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Application Guide for the EPC7C006 Evaluation Board
EPC Space (www.epc.space)

September 30, 2022

ESD P tion.
SD Precaution A Proper ESD precautions should be employed when handling the EPC7C006

AzaA Eval. Board to prevent damage to the components installed on the board.
Introduction.

This document describes the functionality, options and the recommended signal connections to/from
the EPC7C006 FBS-GAMO2 Three-Phase Motor Driver Eval. Board to power supplies, the motor to be
driven and monitoring instruments to observe and evaluate of the performance of EPC Space FBS-
GAMO02 Modules connected as a three-phase motor driver.

EPC7CO006 is a full-featured evaluation board: It can be used as a stand-alone motor driver board using
external PWM control inputs for each phase or it may be used in conjunction with the EPC9147A for the
motor ramp up/down and rotational speed. The board has dead-time circuitry included for the PWM
signals for each phase and various signal (voltage/current) monitor circuitry for each phase and for the
VDD supply current.

This document provides a basic block diagram and the descriptions of all input, output and power
connectors to/from the board, jumper connection options for the external PWM signals, for the output
filtering option, the various power options for the board, the schematic of the evaluation board, the bill
of materials (BOM) and the PCB layout of the board in the form of layer-by-layer Gerber rendering of the
evaluation printed circuit board.

Please consult schematic included with this document for the connections to/from each FBS-GAMO02-P-
C50 module and the FBS-GAMO02-P-C50 or FBS-GAMO02-P-R50 data sheet for further details regarding the
specifications and operation of the GAM02 Module.

EPC7C006 Functional Block Diagram.
The functional block diagram is shown in Figure 1.
Evaluation PCB Physical Layout.

Figure 2a shows the top view and Figure 2b shows the bottom view of the EPC7C006 Eval. Board. These
pictures illustrate the component placements, connector and jumper locations, power, load and input
signal connections and the numerous test points available for monitoring by the end-user. The printing
on the PCB is shown as black for clarity — the physical board has white printing:
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Figure 1. EPC7C006 Eval. Board Functional Block Diagram.
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Figure 2a. EPC7C006 Eval. Board (Top View).
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Figure 2b. EPC7C006 Eval. Board (Bottom View).
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Powering the EPC7C006 Evaluation Board.

The EPC7C006 board is configured to provide flexibility to end-user for providing the 5V (VBIAS) power
to the board. Referring to Figure 1, the 5V power may be derived from the VDD power supply via an
onboard DC-DC converter (U2); it may be derived from the banana jacks JDC3 and JDC4 or screw
terminal connector JVBIAS (with U2 disabled via resistor jumpers) or; from connector JPWM, pin 8 and
with the pin 2-3 jumper installed on connector JA5. Table | identifies the three VBIAS power situations
and the required configuration of jumpers and resistor placements that are required to implement each,
as well as where 5V power must be applied.

TABLE I. EPC7C006 Evaluation Board 5Vdc (VBIAS) Options.

5V (VBIAS) Resistors Jumper
Power Connectors IAS
. Used !
Provided By R14 R15 R24 Pins 2 and 3
VDD JDC1J,VJII3)DCZ or Omitted Present Present Note 1

External 5V | JDC3, JDC4 or

p t Omitted Omitted Note 1
Power Supply JVBIAS resen me me >
External 5V IPWM Omitted Omitted Omitted Present
Power Supply

Note 1: The JAS Pins 2 and 3 jumper may be present if JPWM, pin 8 is used and 5Vdc
power is to be drawn from the EPC7C006 board to power external circuitry. The
maximum current that may be drawn from JPWM, pin 8 is 20mAdc.

In any of the three previous VBIAS power situations in Table | the 3.3V DC power required by the board
is derived from the on-board 5V supply via an LDO. There may be situations where the end-user may
wish to remove power from the on-board 3.3Vdc circuitry or provide 3.3Vdc from an external source via
JPWM, pin 8. Table Il identifies the possible 3.3Vdc power situations for the EPC7C006 board.

TABLE II. EPC7C006 Evaluation Board 3.3Vdc Options.

Resist J
3.3V Power Connectors esistors ujr::er
Provi B !
rovided By Used R25 R26 Pins 1 and 4
5Vdc (VBIAS) N/A Present Present Note 2
External 3.3V JPWM Omitted Omitted Present
Power Supply
Disabled N/A Omitted Omitted Omitted
Note 2: The JAS Pins 1 and 4 jumper may be present if JPWM, pin 8 is used
and 3.3Vdc power is to be drawn from the EPC7C006 board to power external
circuitry. The maximum current that may be drawn from JPWM, pin 8 is
15mAdc.
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The maximum current drawn by the 5Vdc (VBIAS) on-board circuitry is 75mA, including the 3.3Vdc
current drain. The maximum current drawn by the 3.3Vdc on-board circuitry is 25mA.

The 3.3Vdc supply is capable of providing the 150mA current drain required by the EPC9147A controller
daughtercard when it is connected to the EPC7C006 board via connector JUCO.

VBIAS Power Supply Resistor and Jumper Locations.

The resistors in question in Table | are located on the bottom side of the EPC7C006 board, in the upper
right-hand corner, as shown in Figure 3.

Figure 3. Resistors R14, R15 and R24 Locations.

The resistors in question in Table Il are located on the bottom side of the EPC7C006 board, in the far
right, middle of the board adjacent to JUCO, as shown in Figure 4.

Figure 4. Resistors R25, R26 and JA5 Locations.
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Indicator LEDs: LED1, LED2, LED3, LEDS and LED6.

The EPC7C006 evaluation board is provided with visual indication that the “Power Good” outputs for
GAMO02 modules MOD1, MOD2 and MOD3. The high logic state (indicating that the modules are
undamaged) indicates that the modules are undamaged and that their respective VBIAS inputs are
above the UVLO+ threshold, and this condition is indicated by LED1, LED2and LED3, respectively. These
three indicators glow GREEN when the modules have VBIAS applied and are ready to have VDD applied.

Indicator LED4 glows GREEN when VBIAS power is properly applied to the board.

Indicator LED5 glows GREEN when +3.3V power is properly applied to the board.

IMPORTANT NOTE: In order to prevent damage to the EPC7C006 board, it is recommended that prior to
the application of VDD to the board that VBIAS is applied and all five indicator LEDs are observed to be
glowing. The locations of Indicators LED1 through LED5 are shown in Figure 5.

iEPC7C°006

[

LED4 LEDS

Figure 5. Indicator LED1 through LED5 Locations.

Indicator LED6 glows RED when an output over-current (O/C) condition exists in the main motor power
supply (VDD) or any of the three phase outputs. The O/C threshold may be varied by adjusting R84 for
the VDD supply and by adjusting R81 for the three phase outputs. The location of indicator LED6 is
shown in Figure 6.

Figure 6. Indicator LED6 Location.
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Description of Test Points.

The description of each test point on the EPC7C006 Evaluation Board is found in Table Ill.

TABLE Ill. EPC7C006 Evaluation Board Test Point Identification.

Test Point +/- Spacing (in.) Parametric Measurement Location
TP1 0.100 Phase 1 Switching Node Monitor.
TP2 0.100 Phase 2 Switching Node Monitor.
TP3 0.100 Phase 3 Switching Node Monitor.
TP4 0.100 VBIAS (+5V) Monitor.

TP5 0.100 Phase 1 External PWM Signal Monitor.
TP6 0.100 Phase 2 External PWM Signal Monitor.
TP7 0.100 Phase 3 External PWM Signal Monitor.
TP8 0.100 Phase 1 TIN PWM Signal Monitor.
TP9 0.100 Phase 1 BIN PWM Signal Monitor.
TP10 0.100 Phase 2 TIN PWM Signal Monitor.
TP11 0.100 Phase 2 BIN PWM Signal Monitor.
TP12 0.100 Phase 3 TIN PWM Signal Monitor.
TP13 0.100 Phase 3 BIN PWM Signal Monitor.

Each set of test points (signal to be measured as indicated by “+”, and ground as indicated by

oaon

) have

the physical spacings shown in Table | so as to facilitate easy oscilloscope probing by the end-user.

IMPORTANT NOTE: The “-” side of each test point is connected
to the ground potential (i.e., 0Vdc) of the Evaluation Board.
ALWAYS make sure that the ground connection to the
oscilloscope is connected to this point when power is applied to
the board as damage may occur to the oscilloscope, the Eval.

Board or BOTH.

Description of Selection Jumpers.

There are five (5) jumper arrays provided on the EPC7C006 Eval. Board. Jumper array JA1 provides the
connection of the PWM signals to the three phases from the optional EPC9147A motor controller board,
accessible via connector JUCO. Jumper arrays JA2-JA4 provides the connection of the PWM signals to
the three phases from the SMA connectors JI1, JI2 and JI3. Jumper array JAS provides selection
capability for the interface voltage provided to connector JPWM. This voltage may be used to drive

interface buffers or other level shifting circuitry on the customer’s end-use application board.

9 8
Il
B H
B H
Inl

7
I
=]
=
|
6

4 5

Figure 7. JA1 Pinout.
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TABLE IV. Jumper Array JA1 Pin Jumping Guide and Functionality.

JA1 Pin # . o . .
Shorted to JA1 Pin # Description/Functionality
1 12 Low-side PWM drive signal to Module 3 from JUCO.
2 11 High-side PWM drive signal to Module 3 from JUCO.
3 10 Low-side PWM drive signal to Module 2 from JUCO.
4 9 High-side PWM drive signal to Module 2 from JUCO.
5 8 Low-side PWM drive signal to Module 1 from JUCO.
6 7 High-side PWM drive signal to Module 1 from JUCO.
4 3
=
=
1 2
Figure 8. JA2-JA5 Pinouts.
TABLE V. Jumper Array JA2 Pin Jumping Guide and Functionality.
JA2 Pin # . A o .
shorted to JA2 Pin # Description/Functionality
1 4 High-side PWM drive signal to Module 1 from JI1.
2 3 Low-side PWM drive signal to Module 1 from JI1.
TABLE VI. Jumper Array JA3 Pin Jumping Guide and Functionality.
JA3 Pin # . _— . .
Shorted to JA3 Pin # Description/Functionality
1 4 High-side PWM drive signal to Module 2 from JI2.
2 3 Low-side PWM drive signal to Module 2 from JI2.
TABLE VII. Jumper Array JA4 Pin Jumping Guide and Functionality.
JA4 Pin # . A o .
shorted to JA4 Pin # Description/Functionality
1 4 High-side PWM drive signal to Module 3 from JI3.
2 3 Low-side PWM drive signal to Module 3 from JI3.

Rev. -- 9/30/2021
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TABLE VIII. Jumper Array JA5 Pin Jumping Guide and Functionality.

JAS Pin # . o . .
Shorted to JAS Pin # Description/Functionality
1 4 +5V connected to JPWM pin 8.
2 3 +3.3V connected to JPWM pin 8.

Figure 9. Jumper for JA1-JAS.

All jumpers for JA1 through JA5 are Harwin P/N M50-2000005.

NOTE: Jumpers should be present in JA1 or JA2-JA4, NEVER in both sets of jumpers. If JPWM is used a

jumper should be present on JA5 pinl to pin 4 or pin2 to pin 3, NEVER in both positions.

Description of Connectors.

There are thirteen (13) connectors provided on the EPC7C006 Eval. Board. There are three (3)
connectors to provide 5V bias power to the board, three (3) connectors to provide motor VDD power to
the board, four (4) connectors to provide PWM signals to the board, one (1) connector to interface to
the motor, and two (2) connectors to interface to the optional EPC9147A motor controller daughter

board.

The description of the functionality of each connector is shown in Table IX.

TABLE IX. EPC7C006 Evaluation Board Connector Description and Functionality.

Connector Description/Functionality
JVvDD Motor VDD power.
JDC1(+), IDC2(-) Motor VDD power.
JVBIAS External VBIAS power.

JDC3(+), JDCA(-)

External VBIAS power.

External user-provided three-phase

JPWM PWM controller input signals.
i Phase 1 external PWM input.
JI2 Phase 2 external PWM input.
JI3 Phase 3 external PWM input.

Hall-effect position sensor input signals to

JHES .
optional EPC9147A controller daughtercard.
JUCO Analog/digital interface signals to optional
EPC9147A controller daughtercard.
JMOTOR Three-phase motor drive power signals.

Rev. -- 9/30/2021

WWW.epc.space

Page 10 of 32



17 Parkview Road  UnitE  Haverhil, MA 01835 USA EPC7C006 Evaluation Board

JVDD, JDC1 and JDC2 “VDD” Connector Details.

The VDD power connectors offer the end-user the ability to provide power via standard banana cables
via JDC1 (+) and JDC2 (-) or by wires to terminal block connector JVDD. It is recommended that if wires
are used to connect VDD to the board via JVDD that 14AWG or greater diameter wires be used and that
the +/- wires be twisted to avoid noise — radiated or conducted.

JVBIAS, JDC3 and JDC4 “VBIAS” Connector Details.

The VBIAS power connectors also offer the end-user the ability to provide power via standard banana
cables via JDC3 (+) and JDC4 (-) or by wires to terminal block connector JVBIAS. It is recommended that if
wires are used to connect VBIAS to the board via JVBIAS that 22AWG or greater diameter wires be used
and that the +/- wires be twisted to avoid noise — either radiated or conducted.

JPWM Connector Details.

Connector JPWM is provided such that the end-user of the EPC7C006 Eval. Board can provide three-
phase input logic signals to the board with VBIAS power and ground signals. This connector is a Molex
90136-1208 CGRID llI-style, 8 pin connector. The pinout for this connector is shown in Figure 10, looking
into the pins, and the functionality of each pin is described in Table X.

e 1 I
®006
oNoRcRo

Figure 10. JAWM Pinout.

TABLE X. Connector JPWM Pin Functional Descriptions.

JPWM Pin # Signal Name Description/Functionality

1 PWM1H Phase 1 high-side driver PWM signal.
2 PWMI1L Phase 1 low-side driver PWM signal.
3 PWM2H Phase 2 high-side driver PWM signal.
4 PWM2L Phase 2 low-side driver PWM signal.
5 PWM3H Phase 3 high-side driver PWM signal.
6 PWM3L Phase 3 low-side driver PWM signal.
7 Ground Signal Ground Return.

8 VBIAS +5V to external circuitry (10mA, max).

The PWM signals provided to the PWM1H/L, PWM2H/L and PWM3H/L inputs must be the same
frequency and they should be 0 to +3V, minimum, to a maximum of +5V, in amplitude. The minimum
duty cycle for these inputs is 0% and the maximum is 95%. The maximum input frequency is 500kHz.

Rev. -- 9/30/2021 WWW.epc.space Page 11 of 32
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JI1, JI2 and JI3 Connector Details.

Connectors JI1, JI2 and JI3 are SMA style coaxial connectors. JI1 through JI3 connect external PWM
signals for each phase (Phase 1, 2 and 3, respectively) to the board. These three signals, which are
provided to the board with 120 degrees phase difference between phases 1 and 2 and between phases
2 and 3, are then converted to complimentary signals with added dead times to drive the low- and high-
side logic inputs for each FBS-GAMO02-P-C50 module for each motor phase.

The PWM signals provided to the JI1, JI2 and JI3 inputs must be the same frequency and they should be
0 to +3V, to a maximum of +5.5V, in amplitude. The minimum duty cycle for these inputs is 0% and the
maximum is 95%. The maximum input frequency is 500kHz.

JHES Connector Details.

Connector JHES is provided such that the end-user of the EPC7C006 Eval. Board can provide optional
three-phase Hall-effect position logic signals from the motor being driven to the EPC7C006 board along
with +3.3V power and ground signals. This connector is a Molex 90136-1206 CGRID lll-style, 6 pin
connector. The pinout for this connector is shown in Figure 11, looking into the pins, and the
functionality of each pin is described in Table XI.

I

ONORNO)
® ® @

Figure 11. JHES Pinout.

TABLE XI. Connector JHES Pin Functional Descriptions.

JHES Pin # Signal Name Description/Functionality
1 HES1 Phase 1 Hall effect sensor output signal.
2 HES2 Phase 2 Hall effect sensor output signal.
3 HES3 Phase 3 Hall effect sensor output signal.
4 Ground Signal Ground Return.
5 Ground Signal Ground Return.
6 +3.3VDC +3.3V to external circuitry (5mA, max).

The Hall effect sensor output signals provided to the HES1, HES2 and HES3 inputs should be 0 to +3.0V,
minimum, to a maximum of +12V, in amplitude.

Rev. -- 9/30/2021 WWW.epc.space Page 12 of 32
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JUCO Connector Details.

Connector JUCO is provided such that the end-user of the EPC7C006 Eval. Board can interface the board
to the optional EPC9147A motor control daughterboard. This connector is a Samtec MEC1-120-02-F-D-
EM2 1.00mm Mini Card Edge Socket, 40 pin connector. The pinout for this connector is shown in Figure
12, looking into the pins, and the functionality of each pin is described in Table XIlI.

Board Top

Figure 12. JUCO Pinout.

Please note the empty positions at pin locations 15 and 16.

Although this connector is intended to interface to the optional EPC9147A controller daughterboard, it
may also be used as a convenient contact point for the end-user to monitor/measure the key motor
operating parameters such as phase voltage, phase current, VDD current, the VBIAS and +3.3V power
supply and the GAMO02 MOD1-MOD3 “Power Good” signal status and the board temperature in the
absence of the optional controller.

A useful interface board for the JUCO connector is the EPC9147E Interface Board, as shown in Figure 13.
It provides a break-out connection for each of the signals that terminate on the JUCO connector. This
makes monitoring the phase voltages and currents accessible and convenient.

More information regarding this interface board may be found at: https://epc-
co.com/epc/Portals/0/epc/documents/guides/EPC9147E qgsg.pdf.

Front view Back view

Figure 13. EPC9147E Interface Board.
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TABLE Xll. Connector JUCO Pin Functional Descriptions.

JUCO Pin #(s) | Signal Name | 1/O* (?I;:‘gaiiglg)/ Description/Functionality
2 PWM1H I D Phase 1 high-side driver PWM signal.
4 PWMI1L I D Phase 1 low-side driver PWM signal.
6 PWM2H I D Phase 2 high-side driver PWM signal.
8 PWM2L I D Phase 2 low-side driver PWM signal.
10 PWM3H I D Phase 3 high-side driver PWM signal.
12 PWM3L I D Phase 3 low-side driver PWM signal.
14 HES1 0] D Phase 1 Hall effect sensor output.
18 HES2 0] D Phase 2 Hall effect sensor output.
20 HES3 0] D Phase 3 Hall effect sensor output.
22 VDDM o A VDD supply monitor. VDDM = VDD/24.65
24 VPH1 0] A Phase 1 voltage monitor. VPH1 = PH1/24.65
26 VPH2 0] A Phase 2 voltage monitor. VPH2 = PH2/24.65
28 VPH3 0] A Phase 3 voltage monitor. VPH3 = PH3/24.65
30 IDDM o A VDD supply current monitor. IDDM = IDD*0.1
32 VIPH1 ) A Phase 1 current monitor. VIPH1 = IPH1*0.1
34 VIPH2 ) A Phase 2 current monitor. VIPH2 = [IPH2*0.1
36 VIPH3 ) A Phase 3 current monitor. VIPH3 = [PH3*0.1
0] D PGOOD = logic high (“1”) when +5V > 4.5Vdc,
38 PGOOD +3.3V > 3.0Vdc‘ and MODl—MOI?3 “Power Good”
signals are logic high.
PGOOD = logic low (“0”) otherwise.
0] A TEMP is the output of a
40 TEMP TI TMP236A temperature sensor IC.
9,11,13 +3.3VDC o - +3.3Vdc to EPC9147A Daughterboard
1,3,5,7,17,19,
21,23,25,27, Ground - - Power and signal ground return.
29,31,33,35
37.39 Reserved -- -- Reserved for EPC91£‘17A.
No connect otherwise.

* “” indicates an input to the EPC7C006 board from the EPC9147A daughtercard and “O” indicates
an output to the EPC9147A or an end-user monitor point absent the EPC9147A.

JMOTOR Connector Details.

The connection from the EPC7C006 board to the motor is provided via the 7-place terminal block
connector JMOTOR. The pinout for this connector is shown in Figure 14, as a top view, and the
functionality of each pin is described in Table XIIL.

Rev. -- 9/30/2021
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Figure 14. JMOTOR Pinout.

TABLE XIlll. Connector JMOTOR Pin Functional Descriptions.

JMOTOR Pin # | Signal Name Description/Functionality
1 PH1 Motor Phase 1.
2 Ground Power Ground Return.
3 PH2 Motor Phase 2.
4 Ground Power Ground Return.
5 PH3 Motor Phase 3.
6 Ground Power Ground Return.
7 Chassis Motor/Equipment Chassis

Rev. -- 9/30/2021 WWW.epc.space Page 15 of 32
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PWM Drive Options.

The EPC7C006 evaluation board is provided with three different ways of providing PWM drive signals to
the GAMO2 phase driver modules:

1.) The first option is using signals applied to SMA connectors JI1, JI2 and JI3. The signal applied to
each of these inputs then has a dead time added between the low- and high-side drive signals
for each module as well as a phase inversion for the low-side driver. These processed signals are
then applied to the GAMO02 modules for each phase.

This PWM drive option is selected and enabled with all jumpers omitted in jumper array JA1 and all
jumpers present on jumper arrays JA2 through JA4.

NOTE: The EPC7C006 board is shipped standard with this (previous) PWM drive option.

2.) The second drive option is using signals applied to connector JPWM. The signals to this
connector may be obtained from the end-user’s hardware test set-up (Labview, etc.) or from an
FPGA, gate array or microcontroller.

This PWM drive option is selected and enabled with all jumpers omitted in jumper arrays JA1 through
JA4,

3.) The third drive option is employed when the optional EPC9147A controller daughtercard is
utilized. The PWM drive signals will be applied to the GAMO02 phase drive modules with some
on-card buffering and conditioning from the connector JUCO. The low- and high-side signals for
each GAMO02 module, including dead times and operating frequencies are provided by the
EPC9147A daughtercard.

This PWM drive option is selected and enabled with all jumpers present in jumper array JA1 and all
jumpers omitted on jumper arrays JA2 through JA4.

BIN-TIN and TIN-BIN Logic Input Dead Times.

The EPC7C006 Evaluation Board is shipped with a fixed, approximate 100ns dead time between the BIN
and TIN and TIN and BIN logic inputs of each of the three GAMO02 phase drivers being asserted to
prevent the possibility of cross-conduction/shoot-through occurring during the evaluation board’s
operation. To improve high-frequency efficiency, the dead time may be decreased to 75ns, minimum, by
replacing the 100pF capacitors in reference designations C20 through C25 with 75pF values (75pF, COG,
5%, 0805).

IMPORTANT NOTE: The dead time should NEVER be reduced below 75ns. It is also recommended that
prior to the application of VDD for testing the evaluation board that the BIN-TIN and TIN-BIN dead times
are verified by applying VBIAS to the circuit and monitoring the appropriate test points (see Table I) to
ensure that the resultant dead times for each GAMO02 module are either 100ns (default as shipped) or
the desired value set by the end-user.

Rev. -- 9/30/2021 WWW.epc.space Page 16 of 32
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Operation at Lower PWM Switching Frequencies.

Three non-populated component shapes, CS1, CS2 and CS3, have been provided just adjacent to the
three GAMO02/GAMO2A phase driver modules for additional high-side driver bootstrap capacitance for
operation of the evaluation board at PWM switching frequencies lower than 200kHz. A capacitance of
0.15uF is recommended if switching frequencies below 200kHz down to a minimum of 75kHz, are
desired. The capacitor is 0805 size and should be rated for 25Vdc.

VDD and Motor Phase Voltage Feedback Signals (VDDM, VPH1, VPH2 and VPH3).

Four voltage signals are provided to connector JUCO that are voltage divided replicas of VDD and the
voltage at each motor phase output, VPH1, VPH2 and VPH3. Each voltage is divided by 24.65, and each is
clamped to a maximum value of ~3.3Vdc.

VDD and Motor Phase Current Feedback Signals (IDDM, VIPH1, VIPH2 and VIPH3).

Four voltage signals are provided to connector JUCO that are aggregate VDD current, IDDM, and the
sensed current at each motor phase output, VIPH1, VIPH2 and VIPH3. Each voltage is the current
multiplied by 0.075, each current signal is inverted in phase such that the when the current is at a
maximum, the voltage is at a minimum, and the zero-level current is offset to 1.65V, with a maximum
value of 3.3Vdc. For example, when 10A peak current is sourced by VDD or a phase output, the voltage
at IDDM, VIPH1-VIPH39 is 1.65 — (10 * 0.75) = 0.9V. Similarly, when 10A peak current is sunk by VDD or a
phase current, the voltage at IDDM, VIPH1-VIPH3 is 1.65 + (10 * 0.75) = 2.4V.

Optional Phase Output Filters.

The EPC7C006 board is provided with empty component positions at each phase output such that the
end-user can tune the phase output voltage to approximate a sine wave at the motor rotational
frequency(ies). As such, a series R-C circuit is provided at each phase output: R67 and C1 for Phase 1,
R68 and C2 for Phase 2 and R69 and C3 for Phase 3. Each resistor is a 1206 case size and each capacitor
is a 0805 case size.

Board Temperature Sensor Output (TEMP).

The EPC7C006 board is equipped with an on-board temperature sensor based on the Analog Devices
AD590 temperature sensor IC. The voltage at the TEMP pin of JUCO, pin 40, is 2.35V for Tyoara = 25°C,
1.72V for Thoard = -55°C and 3.32V for Twoara = 150°C. The sensed temperature accuracy is +/-1°C.
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Optional EPC9147A Motor Control Daughtercard.
The EPC Space EPC7C006 Evaluation Board is completely compatible with the EPC9147A daughtercard.

The technical description and operation of the EPC9147A motor control daughtercard are beyond the
scope of this application guide. It is suggested that if the end-user desires to use this daughtercard that
they visit the EPC website and obtain the technical information for this board at: https://epc-
co.com/epc/Products/DemoBoards/EPC9147A.aspx. Complete information for the circuit and its
operation are contained at that link.

IMPORTANT NOTE: If the EPC9147A board is utilized, it should be special-ordered from EPC Corp. with
100ns dead times. The standard EPC9147A board is shipped with 25ns, which would damage or destroy
the FBS-GAMO2 modules on the EPC7C006 board.
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Figure 15. EPC7C006/FBS-GAMO2 3-Phase Motor Control Board Schematic Diagram.

Page 19 of 32

WWW.epc.space

Rev. -- 9/30/2021



N l.:_ LI 91 Ay e
[T = - =
] e ]
PIEC U RALT 100TY TOFYY S8

e ade
ECHID ¥R Ty,
) e ARy |

ITT#eds 34T

Application Guide for
EPC7C006 Evaluation Board

Haverhill, MA 01835 USA

Unit E

17 Parkview Road

AMVIITdd0dd 30¥ds 2d3

stopraedeny sseddqg otBo

i3,
:

nZo poony IRMog

.

1oy Ajddng ramog

Page 20 of 32

B

O =

WWW.epc.space

Figure 15 (cont.). EPC7C006/FBS-GAMO02 3-Phase Motor Control Board Schematic Diagram.

Rev. -- 9/30/2021



Application Guide for
EPC7C006 Evaluation Board

Unit E

17 Parkview Road

siraedes) sseddg

wwwww
I i e |

Haverhill, MA 01835 USA

AYVIITdd0dd 3 u#mm 2d3

(10 « D) SIROIdUry 35125 JUALMY 3574

= =
Afded e
_|. —_——
(Ml {2 om
—

::_ Man:.
mwn_m—..l_—_U‘l_ SSEED

noEe

i F S i
| G ey -

T [ [y .lv
—— - =]

H._u_v

mle..I.—Ul— _In_m. TR ]

AfdEd T —]= ==
S o
| com b
I oo |
- T =
-
H_v_ L 4]
SSIHdA _Hvl_ Fﬂau

(10 » 2D 12gmdury 3suag Jwa1m) Hd A

(1'0 « HdD) Sumonipuo)) [EUSIS U 35ed pue 2nyendus ]

LR X!
\

wi—— G
-

-1
- Q mu % B i r we..h % s

(SO0 « HdA ‘AN Sumronpuoy) TeUsts S5e[0 ) 35Ed PUE (A

THAD o
EHdO Hem o) oe— i _.wu'
- ol za ] ._.AU._
-

- —— ELL T
e el wan gy
L1l ¥ |_| Mﬂ.

THION — TAHAA ...}qr...?l_n”_..u.ﬁ..w

PO

AddEd

Figure 15 (cont.). EPC7C006/FBS-GAMO02 3-Phase Motor Control Board Schematic Diagram.

WWW.epc.space Page 21 of 32

Rev. -- 9/30/2021



Application Guide for
Haverhil, MA 01835 USA EPC7C006 Evaluation Board

Unit E

17 Parkview Road

¥ L l.:— TOO 91 Ay gy
PIECH O FRALLT 10007 [OFVY-591

e e dw —_ r— . ar I T i
o — ) B 0 R 04] SIS - e s sowpd "y e o and

siojoedey ssedig oo

= R i x i
oy o o ey SvI 0 £ 7 ¢ vl wem onooo-0e el sl s o

. . T en | e . -
o - s ._. wa ._. L ._. wa ._. v ._. o ._. 1wz ._. v ._. e ._. SO 20 GV IO ) o RS R, g D9eRE P .S
ITT92eds 283 1 1 — 1 1 1

AMVIATHd0dd 10¥ds 2dd

-kl
1 EldL
Ll q
TEUM -
L
ZldL
LT ~—
B
Kkl
LdL
1 Kkl q
T
Bl
0L
il ﬁ.
HOd

6 ﬁ
TP o

5 q
HIMNL —

Page 22 of 32

WWW.epc.space
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EPC7C005 / FBS-GAMO02-P-R50 POL Evaluation Board BOM

The BOMs for the FBS-GAMO02-P-C50 POL Evaluation Board is shown in Table XIV. All active and passive

components used are qualified to AEC-QXXX standards where possible.

VN TN -ayeqndod [ tamoisn) 650 d0dON 1T
VN TN ~ayeqndod [ra tamoisn) £30°780180 d0dON [
VN TN ~ayeqndod [ra tamoisn) £2'70°10 d0dON 61
YTIFITOTWSE080 XAV soyede) JnwEra)) C0§0/0070-0T%/%601/D0/A08/ 390001 8TILTIHTD 3 81
WTLHI0TWES0S0 XAV soymede) JMUERIa)) C080/0070-0TV/%6E/D0D/ACT/Id001 STOTTOEIDTIOT0TD 9 [
OLNVIVESIENTIS080D Uy soymede) anmEIa) (080/00T0-0TW/ %01 LX/A0S/ANT00 FEIEEITEDOED 613 [ 91
1D CIDFIDEID
OLNVIVEES01I90TID Py sopede) 3nEIa)) 9071/0070-0TW /2601 MLIALT/AN0T 010 1 <1
OLAVITAINTEEIC080D PRy sounede) JAUEIRD) C080/00T0-0TW /%601 4L3/A001/Id00¢E [} 1 11
IXLISOXNTLFROTTIA Aeysiy sopaede) JRuEIR]) PagmIR) A12FES/ 9401 LD WAOCT/ 1400 T 2 1 ai
IVOT0IN9TIOEL Pwey soyede)) TINS 258D J/%01/ WITEIE 1/ AQT/ANTT cedd 1 fa
Y STIACTCAIALXEP VDO HaL soyede) omwesa]) C080/ %01/ ALXAST/ANT T [aRgi5] T 11
TNSIAXS00T QMOSEUEG sopaede]) anAJon0aTg SEEI) WIURINTY, 2005 {14 UWHE/ 2600/ A001/ 081 TEEDCEED T i}
LTAXS00T SOSEUEG sopsede]) anAJon0e]g SESI)) WA 2285 {14 TWHE/ 2600/ A001/ LT 1£8270£82°678D 3 6
YILFASTIOI90TI XAV soymede) JMUEIR) 90T1 %01/ LXK/ A001/ANT T 8780778 1780078 T1E0°E18D 9 ]
YTIFEE01D15080 XAV sopaede) onwEIR]) C0§O/00T0-DTW /%0 LK/ A0L/ANO0 eI 5180380810 5 L
DVIS0MSOTINLLXITEYDD MaL soyaede) JMeIa)) £090/0070-0TV/ %01 AL AST/ANY T FEOEEDTEDETD ¥ 9
OLNVIVEEAS01050800 PRy soyede) anwEIa)) C080/%601/ AL X/ACT/ANY T 7990°1990°3¢ED'LCE)9CE 09D FEITAD 0D & <
YTIFMC0IDTC080 XAV sousede) aNWEIR) C080/0070-DTW/ %01 LX/A00T/AN0T 9TED6190TIEDCD ¥ ¥
; . roenT g ) CTEDtTE'E1E0°819°L19D
OLAVITAINFOIIC080D By souaede) INWEIR) (080/00T0-ITW/ %01 LX/A00T/ANT D BT YOI R [ £
£09270097°655D
LD TCED ECEDTCED 100D 6FEDSFED
OLNVIVECATIIIS0800 Py soyede) JRUEIR]) C080/00T0-0TV /%01 ML/ AST/ANT 0 LFEDTED CFED TTED SFED THED TFED 13 T
OFEDEEI A LI 9LED (8D CAD THD
18I TR 11’ 0rD'8€0°610°810°L1D
§CLC suoyshayy §oE[ EURELS BUELRY 2[qEIPIO FOAr EDArTIAr 12ar L 1
N/d BN aBIN ange \uondrLidsaqg sa( PY Anuend) L
WOd PIseIN|

'S|eliale Al JO ||Ig pJeog uoiien|eA3 10d 0SD-d-Z0INV9O-S84/S000£2d3 “AIX @lqel

Page 24 of 32

WWW.epc.space

Rev. -- 9/30/2021



Application Guide for
EPC7C006 Evaluation Board

Haverhill, MA 01835 USA

Unit E

17 Parkview Road

VANZ000090TISIHE Apysty 9071 sesisay sadumy wiyp it 1 ¥
VANZ0000£08050H Apyysty Cog0s01sisay sedumy umjQ) o 0688 LPE 9T CTE 0T S T 1Y 6 9
VANZO000C080SDE Aeysty cogn/oisisay s2dumy umo o 65094 J0JON I
VINZ0000£080SDH Leysty cogp/aoisisay sadumy umjo) o FEICEETAT 65U 09d JOdON +
WIN WIN -apeqndod L temozsn;) 699 89U L9 d0dON &
faizhi o JOdON T
CITAT00LNT euadian £ 108/ 1TISOIN D PUURYD-N WEO/AM9 0 1 ¥
0C0-d-VZOINWD Dd3 20edg a3 060 d-VIONYD D3 £A0INTAOIN TAON JOJON or
060-d-T0NVD S8 aoedg a3 0£0-d-T0INYD S84 £AOINTAOIN TAON 3 6€
TAIGE-COTI S swnog w7 ] % Wit 7] 401a0PU] 204 YW0E %601 H)GE 71 1 8¢
CEATFIO0AT AKIN 1wy UGG X UGG, SURORFE T +,3010NPU] J2M0d 2407 HIEE VL] £TTT11 3 L€
T-T9097CT UEUEYING AL JOE[g/UORIs0g T/TEaNIR )/ ANUT 215 20]d [EUHIS | WAN)C ', aant 1 9
TCITOPET UEWELING IL Apmp/uontsog 7/Teonse \ ANUT 2DIS 420G TRURILA L UL T SVISAL 1 ce
TNTA-I-T0-0T1- 10T sanreg [eamI2 ), 1ex00g pre)) 25pg mapy/si012un0) 25pT PrR) PrEPURISUAL(( | oone 1 7€
80T19£106 x2[o]y T PR~/ 2I0H-YEnom | F0302wu0)) papnomg WEEAS Wy § dr 1 13
L-6F696L UEUEYINg AL JOE[g/UORIs0d [ [edNI2 ) ANUT P15 20]g [EUHIR | WANG)'C FOLONC 1 43
0000-T65EL %oy 3[0H YENom I /Plop-sserg/suQ ¢/ IR TING [algarginy 3 1€
90T1-9106 FE TIT PRD-)/210H-YEN0M [ 301221L0)) PApNoss WEEAS Wd 0 SEHI 1 3
WI-AC-FT0-T01S13 sanreg Swoedg unn; 7] 32pEap F0N2UL0)) ARIry U] B T CVIFYOCVITYT ¥ [14
WL-dAQ- 310901514 sanmEg Swoedg wnn; 7] s2pEH/F0002UL0]) ARIY U] BT 9 Ve 1 8T
I ) . = S a1 0191641881181 _ N
TIHS00SNSTEINTE eEmpy 9071/5PERg 2112 L7THIN00T B U0 05O 10070/ VT O AT CATIaTIEd Al ke
DECOSOINS reALg @37 25eN2ed C080/FE1D JIE M PR W(G0 [Tacs 1 97
TIDC080INS reArg @37 25eyarg (g, FR21) JRIRA U221 WHEHC CAITFAITEAITIAITIAAT < I
80-EAHEASHFREXZE ECEETN TETE-Q0S/2POYT 32U Z 2T/ MWDOT/AL S Nnanasa 3 T
CITOFAICLTE euadian apoKq Aoag £7E-A0S/ ATV IO 8 LA A TA EaTa L T
£01°7895885d1 euadian £06- LOS/ARIY 2P0y AnoyagauawalI-¢/f) Mo wgE AT 1a 1 44
N/d IS BN anjey/uonduasag "3 1Y Ayuend) way]
IO PISEIN |

40 ||ig pJeog uolien|eAs 10d 05I-d-Z0NVYD-S94/5000/,Dd3 *(*1u02) AIX @|qel

Page 25 of 32

WWW.epc.space

Rev. -- 9/30/2021



Application Guide for
EPC7C006 Evaluation Board

Haverhill, MA 01835 USA

Unit E

17 Parkview Road

CON000T-0STT TIIE LIS LTS 1 £t
SO0000T-0SIN TR Supedg w7732 dumy junyg ITINTS IS +INTS SIS TAINIS TINLS 9 [
ATL8LANTSTHT JMOSEUEG soysisey M) WL PMI S080/% /L8 L o6 1 n
AOO0TANTSHE JMOSEUES 3o1sisay A WD ML C080,/%1/9001 84 1 oL
VEAI6697C080504 Arysyy so1stay M) WIE ML C080,% 66 T 954 1 69
VEA0M0EC080M I Aegspy coaeRd T 50
ETLTA0L FC0R0MOD Aeysyy 3035159y A WIET PO L CO80, FEA T8 T i9
X0 AT IMoSEUE] 3035153y A WEL L 70T, SOTH COT TOTH EOTH TOTH T0TH 00T 66 8 99
AO00EINTSTIT JmosEUEg so1stsay dm) WIE ML G080, % 19006 IS 1 <
YELIN00T C080/MTHD Arysyy 3015359y A WIET PRIL COR0, GSTLETEC € 9
VELI0M01 €090 Arysny so1sisayd dRID WIHE M I £090/%1 /9001 99U T T CON TOA 101 9 0
VELA0H0 C080/M08D Arysyy soisisay AR WIHE PPMI C080/% /001 16 L T 1o 06 6r BT 9P 8 ke
VENATTAFC080MIHED Aeysny soisisay A0 Wi M LIC080/% T/ T T ST IO 6T ¥ 19
ICIFSALIVTHEL 123dg VO 3035159y dm) W JOR1/C080,% 1/ FS T T [
YIN6A6TCOS0MID Aryssy soysisay A WEE ORLL/C080/%1 /66T STATIHTTE € 6
VENIE0NEC0S0MTED Arysyy soysisay dmy) WL M LC080/% 1/ 60° xS 1 8¢
- ) FLALEI TR 9 Ped )
VENA00T C080MTHED Aeysny soisrsayd dmD WL M L/C080/%1 /00T TR T TR TR R 0T € i<
VEI6H6TC080MIED Arysyy sojsisay AR WIHE ML C080/% /6 6t LOT9E TR S0 1T 0E ST LT 6T i 9
YEALINO0I 1080 D Aegspy Fo3s1sey A W JOM 1/C080/% 1/ 01 T ST 1 <
VELINSI1S080MTUD Arysyy 30351593 dm) WE PPN L/C080/% 1/ 81T (rd 1 <
VILAM0TE080MIED Arysiy sojsisay ARy W POMT C080/% 1/ 00T 9% 1 £c
FCT009-03T19018D sumog soystsay dmy) WET YW L TPURINA T +/7190/%1/510080 LTI T ITYE ¥ o«
VA0 AF080/MTED Arysyy soisisay dmD) WIHE M LIC080/% T/ H0L T gedacaand d0doN i<
VENI0/NFC0S0MIED Arysny solsisay A WIHE POMLIC080/% T/ 0L T VOIVII VL € oc
VELITICTHOTI MIED Arysyy soysisay ) WL PORL90T1/% 19T TR T 1T 6E T < [
VEIZ000090T1508 Aeysyy 90T A01sIsT J2dumy uRQ) | FOIETE J0doN 8
N/d S5 0 anpeyuondrasaq 3@ Y Lpuendy mayy
NOY ¥)sel|

40 |19 pJeog uonen|eA3 10d 0S2-d-Z0NVD-S94/S000£0d3 *("u0d) AIX 3jqel

Page 26 of 32

WWW.epc.space

Rev. -- 9/30/2021



Application Guide for
EPC7C006 Evaluation Board

Haverhill, MA 01835 USA

Unit E

17 Parkview Road

9C0-LF ag1 PaPIS-31qneq "E)d I RAET 9 L£90°0 % TTE ¥ w089 g0d 1 16
QS0ETE9010 ERUassg EHMQWA wE 0/PRAOIS PEIY vgn_m.ﬁn_ﬁmz.ﬂmﬁ:ﬂwﬁ_w AFEMPIEH 2SN g 06
99 SHTHI ERUasSE WEURT L 0/TE 9 INd TR HRoRdg ArEMPIEH S 9 68
FDIAGALODIONTFLNS il C-ET-108/INTAC £-C0°T/21E0T AMIT/21en) Jagmg Wesq uad 2[5Wg [:7ds) 1 83
AMAVIFEONTILNS il 0T-dOSSLOATAY €691 FHng a1eg-2am] 120 [5ds! 1 i3
. %ﬂ%mm%m%wd il +1-d0SSL/AL 59 1w vadg soemdme]) paadg-ys End 0 1 ]
WAGATESODIOATRINS il 9-€7-108/DATAL §-49'1/2150T 2pu]/21ep Lonoumgmmyy [xds 1 cs
WAFATIDIIATFLNS 1 GET-LOS/INTAC §-C9 19150 T 2pary/#3eD N ndu] adu a(Stg wn 1 8
JENI=ESLIC06T01T s29143( SOy §-£7-LOgsommopy Addng samod g 170 1 €3
TOEMIOTVOFTYNT jil §-dOSSL/0E=AY/25US 08/A\S L T/ME ZERI00T Feamdury 2sues 10aams) J] 0TSINSINLIN ¥ &3
WLDALIDEIATFLNS il §INS/JNTAS §-69'1/2180T 2pprpaegng 2E5u] pumag I(du] 910 1 13
ASAFIDTONTFLNS il 9-£7-LOS/ONTAS C-C0 /50T e Hetaau] ;2550 NS Eng CINTITEN 3 08
ASALIDTONTFLNS il S-£T-LOS/INTAS §-C9'1/91E 0T 2 sagng 325501 nmag eng FINEIATIN0IABALA 9 6L
ZUN065aY s2a1a( SoEuy §-010§/0] sosueg amesrdua] J] on 1 8L
100064 1L il +1-0108/ ORI/ M E ZHINT/AC ¢-§ 1/dury-dQ pend) n'n T i
L ECZINV09TINGY s29143( SOEUY C-E7-10§A0EMEay FEAW] OQ TVWI0T/ALE &n 1 9L
SION/ AN 106N T it §-PE@RRMOG-0F/FRLRAT0)) $ING SNOUORIIUAS TU(OE A00T wn 1 <L
WIDAI0DEINTFLNS jil §INS/JATAS §-C91/21807 P Fenaay] urig-uadg ajdu n 1 L
JVEREE [} I8 anpe ywondLasag ‘sa( Y Ammendy g
WO4g PIsei|

40 ||!g pJeog uonen|eA3 10d 0S2-d-Z0NVD-S94/S000£2d3 *("u0d) AIX 3jqel

Page 27 of 32

WWW.epc.space

Rev. -- 9/30/2021



17 Parkview Road

Unit E

Haverhill, MA 01835

USA

Application Guide for

EPC7C006 Evaluation Board

Printed Circuit Board and Layout Details.

The printed circuit board (PCB) for the EPC7C006 FBS-GAMO2 3-Phase Motor Driver Evaluation Board is
constructed with six layers. The PCB is 6.80” x 5.22” and is 0.063” thick. The outer layers are 2 0z/in2
and the inner layers are 1 0z/in2 copper etch. All electronic components are SMT-packages and the
connectors are a combination of SMT and through-hole. The PCB shape of connector JUCO overhangs
the board to facilitate ease of external connection to the EPC9147A daughtercard.

The individual Gerber layers for the PCB are shown in Figures 16 to 26, following:

Figure 16. EPC7C006/FBS-GAMO?2 3-Phase Motor Driver Evaluation Board Top Silkscreen.
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17 Parkview Road  UnitE  Haverhil, MA 01835 USA EPC7C006 Evaluation Board

Figure 17. EPC7C006/FBS-GAMO2 3-Phase Motor Driver Evaluation Board Top Solder Mask.
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Figure 18. EPC7C006/FBS-GAMO2 3-Phase Motor Driver Evaluation Board Top Copper Etch (2 oz).
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Figure 19. EPC7C006/FBS-GAMO2 3-Phase Motor Driver Eval. Board Inner Layer 1 Copper Etch (1 oz).
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Figure 20. EPC7C006/FBS-GAMO2 3-Phase Motor Driver Eval. Board Inner Layer 2 Copper Etch (1 oz).
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Figure 21. EPC7C006/FBS-GAMO2 3-Phase Motor Driver Eval. Board Inner Layer 3 Copper Etch (1 oz).
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Figure 22. EPC7C006/FBS-GAMO2 3-Phase Motor Driver Eval. Board Inner Layer 4 Copper Etch (1 oz).
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Figure 23. EPC7C006/FBS-GAMO02 3-Phase Motor Driver Eval. Board Bottom Copper Etch (2 oz).
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Figure 24. EPC7C006/FBS-GAMO2 3-Phase Motor Driver Eval. Board Bottom Silkscreen.
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Figure 25. EPC7C006/FBS-GAMO2 3-Phase Motor Driver Eval. Board Bottom Solder Mask.
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Figure 26. EPC7C006/FBS-GAMO2 3-Phase Motor Driver Eval. Board Drill Pattern.
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NOTES:
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Disclaimers

ALL PRODUCT, PRODUCT SPECIFICATIONS AND DATA ARE SUBJECT TO CHANGE WITHOUT NOTICE TO IMPROVE
RELIABILITY, FUNCTION OR DESIGN OR OTHERWISE. EPC Space Corporation, its affiliates, agents, employees, and
all persons acting on its or their behalf (collectively, “EPC Space”), disclaim any and all liability for any errors,
inaccuracies or incompleteness contained in any datasheet or in any other disclosure relating to any product. EPC
Space makes no warranty, representation or guarantee regarding the suitability of the products for any particular
purpose. To the maximum extent permitted by applicable law, EPC Space disclaims (i) any and all liability arising
out of the application or use of any product, (ii) any and all liability, including without limitation special,
consequential or incidental damages, and (iii) any and all implied warranties, including warranties of fitness for
particular purpose, non-infringement and merchantability. Statements regarding the suitability of products for
certain types of applications are based on EPC Space market knowledge of typical requirements that are often
placed on similar technologies in generic applications. Product specifications do not expand or otherwise modify
EPC Space terms and conditions of purchase, including but not limited to the warranty expressed therein. Except as
expressly indicated in writing, EPC Space products are not designed for use in medical, life-saving, or life-sustaining
applications or for any other application in which the failure of the EPC Space product could result in personal
injury or death. Customers using EPC Space products not expressly indicated for use in such applications do so at
their own risk. Please contact authorized EPC Space personnel to obtain written terms and conditions regarding
products designed for such applications. No license, express or implied, by estoppel or otherwise, to any
intellectual property rights is granted by this document or by any conduct of EPC Space. Product names and
markings noted herein may be trademarks of their respective owners.

Export Administration Regulations (EAR)

The products described in this datasheet could be subjected to the Export Administration Regulations
(EAR). They may require an approved export license prior to export from the United States of America.
An export includes release of product or disclosure of technology to a foreign national inside or outside
the United States of America.

International Traffic in Arms Regulations (ITAR)

The products described in this datasheet could be subjected to the International in Arms Regulations
(ITAR). They require an approved export license prior to export from the United States of America. An
export includes release of product or disclosure of technology to a foreign national inside or outside the
United States of America.

Patents

EPC Space holds numerous U.S patent. Any that apply to the product(s) listed in this document are
identified by markings on the product(s) or on internal components of the product(s) in accordance with
U.S Patent laws.

eGaN® is a registered trademark of Efficient Power Conversion Corporation, Inc. Data and specification
subject to change without notice.
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Revisions:
Revision Date Status
PR 8/9/2021 Pre-Release
-- 9/30/2022 Release
A Revision A

EPC SPACE

Contact EPC Space for further information and to order:

Email : sales@epc.space
Phone: +1 978 208 1334
Website: epc.space

Address: 17 Parkridge Road
Unit#E
Haverhill, MA 01835
USA
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