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ABSTRACT

Classical indirect field-oriented control is highly sensitive to uncertainties in the rotor resistance of the
induction motor. This sensitivity can be reduced by combining two different methods to compute the stator
electrical frequency. Fuzzy logic is used to combine both methods to obtain a compromise which reduces the
flux control sensitivity to electrical parameter errors at each operating point. The design of the fuzzy logic
block is based on a theoretical sensitivity analysis taking magnetic saturation into account, in smulations. In
this paper, the performance of the proposed control algorithm is theoretically studied. The predictions are
validated by considering the stator current variations, to develop a given steady-state torque, induced by the
imperfect flux control.
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1.INTRODUCTION

High performance motion control using induction motors means controlling the flux and the
current producing the torque separately. As the flux measurement in an induction motor has
important drawbacks, the flux is often indirectly controlled via an intermediate variable, which is
usualy the d-axis Park component of the stator current in a reference frame selected in such a
way that the rotor flux along the q axis is equal to zero. Because of its dependence on the motor
model, this flux control method is naturally sensitive to parameter uncertainties. These
uncertainties are due to the saturation of the inductances, to the temperature and the skin effect
which alter the values of the stator and rotor resistance. The rotor resistance usually plays an
important role in the field-oriented control of induction motors, but it is also a parameter which is
very difficult to determine precisely, particularly in squirrel-cage induction motors.

Parameter uncertainties imply errors on the flux amplitude and orientation with the following
consequences.

» The system can become unstable when the orientation error istoo large.
¢ An additional stator current is necessary to develop a given torque, which increases the
system losses.

Classical indirect field-oriented control [3] is highly senstive to uncertainties in the rotor
resistance. This is mainly due to the method of computing the stator electrical frequency from the
mechanical speed added to an estimation of the slip frequency. However, the stator frequency can
also be directly determined from stator voltage and current [2, 3]. This second method is not
sensitive to uncertainties on the rotor resistance, but is sensitive to uncertainties on the stator
resistance and on inductances. As these two methods each have some advantages and some
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drawbacks, it is interesting to combine the two in order to compute the stator frequency [3]. Fuzzy
logic is then used to combine the two methods to obtain a compromise which reduces the flux
control sengitivity to electrical parameter errors at each operating point. In this paper, the
performance of the proposed control agorithm, in particular, its robustness against parameter
uncertainties. It should be noted that, in the proposed control algorithm, fuzzy logic is only used to
combine two models and that we consider classical speed and current controllers [proportional
integral (PI) or integral proportional (IP)] [1, 2]. This approach is unusual, as many authors use
fuzzy logic to develop fuzzy controllers instead of classical controllers [4, 5]. Fuzzy logic is aso
used by some authors to estimate a parameter [6, 7].

2. MOTOR MODELING

In ageneralized two-ax reference frame, the electrical equations of an induction machine are:

Wsd = wWy-VPgg R, isd._u’,d
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The electromagnetic torque is given by
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The fluxes are related to the currents by the following equations:
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Figure 1.Indirect field-oriented control scheme of an IM
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3. CONTROL STRATEGY

The position 8 of the Park reference frame, which ensures the field orientation (= 0 and, Pg=
Wre) in an indirect control strategy, is computed by integrating the instantaneous stator electrical
frequency ws=p.Qmt+wy. Generaly, the estimation of the dlip frequency wy is obtained by using
the rotor q axis (1d) of the motor model, which gives the stator electrical frequency (superscript
indicates an estimated parameter)

M *.B: 'éﬁg

T I_ 1
_L'.r ! I“Cf

The main drawbacks to using (4) are its dependence on the value of the rotor resistance R, which
varies with temperature, and its dependence on the value of the magnetizing inductance M which
varies with magnetic saturation. The stator electrical frequency can also be determined from the
stator g-axis equation of the motor model. By eliminating iqand iqin (3) and eliminating Y and
W, between (3) and (1b), and then by setting Yre= Wrer, and i = igrer =Pre/M” in (1b), a direct
estimation of the stator electrical frequency is obtained [2], [3] (s isthe Laplace operator)

._4_,'31 = PQm —|— -_-'_,'_5,_?,, — p_f?_rn L .
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LL-'E?? e
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= T

N ref (5)
The advantage of (5) isthat it is independent of the rotor resistance R,. However, (5) depends on
the stator resistance, but this parameter is quite easy to determine precisely, and on the derivative
of the g-axis current i, Experiments show that this derivative term can be neglected for the tested
motor. The indirect field oriented control scheme considered in this paper is shown in Fig.1. The
decoupling terms and the d, g reference frame speed ws are computed with the reference values of
the flux and currents. In fact, the reference values give predicted values of the currents in the
motor and they are less noisy than the measured values. Moreover, the stability of the system is
increased, as shown in [8].
As both methods (4) and (5) for computing ws each have some advantages and drawbacks, it is
suggested to compute ws by using a combination of two methods:

wg = (1—I, )-coq+ I{w..LLJSQ

O< Kp< 1 ©)

The value of K,, is determined by the fuzzy logic blocks shown in the control scheme of figurel.

4. SENSITIVITY TO PARAMETER UNCERTAINTIES

4.1. Flux amplitude and orientation errors

As the flux is controlled by using models, errors in the electrical parameters imply errors in the
flux. These errors can be studied in steady-state conditions. The electrical equations deduced from
(2) and (3) are the following:
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From (7c), and when the iy current controller includes an integral action, we can write:

] ‘ . 1 W S .L;r

sd " sdréf ~ 7~ ref ~ M rd MR, o

When K,, = 0, it follows from (4) and by taking into account that the i, current controller includes
an integral action:
:-|<
. L L 1
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When K, = 1, it follows from (5) and by taking into account that the i, current controller includes
an integral action:

*
" _“‘”‘?L& b
' ™ i mf Wer Lr 1
sqref o MR, “rd  M° rg
S (10)

Equations (7) and (3), associated with the control algorithm, yield equations of the following
form:

Cap — A v . —B a)
“ref 1" rd (A
Dap =B . v 4+ A
ref 27 rd 2°7rq (11)
Thevalues of A, As, By, By, C, and D depend on the control strategy. So, (8) and (114) yield:
o — L
N
S
By = e AT A
A, L
1 E%a (12)
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In (11b), A2, B2 and D have the following forms:
P - - Y .~ AN
| A? =(1— Z—l;b.)-‘/iz + [1&..4-42
{ B,=(1—-EK_) B, + K _,.By
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L (13)
So, when K= 0, (9) and (11 b) yield:
E
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When K, = 1, by eliminating Ugin (10) via (7b), and then by eliminating iy and i via (7c) and
(7d), you find by identification with (11b)
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The egquationsin (11) alow one to determine the errorsin the flux, which yield

r

Vrd | B,.D + A, .C
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From (16), the following expressions for the errors, due to parameter uncertainties, in the flux
amplitude Yr and orientation p can be determined:
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The electromagnetic torque expression, when there are parameter uncertainties, is deduced from
(2) by diminating the currents via (7c) and (7d), and by taking into account equation (17):

B A R, 12
py BD+ACP+(4D-BCF

em~ R AA 2 "ref (19)
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4.2. Effects of Saturation

The previous expressions (7) - (19) are computed from the linear motor model without any
saturation effect. As errors in the stator and rotor resistances imply errors in the real value of the
flux and, thus, alter the value of the magnetizing inductance, a smple model is introduced into the
sengitivity analysis, which is useful in representing the variations of M. This model uses two
parameters, alinear one 3 for the air gap and an exponent « for the core saturation [9, 10]

p _ A 1A
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(20)
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Where im, we, and My are the normaized values of the magnetizing current

im =\/(isd 4ipg)? +(isgHirg)® ), the stator flux (vs = vg+vey)® ), and M. yayis related to the rotor
flux by relation (22), where Y« IS the nominal reference value of the rotor flux.

Equation (21) is the static inductance. Since the sensitivity analysis considers only steady-state
situations, the dynamic inductance is not taken into account [11].
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Both parameters 3 and « required by (20) are estimated from terminal voltage and current
measurements on the unloaded machine [10]. Fig.2 shows the 1500 W tested motor and the
analytical expression. The analytic expression using the fitted parameter values agrees around the
nominal flux value.

To obtain the flux amplitude and orientation errors, for each operating point determined by fixed
values of wy, and Tem, a system of two equations (19) and (21) with two unknown variables wy
and M has to be solved. As the system is strongly nonlinear, it must be solved numerically. The
agorithm isthe following.

* An error isintroduced on an estimated parameter.

* VValues of wy, and Tenare fixed.

* M isfixed at an initial value.

* Equation (19) is solved to find wy.

* With this value of wy, (22), (20), and (21) are computed.

* Equation (21) gives a new value of M: if this value is nearly identical to the previous value,
then (17) and (18) are computed, if not, we start again at point 4 by considering a new value of
M which is obtained by computing an average between the last value of M and its previous
values.

This simple algorithm converges very rapidly and gives good results confirmed by simulations
results. It may be noticed that, in this study, it is assumed that the mechanical speed is correctly
measured using a speed or a position sensor.

15 v - 1.5

Figure 2. Saturation model Flux versus magnetizing current and magnetizing inductance versus flux(a =
8.8and B=0.78)

o If K,=0: wsiscomputed viathe classical method (4), and expressions (16 -19) reduce to
the expressions determined in (10 -13).

The theoretical analysis confirms that, in this case, the flux control is highly sensitive to errorsin
R and that this sensitivity isindependent of the rotor speed.

o If K,=1: wsiscomputed from model (5).

From the theoretical analysis, the following expression for the flux orientation error is obtained:
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Equation (24) shows that, when ws= 0 and when there is an error in L, the flux orientation error
increases with speed and tends toward 172, which will, of course, affect system stability. This
result indicates that K,,= 1 would be abad choice.

4.3. Stator current variation

The amplitude and orientation errors cannot easily be measured experimentally. But the variations
of the stator current allow one to make directly the link between the theory and experiments. These
variations appear when there isan error in the flux. The stator current variation is defined by:

le — 1 .
Aj, =St
g = .
I . (29)
51
Where igis the ideal current absorbed when there is no parameter error, and is(the actual current

absorbed). From (7c) and (7d), with y1q=0 and yiq =¥, We get the following expression for the
current ig:

v w_ ..
| \/2 L2 el [y | Ssri T
'sqi * ¥
ar R,
) (26)
From (2) and (3), with y1q= 0 and yiq = e, the expression of wy;is:
L= Tc-m-Rr
ST 2
P
ref @7
Equations (2) and (3) yield:
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Figure 3. Theoretical results, stator current variation versus Kw and mechanical speed when
Rr = 2R* and for a 10 N.m torque with and without saturation effect.

Figure 3 shows the stator current variation as a function of K, , and of the mechanical speed. The
parameters of the tested motor are given in the Appendix. In Fig. 3, an error of 100% is introduced
in the rotor resistance (R, =2Rr’). The curves of figure 3 are obtained by considering an
electromagnetic torque of 10 N.m close to the rated value of the tested motor, which corresponds
to the worst case as regards the flux control sensitivity to uncertainties on the rotor resistance. In
figure 3(a), the curves are obtained by considering the magnetic saturation, whereas the curves in
3(b) are obtained without considering any saturation. These figures show that saturation strongly
influences the flux control sensitivity, and that a small value of K, is sufficient to significantly
reduce the over current when R. = 2Rr". It can also be seen that, in figure 3(a), the current variation
is positive. Working at constant flux is, therefore not optimal.

4.4. Determination of K, using Fuzzy logic

The value of K, will naturally be chosen to reduce the sensitivity of the flux control shown in Fig. 1
to the errorsin Rr, but theoretical analysis shows that K, must also be chosen to avoid a too high
sensitivity to the value of the inductances. K, will, thus, be a function of the measured speed w,
and of wy. Theoretical analysis shows that K, must be very small when the dip frequency wgis
low or when the mechanical speed wy, is high. On the other hand, K must be large when wyis high
and when wy, is low (as shown in Fig. 3). Two input variables for the fuzzy logic block, wg
estimated from (4) and wy, which is measured must be, therefore, considered. Two fuzzy sets for
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these fuzzy variables, Zero (Z) and Big (B), are also considered. The determination of Kin the
fuzzy logic block of Fig. 1 isthen achieved asfollows.

a) Fuzzfication: The chosen membership functions of the normalized variables are given in
Fig.4 (a), (b).

Vv o—|_Ysr |y | _“m
" | wgpmax |TT | wy, max

b) Inference: The chosen fuzzy rulesare IF Xy isBand X,isZ THEN X, isB, or
IFXgisZor X,isB THEN X.isZ.

When ws o< 0, K, is egual to zero. This means that, during braking operations, (6) is reduced
to (4), as considered in this paper, mainly the motor operation.

c) Defuzzfication: The membership function of the output variable Xis shown in Fig. 4(c).
The fuzzy value K, of the output variable is defuzzified using the "center of gravity" method
[14]. The member function of X, is chosen to limit the maximum value of K,so as to reduce
the sensitivity to uncertaintiesin R., and to obtain a small value of X, closeto zero.

Fig. 5 shows the flux amplitude and orientation errors, the stator current variation and the
evolution of K ,and of the magnetizing inductance (21) when Rr = 2R, as functions of the rotor
speed and of the electromagnetic torque. In Fig. 5, K= 0, which corresponds to classical field
oriented control. In Fig. 6, K, is determined by fuzzy logic; w is then computed from (6). The
comparison between these two figures shows that the proposed method to compute w
significantly reduces the flux error.

5. SMULATIONSRESULTSAND DISCUSSION

Figure 7 shows the results of a step in the speed reference from 0 to 500 rpm followed by atorque
step of 10 N.m, with optimized parameters.

Fig. 8 and 9, shows the results, when an error of 100% is introduced in the estimated value of the
rotor resistance. In the result of fig.8 K,= 0. And determined by fuzzy logic in the fig.9, the
response of the system shown in Fig. 9 is significantly better than the response shown in Fig. 8
because of the following.

v'The additional stator current absorbed due to bad flux control, when the motor is loaded, is
2.3% in Fig. 9instead of 24%in Fig.8

v" The speed response is faster in Fig. 9. The results confirm the interest of the proposed model
combination.
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Figure 4.Membership functions and rule table of the fuzzy controller. (a) Membership functions of input
variable wsr. (b) Membership functions of input variable com. () Membership functions of output variable
(Kw). (d) Ruletable. (e) Fuzzy implication, aggregation and defuzzification method for fuzzy algorithm. (f)
Input/output mappings of rules.
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Figure 5.(a): Amplitude flux error, (b) : Orientation flux error (c) current variation and (d) variation of M,
when : Rr=2Rr* and Kw = 0.
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Figure 6. (a): Amplitude flux error, (b) : Orientation flux error (c) current variation and (d) variation of M,
when : Rr=2Rr* and Kw determined by fuzzy logic.
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Figure 9.Simulation results when Rr = 2.Rr* and Kw determined by fuzzy logic
6. CONCLUSION

In this paper, the performances of an indirect field-oriented control has been studied, the stator
electrical frequency being computed by combining two models with the help of fuzzy logic. The
results confirm the quality of the proposed method, especially concerning the senditivity to
uncertainties in the rotor resistance. As well as the need to take into account saturation effects in
the theoretical analysis and the importance of the variation of the absorbed stator current in
characterizing the parameter sensitivity of the control algorithm.

APPENDI X
Parameter s of the induction motor

Rated power P=1500 W Stator inductance Ls=0.29H
Rated speed n=1500 rpm | Rotor inductance L, =0.29H
moment of inertia  0.0248 Kg.m? | Mutual inductance M =0.271 H
Stator resistance  R;=4.29Q =88

Rotor resistance R, =3.6Q Saturation parameter B=0.78
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