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Abstract

Improving the performance of three-phase induction motors is currently carried out by
various control methods. One of them is controlling a three-phase induction motor using the
Maximum Torque Per Ampere (MTPA) method. This paper focuses on the study of modeling
specific motor models using the MTPA method. The purpose of the study is to prove that
with the squirrel cage motor model, the speed can be increased above its rating. The MTPA
method is a method of controlling a three-phase induction motor by controlling the current
from the torque speed. Modeling is tested to see the responsiveness of the modeled system.
The experimental results were tested using two-speed references and the system showed that
MTPA control induction motors can improve the performance of three-phase induction
motors. The results from the design show that the MTPA method can increase the
performance of three-phase induction motors to reach 84.4%. The results of this study can be
used as one way to model induction motors.
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1 Introduction

Developments in the field of transportation in the current era are growing rapidly.
However, it is not balanced with waste treatment, making the environment polluted with
smoke pollution. According to the results of the study "In the last 100 years the earth has
increased in temperature up to 0.18 degrees Celsius™ [1].

The transition from fossil fuel energy to electrical energy as energy in the field of
transportation requires one component of electric vehicle design, namely the induction
motor. Induction motor is the leading technology in many industrial applications,

nevertheless, suitable IM designs are proposed even for automotive applications[2]. A
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three-phase induction motor is an electronic device that aims to convert electrical energy
into mechanical energy. A widely used induction motor is a three-phase induction motor
known as an asynchronous motor, called because of the difference in speed from the
rotation of the rotor to the rotation speed of the stator.

There are several ways to improve motor capabilities above the rate discussed in
previous studies. MTPA Method has several various developments such as the title Direct
Quadrate (D-Q) Modeling in the Speed Control System of Three Phase Induction Motors
With Field Oriented Control (FOC) Based on P-I Controlled [3] study discusses
controlling induction motors with FOC based on PI controllers. Speed Sensorless Control
of Parallel Connected Dual Induction Motor Fed by Single Inverter using Direct Torque
Control [4] discusses controlling two induction motors with parallel induction motors.
Another research titled Comparative Performance of Induction Motor Speed Controller
System with Flux Weakening Control discusses the purpose of controlling ig* by limiting
where there is |ig| input [5].

The purpose of this study is to prove that with certain motor models, speed can be
increased above its rating. The MTPA method is a three-phase induction motor control
method by adjusting the reference input of torque current and flux current to control the
rotational speed of the induction motor. Recently, the maximum torque per ampere (T/A)
scheme has been proposed to minimize the stator current and reduce inverter losses [6].
Neither “minimum loss” nor “maximum torque per ampere” provided optimal motor
drive performance and that drive performance was optimal between the two conditions
[7]. MTPA is designed to ensure that the current used is the minimum i, current for

development at motor torque, with the total stator flux controlled by the MTPA criterion.

2 Research Method

The system uses models and methods, namely induction motor models, Clark-
Park transformation methods, Rotor Field Oriented Control (RFOC), and MTPA

modeling.
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A Induction motor model
Induction motor modeling uses the stator voltage vector (v,)’, the stator current
vector (i)', the stator flux vector (i)' and the rotor flux vector (y,.)". The general

equation of the induction motor is as follows.

V, =R +5 0+ jweh, (Eq. 1)

V= R+ (e~ 0, (Eq.2)

by = L%+ Ll (Eq.3)

U = Loty + Lty (Eq. 4)
B. Clark-Park Transformation

The induction motor used is a three-phase induction motor, but modeling is carried out in
two phases which aims to simplify calculations and analysis. Transformation from three
phases to two phases, the transformations used are Clarke Transformation and Park
Transformation. [8]

The Clarke transform is a transformation that transforms a system that is on the
(abc axis) into a stationary state frame of reference (af axis). In the stator frame of
reference, w, = 0 and then in the cage rotor type, the terminals are briefly connected so
that the rotor voltage is V. = 0. The substitution of the equation of stator current and rotor

current obtained induction motor model in the a8 axis becomes,

a. _ (_Rs (1-0)\ . Lm Lnwr 1
actse = ( oL oty ) bsa + OLsLyTy Yra + oLgLy l/)rB + oL Vsa (Ea. 5)
d. _( R (1-0)\.  Lpor Lm 1
dt lSB - ( oLg aTy ) lsﬁ oLgLy lpra + OLgTyLy lprﬁ + oLg Vsﬁ (Eq 6)
d Ry, . Ry
Elp‘ra = ELmlsa - lertx - wrlprﬁ (Eq. 7)
d Ry , Ry
Ewrﬁ = L_erlsﬁ + 0P — Elprﬁ (Eq. 8)
. LgsLy—L? L
witho = ="—= and 7, = =
sLy Ry

Park transform is a transformation that transforms a two-phase system that is on a
stationary frame of reference (aff axis) transformed in a rotating frame of reference (dq

axis). In the rotor frame of reference the location w, is put together by the axis of the rotor
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causing the magnitude of w, is not equal to zero. The stator voltage transformation in

equations (1)-(4) will be [9]:

d. _(_Rs Lk . . L Lim 1
actsa = ( olLs crLer‘rr) Lsa + Welsq + oLsLyTy Yra + oLsLy Wrtrg + oL Vsa) (Ea. 9)
d. _ . _ R 1% . L _Lm 1
aclsa = "Welsa + ( ols crLer‘rr) 'sa T GLL, Wrra + oLsLyTy Yrq + olLs Vsq (Eq.10)
d Ry , Ry
Elprd = ELmlsd - lerd + (we - wr)qu (Eq 11)
d R . R
Equ = L_:Lmlsq - (we - wr)lprd - ilprq (Eq 12)

. LgLy—L3 L . d To—T;
with, ¢ = =——= and 7, = = and rotor speed equation — w, = =—

sLr Ry dt J

While the mechanical equation of a motor that has a polar p-tide. In this case,

electromagnetic torque T, expressed by,

T.=p (LL_T) (isﬁlpra - isalpﬁ )

T.=p (LL_T) (isql/)‘rd - isdlpq )

The parameters used are as follows:

R, = Resistance on the rotor (Q)
R = Resistance on the stator (Q2)
L,,= Magnetic inductance (H)
L= Magnetic inductance (H)
L,= Magnetic inductance (H)

o = Leakage Coefficient

I¢q = O axis stator current (A)
isp = P axis stator current (A)
isq = d-axis stator current(A)

Isq = Stator current g axis (A)

T, = Electromagnetic torque (Nm)

T, = Load torque (Nm)

(Eq.13)

(Eq. 14)

Vso= Stator voltage on a axis (V)
Vso= Stator voltage on the B axis (V)
V4= Stator voltage on the d-axis (V)
Vsq= Stator voltage on the g-axis(V)
Yy = Flux of a-axis rotor (Wb)
Yrp = Flux of B-axis rotor (Wb)
Y, = d-axis rotor flux (Wb)

Yrq = g-axis rotor flux (Wb)

w, = Rotor velocity (rad/s)

w, = Rotating field speed (rad/s)

p = number of poles or poles

7, = Rotor constant time
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C. Rotor Field Oriented Control (RFOC)

The orientation of the FOC (Field Oriented Control) control used has three frames
of reference, named the rotor-stator and the air gap. RFOC not require additional
processes to separate the interrelationships of variables in the equation. Rotor-oriented
FOC (RFOC) can separate (decoupling) flux and torque components so that they can be
controlled by d-axis stator current (i,) and g-axis stator current (i, ) respectively. The
separation of the two components U, and U, is a linear part of the stator voltage after
the decoupling process [10]. V., and V., are the non-linear part of the stator voltage after

the decoupling process is carried out, as follows,

Usa = Relsa + L5y lsa (Eq. 15)
Usq = Rylsq + Lso 5 g (Eqg. 16)
Vea = ~0Lstelsq + 7 4 ¥ra (Eq. 17)
Vig = 0Lsweisq + T 0othra (Eq. 18)

Then the current controller model is modeled as follows:

. 2
* . - % =% Rr l;ql
Vsa = —Kiaplsa + Kiapisa + KiaiXsa — OLsNwyyisqy — 0L L ity (Eq. 19)
sd2
Ry igyitar’
* . - % - % T ‘sd1'sq1 - %
Vg = —Kigplsq T Kigplsq T KigiXsq + OLsNwyicy, + aLsL_rT + (1 —-0)LsNwyiz, +
sd2
(1-0)LsRy .,
L lsq1 (Eq. 20)
oLg R __ OLg __ Rg

Where kidp = E , kidi = , kiqp =

Tq Tq ' YT Ty

Further, the first order of the reference current of the slip frequency and decoupling

calculation becomes,

d ., 1 ., 1

_ 1. x
Elsdl - alsd - Elsdl (Eg. 21)
d .. _ 1., 1 .,
Elsql - alsq - alsql (Eq 22)
d.. _ 1., 1.,
Elsdz - Elsd - Elsdz (Eq.23)

D. MTPA Modelling

In fact, for designs produced with high-speed motors, increasing the current ratio
limit allows achieving the same rated efficiency but with a lower slot area. This condition
is suitable for inverter driven systems and optimized with the Maximum Torque per

Ampere method. The maximum torque per ampere condition occurs when a certain torque
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speed condition is achieved at the minimum stator current [11]. Normal rate speed electric
motor will occur if the motor parameters from the real parameter. The process of the
Maximum Torque Per Ampere Method in the MTPA condition process identified for a
particular motor torque, the stator current components used are i; and i;. MTPA is
operated under the condition of each d and g axis flux component in a synchronous
reference frame using equations [12][13]. Flow-related signals are used to obtain
information about the magnitude of the current that controls the flow. The energy stored
in the magnetizing inductance remains constant.

The Maximum Torque Per Ampere method is shown in Fig. 1. The system is tested
using Matlab — Simulink — Cmex. The component values of the d and q axes for the flux

synchronous reference frame for the MTPA method are given by the equation.

L /2T L
Yasltmpa = L_S _;. - (Eq. 24)
m
oLs [2T,.L
Ygslrmpa = L_r: ’_; - (Eq. 25)

The values of the total flux components on the d and g axes in the synchronous reference

frame are shown as

- _ L 2L, 1+ 0T,
|¢S|TMPA T Im \/ P (Eq. 26)

.
isq*—)Q—)
. NET SC ¢
) > 5 Woltage
. isq Decoupling ) af > ape|—> Limiter
isd"
Imr €— i
) isq i
. we € Flux N dq = up
model A ET—
Be €— " kd st B e

Te |— Twr

SPD_MTPA

Figure 1. Block Process Diagram MTPA Method

104



Putri et.al., IJASST, Volume 06, Issue 01, 2024

_ Ryl sql . _ _Lg 2Lr(1+az)i;q

Then substitute wg; = PR Vsqg = Vgq » aNd Vsq = vgq , || = = /f
_ Ls  [2Lr(1+0%)igq
ifg=1 to /T

The modellng results that have been linearized into,

3 Kigp+R - 3 Ryl
%Alsd _ (_ idp*tRs ch(rlLrU)) Aiyy + (Nwmo N Lr sq10)Alsq (LmRr)Alprd N (NLm“’mo)Alqu n

oLs ridzo oLgLZ oLsLy
Kidi Ryisqo 2Rrisgq10 % Rrisqoisqio , Rrisqio
— ) Ax +(T_T_Nw )Al +<— + )Al +
(‘TLS) sd Lrisazo Lyrisazo mo sat Lri;dzoz LTlsdzo sz
1
1 kigp [2Lr(1+0%)isq0\ 2\ , .. NLmp -
(Eﬁ (fqo Aiq + (Niggo + e Nisq10) A, (Eq. 27)
d,. _(_ Ryisq1o kigptRs  Ry(1-0)\ , . __ NLpwmo LRy
dt Aisq = ( Nemo — Lrisdzo) Aisq + ( oL oLy )Alsq + ( OLsLy )Alpm + (GLSL%) Mprg +
kiqi < lsq10> L < Rr isqgo |, (1=0)Ry | Ry i;dm) -k
— ) Ax Nw +—— Aijg. +|————+——+ — 22 Ai,, +
(ULS) mo Ly lsg20 sd1 Ly 5420 oLy Ly iggz0 sq1
&isdoi;qlo _ &isdwi;qw (1-0)Nwmo * igp _Ni o
(st i (oot + ()5, + (N + W
NLm¥rao , (1=0)Niggy0
oLgLy o )Awm (Eq. 28)
— Lmfr _Er By 5q10 Ry ¥rao) p; _ Rr g10¥rqo) 5 s
Awm ( Ly )Alm * ( Lr) Abra + <Lr i;dza) Bbrg + (Lr i;dzo) Alsqr + < Ly ilaz ) sz
(Eq. 29)
LRy Ry isq10 Ry ¥rqo Ry isq10 Yrdo\ y -+
Al/)rq ( )A sq + (Lr sdzo) Alprd + ( )A¢Tq + ( Lyi ;dzo) Ai sql + (Lr i;dzoz ) Lsaz
’ (Eq. 30)
a _ (_ NLlm¥rqo NLmYrdo NLmisqo _ Nlmisdqo _1
dt Awn, = ( Ly )A + ( Ly )Alsq + ( ILy )Alprd + ( Ly )Al/}“? + ( /) AT,
(Eqg. 31)
1
d 1Ls (2Lr(140%)isq0\ 2\ , .,
EAxsd = [-1]Aiy + ( L; (f Aig, (Eq. 32)
d . L%
—xsq = [—1]Aig, + [1]AQ5, (Eg. 33)
1
A _[_ 2] A ][ 1Ls (2Lr(140®)ise0 2 ) 4 os
ac lsar = [ Td] Alsar + [Td] (2 L% ( P Alsq (Eq. 34)
d e [ 1] ase 1] e
LAz = |- E] Aigg, + [T—d] A, (Eq. 35)
1
Ay [ 17 . 11(1Ls (2Lr(140%)i5q0\ 2\ , .x
EAlst - [_ T_] Aigy, + [T_] <2 Lzs <f Alsq (Eqg. 36)

With the equilibrium point as shown by w,g = 209.4254, i540 = 1, i5q0 =0.23914

3 Results and Discussions

The induction motor used in this modeling uses an induction motor with specifications,
namely a three-phase induction motor, 750 W, 1410 rpm, and 4 poles. The controller
parameters used in the simulation process of each method are shown in Table 1-2. [15]
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Table 1. Parameters of Induction Motor

Parameter Symbol Value
Pole pairs P 2
Stator Resistance R, 2.76 Q
Rotor Resistance R, 2.9 Q
Stator Inductance Ly 0.2349 H
Rotor Inductance L, 0.2349 H
Mutual Inductance L 0.2279H

Table 2. Controller Parameters
Parameter Symbol Value
Kp Speed Controler Kp 0.9
Ki Speed Controler Ki 0.2

Modeling test by providing several reference speed inputs at 2000 rpm, 2600 rpm, and
3000 rpm.
a. Testing with 2000 rpm speed reference

The induction motor with the type used with the maximum rate of 1410 rpm
experiments increasing the speed by 2000 rpm. The response of the system is shown in
Fig. 2. The rise time on system response is 390.146 ms. Overshoot of the response is
0.505%. In simulations the response of the system can follow its reference speed, there
are overshoots and the time required to reach a steady state.

The output current for the flux controller current ig, lagging slightly behind the
reference current (iz;). Output of the system there is an immediate decrease towards the
minimum current value. The response of iz, current can follow its reference current (iz;)

and i,, decrease after the system reaches the reference current speed from the speed

Maximum Torque Per Ampere (MTPA)
3000 T T T T T T T T T 3

2500 - -

2000

1500 [~ =

wr (rpm)

1000 [~ -

500 =

0 -

| | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Figure 2. MTPA at 2000 rpm
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controller (is;). The system is a close loop system by getting error values as input for
previous improvements. The response of the system is shown in Fig 3.
b. Testing with 2600 rpm speed reference

The test was carried out by providing a reference of 2600 rpm. The response of
the system is shown in Fig 4. The rise time on system response is 442,739 ms. Overshoot
of the response is 4.737%. From the overshoot value, the system is safe because the
overshoot is still within the tolerance limit of 0 to 10%. The response of the system can
follow its reference speed, in simulations, there are overshoots and several oscillations,
and the time required to reach a steady state. However, the system can reach a steady-
state state.

The current iz, lags behind that of i;;, and oscillations occur. The response from
the iz4 follow the reference current (i;;) and can reach its steady state as shown in Fig.
5. The iz, the current controller maintains with maximum current at 3A until the system

reaches a speed of 2600 rpm. As for i, lagging compared to ig, . The system follows the

Id* dan Id dari Kontroler MTPA 19" dan lg dari Kontroler MTPA

) — — |g* dari Kentroler
| | | | | +——— Id* dari Kontroler Ig dari Kontroler

Id dari Kontroler

w o B

A (Ampere)

Time (s) Time (s}

Figure 3. Comparison ig, with is, and iz, with i, MTPA at 2000 rpm

Maximum Torgue Per Ampere (MTPA)

T

Time (s)

Figure 4. MTPA at 2600 rpm
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references and reaches a steady-state state. The reference current undergoes oscillation
and then reaches a steady-state state. The output value i, higher than the current in the
previous condition. At a speed of 2600 rpm, the current controller is already at the limit
of system saturation.

C. Testing with reference speed 3000 rpm.

The test was carried out by providing a reference of 3000 rpm. The response of
the system cannot follow the reference speed, because the desired speed has exceeded the
speed limit of the system. The system will only stay in the steady-state position even if it
not reach its target speed. The response of the system is shown in Fig 6.

The current controller cannot maintain its current limit so the system failed to
reach a steady-state state as shown in Fig. 7. The system continues to oscillate
continuously because the system failed to reach the speed target. The desired speed
exceeds the capabilities of the system so that the current from the i, still try to maintain

the maximum current to reach its target speed. The condition of i, is also slightly behind

Id* dan Id dari Kontroler MTPA Iq* dan lg dari Kontroler MTPA
T T T T : T T T T T

T T
— |d" dari Kontroler
Id dari Kontroler

— Ig” dari Kontroler
lg dari Kontroler

A (Ampere)

Time (s} Time (s}

Figure 5. Comparison of ig, with is, and ig, with ig; to MTPA iy, at 2600rpm

Maximum Torgue Per Ampere (MTPA)

Time (s)

Figure 6. MTPA at 3000 rpm

108




Putri et.al., IJASST, Volume 06, Issue 01, 2024

Id* dan Id dari Kontroler MTPA Ig* dan lg dari Koniroler MTRA
10 T T T T T a8 | | |

— Id" dari Kontroler
Id dari Kontroler

— Ig* dar Kontroler
|g dari Kontroler

A (Ampere)

Time (s} Time (s}

Figure 7. Comparison of i;,; to MTPA iy, at 3000rpm

compared to ig,. At first, the system followed the references, but the system failed to
reach a steady-state state. The system failed to reach speed target and exceeded the
system's capabilities so that the current from the is, will stop maintaining its maximum
condition. The rate of the induction motor in this model is 1410 rpm. MTPA modeling
can increase performance up to 2600 rpm. The modeling method with MTPA can increase

performance by 84.4%

4 Conclusions
Studies on modeling with the Maximum Torque Per Ampere (MTPA) Method

have been presented. The result of the modeling is that increasing the speed of each
different reference input will affect settling time. The higher the speed, the longer it takes
for the system to reach a steady-state state. The maximum speed that can be achieved is
at a speed of 2600 rpm, so the MTPA method can increase the performance of three-phase
induction motors by 84.4%. The above research is limited to the induction motor used is
a squirrel cage type three-phase induction motor, and the system uses a speed sensor. The
next research direction is to prove the stability of the system by analyzing pole position
and movement with variations of Kp, Ki, and Kd and combining the MTPA method with

other methods to improve the performance of the induction motor.
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