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This paper proposes a field-weakening control strategy to optimize the torque production and motor efficiency of a
four-switch three-phase inverter-fed induction motor drive in the high-speed region. A method to control the torque
component current (/,) and the flux component current (1) of the field-weakening region is proposed. The feasibility
of the proposed control strategy is verified through a simulation and validated experimentally. The results show that
the speed-torque characteristics and the motor efficiency are improved in the high-speed region.
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1. Introduction

Due to advances in power electronics, the use of inverter-
fed induction motor drives has increased in various indus-
tries, from consumer goods to industrial applications. In the
last two decades, Four-Switch Three-Phase Inverter (FSTPI)
has gained a lot of attention for its ability to be applied as a
fault tolerant control or an emergency strategy for the con-
ventional 3-phase inverter V. FSTPI is also known as two-
phase inverter, four-switch inverter and two-leg inverter be-
cause of its structure as shown in Fig.1. Some reported
works show that an FSTPI has also been applied to Switched
Reluctance Motor (SRM), Interior Permanent Magnet Syn-
chronous Motor (IPMSM), Brushless DC Motor (BLDC),
and Permanent Magnet Synchronous Motor (PMSM) .
Compared to all these different types of motor, an induction
motor is more widely used in various industries because of
its ruggedness, cost and reliability.

Reported works on FSTPI drive proposed methods to cre-
ate Pulse Width Modulation (PWM) signals using various
modulation techniques like Space Vector PWM and sinu-
soidal PWM ©@®_ Other works proposed methods to correct
current and torque ripples caused by the voltage unbalance in
the capacitors ®?. The voltage unbalance compensation has
also been investigated using different control strategies both
scalar and vector control methods ""-**. Unfortunately, most
of the reported works focused on the low-speed region or no
load condition.

The most challenging feature of an FSTPI drive is that
its voltage utilization factor reduces by approximately 50%
compared to the conventional 3-phase inverter drive ¥!®.
The authors earlier proposed a direct transformation matrix
for FSTPI, to calculate voltage reference signals from dq
axis to a two phase voltage signal (V4*, V") to facilitate the
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Fig. 1. Structure of Four Switch Three Phase Inverter

generation of sinusoidal PWM signals “”"®. This transfor-
mation matrix enables easy implementation irrespective of
the affected phase of the inverter, when an FSTPI is used as
an emergency strategy '”"¥. They further reported that the
maximum torque attainable speed and motor efficiency in the
high-speed region reduces by approximately 50% ". In or-
der to apply FSTPI to high performance drives like traction
and spindle drives a method to increase the maximum attain-
able torque and motor efficiency in the high-speed region is
required.

In the conventional 3-phase inverter drive, a common
method to achieve high speed, torque and motor efficiency
over a wide operating range, is to apply a field-weakening
control. Field-weakening control methods for the conven-
tional 3-phase inverter drives have been studied widely and
can be classified into three categories ®*®. (i) Adjustment
of the motor flux in inverse proportion to speed. (ii) Feed
forward control based on simplified motor parameters. (iii)
Closed loop control of the stator voltage for full utilization of
the maximum inverter voltage.

The first approach has been reported to improve the speed-
torque characteristics but not to its maximum for the avail-
able current and utilization of the DC-link voltage “”?". The
second and third approach are dependent on the fact that the
maximum current and DC-link voltage can be fully utilized,
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thus, increasing the maximum attainable torque “*-*>. How-
ever, the second and third approach have been reported to
have bad response characteristics ®°.

In an FSTPI drive, since the DC-link voltage cannot be
fully utilized, the second and third approach are inapplica-
ble or difficult to implement. Therefore, in this research, the
first approach is considered and some changes are made in its
control strategy to make it applicable to an FSTPI drive. The
authors earlier reported on experimental results of an FSTPI
drive in the high-speed region by proposing a flux weakening
strategy to improve its characteristics ”. However, this strat-
egy did not fully optimize the characteristics of an FSTPI
drive in the high-speed region because the current was not
adequately controlled and limited.

Hence, the objective of this paper is to investigate the pos-
sibility that a field-weakening control can be achieved in an
FSTPI fed AC motor drive, by proposing a current control
strategy to optimize the performance characteristics of the
drive in the high-speed (field-weakening) region using vec-
tor control method.

2. Indirect Vector Control

Vector control is a popular and commonly adopted control
strategy for inverter-fed motor drives because of its simplicity
in implementation and dynamic control of speed and torque.

The authors in their earlier works used the indirect vec-
tor control method and proposed a method to transform the
output voltage reference signals of vector control V,*, V,*
to a two phase voltage reference V,* and V" as shown in
Fig.2!"®_ These voltage references are used to generate
PWM signals that drive the inverter. The earlier proposed
transformation matrix is shown in equation (1) and equation

(2).
VA* = % N gﬂ' _Slng Vd* ...... (1)
Vg* 3 cos(9+—) sin[6—=x ||| V,*
3 3
Va* = V2V cos wt
VB* _ \/5‘/ cos (wt + g) ........................ (2)

In indirect vector control, the stator current of the motor
is decomposed into flux component (d-axis current) /; and
torque component (q-axis current) /,. These components are
then decoupled and controlled individually. The flux com-
ponent reference 1;* is kept constant in the entire speed re-
gion. This enables fast response characteristics of the drive
especially in the low-speed region, but reduces the stability,
torque production and motor efficiency in the high-speed re-
gion.

indirect Va' Va"
ndirec da=AB
Vector goposed FSTPI { IM
Control 4 Transformation P
J Vq VB
Ia I,
docsuvw et
Transformation Iy
Iq
Fig.2. Indirect Vector Control Method for FSTPI
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3. Operation Constraints in Field-Weakening
Region

In this section, the operation constraints and field-
weakening characteristics of both the Four-Switch Three-
Phase Inverter (FSTPI) and 3-phase inverter drive are dis-
cussed.

3.1 Voltage and Current Limit  In the high-speed re-
gion, the performance of an induction motor drive is limited
by the voltage utilization factor and current ratings of both
the motor and the inverter. However, the voltage utilization
factor of the FSTPI drive compared to the 3-phase inverter
drive reduces by approximately 50% as shown in Fig. 3“9,

The maximum voltage V,,, that the inverter can apply
to the induction motor is determined by the DC-link volt-
age and the Pulse Width Modulation (PWM) strategy that
is adopted. In this paper, the triangular Sine wave PWM is
adopted, therefore Vg, is limited to Vdc/2 ®®.

The voltage references in the dq axis (V;*, V,;*) must sat-
isfy the constraints of the voltage limit boundary as shown in
equation (3).

Vomax = A /V§2 + Vq*Z ............................

The motor current is limited to the maximum stator current

I gnax which is determined by the thermal rating of the induc-
tion motor or the current rating of the inverter. The decoupled
current references I;* and 1, must satisfy /g4, as shown in
equation (4).
Tonax = [22 + [;2 ..............................

As shown in Fig. 4(a), the reference currents (1;%, I,*) must
be limited to the current limit circle in order to maintain cur-
rent control. The maximum stator current /,,,, can be in-
creased depending on the inverter current ratings as shown in
Fig. 4(b). The current limit is often 150% of the rated current
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I

IEEJ Journal IA, Vol.8, No.3, 2019



Field-Weakening Control of FSTPI (Ufot Ufot Ekong et al.)

.
Constant torque region
(Base speed region)

Constant power region
(FW Region1)

Constant slip region
(FW Region2)

Torque

Voltage

Current

\

slip

Base speed
(3phase)

Speed g

Fig.5. Field-Weakening Characteristics of an Induction
motor fed by 3-phase Inverter

I,41eq Of the induction motor “*?V,

The current ratings are confirmed and is set at 150% of its
rated value. Therefore, the maximum current for the field-
weakening region I,.rw) can be expressed as shown in
equation (5).

Ismax[FW] = Irated X 1.5

3.2 Field-Weakening (FW) Characteristics of an In-
duction Motor Drive The characteristics of the conven-
tional field-weakening control of an induction motor fed by
a 3-phase inverter is shown in Fig. 5. In the 3-phase inverter
drive, the operating range of the induction motor and its char-
acteristics can be divided into 3 different regions. Constant
torque region (Base speed region), constant power region
(FW region 1) and constant slip region (FW region 2).

In the base speed region, the d-axis current reference 1;* is
constant and the motor operation is current limited. In field-
weakening region 1, the motor speed is above its rated speed
(motor) and the motor operation is limited by both the current
and voltage limit because the induced voltage by electromo-
tive force (EMF) approaches the inverter maximum voltage.
In field-weakening region 2, the speed becomes so high that
the current cannot exceed the maximum inverter current, then
the slip reaches its maximum value. These are well known
characteristics of 3-phase inverter-fed AC motor drives.

In contrast, there has been no detailed report on the field-
weakening region characteristics or current characteristics of
an FSTPI-fed AC motor drive in the high speed region. Fur-
thermore, when the FSTPI drive is applied as an emergency
strategy for the 3-phase inverter drive, there is a need to un-
derstand the current characteristics in the high speed region,
where the voltage has reached its maximum output or satura-
tion.

Moreover, since the possibility that field-weakening con-
trol can be achieved in an FSTPI fed AC motor drive has not
yet been investigated, there is a need to investigate or propose
a method to control the current adequately in the high-speed
region.

4. Field-Weakening Strategy for FSTPI

4.1 d-axis Reference In the conventional field-
weakening control strategy of the 3-phase inverter drive, the
d-axis current reference I;* is kept constant below the base
speed wp.se and above is reduced inversely to the motor speed
w, as shown in equation (6).

Whase

Id[FW] = o,
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The constant d-axis current reference /;* is calculated by
dividing the rated flux of the motor ¢ by the magnetizing in-
ductance L,, of the motor as shown in equation (7).

In the high speed region, above the base speed, if the d-axis
current reference is kept a constant as shown in equation (7),
the induction motor cannot follow the reference value, due to
voltage saturation (limitation). This will result in low perfor-
mance characteristics in the high-speed region, because the
current will not be adequately controlled. Thus, the need for
a field-weakening control strategy.

The correct calculation of the base speed wp,s. also deter-
mines the size or value of the d-axis current reference 1" rw;
for the field-weakening region. In addition, if the d-axis cur-
rent reference is unnecessarily high, the q-axis current ref-
erence cannot be regulated. In the conventional 3-phase in-
verter drive, the base speed wp,,. 1S usually set at or close to
the rated speed w4 Of the motor, where the voltage reaches
its limit V., or saturation.

However, as earlier explained in section 3.1 and from the
working principle of the FSTPI“7"¥_ the voltage utilization
factor of the FSTPI compared to the conventional 3-phase in-
verter reduces by approximately 50%. Therefore, the base
speed of the FSTPI drive will differ as shown in Fig. 3.

The reduction of the voltage utilization factor of the FSTPI
drive can be explained using Kirchhoft’s voltage law to de-
rive the phase voltage, when a two phase reference voltage
that has a phase difference of 60° is applied to the 3-phase
motor. If equation (2) is applied, the motor phase voltage
will be as shown in equation (8). For comparison, the phase
voltage of the 3-phase inverter-fed motor drive is shown in
equation (9).

2
V,, = \/;Vcos (a)t _ F) ...................... (8)
Vin = \/§Vcos( t+z)
wn — 3 W 2
b/
Vin = V2V cos (a)t— 6)
S
Vi = V2V cos (a)t _ F) ....................... 9)

Vin = V2V cos ((ut—i— g)

These equations show that the output voltage of the FSTPI
compared to the 3-phase inverter reduces by a factor of
\/g 1529

Therefore, in this paper, from this working principle of the
FSTPI, the base speed is recalculated by dividing the rated
speed w,qreq Of the induction motor by a factor of V3 as
shown in equation (10).

Wrated
V3

From the calculations in equation (6), (7) and (10), the d-
axis current reference /4y, for the high-speed region of the

Whase[FSTPI] = ———— "t trrrrrrrsmeseeseeneenns (10)
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FSTPI drive can be derived as shown in equation (11).

Whase[ FSTPI)
*
Lorw = X

w,

4.2 q-axis Reference  The g-axis current reference /,*
in the conventional field-weakening control of the 3-phase in-
verter drive is controlled by limitation in various operating
regions. These different limitations are not directly applica-
ble to the FSTPI drive because its base speed and maximum
output voltage reduces as shown in Fig. 3.

In this paper, in the base speed region (constant torque re-
gion) of the FSTPI drive, the g-axis current reference /" is
limited as shown in equation (12). In this region, the maxi-
mum current /g,,,Fw) 1S set as given by equation (5).

Dioeeeeiiiie

Iy = [ Lanaxirw)® = I

Up to the base speed of the FSTPI in equation (10), the
d-axis current reference I;* is a constant, hence, torque is
proportional to the g-axis current.

Above this base speed of the FSTPI, where the field-
weakening control begins, up to the rated speed of the mo-
tor wyqred, the g-axis current reference is limited by the con-
straints in equation (13). The only difference between base
speed region and this region is, the d-axis current reference
is no longer constant because its value is determined by the
field-weakening controller in equation (11). This region is
called field-weakening region 1 (FW1) in the FSTPI drive, as
shown in Fig. 6.

I = \/Ismax[FW]2 I T

In the conventional 3-phase inverter drive, in field-
weakening region 2, the g-axis current reference is reduced
by limitation, in order to keep the maximum slip as shown
in equation (14) and equation (15), to avoid a loss of current
control and the drive system "¢,

1 1
= 14
Wmax o (14)
I*
" d[FW]
Diman = A AIMMLERREE RN (15)

In the FSTPI drive because voltage that can be utilized in
the field-weakening region is low, if equation (14) and (15)
are applied, it will have no positive effect on the output torque
or motor efficiency. This is because the g-axis current ref-
erence will not be as large as that of the 3-phase inverter

Constant Field Field Weakening Region 2
Torque Weakening

: ! . Is max(rw)
Region Region 1 (/o T

Current [A]

Ij reference

Wrated
Speed [rpm]

;
Wpase[FSTPI]

Fig.6. Waveform of I,, I, reference control
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drive. However, the g-axis current reference for the FSTPI
drive will still be unnecessarily large, which will result in an
unbalance in the drive, loss of torque and slip linearity, low
motor efficiency and eventually the motor will stall.

Hence, in this paper, above the rated speed of the motor, a
g-axis current limitation for the FSTPI drive is proposed and
this region is called field-weakening region 2.

The proposed limitation is to reduce the maximum current
Ismaxirwy that the inverter can apply to the motor, which re-
sults in a limitation of the g-axis current reference. The max-
imum current /. rwo; for the field-weakening region 2 is
set at the rated current /, .4 of the induction motor as shown
in equation (16).

LmaxtFw) = Drated -+ v ovvrvememmeeneenenen (16)

Therefore, the g-axis current reference limitation for the
field-weakening region 2 is given by equation (17).

I; = \/Isma)c[FWZ]2 -

The onset of field-weakening region 2 is determined by the
speed of the motor. Above the rated speed of the induction
motor (Wyaeq), field-weakening region 2 begins. This will en-
able the drive to attain high motor efficiency, linear relation-
ship of torque and slip and stability in the high-speed region.
The switching of limitations from field-weakening region 1
to field-weakening region 2 will be conducted using a com-
parator which has an input of rated speed and feedback speed
of the motor.

Therefore, in the FSTPI drive, in order to attain maximum
performance characteristics in the high-speed region, the g-
axis current reference limitation in field-weakening regions 1
and 2 are different as shown in Fig. 6.

* 2
Id[FW]

5. Simulation Results

To verify the proposed field-weakening control strategy, a
simulation model is designed and implemented using PSIM
software. The circuit for simulation is shown in Fig.7. The
specification of the induction motor used in the simulation is
shown in Table 1. The inverter switches are considered to be
ideal switches. The switching frequency is set at 10 kHz. The
V phase of the motor is connected to the center potential of
the DC source. The maximum torque limit is set at 1.49 Nm.
In this simulation, in order to reduce the effect of the capaci-
tor voltage fluctuation, due to the connection of one phase of
the motor to its neutral point, a capacitor with a large capaci-
tance of 8200 uF is used "¢V,

For the purpose of comparison, the same experiment is car-
ried out using a constant flux control strategy of the conven-
tional indirect vector control as shown in Fig. 8. In the con-
stant flux strategy, there is no field-weakening control, hence,
the d-axis current reference in the whole operating speed re-
gion is the same. This comparison is important to show the
characteristics of the FSTPI-fed induction motor drive with-
out a field-weakening controller, especially in the high-speed
region where the output voltage has reached its limit (satura-
tion).

The speed reference range is set from 50 rpm to 3000 rpm.
From the simulation results, the trajectory of g-axis and d-
axis current and the speed-torque characteristics are evalu-
ated.

IEEJ Journal IA, Vol.8, No.3, 2019
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Fig.8. Block diagram of Simulation Circuit (Constant Flux)
Table 1. Specification of Induction Motor is set at 2500 rpm and the results are shown in Fig 9. For com-
) parison, the g- axis current without field-weakening control is
Quantity Symbol Value . . . .
also shown in Fig. 9. Results show the d-axis current is con-
Rated Speed N 1250rpm stant up to the base speed and reduces in the field-weakening
Rated Torque T 1.49Nm regions. Furthermore, the g-axis current increases up to the
Rated Power P 200W field-weakening region 1 and is limited in field-weakening
Rated Voltage v 200V region 2. These results show that the g-axis and d-axis cur-
Rated Current | LA rent trajectory follows the proposed field-weakening control
strategy.
Rated Frequency f 50Hz .. .
N ; o 5.2 Speed-Torque Characteristics The maximum
oo PO P attainable torque of both the constant flux control and the

5.1 I4 and I Trajectory Versus Speed The d-axis
current and g-axis current trajectory using the proposed field-
weakening control strategy is evaluated. The speed reference

552

proposed field-weakening control are shown in Fig. 10. A
comparison of the results show that above the base speed
(rpm), compared to the constant flux control, the proposed
field-weakening control strategy can produce more torque by

IEEJ Journal IA, Vol.8, No.3, 2019
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approximately 12% at the maximum and 8% on the average.
6. Experimental System

An experiment is carried out to verify the simulation re-
sults. In the experiment, a 10 kHz IGBT Four-Switch Three-
Phase Inverter-fed 3-phase induction motor drive system is
used. The experiment system configuration is shown in
Fig. 11. The V phase of the motor is connected to the cen-
ter potential of the DC source. A capacitor with a large ca-
pacitance of 8200 uF is used to reduce the capacitor voltage
fluctuation, due to one phase of the motor connected to its
neutral point.

A Digital Signal Processor (DSP) is used to implement the
control algorithm in software (PE-VIEW9). An incremental
encoder is mounted on the shaft for detecting the rotor posi-
tion which is feed to the motor controller via the DSP. A DC
generator (DCQG) is used as the load for the experiment.

The torque is measured using a high accuracy torque sen-
sor, which is mounted as a mechanical coupler between the
induction motor shaft and the load (DCG). The inverter DC-
link voltage is 283 V. The specification of the induction motor
is shown in Table 1. The same experiment is carried out us-
ing both constant flux control and proposed field-weakening
control strategy.

7. Experimental Results

The experimental results of the speed-torque characteris-
tics and motor efficiency of the entire operating region are
evaluated. A motor efficiency map is plotted to evaluate the
performance of the drive.
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7.1 Speed-Torque Characteristics The speed refer-
ence was changed from 50 rpm to 3000 rpm. At each speed,
the maximum torque limit was set at 1.49 Nm (rated torque).
The speed was increased by 50 rpm from its minimum value
(50 rpm) to its maximum value (3000 rpm) and the maximum
attainable torque was recorded. The speed-torque character-
istics using both the constant flux and the proposed field-
weakening control strategies are shown in Fig. 12.

The results show that from the low-speed region to ap-
proximately 700 rpm, the maximum attainable torque of both
strategies are the same. Above 700 rpm, the proposed field-
weakening control can produce a higher maximum torque
compared to the constant flux control strategy by an average
of 6% per speed.

A comparison of the simulation and experimental results
shows a slight reduction in the maximum attainable torque of
both control strategies. However, the improvement by apply-
ing the proposed strategy can be seen.

7.2 Motor Efficiency  The efficiency of the induction
motor driven by the FSTPI is examined by plotting a motor
efficiency map. A 2D plot of the motor efficiency and torque
versus its rotation speed enables easy evaluation of low and
high efficiency speed regions.

In the experiment, the maximum torque limit was set at
1.49 Nm, which is the rated torque of the induction motor
used in the experiment. The speed range was set from 50 rpm
to 3000 rpm. At each speed, the torque was increased by steps
of 0.1 Nm from 0.1 Nm to the maximum attainable torque, in
order to increase the data points and enable evaluation accu-
racy.

IEEJ Journal IA, Vol.8, No.3, 2019
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The results of the constant flux control and the proposed
field-weakening control strategy are shown in Fig. 13 and
Fig. 14 respectively. The constant flux control results show
that the maximum efficiency region is between 55% and 60%
from 650rpm to 750rpm. The results in Fig. 14 show the
maximum motor efficiency region using the proposed field-
weakening strategy is between 60% and 65% from 700 rpm
to 3000 rpm.

A comparison of the two results show that the proposed
field-weakening control strategy can achieve a higher effi-
ciency over a wider speed range.

8. Conclusion

In this paper, a new and simple field-weakening control
strategy for Four-Switch Three-Phase Inverter-fed induction
motor drive is proposed to optimize the speed-torque charac-
teristics and motor efficiency in the high-speed region.

The feasibility of the proposed control strategy is veri-
fied by simulation results and validated by the experimen-
tal results. Results show by applying the proposed field-
weakening control, the maximum attainable torque and mo-
tor efficiency increased in the high-speed region.

This paper is the first report that has proposed and suc-
cessfully achieved a field-weakening control for an FSTPI-
fed motor drive. Furthermore, the results in this paper shows
that field-weakening control can also be achieved in FSTPI-
fed induction motor drive and other AC motor drives, when
applied as an emergency strategy for the standard 3-phase
inverter-fed AC motor drive.
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