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A DSVM-Based MPC Strategy With Magnetizing
Inductance Online Identification Method for Thrust

Ripple Suppression in Linear Induction Machine
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Yirong Tang , Student Member, IEEE, and Yongdao Shangguan

Abstract—The conventional discrete space vector modulation-
based model predictive control (DSVM-MPC) strategies in linear
induction machines (LIMs) have two problems, one is that the
current harmonics and thrust ripple are large as accuracy of the
voltage vector (VV) is insufficient under the limited computational
burden, and the other is that the parameter robustness is poor.
To solve these problems, an improved DSVM-MPC strategy with
magnetizing inductance online identification method for LIMs is
proposed. First, an improved virtual VV discretization method
and an optimal VV searching method are proposed, which can
obtain more accurate VV with less computational burden compare
to conventional DSVM-MPC strategies. Then, to improve the pa-
rameter robustness, a magnetizing inductance online identification
method based on back electromotive force (EMF) is proposed, and
a sliding mode observer (SMO) is designed to observe back EMF,
which effectively avoids the current differential term. Furthermore,
an adaptive compensation algorithm for cascaded low-pass filters
is conceived to effectively suppress the inherent chattering of the
SMO, and the amplitude and phase of the fundamental wave are
appropriately compensated. Finally, the superiority of the pro-
posed method is verified through comprehensive simulations and
experiments on a 3kW LIM prototype.

Index Terms—Discrete space vector modulation (DSVM),
inductance identification, linear induction machine (LIM), model
predictive control (MPC), thrust ripple.
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NOMENCLATURE

u1αβ u1αβ = [u1α, u1β]T, αβ-axis primary voltages.
i1αβ i1αβ = [i1α, i1β]T, αβ-axis primary currents.
i2αβ i2αβ = [i2α, i2β]T, αβ-axis secondary currents.
ψ2αβ ψ2αβ = [ψ2α, ψ2β]T, αβ-axis secondary fluxes.
emαβ emαβ = [emα, emβ]T, αβ-axis back EMFs.
imαβ imαβ = [imα, imβ]T, αβ-axis magnetizing currents.
Fe Electromagnetic thrust.
L1σ , L2σ Primary and secondary leakage inductances.
Lm Magnetizing inductance.
R1, R2 Primary and secondary resistances.
k, k + 1 k and k + 1 instants.

Superscript
∗ Reference value.
p Predicted value.
^ Estimated value.

Subscript
1, 2 Variables for primary and secondary of LIM.
α, β Components of αβ-axis.
d, q Components of dq-axis.
ref Reference model value.
adp Adaptive model value.

I. INTRODUCTION

THE linear induction machines (LIMs) derived from rotary
induction machines (RIMs) can generate thrust in a straight

direction without any conversion device [1]. Compared with
RIMs, LIMs have many advantages, such as a simple mechanical
structure, high reliability, fast acceleration and deceleration,
which are very suitable for urban rail transit, industrial servo
system, [2], [3]. The commonly used LIMs control strategies
include vector control, direct thrust control, dead-beat control,
model predictive control (MPC), and so on [4], [5], [6]. Among
these control strategies, the MPC strategies have the advantages
of fast dynamic response, simple implementation and flexible
multiobjective control, and have been widely studied [7].

In ac motor control, it can be classified as continuous-control-
set model predictive control (CCS-MPC) and finite-control-set
model predictive control (FCS-MPC) based on the degree of
state control in the switching devices. The CCS-MPC directly
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calculates the optimal voltage vector (VV) based on the cost
function, which is error-free. Unfortunately, the CCS-MPC is
usually used as a sub-link to replace the PI controller in vec-
tor control to achieve better response speed and decoupling.
Compared to the FCS-MPC strategy, the CCS-MPC strategy
demonstrates significantly higher complexity when addressing
problems involving multiobjective optimization and multicon-
straints [8], [9], as solving them through linear programming
algorithms imposes a substantial computational burden. In con-
trast, FCS-MPC is simple and easy to implement, but con-
ventional FCS-MPC strategies usually apply only one VV per
control cycle. There is a large prediction error between the actual
optimal VV and the applied VV, which produces large current
harmonics and thrust ripple.

To suppress current harmonics and thrust ripple, dual-vector,
and triple-vector MPC strategies are proposed by combining
MPC strategies with voltage vector modulation [10], [11], [12].
These multivector control strategies increase the freedom in
VV selection and improve the control performance, but are
computationally intensive during each control cycle [7]. A sim-
ple and efficient discrete space vector modulation-based MPC
(DSVM-MPC) strategy is proposed, which constructs multiple
virtual VVs to search for the optimal VV [13] [14]. With the
number of virtual VVs increases, the control performance of
the system is significantly improved. However, it also increases
the computational burden of the algorithm, causing time delay
and reducing the control performance. To avoid this drawback,
the corresponding optimal VV searching methods are proposed
in [15], [16], and [17]. In [15], an independent searching method
for the phase and amplitude of the optimal VV is designed, which
further improves control accuracy and search efficiency, and
provides a strict mathematical proof of the design principle. In
[16], a VV discretization method based on the rhomboid center
and an optimal VV searching method is proposed to reduce
complexity. In [17], a modified bisection method is presented
that saves approximately 66.7% of the computational burden
compared to the dichotomy algorithm per iteration. However,
due to the limited computational capability of microprocessors,
the control performance improvement is limited. Thereof, fur-
ther improvements are greatly desirable.

On the other hand, the MPC strategy is very sensitive to the
model parameters, and the mismatched parameters will increase
the prediction error and decrease the control performance [18].
Till now, main methods to improve the parameter robustness
of MPC strategy have mainly included model-free predictive
control (MFPC) strategy and parameter identification method.
The MFPC strategies are not related to any structural infor-
mation, and they are only designed from the input/output data
of the controlled system, which are suitable for most kinds of
electrical machines [19], [20], [21]. However, the secondary
flux of LIMs needs to be observed, which is still affected by
the magnetizing inductance. Hence, the MFPC strategies only
apply to the predictive current controller, but the secondary flux
observer is still affected by the parameter mismatch. Compared
with RIMs, the LIMs feature the cut-open primary iron core,
resulting in the end effect that cause nonlinear changes in
the magnetizing inductance and other parameters, especially

during high-speed region [22], [23]. Among these parameters,
the magnetizing inductance which changes dramatically due to
end effects has the greatest impact on the control performance
[24]. Thereby, the magnetizing inductance identification meth-
ods may be more appropriate, and the magnetizing inductance
identification methods of LIMs are studied [25], [26], [27],
[28]. Currently, there are two main magnetizing inductance
identification methods for LIMs, i.e., offline and online ones.
Generally, the offline identification method is difficult to cover
the changes of magnetizing inductance affected by all factors,
such as primary iron core saturation and air-gap change [25],
[26]. In [27], according to the T-type equivalent circuit in [23],
a magnetizing inductance online identification method based on
MARS is proposed, which takes secondary flux as the observa-
tion object, but its reference model is still affected by magnetiz-
ing inductance. Subsequently, the reference model established
by back electromotive force (EMF) can avoid this drawback
[28], but there is current differential term in the reference model,
which is susceptible to current noise. Further improvement has
been made by directly observing the back EMF with an extended
state observer, which has a more accurate reference model, but
the harmonic content of the observed back EMF is still large [5].
Thus, it is necessary to further investigate on a more practical and
accurate magnetizing inductance online identification method to
improve the parameter robustness of DSVM-MPC strategy.

Based on the abovementioned, to suppress the current har-
monics and thrust ripple, a DSVM-MPC strategy with mag-
netizing inductance online identification method for LIM is
presented.

The rest of this article is organized as follows. In Section Ⅱ,
the conventional FCS-MPC strategy of LIM is established. In
SectionⅢ, a DSVM-MPC strategy is proposed, which includes
a discretization method with high control performance and a
searching method with less computational burden. In Section IV,
a magnetizing inductance online identification method is pro-
posed to improve the parameter robustness of DSVM-MPC. In
Section Ⅴ, comprehensive simulations and experiments are car-
ried out on a 3 kW prototype, and the correctness and superiority
of the proposed method is verified. Finally, SectionⅥ concludes
this article.

II. REVIEW OF CONVENTIONAL FCS-MPC STRATEGY FOR

LIM

According to the T-type equivalent circuit of LIM proposed
by Duncan [23], the primary current and secondary flux in the
αβ-axis can be described as

⎧⎪⎪⎨
⎪⎪⎩

di1αβ

dt =
u1αβ

σL1
−
(
R1 +

R2L
2
m

L2
2

)
i1αβ

σL1

+
(

R2Lm

L2
2

− j Lm

L2
ω2

)
ψ2αβ

σL1

dψ2αβ

dt = R2Lm

L2
i1αβ − R2

L2
ψ2αβ + jω2ψ2αβ

(1)

where σ = 1− L2
m/L1L2, L1 = Lm+L1σ , L2 = Lm+L2σ, ω2

= v2π/τ , L1, L2, ω2, v2 and τ are the primary inductance,
secondary inductance, secondary angular, speed and pole pitch,
respectively.
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Fig. 1. Conventional FCS-MPC diagram of LIM.

The conventional FCS-MPC strategy diagram of LIM is
shown in Fig. 1. Base on (1), the current prediction model and
secondary flux prediction model of LIM can be expressed as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

i1αβ (k+1) = Ts

σL1⎡
⎣u1αβ(k) +

(
σL1

Ts
−R1 − R2L

2
m

L2
2

)
i1αβ(k)

+
(

R2Lm

L2
2

− j Lm

L2
ω2

)
ψ2αβ(k)

⎤
⎦

ψ2αβ (k+1) = Ts

[
R2Lm

L2
i1αβ (k)

−
(

R2

L2
− 1

Ts
− jω2

)
ψ2αβ(k)

]
(2)

where Ts is the control period.
Based on the prediction model, eight basic VVs are substi-

tuted into the pre-set cost function (3) to evaluate their control
performance, and then the one with the smallest cost function
will be selected as the optimal VV for the next control period

g = [i∗1α − i1α (k + 2)]2 +
[
i∗1β − i1β (k + 2)

]2
. (3)

It can be seen from Fig. 1, the conventional FCS-MPC strategy
has only eight basic VVs, and large voltage errors lead to high
harmonic current content, resulting in large thrust ripple. Mean-
while, based on (2) and (3), the accuracy of secondary flux and
current prediction heavily depends on the parameters of LIM.
Once the parameters are mismatched, the control performance
of the system will decrease to some extent.

III. IMPROVED DSVM-MPC STRATEGY WITH LESS

COMPUTATIONAL BURDEN

To further reduce the current harmonics and thrust ripple
within less computational burden, a virtual VV discretization
method and an optimal VV searching method are presented in
this section.

A. Virtual VV Discretization Method

The number of virtual VVs depends on the numbers of time
intervals n and m in a control period Ts. The proposed space VV
diagram is shown in Fig. 2, and the number of total virtual VVs
ntotal determined by

ntotal = 2× 3n+m−1 (4)

Fig. 2. Proposed spatial VV plane.

Fig. 3. Theoretical analysis of the searching method. (a) Case 1. (b) Case 2.

where n and m are positive integers, which can be adjusted
separately to achieve appropriate control performance.

B. Theory of Optimal VV Searching Method

For the spatial VV plane described in Fig. 2, the searching
of amplitude and phase in two independent stages. Fig. 3 de-
scribes two methods corresponding to different search orders,
in which Fig. 3(a) searches the amplitude first, then the phase,
and Fig. 3(b) searches the reverse order.

In Fig. 3, uopt (OA) is the optimal VV in two search orders.
In case 1, if the phase is assumed to be zero, |OB| is found
as the applied amplitude with the minimized cost function.
Subsequently, the amplitude is fixed to be |OB|, uOD is found
as the applied VV with the minimized cost function. Obviously,
there is an error ε = uDA between uOD and uopt, and the error
is 0 only if the assumed phase coincides with the phase of the
optimal VV, which is almost impossible.

On the contrary, in case 2, the amplitude is set to 0.75um (um
=
√
3/3 udc, udc is the dc-link voltage), and θOE is found as

the applied phase with the minimized cost function. Then, the
phase is fixed to be θOE, uOF is found as the applied VV with
the minimized cost function. Theoretically, the error ε = uFA
can be made to converge to 0 with a sufficiently large number of
virtual VVs. Therefore, the above analysis proves that searching
for phase firstly and then amplitude is the way to find the optimal
VV.
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Fig. 4. Execution steps of the optimal VV searching method. (a) Steps to
search the phase of the optimal VV. (b) Steps to search the amplitude of the
optimal VV.

C. Execution Steps of Optimal VV Searching Method

In this subsection, the principle of the proposed optimal VV
searching method will be introduced by explaining its execution
steps. To clarify the proposed method, the actual optimal VV is
set to uopt, as shown in Fig. 4.

Steps to search the phase of the optimal VV: Step 1∼step n,
in which the vector length is set to 0.75um. More details are
summarized as follows.

Step 1: The three candidate voltage vectors (CVVs) with
difference phase 2π/3 are evaluated to find an optimal one
with minimized cost function g, and its phase is recorded as
θsel(1).

Step 2: The phase of three CVVs is set to θsel(1), θsel(1)+2π/9
and θsel(1)-2π/9, respectively, and evaluated to find the minimum
cost function g, and its phase is recorded as θsel(2).

Step n: The phase of three CVVs is set to θsel(n-1),
θsel(n-1)+2π/3n and θsel(n-1)-2π/3n, respectively, and evaluated
to find the minimum cost function g, and its phase is recorded
as θsel(n).

By implementing Step n according to the above descriptions,
the phase of VV θsel(n) with the smallest error from uopt can be
obtained, and the maximum relative error is εθmax = π/3n.

Steps to search the amplitude of the optimal VV: Step
n+1∼Step n+m, in which the phase is set to θsel(n).

Step n+1: The amplitude of two CVVs is set to 0.25um and
0.75um, and evaluated to find the minimum cost function g, and
its amplitude is recorded as usel(1).

Step n+2: The amplitude of three CVVs is set to usel(1),
usel(1)+um/6 and usel(1)-um/6, respectively, and evaluated to
find the minimum cost function g, and its amplitude is recorded
as usel(2).

Step n+m: The amplitude of three CVVs is set to usel(m-1),
usel(m-1)+um/(2×3m-1) and usel(m-1)-um/(2×3m-1), respec-
tively, and evaluated to find the minimum cost function g, and
its amplitude is recorded as usel(m).

TABLE I
COMPARISON WITH CONVENTIONAL METHODS

Similarly, the amplitude of VV usel(n) with the smallest error
from uopt can be obtained, and the maximum relative error is
εumax = um/(4×3m-1).

Finally, the obtained optimal VV is transmitted to a PWM
modulator to generate PWM signal. The whole spatial VV plane
is discretized into 2×3n+m-1 parts through n+m steps, and the
number of total CVVs nCVV = 2(n+m) needs to be evaluated.

D. Comparison With Conventional Methods

A comparison with conventional methods is made to indicate
the advantages of the proposed optimal VV searching method,
and the results are given in Table I. It can be clearly found that
when nCVV is similar, the proposed method divides more virtual
VVs, which indicates the proposed method has higher accuracy.

IV. MAGNETIZING INDUCTANCE ONLINE IDENTIFICATION

METHOD WITH STRONG PARAMETER ROBUSTNESS

It is proved that the mismatch of magnetizing inductance has a
great influence on the control performance of MPC strategies. A
magnetizing inductance online identification method with strong
parameter robustness is proposed in this section.

A. Magnetizing Inductance Sensitivity Analysis

To visualize the impact of magnetizing inductance mis-
matched on prediction errors, assuming the magnetizing induc-
tance in the controller is Lmc, the predicted primary currents and
secondary fluxes can be given as⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

i
p
1αβ (k+1) = Ts

σcL1c⎡
⎣u1αβ(k) +

(
σcL1c

Ts
−R1 − R2L

2
mc

L2
2c

)
i1αβ(k)

+
(

R2Lmc

L2
2c

− j Lmc

L2c
ω2

)
ψ2αβ(k)

⎤
⎦

ψ
p
2αβ (k+1) = Ts[
R2Lmc

L2c
i1αβ (k)−

(
R2

L2c
− 1

Ts
+ jω2

)
ψ2αβ (k)

]
(5)

where L1c = Lmc+L1σ , L2c = Lmc+L2σ are the primary and
secondary inductance in the controller, σc = 1− L2

mc/L1cL2c.
The prediction error of current Δi1αβ and thrust can be

expressed as

Δi1αβ = ip1αβ(k + 1)− i1αβ(k + 1)

=

(
1

σcL1c
− 1

σL1

)
Tsuαβ (k)

+

[(
R1

σL1
+
R2L

2
m

σL1L2
2

)
−
(

R1

σcL1c
+

R2L
2
mc

σcL1cL2
2c

)]
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Fig. 5. Prediction error of thrust under different magnetizing inductance and
speed. (a) Current. (b) Thrust.

Tsi1αβ (k)

+

⎡
⎣
(

R2Lmc

σcL1cL2
2c

− j Lmc

σcL1cL2c
ω2

)
−(

R2Lm

σL1L2
2
− j Lm

σL1L2
ω2

)
⎤
⎦Tsψ2αβ (k)

(6)

ΔFe =
3π

2τ

[
ψp

1αβ (k+1)⊗ ip1αβ (k+1)

−ψ1αβ (k+1)⊗ i1αβ (k+1)
]

(7)

where ψ1αβ are the αβ-axis primary fluxes, which can be
derived from secondary fluxes, ψ1αβ = Lm

L2
ψ2αβ + σL1i1αβ .

For the convenience of analyzing prediction error, it is as-
sumed that u1(10,0) is the optimal VV acting on the inverter in
the current period,ψ2α= 0.3cosθWb,ψ2β = 0.3sinθWb, i1α=
22cosθA, i1β = 22sinθA, θ=π/4, and the sampling period Ts is
0.0002 s. The prediction errors for current and thrust are shown
in Fig. 5, illustrating the effect of the magnetizing inductance
mismatch. From (3), inaccurately predicted currents affect the
cost function calculation and VV selection, which can generate
additional current harmonics and thrust ripple.

B. Magnetizing Inductance Online Identification Method
Based on SMO

From (1), the secondary flux model can be derived as

dψ2αβ

dt
=

L2

Lm

(
u1αβ −R1i1αβ − σL1

di1αβ
dt

)
. (8)

With (8) as the reference model and the secondary flux in (1)
as the adaptive model, combined with the appropriate adaptive
law, the principle magnetizing inductance online identification
method based on MRAS is drawn as Fig. 6.

However, it can be seen from (8) that the secondary flux is
affected by the magnetizing inductance and is not a reference
model in the true sense. Then, the pure integrator is also needed

Fig. 6. Diagram of online identification method for magnetizing inductance.

Fig. 7. Bode plots of the transfer function. (a) Magnitude. (b) Phase.

to compute the secondary flux. To eliminate the above defects,
the back EMF is defined as the observed quantity [28], as given
by

emαβada =
Lm

L2

dψ2αβ

dt
= u1αβ −R1i1αβ − σL1

di1αβ
dt

(9)

where σL1≈L1σ+L2σLm0/(L2σ+Lm0), Lm0 is the magnetizing
inductance with standstill LIM.

The adaptive model can be derived by

emαβadp =
L̂2
m

L̂2

dimαβ

dt

=
L̂2
m

L̂2

(
jω2imαβ − R2

L̂2

imαβ +
R2

L̂2

i1αβ

)
(10)

where imαβ = i1αβ+(L2/Lm)i2αβ .
The adaptive law is designed as

1

L̂m

=

(
kp +

ki
s

)
(êmαβref − emαβada)

Têmαβref (11)

where kp and ki are positive numbers and s is a differential
operator.
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Fig. 8. Diagram of the proposed magnetizing inductance identification
method.

Fig. 9. Overall control block of the proposed method.

Fig. 10. LIM experimental platform.

However, for the reference model given by (9), there is also a
differential term of current, which deteriorates the accuracy of
magnetizing inductance identification. To overcome this prob-
lem, an SMO is designed to obtain the reference back EMF. The

Fig. 11. Simulation results of the proposed identification method.

voltage model (9) can be rearranged as

di1αβ
dt

=
1

σL1
(−R1i1αβ + u1αβ − emαβ) . (12)

Considering the back EMF is a sinusoidal signal, it can be
described as

demαβ

dt
= jω2emαβ . (13)

According to (12) and (13), the reference model based on
SMO is designed as⎧⎪⎪⎨

⎪⎪⎩
d̂i1αβ

dt = 1
σL1[

−R1î1αβ + u1αβ − êmαβ − kmsign(Δi1αβ)
]

dêmαβ

dt = jω2êmαβ + knsign(Δi1αβ)

(14)

where km and kn are SMO paraments, Δi1αβ = î1αβ −
i1αβ , and sign() is a symbolic function. From (12)∼(14), the
estimation error can be derived by{

dΔi1αβ

dt = 1
σL1

[−RΔi1αβ −Δemαβ − kmsign(Δi1αβ)]
dΔemαβ

dt = jω2Δemαβ + knsign(Δi1αβ)
(15)

where Δemαβ = êmαβ − emαβ .
To ensure that the current estimation error converges to 0, the

gain km of SMO must meet condition Δi1αβ×(dΔi1αβ /dt)<0,
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Fig. 12. Simulation results of the proposed adaptive compensation algorithm.

Fig. 13. Simulation results of different methods. (a) Method in [28]. (b)
Method in [5]. (c) Proposed method.

Fig. 14. Dynamic experimental results of magnetizing inductance identifica-
tion.

which can be derived as{
km > −RΔi1αβ −Δemαβ , Δi1αβ > 0
km > RΔi1αβ +Δemαβ , Δi1αβ < 0

. (16)

Thus, the value range of km can be considered as km>0. If the
current estimation error converges to 0, it can be deduced from
(14) and (15) as

sêmαβ = jω2êmαβ − kn
km

(êmαβ − emαβ) . (17)

Furthermore, by rearranging (17), the transfer function can be
obtained as

G1(s) =
êmαβ

emαβ
=

k

s+ k − jω2
(18)

where k = kn/km. To ensure that the designed SMO is stable,
k>0 is required, that is, km and kn are both positive. The Bode
plots of the proposed observer is drawn as Fig. 7, where ω2 =
233 rad/s.

From Fig. 7(a), the high-frequency signal can be well reduced
in the whole value range of k. Furthermore, when k is small, a
certain low-frequency signal can be reduced. On the contrary,
the transfer function bandwidth is larger, meaning the dynamic
control performance is fast. Thus, a compromise must be made
when choosing k.

C. Adaptive Compensation Algorithm for Cascaded LPFs

From (15), there are lots of sliding mode chattering signals
generated by kmsign(Δi1αβ) and knsign(Δi1αβ). Therefore, the
LPFs are selected to filter out the sliding mode chattering,
and an improved adaptive compensation method is designed
to compensate the amplitude attenuation and phase delay of
the fundamental wave caused by LPFs. There are two identical
LPFs, and the transfer function can be described as

GLPF(s) =
ωc

s+ ωc
(19)

where ωc is the cutoff angular frequency of LPF. Through two
cascaded LPFs, the estimated back EMF can be expressed as

êmαβLPF2 = GLPFêmαβLPF1 = GLPF
2êmαβ (20)

where êmαβLPF1 = [êmαLPF1, êmβLPF1]
T and êmαβLPF2 =

[êmαLPF2, êmβLPF2]
T are estimated back EMF through a single

LPF and two cascaded LPFs, respectively.
By using LPFs, êmαβLPF1 and êmαβLPF2 have no high-

frequency sliding mode chattering. However, the LPF can cause
amplitude attenuation and phase delay in the filtered wave.
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Fig. 15. Experimental results of control performance. (a) f(Q) method with 0.5×Lm. (b) f(Q) method with accurate Lm. (c) Method in [5]. (d) Proposed method.

Fig. 16. FFT spectrum of current under different methods at rated speed.

Considering that the amplitude attenuation and phase delay of
the same filter are the same, it is possible to design cascaded
LPFs in reverse to derive the amplitude attenuation and phase
delay, as given by⎧⎪⎪⎪⎨

⎪⎪⎪⎩
ΔE = ELPF1

ELPF2
=

√
ê2mαLPF1+ê2mβLPF1√
ê2mαLPF2+ê2mβLPF2

Δθ = θLPF1 − θLPF2 = tan−1
(

êmβLPF1

êmαLPF1

)
−tan−1

(
êmβLPF2

êmαLPF2

) . (21)

Further, the filtered estimated back EMF êmαβLPF1 is com-
pensated by ΔE and Δθ, as expressed as

êmαβref = êmαβLPF1ΔE∠Δθ. (22)

Finally, a back EMF êmαβrefwithout sliding mode chattering,
amplitude attenuation, and phase delay can be obtained.

E. Overall System Construction

The control block of the proposed magnetizing inductance
online identification method is shown in Fig. 8. Fig. 9 illustrates
the overall control block of the proposed method, which con-
tains the proposed DSVM-MPC strategy with the magnetizing
inductance online identification method.

TABLE Ⅱ
MAIN PARAMETERS OF THE LIM

V. SIMULATION AND EXPERIMENTAL VERIFICATION

To verify the effectiveness and superiority of the proposed
DSVM-MPC strategy and the magnetizing inductance online
identification method, numerical simulation and experimental
tests are performed in this section.

The experimental platform is shown in Fig. 10, and main
parameters of LIM are given out in Table Ⅱ. Limited by the
space, the motor is designed as an arc structure, which has a
large radius to simulate the actual linear conditions [29]. The
microprocessor of the converter is DSP TMS320F28335, and
the sampling frequency is 5 kHz.

A. Simulations of Magnetizing Inductance Identification

The magnetizing inductance of LIM can be modified by
the coefficient f(Q) in [23]. The typical operation condition is
conducted, in which the reference speed changes as 4 to 11 m/s at
2 s, and the load changes as 0 to 100 N at 4 s, and the reference
secondary flux changes from 0.3 to 0.6 Wb at 4 s. Here, k is
selected by trial-and-error method as 400, and the cutoff angular
frequency of the LPFs is set to 1350 rad/s. Main simulation
results by the proposed magnetizing inductance online identifi-
cation method are given in Fig. 11, and the simulation results
of the proposed adaptive compensation algorithm proposed are
shown in Fig. 12.

From Fig. 11, the speed and secondary flux of the motor can
achieve a good tracking to the reference value throughout the
running process. The current reaches 22 A for a short time at
start-up, due to the thrust and flux needed to be established,
especially when high thrust is required. When the actual speed
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Fig. 17. Experimental comparisons of drive performance. (a) Conventional FCS-MPC strategy. (b) DSVM-MPC strategy in [16] with n = 3. (c) Proposed
DSVM-MPC strategy with n = m = 2. (d) Proposed DSVM-MPC strategy with n = m = 3.

Fig. 18. Experimental comparisons of load change at rated speed 11 m/s. (a) Conventional FCS-MPC strategy. (b) DSVM-MPC strategy in [16] with n = 3. (c)
Proposed DSVM-MPC strategy with n = m = 2. (d) Proposed DSVM-MPC strategy with n = m = 3.

reaches the reference speed, the current amplitude decreases
and stabilizes. When the 100 N load is added at 4 s, the current
and thrust increase simultaneously. In addition, the change trend
of the adaptive back EMF is closely related to that of the
reference back EMF. The identified magnetizing inductance are
consistent with their simulated values very well. From Fig. 12,
the proposed adaptive compensation algorithm effectively filters
out a considerable amount of chattering generated by SMO,
thereby compensating for the amplitude attenuation and phase
delay of the fundamental wave caused by LPF.

Moreover, based on the above process, the current noise with
a mean value of 0.5 A and a frequency of 2 kHz following a
normal distribution are added at 6 s. Under the conventional
FCS-MPC strategy, the proposed method is compared with the
methods in [28] and [5], and the simulation results are shown
in Fig. 13. In these figures, all these methods can match the
magnetizing inductance in simulation before adding the current
noise. However, the method in [28] is seriously impacted by
current noise, while the method in [5] and the proposed method
can effectively suppress the interference of current noise. This is
attributed to the successful avoidance of the current differential
term in the observer design. Compared with the method in [5],
the reference model of the proposed method has less harmonic
content of the back EMF, and the adaptive model is better
matched with the estimated back EMF.

B. Experiments of Magnetizing Inductance Identification

In general, the magnetizing inductance of LIM is also affected
by many factors, such as edge effect, primary core saturation,
half-filled slot, and so on, while the f(Q) coefficient factor cannot
cover these factors simultaneously. To this end, experiments are
needed to verify the correctness of the proposed identification
method. In addition, the magnetizing inductance of LIM is not
real as to be measurable. Therefore, the experimental results
of the conventional FCS-MPC strategy combined with the f(Q)
method and different magnetizing inductance online identifica-
tion methods, which can indirectly indicate the accuracy of the
magnetizing inductance by the control performance.

Considering the difference between simulation and experi-
mental tests, parameter k is reselected as 50 by trial-and-error
method. Under the conventional FCS-MPC strategy, the dy-
namic experimental comparisons of magnetizing inductance
identification are shown in Fig. 14, and the comparisons of
experimental results are shown in Figs 15 and 16, corresponding
to a predefined operating condition: the reference speed changes
as 4 to 11 m/s at 40 s, and the load changes as 60 to 110 N at
40 s, and the reference secondary flux is set to 0.4 Wb.

From Fig. 14, referring to the f(Q) method, the method in [5]
and proposed method can effectively respond to the trend of the
magnetizing inductance with working conditions. From Figs 15
and 16, the thrust ripple and current THD of the f(Q) method with
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Fig. 19. FFT spectrum of current under different load at rated speed 11m/s.

0.5×Lm is significantly higher than that of the accurate Lm. This
is explained by Fig. 5, where the parameter mismatch affects the
predictive current calculation, increasing the error between the
selected VV and the optimal VV. Moreover, compared to the f(Q)
method and the method in [5], the proposed method has fewer
current THD and thrust ripple. Thereby, the control performance
can indirectly show that the proposed method has more accurate
magnetization inductance identification results.

C. Experimental Results of Control Performance

As aforementioned, the accuracy of the proposed magnetizing
inductance online identification method has been fully proved
by comprehensive simulations and experiments. In this section,
different control methods will be employed to demonstrate the
superiority of the proposed DSVM-MPC strategy.

Fig. 17 shows the comparisons of experimental results be-
tween the conventional FCS-MPC strategy, the DSVM-MPC
strategy in [16] with n = 3, and the proposed DSVM-MPC
strategy with n = m = 2 and n = m = 3, and the working
conditions are set in advance: the reference speed changes as
4 to 11 m/s at 40 s, the load is set to 60 N, and the reference
secondary flux is set to 0.4 Wb. In addition, Fig. 18 shows the
dynamic change of load from 60 to 170 N and then to 60 N
under the secondary flux of 0.7 Wb and the rated speed of 11
m/s. Fig. 19 shows the FFT spectrum of current under different
load at rated speed.

As seen from Figs 17, 18, and 19, compared to the conven-
tional FCS-MPC strategy, the DSVM-MPC strategy can signif-
icantly reduce the current THD and thrust ripple. Compared to
method [16], the proposed DSVM-MPC strategy with n = m =
2 and n = m = 3 reduced the current THD by 23.7% and 27.6%
and thrust ripple by 18.7% and 22.5% at light load. At heavy
load, the proposed DSVM-MPC strategy with n = m = 2 and
n = m = 3 reduced the current THD by 12.6% and 15.7%, and
the thrust ripple by 19.1% and 21%. The above results show that
the current THD and thrust ripple performance of the proposed
DSVM-MPC strategy is better than that of method [16] under
different working conditions. Meanwhile, it is further illustrated
through Table I that the proposed method improves the accuracy
of the applied VV under similar computational burden, which is
the reason for its superiority.

Moreover, it is worth noting that although the current THD
and thrust ripple can be further reduced with increasing n and
m, this reduction trend tends to saturate. On other hand, due to
the limitation of microprocessor computational capability, too
large degree of discretization can cause system delays, which in
turn lead to deterioration of the control performance. Thereby,
n = m = 3 is the optimal solution in this article.

VI. CONCLUSION

This article presents a DSVM-MPC strategy with magnetiz-
ing inductance online identification method for LIM to further
suppress the current harmonics and thrust ripple. Comprehensive
simulations and experiments show that the proposed method has
some advantages as follows.

1) To improve the parameter robustness of the MPC strategy,
a magnetizing inductance online identification method
based on back EMF observer is designed. The effect of the
current differential term is avoided in the design of SMO,
and the performance is better compared with methods in
[5] and [28].

2) A novel adaptive compensation algorithm is proposed for
cascaded LPFs to eliminate the inherent sliding mode
chattering of SMO. Compared to a single LPF, the pro-
posed method appropriately compensates the amplitude
attenuation and phase delay of the filter.

3) Compared to similar methods in [15], [16], and [17],
the proposed optimal VV searching method obtains more
available VVs under the same computational burden, so
that it has higher searching accuracy. As a result, the
proposed control strategy has better performance with less
current THD and thrust ripple.
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