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Abstract—This paper proposed a robust deadbeat predictive cur-
rent control (PCC) of the permanent magnet linear synchronous
machine (PMLSM) with an extended state modeling (ESM) based
Kalman filter (KF) for both the state and disturbance estimation.
First, the disturbance dynamics of the PMLSM electrical subsys-
tem is analyzed in detail and then the ESM is constructed as con-
sidering the disturbance as a higher order integrator motivated
by the main idea of the extended state observer. Second, the KF
for the current prediction with reduced noises and the disturbance
estimation due to the parameter variation is designed combining
with the ESM. Furtherly, the robust PCC is introduced with the
ESM-based KF. Finally, the parameter tuning for the ESM-based
KF is discussed with the discrete simulation and then the experi-
mental results are given under the single current closed loop and
the double cascade position-current loop with linear-varying pa-
rameter. Both the simulation and experimental results verify the
effectiveness of the proposed scheme.

Index Terms—Disturbance, extended state, Kalman filter (KF),
permanent magnet linear synchronous machine (PMLSM), predic-
tive current control (PCC), robust.

I. INTRODUCTION

IN RECENT years, the motion control system driven with the
permanent magnet linear synchronous machine (PMLSM)

has been largely promoted in the industrial applications, such as
the semiconductor manufacture and inspection equipment [1],
[2] and the machine tools [3], due to its prominent high-dynamic
characteristics contributed with its direct-drive structure, its
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realizable high-performance motion with high velocity and high
precision [1]–[3].

The performance of the inner current closed loop decides di-
rectly the characteristic bound of the outer loop [4]. Thus, driven
by the higher and higher demand on the high-performance mo-
tion system without increasing the hardware cost largely, how
to expand the current loop performance with accurate reference
value tracking and high disturbance rejection abilities furtherly
becomes one of the main concerns both in the industrial and
academic areas [5], [6].

The predictive control that was originally introduced in the
process control has been paid increasing attention in the area of
power converters and drives as reviewed in [7]. Among them,
the finite control set model predictive control (FCS-MPC) is one
of the research hotspots due to its several advantages, such as
its simpler and intuitive discretized implementation, no require-
ment of a modulator, and better transient response [7]. However,
its high computational burden for the cost function and lower
equivalent switching frequency requires higher performance mi-
crocontroller and higher sampling frequency. For both improv-
ing the steady-state performance, many improved schemes such
as the multiple-vector method [8] and the long prediction hori-
zon method [7] have been proposed. And the steady-state per-
formance and tracking error reduction for the FCS-MPC are still
required to be studied further [7].

Relatively speaking, although the space-vector modulation
is needed, the deadbeat predictive current control (PCC) for
the motor drive can also be easily implemented with satisfac-
tory performance [9]. In the meanwhile, the current controller
based on the traditional PI control in many industrial applications
can be directly replaced without changing the microprocessor’s
configuration. However, the PCC is also a model-based method
in essence, thus the significant drawback lies on its robustness
against the parameter variation [4], [9], [10] and this is also the
main focus in the practical applications and among the academic
research.

As introduced in [9] and [10], the PCC can be equivalent to
a proportional (P) control with high gain and some extra decou-
pling terms based on the measured states, i.e., the motor currents,
the rotor velocity, and the known (nominal) motor parameters.
The essence of its high-gain control under the PCC guarantees
its high-dynamic current response, though lack of integral terms
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and (or) the incomplete model-based decoupling reduces its ro-
bustness against the endogenous parameter variation and the
exogenous disturbance. Therefore, in [11] and [12], the extra in-
tegral terms with respect to the current tracking errors are added
directly to the PCC for eliminating the static error caused by the
parameter mismatch against the practical one. In the meanwhile,
the disturbance compensation technique based on the state esti-
mators/observers can also play a role as an integrator. Therefore,
various observer designs have been applied to the PCC for the ro-
bustness improvement, such as the time delay estimation (TDE)
technique [10], the Luenberger observer [13] and the adaptive
disturbance observer based on the internal model principle [14],
the sliding mode observers (SMOs) based on the adaptive reach-
ing law [15], and the higher-order methods [16], [17]. With the
above methods, though the static current error can be eliminated
and the current dynamic response can be improved, the basic
prerequisite is that the equivalent disturbance due to the param-
eter variation is constant or slowly varying [18], and more or
less, the parameter tuning for some of the nonlinear methods
such as the higher order SMOs is not explicit.

The Kalman filter (KF) is a model-based optimal state estima-
tor for the linear system with Gaussian error statistics [19], [20],
which has received large interests in industrial control systems
as reviewed in [21], especially for the state estimations of the
PMSM drive systems such as in [22]–[29]. The extended Kalman
filter (EKF) is designed for the current predictions in [30] and
[31] and then the TDE is integrated to estimate/compensate
the disturbance for the PCC in [31]. Compared with the TDE
where the sampled currents are directly used, the EKF-based
TDE in [31] can reduce the estimation noises without the low
pass filter (LPF) and further improve the current tracking per-
formance. However, the basic assumption that the disturbance
is slowly varying is also required and the high complexity of the
algorithm implementation of high-dimension EKF restricts its
practical application and the parameter tuning is also relatively
complicated. The extended state observer (ESO) is a main com-
ponent of the active disturbance rejection control [32], which
models the lumped disturbance as an extended state and then
both the system states and disturbance can be estimated in the
same way. The same idea has been extended to construct the
generalized proportional integral observer (GPIO) in [33] and
then it is designed in [18] to estimate the load disturbance and the
time-varying parameter uncertainties for the FCS-MPC. Simi-
larly, in [34], a robust current controller with a P control and the
PIO/IO designed for the remaining disturbance compensation is
also presented.

Motivated by the basic theory of the KF and the main idea of
the ESO or the GPIO, an extended state modeling (ESM) based
KF is proposed in this paper for the robustness improvement of
the PCC when facing with time-varying and nonlinear distur-
bance. The three main components of the PCC scheme are as
follows:

1) the ESM including constructing the lumped disturbance
as a higher order polynomial and then modeling the dis-
turbance dynamics as an integrator subsystem;

2) the KF design based on the ESM for both the current and
disturbance estimation;

3) the PCC design with considering the current prediction
and disturbance estimation in the ESM-based KF.

The main differences compared with the method in [30] and
[31] lie on that: the basic assumption for the disturbance esti-
mation (i.e., the disturbance is slowly varying) is not required
for the proposed ESM, the disturbance can be directly estimated
with the ESM-based KF and the complexity of algorithm imple-
mentation reduces largely with no need to calculate the Jacobian
matrix in the EKF.

The main contributions of this paper are that the
state/disturbance estimation method that combines the basic the-
ory of the ESO with the KF design is proposed in the first
time with the knowledge of the author, and then its applica-
tion for the robustness improvement of the PCC, the following
parameter tuning method with the simulation, and the final ex-
perimental verification under linear-varying parameter are also
given in detail. Accordingly, the disturbance dynamics with the
characteristics of strong nonlinearity and time varying is also
analyzed.

The residual parts of this paper are organized as follows. In
Section II, the electrical dynamics modeling of the PMLSM and
the basic problem statement for the inner current loop control
are presented. Then, the ESM-KF-based PCC is proposed in
Section III. Section IV gives the parameter tuning procedure for
the ESM-KF and the performance verification for the ESM-KF-
based PCC with the simulation results. In Section V, the exper-
imental setup and the corresponding results are listed. Finally,
conclusions are summarized in Section VI.

II. PMLSM MODELING AND PROBLEM STATEMENT

A. Electrical Dynamics Modeling of the PMLSM

The electrical subsystem dynamics of the PMLSM under
nominal parameters in terms of continuous time domain is de-
scribed as [4]

d

dt
id =

1

Lso

(
ud −Rsoid +

π

τ
vLsoiq − fd

)

d

dt
iq =

1

Lso

(
uq −Rsoiq − π

τ
vLsoid − π

τ
vψfo − fq

)

⎫
⎪⎪⎪⎬
⎪⎪⎪⎭

(1)
where uq/ud and iq/id are the d-/q-axes stator voltages and cur-
rents, respectively. Rs and Ls are the stator resistance and in-
ductance, respectively. ψf denotes the permanent-magnet flux
linkage and v is the mover velocity. τ is the permanent mag-
net pole pitch. The subscript “o” represents nominal value and
fd, fq represent the lumped disturbance caused by the parame-
ter uncertainties and the un-modeled dynamics, and they can be
derived as

fd = ΔRsid +ΔLs
d

dt
id − π

τ
vΔLsiq + εd

fq = ΔRsiq +ΔLs
d

dt
iq +

π

τ
vΔLsid +

π

τ
vΔψf + εq

⎫
⎪⎪⎬
⎪⎪⎭

(2)
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whereRs=Rso +ΔRs, Ls = Lso +ΔLs, ψf = ψfo +Δψf ,
εd, εq are the lumped un-modeled dynamics of d- and q-axes
such as the voltage distortion due to the inverter deadtime, re-
spectively.

Therefore, according to (1) and (2), the electrical dynamics
can be seen as a perturbed, nonlinear, and cross-coupled system.
Thus, the current control performance can be deteriorated largely
especially for the model-based controller such as the PCC and
the pole-placement-based PI controller.

B. Problem Statement

As can be seen from (2), the equivalent total disturbance
is coupled with both the parameter variation and the system
states.

The first-order time derivatives of (2) with considering the pa-
rameter variation, the current/velocity dynamics and neglecting
the un-modeled dynamics as well, i.e., assuming that εd, εq ≈ 0,
can be derived and rearranged as follows:

d

dt
fd

=

id
d

dt
ΔRs +

d

dt
ΔLs

d

dt
id − ωeiq

d

dt
ΔLs

︸ ︷︷ ︸

+ΔRs
d

dt
id +ΔLs

d2

dt2
id − ωeΔLs

d

dt
iq

︸ ︷︷ ︸

−ΔLsiq
d

dt
ωe

︸ ︷︷ ︸
d

dt
fq

=

iq
d

dt
ΔRs +

d

dt
ΔLs

d

dt
iq + ωeid

d

dt
ΔLs + ωe

d

dt
Δψf

︸ ︷︷ ︸

+ΔRs
d

dt
iq +ΔLs

d2

dt2
iq + ωeΔLs

d

dt
id

︸ ︷︷ ︸

+ΔLsid
d

dt
ωe +Δψf

d

dt
ωe

︸ ︷︷ ︸

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(3)

where ωe =
π

τ
v. Equation (3) shows the complicated time-

varying characteristics of the disturbance dynamics and they
can be categorized into three aspects: the effects of parameter
variation with time, the current, and velocity dynamics.

For intuitive demonstration, the following preliminary and
practical assumptions between the two consecutive current con-
trol instants are made:

A1) the d- and q-axes current control is decoupled suf-
ficiently and i∗d = 0 is applied, i.e., id, d/dt (id) ,
d2/dt2 (id) ≈ 0 are maintained well;

A2) the parameter mismatch is time invariant or slowly vary-
ing, i.e., d/dt (ΔRs,ΔLs,Δψf ) ≈ 0.

Then, the disturbance dynamics of fd, fq can be further sim-
plified as

d

dt
fd = −ωeΔLs

d

dt
iq −ΔLsiq

d

dt
ωe

d

dt
fq = ΔRs

d

dt
iq +ΔLs

d2

dt2
iq +Δψf

d

dt
ωe

⎫
⎪⎪⎪⎬
⎪⎪⎪⎭

(4)

which indicates the following two conclusions.
C1) The d-axis disturbance dynamics is remarkable espe-

cially as the PMLSM operates under position command
with high velocity, high acceleration (d/dt (ωe) is large),
and high jerk (the time derivative of the acceleration,
i.e., d/dt (iq) is large), whereas the load is heavy (iq is
large) and large inductance mismatch also exists (ΔLs

is large), that is to say, the d-axis current control cannot
be completely decoupled with the q-axis dynamics as fd
being not well compensated and the assumption or the
practical demand A1) cannot be maintained.

C2) The q-axis disturbance dynamics is non-negligible as
the PMLSM operates under the position command with
high acceleration, high jerk, and high snap (i.e., the time
derivative of the jerk), whereas large system parameter
mismatch also exists (ΔRs,ΔLs,Δψf are large), that
is to say, the q-axis current transient response can be
largely deteriorated as fq being not well rejected.

As the above assumptions A1) and A2) are not satisfied, which
is also general in practice, much more complicated disturbance
dynamics is imaginable. Therefore, the two basic but important
problems are how to describe the disturbance dynamics effec-
tively and then how to reject its influence with the controller
design. Thus, an ESM method and the corresponding KF design
for both the state and disturbance estimations will be proposed to
release the above two problems within the PCC in the following
section.

III. ESM-KF-BASED PCC

A. Extended State Modeling

According to (3), though the disturbance dynamics is time
varying and significantly coupled with the parameter mismatch,
the system states, and their dynamics, the local Taylor polyno-
mial expansion with respect to the time t can also be utilized
here as [33]

fdq =
n−1∑
j=0

ajt
j + η (t) (5)

where n is the order, aj(j = 0, . . . , n− 1) are the polynomial
coefficients, η (t) is the residual part with smaller and bounded
consecutive time derivatives, i.e., |η(k)(t)| ≈ 0, k = 0, . . . , n−
1 and |f (k)dq (t)| = |η(k)(t)| ≈ 0 as k ≥ n. That is to say, the basic
requirement for the disturbance is that the low-frequency parts
can be simply modeled as a polynomial with finite order and the
high-frequency components of the nonlinear disturbance can be
neglected. Fortunately, according to (2), the disturbance can be
expected to be time continuous and derivative limited due to
that both the dc bus voltage of the inverter and the change rate
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of the parameter mismatch are limited in general. However, as
the ESM is expanded to other areas, the above requirement must
be noticed, such as the friction modeling that is strictly nonlinear.

The disturbance dynamics of (3) can be approximated as the
following nth-order integrator subsystems:

f
(1)
dq =

n−1∑
j=1

jajt
j−1 = h1dq

f
(2)
dq =

n−1∑
j=2

j (j − 1) ajt
j−2 = h2dq

...

f
(n)
dq = 0 = hndq

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(6)

and then combining with (3), the entire (2n+ 2)th-order
extended-state model can be obtained as

i̇d =
1

Lso
(ud −Rsoid + ωeLsoiq − fd)

i̇q =
1

Lso
(uq −Rsoiq − ωeLsoid − ωeψfo − fq)

f
(1)
d = h1d, f

(1)
q = h1q

...

f
(n)
d = hnd , f

(n)
q = hnq

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(7)

where hjdq, j = 1, . . . , n, denotes the jth time derivatives of fdq .
As the zero-order hold method is used, (7) can be discretized

and rearranged as

id (k + 1) =

(
1− Ts

Rso

Lso

)
id (k) + ωe (k)Tsiq (k)

− Ts
Lso

fd (k) +
Ts
Lso

ud (k)

iq (k + 1) = −ωe (k)Tsid (k) +

(
1− Ts

Rso

Lso

)
iq (k)

− Ts
Lso

fq (k) +
Ts
Lso

(uq (k)− ωe (k)ψfo)

fd (k + 1) = fd (k) + f
(1)
d (k)Ts

fq (k + 1) = fq (k) + f
(1)
q (k)Ts

...

f
(n−1)
d (k + 1) = f

(n−1)
d (k)

f
(n−1)
q (k + 1) = f

(n−1)
q (k)

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(8)

where Ts is the sampling period and k is the discrete sampling
instant. And then (8) can be further represented in the discrete-
time extended-state space as

x (k + 1) = Adx (k) +Bdu (k) + ω (k)

y (k) = Cdx (k) + v (k)

⎫
⎬
⎭ (9)

where the state vector is x =
[
id iq fd fq . . . f

(n−1)
d

f
(n−1)
q

]T
, the control input vector is u = [ud uq − ωeψfo]

T ,

ω = [ω1 ω2 . . . ω2n+2]
T denotes the process noises with the

covariance Q = E
{
ω [k]ω [k]T

}
> 0 and it is modeled as

the process uncertainty, v = [vd vq]
T is the measurement noise

vector with the covariance R = E
{
v [k]v [k]T

}
≥ 0, and the

covariances Q and R are reasonably assumed to be diagonal
matrices with constant terms in the following KF design [23], the
cross-covariance matrix satisfiesE

{
w[k]v[k]T

}
= 0, the mea-

surement output vector is y = [id iq]
T , the system matrices are

Ad = I(2n+2)×(2n+2)

− Ts

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Rso

Lso
ωe (k)

−1

Lso
0 0 0 · · · 0 0

−ωe (k)
Rso

Lso
0

−1

Lso
0 0 · · · 0 0

0 0 0 0 1 0 · · · 0 0

0 0 0 0 0 1 · · · 0 0

...
...

...
. . .

. . .
. . .

. . . 0 0

0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 1

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Bd =
Ts
Lso

[
1 0 0 0

0 1 0 0

]T

Cd =

[
1 0 0 · · · 0

0 1 0 · · · 0

]
.

Assuming that the velocity dynamics is remarkably slower than
the current dynamics, which is also reasonable in general, then
the matrix Ad can be seen as constant between the two consec-
utive current control periods with ωe (k) calculated at time k,
i.e., Ad (k + 1) ≈ Ad (k). Therefore, the extended-state model
(9) can be seen as a linear uncertain dynamic system and then
the KF can be utilized to obtain optimal estimations for both
the system states and the disturbance.

B. ESM-Based KF Design

The recursive implementation procedure of the KF Algorithm
is listed as follows [21].

The time update step: a priori prediction
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1) State prediction

xp (k + 1) = Adxe (k) +Bdu (k) (10)

where xp (k + 1) is the state prediction at time k + 1 and
xe (k) is the previously deduced state estimation at time
k.

2) Prediction error covariance matrix calculation

P p (k) = AdP e (k − 1)AT
d +Q (11)

where P p (k) is the prediction error covariance matrix at
time k and P e (k − 1) is the estimation error covariance
matrix at time k − 1, Q is the covariance matrix of the
process noises.

3) Kalman gain calculation

K (k) = P p (k)C
T
d

(
CdP p (k)C

T
d +R

)−1
(12)

where R is the covariance matrix of the measurement
noises.

The measurement update step: A posteriori correction
4) Estimation update with measurement

xe (k + 1) = xp (k + 1) +K (k) (y (k)−Cdxp (k)) .
(13)

5) Estimation error covariance matrix update

P e (k) = (I −K (k)Cd)P p (k) . (14)

6) Return to (1).
Compared with the EKF-based current estimation method in

[30] and [31], there exist two outstanding conveniences: 1) the
online calculation burden of the state transition matrix Ad is
released largely, and 2) both the currents and disturbance of
the d- and q-axes can be optimally estimated simultaneously,
whereas the TDE (which is proposed in [10] and utilized in
[30]) and the corresponding LPF can be omitted here.

It is noted that the KF can be simply designed with (10)–(14),
and the decisive point in the design is the tuning of the covari-
ance matrices P e (0), Q, R and the selection of the initial state
estimate xe (0), which directly affect the dynamic performance
and convergence speed of the KF. As pointed out in [23], the
initialization value of P e (0) mainly affects the transient am-
plitude of the state estimation, whereas the transient time and
steady-state process will remain uninfluenced. Thus, it is more
relaxed for the selection of P e (0). The matrix Q represents the
level of process noises and model uncertainty. Increasing the el-
ements of the matrixQwill enlarge the KF gain and thus leading
to faster filter dynamic. However, over-designing the elements
of the matrix Q will also enhance the effect of measurement
update and thus amplify the side effect of measurement noises.
The matrix R indicates the characteristics of the measurement
noises. Large values in the matrix R mean low confidence of
the measurement, and then the filter dynamic performance will
be reduced. In practice, the matrix R can be tuned preliminarily
with the tested results, such as calculating with the sampled cur-
rents directly. Intuitively, the ratio of the corresponding elements
in the matrices Q and R decides the KF bandwidth [21], [23].
For the measurable and unmeasurable system states, the initial

estimation xe (0) can be simply designed as the measured re-
sults [e.g., for id,e(0) and iq,e(0)] and zeros [e.g., for fd,e(0)
and fq,e(0)], respectively. Among these four main parameters,
the elements of the covariance matrix Q play a decisive role
relatively in optimizing the filter transient and steady-state per-
formance [26]. Thus, the detailed parameter tuning for the matrix
Q will be discussed in the following section with simulation.

C. ESM-KF-Based PCC Design

The traditional deadbeat PCC without the disturbance com-
pensation but with considering the one-step delay problem in
the digital control can be designed with the following two steps
[4], [9]–[18].

Step 1: The d- and q-axes current predictions for the next
control instant k + 1 with

îd (k + 1) =

(
1− Ts

Rso

Lso

)
id (k)

+ ωe (k)Tsiq (k)

+
Ts
Lso

ud (k)

îq (k + 1) = −ωe (k)Tsid (k)

+

(
1− Ts

Rso

Lso

)
iq (k)

+
Ts
Lso

(uq (k)− ωe (k)ψfo)

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

.

(15)
Step 2: The d- and q-axes voltage command calculations for

the next control instant k + 1 with

ud,ref (k + 1) = Lso
id,ref (k + 2)− îd (k + 1)

Ts

+ Rsoîd (k + 1)

− π

τ
v̂ (k + 1)Lsoîq (k + 1)

uq,ref (k + 1) = Lso
iq,ref (k + 2)− îq (k + 1)

Ts

+ Rsoîq (k + 1)

+
π

τ
v̂ (k + 1)Lsoîd (k + 1)

+
π

τ
v̂ (k + 1)ψfo

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(16)
where v̂(k + 1) is the estimated mover velocity of the
next instant k + 1, which is assumed as v̂ (k + 1)

.
=

v (k) due to the velocity dynamics is generally much
slower than the current response and can be simply
calculated with the backward differentiation method
as the high-resolution linear encoder is utilized, and
idq,ref (k + 2) is defined as idq,ref (k + 2)

.
= i∗dq (k) in



YANG et al.: ROBUST PREDICTIVE CURRENT CONTROL OF PMLSM WITH EXTENDED STATE MODELING BASED KALMAN FILTER 2213

which i∗dq (k) is the output of the outer loop position
or velocity controller.

Remark 1: As shown in (16), the PCC can be simply in-
terpreted as a high-gain P control, whereas the integral term
in the traditional PI control has been replaced with the addi-
tional model-based feedforward compensation terms. The gain
Lso/Ts is proportional to the inductance parameter in the PCC
and inversely proportional to the current control period (equal
to the switching period in this paper under the single-sampling-
single-update strategy). Thus, to some extent, the selection of
the current control period depends on the motor inductance and
the noise amplitude of the current sampling.

As the proper order for the disturbance fd, fq approximation
is selected, the KF Algorithm can be applied to the ESM of (9),
and then the estimations of idq,e (k + 1) ,fdq,e (k + 1) can be
directly obtained for the next control instant k + 1.

Compared with the estimation method in (15), both the pa-
rameter uncertainty and the current sampling noise effect can
be considered in the KF Algorithm. Thus, referring to (16), the
voltage commands with the ESM-based KF are revised as

ud,ref (k + 1) = Lso
id,ref (k + 2)− id,e (k + 1)

Ts

+ Rsoid,e (k + 1)

− π

τ
v̂ (k + 1)Lsoiq,e (k + 1)

+ fd,e (k + 1)

uq,ref (k + 1) = Lso
iq,ref (k + 2)− iq,e (k + 1)

Ts

+ Rsoiq,e (k + 1)

+
π

τ
v̂ (k + 1)Lsoid,e (k + 1)

+
π

τ
v̂ (k + 1)ψfo + fq,e (k + 1)

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (17)

Remark 2: As shown in (17), the noise-reduced estimations
of id,e (k + 1) , iq,e (k + 1) from the ESM-based KF replace the
inaccurate and noisy predictions in (15), whereas in (17), the pa-
rameter uncertainty has also been considered both for the current
estimation and the voltage command calculation. Thus, lower
current noises and robustness improvement can be expected in
our proposed ESM-KF-based PCC with (9)–(14) and (17).

For considering the voltage source inverter (VSI) saturation
limit, the following modification of the command voltage should
be applied [31]:

uref =

⎧
⎪⎪⎨
⎪⎪⎩

uref (k + 1) uref (k + 1) � Udc/
√
3

Udc/
√
3

uref (k + 1)
uref (k + 1) uref (k + 1) � Udc/

√
3

(18)

Fig. 1. (a) Block diagram of the PCC with the ESM-KF and (b) the double
cascade position-current control system for the PMLSM.

TABLE I
MAIN PARAMETERS OF THE TESTED PMLSM

with

uref (k + 1) = ‖uref (k + 1) ‖

=
√
u2d,ref (k + 1) + u2q,ref (k + 1)

in whichUdc is the dc-link voltage of the VSI. The block diagram
of the PCC with the ESM-based KF is depicted in Fig. 1(a).

IV. ESM-KF PARAMETER TUNING WITH SIMULATION

For the basic KF Algorithm verification and the following pa-
rameter tuning, the discrete simulation model is first built in the
Simulink/MATLAB. The simulation model comprises four main
components: the ESM-KF-based PCC, the PMLSM drive sys-
tem, the discretization sampling plus the Gaussian white noises
modeled with the uniform random numbers (URNs), and the
control delay existing in the real digital control system. The
main parameters of the simulated PMLSM are the same as
the tested platform, which will be introduced in Section V and
they are listed in Table I.
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As illustrated in Section III-B, the main design parameters
for the KF are xe (0), P e (0), Q, and R. First, the initial es-
timates of id,e, iq,e can be simply initialized as the sampled
currents of the d- and q-axes, respectively, which will also be
used in the experimental tests as given in the following sec-
tion. Assuming that the current offsets are eliminated effectively,
which is also one of the main aims in the hardware design stage,
then idq,e (0) = [0 0]T can be directly set as the motor will
run from the static state generally, and this will be utilized in
the following simulations. Simultaneously, as shown in (2), the
initial values of fd,e (0) , fq,e (0) can also be configured as ze-
ros due to the initial currents are idq = 0. Therefore, the initial
values of xe (0) can be obtained as zeros. Second, as the cur-
rent noises are modeled as URNs, which are represented with
vd,q = N (0, diag

(
σ2
d, σ

2
q

))
, the covariance matrix R can be

directly calculated. Thus, R = diag
(
σ2
d, σ

2
q

)
is simply selected

here as the starting point for the following fine retuning. With
trial-and-error process, R = diag(10, 10) is selected. Third, as
the initial estimation error covariance matrix P e (0) will only
affect the transient amplitude of the state estimations, it can be
assumed as 0(2n+2)×(2n+2) (zero matrix) temporarily. Then, the
following focus will be placed on the tuning of the matrix Q to
optimize the filter performance and convergence speed of the
state and disturbance estimations.

A. Open-Loop Parameter Tuning

The open-loop tests are first conducted under the current
closed loop with the traditional PCC, i.e., (15) and (16). The
actual voltage commands and the current response are the in-
puts of the ESM-based KF and its output (i.e., idq,e,fdq,e) are
monitored for the parameter tuning. The test conditions are listed
as follows:

C1) only the resistance mismatch exists (Rs = 2Rso);
C2) the current command of the q-axis is a square wave and

i∗d = 0 is applied;
C3) the amplitude and frequency of the current command

should be selected to ensure that the mover velocity is
low enough for reducing the flux mismatch effect in the
real experiments.

Then, the disturbance fq will also be expected to be a square
wave, which is in phase with the i∗q . Thus, when the Q11, Q22

in the matrix Q have been preliminarily designed, the tuning of
Q33, Q44 can be analogous to the regulation of the P gain in the
traditional PI control. In this paper,Q11 = Q22, Q33 = Q44 are
simply selected and the effectiveness will both be verified with
the following simulations and experiments.

As depicted in the bottom plot of Fig. 2, with Q33, Q44 in-
creasing, the convergence of the disturbance estimation fq also
speeds up, but the estimation noises are also amplified. Accord-
ingly, the noises and overshoot of the q-axis current estimation
iq,e, as shown in the middle magnification plot of Fig. 2, will
also be enlarged with larger values of Q33, Q44. As the proper
range of Q33, Q44 being settled, the Q11, Q22 can be retuned
to optimize the current estimation performance. Therefore, the
selection of the elements of the matrix Q should be balanced
with the noise level and convergence speed of both the state and

Fig. 2. Open-loop simulation results for the tuning of the matrix Q with
xe (0) = 0,P e (0) = 0,R = diag (10, 10), andQ = diag (1, 1,Q33,Q44),
where Q33 = Q44 and varies from 1000 to 8000.

Fig. 3. Simulated current response, current estimation iq,e, and disturbance
estimation fq,e with the ESM-KF-based PCC in the single current closed loop
under the resistance mismatchRs = 2Rso and xe (0) = 0, P e (0) = 0, R =
diag (10, 10), Q = diag (1, 1, 5000, 5000).

disturbance estimations with trial-and-error process. Neverthe-
less, with the above special designed test conditions, the tuning
process can be largely simplified.

It can also be noted from (2) that, as i∗d is a square wave
and i∗q = 0 is set, the above tuning process of Q33, Q44 can
also be operated but with monitoring the dynamics of id,e and
fd,e. Finally, the vectorxe (0) = 0 and the matricesP e (0) = 0,
R = diag(10, 10), and Q = diag(1, 1, 5000, 5000) are selected
in this simulation.

B. Closed-Loop Verification

Then, the closed-loop tests with the ESM-KF-based PCC (17)
are conducted. As shown in Fig. 3, the static error of the current
response in the top plot of Fig. 2 is eliminated with rapid and
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Fig. 4. Simulated Kalman gain K with the ESM-KF-based PCC in the single
current closed loop under the resistance mismatchRs = 2Rso andxe (0) = 0,
P e (0) = 0, R = diag(10, 10), Q = diag(1, 1, 5000, 5000).

accurate disturbance estimation, where the convergence time is
about 5 ms and the amplitude of fq is 6.5 [V] (= Rsoi

∗
q). The

variation of the KF gains is given in Fig. 4. The following obser-
vations can be made. First, the values ofK11,K22,K31,K42 are
much larger than the remaining elements of the gain K on the
order of magnitude, which is caused by the following formula
expansion of (13):

⎡
⎢⎢⎢⎢⎢⎣

id,e (k + 1)

iq,e (k + 1)

fd,e (k + 1)

fq,e (k + 1)

⎤
⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎣

id,e (k)

iq,e (k)

fd,e (k)

fq,e (k)

⎤
⎥⎥⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎢⎢⎣

K11 K12

K21 K22

K31 K32

K41 K42

⎤
⎥⎥⎥⎥⎥⎦
Δi

Δi =

[
id (k)− id,p (k + 1)

iq (k)− iq,p (k + 1)

]

where the current and disturbance estimations of the d- and q-
axes are mostly dependent on the corresponding current sam-

pling. For example, as the cross-coupling term −π
τ
vLsoid, the

back electromotive force −π
τ
vψfo, and the disturbance −fq in

(1) are effectively compensated with (17), the q-axis current dy-
namics can be decoupled with the d-axis. Thus, it is reasonable
that the gain K22 is dominant in the estimation of iq,e. Sec-
ond, the gainsK11,K22,K31,K42 converge within 5 ms, which
is consistent with the state and disturbance estimation dynam-
ics in Fig. 2. The gains K32,K41 vary like a sawtooth, which
can be contributed by the specified q-axis current command
(i.e., a square wave). However, the values are smaller enough
with respect to the gains K31,K42 and then their effects can be
negligible.

Fig. 5. Tested linear motion stage with the air-bearing iron-core PMLSM.

According to the simulation results, the effectiveness of the
proposed ESM-KF-based PCC is verified. Due to the space limit,
the tuning ofQ11, Q22 and the current response performance un-
der different parameter variations (which will be given with the
experimental results in the following section) are not presented
here.

Remark 3: As the dimension of the state vector increases,
the computational complexity of the KF Algorithm grows ac-
cordingly, contributing to a higher digital implementation cost.
Considering that the partial elements of the KF gain are much
smaller than the others, as shown in Fig. 4, the partial update
scheme instead of the full update of the gains as presented in
[25] can be utilized here to reduce the calculation complexity
of the algorithm, with the state estimation accuracy not being
much reduced. In addition, the above parameter tuning process
will also be harder as the dimension of the state vector grows
and the adaptive or self-tuned scheme as in [26]–[29] can be
explored further.

V. EXPERIMENTAL EVALUATION

A. Experimental Setup

To verify the effectiveness of the proposed method, as de-
picted in Fig. 5, a self-made air-bearing experimental stage
driven with the surface-mounted iron-core PMLSM was built.

The motor was driven with a full digital power amplifier
based on the 32-b floating-point TI microcontroller (MCU)
TMS320F28377D with double cores. The simplified block dia-
gram of the overall system is shown in Fig. 1(b) and the detailed
hardware and software designs are listed in the following.

1) Hardware Design: The amplifier utilizes a three-phase
VSI with three sets of insulated-gate bipolar transistors under
the bus voltage of 310 [V], which is rectified from a single-
phase ac power supply (220 VAC/50 Hz). The sampling fre-
quency of both the position and the current loop is equal to the
switching frequency (5 [kHz]) in this paper. Two-phase motor
currents are measured through two LEM current sensors with
accuracy of ±0.2%. The mover position is measured through
a high-resolution (0.1 μm) linear encoder. Tested results are
recorded through the LabVIEW monitor with the CAN2.0 pro-
tocol, and then processed using the MATLAB.

2) Software Design: The CPU1 of the MCU is configured
for outer position closed loop including the trajectory planning,
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Fig. 6. Example of the normalized second-order position trajectory.

the position controller implementation, and the CAN2.0 pro-
tocol. The CPU2 is allocated for the vector control including
the current sampling and processing, the coordinate transfor-
mations, the space vector pulse-width-modulation (SVPWM),
and the PCC with ESM-KF, etc. The information request and
share between the two CPUs is allowed through the build-in
Inter-Processor Communication module.

3) Position Controller Design and Trajectory Plan-
ning: The position feedback controller is designed as
the PI controller plus a lead compensator [2] with

Cfb (s) = Kp
τs+ 1

s

τ1s+ 1

τ2s+ 1
, where Kp = 4.2658× 105, τ =

0.0159, τ1 = 0.0265, τ2 = 2.653× 10−4. With the nominal
system parameters listed in Table I, the open-loop cutoff fre-
quency is 60 Hz and the phase margin is above 45◦. The dig-
ital implementation is discretized with the Tustin method and
the sampling period is Ts = 200 μs. For evaluating the effec-
tiveness of the proposed scheme merely, a second-order S-curve
with limited maximum acceleration is designed in this paper and
the trajectory will be implemented for the tests with double cas-
cade position-current loop. For clear demonstration, the curves
of acceleration, velocity, and position are normalized against
their corresponding maximum values and an example of them
is shown in Fig. 6.

B. Experimental Results

1) xe (0) ,P e (0) ,Q,R Tuning Results: As analyzed in
Section IV, the initial estimatesxe (0) are initialized asxe (0) =

[id (0) iq (0) 0 0]T , where id (0) , iq (0) represent the sampled
currents just before the motor is running. The matrix P e (0) is
simply designed as zero matrix without reducing the steady-state
estimation performance largely. The matrices R = diag(1, 1)
andQ = diag(0.2, 0.2, 200, 200) are finally tuned following the
procedure as shown in Section IV and they will be used in all the
following tests. The time consumptions of the ESM-KF-based
PCC are tested with toggling the MCU pin. The calculation pe-
riods of the ESM-based KF and the PCC are 6.5 μs and 2.8 μs,
respectively. Therefore, the real-time state and disturbance esti-
mations can be done under the sampling frequency of 5 kHz in
this paper or higher one.

The experimental results as only the resistance mismatch ex-
ists (Rs = 2Rso) with and without the ESM-KF are shown in
Figs. 8 and 7, respectively. It can be observed that the static

Fig. 7. Tested square-wave current response under the PCC without the ESM-
KF with xe (0) = [id (0) iq (0) 0 0]T ,P e (0) = 0,R = diag(1, 1),Q =
diag(0.2, 0.2, 200, 200), as Rs = 2Rso and Ls = Lso, ψf = ψfo.

Fig. 8. Tested square-wave current response under the ESM-KF-based PCC
with xe (0) = [id (0) iq (0) 0 0]T ,P e (0) = 0,R = diag (1,1) ,Q =
diag (0.2, 0.2, 200, 200) , as Rs = 2Rso and Ls = Lso, ψf = ψfo.

Fig. 9. Tested Kalman gains under the ESM-KF-based PCC with
x(0) = [id(0) iq(0) 0 0]T ,P e(0) = 0,R = diag(1, 1),Q = diag
(0.2, 0.2, 200, 200), as Rs = 2Rso and Ls = Lso, ψf = ψfo.

error of the q-axis current response is completely compensated
and the lumped disturbance fq and the q-axis current estima-
tion iq,e are also accurately estimated. The little ripple in fq , as
shown in the bottom plot of Fig. 8 as the ESM-KF is utilized in
the PCC, is caused by the current sampling noises, which can
be reduced with smaller values of Q33, Q44. The variations of
the KF gains are depicted in Fig. 9 and the convergence time is
about 3–4 ms. Therefore, compared with the simulation results
shown in Figs. 2–4, the experimental tests verify the validity of
the proposed ESM-KF-based PCC further.
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Fig. 10. Tested square-wave current response under the PCC without the ESM-
KF as Rs varies within (0–2) Rso and Ls = Lso, ψf = ψfo.

Fig. 11. Tested square-wave current response under the ESM-KF-based PCC
as Rs varies within (0–2) Rso and Ls = Lso, ψf = ψfo.

2) Square-Wave Current Command Tests With Linear-
Varying Parameter: To further evaluate the filter performance
of the proposed ESM-KF with respect to the time-varying dis-
turbance and the effectiveness of the proposed ESM-KF-based
PCC, the conditions with the PCC parameter varying linearly in
the controller are also tested.

Fig. 10 gives the q-axis current response under the PCC
without the ESM-KF as the resistance varies linearly (Rs =
(0–2)Rso) with the current command. The actual q-axis current
also varies linearly with the resistance profile, which is consis-
tent with the representation in (2). As the ESM-KF-based PCC
is utilized, the actual q-axis current shown in Fig. 11 tracks the
command without a linear-varying static error, whereas both the
lumped disturbance fq and the q-axis current estimation iq,e are
accurately estimated after a short transient period. The little rip-
ple in the estimated fq is caused by the current sampling noises
and the larger values in the matrixQ, which can be balanced with
the estimation convergence speed through retuning the matrixQ.

Fig. 12. Tested square-wave current response under the PCC without the ESM-
KF as Rs varies within (0–2) Rso, Ls varies within (0.5–1.5) Lso, and ψf =
ψfo.

Fig. 13. Tested square-wave current response under the ESM-KF-based PCC
asRs varies within (0–2)Rso,Ls varies within ( 0.5–1.5)Lso, andψf = ψfo.

Figs. 12 and 13 present the current response as the inductance
mismatch also exists (Ls = (0.5–1.5)Lso under the following
tests). Compared with Fig. 10, a slower current dynamic is de-
picted in Fig. 12 as the resistance and inductance are both under-
estimated at the time instant of 0 [s] and 0.2 [s]. In the contrary, a
faster current response is shown as the resistance and inductance
are both overestimated at the time instant of 0.1 [s] and 0.3 [s].
The difference lies on the essentially high-gain control of the
PCC according to (17), where the gainLso/Ts is approximately
proportional to the inductance. Correspondingly, as the ESM-
KF-based PCC is utilized, comparative current dynamics with
Fig. 11 are also obtained in Fig. 13 while the larger overshoot
at the time instant of 0.1 [s] and 0.3 [s] is caused by the larger
resistance and inductance.

Furtherly, the linear-varying flux mismatch (ψf = (0–2)ψfo)
is also added in the PCC. According to (2), the effect of flux mis-
match is coupled with the mover velocity, and so as to clearly
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Fig. 14. Tested square-wave current response under the PCC without the ESM-
KF asRs varies within (0–2)Rso,Ls varies within (0.5–1.5)Lso, andψf varies
with (0–2) ψfo.

Fig. 15. Tested square-wave current response under the ESM-KF-based PCC
as Rs varies within (0–2) Rso, Ls varies within Lso, and (0.5–1.5) ψf varies
within (0–2) ψfo.

demonstrating its influence on the PCC, the frequency of the
square-wave current command is adjusted to 1 [Hz] for obtaining
higher velocity. As depicted in Fig. 14, the mover will be accel-
erated with the positive q-axis current and the current response
is also increasing gradually while the peak of the phase current
agrees well with the actual q-axis current. As the ESM-KF-based
PCC is applied, the above current error is eliminated completely
as depicted in Fig. 15. Correspondingly, the time-varying dis-
turbance including both the effect of resistance, inductance, flux
mismatch and the un-modeled dynamics, as indicated in the mid-
dle plot of Fig. 15, is well estimated online.

The tested results shown in Figs. 10–15 are further summa-
rized in Table II. The performance comparison between the tra-
ditional deadbeat PCC without disturbance compensation and
our proposed ESM-KF-based PCC is conducted qualitatively or

Fig. 16. Tested sine-wave current response under the PCC without the ESM-
KF as Rs varies within (0–2) Rso, Ls varies within (0.5–l1.5) Lso, and ψf

varies within (0–2) ψfo.

semiquantitatively with considering the steady-state current er-
ror and the transient current response speed as the main indexes.
It can be easily noted that the PCC performance can be largely
improved with our proposed ESM-based KF.

3) Sine-Wave Current Command Tests With Linear-Varying
Parameter: Considering that the d- and q-axes current varia-
tions are zeros under the steady state with a square-wave current
command, the terms with respect to the actual current dynam-
ics, i.e., d/dt (idq) , d2/dt2 (idq), are much smaller. Thus, for
further demonstrating the effectiveness of the ESM-KF on the
estimation of the disturbance coupled with the current dynam-
ics, the sine-wave current command tests are also conducted as
follows, whereas the resistance, inductance, and flux also vary
linearly with the current command under the same frequency.
The magnitude and frequency of the sine-wave command are
designed as 1 [A] and 20 [Hz], respectively.

As shown in Fig. 16, when the disturbance is not com-
pensated, there exists explicit current tracking error. As the
ESM-KF-based PCC is configured, the actual current tracks the
command completely. The estimated disturbance fq shown in
the middle plots in Figs. 16 and 17 is seriously nonlinear and
time varying, which is coincident well with the representation
in (2) and (3). As the estimation of iq,e, fq is not used for the
robustness improvement of the PCC, the estimated fq is differ-
ent with the one in the ESM-KF-based PCC, which is caused by
the difference with the actual current response, as shown in the
upper plots in Figs. 16 and 17.

4) Current Response Tests Under the Double Cascade
Position-Current Control With Constant Parameter Mismatch:
Until now, the validity of the proposed ESM-KF-based PCC has
been verified in the single current closed loop. In the following,
the above tests are furtherly expanded to the double cascade
position-current control with constant parameter mismatch, i.e.,
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TABLE II
PERFORMANCE COMPARISON BETWEEN THE TRADITIONAL AND OUR PROPOSED ESM-KF-BASED DEADBEAT PCC

(a)The theoretical disturbance characteristic according to (2) as i∗q is a square wave and i∗d = 0.
(b)The rising time as iq reaches i∗q in the first time only when the controller parameter that is underestimated is calculated.

Fig. 17. Tested sine-wave current response under the ESM-KF-based PCC as
Rs varies within (0–2) Rso, Ls varies within (0.5–1.5) Lso, and ψf varies
within (0–2) ψfo.

Rs = 2Rso, Ls = 0.5Lso, ψf = 2ψfo (this selection is due to
that it is relatively rigorous in the above mismatch conditions
and then the effectiveness under other small parameter mis-
match can be expected). Considering that the load cannot be
added easily to the test platform, a simple second-order position
trajectory command is planned with the acceleration, velocity
limits are 2 m/s2, 0.2 m/s, respectively, and the moving distance
is 240 mm, where the step current command can be given from
the position controller.

As indicated in Fig. 18, the current tracking error exists in the
overall moving range without the ESM-KF, whereas the error
is entirely eliminated in Fig. 19 under the ESM-KF-based PCC.
The little current ripple in the constant velocity range is caused
by the inherent force ripple of the tested stage driven with the
iron-core PMLSM, and then it leads to the ripple in the estimated
fq , as depicted in the bottom plot in Fig. 19.

Therefore, the effectiveness of the proposed ESM-KF-based
PCC is effectively verified under both the single current
closed loop and the double closed loop with cascade position-
current control. In addition, the parameter robustness limit can
be guaranteed within the range of Rs/Rso ∈ [0,2] , Ls/Lso ∈
[0.5, 1.5], ψf/ψfo ∈ [0,2]. As a state/disturbance estimator

Fig. 18. Tested current response with the double cascade position-current
control under PCC without the ESM-KF as Rs = 2Rso, Ls = 0.5Lso, ψf =
2ψfo.

Fig. 19. Tested current response with the double cascade position-current con-
trol under the ESM-KF-based PCC asRs = 2Rso, Ls = 0.5Lso, ψf = 2ψfo.

based on the ESM, the proposed method and its tuning pro-
cedure can also be transplanted to many industrial applications
such as any areas where the disturbance meets the basic require-
ment shown in Section III-A and its estimation/compensation is
required.

VI. CONCLUSION

This paper has presented a robust and computational efficient
deadbeat PCC scheme, which estimates the nonlinear and time-
varying lumped disturbance in the PMLSM electrical subsys-
tem effectively and improves the robustness of the PCC largely.
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The proposed estimator is motivated by the classical KF and the
main idea of the ESO. Modeling the disturbance dynamics as
an integrator subsystem removes the basic assumption and lim-
itation that the disturbance is slowly varying as many observers
designed in the literatures. Compared with the existing EKF-
based TDE, the computation complexity of the ESM-based KF
is reduced and then the disturbance is effectively estimated. In
addition to the algorithm design, the parameter tuning method of
the KF under the PCC scheme is given with the discrete simula-
tion while only the resistance mismatch exists. Furthermore, the
experimental results based on an air-bearing iron-core PMLSM
test platform show the effectiveness of the ESM-KF-based PCC
in the single current closed loop and the double cascade position-
current control loop, of which the complex nonlinear disturbance
is simulated with the controller design under the linear-varying
parameter and the sine-wave current command. It is noteworthy
that the proposed ESM-KF can also be transplanted to many in-
dustrial applications where the state and disturbance estimations
are required.
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