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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.

Keywords: Induction Motor, Modelling, MTPA

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
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motor. A 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.

Such as previous research Direct Quadrate (D-Q) Modeling in the Speed Control
System of Three Phase Induction Motors With Field Oriented Control (FOC) Based on
P-1 Controlled [2] about controlling induction motors with FOC based on PI controllers,
and Speed Sensorless Control of Parallel Connected Dual Induction Motor Fed by Single
Inverter using Direct Torque Control about controlling two induction motors with parallel
induction motors [3]

The purpose of this study is to prove that with certain motorcycle 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. 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 Methodology

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

Induction motor modeling uses the stator voltage vector (vs)’, the stator current
vector (is)’, the stator flux vector ()" and the rotor flux vector (y,)’. The general

equation of induction motor is as follows

—s! ! d —/ . j—

Vs = Rgis + at Ys + jwes (Eq. 1)
—/ — d - 3 _—

V=R + Elpr +j(we — @)y (Eq.2)
Ys = Lsi—s), + Lty (Eq. 3)
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Yy = Lo + 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.

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,

d. _(_ R _(1-0)\. L 4 Lmor
Elszx - ( oLg oty )lsa + aLerrrlIJ T® " GLgLy ll)rp i oL Vsa (Eq.-5)
a. _ (_Rs (1 o) Ly
atlsp = ( oL ) tsp oLsLy Yra + oLsTrLy Yrp + Vﬁ (Eq.6)
d R . R
Elpra = L_:Lmlsa - ilpra - wrll}rﬁ (Eq.7)
d R . R
Elprﬁ = L_:Lmlsﬁ + 0 Prg — L_:l»brﬁ (Eq. 8)
. LgLy—L? L
witho = =—"—" and 7, ==+
sbr 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
causing the magnitude of w, is not equal to zero. The stator voltage transformation in
equations (1)-(4) will be [4]:

d . Rs L2 ) . Lm

—lgg=(———""")1 W, w. Eq. 9
dt sd ( oLg oLsLyTy sd + elsq + oLsLyTy wrd + oLsLy rll}rq sd) ( q )
d . . Rg 1%, ) Lm

—lgg = —Wpl - = i — Vo (Eq.10

dt 4 elsa + ( oLs  olslyty) S9 7 GLgl, WOrra + o oLsLyTy I/}rq oLg Sq( q.10)

d

R, . Ry
Elprd = L_erlsd - lerd + (we — wr)lprq (Eq. 11)
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d Ry, Ry
Elprq = ELmlsq - (we - wr)l/)rd - Equ (Eq 12)
. LgLy—L? L . d T,—T;
with, ¢ = == and t,, = == and rotor speed equation — w, = -+
LgLy 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 (32) (isp¥ra = isatip ) (Eq.13)

T, = () (isqtra = isathy ) (Eq. 14)

The parameters used are as follows:

R, = Resistance on the rotor () Vso= Stator voltage on a axis (V)

R, = Resistance on the stator (QQ) Vso= Stator voltage on the f axis (V)
L,,= Magnetic inductance (H) Vsq= Stator voltage on the d-axis (V)
L= Magnetic inductance (H) V;q= Stator voltage on the g-axis(V)
L,.= Magnetic inductance (H) W, = Flux of a-axis rotor (Wb)

o = Leakage Coefficient Yrp = Flux of B-axis rotor (Wb)

isq = 0 axis stator current (A) Y,-q = d-axis rotor flux (Wb)

isp = P axis stator current (A) Yrq = g-axis rotor flux (Wb)

isq = d-axis stator current(A) w, = Rotor velocity (rad/s)

[sq = Stator current g axis (A) w_e = Rotating field speed (rad/s)
T, = Electromagnetic torque (Nm) p = number of poles or poles

T; = Load torque (Nm) 7, = Rotor constant time

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 (declutch) flux and torque components so that they can be

controlled by d-axis stator current (is4) and g-axis stator current (i,) respectively. The

separation of the two components U, and Us, is a linear part of the stator voltage after
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the decoupling process. V4 and I, are the non-linear part of the stator voltage after the

decoupling process is carried out, as follows

, a .
Usa = Rsisa + Ls0 - lsq (Eq. 15)

. d .
Usq = Rsigq + LsUElsq (Eq. 16)

) Lm d
Vea = —0Lswelsq +L_ralprd (Eq. 17)
, Lm

ch = 0Lswelsq + :welprd (Eq 18)

Then the current controller model is modeled as follows:

a2
* . Lk L% Ry lsg1
Vsa = _kidplsd + kidplsd + kigixsq — O-Lstmlsql - GLSL_: is’fldz (Eq. 19)
S
Ry ilgqitar”
* . - % I d1'sq1l .k
Usq = —Kigplsq + Kigplsq + KiqiXsq + OLsNwmisqs + oLs L_:SI.T + (1 = 0)LNwnise, +
S
(1-0)LgRy .4
L—r“lsql (Eq. 20)
_ oLg _ Rg _ oLg _ Rg
Where kidp = Ty kidi = g’ kiqp = Ty kiqi = T4

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

calculation becomes,

d.. _ 1.4 1.,
Elsdl - Elsd - Elsdl (Eq.21)
d.. _ 1., 1.
Elsql - alsq _alsql (Eq. 22)
d .. _ 1., 1.,
Elsdz - Elsd _Elsdz (Eq.23)

D. MTPA Modelling

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 iy
and ig. MTPA is operated under the condition of each d and q axis flux component in a
synchronous reference frame using equations [5]. The Maximum Torque Per Ampere

method is shown in Fig 1.
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Figure 1. Block Process Diagram MTPA Method

The component values of the d and q axes for the flux synchronous reference frame for
the MTPA method are given by the equation.

Ly [2T.L,

Yaslrmpa = a P (Eq. 24)
Ls [2T.L,

lpqslTMPA = i_m 5 (Eq. 25)

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

—_— _ L 2Ly (1+ 62)T,
|¢5|TMPA - i \I% (Eq. 26)

Ry i5q1 s . L ’2LT(1+02)i§q
Then substitute Wg = E@ y Usda = Vgq » and Usq = vsq , |¢5| = E T SO
L ,ZLT(1+02)i;q
sd =1 + S P

The modeling results that have been linearized into,

frame are shown as

ki - Ryl
%Aim _ (_ idp*tRs _ Rr(1 a)) Aiyy + (Nwmo + Lr sqlo)ALSq (LmRT)A¢Td (Nmemo) Mg +

oLg oLy rlsd20 LSL%‘ OLsLy
k Rrisgo  2Rrisg1o . Rrisqoisqio , Rris 10
( Ldl) Axsq +( S — 0 — N | Aiggy + (= =5+ 55 | Aigg, +
oL Lriggro  Lriggpg Lriggzo Lrlsdzo
1
1 kiap 2Lr(1+‘7 )isqo T2 . NLmPrqo -
-—— | Ai} Ni + ——"——Ni Aw Eq. 27
(2 O'L?n P sq sq0 oLsLy sq10 m ( q )
d . _ Rrisqio\ , . kigptRs  Ry(1=0)\ 4 - _ NLmwmo LRy
d_Alsq - (_N(‘)mo T Aigg +(— I - Ly Alsq + Ll Aprq + oL I2 Alprq +
t Lyiggmo oLg g OLgsLy sbr
Kigi Ry isq10 _ R (1-0)R Ry i i
( qu)A (Nwmo + B sq Al ;dl + Br Lsao T4+ _ridm Al;ql +
ols Ly igg0 Ly igg0 oly Ly Tsa20
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Ry Isdols Ry isd10ls (1-0)Nw . -
( rlsdolsqio Ry Lsd1o sq10 +( i mo)) Aily, + ( qp)A % +( Niggo + Nilgo —

Ly ‘sdzo Lr igga0
NLmYrdo (1- U)ledzo
L (Eq. 28)
LRy Ry Ry isq10 Rr ¥rqo\ Ry isq10 ll’rqo %
Alprd ( Ly )AlSd ( Lr) All}rd + (LT i;dzo) A¢rq + <LT i;dzo) Alsql + ( Ly stO )A Sd2
(Eq. 29)
LmRy Ry i3q10 Ry Ry Yrqo Ry isq10 1Prd0
dat Aqu ( )A tsq + (LT lsdzo) Ara+ ( LT) Al,brq ( Ly lsdzo) Alsqr + <LT i$az0” )AlSd2
- o (Eq. 30)
a — [ _ NlmW¥rqo . NLmYrdo : mlsqo _ Nlmisdo _1
a2 Aom = ( JLr )Als‘i + ( JLr )Alsq + ( JLr )Awrd + ( JLr )Alprq * ( 1) AT
) (Eq. 31)
d 1Ls [2Lr(14+0%)iq0\ 2\ , ..
— Axsa = [-1]Ai5q + (2 L; (%) )Alsq (Eq. 32)
d . ek
—Axgq = [-1]Aig, + [1]Aig, (Eq. 33)
1
a1 i * Al(1Ls 2Lr(1+o'2)i;q0 2 ok
L Aij = | Td] iy + [Td] (2 = ( - ) A, (Eq. 34)
d .« _ 17 . 17 .y
L aig =~ T—d] Ailg, + [E] A, (Eq. 35)
1
daoe [ 1] ass 17115 (2Lr(1+0%)isq0) 2| /.o
EAlst = [_E] Alsdz + [E] (Ea (f) Alsq (Eq 36)

With the equilibrium point as shown by w,o = 209.4254, i34 = 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.

Table 1. Parameters of Induction Motor

Parameter Symbol Value

Pole pairs P 2
Stator Resistance R, 2.76 Q
Rotor Resistance R, 290
Stator Inductance Ly 0.2349 H
Rotor Inductance L, 0.2349H
Mutual Inductance L 0.2279H

The controller parameters used in the simulation process of each method are shown in
Table 1-2.
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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 2600 rpm and 3000 rpm.
Maximum Torgue Per Ampere (MTPA) . Il\.ﬂaxirﬁum Toquue F?er Amlpere {II\.TI'PA)I
2500 | = i i 3000
2000 - 2500 IS —
’g 1500 - ‘g 2000 T T
5 000 g 1000 H——1
500 500 T
0 0 T
0 1 2 3 4 Timse o [ 7 8 ? 10 1 2 3 4 Tim:’; o 6 7 8 9 10
Figure 2. MTPA at 2600 rpm Figure 3. MTPA at 3000 rpm
a. 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 2. 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.

b. Testing with reference speed 3000 rpm.

The test was carried out by providing a reference of 3000 rpm. The response of
the system is shown in Fig 3. 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.

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
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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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