MICROCHIP

TC654/TC655

Dual SMBus PWM Fan Speed Controllers With
Fan Fault Detection

Features

Temperature Proportional Fan Speed for Reduced
Acoustic Noise and Longer Fan Life

FanSense Protects against Fan Failure and
Eliminates the Need for 3-Wire Fans

Overtemperature Detection (TC655)
Efficient PWM Fan Drive

Provides RPM Data

2-Wire SMBus-Compatible Interface
Supports Any Fan Voltage

Software Controlled Shutdown Mode for "Green"
Systems

Supports Low-Cost NTC/PTC Thermistors
Space Saving 10-Pin MSOP Package
Temperature Range: -40°C to +85°C

Applications

Personal Computers and Servers
LCD Projectors

Datacom and Telecom Equipment
Fan Trays

File Servers

Workstations

General Purpose Fan Speed Control

Package Type

10-Pin MSOP
Vin| 1 EI Vob
Crl2 9 | Vour
TC654
SCLK | 3 TC655 8 | SENSE1
SDA | 4 7 | SENSE2
GND | 5 6 | FAULT

Description

The TC654 and TC655 are PWM mode fan speed
controllers with FanSense technology for use with
brushless DC fans. These devices implement
temperature proportional fan speed control which
lowers acoustic fan noise and increases fan life. The
voltage at V| (Pin 1) represents temperature and is
typically provided by an external thermistor or voltage
output temperature sensor. The PWM output (Vo) is
adjusted between 30% and 100%, based on the
voltage at V|y. The PWM duty cycle can also be
programmed via SMBus to allow fan speed control
without the need for an external thermistor. If V| is not
connected, the TC654/TC655 will start driving the fan
at a default duty cycle of 39.33%. See Section 4.3
“Fan Start-up” for more details.

In normal fan operation, pulse trains are present at
SENSE1 (Pin 8) and SENSE2 (Pin 7). The TC654/
TC655 use these pulses to calculate the fan revolu-
tions per minute (RPM). The fan RPM data is used to
detect a worn out, stalled, open or unconnected fan.
An RPM level below the user-programmable threshold
causes the TC654/TC655 to assert a logic low alert
signal (FAULT). The default threshold value is
500 RPM. Also, if this condition occurs, F1F (bit 0<0>)
or F2F (bit 1<0>) in the Status Register will also be set
toa‘l.

An overtemperature condition is indicated when the
voltage at V)y exceeds 2.6V (typical). The TC654/
TC655 devices indicate this by setting OTF (bit 5<X>) in
the Status Register to a '1'. The TC655 device also
pulls the FAULT line low during an overtemperature
condition.

The TC654/TC655 devices are available in a 10-Pin
MSOP package and consume 150 pA during
operation. The devices can also enter a low-power
Shutdown mode (5 pA, typ.) by setting the appropriate
bit in the Configuration Register. The operating
temperature range for these devices is -40°C to +85°C.

© 2002-2020 Microchip Technology Inc.

DS20001734D-page 1



TC654/TC655

Functional Block Diagram

TC654/TC655
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Serial Port| _ 100 mV (typ.)
‘ m yp.
SDA ode—» Interface 0 ko
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— L %
—+o0
GND o+
} 100 mV (typ.)

Note: OTF condition applies for the TC655 device only.
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TC654/TC655

1.0 ELECTRICAL
CHARACTERISTICS

Absolute Maximum Ratings *

VDD eeeeeseereeeeseeesseee e es e es s s 6.5V

Input Voltages ........ccccccveveiiiiiiiiecnnen, -0.3V to (Vpp + 0.3V)

Output Voltages ........cocceveeviieieenicene -0.3Vto (Vpp + 0.3V)

....-65°C to +150°C

Storage temperature

Ambient temp. with power applied -40°C to +125°C
Maximum Junction Temperature, T .........cccceovininennn. 150°C
ESD protection on all pins.........ccccoeveviviiicieieeceeee >4 kV

*Notice: Stresses above those listed under “Maximum rat-
ings” may cause permanent damage to the device. This is a
stress rating only and functional operation of the device at
those or any other conditions above those indicated in the
operational listings of this specification is not implied. Expo-
sure to maximum rating conditions for extended periods may
affect device reliability.

ELECTRICAL SPECIFICATIONS

PIN FUNCTION TABLE

Name Function
VN Analog Input
Ce Analog Output
SCLK Serial Clock Input
SDA Serial Data In/Out (Open Drain)
GND Ground
FAULT Digital (Open Drain) Output
SENSE2 | Analog Input
SENSE1 | Analog Input
Vout Digital Output
Vop Power Supply Input

-40°C <Tp < +85°C.

Electrical Characteristics: Unless otherwise noted, all limits are specified for Vpp = 3.0V to 5.5V,

Parameters Sym. Min. Typ. Max. Units Conditions
Supply Voltage Vbb 3.0 — 5.5 \Y
Operating Supply Current Ipp — 150 300 MA |Pins 7, 8,9 Open
Shutdown Mode Supply Current IDDSHDN — 5 10 MA | Pins 7, 8, 9 Open
Vout PWM Output
Vour Rise Time tr — — 50 psec |loy =5 mA, Note 1
Vourt Fall Time tr — — 50 psec |lo.=1 mA, Note 1
Sink Current at Vo1 Output loL 1.0 — — mA | VoL =10% of Vpp
Source Current at Vg1 Output loH 5.0 — — mA  |Voy =80% of Vpp
PWM Frequency F 26 30 34 Hz |Cg=1pF
V|n Input
Vn Input Voltage for 100% PWM Vemax) 2.45 2.6 2.75 \
duty-cycle
Vemax) - Veminy Verancge | 125 1.4 1.55 \
V|n Input Resistance — 10M — Q [Vpp=5.0V
VN Input Leakage Current IiN -1.0 — +1.0 MA
SENSE Input
SENSE Input Threshold Voltage with | V1sense 80 100 120 mV |Note 3
Respect to GND
FAULT Output
FAULT Output LOW Voltage VoL — — 0.3 V. |lgL=25mA
FAULT Output Response Time tFAGT — 2.4 — sec
Fan RPM-to-Digital Output
Fan RPM ERROR | 15 [ — | +15 [ % |RPM>1600

Note 1:

2: For 5.0V >Vpp< 5.5V, the limit for V| = 2.2V.

3: The SENSE input Threshold Voltage Vhsensk is specified for the Low-to-High transitions only. The input
threshold for High-to-Low transitions include hysteresis, as shown in Figure 2-11.

Not production tested, ensured by design, tested during characterization.
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TC654/TC655

ELECTRICAL SPECIFICATIONS (CONTINUED)

-40°C <Tp < +85°C.

Electrical Characteristics: Unless otherwise noted, all limits are specified for Vpp = 3.0V to 5.5V,

Parameters | Sym. ‘ Min. ‘ Typ. | Max. ‘ Units | Conditions
2-Wire Serial Bus Interface
Logic Input High Vi 21 — — V | Note 2
Logic Input Low Vi — — 0.8 \
Logic Output Low VoL — — 0.4 V  |lgo=3mA
Input Capacitance SDA, SCLK Cin — 10 15 pF | Note 1
I/O Leakage Current ILEAK -1.0 — +1.0 MA
SDA Output Low Current loLspA 6 — — mA | Vg =0.6V

Note 1:

2: For 5.0V > Vpp<5.5Y, the limit for V| = 2.2V.

3: The SENSE input Threshold Voltage V1senske is specified for the Low-to-High transitions only. The input
threshold for High-to-Low transitions include hysteresis, as shown in Figure 2-11.

TEMPERATURE SPECIFICAT

IONS

Not production tested, ensured by design, tested during characterization.

Electrical Characteristics: Unless otherwise noted, all parameters apply at Vpp =3.0Vto 5.5V

Parameters ‘ Symbol‘ Min ‘ Typ ‘ Max ‘ Units ‘ Conditions

Temperature Ranges

Specified Temperature Range Ta -40 — +85 °C

Operating Temperature Range Ta -40 — +125 °C

Storage Temperature Range Ta -65 — +150 °C

Thermal Package Resistances

Thermal Resistance, 10 Pin MSOP | o | — [ 13| — | cow |
TIMING SPECIFICATIONS

Electrical Characteristics: Unless otherwise noted, all limits are specified for Vpp = 3.0V to 5.5V,
-40°C <Tp < +85°C
Parameters | Sym | Min | Typ | Max | Units | Conditions

SMBus Interface (See Figure 1-1)

Serial Port Frequency fsc 0 100 kHz |Note 1

Low Clock Period tLow 4.7 — usec |Note 1

High Clock Period thicH 4.7 — usec |Note 1

SCLK and SDA Rise Time tr — 1000 | nsec |Note 1

SCLK and SDA Fall Time te — 300 | nsec |Note 1

Start Condition Setup Time tsu(START) 4.7 — usec |Note 1

SCLK Clock Period Time tsc 10 — usec |Note 1

Start Condition Hold Time tH(START) 4.0 — psec |Note 1

Data in SetupTime to SCLK tsu-DATA 250 — nsec |Note 1

High

Data in Hold Time after SCLK tH-DATA 300 — nsec |Note 1

Low

Stop Condition Setup Time tsu(sTor) 4.0 — usec |Note 1

Bus Free Time Prior to New tioLE 4.7 psec |Note 1 and Note 2
Transition

Note 1: Not production tested, ensured by design, tested during characterization.
2: Time the bus must be free before a new transmission can start.
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TC654/TC655

SMBus Write Timing Diagram

A B

| | tow, thicH
|
|

|
SDA— | / | |
N | |
|

A B
|
|
|

K\

[t | (g >
tsysTART) tH(START) tsu.paTA tH.pATA
A = Start Condition F = Acknowledge Bit Clocked into Master
B = MSB of Address Clocked into Slave G = MSB of Data Clocked into Slave
C =LSB of Address Clocked into Slave H = LSB of Data Clocked into Slave
D = R/W Bit Clocked into Slave | = Slave Pulls SDA Line Low
E = Slave Pulls SDA Line Low
SMBus Read Timing Diagram
C D E F G
|  trow, thieh, I | Lo |

tsustop)tipLE

J = Acknowledge Clocked into Master

K = Acknowledge Clock Pulse

L = Stop Condition, Data Executed by Slave
M = New Start Condition

™

tsy(sTART) tH(START)

A = Start Condition

B = MSB of Address Clocked into Slave
C = LSB of Address Clocked into Slave
D = R/W Bit Clocked into Slave

tsupata

E = Slave Pulls SDA Line Low

F = Acknowledge Bit Clocked into Master
G = MSB of Data Clocked into Master

H = LSB of Data Clocked into Master

—

tsusTop)

| = Acknowledge Clock Pulse
J = Stop Condition
K = New Start Condition

FIGURE 1-1:

Bus Timing Data.
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TC654/TC655

2.0 TYPICAL PERFORMANCE CURVES

Note: The graphs and tables provided following this note are a statistical summary based on a limited number of
samples and are provided for informational purposes only. The performance characteristics listed herein
are not tested or guaranteed. In some graphs or tables, the data presented may be outside the specified
operating range (e.g., outside specified power supply range) and therefore outside the warranted range.
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FIGURE 2-4: PWM, Sink Current vs.
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FIGURE 2-5: Fault Vo, vs. Temperature.
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FIGURE 2-1: Ipp vs. Temperature.
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TC654/TC655
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TC654/TC655

3.0 PIN FUNCTIONS

The descriptions of the pins are listed in Table 3-1.

TABLE 3-1: PIN FUNCTION TABLE
Name Function

VN Analog Input

Ce Analog Output

SCLK Serial Clock Input

SDA Serial Data In/Out (Open Drain)

GND Ground

FAULT Digital (Open Drain) Output

SENSE2 Analog Input

SENSE1 Analog Input

Vout Digital Output

Vop Power Supply Input

3.1 Analog Input (V|y)

A voltage range of 1.62V to 2.6V (typical) on this pin
drives an active duty-cycle of 30% to 100% on the

Vour pin.
3.2 Analog Output (Cf)

Positive terminal for the PWM ramp generator timing
capacitor. The recommended Cg is 1 yF for 30 Hz
PWM operation.

3.3 SMBus Serial Clock Input (SCLK)

Clocks data into and out of the TC654/TC655. See
Section 5.0 “Serial Communication” for more infor-
mation on the serial interface.

3.4 Serial Data (Bi-directional) (SDA)

Serial data is transferred on the SMBus in both
directions using this pin. See Section 5.0 “Serial
Communication” for more information on the serial
interface.

3.5 Digital (Open Drain) Output
(FAULT)

When the fan’s RPM falls below the user-set RPM
threshold (or OTF occurs with TC655), a logic low
signal is asserted.

3.6 Analog Input (SENSE2)

Fan current pulses are detected at this pin. These
pulses are counted and used in the calculation of the
Fan 2 RPM.

3.7 Analog Input (SENSE1)

Fan current pulses are detected at this pin. These
pulses are counted and used in the calculation of the
Fan 1 RPM.

3.8  Digital Output (Voyr)

This active high complimentary output drives the base
of an external transistor or the gate of a MOSFET.

3.9 Power Supply Input (Vpp)

The Vpp pin with respect to GND provides power to the
device. This bias supply voltage may be independent of
the fan power supply.

DS20001734D-page 8
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TC654/TC655

4.0 DEVICE OPERATION

The TC654 and TC655 devices allow you to control,
monitor and communicate (via SMBus) fan speed for 2-
wire and 3-wire DC brushless fans. By pulse-width
modulating (PWM) the voltage across the fan, the
TC654/TC655 controls fan speed according to the
system temperature. The goal of temperature
proportional fan speed control is to reduce fan power
consumption, increase fan life and reduce system
acoustic noise. With the TC654 and TC655 devices,
fan speed can be controlled by the analog input V| or
the SMBus interface, allowing for high system flexibility.

The TC654 and TC655 also measure and monitor fan
revolutions per minute (RPM). A fan’s speed (RPM) is
a measure of its health. As a fan’s bearings wear out,
the fan slows down and eventually stops (locked rotor).
By monitoring the fan’s RPM level, the TC654/TC655
devices can detect open, shorted, unconnected and
locked rotor fan conditions. The fan speed threshold

can be set to provide a predictive fan failure feature.
This feature can be used to give a system warning and,
in many cases, help to avoid a system thermal
shutdown condition. The fan RPM data and threshold
registers are available over the SMBus interface which
allows for complete system control.

The TC654/TC655 devices are identical in every
aspect except for how they indicate an
overtemperature condition. When V| voltage exceeds
2.6V (typical), both devices will set OTF (bit 5<X>) in
the Status Register to a '1". The TC655 will additionally
pull the FAULT output low during an overtemperature
condition.

+5V T
1 ¢,
1uF
R4 NTC Thermistor
34.8 kO 100 kQ @ 25°C
1 10 9 Riso2
e ViN Voo Vour—e VWA
Cy 715Q
R
14.7 ké % orer g CSENSE1
' 5 SENSE1 ——A}——»
ﬁ Cr 0.1 uF R
1 0 uF SENSE1
TC654/TC655 Coenses
RscLk +5v SENSE2| 7 !
20k~—4 3 , 01 uF
SCLK Rsense2
N +5V
P|C® +5V RFA_UI_T
Microcontroller - 4| spa EADLT 6 20 kQ
{ o GND
/ 5
Rspa
20 kQ

Note: Refer to Table 7-1 for Rggnsg1 and Rgenseo Values.

FIGURE 4-1: Typical Application Circuit.
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TC654/TC655

4.1 Fan Speed Control Methods

The speed of a DC brushless fan is proportional to the
voltage across it. For example, if a fan’s rating is
5000 RPM at 12V, it's speed would be 2500 RPM at 6V.
This, of course, will not be exact, but should be close.

There are two main methods for fan speed control. The
first is pulse width modulation (PWM) and the second
is linear. Using either method the total system power
requirement to run the fan is equal. The difference
between the two methods is where the power is
consumed.

The following example compares the two methods for
a 12V, 120 mA fan running at 50% speed. With 6V
applied across the fan, the fan draws an average cur-
rent of 68 mA. Using a linear control method, there are
6V across the fan and 6V across the drive element.
With 6V and 68 mA, the drive element is dissipating
410 mW of power. Using the PWM approach, the fan is
modulated at a 50% duty cycle, with most of the 12V
being dropped across the fan. With 50% duty cycle, the
fan draws an RMS current of 110 mA and an average
current of 72 mA. Using a MOSFET with a 1 Q RDS 4
(a fairly typical value for this low current) the power dis-
sipation in the drive element would be: 12 mW (Irms2 *
RDSon))- Using a standard 2N2222A NPN transistor
(assuming a Vce-sat of 0.8V), the power dissipation
would be 58 mW (lavg* Vce-sat).

The PWM approach to fan speed control causes much
less power dissipation in the drive element. This allows
smaller devices to be used and will not require any spe-
cial heatsinking to get rid of the power being dissipated
in the package.

The other advantage to the PWM approach is that the
voltage being applied to the fan is always near 12V.
This eliminates any concern about not supplying a high
enough voltage to run the internal fan components,
which is very relevant in linear fan speed control.

4.2 PWM Fan Speed Control

The TC654 and TC655 devices implement PWM fan
speed control by varying the duty cycle of a fixed
frequency pulse train. The duty cycle of a waveform is
the on time divided by the total period of the pulse. For
example, given a 100 Hz waveform (10 msec.) with an
on time of 5.0 msec, the duty cycle of this waveform is
50% (5.0 msec/10.0 msec). An example of this is
illustrated in Figure 4-2.

- T —>

Ton Toff

D = Duty Cycle T = Period
D=Ton/T T=1F
F = Frequency
FIGURE 4-2: Duty Cycle Of A PWM

Waveform.

The TC654 and TC655 generate a pulse train with a
typical frequency of 30 Hz (Cg = 1 pF). The duty cycle
can be varied from 30% to 100%. The pulse train
generated by the TC654/TC655 devices drives the
gate of an external N-channel MOSFET or the base of
an NPN transistor (Figure 4-3). See Section 7.5
“Output Drive Device Selection” for more
information on output drive device selection.

TC654/
TC655

FIGURE 4-3: PWM Fan Drive.

By modulating the voltage applied to the gate of the
MOSFET Qdrive, the voltage applied to the fan is also
modulated. When the Vgt pulse is high, the gate of
the MOSFET is turned on, pulling the voltage at the
drain of Qdrive to OV. This places the full 12V across
the fan for the Ton period of the pulse. When the duty
cycle of the drive pulse is 100% (full on, Ton = T), the
fan will run at full speed. As the duty cycle is decreased
(pulse on time “Ton” is lowered), the fan will slow down
proportionally. With the TC654 and TC655 devices, the
duty cycle can be controlled through the analog input
pin (V|y) or through the SMBus interface by using the
Duty-Cycle Register. See Section 4.5 “Duty Cycle
Control (V|y and Duty-Cycle Register)” for more
details on duty cycle control.

DS20001734D-page 10
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TC654/TC655

4.3 Fan Start-up

Often overlooked in fan speed control is the actual
start-up control period. When starting a fan from a non-
operating condition (fan speed is zero RPM), the
desired PWM duty cycle or average fan voltage can not
be applied immediately. Since the fan is at a rest posi-
tion, the fan’s inertia must be overcome to get it started.
The best way to accomplish this is to apply the full rated
voltage to the fan for one second. This will ensure that
in all operating environments, the fan will start and
operate properly.

The TC654 and TC655 devices implement this fan con-
trol feature without any user programming. During a
power-up or release from shutdown condition, the
TC654 and TC655 devices force the Vgt output to a
100% duty cycle, turning the fan full on for one second
(Cg = 1 pF). Once the one second period is over, the
TC654/TC655 devices will look to see if SMBus or V |y
control has been selected in the Configuration Register
(DUTYC bit 5<0>). Based on this register, the device
will choose which input will control the Vgt duty cycle.
Duty cycle control based on V|y is the default state. If
VN control is selected and the V| pin is open (nothing
is connected to the V) pin), then the TC654/TC655 will
default to a duty cycle of 39.33%. This sequence is
shown in Figure 4-4. This integrated one second start-
up feature will ensure the fan starts-up every time.

Power-Up or Release|
from SHDN
One Second Pulse
Select SMBus
NO

|Defau|t PWM: 39.33%

T YES @

Vin PWM Duty
Cycle Control

YES

SMBus PWM Duty
Cycle Control

FIGURE 4-4: Power-Up Flow Chart.

4.4 PWM Drive Frequency (Cg)

As previously discussed, the TC654 and TC655
devices operate with a fixed PWM frequency. The
frequency of the PWM drive output (Vo) is set by a
capacitor at the Cg pin. With a 1 uF capacitor at the Cg
pin, the typical drive frequency is 30 Hz. This frequency
can be raised, by decreasing the capacitor value, or
lowered, by increasing the capacitor value. The
relationship between the capacitor value and the PWM

frequency is linear. If a frequency of 15 Hz is desired, a
capacitor value of 2.0 yF should be used. The
frequency should be kept in the range of 15 Hz to
35Hz. See Section7.2 “Setting the PWM
Frequency” for more details.

4.5 Duty Cycle Control (V,y and Duty-
Cycle Register)

The duty cycle of the Voyt PWM drive signal can be
controlled by either the V |\ analog input pin or by the
Duty-Cycle Register, which is accessible via the
SMBus interface. The control method is selectable via
DUTYC (bit 5<0>) of the Configuration Register. The
default state is for Vy control. If V|\ control is selected
and the V| pin is open, the PWM duty cycle will default
to 39.33%. The duty cycle control method can be
changed at any time via the SMBus interface.

V|N is an analog input pin. A voltage in the range of
1.62V to 2.6V (typical) at this pin commands a 30% to
100% duty cycle on the VT output, respectively. If the
voltage at V) falls below the 1.62V level, the duty cycle
will not go below 30%. The relationship between the
voltage at V|y and the PWM duty cycle is shown in
Figure 4-5.

100
90
80
£ 70
E 60
(% 50
> 40
a 30
20
10 |
0 . . .
1 12 14 16 18 2 22 24 26 28
Input Voltage (V\y)
FIGURE 4-5: PWM Duty Cycle vs. V)

Voltage (Typical).

For the TC655 device, if the voltage at V,\ exceeds the
2.6V (typical) level, an overtemperature fault indication
will be given by asserting a low at the FAULT output
and setting OTF (bit 5<X>) in the Status Register to a
1.

A thermistor network or any other voltage output
thermal sensor can be used to provide the voltage to
the V,y input. The voltage supplied to the V,\ pin can
actually be thought of as a temperature. For example,
the circuit shown in Figure 4-6 represents a typical
solution for a thermistor based temperature sensing
network. See Section 7.3 “Temperature Sensor
Design” for more details.

© 2002-2020 Microchip Technology Inc.
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+5V
R4 NTC Thermistor
34.8 kO 100 kQ @ 25°C
Vin
l C1 T 4
Ry 0.01 yF nggsl
14.7 kQ GND
FIGURE 4-6: NTC Thermistor Sensor

Network.

The second method for controlling the duty cycle of the
PWM output (Voyr) is via the SMBus interface. In order
to control the PWM duty cycle via the SMBus, DUTYC
(bit 5<0>) of the Configuration Register (Register 6.3)
must be setto a ‘1’. This tells the TC654/TC655 device
that the duty cycle should be controlled by the Duty
Cycle Register. Next, the Duty Cycle Register must be
programmed to the desired value. The Duty Cycle Reg-
ister is a 4 Bit read/write register that allows duty cycles
from 30% to 100% to be programmed. Table 4-1 shows
the binary codes for each possible duty cycle.

TABLE 4-1: DUTY-CYCLE REGISTER
(DUTY-CYCLE) 4-BITS,
READ/WRITE

Duty-Cycle Register (Duty Cycle)

D(3) D(2) D(1) D(0) Duty-Cycle

0 0 0 0 30%

0 0 0 1 34.67%

0 0 1 0 39.33% (default for Vg
open and when SMBus
is not selected)

0 0 1 1 44%

0 1 0 0 48.67%

0 1 0 1 53.33%

0 1 1 0 58%

0 1 1 1 62.67%

1 0 0 0 67.33%

1 0 0 1 72%

1 0 1 0 76.67%

1 0 1 1 81.33%

1 1 0 0 86%

1 1 0 1 90.67%

1 1 1 0 95.33%

1 1 1 1 100%

This method of control allows for more sophisticated
algorithms to be implemented by utilizing
microcontrollers or microprocessors in the system. In
this way, multiple system temperatures can be taken
into account for determining the necessary fan speed.

As shown in Table 4-1, the duty cycle has more of a
step function look than did the Vg control approach.
Because the step changes in duty cycle are small, they
are rarely audibly noticeable, especially when the fans
are integrated into the system.

46 PWM Output (Voyr)

The Voyt pin is designed to drive two low-cost NPN
transistors or N-channel MOSFETs as the low side
power switching elements in the system as is shown in
Figure 4-7. These switching elements are used to turn
the fans on and off at the PWM duty cycle commanded
by the Vgyr output.

This output has complementary drive (pull up and pull
down) and is optimized for driving NPN transistors or
N-channel MOSFETs (see Section 2.0 “Typical
Performance CURVES” for sink and source current
capability of the Vo7 drive stage).

The external device needs to be chosen to fit the
voltage and current rating of the fan in a particular
application (Refer to Section 7.5 “Output Drive
Device Selection” Output Drive Device Selection).
NPN transistors are often a good choice for low-current
fans. If a NPN transistor is chosen, a base current-
limiting resistor should be used. When using a
MOSFET as the switching element, it is sometimes a
good idea to have a gate resistor to help slow down the
turn on and turn off of the MOSFET. As with any
switching waveform, fast rising and falling edges can
sometimes lead to noise problems.

As previously stated, the Vo1 output will go to 100%
duty cycle during power-up and release from shutdown
conditions. The Vgt output only shuts down when
commanded to do so via the Configuration Register
(SDM (bit 0<0>)). Even when a locked rotor condition
is detected, the Vgt output will continue to pulse at
the programmed duty cycle.

4.7 Sensing Fan Operation (SENSE1 &
SENSE2)

The TC654 and TC655 also feature Microchip's
proprietary FanSense technology. During normal fan
operation, commutation occurs as each pole of the fan
is energized. The fan current pulses created by the fan
commutation are sensed using low value current sense
resistors in the ground return leg of the fan circuit. The
voltage pulses across the sense resistor are then AC
coupled through capacitors to the SENSE pins of the
TC654/TC655 device. These pulses are utilized for
calculating the RPM of the individual fans. The
threshold voltage for the SENSE pins is specified as

VTHSENSE-

DS20001734D-page 12
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The Low-to-High edge of the signal on the SENSE pin
must rise above Vtysense, and it must also fall below
the Vipsense Hysteresis level (as shown in Figure 2-
11), in order for the pulses to be counted in the fan RPM
measurement.

See Section 7.4 “FanSense Network (Rsensg &
Csensg)” for more details on selecting the appropriate
current sense resistor and coupling capacitor values.

B &

Riso1

VOUT R|302

SENSE1 |,

TC654/ c "
TC655 SENSEY RseNsET

SENSE2

1

Csense2

47 GND Rsense2
FIGURE 4-7: Fan Current Sensing.

By selecting F1PPR (bits 2-1<01>) and F2PPR (bits 4-
3<01>) in the Configuration Register, the TC654 and
TC655 can be programmed to calculate RPM data for
fans with 1, 2, 4 or 8 current pulses per rotation. The
default state assumes a fan with 2 pulses per rotation.

The measured RPM data is then stored in the RPM-
OUTPUT1 (RPM1, for SENSE1 input) and RPM-OUT-
PUT2 (RPM2, for SENSE2 input) Registers. These
registers are 9-Bit Read-Only registers which store
RPM data with 25 RPM resolution. By setting RES (bit
6<0>) of the Configuration Register to a ‘1’, the RPM
data can be read with 25 RPM resolution. If this Bit is
left in the default state of '0', the RPM data will only be
readable with resolution of 50 RPMs, which represents
8-Bit data.

The maximum fan RPM reading is 12775 RPM. If this
value is exceeded, counter overflow bits in the Status
Register are set. R1CO (bit 3<0>) and R2CO (bit 4<0>)
in the Status Register represent the RPM1 and RPM2
counter overflow bits for the RPM1 and RPM2 regis-
ters, respectively. These bits will automatically be reset
to zero if the fan RPM reading has been below the max-
imum value of 12775 RPM for 2.4 seconds.

See Table 6-1 for RPM1, RPM2 and Status Register
command byte assignments.

4.8 Fan Fault Threshold and
Indication (FAULT)

For the TC654 and TC655 devices, a fault condition
exists whenever a fan’s sensed RPM level falls below
the user programmable threshold. The RPM threshold
values for fan fault detection are set in the FAN_-
FAULT1 and FAN_FAULT2 Registers (8-bit, read/
write).

The RPM threshold represents the fan speed at which
the TC654/TC655 devices will indicate a fan fault. This
threshold can be set at lower levels to indicate fan
locked rotor conditions or set to higher levels to give
indications for predictive fan failure. It is recommended
that the RPM threshold be at least 10% lower than the
minimum fan speed which occurs at the lowest duty
cycle set point. The default value for the fan RPM
thresholds is 500 RPM. If the fan's sensed RPM is less
than the fan fault threshold for 2.4 seconds (typical), a
fan fault condition is indicated.

When a fault condition due to low fan RPM occurs, a
logic low is asserted at the FAULT output. F1F (bit
0<0>) and F2F (bit 1<0>) in the Status Register are set
to ‘1’ for respective low RPM levels on the SENSE1
and SENSE2 inputs. The FAULT output and the fault
bits in the Status Register can be reset by setting
FFCLR (bit 7<0>) in the Configuration Registertoa ‘1’.

For the TC655 device, a fault condition is also indicated
when an Overtemperature Fault condition occurs. This
condition occurs when the Vg1 duty cycle exceeds the
100% value indicating that no additional cooling
capability is available. For this condition, a logic low is
asserted at the FAULT output and OTF (bit 5<X>) of the
Status Register, the overtemperature fault indicator, is
set to a ‘I’ (The TC654 also indicates an
overtemperature condition via the OTF bit in the status
register). If the duty cycle then decreases below 100%,
the FAULT output will be released and OTF (bit 5<X>)
of the Status Register will be reset to ‘0’.

4.9 Low-Power Shutdown Mode

Some applications may have operating conditions
where fan cooling is not required as a result of low
ambient temperature or light system load. During these
times it may be desirable to shut the fans down to save
power and reduce system noise.

The TC654/TC655 devices can be put into a low-power
Shutdown mode by setting SDM (bit 0<0>) in the Con-
figuration register to a ‘1’ (this bit is the shutdown bit).
When the TC654/TC655 devices are in Shutdown
mode, all functions except for the SMBus interface are
suspended. During this mode of operation, the TC654
and TC655 devices will draw a typical supply current of
only 5 yA. Normal operation will resume as soon as Bit
0 in the Configuration Register is reset to ‘0’.

© 2002-2020 Microchip Technology Inc.
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When the TC654/TC655 devices are brought out of a
Shutdown mode by resetting SDM (bit 0<0>) in the
Configuration Register, all of the registers (except for
the Configuration and FAN_FAULT1 and 2 registers)
assume their default power-up states. The Configura-
tion Register and the FAN_FAULT1 and two Registers
maintain the states they were in prior to the device
being put into the Shutdown mode. Since these are the
registers which control the parts operation, the part
does not have to be reprogrammed for operation when
it comes out of Shutdown mode.

410 SMBus Interface (SCLK & SDA)

The TC654/TC655 feature an industry-standard, 2-wire
serial interface with factory-set addresses. By
communicating with the TC654/TC655 device
registers, functions like PWM duty cycle, low-power
Shutdown mode and fan RPM threshold can be
controlled. Critical information, such as fan fault,
overtemperature and fan RPM, can also be obtained
via the device data registers. The available data and
control registers make the TC654/TC655 devices very
flexible and easy to use. All of the available registers
are detailed in Section 6.0 “Register Set”.

4.11 SMBus Slave Address

The slave address of the TC654/TC655 is 0011 011
and is fixed. This address is different from industry-
standard digital temperature sensors (like TCN75) and,
therefore, allows the TC654/TC655 to be utilized in
systems in conjunction with these components. Please
contact Microchip Technology Inc. if alternate
addresses are required.

DS20001734D-page 14
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5.0 SERIAL COMMUNICATION

5.1 SMBus 2-Wire Interface

The Serial Clock Input (SCLK) and the bi-directional
data port (SDA) form a 2-wire bi-directional serial port
for communicating with the TC654/TC655. The follow-
ing bus protocols have been defined:

» Data transfer may be initiated only when the bus
is not busy.

» During data transfer, the data line must remain
stable whenever the clock line is high. Changes in
the data line while the clock line is high will be
interpreted as a Start or Stop condition.

Accordingly, the following Serial Bus conventions have
been defined.

TABLE 5-1: TC654/TC655 SERIAL BUS
CONVENTIONS
Term Description

Transmitter | The device sending data to the bus.

Receiver The device receiving data from the
bus.
Master The device which controls the bus: ini-

tiating transfers (Start), generating the
clock and terminating transfers (Stop).

Slave The device addressed by the master.

Start A unigque condition signaling the
beginning of a transfer indicated by
SDA falling (High to Low) while SCLK
is high.

Stop A unique condition signaling the end
of a transfer indicated by SDA rising
(Low to High) while SCLK is high.

ACK A Receiver acknowledges the receipt
of each byte with this unique condi-
tion. The Receiver pulls SDA low
during SCLK high of the ACK clock-
pulse. The Master provides the clock
pulse for the ACK cycle.

Busy Communication is not possible
because the bus is in use.

NOT Busy When the bus is idle, both SDA and
SCLK will remain high.

Data Valid The state of SDA must remain stable
during the high period of SCLK in
order for a data bit to be considered
valid. SDA only changes state while
SCLK is low during normal data trans-

fers. (See Start and Stop conditions)

5.1.1 DATA TRANSFER

The TC654/TC655 support a bi-directional 2-Wire bus
and data transmission protocol. The serial protocol
sequencing is illustrated in Figure 1-1. Data transfers

are initiated by a Start condition (Start), followed by a
device address byte and one or more data bytes. The
device address byte includes a Read/Write selection
bit. Each access must be terminated by a Stop
Condition (Stop). A convention call Acknowledge
(ACK) confirms the receipt of each byte. Note that SDA
can only change during periods when SCLK is low
(SDA changes while SCLK is high are reserved for
Start and Stop conditions). All bytes are transferred
MSB (most significant bit) first.

5.1.2 MASTER/SLAVE

The device that sends data onto the bus is the transmit-
ter and the device receiving data is the receiver. The
bus is controlled by a master device which generates
the serial clock (SCLK), controls the bus access and
generates the Start and Stop conditions. The TC654/
TC655 always work as a slave device. Both master and
slave devices can operate as either transmitter or
receiver, but the master device determines which mode
is activated.

5.1.3 START CONDITION (START)

A high-to-low transition of the SDA line while the clock
(SCLK) is high determines a Start condition. All
commands must be preceded by a Start condition.

514 ADDRESS BYTE

Immediately following the Start Condition, the host
must transmit the address byte to the TC654/TC655.
The 7-bit SMBus address for the TC654/TC655 is
0011 011. The 7-bit address transmitted in the serial
bit stream must match for the TC654/TC655 to respond
with an Acknowledge (indicating the TC654/TC655 is
on the bus and ready to accept data). The eighth bit in
the Address Byte is a Read-Write Bit. This bitis a ‘1’ for
a read operation or ‘0’ for a write operation. During the
first phase of any transfer, this bit will be set = 0 to indi-
cate that the command byte is being written.

5.1.5 STOP CONDITION (STOP)

A low-to-high transition of the SDA line while the clock
(SCLK) is high determines a Stop condition. All
operations must be ended with a Stop condition.

5.1.6 DATA VALID

The state of the data line represents valid data when,
after a Start condition, the data line is stable for the
duration of the high period of the clock signal.

The data on the line must be changed during the low
period of the clock signal. There is one clock pulse per
bit of data. Each data transfer is initiated with a Start
condition and terminated with a Stop condition. The
number of the data bytes transferred between the Start
and Stop conditions is determined by the master device
and is unlimited.

© 2002-2020 Microchip Technology Inc.
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5.1.7 ACKNOWLEDGE (ACK)

Each receiving device, when addressed, is obliged to
generate an acknowledge bit after the reception of
each byte. The master device must generate an extra
clock pulse, which is associated with this acknowledge
bit.

The device that acknowledges has to pull down the
SDA line during the acknowledge clock pulse in such a
way that the SDA line is stable low during the high
period of the acknowledge related clock pulse. Setup
and hold times must be taken into account. During
reads, a master device must signal an end of data to
the slave by not generating an acknowledge bit on the

last byte that has been clocked out of the slave. In this
case, the slave (TC654/TC655) will leave the data line
high to enable the master device to generate the Stop
condition.

5.2 SMBus Protocols

The TC654/TC655 devices communicate with three
standard SMBus protocols. These are the write byte,
read byte and receive byte. The receive byte is a short-
ened method for reading from, or writing to, a register
which had been selected by the previous read or write
command. These transmission protocols are shown in
Figures 5-1, 5-2 and 5-3.

S ADDRESS WR ACK COMMAND ACK DATA ACK P
7 Bits 8 Bits
Slave Address Command Byte: selects Data Byte: data goes
which register you are into the register set
writing to. by the command byte.
FIGURE 5-1: SMBus Protocol: Write Byte Format.
S ADDRESS WR ACK COMMAND ACK
7 Bits 8 Bits
Slave Address Command Byte: selects
which register you are
writing to.
S ADDRESS RD ACK DATA NACK P
7 Bits 8 Bits
Slave Address: Data Byte: reads from
repeated due to change the register set by the
in data flow direction. command byte.
FIGURE 5-2: SMBus Protocol: Read Byte Format.
S ADDRESS RD ACK DATA NACK P
7 Bits 8 Bits
Slave Address Data Byte: reads data from
the register commanded by
the last Read Byte or Write
Byte transmission
FIGURE 5-3: SMBus Protocol: Receive Byte Format.

S = Start Condition
P = Stop Condition

Shaded = Slave Transmission

ACK = Acknowledge = 0
NACK = Not Acknowledged = 1
WR = Write = 0

RD = Read =1

DS20001734D-page 16
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6.0 REGISTER SET

The TC654/TC655 devices contain nine registers that
provide a variety of data and functionality control to the
outside system. These registers are listed below in
Table 6-1. Of key importance is the command byte
information, which is needed in the read and write
protocols in order to select the individual registers.

TABLE 6-1: COMMAND BYTE ASSIGNMENTS
Register Command Read Write | POR Default State Function

RPM1 0000 0000 X — 0 0000 0000 RPM Output 1

RPM2 0000 0001 X — 0 0000 0000 RPM Output 2

FAN_FAULT1 0000 0010 X X 0000 1010 Fan Fault 1 Threshold

FAN_FAULT2 0000 0011 X X 0000 1010 Fan Fault 2 Threshold

CONFIG 0000 0100 X X 0000 1010 Configuration

STATUS 0000 0101 X — 00X0 0x00 Status. See Section 6.4 “Status
Register (Status)”, Status Register
explanation of X

DUTY_CYCLE 0000 0110 X X 0000 0010 Fan Speed Duty Cycle

MFR_ID 0000 0111 X — 0101 0100 Manufacturer Identification

VER_ID 0000 1000 X — 0000 000X Version ldentification:
(X=*0"TC654, X =1’ TC655)

6.1 RPM-OUTPUT1 & RPM-OUTPUT2
Registers (RPM1 & RPM2)

As discussed in Section 4.7 “Sensing Fan Operation
(SENSE1 & SENSE2)”, fan current pulses are detected
at the SENSE1 and SENSE2 inputs of the TC654/
TC655 device. The current pulse information is used to
calculate the fan RPM. The fan RPM data for fans 1 and
2 is then written to registers RPM1 and RPM2, respec-
tively. RPM1 and RPM2 are 9-bit registers that provide

the RPM information in 50 RPM (8-bit) or 25 RPM (9-
bit) increments. This is selected via RES (bit 6<0>) in
the Configuration Register, with ‘0’ = 50 RPM and
‘1’ =25 RPM. The default state is zero (50 RPM). The
maximum fan RPM value that can be read is
12775 RPM. If this value is exceeded, R2CO (bit 4<0>)
and R1CO (bit 3<0>) in the Status Register will be set to
a '1'to indicate that a counter overflow of the respective
RPM register has occurred. Register 6-1 shows the
RPM output register 9-bit format.

REGISTER 6-1: RPM OUTPUT REGISTERS (RPM1 & RPM2)
D(8) D(7) D(6) D(5) D(4) D(3) D(2) D(1) D(0) RPM
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 25
0 0 0 0 0 0 0 1 0 50
1 1 1 1 1 1 1 1 0 12750
1 1 1 1 1 1 1 1 1 12775

© 2002-2020 Microchip Technology Inc.
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6.2 FAN_FAULT1 & FAN_FAULT2

Threshold Registers
(FAN_FAULT1 & FAN_ FAULT2)

The Fan Fault Threshold Registers (FAN_FAULT1 and
FAN_ FAULT2) are used to set the fan fault threshold
levels for fan 1 and fan 2, respectively. The Fan Fault
Registers are 8-bit, read/writable registers that allow
the fan fault RPM threshold to be set in 50 RPM
increments. The default setting for both Fan Fault
registers is 500 RPM (0000 1010). The maximum set
point value is 12750 RPM. If the measured fan RPM

(stored in RPM1 and RPM2 Registers) drops below the
value that is set in the Fan Fault Registers for more
than 2.4sec, a fan fault indication will be given. F1F (bit
0<0>) and F2F (bit 1<0>) in the Status Register
indicate fan fault conditions for fan 1 and fan 2,
respectively. The FAULT output will also be pulled low
in a fan fault condition. Changing FFCLR (bit 7<0>) in
the Configuration Register will reset the fan fault bits in
the Status Register as well as the FAULT output. See
Register 6-2 for the Fan Fault Threshold Register 8-bit
format.

REGISTER 6-2:  FAN FAULT THRESHOLD REGISTERS (FAN_FAULT1 & FAN_FAULT2)
D(7) D(6) D(5) D(4) D(3) D(2) D(1) D(0) RPM
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 50
0 0 0 0 0 0 1 0 100
1 1 1 1 1 1 1 0 12700
1 1 1 1 1 1 1 1 12750

DS20001734D-page 18
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6.3 CONFIGURATION REGISTER
(CONFIG)
The Configuration Register is an 8-bit read/writable

multi-function control register. This register allows the
user to clear fan faults, select RPM resolution, select

Vour duty cycle (fan speed) control method, select the
fan current pulses per rotation for fans 1 and 2 (for fan
RPM calculation) and put the TC654/TC655 device into
a Shutdown mode to save power consumption. See
Register 6-3 below for the Configuration Register bit
descriptions.

REGISTER 6-3: CONFIGURATION REGISTER (CONFIG)

RW-0  RW-0  RMW-0 R/W-1 RW-0  RMW-1 R/W-0
FFCLR RES DUTYC | F2PPR | F2PPR | F1PPR | F1PPR SDM
bit 7 bit 0
bit 7 FFCLR: Fan Fault Clear

1 = Clear Fan Fault. This will reset the Fan Fault bits in the Status Register and the FAULT output.
0 = Normal Operation (default)

bit 6 RES: Resolution Selection for RPM Output Registers

1 = RPM Output Registers (RPM1 and RPM2) will be set for 25 RPM (9-bit) resolution.
0 = RPM Output Registers (RPM1 and RPM2) will be set for 50 RPM (8-bit) resolution (default).

bit 5 DUTYC: Duty Cycle Control Method

1 = The Vgyrt duty cycle will be controlled via the SMBus interface. The value for the Vo1 duty cycle
will be taken from the duty cycle register (DUTY_CYCLE).

0 = The Vgyr duty cycle will be controlled via the V| analog input pin. The Vgt duty cycle value will
be between 30% and 100% for V) values between 1.62V and 2.6V typical. If the V,\ pin is open
when this mode is selected, the Vgt duty cycle will default to 39.33%. (default)

bit 4-3 F2PPR: Fan 2 Pulses Per Rotation

The TC654/TC655 device uses this setting to understand how many current pulses per revolution Fan 2

should have. It then uses this as part of the calculation for the fan 2 RPM value in the RPM2 Register.

See Section 7.7 “Determining Current Pulses Per Revolution of Fans” for application information on

determining your fan’s number of current pulses per revolution.

00=1
01 = 2 (default)
10=4
11=8
bit 2-1 F1PPR: Fan 1 Pulses Per Rotation

The TC654/TC655 device uses this setting to understand how many current pulses per revolution Fan 1
should have. It then uses this as part of the calculation for the fan 1 RPM value for the RPM1 Register.
See Section 7.7 “Determining Current Pulses Per Revolution of Fans” for application information on
determining your fan’s number of current pulses per revolution.

00=1
01 = 2 (default)
10=4
11=8
bit 0 SDM: Shutdown Mode

1 = Shutdown mode. See Section 4.9 “Low-Power Shutdown Mode” for more information on low-
power Shutdown mode.
0 = Normal operation. (default)

Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR "1’ = Bit is set 0’ = Bit is cleared x = Bit is unknown
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6.4 STATUS REGISTER (STATUS) and overtemperature indication are all available in the

) ] ) ] Status register. The Status register is an 8-bit Read-
The Status register provides all the information about Only register with bits 6 and 7 unused. See Register 6-
what is going on within the TC654/TC655 devices. Fan 4 below for the bit descriptions.

fault information, V|y status, RPM counter overflow,
REGISTER 6-4: STATUS REGISTER (STATUS)

bit 7-6
bit 5

bit 4

bit 3

bit 2

bit 1

bit 0

U-0 u-0 R-X R-0 R-0 R-X R-0 R-0
— — | orF | rReco | RiCO | vsTAT F2F F1F
bit 7 bit 0

Unimplemented: Read as ‘0’

OTF: Overtemperature Fault Condition

For the TC654/TC655 device, this bit is set to the proper state immediately at start-up and is therefore
treated as an unknown (X). If V|y is greater than the threshold required for 100% duty cycle on Voyt
(2.6V typical), then the bit will be set to a ‘1’. If it is less than the threshold, the bit will be set to ‘0’. This
is determined at power-up.

1 = Overtemperature condition has occurred.
0 = Normal operation. V| is less than 2.6V.

R2CO: RPM2 Counter Overflow

1 = Fault condition. The maximum RPM reading of 12775 RPM in register RPM2 has been exceeded.
This bit will automatically reset to zero when the RPM reading comes back into range.

0 = Normal operation. RPM reading is within limits (default).

R1CO: RPM1 Counter Overflow

1 = Fault condition. The maximum RPM reading of 12775 RPM in register RPM1 has been exceeded.
This bit will automatically reset to zero when the RPM reading comes back into range.
0 = Normal operation. RPM reading is within limits (default).

VSTAT: V| Input Status

For the TC654/TC655 devices, the V|y pin status is checked immediately at power-up. If no external
thermistor or voltage output network is connected (V| is open), this bit is set to a ‘1’. If an external net-
work is detected, this bit is set to ‘0’. If the V| pin is open and SMBus operation has not been selected
in the Configuration Register, the Vo1 duty cycle will default to 39.33%.

1= V,yis open.

0 = Normal operation. voltage present at V|y.

F2F: Fan 2 Fault

1 = Fault Condition. The value for fan RPM in the RPM2 Register has fallen below the value set in the
FAN_FAULT2 Threshold Register. The speed of Fan 2 is too low and a fault condition is being indi-
cated. The FAULT output will be pulled low at the same time. This fault bit can be cleared using the
Fan Fault Clear bit (FFCLR (bit 7<0>)) in the Configuration Register.

0 = Normal Operation (default).

F1F: Fan 1 Fault

1 = Fault Condition. The value for fan RPM in the RPM1 Register has fallen below the value set in the
FAN_FAULT1 Threshold Register. The speed of Fan 1 is too low and a fault condition is being indi-
cated. The FAULT output will be pulled low at the same time. This fault bit can be cleared using the
Fan Fault Clear bit (FFCLR (bit 7<0>)) in the Configuration Register.

0 = Normal Operation (default).

Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR "1’ = Bit is set ‘0’ = Bit is cleared x = Bit is unknown
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6.5 DUTY-CYCLE Register
(DUTY_CYCLE)

The DUTY_CYCLE register is a 4-bit read/writable reg-
ister used to control the duty cycle of the Vot output.
The controllable duty cycle range via this register is
30% to 100%, with programming steps of 4.67%.This
method of duty cycle control is mainly used with the
SMBus interface. However, if the V,y method of duty
cycle control has been selected (or defaulted to), and
the V| pin is open, the duty cycle will go to the default
setting of this register, which is 0010 (39.33%). The
duty cycle settings are shown in Register 6-5.
REGISTER 6-5: DUTY-CYCLE REGISTER
(DUTY_CYCLE)

6.6 Manufacturer’s Identification
Register (MFR_ID)

This register allows the user to identify the
manufacturer of the part. The MFR_ID register is an 8-
bit Read-Only register. See Register 6-6 for the
Microchip manufacturer ID.

REGISTER 6-6: MANUFACTURER’S
IDENTIFICATION
REGISTER (MFR_ID)

D[7] | D[6] | D[5] | D[4] | D[3] | D[2] | D[1] | D[0]

0 1 0 1 0 1 0 0

6.7 Version ID Register (VER_ID)

This register is used to indicate which version of the
device is being used, either the TC654 or the TC655.
This register is a simple 2-bit Read-Only register.

REGISTER 6-7:  VERSION ID REGISTER

(VER_ID)

D[1] | D[0] | Version

0 0 |TC654

0 1 |TC655

D(3) D(2) D(1) D(0) Duty-Cycle

0 0 0 0 30%

0 0 0 1 34.67%

0 0 1 0 39.33% (default for Vy
open and when SMBus
is not selected)

0 0 1 1 44%

0 1 0 0 48.67%

0 1 0 1 53.33%

0 1 1 0 58%

0 1 1 1 62.67%

1 0 0 0 67.33%

1 0 0 1 72%

1 0 1 0 76.67%

1 0 1 1 81.33%

1 1 0 0 86%

1 1 0 1 90.67%

1 1 1 0 95.33%

1 1 1 1 100%
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7.0 APPLICATIONS INFORMATION
71 Connecting to the SMBus

The SMBus is an open-collector bus, requiring pull-up
resistors connected to the SDA and SCLK lines. This
configuration is shown in Figure 7-1.

Vbb
é R R TC654/TC655
o
% b= SDA
s SCLK
S
=

Range for R: 13.2 kQ to 46 kQ for Vpp = 5.0V

FIGURE 7-1:
SMBus.

The number of devices connected to the bus is limited
only by the maximum rise and fall times of the SDA
and SCLK lines. Unlike 12C specifications, SMBus
does not specify a maximum bus capacitance value.
Rather, the SMBus specification calls out that the
maximum current through the pull-up resistor be
350 pA  (minimum, 100 pA, is also specified).
Therefore, the value of the pull-up resistors will vary
depending on the system’s bias voltage, Vpp.
Minimizing bus capacitance is still very important as it
directly affects the rise and fall times of the SDA and
SCLK lines. The range for pull-up resistor values for a
5V system are shown in Figure 7-1.

Pull-Up Resistors On

Although SMBus specifications only require the SDA
and SCLK lines to pull down 350 pA, with a maximum
voltage drop of 0.4V, the TC654/TC655 has been
designed to meet a maximum voltage drop of 0.4V, with
3 mA of current. This allows lower values of pull-up
resistors to be used, which will allow higher bus capac-
itance. If this is to be done, though, all devices on the
bus must be able to meet the same pull-down current
requirements as well.

A possible configuration using multiple devices on the
SMBus is shown in Figure 7-2.

SDA SCLK
PIC16F876
Microcontroller
Mm— 24LCO01
e EEPROM
TC654/TC655 " ||
Fan Speed
Controller
— TCN75
Temperature
] Sensor
FIGURE 7-2: Multiple Devices on SMBus.

7.2 Setting the PWM Frequency

The PWM frequency of the Vo1 output is set by the
capacitor value attached to the Cg pin. The PWM
frequency will be 30 Hz (typical) for a 1 yF capacitor.
The relationship between frequency and capacitor
value is linear, making alternate frequency selections
easy.

As stated in previous sections, the PWM frequency
should be kept in the range of 15 Hz to 35 Hz. This will
eliminate the possibility of having audible frequencies
when varying the duty cycle of the fan drive.

A very important factor to consider when selecting the
PWM frequency for the TC654/TC655 devices is the
RPM rating of the selected fan and the minimum duty
cycle for operation. For fans that have a full-speed rat-
ing of 3000 RPM or less, it is desirable to use a lower
PWM frequency. A lower PWM frequency allows for a
longer time period to monitor the fan current pulses.
The goal is to be able to monitor at least two fan current
pulses during the on time of the Vgt output.

Example: Your system design requirement is to
operate the fan at 50% duty cycle when ambient
temperatures are below 20°C. The fan full-speed RPM
rating is 3000 RPM and has four current pulses per
rotation. At 50% duty cycle, the fan will be operating at
approximately 1500 RPM.

EQUATION

Time for one revolution (msec.) = % = 40

If one fan revolution occurs in 40 msec, then each fan
pulse occurs 10 msec apart. In order to detect two fan
current pulses, the on time of the Vo1 pulse must be
at least 20 msec. With the duty cycle at 50%, the total
period of one cycle must be at least 40 msec, which
makes the PWM frequency 25 Hz. For this example, a
PWM frequency of 20 Hz is recommended. This would
define a Cg capacitor value of 1.5 pF.
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7.3 Temperature Sensor Design

As discussed in previous sections, the V)y analog input
has a range of 1.62V to 2.6V (typical), which represents
a duty cycle range on the Vg output of 30% to 100%,
respectively. The V|y voltages can be thought of as
representing temperatures. The 1.62V level is the low
temperature at which the system only requires 30% fan
speed for proper cooling. The 2.6V level is the high
temperature, for which the system needs maximum
cooling capability. Therefore, the fan needs to be at
100% speed.

One of the simplest ways of sensing temperature over
a given range is to use a thermistor. By using an NTC
thermistor as shown in Figure 7-3, a temperature
variant voltage can be created.

Vob
i Ipiv

Ry R4

» VN
% y

Temperature Sensing

FIGURE 7-3:
Circuit.

Figure 7-3 represents a temperature dependent
voltage divider circuit. R; is a conventional NTC
thermistor, R4 and R, are standard resistors. R4 and R;
form a parallel resistor combination that will be referred
to as RTEMP (RTEMP = R1 * Rt/ R1 + Rt) As the
temperature increases, the value of R, decreases and
the value of Rrgyp Will decrease with it. Accordingly,
the voltage at V| increases as temperature increases,
giving the desired relationship for the V)y input. The
purpose of Ry is to help linearize the response of the
sensing network. Figure 7-4 shows an example of this.

There are many values that can be chosen for the NTC
thermistor. There are also thermistors which have a lin-
ear resistance instead of logarithmic, which can help to
eliminate Ry. If less current draw from Vpp is desired,
then a larger value thermistor should be chosen. The
voltage at the V| pin can also be generated by a volt-
age output temperature sensor device. The key is to
get the desired V| voltage to system (or component)
temperature relationship.

The following equations apply to the circuit in
Figure 7-3.

EQUATION

D1y = VDD><R2
“h = Rypyp(t1) + Ry
Vpp xRy

GC R

In order to solve for the values of Ry and R, the values
for V|y and the temperatures at which they are to occur
need to be selected. The variables, t1 and t2, represent
the selected temperatures. The value of the thermistor
at these two temperatures can be found in the thermis-
tor data sheet. With the values for the thermistor and
the values for V|y, you now have two equations from
which the values for R4 and R, can be found.

Example: The following design goals are desired:

» Duty Cycle = 50% (V| = 1.9V) with Temperature
(t1) =30°C

» Duty Cycle = 100% (V| = 2.6V) with Temperature
(t2) = 60°C

Using a 100 kQ thermistor (25°C value), we look up the

thermistor values at the desired temperatures:

+ Ry=79428 O @ 30°C

+ R{=22593 QO @ 60°C

Substituting these numbers into the given equations,

we come up with the following numbers for Ry and R,.

* R;1=34.8kQ
* Ry, =14.7kQ
140000 | 4,000
L
€ 120000 1\ Vi Voltage- = + 3.500
S +
£ 100000 T / 3.000
3 T2.500 ~
2 80000 L s
g — T2000 Z
o 60000 | [ 2
-FO- 40000 T NTC Thermistor -
2 & 100K @ 25°C T 1.000
- —
2 20000 | 1 o500
RTEMF
0 ——+ 0.000
P D PSSR S
Temperature (°C)

FIGURE 7-4: How Thermistor Resistance,
Vin, And Rreyp Vary With Temperature.

Figure 7-4 graphs three parameters versus tempera-
ture. They are Ry, Ry in parallel with R;, and V). As
described earlier, you can see that the thermistor has a
logarithmic resistance variation. When put in parallel
with R4, though, the combined resistance becomes
more linear, which is the desired effect. This gives us
the linear looking curve for V .
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7.4 FanSense Network (Rggnse &
Csensk)

The network comprised of Rgense and Cgense allows
the TC654/TC655 devices to detect commutation of the
fan motor. Rgensg converts the fan current into a volt-
age. Cgense AC couples this voltage signal to the
SENSE pins (SENSE1 and SENSEZ2). The goal of the
SENSE network is to provide a voltage pulse to the
SENSE pin that has a minimum amplitude of 120 mV.
This will ensure that the current pulse caused by the
fan commutation is recognized by the TC654/TC655
device.

A 0.1 yF ceramic capacitor is recommended for
Csense- Smaller values will require larger sense
resistors be used. Using a 0.1 yF capacitor results in
reasonable values for Rgense. Figure 7-5 illustrates a
typical SENSE network.

Risoz2
Voutr —» . A J|<
715 Q
SENSE1 <« i}
CsensEr R

(0.1 F typical) i SENSE1

SENSE2 «¢ {f
Csense2 R

(0.1 F typical) SENSEzi

Note: See Table 7-1 for Rggnsg1 and Rgenseo values.

FIGURE 7-5:

The value of Rggnsg Will change with the current rating
of the fan. A key point is that the current rating of the
fan specified by the manufacturer may be a worst case
rating. The actual current drawn by the fan may be
lower than this rating. For the purposes of setting the
value for Rggnsg, the operating fan current should be
measured.

Typical Sense Network.

Table 7-1 shows values of Rggnse according to the
nominal operating current of the fan. The fan currents
are average values. If the fan current falls between two
of the values listed, use the higher resistor value.

TABLE 7-1: Rsense VS- FAN CURRENT
Nomlnal(rl;ar) Current Rsense (0hm)
50 9.1
100 47
150 3.0
200 24
250 2.0
300 1.8
350 1.5
400 1.3
450 1.2
500 1.0

Figure 7-6 shows some typical waveforms for the fan
current and the voltage at the Sense pins.

SERZE Fin

W2 00ms Chi % 28mv

Ch |l

Ch4 100mA &

FIGURE 7-6: Typical Fan Current and
Sense Pin Waveforms.

7.5 Output Drive Device Selection

The TC654/TC655 is designed to drive two external
NPN transistors or two external N-channel MOSFETs
as the fan speed modulating elements. These two
arrangements are shown in Figure 7-7. For lower
current fans, NPN transistors are a very economical
choice for the fan drive device. It is recommended that,
for higher-current fans (500 mA and above), MOSFETs
be used as the fan drive device. Table 7-2 provides
some possible part numbers for use as the fan drive
element.

When using an NPN transistor as the fan drive
element, a base current limiting resistor must be used.
This is shown in Figure 7-7.

When using MOSFETs as the fan drive element, it is
very easy to turn the MOSFETSs on and off at very high
rates. Because the gate capacitances of these small
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MOSFETs are very low, the TC654/TC655 can charge
and discharge them very quickly, leading to very fast
edges. Of key concern is the turn-off edge of the
MOSFET. Since the fan motor winding is essentially an
inductor, once the MOSFET is turned off, the current
that was flowing through the motor wants to continue to
flow. If the fan does not have internal clamp diodes
around the windings of the motor, there is no path for
this current to flow through, and the voltage at the drain
of the MOSFET may rise until the drain to source rating
of the MOSFET is exceeded. This will most likely cause
the MOSFET to go into Avalanche mode. Since there
is very little energy in this occurrence, it will probably
not fail the device, but it would be a long term reliability
issue. The following is recommended:

» Ask how the fan is designed. If the fan has clamp
diodes internally, you will not experience this
problem. If the fan does not have internal clamp
diodes, it is a good idea to put one externally
(Figure 7-8). You can also put a resistor between
Vourt and the gate of the MOSFET, which will help
slow down the turn-off and limit this condition.

Vbp
Rease
Vour O—-’\/\/\/—@ Q

Rsense

GND

a) Single Bipolar Transistor

LY

Q4
Vout

Rsense

b) N-Channel MOSFET

FIGURE 7-7: Output Drive Device Configurations.
TABLE 7-2: FAN DRIVE DEVICE SELECTION TABLE (Note 2)

Device Package Ma):/:;:fv?atl Min hfe VcelVps Fan(:;‘::)rent Rs:sgsza::::s)
MMBT2222A SOT-23 1.2 50 40 150 800
MPS2222A TO-92 1.2 50 40 150 800
MPS6602 TO-92 1.2 50 40 500 301
S12302 SOT-23 2.5 NA 20 500 Note 1
MGSF1NO2E SOT-23 25 NA 20 500 Note 1
S14410 SO-8 4.5 NA 30 1000 Note 1
S12308 SOT-23 4.5 NA 60 500 Note 1

Note 1: A series gate resistor may be used in order to control the MOSFET turn-on and turn-off times.
2: These drive devices are suggestions only. Fan currents listed are for individual fans.

© 2002-2020 Microchip Technology Inc.
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=

.
<+ Q
Vout —

Rsense

GND

Q1- N-Channel MOSFET

FIGURE 7-8:
Off.

Clamp Diode For Fan Turn-

7.6 Bias Supply Bypassing and Noise
Filtering

The bias supply (Vpp) for the TC654/TC655 devices
should be bypassed with a 1 yF ceramic capacitor. This
capacitor will help supply the peak currents that are
required to drive the base/gate of the external fan drive
devices.

As the V| pin controls the duty cycle in a linear fashion,
any noise on this pin can cause duty cycle jittering. For
this reason, the V,y pin should be bypassed with a
0.01 pF capacitor.

In order to keep fan noise off of the TC654/TC655
device ground, individual ground returns for the TC654/
TC655 and the low side of the fan current sense
resistor should be used.

7.7 Determining Current Pulses Per
Revolution of Fans

There are many different fan designs available in the
marketplace today. The motor designs can vary and,
along with it, the number of current pulses in one fan
revolution. In order to correctly measure and
communicate the fan speed, the TC654/TC655 must
be programmed for the proper number of fan current
pulses per revolution. This is done by setting the
F2PPR and F1PPR bits in the Configuration Register to
the proper values (see Section 6.3 “Configuration
Register (Config)” for settings). A fan's current pulses
per revolution can be determined in the following
manner.

The first piece of information required is the fan's full-
speed RPM rating. The fan RPM rating can then be
converted to give the time for one revolution using the
following equation:

EQUATION

60 x 1000

Time for one revolution (msec.) = Fan RPM

The fan current can now be monitored over this time
period. The number of pulses occurring in this time
period is the fan's "Current Pulses per Rotation" rating
which is needed in order to accurately read fan RPM.

Example: The full-speed fan RPM rating is 8200 RPM.
From this, the time for one fan revolution is calculated
to be 7.3 msec, using the previously discussed
equation. Using a current probe, the fan current can be
monitored as the fan is operating at full speed.
Figure 7-9 shows the fan current pulses for this
example. The 7.44 msec window, marked by the
cursors, is very near the 7.3 msec calculated above,
and is within the tolerance of the fan ratings. Four
current pulses occur within this 7.44 msec time frame.
Given this information, F2PPR (bits 4-3<01>) and
F1PPR (bits 2-1<01>) in the Configuration Register,
should be set to '10' to indicate 4 current pulses per
revolution.

|
|
e AT ——
! 7.44ms

A A A

o

+1FAN: KDE1204KPVX ;

RPM Rating: 8200

| ]
MZ2.00ms Chd4 L 134mA

100mA &

FIGURE 7-9:
Revolution Fan.

Four Current Pulses Per

7.8 How to Eliminate False Current
Pulse Sensing

During the PWM mode of operation, some fans will
generate an extra current pulse. This pulse occurs
when the external drive device is turned on and is, in
most cases, caused by the fan's electronics that control
the fan motor. This pulse does not represent true fan
current and needs to be blanked out. This is particularly
important for detecting a fan in a locked rotor condition.
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Figure 7-10 shows the voltage pulse at the Sense pin,
which is caused by the fan's "extra" current pulse
during PWM output turn-on.

Sense Pin Voltage
"Extra Pulse"

] %t

T PWM : <

TE T00mvV & Ch2 5.00V & M 2.00us Ch2 F 7oV

FIGURE 7-10:

This problem occurs mainly with fans that have a
current waveshape like the one shown in Figure 7-9.
For configurations where an NPN transistor is being
used as the external drive device, the typical Rggnse
and Cgense Scheme can continue to be used to sense
the fan current pulses. In order to eliminate the extra
current pulse, a slow-down capacitor can be placed
from the base of the transistor to ground. A 0.1 uF
capacitor is appropriate in most cases. This
arrangement is shown in Figure 7-11. This capacitor
will help to slow down the turn-on edge of the transistor
and reduce the amplitude of the extra current pulse.

Extra Pulse at Sense Pin.

For configurations using an N-channel MOSFET as the
drive device, the slow-down capacitor does not fix all
conditions and the current sensing scheme must be
changed. Since the current for this type of fan always
returns to zero, the coupling capacitor (Cggnsg) is not
needed. Instead, it will be replaced by an R-C
configuration to eliminate the voltage pulse generated
by the extra current pulse. This new sensing
configuration is shown in Figure 7-12. The values of the
resistor/capacitor combination should be adjusted so
that the voltage pulse generated by the extra current
pulse is smoothed and is not registered by the TC654/
TC655 as a true fan current pulse. Typical values for
RsLow and Cg| ow are 1 KQ and 1000 pF, respectively.

(0.1uF
typical)

Riso2 A
P TA

SYYIN
CsLowz

SENSE1 CSEI'\}‘SE (0.1 F typical)
TC654/ (0.1 b typical) iRSENSH

Vout

TC655

SENSE2 i}
Csense2
GND (0.1 uF typical) Rsense2 i

FIGURE 7-11:
Capacitor.

Transistor Drive with Cg; o

e

RsLow1
(1 kQ typical)
SENSE1 * W

CsLow1

TC654/ y1 000pF typical)i RseNsE1

TC655

RsLowz
(1 kQ typical)
SENSE2 — M
GND

CsLowsz Rsensez2
{7 (1000pF typical)

FIGURE 7-12: FET Drive with Rg; o/
CsiLow Sense Scheme.
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8.0 PACKAGING INFORMATION

8.1 Package Marking Information

10-Lead MSOP (3 x 3 mm) Example

TC654E
035256

Legend: XX..X Customer-specific information
Y Year code (last digit of calendar year)
YY Year code (last 2 digits of calendar year)
ww Week code (week of January 1 is week ‘01’)
NNN  Alphanumeric traceability code
@ Pb-free JEDEC® designator for Matte Tin (Sn)
* This package is Pb-free. The Pb-free JEDEC designator (@)
can be found on the outer packaging for this package.

Note: In the event the full Microchip part number cannot be marked on one line, it will
be carried over to the next line, thus limiting the number of available
characters for customer-specific information.
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10-Lead Plastic Micro Small Outline Package (UN) [MSOP]

Note:

For the most current package drawings, please see the Microchip Packaging Specification located at

http://www.microchip.com/packaging

E 2X
—
]
' %
I
' ]
E1/2 !
|
EEII ____.__7%__/74_______‘_ [E]
NOTE 1J1u_|2u_| JJ H N/2
1Bl | 1[&]o.25]c]
aije
o T =
[ Tor@IS[As[0]
* TOP VIEW
| | X Jo.10]c]

END VIEW

Microchip Technology Drawing C04-021C Sheet 1 of 2
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10-Lead Plastic Micro Small Outline Package (UN) [MSOP]

Note: For the most current package drawings, please see the Microchip Packaging Specification located at
http://www.microchip.com/packaging

SEATING

PLANE

(L1)

DETAIL C
Units MILLIMETERS

Dimension Limits|  MIN | NOM | MAX
Number of Pins N 10
Pitch e 0.50 BSC
Overall Height A - - 1.10
Molded Package Thickness A2 0.75 0.85 0.95
Standoff A1 0.00 - 0.15
Overall Width E 4.90 BSC
Molded Package Width E1 3.00 BSC
Overall Length D 3.00 BSC
Foot Length L 040 | o060 [ 0.80
Footprint L1 0.95 REF
Foot Angle % 0° - 8°
Lead Thickness C 0.08 - 0.23
Lead Width b 0.15 - 0.33

Notes:
1. Pin 1 visual index feature may vary, but must be located within the hatched area.
2. Dimensions D and E1 do not include mold flash or protrusions. Mold flash or
protrusions shall not exceed 0.15mm per side.
3. Dimensioning and tolerancing per ASME Y14.5M.
BSC: Basic Dimension. Theoretically exact value shown without tolerances.
REF: Reference Dimension, usually without tolerance, for information purposes only.

Microchip Technology Drawing C04-021C Sheet 2 of 2
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10-Lead Plastic Micro Small Outline Package (UN) [MSOP]

Note: For the most current package drawings, please see the Microchip Packaging Specification located at
http://www.microchip.com/packaging

L HTHIN
SILK

_—. L L SCREEN

GX

RECOMMENDED LAND PATTERN

Units MILLIMETERS

Dimension Limits]  MIN | NOM | MAX
Contact Pitch E 0.50 BSC
Contact Pad Spacing C 4.40
Overall Width Z 5.80
Contact Pad Width (X10) X1 0.30
Contact Pad Length (X10) Y1 1.40
Distance Between Pads G1 3.00
Distance Between Pads GX 0.20

Notes:
1. Dimensioning and tolerancing per ASME Y14.5M
BSC: Basic Dimension. Theoretically exact value shown without tolerances.

Microchip Technology Drawing No. C04-2021A

© 2002-2020 Microchip Technology Inc. DS20001734D-page 31



TC654/TC655

NOTES:

DS20001734D-page 32 © 2002-2020 Microchip Technology Inc.



TC654/TC655

APPENDIX A: REVISION HISTORY

Revision D (August 2020)

1. Updated Electrical Specifications.

2. Updated Section 4.7 “Sensing Fan Operation
(SENSE1 & SENSE2)”.

Revision C (July 2014)

The following is the list of modifications.

1. Updated the package marking drawing.
2. Added Appendix A.

Revision B (January 2013)

The following is the list of modifications.
1. Added a note to the package outline drawing.

Revision A (2002)

« Original Release of this Document.

© 2002-2020 Microchip Technology Inc.
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PRODUCT IDENTIFICATION SYSTEM

To order or obtain information, e.g., on pricing or delivery, refer to the factory or the listed sales office.

PART NO. X XX
'|' —|— Examples:
Device Temperature Package a) TCG654EUN: PWM Fan Speed Controller with
Range Fault Detection
b)  TC654EUNT: PWM Fan Speed Controller with
Fault Detection (Tape and Reel)
Device: TC654: PWM Fan Speed Controller w/Fault Detection c) TC655EUN: PWM Fan Speed Controller with
TC654T: PWM Fan Speed Controller w/Fault Detection Fault Detection
(Tape and Reel) d) TCB55EUNT: PWM Fan Speed Controller with

TC655: PWM Fan Speed Controller w/Fault Detection
TC655T: PWM Fan Speed Controller w/Fault Detection
(Tape and Reel)

Fault Detection (Tape and Reel)

Temperature Range: E -40°C to +85°C

Package: UN

Plastic Micro Small Outline (MSOP), 10-lead

© 2002-2020 Microchip Technology Inc. DS20001734D-page 35
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Note the following details of the code protection feature on Microchip devices:

Microchip products meet the specifications contained in their particular Microchip Data Sheet.
Microchip believes that its family of products is secure when used in the intended manner and under normal conditions.

There are dishonest and possibly illegal methods being used in attempts to breach the code protection features of the Microchip
devices. We believe that these methods require using the Microchip products in a manner outside the operating specifications
contained in Microchip's Data Sheets. Attempts to breach these code protection features, most likely, cannot be accomplished

without violating Microchip's intellectual property rights.

Microchip is willing to work with any customer who is concerned about the integrity of its code.

Neither Microchip nor any other semiconductor manufacturer can guarantee the security of its code. Code protection does not
mean that we are guaranteeing the product is "unbreakable." Code protection is constantly evolving. We at Microchip are
committed to continuously improving the code protection features of our products. Attempts to break Microchip's code protection
feature may be a violation of the Digital Millennium Copyright Act. If such acts allow unauthorized access to your software or

other copyrighted work, you may have a right to sue for relief under that Act.

Information contained in this publication is provided for the sole
purpose of designing with and using Microchip products. Infor-
mation regarding device applications and the like is provided
only for your convenience and may be superseded by updates.
It is your responsibility to ensure that your application meets
with your specifications.

THIS INFORMATION IS PROVIDED BY MICROCHIP "AS IS".
MICROCHIP MAKES NO REPRESENTATIONS OR WAR-
RANTIES OF ANY KIND WHETHER EXPRESS OR IMPLIED,
WRITTEN OR ORAL, STATUTORY OR OTHERWISE,
RELATED TO THE INFORMATION INCLUDING BUT NOT
LIMITED TO ANY IMPLIED WARRANTIES OF NON-
INFRINGEMENT, MERCHANTABILITY, AND FITNESS FORA
PARTICULAR PURPOSE OR WARRANTIES RELATED TO
ITS CONDITION, QUALITY, OR PERFORMANCE.

IN NO EVENT WILL MICROCHIP BE LIABLE FOR ANY INDI-
RECT, SPECIAL, PUNITIVE, INCIDENTAL OR CONSEQUEN-
TIAL LOSS, DAMAGE, COST OR EXPENSE OF ANY KIND
WHATSOEVER RELATED TO THE INFORMATION OR ITS
USE, HOWEVER CAUSED, EVEN IF MICROCHIP HAS
BEEN ADVISED OF THE POSSIBILITY OR THE DAMAGES
ARE FORESEEABLE. TO THE FULLEST EXTENT
ALLOWED BY LAW, MICROCHIP'S TOTAL LIABILITY ON
ALL CLAIMS IN ANY WAY RELATED TO THE INFORMATION
OR ITS USE WILL NOT EXCEED THE AMOUNT OF FEES, IF
ANY, THAT YOU HAVE PAID DIRECTLY TO MICROCHIP
FOR THE INFORMATION. Use of Microchip devices in life sup-
port and/or safety applications is entirely at the buyer's risk, and
the buyer agrees to defend, indemnify and hold harmless
Microchip from any and all damages, claims, suits, or expenses
resulting from such use. No licenses are conveyed, implicitly or
otherwise, under any Microchip intellectual property rights
unless otherwise stated.

For information regarding Microchip’s Quality Management Systems,
please visit www.microchip.com/quality.
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