (260, + b;.) pig
Ly —~cos (20, 4+ b,) | |pig

Ty m (M

where p is the differential operator; uq, uq and iq, iy are the
voltages and currents; w. is the machine electrical angular
velocity; 6, is the electrical angle; Ry is the phase resistance; ¢
is the permanent magnet flux linkage. L4 and L, represent the dc
components of the inductance matrix, y and b, denote the mag-
nitude and phase of asymmetric component. Their relationship
with the symmetric inductances Lqgo, Lqo can be found in [28].
The established asymmetric model (1) is capable of describing
various asymmetric conditions in PMLSMs. Accordingly, the
robust enhancement method developed from this model is appli-
cable to all asymmetric cases, thereby improving its generality
and adaptability.

Compared to PMSM, the additional time-varying and nonlin-
ear components are introduced into the PMLSM due to parame-
ter asymmetry, which degrades the control accuracy and stability
of the DPCC based on the conventional symmetric model.

B. Modified DPCC Considering Asymmetry

To mitigate the impact of asymmetry on control, the DPCC
is modified based on the established time-varying asymmetric
model of PMLSM. Utilizing the forward Euler discretization
method, the discretized model expression at the kth control cycle
can be obtained as

|:Ud (k)} — G0 [Z:d (k)}

uq (k) iq (k)
g [ ] e o

where

_ | Bs —we(k)ysinB(k)  —we(k)[Lg + ycosB(k)]
G(k) = |:we(/€)[Ld — ~cosf (k)] R + we(k)ysin8(k) :|

_ |La+cosp(k)  —ysinf(k)
H (k)= { —ysinB(k) L —VCOSﬁ(kJ 7

Qk) = Le(k)l/’f } B (k) = 20,(k) + b, Ts denotes the

control period.

In digital control systems, the execution time needed for
sampling and control algorithm causes the delay of one con-
trol period in the output voltage. To prevent instability due to

16381

this delay, the compensation is incorporated into DPCC, which
requires the one-step prediction as

it ] = i)
rew [l | -ewem o

where P (k)= I —T,H '(k)G(k), Q (k) =T, H '(k),
iqP and i,P are the predicted currents, and I is the identify matrix.
Since the mechanical time constant is much larger than the
electrical time constant, the speed and electrical angle can be
considered constant within adjacent control cycles. Thus, it is
obtained that we(k+1) = we(k), G(k+1) = G(k), H(k+1) = H(k).
Subsequently, based on the deadbeat control law, the reference
voltage for the (k+1)th control cycle can be calculated as

iy =ew iy ]

i (k+1)
Zg N } +Q (k)
“

where uq*, uq*and iq*, iy are the reference voltages and cur-
rents.

Due to the time-varying asymmetric model, the control sys-
tem based on the modified DPCC has been transformed into
a LTV system. Moreover, the modified DPCC exhibits signif-
icant nonlinearity and coupling effects, rendering conventional
disturbance and stability analysis unsuitable.

III. DISTURBANCE MODELING AND ANALYSIS

In practical applications, disturbances inevitably arise in ma-
chine model. Besides, the disturbances in asymmetric PMLSMs
differ from those in PMSMs. Accordingly, the PMLSM model
incorporating disturbances is established as

id
i

{ud} _ }AES — we’ysin,@ —We (ﬁq + &cosﬁ)
Uq We (f)d — ’ycos,é’) Ry + wefysinB

n Laq+ ’ycosﬁ f’ysinB iq
—Asind L, — 4cosf b iq

0 fd]
] ®)
L’eqﬁf} {f q
where X represents the nominal value of the parameters (x =

Rs, ¢, La, Ly, 7, ), fa and f; denote the lumped disturbances,
whose specific expressions are

fa=ARig— ALgweiq + ALgpiq
—ASweiqg — ACweiq + ACpiq — ASpig + €q
fq = ARig + ALqweiq + ALgpiq + At)pwe
—ACweiq + ASweiq — ASpiq — ACpiq + ¢4

where Ax denotes the mismatch between the real value and the
nominal value of the parameters, i.e.,x = X + Ax (x = R, ¢, Ly,
Lq). £q and € are disturbances caused by factors other than the
model parameters, which will be discussed in detail later. AS

(6)
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and AC are the components related to the asymmetric parameter
mismatch, as shown in

AS = (¥ + Av)sin (29T + by, + Abr) — 4sin (29T+ZA7T>
AC = (¥ + Avy)cos (29T + b, + Ab,«) — Acos (297«4—5,,) :
(7

It is observed that AS and AC introduced by asymmetry lead
to time-varying disturbances. Besides, the disturbances caused
by mismatches in other parameters undergo modifications due
to asymmetry. Therefore, the following analysis focuses on the
various disturbances in the asymmetric model.

A. Disturbance of Inductance Mismatch

According to (6), the current frequency characteristics can be
introduced into the lumped disturbances. Therefore, the current
tracking performance under inductance mismatch are analyzed.
By considering the one-step delay, the derivation yields a more
accurate error model. Based on the prediction (3), the real current
and the predicted current at (k+1)th control cycle can be obtained
as

I (k)= PRI (0)+ QW)U (k) - 209]
P (+) =P W E+QW [Um -aw] ®

where Is" and I P are the real and the predicted current vectors, X
and X represent the real and nominal parameter matrices (X =
P, 0, )). Based on (4), the reference voltage can be calculated.
By substituting the reference voltage into the prediction step,
the real current at (k+2)th control cycle can be obtained. Due to
the small value of T, it is assumed that RsTs/Lqq < 1 and w7
< 1. Subsequently, the current relationship is derived as

I (k+2)=H ' (k)H®&I (k+2)

~H W) [HE) - H®)]LE. ©

By recursively applying the above equation, the expressions
for the real current can be further derived. When n = 2N+1,
NEN, the real current can be formulated as (10), where m =
2i-1

IT (n)=H"" (n) H (n) I (n)
nTH
+ > NI [r-E mHEMm
k=1,3,...,n—2 _k;rs
x H™' (k) H (k) I} (k) (10)
when n = 2N+2, NE Nx, the real current is expressed as
I" (n)=H"" (n)H (n)I%(n)
+ ) I1 [JLH*1 (21')191(2@)}
k=24,...n-2 | i=k£2
x H ™" (k) H (k) T (k) (11)
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The following illustration will be based on the equations for
n = 2N+1, and the reference current is set to a constant value to
facilitate the analysis. As previously mentioned, the parameter
matrices within adjacent control cycles can be considered con-
stant. By premultiplying the real current with (I — H ~* H)and
subtracting the resulting expression from the original equation,
the current tracking errors can be further derived, which can be
expressed as (12), where AIL=1S -1,

AI" (n) = [ﬁ‘l (n) H (n) _I}
X ii[ [I—H—1(2z‘—1)I§I(2i—1)
=2

12)

In (12), the tracking errors are composed of the product of
parameter matrices. Through diagonalization, its fundamental
terms R is decomposed as

R(k) =I-H'(kH (k)=

x H' (1) H (1) I

M (k) A (k) M~ (k)
(13)

where M is the modal matrix for R, A is the spectral matrix,
which is a diagonal matrix with the eigenvalues A; and Ao of R
as its diagonal entries.

The product term in (12) can be further derived as follows:

n+1
2

I1 [I— H ' (2 —1)H (2 - 1)}

=2

= M (n) ﬁA(%fl) M (3). (14)

i =2

Based on (12) and (14), the relationship between the tracking
errors in adjacent control cycles can be derived as

- M (n+2) 0
AIS (TL—I—Q)_ |:1 0 )L2(n_~_2):|

X {I@I’l(n+2)H(n+2)—I}M(n+2)

-1

N -1
M~ () [H (n) H (n)_z] AT ()

5)
According to (15), the frequency characteristics of the track-
ing errors are primarily determined by the eigenvalues A; and As.

When L4 and L, are mismatched, the matrix R and its eigenvalue
relationship can be expressed as

[Lateospy —sn(t) 17
R (k) = { d—fysinﬂ (k) Lq — ~ycosf (k)]
X[Ldgﬁd Lgﬁ] (16)
q q
a1 (k) + Az (k)
_ ALg Ly — ~ycosp (k)] + ALg [Lq + ~ycos3 (k)] (17)

LaLg — (Lg — Lg) ycosp (k) — 2
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- ALLAL,
Lalq = (La = Lq) ycosf (k) = 7%

When the applied inductance is larger than the real value,
all the eigenvalues are negative according to (17) and (18).
Given that the parameter matrix can be considered constant
over several adjacent control cycles, the tracking errors in (15)
exhibit rapid sign changes, with a switching period of four
control cycles. Consequently, the tracking errors contain HF
components with frequencies reaching up to one quarter of the
sampling frequency. It is important to note that this represents
only an estimated frequency of the disturbance induced by the
excessive inductance. The real frequency characteristics may
be more complex due to factors such as the time-varying na-
ture of the asymmetric model. However, the preceding anal-
ysis indicates that the frequency of this disturbance is indeed
significantly higher than that of conventional harmonic distur-
bances. When the applied inductance is smaller than the real
value, all the eigenvalues are positive, preventing the rapid sign
switching phenomenon. In this case, the errors manifest in the
low-frequency domain. For asymmetric parameters, the effects
of mismatch follow the same principle.

A (k) A2 (k)

(18)

B. Disturbance of Resistance and Flux Linkage Mismatch

Following the same procedure, the expressions for the track-
ing errors due to resistance and flux linkage mismatches can be
formulated as

i 2T, (R9 - R;)
Al (n) = LaLq — (La — Lq) ycosf (k) —*
Ly — ~ycosf3 (k) 7sing (k) *
) { ysinB (k) La+cosh (k)] fa (9
AT (n) = LaLq — (La — Lq) ycosf (k) — 7*
ysing3 (k)
8 |:Ld + ycosf3 (k)} ' (20)

It is observed that the errors encompass both dc and second
harmonic components in the case of resistance and flux linkage
mismatches. Moreover, the errors introduced by asymmetry are
incorporated into the lumped disturbances, leading to time-
varying components.

C. Unmodeled Disturbances

In addition to the above disturbances, there are also unmod-
eled disturbances that are independent of models. Among them,
the disturbances affecting the current loop include dead-time
effects and measurement error effects [8]. They manifest as
low-order harmonic voltage and current offsets, which introduce
slow time-varying disturbances.

From the abovementioned analysis, it can be concluded that
the lumped disturbances not only include dc and low-order
harmonic components, but also may introduce HF components
in the case of excessive inductance parameters. In the subse-
quent analysis of disturbance rejection and robust enhancement,
the derivation and design will be based on the established
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Fig. 2. Illustration of disturbance suppression for the proposed method.

asymmetric model (5), which explicitly accounts for lumped
disturbances.

IV. PROPOSED RoOBUST DPCC METHOD

To effectively eliminate various disturbances, a robust DPCC
method for asymmetric time-varying model is proposed. The
UDE method suitable for LTV system is utilized to suppress
the time-varying lumped disturbances. Due to the bandwidth
limitation of the UDE, it is only capable of effectively observing
and suppressing the low-frequency components of the lumped
disturbances. To broaden the disturbance rejection range of
the proposed method, the PMO is employed to observe and
compensate for the time-varying inductance mismatch, thereby
eliminating the HF disturbances caused by excessive induc-
tance. The distribution of disturbances corresponding to the
two methods is shown in Fig. 2. It should be noted that Fig. 2
serves merely as an intuitive illustration of the frequency-domain
distribution of the disturbances addressed by the two methods,
whereas the real frequency characteristics of the disturbances
are more complex. Nevertheless, since neither method relies on
the specific frequency of the disturbances, this does not affect
their derivation or design.

A. UDE Implementation Method

In order to enhance robustness, the UDE method is embed-
ded within the asymmetric DPCC framework. This method
is based on the time-varying asymmetric model incorporating
disturbances, which is further reformulated into the state-space
equation as

z= At)x+ B(t)u+ F(t) (21)

where

[l L) romomo 28

A)= —H ")G@t), B(t) =H ' ().

In (21), the expression for the disturbance can be obtained
from the voltage and current. However, due to the presence
of current derivate, it is not possible to directly calculate the
disturbance at the current control cycle. Therefore, following
the principles of the UDE method, an appropriate filter G (s) is
employed to approximate F as

F.(t) = F(t)»gs(t) (22)
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where F, is the approximated disturbance, g; is the impulse
response of the filter, “x” denotes the convolution operator.

To facilitate the derivation process for the LTV system, the
LTI reference model is introduced as

B (1) = Ay Tpn (1) + Bme (1) (23)

where Xm = [idms, iqm]T is the reference state vector, ¢ = [ig*,
iq*]T denotes the reference current trajectory. A, and By, are
the coefficient matrices associated with the system bandwidth.

Combining (21) and (23), the error e = x, - x is obtained as

e=Ane+[Anx+Bhc—A(t)x— B(t)u— F (t)].
(24)

The objective of the UDE strategy is to ensure that the system
state vector asymptotically tracks the reference state vector in
the presence of disturbances. To this end, the filtering approach
(22) is employed to estimate the lumped disturbance, thereby
deriving the UDE-based control law as

u=B"' (t)[Apz+Bnc— Az

— (@ —A(t)x— B(t)u)*gf]. 25)

By substituting the proposed control law and reference model
into (21) and applying the Laplace transform, the system state
vector in the s-domain can be obtained as

X (s) = (sI — Ap) " BpnC (s) + (sI

— Ap) 1 =Gy (s)] Fa(s) (26)

where X(s), C(s), and Fg(s) are the Laplace transforms of x(7),
¢(1), and F(?). According to (26), the UDE method can eliminate
the disturbances within the bandwidth of G;. If G¢ has the
unity gain across the entire frequency range of the disturbances,
the current can track the reference trajectory without being
affected by disturbances. Since the Butterworth filter is simple
to implement and has a flat frequency response, it is selected as
Gy, whose transfer function given as

Gy (s) = —2

—_— 27
P @7)

where wy is the disturbance rejection bandwidth of the UDE.
Based on (25), most existing studies directly extract the
control input u in the s-domain to formulate the UDE con-
trol law [22]. However, this inevitably introduces integral-like
operations, which impact the dynamic performance of DPCC.
Therefore, the delay operators are adopted to obtain anovel UDE
control law that avoids integral operations, which is shown as

u (t)=B ' (t){Anz(t) + Bnc(t) — A(t)x (1)
L [sGy ()] xa (t)} + B () {L7[Gy (3)]
*[A(t)x (1) + B (t1) w (t1)]} (28)

where 11 =t - Ty, £L7{-} is the inverse Laplace transform oper-
ator. Since the delay operator primarily affects HF components,
which lie outside the bandwidth of Gy, its application has a
negligible impact.
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Fig. 3. Diagram of the UDE implementation.

To combine the UDE with the deadbeat control, the coefficient
matrices are selected as
} B = [1 /Ts

A= 10 yr)

Substituting into (28) yields the proposed control law as

Ly, (29)

u(t)=G ()@ (t)+ H(t) = [c(t) — 2 (1)]
Jx(t)+H () LGy (s)]

t1)u(t1)]. (30)

Sl =

—H(t) L7 [sGy (s
* [A (tl) xr (tl) + B

It can be observed that the first two terms of (30) correspond
to the conventional control law (4). The remaining term is
employed to achieve suppression of the disturbances. This al-
lows for robustness enhancement while maintaining the dynamic
performance and tracking bandwidth of the DPCC. In order to
eliminate the impact of the one-step delay, the UDE is applied
to the prediction and control law. The diagram of the UDE
combined with deadbeat control is illustrated in Fig. 3.

B. Time-Varying PMO With Finite-Time Convergence

In practical applications, the bandwidth of Gy is limited, and
thus, the HF disturbances caused by excessive inductance cannot
completely be eliminated by the UDE. Although itis challenging
to directly observe and compensate for HF disturbances, the
parameter mismatches that give rise to these disturbances are
relatively slow-varying. Accordingly, directly observing them
can effectively reduce the bandwidth requirements. Therefore,
the PMO is proposed to observe the time-varying inductance
mismatches within finite time to address HF disturbances.

The proposed PMO extracts and models the HF disturbances
based on the predicted current error equation following UDE-
based compensation. After applying the UDE, the prediction
error is expressed as

#— &p=F)«L ' [L-Gs(s)|=Fnr (t) (3D
where x,, is predicted current derivative, and Fy, represents the
HF disturbance beyond the bandwidth of UDE. Discretizing the
above equation yields

in(k+1)—dg(k+1)| _ 1
# (k+1) —iq(k+1)] — Lala=3(Lo—La)cosBk)—5>
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Lq—Acosh (k) sing (k) Hfdh (k)
AsinB (k) Lq-+AcosB (k)| [fan (k)

where fq, and fy, denote the HF components of fq and fq,
respectively. They represent the residual disturbances obtained
by applying Gt to the lumped disturbances formulated in (6).
Their specific expressions can be written as

] (32)

fdh = (AR — ASW@) idh — We (ALq + AC) iqh
+ (ALd + AC) Pian — ASpiqh

forh =we (ALg — AC)ign + (AR + ASw,) lgh
—ASpign + (ALq - AC) piqh

(33)

where iqy,, iqn and pigy, pign denote the HF components of the
current and its derivative. To ensure consistency with the dis-
turbance rejection process in (31), the current and its derivative
are filtered through Gy, and their respective HF components are
extracted accordingly. The parameter mismatches in (33) have
the same meaning as those defined in (6) and (7). In fact, there
will inevitably exist HF unmodeled disturbances in (33). These
disturbances are temporarily neglected for the sake of simplicity,
and their impact is further analyzed in the stability proof.

The igy and iy, may contain multiple HF components. The
following discussion uses the current i,o with high frequency
wo as an example. Performing the Fourier transform on ¢ and
its derivative to obtain the relationship as

Ino (w) = F [ino (t)]
plho (W) = F [pino (t)] = jwolno (w)
where Iyo and ply,o are the Fourier transforms of iy and piyg,
and F denotes the Fourier transform operator.
To represent the energy and excitation levels of the signals,

the two-norms are defined as follows. Based on the Parseval’s
theorem, they are further transformed into frequency-domain

llino (E)lly = /S5 lino (t))dt = \/217r J32 Ino (w))?dw

(36)

(34)
(35)

. 1
[pino ()|l = \/27r 23 pIno (w)[*dw

1
— \/% I W2 | Ino (w)]Pdw.

Combining (36) and (37), the following relationship can be
obtained. And it also applies to other HF components

(37

[pino ()]l
lino ()1l

Therefore, when acting as an excitation, the HF current can
be considered negligible in comparison to its derivative. Be-
sides, their corresponding mismatch difference is not significant
enough to eliminate the aforementioned gap. On this basis, (32)
can be further simplified as

=wy > 1. (38)

—4sinf (k)
Ly — #cos (k)

1 Lg + Acos (k)
T | —4sinB (k)
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iog (b +1) =iy (k+1)
0, (k+1)—il, (k+1)

_ [ALd+AC(k) ~AS (k)

pian (k)

AL, - AC <k>] [pz'qh (k)} -

Based on (39), the mismatched inductance matrix can be
observed. In the prediction error equation, the UDE-based com-
pensation has removed the low-frequency disturbances caused
by factors such as inverter nonlinearity, the resistance and flux
linkage mismatches. Consequently, their adverse influence on
the observation of inductance mismatch has been eliminated,
thereby enhancing the stability of the compensation. The fol-
lowing illustration takes the d-axis equation as an example. The
d-axis linear regression for the mismatch at the kth control cycle
can be derived as

—AS (k)

y=0¢" A0
y = Tis [La+ ~ycosp (k) —ysing (k)] [zg Ellg : i’% EZ; }
T . T
[ [ pian (k—=1)
¢T_{z} _Lm’qh(k—n} ’

(40)

no {Aal ] ~ {ALd—FAC’(k—l)}

Aby AS (k—1)

By employing the LTT operators such as delay operators [30],
the linear regression equation is extended to obtain

Ye=9¢r A0

_|Y I T
Ye= |:ye:| 7¢E B |:¢1e ¢2e:|

where ye, ¢10, and ¢o, represent the outputs of the operators.
To simplify the observer design, the adjunct matrix is applied to
(41), resulting in the decoupled matrix, as shown in

(41)

Yp =¢p A8

Yp= adj(¢pn)YE:=[Vi Ya]"

¢p = adj(¢E) ¢ = [p ] , p=det(d¢g). (42)

P
According to (42), for each mismatch to be observed, there
exists a corresponding separate scalar expression as

Y; = pAb;,i = 1,2. (43)

Due to the time-varying nature of the parameter mismatches
in asymmetric model, conventional observers encounter diffi-
culties in achieving accurate and stable observation. Thus, a
nonlinear estimation method is adopted in this article. To prevent
reduced observation accuracy due to insufficient excitation after
mismatch compensation, the time-varying mismatches need to
converge within a finite time, after which observed results are
employed for compensation. Therefore, the finite-time conver-
gence estimator is employed as

Dby (8) =7 p (&) [Y; (1) = p (1) AG(D)]* (44)
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Fig. 4. Flowchart of the proposed PMO method.

where Aéi is the estimated mismatch, ~; is the convergence
coefficient, and [-|* :=| - | *sign (-), «€(0,1).

With the designed ~, the time-varying mismatches converge
within the finite time T}. Subsequently, utilizing the estimated
mismatches for compensation can eliminate HF disturbances.

After compensation, the significant reduction of HF currents
results in decreased excitation, making it challenging to update
the time-varying mismatches. Therefore, the dual second-order
generalized integrator (DSOGI) [28] is employed during the
finite-time convergence period. It can extract the amplitude and
phase of the time-varying components in mismatches, thereby
reconstructing AS and AC after compensation. Accordingly,
the observed HF lumped disturbances can be represented by

fan = (Ai/d + AC’) Pian — ASpign

. N . . 45
fqh = —ASpidh + (ALq — AC) piqh. )

As demonstrated above, the proposed PMO enables the obser-
vation of the entire time-varying inductance mismatch matrix,
thereby effectively suppressing the disturbances introduced by
time-varying and coupled inductance in observation and control.
The flowchart of the PMO method is shown in Fig. 4. It is
important to note that the observation relies on HF current exci-
tation, making it applicable only to the observation of excessive
inductance. However, since the disturbances caused by induc-
tance being smaller than real value consist of low-frequency
components, which can be mitigated by UDE, this limitation
does not affect the disturbance rejection capability.

C. Stability Validation

It is necessary to prove the stability of the proposed method
for the time-varying asymmetric system within the finite time.

First, the convergence characteristics of the observed time-
varying parameter mismatch are analyzed. Due to the introduc-
tion of a nonlinear estimator in the PMO, conventional linear
control stability analysis methods are not applicable. Therefore,
the Lyapunov stability method is employed to analyze the sta-
bility and convergence characteristics of the PMO. The linear
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regression that accounts for disturbances is written as
Y (t) = p(t) A0 () +<(t)

where ¢ represents the residual unmodeled disturbance after
UDE filtering, and its upper bound is denoted as €,,. Y and Af
are the input and the mismatch. The lower bound of the |p] is
denoted as p,,. By applying the finite-time estimator (44), the
observation error e(f) can be expressed as

(46)

e(t)= @) pt)e(t) —c@)]*-0@1) @7
where e (1) = AQ(t) — AO(t), © (t) = AD(t).
Consider the Lyapunov function candidate V(e) = 0.5¢2, and

its time derivative along the trajectories of the error system is

V()= e() x {=w () [p(t)e(t) —c(t)]* — O (1)}
(48)

With limited mismatch change rate, (48) may be bounded as

V(1) < —e(t) xyp(t) [p(t)e(t) —(t)]* + e (1) Om
(49)
where ©,, is the upper bound of the mismatch change rate. Under

the condition that 0<a <1, the inequality (50) holds [29]

—lp@)e(t) =@ < —[p)e®)|" +]e )"

Owing to the suppression of the majority of unmodeled dis-
turbances within the UDE, ¢ satisfies

(50)

lp(t)e@)] = [e ()] (51
Based on (51), it can be obtained that
sign [p(H) e (t) —< (0] = signlp(e(®)].  (52)

Following that, (49) can be further derived as
V() < =3lp () e )"+l (@) [p (8) e (8)|+]e (£)| Om
(53)

To address the additional terms arising from disturbances and
time-varying mismatches, (53) is modified as

V()< —y(1=6)[p(t)e(t)*
—8|p (t) e (t)|* + (Om + e ()" | (1)

) e @)
(54

where §&(0,1). When the last two terms of the above inequality
are nonpositive, it is obtained that
1
Om le@* \*°
o) 2 (om + EOLY
¥olp ()| ol (@)l
In this case, (54) can be derived as
. atl
V()< =22y (1=06)p(t)]
Integrating the above inequality yields
VIR () SV (ho)

—(L—a) [} 257y (1= 6) |p(n)|[*Tldr (57)

where t is the initial time. As illustrated in Section II, the exces-
sive inductance results in HF disturbances, thereby ensuring that

(35)

). (56)
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the excitation term p satisfies the persistent excitation condition.
According to [31], it is expressed as

1
7 JET |p (1) dr > €, Yt >t (58)

for some T, ¢ > 0, where ¢ represents the lower bound of the
excitation. According to the Holder’s inequality, (58) can be
further transformed into

1 o
I (™ dr = (17 p (1) dr)* ™ = Tt
(59)
From (57) and (59), it follows that:
a1

VoI (t0+T) SV (to)— (1-0) 27y (1-0) Te ™™,
(60)

Based on the above inequality, the boundary point of the
convergence time is given by

o VT () (o)

T (-2 Ty (1—a)etl  (1—a)(1—0)yert
(61)

When t < Ty, the dynamic process of the error satisfies

e(t) < [e1° (to) — (1 — )y (1= 6) (t — o) 1] 77
(62)

Furthermore, the error is ultimately bounded as

le (t)] < ( Om =+
"/5|pm|a

By ensuring + satisfy (64), the observation error can converge
to the above bound within the finite time T

le (to)| ™
1—a)(1—0)Tpeatt

Upon completion of the observation, the reconstructed mis-
matches from DSOGI are incorporated into asymmetric DPCC,
which consequently mitigates the HF disturbances induced by
excessive inductance. At this point, all remaining disturbances
fall within the rejection bandwidth w, of the UDE method and
can be suppressed. Ultimately, the current tracking dynamics
with the proposed method in the s-domain can be expressed as

w17 ] G

From the above derivation, it can be concluded that the
proposed method can track the reference current with the same
bandwidth as conventional DPCC while suppressing various dis-
turbances within the finite time. Therefore, its good robustness
is demonstrated.

|em|®

a) VST, (63)
dlpm|

v 2 ( (64)

(65)

V. EXPERIMENTAL VALIDATION

To demonstrate the effectiveness of the proposed method,
experimental validation has been conducted. The block diagram
of the machine control system incorporating the proposed robust
DPCC is shown in Fig. 5. In the proposed method, both the UDE
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Fig. 6. PMLSM prototype and experiment platform.

TABLE 1
PARAMETERS OF PMLSM PROTOTYPE

Parameters Value
Stator Resistance (£2), R, 0.7
PM Flux Linkage (Wb), ¥, 0.05
d-axis Symmetric Inductance (mH), L4, 10
g-axis Symmetric Inductance (mH), Lqo 11.6
Asymmetric Component (mH), y 0.97
Asymmetric Phase Parameter (°), b, 120

Z95 E
: 3
g E
g
E 8.5 E
= =-
< 8¢ g
o S -
[72) =

75 | =

0 1 2 3 4 5 6
Electrical Angle (rad) Electrical Angle (rad)
(a (b)
Fig. 7. Measured inductance. (a) Self-inductance. (b) Mutual inductance.

and PMO perform disturbance observation and compensation
within the same control cycle, ensuring simultaneous execution.

The experiments are carried out on the platform shown in
Fig. 6, which consists of the PMLSM prototype, load machine,
and the digital control system. The TMS320F28379D DSP is
employed as the processor for the controller, with an update
frequency of 20 kHz. The experimental data is stored in the
oscilloscope and exported for subsequent processing.

The parameters of the PMLSM prototype are listed in Table I
in detail. In particular, the measured inductance is depicted in
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Fig. 7. It is observed that there is noticeable asymmetry in the
ac mutual inductance, which is consistent with FE results.

A. Disturbance Validation Experiment

In order to validate the impact of various disturbances, the
experiments are conducted with different parameters. To clearly
illustrate the frequency characteristics, the PMLSM operates at a
constant speed. Since the detent force in PMLSM causes current
ripples, the current tracking errors are presented to avoid the
impact of these ripples. For the purpose of providing a more
comprehensive illustration of the effects induced by various
disturbances, experiments are conducted at speeds of 0.1 m/s,
0.2m/s, and 0.3 m/s, with the corresponding experimental results
plotted in three-dimensional figures for comparative analysis.
At three operating speeds, the g-axis current tracking errors and
their frequency spectra under different conditions of inductance,
resistance, and flux linkage mismatches are depicted in Figs. 8
-10, where L = Lq(q). The frequency components of the current
tracking errors in the low- and high-frequency domains are
presented separately to enhance the clarity of each spectral
region.

In Fig. 8, when the employed inductance is smaller than
the real value, the dc and low-order harmonic components in
tracking errors increase. However, when the employed induc-
tance is greater than the real value, not only the low-frequency
errors increase, but also the HF errors emerge. The frequency of
HF errors is close to one-quarter of the sampling frequency.
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It is evident that the frequencies of the disturbances caused
by the excessive inductance are significantly higher than those
of the remaining low-order harmonic components. In Figs. 9
and 10, the resistance and flux linkage mismatches lead to
increased dc offset and low-order harmonic errors. Besides, it
is observed that even with accurate parameters, there are still
current tracking errors caused by unmodeled dynamics such as
inverter nonlinearity. The HF components of these disturbances
are negligible, with their spectral energy primarily concentrated
in the low-order harmonic range. At different speeds, both the
magnitude and frequency characteristics of the current tracking
errors exhibit noticeable variations. As the speed increases, the
associated resistive forces also rise, resulting in higher required
reference currents. Consequently, the overall magnitude of the
tracking errors increases accordingly. For the harmonic compo-
nents in the current errors, speed variations lead to corresponding
shifts in their frequencies. For HF errors caused by excessive
inductance, parameter asymmetry introduces harmonics into
their amplitude. As a result, the amplitude of the HF errors
fluctuates more rapidly with increasing speed. However, since
the fluctuation frequency remains significantly lower than the
HF error frequency, the variation of speed has a negligible effect
on the frequency of the HF errors. In summary, the various
disturbances present in the asymmetric DPCC exhibit distinct
spectral characteristics, encompassing both dc and harmonic
components as well as HF components. Although the effects
of various disturbances vary with operating speed, they con-
sistently exhibit similar frequency distribution characteristics.
Furthermore, the low- and high-frequency disturbances are well
separated in the spectrum, which is consistent with theoretical
analysis.

B. Robustness Performance Validation

To verify the robustness of the proposed DPCC against vari-
ous disturbances, experiments are conducted with the proposed
method under different parameter mismatch conditions. The
bandwidth coefficient w, in the UDE is set to 2007, yielding
a disturbance rejection bandwidth of 100 Hz. In the PMO, the
finite time for observation is set to 0.1 s, and the convergence
coefficient «y is chosen as 2x10* to ensure finite-time conver-
gence. The LTI operator selects a delay operator with the delay
time of 0.01 s. « is set to 0.5. Under no-load conditions with
a speed of 0.1 m/s, the proposed robust method is initiated at
0.5 s. The experimental results with Ry = RJ/A, 1/1f = Y¢l4,
Ld = Lq/2, L = L4/2 are shown in Fig. 11. Since there is no
excessive mductance the output of the PMO remains zero and is
not presented When the parameters are R = 4R, wf = 4y, Ld
=2Lq4, Lq = 2L, the results are shown in Fig. 12. In this case,
to verify the tracking capability for time-varying mismatches,
the asymmetry parameters are set to zero, i.e., vy = 0, b, = 0.

In Fig. 11, since no factors induce HF disturbances, UDE can
suppress all disturbances. Due to the rapid convergence of UDE,
it can effectively mitigate the dc and second harmonic tracking
errors within a time much shorter than 7. In Fig. 12, within the
finite time 7% after the proposed method is initiated, the PMO
is activated for observation. The UDE alone is insufficient for
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(a) Tracking errors and estimated disturbances. (b) Observed mismatches.

complete suppression of HF disturbances. Upon reaching T,
the observed mismatches are employed for compensation. At
this point, all disturbances across the spectrum are eliminated,
thereby significantly reducing the tracking errors. During ob-
servation, the DSOGTI tracks the second-harmonic asymmetric
components, which involves a relatively long transient process.
On the other hand, the original output from the finite-time ob-
server converges rapidly, which can impact the dynamic process
of the DSOGI. Nevertheless, since the original observation can
converge within the finite time, fluctuations during the tran-
sient process do not affect the results. Moreover, the impact
of fluctuations on the control results is minimal according to
the experimental results. The mismatch value obtained from
the PMO are ALqy = —9.6 mH, ALqO = —114 mH, A9y =
1.04 mH, Ab, = 110°. The observation errors for the d- and
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g-axis symmetric inductance mismatches are both within 5%,
while the errors for the asymmetric magnitude and phase are
—7.6% and 8.3% . The level of accuracy ensures that distur-
bances can be effectively suppressed even with significant initial
parameter mismatches. The above experimental results validate
that the proposed method is capable of accurately observing and
compensating for disturbances arising from various parameter
mismatches, thereby effectively enhancing the robustness of the
asymmetric DPCC.

C. Dynamic Performance Validation

To verify the dynamic performance of the proposed method,
step response experiments for current and speed are conducted.
In the experiments, the parameters are set as RS = 4R, 'l[)f =
dipg, Lg = 2Lg, Ly = 2L,

In the current step experiment, the reference trajectory is a
piecewise step function with values of =1 A and +2 A. The cur-
rent tracking results of the conventional DPCC and the proposed
robust DPCC are shown in Figs. 13 and 14.

In Fig. 13, the significant tracking errors occur with conven-
tional DPCC. In the zoomed-in region, it is observed that the real
current exhibits HF oscillations around the reference current. In
Fig. 14, the observed lumped disturbance varies in accordance
with the reference current. Comparing with Fig. 13, compensat-
ing for the disturbances resulting in a significant reduction in the
tracking errors. In Regions I and II, the time required for the cur-
rent to track the step trajectory shows a slight increase, which is
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Fig. 15.  Speed step response results with the proposed robust DPCC. (a) Speed
and current tracking errors. (b) Estimated disturbances.

an expected outcome following the correction of the proportional
coefficient in DPCC. More importantly, the real current can track
the reference current without producing additional overshoot.
Therefore, in the presence of abrupt variations in the current
trajectory, the proposed method can enhance robustness of the
current tracking without compromising dynamic performance.

In the speed step experiment, the reference speeds are set to
0.1,0.15 and 0.2 m/s, respectively. The experimental results with
the proposed method are shown in Fig. 15.

In Fig. 15, the fluctuations of speed are attributed to the in-
herent detent force present within the PMLSM. Under different
speed conditions, the frequency of the observed disturbances
vary, and the current tracking errors are effectively suppressed.
During the speed step changes, transient processes arise in
the observed disturbances, and there are sudden increases in
current tracking errors. However, the errors can recover quickly,
thereby maintaining excellent tracking performance. Overall,
the current and speed step response experiments demonstrate
that the proposed method exhibits notable robustness against ex-
ternal disturbances, while maintaining rapid and stable dynamic
performance.

D. Comparison Validation Experiment

To validate the advantages of the proposed robust DPCC, com-
parative experiments are conducted with existing disturbance
rejection methods. According to [8], the ESO can effectively
observe model dynamics and lumped disturbance, making it
suitable for comparison. In addition, the comparative experi-
ments also include the enhanced DPCC with LDO proposed
in [26]. In this method, the disturbance rejection capability
of the LDO is enhanced, and additional inductance and in-
verter disturbance observer is proposed to broaden the scope
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of disturbance observation. Due to its similarity in disturbance
rejection framework to the proposed method, the comparison
results can further highlight the characteristics and advantages
of the proposed method. This method involves a combination
of observed disturbances similar to the lumped disturbances
addressed in both ESO and the proposed method. Thus, these
observed disturbances are extracted and combined as the lumped
disturbances to facilitate the comparison. In the experiments, all
methods are activated at the beginning, with the parameters set
to f%s = 4R, 1[)f = dapy, f)d = 2L4, I:q = 2L,. To enable a
more comprehensive comparison, experiments are conducted at
speeds of 0.1 m/s and 0.3 m/s. The current tracking errors and
the observed lumped disturbances for the three methods under
two speed conditions are shown in Figs. 16 and 17.

In Fig. 16, the observed lumped disturbances in the ESO and
the proposed method contain multiple frequency components. In
comparison, the observed disturbances in the enhanced DPCC
exhibit low-frequency characteristics due to the absence of HF
disturbance modeling. However, the observed inductance values
utilized for HF disturbance rejection are inherently included
within the presented disturbances. As shown in Fig. 16(a), due
to the limited disturbance rejection bandwidth of the ESO, it
can only compensate for low-frequency disturbances and cannot
eliminate the effects of HF disturbances. As a result, the current
tracking errors remain pronounced after the ESO compensation.
In the experimental results of the enhanced DPCC shown in
Fig. 16(b), the tracking errors significantly decrease with the
update of the inductance observer. However, since this method
is unable to effectively observe the time-varying and coupled
inductances, it cannot eliminate all disturbances in the asym-
metric model. Consequently, current tracking errors arising from
asymmetry still persist. According to Fig. 16(c), the proposed
method accounts for the time-varying and coupling charac-
teristics induced by asymmetry in both parameter mismatch
observation and disturbance rejection. Therefore, it is capable of
mitigating the impact of various disturbances, thereby achiev-
ing the most stable and reliable current tracking performance.
Fig. 17 shows that higher speed leads to longer dynamic response
times. Moreover, all three methods can effectively observe and
suppress the disturbances arising during the dynamic process.
Compared to the results at 0.1 m/s, the frequencies of the current
tracking errors and observed disturbances increase at a higher
speed. As demonstrated in Fig. 17, at the speed of 0.3 m/s, the
disturbance rejection bandwidth of all three methods is sufficient
to ensure stable attenuation of both dc offsets and harmonic
disturbances. For HF disturbances, the ESO still fails to achieve
effective observation. In Fig. 17(b), the convergence rate of the
inductance observer in the enhanced DPCC is increased, and
its updates lead to a significant reduction in the tracking errors.
However, it still cannot accurately estimate the asymmetric time-
varying inductance whose frequency also increases with speed,
resulting in residual tracking errors. The results in Fig. 17(c)
confirm that the proposed method maintains reliable observa-
tion of time-varying mismatches and disturbances at a higher
speed, ensuring effective disturbance rejection. Therefore, the
proposed method demonstrates robustness to variations of
speed.
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Fig. 16. Experimental results at 0.1m/s with Rs = 4R, 1s = 41pg, Lq = 2Lq,

Ly = 2L4. (a) ESO method. (b) Enhanced DPCC. (c) Proposed method.

To further demonstrate the adaptability and stability of the
proposed method in addressing time-varying and coupled in-
ductances, additional inductance disturbances are injected in the
experiments. After disturbance injection, the frequency of the
time-varying inductance is set to 20 Hz. In the DPCC implemen-
tation, the variation range of the employed ﬁd(q) is [0.5Lq(q),
2L4(q), and the amplitude of the injected coupled inductance
Lgq is set to 3 mH. To eliminate the influence of resistance and
flux linkage on the experimental comparison, their initial values
are both set to zero. The comparative experiments between the
enhanced DPCC and the proposed method are conducted at
speeds of 0.1 m/s and 0.3 m/s. In both methods, the compensation
mechanisms are activated at 0.1 s. Figs. 18 and 19 present the
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Fig. 17. Experimental results at 0.3 m/s with }A%S = 4R, 'ij = 4da)y, ﬁd =

2Lq4, Lq = 2Lg. (a) ESO method. (b) Enhanced DPCC. (c) Proposed method.

time-varying and coupled inductance, current tracking errors,
and observed lumped disturbances of the two methods at both
speeds.

In Fig. 18, in the absence of compensation, the time-varying
and coupled inductance parameters give rise to significant cur-
rent tracking errors. Moreover, the frequencies of these errors
vary from low to high as the inductance parameters change. The
experimental results in Fig. 18(b) indicate that the enhanced
DPCC with LDO cannot continuously and accurately observe
the inductance with rapid and large-range variations. Moreover,
its inability in effectively observing the coupled inductance
poses a significant challenge in mitigating the influence of
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3F . . . :
— L/ L)
2
l L
0
6r Ly (mH)]]
3 - .
0 -
0 0.1 0.2 03 0.4 0.5

[ Initiate
L —>!

' N =6
SNEAXN © N AN

10} Initiate Ty —fV)
—>
St i
0 i i ;
0 0.1 0.2 0.3 0.4 0.5
Time (s)
(©

Fig. 18. Comparison experimental results with injected inductance distur-
bances at 0.1 m/s. (a) Time-varying and coupled inductances. (b) Enhanced
DPCC with LDO. (c¢) Proposed method.

coupling-induced disturbances on the observation and control.
Therefore, this method fails to exhibit satisfactory compensation
and suppression performance with respect to time-varying and
coupled inductance disturbances. As illustrate in Fig. 18(c),
following the completion of observation and compensation by
the PMO within the finite time, the effects of time-varying and
coupled inductance disturbances are significantly suppressed,
thereby effectively mitigating the current tracking errors. In
Fig. 19, since the injected inductance disturbances remain un-
changed at 0.3 m/s, the tracking errors exhibit minimal variation.
The magnitude of the observed disturbances increases for both
methods as the speed rises. In Fig. 19(b), the inductance observer
in the enhanced DPCC updates more frequently at a higher
speed. Besides, the shorter duration of each update interval leads
to reduced fluctuations in the observer output. However, due
to the lack of an observation mechanism specifically designed



ZOU et al.: ROBUST DEADBEAT PREDICTIVE CURRENT CONTROL OF PMLSMS BASED ON TIME-VARYING ASYMMETRIC MODEL

T T T

16393

addressing the time-varying and coupling characteristics of the
asymmetric model. The advantages of the proposed method have
been validated through experiments, which can be concluded as
follows.

1) It has enhanced adaptability. It is applicable for time-
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Fig. 19. Comparison experimental results with injected inductance distur-
bances at 0.3 m/s. (a) Time-varying and coupled inductances. (b) Enhanced
DPCC with LDO. (c) Proposed method.

for rapidly time-varying and coupled inductance, the enhanced
DPCC still fails to achieve effective disturbance rejection. As
depicted in Fig. 19(c), the proposed method retains its ability to
reliably observe the injected inductance disturbances, thereby
maintaining stable current tracking performance at 0.3 m/s. The
aforementioned results underscore the enhanced robustness and
stability of the proposed method in addressing time-varying and
coupled inductance disturbances compared to other disturbance
suppression methods. Furthermore, the adaptability of the pro-
posed method under different speed conditions has also been
validated.

VI. CONCLUSION

A robust DPCC of PMLSM:s based on the time-varying asym-
metric model is proposed. The UDE is integrated into the dead-
beat control framework to suppress the lumped disturbances.
The PMO is introduced to observe inductance mismatches,
thereby extending the disturbance rejection bandwidth. The
proposed robust DPCC outperforms conventional methods in

2)

3)

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

varying systems arising from asymmetric DPCC and can
provide rigorous stability proofs. Model disturbances,
unmodeled dynamics and external disturbances in the
asymmetric DPCC can be significantly suppressed by the
proposed method. Compared to conventional methods, it
offers broader applicability and improved adaptability in
disturbance rejection.

It exhibits excellent steady-state and dynamic perfor-
mance. The observation errors of the mismatched sym-
metric inductance remain within 5%, while the error of
the asymmetric magnitude is —7.6%, and thus ensuring
compensation accuracy. Besides, during working condi-
tion changes, the transient response of the current tracking
converges quickly with minimal overshoot.

It demonstrates superior robustness. It effectively ad-
dresses the challenges posed by time-varying and HF dis-
turbances in the asymmetric model, thereby improving the
disturbance suppression capability. Even under rapid and
large-range parameter variations, the proposed method
achieves precise and stable current tracking.
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