The control algorithm was implemented on a digital signal
processor and applied in realtime to regulate the output
voltage of a 5 kVA laboratory synchronous generator
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An automated fuzzy logic based strategy controls the armature voltage
of the generator by varying its field current in real-time

alternative for classical controllers. The reason for

this is that a fuzzy controller can imitate human
control processes closely. Fuzzy logic technology
enables the use of engineering experience and experi-
mental results in designing an embedded system. In
many applications, this circumvents the use of rigorous
mathematical modeling to derive a control solution.
Another advantage of fuzzy logic control is that it allows
for a model-free estimation of the system. In other
words, the designer does not need to state how the out-
puts depend mathematically upon the inputs. A fuzzy
controller can be developed by encoding the structured
knowledge of the system, which will allow faster control
algorithms to be developed in less time and at less cost.
With the advance of microprocessors and digital signal
processors (DSPs), fuzzy logic control techniques are
becoming more attractive for real-time control problems.
It is expected that it will be implemented in many power
system control applications in the near future.

F uzzy logic controllers are rapidly becoming a viable

System Configuration
Figure 1 shows the block diagram for the proposed
fuzzy logic-based closed loop control system. A three-
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Figure 2. No-load saturation curve of the synchronous

generator
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Figure 3. Variables of the fuzzy
logic controller

phase, 5 kVA laboratory-size alternator, running at rated
speed and rated armature voltage, experiences a vary-
ing three-phase load. As the armature voltage fluctuates
with the changing load, the excitation current into the
field of the generator must be altered to bring the arma-
ture voltage back to its rated value. This is accom-
plished with an intelligent fuzzy logic control strategy
programmed into a Texas Instruments TMS320C5x DSP
board. The terminal voltage of the alternator will be fed
into a “step down and isolation” (20/1) stage, which will
produce a signal that is suitable for the DSP (i.e., 0-10 V).
This signal will first be converted from analog to digital
using an onboard 12-bit signed A/D converter. At each
sample point, the DSP will find the voltage error, which
is the difference between the armature reference volt-
age (V) and its immediate value (V,). The DSP will then
find the rate of change of voltage error at each sample
point, which is the difference between the immediate
and previous voltage error values. These two signals are
used as input variables to the fuzzy logic controller. The
controller’s output is a digital signal that is fed into a 12-
bit D/A converter giving an analog signal out (ranging
from 0 to 10 V) proportional to the field current that is
to flow through the alternator field winding. This signal
is then fed into an isolation amplifier, which is an opto-
coupler that will provide additional isolation, and then
to a power amplifier, before being applied to the alterna-
tor field winding.

Fuzzy Logic Controller

Fuzzy logic control is a nonmathematical decision algo-
rithm that is based on an operator’s experience. This
type of control strategy is suited well for nonlinear sys-
tems such as the synchronous generator, which exhibits
nonlinearity between the field current in and the arma-
ture voltage out. Figure 2 shows the no-load saturation
curve of the 5 kVA synchronous generator to be con-
trolled. The fuzzy logic controller can easily be pro-
grammed to handle the saturation effect.

The first input to the fuzzy logic controller is the
immediate alternator phase voltage, stepped down with
a ratio of 20 to 1. This “step down” stage will produce a
signal that is suitable for the DSP. The second input to
the controller is the rate of change of voltage that

Figure 4. Structure of the fuzzy logic controller
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controller

describes how fast the output voltage is changing. This
is an important parameter in a real-time control strategy
for increasing the time response of the system. For exam-
ple, the voltage may be 2 volts lower than its desired
value. In one case, the output voltage is static, and a
slight increase in
the field current will
bring the generator
output voltage back
to its desired level. | h2| --------}
In another case, the
output voltage may
still be 2 volts lower
than its desired /
value, but decreas- a A

ing rapidly. For this 20 *
situation, a larger Figure 6. Weighted average
field current must defuzzification
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be applied (at least temporarily) in order to bring the gen-
erator voltage back into control.

The fuzzy controller outputs a signal into the isola-
tion amplifier and then the power amplifier that will
change the alternator field current in order to regulate
its output voltage. The block diagrams showing the vari-
ables of the fuzzy logic controller and its structure are
given in Figures 3 and 4, respectively.

Fuzzification
Fuzzy logic uses linguistic variables as opposed to
numerical variables. In a closed loop control system, the
output voltage error and its time rate of change can be
labeled with linguistic terms such as, negative large (NL),
negative medium (NM), negative small (NS), zero (ZE),
positive large (PL), etc.

“rule.” Rules are linguistic in nature and allow the opera-
tor to develop a control decision in a more familiar
human environment. A typical rule can be written as fol-
lows: IF the “voltage error” is positive large, AND the
“rate of change of voltage error” is positive large, THEN
the “field current” is positive large.

The rules of a fuzzy logic controller give the controlier
its intelligence, assuming that the rules are developed by
a person who has experience with the system to be con-
trolled. A programmer with more experience with the
system will create a better controller. In the case of the
fuzzy logic alternator voltage controller, it is desired to
keep the alternator terminal voltage at its desired value
under varying loads. Therefore, rules are made for every
combination of voltage error and its rate of change to
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Figure 7. Armature and field voltage under startup and different sudden loadings



determine what the field current should be in order to
effectively control the alternator output voltage. After
the rules are evaluated, each output membership func-
tion will contain a corresponding membership. From
these memberships, a numerical (crisp) value must be
produced. This process is called defuzzification.

Defuzzification

Defuzzification plays an important role in a fuzzy logic-
based control system. It is the process in which the
fuzzy quantities defined over the output membership
functions are mapped into a nonfuzzy (crisp) number.
Several different methods exist to accomplish defuzzifi-
cation, and there are tradeoffs to each method between
accuracy and speed. The method chosen for implemen-
tation in this project was the weighted-average method,
defined as the sum of the products of each membership
function’s center and height divided by the sum of all the
membership functions’ heights as follows:

ZO = z(zi'hi)
Xh

This method was chosen primarily for its speed. Fig-
ure 6 shows its graphical representation.

Implementation

The DSP board was the main piece of hardware used in
this experiment. It contained the 12.5 us/12-bit A/D and
D/A converters, the timer, and the 40 MHz, 32-bit proces-
sor. The synchronous generator used was a General
Electric, 5 kVA, three-phase, 1,800 rpm, 120/208 V
machine with a 1.5-A rated field current.

The step-down and isolation stage of the closed loop
control system was implemented using a 20/1 Probe
Master voltage attenuater. This stepped down the gener-
ator phase voltage from 120 to 8.5 Vrms. The peak value
of this sinusoidal voltage was read by the DSP. In every
cycle, 100 samples of A/D readings were taken, and the
highest value was selected as the immediate peak volt-
age. The membership functions of the controller were
centered on the detected peak voltage.

Once the fuzzy logic decision has been made accord-
ing to the two inputs, the D/A converter would turn the
output into an analog signal that could be fed to the
power amplifier. The power amplifier would step up the
output signal accordingly and provides the necessary
voltage across the alternator field winding to generate
the required field current.

The isolation amplifier used was a Burr-Brown
opto-coupling device that provided additional isola-
tion and safety. The power amplifier portion of the
system was implemented using a Dayton Motor Con-
trol Power Amplifier.

The fuzzy logic control algorithm is programmed
into the DSP and makes the intelligent decision of how

much field current is to be applied to the alternator
field winding. Also, software was developed to run the
DSP’s hardware and its peripheral board. This soft-
ware handles the A/D and D/A converters as well as
the timers. All the code for the DSP was written in the
TI C5x’s assembly language.

Experimental Results

The controller was tested under startup and four differ-
ent types of loads: a light resistive load (20 percent of
rated), a heavy resistive load (85 percent), a capacitive,
and an inductive load. In all cases, the fuzzy logic con-
troller was able to bring and keep the output voltage of
the generator to its desired value (120 V). Figure 7 shows
the generator phase voltage and the voltage that the con-
troller applies to the generator field winding in order to
bring the phase voltage to its desired value during start-
up and as the above loads are suddenly applied.
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