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There is an increasing interest in achieving global goals of mitigating climate changes that target
environment protection. Thus, electric vehicles (as linear metros) were elaborated to avoid
greenhouse gas emissions which negatively impact climate. Hence, in this paper, a finite control
set-model predictive current control (FCS-MPCC) method of linear induction machine (LIM) was
proposed for linear metro drives to achieve lower thrust ripples and eliminate selection of weighting
factor (WF), the main limitation of conventional finite control set-model predictive thrust control
(FCS-MPTC). Also, a model reference adaptive system (MRAS) was used for speed estimation due
to some environmental considerations and cost-effectiveness. The proposed method used a single
cost function that avoided the existence of WF and consisted of primary current errors between the
predicted values and their references in of-axes. A comparison between the FCS-MPTC and the
suggested control method was conducted using Matlab/Simulink under a wide range of operating
circumstances and via uncertainty validations issues, on the basis of one 3 kW arc induction
machine (which constructed to imitate the actual behavior of the LIM). The extensive simulation
results revealed that the proposed FCS-MPCC method can lead to much lower thrust ripples without
heavy calculation steps. Moreover, the speed error between the estimated and actual speeds is about

0.025% of the reference value which validates the speed estimation scheme.
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1. Introduction

As a result of the growing interest in reaching global goals of
climate change which aim to protect the environment, means of
transportation based on electric motors (such as trains) have been
widely used to eliminate greenhouse gas emissions, especially
linear electric motors (LEMs). One of most attractive LEMSs is
Linear induction motor (LIM) has been emerged as a suitable
candidate in various applications superior to ordinary rotating
induction motor (ORIM) because of their merits of simple
structure, strong acceleration or deceleration, direct linear motion,
and low maintenance cost without mechanical transmission, and
so on [1-3].Despite the abovementioned merits of LIMs, due to
large air-gap length and the straight magnetic circuits (cut-open
magnetic circuit of the primary), they have some limitations
which deteriorate the drive performance. This special structure of
the LIMs leads to effects with both ends (entry end and exit end);
this end effect causes variable mutual inductance as the machine
speed increases [4]. Therefore, the control characteristics of LIMs
are more sophisticated than those of ORIMs due to ignoring the
influence of the end effects by classical control techniques [5].

These limitations associated with the conventional LIMs
control techniques can be overcome by establishing convenient
and robust control strategies. Direct thrust control (DTC) was
suggested to attain fast dynamic thrust response and to overcome
some demerits like machine parameters, coordinate
transformation and controls loop required in field oriented control
(FOC), making DTC less complicated than FOC. Away from the
merits of DTC, because it is based on hysteresis controllers and
an offline switching table it has some problems which are
inevitable as variable switching frequency and tremendous
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fluctuations for both thrust and flux, which would cause
imperfect control performance [6]. DTC based on space vector
modulation (DTC-SVM) method is employed in [7] to reduce the
higher ripples but is insufficient to achieve constant switching
frequency.

In most recently, finite control set-model predictive thrust
control (FCS-MPTC) has been admitted as the most convenient
control approach in various power electronics applications and
many machine drive systems [8]. FCS-MPTC is an attempt to
combine model predictive control and DTC due to the discrete
nature of power converters and the limited number of switching
cases of the major two-level three-phase inverter [9]. FCS-MPTC
has become the most suitable control option to prior control
techniques, owing to multivariable control, simplicity, and online

R =(37/20)Wapipp —Vppiap ) (6)
evaluation to pick out the most appropriate switching vector that
offers the minimum cost function value [10]. Both errors between
thrust and flux predicted values and their references are routinely
included in the FCS-MPTC cost function for LIMs drive control
systems [11]. As a result, the weighting factor (WF) must exist in
order to balance the non-unifying dimensions and give a higher
priority to on term than to the other.

To date, empirical methods and tremendous effort have been
employed to obtain a suitable WF, which is a significantly more
challenging and complex undertaking [12]. Consequently, a
variety of approaches are suggested to address this problem while
avoiding the usage of WF [13, 14].

Therefore, to avoid the WF's time-consuming procedures
and calculations, this paper presents a finite control set-model
predictive control (FCS-MPCC) method, which can lessen the
calculation burden, eliminate the use of the WF in the cost
function, and furthermore present lower thrust fluctuations
compared to those of the conventional FCS-MPTC. Also, the
model reference adaptive system (MRAS) was used for speed
estimation due to some environmental considerations and also for
being cost-effective.

2. Modeling and Analysis of the LIM

The LIM equivalent circuit for some extent will be identical

to that of ORIMs without considering the influence of end effects.

Depending on the suggested LIM equivalent circuit in [15], the
model of LIM in the stationary frame, which takes a full
consideration of the influence of the end effect, can be further
modified as follows [16]:
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In the aforementioned equations, u, and ug, i, and iz, and ¥,
and v are voltages, currents, and flux linkages of the a-f axes
components, respectively. The subscripts p and s refer to
primary and secondary variables, respectively. The resistances,
machine speed and mutual inductance of the LIM are
represented by R , L , w and L, , respectively, o=

L L
(LyLs —L2)/Ls, T, = S/RS, and T, =5/
The load equation is determined as

m

()

where F; is the thrust load, the viscous coefficient is D, the mass
is M, and the machine linear speed is v,. Also, the thrust can be
expressed by the primary current and flux, as illustrated by

Fe=Mpv,+Dv, +F

Some LIM parameters would be modified after considering the
end-effect influence on the LIM parameters as mutual
inductance, which depends on the value of f(Q) that expresses
the average attenuation rate of the flux related to the end-effect
coefficient, as given by

f(Q)=[1-exp(—Q)]/Q ©)
Q:LDRS/[(LmO_"LB)Vp] (8)
L =[1- f(Q) |Lmo ©)

where Ly, L, and L, are primary machine length, ordinary
mutual inductance and secondary inductance at still. Moreover,
in turn, it leads to the modification of the primary and secondary
inductances as given by

L, =Ly + L
L =Lis + Ly,

where Ly, is the primary inductance at standstill.

(10)

11)

3. Proposed Strategies of the LIM

This section presented briefly two methods of finite control
set-model predictive control and consequently, explains the main
implementation steps of each method individually.

1.1. FCS-MPTC for LIM

The FCS-MPTC is proposed as an alternative method to the
DTC, aiming to mitigate the high fluctuation of thrust associated
with the DTC method. FCS-MPTC strategy usually includes
three main steps, which can be briefly expressed as follows:

e Step 1: Both secondary and primary fluxes are estimated

based on the flux observer, which is presented in [17] as
follows:

(k)
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e Step 2: Primary flux, primary current and thrust are
predicted based on Euler’s first-order formula for the
control instant by the following equations:
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e Step 3: Optimization of the cost function, which
comprised of the errors between the predicted thrust and
primary flux with their references values. In FCS-MPTC,
the cost function, J, is formulated by

1.2. Speed Estimation for LIM Based on Model Reference
Adaptive System

Instead of using a mechanical encoder to detect the speed
signal, due to maintenance requirements, mechanical
arrangements, as well as the overall system’s high cost, which
would be a disadvantage for the control system, speed estimation
may be implemented. To improve the control system’s reliability
while lowering the overall cost, a speed estimation method is
preferred to attain a reliable and stable driving system [18]. So,
variety of sensorless schemes for speed estimation are used like
speed adaptive based flux observer (Leunberger’s observer) [19],
sliding mode observer (SMO) [20], and extended Kalman filter
[21] as well as model reference adaptive systems [22]. From the
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preceding methods for estimating the speed, MRAS is a
straightforward and easy for implementation [24].

The estimated speed in the MRAS observer can be calculated
using the error of back electromagnetic force, the error of active
power, the error of reactive power and the error of induced flux
[23]. The MRAS observer's principle is built on two models
named the adjustable model and the reference model with an
adaption mechanism to attain the estimated speed. The block
diagram of MRAS structure is shown in Figure 1. The detailed
structure of MRAS can be represented in the following stages.

e The reference model (voltage model), is designed based
on the primary voltage and does not include speed
quantity, can be expressed as:

e The adjustable model (current model). In contrast to the
reference  model, the adjustable model bears the
estimation parameters that can be represented as:

N 1 N N
PWys = T_(_l//as _Trws‘//ﬂs

r

+ L ) (24)

m'ap
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r
The adaptive mechanism is driven based on an error (the
difference between the outputs of the two models) which is used
as input of the PI1 controller.

e Thus, the error term between the outputs of the two
models is

& = (V}asl//ﬁ’s _V},Bs‘//as) (26)
Popov's hyperstability theory guides the choice of the rotor speed
estimation algorithm (adaptation mechanism) [24]. The PI
controllers can be employed as adaptation mechanisms, to
regulate the estimated speed and to adjust the estimated
secondary flux to its reference value.

1.3. Proposed FCS-MPCC Without WF

To date, there is a scarcity of accurate approaches that explain
how to select the best appropriate WF without arduous tweaking
work. Consequently, an FCS-MPCC is presented, which tries to
keep the ofi-axes currents as close as feasible to the reference
currents. In the FCS-MPCC, there are usually three stages
(estimation, prediction, and cost function evaluation), which can
be elaborated as follows.

1) The estimation of the secondary flux: Depending on the

presented flux representations in [25], the estimation of
the secondary flux can be obtained as

TR,y < (K) (27)
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2) Prediction of the primary current for the next-instant: on

the basis of Euler’s first-order formula, the of3-axes
primary currents of the next control period are predicted
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Design of FCS-MPCC cost function: The proposed
FCS-MPCC method aims to have the af-axes primary
currents close to their reference values. Therefore, the
most appropriate voltage vector minimizing the value of
the cost function, j, makes the afj-axes primary currents
track their desired values. Thus, the cost function can be
expressed as follows

3)

x +(k+1) x
Iap - Iap

+fizp 15 (31)

The block diagram of the proposed method with model
reference adaptive system for speed estimation for LIM is shown
in Figure 2.
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Figure 1: Basic Structure of Linear Speed Estimation Based MRAS.
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Figure 2: Control Diagram Based on the Proposed FCS-MPCC method for
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LIM.
4. Simulation and Discussions

In order to examine the effectiveness and the capability of the
proposed FCS-MPCC based on speed sensorless is verified under
two different operating circumstances and via uncertainty
validations issues, a full comparison between the proposed
method and the FCS-MPTC method is presented and discussed.
The  simulation has been conducted wusing the
MATLAB/Simulink environment based on the 3kW nominal
power of an arc induction motor with a large rotor radius equal to
1.25 m (simulation on the practical LIM). The main parameters
of the system specification are listed in the Table 1.

1) Reference Speed Alteration

This case is presented to evaluate the control performance
under three different reference speeds and a constant thrust load
of 100 N. The reference speed is increased from 7 to 11 ms™!
after time, t=8 s, and then it is decreased to 9 ms™? at time, t=16
s as shown in Figures 3 (a) and 4 (a). It is noticed from the linear
speed profile that the actual linear speed response for both
strategies follows the reference value gradually with a fast
response. Furthermore, the speed estimation based on MRAS
demonstrates that the linear speed can be determined without
using any sensors, as shown in Figure 4 (a). In addition, the speed
error between the measured speed and the estimated speed is
depicted in Figure 4 (d), it can be observed that the error is small
at a sudden increase of the reference speed but suffers from a
slight drop at a sudden decreasing of the reference speed. The
difference in linear speed between the measured and estimated
speeds is roughly less than 0.02 ms~! (i.e. 0.025% of the
reference speed) at the steady-state process, which proves the
capability of the proposed MRAS in tracking the reference speed
very well. On the other hand, Figure 3 (b) and Figure 4 (b) show
the thrust profile of the FCS-MPTC and FCS-MPCC respectively.
It can be observed that the proposed FCS-MPCC method can get
lower ripples in response to those of the conventional method.
Moreover, from the response of the three-phase currents based on
the FCS-MPTC method as shown in Figure 3 (c) and the
proposed method as shown in Figure 4 (c), the three-phase
currents for both at the steady-state can be maintained at their
reference levels. Finally, in order to clarify the superiority of the
proposed FCS-MPCC method over the conventional one, Figure
5 displays the developed thrust by the two methods,
demonstrating the effectiveness of the proposed method in
reducing the thrust ripples.

)

Vs (m/s




iabc (A)

Figure 3: FCS-MPTC under variable speed. (a) Speed. (b) Thrust. (c) Three-

phase current.
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Figure 4: FCS-MPCC based MRAS under variable speed. (a) Speed. (b)
Thrust. (c) Three-phase current, (d) speed error between the measured speed
and the estimated speed.
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Figure 5: Thrust for both control methods at variable linear speeds.
2) Thrust Load Alteration

This subsection is presented to evaluate the drive performance
under two different thrust loads and a constant linear speed of
8 ms~1. The machine is loaded with a starting load of 120 N and
after time, t=12 s, the load is changed to 200 N. The profile of the
linear speed response for the FCS-MPTC method and the
proposed method based on the MRAS speed estimation method is
shown in Figure 6 (a) and Figure 7 (a), respectively. It can be
observed that, the actual speed tracks the desired speed with a fast
response. Furthermore, the speed estimation based on MRAS
demonstrates that the linear speed can be determined without
using any sensors, as shown in Figure 7 (a). In addition, the speed
error between the measured speed and the estimated speed is
depicted in Figure 7 (d). It can be observed that, the error is very
small (about 0.02 ms™1); as 0.025% of the reference speed,
which proves the capability of the proposed MRAS in tracking
the reference speed very well. On the other hand, Figure 6 (b) and
Figure 7 (b) show the thrust profile of the FCS-MPTC and FCS-
MPCC methods, respectively. It can be observed that, the
proposed FCS-MPCC method can get much lower ripples in
response to those of the conventional method. Also, from the
response of the three-phase currents based on the FCS-MPTC
method as shown in Figure 6 (c) and the proposed method as
shown in Figure 7 (c), at the steady state the three phase currents
for both methods can be maintained at their reference levels.
Lastly, in order to clarify the superiority of the proposed FCS-
MPCC method over the conventional one, Figure 8 displays the
developed thrust by the two methods, demonstrating that the
proposed method succeeds in decreasing the thrust ripples.
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3) Parameters Uncertainty

The proposed method is checked by parameters sensitivity
analysis, to illustrate the effect of the parameters uncertainty on
the system performance. Uncertainties in primary and secondary
resistances and mutual inductance are examined by assuming a
change of 150 % from their original values, to illustrate the
influence of these mismatches on the proposed FCS-MPCC
method. Therefore, a specific scenario is chosen to verify the
impact of aforementioned parameters uncertainties, where the
linear speed is 7 ms~! and the load is fixed at 120 N during all
cases. From Figure 9, Figure 10 and Figure 11, the impacts of
mismatches on Ry, R, and L,,, are depicted, respectively. These
Figures show that mismatches in both primary and secondary
resistances do not affect the speed, thrust, and primary current.
On the other hand, the mismatch of the mutual inductance has a
minor effect on the thrust. So, the proposed FCS-MPCC method
is slightly sensitive to the mutual inductance mismatch, but more
robust in response to the mismatch of primary and secondary
resistances.
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5. Conclusions

In this paper, to improve the overall performance of the LIM
drive system, a strategy with the combination of FCS-MPCC and
MRAS has been presented for LIM drive system. The proposed
FCS-MPCC has been used to avoid the time-consuming task of
determining an acceptable WF to balance the different units of
the cost function terms with the conventional FCS-MPTC. The
ap-axes components of both the reference and predicted primary
current have been included in the presented cost function. The
performance of the LIM drive system under the suggested FCS-
MPCC strategy has been totally compared to that of the
traditional FCS-MPTC strategy. Through the simulation
validations, it has been evident that the proposed FCS-MPCC
method can offer much lower thrust ripples compared to the
conventional method. Moreover, based on the presented MRAS
speed estimation the error between the estimated and measured
speeds is 0.025% of the reference speed, which proves the
capability and the effectiveness of the proposed method. In the
future work, the validations of the suggested scheme should be
achieved through the experimental tests.

Table 1: Specifications and Main Parameters of LIM

LIM
Rated speed vg = 11ms™!
Rated current Ip=22A
Rated power Pr =3 Kw
Rated thrust Fp =280 N
Secondary resistance R, =240
Primary length L, =13087m
Primary resistance R,=10
Mutual inductance (at standstill) Lo = 31.725 mH
Pole pitch length T=0.1485m
Secondary leakage inductance L. =4.3mH
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