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1. Introduction

For many years, the field of electric drive control of squirrgedhreephase AC electric motdras
been researched by scientigtem classic theories to modern techniques [1]. Currently, asynchronous
motor control has achieved great developments. The improvements and perfections of the inverters have
partly met the strict requirements in automatic adjustment, and new featuresekavadoed to the
inverter to suit thdigh performamanceontrol needs in practice.

The control ofasynchronousnotor speed has attracted the interest of many researchensol
methods have begmoposed and verified by simulatiench ashe magneticidectional control method
FOC,classical DTC and improved DTC in which DTC uses carrier pulse width modulation [2] shows
many outstanding advantages and are commonly applied.

Although the DTC control method was discovered several decades ago, due torstatierls in
terms of equipment, it was not until recent years that practical applications were developed. The DTC
method is based on the direct effect of the voltage vector on the stator ring hook magnetic flux, changing
the stator magnetic flux vectotage results in a direct change to the electromagnetic moment of the
motor. This is a simple control method, less dependent on motor parameters, fast and flexible moment
response [3].

Currently in the country, there are many studies using the DTC congtbloth for thregohase
asynchronous motors based on sliding control applied in electric vehicles, but they all use two inverters
and intermittent sliding surfaces, so the current and moment are strongly motivated. The article uses a
third-level inverter andnstead interrupts it with a nonlinear (tanh(s) function), so it improves the
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compatibility in current and momento achieve the best results compared to the requirements, this
article will combine with the direct moment control method squirrel cager riteeephase
asynchronous motor based on sliding control base (SM@) third-order cascade inverteusing
hardware simulation algorithm in HilHardwarein-the-Loop by OPALRT device for the threphase
asynchronous induction moto@n the other handjsing a multievel inverter with the new PM
modulation algorithm increases the system's sustainability compared to #leyehmverter Research

by Emelyanov, Utkins, and ltkis in the 1950s suggested a variable structure control modeliend slid
modecontrol for nonlinear systembut due to the use of a delay comparator, it will generate very large
harmonics in torque and current, which depemtits on how the inverter is controllgdl, [5].

Sliding mode control is an effective simple control methmaked on feedback of state variables of
the system [§]as well as a thirdrder cascade inverter has a phase modulated carrier RRdse
Modulation) to reduce total harmonic distortion (THD) in torque and cuarhto reducéhe common
mode voltage<CMV, in order to achieve the best possible resitie key to SMC is to reduce the
complexity of higher order systems, through the selection of the sliding function and its derivative (also
known asthe slidingsurface)[6]. The outstanding advantages d¥1S are fast response time, no
overshoot, no oscillation, zero speed setting error, in addition, the controller has high nominal quality
[7] - [16].

But in this method, there is also a small disadvantage that the phenomenon of oscillation around the
slidingsurface (chattering phenomenon), the chattering phenomenon arising in the sliding control is also
proposed by many scientists to overcome the problem. This paper will use nonlinear sliding surface to
reduce chattering phenomenon.

2. Main contents
Table 1.Symbols

Symbol Unit Note

Rs, R q Stator, rotor resistance
Ls, Ls H Stator, rotor inductance
Lm H Mutual inductance

Usgy Usd \% Stator voltages (g axis)
Urg, Urd Vv Rotor voltages (g axis)
isq Isd A Stator currents (g axis)
irgy ird A Rotor currents (d] axis)
Usq sal Wb Stator fluxes (efy axis)
Org, @ Wb Rotor fluxes (éq axis)

¥y rad/s Angular velocity

Te, Tm N.m Electromagnetic, load torque
p Pole pairs Polepairs

J Kg.m2 Inertia constant

B N.m.s Friction coefficient

IGBT Transistor with isolated control pole
PWM Pulse width modulation
DSP Digital signal processing
DTC Direct torque control
FOC Flux directional control
SMC Sliding modecontrol

JTE,Volumel9, Special Issu2, 2024 54


mailto:jte@hcmute.edu.vn

JT E JOURNAL OF TECHNICAL EDUCATION SCIENCE
Ho Chi Minh City University of Technology and Educat
HCMIUTE Website https://jte.edu.vi
ISSN: 26159740 Email: jte@hcmute.edu.v

2.1. Engine model in € coordinate system
Figurel shows a threphase asynchronous motor igaoordinate$l1], [12]
Rs _GJ(pSE Lls Llr ((D- (%’)(prd

Figure 1. Model of a motor in the-d coordinate

The stator and rotor potential nonlinear equations of squirrel cage rotor asynchronous motors in the
d-g coordinate system apeesented as the following matrix:

eusd ﬂeR50 ﬂs@ @ (g€ €0 @re oligg
u é& u

- e U~ g, 1
@“sq u@O Rs use @“SQé@feuO b Usqg @)
gO%gRrO ‘gr(g CPUrd
dué& R grg dﬂ lrq @
+SO (Yo - p)vmsd ﬂ
fre - mY s 4
with
QJ QleL 0 ﬂ'\ s i
sd s 58 +ggm 0 g rd 3)
@usq Ué) ls g5 &0 Lm ard
Qg 2 1§ 0 @ €a,9 og
e m e U ég U ou (4)
é¢rg g 0OLm %@ e Oplr urd
3 . €l
Te =E pa sd ./sq Q iq (5)
e 'sq
du
I—-=(T T, B8 (6)
dt
d
w =4 (7)

The symbolf the motor are given in table 1, if a reference frame attached to the stator magnetic
flux vector is selectedheangular speed of rotatiaf the coordinate axis system is equethe angular
speed of rotation of the stator magnetic flux vector, and tagi®of the coordinate axis coincides with
the stator magnetic flux vector, we have:

Ja= Ju P (8)
U= Rd ¥ [ (9)
U= Rsigtl (10)
T.=2p(0uig (11)
G 1 & Bt (12)
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2.2. Sliding control system design
2.2.1. Sliding controller design for magnetic flux
The equatior{10), we have:
/.‘sd =Ugy _Rsi sc (13)
The equation (9), we have:
w /sd = usq _Rsi sc (14)
From he general equatiatefinethe slipsurfaceas:

s(x):g +C o € (15)

Here constarnt > 0, e is the error andanethe number of orders in the system.

Since the system has n = 1, choose the slide as equation (143Witb satisfythe Hurwitz stability
condition:

$(O=Ge (16)
With e =/, - /s InWhich/ ( is the stator flux estimateftbm equation (12), and_ is the set
flux.
Sliding face derivatives, we get:

$0=6¢8 =¢(/y 7 (17)
Substitution of equation (13) into (17)
$= ¢(w R o (18)

The proposedulesof control for magnetic flux are:
1 .
Ugy =€(6F tan}‘( SF/ @ + of IRslsc (19)

2.2.2. Sliding controller design for the torque
Sliding mode control laws for velocity
The equation (6), we infer:

w=3(T, T, Bw) (20)

Similarly, because of the fir$torder system, the slip surface for the moment should be chosen as:
su (D =G & (21)
However, to increaste setup time for the system, the sliding function can be chosen as follows:
(=& g, AR(Yd (22)
With cw, km > 0 to satisfy thédurwitz stability condition error g, =1/ - w which in thatw/ is
the set speed and is the speed of the motor
Sliding surface derivative

SO=607 -1 ke (23)
Substitute equatio(R0) into (23)
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Proposed control law for moment
J o
T, =§(6M tanh(s,/ ¥ #, &) 8 wF By (25)

Sliding control law for usq

Similarly, because the system is firstrder and to increase the setup time forstystem, the sliding
function is chosen as follows

s(=ce() +ene(rd (26)
With g =T, -T,in which T_ is the setting moment affd is the motor torque estimated from the
equation(11)
Sliding surfacelerivative

sM=cg (T T) (27)
Substituting equatio(®, 11 into (28), we have
_ 3 s :
sO=ce # T ko pm—jr‘( y R (28)
Thecontrol lawis recommended as
_ 2 W :
o = gpic (O W Toertanh(s i) R (29)

t tanh(s/J)
+1 T

— = sign(s)
w— tanh(s/§)

-0

\ A

Figure 2. Signfunction and tanh function

Figure 2 shows the respongs# the sign functiorintermittently (distinct red) and continuous tanh
f unct i on to(sdtisfyutre Hurwitd stalility condition.

The authors suggest to usah continuous function insteafisigndiscontinuityfunction toreduce
oscillationsaround the stling surface.

2.3. Third-order cascade inverter andM modulation

Figure 3 illustrates thirdorder cascade inverter structure anébritige diagram for one phase
consisting of four IGBTInsulated Gate Bipolar Transistor locks, aeve:
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Figure 3. a) Third-order cascade inverter structure) H-bridge for a phase

Vao= Van+ Vo (30
whereVemis commori modevoltage CMV)
Vo =Vem= (Van+ Von+ Ven ) (31)

Let n = 3 be the number of steps of the inverter, andvhesources are the same, we have a table
of switching status of corresponding locks for continuous output voltage ft&fa,[0, +1Vad as shown
in Table 2.

Table 2.Switching status of a phase

Output Voltage
: S, Sz =( ;1 - Saz)*\/gdc
0 [0, 1] -1Vyc
1 [0, 0], [, 1] 0
2 [1, 0] +1Vqc

Figure4 shows thePM carrier modulation model for the inverter, with the control siggélsand
G(t) given by equation32).

FT-T T TrrT T T T E_, ______________ hl
+ |
i — :
I - +
i X |
: Veu +F S
| :
g(t) —| G(t) fix |
: Lx \ Inverter :
L e e e e e e e e i e e = 4

Figure 4. ThePM carrier modulation

GH=(g0+1)" (32

The two components of the voltaGgt) aresy, L, in which,O «D irRis the integer part of the signaft),
given by equation33),0 QO 3dlthe remainder after division, given by equatidd)(n = 3, is the number of
steps of the invertef,; the state of the key is given in Table 2 &h4l is the carrier wave aftétM modulation

_ fn-2,khi G()2 n-z

X~ Hix(G(1)), otherwise (33)

3 = G(t) - L« (34
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Consider higHrequency waves asquation 85):

e(t) = Acosrd +0), ¥c =2 f¢ (35)
The carrier wave without modulation as equati@®),(with Ac =1
o(t) = Zsin*(e(t) =2 sint( A cofere t /4) (36)
The carrier wave has been normalizecehyation 87):
— __max(c(t)) + c(t)
Vel = maxc) - min(e(D) (37)

where max and min are the largest and smallest amplitud¢s. of
Call the control signal as equatids}:
g(t) = Exsin(¥nt), ¥m= 2" fm (38)
From the high frequency wave e(t),ifthdhase angl e (G changes accordin
have PM phase modulation.

erm(t) = Ac cosfyct + (MpwEm)g(t)] (39)

whered =¥t + (MywEm)g(t), mpxmodulation indexwith x = a, b, c.
Substituting into equatior86-37), we havePM phasemodulated carrier.

contains information about g(t)

Magnitude (V)
%THD of V .

5000

0 . s i . )
0 0.005 0.01 0.015 0.02 0.025 0.03
Time (s)

Figure 5. Carrier wave with PM modulation. Figure 6. The impact of E and carrier frequency.f
on the average %THD.

Figure 5, shows the PM modulation carrier with frequensylfiKHz, modulation index g v, the
PM modulation carrier has a frequency that contains completely the information of the control signal g(t).
So thatlGBT switch is easy to completely recover the control signal from the carrier.

Figure6 showsthe impact o, and carrier frequencly on the average %THD of currert(x = a,
b, c) When the inverter has a motor load, the %TH ofcreases rapidlyncreasingen from O to 1,
while increasing the carrier frequengyrbm 1KHz to 5KHz reduces the %THD iaf Therefore, th&n,
index ad the carrier frequendy will affect the performance of teM modulation algorithm over the
entire operating range of the inverter.

3. Results and Discussion

With Matlab/Simulink as the simulation software and a sampling time af4De ghe simulation
and experimental results are evaluated in combination with adidet cascade invertevith PM
modulated carrier wavier the motor described in Talkbe
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Table 3. Parameters of the motor

Wattage 1HP, 50 Hz

Wire voltage 380 (V)

Speed 150 (ras/s)

Moment Tn, 5 (N.m)

Rs Ls 1.177 (Y), 10( mH)
R, L, 1.383 (Y) ,10( mH)
p 2

J 0.005 (kg.m)

3.1 Simulation results

Figure7 shows a schematic diagram of direct torque control, consistiagontroller foiflux, and

two controllers for speed.
= | DIRECT TORQUE CONTROL

. dg2abe 1687
A s b —HTm.
B 1A
3 AN
Py \_I b N_\’_'E“'{ :
SR A
N\
D—N, T usq isy»3 THR - 380V
2 o ) 50 Hz.- 150 rads
T o e isd—2
Tmi—
labe.
Fisd
: ! i .0
T abe' T r
m
u.

Figure 7. Simulation diagram

Figure 8a, Wirevoltage \i,, Voltage CMV, Figure 8h phasevoltageVa, Figure8c is FFT of \4, of

thethird-order cascade invertewith THD = 35.28%.
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Figure 8. a) Line voltageVa, and VoltageVem b) Phase voltag®/an;, ¢) FFT ofVap.
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Figures9 andFigures10are the fouwaveformsof the motor whelR= 1 . 1 7 7= 1Y.,3 8R3 Y
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Figure 9.a) Me a s usfaendd fslelgx f Figure 10.a)Meas ur i ng ndp sed’;
b) Measured moment,ind set moment'§ b) Current ka

Figure9a shows theneasuredlux Gsq(blue line) closely following h e a p p I'sd(reddinef, | u x

figure 9b shows the measured moment (blue line) follow the setting moment T (red line), but at
somepoint the speedhanges sidenly the moment is overshoot.

Figure 10a shows that when the speed changes from a low 3 rad/s to a maximum of 150 rad/s, the
measur ed( wladeai el idne ) f ol (red lne), figureelOb shows thataHe prase @

current reaches a value of about 2A at seconds3 éd (57), at the lowest value of 3 rad/s, the phase
a current fluctuates light about 34A at sec (4b).

Figure1l andfigure 12 are four waveforms of gamotor, when increasing the ¥alue by 2 times
and the value of Ry 1.5 times, we havesR2,354Y, (=R 2. 073 Y.
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Figure 11.a) Me a s usfaendd fslex 1 Figurel1l2.a) Meas ur jamgd sspeet’g d
b) Measured moment,Bnd set moment b) Current ia
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When increasing thesRalue and the value of Ry 1.5times Figurellashows that the measured
flux still follows the set flux Figure 11b shows that the measured moment follows the set moment
some point the speathanges suddenly, the moment is still slightly overstated.

When increasing the value Bf andthe value ofR; by 1.5times Figure 12a showsthat when the
velocity changes from low to higthe measured value still follows the valued ™, at the lowest value
of 3 rad/s the phase a current fluctuates slightly

Figure b shows that the phase a current reaches a value of about 2A at seethdad{57),
phase a current reaches a value of about 2.5A at €gc (4

Figure B is the statorlfix vector(s when controlling the improved DTC on the basis of the slip
control for a threé phase asynchronous motor with parameters given in Table 1.

Stator flux = 1Vs

0.02 -

-0.02 |-

0.04
- [
T 006 \ |
- -
0.08
041

012

-0.14 |

I I I I 1 L I I
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 006 0.08 0.1

Time(seconds)

1 b
sd (b)

Figure 13.Si mul ati on f or th Figure 14.a) Moment estimated with tanh(s);
b) Moment estimated with function sgn(s).

Figure14is the moment estimated from Equation (11), which shows that when the sliding surface
uses the continuous function tanh(s) there is a significant reduction in chattering compared to when
using the discamuity function sgn(s).

This leads to a decrease in the switching frequeide IBGT keys, a decrease in the common
mode voltage and a decrease in the output harmonics, which increases the stability of the controller.

Chattering can also cause damdagecontrol objects or mechanical transmission systems, for
example.

3.2. Experimental results

Figure 15. A model of the experimental model WRAL-RT
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In this experiment, the OPART device is used to experimeort three phase asynchronous motors
with squirrel cage rotors with parameters given in Table 3. The experimental period is 350 seconds

divided equally into seven intervals, with results collected via the persiongduter as depicted in
Figure 15.

It is the 1024 pulse encoder which provides the motor speed, and the LEM-EF38%0r which
provides the current (x = a, b, c).

Figure 16 shows the experiment for line voltage,Woltage \ém, phase voltage Mand spectrum
of line voltage corresponding aipplied moment T, = 5 N.m with THD = 39.75%.

Figure 16. Experiment withiT"m =5 N.m @) Vap, Vem, b) Van and ¢)FFT of Vap

Figure 17.Experimental results correspond té Figure 18.Experimental results correspondté
u0 & : a) Fluxe © and estimated flux , b) speed © vU0 & with the participation of noise: a) Flux®
and measured spegd, ¢) Phase currenf) and estimated flux ,b) speed © and measured

speed , c) Phase currerif
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