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Indirect Field-Oriented Control (IFOC) of a Linear Induction Motor (LIM) drive is an important
challenge because of the end effect and nonlinear behavior of the LIM drive. It becomes more complex
in high-speed applications and Flux-Weakening (FW) regions when current and voltage constraints must
be satisfied. Moreover, considering the primary resistance in voltage constraint inequality makes the
calculations even more complicated. This work presents a new FW control algorithm for LIM drives,
considering the end effect and the primary resistance. Consequently, the reference d-axis current and
maximum g-axis current are modified considering the primary resistance and end effect. Accordingly,
new control strategies for the partial and full FW regions are implemented in a LIM drive. Fuzzy Logic
Controller (FLC) has been used to overcome the nonlinear behavior of LIM drive and achieve
appropriate dynamic characteristics. Simulation results validate the effectiveness of the suggested LIM
drive based on FLC in different speed regions. Moreover, results manifest that in a LIM drive with end
effect consideration, the base and the critical speeds are not constant. As the LIM speed increases, the
base frequency reduces, whereas the critical frequency increases.

1. Introduction

Linear Induction Motors (LIMs) are a special type of
induction motor that can directly generate linear force and
motion. Therefore, they can be used in applications that
require linear motion, such as electric trains [1]. In addition,
these motors have all the advantages of rotary induction
motors such as low maintenance, low cost, simple and strong
structure, and high starting force.

All methods of controlling rotary induction motor drives
such as scalar control, direct torque control, Indirect Field-
Oriented Control (IFOC), and model predictive control can
also be used for LIMs [2-4]. But the control of LIMs is more
complicated due to the end effect [5-9]. The most appealing
strategy to control LIMs is the IFOC method. Using the
IFOC concept, the thrust and the flux components must be
decoupled and separately controlled [8-10]. In this strategy,
the g-axis secondary flux is set to zero and the d-axis
secondary flux is considered constant and equal to its
nominal value. IFOC of the LIM drive presents a perfect
speed control performance.

But the important issue is choosing a suitable model to
control the LIM drive, which takes into account the end effect
and is also simple and practical. A famous per-phase equivalent
model for the LIM considering the end effect was introduced by
Duncan [11]. Accordingly, the dynamic model of a LIM for
electric drive applications has been developed [12].

On the other hand, traction drive applications such as
high-speed electric trains usually need wide-range speed
control. For these applications, Flux-Weakening (FW) speed
control strategy is required to deliver constant power at
higher speeds [13-20]. In addition, when the speed raises, the
produced torque and power of the motor are limited due to
the rated voltage and current values of the inverter, which
supplies the electric motor drive [2]. As a result, in a
perfectly performed FW control strategy, the machine flux
must be suitably weakened, and simultaneously, the voltage
and current limits should be satisfied [18-19]. In the
traditional FW strategy, as the motor speed increases, the
rotor flux decreases inversely proportional to the speed.
However, in the conventional methods, the voltage
constraint may not be satisfied. Therefore, the maximum
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torque and proper dynamic control of the motor drive is
provided. To overcome this issue and to obtain higher
torque values, improve the dynamic response, and satisfy
the current and voltage constraints in the whole FW area,
the modified IFOC control strategy has been proposed in
the FW area [18-20].

So far, most of the researches related to the FW
control of electric motor drives have been in the field of
rotating induction motors [21-31]. In [32,33], only
Maximum Torque Per Ampere (MPTA) control strategy
has been used for control of LIM drive and partial FW and
full FW strategies are not utilized. Furthermore, only the
experimental results of an arc induction machine are
represented. Therefore, comparing the results of the
present work with these works doesn’t make sense. In
[34], the FW control strategy has been modified for LIMs
considering the end effect. But, the impact of primary
resistance has been neglected in calculations.

Due to the issues discussed above, the principal
purpose of this work is to concentrate more accurately on
the FW control of LIMs regarding the end effect. In this
work, the primary resistance has been considered in
calculating the FW equations. The main contributions of
this research are as follows:

o To provide a new FW control pattern for the LIM drive
considering the end effect and primary resistance;

e To extract the reference d-axis current and the
reference maximum g-axis current in three operational
speed regions regarding the end effect and the primary
resistance;

o To calculate the base and the critical speeds during the
running time of the algorithm considering the end
effect and primary resistance;

e Implementation of Fuzzy Logic Controller (FLC) to
overcome the nonlinear behavior and to improve the
dynamic characteristics of the LIM drive in FW
region.

The structure of this paper is as follows; In Section 2,
the dynamic model of the LIM is presented. The IFOC
scheme of the LIM drive is explained in Section 3. Then
in Section 4, the current and voltage constraints are
discussed considering the primary resistance. Sections 5
and 6 explain the FW control strategy and the overall
control diagram, respectively. In Section 7, the FLC is
represented. Section 8 provides the simulation results of a
LIM drive with FW speed control considering the primary
resistance. Conclusions are given in Section 9.

2. LIM drives model

The voltage and flux equations of the three-phase LIM
considering the end effect can be written as follows [35]:
Primary voltage equations:

Vgs = Rslgs + wAgs + plqs,
Vgs = Rglgs — wlqs + pAgs. (1)

Secondary voltage equations:

Vgr = R’riqr + ((1.) - wr)ldr + pz—qr =0, (2)
Var = Rigr — (0 — w)Agr + pAgr = 0.

Primary flux linkage equations:

Aqs = Llsiqs + Lm{l - f(Q)}(lqs + iqr):
Aas = Ligigs + Ly {1 — f(Q)3(igs + iar)- 3)

Secondary flux linkage equations:

Agr = Llpigr + Lip{1 — (@)} (igs + iqr),

Adr = L’lriclr + Lm{l - f(Q)}(lds + idr)-
“4)

In which the magnetizing inductance is defined as:

Lm = Lmo(l - f(Q));

where,
_e-0Q
HOEE

Ly, 1s the magnetizing inductance at zero speed. D and v, are
the LIM length and speed, respectively. L', and R,
correspond to the secondary self-inductance and the
secondary resistance, respectively [35]. @, denotes the
secondary angular speed, and w-w, is the slip frequency (v —
w, = wg;). The LIM force can be determined as follows:

L'y vy

3m . .
F= 37 (Aqudr - Adrlqr)a

(6)

where t denotes the motor pole pitch.

3. IFOC method of the LIM drive

According to the IFOC theory in the LIM drives, the
secondary flux is aligned with the d-axis. Subsequently [36]:

Lo =,

(7
After simplifying and considering the steady-state condition
the stator flux equations can be written as [36]:

)lqr =0,

L1 - f(Q)

Asz[Lls+ 7 ]Xis,
' Hrra-rey ®
Aas = [Lls + Lm(l - f(Q))] X igs. 9)

The slip frequency (wg; = w, — w,) is be calculated as:

R (10)

w = _— .
sl [L’lr+Lm(1—f(Q)) ids

The motor thrust can be derived and written as:

F =760/ @) X lasigs, (1n
where,
G(f (Q)) = OO (12

L'+l (1= (@)

4. Current and voltage limits
In practice, the current and voltage constraints imposed from the
inverter restrict the operation of an electrical machine drive [34]:
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Figure 1. The current and voltage limit curves.
(iqs)z + (ids)z = Inzlaxr (13)
(vqs)z + (vds)z < szaxa (14)

where Inax and Vmax are the maximum current and voltage
values, respectively.

For a LIM drive with the IFOC method in synchronous
reference frame, the ¢ and d axis voltages can be calculated
as follows [34]:

Vgs = R, iqs + w, K igs, (15)

Vgs = Rs igs — we K; iqsr (16)
where

Ky =Lis+Ln(1—f(Q)) =L,

KZ — Lls + Llr(l_f(Q)) — <

ILea-r@)
Lm®(1-£(@)?
Ls+Ly a7
where ¢ denotes the leakage factor.
Substituting Egs. (15) and (16) into Eq. (14), results in:

oc=1-

(Rs iqs + We Kl ids)2 + (Rs ids — We KZ iqs)z < stnax~ (18)

Figure 1 depicts the current and voltage limits. The
feasible operation area is inside the current constraint circle
and voltage constraint ellipse. Note that the voltage
constraint ellipse shrinks toward the origin as the speed
increases.

5. FW control strategy of the LIM
The overall operating range of a three-phase LIM drive can
be divided into different areas [18]:
¢ Constant force area
e FW area
- Partial FW area
- Full FW area
The constant force area is related to the operating
frequencies below the base frequency, wp. The partial FW
area is in accordance with the frequencies between the base
frequency and the critical frequency, w.. Above the critical
frequency is the full FW area. Figure 2 demonstrates the
operating areas of the LIM drive.

A Constant

Force Partial FW Full FW
 Region Region Region
O
o
=
S
2
w, @, Frequency

Figure 2. The operating speed areas in the LIM drive.
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Figure 3. Constant force area.

5.1. Constant force area (w, < wp)

In In this area, only the current limit restricts the LIM
operation. As represented in Figure 3, in this area, the
nominal d-axis current, i raeq, might be lower than the d-
axis current required for obtaining the maximum force,
which is in accordance with crossing point of the ellipse and
the circle. To compensate the end effect and to achieve the
constant maximum value of the thrust in this area, the
command d-axis current, i}, can be derived as [34]:

I PR S IS
Smax Smax GZ(f(Q)) (19)

- 5%
ldS - 2

The maximum command g-axis current, i‘;slim’ can be
expressed as follows [34]:

4 q*
Ismax + j Ismax ™ GZCF(O)) (20)

aSiim ~ 2 !
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Figure 4. Determination of the base frequency.
where G(f(Q)) is defined in Eq. (12).

Moreover, maximum slip frequency o and maximum

sl max

available force can be written as:

k) {51 (@)

st (f (@) = L +lin(-F(Q)  igs(f(@) 1)
_nm Lm? .. .
Fmax T2 L'y lqslimlds- (22)

By increasing the LIM speed, the voltage limit ellipse
decreases. The constant force area ends when the nominal d-
axis current, iz raed, coincides with the crossing point of the
ellipse and the circle (as shown in Figure 4). This point is
related to the base frequency, w.

5.2. Partial FW area (w), < w, < w.)

The partial FW area is the region between the base frequency
and the critical frequency, @, [12]. In this area, the reference
d-axis current, i}, can be computed as [21]:

lds =
24C+ B - B\/—4ACI§laX w1t B* —ac? 23
24° + B '

The maximum command g-axis current, i;slim, can be

written as [21]:

'*
lgslim =

\/ “2DF + E*IEy + E\/—4FD1r2naX I O

2D? + E?)

where:
A= (312~ 18).wf + (12— 12).R2. 02, 25)

B=2(I%. Ly —I3).Rs.w? +2(Ls — L,).R3.w,  (26)

C=—(RZ+12.02) . V20 + (RZ+ 12 . wD)2% 12, (27)
D= (1% .12 — L%). wt — (13 — I2).R? . w2 (28)
E =2(L3 — L,I2).Ry .03 + 2(Ls — L,).R® . w, (29)
F=—(R2+ 12 w2).V2, + (R2+ 1202212, (30)

Substituting Egs. (23) and (24) into Egs. (21) and (22),
the maximum slip frequency and maximum available force
can be calculated, respectively.

As shown in Figure 5, in the partial FW area, the rated d-
axis current igs_rareq 1s always greater than the reference d-axis
current.

The critical speed, w., is the speed above which no
crossing point exists between the voltage constraint ellipse
and the current constraint circle (as represented in Figure 6).

5.3. Full FW area (w, = w.)

The area above the critical speed, w., is called the full FW
region (as shown in Figure 7).

In the full FW area, the command d-axis current, , i},
can, can be computed as [21]:

N

7
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< ¢ > 1
1
\
/ \
Current limit
circle
\ 2
Figure 5. Partial FW area (FW-I).
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Figure 6. Determination of the critical speed.
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—4AZCZ+BZCZ<BZ+ 322—4A2>
s = 2 (445-4;53) ' 3D

The maximum command g-axis current, i;;s”m, can be

written as [21]:

\j—zmz C3+B,C3 (Bz + 322—4A2>
. _

aSiim ~ 2(4A3—-A;B2) ’ (32)
where

Ay = —(Ri + Lg. Lg. @§)?, (33)
B, = 2(Ly; — Ly)w,. Ry , (34)
C2 = (R? + LZO"wg)'Vrrzlax s (35)
C; = (R? + L%2. w?2). V2., . (36)

Substituting Eqs. (31) and (32) into Eqgs. (21) and (22),
the maximum slip frequency and maximum available force
can be calculated, respectively.

6. Control system

Figure 8 represents the overall field-weakening IFOC
diagram for a three-phase LIM drive. The control diagram
contains an outer speed controller and an inner current
controller. This work uses the FLC in the speed control loop

to produce the command g-axis current (i;, ). The speed

regulator obliges the LIM to follow the command speed. The

FW block generates the reference d-axis current (i;, ), the

*

maximum g-axis current (i, ), and the maximum slip

s lim

frequency (@,,,.)- Figure 9 shows the flowchart of the

field-weakening block. The reference three-phase currents
are generated utilizing the inverse Park's transformation.
These currents are then used in the current controller loop. By
comparing the reference and actual currents in a hysteresis
modulation block, the switching pulses of the inverter are
generated.

Imax

Table 1: FLC rule base matrix.

AV
Aen NH NL 7ZE PL PH
NE NH NL NC PM PH
ZE NH NL NC PM PH
PO NH NL PL PM PH

7. FLC strategy

According to the LIM model, the present sample of speed
error AV,(n) and the change of speed error Ae(n) are
considered as the input variables of the FLC [34,35]. The

reference LIM thrust (Fe,k (n)) is chosen as the output variable
of the FLC [34]. After calculating F: (n), the reference g-axis
primary current (i;) can be computed using Eq. (22). n is

the present sample. Figure 10 represents the IFOC diagram
of the LIM drive based on the FLC with FW control. The
factors K, and K. normalize AV,(n) and Ae(n) within the
limit +1, respectively. K; must be appropriately chosen to
produce the accurate command thrust. These gains are tuned
by trial and error to get perfect simulation results of the LIM
drive. The fuzzy rules used in the FLC are as follows [34]:

o If AV, is PH (Positive High), then F, " is PH;
o If AV, is PL (Positive Low), then F is PM (Positive

Medium);
o [f AV, is ZE (Zero) and Ae is PO (Positive), then F: is PL;

o If AV, is ZE and Ae is NE (Negative), then F: is NC (No

Change);
o If AV,is ZE and Ae is ZE, then F. is NC;

o If AV, is NL (Negative Low), then F, " isNL;
o If AV,is NH (Negative High), then F, " is NH.

Figure 11 shows the membership functions for fuzzy sets
[34]. Table 1 represents the FLC rule base matrix. Mamdani-
type fuzzy inference and the center of gravity method for
defuzzification have been applied in this work.

8. Simulation results

To evaluate the correctness of the suggested LIM drive in the
FW region, some simulation results are provided in this part.
Simulation parameters are given in Appendix A.

The impact of the primary resistance and the end effect is
initially studied in the FW control areas of LIM drive. Figure 12
shows the command d-axis current (iz") for three different
operating speed regions using Egs. (19), (23), and (31).
According to Figure 12, iz equations are dependent on the end
effect through LIM speed and are also dependent on the
synchronous frequency through loading conditions.

The base frequency is in accordance with the cross point of
constant force area and partial FW area. The critical frequency is
the cross point of partial FW area and full FW area. Figures 13
and 14 show the variations of the base and the critical frequencies
with end effect, respectively. Results clearly show that when the
end effect is considered, the base and the critical frequencies are
not constant. This is due to the variation of the magnetizing
inductance in the equivalent circuit model. Moreover, as the LIM
speed increases, the base frequency reduces, whereas the critical
frequency increases.
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Figure 9. Flowchart of the FW block.

The maximum achievable LIM force along with the speed
is illustrated in Figure A.1 in the Appendix A.

To implement the FW control of LIM drive in different
operating speed areas, the reference control pattern must be
extracted using Egs. (19)-(36), considering the primary
resistance and end effect. Figure 15 shows the reference d axis

*
oK . . . . .
current (), maximum g-axis current ( 1y lim ), maximum slip

frequency (wy max), and maximum force, F;_max along with the
angular frequency and f(Q).

Using the extracted reference control pattern shown in
Figure 15, the FW control of LIM drive has been carried out
in different operating regions.
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Figure 11. FLC membership functions; (a) Speed error AVy; (b)
Speed error change Aey; (c) Thrust F,"(n).

Figure 16(a) illustrates the reference and actual LIM speed.
The initial speed reference is considered equal to 20 m/sec and
is than increased to 35 m/sec in =4 sec. The speed reference is
reduced to 15 m/sec in =7 sec. External load changes are
applied to the LIM drive in =2, 3, 6, and 9 sec. The LIM speed
clearly tracks the reference in different operating conditions
with no overshoot.

Figurel6(b) and (c) show the LIM phase current and
phase voltage in different operating conditions. The LIM
current and voltage are limited to their maximum allowable
values, i.e., Iy max and Vi max, respectively. The results
manifest the accuracy of the LIM drive with the field-
weakening control strategy. Figure 16(d) and (e) show the
current constraint curve (is°+ig’) and the voltage constraint
curve (va’+v,’), tespectively. The current and voltage
constraints are regarded in different operating conditions.
Thus, the LIM current and voltage waveforms are restricted

400

300

200

{4 100
LI

1000

2000
w, (rad/sec)

00 03 gq

1000

2000
w, (rad/sec)

3000 03

(c)
Figure 12. Command d-axis current along with the frequency with end
effect: (a) Constant force area; (b) Partial FW area; and (c) Full FW area.
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In Figure 16(f), the angular frequency of the LIM drive
is represented and compared with base frequency w; and the
critical frequency w.. The regions above the critical
frequency are relevant to the full FW area. The areas between
the base and the critical frequencies are in accordance with
the partial FW area. Below the base frequency is the constant
force region.

It is clear from the results that the proposed FW control
of the LIM drive based on FLC offers satisfactory speed
tracking performance under various loading conditions and
different operating speed regions.

9. Conclusion

This work provides a novel Flux-Weakening (FW) control
pattern for the Linear Induction Motor (LIM) drive considering
the end effect and primary resistance. In this scheme, the
reference d-axis current and the reference maximum g-axis

w, (rad/sec)
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e, 300
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(d)
Figure 15. FW reference control pattern: (a) d-axis current, (b)

Maximum g-axis current, (¢) Maximum slip frequency, and (d)
Maximum force capability along with the speed with end effect.

current are extracted in three operational speed regions
regarding the end effect and the primary resistance. The
base and the critical speeds are automatically calculated
during the algorithm from the crossing points of the
reference d-axis currents in different operating areas.
Furthermore, the Fuzzy Logic Controller (FLC) has been
successfully implemented to overcome the nonlinear
behavior of the LIM drive with FW strategy and to improve
the dynamic characteristics. Simulation results manifest
that the suggested FLC-based LIM drive with FW control
method has good tracking performance in various operating
speed areas while the voltage and current constraints are
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Figure 16. FW control of LIM drive: (a) Speed response, (b) Phase current, (c) Phase voltage, (d) Current constraint, (e) Voltage constraint,

and (f) Angular frequency with end effect.

satisfied. The speed response tracks the reference fast with
no overshoot and low steady-state error in various loading
conditions. It is shown that in a LIM drive with end effect
consideration, the base and the critical speed are not constant
due to the wvariation in the magnetizing inductance.
According to the results, when the primary resistance and
end effect are considered, increasing the LIM synchronous
frequency will reduce the base frequency and increase the
critical frequency.
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Appendix
FLC gains: K,=0.0257, K.=1.5, K;=1813.

The LIM parameters are given in Table A.1. Figure A.1
shows the force-speed characteristics with end effects.

Table A.1: LIM parameters.

Parameter Value
Phase voltage 220V
Current 93.65 A
Power factor 0.4884
Pole pairs 2

Pole pitch 0.1024 m
LIM length 0.413 m
R 0.049 Q
R’» 0.803 Q
Lis 1.5mH
L’y 4% Lis
Lm 3 mH
ar 0.24 Wb
M 29.34 kg
Slip 0.5
Rated force 879N
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Figure A.1. Force-speed characteristics with end effect.
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