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Abstract—The longitudinal end effect of permanent magnet
linear synchronous machines induces parameter asymmetry, im-
parting time-varying, and nonlinear characteristics to the machine
model. In parameter estimation, parameter asymmetry introduces
additional estimated parameters and results in nonlinearity and
coupling among the parameters. To enhance the modeling precision
and estimation performance, this article proposes a full electrical
parameter estimation method considering asymmetry. First, the
universal asymmetric equations are formulated for modeling pa-
rameter asymmetry. After these equations are subjected to repa-
rameterization, the linear regression formulations with model or-
der reduction are yielded. Second, the dynamic regressor extension
and mixing method is employed to achieve full parameter estima-
tion. The quasi-steady state caused by the end effect ensures that
the estimation equations incorporate sufficient excitation, thereby
meeting the stability conditions without the necessity of external
excitation. Finally, the comparative, disturbance, and control appli-
cation experiments are carried out, which validate the effectiveness
and merits of the estimation method.

Index Terms—Dynamic regressor extension and mixing
(DREM), longitudinal end effect, parameter asymmetry, para
meter estimation, permanent magnet linear synchronous machine
(PMLSM).

1. INTRODUCTION

ERMANENT magnet linear synchronous machines
(PMLSMs) have the advantages of direct drive, high pre-
cision, and high efficiency [1], [2], [3]. Thus, they have gar-
nered significant attention in various applications, particularly
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in situations demanding high precision. To meet the demands of
precise control, accurate machine models and their correspond-
ing parameters are required, which can be obtained through
parameter estimation methods. However, the PMLSMs exhibit
longitudinal end effect due to their linear structure [4]. The
end effect gives rise to the detent force and parameter asym-
metry, both of which introduce additional disturbances [5]. In
particular, the parameter asymmetry leads to modeling errors
and electromagnetic thrust ripples, which affect both parameter
estimation and control performance.

To mitigate the impact of asymmetry in machine control,
existing research incorporates the consideration of parameter
asymmetry into various controls methods, including current
control [6], [7], direct thrust control [8], and preposition methods
[9]. Thus, obtaining precise asymmetry parameters is crucial
for devising and applying control methods in the presence of
asymmetry. Furthermore, the time-varying and nonlinear com-
ponents caused by asymmetry reduce the accuracy and stability
of the estimation results when utilizing conventional methods.
Therefore, it becomes essential to incorporate asymmetry pa-
rameters when modeling for PMLSMs, thereby prompting the
requirement for the full electrical parameter estimation method
that accounts for asymmetry. Nevertheless, there is limited
consideration of parameter asymmetry in the estimation for
PMLSMs. Consequently, this article aims to address this matter.

The parameter estimation can be classified into two cate-
gories, the offline and online methods. The offline estimation
methods lack the ability to track real-time parameter changes,
whereas the online methods are widely applied due to their
simplicity and real-time capabilities [10]. For online parameter
estimation, existing research utilizes methods such as recursive
least squares (RLS) [11], extended Kalman filter (EKF) [12],
high-frequency injection (HFI) [13], and neural network (NN)
[14]. Within these methods, a common challenge is the issue
of rank-deficiency [15]. Under steady-state conditions, the rank
of the machine equation is two, thereby restricting the accurate
estimation of only two parameters simultaneously. This issue
significantly affects the implementation of full electrical param-
eter estimation.

To overcome the limitations imposed by rank-deficiency,
many studies have proposed various approaches. An effective
approach involves the injection of additional control signals.
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In [16], through injecting high-frequency (HF) voltages and
utilizing HF impedance models, the simultaneous estimation
of four electrical parameters is achieved. With the injection
of position offsets, the inductances and flux linkage can be
effectively estimated [17]. In [18], the combination of HF
injection and position-offset injection is employed to achieve
multiparameter estimation. These external injection methods
facilitate the estimation of more parameters, but they inevitably
influence the normal operation of the machine. To avoid external
injection, the switching effects of pulsewidth module (PWM)
can be utilized in the estimation. In [19], the PWM switching
model is developed to realize the full parameter estimation. Nev-
ertheless, this method necessitates the inclusion of additional
hardware implementation and is susceptible to measurement
noise. Conducting estimation at different time scales can also
help address the issue of rank deficiency, although the update
rates for different parameters may vary [20].

In the aforementioned literature, the estimation methods are
designed based on the symmetric model of permanent magnet
synchronous machines (PMSMs). However, when considering
asymmetry, coupling, and nonlinear components are introduced
into the machine model. In addition, the number of parameters to
be estimated increases to six, which worsens the rank deficiency
issue. Thus, those estimation methods developed for PMSM
are not applicable in PMLSM. To estimate full parameters for
PMLSM, an asymmetric HF current model is derived to realize
full parameters estimation with asymmetry parameters through
HFI and RLS [21]. Unfortunately, the injection of HF voltage
has an impact on the normal operation of the machine.

From alternative perspectives, the rank deficiency problem
can also be interpreted as the issue of insufficient excitation. In
[22], the observability and estimation conditions for different
parameter combinations have been thoroughly analyzed based
on the observability theory. It is observed that injecting external
excitations into the machine increases the number of parameters
that can be estimated. Besides, conventional estimation methods
such as RLS and gradient descent method require satisfying
the persistent excitation (PE) condition to achieve accurate
estimation [23]. It is challenging to satisfy the PE condition
required for full parameter estimation in practical applications,
thereby leading to the issues of insufficient excitation and rank
deficiency. Accordingly, the dynamic regressor extension and
mixing (DREM) method is proposed in [24] to relax the PE con-
dition. Besides, it exhibits advantages regarding the convergence
performance [25] and has been employed in applications such
as power systems [26] and robot manipulators [27]. Therefore,
this method is utilized for parameter estimation in this article.

To realize full electrical parameter estimation considering
asymmetry without external excitation, this article proposes
an enhanced estimation method. The asymmetry model for
PMLSM is established, and the reparameterization is performed
to reduce order of estimation model. Then, the obtained linear
regressions are dynamically expanded, and the parameters are
decoupled through extension and mixing process. Finally, full
parameter estimation is achieved applying the standard gradient
descent method. This article conducts further research based on
the conference paper [28]. In comparison to [28], this article
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Fig. 1. Structural diagram of PMLSM prototype.

provides a more detailed explanation of the proposed estimation
method and a more profound investigation into the estimation
principles. Furthermore, experimental validation was lacking in
[28], whereas this article provides thorough validation experi-
ments.

The main contribution of this article can be summarized as
follows.

1) The generalized model of PMLSM considering asym-
metry is established in both synchronous and stationary
reference frames. Besides, the reduction of model order is
performed to decrease estimation complexity.

2) All electrical parameters, including the d- and g-axis
inductances, resistance, flux linkage and two asymmetry
parameters are simultaneously estimated online without
any external excitation. With the proposed method consid-
ering asymmetry, the estimation results exhibit enhanced
estimation accuracy and stability.

3) The estimation approach and the control method are in-
tegrated to enhance control performance. The proposed
method not only addresses the impact of parameter mis-
matches but also mitigates the disturbance caused by
asymmetry in the control results.

The rest of this article is organized as follows. The asymmetry
model of the PMLSM and the reparameterized linear regressions
are established in Section II. In Section III, the proposed full
parameter estimation method is introduced, and proofs of the
stability conditions are provided. The validation experiments
for comparison, robustness verification, and control applications
are presented in Section IV. Finally, Section V concludes this
article.

II. MODEL OF PMLSMS CONSIDERING ASYMMETRY

A. PMLSM Structure and Longitudinal End Effect

The working principle of the PMLSM closely resembles that
of the rotary PMSM. The structural diagram of the studied
PMLSM prototype is presented in Fig. 1. It can be observed
that its linear structure results in discontinuity at the ends, called
longitudinal end effect. The end effect causes an unbalanced
spatial distribution of the phase windings and leads to asymmetry
in the inductance. Moreover, the end effect generates inherent
detent force, thereby introducing additional thrust ripples.

The finite element (FE) simulation results of the inductances
and the detent force for the PMLSM prototype are shown in
Figs. 2 and 3. In the FE results of inductance, the ac mutual
inductance of the prototype exhibits asymmetry. The asymmetry
introduces modeling errors in conventional machine models
based on the symmetric inductance, thereby reducing the preci-
sion and stability of estimation and control. It should be noted
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Fig. 2. FE results of inductance. (a) Self-inductance. (b) Mutual inductance.
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Fig. 3. FE results of the detent force. (a) Detent force. (b) Spectrum.

that this represents just one case of asymmetry, and different ma-
chine topologies may lead to various asymmetry cases. Hence,
it is crucial to consider all kinds of asymmetry cases in the
subsequent modeling. The FE result and the spectrum of the
detent force reveal that the detent force manifests as even-order
harmonic thrust ripples. And this serves as the foundation for
the stability analysis.

B. Asymmetry Model

To mitigate the impact of asymmetry parameters on machine
performance, the generalized machine model that accounts for
inductance asymmetry is developed. To model the asymmetry
of inductance, the asymmetric component is denoted by §. The
expression for the inductance of the asymmetric phase can be
formulated as

Lij = Lyij +0 (1)

where L;; (i, j = A, B, and C) represents the self-inductance or
mutual inductance of the asymmetric winding, while Lg; (i, ] =
A, B, and C) represents its symmetric component.

In PMLSM, asymmetry may occur in the self-inductance or
mutual inductance of any phase winding. When different types
of asymmetry occur in the machine, the specific equations of
the machine change accordingly. This complicates control and
estimation. Therefore, it is necessary to establish the universal
model capable of describing all asymmetry cases.

To facilitate the establishment of the unified model for esti-
mation and control, the asymmetry machine models are devel-
oped in both synchronous and stationary reference frames. The
asymmetric inductance components are incorporated into the
three-phase inductance matrix, then the three-phase equation
is transformed into the respective reference frames. The initial
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TABLE I
ASYMMETRY-RELATED PARAMETERS UNDER DIFFERENT ASYMMETRY CASES

Cases Li (Li = Lg,Lq, Lsn) 14 b, by
My Lo_Ls -2n/3  2m/3
Myc ©3 38 23 —2n/3
Mg, (L = LdOquOILsmO) 0 0
La Lo +5 1 0 0
Lg R 38 23 —2n/3
L¢ (LiO = LdOquOILsmO) —271'/3 27'[/3

machine equations obtained from the transformation still vary
with the changes of asymmetry cases. Therefore, appropriate
parameter substitutions are required to normalize all asymmetry
cases. The obtained unified asymmetry machine model in the
synchronous reference frame can be expressed as

ug| | Rs—rywesin (20, +b,) —weLg—7ywe cos (20, +b,)
Ug|  |weLa—"ywe cos (20,4b,)  Rs+~ywesin (20, +0b,.)

|:id:| [Ld + ~cos (20, + b,.) —~sin (20, + b,.) }

iq —vsin (20, +b,) Ly —~cos (26, +b,.)
pid 0
]

where uq, uq, and iq, iy are the voltages and currents in the
synchronous reference frame; p is the differential operator; 6, is
the machine electrical angle; w, is the electrical angular velocity;
Rs is the phase resistance; ¢ is the permanent magnet flux
linkage; Lqg, Ly, 7, and b, are associated with asymmetry, and
their specific expressions will be discussed later. Similarly, the
unified asymmetry model in the stationary reference frame can
be obtained as

Ly, + 7 cos (bs) v sin (bs)

Ua| +L,.;c0820, +L,4sin20, Dia
ug| ~sin (bs) Ly, —ycos (bs)| |pig
+ L, 4sin20,. —L,4c0820,
n Ry — 2L, sw,sin20,. 2L, swe.c0s20,.
2L, swe.c0820,. Ry + 2L, sw,sin20,.
lo —sind,
M + wethy [ o) } 3)

where u,, ug and i,, ig are the voltages and currents in the
stationary reference frame, L, is the inductance parameter, and
Lqm, and by are parameters related to asymmetry.

The specific expressions of the asymmetry-related parameters
are presented in Table I. v is related to the magnitude of the
asymmetry component, b, and by are associated with the phase
of the asymmetry component. Lqg, Lqo, and Lgyo represent the
symmetric components of the inductance parameters, which are
typically utilized for symmetric machines. Their expressions are
shown in (4) and (5), where Ly, Lso and Mo, Mo represent the
magnitudes of dc and ac components in symmetric self and mu-
tual inductance. On the basis of Lgg, Lqo, and Lgy0, asymmetry
components related to the asymmetry cases are superimposed
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to obtain Lq, Ly, and Lgy,, as shown in Table I

{LdU:LsO+L52/2_MSU+M52 (4)
LqO = LSO - L52/2 - MSO - M82

LsmO = LSO - MSO (5)
L.s = L82/2 + Mg

The asymmetry cases in Table I indicate scenarios where the
asymmetry component appears solely in the self-inductance
or mutual inductance of a specific phase. When multiple
asymmetry cases occur simultaneously, the model in (2) and
(3) can still be applied to describe the asymmetries through
linear superposition. Consequently, by accurately estimating all
parameters in (2) and (3), it is feasible to compensate for model
errors resulting from asymmetry, thus eliminating disturbances
in estimation and control.

C. Model Reparameterization

The parameter coupling and nonlinearity caused by asym-
metry make the estimation challenging to perform directly.
To facilitate estimation, the asymmetry machine equations are
reparameterized and transformed into the corresponding linear
regression forms.

In the synchronous reference frame, the terms related to
asymmetry parameters can be expanded through trigonometric
transformation. Then, the excitation and the parameters can be
extracted separately to obtain the linear regressions as

{yd =ug =m%0qq
T
Yg = uqg = my O4q
mg = [id 0 piqg —weiq Td1 ng]
T . . .
mg, = [Zq We Weld Plg Tq1 TqQ]
. T
Oaq = [Rs )y La Lg ~cosb, ~sinb,| (6)
where yq and y, are the inputs of linear regression. mq and
mg are the excitation vectors, 644 is the parameter vector. The

expressions of Tq1, Tq2, Tq1, and Ty are

Tyl = —weSin20,iq — wec0820,i4 + c0s20,.piq + sin20,.pi,
Ti2 = —weC0820,1q + wsin26,i, — sin20,.pig — cos26,.pi,
Tyl = —WeC0820,14 + w,sin20,.i, — sin20,pig — cos20,.pi,
Tg2 = WeSiN20,.1q + wec0820,1, — c0s20,piq + sin20,.pi,.
(7

In the stationary reference frame, the linear regression can be
obtained through the similar process. During the extraction, it is
observed that the excitation term for ycosbg and Ly, are linearly
dependent. This relationship gives rise to the rank-deficiency
issue during estimation. Therefore, the parameters with linearly
dependent excitations are integrated together to obtain the linear
regressions as

{ya = Ua = m"gea

Yg = up = mge B
T
[e %

m,, = [za —wesSing,.  piy Ta pig]

mg = [ig wecosb, pig Tg pia]
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Fig. 4. Illustration of the spectrum and orthogonal basis.
R R
br Vs
O0aq = |Lgn +ycosbs| ,0g = [Lgy —ycosbs| . (8)
L'!‘S L'I"S
v sin b v sin b

In (8), ya. yp are the inputs, m,, mg and 6,, 0g are the
excitation and parameter vectors, T, Tg are expressed as

To = —2w,Sin20,14 +2w.c0520,.i 3 +c0520,.pi,, +5in20,.pig
Tg = 2weC0820,iq + 2wesin20,i5 + sin20,.pi, — cos20,pig

©)

In comparison, the parameter vectors consist of two five-
dimensional (5-D) vectors in the stationary reference frame,
while the estimation involves one 6-D parameter vector in the
synchronous reference frame. Since the computational complex-
ity of algorithm is exponentially related to the dimension, con-
ducting estimation with two 5-D vectors significantly reduces
the computational burden. Thus, the estimation is carried out in
the stationary reference frame.

III. PROPOSED FULL PARAMETER ESTIMATION METHOD
A. Preliminary Analysis of Estimation

Due to the increased number of estimated parameters in the
PMLSM, it is necessary to conduct a preliminary analysis for
the feasibility of the simultaneous full parameter estimation.

In the form of linear regression, estimation requires the excita-
tion to satisfy the PE condition. It can be equivalently expressed
in the frequency domain as requiring the reference input to
contain sufficient frequency [23]. Inspired by this, the estimation
conditions are analyzed from the perspective of basis in this
article. The distribution of frequency in the excitation on the
spectrum is illustrated in Fig. 4.

Each frequency is capable to introduce a pair of orthogonal
basis vectors, represented as cos(w;?) and sin(w;t), i€ Nx*. The
orthogonal refers to the inner product space orthogonality, i.e.,
the inner product between the basis vectors is zero. A pair of
orthogonal basis vectors can span a 2-D subspace. Besides,
the basis vectors introduced by different frequency are linearly
independent. Therefore, the n frequency can provide 2n basis
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vectors, thereby spanning a 2n-dimentional subspace H>" as
time varies, expressed as

H?™ = span {cosw; , sinwit, . . ., coswyt, sinw,t}.  (10)

When the subspace dimension is not less than the number of
estimated parameters, the input can be projected onto each or-
thogonal basis vector. Then, the reconstruction of the projection
allows for the derivation of the parameter vector, thus achieving
estimation. Therefore, the sufficiently rich excitation ensures the
realization of full parameter estimation.

In PMLSM, the end effect gives rise to the detent force
containing even harmonics. Consequently, the corresponding
harmonic components will inevitably appear in the current dur-
ing the normal operation. This state of the PMLSM is referred
to as the pseudosteady state. Due to the machine operating in
the pseudosteady state, its excitation term will contain enough
frequency components for estimation. Therefore, despite the
increased number of the estimated parameters, the presence
of sufficiently rich excitation still provides the possibility of
achieving full parameter estimation. It is worth noting that this
is merely a preliminary analysis for feasibility, the rigorous proof
will be presented below.

B. Proposed Estimation Method

To achieve full parameter estimation considering asymmetry,
an enhanced estimation method is proposed in this article. The
estimation method draws inspiration from the DREM method
proposed in [24]. The primary objective of the estimation is
to obtain the values of two parameter vectors in (8). The fol-
lowing illustration will focus on the a-axis as an example of
the estimation algorithm. To simplify the representation, (8) is
reformulated as (11), the excitations and parameters are denoted
by mg; and 6,4, i€{1, 2, ..., 5}

9041
9042

T
Yo = U = maaa = [mal ma2 maS]

9045

(1)

To extend the above linear regression equation, five stable,
linear time-invariant operators F;(-) with i€{1, 2, ..., 5} are
applied, whose transfer functions are expressed as

Q5

Fils) = s+ B

(12)

where oy, 8; > 0. Another optional operator is the delay operator,
which is

[Fi () (#) = () (¢ — di)

where d; > 0. The extended matrix equation with the operators
applied can be written as

13)

Yo=M,0,
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Ya Ma1 Ma2 Mas
Yafi Ma1f1 Mazf1 Masf1
Ya= |Yas2|,Mq= |Malf2 Ma2f2 Masf2
Yafs Malfs Ma2f5 Masf5
(14)
where yqf and megig with i, jE{1, 2, ..., 5} are the inputs and

excitations after applying operators. The extended excitation
matrix is a nonsquare matrix, while subsequent processes require
square regressor matrix. Hence, it needs to be transformed into
a square matrix. To (14), premultiply M, " to form a square
extended matrix as follows:

MY, =MEM,0,. (15)

The matrix M, " is obtained by taking the Hermitian transpose
of the M,,. To achieve parameter decoupling, the adjunct matrix
of MM, is multiplied on the left of (15), which is expressed
as

adj ( ME M) MEY o =adj (MI M) MEM6,.
(16)
The product of the adjunct matrix and the matrix itself yields

the determinant of the matrix, thus (16) can be further expressed
as

Y = ¢0,
Y =adj( MEM ) MIY =i Yo - Y5]"
A
A
¢ = JA=det(MEM,). A7)

A

In this way, the vector regression equation has been trans-
formed into separated scalar regression equations, and each
parameter has a corresponding decoupled equation as

Y; = Abyii € 1:={1,2,--- ,5}. (18)

Then, the gradient descent method is employed to indepen-
dently estimate each parameter and expressed as

i = %A (Vi — Adui) i €1 (19)
where 9ai represents the parameter to be estimated, and v; > 0
represents the adaptive gain.

Applying the same process to the linear regression in 3-axis,
two parameter vectors in the stationary reference frame can
then be separately estimated. Based on the estimated parameter
vectors éa and ég, the electrical parameters of the machine can
be obtained through the following reconstruction:

0 (i) + 65 (1)
2

Rsv’([}vasmyLrs = 1€ {1,2,3,4} (20)

0o (5) + O (5)]2 @1
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1Yo = [Ma1 Mes]| ... ||

. -1

ApplyingIoperators Fi() (i )

Iy Mgy - Mgs 9 :
| Part| _ [Marrr - Mt [ e Vo= M8,
: : )
Wars] _Imargs o mosgs|X%s |

=y4(Y; — 48,,),i € (1,2, ...,5},

Fig. 5.

by = tan~ —) (22)
( s (3)

where RS, ﬁsm, ﬁrs, 1/3 #»%,and BS are the parameters estimated
by the proposed method. Based on (4) and (5), the d- and g-axis
inductances can be obtained. Through the aforementioned pro-
cess and algorithm, full electrical parameter estimation includ-
ing asymmetry parameters can be achieved. To provide a clearer
illustration, the flowchart of the linear regression estimation in
the «-axis is presented in Fig. 5. The estimation in the [-axis
follows the same procedure.

According to the above illustration, the proposed method has
significant advantages in terms of the convergence performance.
The parameter vector exhibits elementwise convergence, which
is significantly stronger than the norm-based convergence ob-
served in the conventional method. Furthermore, the estimated
parameters become decoupled after the process of extension and
mixing, allowing the convergence rate of each parameter to be
independently tuned.

C. Stability Validation

It is essential to analyze and validate the stability of the
proposed method. Based on the observability theory in [22],
it can be deduced that all electrical parameters including asym-
metry parameters are observable during the normal operation.
However, it does not directly prove the stability of the proposed
method, and the convergence performance remains unknown.
Therefore, the stability analysis for the proposed method is
conducted to address these concerns.

Combining the scalar regressions (18) and the gradient de-
scent estimator (19), the estimation error 0~i = Gi-éi can be
obtained as

éi = —’}/iA2§i7i el. (23)
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From (23), it can be derived that the condition for the estima-
tion error to converge to zero is equivalent to

+oo

A% (t)dt = +o0 & A(t) ¢ L. (24)

0

When the determinant of the extended excitation matrix
satisfies the condition of not belonging to the Lo space, each
parameter can be estimated. This condition is strictly weaker
than the PE condition required for the excitation term m" in
the conventional method. It indicates that the proposed method
can relax the PE condition and achieve estimation under the
new stability condition. As illustrated in Section III-A, the
detent force inevitably introduces harmonic components into
the current loop, even under constant speed conditions. Thus,
the d- and g-axis currents can be expressed as

iq =140 + Y 1arCcos (kwet + dar)
k

ig =1q0 + Zk: iqk cos (kwet + Pgr) (25)
where iqo, iqo and iqk, igx are the constant and harmonic
components, ¢4k, @qx are the phase of the kth harmonics, k
= 2j (je Nx). To simplify the validation process, only one
nth harmonic component is considered first. The impact of
additional harmonic components will be illustrated later. The
currents containing nth harmonic component are transformed
into the stationary reference frame and simplified as

lo = 140COSWet — zqosmwet + zdncos (n—1)wet
+%iq"sin( l)wetJr Signcos (n + 1) wet
—Fignsin (n + 1) wt

ig = iqoSinwet + iqocoswet + 1iqn cos (n — 1) wet (26)
1zdnsm (n—1)wet + zdnsm (n+1)wet

+§zqncos(n+ 1) wet

where ig,, iqn are the amplitude of the nth harmonic. The phase

has been omitted here, and it will be evident in the subsequent
derivation that the phase does not affect the stability condition.
Taking the derivative of the currents yields the expressions for
Di,, and pig. Then, substitute them into the excitation vector to
obtain its specific expression. The following derivation takes the
a-axis excitation as an example. By extracting the frequency
components as orthogonal basis vectors, the excitation vector
m,, can be decomposed into the product of the coefficient matrix
XT and the basis vector &, as illustrated in (27) shown at the
bottom of next page.

When applying five linear operators F;(-) withi€{1,2, ..., 5}
to the excitation vector, the extended excitation matrix M, can
be expressed as (28) shown at the bottom of next page. In (28),
(n-1)w, and (n+1)w, are expressed as we; and weo. The effect of
the adopted linear operators can be characterized by amplitude
variations and phase shifts of the frequency components within
the basis vector &, which are represented by Aj; and dj;, i€{1,
2,3}, je{l, 2, ..., 5}. Extract the frequency components from
the extended excitation and place them in the diagonal matrix
D. Then, the effect of the linear operators on each frequency
component can be represented by the impact matrix E. In this
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way, M, can be decomposed into three matrices, as shown in

My = Egx6Dgx6X6x5- (29)

Since, it is necessary to determine whether the determinant
of M MM, satisfies the nonsquare integrability condition, the
rank of M, is analyzed first. For the impact matrix E, it is
straightforward to achieve full rank by setting different coef-
ficients of five linear operators. For the diagonal matrix D, as
long as the frequency components are sufficiently rich and the
machine speed is not zero, this matrix has full rank. For the third
matrix X, by calculating the determinant of XTX, the sufficient
condition for X to have full column rank can be derived, which
is presented as (30). As the pseudosteady state of the PMLSM
will inevitably introduce ripples into the currents, this condition
can be satisfied

Tdn 7é 0&& iqoiqn 7’5 0&& We 7é 0 = rank (X6><5) = 5.
(30)

Based on the Sylvester’s rank inequality, (31) can be obtained,
ng represents the column number of D, which is 6

rank (D6><6X6><5) Z rank (DGXG) + rank (X6><5) — nNo.
€2V

By substituting the rank of D, it can be derived that the rank
of DX is not less the rank of X. In addition, the rank of DX is
not greater than the rank of X. Thus, the ranks of the two are
equal. Through the same process, it is obtained that M, has full
column rank. Since the rank of a matrix remains unchanged after
multiplying it by its Hermitian transpose, M, M., has full rank,
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as shown in

rank (M M) = rank (M) = rank (X¢x5) = 5. (32)
Since M, MM, has full rank, it can be inferred that its de-
terminant is not zero. For the matrices that compose M, it is
observed that E and X are constant matrices, while D is the
matrix composed of trigonometric functions. Consequently, the
determinant must be formed by the linear superposition of a
series of trigonometric functions as (33) with A := {1, ny, ns}

A =det (ME Ma) = Apcoskwt + Bysinkw,t (33)
ke

where Ay and By are the coefficients of each frequency com-
ponent obtained after the aforementioned extension and mixing
process. Squaring the above determinant and decomposing it
based on the product-to-sum identities yields the following
equation with Ag := {n; £ 1,no = 1, ny £ ns}:

A2 + B2
IS + + > Apcoskw,t + Bysinkw,t. (34)

i€ kerg

According to (24), the stability condition can be satisfied if
and only if A is nonintegrable. In (34), A2 contains constant
terms and time-varying terms composed of multiple frequency
components. As illustrated in (35) and (36) below, the integral
results for the constant terms are infinite, and the integral results
for the time-varying terms have upper and lower bounds. Thus,
the sum of the two remains infinite, indicating that A possesses

. . . . . . COSwet
22dO _22110 ldn Lgn ldn —lgn sinw.t
—2welqn —2welao (N — 1) weign —(n—1Dweian — (n+ 1) weign —(n+1)weian | | (n_i) oot
M= 5 2weiqgo —2weigo — (N — 1) welgn — (N — 1) welgn (M4 1) weign — (N + 1) weidn . - cl=xT¢
sin (n—1) wet
0 —2uwe 0 0 0 0 cos (n+1) wet
2etdy —2weligo — (N — 1) Welgn — (N — 1) welgn (M4 1) weian — (n+1)weign sin (n+1) w,t
(27)
T
( £T) £( )
Tl m fFl ﬁ
My =F(mY) = R - , X
Fs (m) Fs (€7)
COSw,t sinw,t cos(we1t) sin(we1t) cos(weat) sin(weat)

A11 COS(wet—dll) Allsin(wet—dn) Agl COS(welt—dgl) A21 sin(welt—dm) A31 COS(wth—dgl) A31 Sin(wegt—d:ﬂ)

A15 COS(wet—d15) A15sin(wet—d15) A25 COS(welt—dg5) A25 sin(welt—d%) A35 COS(wegt—d35) A35 Sin(wth—d35)

1 1

A11 (COSdll — Sil’ldll) A11 (COSdll + sindu) . A31 (COSdgl — Sindgl) A31 (COSdgl -+ Sindgl)

1 1

DX

A15 (COSd15 — sind15) A15 (COSd15 + sind15) NN A35 (COSd35 — sind35) A35 (COSanS + sind35)

D = diag (cosw,t, sinwet, cos (nqwet) , sin (njwet) , cos (nowet) , sin (nowet))

(28)
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Fig. 6. Block diagram of the entire control and estimation system.

characteristic of nonsquare integrability

o0 A2 + B2
/ > 00 ) gt — 4oo (35)
0 ‘ 2
1EA
sup / Z Ajcoskw,t + Bpsinkw,t | dt
0 kero
= |Akl + Bl (36)

keho

When there are more frequency components in the excitation,
as they are linearly independent, it does not affect the conclusion
about rank and nonsquare integrability. Hence, the stability
condition can still be satisfied. The proof for the estimation
condition in the -axis can be similarly demonstrated. Therefore,
utilizing the proposed method, estimation can be achieved sep-
arately in the a-/3-axis, ultimately leading to the full parameter
estimation.

IV. EXPERIMENTAL VALIDATION

The feasibility and effectiveness of the proposed method have
been validated through experiments. The estimation method is
integrated into the control system, and the block diagram of the
entire machine control system is shown in Fig. 6. To mitigate the
impact of inverter nonlinearity, the voltage sensors are employed
for voltage measurement.

A. Experimental Platform and Setup

The experiment platform with the PMLSM prototype, load
linear machine, and the control system is depicted in Fig. 7. The
oscilloscope is utilized to store and export the experimental data.
The sampling and control periods are both set to 100 ps. The
controller processor is TMS320F28379D DSP. It incorporates
two CPUs with the ability to execute parallel computations
and communicate with each other. Meanwhile, the estimation
processes of the a-/-axis linear regressions in the proposed
method are independent. Therefore, the estimation algorithm
will be executed in parallel on two CPUs to ensure a 10 kHz
update rate.

The offline measurement methods summarized in [21] are em-
ployed to obtain the electromagnetic parameters of the PMLSM
prototype. Fig. 8 shows the measured inductance results. There
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Fig. 7. Experiment platform.
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Fig. 8. Measured inductance. (a) Self-inductance. (b) Mutual inductance.

TABLE I
PARAMETERS OF PMLSM PROTOTYPE

Parameters Value
Stator Resistance ({2), R, 0.7
PM Flux Linkage (Wb), ¢ 0.05
d-axis Symmetric Inductance (mH), Lgq 10
g-axis Symmetric Inductance (mH), Lqo 11.6
Asymmetric Component (mH), & 1.45
Asymmetric Phase Parameter (°), by -120
Pitch length (mm) 15
12
. 10
z z
g g ®
S 2
E ]
g g4
a2 2
2
0 2 4 6 ! 0 2 4 6 8 10 12
Electrical Angle (rad) Order
(a) (b)

Fig.9. Measured detent force. (a) Detent force. (b) Spectrum.

is asymmetric component in the ac mutual inductance, which
is consistent with the FE simulation results. And all measured
parameters are summarized in Table II.

The measurement result of the detent force is shown in Fig. 9.
The detent force exhibits multiple even-order harmonic compo-
nents, as illustrated in its spectrum. Thus, the preconditions for
parameter estimation can be satisfied.
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Fig. 10. Measured currents at no-load with velocity 0.1 m/s. (a) Currents.
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Fig. 11. Estimation results of conventional two RLS methods.

When the speed of PMLSM is controlled at no-load with
velocity 0.1 m/s, the currents are shown in Fig. 10. Owing to
the presence of detent force, even-order harmonics are coupled
into the currents. Moreover, the frequency in the currents is
more diverse than the frequency employed in the proof above.
Consequently, the stability conditions become easier to satisfy.

B. Comparative Validation

To verify the feasibility of the proposed estimation method
and demonstrate its superiority in terms of convergence perfor-
mance, the comparative study with existing estimation meth-
ods is conducted. The first conventional estimation method
employed for comparison is proposed in [20]. The parameters
are estimated with RLS utilizing different time scales, namely
the high sampling rate for inductances and the low sampling
rate for resistance and flux linkage. The second estimation
method replaces the RLS with the EKF, which exhibits superior
robustness against disturbances including model uncertainties
and measurement noise [29]. In the proposed method, the delay
operators with the delay times of (0.02k)s (k€{12,34,5}) are
utilized as linear operators. Under the conditions of the speed of
0.1 m/s at no load, the estimation results of three methods are
depicted in Figs. 11 —13.

First, the steady-state estimation performance of three meth-
ods is compared. In Fig. 11, when employing the RLS method,
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the model errors resulting from the neglected asymmetric param-
eters are coupled into the results of all parameters, particularly
in the inductances. In Fig. 12, the estimation results obtained
through the EKF demonstrate improved stability, while slight
fluctuations caused by asymmetry persist in the g-axis induc-
tance. Fig. 13 illustrates that when the proposed estimation
method is applied, all six electrical parameters, including asym-
metry parameters, can be reliably and stably estimated. Due to
the consideration of asymmetry, the ripples in the inductances
have significantly decreased. The specific estimation results
are presented in Table III. It is observed that significant errors
still exist in the results of EKF, indicating that the disturbance
caused by asymmetry cannot be entirely eliminated. Compared
to the two methods without considering asymmetry, the pro-
posed method exhibits higher estimation accuracy and enhanced
stability. Furthermore, only through the proposed method can the
asymmetry parameters be estimated.

To facilitate a more intuitive comparison of the dynamic esti-
mation performance of the three methods, the estimation results
of parameters are presented on the same figure, as depicted in
Fig. 14.

In Fig. 14, the three estimation methods demonstrate compa-
rable convergence rates. In the estimation results of the RLS and
EKF methods, certain parameters exhibit noticeable overshoots
during the convergence process. It is because the parameters
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TABLE III
ESTIMATION RESULTS OF CONVENTIONAL AND PROPOSED METHODS
RLS EKF Proposed Method
Parameters Error | Ripple Error Ripple Error | Ripple
Average (%) (%) Average (%) (%) Average %) (%)
Lgo (mH) 9.44 5.6 16.9 8.73 12.7 2.3 9.52 4.8 4.2
Lgo (mH) 10.41 10.3 18.3 10.75 73 4.7 12.03 -3.7 3.4
R, (Q) 0.77 -10.0 7.3 0.75 -7.1 2.1 0.73 -4.3 5.7
v (Wb) 0.047 6.0 6.7 0.048 4.0 4.8 0.049 2.0 4.9
0 (mH) - - - - - - 1.62 11.7 347
by (°) - - - - - - -104 133 17.6
20 : . . e .
~-=RLS —DREM f Ly (SmH/div)
_15r EKF - — Reference 7 ——— e l/ ~ ——
“E 10 “W“‘*"—]’m—"f\“"’”“““’“‘—“
< st I Ly (5mH/div)
S 10 Speetll Step : 1
0 < 1
" S S S S— (N v e st O B s
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Time (s) o |
(a) v
. ; . . . Time (100ms/div)
20t i“‘.'"'\ --—RLS —DREM (a)
E i \!'\‘_‘"VM EKF — — Reference - ? -
%10 Eoo ",i' it L ST e /6 (ImH/div)
= 0 [/ W“WMW\ / W\/\ Lol A
0 orz 0:4 0:6 o:s 1 20 Speed| Step /bs 100°/div)
Time (s) N S S0 M PR S P "ot G 5 Sl
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= ; Fig.15.  Estimation results of proposed method in the speed step. (a) Lqo, Lqo-
= ] Rs, and 1)¢. (b) § and bs. (c) Speed.
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Fig. 14.
(d) .

Estimation results of the three methods. (a) Lqo. (b) Lqo. (¢) Rs.

converge based on the norm of parameter vector, which leads to
inconsistent convergence processes for each parameter. To the
proposed method, the estimated parameters converge element-
wise, and the entire convergence process is much more stable
without pronounced overshoot.

C. Robustness Validation

To further demonstrate the robustness of the proposed
method, the estimation performance is verified under different
disturbance scenarios. In this article, the speed step and load

disturbance experiments are conducted. In the speed step exper-
iment, when the given speed is increased from 0.1 to 0.15 m/s
at no load, the estimation results of the proposed method are
shown in Fig. 15. In the load disturbance experiment, the load
is increased from 50 to 80 N while the speed is set at 0.1 m/s.
The results under the changed load conditions are depicted in
Fig. 16.

In the speed step experiment, certain ripples exist in the
estimation results when the speed undergoes a sudden change.
However, these parameters can quickly stabilize and return
to their normal values. Moreover, the change in speed does
not impact the estimation accuracy. As illustrated in Fig. 16,
there are fluctuations in the estimated parameters when the
load suddenly increases. On the other hand, the overall stability
of the estimation results can still be guaranteed. Therefore, it
can be demonstrated that the proposed method exhibits strong
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robustness and stability under different working conditions and
disturbances.

D. Control Applications

To underscore the significance of the proposed estimation
method in the context of control system, the experiments are
conducted by integrating the estimation into control methods.
In the experiments, the control methodology employed is the
deadbeat predictive current control (DPCC). It is characterized
by its high precision and rapid response, and its performance is
highly dependent on the model accuracy [30].

The comparative experiments are carried out to assess the
control performance before and after the implementation of the
proposed estimation method. The current harmonics induced
by detent force make comparison unclear. Thus, the current
tracking errors are extracted and presented. Before initiating
estimation, the DPCC utilizes nominal parameters without con-
sidering asymmetry. After enabling the estimation, all estimated
electrical parameters are employed in DPCC. At no-load with
velocity 0.1 m/s, the current tracking errors are illustrated in
Fig. 17. To compare and validate the impact of different oper-
ating conditions, the experiments are conducted by varying the
speed to 0.06 m/s and increasing the load to 50 N. The results
are depicted in Figs. 18 and 19, respectively.
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As illustrated in Figs. 17-19, under different speed and load
conditions, the current tracking errors exhibit pronounced sec-
ond harmonic components before initiating the estimation. This
is attributed to the neglect of asymmetry parameters. As the
load increases, the amplitude of harmonic components also
increases. After initiating the estimation method, the second
harmonic errors under various operating conditions are signifi-
cantly diminished following a brief period of convergence. This
indicates that accurate estimation and application of asymmetry
parameters can effectively mitigate the tracking errors caused
by asymmetry. Furthermore, it demonstrates the crucial impor-
tance and effectiveness of the proposed estimation method in
enhancing control accuracy.

To compare the differences in control performance when
employing the estimation methods without and with considering
asymmetry, both the EKF and the proposed estimation method
are activated at the beginning of control. The current tracking
errors at no-load with velocity 0.1 m/s are then compared. To
validate the robustness against parameter mismatch, the initial
parameters are modified to twice their nominal values, and the
asymmetry parameters are set to zero. The results are illustrated
in Figs. 20 and 21.

Based on the experimental results of both methods, it can be
observed that as the estimated parameters converge, the current
tracking errors decrease. It means that both methods possess
the capability to mitigate the impact of parameter mismatch.
However, due to the absence of consideration and estimation
for asymmetry parameters when adopting EKF method, the
tracking errors still exhibit noticeable second harmonic com-
ponents. In contrast, the results of the proposed method display
significantly smaller tracking errors, especially in terms of the
second harmonic components. Therefore, compared to the con-
ventional estimation methods without considering asymmetry,
the proposed estimation method provides notable advantages in
improving control performance through additional estimation of
asymmetry parameters.
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V. CONCLUSION

An enhanced method for full electrical parameter estimation
considering asymmetry is proposed. The stability condition
is demonstrated from the perspectives of basis, thereby new
insights for stability analysis is provided. The feasibility and
advantages of the proposed method are further verified through
experiments. The conclusions are drawn as follows.

1) The proposed method possesses full parameter estimation
capability without adding any external excitation. It sig-
nificantly reduces the estimation ripples to obtain precise
steady-state performance, with the estimation errors of
the fundamental parameters within 5% and the error of
asymmetric parameter merely 11% despite its inherently
small value. It exhibits similar accuracy to the asymmetric
HFI method, while avoiding any impact on the machine
operation.

2) The proposed method exhibits enhanced dynamic esti-
mation performance. During the estimation process, each
parameter converges elementwise with the stable conver-
gence process even under different disturbance scenarios,
such as speed steps and load disturbances.

3) By applying the proposed estimation method to the control
strategy, enhanced control performance can be achieved.
Compared to the conventional estimation method, the
proposed method can effectively eliminate disturbances
caused by asymmetry through additional estimation of
asymmetry parameters, thereby improving control accu-
racy and stability.
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