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Equivalent Circuit Derivation and Performance
Analysis of a Single-Sided Linear Induction Motor
Based on the Winding Function Theory
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Abstract—A linear metro that is propelled by a single-sided
linear induction motor (SLIM) has recently attracted much atten-
tion. Compared with the rotating-induction-machine drive system,
the SLIM drive has advantages such as direct thrust without
needing friction between the wheel and the railway track, small
cross-sectional area, lack of gear box, and flexible line choice on
account of the greater climbing capability and smaller turning
circle. However, due to its cut-open primary magnetic circuit,
the SLIM has a longitudinal end effect and half-filled slots on
the primary ends, which can reduce the air-gap average flux
linkage and thrust. Based on the winding function method, the
SLIM is supposed to have the following three groups of windings:
1) primary windings; 2) secondary fundamental windings; and
3) secondary end effect windings. The proposed method considers
the actual winding distribution and structure dimensions. It can
calculate the mutual, self, and leakage inductance to describe
the influence of the longitudinal end effect and half-filled slots.
Moreover, a new equivalent model is presented to analyze the
different dynamic and steady-state performance. Comprehensive
comparisons between simulation and experimental results that
were obtained from both one arc induction machine and one linear
metro indicate that the proposed model can be applied to predict
the SLIM performance and control scheme evaluation.

Index Terms—Arc induction machine, dynamic-state perfor-
mance, equivalent circuit model, half-filled slots, linear metro, lon-
gitudinal end effect, single-sided linear induction motor (SLIM),
steady-state performance, winding function method.
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NOMENCLATURE

Length of the entry-end-effect wave penetration coef-
ficient (in meters).

Length of the exit-end-effect wave penetration coeffi-
cient (in meters).

Secondary sheet conductivity (1/(€2.m)).

Efficiency.

Air permeability (in newtons per square ampere).
Angular frequency of the power supply (in rad per
second).

Angular frequency of the rotor (in rad per second).
Pole pitch (in meters).

Half-wave length of the end-effect wave (in meters).
Angle between the primary and secondary fundamen-
tal currents (in rad).

Flux density along the y-axis direction (in tesla).
Equivalent air-gap length (in meters).

Primary winding phase current in the ABC-axis (in
amperes).

Primary winding phase current in the afg-axis (in
amperes).

Input active power (in watts).

Output active power (in watts).

Input reactive power (in var).

Per-unit slip.

Motor operating speed (in meters per second).

Thrust (in newtons).

Goodness factor.

Speed voltage coefficient matrix.
Primary phase current (in amperes).
Secondary-phase equivalent eddy
amperes).

Equivalent primary current sheet density (in amperes
per meter square).

Winding pitch factor.

Winding distribution factor.

Secondary leakage inductance (in henry).
Primary leakage inductance (in henry).
Mutual inductance (in henry).

Number of primary series turns per phase.
Primary winding distribution functions
ABC-axis.

Primary winding distribution functions in the «3-axis.

current  (in

in the
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Fig. 1. Simple vehicle system diagram that is propelled by the SLIM.

Secondary fundamental winding distribution func-
tions in the a3-axis.

Naﬁ,rs

Nopre Secondary end-effect winding distribution functions
in the aB-axis.

Nge Effective winding turns in series per phase.

Ry Primary resistance (in ohms).

R, Secondary resistance (in ohms).

l. INTRODUCTION

URRENTLY, more than 20 urban transportation lines

that are propelled by single-sided linear induction mo-
tors (SLIMs) are commercialized worldwide, e.g., the linear
metro in Japan, then Vancouver light train in Canada, and the
Guangzhou subway line 4 [1], [2]. The typical SLIM drive
system is shown in Fig. 1. It is shown that the SLIM hung below
the redirector supplied by the inverter on the vehicle. The sec-
ondary is flattened on the railway track, and it usually consists
of an aluminum sheet that is 5-10 mm thick and a 20-mm-
thick back iron that acts as the return path for the magnetic flux
[3]-[5]. Compared with rotary induction machine (RIM) drive
systems, the SLIM system has the following merits. First, it
can achieve direct propulsive thrust, independent of the friction
between the wheels and rail, and can safely be operated, even in
rainy or snowy weather [6]-[8]. Second, it has a smaller turning
radius for its special bogie technique, smaller cross-sectional
area for its omission of a gear box, larger acceleration, and
stronger climbing ability due to its direct electromagnetic force.
Hence, it offers a flexible line choice and reduced construction
cost, which is particularly favorable for subway systems [9]-
[11]. Third, it has lower noise and less maintenance without a
gear box because of the nonadherent driving. Hence, it is an
attractive mode of transportation in large cities [12].

However, as the SLIM primary moves, a new flux is con-
tinuously developed at the primary entrance side, whereas the
air-gap flux quickly disappears on the exit side [13]-[15]. An
eddy current in a direction counter to the primary current will be
induced in the secondary sheet, and it correspondingly affects
the air-gap flux profile along the longitudinal direction. This
phenomenon is called the “longitudinal end effect.” It can
decrease air-gap average flux linkage (mutual inductance) and
increase relevant copper loss as its speed goes up [16]-[18].

Due to extensive research, many papers are currently avail-
able with regard to the SLIM longitudinal end-effect analysis
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brought by the sudden generation and disappearance of the
air-gap penetrating flux density. In [1] and [2], a single-phase
T-model equivalent circuit is proposed to make electromagnetic
design for SLIM and then study its steady performance. Based
on the 1-D numerical analysis and relevant experimental veri-
fication, two coefficients are provided to describe the influence
of the longitudinal end effect on the mutual and the secondary
resistance. This method can be adopted in a wide-speed region
and with different air-gap lengths. However, it is not suitable
for studying the SLIM dynamic performance, such as the vector
control or direct torque control algorithm, because it is only a
steady-state equivalent circuit. In [4]-[6], one simple and useful
function f(Q) according to the hypothetical curve of the sec-
ondary eddy-current average value and the energy conversion
balance theorem is presented. The function is affected by the
SLIM speed, secondary resistance, secondary inductance, and
some other structural parameters such as the primary length.
For its simple equivalent model, it can easily be employed
in different control algorithms similar to traditional induction
machines. However, the function derivation is very coarse such
that it is prone to increasing errors as the velocity goes up. In
[7], steady- and dynamic-state performance by using the space
harmonic method can theoretically be stimulated and the calcu-
lated results have comparatively high accuracy. However, this
method requires substantially more computing time, and the
accuracy mostly depends on many initially given parameters.
If some key parameters are not rationally initialized, the final
solution cannot be obtained due to nonconvergence. In [8], a
Fourier series expansion was used to describe the influence of
the end effects of SLIM. However, the time to attain higher
accuracy in this technique can greatly increase for difficult
determination of the mother wavelet. In [9], an equivalent pole-
by-pole circuit model is derived from the viewpoint of primary
winding distribution. It is suitable for the steady and tran-
sient performance analysis combined with different advanced
control algorithms. Simulation results are verified by several
experiments. Unfortunately, one set of tenth-order differential
equations are needed to describe a basic model for a four-pole
machine, and a higher order system of equations needs to be
provided as the pole number goes up. Furthermore, some coeffi-
cients in this model mostly depend on experimental verification
and are difficult to directly extend to other structures.

In this paper, through the winding function method, a new
model is presented to study both the steady- and the dynamic-
state performance of SLIM. Using the primary winding distrib-
ution, the longitudinal end effect and half-filled slots located
in the primary ends are rationally taken into account in the
winding function expressions.

Il. EQUIVALENT CIRCUITS OF THE SINGLE-SIDE
LINEAR INDUCTION MOTOR

According to Maxwell’s law, the air-gap flux density equa-
tion of SLIM can be expressed by [17]
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where o is the secondary sheet conductivity, 1 is the air per-
meability, v, is the primary operating speed, w, is the angular
speed of the primary power supply, 7 is the primary pole pitch,
Jp is the equivalent primary current sheet density, and by is
the flux density along the y-axis direction. The solution of
by (z,t) is

by(z,t) = Boe 7 + By e @ie % 4 Byerzel T (2)

where b, consists of the following three parts: 1) By; 2) By;
and 3) By. By is the normal traveling wave, which travels
forward similar to the fundamental flux density in the RIM.
By and Bsy, which are determined using boundary conditions,
are the entrance- and exit-end-effect waves, respectively. «; is
the penetration depth of the entry-end-effect wave, as is the
penetration depth of the exit-end-effect wave, and 7., is the half
wavelength of the end-effect wave, which are functions of the
speed and motor structural parameters [19], [20].

Based on the air-gap flux density equation, the SLIM sec-
ondary winding function is divided into the fundamental and
end-effect components. First, it deduces the primary two-phase
stationary axis model according to the primary actual winding
distribution. Because there are no obvious windings on the
secondary, the secondary winding function can be obtained
from the field distribution theory [21]. In theory, the secondary
winding function of the LIM consists of the following two
independent components: 1) a fundamental part N,(x) and
2) an end-effect part N,o(x). It supposes that two electrically
independent but mutually coupled secondary windings can be
derived from the steady and dynamic states of the air-gap mag-
netic flux equations [22]. Moreover, it calculates all inductance,
goodness factor, secondary resistance, and speed voltage coeffi-
cients. Based on the energy conversion relationship between the
primary and the secondary [23], the mathematic expressions of
thrust, power factor, and efficiency are derived. Generally, the
whole derivation progress is quite complex, and more details
can be found in [9] and [10]. A brief introduction on the theory
of winding function is given as follows.

The winding function N(z) of any winding is calculated
by counting conductors. One example is the simple single-turn
winding, as shown in Fig. 2(a). The conductors can be counted
from left to right. If the current flows out of the paper, N () is
supported to increase by one, and when the current flows into
the paper, N (x) can decrease by one. Hence, it is easy to get the
curve of N (z) in Fig. 2(b). Although the winding function is a
circuit concept, it can be related to field quantities. If Ampere’s
law is applied to Fig. 2(a) along the path A1A2 A3A4Al,
then

7{ H-dl = IN(z) 3)

where H is the flux intensity, and I is the total winding current.
If the iron is supported infinitely permeable, H is zero, except
in the air gap along path A3A4. Hence, the air-gap flux intensity
H(x) can be described in terms of N (z) as

IN(z)

H(w) =—"= )
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Fig. 3. One-dimensional model of the SLIM.

where g, is the equivalent length of the air gap. Based on (4),
the winding function N (z) is equivalent to the magnetic motive
force IN(x) of the winding normalized by its current. Thus,
it is independent of the machine excitation and relative to the
machine geometry.

A brief summary of the expressions of three groups of
winding functions is given as follows. The primary stationary
three-axis winding functions are [9]

Nys(z) = N2€ cos(ma /T + )
Nps(z) = B cos(mz /T + m/3) (5)
Nes(z) = 22 cos(na /T — 7/3)

where Nge = K, KqN,, Kp, and Ky are the winding pitch
and distribution factors, respectively, and N, is the number of
primary series turns per phase. Hence, N, is called the effective
winding turns in series per phase.

To obtain the stationary two-axis stator winding function ex-
pressions N, and Ngs from the stationary three-axis winding
distributions, the following rules according to the theory of flux
linkage balance should be obeyed by

Nas(2)iqs+Nos(2)ips + Nes () ics = Nas (7)ias + Nps (2)igs
(6)

where ins and igs can be achieved from i,s, ips, and ic
by using static 3/2 coordination transformation. Hence, the
primary stationary two-axis winding functions are expressed by

Nus(z) = 3N, sin(nz/7)
{ Nas(z) = i%Nse cos(mx/T). ™

The secondary winding functions, including both the funda-
mental and end-effect parts, are abstract but can be obtained
from the electromagnetic relationship between the primary and
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the secondary [4]-[6]. The secondary fundamental winding
function NV,., is derived by

g

(&

where B,., and I,., are the secondary fundamental complex flux
density and secondary fundamental complex current, respec-

tively. Based on the air-gap flux density steady equation, B,
can be expressed by

B. _ (3M0/496)Nse

rs — 1+(1/8G)21§exp [j(wet_ﬂx/T—’—eS)] (9)

where s is the slip, G is the goodness factor, 65 is the angle
between the primary and secondary fundamental currents, I
is the root-mean-square (RMS) value of the primary phase
current, and w, is the angular frequency of the power supply.
According to the 1-D model of the LIM depicted in Fig. 3
[3], the secondary leakage inductance can be neglected for its
smaller value. Hence, the relationship between the primary and
the secondary current is described as

® by 7ij 715 .
Is =1 = ex wel + 04
X+ B i agsae Pl )

(10)
where X, and R, are the mutual inductance reactance and
secondary resistance. Hence, based on (8)—(10), the secondary
fundamental winding functions V,., are indicated by

{ Nars(z) = 3Ny sin(rz/7)

Nigps() = =3 Ny cos(ma /7). (11)

Similar to the solution of the secondary fundamental part,

the secondary end-effect part winding function N,.. can be de-
duced by

B.'re - @ ]\;re I:e

e

(12)

where B,.. and I,.. are the secondary end-effect complex flux
density and current, respectively. Based on the air-gap flux

density dynamic equation, B,.. can be derived by [10], [19]
e BN (L +sGT 4T

‘516
1 1 - 27 :I -

x exp(—x/a) exp {j (wet - 7?)] . (13)

There are three kinds of flux density waves in air gap, normal
flux density wave, entry-end-effect flux density wave, and exit-
end-effect flux density wave. «; is the length of the entry-
end-effect wave penetration coefficient, « is the length of the
exit-end- effect wave penetration coefficient, and 7., is the half-
wave length of the end-effect wave. These three parameters can
bring some influence on traveling distances of entry- and exit-
end-effect flux density waves in the air gap [19]. With regard
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to the normal traveling flux density, it is similar to the RIM,
whose pitch is 27 period, whereas the entry- and exit-end-effect
waves are brought by the end effect from the primary cut-open
magnetic paths (both entry and exit terminals), whose pitch are
271, period. Take the SLIM in the linear metro for example. o
is 0.4 m, and a5 is 2 mm at a base speed of 40km/h; hence, the
exit-end-effect wave more quickly attenuates than the entrance-
end-effect wave. In general, 7 (almost 0.25 m) is constant in
different speed levels, whereas 7. (about 0.1 m at the base
speed) is variable in different speed levels, which can quickly
increase as the speed goes up [24].

Based on [3] and [8], I, is

I,.=K I exp(jwet) (14)

1
1+ jsG
where K is a function of the SLIM operation velocity, primary
length, and slip frequency. Based on (12)—(14), the secondary

end-effect winding function N,.. is expressed as

{ Nare(z) = =22 exp(—2/as) sin(rz /7. — 0.)

Nar(z) = 33 exp(—z/az) cos(ma/r, —0)) O

where N, and 6. are related to the slip, goodness factor, and
SLIM structural parameters, and they can be described as

2 2
_351\/56 \/(1 + SGE) + (L)
o T Te

Ny =
1 1 2 s 2
(& +a%) +(2)
™ s
Geztanfl%—tanfl 1 Te -
0724‘861% ?14‘072

According to aforementioned three groups of winding func-
tion equations, it is interesting to see that the primary two-axis
parts are the same as the secondary fundamental parts, which
are sinusoidal waves within the primary length. Because of
the influence of the primary half-filled slots, the 3-axis wave
can be regarded as lagging the «-axis by approximately /2
[9]. The secondary end-effect parts gradually attenuate from
the entrance side to the exit side due to the influence of the
longitudinal end effect [25].

According to the fundamental theory of electrical machinery,
the SLIM voltage equation is given in matrix form by

- dXx s

@ =[R]i + — —i—vz;[U}X

7 (16)

where several vectors are expressed as follows:

5\: [Lﬁ; ﬁ:[uas,u[gs,O,O]T, ;: [iasyiﬁsaiamiﬁr}T
R, O 0 0 00 0 O
0 R, O 0 |10 0 0 O
H=19 o & ol Y=loo o 1
0 0 0 R, 00 -1 0

where L is an inductance matrix in which the element between
any two winding functions mentioned in (7), (11), and (15) may
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be calculated by

2uols

L =
12 3ge

p'r
/ N, (2) N (2)da (17)
0

where N7 (x) and Na(x) are two arbitrary winding functions,
ls is the primary stack width, and p is the number of primary
poles. There are 36 inductances to be calculated, and 18 of
these inductances are independent of each other. Different from
the RIM, the mutual inductance between the «- and the S-axes
such as Lgsgs iS Not zero, because its coupling results from
half-filled slots. The relationship between the flux linkage and
current in the two axes is (18), shown at the bottom of the
page, where Lis and Ly, are the primary and secondary leakage
inductance, respectively. Because of the influence of both half-
filled slots and longitudinal end effect, the flux linkage in the
a- or [3-axis can be affected by the following four current
components in the a- and (-axes:

* las
° 2631
° Z‘OH‘;

° iﬁr-

Inserting (18) into (16) and then making further simplifi-
cation, two groups of voltage equations can be obtained as
follows. The voltage equations of the primary winding are

Uqs = Rsias + Llspias + me(ias + iozr) + €at — €ast
Ups = Rsi@s + Llspiﬁs + L'rnp(iﬁs + ZBT) + €8t — €3st-
(19)
The voltage equations of the secondary fundamental
winding are

0= €at + me(ias + Z.ar) + Llrpiar + iarRT + ear
0= €t + me(iﬁs + Zﬁ'r) + Ll'r‘piﬁr + iBT-Ry- + €ar
(20)

where, in (19) and (20), eqt, €8¢, €ast, and egg are induced
voltages, considering the influence by the longitudinal end
effects, and e, and eg, are secondary moving voltages, which
are calculated by

€at =P |:L/asarei04”‘6 + L;sﬁreiﬁre] )

ept =p [Lﬁsareiﬁm + L,@Sﬁrei/ﬂre}
€ast = _pLasBsi[)’s; €8st — _pLoszsiozs
ear = V2(T/T)Agr;  €gr = —02(T/T) Aar

(21)

where p is the differential operator that is equal to d/dt.
According to (19)-(21), the equivalent two-axis circuits are
illustrated in Fig. 4. From (18). By neglecting the influence of
both half-filled slots and longitudinal end effect, these mutual
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()

Fig. 4. «f-axis equivalent circuits of the actual SLIM with half-filled slots
and longitudinal end effect. (a) a-axis circuit. (b) 3-axis circuit.

noncoupling relationship. Hence, the expression of flux linkage
can be simplified as

Aas Lis+L, 0 L, 0 Tas
Ags | 0 Lis+ L., 0 L,, 18s
Aar L,, 0 Liy+Ly, 0 Tor
>\B'r' 0 Lm 0 Llr +Lm iﬁr
(22)

Furthermore, the inducted and moving voltages eq:, egt,
€ast, €3st: Car, aNd eg,. can be rewritten as

eat = 0;
€Cast = O;
Car = wTABT;

€pt = 0
€Bst = 0
€pr = _erar

(23)

where w, is the secondary electrical angular speed. The sim-
plified equivalent circuits are indicated in Fig. 5. When the
longitudinal end effect and half-filled slots are ignored, i.e.,
the SLIM totally appears as the RIM, the equivalent circuits
in Fig. 5 are similar to the traditional RIM. Different from
the RIM, the special traits of the SLIM are the calculation
of mutual and end-effect inductances that are functions of the
slip, primary excitation frequency, and structure parameters.
Moreover, the equivalent circuits in Fig. 5 can be extended to
dynamic coordinate references, and the derivation process and
final equivalent circuits are similar to the RIM.

According to the energy conversion balance theorem be-
tween the primary and the secondary, the thrust is de-
scribed as

inductances between the a- and 3-axes will become zero for the F. = (37/27)[i1]" [Gso][i] (24)
Aas Lis + Ly, +/L/asare Lasﬁs + L;s/ﬁre Ly, + Lix/sare Lasﬂr + {’;sﬁrc Z:OCS
>\Bs Locsﬁs + ,Lﬁsare Lis + L, +/L,(35,(37‘e Lﬁsar + L,Gs/ozre Ly + Lﬁ,s[}'r‘e 755 (18)
)\ar Lm + La’}"()"]"e Lozr[is + {’ar,@re Llr + Lm, + /Laro”«g Larﬂr + Lar/ﬁre Zon
AﬁT Lﬁrozs + Lﬁrozre L7n + Lﬁrﬁre LﬁTO”” + L rare Ll’” + Lm + Lﬁrﬁre ipr
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(b

Fig.5. «ap-axis equivalent circuits of the ideal SLIM without the influences of
half-filled slots and longitudinal end effect. (a) «-axis circuit. (b) 5-axis circuit.

where the matrix ¢;, including the end-effect part, is ex-
pressed by

['Ll] = [iasa iﬁsv iar; iﬁra (ias + Z.ar)v (Zﬁs + iﬁr)]T (25)

and matrix G, is the speed voltage coefficient matrix, which
may be calculated similar to the inductance matrix L.
The input active power is

3
Pin = E(uasias + uﬂsiﬁs)~ (26)
The input reactive power is
3 . )
Qin = E(uﬁszas - uaslﬁs)- (27)
The output active power is
Pout = (Fe - Fm)UQ (28)

where F,, is the total mechanical resistant force that involves
wind and friction forces.
The power factor is

oS = Pin/\/ P2, + @2, (29)

The efficiency is

1 = Pout /pin . (30)

I1l. SIMULATION AND EXPERIMENTS

The aforementioned derivations describe the dynamic state
of the SLIM in differential linkage equations. The equations
can numerically be solved step by step by executing in the
MATLAB/Simulink environment. In most dynamic cases, the
state variables include the secondary linkages and primary
currents. The equations can also readily be used in the steady-
state analysis by simply setting d/dt to jw. in (16). The fol-
lowing two motors are analyzed in this paper, as illustrated in
Figs. 6 and 7, respectively: 1) an arc induction motor (motor A)
and 2) one SLIM applied in a linear metro train (motor B)
[2], [17]. Their main dimensions and electrical parameters are
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secondary sheet

lowd cell-DC motor S

Fig. 7. Arrangement of the SLIM and application on the train (motor B).
(a) Primary. (b) Secondary. (c) Vehicle.

shown in Table I. The experimental method for deriving the five
SLIM electrical parameters can be referred in [21]. Generally
speaking, it is similar to the RIM in the following three steps:

Step 1) Direct-current (dc) phase resistance R4.. An exact
value of the primary dc phase resistance R4, can
be obtained by measuring the dc voltage between
winding terminals and the dc that corresponds to the
rated alternating current (ac).

Step 2) Testing of open secondary circuit (decision on Ry,
Ly, and Lys). The actual (ac excitation) the primary
phase winding resistance R, mutual inductance L.,
and primary leakage inductance L, can be obtained
by disconnecting the secondary branch of the equiv-
alent circuit.

Step 3) Testing of blocked secondary circuit (decision on R,
and L,;). By performing the blocked secondary test
with the real reaction rail, the secondary resistance
R, and leakage inductance L;, can be obtained.

The testing analysis is combined with investigation by the
numerical circuit method and finite-element algorithm. Some
unreasonable data should be neglected.
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TABLE |
MAIN DIMENSIONS AND PARAMETERS OF THE TWO MOTORS
Items Motor A | Motor B
Pole pitch/m 0.117 0.2808
Pole pairs 3 4
Length/m 0.798 2476
Width/m 0.1 0.3
Rated frequency/Hz 50 25
Number of slots 41 79
Primary Number of stator series turns per 216 192
phase
Number of slots per pole per phase 2 3
Number of half-filled primary end 5 7
slots
Iron depth/m 0.099 0.128
Number of coil pitch/slot 5 7
Number of conductor per slot 36 16
Air gap length/m 0.010 0.009
Width/m 0.16 0.36
Secondary Sheet thickness/m 0.005 0.007
Back iron depth/m 0.021 0.025
Stator resistance /2 0.4253 0.0226
Stator leakage inductance /H 2.14E-3 1.03 E-3
pi]:m”e‘f:rls Mutual inductance /H 11.51E-3 | 55853
Rotor resistance/Q 0.221 0.127
Rotor leakage inductance /H 0.55 E-3 0.17E-3

<

Thrust E, (N)

20¢

-

1
10HZ 2007 30HA  aomA  sordd |

. L

0 2 4 6 8 10 12
Velocity Vy (m/s)
(a)
30 -
-, 10Hz o 0HZ 0 30Hz oo, 40HZ
& : :
& E |
% 5 10 15 20 25
Velocity v2 (m/s)

(b)
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As shown in Fig. 6, the arc induction machine prototype
experimental bench has a rotor that is formed on the rim of
the large-radius flywheel, whose primary is fed by a converter.
The load cell is a dc machine that is connected to the shaft
of the SLIM rig by belts. The dc machine can operate at any
desired speed and load below the rating values to provide differ-
ent working points. The measurement sensors located between
the SLIM and the dc load can record the SLIM velocity, load
power, and thrust.

Fig. 7 shows the structure of the primary, the secondary, and
the whole SLIM in the train. The primary is placed in the bogie
under the vehicle body, and the secondary sheet is flattened in
the experimental linear metro line.

A. Steady-State Smulation and Testing

Fig. 8 presents different thrust curves of two motors under
constant-current—constant-frequency excitation. As shown in
this figure, the maximal thrust of the SLIM, different from
the RIM, will gradually decrease as the speed goes up by the
influence of longitudinal end effects, particularly in the area of
high speed, whereas the RIM has constant maximal thrust in
different frequencies for constant flux linkage in the air gap by
its symmetry structure.

Fig. 8. Steady-state thrust curves with constant current and variable fre-
quency. (a) Motor A under 11 A (real lines are the thrusts without end
effects, dashed lines the thrusts with end effects, and other shape lines are the
measured). (b) Motor B under 280 A (real lines are the thrusts without end effect
and dashed lines the thrusts with end effects. All results are in simulation).

Fig. 9 shows the thrust excited by constant voltage in dif-
ferent frequencies by the steady-state equations. In Fig. 9(a),
it starts up under 220-V constant primary line voltage, and its
current is a little larger than the rating value for its smaller
equivalent reactance. As the speed increases, the torque more
quickly decreases than by the constant current in Fig. 8(a) for its
quicker air-gap flux attenuation. In general, the thrust prediction
reasonably agrees with the measurement in various velocities.
In Fig. 9(b), it is excited by the primary line voltage 530 V. The
general trend of thrust is similar to Fig. 9(a).

The thrust of the SLIM applied in transportation is one of the
most important indices. The actual SLIM control scheme often
includes the following two regions: 1) the “constant-current”

region and 2) the “constant-power” region. Below the base
speed, the primary phase current and slip frequency are kept
constant. Because of the power conditioner voltage limitation,
the constant-voltage operation is encountered above the base
speed. The phase current very quickly decreases due to the
increasing total impedance. To meet the drive system require-
ment, it is necessary to linearly increase the slip frequency to
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Fig. 9. Steady-state thrust curves with constant voltage and variable fre-
quency. (a) Motor A under 220-V line voltage (real lines are the thrusts with
end effects, and other shape lines are the measured). (b) Motor B under 530-V
line voltage (all results are the thrusts with end effect in simulation).

prevent quick thrust reduction. Here, the steady-state drive per-
formance of motor B in the overall working region is analyzed
and compared with measurements, including the phase current,
thrust, and efficiency curves, as shown in Fig. 10. The base
speed is 40 km/h. Simulation on the phase current, thrust, and
efficiency is made according to the steady equations of the
equivalent models. As shown in the figure, the simulated phase
current is close to the measurements. It is kept constant below
the base speed and linearly decreases beyond the base speed.
The thrust below the base speed decreases a little as the speed
goes up due to the end effect, although the phase current is
constant. Beyond the base point, the thrust linearly decreases
due to the reducing phase current. The error in the base speed
is obvious, because the control manner and slip frequency have
been changed, but the efficiency calculation and measurement
reasonably agree with each other.

B. Dynamic-Sate Smulation and Testing

Fig. 11 shows the thrust curves of motor B calculated by
the steady- and dynamic-state equations. In the entire range,
the primary current is controlled to be constant at 280 A, and
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Fig. 11. Thrust curves with constant current and frequency calculated at the
steady and dynamic states.

the primary frequency is supposed a constant at 10 Hz. It is ap-
parent that the steady-state thrust is very close to the dynamic-
state thrust in addition to the short starting-up procedure due
to the electromagnetic transition in the secondary. By the veri-
fication of the steady-state model in Section I11-A, it is shown
that the dynamic model is also reasonable to make performance
prediction. As shown in Fig. 11, it is interesting that there
are double-frequency (20-Hz) thrust ripples as the SLIM starts
up. This case is due to the electromagnetic dynamics in the
secondary circuits produced by the longitudinal end effects.
Fig. 12 shows the constant-current start-up process, including
the velocity, thrust, secondary fundamental, and eddy-current
curves. In the overall operation region, the motor has a constant
stator current of 280 A and a constant primary frequency of
25 Hz. As shown in the figure, the secondary fundamental cur-
rent, similar to the RIM, gradually decreases as the speed rises
and is almost zero close to the synchronous point. However,
the secondary end-effect part ascends with incremental speed,
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Fig. 13. Variable-frequency-variable-voltage start-up performance analysis of motor B. (a) Stator current. (b) Velocity. (c) Thrust. (d) Input power.

reaching a maximum close to the synchronous speed, because
the quick air-gap flux linkage change results from the longitu-

dinal end effect.

Fig. 13 shows the variable-frequency-variable-voltage start-
up process of motor B. The primary frequency proportionally
varies from 2 Hz to 25 Hz with increasing primary voltage to
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Fig. 14. Simple diagram of the indirect-rotor field-orientation control
algorithm.

keep a comparatively constant air-gap flux linkage. The test is
carried out on the experimental linear metro line in cooperation
with a company, as illustrated in Fig. 7(c). During this testing,
the primary two-phase voltages, two-phase currents, and op-
erating speed are sampled by corresponding sensors and input
into a Yokogawa DL 750 oscillometric recorder. The sampling
frequency for voltage is about 20 kHz, and measured voltage
data can directly be input into the dynamic equations for step-
by-step simulation. Some typical criteria by predication are
compared with their measurements, including the stator phase
current, train velocity, thrust, and input power. It is shown that
the calculation agrees with the measurements in general.

To further verify the new model, the traditional indirect rotor
field control algorithm was executed on the arc induction motor
(motor A). The flowchart of the control scheme is illustrated
in Fig. 14, which includes the following three closed loops:
1) rotor speed loop; 2) d-axis current loop; and 3) g-axis current
loop. These loops are modified by three proportional—integral
(PI) regulators, which are similar to the RIM.

Fig. 15 shows the theoretical and measured curves of velocity
vg and thrust F,. The velocity is given by 6.28 m/s, and the
field current is kept at a constant of 8 A in the whole process.
The SLIM is accelerated from 0 m/s to 6.28 m/s in the first
40 s, then operated with constant velocity for 20 s, and finally
decelerated in almost 20 s. Although excited by constant current
I4s, the thrust is attenuated a little for its longitudinal end
effects. Considering different friction and windage resistances
between theoretical simulation and practical experiment, the
performance curves in Fig. 15(a) reasonably validate the per-
formance curves in Fig. 15(b).

IV. CONCLUSION

One new equivalent model of the SLIM has been pre-
sented from the winding distribution described by the wind-
ing function method. The SLIM is first supposed to have
the following three groups of winding functions: 1) primary;
2) secondary fundamental; and 3) secondary end effect. The
primary stationary two-axis winding functions are derived from
the stationary three-phase winding distributions joined by 3/2
static-axis transformation. The secondary fundamental and end-
effect winding functions are obtained based on the electro-
magnetic distribution relationship between the primary and the
secondary. According to the three groups of windings, the
influence of the longitudinal end effect and half-filled slots
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Fig. 15. Thrust and velocity curves (the ratio of thrust to velocity is 1:3 or
5:1). (a) Calculated. (b) Measured.

can automatically be described by the corresponding end-effect
mutual inductance and half-filled slot inductance. Moreover, the
equivalent voltage and linkage equations are derived using the
theory of the RIM to construct the equivalent circuits, which
can analyze both the steady- and dynamic-state performance
similar to the RIM. By comprehensive simulation and/or ex-
periments on different working states, the proposed circuits can
be regarded as a useful tool for investigating different SLIM
dynamic- and steady-state performance. It is an effective model
for the electromagnetic design and performance prediction for
the SLIM particularly applied in the linear metro.
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