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Abslrcrci--It is well know that the efficiency of induction motor 
drive under partial load can be improved via manipulation of its 
field. Among the numerous loss-minimization schemes proposed 
previously, the scheme that uses motor power factor as the main 
control variable has the advantages of high sensitivity and ease of 
implementation. But the problem of how the optimal power 
factor commands can be generated is not well documented. In 
this paper, a scheme that uses power factor control with 
automatic measurement of the minimum-loss power factor 
commands is proposed. A fuzzy logic compensator is included in 
the controller to improve the accuracy of the generated 
commands. The scheme is simple for implementation and does 
not require an a priori knowledge of motor parameters. 
Experimental results have validated the effectiveness of this 
scheme to minimize the motor operating losses. 

Index Terms- induction motor, loss minimization, vector control, 
fuzzy Logic, auto-commissioning 

I. INTRODUCTION 

Approximately half of electric energy is consumed by 
electric motors in the world today, and majority of them are 
induction motors. Because the efficiency of induction motor 
varies significantly with its operating condition, energy 
savings in the operating loss can be obtained with optimal 
control strategies. The operating loss in an induction motor is 
consisted of: 1) stator and rotor copper losses, 2) core losses 
and 3) mechanical losses. At light loads, motor efficiency 
decreases due to an unbalance between the copper and the 
core losses. Hence energy saying can be achieved by proper 
selection of the flux level in the motor. 

Many minimum-loss control schemes have been reported 
previously. A popular method is to keep the output power 
constant and searching for the operating point where the input 
power has a minimum [I]. The operating point can be varied 
by adjusting the V/f ratio [2], application of hzzy logic 
control to adjust the magnetizing current [3], or by adaptive 
control [4]. The .minimum-loss operating condition is obtained 
by iteratively changing the flux level in small steps until the 
minimum input power is detected. The main advantage of 
search control is that an a priori knowledge on motor 
parameters is not required. However, because the relationship 
between input power and flux near the minimum-loss point is 
fairly flat, the input power must be accurately measured to 
prevent oscillatory response in the control. 

Because the motor losses in the direct and the quadratic 
axes are balanced when the motor is at its minimum-loss point, 
a feedback controller can be used to force the motor to operate 
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at this point [S-81. This scheme is mostly used in the variable 
voltagdvariable frequency drives to find the optimal Vlf ratio 
[7]. Similarly, the motor slip can also be used as the primary 
controlled variable [9-IO]. Though these minimum-loss 
control schemes are simple for implementation, .'its 
performance is depending on the accuracy of the motor model. 

The motor power factor can also be used as the main 
control variable for efficiency optimization [I 1-12]. In this 
method, the motor operating loss is minimized by indirectly 
controlling motor flux in order to balance the copper and the 
core losses. The power factor control scheme has the 
advantage that the controller can be stabilized easily and the 
motor parameter information is not required. However, 
generation of the optimal power factor command remain 
tedious and restrictive because experimental methods were 
generally used [ 121. 

In this paper, a minimum-loss control scheme that uses 
power factor as the main control variable for vector-controlled 
induction motor drives is proposed. The controller can 
generate minimum-loss power factor commands without an a 
priori knowledge of motor parameters. A fuzzy logic 
compensator is also included in the control scheme to improve 
the accuracy of the generated power factor commands. 

11. MOTOR MODEL 

The d q  equations for a three-phase squirrel cage 
induction motor in the synchronous rotating frame can be 
written as 

v& = rsi& + PA& + we A& (1) 

o = rri$, + PA:, - (o, - w, )A:, (4) 

where v& , v ; ~  , 'is, , i;, , i;, , Ats , A:s , A& , A:, are the q-d 
axis stator voltages, stator and rotor currents, stator and rotor 
flux, respectively; rs , r, are the stator and rotor resistance; 
we is the frequency, w, is the rotor electrical speed, and p is 
the derivative operator. The operating loss of an induction 
motor is consisted of the stator and rotor copper losses, the 
core losses and, and the mechanical losses. Mechanical losses 
are neglected since they are small compared to the other losses. 
Core losses are consisted of Eddy current and hystersis losses. 
Since Eddy current loss and hysteresis loss can be modeled as 
a function proportional to we and a function proportional to the 
square of we [ 131, respectively, the total operating loss is 
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where ao-a 6 are combinations of motor parameters and are 
given in Appendix A. Since the power factor is defined as 

where A: is the air-gap flux, K, and Kh are the Eddy current 
and hysteresis loss coefficients. When the motor is running 
under the rotor flux field orientation and at steady state, 

i jr  = 0 and iir = --iqs. L m  Hence A i  can be eliminated from 

Eq. (9, and the loss becomes 
Lr 

where L, and L, are the rotor and the mutual inductance, 
respectively. Since the rotor flux and the motor torque can be 
written as 

= L, iZs (7) 

(8) 
3 P L m  e .e Te =--- 
2 2 L, ’dr ‘qs 

where T, is the motor torque. Substituting Eqs. (7-8) into (6) to 
eliminate currents, then taking the derivative with respect 
to A:r on the resulting equation to find the minimum-loss rotor 
flux in terms of motor torque, yields - 

(9) 

The above equation gives an expression for the exact 
minimum-loss rotor flux as a hnction of T,. However, this 
control law is not practical because T, is difficult to obtain in 
real time control. In the next section, a minimum-loss control 
scheme that uses the power factor as the primary control 
variable is described. 

111. PRINCIPLE OF THE MWIMUM-UISS CONTROL 

Substituting Eqs. (7-8) into (1-2) to eliminate current and 
stator flux, then motor voltage and current in terms of torque 
and rotor flux can be written as 

(10) V& = a&,o, +a1 - Te 

’2, 

Substituting Eqs. (IO)-( 13) into ( 14), then power factor can be 
written as a hnction of motor speed, rotor flux and torque as 
follows, 

(1 5 )  
Finally, replace A:, with A$ found in Eq. (9) yields 

(16) 
where PF* is the minimum-loss power factor for a given T,. 
Note that Eq. (16) is a function of motor parameters ando, 
only; the expression for PF* does not contain T,. 

The above results can be illustrated with Fig. 1, where the 
motor operating loss and PF vs. i:s under various output 
torque for a typical one horsepower motor running at 900 rpm 
are shown. The motor parameters can be found in Appendix B. 
As can be seen from Fig.la) that the minimum-loss points, 
which are indicated with by ‘ 0’ , varied for different T,. But the 
power factor at the minimum-loss power points shown in Fig. 
Ib) are identical regardless of T,. This is consistent with the 
result indicated by Eq. (1 6). Moreover, the minimum-loss 
power factors are generally located near the region where the 
slope of power factor vs. i2s is steep, and they are away from 

the peak of the power factor vs. i:s curves except at very low 
speeds. 

Although the iron saturation was not considered in the 
derivation of Eq. (16), its effect is limited. This can be 
illustrated with the minimum-loss power factor vs. speed 
under various loads for the 1 hp motor shown in Fig. 2. Iron 
saturation was included in the calculations. It can be seen that 
only small variations occurred on the power factor as load 
varied, and the variations are too small for practical purpose. 
Therefore, iron saturation effect is neglected in this paper. 

A minimum-loss power factor control for vector- 
controlled induction motor drives can be realized based on the 
previous results. Fig. 3 shows the block diagram of the 
controller. The relationship between PF* and speed is 
calculated in advanced and stored as the references for the 
controller. The motor power factor is measured using Eq. (14); 
the error between the reference and the measured power factor 
is calculated and then regulated to zero by manipulating iiS . 
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Although the minimum-loss power factor can be 
calculated with Eq. (la), however, the calculation is quite 
difficult since the equation is complicated and requires motor 
parameters including Kh and K,. Moreover, most of the 
previous reports were focused on the controller only, and how 
the power factor commands can be generated was not fully 
addressed[l1,12]. In the following section, a scheme that 
allows automatic measurement of the optimal power factor 
commands is presented. 

Iv. MEASUREMENT O F  MMIMUM-LOSS POWER FACTOR 

Because the exact relationship between the minimum-loss 
power factor and speed is difficult to calculate, an 
approximate relationship that is easy for realization is 
proposed. As shown in Fig. 1 b), most of the PF* points occur 
near the region where the slope of PF vs. iiS is minimized. To 
illustrate this observation, Fig. 4 shows the derivative of the 
power factor with respect to i:s, i.e. a ( P o /  a ib vs. i; curves, 
where the minimum of these curves are denoted with ' *' . Let 
the minimum of a ( P o l  a ids vs. i:s be PF-d for 
convenience, it can be shown that PF-d also has the property 
similar to PF* that it is a function of motor speed only when 
iron saturation is neglected. For comparison, the '*' points 
were superimposed on Fig. lb) and then shown in Fig. 5. It 
can be seen that the '*' points- are very close to the 
minimum-loss points. To be more specific, this result indicates 
that PF* is approximately equal to PF-d for the 1 hp motor 

Fig. 6 shows both PF' and PF-d vs. motor speed for the 
1 hp motor. The two curves are very close to each other at 

Fig. 3. Block diagram for the minimum-loss control system 
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medium and low speeds, but have noticeable error at high 
speeds. Though this error is proportional to speed, however, it 
is still small comparing to the value of PF*. Moreover, the 
error can be compensated easily since it is approximately a 
function of motor speed and PF-d. Therefore, in this paper, 
we proposed to use PF-d instead of PF* for the optimal 
power factor command. 

An advantage of using PF-d is that it can be found 
conveniently with automatic measurements. Fig. 7 illustrates 
the flow chart of the proposed PF* measurement procedures. 
Because speed control is required, the measurement can be 
performed after the vector control and the velocity feedback 
loops are properly tuned. In the measurement, the motor is 
controlled to run from low to high speed with small steps. At 
each speed step, i&is also varied in small steps in order to 

I 

1 
measure PF 

calculate 
a (pF)@ids 

1 

calculate a (PF)/a idp Since each a ( P e t  a ids vs. i s  curve has 

a distinct minimum, iss only need to be varied till the 
minimum is found. After each PF-d is found, a compensation 
value, i.e PF-c, is calculated and then added to PF-d. The 
compensation scheme will be described in the next section. 
The sum of PF-d and PF-c is the calculated minimum-loss 
power factor. Note that since iron saturation is neglected, the 
measurement can be performed at no load. This has greatly 
simplified the measurement procedures and allowed them to 
be implemented as part of the auto-commissioning of the 
motor drive. 

v. FUZZY LOGIC COMPENSATION 

Several fuzzy logic based efficiency controller has been 
reported previously [3]. A fuzzy logic controller essentially 
embeds the experience and intuition of a human plant operator, 
and sometimes those of the designer of the plant. It is a 
knowledge-based system consisting of IF-THEN rules to 
mimic human thinking and a fuzzy inference mechanism for 
input and output variables. Hence, fuzzy logic is most suitable 
for the processes with complex nonlinear and parameter 
variation problems. Because the error between PF-d and PF* 
is a nonlinear function of motor speed and also varying with 
motor size, a fuzzy logic compensator is employed to 
compensate for the error. 

Fig. 8 illustrates the basic structure of the proposed fuzzy 
compensator. The compensator uses PF-d and U,. as its 
inputs, and outputs a correction term, i.e. PF-c, for the power 
factor command. Let the calculated minimum-loss power 
factor be PF-0, then 

PF-o = PF-d + PF-c (17) 

Each inputloutput of the fuzzy compensator has an associated 
set of membership functions that maps the input/output space 
to a degree of membership. Fig. 9 shows these membership 
functions. Each membership function set contains five 
individual membership functions, and that is: negative big 
(NB), negative small (NS), approximately zero (ZE), positive 
small (PS), and positive big (PB). All membership functions 
are triangular for simplicity. The compensator output is 
calculated with the centroid de-fuzzification method. 

Fig. 7. Procedures for automatic measurement of the minimum-loss power 
factor commands 

PF-c ' 

r 

I F F  
Fig. 8. Block diagram for the fuzzy logic power factor compensator 

NB NS ZE PS NB NS ZE PS PB 

PF-d 0, ( r p w  

a) Power factor command input b) Velocity input 

PF-c 
(c) Compensator output 

Fig. 9. Membership functions of the fuzzy power factor compensator 

The input range for PF-d is set to between 0.6 and 1 .O for 
motors above 1 hp. Because PF-d is most likely to fall into 
the lower input space, i.e. typically between 0.7-0.8, its 
membership knctions are designed to center at a lower PF-d 
to increase its sensitivity. Similarly, the input range for or is 
set to between 0 and the rated speed of the motor, and its 
membership functions are also centered at a lower input since 
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- -  
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C, = 0.5 *(C,-Ci)+Ci (18) 
Cml 0.333 

- C l -  - 0 

C,, 0.667 

VI. EXPERIMENT RESULTS 

The minimum-loss control scheme presented in the 
previous sections was implemented with a TMS320C240 DSP 
based development system to control the 1 hp induction motor 
shown in Appendix B. Vector control of the motor was 
implemented to assist the verification of the minimum-loss 
control scheme. Both d and q axis voltages and currents were 
measured and filtered so that only the hndamental 
components were read by the DSP for the power factor 
calculation. The fuzzy compensation values were 
pre-calculated and implemented as a table in the controller to 
reduce the execution time. 

Fig. 12 shows the experimental results when the motor 
was running at 900 rpm and 25% rated load. In the beginning 
of the experiment, i:s was fixed to its rated value. Then the 
minimum-loss control was switched on at approximately 2.5 
seconds. The minimum-loss power factor for this motor 
running at 900 rpm is around 0.73. As can be seen from Fig. 
12 that the power factor was 0.45 initially, and then converged 
to 0.73 after the control was on. Notice the transient responses 
were quite smooth before the motor reached its steady state. 
Although only the responses for 900 rpm were shown, similar 
results can be obtained for other speeds. 

Fig. 14 shows the energy savings the minimum-loss 
control can achieve. The input power when the motor was 

running at various speeds and under 25% and 50 % rated load, 
respectively, were measured. As can be seen that only about 
3% savings was obtained when the load was 50% of its rated 
value. However, nearly 17% savings was obtained when the 
load was 25% of the rated value. Though this result is well 
known, but it has confinned that the proposed control scheme 
is effective in minimizing the motor operating loss. 

VII. CONCLUSIONS 

A minimum-loss control scheme for vectpr-controlled 
induction motor drives was proposed in this paper. The control 
scheme utilizes the motor power factor as the main control 
variable and manipulates the magnetizing current in order for 
the motor to operate at its minimum-loss point. In conjunction 
with the power factor control, a scheme for the measurement 
of the optimal power factor command was proposed. The main 
advantage of this scheme is that it is simple for 
implementation and does not require an a priori knowledge of 
the motor parametem. The experimental results have 
confirmed the effectiveness of the control scheme in 
controlling the motor to its minimum-loss condition regardless 
of load variations. 
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APPENPIX B 

Table I Rule base for the fuzzy power factor compensator 

Fig. 12. Power factor and current responses befordand after the minimum-loss 
control was applied, the motor was running at 900 rpm and 25% rated load 

, . , , I  . . . . .  
. 1 Q l l l r n r n ~ I E r n  

a m a m t j h . )  
Fig. 13. Comparison of motor input power at various speed under 25% and 50 

YO rated load 

APPENPIX A 

ng = ( h + a k )  , a1 = - ( r r ( ~ + u ~ ) + ~ r s )  4 L  L , 

a t  =‘s , a3 =-- , a4 =-- , a 5 = - - ,  

Lr Lm 3P Lr L,  L,  

1 6 ~  LsLrrr 4 0  LsLr 4 Lr 

Lm 9 ~ ’  Lm 3P L,  3P Lln 
I 

a6 =- 
Ltn 
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