ISSN 2221-3805. EnexkrpoTexHiuni Ta KoMn 1oTepHi cuctemu. 2023, Ne 37 (113)

UDC 621.316.13

MTPA STRATEGY FOR THE ELECTRIC VEHICLE DRIVE

Vladimir Voytenko, Vladimir Vodichev, Alexander Kalinin
Institute of Electrical Engineering and Electromechanics Odessa National Polytechnic University

Abstract. The purpose of the work is to develop a torque control system of an induction motor using the
MTPA strategy, which provides the maximum value of the electromagnetic torque at the nominal value of the
current in the stator winding. A comparative analysis of the traction induction electric drive properties when
applying the MTPA strategy and field-oriented vector control of the stator current of the induction motor
was carried out. As a result, a formula was obtained that allows for the same value of current in the stator
winding of an induction motor to determine the multiplicity of the increase in the electromagnetic torque
when applying the MTPA strategy in comparison with field-oriented vector control of the stator current of an
induction motor. A study of the requirements that the MTPA strategy presents to the technical parameters of
the traction induction motor and the limitations that the real parameters of the induction motor impose on

the MTPA strategy was carried out.

Keywords: induction motor, vehicle, electromagnetic torque, energy, strategy MTPA.

Introduction

Traction induction motors (IM) are widely used
in modern electric vehicles (EV). They are the sim-
plest in design, the most reliable and the cheapest.

In vehicles with an autonomous energy source
it is very important to minimize energy losses in the
electric drive, as this allows to increase the path of
movement of the vehicle without additional recharg-
ing of the autonomous energy source. A significant
share of energy losses in traction electric drives are
losses of electrical energy in the windings of traction
motors, which depend on the value of current flow-
ing in the windings. Therefore, in order to minimize
energy losses in the windings of traction motors, it is
necessary to develop a system of vector control of
the stator current of an induction motor, in which the
nominal value of the stator current of the induction
motor will develop the maximum electromagnetic
torque. Limiting the stator current to the nominal
value will prevent overheating of the traction motor
in long-term operation.

Today, the problem of obtaining the maximum
electromagnetic torque per unit of stator current is
solved by the MTPA strategy. A significant number
of publications are devoted to MTPA control sys-
tems built on the basis of IM. In [1, 2], an IM control
system is proposed, which maximizes the value of
the motor torque, taking into account the saturation
of the IM magnetic system. Article [3] is devoted to
the study of energy losses when applying the MTPA
strategy in indirect control of the rotor flux coupling

© Vladimir Voytenko, Vladimir Vodichev,
Alexander Kalinin, 2023

based on IM. In [4-6], the application of the MTPA
strategy to sensorless induction electric drives is
considered. Unified direct vector control of IM in
the MTPA system is considered in [7]. In [8] the
application of the MTPA strategy to induction elec-
tric drives is considered. In [9] an adaptive strategy
for controlling the maximum torque per ampere is
considered. In [10, 11] an improved MTPA strategy
for IM is considered. In [12] a system for controlling
the maximum torque per ampere for induction elec-
tric drives is proposed, taking into account iron loss-
es and using feedback linearization. In the article
[13] the application of the MTPA strategy for syn-
chronous motors with excitation from permanent
magnets is considered. In [14] the issue of minimiz-
ing energy losses in an induction electric drive is
considered.

In the article [15] field-oriented vector control
of an asynchronous motor for electric vehicles is
considered. In [16-20], an analysis of IM control
systems is carried out, which work with minimal
energy losses during vector control of the IM stator
current and direct control of the driving torque of the
IM. In [21] an analysis of the influence of the main
and higher harmonics of voltage and current on en-
ergy losses in steel for motors of different power
was carried out. In [22] an analysis of energy losses
in various elements of the electric drive system with
a frequency converter and an induction motor was
carried out. In the article the requirements for the IM
parameters of the traction electric drives of electric
vehicles are considered.

A large number of publications on the strategy
of MTPA confirms the relevance of this topic. But in
literary sources, not enough attention is paid to clari-
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fying the requirements that the MTPA strategy im-
poses on the technical parameters of IM and the lim-
itations that the real parameters of IM impose on the
MTPA strategy.

1. Research objectives

The purpose of the work is to develop a torque
control system using the MTPA strategy, which en-
sures the maximum value of the electromagnetic
torque per unit current in the stator winding, to con-
duct a comparative analysis of the traction properties
of an induction electric drive when using the MTPA
strategy and when applying the field-oriented vector
controlling the stator current of an induction motor,
as well as clarifying the requirements that the MTPA
strategy imposes on the technical parameters of the
IM and clarifying the limitations that the real param-
eters of the IM impose on the MTPA strategy. Re-
search was conducted on the example of traction
induction electric drive intended for modification of
the "Bohdan" A-092 bus.

It is known that according to building codes, the
largest slope of the highway in cities should not ex-
ceed 5-6%, and the slope of roads outside the city
should not exceed 8%. Taking into account these
requirements, the calculation of the load torque,
which is created on the shaft of the traction motor by
the forces of resistance to the movement of a full bus
on a horizontal road and up a road with a slope of
8%, was carried out. When calculating the force of
resistance, the force of friction of the bus wheels on
the asphalt road, the force of resistance from the
slope of the road, as well as the force of air re-
sistance were taken into account. The transmission
of an electric bus ensures the movement of a full bus
on a horizontal road at a speed of 95 km / h at a
nominal frequency of rotation of the traction IM
shaft of 1500 rpm. The load torque on the shaft of
the traction motor when moving a full bus on a hori-
zontal road is 639.2 Nm and when moving a full bus
up the road with a slope of 8% is 1915.0 Nm.

The 4A280S4 induction motor was selected on
the con-dition that the nominal value of the traction
motor torque should be greater than the loading
torque on its shaft, which corresponds to the move-
ment of a full bus on a horizontal road at a speed of
95 km/ h.

To develop a mathematical model of IM with a
short-circuited rotor winding in the "x-y" coordinate
system, which rotates relative to the stator with a
circular frequency gz, consider the system of
equations written for spatial vectors

~ - dY, .
U, = R111+7;+]QOEL¥/I; (1)

0= sz2+&+jQle'2 )
dt

li/z = L1]~1Jr Lmi2 3)

l172 = me]+ inz 4

where U, — voltage vector on the stator wind-
ing;¥,, ¥, — stator and rotor flux coupling vectors;
I,, I,— stator and rotor current vectors; Ri, R, — active
phase resistance of stator and rotor windings; L, L»
— full phase inductance of the stator and rotor wind-
ings; L, — mutual inductance of stator and rotor
windings; Q,z;, Oz — the circular frequency of the
voltage on the stator winding and the -circular
frequency of the EMF, which the magnetic field
induces in the rotor winding.

From equation (4) we determine the rotor cur-
rent vector through vectors ¥, and I,

izzLi(f/z _Lmil) 6))
2

Substitute the right-hand side of equation (5) in-
to equation (3). After transformations we will re-
ceive the equation which allows to define a vector of

flux coupling of a stator through vectors ¥, and I
¥, =oL,I,+ kY, (6)

where ¢ — a factor that takes into account the
scattering flux of the stator and rotor windings of the

IM
o= (] - —L’"L’" ]
L,L,
ko — a factor that takes into account the

scattering flux of the IM rotor winding

L

ky=—"".
L,

Performing the Laplace transform from equa-
tions (1), (2), (5), (6) we obtain

U =R, [1+poT; +jQOELO-T1]iI+(p+jQOEL )kzlf/z (7
0= 'LmiﬂL [(1+7}P)+jQR7}]¥72 (8)

where T = Li/Ri, T» = L,/R, — electromagnetic
time constants of the stator and rotor windings.

When orienting the "x" axis of the "x-y" coor-
dinate system on the vector ¥,, we obtain that the
projection of the vector ¥, on the "y" axis will be
zero (yay = 0), and the projection of the vector ¥, on
the "x" axis will be equal to the modulus of the rotor
coupling vector
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Woy=10 (€))
‘//2X:|552|: 7, (10)

When representing spatial vectors through their
projections on the axis of the coordinate system "x-
y" equations (7) and (8) take the form

Uy Hjuy= (11)
=R, [1+poT;4jQy 0T, |(iyx isy )+ (04 ) ko

0=-L,, (isx+jiyy ) H (I+Top)+jQT> ¥, (12)
After the transformations we will get

(13)

uy =Ry + poT i Riiyy + Q5 6T Ry x tQ0p K'Y, (14)

=Ry + poT Riiy y — Qo 6T Ryiyy + ¥,

Equations (13) and (14) can be used to deter-
mine the projections of the voltage vector on the "x"
and "y" axes, as well as to determine the desired
value of the modulus of the space vector of the volt-
age that must be applied to the stator winding.

From equation (12) after transformations we
obtain

(15)
(16)

Based on equation (15) we obtain the equation
of the connection of the projection of the stator cur-
rent on the axis "x" (i;x) and the modulus of the flux
coupling vector of the rotor

0=-L,i;x+(1+T,p)¥,

0=-L,i;y +QrT,¥,

_ Lyix

= 17
Topei (17)

2

Based on equation (16) we obtain the formula
for the relationship between the EMF frequency
(22g), which is induced in the rotor winding, the am-
plitude of the flux coupling of the rotor (¥>) and the
projection of the stator current on the axis "y"(i;v)

kR,
Q. = 272 2°1Y 18
"=y (18)
The value of the electromagnetic torque of the
IM due to the projection of the spatial vectors of the
flux coupling of the rotor and the stator current on
the axis of the coordinate system "x-y"
3 . .
MEM:EpnkZ (l//le]y"//zyl],\/) (19)
Substitute the right-hand sides of equations (9)
and (10) into formula (19) and we get

3 .
MEMZEPnkZlPﬂIY (20)
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Equation of motion of the mechanical part of
the electric drive

@ =i[§(MD-Mc )} 1)

where M¢ — the loading torque on the IM shaft;
J — moment of inertia of the mechanical part of the
electric drive.

Circular frequency of the voltage on the stator
winding

Qyp=p,0 + Qg (22)

From equations (11) and (12) it follows that in
this mathematical model of IM there is a mutual in-
fluence of stator current projections i;x and i;y, as
well as the dependence of their values on the value
of ¥, and the value of the circular frequency CQqg;.
This interaction can be mitigated by using stator cur-
rent projection control circuits. When using a relay
current regulator in the stator current control circuit,
we obtain the equation of connection between the
signals of setting the stator current projections uz;x,
uzry and stator current projections i;x and i;y on the
axis of the coordinate system «x-y»

iy = Uzix
kor (23)

_Yziy

1
" kOT

where kor — stator current feedback ratio.

Fig. 1 shows a block diagram of the speed con-
trol system of IM (in the absence of the BC unit) in
the orientation of the axis "x" coordinate system "x-
y" on the rotor flow coupling vector ¥,, which was
obtained on the basis of independent control of sta-
tor current projections on the axis of the coordinate
system "x-y" (23). Equations (17), (18), (20), (21)

and (22) were also used.
QUEI.
(—{
Qp

k2R3

Lm ‘F,
pTs+1
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H

Fig. 1. Block diagram of the system for speed con-
trol of the IM when the orientation of the axis "x" of
the coordinate system "x-y" on the flow vector of the

rotor ¥,
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2. Application of the MTPA strategy to the
system of vector control of the stator current of
an induction motor

From the formula (17) for the steady-state oper-
ation of the IM we obtain the equation of the rela-
tionship between the modulus of the flux coupling
vector of the rotor and the projection of the spatial
vector of the stator current on the «x» axis

v, = LmilX (24)

Substitute the right-hand side of equation (24)
into equation (20):
3 .
MEMZEPnkszZIXZIY (25)
Determine the projections of the spatial vector
of the stator current on the axis of the coordinate
system «x-y» through the modulus of the spatial
vector of the stator current and the value of the angle
of rotation of the space vector of the stator current
relative to the "x" axis of the «x-y» coordinate sys-
tem, which is directed along the rotor flux coupling
vector 7,

i,X=|I~,|cose; (26)

ijy=|I)|sin0 (27)
After substituting the right-hand sides of equa-
tions (26) and (27) into equation (25) we obtain

=2
MEM=§pnk2Lm |I,| cos@-sind.
After the transformations we get

MEM=§ pukoLy, || sin 20 (28)

Determine the value of the angle 0 at which the
IM will develop the greatest torque at the same value
of the modulus of the spatial vector of the stator cur-
rent, the projection of which on the "x" axis deter-
mines the flux coupling of the rotor. To do this, take
the derivative

dM gy, 3 =2
T—Epnkzl/m|11| cos 26
dM gy 0
do
From here we get
i
0=— 29
y (29)

After substituting (29) in equations (26) and
(27) we obtain that the AD will develop the greatest

moment provided that the projections of the spatial
vector of the stator current on the axis of the coordi-
nate system «x-y» will be the same

i =i _n|

1xT hyT NE]

2

After substituting (29) in equation (28) we ob-

tain the value of the largest torque that the IM can
develop at a given value of the stator current

(30)

MEM.OPT.:gpnkZLm |i1|2 €1y
Divide (31) by (28)
Meyopr. 1
Mgy sin 20
M g =M gy opr Sin 20 (32)

If in the stator current vector control system, the
angle between the stator current vector and the rotor
current coupling vector differs from 45 electrical
degrees, then at the same value of current in the sta-
tor winding IM will develop less electromagnetic
moment according to formula (32). The value of the
electromagnetic moment that IM develops will be
zero at § = 0 electric degrees or at 6 = 90 electric
degrees.

Based on the parameters of the 4A280S4 motor
according to formula (31), the value of the maxi-
mum torque that IM can develop at the nominal val-
ue of the stator current when applying the MTPA
strategy is calculated

This is 2.56 times the nominal value of the elec-
tromagnetic torque of the motor 4A280S4 (779.4
Nm).

According to formula (30), the largest value of
the magnetizing current, which corresponds to the
nominal value of the stator current when applying
the MTPA strategy is calculated

. . |i1F.H|
UxThuy™ \/3
283'1=200.2A

Lx~hy NE]
According to formula (24), the highest value of
the modulus of the rotor coupling vector, which cor-
responds to the nominal value of the stator current of
the motor 4A280S4

Y opax. =Ll x

oy =0.01715-200.2 = 3.4334 Wb .
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This is 3.55 times higher than the nominal value
of the flux coupling of the motor rotor (0.9668 Wb).

The increased value of the flux coupling of the
rotor leads to an increase in the value of the EMF
induced in the stator winding, and accordingly
requires an increase in the value of the voltage to be
applied to the stator winding of the motor. The
calculation according to formulas (13) and (14)
showed that when applying the MTPA strategy the
required value of the modulus of the spatial voltage
vector at the nominal value of the voltage frequency
on the stator winding should be |Ty| = 1112 V.

Phase voltage on the stator winding is 786 V. This is
3.57 times higher than the nominal value of the
phase voltage on the stator winding of the motor
4A280S4.

The structural diagram of the IM speed control
system with the application of the MTPA strategy to
the vector control system of the stator current of an
induction motor is shown in Fig. 1. In reality, the
driver performs the function of the outer circle of IM
rotor speed control in relation to the circle of control
of the projections of the stator current vector on the
"x" and "y" axis. The driver ensures the limitation of
the value of acceleration during acceleration and
during braking of IM and reduces overshooting in
the speed of the rotor.

When modeling the speed control system, the
driver's functions were assigned to the speed control-
ler with the Hpc transfer function, at the input of
which the values of the speed reference signal Uzs
and the speed feedback signal Ups are compared.

The IM torque control system includes the BC
block, which compares the reference signals of the
stator current projections (i1x and uziy) on the axis of
the «x-y» coordinate system (i1x and i;y). At a small
value of the torque developed by IM, (uziy < uzix),
the angle 6 between the stator current vector and the
rotor flux coupling vector will be less than 45 elec-
trical degrees. In this case, the BC block does not
change the position of the contact K, and the flux
coupling of the rotor will be determined by the sig-
nal uziy. IM will work at the nominal value of the
projection of the stator current onto the «x» axis
(Isxz = 56.4 A) and, accordingly, at the nominal
value of the rotor flux coupling (W2 = 0.9668 Wb).

If IM develops a large moment (uz1y > uzix),
then in the vector control system of the stator cur-
rent, the flux-coupling of the rotor will also be de-
termined by the signal (uzi1x). IM will continue to
work at the nominal value of the projection of the
stator current on the «x» axis of the «x-y» coordinate
system (iix = Isxz = 56.4 A). In this case, the rotor
flux linkage will be equal to the nominal value (Wax
= 0.9668 Wb), and the angle 6 between the stator

current vector and the rotor flux linkage vector will
be greater than 45 electrical degrees.

When applying the stator current vector control
system with a large value of the torque to be devel-
oped by IM, the value of the stator current projection
reference signal on the «y» axis will exceed the val-
ue of the stator current projection reference signal on
the «x» axis (uziy > uzix). When applying the MTPA
strategy in this case, the BC block switches contact
K so that the rotor flux-coupling will also be deter-
mined by the uzy reference signal. As a result, IM
will work at a rotor flux coupling value greater than
the nominal value (W2x = 0.9668 WD), since the pro-
jection of the stator current on the "x" axis will be
equal to the projection of the stator current on the
"y" axis (i1x = i1v) and will exceed the nominal value
of the magnetizing current (Isxz = 56.373 A).
Therefore, with a large torque, which will be devel-
oped by IM, the angle 6 between the stator current
vector and the rotor flux coupling vector will be
equal to 45 electrical degrees.

The value of the uziy signal must be limited to a
level that corresponds to the nominal value of the
stator current, which will prevent overheating of the
traction motor in long-term operation.

3. Transient processes in a traction electric
drive with a system of vector control of the stator
current of an induction motor

The model of the IM stator current vector con-
trol system is made in the Matlab Simulink package.
The mathematical model was used to study the ac-
celeration processes of a full electric bus on a hori-
zontal road to a given speed. After the full electric
bus on a horizontal road accelerated to a given
speed, the movement of the electric bus up the road
with an 8% slope was simulated. Fig. 2 shows
graphs of transient processes during acceleration of a
full electric bus on a horizontal road to a given speed
of 95 km/h, which corresponds to the angular speed
of the traction IM shaft of 157 rad/s.

In the time interval from 0 s up to 5 s the input
of the traction speed control system receives a signal
to set the speed Uzs = 0 (graph 1). Therefore, the
shaft of the IM does not rotate (graph 2), but a
current flows in the stator winding, which is equal to
the nominal value of the magnetizing current /s =
Isxu = 56.4 A (graph 5). Therefore, the flux
coupling of the rotor is equal to the nominal value
Yo = 0.9668 WD (the transient process of increasing
the flux coupling of the rotor in graph 6 is not
shown).

At the time of 5 s, the maximum reference
signal of the Uzsuuyx is received, which corresponds
to the maximum value of the set angular speed of the
IM 157 rad / s (graph 1). At the same time in the
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stator winding the stator current increases from the
nominal value of the magnetizing current Is = Isxu
= 56.4 A to the nominal value of the stator current Is
= 283 A (graph 5). The flux coupling of the rotor
remains unchanged and is equal to the nominal value
Yo = 0.9668 Wb. The electromagnetic torque of the
IM increases from zero to the nominal value of
779.4 Nm (graph 3). At a time interval of 5 s up to
134 s IM speed increases from O rad / s to 157 rad / s
(graph 2). This corresponds to a maximum speed of
of the electric bus of 95 km / h. Thus, the
acceleration time of a full electric bus with a non-
optimized vector control system for the stator
current of an IM to a maximum speed of 95 km / h
on a horizontal road is 129 s.

T T
, rad’s 1 1

150
100
S0
0

L i L | L L
"o 50 100 150 c 200 250 ip 300

Fig. 2. Graphs of transient processes in the system of
vector control of the stator current of an IM during
acceleration and when the electric bus is moving at a
speed of 95 km/h

During the acceleration of the electric bus, the
load torque on the IM shaft increases from 287 Nm
to 639 Nm (graph 4), which is due to the increase in
air resistance. When the electric bus is moving at a
constant speed of 95 km / h, the IM electromagnetic
torque decreases from 779 Nm to 639 Nm (graph 3).
The current in the stator winding decreases from the
nominal value of 283 A to 234 A (graph 5). The flux
coupling of the rotor remains unchanged and is
equal to the nominal value W,z = 0.9668 Wb (graph
6).

At the time of 200 s the electric bus starts
moving up the road with a slope of 8%. The loading
torque, reduced to the electromagnetic moment of
IM, immediately increases from 639 Nm to 1915
Nm (graph 3). The current in the stator winding
increases from 234 A to a nominal value of 283 A
(graph 5). The flux coupling of the rotor remains
unchanged and is equal to the nominal value Woy =
0.9668 Wb (graph 6). The IM -electromagnetic
torque increases from 639 Nm to a nominal value of
779 Nm (graph 3). Since the electromagnetic torque
(779 Nm) is much less than the loading torque (1915
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Nm), the speed of IM, and with it the speed of the
electric bus begins to decrease (graph 2).

At the moment of time 248 s the speed of the
electric bus decreases to zero, the electric bus stops
and begins to roll down the road, which has a slope
of 8%. When the electric bus moves down the road,
the reactive component of the load torque on the IM
shaft, which is equal to the torque of rolling
resistance and the torque of air resistance, changes
its direction. As a result, the load torque on the IM
shaft, reduced to the IM electromagnetic torque, is
equal to 988 Nm.

4. Transient processes in the traction electric
drive when applying the MTPA strategy

Fig. 3 shows graphs of transient processes dur-
ing acceleration of a full electric bus on a horizontal
road to a set speed of 95 km / h. when applying the
MTPA strategy to the vector control system of the
stator current of an IM.

In the time interval from 0 s up to 5 s at the
input of the speed control system of the traction
motor receives a signal to set the speed Uz = 0
(graph 1). The motor does not rotate (graph 2), in the
stator winding there is a nominal magnetizing
current Is = Isyy= 56.4 A (graph 5). The flux
coupling of the rotor increases from zero to the
nominal value W, = 0.9668 Wb (graph 6).

At the time of 5 s the signal of the speed
reference sygnal Uzsuax is fed to the input of the
system, which corresponds to the maximum value of
the angular velocity of the shaft of the traction
induction motor 157 rad / s. (graph 1). The stator
current increases from the nominal value of the
magnetizing current Is = Isxy = 564 A to its
nominal value Is = 283 A (graph 5). In the time
interval from 5 s to 10 s the flux coupling of the
rotor increases from the nominal to the maximum
value (from 0.9668 Wb to 3.4335 Wb) (graph 6). At
the same time interval, the electromagnetic torque of
the motor increases from zero to 1997 Nm (graph 3).
In the time interval from 5 s to 33 s IM accelerates
to 157 rad / s, which corresponds to a maximum
speed of the electric bus of 95 km / h. (graph 2).

Thus, on a horizontal road, the acceleration
time of the electric bus with the maximum number
of passengers to a maximum speed of 95 km / h is
equal to 28 s. During the acceleration of the electric
bus, the load moment on the IM shaft increases from
287 Nm to 639 Nm (graph 4), which is due to the
increase in air resistance with increasing speed.

When moving the electric bus on a horizontal
road at a constant speed of 95 km / h the
electromagnetic torque of the motor decreases from
1997 Nm to 639 Nm (graph 3). The current in the
stator winding decreases from 283 A to 160 A
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(graph 5), which is significantly lower compared to
the which is significantly smaller compared to the
vector control system of the stator current of an IM
(234A). The flux coupling of the rotor decreases
from the maximum value of Wayux = 3.4335 Wb to
1.9425 Wb (graph 6). The movement of the electric
bus with a constant speed of 95 km / h occurs in the
time interval from 33 s up to 50 s.

| i i
(] 10 20 0 ¢ 40 50 60

Fig. 3. Graphs of transient processes when applying
the MTPA strategy to the vector control system of
the stator current of an IM during acceleration and
movement of an electric bus at a speed of 95 km/h

At a time of 50 s, the electric bus begins to
move up the road with a slope of 8%. The load
torque immediately increases from 639 Nm to 1915
Nm (graph 3). The motor speed of the electric bus
briefly decreases to 154.9 rad / s (graph 2). The
current in the stator winding increases from 160 A to
a nominal value of 283 A (graph 5). The flux
coupling of the rotor increases from 1,942 Wb to
3,433 Wb in the time interval from 50 s to 59 s
(graph 6). At the same time interval, the
electromagnetic torque of the motor increases from
639 Nm to 1997 Nm (graph 3).

At time 59 s, the speed of the electric bus
increases to a set value of 157 rad / s (graph 2). Then
the current in the stator winding decreases from the
nominal value of 283 A to 277 A (graph 5). The flux
coupling of the rotor decreases from 3,433 Wb to
3,362 Wb (graph 6). The electromagnetic torque of
the engine decreases from 1997 Nm to 1915 Nm

(graph 3).

5. Conclusion

1. The MTPA strategy is considered, which
consists in the fact that with the same value of cur-
rent in the stator winding of IM will develop the
largest electromagnetic torque, if in the system of
vector control of the stator current the angle between
the vector of the stator current and the vector of the
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flux coupling of the rotor is equal to 45 electrical
degrees.

2. When applying the considered MTPA
strategy to the system of vector control of the stator
current of an asynchronous motor, at the same value
of the stator current, it allows the motor to develop a
significantly ~ greater  electromagnetic  torque
compared to the system of vector control of the
stator current. When limiting the stator current at the
nominal level, the application of the considered
MTPA strategy to the vector control system of the
stator current theoretically allows obtaining an
electromagnetic moment 2.56 times greater. This is
due to the fact that the motor must work with a rotor
flux coupling almost 3.55 times greater than with
vector control of the stator current, which is not
realistic for a general industrial IM with a nominal
voltage of 380 V.

3. When applying the considered MTPA strate-
gy to the vector control system of the stator current
of an asynchronous motor, it is necessary to increase
the effective value of the voltage on the stator wind-
ing by 3.57 times relative to the nominal value of the
voltage, which is also not realistic for a general in-
dustrial IM.

4. When using general industrial engines, it is
unlikely to be possible to use the considered MTPA
strategy to increase the electromagnetic moment,
since this strategy requires a multiple increase in the
value of the flux coupling of the IM rotor and a mul-
tiple increase in the value of the voltage on the stator
winding. For the considered example of the applica-
tion of the considered strategy, the MTPA requires
special high-voltage IMs with a nominal current of
200 A and a nominal line voltage of 1362 V.

5. For general industrial motors, the considered
MTPA strategy can be used only with values of the
stator current significantly lower than the nominal
one. In order for the rotor flux coupling not to ex-
ceed the nominal value, it is necessary that the am-
plitude value of the magnetizing current does not
exceed the nominal value. The application of the
considered MTPA strategy means that the value of
the current amplitude in the stator winding of the
motor 4A280S4 should not be more than 79.8 A. At
the same time, the maximum value of the electro-
magnetic moment that will be developed by IM will
be equal to 158.5 Nm, which is much smaller than
the nominal value.

6. The energy losses in IM steel, which make
up a significant share of the total energy losses, were
not taken into account. The saturation of the IM
magnetic system was also not taken into account.
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MTPA STRATEGY FOR THE ELECTRIC VEHICLE DRIVE

Volodymyr Voytenko, Volodymyr Vodichev, Alexander Kalinin
Institute of Electrical Engineering and Electromechanics Odessa National Polytechnic University

Abstract. When the vehicle is moving, the driving torque that the traction motor should develop can be
very large. Therefore, to prevent over loading of the traction motor by current, it is necessary to limit the cur-
rent in the stator winding to the nominal value. In this regard, it is necessary to develop a system of vector
control of the stator current of an induction motor, in which, at the nominal value of the stator current, the
induction motor will develop the largest possible electromagnetic moment. Today, the problem of obtaining
the maximum electromagnetic moment per unit current stator decides the MTPA strategy. Therefore, the aim
of the work is to develop a system for regulating the moment of induction motor using the MTPA strategy,
which provides the maximum value of the electromagnetic moment per unit current in the stator winding, as
well as conducting a comparative analysis of the traction properties of an asynchronous electric drive when
applying the MTPA strategy and in its absence. It is also necessary to clarify the requirements that the
MTPA strategy imposes on the technical parameters of the induction motor and the restrictions that the real
parameters of the induction motor impose on the MTPA strategy. The study was conducted on the example
of a traction asynchronous electric drive of a city bus.

As a result of this work, it was found that with the same current value in the stator winding, the induction
motor will develop the greatest electromagnetic moment if the angle between the stator current vector and
the rotor flux vector is equal to 45 electric degrees. By limiting the current of the stator induction motor at
the nominal level, the application of the MTPA strategy allows obtaining an electromagnetic moment 2.56
times greater than in the absence of an MTPA strategy. This is due to the fact that when applying the MTPA
strategy, the rotor flux linkage should exceed 3.55 times the nominal flux coupling of induction motor. To
get so big the flux coupling of the rotor must increase the value of the voltage on the stator winding by 3.57
times relative to the nominal voltage value.

When applying the MTPA strategy, the flux linkage of the rotor will not exceed the nominal value only at
stator current values 3.54 times less than the nominal value of the stator current. In this case, the maximum
value of the electromagnetic moment that will develop induction motor will be 4.92 times less than the nom-
inal value of the moment of induction motor.

In developing the MTPA strategy, the saturation of the magnetic system AD was not taken into account.

Keywords — induction motor, vehicle, electromagnetic moment, energy, MTPA strategy.

CTPATEI'TSA MTPA JIUIAA EJIEKTPOIIPUBOJA TPAHCIIOPTHOTI'O 3ACOBY

B. A. Boiitenko, B. A. Boaiues, O. I'. KajiHin
Hayionanvnuti ynisepcumem «Oodecora nonimexuixay

AmnoTauis. [Ipu pyci TpaHcnopTHOro 3aco0y 3HaYeHHS PYILIIHHOTO MOMEHTY, SIKH Ma€ PO3BUBATH TATO-
BUH JBUTYH, MOXKE OyTH Iy’e BEelIHKUM. ToMy ais 3amoQiraHHs MepeHaBaHTa)KEHHIO TSATOBOTO JBUTYHA 3a
CTPYMOM HEOOXiZITHO OOMEXHTH CTPYM B OOMOTIII cTaTOpa HOMIHAJIbHUM 3HA4YeHHsIM. B 3B’s13Ky 3 1M Tpeba
PO3pOOHUTH CUCTEMY BEKTOPHOTO KEpYBaHHS CTPYMOM CTaToOpa aCHHXPOHHOTO JBUTYHA, B AKil MpH HOMiHa-
JLHOMY 3HAU€HHI CTPYMY CTAaTOpa aCHHXPOHHHH IBUTYH Oy/e pO3BHBATH MAaKCUMAaJbHO BEJHKHN €JIEKTPO-
MarHiTHHA MOMeHT. ChOTOJIHI 3a/1a4y OTPUMaHHS MaKCUMAaJIbHOTO €JIEKTPOMArHITHOTO MOMEHTY Ha OJTMHM-
10 cTpyMy cratopa Bupitiye crparerii MTPA. Tomy meroro poboTH € po3po0Ka CHCTEMH PETryJIIOBaHHS
momeHTy A/ 3 3actocyBannsm crparerii MTPA, sika 3a0e3neuye MakcuMallbHEe 3HaYESHHS €JIEKTPOMArHiTHO-
IO MOMEHTY Ha OJIMHHMITIO CTPYMY B OOMOTIII CTaTOPa, @ TAKOXK MPOBEJICHHS MOPIBHUTFHOTO aHai3y TATOBHX
BJIACTUBOCTEH aCHHXPOHHOTO EIeKTPONPUBOY Ipu 3acTocyBaHHi crparerii MTPA 1 nipu 1i BinzcytHocTi. Ta-
KOXX He0OXiHO 3’sCyBaTH BUMOTH, siki cTpateris MTPA npen’sBisie 1o TexHiunux napamerpiB Al i oome-
XKEHb, sIKi peanbHi mapametpu AJl HaknazaioTh Ha crparerito MTPA. JlociimkeHHs TPOBOAUIOCH Ha TIPUK-
JIaJi TATOBOTO AaCHHXPOHHOTO EJIEKTPOIIPHUBOIa MICEKOTO aBTOOYyCA.

B pesynbrarti npoBeaenoi podotu Oyio 3’sCOBaHO, IO MPU OJHAKOBOMY 3HA4YCHHI CTPyMy B OOMOTII
craropa A/l Oyne po3BHBaTH HaWOUIBIINK €JIEKTPOMArHiTHUH MOMEHT, SIKIIO KyT MK BEKTOPOM CTPYMY
cTaTopa i BEKTOPOM IOTOKO3YEIICHHS pOTopa Oyie JOpiBHIOBATH 45 eleKTpudyHUX rpaayciB. Ilpu oOme-
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JKeHHI cTpyMy ctatopa AJl Ha HOMiHaNBPHOMY piBHI 3acTocyBaHHs cTparerii MTPA mno3Boinse oTpuMartu
€JIEeKTPOMAarHiTHUA MOMEHT y 2,56 pa3u Oimbmmid HiK mpu BigcyTHocTi crparerii MTPA. Lle oOymoBieno
TUM, 1[0 TpU 3acTocyBaHHI crparerii MTPA moToko3yemieHHs poTopa Mae MepeBHInyBaTH y 3,55 pasu
HOMiHaJIbHE TIoTOKO34eIUieHHs A/l. i oTpUMaHHS TaKOTO BEJIMKOTO IMOTOKO3YEILICHHS pOTOpa HEOOXiTHO
301BIINTH 3HAYEHHS HAPYTH Ha 00MOTIII cTatopa y 3,57 pa3u BiTHOCHO HOMIHAIBHOTO 3HAYEHHS HAPYTH.

IIpu 3acrocyBanHi crpaterii MTPA moToko3derieHHS poTopa He Oyae NMEpeBHITYBAaTH HOMiIHAIBHOTO
3HAYeHHs JIUIIIE TPH 3HAYEHHSIX CTPyMy cTtaropa B 3,54 pa3u MEHIIMX 3a HOMiHaJIbHE 3HAYEHHS CTPYMY CTa-
topa. IIpu 1IpoMy MakcHMaabHE 3HAYCHHS SICKTPOMArHiTHOTO MOMEHTY, SIKUii Oyme po3puBaTu A/l, Oyme y
4,92 pa3u MEHIIUM 32 HOMIHAJbHE 3HaYeHHSI MOMEHTY AJl.

[Ipu po3podbui cTpaterii MTPA He Oyio BpaxoBaHe HaCHUEHHS MarHiTHOI cucremu A/l.

Kntouoei cnosa — acMHXpOHHWI JBWTYH, TPAHCIOPTHUH 3acid, eNeKTpOMarHiTHUH MOMEHT, €Hepris,
crparerist MTPA.
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