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Abstract—Induction Machines (IMs) drives are the preferred
option for high-speed railway traction drives. Electric drives in
this application can work for certain periods of time with light
load levels. It is possible in this case to decrease the flux level
to reduce the stator current and consequently both joule and
hysteresis losses. A drawback of this approach is that if a torque
increase is demanded, the machine must be firstly remagnetized.
Remagnetization time is determined by the rotor time constant
and the applied magnetizing current. Due to the relatively large
values of the rotor time constant, fast torque changes are not
feasible, which eventually penalizes the dynamic response of the
drive. This paper presents strategies for the remagnetization of
Induction Machines. Though proposed methods are primarily
intended for railways traction, they can be easily extended to
other uses of IM drives.

Index Terms—Induction Machines; Field-Oriented Control;
Scalar Control; Maximum-Torque-Per-Ampere (MTPA); Re-
magnetization.

I. INTRODUCTION

RACTION electrification gained more attention in re-

cent years due to fuel costs and environmental concerns.
Thanks to the continuous development of renewable energy
conversion systems and power electronic converters, the
electric traction drive systems (ETDS) have been drastically
improved [1]. Efficiency, performance, torque and power
densities are the key aspects of ETDSs. Compromising these
aspects over a wide speed range is a challenging task. This
can be achieved either by traction machine type, electric drive
control, or a combination of both [2]. Permanent-magnet
(PM) synchronous machines are widely used for traction
applications due to their high efficiency, high torque, and high
power densities [3]. However, cost and rare-earth material
availability are the main limitations of PMs [4]. Induction
machines (IMs), besides being robust with fewer maintenance
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requirements, are considered the promising alternative of
PMs in traction applications [5]. Rewinding the machine
combined with optimized control techniques of the electric
drive, IMs can achieve comparable performance to PMs [6],
[7]. Furthermore, for specific applications like traction, the
overall efficiency of the IM operating at partial load can be
improved by reducing the air gap flux level [8].

IMs control optimization techniques objective may in-
clude minimization of total losses, maximization of power
transfer and/or maximization of torque production [9], [10].
Optimal efficiency control or also called loss minimization
control aims to select the appropriate machines’ flux level
minimizing the joule and hysteresis losses of the machine
[11]. Maximum-Torque-per-Ampere (MTPA) method aims to
optimally select the flux and torque producing components
of machines’ stator current to achieve maximum torque with
minimum losses considering inverter voltage limits [12]. Sim-
ilarly, Maximum-Torque-per-Voltage (MTPV) method is used
to fulfill the optimization criteria taking into consideration
both inverter voltage and current constraints [10].

Regardless of the optimization technique used, the IM
operates at a reduced flux level during light loads. Hence,
at any instant, if the load torque is increased, the machine
flux has to be re-established (i.e. remagnetized) quickly for
producing the required torque. While the aforementioned op-
timization techniques are intended for steady-state operation,
an additional approach should be imposed to control the tran-
sient dynamics. Few attempts have been made for improving
the transient response and minimizing the machine’s losses
during flux remagnetization. In [13], an optimal dynamic
current sharing algorithm is proposed to mitigate machine
speed drops for sudden torque increases while the machine
is initially operating at reduced flux. Alternative power loss
minimization techniques using model predictive control in
transient states of speed controller machines are presented in
[14], [15]. In [16], different stator current sharing techniques
have been proposed for improving the dynamic response of
the IM, however, the proposed methods were intended for
Field Oriented Control (FOC) schemes.

In this paper, the problem of operating the IM with
reduced flux will be addressed. In addition, different flux
remagnetization strategies considering the dynamic response
and inverter limits will be proposed. The proposed strategy
generates the optimum torque and flux trajectories that meet
the application requirements and it can be used for vector
and scalar control schemes.



II. MODELLING, OPERATING REGIONS AND CONTROL OF
INDUCTION MACHINES

A. IM model using complex vector notation

Complex vectors are a powerful tool for the modeling
of three-phase symmetric ac machines [17]. The sinusoidal
variation of mutual inductances with respect to the rotor angle
is eliminated by transforming the electrical variables of stator
and rotor to a common reference frame. This frame can be
either fixed to the stator or rotated with the electromagnetic
quantities of the machine, being denoted as stationary and
synchronous reference frames respectively [18]. In this paper,
rotor-flux field-orientation (RFOC) will be used as it allows
decoupled control of rotor flux and torque [19].

Stator voltage equation in a rotor-flux reference frame is
given by (1), where oL is the stator transient inductance,
R is stator transient resistance and 7, is the rotor time
constant (2); Rs and R, are the stator and rotor resistances,
respectively; Ls, L., and L,, are the stator, rotor, and
mutual inductances, respectively; w, is the rotor flux angular
frequency; w, is the rotor angular frequency.

Rotor flux and torque equations for the IM in the rotor-
flux reference frame are given by (3)-(4), with P being the
number of pole-pairs. The slip frequency wy;;, is given by
(5), the rotor flux angular frequency w. and angle . being
obtained as shown in (6).
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B. Regions of operation of the IM

Fig. 1 shows the operating regions of IMs considering
that torque reduction and field weakening occur at the same
frequency at which the inverter reaches its voltage limit. The
full range of operation is considered: 1) MTPA; 2) rated flux;
3) field weakening region I, and 4) field weakening region
II. Transitions from region 2) to 3) and from region 3) to
4) are the result of voltage constraints. In segment 4-5 the
machine operates with MTPV operation. The behavior and
constraints of the machine in steady-state are defined by the
stator voltage equation (7) (determined by dc-link voltage V.

Constant voltage contours e
Constant torque contours

\ Torque limit

Rated torque with MTPA

\
)
\
1
1
T
1
1
1

<
I T Maximum torque
in FW region

ids

Fig. 1: Regions of operation of the induction machine for
the case rated voltage and rated speed occur at the same
frequency (Segment 1-2: MTPA region; Segment 2-3: rated
flux region; Segment 3-4: field weakening region 1; Segment

4-5: field weakening region 2 (MTPV)).

and modulation strategy, being vags,,,.., = Vie/V/3 for linear
operation of inverter), current limit (mainly due to thermal
issues) (8) where Vj, is the dc-link voltage.
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MTPA can be implemented in segment 1-2 ( see Fig. 1)
while operation at rated flux applies between 2 and 3. In
point 3 the machine operates at is rated values of voltage
(9), current (10).
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Field weakening region I corresponds to the segment 3-4
in Fig. 1. In this region, the machine operates with rated
voltage and current, but with reduced d-axis current and
therefore reduced rotor flux. The d-axis current can be written
as a function of the fundamental frequency (11), which is
obtained from (8) and (9), the g-axis current being (12). The
maximum fundamental frequency in field weakening region
I occurs when the constant voltage ellipsis and the constant
torque hyperbola do not intersect to each other but the ellipsis
become tangent (operating point 4 in Fig. 1).

2
(Lot )" — (0 Lyiags, o)’
2(1-o7)

ids -

Y

< Uds,qteq



. 2 Vdaspimi 2
(Lsqusrated) - <T)
L2 (1-0?)

R 5 2
tas = \/Ydgs,atea  Yds T

(12)
In field weakening region II (see segment 4-5 in Fig.
1), the machine operates with MTPYV, i.e. constant voltage
ellipsis are tangent to constant torque hyperbolas. d- and g-
axis in this region can be obtained by replacing the g-axis in
(12) into the torque equation (4), (13) being obtained. Making
the derivative of the torque with respect to the d-axis current
equal to zero (3.14), produces the currents (14).
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C. Control strategies of IMs

High power electric drives must be able to properly oper-
ate from zero to relatively high rotational frequencies while
switching frequencies are often limited to several hundred
Hz. Control of the electric drive at low rotational frequencies
where switching to fundamental frequency ratio is relatively
large and the inverter operates far from its voltage limit, is
significantly easier compared to the case of operation at high
speeds characterized by reduced switching to fundamental
frequency ratio and reduced (or even no) voltage margin
in the inverter. Due to this, both control and modulation
strategies are often dynamically changed depending on the
frequency of operation [20]. A common practice in high-
speed drives is using rotor flux field-oriented control (RFOC)
in the low-speed range and switch to scalar or direct torque
control in the high-speed range. That strategy ensures a high
dynamic response of the electric drive without deterioration
of the control system [21], [22].

III. PROPOSED REMAGNETIZATION STRATEGIES FOR
INDUCTION MACHINES

In high-speed traction applications, the electric drive can
work for certain periods of time with light loads. It is possible
in this case to decrease the flux level to reduce the stator
current and consequently joule losses. However, if higher
torque is demanded, the machine must be magnetized first to
achieve a proper flux level corresponding to the demanded
torque. MTPA strategy is one of the most efficient and used
strategies in motor drives for a wide speed range [23], [24].
In this paper, the map-based approach introduced in [25]
will be used for selecting the current references to achieve
MTPA control, taking into consideration the machine satu-
ration. However, the main limitation of the presented map-
based MTPA strategy is that it controls only the steady-state
behavior of the stator current dq-axis trajectories regardless
of the dynamic behavior during torque variations.

Operation with reduced flux levels will deteriorate the
dynamic response of the electric drive to torque demands.
The machine must be remagnetized first, where the remag-
netization time is determined by the rotor time constant
and by the applied magnetizing current. Generally, the goal
of a remagnetization strategy is to determine the optimal
torque and flux trajectories between initial (T, ,, Ar,,,) and
maximum possible torque/flux values (T, , Ay,,...) for the
corresponding speed. Due to the relatively large values of
the rotor time constant fast torque changes of torque are
not feasible specifically for traction applications. Fast torque
variations might stress the mechanical transmission, produce
wheel slip and also raise comfort concerns. Therefore, the
optimization of the torque/flux trajectories should satisfy the
following criteria:

o Minimization of the settling time At.
« Avoidance of torque impacts, i.e. sudden changes in the
torque.
o Loss minimization during the transient.
in addition, other considerations must be also taken:

e Over-currents are not allowed.

o It is assumed that the load has a very large mechanical
inertia, and consequently the rotor speed can be assumed
to remain constant during the transient.

Some of these targets can conflict, e.g. minimization of
losses and of settling time. Thus, the optimal remagnetization
process may differ for each application.

Strategies for the simultaneous increase of torque and
rotor flux (remagnetization) are discussed following:

A. Remagnetization with step-like rated d-axis change and
ramp-like q-axis current change:

If FOC is being used, the straightest remagnetization
strategy to achieve rated rotor flux and torque (for the actual
operating speed) is to apply the rated d- axis current as fast as
possible (step increase segment 1-2 in Fig. 2a) and increase
the g-axis current gradually (segment 2-3 in Fig. 2a). The
main drawback of this solution is the large settling time for
the torque during the machine remagnetizing process (in the
range of three rotor time constants).

B. Remagnetization with maximum d-axis current:

This strategy prioritizes remagnetization over torque pro-
duction. As shown in Fig. 2b, following an increased torque
command, all the available current is used in the d-axis for
this purpose (segment 1-2 in Fig. 2b). Once the rotor flux
is fully established, d-axis current is reduced to the level
required to maintain the rotor flux at its target level, the
remaining available current being transferred to the g-axis
to produce the maximum torque (segment 2-3 in Fig. 2b).
This strategy reduces the time required to produce the desired
final torque (i.e. settling time) and provides the fastest torque
production. However, in traction applications, fast torque
variation is not allowed as mentioned above.
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Fig. 2: Summary of different proposed remagnetization strategies: a) step-like rated d-axis change and ramp-like g-axis current
change (Profile 1); b) maximum d-axis current (Profile 2); b) maximum d-axis current and constant Nm/s (Profile 3); ¢) reduced

d-axis current and constant Nm/s (Profile 4).

C. Remagnetization with maximum d-axis current and
constant Nm/s:

The main idea behind this strategy is to control the torque
to follow a ramp (15), where K, is the slope in Nm/s.

T =T, +Krt for t; <t <t (15)

To minimize the settling time of flux, K7 must be selected
such that the maximum current is used during the whole

transient (16).
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The desired torque and flux trajectories can be obtained
by solving (3), (4) and (16). Analytical solution of this system
is not feasible, numerical methods can be used instead. It is
seen that at the beginning of the transient all the available
current is transferred to the d-axis current (segment 1-2 in
Fig. 2¢), the remaining current being transferred to the g-axis
to establish the rotor flux quickly (segment 2-3 in Fig. 2c).
Then, the d-axis current is reduced to its rated value (segment
3-4 in Fig. 2c) while increasing the g-axis current smoothly
taking into consideration that fast changes in g-axis current
are avoided as they would produce torque impacts (segment
4-5 in Fig. 2c).

(16)

D. Remagnetization with reduced d-axis current and con-
stant Nm/s:

The strategy in Fig. 2d provides the same torque ramp
as in Fig. 2c but uses the smallest possible current during
segment 2-3. This reduces the stress in the power devices, as
well as the risk of surpassing the maximum current in case of
overshoot due to controller detuning. Thus, the segment 3-4
in Fig. 2c is omitted to have a continuous trajectory of d-q
axis currents. However, this strategy is not straightforward,
and the minimum current value changes depending on the
initial torque value. One of the possible solutions is to assign
profile 3 strategy with a lower current magnitude but at cost
of longer magnetization time.

The proposed remagnetization strategy (see Fig. 3) in-
cludes the following process:

1) At light load, the initial rotor flux reference value is
obtained from MTPA method using a look-up table
or polynomial function approximation according to the
operating speed.

2) Once an increase/decrease is detected in the reference
torque, the torque and rotor flux references will follow
one of the predefined trajectories (see Fig. 2) with rates
limited to the application until reach to the new target
values.

3) The rotor flux reference is limited in the field-
weakening region according to the operating speed.

4) The rotor flux trajectory can be a ramp, exponential
convergence or other profiles obtained from optimiza-
tion methods (profiles 1-to-4, in this paper) that meets
the application constraints.

The aforementioned remagnetization profiles will be sim-
ulated and evaluated in section IV.
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Fig. 3: Proposed remagnetization strategy: a) overall control
scheme; b) detailed block diagram of the proposed method.



IV. SIMULATION RESULTS AND EXPERIMENTAL
VALIDATION

The proposed remagnetization strategies discussed in sec-
tion III have been simulated using MATLAB environment
with a sample time of 200 us. The dynamic d-q model in
rotor flux reference frame is used for modeling the induction
machine. IM parameters for the base speed are given in
Table L.

TABLE I: Specifications of the IM at base speed (107 Hz).

Parameter Value | Unit
DC-link voltage, (V) 3600 \Y
Rated Power 1084 kW
Rated Voltage, (V,1,, RMS) 2727 \Y
Pole-pairs (P) 2 -
Stator resistance (Rs) 55.38 | m2
Stator inductance (L) 26.45 mH
Torque 3241 Nm
Speed 3194 | rpm

Fig. 4 shows a summary of the simulation results for the
machine operating at base speed, assuming that the IM is
connected to an ideal inverter (i.e. linear voltage source).
The IM torque is increased from 10% to 100% of the
rated torque at t=0.25 s following the four remagnetization
profiles proposed in subsections III-A, III-B, III-C and III-D
respectively. It is noted that the slowest torque production
is obtained by magnetizing the machine with profile 1, i.e.
d-axis current is increased to its rated value then the g-
axis current is increased gradually. The final torque will be
achieved when the machine flux is fully established which
could take some time (=~ 3 to 4 times the rotor time constant
see Fig. 4).
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Fig. 4: Simulation results: Time response of different pro-
posed remagnetization strategies.
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Fig. 5: Overall view of the full scale high-power traction test
bench.

following profile 2 (see the blue color in Fig. 4) where all the
stator current is used to magnetize the machine. Afterward,
the stator current vector follows the current limit trajectory
sharing the remaining current into the g-axis component
assuring that the total current is not surpassed.

Profiles 3 and 4 show similar torque production rates
(magenta vs. red color in Fig. 4) as these strategies are de-
signed to follow a predefined kNm/s rate (in this application 3
kNm/s is used), however, each strategy dynamically behaves
different. Profile 3 prioritize the use of stator current vector on
the d-axis component in order to expedite flux establishment
then the priority moves to the g-axis component for torque
production (see second sub-figure Fig. 4). A reduced rema-
ganetization can be used for profile 4 which will penalize the
dynamic response of the rotor flux which is not a concern in
traction applications as a fast torque increase is not needed.
The main advantage of this strategy is it balances the dynamic
response of the remaganetization process with the current
stress on the switches of the inverter.

The proposed remagnetization strategy has been exper-
imentally validated using high-power traction system test
bench shown in Fig. 5. It consists of two identical IMs
and two converters connected back-to-back, which are sup-
plied from a High-Voltage (HV) dc power supply. The
power converter module consists of a three-phase, three-
level Neutral-Point Clamped (NPC) inverter feeding the IMs.
Single-phase inverters feed auxiliary loads, such as cooling
systems, control power supply units, etc. A dc-dc chopper is
implemented for dissipative braking and dc bus overvoltage
protection. A specially designed traction transformer is used
to filter off catenary harmonics and allow the interconnection
of the different converters. A 100 Hz (2f) filter is included
in the dc bus. Preliminary experimental results for a full-
scale high-speed traction drive are presented in the following.
The control uses RFOC at low speeds and closed-loop scalar
control at high speeds. The main system parameters are the
same as those used in the simulation shown in table I.

The proposed remagnetization strategy is validated by
comparing the conventional magnetization solution (applying
maximum possible flux for the full speed range see Fig. 6a)



against the proposed remagnetization profile 4 (see Fig. 6b).
It is noted that both methods are able to reach the target
torque with the same increase rate (3 kNm/s) from 10% to
100% of the rated torque. The main difference can be seen
in the rotor flux for the proposed method where it is reduced
to ~ 48% of the rated value during light load operation
compared to the conventional solution. The corresponding
d- and g-axis currents are shown in the bottom figures of
Fig. 6. The d-axis current is kept at its rated value for the
conventional magnetization method while the d-axis current
is initially reduced during light load duration then it super-
passed its rated value to build up the rotor flux quickly when
the torque increase is commanded. Once the machine is fully
magnetized, the d-axis current is decreased to prioritize the
usage of g-axis current.
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Fig. 6: Experimental results of IM torque increase from
10% to 100% of rated torque: a) applying rated magnetizing
current; b) proposed remagnetization strategy.

V. CONCLUSIONS

Optimal efficiency and loss minimization control tech-
niques have been proposed in the technical literature for
optimally distributing stator current components (i.e. flux and
torque producing components) while the electric machine is
operating at light loads. MTPA method is commonly used in
electric drives providing maximum available torque with min-
imum losses. However, MTPA algorithms provide the steady-
state set points for the electric drive control, transients being
uncontrolled and dictated by the machine time constant and
the coupling between torque and flux components. Few ap-
proaches attempting to improve the torque transient response
can be found in the literature. Computational complexity
and approximated solutions for specific conditions limit the
widespread usage of those approaches in the industry.

This paper proposes different remagnetization strategies
for induction machines during torque transients. Based on
the application, the remagnetization strategy can be selected
to prioritize the torque dynamic response where the machine
can operate at inverter limits for a portion of time. Another
solution is to operate far from inverter limits at the cost of
a lower dynamic response. Compromising dynamic response
with system operational requirements would be the optimum
solution.

The proposed remagnetization strategy calculates the ini-
tial rotor flux using MTPA algorithm at light loads. Once a
change in torque command is detected, the torque and rotor
flux reference will follow predefined trajectories till reach the
final value. The proposed strategy at four different torque and
flux components trajectories is evaluated through simulations.
For traction applications, a fast dynamic response is not
required as the torque rate change is limited to avoid torque
shocks. Thus, a reduced remagnetizing current with con-
stant torque increase rate has been validated experimentally
through a full-scale high-power traction test bench. Currently,
the proposed remagnetization torque and flux trajectories are
implemented offline and stored in look-up tables. Online
implementation of the remagnetization trajectory is ongoing.
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