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Abstract—The linear induction machine (LIM) in linear metro
suffers from poor efficiency due to the large air gap, end effects,
and long-term light load operating conditions. Although such issue
has been improved by some LIM efficiency optimization strate-
gies (EOSs), poor performance, and high harmonic loss caused
by low switching frequency of large-capacity inverters have not
been well addressed. To further improve the efficiency of LIM
system under low switching frequency, this article proposes one
predictive flux control-based EOS for three-level inverter-fed LIM
system. First, one novel primary flux-based LIM loss model is built,
with which the optimal primary flux for minimum loss can be
derived analytically. Then, considering multiple control demands,
a computationally efficient predictive control is proposed to manip-
ulate optimal flux under low switching frequency. Through control
targets conversion, sequential optimization and online adaptive ad-
justment, tuning work for all weighting factors is avoided. Finally,
comprehensive experimental comparisons with the mature control
strategy and the existing EOS in linear metro are investigated on
one 3 kW arc induction machine. It is confirmed that more loss
reduction and efficiency improvement for LIM can be effectively
achieved with the proposed method under low switching frequency.

Index Terms—Efficiency optimization strategy (EOS), linear
induction machine (LIM), low switching frequency, predictive
control, three-level neutral-point clamped (3L-NPC) inverter.
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I. INTRODUCTION

UE to the fast-growing population and limited resources
D of land in modern cities, urban transit is developing faster
than ever in recent years. Compared to the rotary induction
machine (RIM) traction systems, the linear induction machine
(LIM) can get the direct thrust without transmission, and hence,
enjoys stronger climbing capability, higher accelerations and
decelerations, smaller turning radius, and so on [1], [2]. Due to
these merits, the LIM drive systems have been developed and
commercialized in more than 20 linear metro lines in the world,
such as Kennedy airline in USA and Guangzhou Subway Lines
4-6 in China [3].

Meanwhile, with the continuous improvement of operating
speed, newly built lines in urban transit mostly use 1500 V dc
power supply mode to meet the requirements of high-power
traction machines. Compared to two-level inverter, multilevel
inverters-most prominently three-level neutral-point clamped
(BL-NPC) inverter, have become a more attractive choice for
high-power medium-voltage applications owing to its lower
stress on semiconductor switches, lower switching frequency
and less harmonic content [4]. Thereof, 3L-NPC inverter-fed
LIM drives have broad technical advantages and application
prospects in urban transit.

However, the cut-open of primary iron core in LIM leads to the
dynamic end effects, resulting in the attenuation of air-gap flux
and thrust. As a result, the equivalent magnetizing inductance
is attenuated greatly and the equivalent secondary resistance
increases rapidly [5]. Coupled with the influence of large air gap,
the mechanical characteristics of LIM become softer. Under the
same load, once the slip and the proportion of secondary slip
loss increase, the working efficiency would get smaller quickly
[6]. In addition, the LIM control strategies in linear metro are
mostly based on slip frequency control or field oriented control
(FOC), in which a constant excitation is used below the rated
speed. However, the LIM in linear metro runs under light loads
for a long time [7], i.e., cruising condition, which causes a huge
copper loss with the constant excitation and further makes the
working efficiency far lower than the rated efficiency.

To improve the LIM efficiency, some efficiency optimization
strategies (EOSs), also known as loss minimization control, have
been proposed most recently. They can be divided into two major
categories, i.e., search controller-based strategies [8] and loss
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model-based strategies [9], [10], [11]. The former iteratively
searches for the optimal solution in order to find the minimum
input power. The latter aims to establish aloss model based on the
mathematical model, and derive an optimal solution with min-
imum loss. Although the search controller-based strategies can
totally avoid the influence of parameters, model-based strategies
are still the most studied and adopted EOSs currently due to the
fast convergence, low thrust fluctuation, and strong stability.

However, in the existing methods, the optimal solution manip-
ulation is realized on the framework of FOC with space vector
modulation. In urban transit where the switching frequency is
only controlled within hundreds of hertz, the harmonic content,
and harmonic loss of FOC increase quickly due to the low carrier
ratio modulation [12]. Meanwhile, the dynamic response and
disturbance rejection ability also deteriorate under a long control
period. Coupled with the complexity of inverter topology and
model discretization, the existing FOC-based EOSs do not suit
the high-power 3L-NPC inverter-fed LIM drives for efficiency
improvement.

In opposition to FOC, predictive control uses the inverter
states as manipulated variables directly, removes the modulator,
and switches the inverter state only when needed, thus effectively
reducing the switching frequency while maintaining control
performance [13]. Thereof, predictive control is suggested as
an alternative control scheme for high-power applications. Due
to the increased number of discrete voltage vectors (VVs) and
additional control requirements, such as neutral point voltage
(NPV) balance, the control complexity is significantly increased
when the predictive control is applied to 3L-NPC inverter. Thus,
most researches in this topic are focused on reducing the algo-
rithm complexity, such as a predefined switching table [14] or
sector distribution methods [15], [16]. As for constraints such
as switching frequency and NPV balance, they are generally
introduced in the cost function by weighting factors [14], [17].
In this way, tuning work of the weighting factors are inevitably
required. More importantly, it is difficult to solve the reference
VV with multiple different dimensional goals, so that the optimal
VV has to be selected through the cumbersome cost function
enumeration.

Moreover, the primary flux magnitude, which is treated as
another degree of freedom in predictive thrust and flux control
branched methods, can be utilized to manipulate losses while
maintaining fast and smooth thrust production. In [18] and
[19], one primary flux based predictive control is presented, in
which the flux reference derived from the maximum thrust per
ampere (MTPA) is used to minimize the copper loss. In [20]
and [21], the EOS is proposed for RIM by manipulating the
stator flux with predictive flux control, in which two different
stator flux-based loss models are derived. Moreover, Xie et al.
[22] combined MTPA and EOS to effectively reduce loss in
the whole speed range, while switching actions are penalized
in cost function to reduce inverter loss. In [23], the efficiency
optimization is achieved for field modulation motors by incor-
porating the harmonic-based loss minimization into predictive
control. Existing investigations above prove that predictive flux
control can provide an elegant solution for loss reduction without
compromising dynamic performance. However, above methods

13673

J(@1-m2)y,

Fig. 1.
loss.

Equivalent circuit of LIM in synchronous coordinate considering core

are all adapted to two-level inverter, computational burden will
become a crucial issue limiting its application in 3L-NPC in-
verter. Additionally, existing LIM loss models [10], [11] show
high order and complex form. In order to match the predictive
flux control scheme, further derivations with necessary sim-
plifications are inevitable to obtain the analytical expression
of optimal primary flux. These simplifications also affect the
accuracy of optimal flux, thereby deteriorating the optimal point
and efficiency optimization performance.

From the aforementioned, when implementing efficiency
optimization for 3L-NPC inverter-fed LIM drive system under
the framework of predictive flux control, at least the following
three issues need to be properly addressed. First, an accurate
and applicable primary flux-based LIM loss model needs to be
constructed to obtain the optimal primary flux directly. Second,
considering multiple additional demands in drive system, such
as NPV balance and smooth switching transition, the compu-
tationally efficient predictive flux control under low switching
frequency is urgently required. Third, with different dimensional
control targets (flux and thrust tracking error, switching fre-
quency, and NPV balance), tedious tuning work for multiple
weighting factors should be well addressed.

To solve the above issues and realize LIM efficiency im-
provement under low switching frequency, this article proposes
one predictive flux control-based efficiency optimization strat-
egy (PFC-EOS) for 3L-NPC inverter-fed LIM drive system.
Compared with the preliminary conference version [24], a more
concise and applicable loss model is further derived, while the
core-loss resistance and switching frequency constraint are fully
considered in the implementation of PFC-EOS. Comprehensive
experimental comparisons and analysis have been conducted,
showing that better efficiency improvement can be effectively
achieved for LIM under low switching frequency. Main contri-
butions and advantages can be summarized as follows.

1) Anovel primary flux-based loss model with full considera-

tion of end effects is established. Compared to the existing
LIM loss model [10], the proposed loss model has lower
order and simpler optimal flux solution by adopting the
primary field orientation.

2) Considering multiple control demands in drive system, a
computationally efficient predictive control is proposed
to manipulate flux under low switching frequency. By
using the developed VV search method, the number of
evaluations is reduced from 27 to at most 4 VVs.

3) Through control targets conversion, sequential optimiza-
tion, and adaptive adjustment, tedious tuning work for
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all weighting factors is avoided. In this way, design and
implementation of PFC-EOS are greatly improved.

4) By manipulating the primary flux with the proposed PFC-
EOS, the LIM efficiency under low switching frequency
can be effectively improved over a wide speed and load
range compared with the mature method in urban transit,
PFC-MTPA [18], and FOC-EOS [10].

II. MODEL OF LIM AND 3L-NPC INVERTER
A. Equivalent Circuit and Mathematical Model of LIM

Fig. 1 shows an equivalent circuit of LIM considering the
core-loss resistance in the synchronous coordinate, where four
coefficients are introduced to evaluate the influence of end
effects on parameters [5], [25]. Based on the equivalent circuit,
the model of LIM in the synchronous reference frame can be
described as

up = Rty + ppy + junrypy
0= R2eqi2 +p'¢2 + ] (wl - (U2> ¢2
Ipl - Llilm + Lmequ
’po = Lmeqilm + Lois

ey

where u, i and v are the voltage, current, and flux vectors, sub-
scripts 1 and 2 stand for the primary and secondary parameters,
R and L represent the resistance and inductance, w; and wq
are the secondary flux angular velocity and secondary angular
velocity, respectively. i1 ,, =i1 —i. is the flowing current through
primary leakage, i . the flowing current through core-loss branch,
and p the differential operator. Ly,cq = KzCyLpmo and Rooq =
K, C,Ry are the equivalent magnetizing inductance and sec-
ondary resistance considering the end effects, where L,,o and
Ro( are the parameters when LIM is standstill, i.e., neglecting
the end effects. The Krx and Crx mean the longitudinal end
effect and transversal end effect coefficients, respectively, which
reflect the influence of end effects on magnetizing inductance
and secondary resistance. Detailed derivations and the definition
of each coefficient can be found in [25].

The voltage and current in the core-loss branch are given by

Rcic = p'@bl + jwl"pl (2)
e =11 + 12 —

where i, is the magnetizing current and R the core-loss resis-
tance.

And the output thrust of LIM can be expressed as

3

Fe = o [1a(irg = icq) — Y1q(i1d = ica)] )

where T is the pole pitch of the LIM.

B. Topology and Model of 3L-NPC Inverter

The topology of 3L-NPC inverter is shown in Fig. 2(a). With
different switching states, each phase can be connected to either
the positive (P), negative (N), or neutral (O) point of the dc-link.
The space distribution of all the 27 discrete VVs produced by
the 3L-NPC inverter in the o5 plane is shown in Fig. 2(b), which
can be categorized into four groups: large VVs {uy, us, ...u11},
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Fig. 2. 3L-NPC inverter and space vector. (a) Circuit topology. (b) Space
distribution of all the admissible VVs.
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Fig. 3. Control block diagram of the proposed PFC-EOS for LIM drives.

medium VVs {us, uy, ...u12}, small VVs {uq3, u14, ...us4},

and zero VVs {uss, usg, usr}.

Compared to the two-level inverter, the NPV balance is one
inherent requirement due to the topology of the 3L-NPC inverter.
Hence, itis necessary to consider the NPV for both safe operation
and satisfactory performance, as defined as

AUClZ = Udcl - Uch (4)

where Ug.1 and Ugqo are dc-link bus top and bottom capacitor
voltages, respectively. Based on the Kirchhoff’s current law and
circuit topology, as shown in Fig. 2(a), the NPV at (k+1)th
instant can be predicted, as given by

AU = UK, + & (S5 + |t it + S5 ) ©

where S (x = a, b, c) is the switching state of each phase and the
superscript k denotes the variables at kth instant. In this article,
S, are labeled as “1,” “0,” and “—1” for the states P, O, and N,
respectively. C = Cy = C; represent the upper and lower dc-link
capacitors. And T is the sampling period.

III. PROPOSED PREDICTIVE FLUX CONTROL-BASED
EFFICIENCY OPTIMIZATION STRATEGY

The overall control diagram of the proposed method is shown
in Fig. 3, which is mainly composed of the following two parts:
1) optimal primary flux calculation and 2) manipulation. By
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manipulating the primary flux reference, the predictive thrust
and flux control branched methods provide an effective solution
for loss reduction without compromising dynamic performance,
especially under low switching frequency. To obtain the desired
primary flux reference, a primary flux-based loss model is built
firstly. Then, the flux manipulation method under low switching
frequency for 3L-NPC inverter-fed LIM drives is given. The
details are elaborated in the following.

A. Proposed Loss Model and Optimal Primary Flux of LIM

The total controllable loss of LIM, including core loss, pri-
mary and secondary copper losses, can be attained as

3

B = 5

[Rl (Zld + Zlq) + Raeq (ZZd + Z2q) + R ( led T Zcq)] (6)

It is noticeable that, since the LIM in linear metro is generally
designed with relatively low average flux density, the magnetic
saturation can be effectively avoided and, thus, is not included
in this work. To model the LIM loss with the thrust and primary
flux, the relationship between primary flux and current should
be derived. First, considering the primary field orientation, i.e.,
14 = |1h1] and 14, = 0, it can be easily derived from (2) that
icg=0and i, = w191 4/R, in steady state.

Second, the primary current can be modeled in terms of the
primary flux as follows. The secondary voltage equation in (1)
can be rewritten as

0 = Rocqia + j(wi — w2) (Limeqiim + Latz) . (N

Based on (7), the flowing current through primary leakage is
further explained by the secondary current as follow:

7:2 (R26q + jwsLZ)
jwsLmeq

Ui = — ®)
where w, = wy — ws is the slip angular velocity. By substituting
(8) into the third term of (1), the orthogonal components of
primary flux can be expressed by secondary current and slip
angular velocity, as derived as

_ RaeyL . .
Pra = — b (F2ip + iy
7neq R2eq ws 44 (9)
" Rzequ oly,; 1,
1(1 'meq RZeq 29 Ws 2d
where o = 1-L2 . /(L1Ls) is the leakage coefficient. On the

basis of primary field orientation, it obtains oLgio¢/Roeq =
iagglws. In this way, the d-axis component of primary flux in
(9) can be further simplified as

12q-

oL \* L1,
R2€q WE 12 ~
(10)

In (10), an approximation (o Lg/Rge,)” < 1/w? is made.
This approximation is valid since that the slip angular frequency
is very small, and the difference between the two terms is further
enlarged after squared. Therefore, ignoring (o La/R> eq)z does not
introduce a large error. For a given speed and load, the primary
current in (6) can be obtained as functions of the primary flux

R2equws

Lmeq

RQequ .

wld:_

Lmeqws

13675
according to (1)—(3) and (10), as written by
. 4120 L2 Loy F.2
td = m + ;—”QULriquwld
Qg = 32;151: + (w2+§5)¢1d an
_ 27Ry.,L2F.

s 377Lmeqw1d
As for the secondary current, the relationship between the
secondary slip loss and the output power can be established, as
given by

wWaT

w2
Pout:Fexiz

3 . .
§R2€q (ng + z%q) ;

S

12)

By substituting the slip angular velocity in (11) into (12), the
relationship between the square of secondary current and thrust
is derived as

2Ly F., \?
-2 -2 1L
= ——. 13
B4 13, ( T wld) (13)

Consequently, substituting (11) and (13) into (6), the total loss

of LIM will be solved by

R kuw? 27wy F, ERaeq L3
P _& =
LM 2 (L2 - C ) wld RC <R1 - Lgneq
RoegL?  20L1Ly
+ {Rl (1 -
R L%neq LrQneq
kR2€qL1 (1 . Roeg L3 )} 2722
L%neq R L?neq 377211)%(1

= a1y + as + azy )] (14)

where k = (R1+R_.)/R., a1, as, and aj are the loss coefficients,
which are used to simplify the expression. The optimized vari-
able 11 4 will be analytically attained as below by setting the
derivative of Pr v equal to zero, as illustrated by

OPLim as
= :> fr— fr 4 _
awld |¢1opt| qZjldopt a

It is worth mentioning that, compared to the secondary flux
loss model and optimal flux solution method in [10], the core
loss can be more easily presented by primary flux under the
condition of primary field orientation. As a result, the proposed
loss model has lower order and the optimal flux is easier to solve,
which is one of its superiorities.

Fig. 4(a) shows the LIM loss under different primary flux
levels at 11 m/s (the adopted parameters are listed in Table I).
It can be clearly seen that the LIM loss is a convex function
of primary flux, which verifies the feasibility of efficiency op-
timization by adjusting the flux to an optimal level. Fig. 4(b)
depicts the optimal primary flux based on (15) under different
speeds and loads. It can be seen from the surface color that as the
speed increases, the optimal flux under the same load decreases
gradually. This is reasonable due to that reducing the optimal
flux will balance the increase in core loss with the increasing
speed.

Under light loads, the optimal primary flux decreases rapidly
as the load decreases, meaning that the constant flux would lead
to high loss. However, the insufficient flux may cause standstill,

15)
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P (kW)

Fig. 4. (a) LIM loss under different primary flux levels at 11 m/s. (b) Optimal
primary flux level under different speeds and loads.

TABLE I
MAIN PARAMETERS OF THE LIM

Quantity Symbol Value Unit

Primary length I 1.3087 m

Pole pitch T 0.1485 m

Primary resistance R, 1.06 Q
Primary leakage inductance Ly 9 mH
Magnetizing inductance Lo 35 mH

Core-loss resistance R. 479 Q

Secondary resistance R, 2.4 Q
Secondary leakage inductance Lpn 3.8 mH
Rated power Py 3 kW

Rated speed Ao 11 m/s

Rated thrust Fy 270 N

and also causes a large current impact when the load is increased
suddenly. To prevent this, the primary flux should be constrained
under low-level boundary. Based on (9), the square of d-axis
component of primary flux can be derived by

s 2TRoe L2F, | [ oLy \* 1 470 L3 L, F,
Via = 2 Wst—| 29 —=5 —
37TLmeq RQeq Ws 37TLmeq
(16)

The minimum value for primary flux is then determined as

2L,

|ToLoF,
Lpeq 3r

To further evaluate the impact of approximation made in (10),
the optimal primary flux without approximation is also obtained
for comparison. Based on the basic relationship in (1), (3), and
(10), the slip angular frequency without approximation can be
obtained by solving the quadratic equation, as given by

[th1] = Y1a > A7)

Wg =

37 Roug Lo\ (37 Racg L2y ¥y) (470 L2 Lo Roy F )
4r(0LyLy)*F. '
(13)

The loss can be similarly obtained by using the slip frequency
in (18). For a given speed and load, by numerically calculating
and comparing the losses under different primary fluxes, the
optimal primary flux without approximation can be obtained.
Fig. 5 shows the difference between the optimal primary flux
with and without approximation. As can be seen, the error
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in the optimal flux primary with and without approximation
becomes larger with the increasing load, and the error under
rated load is about 0.03 Wb. It is noticeable that the loss curve is
comparatively smooth around the optimal flux point, as shown
in Fig. 4(a), so that this flux error has little effect on the loss,
only 10 W under heavy loads.

B. Predictive Optimal Primary Flux Control Under Low
Switching Frequency

On the basis of the obtained optimal primary flux, minimizing
the tracking error of thrust and optimal primary flux is the prior
aim to realize efficiency optimization for 3L-NPC inverter-fed
LIM drives. Meanwhile, the NPV balance should be considered
and the switching frequency should be kept within 500 Hz for
the actual operation of linear metro. Finally, high voltage jumps
should be avoided. How to effectively deal with the multiple
different dimensional objectives and propose a computationally
efficient control method with no weighting factors tuning work
will be elaborated in the following steps.

1) Control Targets Conversion and Primary Flux Estimation:
In this article, the reference flux vector calculator stated in [26]
is further extended to the application of LIM drives, named as
reference primary flux vector calculator (RPFVC). As shown
in Fig. 6, the equivalent reference primary flux vector can be
converted from the reference thrust and optimal flux, which is
regarded as a new control target. In this way, the reference thrust
and loss minimization condition are successfully reflected in the
phase angle and magnitude of the reference primary flux vector,
respectively. The control target with two different dimensions is
no longer needed.

Different from the existing LIM predictive control methods
[2], [18], the influence of core-loss resistance will be fully con-
sidered in the state estimation and prediction process. Due to the
introduction of core-loss resistance and placing it before primary
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leakage inductance, the primary current cannot be selected as
the state variable as that of the conventional LIM model. In this
article, the current through the primary leakage inductance i1,
and primary flux 1/, are selected as the state variables to derive
the prediction model, and the state-space model of LIM in a3
frame considering the core-loss resistance can be derived as

pxr = Ax + Bu (19)

where ¥ = [i1m_ap ¥1_apl’ are the state variables, u =
U1_qp is the primary voltage vector, A = [-A(R;La+RoL1)+jwa
MRa-jwals); -Ry 0], B = [ALo/k 1KY, Ry = Rilk, » =
1/(L1Ly — L?,.,), and the subscript _a/3 is used to distinguish
the variables from synchronous reference frame. Based on (19),
a full-order observer is adopted for primary flux estimation due
to its insensitivity to parameter variation, as given by

P& = A2+ Btioy_op + G (itm_as — dimas)  (20)

where £ = [21,, o 'zﬁl_a 5]T are the estimated states for cur-
rent and flux, u,,¢ s is the optimal VV obtained at (k-1)th
instant, and G the feedback gain matrix, which is designed as G
= [2b b/(AL5)]T (b > 0) [27]. In (20), the actual current through
the primary leakage inductance at kth instant can be calculated
with the sampled phase current, as expressed by

i ap = [(R1+ R o — Uopt_ap] /Re. (21

2) Cost Function Design and Reference VV Calculation: By
predicting the control variables one step further, the cost function
considering delay compensation can be designed as

:

2
|t = s @2)

J = || s -0t
where the first term penalizes the flux and thrust tracking per-
formance, and the second term penalizes the switching effort by
the switching positions. The parameter & is the penalty factor,
which can be used to adjust the switching frequency online.
According to (19), the predicted primary flux at (k+2)th instant
can be derived by

~k+1

w’fﬁg =Py g+ Tsu’;j;ﬁ /k — Ry Tyiyt!, 5 (23)

where '&fj:ﬁ and ’L]f:ia 5 are predicted for one-step delay based
on the second-order Euler discretization of (19), as given by

rhtl — (I -+ ATS);[;k + BTSUopt_aﬁ 24)
bt = ph I 40.5 x AT (xht! — k).
By substituting (23) into (22), it obtains
2 2
J =T oy = || k|l = wopias| =72

/ * k+1 2 2
= J = Hul_aﬁ — U .5 ‘ + Asw ’

’ulijlﬂ — Uopt_aB
(25)
where Ag, = ky/T2. And uj gz is the reference VV only con-

sidering the flux tracking performance, which can be obtained by
letting the predicted flux at (k+2)th instant equal to its reference
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value, as solved by
* * ~k+1 .
ul_aﬁ =k (wl_aﬁ - wl_aﬁ)/TS + Rlzllc:iaﬁ'
Then, according to the following relationship:

m[| X — X1 + ma|| X — Xo”

(26)

m1X1 + m2X2 2

my + mo

:(m1 —|—m2) X —

mimsa

X1 — Xa”. (27)

mi +m2

Withmy = 1,my = A, X = ulT)y, X1 = 1} 5. and Xp =

Uopi o p, the cost function J ' in (25) can be further rearranged
as

uj + AswUopt_ap 2
J = (14 hew) ‘U’fﬁﬁ— B
sw
Asw 2
x — . 28
+ 1+ )\’sw Hul,aﬂ uopt?a[)’” ( )

Since the last term in (28) is a constant value for different
evaluated V' Vs, the cost function in (28) can be further simplified
as

uﬁ{_aﬂ + )“swuopt_aﬁ
14+ Asw

_ k+1
JI B HU1a6 -

‘ 2

(29)

It can be seen that when the switching frequency is penalized,
the reference VV u” is the synthetic vector of uj 5 and the last
optimal VV u,p;_o3.

3) Simplified Optimal VV Search Method With Sequential
Scheme: Besides the tracking requirement for reference thrust
and primary flux, NPV balance is another crucial control goal
for 3L-NPC inverter-fed motor drives. In order to realize NPV
balance and general requirement for LIM drives, one simplified
optimal VV search method with sequential scheme is achieved
in two separate steps, as illustrated as follows.

Step I: Calculate the NPV and judge whether the permissible
variation limitation ¢ is exceeded or not. Usually, the fluctuation
of the NPV cannot exceed 5% of the dc-link voltage for different
voltage levels [28]. And in this article, the limitation € is pre-
defined as 2.5% of the dc-link voltage. If the NPV is within the
permissible limitation, only the tracking performance for thrust
and primary flux will be considered. At this time, the evaluation
for cost function J; can be solved by the geometric relationship
on the output voltage plane.

In order to exclude as many evaluated VVs as possible in
advance, the output voltage plane has been divided into six parts
with the medium V'Vs as the dividing line, namely Sectors I-VI,
as shown in Fig. 7. Then, a hexagon region is further defined
to divide each sector into three regions, namely Ry 3, which
is formed with the perpendicular bisector of VV lines in the
same sector. In this case, the number of evaluated VVs can be
reduced from 27 to a maximum of 3 by determining the region of
reference VV directly. For example, u13 (ONN) and u14 (POO)
will be evaluated when the reference VV is located in Ry of
Sector 1. Besides, us5 (OOO) will be selected as the only zero
VV when the reference VV is located in Ry . Both usg (NNN) and
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u-7 (PPP) are ruled out, the reasons are summarized as follows:
1) These three VVs have the same effect on the flux control and
NPV balance, 2) us; (OOO) has the smallest common-mode
voltage, and 3) us5 (OOO) can realize smooth switching with
all other VVs. In order to facilitate the judgment, the reference
VV in other sectors can be transformed to Sector I first, and then
the above analysis can be used analogously.

Step 11: If the NPV exceeds the permissible limitation, the
NPV balance should also be considered. At this time, besides the
control objective given in (29), one more objective is formulated
by the following cost function, as expressed by:

T = (| AUSE)

(30)

where AUE? is calculated based on (5) with the consideration
of delay compensation. It can be concluded from (5) that only
small VVs and medium V' Vs can affect the NPV balance. Hence,
the reference VV u* is calculated first, and then the small and
medium VVs in the same sector as u* are evaluated for Jyr.
With this sequential optimization scheme, the weighting factor
for NPV can be avoided, and the reference VV independent of
NPV can be used to simplify the optimal VV selection.

Furthermore, to avoid a high voltage jump or shoot-through,
switching state transition between P and N is forbidden in
3L-NPC inverter. Thus, a switching state hard constraint S,,
must be included in the cost function J; and Jir, which is given
by

s,,,:{o
o0

Since S, just outputs two dimensionless values, its introduc-
tion does not affect the reference VV calculation, as given in
(29).

As can be seen in (29), there still exists one weighting fac-
tor Ay, in the proposed PFC-EOS that needs to be adjusted
to achieve the desired switching frequency. To further avoid
cumbersome tuning of A, based on trial and error, it is online
adapted according to the following equation:

if z € {a,b,c}, Vo : |[SEHL — Sk <1
otherwise

(€19}

AL =k L Ak (32)
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Fig. 8.  Experimental setup for a 3L-NPC inverter-fed LIM drives.

where A, is the variation step of A g,. To balance the settling
time and accuracy, the variation step AA, is designed as

N { 0.002T5 X (few — fip)  if |fow — fiu] > 75
e 0.05Ts x sgn(fsw — fap) otherwise

(33)
where f;,, is the desired switching frequency, and sgn(e) the
sign function. fy,, is the average switching frequency, which
is calculated online by counting the total switching transitions
N of 12 IGBTs over a duration 7, i.e., fsu = N/(T x 12). In
(33), the step is related to its tracking error instead of using a
const value. When the tracking error is large, a large variation
step related to the error is used to rapidly reduce the tracking
error. When the tracking error is less than 75 Hz, the step will be
constant, thus reducing the fluctuation near the desired switching
frequency. Meanwhile, it is worth mentioning that the regulation
mechanism, as described in (32) and (33), can be regarded
as a closed-loop system, with which the switching frequency
will eventually reach the desired value. Hence, the design of
coefficients in variation step does not affect the final value of
switching frequency, and thus, does not have much impact on
the steady-state and dynamic drive performance.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

In order to validate the effectiveness of the proposed method,
experiments are carried out on one prototyped 3 kW LIM plat-
form driven by a 3L-NPC inverter, as shown in Fig. 8. Main pa-
rameters used in the validation are given in Table I. Considering
the testing space, two coupled arc induction machines with large
enough diameter (1.25 m) are used to simulate the properties
of an actual LIM [29]. The sampling frequency for predictive
control is set to 12 kHz, and the dc-link voltage is 450 V. The
control unit used in the inverter is DSP TMS320F28335. Besides
the proposed method, the following three methods are applied to
the platform for comparisons: 1) constant excitation commonly
used in urban transit under the framework of predictive flux
control (PFC-CE), 2) predictive flux control-based MTPA in
[18] (PFC-MTPA), and 3) the efficiency optimization strategy
under the framework of FOC in [10] (FOC-EOQOS).

A. Validation of Primary Flux-Based Loss Model

The effectiveness of the proposed primary flux-based loss
model for LIM is first investigated. A HIOKI PW6001-16 power
analyzer is used for measuring the input power to the LIM, and
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Fig. 9. Comparisons between the measured and calculated losses for LIM

under various loads and primary fluxes. (a) Variable voltage and variable
frequency. (b) 5 m/s. (c) 11 m/s. (d) 13 m/s.

the output power is calculated from the measured speed and
shaft torque (measured with a ZHK-D torque sensor), so that the
LIM loss can be determined. By recording the speed, load thrust
and primary flux of LIM, the calculated loss under different
operating conditions can be obtained based on (14). Fig. 9 shows
the comparisons between the measured and calculated losses, in
which the LIM is driven to operate under various loads and
primary fluxes. It can be found that most of the calculated losses
based on the loss model can match the measured counterparts
well, with a maximum relative error around 5%. The flux value
corresponding to the lowest point of each curve is the optimal
primary flux under a certain speed and load. In order to better
illustrate the change of the optimal flux with the speed, the
optimal flux corresponding to different speeds are obtained
according to the results shown in Fig. 9, as listed in Table II.
It can be seen that the optimal flux corresponding to the same
load gradually decreases with the increasing speed, which is
consistent with the theoretical analysis.

However, for some points under light loads, especially under
high speeds and light loads, there are some differences between
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TABLE II
OPTIMAL PRIMARY FLUX UNDER DIFFERENT CONDITIONS (UNIT: WB)

Working condition S0N 100 N 150N
5m/s 0.37 0.55 0.70
11 m/s 0.35 0.53 0.66
13 m/s 0.34 0.51 0.64

loss model and experiments. The reasons for the difference under
light loads mainly come from the following two aspects. First,
the prototyped LIM platform faces many external interferences
and resistances during running, especially the windage resis-
tance and viscous friction, which are not considered in the loss
model. Under the condition of high speeds, light loads, and
low flux level, the machine loss is small, so that the impact of
windage resistance and viscous friction will be amplified. As a
result, the measured loss is larger than that calculated by the loss
model. Second, the core loss in this article ignores the nonlinear
influence, such as variable frequency power supply, end-effect
magnetic field distortion, and rich spatial harmonics. These
nonlinear influence factor makes the actual core loss variation
law much more complex. Under high speeds and light loads,
the proportion of core loss increases, and the modeling error of
core loss leads to a certain deviation between the calculated and
the measured value. Although such aspects lead to deviations at
some points under light loads, it can be indicated from most of
the well-matched points that the proposed loss model is available
to reflect the motor loss.

B. Steady-State and Dynamic Performances

Fig. 10 shows experimental results when adaptive adjusting
A sw online to achieve low switching frequency operation. During
the test, the switching frequency is updated about every 0.07 s.
In Fig. 10(a), when the desired switching frequency is changed
from 800 Hz to 200 Hz, weighting factor X, can be adaptively
increased to a value around 0.2 to limit the switching actions.
Fig. 10(b) depicts the steady-state waveform of line-to-line
voltage corresponding to the switching frequencies of 800 Hz
and 200 Hz in Fig. 10(a), showing that the switching actions
are suppressed significantly after the switching frequency is
decreased. Fig. 10(c) shows the response of average switching
frequency and weighting factor A4, when the speed steps from
4 m/s to 11 m/s. It can be seen that the average switching
frequency deviates from its reference value temporarily during
the dynamic process. After the transient process, the average
switching frequency can be kept around 350 Hz under a new
weighting factor. The test confirms that with the online adjusting
of Ay based on (32) and (33), the average switching frequency
of the PFC-EOS can be flexibly regulated with strong stability.

The dynamic performances of LIM drives based on the pro-
posed method are shown in Fig. 11. Fig. 11(a) presents the
starting and braking process to the rated speed, in which the
primary flux can be adjusted to an optimal value according to
the system condition. In order to reduce overshoot and improve
the comfort of passengers in the actual linear metro, the I gain in
the speed PI controller is usually set as a small value due to large
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Fig. 10. Experimental results of adaptive adjusting Ag,, online to achieve
low switching frequency operation. (a) Response under switching frequency
step change. (b) Steady-state waveform of line-to-line voltage under different
switching frequencies. (c) Response under speed step change.

inertia of the studied LIM. Therefore, when the speed approaches
the reference value, the speed PI controller will exit saturation
in advance, and the thrust will be reduced from the maximum
value. The response to the external load disturbance is depicted
in Fig. 11(b). The reference speed is given as rated speed while
the load thrustis increased from 50 N to 150 N and then returns to
50N. The electromagnetic thrust increases quickly to balance the
load and the speed recovers its original value after a speed drop.
Under low switching frequency and large modulation ratios,
the thrust fluctuations will inevitably increase. However, our
application, linear metro, is a large inertia system, in which the
speed is not sensitive to thrust fluctuations. Hence, a certain
range of thrust fluctuations is acceptable. Moreover, in order
to verify the effect of sequential optimization scheme on NPV
balance, the performance under different permissible variation
limitations is tested as shown in Fig. 11(c). After the limitation ¢
is changed from 150 V to 10 V, the NPV can be well suppressed
within 10 V, and the current and thrust performance are also
obviously improved.

Fig. 12 shows the steady-state performance for FOC-EOS
and PFC-EOS at 8 m/s and 200 N. As can be seen in Fig. 12(a),
the current THD for the proposed PFC-EOS increases slowly
with the switching frequencies between 800 and 350 Hz, while
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it increases quickly along with the decrease of the switching
frequency for the FOC-EOS. Specifically, as shown in Fig. 12(b)
and (c), the current THD can be reduced from 11.16% to 7.19%
when using PFC-EOS instead of FOC-EOS at 350 Hz. Reducing
current distortion will be helpful to reduce the core loss and
harmonic loss in the LIM, thereby further increasing efficiency
and reducing heating. In addition, low current distortion usu-
ally means low thrust fluctuations and noise, thus reducing the
possibility of mechanical transmission problems in linear metro.

The step responses of electromagnetic thrust are compared
for different methods. As seen from Fig. 13, the settling times
are close for the three predictive control methods. By adaptively
adjusting the weighting factor A, the PFC-EOS can be easily
implemented with a high sampling frequency while keeping a
low switching frequency. However, the FOC-EOS shows a much
slower settling process. On the one hand, predictive flux control
takes thrust and primary flux as the control quantity, and does
not need the modulation, leading to a faster response than FOC.
On the other hand, the PWM generation mechanism between
FOC-EOS and PFC-based methods is different. The reduction
of switching frequency in FOC-EOS is generally achieved by
extending the sampling period. For a switching frequency of
350 Hz, the FOC scheme is allowed to update the PWM and
control the currents approximately every 1429 us. At such a
long control period, the dynamic response becomes slow and
the disturbance rejection also becomes poor. This can be seen as
a limitation of FOC-EOS, which is difficult to operate at a high
sampling frequency with a low switching frequency. Moreover,
it should be noted that the update frequency of the state variables
in FOC-EOS is very low due to a long control period, resulting
in outputting the same value for a long time, as shown by
the black line in Fig. 13. As a result, the thrust waveform of
FOC-EOS in Fig. 13 can only reflect the dynamic response,
many instantaneous fluctuations cannot be shown. The above
results validate that the proposed PFC-EOS can successfully
achieve a better steady-state and dynamic performance under
low switching frequency than FOC-EOS.

C. Efficiency Analysis

Since PFC-CE, PFC-MTPA, and PFC-EOS have the same
control scheme, these methods can be switched directly. The
changes in input power, phase current, and primary flux during
the switching process are shown in Fig. 14. The LIM operates
with const excitation (0.8 Wb) under 5 m/s at first, and then
switches to PEFC-MTPA and PFC-EOS under the same work-
ing condition. To better illustrate the differences between each
method, comparisons for phase current and synchronization
frequency are shown in Fig. 15. PFC-MTPA takes the minimum
primary current as the target to determine the reference flux, so
that it has the minimum primary current among three methods,
i.e., the minimum primary copper loss, as shown in Fig. 15(a).
By significantly reducing the primary copper loss under light
loads, the loss of PFC-MTPA is less than PFC-CE.

However, it should be noted that PFC-MTPA increases the
synchronization frequency while minimizing the primary cur-
rent, as can be seen in Fig. 15(b). Under the same speed, the
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increase of synchronization frequency leads to the increase in
secondary copper loss and core loss. Therefore, although PFC-
MTPA minimizes the primary copper loss, it cannot guarantee
the minimum total loss. On the contrary, the proposed PFC-EOS
directly solves the optimal flux with the minimum total loss. As
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Fig. 15. Rms of phase current and synchronization frequency for different

methods under 5 m/s. (a) Rms of phase current. (b) Synchronization frequency.

a result, although the primary current is increased compared to
PFC-MTPA, the total loss can be fully considered and minimized
under different working conditions.

More comprehensive comparisons on loss and efficiency for
different methods are shown in Figs. 16 and 17. Compared to
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existing methods, the reasons of loss reduction and efficiency
improvement for PFC-EOS are summarized as follows.

1) A constant flux reference can only guarantee high effi-
ciency near certain working conditions, usually near the
rated load. Thereof, the efficiency for PFC-CE is low
under light loads due to excessive copper loss, as shown
in Fig. 16(a) and (b). PFC-EOS can significantly improve
the LIM efficiency at light loads by reducing the copper
loss compared to PFC-CE. Although the efficiency im-
provement of PFC-EOS is relatively minor under heavy
loads, it tends to increase as the load increases by making
the flux higher than the rated value, as shown in Fig. 16(d)
and (e).

With the increasing load, the slip and the proportion of
secondary copper loss increases rapidly. PFC-MTPA only
minimizes the primary copper loss by minimizing the
primary current. Correspondingly, the results in Fig. 16(d)
and (e) show that PFC-MTPA has a poor effect on improv-
ing efficiency when the load is larger than 150 N. It can be

2)

mainly reflected in the reduction of harmonic loss at low
switching frequency. However, due to the small power of
the prototype, the impact of harmonic loss is not fully
reflected under light loads. Hence, it can be seen from
Fig. 14(a)—(c) that the efficiency of the two methods is
basically close when ignoring the measurement error.
Under the load of 250 N, the loss of PFC-EOS can be
further reduced by about 60—80 W, as shown in Fig. 17,
resulting in higher efficiency.

D. Parameter Sensitivity Evaluation

Parameters play an important role in optimal flux calculation
and manipulation, and thus, affect the final results, i.e., efficiency
and control performance. Hence, parameter sensitivity on the
proposed method is analyzed here. By intentionally detuning the
parameters from their nominal values, the control performance
of PFC-EOS under 11 m/s and 150 N is shown in Fig. 18.
From the experimental results, it can be seen that the parameter
mismatches mainly affect the primary flux, while the thrust
shows some fluctuations after the parameters change. However,
the system can still run stably after the parameter variation,
which means the control performance is robust to parameter
variation.

Since the mismatched parameters deteriorate the optimal
operating point, Fig. 19 further validates the LIM efficiency
reduction ratio for different parameter mismatches under various
loads at 11 m/s. Among the mismatched parameters, the magne-
tizing inductance has the most significant impact, which causes
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TABLE III
QUANTITATIVE PERFORMANCE COMPARISONS FOR DIFFERENT METHODS
UNDER THE SWITCHING FREQUENCY OF 350 Hz
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Fig. 18. Experimental results of parameter sensitivity valuation for the pro-

posed PFC-EOS under 11 m/s and 150 N. (a) Primary resistance mismatch.
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Fig. 19. LIM efficiency reduction ratio for different parameter mismatches
under various loads at 11 m/s.
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Fig. 20. Efficiency comparison for PFC-EOS and FOC-EOS under mis-
matched magnetizing inductance at 11 m/s.

the LIM efficiency to reduce by 2.5% under different loads. For
other parameters, the reduction ratio in efficiency is less than
2%. Fig. 20 shows the efficiency comparison for PFC-EOS and
FOC-EOS under the same mismatched magnetizing inductance,
where the magnetizing inductance is changed to 50% of its
original value. Like PFC-EOS, FOC-EOS also has the problem
of efficiency decline under parameters mismatch. It can be
seen from Fig. 20 that the efficiency improvement advantage of

FOC/PFC implementation [l Pulse generation

@ PFC-CE @ PFC-MTPA (3 FOC-EOS @ PFC-EOS

Fig. 21. Execution time comparison of different methods.

the proposed method still exists. Being affected by parameters
mismatch is an inherent problem of model-based EOSs. Aiming
atrobustness enhancement is a striving direction for future work,
and the research must also be carried out based on the results of
this article.

E. Overall Performance Comparisons

Finally, overall performance comparisons between the pro-
posed method and the existing methods are summarized in
Table III, in which the average switching frequency of different
methods is controlled at 350 Hz. Compared with the PFC-CE,
PFC-MTPA, and FOC-EOS, the LIM efficiency with PEFC-EOS
can be increased by 19.60%, 3.01%, and 0.51% under 11 m/s
and 50 N, which is the cruising condition in linear metro. The
corresponding efficiency improvement under 11 m/s and 250 N
are 1.24%, 2.67%, and 0.60%, accompanied by loss reductions
of 142 W, 242 W, and 60 W, respectively.

Fig. 21 further details the execution time in the form of a
bar chart, which is measured in real-time implementation. With
the proposed sector division and simplified VV search method,
the execution time of predictive control can be less than that of
FOC. Moreover, the primary flux-based loss model has lower
order, so that optimal flux can be calculated in half the time
of the secondary-flux based loss model. Compared with FOC-
EOS, the proposed PFC-EOS not only realizes the efficiency
optimization for LIM, but also guarantees the steady-state and
dynamic performance under low switching frequency. There-
fore, PFC-EOS is more suitable for actual application of linear
metro, and it is also convenient to further integrate other ad-
vanced methods, such as parameter identification and sensorless
control.
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V. CONCLUSION

This article proposes a PFC-EOS for 3L-NPC inverter-fed
LIM drive system to improve the LIM efficiency under low
switching frequency. First, one novel primary flux-based loss
model is established, where the loss is expressed as a convex
function of primary flux. Based on this model, the optimal
primary flux for minimum machine loss can be derived an-
alytically in a simple form. Then, a computationally efficient
predictive flux control with sequential optimization scheme is
developed for optimal flux manipulation. In the proposed PFC-
EOS, core-loss resistance is further considered in the prediction
and flux estimation to improve accuracy. Multiple additional
control demands are effectively tackled and tedious tuning work
for weight factors is avoided. Finally, extensive experimental
comparisons are performed among the proposed method and the
existing methods, confirming that better efficiency improvement
can be achieved under low switching frequency. Taking the
cruising condition in linear metro as an example, the LIM effi-
ciency with PFC-EOS can be increased by 19.60%, 3.01%, and
0.51% compared with the PFC-CE, PFC-MTPA, and FOC-EOS,
respectively.

For further development of the proposed scheme, the hy-
brid efficiency optimization strategy combined with the search
method will be fully studied, which can further enhance the
robustness of the proposed method and improve the convergence
speed of the traditional search method.
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