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Abstract:

Permanent magnet synchronous motors are widely used in industry, household and especially in the
field of electric vehicles. Research on speed sensorless control for PMSM is an important part of
synchronous motor drive research. Because the speed sensorless drive with new control algorithms
has many advantages compared with the permanent magnet synchronous motor speed sensor drive
such as: compact size, economical cost and high reliability. This paper presents the sensorless direct
torque control for PMSM, with motor speed is estimated using MRAS method. Matlab/simulink
software is used to simulate sensorless DTC drive for PMSM. The simulation results have shown that:
the estimated speed tracking real speed and reference speed with small error.
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Tom tit:

Pong ccg dong bd nam cham vinh clru dugc s dung rong rdi trong cong nghiép, dan dung va dac
biét la trong linh vuc xe dién. Nghién cru vé diéu khién khéng cam bién t6c dd cho PMSM la mét
phan quan trong ctia nghién clfu vé truyén déng dong cag déng bo. Bdi truyén déng khong cam bién
t6c dd vai cac thudt toan diéu khi€én méi cd nhiéu uu diém so véi truyén ddng cd cam bién toc dod
nhu: kich thudc nhd gon, gia thanh kinh té€ va c6 tinh bén vitng cao. Bai bao nay trinh bay diéu
khién truc ti€p mdmen cho PMSM, vdi t6c d6 ddng ca dugc udc lugng st dung phucng phap MRAS.
Phan mém Matlab/simulink dugc sir dung dé mé phdng hé truyén déng DTC khéng cam bién tdc d6
cho PMSM. Cac két qua mo phong da chi ra: toc d6 dugc udc lugng bam téc do thuc va toc do dat
Vi sai sO bé.

T khéa:
Pdng cd déng bd nam cham vinh cliu, diéu khién truc ti€p mémen, udc lugng téc dd ddng co, hé
thdng thich nghi mé hinh mau.
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1. INTRODUCTION

The Permanent Magnet Synchronous
Motor (PMSM) is a special type of
synchronous motor. The PMSM rotor is a
permanent magnet. Therefore, compared
with the rotor of a conventional AC
motor, the rotor of PMSM has a smaller
inertia, a higher power density and no
copper loss, so the efficiency of PMSM is
higher than conventional AC motor of the
same power. However, the cost of the
PMSM is higher than conventional DC
and AC motors; In addition, the PMSM
can lose its magnetism when the rotor
temperature is high [1], [2].

According to rotor structure, the PMSM is
classified into 2 types: Surface Permanent
Magnet Synchronous Motor (SPMSM)
and Interior ~ Permanent Magnet
Synchronous Motor (IPMSM) [2], [3]. In
addition, belonging to the group of
synchronous motors with structures such
as the PMSM, there is a brushless DC
motor (Brushless DC motor / BLDC
motor). The difference between PMSM
and BLDC is that: the form of induced
emf in the stator winding of BLDC is
trapezoidal and PMSM is sinusoidal.
Therefore, the PMSM has less pulsating
torque and better speed and position
accuracy than the BLDC, which is
suitable in applications where torque and
speed stability is required [1], [2], [3], [4].

The PMSM has many advantages over
other types of motors used for AC drive
systems such as: small size, high power
density, low maintenance cost, easy
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control, high efficiency and power factor
[1], [2].[5]. Therefore, PMSM is widely
used in industry, household and especially
in the field of electric vehicles [2], [3].

Some studies show that compared with
the rotor magnetic control method (Field
Oriented Control / FOC), the direct torque
control method (Direct Torque Control /
DTC) for PMSM has the following
advantages: simple structure control, less
sensitive to parameters motor (only stator
resistance is used to estimate from stator
information), faster male model response
and eliminates the control PI of dg current
[21, [5], [6], [7]. [8].

When the PMSM steady-speed control
uses the DTC method (DTC-PMSM), the
signal of the PMSM speed is one of the
information needed for the controller.
However, in hot, dusty environments or
when high or very low motor speeds are
required, using of speed sensors is not
suitable. On the other hand, normal speed
measuring equipment are bulky and
expensive, thus increasing the cost and
size of the drive systems [2], [3], [9].

Several studies on speed estimation for
PMSM have been shown: The speed
estimator using a phase-locked loop has
been performed in [10]; an observer based
on sliding mode technique for estimating
both position and speed is proposed [11].
The speed estimation using the Luenberger
observer [12], Extended Kalman Filter
[13], Artifical Neural Network [14].

This paper presents the DTC-PMSM
speed sensorless drive system with
speed estimator using Model Reference
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Adaptive System (MRAS). The article is
divided into 4 parts. Part 1 presents the
advantages of PMSM and the reason
for studying the DTC-PMSM speed
sensorless drive system. Part 2 shows the
construction of a DTC-PMSM speed
sensorless drive system. Part 3 presents
the PMSM speed estimation algorithm
using MRAS. The last part will present
the simulation results of the DTC-
controlled speed sensorless drive system
for the SPMSM motor with the MRAS
speed estimator using Matlab/simulink
software.

2. SENSORLESS DIRECT TORQUE
CONTROL FOR PMSM

Figure 1 shows the block diagram of the

DTC-PMSM controlled speed sensorless
drive system with a speed estimator using
MRAS. On the block diagram Figure 1.
The angle of the rotation magnetic field
is calculated from equation (2). The
conversion of three-phase current or
voltage to the af} static coordinate system
is done using equation (3) - also known as
the Clark transformation. The conversion
of current or voltage in the static
coordinate system off to the rotational
coordinate system dq is done by equation
(4)- also known as the Park
transformation. The  electromagnetic
torque estimation stage is shown in
equation (5). Figure 1 shows a two-level
voltage inverter.
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v o+ 4 Ays | >
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Figure 1. Sensorless torque direct control structure for an SPMSM
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Table 1. Optimum voltage vector look-up table

Sector (-3003300) (3o§+29o°) (90°+51350°) (15o°+52410°) ?510%2700) (270023300)
1 V, Vs V4 Vs Vs Vi
1 AT, Vo V5 Vo Vs, Vo V5
Ay, -1 Vs Vi V, V3 V4 Vs
1 Vs V, Vs Vs \1 V>
0 AT, \VA Vo V; Vo \ Vo
-1 Vs Vs V1 Vs, V3 V4

The angular speed of the magnetic field is
calculated as follows:

a)e = a)r_es'pp (1)
Magnetic field angle:

0, = [wdt+0, ()
Where: 6,is the initial angle of the

rotation magnetic field.

Stator voltage or current conversion

models:

The Clark conversion (from abc = ap) is
as follows:

== X
3| . .o . Ar >
sin0 sin(—) sin(—

(3) (3) X

S

27 A
il RURY D'
|:Xas:| ’ cos0 cos( 3 ) cos( 3 )

(3)

X pe

cs

The Park conversion (from abc = ap) is

as follows:

Xg | [cosé, sing, [ X, 4)
{xqj{—sinee cosej{xﬁj
Model for calculating electromagnetic
torque of PMSM:

()

3 .
Te = E pperqs

The stator flux estimation using the
currents of the static coordinate system aof
is written as follows:

Wﬁs = Ls 'iﬂs (6)

Magnitude of stator flux:

Vs es = \él//és + '//fi’s (7)

Stator flux angle:

0, =arc tan( 22

) ®)

as

Based on the stator flux angle 6., the

sectors are shown in Table 1. The voltage
space vectors and sectors are shown in
Figure 2.

V4(011)f

V(001 4100

Figure 2. The space and sector vectors
of the two-level voltage inverter

The speed estimation stage using MRAS
will be presented in Part 3.

S6 31

55



TAP CHi KHOA HOC VA CONG NGHE NANG LUQONG - TRUONG DAI HOC PIEN LUC

(ISSN: 1859 - 4557)

3. SENSORLESS DIRECT TORQUE
CONTROL FOR PMSM

Figure 3 shows a block diagram of
PMSM speed estimation using MRAS. In
Figure 3, the output of the sample model
are isqg, Isq currents calculated as equation
(4) - Park transform, with s, Isc currents
measured. The output of the adaptive

A

model is the estimated currents |sd,?sq
shown in equations (9), (10).

i i,
’ Reference e
Model
—»
PID
A >
. isa i
— Adaptive e
Us Model
EEE—

F

@e

Figure 3. Block diagram of PMSM speed
estimator using MRAS

AN

lsd =

ij(usd R +a’e|‘5is“)dt 9)

A 1 US - RS ,i\sq -, LS ,i\sd
lsqg = —I 9 dt (10)
L\ -a,¥,

After the correction, the speed of the rotor
magnetic field is estimated as follows [8],
[15]:

ISdISq —lsqlsd
a)e = Kpa) \Pr - n
- (Isq _ISQ)
LS

(11)

I v . -
r
+K,, |sd|sq—|sq|sd——L (i —isq)
S

+ e (0)

The estimated speed of motor is
determined by equation (12):

@ =—= (12)

4. RESULTS AND ANALYSIS

Matlab/Simulink software version 2019a
is used to simulate the SPMSM motor
speed sensorless DTC transmission
system of SPMSM motor. In this
simulation, an 11 kW SPMSM motor is
used. The engine parameters are shown in
Table 2.

Table 2. Parameters of SPMSM

No Parameter Values Pi;:mgtser
1 | Rated power (Py) 11 KW
2 | Rated speed (n,) 1500 rpm
3 | Rated voltage (V,) 180 V
4 | Rated frequency (f,) | 50 Hz
5 Number of pole pairs 4
(Pp)
6 | Stator resistance (Rs) | 0,0217 Q
7 | Stator inductance (Ls) | 0,0007 H
8 | Rotor flux (y,) 0,1483 Wb
9 | Interia of rotor (J) 0.0281 kgm®

* Case 1: load torque is constant, we
need to stabilize the motor speed:

The load torque is set as: 7;'= 10 (Nm).
Sample citation time 7, = 0,00001 ().
Apply one level to the inverter
V=500 (V). The simulation results of
torque and speed amplitudes are shown
in Figure 4 and 5.

Figure 4a shows: As the speed increases,
the electromagnetic torque increases and
is larger than the load torque; when the
speed is reduced, the electromagnetic
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torque decreases and is smaller than the
load torque. Figure 4b shows: As the
speed is stable, the electromagnetic torque
pulses and fluctuates quite large around
the load torque. The maximum pulsating
electromagnetic torque is about 15% of
the load torque.

Figure 5a shows that: After the speed
increases, the estimated speed and the real
speed follow the reference speed. Figure
5b has shown that: When the speed of the
motor is stable, the estimated closely
follows the real speed and the error is
very small compared to the reference
speed.

T
electromagnetic Torque

18 [ [mm == [oad Torque

L L L . L L
0.5 1 1.5 2 25 3 3.5
(sec)

@

electromagnetic Torque
= == Load Torque

8.5

3 3.0005 3.001 3.0015 3.002 3.0025 3.003 3.0035 3.004 3.0045 3.005
(sec)

(b)

Figure 4. Response of motor electromagnetic
torque and load torque : (a) full time simulation;
(b) enlarged image responds to Torque
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Figure 5. Motor speed responses: (a) full-speed
range; (b) enlarged image responds to speed
* Case 2: load torque is variable, we need

to stabilize the motor speed
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Figure 6. Response of motor electromagnetic

torque and load torque
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40

e s methods used for speed sensorless drive
(T systems for PMSM such as: Speed
0l p—— estimation  using  artificial ~ neural

networks, SMC sliding controller,
wzs Luenberger observer...; study modern
s PMSM speed control methods, then
15| evaluate the influence of motor
ol parameters in the working process of
PMSM drive system.
5
0 : : : ‘ : : NOTATIONS
05 1 15 2 25 3 35
e Symbols Explain the symbols
Figure 7. Motor speed includes: set speed, ;
estimated speed, real speed. VoV Stator voltages in the stator
«’ 55| reference frame (V)
In the case of variable load torque: .y | stator voltages in rotor
. ds? S
The electromagnetic torque follows the * | reference frame (V)
load torque (Figure 6). The real speed, the » Estimated speed of motor
estimated speed follows the reference =¢ | (Rad/s)
speed (Figure 7). Do Number of pole pairs
5. CONCLUSIONS o Magnetic field rotation speed
‘ (Rad/s)
This paper presents about direct torque Stat = in the ot
control without speed sensor of permanent A PY aror curren's In the stator
. reference frame (A)
magnet synchronous motor with speed
estimation algorithm using MRAS. i Stator current in rotor reference
. . . . . s 7 Tas
Simulations  using  Matlab/Simulink frame (A)
software have verified for the proposed T Electromagnetic torque (Nm)
algorithm, the error between the estimated
. T Load torque (Nm)
speed and the real speed is very small. At
the same time, both the estimated speed v Permanent magnet linkage flux
and the real speed follow the reference (Wb)
speed. R Stator resistance
The author’s next research tendencies are L Stator inductance
the others of modern speed estimation
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