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» Abstract

, This paper deals with a digital closed loop
speed control of 3-phase induction motor fed by
Pulse Width Modulation {(PWM) inver ter using
microprocessor technique. The proposed control
relies on a simplified algorithm to compute the
optimum switching instants of PWM inverter and the
frequency of input voltage to the motor. Starting
transients as well as steady state performance of
the system including disturbance in load torque,
step change in speed reference and step change in

" torque reference have been studied.
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1. Introduction

Siala and others show that induction motors
are widely used in industrial applications due to
their attractive price - and robustness and
consequently, the demand for high-performance
control strategies for asynchronous drives 1is
always increases /1/.

The control of electric drives was traditio-
nally carried out by means of analogue devices. It,
therefore, benefits of the support of traditional
theories of automatic controls. A large technical
literature has been made in life. Well-known
mathematical methads bhave been proposed to contr-
ibute the theoretical solutions for many practical
problems.The production of microprocessor and their
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quick development, combined with the continuos
reduction of their computing time, make now
possible a widespread use of fully digitalized
controls for the solution of control problems in
electric drives /2/.

Bowes and others indicate that microprocessor
control of power-electronic equipment offers the
possibility of improvements in manufacture,
realiability, maintenance, servicing and increased
control flexibility. These advantages inevitably
result from a reduction in the complex control
circuitry which may be progressively replaced by
microprocessor software. It is then possible to
change the drive characteristics without altering
the hardware. An overview of a possible control
hierarchy and distinguishes some of the more
desirable features associated with PWM variable
speed drive systems /3/.

The speed control of the polyphase induction
motor is an art that has attracted a good deal of
study in recent vyears. A number of digital
techniques have been developed to utilize their
data processing power to control PWM inverter. The
natural PWM process, which is based on the analog
compar ison of a sinusoidal signal and a triangular
signal, takes place in real time. This process is
believed to be unsuitable for efficient
microprocessor implementation, because of the
insufficient speed of the presently available
microprocessors. As a consequence, various digital
methods, such as ‘regular-sampled PWM’ and ‘optimal
PWM® techniques, have been developed specifically
to suit microprocessor-based implementation /4/.

This paper develops a reasonable digital
simulation of PWM inverter control asynchronods
motor to check the starting-up and steady state
per formance of the motor.

2. Optimum Pulse Width Modulation (PWM) inverter model

In microprocessor implemented PWM control
schemes /5/, it is very important to develop an
efficient and simple model for desired performance.

In the controllers of PWM inverter, it is
easy to implement the digital modulation technique.
This technique indicates the <gelection  of the
switching angles of the inverter output voltage, in
such a way’' that this voltage fulfils given
condition. Among the digital techniques, the
harmonic technique and that of the optimum waveform
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are the most common, a typical voltage waveform of
the input PWM voltage inverter is shown in Fig.1l,
it exhibits quarter wave and half-wave symmetry

(M=3), the switching pattern « satisfies the
following relations :

0 <oaj<ay <oy ——— oM < /4 (1)

The r-th harmonics of the waveform of Fig.l, is
equal to :

M+1

v =4 (1.22 -1) i”"‘oos(ra')) @)

r =y

=1

The constraints imposed on a by the harmonic
elimination technique, for each r th harmonics to
be eliminated are :

r #£& 1, vr(a=0 | (3)
| M+1
v, = 4—:3- (1-2'2 1) ¥lecos@y) —
=1

The solution of the non linear equations 1 — > 4
requires very complex numerical algorithms. The
pulse-widths or switching angles for some levels of
the first harmonics of the inverter output voltage
can be obtained in off time and stored in the
microprocessor memory as a look-up table, the task
of obtaining the angles, allows it to operate in
real time /6/. The microprocessor acts simply as a
pulse generator producing pulses of predetermined
widths. With PWM techniques, one look-up table
corresponds to a certain magnitude of the inverter
output voltage. If the output voltage is to be
varied, it becomes necessary to prepare a number of
look-up tables each corresponding to a certain
output voltage level. The microprocessor is then
programmed to switch from one look-up to another in
order to change the output voltage magnitude for
keeping V/F = constant. »

.= 155 -~



3. The d-q representation of 3-phase induction motor

A 3-phase induction motor supplied by PWM
inverter is considered. Neglecting its core losses,
saturation effects and space harmonics, the motor
can be described by the following set of
equations:

Yas = Lslds + Ler lar

6) ¥Ygs=lslgs*lsrlgy -— ©

Yor = Lrlds + Lerlgg —————— () Ygr=lrlgs*lsrlgs -—— ©)
AWy / ot = Vg + Wa Pos - Rg lds ©)
d¥qs / dt = Vg - Wy gy - Rg Igs (10)
d¥gy / dt = Vg + WaWR ) ¥gs - Rr lgr (1)
d¥qe/ dt=Vgr- (Wa WR ) ¥ds - Ry lgr : —(12)
Vds-2/3(Vacos9+Vbcos(e-%’—c)fvccos(e«v%z)] e {13)

Vas=2/3[Vasin © +Vpsin(©-2H + Vosin (6+55))  —— (14)
Vgr=Vgr=0 ——(15) * S=(We-PWp)/W,

—(16)
Te= 32 P Lo ligs ldr - laslqrd = THHKWn+J dWpydt  — {17)
We=2 T F (18) WR=PWn - (19)
2 2
Ids=2/3[laoos®+lboos(®--5§)+Iccos(9+-35-)] _— )
as=2/3(15 sn@+lysin (0-Z)+losin (0+ )  — @)
Fromegs. (20)& (21) &t ©=0 lds=1la and at ©=90° lge=1la
From eqs. (5) ——> (8), the following simplified
Egqs. are
lds= [Ler¥ar - Lr¥ds) /[ Ls; © - Lely) 22
lqe= ILer¥qr - L¥gsl /[ Ler © - Lsly) @)
ldr= [¥ds - Lslas] /[ L) : (24)
lgr=¥qs - Lelgs) /[ Lsr] 1 ___ (28
‘ I/
The equations --=>25 are solved

numerically using the Runge Kutta method, with a
sufficiently small step length.

4. Basic structure of the control system

A closed-loop system generally has  the
advantages of greater accuracy, improved dynamic
per formance and reduced effect of disturbances such
as loading. When the drive requirements include
rapid acceleration and deceleration , closed?:loop

control is necessary. The basic block diagriém. of
the control system is shown in Fig.'e, the feedback
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angular speed of the motor (Wy) is compared with
the reference angular speed Wit and the
difference AW, is modified by PI controller
algorithm of speed to obtain AW which added to Wy
to obtain Ae and multiplied by factor P/2R tO
obtain ey . The equation of each part of the

system is developed as follows @

t
AWR) =K WO +KsTs S _mar (26)
0
AW () = Wref -Wn )
Ae () =Wpt*+ Wy ) ‘ : (28)
Aes()=P Ae/ET ' (29)

THe rotor speed (Wg ), d-c l1ink voltage, stator

phase currents and flux can be measured. The
electromagnetic torque of the motor is computed
from equation (17), and compared with the reference

torque (Tref)’ the difference between them AT is

modified by the PI controller algorithm to obtain
Aea(t) which added to Ael(t) to obtain the required

frequency of PWM inverter. Using a suitable
algorithm to select the required look-up table,
contains the  switching points of optimum PWM
inverter (or the required angles aj), d-c link
input voltage of the inver ter can be controlled to
keep E/F= constant.

F"‘Fn &E'Vn “F>Fn (m)

The PI controller of torgue can be achieved by the
following Equations @
t

Aagf) =Ky TO+Ke/ Ty {Wmﬁ) & (31)

AT @) =Tref - Te @) (32)

5. Simulation Results

The simulations have been carried out on the
motor with the following parameters. :
full load torgue=9.25n.m., rated speed=1418r.p.m.,
yn= 310.3 volt., J=0.00%9kg.m?, Ly=0.34h, Lg= 0.34h,
Lgr=0.318h, Rg=4.7 obm, Re= 4,1 ohm, P=2 and for

the PI controllers of speed and torque, the
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parameters are: Kg=10, Tg=0.0001, Ky=10, T,.=
0.0001, Npgf=1410r.p.m., Weef = 2@, of/60., Tref=
?.5n.m., and for the optimum PWM inverter voltage :
no of harmonics elimination=S0, Vota, =0, r <> 1,

M=3, a1=0.0785rad., a2=0.196rad., a3=0:2748 rad.

The input of the actual motor speed was performed
continuously through encoder circuit connect to the
microprocessor. The stator phase currents of the
motor were connected to microprocessor through A/D
circuit.

5.1 Motor starting without controller

Starting—-up transient of loaded motor  fed by
3-phase optimum PWM inverter has been considered.
Fig.3 shows the performance of the motor during
transient and steady state periods. The minimum and
maximum values of the currents, flux, speed, torque
and frequency are as given in Table 1.

min. min. 1 min. min. min. min, min. | min. min. min. | min
and and and and and and and and and and | and
max. | max. | max. | max | max. | max | max. | max | max | max | max
Ids Igs torg. ldr lqr ¥ds | ¥gs Edr Yar Nr freq.
{emp.) | (amp.) | (n.m.) @m&Lg E) wo) | Wbyt (wb) §F (wh) §(rpm) 2?2
850
50
50

frans | 2866 | -233 1324 {2112 162 _|-126 1-1.083]-1.052]C

trans ] 21.26 | 24.28 | 52.05 1 2555 2204 168 11136 } 1.083 { 1.053 ] 1460.4
55| 4406 | 45966123 | -3055|2.814 ] 1.159 | -1.115 | -1.081 | -1.052 | 1347 6
s 14467 {2506 11031 | 3055 [2813 | 1.150 | 1.115 | 1.081 | 1.051 | 1448.8

Table 1| Performance of the motor durlng “transient
and steady state periods (without controller)

5.2 Motor starting with controlier

A desirable approach for control systems is
to incorporate all digital control loop. There are
many advantages of this approach.. The digital
control loop eliminates the need for +traditional
analog compensation circuits and their associated
multiplicity of adjustments.

The parameters of closed-loop speed and torque

control are: (Kg=10 & Tg=0.0001), T, e+=9.5 n.m.,
Nre+®1410 rpm, W.ps= 27 Nzgf’ Ky=10 and T,.=0.0001.

Fig.4 shows the performance of the motor during the
transient and the steady state periods. The minimum
and maximum values of the currents, flux, torque,
speed and frequency are given in Table 2.

.- 158 -



mif, min. { min. | min. | min. | min--{ min min: §omin < enin min.
and and and and and and and and and und and
max. max. | max max. j. max max. max. max. mex. max. max.
.lds igs | torg. idr lar Yds | ‘Fqs | Wdr } ¥aor Nr freq.
(an)m. (an)m (n.m. (an)m. (an)w. wo) | W) | (wo) | (wo) | (rpm) | (hz)
trans | -20.661 -23.461 8.25 12068 | .2407]-1.62 |-1.314] 0934} -917 10 328

trans § 20.62 125 453 12555 12207 11002 |1 0.932 10.919 | 14303 } 567.5
ss. | 4558) -4.06118.976 | 3.031] 3.2381-09941 09591 -0924] 0909 § 1429.1 41

[ss_ | 405 [4606 {0538 13226 [3227 10,008 10063 10927 10912 | 14205 1467
Table 2 Performance of the motor during transient and steady state petiods (with
controller) Tres = 9.5 n.m. and Npef = 1410 rp.m.

5.3 Load torque disturbance

The performance of the motor is shown in Fig.5,
the load torque is stepped down from its full load
torque value to 0.8 full load. The minimum and
maximum values of the currents, flux, torque, speed
and frequency are given in Table 3.

min. min. min. min. | min. | min. | min. min. § min. min. | min.
and ang and and | and anad and and and and and
max. | max { max | max | max | max | max. | max | max | mex | max
Ids lqs torg. \dr lar Yds | Wqs | Wdr | ¥ar Nr | freq.
(an)xp. (amp.) | (n.m.) (arr)m. (arr)tp- (wb) | (wb) | (wb) | (wb) (wsm. (hz.)
trans. | -5.08 {-5.146 14935 | 3115} 3.264 .1.18 1-1.1881-1.089]-1.0881 14256 1 41.2
trans. | 5.464 15196 1947 |-327 }3.027 1174 11.194 11089 100 144685 1812

$.8. 428871413 16087 |-23731-2464)-1.16 .1.168]-1.0801-1.088] 14407 1 47.7 |
S.S. 4.639 14471 18248 2379 12243 1.172 11.181 1 1.083 | 1.084 | 1457.1173.2

~ Table3 Performance of the motor during transient and steady state periods (with
controtler), Tref=9.5 n.m. and Npef = 1410 rp.m,, load torque is stepped down by 20%
of full load torque

54 Load torque disturbance and step change in torque reference

Figure & shows the performance of the motor if
" the load torque  is suddenly stepped down by 20%
from its full load value and also the torque
reference is stepped down from 2.5 n.m. to 7.6
n.m.The minimum and maximum values of the currents,
flux, torque, speed and frequency are given 1in
Table 4.

min. min. | min. min. min. min. min. min. min. min. min.
and and {and and and and and | and } and and and
max. | max. | max mac | max | max. | max | max | max | max. | max
1ds igs | torg. 1ar iqr | was | wos | war | war N | treq
(an}vp. (an;p. (n.m) (an)m. (an;n (wb.) | (wb) | (wb) | (wb) (r.p).m. (hz.)
-4.722) 461 16928 )| -3.25 -3.3021 0001 | -1.04 |-0.911 -0.907 ] 1426.6 } 35.85

fran
tran |} 4.628 | 4617 | 9.018 | 3.28 {3227 | 1010 099 10631 10826 1438 1474
g5 ]-39341-396117.1686 29261 -2.7631 035 109381 0.8791-0.874 1435.6 1 37.98

ee 13043 ] 3.081 | 7.703 | 2874 ] 2.738 | 0.808 | 0.048 ] 0.668 0874 ] 1436.5] 43.62
Table4  Performance of the motor during transient and steady state periads (with
controfier), Tyef Is Sipped down from 9.5 n.m. 10 7.4 n.m., Nygr = 1410 1.p.m. and load

torque Is stepped down by 20% full load torque .
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Figure 7 shows the performance of the motor
when the stepped down the speed reference by 20%
(from Nre¢=1410 r.p.m. to Npgf= 1126 r.p.m.) at the

torqgue reference = 9.5 n.m. Table 5 shows the
minimum and maximum values of currents, flux,
torque, speed and frequency during the steady state
and . transient periods.

min. { min. § min. | min. | min. | min. | min. min. | min. i, min.
and { and | end | and | and | and | and | and | and and | and
max. { max. § max. | max | max | max | max | max { max | max | max
-ids las forg. idr far Wds § Y¥gs | ¥dr Yior Nr freq.
@?u m?n {n.m.) @Tn @?ﬂ Wo) | wb) | (wb) | (wb) | (rpm) ] (hz)

trans | -7.048 | -7.89310.831 | -7.1161 -7.212] -0.657 | -0.007 | -0.809] 0.605] 1170.6 | 19.41

trans 1766 | 7885 16364 | 7117 {7222 | 1.016 | 0835 | 0.031 | 06805 | 14256 | 47.4

fmegernasend

st -1.68461 78771007 1711 §-7.21 |1-0562] 06671.0426)] 0.425] 1770.8 §25.42

-:7.85 17.885 19364 7104 |72 1055 [0558 |0.424 } 0425 | 1471.2 | 28.31]
Table5 Perfonnameofmemotordunmtlansneruandstadysiatepenods(wdh
controfier), NreflssteppeddownfmmMerm to 1126 r.p.m. and Tpef=9.5n.m.

5.8 8tep change in torque reference

The performance of the motor is shown in
Fig.B8 when the torque reference is stepped up from
9.5 to 11.4 n.m. at speed reference = 1410 r.p.m.
Table &6 shows the minimum and maximum values of
currents, flux, torque, speed and freguency during
the steady state and transient periods.

min. min. min. min. min. min. min. min. min. min. min.
and ana ang and amd and } and ana ang ang ang
max. | max. [ max. | max. | mex. | max | max | max | max | inax max.
ids las | torq. Idr lgr Yds | ¥qs | wdr ar Nr eq.
(an)rp. (an;p- (n.m.) (an;p. (an}w- wo) | wo) | wb) | wo) | rpm) | (ha)

5633 -554817.131 | 3502] 3.765] -1.172] -1.176] -1.077 | -1.079] 1425.6 | 42.54

trans
frans 15687 [6553 [ 11.31 | 3.635 3700 11161 11166 11081 1108 | 14527 ]80.84
ss 1-447 1463 |84 30081293 |-1.137]-1.147] -1.064] -1.063 | 1446.4 | 46.92

88 1455 4579 {1028 |3.128 2999 114 11145 [ 1.07 {1.087 § 14488 | 65.80

Table 6 Pmmdmmmmwmmwmds(m.mm),
Tref is stepped up from 9.5 n.m. to 11.4 n.m. and Nyem1410 r.p.m.

Also, by controlling the reference speed or the
reference torque, it is possible to control the
performance of the motor. It can *he noted that from
the comparison between the starting-up of the motor
without " controller and with & controller,. the
p0551b11ity to control the over shoot of - the speed

by controlling.  Weet (Weef =: 2 % Nppf), the

fluctuatung of speed during the steady state period
and without using the controller is between 1447.6
and 1448.817 r.p.m. and it is between 1429.135 and
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1429.54 r.p.m. with the controller and Npgf = 1410

r.p.m. Also the fluctuating of torque during steady
state period is between 8.123 and 10.3%f{ n.m.
without using controller and it is between B8.976
and 9.538 n.m. with using the controller and Tygs=

9.5 n.m. If the disturbance in load torque has
occurred, the performance of the motor is still
with the acceptable limits.

8. Conclusions

A proposed simplified algorithm has been
provided. Performance of the motor during star ting-
up and steady-state periods have been studied. The
results showed that the motor speed  due to the
disturbance in 1load torque  is still with the
acceptable limit. '
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List of symbols

Yds» ¥gst direct and quadrature axes stator flux linkage
¥dr, ¥qr: direct and quadrature axes rotor flux linkage

aj : ithswitchingangle (i=1..... M)

E: Madimum value of oulput voltage of PWM inverter.

F: fre_quencyoflnptﬂvollageofthemotor

Fpn : nominal frequency of the input voltage
Ids,Iqs:dkeotandquadmtureaxesoompomrnsofsmwomem.
Ly » I qr 2 direct and quadrature axes components of rotor cutrent.
iz s ips ic: curments of phasesa bandc resp.

J, K : momentof inertia and friction constant

KS,K,. pmpordonatgaineonstantofspwdandtomuePlooﬁroller
Lg s L : apparent three phase stator and rotor self-inductance
Lo, : apparent three phase mutuakinductance ‘

M : no of switching angles per quarter cycle

Ni-of @ reference rotor speed inr.p.m.

P: no of pair poles
Rg R, : stator and rotor resistance

S : slipofthe motor = (Wo—WR) /We

© : arbtrary electrical angular position

t : timeinsec.

Te @ ulectromagnetic torque

Traf @ reference torque

Tg, Tr : time constant of of speed and torque PI controller

T : load torque

Vas Vps Ve : voltage of phasesa, bandc

VdssVgs: dimct—and-qmdratuwaxesoomponeﬁofstalorvoltage
Vdr sVgr: direct-and-quadrature axes componeni of rotor voitage
V.- :1th harmonic of the input voltage wave form of PWM inverter
Vn. ¢ nominal amplitude of the motor input voitage

W, : arbitrary electrical angular velocity

We : electrical angular velocity =2 T F

W, @ rotor angular velocity

Wraf @ referenceangularvelocty= 2 T Npos /760

Wgr @ electrical angular rotor speed
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Va (volt.)

Vb (volt.)

Ve (volt.)
o

-500 ; : : '
0 1 2 3 4
. angle (rad.)
Fig(1) optimum PWM inverter voltage in phase a,phase b and phase ¢

Microprocessof

A e e e e - — e — —
|
.M. stator flux‘ I
+y Tref algoritnem | |
Pi controller AT Te to compute |.;
of torque - torque 1
_________ d

| — — o -

Algorithm to compute the

L [ pwm L Wm
optimum switching points -l Inverter _?@——55“—0;'?
of PWM and control E v

| ,

- ! |

encoder

+Wm 1
m T 1
AW -YWm

Plcontroller | m
of speed |
+Wref |
|
e o e e e e e ——— — — -

Fig.(2) Basic schematic diagram of the control system
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Fig.(3) The performance of the motor during starting period and steady state
period without controller and fed by optimum PWM inverter
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controller and fed by optimum PWM inverter (Tref.=9.5 n.m. & Nref = 1410 r.p.m.)

165 -



~ 2
3
~J . : .
0 005 0.1 " 015 0.2
t (sec.)
\é‘. 0 N ' . %
= 0 005 01 015 02
t (sec.)
- —_ 2
£ £
5 5 VY VVA
0 005 01 015 0.2
t (sec.) . t (sec.)
-~ - 2 .
) £
8 S’
& E" : ; :
0 0.05 0.1 0.15 0.2
' t (sec.)
g L g :
6 14501 T e T N T & :
g 2 s : : g s
Z 1400 : « - 8 0 :
0 0.05 ‘ 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
t (sec.) t (sec.)
100 - i —
[ - N N B
0 : . :
0 0.05 0.1 0.15 0.2
t (sec.)

Fig.(5) The performance of the motor during step down of load torque by 20% full load
torque and Tref. = 9.5 n.m. & Nref = 1410 r.p.m. '
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Fig.(6) The performance of ‘the:-motor during step down of load torque by 20% full load

torque and Tref. is stepped down from 9.5 n.m, ----> 7.4 n.m, & Nref = 1410 r.p.m.
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Fig.(7) The performance of the motor during step down of Nref by 20% rated value
(Tref.=9.5 n.m. & Nref = 1410 r.p.m. -----> 1126 r.p.m.)

- 168 -



) _{0 : P ﬁ } : : !
0 005 0.1 0.15 0.2 0 0.05 0.1 015 0.2
t (sec.)
‘m’ [
A=) : : : 3 2 : : :
0 0.05 0.1 0.15 0.2 0 005 - 0.1 015 0.2
t (sec.) t (sec.)
1 g ; VV VYV
) : -
) 0 0.05 0.1 015 0.2
t (sec.) t (sec.)
g s
g : 5 5 g ) : : 5
0 005 01 015 02 0. 005 01 015 02
t (sec.) t (sec.)
~ 1460 - . ,
x L g BT
o . i . N =] N : N
glmop .......... E‘ IOWWWMWWWMJNWW
21420 N H : [.9 5 . ! .
0 005 01 015 02 0 0.05 0.1 015 0.2
t(sec.) t (sec.)
100 . . .
B 50 Lot MsunssstAn b
o : § :
0 005 0.1 015 02
t (sec.)

Fig.(8) The performance of the meotor during step up of Tref by 20% rated value ( Tref. :»
9.5 n.m. ----> 11.4 n.m. & Nref = 1410 r.p.m.)
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