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1 System Description

The TIDM-1003 reference design is an InstaSPIN-FOC solution implemented on a high-power stage for
brushless motor control intended for power tools, e-bikes, e-scooters, and similar applications. Compared
to conventional brushed motors, permanent magnet brushless motors exhibit advantages such as high
efficiency, high torque-to-weight ratio, low maintenance, high reliability, and low rotor inertia. A brushless
permanent-magnet synchronous motor (PMSM) has a wound stator and a permanent magnet rotor
assembly. These motors generally use internal or external devices to sense the rotor position. The
sensing devices provide position information for electronically switching the stator windings in the proper
sequence to maintain rotation of the magnet assembly. The sensor-based solution requires accurate
mechanical assembly of sensors. The rotor position can also be estimated using sensorless algorithms
implemented in microcontroller units (MCUS).

An electronic drive is required to control the stator currents in a brushless permanent magnet motor. The
electronic drive has the following parts:

» Power stage with a three-phase inverter

» Gate driver for driving the three-phase inverter

* MCU to implement the motor control algorithm

« Position sensor for accurate motor rotor angle to implement current commutation

» Power supply to power the MCU

Permanent magnet motors can be classified based on Back-EMF (BEMF) profiles: brushless direct current
(BLDC) motor and permanent magnet synchronous motor (PMSM). Both BLDC motors and PMSMs have
permanent magnets on the rotor but differ in the flux distributions and BEMF profiles. In a BLDC motor,
the BEMF induced in the stator is trapezoidal, and in a PMSM, the BEMF induced in the stator is
sinusoidal. Implementing an appropriate control strategy is required to obtain the maximum performance
from each type of motor.

1.1 Key System Specifications

#* 1. Key System Specifications

PARAMETER SPECIFICATIONS
DC input voltage 48-V nominal (30-V minimum, 54-V maximum)
Maximum input DC current 10A
Maximum peak output current 50 A
Rated power capacity 500 W
Inverter switching frequency 20 kHz
Inverter efficiency = 95% (theoretical) at rated load
Power supply for MCU 33V 5%
Protection Overcurrent, overtemperature, overvoltage, undervoltage
PCB size (L x W) 80 mm x 45 mm
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2 System Overview

2.1 Traditional FOC for PMSM

The PMSM has a sinusoidal BEMF. The sinusoidal BEMF motor offers its best performances when driven
by sinusoidal currents and constant torque will be produced. In sinusoidal current control, three phases of

the motor are ON at the same time.

Field oriented control (FOC) is used to control the permanent magnet motor. FOC achieves better

dynamic performance. The goal of FOC (also called vector control) on the synchronous or asynchronous

machine is to separately control the torque producing flux and magnetizing flux components. Several
mathematical transforms are required to decouple the torque and magnetizing flux components of the
stator current as ¥ 1. The processing capability provided by the MCUs enables these mathematical

transformations to be carried out very quickly. These transformations in turn imply that the entire algorithm
controlling the motor can be executed at a fast rate, enabling a higher dynamic performance.

The FOC algorithm enables real-time control of torque and rotation speed. As this control is accurate in

every mode of operation (steady state and transient), no oversize of the power transistors is necessary.

The transient currents are constantly controlled in amplitude. Moreover, no torque ripple appears when
driving this sinusoidal BEMF motor with sinusoidal currents.
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1. Block Diagram of FOC
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2.2 InstaSPIN-FOC for PMSM

TI's InstaSPIN-FOC technology enables designers to identify, tune, and fully control any type of three-
phase, variable speed, sensorless synchronous, or asynchronous motor control system. This new
technology removes the need for a mechanical motor rotor sensor to reduce system costs and improve
operation using TI's new software encoder (sensorless observer) software algorithm, FAST™ (flux, angle,
speed, and torque), embedded in the read-only memory (ROM) of Piccolo™ devices. This ROM enables
premium solutions that improve motor efficiency, performance, and reliability in all variable-speed and
variable-torque applications. [¥| 2 shows the block diagram of the InstaSPIN-FOC.
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i 2. Block Diagram of InstaSPIN-FOC

InstaSPIN-FOC benefits include the following:

» FAST estimator to measure rotor flux magnitude, rotor flux angle, motor shaft speed, and torque in a
sensorless FOC system

e Automatic torque (current) loop tuning with option for user adjustments

» Automatic configuration of speed loop gains (Kp and Ki) provides stable operation for most applications
and user adjustments required for optimum transient response

e Automatic or manual field weakening and field boosting
* Bus voltage compensation

» Automatic offset calibration ensures quality samples of feedback signals
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2.3 Drive Controller Block Diagram
3 shows the block diagram of the motor drive controller. The main parts of the power stage consists of
the InstaSPIN-FOC controller TMS320F28027F, the three-phase MOSFET bridge, the gate driver
UCC27211, a 3.3-V step-down DC-DC converter, ESD protection, overtemperature protection, and the
current and voltage sense feedback circuits.
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2.4

24.1

K 3. Drive Controller Block Diagram

Highlighted Products

TMS320F28027F

The TMS320F28027F microcontroller is the C28x core coupled with highly integrated control peripherals
in low pin-count devices, as shown in ¥ 4. An internal voltage regulator allows for single-rail operation.
Analog comparators with internal 10-bit references have been added and can be routed directly to control
the PWM outputs. The ADC converts from 0- to 3.3-V fixed full-scale range and supports ratio-metric
VREFHI/VREFLO references. The ADC interface has been optimized for low overhead and latency. The
device also supports advanced emulation features such as analysis and breakpoint functions and real-
time debug through hardware.
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The TMS320F28027F includes the FAST estimator and additional motor control functions needed for
cascaded speed and torque loops for efficient three-phase FOC. TMS320F28027F peripheral drivers in
user code enable a sensorless InstaSPIN-FOC solution that can identify, tune the torque controller, and
efficiently control a motor in minutes without the use of any mechanical rotor sensors. This entire package
is called InstaSPIN-FOC. The FAST estimator is called from protected ROM, while the rest of the
functions required for InstaSPIN-FOC reside in user memory (flash and RAM). InstaSPIN-FOC was
designed for flexibility to accommodate a range of system software architectures and customizations.

The InstaSPIN sensorless, three-phase motor solutions makes designing motor control applications easier
whether it is a simple application or a complex design.
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K 4. TMS320F28027F Functional Block Diagram
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24.2 UCC27211D

The UCC27211D MOSFET driver (shown in & 5) is based on the popular UCC27200 and UCC27201
MOSFET drivers, but offers several significant performance improvements. Peak output pullup and
pulldown current has been increased to 4-A source and 4-A sink, and pullup and pulldown resistance have
been reduced to 0.9 Q, thereby allowing for driving large power MOSFETs with minimized switching
losses during the transition through the Miller plateau of the MOSFET. The input structure is now able to
directly handle —10 V¢, which increases robustness and also allows direct interface to gate-drive
transformers without using rectification diodes. The inputs are also independent of supply voltage and
have a maximum rating of 20 V.

The switching node (HS pin) of the UCC27211 can handle a maximum of —18 V, which allows the high-
side channel to be protected from inherent negative voltages caused by parasitic inductance and stray
capacitance. Supporting TTL inputs, the UCC27211 has increased hysteresis allowing for interface to
analog or digital PWM controllers with enhanced noise immunity. The low-side and high-side gate drivers
are independently controlled and matched to 2 ns between the turnon and turnoff of each other.

An on-chip 120-V rated bootstrap diode eliminates the external discrete diodes. Undervoltage lockout is
provided for both the high-side and the low-side drivers providing symmetric turnon and turnoff behavior
and forcing the outputs low if the drive voltage is below the specified threshold.
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Kl 5. UCC27211D Functional Block Diagram
ZHCU243-June 2017 JHF T B Bk R0 LG B /R . 50A TLf%/#4% FOC 41t 7

TIDUD29 — http://www-s.ti.com/sc/techlit/TIDUD29
JixAL © 2017, Texas Instruments Incorporated



http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUD29.pdf

13 TEXAS
INSTRUMENTS

System Overview www.ti.com.cn

243 TPS54360D

The TPS54360 is a 60-V, 3.5-A, step-down regulator with an integrated high-side MOSFET as shown in
K 6. The device survives load dump pulses up to 65-V per ISO7637 standards. Current mode control
provides simple external compensation and flexible component selection. A low-ripple pulse skip mode
reduces the no-load supply current to 146 pA. Shutdown supply current is reduced to 2 uA when the
enable pin is pulled low.

Undervoltage lockout is internally set at 4.3 V, but can be increased using the enable pin. The output
voltage start-up ramp is internally controlled to provide a controlled start-up and eliminate overshoot. A
wide-switching frequency range allows either efficiency or external component size to be optimized.
Frequency holdback and thermal shutdown protects internal and external components during an overload
condition.

The TPS54360 is available in an 8-terminal thermally enhanced HSOIC PowerPAD™ package.
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K 6. TPS54360 Functional Block Diagram
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24.4 OPA4374

The OPA374 operational amplifier is low power and low cost with excellent bandwidth (6.5 MHz) and slew
rate (5 V/us). The input range extends 200 mV beyond the rails, and the output range is within 25 mV of
the rails. The speed-power ratio and small size make them ideal for portable and battery-powered
applications.

The OPA4374 includes a shutdown mode. Under logic control, the amplifiers can be switched from normal
operation to a standby current that is less than 1 pA. The OPA4374 operational amplifier is specified for
single or dual power supplies of 2.7 to 5.5 V, with operation from 2.3 to 5.5 V. All models are specified for
—40°C to 125°C.

2.5 System Design Theory

The motor drive controller is composed of two main components. The first component is the
TMS320F28027F MCU, which accepts the speed or torque reference from an external signal, measures
the phase voltage and current signals of the motor, and generates the appropriate control signals for the
power stage. The second component is the power inverter stage, which consists of the gate driver and
power MOSFETSs. The power stage amplifies the control signals from the MCU to the motor.

The motor drive controller uses InstaSPIN-FOC, a sensorless FOC algorithm for BLDC motors. FOC
allows for optimal efficiency and noise performance from the motor being driven by the controller.
InstaSPIN-FOC uses the signals from the motor BEMF and phase currents to interpolate where the motor
rotor is located and send the correct drive patterns. Power is supplied to the motor controller from the
main power input through a switching buck converter and two LDOs.

251 Power Supply for MCU and Driver

The buck converter TPS54360 converts the input DC voltage to a 12-V output for MOSFET driver and the
next stage, as shown in [& 7. The LM2940 takes the 12-V input and converts it to 5 V. The TPS73533
generates the 3.3 V for the MCU power supply and other control or sampling condition circuits as & 8.
These ICs compose the auxiliary power supply function for the system.
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K 7. 12-V Power Supply Schematic
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K 8. 5-V and 3.3-V Power Supply Schematic

Three-Phase Inverter and MOSFET Gate Driver

The power circuit shown in & 9 consists of a three-leg MOSFET bridge. The leg currents are measured
using three current shunt sensors: R30, R31, and R32. The sensed currents are fed to the MCU through
the current amplifiers. A gate resistance of 10 Q is used at the input of all MOSFET gates. C22, C23, and
C24 are the decoupling capacitors connected across each inverter leg.

vE: For better decoupling, connect these decoupling capacitors very near to the corresponding
MOSFET legs.
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K 9. Three-Phase Inverter and MOSFET Gate Driver Schematic

2521 Power MOSFET Selection

The board is designed for voltage ranging from 30 to 54 V, which means the maximum input DC voltage in
the application is 54 V. Considering the safety factor and switching spikes, the MOSFET with a voltage
rating of 1.5 times the maximum input voltage can be selected. A MOSFET with a voltage rating greater
than or equal to 80 V is suitable for this application.

The current rating of the MOSFET depends on the peak winding current. The power stage has to provide
a 15-Agys nominal current to the motor winding, so the peak value of the winding current will be

15 x V2 = 21.2 A. Considering an overloading of 200% for startup with a full load, the peak winding current
will be 45 A.

10
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For better thermal performance, MOSFETSs with very low Rysy, are better for high current applications. In
the reference design, the MOSFET CSD19506 is selected, which is a 80V N-Channel NexFET power
MOSFET with a Rpgon 0f 2.0 mQ and features a very low requirement for the total gate charge. The
CSD19506 has a continuous drain current capacity (package limited) of 150 A and a peak current capacity
of 400 A.

2522 Gate Driver Selection

The UCC27211D is used as the gate driver IC for the three-phase motor drive; as such, it is capable of
driving two N-channel MOSFETSs in high-side and low-side configuration with independent inputs, up to
4-A sink and source output currents, and a 120-V,. maximum boot voltage. Kl 9 shows the schematic of
the gate driver section as well.

ZHCU243-June 2017 JH 0 EL 7 35 7K i [F]A6 LG HE . 50A L f4/84% FOC 2% il 11

TIDUD29 — http://www-s.ti.com/sc/techlit/TIDUD29
JixAL © 2017, Texas Instruments Incorporated



http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUD29.pdf

13 TEXAS
INSTRUMENTS

System Overview www.ti.com.cn

253 Three-Phase Current and Voltage Sampling Circuit

The InstaSPIN-FOC algorithm for controlling the motor makes use of sampled measurements of the DC
bus power supply voltage, the voltage of each motor phase, and the current of each motor phase, as

shown in & 10.
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34.99k 0.1uF

R36

1.00k

R39 + UsB
R42 OPA4374AIPNT

I_SENSE_C

1.00k
VCC_1V65

Copyright © 2017, Texas Instruments Incorporated

10. Phase Current and Voltage Sampling Circuit Schematic

2531 Current Shunt Resistor Selection

Power dissipation in shunt resistors is important when selecting the shunt resistance values. The nominal
RMS winding current in a motor is 15 A. By selecting a 2-mQ resistor as the shunt resistor, the power loss
in the resistor at 15 Agys iS:

2

3\ 1 shows that it is sufficient to select a standard 2-W, 2512-package resistor.

2.5.3.2  Motor Current Feedback Sampling Circuit

During each PWM cycle, the current through the motor is sampled by the microcontroller ADC as part of
the motor control algorithm. The circuit shown in [¥ 10 shows how the motor current is represented as a
voltage signal, with filtering, amplification, and offset to the center of the ADC input range. This circuit is
used for each of the three motor phases. The low-side current through phase A flows through shunt
resistor (R30), giving a scale factor of 1 mV per amp.
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The differential gain amplifier circuit (U6B and surrounding components) has a differential gain of 33, with
an offset of approximately 1.65 V provided by the VCC_1V65 voltage. After the gain provided by the op
amp circuit, the motor current scale factor at the input to the ADC is 20 mV/A, with a voltage of 1.65 V
representing zero motor current. Thus, with a range of 0 to 3.3 V at the input of the ADC, motor currents
of (1.65 + 33) / 0.002 = £25 A can be measured.

2.5.3.3  Motor Voltage Feedback Sampling Circuit

The voltage divider circuit shown in & 10 is used to measure the BEMF of the un-energized winding.
BEMF feedback is needed for sensorless control to estimate the position of the rotor for accurate
commutation. The maximum phase voltage feedback measurable by the MCU can be calculated as
follows, considering the maximum voltage for the ADC input is 3.3 V:

.6+ 4.
M =605V

Yy MAX _ y MAX S Gain = 3.3
ADC % % 499 )

Considering a 15% headroom for this value, the maximum voltage input to the system is recommended to
be 60.5 x 0.85 =52 V.
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3

3.1

3.11

3.1.2

Getting Started Hardware and Software
Hardware

Connections for Drive Controller

The reference design can be powered from a compatible battery or DC power supply from 30 to 52 V. The
supply is connected to the drive controller through the two solder pads labeled DC+ and DC-. The three
motor phases can be connected to the three solder pads labeled J7, J6, and J5. The speed reference
signal from the central controller is connected to the drive controller through a four-pin SCI header (JP1)
or can be read as an analog voltage signal through a three-pin header (J4).

The XDS100v2 JTAG connection allows for programming and debugging of the TMS320F28027F
controller. A tag-connect adapter is used to minimize the board space require for the JTAG connector.

DC Power

Supply Input Motor Lines

e o

o
]
'
e
]
]

THROTTLE JTAG SCl

K] 11. Drive Controller Connections

Test Steps

Follow these steps to get started with the reference design hardware:
1. Connect the power supply or battery to the design through the J2 and J3 solder pads.
2. Connect the motor phase wires to the design through the J5, J6, and J7 solder pads.

3. Attach the JTAG debugger, enable the power supply, and program the onboard TMS320F28027F
MCU. The debugger can remain connected to interface to the design through JTAG.

4. Remove the debugger and send the appropriate control signal through the JP1 or J4 headers.

14
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3.2 Firmware

3.21 Download and Install CCS and MotorWare

This Tl Design uses MotorWare for the BLDC motor control and system controllers. To get started, go and
download the latest version from www.Tl.com. See the Code Composer Studio™ (CCS) web page at
http://www.ti.com/tool/ccstudio for information on downloading the integrated development environment for
the C2000™ code.

The MotorWare software can be downloaded from the Texas Instruments web site at
http://lwww.ti.com/tool/MOTORWARE. Follow the installation instructions to install on a local computer.

3.2.2 Add Custom Hardware to MotorWare

After installing the MotorWare and CCS software, follow these steps to add the files necessary to use
MotorWare with the TIDM-1003 board:

1. Navigate to C:/ti/motorware/motorware_1 01 _00_17/sw. All changes made for this Tl Design are
completed in "sw" subfolders.

2. Create a new HAL directory to hold the contents of the zip folder labeled "TIDM-
1003_sw_modules_hal_boards.zip," and copy the directory to "sw/modules/hal/boards.” The folder
should be named C:\timotorware\motorware_1 01 00_17\sw\modules\hal\boards\TIDM_1003.

3. Create a new project directory to hold the contents of the zip folder labeled "TIDM-
1003_sw_solutions_instaspin_foc_boards.zip", and copy the directory to
"sw/solutions/instaspin_foc/boards." The folder should be named
C:\tilmotorware\motorware_1_01_00_17\sw\solutions\instaspin_foc\boards\TIDM_1003.

4. Add a new project source files directory to hold the project source code files, and name the directory
C:\tilmotorware\motorware_1 01 00_17\sw\solutions\instaspin_foc\src.

3.2.3 Run Reference Design Software

1. Import the TIDM_1003 project from the MotorWare directory as shown in [¥| 12 and the imported
project files structure as shown in & 13.

¥ Import CCS Eclipse Projects O X
Select CCS Projects to Import i
Select a directory to search for existing CCS Eclipse projects. / y
-

(®) Select search-directory: | C:\ti\motorware\motorware_1_01_00_17_TIDM_1003\swAsolutions\instaspin_foc\boards\TIDM_1003 Browse...
() Select archive file: Browse...
Discovered projects:

O3 proj_lab01b [C:\ti\motorware\n Select All

& proj_labd1c [C:Ati\motorware\motorware_1_01_ 1003
M. proj_TIDM_1003 [C:\ti\motorware\motorware_1_01_00_17_TIDM_1

Deselect All

Refresh

< >

[[] Automatically import referenced projects found in same search-directory

[[] Copy projects into workspace

Open the Resource Explorer to browse available example projects...

|\'_):‘ Cancel
12. Import TIDM-1003 CCS Project
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[{5 Project Explorer 52 =] :‘::'1" ¥ =08
v [ > proj_TIDM_1003 [Active - TIDM1003_Flash] [motc

(5}t Includes

G5 > TIDM1003_Flash

L6} ade.c

g clarke.c

E& clk.c

% CodeStartBranch.asm

[g: cpu_time.c

L§ cpu_usage.c

[g) cpu.c

[ ctrlc

¢ dataleg.c

4 F28027F.cmd

g} filter_fo.c

[g} flash.c

g flyingStart.c

g fw.c

Eg gpio.c

lg > hal.c

E& ipark.c

L& memCopy.c

[g} osc.c

g pid.c

lg) piec

[ pll.c

[} proj_TIDM_1003.c

(g pwm.c

g pwr.c

\_f—.: svgen_current.c

L§; svgen.c

Lgy throttle.c

[} timer.c

L) traj.c

& usDelay.asm

g user.c

[g} wdog.c

By 2802xRevB_Fast_IQ_ROMSymbols.lib
B 2802xRevB_Fast_ONLY_ROMSymbols.lib
Bf 2802xRevB_Fast_RTS_ROMSymbols.lib
[&f drv8301.c

Bt fast_public.lib

B 1Qmath.lib

[@ proj_TIDM_1003.js

g spi.cC

(%, TMS320F28027_xds100v2.coxml
% TMS320F28027_xds510usbplus.coaml

[ proj_TIDM_1003.c &2
--COPYRIGHT--

2 * Copyright (c}
* All rights re

woBow

* Redistributic
* modification,
* are met:

6

Redistribi
notice, tt

12 * * Redistribt
13 * notice, tf
14 * documentat

16 * * Neither tf
its contri

18 * from this

* THIS SOFTWARE
1 * AND ANY EXPRE
* THE IMPLIED V
* PURPOSE ARE [
* CONTRIBUTORS

* EXEMPLARY, OF
* PROCUREMENT (
* OR BUSINESS 1
* WHETHER IN C(
* OTHERWISE) AF
* EVEN IF ADVIES
COPYRIGHT-
\file solL
I \brief Adju:

¥

B

-
-

W0~ o

5

]

]

C

/! (C) Copyrigt

\defgroup PF

tt

the includes

/ system incluc
49 #include <math.}t
5@ #include "main.t
51 #include "sw/moc
3 #ifdef FLASH

t #pragma CODE_SE(
#endif

ok

Ny onon

i 13. Imported TIDM-1003 Project and Files

Select the correct target configuration. The JTAG connection depends on the emulator being used.
The target device on this reference board is TMS320F28027F.

Build and debug the project. Make sure the project is

active by clicking the left key of mouse on the

project name. Build the project by clicking the AN icon on the CCS Edit toolbar. Start a debug

session by clicking the L

MCU of the reference board.

Run the project. Import proj_TIDM_1003.js into the CCS scripting console for the variable expressions
necessary to debug, and enable Silicon Real-time mode by clicking the "clock" icon in the CCS Debug

toolbar.

icon on the CCS Edit toolbar. The target code will be downloaded to the

Run the motor. Set the flags Flag_enableSys and Flag_Run_Identify to 1, and change the value of
SpeedRef_krpm to command speed.

16
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4 Testing and Results
4.1 Test Setup

#* 2. Test Equipment

EQUIPMENT NAME
DC power supply Agilent, N5769A
Oscilloscope Agilent, DSO-X 3024A
Multimeter Fluke, 189
Motor Anaheim, BLY341S-48V-3200
Dynamometer Magtrol, HD-705-6N
Dynamometer controller Magtrol, DSP6001

4.2 Test Results

The following tests are performed to characterize each individual functional block as well as the entire
board:

» Functional tests include power supply output and gate drive

e Motor parameter identification

* Motor running with load

421 Power Supply and Gate Drive Tests

L
£

H

=L

b ra L L

e
. oS

(@ 2.00v 2.00V ][4.00ms ][250k5/s J & - 10.0v}

Value Mean Min Max std Dev } +v0.00000 s 10k points
6 Mar 2017
17:03:33

’ Low signal amplitude
K 14. 12-, 5- and 3.3-V Power Supply Output at 36-V Power Input

e CHZ1 (blue): 12-V power supply for gate driver
* CH2 (red): 5-V power supply for interface
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» CHa3 (green): 3.3-V power supply for MCU
{ ¥ 1
u
"
ﬂ"n‘\'“.‘«“-\'«.-*".'h+ yn.-.-.'u"m&'\*,*'mmm-\*ﬂ} I hﬁ.m-.'.m-v-mrw.'-m*h r\-rm\\'v
|
Pk sy bty e it bl (PP MR Ry
[T bk S : RSN : A R i R S
D-Mu-hm—-#-w»-udkvi\. | -?-\-,q.a-w-w%..'m+«- b mipuu..rw.-‘ruw | an-wm*
(@ 2.00v = 200V & j[zo.nus ][S0.0MS_/S } & - 10.0v}
Value Mean Min Max Std Dev 15+~0.00000 s 10k points
i Low resolution
6 Mar 2017
17:12:01

422

K 15. High-Side and Low-Side Gate With Dead Band From MCU

Motor Parameters ldentification Without Load

Open user.h from the directory of the project. The user.h file has definitions of motor parameters. A few
values can already be put into the user.h motor parameters, which need to be set for the actual motor
parameters:

USER_MOTOR_TYPE: The motor type, ACI, or PMSM
USER_MOTOR_NUM_POLE_PAIRS: The number of pole pairs of the motor
USER_MOTOR_MAX_CURRENT: The maximum nameplate current of the motor

USER_MOTOR_RES_EST_CURRENT: The motor will have to initially be started in open loop during
identification. This value sets the peak of the current used during initial startup of the motor. If the
motor has high-cogging torque or some kind of load, increase this current value until the motor will
start spinning. After motor identification, this value is never used.

USER_MOTOR_IND_EST_CURRENT: For PMSMs, this value can be set to the negative of the
current used for USER_MOTOR_RES EST_CURRENT.

USER_MOTOR_NUM_POLE_PAIRS: The number of pole pairs of the motor
USER_MOTOR_RATED_FLUX: The motor flux linkage between the rotor and the stator

18
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I > T
i 1
- T T

L daol . o 1l Ty

y e e L AT SFA-BATP e
5.00A < J2- 1500575 f 7 4.90A
Mean Min Max std Dev 10k points

6 Mar 2017
20:20:32

LED Frequency  5.889 Hz  Low signal amplitude

| [250 575
10k points

(@ 200V ' 2.004 @
Value Mean Min Max Std Dev
€D Frequency 1.456 Hz 21.85 95.97m  114.1 39.46

7 4.92A

6 Mar 2017
20:23:30

K 17. Rampup and Flux Identification State
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| A " L L ; "
s e .
l,.‘
i) 200V ' 6 2.00A © ][4.008 (250 575 5 4.92A
value Mean Min Max stdDev |\ 10k points
€D Frequency 10.12 Hz 25.56 95.97m  114.1 16.36

& 18. Ls Identification State

4.2.3 Motor Running Tests With Load

6 Mar 2017
20:24:11

& 20.0V 1.00 A © . ) .
value Mean Min Max Std Dey | |400ms 2.50kS/s
€D Frequency 6.831 Hz 6.831 6.831 6.831 0.000 ) iB+~400.000ms | |10k points |

. . Mode
Type SOL-I‘ICE Cm{)prl_mg ‘ Level Normal

Edge 980mA & Holdoff

B 19. Motor Startup Without Load

7 9%0mA

6 Mar 2017
17:30:51
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I > T
i 11} 1
- T T

~ 0,

ey , oo

& 200V €) 5.00A Q
| Value Mean Min Max std Dev |
208.2 Hez  Low resolution

B 2.50'(5/5.
10k points

Mode

7 4.90 A

LED Frequency

Level

Type Source Normal 6 Mar 2017
Edge 4 4.90 A & Holdoff 17:35:09

€ 5.00A O
Value Mean Min Max std Dev |
60.51 Hz 60.51 60.51 60.51 0.000

@ 200V

LED Frequency

B 10.0'(5/5.
10k points

7 4.90 A

. ' Mode
Type cotbe!m Level Auto 6 Mar 2017
E 17:37:20

Source
4 4.90 A

Edge & Holdoff

B 21. Motor Running at 900 rpm With Light Load
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42.4 Test Summary

This TI Design shows how to adapt InstaSPIN-FOC to enable low-voltage, high-current motor control
using TI provided software. This control is done by using the special capabilities of the C2000 processor
family for advanced system debug capabilities. This can supplement the simulation effort of the engineers
to avoid developing the perfect simulation tool for the system and simply use the actual hardware to debug
the control algorithm issue. This hardware removes the need to build complex simulation algorithms to
define specific motor or PCB parasitic effects to the system.
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5 Design Files

5.1 Schematics

To download the schematics for each board, see the design files at TIDM-1003.

5.2 Bill of Materials

To download the Bill of Materials for each board, see the design files at TIDM-1003.
5.3 PCB Layout Recommendations

53.1 Layout Prints

To download the layer plots, see the design files at TIDM-1003.

5.3.2 Power Supply Recommendations

Layout is a critical portion of a good power supply design. There are several signal paths that conduct fast
changing currents or voltages that can interact with stray inductance or parasitic capacitance to generate
noise or degrade performance.

1. To reduce the parasitic effects, C38 was placed near VIN as a bypass capacitor, with care taken to
minimize the loop area formed by the bypass capacitor (C38) connections and the VIN.

2. The GND terminal should be tied directly to the PowerPad under the TPS54360. The PowerPAD
should be connected to internal PCB ground planes using multiple vias directly under the TPS54360.

3. The SW terminal should be routed to the cathode of the catch diode (D3) and to the output inductor
(L3). The output filter capacitor (C41), catch diode (D3) and output inductor (L3) should be located
close to the SW terminals, and the area of the PCB conductor minimized to prevent excessive
capacitive coupling.

4. The RT/CLK terminal is sensitive to noise so the RT resistor (R49) should be located as close as
possible to the TPS54360 and routed with minimal lengths of trace.

Input
(C38)

RT/CLK
(R49)

C45 070 %

Output

GND PAD g (C41,D3,L3)

Power PAD

COMP
(R48,C42,C40)

K 22. TPS54360 PCB Layout Recommendations
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5.3.3

MOSFET Gate Drivers Recommendations

To improve the switching characteristics and efficiency of a design, follow these layout recommendations:

1. Locate the driver as close as possible to the MOSFETS.

2. Locate the bootstrap capacitor (C25) between VHB and VHS as close as possible to the UCC27211.

3. Locate the decoupling capacitor (C28) between VDD and VSS as close as possible to the UCC27211.

4. Avoid VDD traces being close to LO, HS, and HO signals.

5. Use wide traces for LO and HO closely following the associated GND or HS traces. A 60- to 100-mils
width is preferable where possible.

6. Use as least two or more vias for VDD and GND were routed from one layer to another.

7. Avoid LI and HI (driver input) being too close to the HS node.

ot

Bootstrap Capacitor
(C25)

VDD
HO and LO Signal

Decoupling Capacitor

(C25)

GND
HI and LI Signal

23. UCC27211 PCB Layout Recommendations
5.34 Motor Current and Voltage Signals Sampling Recommendations

1. Place the external components as close to the OPA4374 as possible, keeping RF (R34) and RG (R37)
close to the inverting input of OPA4374 to minimize parasitic capacitance.

2. Use low-ESR, ceramic bypass capacitor (C35) and place it close to the OPA4374.

3. For differential signals for the motor current feedback across the current sense resistors, use symmetry
to ensure that any noise picked up on one line is also picked up approximately equally on the other
line. Keep the length of input traces as short as possible and run the input traces as far away from the
supply lines as possible.

4. Separate grounding for analog and digital portions of circuitry is one of the simplest and most effective
methods of noise suppression.

5. Keep the input filter resistors (R7) and capacitor (C4) of the anti-aliasing filter as close together and
near to the inputs of the microcontroller ADC to minimize the loop area.
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Shunt Resistor I

(R31)

Feedback Resistor
(R34)

Gain Resistor
(R37, R40, R43)

Bypass Capacitor
(C35)

ADC Filter
(R7,C4)

MCU ADC Pin

24. PCB Layout Recommendations for Motor Current and Voltage Sampling

5.4 Altium Project

To download the Altium project files for each board, see the design files at TIDM-1003.

5.5 Gerber Files

To download the Gerber files for each board, see the design files at TIDM-1003.

5.6 Assembly Drawings

To download the assembly drawings for each board, see the design files at TIDM-1003.

6 Software Files

To download the software files for this reference design, see the design files at TIDM-1003.
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7 Related Documentation
1. Texas Instruments, Tl InstaSPIN™ Motor Control Solutions
2. Texas Instruments, Texas Instruments WEBENCH® Design Center

3. Texas Instruments, TMS320F2802x Piccolo™ Microcontrollers, TMS320F28027F Datasheet
(SPRS523)

4. Texas Instruments, UCC2721x 120-V Boot, 4-A Peak, High-Frequency High-Side and Low-Side Driver,
UCC27211 Datasheet (SLUSAT7)

5. Texas Instruments, TPS54360 60 V Input, 3.5 A, Step Down DC-DC Converter with Eco-mode™,
TPS54360 Datasheet (SLVSBB4)

6. Texas Instruments, CSD19506KCS 80 V N-Channel NexFET™ Power MOSFET, CSD19506KCS
(SLPS481)

7. Texas Instruments, InstaSPIN-FOC™ and InstaSPIN-MOTION™ User's Guide (SPRUHJ1)

71 EHtp

NexFET, InstaSPIN, InstaSPIN-FOC, MotorWare, FAST, Piccolo, PowerPAD, Code Composer Studio,
C2000 are trademarks of Texas Instruments.
All other trademarks are the property of their respective owners.

8 Terminology
FOC— Field oriented control

PMSM— Permanent magnet synchronous motor

BLDC— Brushless DC motor

MCU— Microcontroller unit

FETs, MOSFETs— Metal-oxide-semiconductor field-effect transistor
PWM— Pulse width modulation

ESD— Electrostatic discharge

TVS— Transient voltage suppressors

RPM— Rotation per minute

9 About the Authors

YANMING LUO is a systems application engineer in the system solutions team of C2000 at Texas
Instruments, where he is responsible for developing reference design solutions for motor control-based
C2000 controllers. Yanming has been with Tl since 2003 and earned an M.S. degree from Northeastern
University, China in 1998.

BIGLEY SEAN is a systems application engineer in the system solutions team of C2000 at Texas
Instruments, where he is responsible for developing reference design solutions for motor control-based
C2000 controllers.

26 TR BL I B K BRI 26 FEHLAGAG L . BOA TG fE /8 FOC % il ZHCU243—-June 2017

TIDUD29 — http://www-s.ti.com/sc/techlit/TIDUD29
JixAL © 2017, Texas Instruments Incorporated



http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUD29.pdf
http://www.ti.com/lit/pdf/http://www.ti.com/ww/en/mcu/instaspin/
http://www.ti.com/lit/pdf/http://www.ti.com/webench
http://www.ti.com/lit/pdf/SPRS523
http://www.ti.com/lit/pdf/SLUSAT7
http://www.ti.com/lit/pdf/SLVSBB4
http://www.ti.com/lit/pdf/SLPS481
http://www.ti.com/lit/pdf/SPRUHJ1

BX TIRIHMEEMARNEERA

BMNNER (T) NRRMANBAR, MAREMRITEN, REIELE  IREFTRTEMEEREXRNSEZ UM (ERTIRR ) , 8%
HEBRUTARTFABET TI =i NA ; NRE (A, SWRRKRRLE , WHRQE ) MEAARXTHR, HRKER TEMEEN
TIER  RTEAFEERNZEER , RREBANSERETEA,

TIFRAE TV BB, IR AFUEAREX TI N T FRINATFEANRRERARRRFH | RS T AEEATEAH LSHFTE,
TI BT E T BF#HATHE, 858, SuMEMER.

FEBRFEE , ERUTNANNATERIRIH DN, NN Al , BNSNARARR NANT2HE , UREH NA (SFNAPER
MATE TR ) ) MFAFEERANEEEIAREMEXER, FREN SAFH , CEZHITNZHTIREERFIEN —U4EL LA
R, R () IARENERER (2 KUKEBRARR , Uk Q) BRETHESHERNKENRARIELEK, BRE , TEARI LS
BT FRNEA LA, SFNENREZE NA MZENAMA T =R 8. BREE T BIRO AT X ABFIHAN R |, T Rt
TREMEMNR,

FBRAREAFREEZEF T RRMS T FEN AR, FHERNEA, SHREREMEREM TIHR, EHFRMEEFZIERSRNREM
EEEFEEMATIARSROEMHARATRRRTHER , BREFE T AE=ZSNEABRASHR=NHEFA , ZE-NSFEFRTE
AEFN, BN, BRERNIEERATFRBRSNEFMRES. JSE6E REEXNEMIRSN. SRASETE=FRIARFNE
%?‘Wﬁiﬁﬁﬁﬁtéﬁ?ﬁﬁﬁﬁ%ﬂ@i*ﬂﬁﬁ’%ﬁ*ﬁ%ﬂ’ﬂ%iﬁﬁii}\ﬁlo £/ T RRTREERAE=FRENZEE=H TR EAMR~ R
R o

TI BRRBREFRE, T ZRBRN TI HRRECEAELIEEAABIRIANRIERGFR , SFETRT I EBERTEE, FRRIE,
TEAMERIE , UREHME, ESBERBRNTRIEEME =75 MR~ RAEMIRIAMRIE,

TI AAREAHRR , BRETRTRASFRAAREZEXNER , B FABEFIREE | IEZEFRASENT TI BRI H 5,
NE T RFERECEASRREEZEXNEIMEERN, EEN. SR, MHH. BEN, B5E0N. 8RN, NERERERERE , 18
T EERBAUHELTE ERBERE , TI TR RR.

ZREE T RERAKRLFBREZRETETEABHAZRMNEZ4 M ENEMARE. A, RAR/HRE.

TBHEAT T BR. SEHMKFEATRERBNMH, TI =RABSHEAMEN., XEXREBEETFRTERT TI WESE™R
(http:/Awww.ti.com/sc/docs/stdterms.htm), F{EERFBER (http://www.ti.com/sc/docs/sampterms.htm) BIFRE SRR

MR 25 kit s LTI A< X {H 42 K08 1568 5 b K 32 #%, FEGifY: 200122
Copyright © 2017 &ML FHEAR (Rl HRRAF


http://www.ti.com/sc/docs/stdterms.htm
http://www.ti.com/lit/pdf/SSZZ027
http://www.ti.com/sc/docs/sampterms.htm

	用于无刷直流或永磁同步电机的低电压、50A 无传感器 FOC 参考设计
	1 System Description
	1.1 Key System Specifications

	2 System Overview
	2.1 Traditional FOC for PMSM
	2.2 InstaSPIN-FOC for PMSM
	2.3 Drive Controller Block Diagram
	2.4 Highlighted Products
	2.4.1 TMS320F28027F
	2.4.2 UCC27211D
	2.4.3 TPS54360D
	2.4.4 OPA4374

	2.5 System Design Theory
	2.5.1 Power Supply for MCU and Driver
	2.5.2 Three-Phase Inverter and MOSFET Gate Driver
	2.5.2.1 Power MOSFET Selection
	2.5.2.2 Gate Driver Selection

	2.5.3 Three-Phase Current and Voltage Sampling Circuit
	2.5.3.1 Current Shunt Resistor Selection
	2.5.3.2 Motor Current Feedback Sampling Circuit
	2.5.3.3 Motor Voltage Feedback Sampling Circuit



	3 Getting Started Hardware and Software
	3.1 Hardware
	3.1.1 Connections for Drive Controller
	3.1.2 Test Steps

	3.2 Firmware
	3.2.1 Download and Install CCS and MotorWare
	3.2.2 Add Custom Hardware to MotorWare
	3.2.3 Run Reference Design Software


	4 Testing and Results
	4.1 Test Setup
	4.2 Test Results
	4.2.1 Power Supply and Gate Drive Tests
	4.2.2 Motor Parameters Identification Without Load
	4.2.3 Motor Running Tests With Load
	4.2.4 Test Summary


	5 Design Files
	5.1 Schematics
	5.2 Bill of Materials
	5.3 PCB Layout Recommendations
	5.3.1 Layout Prints
	5.3.2 Power Supply Recommendations
	5.3.3 MOSFET Gate Drivers Recommendations
	5.3.4 Motor Current and Voltage Signals Sampling Recommendations

	5.4 Altium Project
	5.5 Gerber Files
	5.6 Assembly Drawings

	6 Software Files
	7 Related Documentation
	7.1 商标

	8 Terminology
	9 About the Authors

	Important Notice



