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Abstract—One of the methods that is used to increase the ef-
ficiency of the linear induction machine (LIM) is the maximum
thrust per ampere (MTPA), where the same thrust can be achieved
with a lower value of the primary current. Consequently, the power
loss can be decreased and the efficiency be increased. However, so
far, no quantitative focus exists to increase the efficiency of the LIM.
This article proposes the MTPA-based finite-set model predictive
control. The concept of field-oriented control is used to achieve the
condition of MTPA. Based on this condition, the proposed control
method can be developed by adjusting the value of the primary flux
linkage. The proposed control method depends on both thrust and
primary flux linkage and this proposed method is called finite-set
model predictive direct thrust control (FS-MPDTC). Comparison
between the FS-MPDTCs with and without MTPA is presented to
illustrate the effectiveness of the proposed method. A prototype
test platform is developed in the laboratory with two 3 kW arc in-
duction machines to verify the proposed method. Analysis for both
comprehensive simulation and experimental results are conducted
in this article.

Index Terms—Finite-set model predictive control (FS-MPC),
finite-set model predictive direct thrust control (FS-MPDTC),
linear induction machine (LIM), maximum thrust per ampere
(MTPA).
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I. INTRODUCTION

IN 1960s, linear electric machines have been developed and
attracted to the industry applications [1]. Linear induction

machines (LIMs) have been paid great attention from both
academia and industry due to their merits of direct linear motion,
strong acceleration or deceleration, low maintenance cost, small
cross area, small turning circus, and so on [2]–[6].

Till now, there have been more than 20 commercial metro lines
based on linear machines all over the world, including Kennedy
Airline in America, both of Trans-Rapid Line used in Beijing
Airport and Line 4 used in Guangzhou Subway in China, and so
on [1], [7].

Although the LIMs are with various merits, they have some
demerits such as end effect and higher air gap, which degrade
the dynamic performance [8]. This effect results from the special
structure of the LIM where the cut-open magnetic circuit of the
primary with an entry end and an exit end makes the air-gap
flux attenuated, because the induced entry end eddy currents
can significantly cause the variation of mutual inductance and
additional nonlinearities [9]. These demerits make the control
characteristics of LIMs more complicated than those of rotating
induction machines (RIMs). Moreover, the influence of the end
effect is neglected by the classical control strategies for LIMs,
which result in imperfect drive performance.

Both of direct thrust control (DTC) [10]–[12] and field-
oriented control (FOC) [13]–[16] are developed to obtain better
performance for LIMs. However, some demerits are inevitable
with both of DTC and FOC. An improved method has been
proposed in [17] to overcome these problems and demerits
associated with the classical DTC, by which the lower primary
flux linkage and thrust ripples (TRs) can be achieved but the
fixed switching frequency cannot be achieved. However, this
achievement in [17] is not sufficient and extra improvements
should be done to enhance the drive characteristics of LIMs.

Unlike the offline switching table that used in DTC, recently,
the model predictive control (MPC) can be used to select more
effective input voltage vectors by online evaluation. The MPC is
regarded as the most reliable approach for online optimization
with multivariable control, low current distortion, and reduced
switching losses [18]. The MPC can be categorized as con-
tinuous control set and finite control set [19]. The DTC can
be combined with the finite-set model predictive control, and
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known as model predictive torque control (MPTC) for RIMs
[20]. Hence, for conventional RIMs, the finite-set model predic-
tive direct torque control with different strategies has been used
as an alternative solution for the DTC because of the discrete
nature and limited number of states of the two-level three-phase
voltage source inverter (VSI) [21]. For the LIMs, the finite-set
model predictive DTC (FS-MPDTC) has been developed in the
authors’ previous work [22].

The principle of FS-MPDTC is to pick out the best switching
vector that can minimize the cost function, which can be then
applied in the next control period [23]. The cost function used
for FS-MPDTC consists of the absolute thrust and primary flux
linkage errors. Nowadays, the performance of FS-MPTC can be
further improved by modifying and enhancing the cost function
or using a proper modulation strategy [24]–[26]. Some of these
modifications are done by adding some criteria in the cost
function. Although, these modifications have been developed
to enhance the performance of the drive system but it would
increase the computational burden. In addition, the complexity
and sensitivity to any error in the prediction process would
be increased, which may lead to wrong selection of switching
vectors. Besides, the performance of the controller looks like that
of the FOC technique. In [24], the cost function is designed to
achieve the maximum thrust per ampere (MTPA), but it contains
four weighting factors that need to be tuned. It is difficult to
obtain the satisfactory weights for this cost function, because it
has been demonstrated that the weighting factors are difficult to
be selected when the cost function has more than two weighting
factors [20]. On the other hand, the control technique based on
the concept of discrete duty-cycle has been presented in [26] to
decrease the stator flux linkage and torque ripples for the RIMs.
Instead of using the torque ripple minimization or deadbeat
method to calculate the exact period of the active voltage vector,
a fixed period has been used. In addition, the maximum torque
per ampere is not presented.

In order to obtain the high performance and increase the
efficiency of the electric drive system, the MTPA can be used.
For conventional RIM, a new cost function has been proposed
with only one weighting factor in [25] instead of four weighting
factors that have been presented in [24]. However, in [25], the
stator flux is not controlled and thus high ripples of the stator
flux are still generated.

For LIMs, an indirect FOC-based optimum slip is developed
in [27] to increase the thrust with the same primary current. This
method suffers from many offline calculations and tests to obtain
the optimum slip, which can be stored in the switching table for
online operation.

Despite comprehensive research for conventional rotating
machines presented in [18]–[22], few works have focused on
FS-MPDTC for LIM applications. Also, to the best knowledge
of the authors, the MTPA based on FS-MPDTC strategy is not
well investigated for the LIM applications.

Therefore, this article proposes an MTPA method based on
FS-MPDTC for LIMs to reduce the primary current for the same
thrust load, increase the efficiency, and reduce the TRs. The
concept of FOC is used to achieve the condition of MTPA. Then,
the FS-MPDTC is improved to achieve MTPA without adding

more weighting factors. To confirm the effectiveness and capa-
bility of the MTPA-based FS-MPDTC method, a comparison
between FS-MPDTCs with and without MTPA is presented and
discussed in this article. Moreover, the end effect is taken into
consideration for all of dynamic models of the LIM, MTPA
condition, and FS-MPDTC strategy. Finally, both simulation
and experimental results prove the capability of the proposed
method for achieving the same thrust with minimum current.

II. DYNAMIC MODEL OF LIM AND STEPS FOR OBTAINING

CONDITION OF MTPA

Great attentions from the researchers are oriented to develop
the exact dynamic model for LIMs due to the end effect [28].
The value of f(Q) can be used to represent the end effect as
described by

f (Q) = (1− exp (−Q)) /Q (1)

where its value depends on end-effect factor Q as given by

Q = DsR2/ [v2 (Ll2 + Lm)] (2)

where v2 is the machine speed, and Ds is the primary length.
Therefore, the amplitude of f(Q) is utilized to modify the

magnetizing inductance as

Lmeq = [1− f (Q)]Lm (3)

where the standstill value of mutual inductance is Lm [3].
To fulfill the maximum thrust per ampere (MTPA), the FOC

strategy is used. Therefore, the synchronous reference frame for
LIM dynamic model is required. The primary and secondary
voltage equation in dq-axis can be written as

udq1 = R1idq1 + pψdq1 − jω1ψdq1 (4)

udq2 = R2idq2 + pψdq2 − j (ω1 − ω2)ψdq2. (5)

The primary and secondary flux linkage equations in the dq-
axis can be deduced as

ψdq1 = L1idq1 + Lmeqidq2 (6)

ψdq2 = L2idq2 + Lmeqidq1 (7)

where theudq1 andudq2 are the dq-axis of primary and secondary
voltage respectively; R1 and R2 are the primary and secondary
resistance, respectively;ψdq1 andψdq1 are the dq-axis of primary
and secondary flux linkage, respectively; and L1 and L2 are the
primary and the secondary self-inductances, respectively.

Depending on the principle of FOC technique, all amplitude
of secondary flux linkage of LIM is oriented only in the direction
of the d-axis where ψd2 = ψ2 while there is no secondary flux
linkage is remaining in the direction of q-axisψq2 = 0, as shown
in Fig. 1. Consequently, in steady-state operations of the LIM,
both of the primary and the secondary currents in dq-axis can
be derived from (5), (6) and Fig. 1 as follows:

id2 = 0 (8)

iq2 = −Lmeq

L2
iq1 (9)

id1 = I1cos(θ) (10)
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Fig. 1. Primary current in dq-axis and different angles ofθwith both of primary
and secondary flux linkage vectors in dq-axis.

iq1 = I1sin(θ) (11)

where θ is the angle between the primary current vector and
d-axis.

Moreover, the secondary flux linkage and the developed thrust
can be calculated in the steady-state from the following forms:

|ψ2| = ψd2 = Lmeqid1 (12)

Fe =
3

2

π

τ

L2
meq

L2
id1iq1. (13)

For a limitation on the primary current, the value of both d-
and q-axis primary currents of LIM should not be increased more
than their maximums, as expressed by

i2d1 + i2q1 ≤ I2max (14)

where Imax is the maximum allowable primary current.
Based on the developed thrust (13), the locus of the primary

current is hyperbolical when the thrust is constant, while from
(14), the locus is a circle, as in Fig. 1.

As the orientation of the secondary flux linkage in the direc-
tion of d-axis, the value of d-axis primary current should only be
a positive value. On the other hand, the value of primary current
in q-axis may be positive or negative value based on the second
derivation of the thrust.

Thus, the value of angle θ has two values (π/4 and −π/4),
where the same thrust can be obtained with the minimum mag-
nitude of primary current as noticed from Fig. 1.

Consequently, the amplitude of d-axis and q-axis current is
equal (id1 = iq1) because the angle isπ/4, where the same thrust
can be achieved with minimum current at this angle.

In the steady-state operation of the LIM, the dq-axis of pri-
mary flux linkage can be obtained based on the principle of FOC

Fig. 2. Acceleration and deceleration regions of LIM according to α in αβ-
axis with the relation between the trajectory of primary current and constant
thrust.

technique and the condition of MTPA as follows:

ψd1 = L1id1

ψq1 = L1iq1 − L2
meq

L2
iq1 = (L1 − L2

meq

L2
)id1

}
(15)

ψ1 =
√
ψ2
d1 − ψ2

q1 =

√
L2
1 − (L1 −

L2
meq

L2
)
2

id1 = KKid1

(16)

where KK =

√
L2

1
− (L1 − L2

meq

L2
)
2

.

In addition, the developed thrust can be obtained under the
condition of MTPA (id1 = iq1) by

Fe = Ki2d1 (17)

where K = 3
2
π
τ

L2
meq

L2
.

From (16) and (17), the relationship between the developed
thrust and the primary flux linkage can be obtained. Hence,
the reference primary flux linkage can be calculated from the
reference thrust, as described by

ψ∗
1 = KK ∗

√
F ∗

e
/K. (18)

The same analysis and derivation can be obtained when αβ-
axis is used instead of dq-axis, as illustrated in Fig. 2, where in
stationary reference frame the angle θ is replaced with angle α.

III. PROPOSED MTPA-BASED FS-MPDTC FOR LIM

FS-MPDTC can be used to obtain lower thrust and primary
flux linkage ripples compared to conventional control strategies
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Fig. 3. Eight voltages vectors for the two-level VSI.

with the help of using two or three voltage vector in one sample
period, but these lead to much complication and more calcula-
tion process [29]. In addition, the switching frequency of the
FS-MPDTC is variable and not constant like in the other control
strategies [29], and the usage of the variable switching frequency
can reduce the torque ripples [30]–[32]. Therefore, only one
voltage vector is used in the proposed cost function and improved
by the penalty function for safe operation. In addition, the value
of the reference primary flux linkage is adjusted according to the
previous analysis in Section II to achieving MTPA. Moreover,
the linear speed of LIM is control based on FS-MPDTC where
PI controller is employed to regulate the linear speed to track
the reference value. The PI controller generates the reference
thrust and the reference primary flux linkage is developed from
the reference thrust. The principles of FS-MPDTC are based
mainly on three steps. First, the estimation step, second the
prediction step, and finally, the cost function. In general, the
estimated and the predicted variable depend on the selected and
the designed cost function. For FS-MPDTC, the designed cost
function contains both of primary flux linkage and thrust errors
that should be minimized. Hence, the variables that are used
for the first step and second step are as follows: first, primary
and secondary flux linkage estimation, and second, prediction
for primary flux linkage, primary current and developed thrust.
The objective of the designed and the selected cost function is
to determine the optimum switching vector for the used power
converter which minimizes this cost function. For two-level VSI,
all of the eight voltage vectors are used in the prediction stage to
select the optimum one. The arrangement and the switching state
for each voltage vector are shown in Fig. 3. In the following, the
equations that are used for FS-MPDTC algorithm:

1) Secondary and primary flux linkage estimation inαβ-axis:
The secondary and primary flux linkage can be estimated de-
pending on the principles of flux observer in [33] considering
the mathematical model of LIM as following:

	ψ2 (k) =
R2TsLmeq	i1 (k)

[L2 +R2T ]

− jTsL2ω2
	ψ2 (k) + L2

	ψ2 (k − 1)

[L2 +R2T ]
(19)

	ψ1 (k) =
	ψ2 (k)

τl
+ σ	i1. (20)

2) Primary flux linkage, primary current, and the developed
thrust prediction inαβ-axis for the next period: Time discretiza-
tion for the continuous model of LIM based on first-order Euler
method is used for predicting the primary flux linkage ψ1(k +
1), the primary current i1(k+1) and thrust Fe(k + 1) for the
next instant. The following equations are deduced to predict the
next-instant for all of them as:

	ψ1,i (k + 1) = 	ψ1 (k) + Ts	u1,i (k)− TsR1
	i1 (k) (21)

	i1,i (k + 1) =

[
−Ts
σ

(
R1 +

R2

τ2l

)
+ 1

]
	i1 (k)

+
Ts
σ

(
	u1,i (k) +

(
1

τrτl
− j

ω2

τl

)
	ψ2 (k)

)
(22)

Fe,i (k + 1) =
3

2

π

τ
Im

(
	ψ∗
1,i (k + 1)⊗	i1,i (k + 1)

)
(23)

where σ = (L1 − L2
meq

L2
),τr = L2

R2
, τl =

L2

Lmeq
,u1,i (k) is one of

the eight voltage vectors [u1(0, 1, 2, …,7)] shown in Fig. 3, and
Ts is the sampling period.

3) Cost function design: The main purpose of the FS-
MPDTC is to keep the required value of developed thrust and
primary flux linkage around its reference value with minimum
ripples for both of them. The appropriate selection for the control
action can be considered as one of the voltage vectors [u1(0, 1,
2, …,7)] which leads to the system variables Fe(k + 1) and
ψ1(k+1) tracks the desired reference value Feref and ψ1ref .

As previously mentioned, the designed cost function based
on the absolute errors between the predicted system variables
and the reference values for both thrust and primary flux link-
age. Moreover, in order to ensure the safe operation with-
out overcurrent during the start-up and dynamic operation, it
is necessary to introduce the current limit into the proposed
FS-MPDTC by adding an overcurrent penalty function term I
in the cost function. Therefore, the cost function g can be
expressed as

g = |Feref − Fei (k + 1)|+ C |ψ1ref − ψ1i (k + 1)|+ I
(24)

where C represents the weighting factor, and it is important
because of different units between the two terms of cost function.
Equation (25) can be used to determine the starting tuning value
of the weighting factor [34], as illustrated by

C = Fr/ |ψr| (25)

where Fr is the rated thrust value, and |ψr| the rated amplitude
of primary flux linkage.

On the other hand, the value of the overcurrent penalty func-
tion term I can be determined by

I =

{
∞ if

√
i2α1(k + 1) + i2β1(k + 1) > Imax

0, otherwise
(26)

where Imax is the maximum permitted current.
Moreover, more additional computing cost will be brought

as a result of the time delay compensation. Hence, the time
of execution for FS-MPDTC will be increased with heavy
computational burden. In addition, it is difficult to obtain the
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Fig. 4. Complete schematic diagram for the proposed MTPA-based FS-
MPDTC with adjustable speed drive for LIM.

TABLE I
LIM PARAMETERS

TABLE II
CONTROL PARAMETERS

exact and the correct parameters of LIM under the effects of
both end-effect and edge effect so that one more prediction for
delay compensation will increase the errors of prediction [35].
Consequently, in this article, the proposed control strategy is
presented without the delay compensation method in [36].

The complete schematic diagram for the proposed MTPA
based on FS-MPDTC with adjustable speed drive is shown in
Fig. 4.

IV. SIMULATION AND EXPERIMENTAL RESULTS

To check the capability and the effectiveness of the proposed
control strategy of MTPA-based FS-MPDTC, the proposed
method is compared without and with MTPA. The proposed
method is evaluated using MATLAB/Simulink model while the
experimental results are investigated based on prototype test
platform of arc induction machine (AIM). The AIM prototype
parameters are the same in both simulation and experiments.
All data related to AIM machine that are used in the tests of
the simulation are listed in Table I. While the initial value of
weighting factor is calculated according to (25), the used value
and the gains of the used PI controller are given in Table II.

Fig. 5. Efficiency of LIM based on FS-MPDTC without MTPA.

Fig. 6. Efficiency of LIM based on FS-MPDAC with MTPA.

In general, the LIM suffer from low efficiency because of
the large air-gap length. Moreover, the end-effects lead to a
parameter changes where the magnetizing inductance decreases
with the increase of speed and resulting in more additional losses
and therefore deterioration of drive efficiency. Therefore, the
estimated efficiency at the rated condition of the employed LIM
is about 55%.

Without and with MTPA the efficiency of the machine is
tested based on FS-MPDTC control strategy for different levels
of speed and load, as shown in Figs. 5 and 6, respectively. From
these two figures in terms of efficiency, it can be concluded
that when the machine operates at light-load conditions the
efficiency is low while, the efficiency becomes higher when the
load or speed increases. While, for the same load and speed,
the efficiency of LIM with MTPA based FS-MPDTC is higher
than FS-MPDTC without MTPA because the phase current of
the LIM under the FS-MPDTC without MTPA is much higher.

A. Simulation Studies and Results

To illustrate the effectiveness of FS-MPDTC over the DTC
with space vector modulation technique (DTC-SVM) and FOC,
first the steady-state performance comparisons are presented.
After that, the MTPA-based FS-MPDTC strategy is used to
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Fig. 7. Comparison between DTC-SVM, FOC and FS-MPDTC methods for
LIM. (a) Speed. (b) Thrust.

test the overall system performance under both speed and load
variations.

1) Steady State Performance Comparison: The FS-MPDTC
without MTPA is compared with other standard DTC-SVM
strategy and FOC strategy to illustrate the advantages and disad-
vantages between all of them. The comparison has been done at
the same sample frequency (Ts = 1 ∗ 10−5), the same reference
speed (v2 = 10 m/s), and the same thrust load (FL = 100 N).
Fig. 7(a) and (b) illustrates the steady-state comparison between
all control methods. It can be noticed that the actual speed of
LIM reaches quickly its reference value when FS-MPDTC is
used compared to other control techniques. The FOC with fixed
switching frequency is based on using three voltage vectors in
one sampling period that gives the chance to achieve lower
TR. Regarding the FS-MPDTC, it is categorized as variable
switching frequency [29]. According to the operation of the
variable switching frequency of FS-MPDTC, the lower TR can
be obtained [30], [32]. The percentage of such ripples can be got
as the same level of FOC, which would be reduced to a lower
one if two voltage vectors are used in the switching period [37].

In addition, the percentages of TR for all the control methods
are summarized in Table III based on the following equation:

Fripple% =
ΔFe−pp

FL
∗ 100 (27)

where ΔFe−pp is the half value between peak to peak of the
developed TR value.

2) Variable Thrust Load and Constant Reference Speed: In
this case, the FS-MPDTC with and without MTPA is tested under

TABLE III
COMPARISON OF THE TR AMONG DTC-SVM, FOC AND FS-MPDTC

different thrust loads where the thrust load change from 100 and
200 N, respectively while the reference speed is kept at 8 m/s.
To illustrate the advantage of FS-MPDTC with MTPA over and
FS-MPDTC without MTPA, the first 9 s is used for starting and
without the MTPA and after 9 s the MTPA strategy is applied
with different thrust loads. It can be noticed from Fig. 8(a) that
the control strategy succeeded in keeping the measured speed
follows the reference speed under the different values of thrust
loads. The developed thrust is varied around the load thrust as
shown in Fig. 8(b). While the primary flux linkage well tracks the
reference value with and without MTPA based FS-MPDTC, as
shown in Fig. 8(c). In addition, the three-phase instantaneous
primary current and the rms value for phase-A without and
with MTPA is shown in Fig. 8(d) and (e), respectively. From
these two figures it can be observed that under the same thrust
load the primary current is reduced when the MTPA control
strategy is activated. In the case of MTPA, the reference value of
the primary flux linkage is calculated from the reference thrust
and hence it contains variation and oscillation, which makes
the THD of the primary current much higher than that without
MTPA. These harmonics causes eddy current and hysteresis
losses but with two or three voltage vectors in one sampling
period these harmonics can be reduced. Otherwise, the variation
of the difference angle between the secondary flux linkage angle
and the primary current angle is illustrated in Fig. 8(f). It can
be noticed that the difference angle is kept around 45° with the
proposed MTPA.

3) Constant Thrust Load and Variable Reference Speed: In
this subsection, the proposed control technique is studied under
different levels of speed to validate the capability of the proposed
control strategy. The reference speed is increased to 10 m/s from
7 m/s after 14 s from starting, as shown in Fig. 9(a). It can
be observed from this figure that the measured speed follows
the reference speed during all step changes in the speed. The
developed and load thrust during speed variation is shown in
Fig. 9(b), where the proposed strategy is activated at 9 s. On
the other hand, the FS-MPDTC can develop lower primary flux
linkage ripples as shown in Fig. 9(c).

Both instantaneous and rms primary current for phase-A
without and with MTPA is illustrated in Fig. 9(d) and (e). As
shown, the lower primary current can be obtained by using the
proposed MTPA control strategy. Moreover, the difference angle
is maintained constant at 45° when the proposed MTPA based
on the FS-MPDTC is activated at 9 s under speed variation, as
shown in Fig. 9(f).

4) FS-MPDTC With and Without MTPA Under Rated Speed:
In this case, the FS-MPDTC is studied for both with MTPA and



7372 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 7, JULY 2020

Fig. 8. MTPA-based FS-MPDTC for variable thrust load and constant speed. (a) Speed. (b) Thrust. (c) Primary flux. (d) Three-phase instantaneous primary
current. (e) Phase-A primary current rms value. (f) Difference angle.

Fig. 9. MTPA-based FS-MPDTC for variable speed and constant thrust load. (a) Speed. (b) Thrust. (c) Primary flux. (d) Three-phase instantaneous primary
current. (e) Phase-A primary current rms value. (f) Difference angle.

without MTPA where the reference speed is rated value (11 m/s)
and the thrust load changes from 80 to 140 N. Fig. 10 shows the
effect of FS-MPDTC without MTPA under the rated speed. On
the other hand, the effect of FS-MPDTC with MTPA is presented
in Fig. 11. Moreover, the comparison of FS-MPDTC with and
without MTPA on the same figure is presented in Fig. 12 to
illustrate the benefit of MTPA over that without MTPA. It can
be noticed from Fig. 12(b) that the primary current with MTPA
is always less than the primary current without MTPA during
the steady-state operation. While during the dynamic state, the

primary current can be kept almost the same by the help of
limitation.

5) Parameter Uncertainty: The estimation method that is
used for the prediction of the secondary flux linkage and the pri-
mary current is based on the mathematical model of the machine
which depends on and calculated from the machine parameters.
Therefore, the sources of any error in the estimated values
come from the parameters mismatch, such as primary resistance,
secondary resistance and mutual inductance. Therefore, the
parameter sensitivity analysis of the optimal flux calculation,
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Fig. 10. FS-MPDTC without MTPA under the rated speed and load change. (a) Speed. (b) Primary flux linkage. (c) RMS primary current. (d) Thrust. (e) Angle.
(f) Instantaneous three phase current.

Fig. 11. FS-MPDTC with MTPA under the rated speed and load change. (a) Speed. (b) Primary flux linkage. (c) RMS primary current. (d) Thrust. (e) Angle.
(f) Instantaneous three phase current.

Fig. 12. Comparison for FS-MPDTC with and without MTPA. (a) Primary flux linkage. (b) Angle. (c) RMS primary current.
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Fig. 13. Impact of the parameters mismatch on the proposed FS-MPDTC. (a) Mismatch of the primary resistance. (b) Mismatch of the secondary resistance.
(c) Mismatch of the mutual inductance.

based on the optimal value of the primary flux linkage equation,
is studied to check the impact of the errors on the accuracy of
the proposed control strategy.

a) Mismatch in Primary and Secondary Resistances: The
optimal primary flux linkage, aided with (18), can be written
without simplification in the following form:

ψ∗
1 =

√
L2

1
−
(
L1 −

L2
meq

L2

)2

∗
√

2τL2F ∗
e

3πL2
meq

. (28)

It can be noticed that the primary and secondary resistances
have not been included in (28). Hence, the optimal flux linkage
will not change with the mismatch in these two quantities.

b) Mutual Inductance Mismatch: On the other side, the
mutual inductance has been included in the optimal flux linkage
relation. Thus, this can lead to an impact on the performance.
First of all, the mutual inductance can be expressed by (29), to
include the effect of its mismatch, as illustrated by

Lmeq = L′
meq +ΔLmeq (29)

where L′
meq denotes the original value, and ΔL′

meq represents
its associated mismatch.

For its very small value in this work, the secondary leakage
inductance can be neglected. Hence, the secondary inductance
equals the mutual inductance, as described by

L2 = Lmeq. (30)

Substituting both (29) and (30) into (28), the optimal value of
the primary flux linkage can be written as

ψ∗
1 =

√
L2
1l + 2L1lLmeq + L2

meq − L2
1l ∗

√
2τF ∗

e

3πLmeq
(31)

ψ∗
1 =

√
2L1l + Lmeq ∗

√
2τF ∗

e

3π
(32)

ψ∗
1 =

√
2L1l + L′

meq +ΔLmeq ∗
√

2τF ∗
e

3π
. (33)

Fig. 14. Photograph of the experimental setup.

Aided with (33), it can be noticed that the mismatch of mutual
inductance has a small effect because of the root square.

From the view point of the high accuracy confirmation of
the proposed control strategy on the whole system performance,
a case study is selected under parameter mismatch where the
reference thrust is set as 100 N at 6 m/s. The primary resistance
R1, the mutual inductance Lm, and the secondary resistance R2

are increased to 1.5 times of its original value and this increase
is much high and not practical. The effects of these mismatches
are illustrated in Fig. 13.

It can be observed from Fig. 13 that the uncertainty and
mismatch of the primary resistance has no impact on the primary
current. However, the mismatches of both mutual inductance
and the secondary resistance have a small effect on the primary
current. Therefore, the proposed method is slightly sensitive to
secondary resistance mismatch and mutual inductance, but con-
siders robust corresponding to the primary resistance mismatch.

B. Experimental Results

A test bench of 3 kW AIM is used to evaluate the effectiveness
of the MTPA based FS-MPDTC strategy, as shown in Fig. 14.
The air gap of LIM used in the metro application is about 10 mm
thus the design of the test bench AIM is based on the large
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Fig. 15. Experimental validation of FS-MPDTCs with and without MTPA.
(a) Linear speed. (b) Primary phase-A current. (c) Developed thrust. (d) Primary
flux linkage.

diameter of the rotor reaches to 1.25 m to emulate the actual
metro. The characteristics of the AIM with this design are much
similar to the LIM [38] and hence the same steps of the proposed
control method can be applied to the AIM instead of LIM. In
addition, the used test bench contains two AIM one on the right
side and other on the left side and each one is 3 kW, as shown in
Fig. 14. The right AIM is used for testing the proposed control
method while the left AIM is used as a mechanical load. Both
of them are controlled by digital signal processor (DSP) board
(TMS320F28335) and supplied by three-phase two-level VSI.
The rotating speed is measured by using an incremental encoder
while the primary current is measured through Hall current

Fig. 16. Experimental verification of MTPA-based FS-MPDTC under differ-
ent levels of linear speed. (a) Linear speed. (b) Developed thrust. (c) Primary
phase-A current. (d) Primary flux linkage.

sensor. On the other hand, the three-phase primary voltage
is calculated by measuring the value of dc-link voltage and
knowing the switching states of the applied voltage vector.

The used switching and sampling frequency are 10 kHz. As
the secondary leakage inductance is small value, it can be elim-
inated from the prediction equations to simplify the DSP code.
The effectiveness of the proposed MTPA based FS-MPDTC is
evaluated under different conditions.

1) Constant Speed With and Without MTPA-Based FS-
MPDTC: To validate the advantages of using MTPA-based
FS-MPDTC a comparison of FS-MPDTC with and without
MTPA is presented and studied in this case. First, the AIM
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Fig. 17. Experimental confirmation of MTPA-based FS-MPDTC under dif-
ferent levels of thrust load. (a) Linear speed. (b) Developed thrust. (c) Primary
phase-A current. (d) Primary flux linkage.

is controlled by FS-MPDTC without MTPA for approximately
20 s then MTPA is activated. In this case, the primary voltage is
the same value for both FS-MPDTC with and without MTPA.
The linear speed is kept constant at the required reference value
7.5 m/s as shown in Fig. 15(a). The primary phase-A current is
illustrated in Fig. 15(b). It can be noticed that the primary current
is reduced by 20% when the MTPA is activated. In addition,
the developed thrust is remained constant at the required load
50 N with small ripples compared to the same control method
without considering MTPA, as shown in Fig. 15(c). Moreover,
the primary flux linkage is regulated around the reference value,
as illustrated in Fig. 15(d).

2) Variable Speed With MTPA-Based FS-MPDTC: In this
case, the proposed MTPA-based FS-MPDTC is applied under

linear speed profile of two different levels where the first level of
speed is 5 m/s and then the speed is increased to 7 m/s, as shown
in Fig. 16(a) while the thrust load is constant. The developed
thrust is maintained constant at the required load thrust 50 N as
noticed from Fig. 16(b). The corresponding primary current to
the thrust load is illustrated in Fig. 16(c). While the primary flux
linkage tracks the reference value under different linear speed,
as observed from Fig. 16(d).

3) Variable Thrust Load With MTPA-Based FS-MPDTC:
For more validation from the proposed MTPA, the control
performance is tested under different thrust loads and the linear
speed kept constant at 9 m/s. The control strategy succeeded in
returning the linear speed to the reference value after the thrust
load is increased, as shown in Fig. 17(a). Fig. 17(b) shows the
developed thrust load where the load is increased from 50 N
to approximately 100 N. Moreover, the corresponding primary
current to the thrust load variation is illustrated in Fig. 17(c).
The reference value of the primary flux linkage is related to the
reference developed load thrust hence when the load thrust is
increased, the reference primary flux linkage is increased and
the control strategy is kept the actual value around the reference
value to achieve the MTPA, as observed from Fig. 17(d).

V. CONCLUSION

In general, the LIM suffers from low efficiency because of the
large air-gap length. In order to address this issue, this article pro-
poses a strategy with the combination of MTPA and FS-MPDTC
for LIM drive systems. The proposed MTPA-based FS-MPDTC
strategy is successful in minimizing the primary current for the
same thrust. Meanwhile, lower TR and higher efficiency can
be obtained because the primary current and copper losses are
reduced effectively. Finally, the proposed strategy is carried out
in an AIM prototype of 3 kW. By comprehensive simulation and
experimental validation, it is obvious that the proposed strategy
can reduce the primary current at different speeds and loads in
comparison with the FS-MPDTC without MTPA.
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