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A Rule-Based Acceleration Control Scheme for an
Induction Motor

K. L. Shi, T. F. ChanMember, IEEEY. K. Wong, Senior Member, IEEEand S. L. Ho

Abstract—This paper presents a rule-based acceleration control continuous and the calculation must begin from an initial state.
scheme that aims to give an inverter-fed induction motor excellent |f the control time is long, degradation in the steady state and
dynamic performance. In every time interval of the control process, - transjent responses will result due to drift in parameter values
the acceleration increments produced by two different voltage 54 ycessive error accumulation. Due to the complexities ex-

vectors are compared, yielding one optimum stator voltage vector .~ .~ ~." ducti | bl Il of th
which is selected and retained. The online inference control is built 'StiNG 1N induction motor control problems, not all of them can

using a rule-based system and some heuristic knowledge about theP€ Well represented, solved and implemented by the traditional
relationship between the motor voltage and acceleration. Because mathematical methodologies and tools. Consequently, the ap-
evaluation of integrals is not required and the motor parameters plications of artificial intelligence in design and performance of
ZL‘Z ft"gtﬂigVicr’]'tVee‘ialtsh;nﬁlv‘{hzoggr?\'/gt;iz l“\f’e S‘tg‘iucrgrl:t'fgiosncﬁef:ggs induction motor control have been an attractive research area.
and the same gontroller can be used for different motors without In this paper, the rule-based syster_n prlnC|pI_e [2], .[3] IS em-
modification. ployed to control the rotor acceleration of an induction motor,

which aims to overcome the drawbacks of common vector con-
trol schemes.

Based on the relationship between stator voltage and rotor
acceleration, a method that involves voltage comparison and
NOMENCLATURE voltage retaining is proposed to control the rotor acceleration.
This method uses a trial-and-error strategy to determine the best
of seven voltage vectors in every interval of the control process,

ich is then selected and retained. To decrease the number of
voltage vectors to be compared, the production knowledge base

Index Terms—Acceleration control, induction motor drives, in-
telligent control, knowledge based systems, simulation.

a Rotor acceleration in square radians per second.
a* Rotor acceleration command in square radians
second.

is Stator current vector in amperes. is continuously updated by tracking the angle of the stator cur-
Y Moment of inertia of the rotor in kilograms per et vector. After using the heuristic knowledge, the number of

square meter. voltage vectors compared is decreased to two, and the influence
JIr Moment of inertia of the load in kilograms perof sub-optimal voltages is reduced to a minimum.

square meter.
R, Stator resistance in ohms per ph. l. RELATIONSHIP BETWEEN THE STATOR VOLTAGE AND
T, Electromagnetic torque in nanometers. ROTOR ACCELERATION
Ty Load torque in nanometers. .
v, Stator voltage vector in volts. The rotor acceleration can be expressed as
VS(") Stator voltage vector fotth switch state of inverter o= dw, 1 ( N ox i — T ) 1)

in volts. T oAt 4 VT s
v Normalized mechanical time constant. The increment of stator flux can be calculated by
As Primary flux vector in webers.
W, Rotor speed in radians per second. AN, = (VS(") - Rsii) At (2
w Rotor speed command in radians per second. (n)
c Threshold of acceleration error in square radians pi'ere Vs "(mod(n) = 7) denotes one of the seven voltage

second. vectors and determines the increment of the stator fx; .

The incremental acceleratiaha(n) can be derived from (1)
I. INTRODUCTION and (2) as follows:
LTHOUGH conventional vector control of the induction Aa(n) = = [(VS(") - Rsii) At X a5 + Af X Adg — ATL:| .
motor has largely been successful [1], it suffers from sen- i (3)

sitivity to parameter variations and error accumulation when pecause® x i = 0, (3) becomes
evaluating the definite integrals. In addition, the control must be ' '
Aa(n) = = [(VS(") X L) At + A3 x A — ATL} . @
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Fig. 1. Acceleration increments produced by stator voltages. ( h —~—" ~ T™TT Time
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Two important results are obtained from (4). % [compivon sina ] >
. . . . & i
1) The incremental acceleration is determined by the sta & { Time
voltag e 2 Selecting signal n
. S >
2) If Aa(j) < 0, there is at least one number such that 3 Time
Aa(j +m) > 0. If Aa(j) > 0, there is at least one | Retaining signal | =
numberl such thatAa(j + 1) < 0. Time
Because there is no direct relationship between the acc Zeto voltage signal
eration and the stator voltage, the optimum voltage has to pr
selected by comparing the incremental acceleration produced _ N
by every voltage vector. Based on these two results, a controffé 2. Cycle of voltage comparison and voltage retaining.
may be designed using a voltage comparison and retaining
method. the induction motor principle, the cycle time should be much
shorter than the time for the rotor to rotate through of a rev-
I1l. CONTROL STRATEGY OF VOLTAGE COMPARISON olution. The cycle time should thus be shorter when the speed

AND RETAINING of rotor is higher.

In the proposed control method, the time is divided into many - ggjection of the Voltage Vectors to be Compared and
small intervals each consisting of a voltage comparison peri%tained

and a voltage retaining period. In the comparison period, sev-
eral voltages are supplied to the induction motor in proper order,n Order to decrease the number of voltage vectors to be com-
and the incremental acceleration of each voltage is recordBged: @ method of selecting these voltages heuristically is used

At the end of the comparison period, the optimum voltage th&Y racking the angle of the stator current vector. From (1)

produces a larger incremental acceleration is selected for the
retaining stage. In the latter stage, the controller retains this
optimum voltage to the motor. If the acceleration is above or
below a certz?un thres_hold during the voltage-retaining per'o\g/hen(dwo/dt) —0
zero voltage is supplied. A cycle of the control process for the
induction motor is illustrated in Fig. 2. T
. L
4w _o = arcsin { |)\S | ] } = o (6)
14 3

o

1 el
dt :;(|)‘u||zs|81n¢i_TL) (5)

Three problems need to be addressed before the proposed i
method can be applied successfully to control an induction
motor. The first problem is how to assign the comparison time
and retaining time, which will affect the results of controVhen
for the induction motor. The second problem is how to select dw,
heuristically the voltage vectors to be compared and retained, g > VPo<wi <T—¢o Q)
because too many voltage comparisons will degrade the Per
formance of the induction motor. The third problem is how to
compare the accelgratlon, because the vgltage that produces dw, <0, =7 — 9o < 05 < Do @)
maximum acceleration may not be the optimum voltage. The dt
optimum voltage vector should produce a large acceleration fter the actual acceleration has been known, the angle range
and at the same time should maintain the appropriate currgghween the stator current and the flux vector may be deter-
amplitude. mined from (7) and (8). Once the actual angle of the stator cur-
. ] . o ~rent vector is detected, the flux angle range may be estimated.
A. Assignment of the Comparison Time and Retaining Time gg 4 ;se the estimated angle range of the flux vector should not
Because there are six nonzero voltages supplied during a rexeeedr, the incremental acceleration can be determined by
olution and the stator voltage rotation is faster than the rotor bgmparing only two voltage vectors.
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TABLE |
SELECTION OF THE VOLTAGE VECTORS TO
BE COMPARED ACCORDING TOACCELERATION AND SPEED COMMANDS

Retained
a* Voltages compared
N Voltage
@o V‘X ) V.\-(” V.v”' V\ £ V\-('” V\ ©F V‘(u)
a*>0 v v v
a*<Q v v v
a*=0
wp*>0 v v v
*=
:) 0*<% v v v

1) If «* > 0, and stator current vector is in area the
compared voltages af&™ andV"*?, and the retained

Fig. 3. lllustrating the selection of voltage vectors to be compared. Voltage iSVS(O)

2) If a* < 0, and stator current vector is in area the
compared voltages at6"™ andV{" ™", and the retained

) N voltage isV”
An example of voltage comparison based on the position of 3y |t o+ = g wg > 0, and stator current vector is in area

the stator current vector is shown in Fig. 3. When the acceler- . he compared voltages ared™ and V"t and the
ation is larger than zero and the stator current vector is in area  |gtained voltage M(O)
V, the fluxesA;, may be in area Il, Ill, or IV according to (7). 4) If a* = 0,wg < 0, and stator current vector is in area

From a predictive (optimal) principle of current control [4], [5], n, the compared voltages ate™ andvV{""?, and the
the incremental currenkiy, Aiy, Ais, andAig are as shown in rétained voltage i&(© ’
Fig. 3. ’

From (4) and Flg 3, six rules may be established as fO"OW@ Acceleration Comparison Strategy

1) If V;(5) is chosen, then the current amplitude and the When the stator current vector is in areathe amplitude
acceleration will be increased. increment of stator current (produced W" is larger than

2) If V,(6) is chosen, then the current amplitude will b/ "+ "+ y (=D o 1/ In order to maintain the
maintained and the acceleration will be increased. amphtude of stator current, once the acceleration produced by

3) If V4(1) is chosen, then the current amplitude will be de (D) or y 2 ig larger than zero (for the case™ > 0” or

creased and the acceleration will be increased. = 0 andw} < 07, or, v orv"=? is less than zero
4) If V,(3) is chosen, then the current amplitude will be de({or the case " < 0" or “¢* = 0 andw} < 0”), they should
creased and the acceleration will be decreased. preferentially be selected as the retained voltage rather than

5) If V,(4) is chosen, then the current amplitude will be/{™ . The acceleration comparison strategy can be summarized
maintained and the acceleration will be decreased.  as shown at the bottom of the next page.
6) If V,(0) is chosen, then the current amplitude and the 7 is a preferential parameter that is larger than 1 to implement
acceleration will be decreased. the preferential selection. A satisfactory value;dé 500 from
The selection pattern of compared voltages can be deriviéd¢ results of computer simulatio,” is the optimum voltage
from the above six rules. When the acceleration commandtligt will be supplied in the retaining stage of the control process.
larger than zero, the supply current should be maintained at a’he rule-based system is a very suitable tool for imple-
larger value. Hence, the compared voltage vectors should rhenting the above voltage comparison and voltage retaining
V,(5) and V,(6) and the voltage vectork, (1), V,(2), V,(3), control strategies.
andV;(4) are discarded. When the acceleration command is less
than zero, the supply current should be maintained at a larger V. RULE-BASED ACCELERATION CONTROL FOR AN
value. Hence, the compared voltage vectors should g and INDUCTION MOTOR

Vs(4) and the voltage vectois (1), V(2), Vs(3),andVi(6) are  The ryle-based acceleration controller consists of a rule base,
discarded. When the acceleration command is equal to zero, fh€inference engine, an input interface, and an output inter-
supply current should be maintained at a smaller value. Henggse. The rule base contains production rules of the tyjfe:
the compared voltage vectors should Bg5) and V(1) or  premisethen conclusion (action).” The premise is the fact or
V;(3) and the voltage vectorg,(6), V(2), andV,(4) are dis- the goal of the database and the conclusion results in an action.
carded. These selection patterns are summarized in Table I.The inference engine is designed to emulate the human’s de-
Let the neighborhood o™ be n. The selection of the cision- making process to operate the rules to arrive at the con-
voltage vectors to be compared can be summarized as follovetusion or to satisfy the goals. The input interface implements
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the numerical and linguistic coding of electrical signals. The TABLE I
output interface implements the transformation from the nu- TYPICAL ACCELERATION CONTROL SEQUENCE
merical values and linguistic commands to electrical signal<yzzron Working Confiict T Rule Remarks
In this way, the rule-based acceleration controller is capable ( No. memory Set | fired
choosing the most appropriate strategy to control the inductio___? An—EADIAG, | 11 11 | Modity base: m=k k=0
motor. i+7 —EAD, 12 12 Retaining voltage
i+2 AA=EADZAC, 13 13 Modify base: k=m
The acceleration control rule base can be represented as fo 53 EACH 1334 i Modify base: n=i
teen rules with the following symbol definitions: e EnAA-H 2 2 Input comparing
a,a* actual acceleration and acceleration command; i voltages
. N . i+5 EAAAHAB, 6 6 Modify base
Aa increment of acceleratioAa = a(t + At) — a(t); 6 T AACEADAC, i ii Keap voitage
1 denotes area in which the stator current vector lies; 5% ZEAD, i2 i) Retaining voltage
n number which denotes a stator voltage vector; i+8 AA—EADIAG, i1 1177 Modify base: m=k k=0
m temporary register of the stator voltage vector;
t,tn time counter and retaining time; : ) :
A a* > 0: i+k S %] Halt Motor stops
A2 a* = 0,
As a* < 0; TMS320F240 (DSP) <
Bl Aa(Vi(n) > nda(Vi(n +1); s 53
By Aa(Vi(n)) < nla(Vi(n +1)); fule e SE-E
B Aa(V,(n)) > nAa(V.(n + 2)); /4 \\ B 28
By Aa(Vi(n)) < nda(Vi(n +2)); £ 5
By Aa(Vs(n)) < nAa(Vs(n — 1)); Condition Action |- ‘E L) §
B Aa(Vy(n)) = nAa(V,(n - 1)); ik ‘ gl | =
Bz Aa(Vi(n)) < nAa(Vi(n — 2)); T f—
Bg Aa(V,(n)) = nAa(Vi(n — 2));
Cy n = 0 number of zero voltage; a* a, @, 8435H
Cy n # 0 nth number of nonzero voltage; encoder
Dy a>a’+e Fig. 4. Rule-based acceleration control system for an induction motor.
D, af —e<a<a +e
Ds a<a —e A rule-based acceleration control system for an induction
E t > t), (comparison stage); motor may be constructed as shown in Fig. 4. For different in-
~E Of t < . (retaining stage); duction motors, the corresponding inverter will be used, but the
r wy > 0 rule-based acceleration controller is the same.
o wy < 0; Experimental hardware of the rule-based acceleration control
H Xy, X, or X3 has been performed when- 7, system may consist of the MCK240 board with the Texas Instru-
—H X}kv X or.X; has notbeen performed wher #1.;  pents TMS320F240 (DSP), the International Rectifier IR2130
S (" = 0) A (wo = 0); _ _ (gate drive), the Motorola power module MHPM7A20A60A
Vi (k) stator voltage supplied to induction motor; (jhyerter), a current sensor, the Gurley Model 8435H (en-
X1 supplyV;(n) andV;,(n + 1) to motor in SUCCESSION; ¢,der) and an induction motor. The TMS320F240 is capable
X supplyV; (n) andV; (n + 2) to motor in SUCCESSION; ot ayacyting 20 million instructions/s (MIPS). The module
X3 supplyV; (n) andV; (n — 1) to motor in Succession; \1p\M7A20A60A integrates a three-phase input rectifier
Wo actual rotor speed; bridge, a three-phase output inverter, a brake transistor/diode,
€ threshold. of acceleration error; and a temperature sensor in a single convenient package.
7 preferential parameter.

The Gurley Model 8435H hollow-shaft optical encoder (an

The rule-based system consists of the set of rules shownrremental encoder with a resolution up to 900 000 counts/rev-
the bottom of the next page.

A typical sequence of the rule-based acceleration controltiee experimental requirements of the expert-system accelera-
illustrated in Table II.

olution) implements the speed measurement, which can meet

tion controller.

(V) = max {Aa (V) ,nAa (V) ), whena* >0

Aa (VF) = min {Aa (V]"),nAa (V/71)}, whena® <0
(V) = max {Aa (V") ,nAa (V/F2)},  whena* =0,w} >0
(V) =min{Aa (V") ,nAa (VI7?)}, whena* =0,w <0
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V. COMPUTER SIMULATION AND COMPARISON Fig. 5 shows the simulation results for the rule-based con-
(S(%Ier and the DSC controller. The responses of speed, torque

Three computer simulation examples are presented to pr .
P P b b &nd acceleration of the two controllers are almost the same.

the feasibility of rule-based acceleration control. In the fir
exgrnple, the performance of_ an mvgrter—fed mdu_ctlon motgr_ Second Simulation Example

driving a constant torque load is investigated. The simulation re- i

sults of direct self control (DSC) [6], [7] and the proposed rule- In order to verl_fy the robus_tne_ss of the_new cc_)ntroller to load

based controller are compared. The second example comp&f&nges and noise, an oscillating load is applied to the motor
the robustness of the two controllers. The third example verifig8d a drift noise (nonzero mean value) is added to the current.
that the rule-based controller has exchangeability, i.e., the sam&19- 6 shows that the rule-based controller has good noise
controller can be used for different induction motors. The sinfimunity and effective control is obtained over a long period

ulation is implemented using Matlab/Simulink software. of time. On the other hand, DSC is sensitive to the noise and the
load. Att = 2 s, the motor speed drops to zero and the controller
A. First Simulation Example fails [Fig. 6(b)].

This is a comparison of DSC and the rule-based controller Third Simulation Example
in respect of speed, acceleration, torque, stator current, and

studies has the following parameters: ample is used for the control of a different induction motor. The

Type: three-phase, 7.5 kW, 220 V, 60 Hz, 6-pole, squirrel-cadi€W motor has the following parameters: _
ype: three-phase, 220V, 0.75 kW, 60 Hz, 4-pole, squirrel-cage
R, =0.291Q/ph, L,=0.0422Q/ph

R, = 0.158 2/ph R, =3.35Q/ph, R, =1.99 Q/ph

L, = 0.0416 /ph, L., = 0.042 H/ph L5 =0.18 Hiph, L. = 0.17 H/ph ,
2 L,, =0.16 H/ph, Jy; = 0.05 kg m
JM:O.4kg-m 5 k 5 T
Jr =0.4kg-m?, T, =20N-m. Jr=0.05kg-m*, T =2N-m.
The speed commands and the acceleration commands are the
Speed commands . ) , )
same as those in the first simulation example.
w, =40 (rad/s) 0s<t<04s Fig. 7 shows that the responses of the motor are almost the
wr=—40(rad/s) 04s<t<1s same as those obtained in the first simulation example.

Acceleration commands

a* =300 (rad/s) (w! =40) A (w, < 40) , _
v N This paper has presented a rule-based acceleration control
a” =0(radis) (w; =40) A (wo = 40) scheme for an inverter-fed induction motor. From the relation-

a* = —300 (rad/$) (t > 0.45) A (w, > 40) ship between the stator voltage and rotor acceleration, a control
o =0(rad/$) (w! = —40) A (w, = —40). strategy that involves voltage comparison and voltage retaining

VI. CONCLUSION

Rule# Condition Action

EN-H—-n=1

.EANAA-H = X

ENA;AN-H — X,

EANA3A-H — X,
AENAANHADB)V(ENASANHAB3)V(EANA3ANHAB;)
V(EANAsANHAB;) = k=n, t=0
EANAIANHABy; - k=n+1, t=0
ENASANFAHABy,—k=n+2 +=0
ENAAN-FANHABs —k=n—-2, t=0
ENASANHABsg —k=n—1, t=0

10. (A1 ASEADLAC) V(A3 A=E A D3 ACp) — Vi(k)
11.(AAA-EADIAC)V(AsA-EADsANCy) = m=k, k=0,V,(k)
12. "E'A Dy — V (k)

13. (A1 A=EAD3AC) V(A3 A=EAD; ACy) — k =m, Vy(k)
14. (A1 A=SEAD3 ACa)V (A3 A=E A Dy ACa) — V, (k)

=W N

Ut

O 00 N O
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The rule-based acceleration control scheme is quite different
from the usual vector control schemes. Due to the use of infer-
ence instead of algebraic calculations, the rule-based controller
has a small control error but no cumulative error. Since the con-
troller is independent of the parameters of the induction motor,
the same controller can be used for different machines without
modification. Results of computer simulation confirm the feasi-
bility of the proposed control scheme.
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