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Abstract—At high speed, electric vehicles (EVs) have
limited torque when powered by an induction machine
(IM). In IM the high-speed region is called field weakening
and the region is known for torque limitation. This paper
proposes a control method that increases the torque without
applying discontinuous-modulation techniques which is
commonly used. A bespoke model-based voltage control
method has been developed that enables reaching the
hexagonal voltage reference trajectory for the field
weakening region. So far, all model-based control methods
are constrained by the inscribed voltage circle which lies
within the hexagonal voltage boundary. This restriction
limits the available inverter output voltage across the motor
windings, which in turns restricts the output torque of the
drive. To achieve the hexagonal voltage trajectory, this
paper introduces a new calculation of the d-axis current for
the entire speed range in field weakening region. This
calculation is based on the hexagonal voltage boundary
equations and the stator voltage vector position. This
generates a new reference d-axis current that minimizes the
difference between the hexagonal voltage boundary and its
inscribed voltage circle. As a result, the proposed d-axis
current maximizes the output torque and output power in
the field weakening region. The proposed method is
presented analytically. Simulation and experimentally
validated results are presented to confirm its feasibility and
effectiveness.

Index Terms—Flux weakening, induction motor drives,
model-based voltage control.

I INTRODUCTION

Today, most electric vehicles (EVs) are either propelled by
permanent magnet machines (PMMSs) or by induction machines
(IMs). IMs have the advantages to be cheaper but must build
bigger compared to PMMs to produce the same power.

Extracting the maximum torque from an induction machine
(IM) over the entire speed range is of prime importance for
traction drives [1]. At high speeds IMs operate in the field
weakening region that is known to have torque limitation.
Maintaining a high flux within high speed region is important
for the production of optimum torque [2, 3]. However, high flux
levels in the high speed region produces large back EMF which
cannot be supported by the inverter output voltage [4].
Therefore, designing a suitable reference flux signal, which
produces the maximum torque in accordance with the available
battery voltage, is becoming a research trend in traction drive
applications [5].

In the literature four different control algorithms for IM
machines that generate reference flux in the field weakening
region have been proposed. In the following they are called
reciprocal speed algorithm, voltage detection algorithm, model-
based algorithm and look-up table, All four algorithms produce
the command for the flux-producing current (ig7) which
determines the reference flux and each algorithm produces iy
differently based on the considered control parameter. Selection
of the appropriate reference flux is a key consideration in drive
applications which are limited by voltage and current
constraints [2].

In the reciprocal speed algorithm, the d-axis rotor flux (15,.)
in rotor flux oriented (RFO) frame is the control parameter.
Often, the command d-axis flux ( A5;.) is based on the inverse
value of rotor speed (w,) in the field weakening region for
conventional IM drives [6]. However, the maximum torque
capability of the machine cannot be attained [4]. While, an
improvement of torque in the field weakening region can be
achieved by employing stator field oriented (SFO) scheme,
where the stator flux is changing proportional to inverse of
w,[7]. However, the derived desired current in SFO cannot be
delivered at high speed operation due to the limited inverter
voltage [8]. Therefore, the stator current is forced to drop to
ensure that the reference voltage does not exceed the normal
space vector modulation (SVM) voltage region. This reduction
in current leads to a corresponding reduction in motor torque.
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To compensate for the voltage limitation, the voltage
detection algorithm was proposed in [9]. In this method, the i 7
is generated by comparing the maximum available voltage in
SVM and the magnitude of the synchronous voltage vector [9].

As the reference voltage is limited to \’/JEC with this algorithm,

the full utilization of the DC-link voltage (V) cannot be
achieve [10]. An alternative method was proposed in [11],
which compares the switching period T, and the summation of
the SVM active switching periods T, and Ty to create iJ; .
Although this method is able to utilize the full V. for the
electrical machine, at least three PI controllers and a digital
filter must be used which makes the tuning of the drive difficult.
More details about voltage detection algorithms can be found
in [11] and [12].

The third algorithm, called model-based algorithm, derives
the voltage and current equations of the IM in the synchronous
frame to define i;; [13, 14]. The model requires voltage and
current I|m|tat|ons to satisfy the constraints at any specific
speed [5, 6]. In addition, the model reflects acceleration and
deceleration performance. Consequently, a flux controller
based on the machine model is required in order to produce the
desired i,. during fast acceleration and deceleration of the
motor [15]. Furthermore, as a result of calculating the i /7 based
on the machine model, this method is sensitive to the
magnetizing inductance (L,,) [16, 17]. However, this is true as
long as the variation of the magnetizing current (i,,,) in the field
weakening region is high [18]. Therefore, a lookup table of L,,
based on i,, must be used, otherwise variations of L,, can be
neglected for the model-based algorithm. A limitation of this
algorithm is that the stator voltage vector is constrained to lie
inside the inscribed voltage circle within the hexagonal voltage
boundary and therefore the maximum output voltage is not
available [6].

The final algorithm method to generate reference flux in the
field weakening region is the lookup table algorithm that
defines i 7 from a look-up table. The reference torque signal
T, that is based on the w,., and the null switching time T, of
SVM are the key indexes for determining the reference current
value [19, 20]. Using this method retains the maximum torque
regardless of variation of V. [11]. However, developing the
efficient look-up table requires the use of high precision
measurement devices. In addition, a long time period of
experimental tests is required to generate the data for the table.

All four algorithms can be advanced by adding expert
controllers which have recently been researched. These expert
controllers are placed before the current regulators to avoid the
fast tuning of reference current especially for high fundamental
frequency performance [21]. Furthermore, conventional expert
controllers are enhanced by implementing the fuzzy interface in
the case of tuning failure [22]. These expert controllers expand
the stability of the responds for PI current controllers but do not
improve the utilization of V.

All four algorithms that have been proposed in the literature
try to extend the voltage in the field weakening region by
applying the optimum command for ij; so that higher output
torques can be achieved. However, operatlng drives in voltage

extension regions causes increased torque ripple ([23], [24] and
[25]). Consequently, despite improving Pl-controller
performance due to expert controllers, research in minimizing
torque ripple in the field weakening region has also been
conducted. For example [23] applies alterations in g-axis of
stator voltage vg helping to improve the dynamic performance
of the current controller which in turn reduces the torque ripple.
An adjusted g-axis of stator voltage v v, is limited to satisfy

the adjustable reference voltage Kadj%c. In this way, the
ordinary, vgs , which is generated by the torque controller, is
not directly used in SVM. Another technique is described in
[24], where the torque control is based on the voltage angle
method which improves the torque ripple. The voltage vg,; is
obtained from the intersection of the hexagon boundary and
torque equation, derived in terms of d-g axis voltage. The
placement of hexagonal voltage boundary depends on the
electrical rotor position 6, as voltage boundary rotates in
synchronous frame. In this technique, the voltage angle

e
arctan% is determined from the intersection of the voltage
ds

limitation contour and the command torque curve T, . The
reason for adding the adjusted S, term to determined

arctan— is improving the stability of the control structure

which results in reduced torque ripple. Therefore, the desired
voltage signals vg,s vews are produced without using the
current controllers.

This paper focuses to increase the torque output at field
weakening for the model-based algorithm. Reciprocal speed
algorithm and voltage detection algorithm including torque
ripple reducing methods require at least one extra regulator
compared to model-based algorithm and Iookup algorithm.
Less number of regulators for developing iss makes tuning of
IM drives much easier and more user frlendly, especially in
practical tests. Although the required number of regulators is
the same in both algorithms, the lookup algorithm method
requires additional experimental tests for extracting an accurate
look-up table. These tests are time consuming and they require
sensors with high accuracy.

So far, the control algorithm in model-based algorithm
relies on the description of the inscribed voltage circle
constraint that lies within the hexagonal voltage boundary. As
the full hexagonal voltage boundary is never reached, the torque
in the field weakening region is limited. This paper presents a
calculation of i 7 that includes the angle of the stator voltage
vector and the difference between the hexagonal voltage
boundary and inscribed voltage circle. The area of the error
between the hexagonal voltage boundary and the inscribed
voltage circle forms a parabolic shape. Thus ij; and ij
include information of parabolic shape variation and it allows
the measured currents to closely follow the desired currents in
spite of the rotor flux lag due to the rotor time constant and error
in measured currents. The closely track of desired currents
means that a sufficient d-axis voltage margin is available which
allows the stability in current controllers and consequently low
torque ripple. The proposed method therefore, maximizes the



utilization of inverter input voltage resulting in higher torque
and power in the field weakening region. It is worth clarifying
that the work presented in this paper aimed at achieving the
hexagonal voltage and not utilizing the full inverter voltage
achieved by discontinuous modulation technics such as six-step
control which holds the stator voltage angle in the corners of
hexagonal voltage boundary ([27] ,[28] and [29]). The
Appendix shows three common modulation techniques
distinguishing between SVVM and six-step control.

The reminder of this paper is organized as follows. Section
Il explains the mathematical model, voltage and current
constraints and describes different operation stages of IM.
Section Il presents an analytical evaluation of the proposed
model-based control method. Selected simulation and
experimentally validated results are illustrated and discussed in
Section 1V. Finally, the work is concluded in Section V.

1. MATHEMATICAL MODEL DEVELOPMENT
A. Induction Machine Model

Fig. 1 shows the steady-state equivalent circuit model of IM,
where all leakage inductances are referred to the stator side. To
develop the voltage model of IM in terms of rotor flux, the
stator flux Ag,s should be defined with respect to rotor flux

aqr as shown below:
%as = 0L I aar
dgs s dqs Lr (l)

where Lg, L,.and o are stator inductance, rotor inductance
and leakage coefficient respectively. Now, the stator voltage
model of IM can be defined as follows:

d}f
L dt

m /1dr

we
L,

e _— re 7
Vgs = Tslgs + 0L Elqs

®)

+ w,oLg i

In (2) and (3), . and w, are the stator resistance and
electrical rotor speed. The RFO dynamic model is produced by
aligning the d-axis of the synchronous frame to the rotor flux
(A6 = 0). Then, the simplified model of IM in steady state
condition can be derived as follows:

e __ re re
Vgs = Tslgs — We0Ls igs 4
Ly 2
e .o m ‘tdr .e
Vgs = Tslgs + We————+ we0L;ig
q q L, (5)

Based on the IM model given in (4) and (5), the phasor
diagram shown in Fig. 1b can be produced. As illustrated in

Fig.1 b, the stator voltage ﬁ"’q is compensating the resistance

voltage rsl_;, Ieakage inductance voltage jw.oLsls and rotor
flux voltage jw, ngqr . Therefore, all these voltage terms
need to be compensated by the stator voltage in order to
increase the motor speed. However, the amplitude of I—IE is

restricted by the inverter output voltage, which is %C in

conventional model-based control. It is also worth noting that
the power electronics inverter and the electric motor are also
limited by the maximum current I, rating. Therefore,
voltage and current limitations needs to be satisfied in all speed
operational regions.

B. Voltage and Current Constraints

In model-based control method, the reference flux needs to

L, d
v =Tgigs + 0oLg s T igs + Lﬂa o be calculated by using IM model where the stator current and
L. 7€ T (2) stator voltage are limited as explained in Section Il. A.
- w, m7ar _ WeOLg i Therefore, to address the reference flux at each rotor speed, the
Ly voltage and current constraints equations must be defined as:
— LT’ €
ngs oL I = aldq?‘ 7o
— s . Ts dqgs
AW———Y
+ S
+ JweoLg ngs L_m)z Ly JweoLg qus qus
e AL Ly . L Ly S g .
Vdgs @ S e das Ly i J@We mﬂ’dqr J‘Ue%lgm
r
Te
— Im — qus o
I I
(a) (b)

Fig. 1. Equivalent circuit of IM with all leakage inductances referred to the stator side (b) voltage vector diagram for RFO
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As it can be seen from (6), the amplitude of stator current,
which consists of igs and i¢, has to be lower than the maximum
current ratings Is ,,4, Of the IM and the inverter. The current
constraint equation is illustrated in Fig. 2a as a circle. This
current limit is satisfied as long as the stator current terms are
within the circle. In model-based methods, the voltage
constraint equation also needs to be defined in terms of current
components. This is because the reference currents are designed
based on these two constraints. Therefore, the description of
voltage limitation could be expressed in terms of current with a
reasonable assumption of neglecting the inductance saturation
and resistance loss as shown in (4) and (5). Hence, the voltage
constraint can be achieved by substituting (4) and (5) into (6),
yielding (7) as follow:

ie? ie ?
ZdS 2 + qu 2 S 1 (7)
(Vmax,s) /(we LS) (Vmax,s) /(U)e ULS)

This equation is presented by an ellipse graph on the
Cartesian plane of d-q axis current portrayed in Fig. 2a. The
major axis of this ellipse is vertical because the value of
denominator of i¢gs term in (7) is higher than of other term. This
is because the existence of the leakage coefficient in ig
denominator has a value of less than one. Furthermore, it should
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Fig. 2. (a) Current and voltage limits for IM (b) Voltage trajectory in SVM
(c) Characterisation of IM in different operational regions

be noted that the extra slope in the voltage ellipse along iZs axis
needs to be considered in case of high stator resistance and low
leakage coefficient o. Likewise, the voltage limitation could be
satisfied if the current terms are placed within the voltage
ellipse, depicted in Fig.2 a. It should also be noted that voltage
ellipse shrinks towards its centre as speed increases.
Additionally, the maximum available voltage in SVM
Vs max Plays an important role to satisfy the voltage constraint
as it can be seen from (7). This inverter voltage is utilised by

the stator voltage, ﬁ‘i{ of the IM to compensate motor voltage

terms depicted in Fig. la. Figure 3 shows that ﬁ‘i{ is
compensating the two main voltage terms of the motor,

—_—

jwe LL—’:AZW and jw. oLl in the constant torque region. The

amplitudes of jweoLl; and jw, LL—ngqr are increasing with
T

the speed, which requires higher voltage to be extracted from
the inverter. As shown in Fig.3 a, the rotor flux voltage
jwe LL—mqur is the dominant term of the stator voltage at the
starting point of the first stage of field weakening (FWI).
Therefore, to operate in the first stage of field weakening,

reducing the magnetizing current I, (i.e. hence A, ) is

considered as an effective way to satisfy the voltage constraint.
On the other hand, further reduction of I,,in FWI, results in

Lm = .
voltage drop across w, —Lngqr . Consequently, this makes
T

w, oLgI; the dominating element of the absorbed voltage in
second stage of the field weakening (FWII) as shown in Fig. 3b.
To satisfy both voltage and current constraints in motor control
applications, the different operational regions need to be
considered in designing the reference currents as explained in
the next Section.

C. Constant Torque (CT), First Stage of Field Weakening
(FWI) and Second Stage of Field Weakening Regions
(FWII)

Due to the current and voltage constraints, operation of 1M
is split into three different speed regions (Fig. 2¢). As shown at
Point I in Fig. 2a, ¢, the maximum torque is generated based on
the rated flux level and the inverter/machine current limitation
in the low speed region (below base speed) [26]. The region
below the base speed is called Constant Torque (CT). So, the
maximum available i is calculated as follows:

Lex _ :e
las = las—rated

is; = \/(Is,max)z - (igs—rated)z (8)

The calculated base speed has to be adjusted based on the
flux level at the rated condition which is varied according to
rated current. In general, a high current rating, which produces
large flux value, causes the lower base speed. The base speed is
the starting point of FWI where the maximum power is
delivered to the machine by reducing the flux level (Fig. 2c).
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Fig. 3. Phasor diagram for stator voltage in (a) First stage of field weakening
(b) Second stage of field weakening

This flux reduction maintains the back electromagnetic

L A
force component (w, "2—‘”) at nearly constant level. As shown
T

in Fig. 2a, c, the rotor flux is reduced from point | to Il by
decreasing ig, . In model-based voltage control, the reference
d-axis and g-axis current signals are calculated by using (6), (7),
which can be expressed as:

AT;L,

le* —
as 2 ie
3PLmlds

©)

2
(Vs,max)2 +1 ((Vs,max)2> _4 <40'Te*Lr )2

pex _
ll“ 2(wely)? 2 |\ (wely)? w3PLZ,

In case the maximum torgue is required at any speed, then
the maximum g-axis current is used and therefore, (9) becomes:

lgs = \/(Is,max)z = (igs)? (10)

2
jer = (Vs,max) - (we GLS)Z(Is,max)z
@ (we Ls)z - ((‘)e O'LS)Z

As the speed is increasing in region FWI, the slip speed
becomes close to its maximum value (Fig. 2c). This is because
the available applied g-axis current reaches the limit and slip
speed cannot be further increased. Hence, this is the point where
FWII region begins. The maximum torque in this high-speed
stage is achieved by keeping the angle between stator and rotor
flux at 45°. In this case, the torque-producing-current is
reduced as shown in Point Il to V in Fig. 2a, which leads to a
reduction in output power of IM. The current reduction
continues until the voltage vector with an amplitude of V; .4, is
placed at 90° + 45° in synchronous frame. This condition can
be achieved by:

jer — (Vs,max)z (11)
@ 2(weLs)?

jor — [Voman? (12)
as 2(we0lLs)?
i 1 (13)

ex
Tigs  T,0

T

Wsl_max -

So in this speed region, the value of torque-producing-
current can be presented as proportional of flux-producing-

Se*
current (igs = %). In conventional model based control, the

calculated ig; in (8) to (12) is limited by the inscribed voltage
circle within the hexagonal voltage boundary (Fig. 2b).

1. THE PROPOSED METHOD

The proposed algorithm for field weakening regions is
portrayed in Fig. 4, where the output torque of the IM is
increased by having higher utilization of V. in SVM.

This is happened by substituting the equation of each side
of the hexagon voltage limitation (14) to (19) for corresponding
angle of stator voltage vector 8, into (9) to (12). So, in this case,
the stator voltage vector reaches the hexagon boundary. The
equations for each side of hexagon in terms of d-q axis of
voltage components are derived based on 6,, as follows:

T
0<6,< §
. 2 (2V a gtan 0, )2
s,max § DC - T 14
gtan 6,+1 (14)
+ (2 Vool tan @, ))?
3 DC \/§
=3 tan 0,+1
T <6 < 21
2 2 V3 m , 2 V3,
Vsmmax = (§ Vpe(5-tan(5 = 6,)))" + (§ Vbe =)
2m
3 <6,<m
3
5 gtan(ﬂ —-6,) ,
V;,max = (§ VDC(\/— - 1)) (16)
?tan(n -6,)+1
2 tan(m — 6,,)
+ (g Vpe( - ))?
?tan(n -6,)+1
4T
n<6,< ?
3
. B (—tan(e, - m) )
Vomax = (§VDC(_1 _\/— ) (17)
?tan(ey —-m)+1
+ GVoe( 2
3 DC \/§

Ttan(@,, -m)+1
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As shown in Fig. 4a, b, V7, .and i, are used in (7) and (13) :
®)

to detect the operation regions that facilitate smooth and
automatic transition of the proposed algorithm between CT-
FWI and between FWI-FWII. ‘
To evaluate the performance of the proposed control l
method, the maximum calculated i¢; in (10) is directly applied o m
to the machine instead of using its value from the torque #\Tomal T
controller. As shown in Fig. 5a, the maximum voltage . ‘(F}‘m)if(wcols]*(!m)z
magnitude, which is moving along the hexagon trajectory, is ‘df‘"'JW (
changing according to 6, in any electrical cycle. The proposed

model-based method exploits more DC-link voltage range to i () _ _
increase the output torque and power of the IM. Fig. 4: Proposed model-based controller (a) Block diagram of IM drive (b)
Algorithm flowchart
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As shown in Fig. 6, the area of voltage constraint is extended
in the proposed method. Comparing points A and B in Fig. 6
reveals that the voltage extension results in the IM being able
to operate at a higher speed for the same V;.. This is because
more voltage is available to compensate for the back EMF at
higher speed. This is the reason that the voltage limitation of
point C (placed in proposed voltage trajectory) at 1,700 rpm is
close to point B (placed in conventional voltage trajectory) at
1,500 rpm. Similarly, by a closer look at points C and D on Fig.
6, one can see that higher voltage at point C results in a higher
torque as demonstrated in Fig. 2a.

Furthermore, the maximum torque possible from the
proposed method which satisfies the voltage and current
constraints are shown in Fig. 7 for different speeds. It is worth
mentioning that these maximum torque values at different
speed operation are achieved in experimental test. In addition,
the calculated optimum value of d-axis current reduces the
required number of regulators in this method, which simplifies
the control system. As depicted in Fig. 4, the reference d-axis
current is produced based on mathematical equations without
applying any regulators such as one used in reciprocal
algorithm, voltage detection algorithm and lookup table
algorithm. In those Methods, the reference d-axis current is
produced based on a flux regulator, voltage regulator and look-
up table, respectively. In practice, tuning these regulators is
usually based on the trial and error, which requires a lot of
efforts and time and more importantly, optimum performance
is not guaranteed.

Using the proposed algorithm causes that the closed-loop
controlled system retains its stability even in maximum voltage
utilisation condition. This is a result of the parabolic waveform
changes in d-axis reference current which apply the minimum
current to satisfy the voltage boundary (As demonstrated in Fig.
5). This allows the measured current to closely track the desired
current in spite of the lag in rotor flux and error in measured
motor currents. This results in sufficient d-axis voltage margin
to allow good dynamic performance for current controller with
a consequent reduction in torque ripple.

As shown in (2), if there is insufficient d-axis of voltage,
which happens in case of high error in d-axis current controller,
then the g-axis current will be decreased. Under this condition
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Fig. 5. (a) Trajectory of maximum available voltage vector (b) Amplitude
of the maximum voltage vector
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Fig. 6. Comparison of voltage constraint in proposed and conventional
model-based method

the g-axis current fails to follow its reference current resulting
in increased torque ripple. The automatic transition from the CT
region to FWI and from FWI to FW2 can also be achieved due
to the algorithm recognizing the transition points using (7) and
(13). The automatic transition also provides starting points for
the ig; in FWI region to be matched with the reference d-axis
current in CT region. This is due to the use of a gain which is
multiplied by the d-axis current in (9) or (10) to ensure the
correct starting value for i5; when transferring between regions
(as demonstrated in Fig. 4b). Moreover, it should also be noted
that the Gain G is only calculated in the first PWM cycle at the
start of field weakening. This ensures that the minimum value
of the parabolic d-axis current will be equal to the reference
value of d-axis current in constant torque region, i5;_cr, as
illustrated in Fig.9. This results in a very smooth torque
transient without the need to calculate the base speed.
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Fig. 7. Maximum torque produced by the proposed method at different
speeds for the IM characterized in Table | (black solid line: current
constraint; other solid lines: voltage constraint at different speeds; dashed
lines: torque)



V. SIMULATION AND EXPERIMENTAL RESULTS

The parameters of the tested IM are presented in Table.1.
The proposed control approach is implemented using a dual-
core TMS320F28377D microcontroller. CPU1 of the controller
is used to realize the control model presented in Fig 4, whereas
the d-q axis current controllers and SVM are implemented on
CPUL1.CLA. The execution time of main interrupt service
routine running in CPU1 is 11.18us for 20 kHz switching
frequency. The current controllers and SVM running on
CPUL.CLA execute in 5.32us. The experimental setup is based
on a test IM coupled with a dynamometer based on permanent
magnet machine as depicted in Fig.8a. Sensing is provided by
three CAS 15-NP current sensors, an AD215 ISO_AMP voltage
sensor and a Gurley 2048-line optical encoder. To test the IM
with the proposed torque-based controller, the speed is adjusted
with the dynamometer. The corresponding reference d-axis
currents is calculated based on operating speed to increase the
utilisation of V- and therefore increases the output torque. As
the maximum speed of the load machine is restricted to 3,000
rpm, the field weakening region of test IM is started at lower
base speed by applying 350V inverter input voltage instead of
700V. Thus, tests were conducted at 1.1kW instead of 2.2kW
which is the rated power of the test motor.

Table 1. Specification of Induction machine (1.1 kW)

Current Poles
Ts Tr Vbc (Peak) Number
2.21Q 2.5067Q 350V 4.6A 4
N L I Full-load
5 oy e Base speed speed
0.2842H 0.2709H 0.2842H 1,500 3,000

RPM RPM

Dynamometer
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. Control Elements
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Fig. 8. (a) Experimental setup (b) Scher(ne)ltic Diagram of Experimental setup

Fig. 9 shows the simulation results of proposed controller
from CT region to FW region. The theoretical analysis in Part
C of Section Il and the graph shown in Fig. 2 are confirmed by
decreasing the d-axis current in Fig. 9a. It shows that command
for the flux-producing current i /7 has a sequence of parabolic
shape that varies with 6,, and it is closely followed by measured
the d-current. This is because the parabolic variation of if; in
proposed method ensures that the produced back EMF is always
compensated by available inverter voltage. This is achieved by
limiting the motor rotor flux, which is the filtered version of d-
axis current, in an acceptable boundary range corresponding to
parabolic variation of i 7, . As mentioned before, the rotor flux
shapes the back EMF in g-axis voltage. However, the d-axis
component of the stator voltage vector is shaped from the
parabolic d-q axis current which is not filtered. The d-axis
voltage, which is unfiltered variable shaped by d-q axis current,
produces the parabolic variation of stator voltage and filtered
flux producing current in g-axis voltage changes the average of
stator voltage magnitude. Therefore, the stator voltage
magnitude is changed parabolically to satisfy the hexagonal
voltage boundary. As a result of extracting enough DC-link
voltage, the motor current can still follow the d and g current
references without any failure in current controllers even in
high speed acceleration rate. As can be realised from Fig. 9a,
the acceleration from 2,400RPM to 2420 RPM corresponds to
8.5 parabolic variations. This means that the motor accelerates
20RPM in 0.017second as shaft rotates 8.5/12 cycle.



Therefore, the proposed method is tested in fast speed
acceleration rate where an acceleration of 1,000RPM happens

in 0.85 second.
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It should be noted that tracking of reference currents with
fast parabolic variation rate can be explained based on defined

bandwidth
method in

of the closed loop controller [30]. The proposed
this manuscript was tested on IM running up to
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3,000RPM. This speed corresponds to 102Hz (electrical plus
slip frequencies). The proposed method defines six parabolic
variations in d-q axis of the reference currents per electrical
cycle. Thus, the PI controller used with this method requires a
bandwidth of 612Hz.

The increment of g-axis current in Fig. 9b is the result of
satisfying the current constraint explained in (11) and
confirmed in Fig. 11a. As shown in Fig. 9c, the voltage vector
trajectory is contained within the hexagon boundary
corresponding to that explained in Fig. 2b. In addition, Fig. 11b,
shows the d-g axis of voltages at 2,400 rpm which guarantees
extracting the hexagonal voltage in terms of d-q axis voltage
components as derived in (14) to (19). The blue trace in Fig.
11b illustrates the g-axis voltage which continuously moves

from —g to g P.U. depending on the angle of stator voltage

vector. The maximum of g-axis voltage happens when stator
voltage vector moves from 2 to 4 in Fig. 5a. In this region, the
d-axis voltage, which is shown by red trace in Fig. 11,
continuously moves from 0.5 to ,—0.5 P.U. The voltage
components in Fig. 11 clearly demonstrate that the stator
voltage vector is rotating around voltage boundary and it is not
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Fig. 11. Simulation results. (a) Current trajectory from standstill to 3,000
rpm. (b) d-g-axis of voltage (P.U.) in stationary frame at 2,400 rpm

hold at multiplication of sixty degree, which happens in six-step
control. It is worth mentioning that the d-axis and g-axis

voltages only are placed in 1,40.5 P.U. and O,ig P.U.

respectively in six step control.

As shown in Fig. 9a, the automatic and smooth transition
from CT to FW is achieved in proposed algorithm as the starting
point of ig; in FWI is matched with the value in CT region.
The experimental results in Fig. 10 and 12 show good
agreement with the corresponding simulation results. As shown
in Fig. 8b, the speed and reference and measured d-q axis
currents are captured by oscilloscope via Digital to analogue
converters (DACSs). Since there are only three DACs available
in the microcontroller used in the experiment, separate tests
have been conducted, where ig;,i5 and speed, are shown in
Fig. 10a, while igs,i¢s and speed, are illustrated in Fig. 10b
have been captured. It is worth mentioning that the small
difference between measured ig;and ig; in Matlab simulation
and experimental results is due to the existing error in current
sensors and the offset in analogue to digital convert (ADC).
Also, the noise sensitivity of the DAC signals, which are in the
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Fig. 12. Experimental results. (a) Current trajectory from standstill to 3,000
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low voltage range of 0 to 3V, causes the ripples in measured
current signals even in CT region. It should be noted that the
inductance saturation for high power IMs needs to be
considered as another factor for stator current oscillations in
model-based control algorithm. Therefore, the online
estimation of motor parameters is required [31].

In Fig. 13, the degradation of the dynamic performance of
PI controllers and i ripples is illustrated based on a situation
which i andigy is kept constant at the maximum value
instead of parabolic variation. This causes to have higher
average value of back-emf voltage comparing with proposed
method where the reference currents have parabolic variation in
order to keep satisfying the voltage boundary. As shown in Fig.
13, the current controllers are struggling to keep the motor
currents in track when the stator voltage is closed to the voltage
boundary. In this case, the currents will naturally drop as there
is no voltage margin left to support the amount of current.
During this condition where target currents are not satisfying
the voltage boundary, the input error of the controller cannot be
compensated within the next PWM cycle. This causes that the
integration wind-up of the controllers will saturate and the
controller will fail. Equation (4) and (5) can theoretically
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Fig. 13. The performance of the current controllers with a constant d-axis
current in each electrical cycle (a) Simulation result (b) Experimental result

explain the natural drop in motor current when the required
stator voltage cannot be compensated by the available DC-link
voltage. This eventually produces high current ripples causing
Pl controllers to saturate, resulting in high torque ripples.
Furthermore, continuing applying inferior ij;, the current
controllers will lose their stability and eventually fail.

As higher inverter output voltage is attained by applying the
proposed method, higher torque and power are achieved for a
given speed in comparison with conventional model-based
algorithm (i.e. Fig. 14), as explained in Section I. As shown in
Fig. 8b, the output torque and power as a function of speed are
captured by Magtrol software, which is connected to torque
transducer. The small difference between experimental and
calculated torque (Fig. 14 (a) and Fig.7) is due to wind age and
friction losses.

V.  CONCLUSION
An IM propelling an electric vehicle at high speed operates

in the field weakening region. This region is known for torque
limitations.
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In this paper, a new model-based method is presented to
increase the torque at the field weakening region. Increasing the
torque at field weakening results in expanding torque-speed
envelope without requiring hardware modification. The
reference d-axis current signals are calculated based on the
hexagonal voltage boundary and the stator voltage vector
position. With this new proposed reference current waveform,
the output torque and power of the IM are increased. This
proposed method also remains stability of the current
controllers as the result of the parabolic variation in amplitude
of the d-axis current. This means that sufficient d-axis voltage
is available, avoiding the natural drop of motor currents, and
consequently reducing the torque ripples. Furthermore, the
algorithm recognizes the beginning of the field weakening and
matches the starting values of reference currents in this region
with the desired currents in constant torque area. As a result, the
calculation of the base speed is not required and smooth
transition from the constant torque region to the constant power
region is achieved. The feasibility of the proposed method is
confirmed, analytically, by simulation and experimentally.

VI. APPENDIX

The Appendix demonstrates the main difference of d-q axis
components and modulation index in normal SVM, SVM with
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Fig. 15 (a) Position of stator voltage vector in different modulation

techniques and modulation index signals in (b) SVM (c) SVM with T, = 0

(d) Six-step
T, = 0 and six-step modulation. As shown in Fig. 15a, the
maximum value of stator voltage vector sits on inscribed
voltage circle of hexagonal voltage boundary in normal
operation of SVM. The more voltage can be utilised from SVM
technique, when the null time T,, of zero vectors is hold on zero
by pushing the stator voltage around the hexagonal boundry. It
should be noted that, the stattor voltage vector is still rotating
along the boundry when T, is hold on zero. However in six-step
opration, the stator voltage angle is hold only on the edges of
the voltage boundry it can provide the fully utilisation of dc-
link voltage. The change in modulation index signals from
nearly sinosoidal waveforms in SVM to complete squre
vaweforms in six-step modulation are demostrated in Fig .15b
tod.

To better understanding of the difference between these
methods, the d-g axis components and the position of stator
voltage vector with 100Hz frequency are demonstrated in Fig.
16. As can be realised from Fig.16 al and 16 a2, the voltage
vector is continuously rotating around the inscribed circle
inside of hexagonal voltage boundary. As stator voltage is
increasing and T, becomes zero, the voltage vector reaches to
hexagonal voltage boundary and stator voltage vector is still
rotating along it. This causes that the d-q axis component of
stator voltage vector are changed from Fig. 16al to Fig. 16.b1.



It should be mentioned that per-unit values in those figures
are provided by having % as the maximum voltage. The %

is the fundamental voltage component which can be achieved
by six-step modulation. As shown in Fig. 16c1 and Fig. 16c2,
the d-g axis of stator voltage vector is discontinuous as the
result of holding the stator voltage angle in edges points of
hexagonal voltage boundary. Fig. 15a shows how the voltage
vector is hold on a specific edge as the result of position of
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step

stator voltage vector. As an example, when the stator voltage
vector is in 20 degree, then the angle hold mechanism holds the
angle on 0 degree. As stator voltage vector goes to 40 degree,
then the angle hold mechanism holds the angle in 60 degree.
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