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ABSTRACT

This application report describes the implementation of a fuzzy logic control algorithm using an MSP430™
microcontroller (MCU), the MSP430F149. Fuzzy logic control algorithms can be used to solve problems
that are difficult to address with traditional control techniques. As an example, a speed control system for
universal motors is demonstrated.

Related source files are available from www.ti.com/lit/zip/slaa235.
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MSP430 is a trademark of Texas Instruments.
All other trademarks are the property of their respective owners.

1 Background Information

The control of the rotation speed of serial universal motors is very complicated when done using traditional
control techniques, as it requires a very complex mathematical model. Fuzzy logic eliminates the need for
mathematical modeling and allows relatively easy design of a solution.

Fuzzy logic defines rules that determine the behavior of the system using word descriptions instead of
mathematical equations. The algorithm consists of three steps:

1. Fuzzification

2. Fuzzy Inference

3. Defuzzification

The following sections briefly discuss these three processes. For more detailed information, refer to Fuzzy
Logic: An Overview of the Latest Control Methodology.
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1.1 Fuzzification
Fuzzification is the process that determines the degree of membership of the input values to defined fuzzy
sets (linguistic variables). In the case of the rotation speed control of serial universal motors, the input
values are:
1. Absolute error in the rotation speed
Error = SetSpeed — CurrentSpeed
2. Differential rotation speed error
This value is obtained by subtracting the previous error value from the current error value:
dError = Error — LastError
In the example for this application report, five fuzzy sets are defined for the input values Error and dError:
1. NM: negative medium
2. NS: negative small
3. ZE: zero equal
4. PS: positive small
5. PM: positive medium
The membership functions (see Figure 1) are triangular-shaped and the maximum value is scaled to 400h
instead of 1, which is found in other documents describing fuzzy theory. Using 400h greatly reduces the
calculation complexity, because the multiplying operation becomes only one addition or subtraction.
Ay
400h
NM NS ZE PS PM
-CO00h -800h -400h oOh 400h 800h COoh
Figure 1. Membership Function
The result of the fuzzification of an input value is a vector with five elements as there are five fuzzy sets,
and the value of each member defines the degree of membership of the input value to a particular fuzzy
set (y-value). The vectors for the absolute and differential errors which are the results of the fuzzification
are denoted as X1[ ] and X2[ ].
For example, assume Error is 30h and dError is 10h. According to Figure 2 and Figure 3, the results after
fuzzification are:
X1[ ] = [Oh, Oh, 3D0h, 30h, Oh]
X2[ ] = [0Oh, Oh, 3FOh, 10h, Oh]
Ay
400h
3D0h
NM NS ZE PS PM
30h
>
-CO00h -800h -400h oOh 400h 800h CO0oh
Figure 2. Membership Function For Error (X1[ ])
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Ay
400h
3F0h
NM NS ZE PS PM
10h
>
—-CO00h -800h -400h Oh 400h 800h CO00h

Figure 3. Membership Function For dError (X2[ ])

1.2 Fuzzy Inference
Zadeh MAX-MIN relations are used, because experience proves that they give precise results. The
process consists of:
1. Clear the output vector Y[ ].
Take the first member of the vector X1[ ].
Compare it to every member of the vector X2[ ]. The smaller value is recorded on every comparison.
The maximum value is found among the members obtained in step 3.

This maximum value is then added to the output vector member which is defined by the inference
rules.

6. The next member of the vector X1[ ] is taken and the process from 3 to 6 is repeated.

a bk wn

Table 1 lists the inference rules.

Table 1. Fuzzy Inference Rule Table

dError, X2[ ]
NM NS ZE PS PM
NM PM PM PM PS ZE
NS PM PM PS ZE NS
Error, X1[ ] ZE PM PS ZE NS NM
PS PS ZE NS NM NM
PM ZE NS NM NM NM

In the given example, the output vector Y[ ] = [Oh, 30h, 3D0h, Oh, Oh]

1.3 Centroid Calculation Defuzzification Method

The result of the defuzzification must be a numeric value that determines the duty factor of the PWM
signal that drives the motor. This value is obtained by finding the centroid point of the function that is the
result of the multiplication of the output membership function and the output vector Y[ ]. The general
mathematical formula to obtain the centroid point is:

zS:Y[i] X multfact[i]

i=1

Defuz = =
> Yl
= @
Y[i] are the i-th members of the output vector,
multifact[i] are the multiplying coefficients of the output membership function.
Figure 4 shows a graphical representation of the output membership function as used in this application
with the coefficients [-10h, -8h, Oh, 8h, 10h].
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NM NS ZE PS PM

v

-10h -8h oh 8h 10h
Figure 4. Output Membership Function

Using the example output vector Y[ ] = [Oh, 30h, 3D0h, Oh, 0Oh], the following defuzzification output value
can be calculated:

_OX(—16) +48 x (—8) +976 x (0)+0 x (8) + 0 x 16  _ 384 _
Defuz = 0+48+976 +0+0 = 024 93 @
4y
NM NS ZE PS PM
3D0h
30h %
-10h -8h Oh 8h 10h
Figure 5. Output Membership Function Multiplied with Vector Y[ ]
2 Hardware Description

An MSP430F149 device is used in this motor control application. You can substitute by any other MSP430
MCU with both Timer_A and Timer_B. Figure 6 shows the application block schematic. The MSP430 MCU
is sourced by an 8-MHz crystal to provide a high-resolution clock source that is used for both PWM
generation and speed measurement.

The universal serial motor is driven with a PWM signal that is generated using a Timer_B
capture/compare block operated in compare mode. The MCU output signal is then delivered to the actual
motor driver output stage. In this application demo, this driver stage is supplied by the rectified 230-V
mains voltage.

To provide feedback for the fuzzy logic control loop, an optical sensor is used. This sensor consists of a
light transmitter and a receiver. Using a slotted disc that is attached to the motor shaft, 24 impulses for
each motor revolution are generated. The actual motor speed is obtained by measuring the time between
two successive impulses with a Timer_A capture/compare block operated in capture mode. An 8-tap
moving average filter is used to minimize the measurement error that occurs with higher motor speeds.
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Software Description
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Figure 6. Hardware Block Schematic

3 Software Description

The software performs these operations:

1. Configures the MCU clock system

2. Configures the peripherals

3. Uses Timer_A to determine the actual motor speed.

a.

The rising edge of the CCIOB input (port pin P2.2) triggers capture events with Timer_A
capture/compare block O.

b. In the associated ISR function, the precise, hardware-generated timestamp is read and processed.
c. After passing this value through an 8-tap moving average filter, the newly calculated speed value is

e.

then stored in the global variable CurrentSpeed.

Capture/compare block 1 is configured to compare mode and used to provide a time-out
mechanism for the speed measurement.

This timeout is needed if the motor is not running, because no capture events would be generated,
and the software would wrongly assume that the motor is still running. However, this timeout
updates the global variable CurrentSpeed, and the control algorithm continues to work. Timer_A is
operated in continuous mode to avoid that any software latency affects the measurements.

Capture/compare block 2 of Timer_B is configured to compare mode and used for PWM signal
generation.

Timer_B is operated in up mode and driven by the 8-MHz clock source. With the period register set
to 3999, the effective PWM output frequency is 8 MHz / (3999 + 1) = 2 kHz. This frequency gives a
fine granularity to adjust the motor power, resulting in a smoother control. For this application, the
capture/compare block selection of Timer_A and Timer_B is arbitrary.

For detailed information on timer configuration and operation, see the MSP430x1xx Family User's
Guide.

4. Configures the MSP430 watchdog timer (WDT) module as interval timer. Its associated ISR function is
called 244 times per second and wakes the CPU from low-power mode LPMO. This mechanism
provides the time interval between each control cycle.

5. Enters the control loop. Immediately upon entering, the MCU enters LPMO to turn off the CPU and stop
program execution while waiting for the wakeup from the WDT ISR.

6. On wakeup, calculates the absolute and differential control loop errors Error and dError based on
target speed (variable SetSpeed), current speed (variable CurrentSpeed), and the previous error value
(variable LastError).

7. The function Fuzzification() transforms these error values into fuzzy vectors X1[ ] and X2[ ].
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8. The fuzzy inference rules are applied, and the function Fuzzylnference() generates the fuzzy output
vector Y[ ].

The function Defuzzification() transforms this output vector back into a single control loop output value
that is added to the current PWM duty cycle. This process closes the control loop.

The two definitions PWM_Min and PWM_Max are used to limit the motor duty cycle and may need to
be adjusted depending on the application and load conditions.

9.

For a discussion of the fuzzy algorithms, see Section 1.

Figure 7 and Figure 8 show example motor startup operations using the test setup developed to verify this
application report. The motor target speed is set to 50 rotations per second. The graphs show the startup
without a mechanical load and with a mechanical load.
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Figure 7. Motor Startup (No Load)
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Figure 8. Motor Startup (Loaded)
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