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A Study on the Digital Speed Control of Induction Motor Driven by
Six-Step Inverter
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Abstract

The demands for the direct speed control of an induction motor as well as a D.C motor
are rapidly increased with the recent advances of power-electronics, micro-electronics
and control methods.

The variable speed control of an induction motor which has a simple structure and
requires less maintenance is accompanied with many difficulties because of its
nonlinearities compared to a D.C motor.

In this paper, the perturbation method is applied to linearize the given system at the
operating point and the variable frequency inverter with 8-bit and 16-bit micro-processor
is introduced to control the slip of an induction motor.

The experiments to keep the constant speed regardless of load changes and to chase
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rapidly the speed selected are carried out by applyiong the PID control algorithm.

The good experiment results by the high speed 16-bit micro-processor show that the

direct control of the induction motor many be utilized in the industrial field such as

factory automation.
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: Error speed signal

: Rotor electromotive force(V)

: Reference speed signal

: Tachogenerator output signal

: Source frequency(Hz)

: Clock frequency(Hz)

: Slip frequency(Hz)

: Transfer function of analogue controller
: Transfer function of induction motor

: Transfer function of Digital PID controller
: Stator current(A)

: Load component current{A)

: Magnetizing component current(A)

: Base current of power transister(A)

: Gain

Constant

: Proportional gain

: Coefficent of primary coil

: Stator leakage inductance(H)

: Referred leakage inductance(H)
: Magnetizing Inductance(H)

: Effective turns of stator coil

: Synchronous speed(RPM)

: Rotor speed(RPM}

: Number of poles

: Number of pair poles
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r . Stator effective resistance((})
I, . Referred effective resistance(Q )
S : Slip
T : Period
To . Derivative time(sec)
T, : Firing time(sec)
T - Integral time(sec)
TL : Load torque
T, : Sampling time(sec)
T, : Torque(N - m)
tq : Dead time(sec)
U(K) : Output signal
Vv, - Stator terminal voltage(V)
W, . Number of secondary coil per phase
X, : Referred leakage reactance({})
D, < Airgap flux per pole(Whb)
w(s),Q(s) : Angular speed(rad/sec)
T - Time constant of induction motor
XXH : Number of hexadecimal
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Fig. 4 Principle of speed control
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Table 1. Switching order of transistors

ey % 1 2 3 4 5 6 7

2 % A A Trl 1 1 0 0 0 1 1

Tr2 ] 0 1 1 1 0 0

1=F(ON) Tr3 0 1 1 1 0 0 0

Trd 1 0 0 0 1 1 1

0=B8 (OFF) Tr5 0 it} 0 1 1 1 0

Tré 1 1 1 0 0 0 1

U E E 0 i 0 E E

U, V. W e BAL A% 0 E E 0 0 0

W 0 0 0 E E E 0

uU-v E 0 -E -E 0 E E

A 7 A % V-w 0 E E 0 -E -E 0

wW-U -E -E 0 E E 0 -E

Current (field)
Current (field)
Resultant field
Fig. 6 Direction of current(field) at clock #1
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Table 1. Switching order of transistors

Z 5l 1 2 3 4 5 6 7
R Tr 1 1 0 0 0 1 1
Tr2 ¢ 0 1 1 1 0 0
1=PFA(ON) Tr3 0 1 1 1 0 0 0
Tr4 1 0 0 0 1 1 1
0=Ff (OFF) Tr5 0 0 0 1 1 1 0
Tré 1 1 1 0 0 0 1
U E E 0 0 0 E E

U.V.W Bio] Bfr v 0 E E 0 0 0
W ¢ 0 0 E E E 0
U-v E 0 -E -E 0 E E
A % 4 g V-W 0 E E 0 -E -E 0
w-U -E -E 0 E E 0 -E

Current (field)

Current (field)

Resultant field

Fig. 6 Direction of current{field) at clock #1
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Fig. 8 Time chart of 6-step inverter
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i oo
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syl olaet el Elxi,
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Fig. 9 Block diagram of analog PID controller
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Sl T3 271R A" PID Alel7lel YolA o} F @ AT F7] Tooll e 4
2.3.5)2 Haleld qp q, 2 42.3.8)2 Hld q’, a’, @’€ °htE2 PID A
o712 #Haliule Kp, Ti, & TdE A-&std A4 5 Aok, A@2.3.4)9 A+ o3
g tixlg PID Ao{7]8) A2 4+ 4(2.3.9)% Zx E34=+ Fig. 104 Aot
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Fig. 10 Block diagram of digital PID controller
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2.4 Aage| MEEr2t SSctojot1E

2.4.1 9¥H 2 fr=2E7
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of AE7)e ZEAL J} £ =454 "ok, ol FAAHAA £8 ST AljE
33|

oL

+ g
AS(S) = KAU(S) | (2.4.1)
dAo A Auidt viof o] FEAErY Eear E/fie]l dAL AL £ Sl sl
Guh ot $aiob QA4S ASAE 579 AdcE AFHE fo] TAHE ¥
k13
=3

(S) =K,AS(S) (2.4.2)

E 2 = AL AF
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&)
2 zhest = 4 gl odr|A FAAEe] dEE T(s)-Tuls), £8% AQ(S) =@z
AZd4s Gm(S) = 2 A5, HAAFY ALt e H(2.4.3)FH o] HEpd F 3l

AQ(S) AQS) K- TaS

Gn(S)=ZXT(5-a T.08) ~ AT(S) 1475

(2,4.3)

Fig, 11 ~8 g=el & 3|44 %Y 58 vehla gon, o]24H o5 K=7,
5 AlA4¢ =0 105(sec), Aoi7] & oW E T3tk st AEe AdA 7HDead time
Td=0.025(sec) & & 5 Urh

=3 el3 Adelele] s AHE e F R4 vaFos HAFre g9 g A
olel9] £ slolel = vhg HA M| A= EH,
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RPM

Time

Fig. 11 Response curve of induction motor for step input
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Aord @A ey Agste dge z Hanle & PP

A s (2.4.5)

ol Ky, Ti, Tol 4EY 707 & 4% 22 238004 78 4(2.3.4) 2&
@230 B A5l sn o] AELRE AR PID Aolrlsl ARYLE Fow
4(2.4.5) 2% Hoh,

_AUZ) qZ*tqZ+tqg
Gpia(Z) = AE (7] __qLZ(Z—l) (2.4.6)

Table 2. Zigler-Nichols tuning for the regulator

Type of Controller Optimum Gain
P Kp=1/RL
P1 Ke=0.9/RL, Ti=L/0,3
PID Kr=1,2/RL, Ti=2L, Td=0,5L

R=K/T,L=Tud

2.4,4 % rfojolrey
A2.4.D-(2.4.3) 2288 FeALr] &xAA %5 BEH=E 29w Fig 129
A}, o714 AEr(z)« 1R 2YE Folzlt 7|FAES #HEghelr] AE(z): 7154
53 AEr(z) 9 elmAldalo|He]l &7k AEt(z)ote) aho|gtolet, swlm Azevriic
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N 1 _t e
ZOHF— ADC 4Gy, (2)F-~— Ke K Kt
AE,(;) AE&TR@“‘J AUs) 45(s) ary 4 178 | Q)
AE,(s)

Fig. 12 Block diagram of control system
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Fig. 12 Block diagram of control system
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processor

1/0

P1D Controller
Key Board <— ADC

Clock

168it PC-

Fig. 13 Schematic diagram of I.M speed control
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Fig. 14 (a} Photograph of Induction motor & D.C Generator
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Fig. 14 (b) Photographe of micropr

3.1.1 A& PID o7

7Helg A5 (IBM-AT £87|%)& A835t9 ox® PIDAlo|7|§ FAstn Aol
zE|Fo 2y 2.3"oA 73 o2& PIDAl]dn2]5E o] &3}, olelzzz e g
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= A% AFeHdY FHFPE s FUL2 )2z ojdies A4 MuEPew z
Asty Futd A4 Tegtzz o F4slgd, AE8 w22 A/D A 9
F Bachaje] dh whAr)e] A5 E Muo] 2T 4 Qe E For),

3.1.2 88| E ulejzz T2 A4 7 aiwE
vfelazzz M2 Z80A(4MHz) & 83 gyl A& ZAFEE o]Lslgon,
Fig, 150 }etxl uls} 3re] gu|E wmle]lz 2 2 2 Al4= ¢]%7 LSIql 8255A¢ B TES
T dloletE @AYo o Fof ue) smelRLe vla ey Fabr do]elE: ¢lo]
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ADDRESS BUS

CLK ‘ >
Ly
Cs2 cs
RAM ROM
zgo CEWE_Csl CE CE
WR 1 o}
cpPu i
< T DATAJsJS
t
o Ay I
MTRQ +5V @D
R::S:'r RESE Eﬁ: "0 g5 A "_2" N T
- — - I
cuiT R PORT FORT PORT POWER

A B
Fig. 15 8 Bit microprocessor and additional circuit
el o] 2 Z3 6xtAQME Y FHEMALH wo]so] e A AELE vbEel
Qg
Ee)A] A5E 8255A9 ARXEE A FHEE £ Ak Aol FeRiH whela
2 maalAs 2 uel H2% 255 8 2E AZAHE AA Aol A,
=4 Fig 16014 ZE AZeJ(AN28)E A AEE spyjedian2HE 443 ON-
OFF% 4 Q=2 AAH 2352 E A Y= e do|ze] =23AA
w]o] 2o 7}31%] = ON-OFF Aldo)| wet 6719 sieleaiznlAer} F5=lezyg AF
AYe aF Ades wiHA Hm, oA o Fold wF AU A UV, WE B3l
_"?r

l’%v DC Source
E -
IE )
o D3JS 0595
JS %?gn R10 R12
QLM

TR CQT om | 5] oms CT
U w

R %Rgo—iﬂma %R”"—KTRG %ms
bl bad Fd

S

from 8 Bit
Microprocessor

Fig. 16 Inverter circuit
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3.1.3 +=4%7

A Aojdldal 34 F=AEY A o 4 A5Ee $e ol R
44E9 - 100W
AA CA/Y
A4 = : 1768 RPM
A A D110V
AAF a5 ' 60 Hz

Ehin AT
2A R A g (R,) . 8, 360
_‘

A oletel A 18,95 mH

3.1.4 A/D 9 D/A #H
Aol ALE-5 A/D % D/A A F2 AL g P}

Table 3(a). Specification of A/D & D/A Table 3(b). Specification of A/D & D/A

converter converter
A/D 7AW H | D/A ZdH 1/0 Port : 200H~207H

| zk5) A MAXIM |BUR-BROWN 200H :© A/D wi&A)=
2 AD 7572 DAC 80 201H @ A/D €132 o 92 22 94
Resolution 12 Bit 12 Bit 202H ¢ Ad e
Conversion Time 5 us 3 us 203H . Not use
ul# sl A A + 1 LSB + 1/2 LSB 204H . D/A (1) Low Byte
HAYE v AR + 1 LSB + 1 LSB 205H : D/A (1) High Byte

206H . D/A (2) Low Byte
207H . D/A (2) High Byte
A/D CHANNEL : 8ea
D/A CHANNEL . 2ea

3.1.5 Alo] 2z

%5 Aojel ol g9 Zzads 2% A=E Fig17 (a)- (ol Jelds, Fig 17
()t 1695 vpolap 2z 4] FEEAE BAstn Jen mla Axde zs5e
W5 oA gelelz xojd ARFU AE Adste] Ao HA) 45 do| B4
o, o $Egkn 2715 HAold Foal ANFHEg Aolgol st TR PID 4|
of eaelFel @ Adg B9 T ATAE oA B Reiq HuIH BE Fo 8
WE cholazmz Aol HRdel, 2A¥eldE dAsl4 olwoln o, S wlw
ol AR BRA4E doliu vuelo] A%y e dolet Ao APy =
2aS T

rr’n"
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START

intialization
Rararreter

AD(N)=1AD
DA{N)=1DA

|

store todata
tite: ADGN),DAN
T

START

82554

GET memory
address:B port |

GET frequency
data .memory

|

signal

OUT trigger

: p port

I

Fig. 17 (b) Flow chart of 8 bit
microprocessor

Fig. 17 (a) Speed control flow chart of 16 bit microprocessor

Fig. 17 (c) Flow chart of subroutine A
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Fig.17 (b) & 8¥]= vwlelazz =z A4 aFEAeln %8 LSIe] 8255A% =75
SiA 16HE viola2 L2 Ao MulF ulo]ElE BrEziy g Zqlt}, o] uo
oletz Fe slzejo] 39 Fob4ge dojuln o] F Bz zaA4se A
8 dHeHz WauA "o,

Fig 17 (¢)-(d) = ojdlEeloiz Aojxl H4u$vo2 AB2E AL gloge glo]

T

ol5 Al EE B: o] BFE B i ol A 3 % ghch, 1ane)

2
rEE

uln

3.2 4 #n

AR Aol gAX b4 F2G a5 shty HEY AL olwA AP Al
< 2AelH Hd71ME A/D AMEY AR Baciad A gy Fda)
ToHTE 2t Had AFeY A2y 2EL o] &ln 4B 9A2SS g3
Hohed WEH A7E e 4 gt
248N Tt Aa8 AYPs£Es 2dz @.%% A7ke 2msZ 3nAM HEAEF7 o
AR At Asld A $871 sl A S | X8 PL PID Alels)e 2o e
E718 71 EsAEE 24N S Fig, 18e] Yeligieh, 2oy o 4 glSo] 7|
453 1500 RPMo.2 3t 40We| 43 #3123 04 e2 708 A%, =iy B35
© Tl PI Aloj7liet PID Alofz]%el 45057t ztgton] ofZ o} (42
HEM dale] £x2 3888 ok & 9l
22 Fobrt A E2kele PL Aloj7| e} PID #jofr]&e) 4% 027} 24 o
Ehvtel flefe] $22 385 o & gle}

¥
b Load: 40W
- bt M Ref:1500 RPM
controller a 21467 RPM
on off b:1575RPM
g
. O S a:145 0RPM
controller Fa B:1565RPM
on oft
-~ 1 se¢ b~ a,d:Load on
b,B:Load off

Fig. 18 Motor speed control under step input of load
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(P |

1500 ¢
|
P Simulation speed P - .56
L To = .98z
L./ Actual speed o
“.g,"'
i
1400 L : : :
9.0 8.5 1.8 (sec)
(@)
|
(RPn)i
1568 7 T
."“. /,'.l 1 H d
L Simulation spee
Pf
f i Actual speed XP = .564
P Ti = .8833
[/ To = .82
/]
i
[
i
1488 | ; Ul } ;
3.8 8.5 1.8 {(sec’
»
()]
i
CRPM |
1500 T
|
| ‘ KP = .8.672
\ Simulation speed Ti = .85
.y Td = 8125
[ Actual speed Ta = .82
I if
i
i
I
i
%
1489 ; % { :
n.8 8.5 1.8 (sec)

Fig. 19 Computer simulation and experimental result under step input of reference speed (a) (b) (c}
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( START )

Read:Kp.Ti, 1d, To,Ralo

Caiculate:
Ki, Kd

EFRs G

Digital PID
Control Agorithm

Qut :speed data
CoaClLE=E),B=Eo

e ts

G

Fig. 20 Flow-chart of computer simulation

celm ¥Eot AaAE Egele PI Alelzlmet PID Alol7lEel 4Eeish 24 o
Bhpe] fele) 5z sl EEEd Azl A2S PID Aels|Ee| PI Alei7]% 2o} 47
JEdE ¢ 4 ek PLAlol7lek PID Aol7lel 93 &Aool Qold 71F4E 3%
4o A ugstA dehdn gene HelulHE A48 AFewA Pl Aofrige
2% PID Alolzlol 4mehe 4% 4E & U3

Fig, 19(a), (b), ()& Z1F457) 1400 RPMoil 4] 1500RPM2 2 100RPM sl 4l &
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NFEEE FZTANE el

= A Fig. 19(a)¥ P Alo{7]o] K,=0.56, To=0.002(sec)S = &3
eloll 4 2 E A (Off-set)o] A71& & 4 3tk 22 do] a4 vehte
@ell w8 &= 8l Fe| 7.5RPMH 7| wF-o| o},
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o Fa glr},

aelx Fig, 19(c)+= PID Aoj7tel K,=0.672, T,5}=0.05(sec), Ta=0.0125(sec),
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A Jot, =¥ 1FESE FFL5 UolHdE Fig 190b) 2ot =8 25 248 g
Wz gleh,

Fig, 200 4719 ZF8 Algale]diel 2 Z2ade 29325 el gl
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