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ABSTRACT Maximum torque per amper (MTPA) control can realize the minimum copper loss control
of induction motor, which is often applied below the rated speed. In this paper, MTPA control is firstly
extended from the constant torque mode to the constant apparent power mode and the constant voltage mode,
and realizes MTPA control of induction motor in the whole speed range. Firstly, this paper establishes a
MTPA-based nonlinear optimization problem in the whole speed range. Then, this optimization problem
is analyzed and the analytical expressions are obtained for three different modes. Finally, finite control
set-model predictive current control is adopted in this paper to achieve the fast stator current tracking. In the
experimental part, the proposed algorithm is compared with the classical control strategy in this paper. The
experimental results show that for the light load, the proposed algorithm reduces the stator current magnitude

and improves the efficiency of induction machines.

INDEX TERMS Induction machine, constrained MTPA criterion, predictive control.

I. INTRODUCTION

In the control strategy of AC motor, the maximum torque
per ampere (MTPA) control strategy is often used to achieve
the optimal control of excitation current and torque current
and improve the system efficiency [1]-[5]. Limited by max-
imum stator current magnitude and maximum stator volt-
age, induction motors usually operates in constant torque
mode below the rated speed and in constant apparent power
mode above the rated speed, that is, field weakening mode
[6], [7]. In constant torque mode, induction motors usually
adopt the rated excitation, that is, the rotor flux amplitude
keeps constant [8], [9]. In the constant apparent power mode,
the limit of bus voltage must be satisfied by reducing the
rotor flux amplitude [10]-[12]. At present, the research of
field-weakening control mainly focuses on how to achieve
the maximum torque control in the field-weakening mode at
voltage and current limits [13]-[16]. There are three kinds
of field-weakening control algorithms for induction motors.
Firstly, the excitation current is inversely proportional to
the rotor speed in the field weakening mode. This kind of
algorithm is simple, but it can not achieve optimal control
according to the load torque [17]. The second method is based
on the accurate motor model. This method can theoretically
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obtain the maximum torque control, but it is difficult to
apply in practice because of its strong parameter depen-
dence and complex calculation [18]. The third method is to
generate excitation current based on voltage controller. This
method can achieve high steady-state torque output capabil-
ity, independent of motor parameters, but the voltage con-
troller increases the complexity of the system [19]. Reference
[20] compares four methods of field weakening, and analyses
the advantages and disadvantages of different methods. These
four control schemes fully utilize the maximum available
voltage and current and can produce the maximum possible
torque in the entire field-weakening region. Reference [21]
applies model predictive control to the field weakening con-
trol, which enhances the robustness of the system. In [22],
MTPA is utilized to compute excitation current and torque
current references for induction machines, but this paper can
not extend MTPA to field weakening mode. In [23], the
MTPA control based on the measured current-torque curve
is proposed, which does not depend on the parameters of
induction machines and improve the robustness of the system.

In this paper, the MTPA control strategy is extended to
the field weakening mode. Firstly, the MTPA-based opti-
mization problem in the whole speed region is established.
Then the analytical expressions of the optimization prob-
lem are given in constant torque mode, constant apparent
power mode and constant voltage mode, which can obtain
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FIGURE 1. The feasible domain at voltage and current limits. (a) Voltage constraint, (b) Current constraint, (c) The feasible domain at voltage

and current limits.

the excitation current and torque current references. Finally,
predictive current control is applied to track the stator current
references.

The arrangement of this paper is as follows. In Section I,
the mathematical model of induction motor and the con-
straints of voltage and current are introduced. Section III
introduces the optimization problem based on maximum
torque control and the analytical expressions in constant
torque mode, constant apparent power mode and constant
voltage mode. Section IV analyses the constrained MTPA
criterion for induction machines, and then achieves the ana-
lytic expressions in three modes. In Section V, the algorithm
proposed in this paper is experimentally studied. Section VI
summarizes this paper.

Il. MATHEMATICAL MODEL OF INDUCTION MACHINE
AND VSI

In the d—gq reference frame system with arbitrary rota-
tion speed w, the mathematical equations of induction

motor.

Iy = ig, + Jig “)
v, Ln ] Q)
dr = T~ U
" 1+p(L /R
3 L2

In the operation of induction motor, the excitation current
and the torque current of induction motor must also satisfy
both the voltage limit circle and the current limit circle.
The equations of voltage limit circle and current limit cir-
cle are respectively shown in equations (7) and (8), where
Vimax 18 the maximum stator voltage of induction motor and

L2

o=1- (Tg) [26]. The graphical representation is shown

in Fig.1.

2
motor is shown as (1)-(3), where ¥¢ = L + Lyi?, (ngLsI;s> + (welejs)z < V2 @)
YO = Ll + L2 [24], [25]. ) >
e e
(Ids) + (Iqs) = Ismax (®)
v“’_Riw+d : + jwir’ D
s b dt s Il. FIELD WEAKENING STRATEGY BASED ON MAXIMUM
dy? TORQUE CONTROL
_ 0] r . _ w
0= Reiy + dt ti@=on) Y, ) The basic principle of field weakening control based on max-
3 L — i i
T, = 2P~ I { 7 ;"i’;)} 3) imum torgue‘ control is to calculate the reference values of
2 L, : stator excitation current and stator torque current at voltage

When the d-axis of the rotation reference frame coincides
with the direction of the rotor flux vector, stator current vector
can be expressed as an equation (4), where if; and if]s are
the d-axis component and d-axis component, respectively.
the d-axis component of the rotor flux vector, w;r, is zero,
that is, ¥, = 0. The glbsr can be expressed as an equation
(5), where if;; is the excitation current. In the steady state of
induction motor, the electromagnetic torque can be simplified
to equation (6), where p denotes pole pairs of induction
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and current limits to achieve maximum torque control. Then,
the predictive current control is used to track the reference
values of stator excitation current and stator torque current
quickly.

In the steady state of induction motor, the electromagnetic
torque 7, can be expressed as the equation (9). The maximum
torque control of induction motors at voltage and current
limits can be described as an optimization problem, as shown
in equation (9)-(11). In the later part of this paper, for con-
venience, the superscript of I is omitted and denoted as ;.
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The optimization problem (9)-(11) is a constrained nonlin-
ear programming problem, and it is usually difficult to find
an analytical expression. However, the optimization problem
(9)-(11) can be decomposed into several subproblems, each of
which can be solved by the characteristic curves of induction
motors, such as MTPA curve, constant torque curve and
voltage limit circle. In this paper, the analytical expressions
of the above optimization problems are composed of three
parts, respectively in constant torque mode, constant apparent
power mode and constant voltage mode. Three modes are
divided according to the synchronous speed w, of induction
motor, where w, is the angular frequency of the supply volt-
age at steady state, and not the rotational angular speed of
the rotor. The intersection point of the current limit circle and
the MTPA curve of the induction motor is marked as point A,
as shown in Fig.2. With the increase of the synchronous speed
w, of induction motor, the voltage limit circle is shrinking.
When the voltage limit circle is reduced to the circle passing
through point A, the synchronous tachometer of the induction
motor is denoted as wpqse, as shown in Fig.2 (a), where the
excitation current corresponding to point A is denoted as
145 4. By combining three equations (12)-(14), the equation
of wpase can be obtained. Therefore, in the constant torque
mode, the range of w, is 0 < we < Wpgse-

2 2
(a)baseULsI ds_A) + (wbaseLsI qx_A) = Vyz max (12)

2 2
(I ds_A) + (I qs_A) =1 s2 max (13)
Idsz = Iqsz (14)
Vema
Opase = = (15)

It%S_A (Lsz - Gng) + (ULxlsmax)z

When w, > wpgse, the voltage limit circle decreases with
the increase of the synchronous speed w, of induction motor.
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When there is only one intersection point between the voltage
limit circle and current limit circle, the synchronous speed
of induction motor is denoted as w; and this intersection
point is denoted as point B, as shown in Fig.2 (b). At this
time, the excitation current corresponding to point B is zero,
i.e. Iys p = 0. By combining the equations (16)-(18), the
expression of the synchronous speed w; can be obtained,
as shown in equation (19). In the constant apparent power
mode, the range of w, iS wpgse < We < wi. In the constant
voltage mode, the range of w, is w1 < w,.

(wlo‘leds_B)z + (O‘)llel]s_B)2 = Vszmax (16)
(Ids_B)2 + (Iqs_B)2 = Is2max (a7
Iys =0 (18)

01 = VomasIsmax) (L2 +02L2) / (2Ld0?)  (19)

In order to solve the nonlinear optimization problem (9)-
(11), this paper elaborates the equations of the optimal exci-
tation current and the torque current in the constant torque
mode, the constant apparent power mode and the constant
voltage mode, respectively. The diagram of the solutions is
shown in Fig.3.

In the constant torque mode, the diagram of the voltage limit
circle and the current limit circle is shown in Fig.3 (a). When
the induction motor operates at the intersection point A of the
MTPA curve and the current limit circle, the induction motor
can output the maximum torque. Therefore, the excitation
current /45, and the torque current I s, corresponding to the
point A can be calculated by the equation (20). The maxi-
mum electromagnetic torque Tpyax can be expressed as the
equation (21).

1) THE CONSTANT TORQUE MODE (0 < we < wpase)

lasn = lgs = [ Pnax 2 20)

3 L2 / P
Tmax = EPL_mIds_A Iszmax - (Ids_A) (21)
r

2) THE CONSTANT APPARENT POWER MODE

(wpgse < we < 1)

In the constant apparent power mode, the diagram is shown in
Fig.3 (b). When the excitation current and the torque current
operates at the intersection point B of the voltage limit circle
and the current limit circle, the induction motor can output
the maximum torque.

2 2
(a)eUleds_B) + (a)eLSIqS_B) = vs2max (22)
2 2
(Ids;B) + (IqS,B) = Iszmax (23)
The excitation current and the torque current at point B can
be obtained by solving the equations (22)-(23), respectively,

as shown in the equations (24) and (25), so the maximum
output torque of the induction motor is expressed in the
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FIGURE 3. The diagram of optimal stator currents of field weakening based on maximum torque control (a)the constant torque mode (b)the

constant apparent power mode (c)the constant voltage mode.

equation (26).

\/(‘/s'mel)(/ﬁl)(z)2 - (ULsIsmax)2

I ds_B = (24)
L2 — (oLy)*
2
IqS_B = Iszmax - ([db_B) (25)
Tonax (0e) = 3pL21as plys B / QL) (26)

3) THE CONSTANT VOLTAGE MODE (w1 < we)

In the constant voltage mode, the diagram is shown in Fig.3
(c). When the excitation current and the torque current oper-
ates at the C point, the induction motor can output the maxi-
mum torque, where the C point is the only intersection of the
voltage limit circle and the constant torque curve.

Toax @0) = 3pLla clyc [CLY — @7)
2 2
(weULs[ds_C) + (weLqus_C) = Vszmax (28)

By combining the equations, the excitation current I ¢,
the torque current I ¢, and the electromagnetic torque
Tmax (we) can be obtained for the C point, which are calcu-
lated as the equations (29)-(31).

Vi
Tmax (we) = 3PL31 <&>/2Lr (29)

2wiaL?
[ds_C = Vsmax/ (\/EweLs) (30)
Iqs_C = Vsmax/ (\/EweO'LS) (31)

IV. FIELD WEAKENING STRATEGY BASED ON
CONSTRAINED MTPA CRITERION

The basic principle of field weakening strategy based on con-
strained MTPA criterion is to analytically solve the reference
values of the excitation current and the torque current, with
the minimum stator current as the optimization objective and
at voltage and current limits, so as to realize the minimum
stator current control strategy. In the electromagnetic torque

176448

equation (9), the values of the excitation current and the
torque current are not unique, which is utilized to realize
the MTPA control of induction motor. Under the same elec-
tromagnetic torque condition, MPTA control strategy can
reduce the stator current amplitude, improve the efficiency
of induction motor, and reduce the capacity of voltage source
inverter. The solution of the reference values of stator current
based on MTPA can be expressed as an optimization problem
with nonlinear constraints, as shown in equations (32)-(36).

. 2
min Iy = \/ (Lgs)* + (Iys) (32)
2
s.t. (o0 Lylys)™ + (@eLslys)* < Viiax (33)
2
Uas)* + (Igs)” =< Iimax (34)
3 L2
EPL_I:Idqus =T. (35)
Te < Ty (we) (36)

The equation (32) is the objective function of the con-
strained optimization problem. In the steady state of the
induction motor, the electromagnetic torque 7, can be
expressed as the equation (35). The equation (36) expresses
the maximum torque that the induction motor can output.
The solution of the maximum torque 7}, can be described as
another optimization problem, which is shown as the equation
(9)-(11). The above optimization problems can be solved ana-
lytically in the constant torque mode, the constant apparent
power mode and the constant voltage mode.

A. THE CONSTANT TORQUE MODE (0 < we < ®pgse)

The maximum torque Tpax has been discussed, as shown in
the equation (21). When the electromagnetic torque reference
T, is smaller than the maximum torque 7, in the constant
torque mode, that is, 7, < Tmax, From Fig.4 (a), it can
be seen that the intersection point D of the constant torque
curve and the MTPA curve is closest to the dot, that is, the
magnitude of the stator current corresponding to the D point
is the smallest. Therefore, the excitation current Iz p and

VOLUME 8, 2020
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FIGURE 4. The diagram of optimal stator currents of field weakening based on MTPA.

the torque current Iy p corresponding to the D point are
the reference values of the electromagnetic torque reference
T.. By combining the equations (37)-(38), the calculation
equations of the excitation current and the torque current can
be obtained as shown in the equation (39).
2
Te = ;plﬂlds_DIqs_D (37)
r

I ds_D = I qs_D (33)

lan = lys.p = \2T.Ly [ GpL) (39)

B. THE CONSTANT APPARENT POWER MODE

(wpase < we < 1)

In the constant apparent power mode, voltage limit cir-
cle and current limit circle are shown in Fig.4 (b), where
induction motor can output the maximum torque at the
point B. The point E is the intersection of the voltage limit
circle and the MTPA curve. The electromagnetic torque
T, g corresponding to E can be obtained by combining the
equations (40)-(41).

2 2
(U)ea Lilgs £ ) + (weLSIqs_E ) = VSZ max (40)
I ds E = I gs_E 41)

When the electromagnetic torque reference T, is less than
the electromagnetic torque 7, g corresponding to E, on the
constant torque curve, the intersection point F' of the constant
torque curve and the MTPA curve is closest to the dot, that is,
the magnitude of the stator current corresponding to the F
point is the smallest. By combining the equations (42)-(43),
the calculation equations of the excitation current and the
torque current corresponding to the point F can be obtained,
as shown in the equation (44).

3 L2
Te = Ep L_rlds_FIqs_F (42)
I ds_ F — I qs_F (43)

lasr = losr = [2TeL, [ GpL2) (44)
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When T, g < T, < Tmax, it can be seen that, from Fig.4
(c), in the constant torque curve, the intersection G of the
constant torque curve and the voltage limit circle is closest to
the dot. Therefore, the excitation current /5 g and the torque
current I, ¢ for the G point are stator current references of
T, based on MTPA control strategy. Iy ¢ and ;5 g can be
obtained by combining the equations (45)-(46).

3 L2

T, = EP L_rfl ds_G1. qs_G (45)

(a)eO’LsIds_G)2 + (Cl)eLqus_G)2 = Vszmax (46)

C. THE CONSTANT VOLTAGE (o) < we)

In the constant voltage mode, voltage limit circle and current
limit circle are shown in Fig.4 (c), where induction motor can
output the maximum torque at the point C in the constant
voltage mode. The point H is the intersection of the voltage
limit circle and the MTPA curve. The electromagnetic torque
T. g corresponding to H can be obtained by combining the
equations (47)-(48).

2 2
(0e0 Lslas 1)” + (0eLslys 1) = Vi @7)
Ids_H = ]qs_H (48)

When 7, < T, g, from Fig.4 (c), it can be seen that,
on the constant torque curve, the point J of the constant torque
curve and the MTPA curve is closest to the dot, that is, the
magnitude of the stator current of the point J is the smallest.

Therefore, the excitation current Iy ; and the torque cur-
rent I,s y corresponding to the point J are the references of
T, based on MTPA. By combining the equations (49)-(50),
the calculation equations of Is_y and I5 ; can be obtained as
shown in the equation (51).

3 L2
T, = EPL_rIds_FIqs_F (49)
Ids_J = Iqs_J (50)
lass = Iy = \[2ToLs [ GpL3) (51

176449
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FIGURE 6. Block diagram of the proposed field weakening based on
MTPA.

When T, g < T, < Tmax, from Fig.4 (c), it can be
seen that, in constant torque curve, the intersection K of the
constant torque curve and the voltage limit circle is closest
to the dot. Iys g and I, g can be obtained by combining the
equations (52)-(53).

LZ

3
Te = EPL_r:llds_KIqs_K (52)

(a)eO’LsIds_K)2 + (Cl)eLqus_K)2 = Vszmax (33)

V. EXPERIMENTAL EVALUATION

The experimental platform is presented in Fig.5, where
induction machine is fed by voltage source inverter and digital
signal processor (TMS320F28335 DSP). The functions of
each module of digital signal processor are shown in Fig.6,
which includes A/D conversion, rotor position acquisition,
PWM output, D/A conversion and communication. Perma-
nent magnet synchronous motor and frequency converter
constitute the load system to provide load torque. The pro-
posed algorithm is implemented with C code using Code
Composer Studio 3.3 of Texas Instruments. Main frequency

176450
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FIGURE 7. Calculation of references of excitation current and torque
current.

of TMS320F28335 DSP is 150MHz. The references of stator
currents are obtained according to Fig.7.

The diagram of induction machine control system is shown
in Fig.6. The electromagnetic torque reference of induction
motor is derived from the proportional-integral regulator of
the speed loop. The calculation of stator excitation current
reference and torque current reference can be divided into two
methods, field weakening control based on MTC, and field
weakening control based on MTPA. The predictive current
control is used to track the stator current references.

The dynamic performance for field weakening based on
MTPA is shown in Fig.8. The speed command changes from
4000 r/min to -4000 r/min, and then back to 4000 r /min.
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Z. Peng: Analysis and Implementation of Constrained MTPA Criterion for Induction Machine Drives

IEEE Access

T I ? '
=
-5000 1 | 1 ] 1
_ 2 -1 0 1 2 3
_ 10 \ T T N_ |
E :
Z o
= M :
10 I i I i i
3 2 -l 0 | 2 3
— T I
= N . W — . .
= oF : -
N I I i i
3 2 1 0 1 2 3
10 T T T T T
;% 0 fmll I I i MU 11 Al L I I i il [ i I T
-10 | | | |
3 2 1 1 2 3

0
t[s]

FIGURE 8. The dynamic performance for field weakening based on MTPA.
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FIGURE 9. The dynamic performance for field weakening based on MTPA with mismatched parameter L = 0.5Lp,.

TABLE 1. Parameters of induction machine.

Descriptions Parameters Nominal Values
DC-link Voltage Vie [V] 582
Rated Frequency In[HZ] 50
Rated Speed Wnom [r/min] 2772
Number of Pole Pairs p 1.0
Stator Resistance R [Q] 2.68
Rotor Resistance R, [Q] 2.13
Mutual Inductance Ly, [H] 0.275
Stator Inductance L, [H) 0.283
Rotor Inductance L, [H| 0.283
Inertia of IM Jnom [kg . m2] 0.005
Flux Reference [s|* [WH] 0.71

It can be seen that the stator flux amplitude in steady state
is less than that in dynamic state, because in steady state,
the excitation current and torque current are calculated based
on MTPA. The dynamic performance for field weakening
based on MTPA with mismatched parameter I:m = 0.5L,
is presented in Fig.9, where Ly denotes the mismatched
parameter and L,, is the nominal parameter. It can be seen

VOLUME 8, 2020
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FIGURE 10. The field weakening control based on MTC is switched to that
of MTPA at 0.5 s when the speed is 750 r/ min and the load torque is

1.0 Nm.

that MTPA with mismatched parameter can lead to large
electromagnetic torque ripple and stator current harmonic
content.
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FIGURE 11. The field weakening control based on MTC is switched to that
of MTPA at 0.5 s when the speed is 4000 r/ min and the load torque is
1.0 Nm.

10000 . . , , , .

& s000 -

n

0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t[s]

FIGURE 12. The field weakening control based on MTC is switched to that
of MTPA at 0.5 s when the speed is 7500 r/ min and the load torque is
1.0 Nm.

In order to verify the influence of MTC and MTPA on
the stator flux and stator current amplitude, the switching
Experiments of two Control Strategies are carries out under
three conditions: the speed 750 r /min and load torque 1.0 Nm,
the speed 4000 r/min and load torque 1.0 Nm, the speed
7500 r /min and load torque 1.0 Nm. The experimental results
are shown in Fig.10-Fig.12. It can be seen that when the
induction motor is switched from MTC to MTPA at 0.5 s,
the stator flux amplitude decreases and the stator current
amplitude becomes smaller.

In order to compare MTC and MTPA in detail, the com-
parative experiments are carried out under the conditions of
the speed 500 r/min and the load torque 0.375 Nm, 1.5 Nm,
3.75 Nm, 5.625 Nm, 7.5 Nm, the speed 4000 r /min and the
load torque 0.375 Nm, 1.5 Nm, 3.75 Nm. At steady state,
the experiment results are shown in Table 2. Compared with
MTC, MTPA reduces the stator current amplitude.
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T,/ Nm 0.375 1.5 3.75
MTC_Iz/A 2.62 2.65 2.67
MTC_Iq JA 0.37 1.51 3.59
MTPA_I;/A 0.98 1.96 2.64
MTPA_Iq 1A 1.05 2.03 3.51
MTC_Is/A 2.65 3.05 4.47
MTPA_Is/A 1.44 2.82 4.39
T (e = mea] i [C_rassy| H
MTPA with n=500 r/min MTPA with n=4000 r/min

FIGURE 13. Comparison of stator current magnitude for MTC and MTPA.
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FIGURE 14. Model predictive current control of induction motor.

In order to verify predictive current control for stator
current tracking strategy, stator excitation current reference
changes from 1.0 A to 3.0 A at 1.15 s, and from 3.0 A to
1.0 A at 2.85 5. Stator torque current reference changes from
20At050A at 1.15 s, and from 5.0 A to 2.0 A at 2.85 s.
The experimental results are shown in Fig.14. It can be seen
that stator current has a fast dynamic response. Fig.14 (b) is
the transient response for stator excitation current and torque
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FIGURE 15. The influence of mismatched parameter on stator current
reference computation.

current. For predictive current control, the response time of
stator current is only 0.6 ms.

The influence of mismatched parameter Ly, on computa-
tion of excitation current and torque current references is
presented in Fig.15, where Zm = 0.5L,,. It can be seen that
as the speed increases, the influence of I:m reduces.

VI. CONCLUSION

In this paper, the constrained MTPA control for induction
machine drives is proposed. Firstly, this paper establishes a
nonlinear optimization problem at voltage and current limits,
where the objective of this optimization problem is to mini-
mize the stator current. Secondly, the principle of sub-mode
is proposed to analytically obtain the expressions of stator
excitation current and torque current references. Finally, the
experimental results verify the effectiveness of the proposed
method. However, the method proposed in this paper depends
on the parameters of induction motor, which will affect the
accuracy of stator current references. The MTPA control
based on parameter identification will be the direction of
further research.
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