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Electric motors use 60% of the elec-
trical energy generated in the U.S. An
improvement of 1% in all electric mo-
tors’ operating efficiency could result
in reduced coal combustion of 6.5 to
10 million tons* per year. New tech-
niques are required to extract the ulti-
mate performance from modern mo-
tors.

This study examined the feasibility
of Fuzzy Logic Motor Control (FLMC).
The investigation included 1) reviews
of existing applications of fuzzy logic,
of motor operation, and of motor con-
trol; 2) a description of motor control
schemes that can use FLMC; 3) selec-
tion of a motor stator voltage control
scheme to minimize motor input power
at specified speed/torque conditions;
and 4) development and demonstration
of software to simulate both ac motor
performance and a fuzzy logic control-
ler for optimized motor efficiency. Simu-
lated FLMC results compared favorably
with other motor control approaches.
Potential emissions reductions were
guantitated based on preliminary pre-
dictions of FLMC performance.

This Project Summary was developed
by EPA’s Air and Energy Engineering
Research Laboratory, Research Tri-
angle Park, NC, to announce key find-
ings of the research project that is fully
documented in a separate report of the
same title (see Project Report ordering
information at back).

(*) 1 ton = 907 kg.

Introduction

Fuzzy logic motor control (FLMC) is a
promising technique for extracting maxi-
mum performance from modern motors.
Electric motors use over 60% of the elec-
trical power generated in the U.S. More
efficient motors can significantly reduce
energy consumption and help mitigate en-
vironmental problems such as acid rain
and global warming.

The application of FLMC is timely be-
cause, following the advent of solid-state
adjustable-speed motor drives (ASDs),
improved motor control has reached a
point requiring either 1) highly accurate
simulation of the complex, non-linear sys-
tem (with some uncertain parametric rela-
tionships) or 2) an alternate mechanism
for predicting and optimizing controlled
motor system behavior. Fuzzy logic has
been chosen here to fill the latter role.

Motors and Drives

The most important challenge to reduc-
ing motor power consumption is to prop-
erly vary the shaft speed of motors that
are designed as constant-speed machines.
Manufacturing machines, compressors,
pumps, fans, and most other motor drive
loads vary with time of day, season, and
production requirements. The efficiency of
a constant-speed induction motor can drop
drastically under reduced loads, especially
loads below 50% of the rated torque. Flow
control by throttling not only wastes power
in constant-speed motors, but also in-
creases fan, compressor, or pump system
friction losses.

To minimize power losses, it is neces-
sary to control motor speed and thereby



match motor speed to load requirements.
The most recent, universal, and success-
ful approach is the ASD. ASDs use semi-
conductors and switching circuits to vary
the voltage and frequency of a motor's
power supply. ASDs essentially operate
on the principle of rectifying ac input (line)
voltage, filtering the signal, and then
switching the dc power on and off in an
inverter section to form a variable fre-
guency ac power output to the motor. A
microprocessor control block modifies the
inverter switching characteristics so that
the connected motor speed may be con-
trolled to satisfy the process requirements.
The rectifier voltage or current is also di-
rectly controlled in conjunction with fre-
guency. FLMC is being developed as the
core of the ASD control block, to analyze
system feedback and select frequency/
voltage/current combinations to optimize
energy efficiency.

An embedded fuzzy logic controller can
be added to conventional ASDs. ASDs
have now been applied to over 1% of the
motors larger than 7.5 hp (5.6 kWe) in the
U.S. and over 10% of motors larger than
200 hp. At least 85% of the energy that
could be saved by better motor control
would be associated with motors larger
than 5 hp.

A system with the ASD converter, mi-
croprocessor, and motor is a highly non-
linear control system. The complexity of
the system model and uncertain paramet-
ric relationships mean that an accurate
system model for simulation, performance
prediction, and control is very difficult to
achieve. This is especially true consider-
ing the precision and accuracy needed to
obtain the last few percent of efficiency
from a motor system.

Efficiency Optimization

A motor drive may be controlled ac-
cording to a number of performance func-
tions, such as input power, speed, torque,
airgap flux, stator current, power factor,
and overall calculated motor efficiency.
Normally in a drive system, the machine
is operated with the flux maintained at the
rated value or with the voltage to fre-
guency ratio (V/Hz) held essentially con-
stant in relation to the value at rated con-
ditions. This allows speed control with the
best transient response. The constant V/
Hz approach is used wherever actual shaft
speed is not measured; i.e., in open loop
speed control.

However, in light-load conditions, this
approach causes the motor’s “core loss,”
or “iron loss,” to be excessive compared
to the “copper loss,” giving non-optimum
efficiency conditions. This means that re-
duced flux operation is desirable for opti-

mum efficiency, especially in the many
applications where rapid transient re-
sponse is not very important.

Various motor control schemes (includ-
ing both open- and closed-loop control)
were assessed. Control approaches that
this study describes include 1) motor slip
control, 2) inverter stator voltage or cur-
rent control, 3) combined frequency and
voltage (or current) control, 4) “vector”
motor control, 5) rotor speed perturbation
control, and 6) input power minimization
for efficiency optimization.

A scheme of input power minimization
using fuzzy logic was chosen to optimize
motor efficiency at reduced loads. The
input power, P, , is measured (line value
or rectifier output), and then one or more
parameters (and ultimately, the flux) are
varied from their initial setting (for the typi-
cal ASD this initial setting is the constant,
rated V/Hz ratio, with voltage lowered in
proportion to some required motor speed
below rated RPMSs).

The input power is measured again and
compared (using fuzzy logic) with the pre-
vious value, and another perturbation of
parameters is initiated, until a minimum
input power is reached. This technique is
powerful and reasonably simple to imple-
ment. The scheme is independent of sys-
tem parameters and the search algorithm
can be applied universally.

The efficiency optimization approach of
perturbing stator voltage to reach an input
power minimum at a given output is illus-
trated by data (Figure 1) from the fuzzy
controller. Note that as stator voltages, V_
(and consequently flux) are perturbed
downward, core losses decrease and cop-
per losses increase. Where the losses
equilibrate, input power is minimized. Dur-
ing this control, it was possible to maintain
the desired output torque and rotor speed
almost constant.

Steady state motor performance was
mathematically modeled using the equiva-
lent electrical circuit and mechanical rela-
tionships for an ac motor. The simulator
was combined with the FLMC power mini-
mization control scheme and performance
tested.

Fuzzy Logic Controller
The fuzzy logic controller was devel-
oped for the control approach described
which involves perturbation of the single
variable, V_. The fuzzy logic controller has
been designed to the following guidelines:
1. Assess the direction of change of
the input power to the motor, and
vary V_in the corresponding direc-
tion for reducing input power;

2. Sense when input power was mini-
mized to the extent that further

variations in V_ produce negligible
results;

3. Control the step size for varying V,
so that convergence on the opti-
mum operating point is accelerated;
and

4. Limit perturbations to avoid insuffi-
cient torque or excess speed (typi-
cal limits were -5% and +5% re-
spective variations off the initially
specified values).

The above objectives demonstrate the
development technique and prove that
FLMC can be implemented successfully
to control a motor in simulation. These
were the goals of this study.

To gain perspective on how the rules in
the fuzzy rule base should be formulated,
the modeled system's response to changes
in V_ was analyzed. The magnitude of P,
was evaluated fuzzily and compared to
the previous value, P, (see Figure 2).
The selected operating torque and speed,
and corresponding input voltage, were set
for the motor under investigation and V_
was varied by a set number of volts. AP, |
and AP, , were then observed as functions
of the corresponding AV _, and AV__ .

Based on trends observed among the
fuzzy variables, three fuzzy sets (N stand-
ing for negative, P for positive, and Z for
zero) were chosen to relate the fuzzy vari-
ables, along with the following simple set
of rules:

1. 1fAP isNandAV ,is N, then AV =N.
2.1fAP_isNandAV ,is P,then AV =P.
3.IfAP_isPand AV  is N, thenAV  =P.
4.1f AP, isPand AV  is P, then AV =N.

5. IfAP,_is Z and AV is any, then AV __
=Z.

Rule 5 is needed for convergence on an
optimum input power; i.e., the point where
any small change in voltage results in a
negligible change in input power.

To allow adjustment of step size (for
faster convergence with no overshoot),
additional linguistic variables (e.g., posi-
tive medium, PM, and negative medium,
NM) were added. A set of 13 rules was
found to be adequate to relate the vari-
ables for the simple control problem.

The fuzzy sets (e.g., P,N,Z) were de-
fined for each fuzzy variable by assigning
triangular membership functions. Working
sets of membership functions were re-
fined through testing of the combined con-
trol scheme and motor simulator. An ex-
ample is shown in Figure 3. The optimal
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Figure 2. Diagram of the linked controller model.

overlapping of membership functions was
addressed during the course of controller
simulation. Experimentation is required
because the desired result cannot be de-
fined a priori for each range of input val-
ues.

Improvements were made to the fuzzy
controller as different torque/speed require-
ments and different sizes of motors were
modeled. Frequent modifications were
made to the width of the Z membership
function for AP, and its overlap with the
NM and PM functions. Both the max-dot
and the max-min inference methods com-
monly used for fuzzy logic solutions were
applied, with the max-dot proving supe-
rior. The centroid defuzzification method
was selected and yielded a fast execut-
able code.

Simulated Performance

The preliminary, single-variable (V),
open-loop fuzzy logic controller was dem-
onstrated by computer simulation. Results
show improvement in motor efficiency us-
ing FLMC while maintaining good perfor-
mance in other areas; e.g., maintaining
desired torque and speed at steady lev-
els.

For example, Figure 4 compares the
efficiency of a motor over a broad range
of loads and operating under both con-
ventional constant V/Hz control and FLMC
control. The load torque relation to rotor
speed simulates the behavior of pump or
fan loads, where load torque is propor-
tional to the square of the rotor speed.
FLMC performs better than constant V/Hz
control at all speed/torque combinations.

To test the simulator for consistency,
equivalent circuit values of other higher
horsepower motors were introduced into
the model. Comparisons were also made
with results from other more complex mo-
tor efficiency optimization control ap-
proaches involving speed feedback con-
trol and a lookup table approach for opti-
mizing induction motor slip. The qualita-
tive behavior of FLMC was consistent with
other techniques, and efficiency reduction
was favorable for FLMC. FLMC was also
compared with a constant-step-size volt-
age perturbation approach that was shown
to require 2 to 5 times as many iterations
as FLMC to reach the optimum point.

Conclusions

Relative efficiency improvements by
FLMC over V/Hz for the motors examined
range from about 0.2 to 14%. Median
savings over V/Hz open-loop control us-
ing the preliminary FLMC for a 10-hp mo-
tor could conservatively be expected to
be about 3%, or roughly 1,800 kWh/yr
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($55 to $95); for a 25-hp motor, 1.7%,
2,500 kWh/yr ($75 to $130); and for a
100-hp motor, 1.4%, 8,500 kKWH/yr ($250
to $450), all derived from a commercial
sector delivered power cost of 3 to 5.3 ¢/
kwh.

Results indicate that FLMC can consis-
tently improve motor efficiency over con-
ventional speed control techniques by in-
crements of 1 to 4%. Figure 5 illustrates
potential pollution abatement implications
as well as energy savings from FLMC
based on conservative estimates of aver-
age energy savings for major classes of
motors (using study results, data on U.S.
motor usage, and typical coal-fired power
plant heat rates and emissions).

Future Developments

The full potential of FLMC is not real-
ized by this first simple controller. Future
developments could include dual-variable
(voltage or current, and frequency) FLMC,
and a fuzzy speed estimator (rotor speed
calculated from measured voltage and cur-
rent) that will allow dual-variable control
without a tachometer. An optimized con-
troller could be transferred to an applica-
tion specific integrated circuit (ASIC) chip
set for ASD retrofit. Such developments
would probably include motor simulation
upgrades and extensive laboratory test-

ing.
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Figure 5. Projected savings from FLMC.
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