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ABSTRACT As an ideal current control method, the superiority of the predictive current control (PCC)
is seriously weakened by the one-step control delay and parameter mismatch issues. To acquire the high
dynamic and static characteristics, this paper studies an improved PCC scheme for the permanent magnet
linear synchronous motor (PMLSM) drives. First, the discrete-time model of PMLSM considering the
parameter variation is established. Second, the formation mechanisms of these two issues are analyzed
in detail, respectively. Meanwhile, through replanning the timing sequence logic, the one-step control
delay issue is solved. Furthermore, based on the super-twisting algorithm, the super-twisting sliding-mode
observer (STSMO) is constructed to compensate for the parameter disturbance. To further improve the
dynamic property and lower the chattering, a third-order STSMO is presented in comparisonwith the second-
order STSMO. In the meantime, the estimated currents can be utilized in the solution of one-step delay issue.
At last, on the PMLSM testing platform based on the aerostatic guide, the corresponding experimental results
are shown to verify the effectiveness and correctness of the proposed method.

INDEX TERMS Permanent magnet linear synchronous motor (PMLSM), predictive control, one-step delay,
parameter mismatch, sliding-mode.

NOMENCLATURE
vq, vd q- and d-axis voltages.
iq, id q- and d-axis currents.
R Phase winding resistance.
Lq, Ld q- and d-axis inductances.
λf Permanent magnet flux linkage.
λq, λd q- and d-axis magnet flux linkages.
v Linear velocity of the mover.
ζq, ζd q- and d-axis disturbance voltages.
Ts Switching period.
τ Pole pitch.
p Pole pairs.

I. INTRODUCTION
Recently, the rapid development of manufacturing industry
promotes the widespread application of permanent magnet
linear synchronous motor (PMLSM) because of its advan-
tages of high dynamic response, high efficiency and force

density [1]. As the power source, the control performance of
PMLSM is extremely important for developing the high-end
equipments. Among different control schemes of PMLSM
drives, most of thrust control methods are based on regulating
the motor phase current, which means the current loop is
essential to the PMLSM control system [2].

An ideal current controller for PMLSM not only has char-
acteristics of high bandwidth and high tracking precision, but
also has the ability to avoid d-q axis coupling, back electro-
motive force (EMF) and parameter disturbances. In motor
drives, the current control includes the following strategies:
hysteresis control, proportional-integral (PI) control and pre-
dictive control [3]. In the early studies, the hysteresis control
is widely used in motor drives because of its advantages such
as high dynamic response, easy realization, and simple prin-
ciple [4]. However, the inconstant switching frequency, large
electromagnetic noise and current ripple are inevitable [5].
Generally, the hysteresis control is limited in the field of
the high-performance motor drives. With the development
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of digital control system, PI control gradually becomes the
most pervasive method in the motor servo system. The main
advantages of PI control are the constant switching frequency,
strong robustness and stability [6], but the performance degra-
dation with the PI controller is difficult to be avoided if the
control system faces different operation conditions, such as
load or parameter variations. Otherwise, the PI controller in
current loop generally ignores the d-q axis coupling [7] and
back electromotive force (EMF) disturbance problems. Com-
pared with hysteresis control and PI control, the predictive
current control (PCC) method has more outstanding static
and dynamic performances [8], [9]. Theoretically, by using
the PCC method, the actual current can track its command
during one switching period precisely. What is more, as the
model-based algorithm, the PCC overcomes the coupling and
EMF disturbance problems. Therefore, the PCC method is
very suitable for the high-performance current control.

Nevertheless, two main issues have to be considered in the
PCC application [10]. One is the one-step delay problem. In
the digital control system, there is one switching period delay
for the command voltage in the process from calculating to
loading, which will cause the overshoot or even oscillation.
The other is the parameter mismatch problem. PCC is based
on the motor model, so it is sensitive to the motor parameter.
If the parameters set in controller are different from the
actual ones or themotor parameters changewith the operating
situation, the control performance will be deteriorated. For
this reason, a lot of researches focus on these two issues.
For the one-step delay issue, [10] has analyzed its forming
reason, and proposed to overcome this delay by calculating
the voltage command of the next switching period. However,
in the implementation process, most studies usually neglect
the importance of the sampling currents of next period, which
are usually achieved by using the rough estimation method.
Additionally, because of powerful real-time and parallel com-
puting abilities, some hardware technologies are used to over-
come the delay issue [11]. But a lot of engineering design cost
complicates the implementation of PCC.

For the parameter mismatch issue, it is necessary to study
the robust current control method. In the survey of dis-
turbance or uncertainty in motor drives, [12] summarizes
the parametric uncertainties, and the nonlinear disturbance
observer-based control (NDOBC) is applied to estimate and
compensate the uncertainties. As the main PCC method,
the model predictive control (MPC) with different robust
algorithms is widely studied. A Lyapunov-based MPC [13]
is proposed to enhance the robust stability for PMSM drives
by introducing the contraction constraint. MPC based on
Takagi-Sugeno fuzzy model [14], [15] is proposed, and this
study can effectively strengthen the robustness of non-linear
delayed systems, and this method is successfully applied in
the electric vehicle (EV) system. In [16], the current tracking
precision is improved by proposing a current error correc-
tion technique, and the dynamic performance is enhanced
by introducing a current-regulated delta modulator. Similarly,
the prediction errors with a weighting factor are added to the

prediction stage, the robustness of PCC against parameter
uncertainties is promoted by using the prediction error cor-
rection technology [17].The online parameter identification
method has been researched to estimate themotor parameters.
In [18], by introducing the self-adaptive learning bat-inspired
algorithm, the parameters can be accurately identified in the
nonlinear chaotic system. In [19], the disturbance observer
based on the time delay control is proposed to solve the
parameter mismatch issue,. Recently, the robust controller
based on the uncertainty and disturbance estimator (UDE)
is proposed to replace the time delay control [20].In [21],
a discrete-time integral term is added to PCC, and this
method can provide the robustness against the parameter
variations with a simple structure. Among various distur-
bance observers, due to the strong robustness and fast con-
vergence, the sliding-mode observer (SMO) is well suited to
compensate the parameter variation or overcome the system
uncertainty [22]–[25]. In [22], SMO based on the exponential
reaching law is presented to estimate the parameter variations
in PCC. To suppress the chattering, this paper optimizes the
exponential reaching law. In addition, in [23], [24], and [25],
various SMOs are also presented to suppress the parameter
uncertainties of different systems. In recent years, the SMO
based on the super-twisting (ST) algorithm has many advan-
tages such as faster convergence ability and lower chattering
effect. Therefore, some STSMOs, especially the high-order
STSMO, generally become the research focus [26]–[28].
In [26], a second-order STSMO is designed to estimate the
parameter variations for induction machine drives. Since the
high-order SMO has lower chattering and more excellent
dynamic performance, [27] and [28] both choose the high-
order SMO to solve the system uncertainties.

A. MAIN CONTRIBUTION
To realize the high bandwidth and high tracking accuracy
of the current closed-loop, the predictive control strategy
is a very appropriate choice in several common methods.
However, only if two main problems (one-step delay and
parameter mismatch) are effectively solved, PCC can have
a more practical sense. Based on the presented STSMO,
the sampling currents and parameter disturbance voltages
at the beginning of next period are exactly estimated. The
estimated currents are used in the calculation of voltage com-
mands, thus one-step delay issue is overcome. In addition, the
parameter disturbance voltages are injected into the current
closed-loop through the feed forward method, the parameter
mismatch issue is also addressed. What is more, the designed
third-order STSMO has the better observation performance.
Finally, we present a current controller with characteristics of
high bandwidth and strong parameter robustness, which can
be generalized for the high-performance motor drives.

B. STRUCTURE OF THIS PAPER
The structure of this paper is given as follows. Section II
establishes the discrete-time model of PMLSM consid-
ering the parameter mismatch between the driven motor
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and its controller. Section III analyzes one-step delay and
parameter mismatch issues, and presents an improved PCC.
In Section IV, the second-order STSMO is given to sup-
press the parameter disturbance, and through designing a
third-order STSMO, the observation performance is obvi-
ously improved. In Section V, the explored approach is
implemented in a precise PMLSM testing platform. At last,
Section VI gives the conclusion.

II. PMLSM MODEL
Before establishing the mathematical model of PMLSM, it is
necessary to give the following assumptions: the relative
permeability of primary and secondary iron core is infinite,
and the eddy current and hysteresis losses are ignored; in
the air gap, the excitation and armature reaction magnetic
field are the sinusoidal distribution; the flux distortions are
neglected. The voltage equation can be expressed as

vq = Roiq +
dλqo
dt
+
πvλdo
τ
+ ζq

vd = Roid +
dλdo
dt
−
πvλqo
τ
+ ζd

(1)

where the subscript ‘‘o’’ denotes the nominal value, and λqo,
λdo can be defined as{

λqo = Lqoiq
λdo = Ldoid + λfo

(2)

Since the motor parameters are influenced by the operat-
ing condition and other uncertainties, the parameter values
may be different between the actual motor and its controller.
Therefore, the parameter variation is deduced as

ζq = 1Riq +
1Lqdiq
dt

+
πv1Ld id

τ
+
πv1λf
τ

ζd = 1Rid +
1Lddid
dt

−
πv1Lqiq

τ

(3)

where 1R, 1Lq (1Ld ) and 1λf represent respective
disturbances.

According to the voltage equation of (1), its discrete-time
equation can be expressed in the form of the first-order Taylor
series expansion if the sampling period is short enough, which
means that

vq (k) = Roiq (k)+
Lqo
Ts

[
iq (k + 1)− iq (k)

]
+
πvLdo
τ

id (k)+
πvλfo
τ
+ ζq (k)

vd (k) = Roid (k)+
Ldo
Ts

[id (k + 1)− id (k)]

−
πvLqo
τ

iq (k)+ ζd (k) .

(4)

Therefore, the dynamic equation of (4) can be represented
in matrix form

V (k) = G · I (k)+H · I (k + 1)+ λ+ D (k) (5)

where

V (k) =
[
vq (k) vd (k)

]T
, I (k) =

[
iq (k) id (k)

]T
,

λ =
[
πvλfo

/
τ 0

]T
, D (k) =

[
ζq (k) ζd (k)

]T
,

G =
[
Ro − Lqo

/
Ts πvLdo

/
τ

−πvLqo
/
τ Ro − Ldo

/
Ts

]
,

H =
[
Lqo
/
Ts 0

0 Ldo
/
Ts

]
.

In order to facilitate the following analysis, the current
vector at the beginning of the (k+1)th period in (5) is moved
to the left of equation, which is shown as

I (k + 1) = G0 · I (k)+H0 · [V (k)− λ− D (k)] (6)

where

G0 =

[
1− RoTs

/
Lqo −πvTs

/
τ

πvTs
/
τ 1− RoTs

/
Lqo

]
,

H0 =

[
Ts
/
Lqo 0
0 Ts

/
Lqo

]
.

III. PCC SCHEME AND ITS ISSUES
A. PCC WITH ONE-STEP DELAY ISSUE
Without considering the delay of the digital control, the volt-
age command V∗(k) is deduced in according to (5).

V∗ (k) = G · I (k)+H · I∗ (k + 1)+ λ+ D (k) (7)

where the subscript ‘‘∗’’ represents the command.
iF ignoring the disturbance vector D(k), theoretically, the

actual current can track the command one after one sampling
period. However, due to one-step delay in the digital control,
V∗(k) is added to the inverter after one control period. Con-
sequently, the actual current has a poor stability. The timing
sequence and performance of PCC with the one-step delay
issue are shown in Fig. 1.

FIGURE 1. PCC without the one-step delay compensation. (a) Timing
sequence diagram. (b) Current tracking Performance.
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To overcome this problem, we can calculate the voltage
command during the next period.

V∗ (k + 1) = G · I (k + 1)

+H · I∗ (k + 2)+ λ+ D (k + 1) . (8)

Since the actual current I(k+1) and parameter disturbance
D(k + 1) of next period are unknown, and we have to esti-
mate them through some observation technology. Thus (8) is
rewritten as

V∗ (k + 1) = G · Î (k + 1)

+H · I∗ (k + 2)+ λ+ D̂ (k + 1) . (9)

After the above analysis, the current command can be
tracked after two sampling periods. The timing sequence and
performance of PCC with the one-step delay compensation
are shown in Fig. 2.

FIGURE 2. PCC with the one-step delay compensation. (a) Timing
sequence diagram. (b) Current tracking Performance.

B. PARAMETER MISMATCH ISSUE
It is assumed that the actual voltage is equal to the command.

V (k + 1) = V∗ (k + 1) (10)

According to (5), V(k + 1) satisfies the following
relationship.

V (k + 1) = G · I (k + 1)

+H · I (k + 2)+ λ+ D (k + 1) (11)

To analyze the influence of parameter disturbance, in the
process of the controller design, it is assumed that D̂ (k + 1)
in (9) is ignored, and the estimated Î (k + 1) is equal to
its actual value I(k + 1). Therefore, according to (9), (10)
and (11), the tracking error is calculated as

I∗ (k + 2)− I (k + 2) = H−1 · D (k + 1) . (12)

We can further express (12) in the following form.
i∗q (k + 2)− iq (k + 2) =

Ts
Lso
ζq (k + 1)

i∗d (k + 2)− id (k + 2) =
Ts
Lso
ζd (k + 1).

(13)

If the resistance changes (the disturbance value is1R), and
the other parameters stay the same. According to (3) and (13),
the tracking error is simplified as

i∗q (k + 2)− iq (k + 2) =
1RTs
Lso

iq (k + 1)

i∗d (k + 2)− id (k + 2) =
1RTs
Lso

id (k + 1).
(14)

It is obvious there is a constant error after the current gets
to a stable state, and it is proportional to the disturbance
value 1R. Hence the resistance variation reduces the current
control precision.

If the inductance changes (the disturbance is 1L), and the
others remain unchanged, the error is expressed as

i∗q (k + 2)− iq (k + 2) =
1Lq
2Lso

(
iq (k + 2)− iq (k)

)
+
πv1LdTs
τLso

id (k + 2)

i∗d (k + 2)− id (k + 2) =
1Ld
2Lso

(id (k + 2)− id (k))

−
πv1LqTs
τLso

iq (k + 2) .

(15)

On the right side of (15), it can be seen that the first
term is related to the dynamic variation of the actual current,
which means the inductance variation can affect the dynamic
property of the current controller. In addition, the value of
the second term is proportional to the velocity, d-axis or
q-axis current. Because the controller adopts the field ori-
ented control method with id = 0, the second term mainly
brings d-axis current tracking error.

Similarly, only the flux linkage changes (the disturbance is
1λf ), the error is given asi∗q (k + 2)− iq (k + 2) =

πvTs
Lsoτ

1λf (k + 1)

i∗d (k + 2)− id (k + 2) = 0.
(16)

It is obvious that the d-axis current is not influenced under
the flux linkage variation, but the tracking error of the q-axis
current changes with the actual velocity. Basically, the error
is proportional to the velocity.

IV. SUPER-TWISTING SLIDING-MODE OBSERVER DESIGN
According to the analysis in Section III, obviously, the accu-
rate estimations of I(k+1) andD(k+1) take a critical part in
the process of obtaining the high-performance PCC. There-
fore, this section estimates I(k + 1) and D(k + 1) through
designing the STSMO, and compared with the second-
order STSMO, the observation performance of the third-
order STSMO is significantly improved. As is well-known,
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the electromagnetic thrust is proportional to the q-axis current
if the air gap flux density is not saturated. Therefore, based on
the field oriented control method with id = 0, this paper takes
the q-axis current iq as an example. Fig. 3 shows the block
diagram of the proposed PCC with STSMO for PMLSM
drives.

FIGURE 3. Block diagram of the proposed PCC with STSMO for PMLSM
drives.

A. SECOND-ORDER STSMO
According to (6), when the parameter variation is taken into
account, the state equation is established as
diq
dt
= −

Ro
Lqo

iq +
vq
Lqo
−

πv
τLqo

(
Ldoid + λfo

)
−
ζq

Lqo
dζq
dt
= ρ (t)

(17)

where ρ(t) is the derivative of ζq. Since the disturbance is
continuous, there is a positive constant 1 which satisfies

|ρ (t)| ≤ 1. (18)

Since the second-order STSMO was proposed by
Levant [29], this algorithm has been widely used in the
uncertain systems. Define the state error and the second-order
STSMO dynamic equation as

e1 = îq − iq (19)

dîq
dt
= −

Ro
Lqo

iq +
vq
Lqo
−

πv
τLqo

(
Ldoid + λfo

)
−
ζ̂q

Lqo
− k1 |e1|1/2 sgn (e1)

d ζ̂q
dt
= Lqok2sgn (e1)

(20)

where e1 is the error variable, îq and ζ̂q are estimated values.
Meanwhile, we define the second estimated error in the fol-
lowing form

e2 = −
ζ̂q

Lqo
+
ζq

Lqo
. (21)

At the initial moment, we can set the initial solutions as
îq = iq and ζ̂q = 0. The error dynamics can be expressed as

de1
dt
= −k1 |e1|1/2 sgn (e1)+ e2

de2
dt
= −k2sgn (e1)+

ρ (t)
Lqo

.
(22)

Due to |ρ (t)| ≤ 1, we can define a positive constant 11
that satisfies |ρ (t)|

/
Lqo ≤ 1

/
Lqo = 11. We can see (22) is

the same as the super twisting observer in [30] and [31], and
based on the stability analysis proved in [30] and [31], we can
use the conclusion that e1 and e2 will converge to zero in finite
time if k1 and k2 are set as the following formk1 >

√
2

k2 −11

(k2 +11) (1+ p)
1− p

k2 > 11

(23)

where p is a constant, and satisfies 0 < p < 1.
To solve the two problems in PCC, I(k + 1) and D(k + 1)

should be estimated, which means that the second-order
STSMO has to be discretized. The discrete-time equation is
expressed in the form of the first-order Taylor series expan-
sion.

îq (k + 1) = Ts

[
−
Ro
Lqo

iq (k)+
vq (k)
Lqo

−
πv (k)
τLqo

(
Ldoid (k)+ λfo

)]
−
Tsζ̂q (k)
Lqo

−Tsk1|e1(k)|1/2sgn (e1 (k))+ îq(k)

ζ̂q (k + 1) = TsLqok2sgn (e1 (k))+ ζ̂q (k)
(24)

where îq (k + 1) and ζ̂q (k + 1) are the corresponding estima-
tions at the (k + 1)th sampling instant, vq(k), id (k), v(k), and
e1(k) are the corresponding estimations at the kth sampling
instant, respectively. Fig. 4 shows the block diagram of the
second-order STSMO.

FIGURE 4. Block diagram of the second-order STSMO.

B. THIRD-ORDER STSMO
Although the one-step delay and parameter mismatch issues
can be solved by combining the second-order STSMO,

VOLUME 6, 2018 40933



M.-Y. Wang et al.: High-Bandwidth and Strong Robust Current Control Strategy for PMLSM Drives

the chattering problem brought by low-order SM has to be
considered, and this problem can introduce a lot of electro-
magnetic noise and reduce the tracking precision. Therefore,
this part constructs a third-order STSMO, which not only
could observe I(k+1) andD(k+1) accurately and quickly, but
also efficiently suppress the chattering problem. In addition,
it is different from the second-order STSMO that the third-
order STSMO also considers the derivative of parameter
disturbance, which makes a more appropriate observation.

According to the state equation given in (17), the dynamic
equation of the third-order STSMO is defined as

dîq
dt
= −

Ro
Lqo

iq +
vq
Lqo
−

πv
τLqo

(
Ldoid + λfo

)
−
ζ̂q

Lqo
− k1 |e1|2/3 sgn (e1)

d ζ̂q
dt
= Lqok2 |e1|1/3 sgn (e1)+ ρ̂ (t)

d ρ̂ (t)
dt
= Lqok3sgn (e1)

(25)

If ρ(t) is regarded as the third estimated value, the third
estimated error is written as

e3 = −
ρ̂ (t)
Lqo
+
ρ (t)
Lqo

. (26)

At the initial moment, we can assume that the initial solu-
tions are îq = iq, ζ̂q = 0, and ρ(t0) = 0. The error dynamic
can be deduced as

de1
dt
= −k1 |e1|2/3 sgn (e1)+ e2

de2
dt
= −k2 |e1|1/3 sgn (e1)+ e3

de3
dt
= −k3sgn (e1)+

ρ̇ (t)
Lqo

.

(27)

According to [32]–[34], if ρ(t) is a Lipschitz and
|ρ̇ (t)|

/
Lqo ≤ 12, (27) is stable, and the corresponding

stability analysis has been discussed. Therefore, if choosing
some appropriate positive k1, k2 and k3 on the basis of [34],
e1, e2 and e3 will quickly converge to zero in finite time.
Then, the third-order STSMO dynamic equation is dis-

cretized as

îq (k + 1) = Ts

[
−
Ro
Lqo

iq (k)+
vq (k)
Lqo

−
πv (k)
τLqo

(
Ldoid (k)+ λfo

)]
−
Tsζ̂q (k)
Lqo

− Tsk1 |e1 (k)|2/3 sgn (e1 (k))+ îq (k)

ζ̂q (k + 1) = TsLqok2 |e1 (k)|1/3 sgn (e1 (k))
+ Tsρ̂ (k)+ ζ̂q (k)

ρ̂ (k + 1) = TsLqok3sgn (e1 (k))+ ρ̂ (k).

(28)

To understand the third-order STSMO clearly, its block
diagram is depicted in Fig. 5.

FIGURE 5. Block diagram of the third-order STSMO.

V. EXPERIMENTAL VERIFICATION
To verify the validity of the proposed method, a precise
testing platform with the aerostatic guide is built, as shown as
Fig. 6. The testing motor is the iron core PMLSM. The mov-
ing primary is installed on the mover of the linear guide. The
position sensor adopts Renishaw linear incremental encoder
with a resolution of 0.1 [µm].

FIGURE 6. Experimental platform of the PMLSM system.

The testing PMLSM is driven by the voltage source
inverter, and a DSP-based controller is designed to implement
the proposed algorithm. The selected TMS320F28335 is a
32-bit floating-point DSP, and has 150 [MHz] of high-speed
operation capacity. In addition, a XC3S50 FPGA is utilized to
realize some functions including fault diagnosing and inter-
face configuring. The experimental data are displayed on the
oscilloscope by a 12-bit DA converter. The block diagram
of the experimental platform is shown in Fig. 7. The main
parameters of PMLSM are given in Table 1.

Based on the SVPWM technology, the voltage command
can be loaded to the PMLSM, and the switching frequency
is set to 5 [kHz]. In the experimental process, under the
condition of the parameter match or mismatch, the results of
the q-axis current tracking performance with the PCCmethod
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FIGURE 7. Block diagram of the experimental platform.

TABLE 1. Main parameters of PMLSM.

are depicted. Then in order to solve the parameter mismatch
issue, the results with the proposed PCC+STSMO method
are shown, and the comparative results between the second-
order and third-order STSMO are also given and discussed.
To fully prove the correctness of the proposed method, what
is more, the experiments of PCC+STSMO with the different
current commands are also been carried out.

Fig. 8 shows the q-axis current tracking performance of
PCC under the parameter match. It can be seen that the PCC
method has an ideal current tracking performance. The actual
current can track the command with zero steady-state error.
Furthermore, unlike PI control, the overshoot phenomenon
does not happen.

FIGURE 8. Tracking performance of PCC under the parameter match.

According to the above theoretical analysis, the param-
eter variations may lead to the performance degradation.
Fig. 9 shows the experimental result under the resistance
variation (Ro = 2R). There is a steady-state error in the q-axis
current response after the tracking current reaches the steady-
state, which is consistent with the theoretic conclusion.

Fig. 10 shows the experimental result under the inductance
variation (Lso = 2Ls). It is clear that an oscillation phe-
nomenon appears when the inductance value set in the con-
troller is larger than the actual one. Hence a large inductance

FIGURE 9. Tracking performance of PCC under Ro = 2R without the
compensation.

FIGURE 10. Tracking performance of PCC under Lso = 2Ls without the
compensation.

FIGURE 11. Tracking performance of PCC under λfo = 2λf without the
compensation.

set value may make the system unstable, which is a serious
problem for the PCC.

Fig. 11 shows the experimental result under the flux
linkage variation (λfo = 2λf ). Obviously, the tracking
error is related to the actual velocity, and there is a pro-
portional relationship between the tracking error and the
velocity.

To verify the correctness of the designed STSMO,
Fig. 12 shows the results of the q-axis current tracking perfor-
mance of PCC under different parameter variations with the
second-order STSMO. The second-order STSMOparameters
are set as k1 = 40, and k2 = 14000. Fig. 12(a) shows the
compensation result under the resistance variation. Compared
with Fig. 9, the steady-state error is zero, and the estimated
disturbance voltage is about 6.5 [V], which is consistent
with the calculation value in (14). Fig. 12(b) shows the
compensation result under the inductance variation. It does
not have the oscillation phenomenon, and just has an over-
shoot caused by the compensation process. In Fig. 12(b),
we can see the disturbance voltage suddenly increases at the
moment of the q-axis current change. After the compensation,
the dynamic tracking performance is significantly improved,
and the unstable situation disappears. Fig. 12(c) shows the
compensation result under the flux linkage variation. The
estimated disturbance voltage linearly increases or decreases
with the acceleration or deceleration. Finally, through the
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FIGURE 12. Tracking performance of PCC under the parameter variations
with the second-order STSMO. (a) Ro = 2R. (b) Lso = 2Ls. (c) λfo = 2λf .

estimation of the second-order STSMO, the error caused
by the flux linkage variation is obviously eliminated. Apart
from the estimation of parameter variation, the estimation

FIGURE 13. Tracking performance of PCC under the parameter variations
with the third-order STSMO. (a) Ro = 2R. (b) Lso = 2Ls. (c) λfo = 2λf .

results of the q-axis current are also very accurate, and the
estimation values can be used to solve the one-step delay
issue.
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FIGURE 14. Tracking performance of PCC under the parameter variations
(Ro = 2R, Lso = 2Ls, λfo = 2λf ) with different STSMOs. (a) Second-order
STSMO (b) Third-order STSMO.

Compared with Fig. 12, Fig. 13 shows the results of the
tracking performancewith the third-order STSMO. The third-
order STSMOparameters are set as k1 = 40, k2 = 14000, and
k3 = 50000. It is obvious that the performance degradation
caused by parameter variations is also suppressed. Beyond
that, the chattering caused by the SM algorithm is dramati-
cally reduced by the constructed third-order STSMO, which
will contribute to reduce the electromagnetic noise.

To further prove the universal applicability of the proposed
method, the amplitude of the current command changes from
1 [A] to 2 [A], and Fig. 14 shows the compensation results
of the PCC method under parameter variations (Ro = 2R,
Lso = 2Ls, λfo = 2λf ) with two kinds of STSMO. It can be
seen that the PCC with the third-order STSMO has a better
tracking performance regardless of the parameter disturbance
problem or chattering problem. Therefore, the proposed PCC
with the third-order STSMO has the excellent performance.

To express the proposed method clearer, the compari-
son results between PCC without any compensation and
PCC+STSMO are summarized in Table 2.

TABLE 2. Comparison results between PCC and PCC+STSMO.

Furthermore, we also compare PI control with the proposed
PCC+STSMO. Firstly, the control performance for different
current commands with the same PI gains is shown in Fig. 15.
The command is a step signal, and the controller with the
same set of parameters (kp = 30, ki = 0.02). It is clear that
tracking performance becomes worse when the amplitude of
the command increases, which means this set of parameters
under different operating conditions is not optimal all the
time.

FIGURE 15. Step tracking test for different command amplitudes with the
same PI parameters (kp = 30, ki = 0.02). (a) 1 [A]. (b) 2 [A].

FIGURE 16. Proposed PCC for different command amplitudes. (a) 1 [A].
(b) 2 [A].

Fig. 16 shows the proposed PCCmethod for different com-
mand amplitudes. Different from PI Control, the tracking per-
formance is not influenced by the variation of the command
amplitude. Therefore, PCCwith the parameter robustness has
the better control performance than PI.

VI. CONCLUSIONS
This paper has proposed a high-performance current closed-
loop with the PCC+STSMO scheme. For the one-step delay
and parameter mismatch issues of the conventional PCC,
they can be effectively eliminated by the proposed control
scheme. Especially, the constructed STSMO is not only
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to observe the d-q axis currents, which are used in the
solution of one-step delay problem, but also to accurately
estimate the parameter disturbance voltage. Thereby the
perfect combination between PCC and STSMO can introduce
a high-bandwidth and strong robust current control strat-
egy for PMLSM drives. In addition, through designing the
third-order STSMO, the chattering effect can be obviously
suppressed, and a better observation can be achieved. Accord-
ing to the experimental results, under different parameter
variations, the presented PCC+STSMO method can always
acquire a good static and dynamic performance.
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