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The TIDA-00472 is a discrete IGBT-based three-phase + 250-W Mains-Powered BLDC Motor Drive With
inverter for driving brushless DC (BLDC) motors rated Sensorless Trapezoidal Control Using the TI
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ripple resulting in a 30% reduction of the requirement
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in the DC bus capacitor, reducing the overall BOM * Current Sensing Using Single Shunt Resistor on
cost. The cycle-by-cycle overcurrent protection feature DC Bus Return With External Low Power and High
protects the power stage from overcurrent and the Bandwidth Op Amp

board can work up to 65°C ambient. This design is a *  PWM Cycle-By-Cycle Current Limit and Protection
tested, ready-to-use hardware and software platform Achieved Through Integrated High-Speed, High-
for controlling the speed of high voltage BLDC motors Precision Comparator and Programmable

using sensorless trapezoidal control. Reference in MCU

« Highly Efficient Circuit Board Enables Working up
to 200 W Without Heat Sink (up to 65°C Ambient
Temperature) Saves Heat Sink and Assembly Cost
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An IMPORTANT NOTICE at the end of this Tl reference design addresses authorized use, intellectual property matters and other
important disclaimers and information.

1 Key System Specifications
Table 1. Key System Specifications
PARAMETERS SPECIFICATIONS
Input voltage 230 +15% V, Single-phase AC, 50/60 Hz
Rated input power 250 W
Control method Sensorless trapezoidal
Inverter switching frequency 20 KHz
Motor electrical frequency 250 Hz (300 Hz maximum)
Feedback signals Three motor winding voltages, DC bus voltage, low-side DC bus
current
. Cycle-by-cycle current limit, input undervoltage, and
Protections overtemperature
Operating ambient —20°C to 65°C
Conducted emission EN55022 - Class B
EFT IEC61000-4-4
Surge IEC61000-4-5
External auxiliary power supply 15 £10% V, 50 mA
required 5+10% V, 50 mA
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System Description

A kitchen hood (also known as a range vent hood, range hood, cooker hood, and chimney) is an
appliance which is mounted above the cooktop or kitchen stove and is used to extract and remove fumes,
smoke, odors, heat, steam, airborne grease, combustion products, and so forth from the air by the
evacuation of the air and use of filtration. The cooker hood consists of a suction fan driven by a mains-
powered electric motor, lamps, and human interface or control options.

Low-end kitchen hoods use split-phase AC induction motors with tapped windings to create suction. The
new generation of kitchen hoods are adaptable with brushless permanent magnet motors because these
motors allow designs to achieve an A+ energy efficiency rating, a continuous and smooth speed variation
(enabling automatic adjustment of suction based on the intensity of steam and the generation of gases
around the kitchen hood) and operate at a lower noise.

The suction fan motors in the kitchen hood are available in different power levels from 100 W to 500 W
using single-phase AC induction motors. In existing kitchen hoods, the AC motor is the part that consumes
the majority of power. Brushless motors are more efficient in comparison to the single-phase AC induction
motors. The performance of the BLDC motor is far better than AC motors, especially in variable speed
applications.

The TIDA-00472 is a three-phase inverter drive based on a discrete insulated-gate bipolar transistor
(IGBT) for driving brushless DC (BLDC) motors rated up to 250 W in kitchen hoods using the sensorless,
trapezoidal control method.

One of the more costly and bulky components in the drive is the high-voltage DC bus capacitor, which
provides a stable DC bus voltage with low ripple for the inverter stage. Reducing the capacitance value
can help to reduce the overall size and cost of the system, but this reduction increases the DC-bus
voltage ripple, creates torque ripple, and deteriorates the system performance. This Tl Design helps to
mitigate the challenges caused by the reduction of the DC bus capacitor. The design provides a software
implementation for voltage ripple compensation in the DC bus, which results in a 30% reduction of the DC
bus capacitor requirement and reduces the cost.

The motor-winding current sensing is done using a single shunt resistor on the DC bus return with an
external, low-power, high-bandwidth operational amplifier (op-amp). The cycle-by-cycle overcurrent
protection feature protects the power stage from large current spikes and is achieved through the
integrated, high-speed high-precision comparator and programmable reference, which is built-in the
microcontroller (MCU). The board can work up to 65°C ambient and the high-efficiency circuit board
enables working up to 200 W without the requirement of a heat sink or external cooling.

The hardware is designed to meet the following IEC standards: surge, electrical fast transient (EFT), and
conducted emission, as per EN55014. This design is a tested, ready-to-use, hardware and software
platform for the speed control of high-voltage BLDC motors using sensorless trapezoidal control.
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3 Block Diagram
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Figure 1. Block Diagram of Mains-Powered 250-W BLDC Drive (TIDA-00472)

3.1 Highlighted Products

3.11 MSP430F5132

The TI MSP430™ family of ultralow-power MCUs consists of several devices featuring different sets of
peripherals targeted for various applications. The architecture is combined with five low-power modes. The
device features a powerful 16-bit reduced instruction set computing (RISC) CPU, 16-bit registers, and
constant generators that contribute to the maximum code efficiency. The digitally controlled oscillator
(DCO) allows the devices to wake up from low-power modes to active mode in less than 5 ps. The
MSP430F51x2 series are microcontroller configurations with two 16-bit high-resolution timers, two
universal serial communication interfaces (USCIs) USCI_AO and USCI_BO, a 32-bit hardware multiplier, a
high-performance 10-bit 200-ksps analog-to-digital converter (ADC), an on-chip comparator, a three-
channel direct memory access (DMA), 5-V tolerant 1/0Os, and up to 29 I/O pins. The timer event control
module connects different timer modules to each other and routes the external signals to the timer
modules. The device is capable of working up to a system frequency of 25 MHz. The operating
temperature of the device is —40°C to 85°C.
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3.1.2

3.1.3

3.14

3.15

UCC27714D14

The UCC27714 is a 600-V, high-side, low-side gate driver with 4-A source, and 4-A sink current capability
with the purpose of driving power MOSFETSs or IGBTs. The device comprises one ground-referenced
channel (LO) and one floating channel (HO). The HO is designed to operate with bootstrap supplies. The
device features an excellent robustness and noise immunity with the capability to maintain operational
logic at negative voltages of up to —8-V DC on the HS pin (at VDD = 12 V).The device features the
industry best-in-class input propagation delays and delay matching between both channels with the
purpose of minimizing pulse distortion in high-frequency switching applications. Each channel is controlled
by its respective input pins (HI and LI), allowing full and independent flexibility to control the on and off
state of the output. The UCC27714 device output stage features a unique architecture on the pullup
structure, which delivers the highest peak-source current when it is most required during the Miller plateau
region of the power-switch turnon transition (when the power switch drain or collector voltage experiences
dv/dt). The UCC27714 includes protection features at which point the outputs are held LOW when inputs
are floating or when the minimum pulse-width specification of the input is not met. The driver inputs are
complementary metal-oxide semiconductor (CMOS) compatible and transistor-transistor logic (TTL)
compatible for easy interfacing with both digital power controllers and analog controllers. The UCC27714
driver includes an enable and disable function to enable the output gate signals. The device accepts a
bias supply with a wide input range from 10 V to 20 V and offers undervoltage lockout (UVLO) protection
for both the VCC and HB bias supply pins. The UCC27714 is available in an SOIC-14 package and rated
to operate from —40°C to 125°C.

OPA374

The OPA374 families of op-amps are 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. These op-amps are specified for single or dual power supplies of 2.7 V to 5.5 V, an operating
temperature range between —40°C to +125°C, and operation from 2.3 V to 5.5 V. These op-amps are
available in micro-size packages SOT23-5, SOT23-6, SOT23-8 and DFN-10.

TLV704

The TLV704 series of low-dropout (LDO) regulators are ultralow, quiescent current devices designed for
extremely power-sensitive applications. Quiescent current is virtually constant over the complete load
current and ambient temperature range. These devices are an ideal power-management attachment to
low-power MCUSs, such as the MSP430. The TLV704 regulator operates over a wide operating input
voltage of 2.5 V to 24 V. This wide range of input voltage makes the device an excellent choice for both
battery-powered systems and industrial applications that undergo large line transients. The TLV704 series
of linear regulators is available in a 3-mm x 3-mm SOT23-5 package and is specified for -40°C to 125°C.

LMT87

The LMT87 and LMT87-Q1 devices are precision CMOS integrated-circuit temperature sensors with an
analog output voltage that is linearly and inversely proportional to temperature. The device features make
it suitable for many general temperature sensing applications. The LMT87/LMT87-Q1 can operate down to
a 2.7-V supply with a 5.4-pA power consumption. Multiple package options including through-hole TO-92
and TO-126 packages also allow the LMT87 to be mounted onboard, off-board, to a heat sink, or on
multiple unique locations in the same application. Class-AB output structures give the LMT87/LMT87-Q1 a
strong output source and sink current capability that can directly drive up to 1.1-nF capacitive loads.
These features make the sensors a suitable option to drive an ADC sample-and-hold input with its
transient load requirements. The LMT87/LMT87-Q1 accuracy is specified in the operating range of -50°C
to 150°C. The accuracy, three-lead package options, and other features also make the LMT87/LMT87-Q1
a reasonable alternative to thermistors.
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3.16

3.1.7

TPD1E10B06

The TPD1E10BO06 device is a single-channel electrostatic discharge (ESD), transient voltage suppression
(TVS) diode in a small 0402 package. This TVS protection product offers £30-kV contact ESD, +30-kV
IEC air-gap protection, and has an ESD clamp circuit with a back-to-back TVS diode for bipolar or
bidirectional signal support. The 12-pF line capacitance of this ESD protection diode is suitable for a wide
range of applications supporting data rates up to 400 Mbps. The 0402 package is an industry standard
and is convenient for component placement in space-saving applications. The TPD1E10B06 devices are
characterized for operation over a temperature range of —40°C to +125°C.

1ISO7421

The 1SO7421 digital isolator has two isolated channels. The 1ISO7420, ISO7420M, and 1ISO7421 provide
galvanic isolation up to 2500 Vgys for one minute per UL. Each isolation channel has a logic input and
output buffer separated by a silicon dioxide (SiO,) insulation barrier. When using the 1SO7421 device in
conjunction with isolated power supplies, these devices prevent noise currents on a data bus or other
circuit from entering the local ground and interfering with or damaging sensitive circuitry. The 1ISO7420
and 1SO7421 family of digital isolators are characterized for operation over a temperature range of —40°C
to +125°C. The suffix “M” indicates wide temperature range (—40°C to 125°C). These devices have TTL
input thresholds and require two supply voltages, 3.3 V or 5 V, or any combination. All of the device inputs
are 5-V tolerant when supplied from a 3.3-V supply. The 1SO7420 and 1SO7421 are specified for signaling
rates up to 1 Mbps. These devices also transmit data with much shorter pulse widths, in most cases,
because of their fast response times. Designers must add external filtering to remove spurious signals
with input pulse duration < 20 ns, if desired.
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4.1

System Design Theory

The complete system consists of the AC-DC power stage for rectification of the 230-V AC along with the
EMI filter, three-phase inverter, sensing circuits, and MCU.

AC-DC Power Stage

Figure 2 shows the AC-DC power stage. This stage has the diode bridge rectifier, bulk electrolytic
capacitor at the DC bus, and the necessary filters for conducted emission, surge, and EFT protection as
per the standard EN55014.
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Figure 2. AC-DC Converter Schematic

In the schematic, J1 is the input connector where the single-phase supply line, neutral, and earth are
provided. F1 is the protection fuse followed by the metal oxide varistor (MOV) for surge protection. A
10-mm diameter MOV with a 275-V AC rating is selected for this application. R1 and R4 form the
discharge resistor for the X2 capacitors C4 and C3. The network consisting of C4, C3, C1, C6, C5, C7,
and L2 forms the conducted emission filter. C4 and C3 are X2 rated capacitors; C1, C6, C5, and C7 are
Y2 rated capacitors. L2 is a common-mode filter. To limit the inrush current of the bulk DC capacitors, an
inrush current limiter RT1 is provided. D1 is the full bridge rectifier. L1 is the DC choke provided for
meeting the line harmonic standard. C2 is the electrolytic capacitor at the DC bus.

Design of DC Bus Capacitor

The DC bus capacitor is important while designing the inverter-fed motor drives operating from the AC
mains. The DC bus capacitor serves the following purposes:

1. The DC bus capacitor reduces the voltage ripple in the DC link and provides a stable DC link voltage
for the inverter. A high DC voltage ripple can cause motor torque ripple leading to an inferior
performance of the motor drive.

2. The DC bus capacitor acts as a local storage for handling the ripple current (in pulse width modulation
(PWM) inverter drives, it is possible to have a huge current ripple in the DC bus).

3. The DC bus capacitor acts as a storage element for the regenerative energy from the motor. If the
drive design utilizes diode bridge rectifiers, the regenerative energy cannot be fed back to the source
and the absence of a proper DC bus capacitor may cause high-voltage buildup in the DC link during
regeneration. This high-voltage buildup leads to a voltage breakdown of the semiconductors.

Capacitor design to limit the DC bus voltage ripple to 10%
The AC input supply specification is 230 V, 50 Hz. For a 10% DC voltage ripple the peak-to-peak DC

voltage ripple is AV = 32.5 V. Therefore, at the 230-V AC input, the DC bus voltage has a maximum

value of 325 V and a minimum value of 292.5 V.
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41.2

The discharge time of the capacitor can be calculated by equating the instantaneous AC input voltage to
the minimum value of the DC bus voltage ripple, as Equation 1 shows.

Vp Sin B =292.5

where
e v, is the amplitude of the AC input voltage (1)

Substituting V,,, = 325 in Equation 1 results in 325 sin 6 = 292.5, which leads to 6 = 1.1198 rad. Therefore,
the total electrical angle during the capacitor discharging period is:

Buischarge = (TT/ 2) + 1.1198 = 2.69056 rad. The electrical angle can be expressed in terms of the angular
electrical frequency (w) and time (t) as Equation 2 shows:

0 = ot 2)

However, w relates to the electrical frequency (f) in Equation 3:
® = 2xf (3)

For a 50-Hz AC supply, w = 21 x 50 = 314.16 rad/s; therefore, the discharge time of the capacitor is:

discharge
tdischarge =———— =2856ms
(O]
The average DC bus voltage is Ve acye = 325 — (AVc / 2) = 308.75 V.

| Poc 250
DC

The average DC link current at 250 W is Voc ave  308.75
capacitance value, C, can be calculated by the following Equation 4:

=081A
; therefore, the required

At
C 2 IDC X
where
o At = tynage = 8.56 ms 4)

By substituting the values of Iy¢, At, and AV in Equation 4, the user can obtain the value for the required
DC bus capacitor C = 214 pF.

Selection of the capacitor for the reference design

The TIDA-00472 design has software implementation to compensate the DC bus-voltage ripple. The
algorithm for compensating the DC-bus voltage ripple allows a reduction of the DC bus capacitor value,
which reduces the system size and cost. This reference design uses a 150-uF capacitor, which is a 30%
reduced capacitor in comparison to the capacitor value calculated using Equation 4:

Ccompensated = 0.7 x C = 0.7 x 214 = 150 pF ©)
The user must also select the ripple current capacity of the capacitor. The application is a BLDC motor,
which the three-phase inverter drives using trapezoidal control. In trapezoidal control, the DC link current
has a huge current ripple during commutation in the motor. The DC bus capacitors must be able to handle
this ripple current.

This application uses a 150-pF, 400-V electrolytic capacitor with a 1-A ripple capacity.

Selection of Bridge Rectifier

The voltage rating of the diode bridge rectifier must be sufficient to withstand the peak inverse voltage at
265-V AC. If a DC link choke is not used, the peak current drawn by the bulk electrolytic capacitors can be
as high as 6 A at a rated input power of 250 W. This reference design uses a 1000-V, 8-A full bridge
rectifier.
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4.2 Three-Phase Inverter

The three-phase inverter is designed to operate from the rectified 230-V AC mains. Figure 3 shows the
schematic of the three-phase inverter using discrete IGBTs. The PCB layout and minimum trace length for
the power section routing is critical to minimize the switching voltage spikes across the IGBTSs.
Furthermore, placing the local decoupling capacitors close to each leg of the inverter is possible to
minimize the voltage spikes. C25, C26, and C27 are provided for decoupling and are placed very close to
each leg of the inverter (see Figure 3).

The resistor R39 is used to sense the DC bus return current. The filter network consists of C33, R43, and
R44 and is used as a high-frequency differential filter. The terminal block J4 is used to connect the three-
phase motor terminals.
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Figure 3. Three-Phase Inverter of Power Stage

421 Selection of Switching Device

The three-phase inverter is designed to operate from the rectified 230-V AC mains. The board is designed
for a 230-V AC input +15%; therefore, the peak DC bus voltage at the maximum AC input is 375-V DC
(Voe wax = 230 x 1.15 x 2 = 375 V). A switching device with a voltage rating that is 1% times the
maximum input voltage can be selected, considering the safety factor and switching spikes. A switch rated
for 600 V is a suitable choice.

The current rating of the switching device depends on the peak winding current. The peak current in the
motor winding depends on the motor parameters, motor rated torque, motor back-electromotive force
(BEMF) profile, and so forth. In trapezoidal control (rectangular winding current), one winding of the motor
is energized for two-thirds of the total electrical cycle period. For a rectangular winding current having two-
thirds of the duration, the RMS and peak values relate as Equation 6 shows:

/2
| == x|
RMS 3 PEAK (6)
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42.2

4.2.3

From the specification of the motor used for testing this reference design, the RMS winding current at a
rated load is 1.2 A. For an ideal rectangular current waveform, the peak current is calculated by using
Equation 6, which gives lpga = 1.47 A.

If a current control is not used, the winding current waveform cannot have a flat rectangular shape. The
winding current has current ripple due to switching, which depends on the motor inductance and switching
frequency. Small peak currents develop near the commutation because of the BEMF profile. Considering
these factors (with a 120% overload), a peak current of 2.1 A in the motor winding can be assumed, which
means that the overcurrent limit can be set to 2.1 A.

Keeping the current limit to a lower value limits the torque capability of the drive. The switching device
must be rated for this current at the maximum operating junction temperature (T ).

Assuming a safety factor of 2, the current rating of the switching device, Ig, 22 x 2.1 = 4.2 A,
at T, = 125°C; therefore, a switch with a current rating of 5 A at T, = 125°C is a reasonable choice.

Another aspect for selecting the switching device is the switching frequency. This reference design uses a
switching frequency of 20 KHz. An IGBT or MOSFET can be used in this case, based on the cost and
total loss. This reference design uses a 600-V, 10-A IGBT for the inverter stage.

Selection of Sense Resistor

The sense resistor is used at the return path of the DC link to measure the motor winding current. During
trapezoidal control of the BLDC motors, only two phases are ON at a time, which means that the DC link
current is the same as the winding current. This relationship means that the user can implement different
current or torque control strategies by sensing only the DC bus current. The operational amplifier OPA374
is configured as a differential amplifier to sense the DC bus return current. The power dissipation in the
sense resistor is one of the major factors to consider during the selection process. A high resistance value
leads to high power loss in the resistor and a very low value may reduce the available signal level (which
reduces the noise immunity). This reference design uses a sense resistor followed by a differential
amplifier of gain 20 and the internal comparator of a MSP430F5132 MCU to implement cycle-by-cycle
control of the winding current. The reference terminal of the comparator is fed from an internal
programmable reference with a setting of 2.5 V. Use Equation 7 to calculate the required sense resistor
value.

Veomp_rer = (locxRsense ) x Acain

where

*  Veowr rer IS the comparator reference voltage

e Agan is the gain of the differential amplifier

¢ Rgnee IS the sense resistor value

e loc is the overcurrent limit (7
To obtain an overcurrent limit loc = 2.1 A with Agy = 20 and Veoue rer = 2.5 using Equation 7, the

required Rqgyse Must be equal to 0.06 Q. The following Equation 8 calculates the power loss in the
resistor.

Power loss in the resistor = Igys> x Rgensg = 2.12 x 0.06 = 0.265 W ®)

A standard 2-W, 2512 package resistor can be used in this TI Design.

Inverter Loss Calculation

In trapezoidal control, every switch conducts for 120° in an electrical cycle. In every case, only two
switches are ON, one from the high side and the other from the low side. The diode-rectified DC bus
voltage is a constant with a stable 230-V AC input system. To control the average voltage applied to the
motor, the pulse-width modulation (PWM) technique can be used. PWM can be used to modulate either
the high side switch, low side switch, or both during this 120° conduction period. In this design, only the
top side IGBTs are PWM modulated to control the voltage applied to the motor winding and the bottom
side IGBTSs are continuously ON for their respective 120° conduction period. This strategy reduces the
switching loss from the bottom IGBTSs.

10
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The inverter losses are calculated at a 250-W output power from the inverter. Use the specifications in
Table 2 to calculate the inverter losses.

Table 2. Parameters for Calculating Inverter Loss

PARAMETER VALUE
Rated voltage of the motor (Vyy ratep) 220V
Nominal RMS motor current (Igys) 1.2A
Average DC bus voltage (Vpc avc) 300V
Average DC bus current (Ipc_avc) 09A
Rated RPM 3000
Number of poles in the motor (p) 8
Motor electrical frequency at rated RPM (fg) 200 Hz

4.2.3.1 Power Loss in Low Side IGBT
Conduction Loss

The user can calculate the IGBT conduction losses by using an approximate equivalent circuit that
consists of a series connection of a voltage source (Vg), representing the ON-state, zero-current,
collector-emitter voltage drop and the dynamic collector-emitter ON state resistance (r.).

Figure 4 shows the typical output characteristics of an IGBT at a particular gate-to-emitter voltage (Vgg)
and case temperature. A linear interpolation is done on the output characteristics to derive the equivalent
circuit equation that the following Figure 4 shows.

Vee = Veeo +c Xl crus
where

* r.is the equivalent dynamic resistance of the IGBT (slope of the output characteristics)
* lcrus is the RMS value of the switch current during 120° switch conduction period

* e avc is the average switch current during 120° switch conduction period 9)

Specified
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Figure 4. Modeling of IGBT for Loss Calculation
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For an ideal rectangular current waveform, the RMS and average switch current during the 120° switch
conduction period can be calculated in the following Equation 10 by using Equation 6:

3
| ~ | = 2 Xy = 147 A
cAVG * Icrvs 5 * Rms (10)

Based on the above values and by using Figure 4, the conduction loss (P.) of an IGBT can be expressed
as Equation 11 shows.

2
Pc =(Veeo xlc ave) + (e x1C rus) 1)
In BLDC trapezoidal control, one switch conducts for 120°, which is one third of the total electrical cycle.
Equation 12 calculates the conduction loss in one lower IGBT:

1 2
P~ =—x((V | +(r~ x|
cL=3 *((Vceo *1 ¢ ave) + (e X1 rus)) (12)

From the output characteristics of the IGBT used in the reference design, at a case temperature of 125°C,
Equation 13 shows the approximate values of the loss modeling parameters:

e = 0.2Q (13)

From the values established in Equation 13, calculate the conduction loss in one lower IGBT using
Equation 14:

P, = % x (1x1.47)+ 0:2x1.472)) ~ 0.634 W 14

Switching loss

The low side switches do not utilize PWM switching and are continuously ON for the 120° interval;
however, the low side switch commutates at the motor electrical frequency.

The following Equation 15 shows the motor electrical frequency at the rated RPM:
fo- Number of pole pairs x RPM _ 4 x 3000 _ 200 Hz
60 60 (15)
The following Equation 16 calculates the switching loss in a single, low-side IGBT:
Pswi = fele ¥ (Eon +EoFF) (16)

The IGBT datasheet specifies the following parameters for calculating the switching loss required to turn
on and turn off the IGBT:

e Turn ON switching loss, Egy = 0.22 mJ, when tested at Vo =400V, Ic = 10 A, Rg =10 Q, and
Vge =15V

e Turn OFF switching loss, Eqo = 0.08 mJ, when tested at V. =400 V, I =10 A, R; =10 Q, and
Vee =15V

In the TIDA-00472 design, Ve is equal to 15 V and the peak winding current |, is equal to 2.1 A.

Equation 17 calculates the low-side IGBT switching loss:

\Y/ x |
PswL = (EON + EOFF) x {V NOM IPK ] x fele
cC(test) X I c(test)

325 x 2.1
PowL = (0.22 + 0.08) x | ===~ | x 200 = 0.01 W

400 x 10 (17)
Equation 18 calculates the total loss on a single low-side IGBT:
PL =PcL +Pswi
PL=0.634 + 0.01~0.65 W (18)
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4232 Power Loss in High-Side IGBT
Conduction Loss

The PWM is applied to high side switches. The user must consider the duty cycle of the PWM when
estimating the conduction loss in the high-side IGBT

» The average DC bus voltage, Vpc ave = 300 V
« The average motor winding voltage at a rated load = 220 V (rated voltage of the motor)
e At arated load, the PWM duty cycle, D = 220/ 300 = 0.733

Considering the preceding values, Equation 19 calculates the conduction loss in one high-side IGBT:
1 2
Pen = 3 x D x ((VCEO X IC,AVG)+ G’C xS RMs ))

_1 23\ _
Por = 5  0.733 x (1 147) + 0.2 x 147 )) = 0.465 W )
Switching loss

In the TIDA-00472 reference design, the high-side IGBT switches at 20 KHz and Equation 20 calculates
the switching loss:

1 \/ x|
Pswh = 3% (Eon +EOFF)X(V NoM IPK Jstw
CC(test) <! C(test)

325 x 2.1

1
P = + x (0.2 + 0.08
swh = 3> (022 )X{400><’|0

Jx20kz0.341W
(20)

Equation 21 calculates the total loss on a single high-side IGBT:

P =Pen +Pswh
Py = 0.465 + 0.341~ 0.81 W 21)

4.2.3.3 Diode Losses
Diode losses because of PWM switching
When the top IGBT turns off during PWM switching, the motor current is transferred to the antiparallel
diode of the lower IGBT. Calculate the lower diode losses based on Equation 22.
1
Ppiobg,sw = (§X (1-D)x Vg xIg ave) + (fsw *x EpiopE)

where
*  Epope IS the reverse recovery switching losses in the diode
e V. is the forward voltage drop in the diode
* - is the average diode forward current (22)

Excluding the reverse recovery switching loss in the diode, Equation 22 can be simplified as in
Equation 23.

1
Pbiobe,sw = (g x(1-D)x Vg xIg ave)

1
R, =—x(1-0.73)x11x147 =0.143 W
DIODESW = 3 % ( )x1.1x (23)

The diode loss calculated in the preceding Equation 23 is for the low-side diodes.
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Diode losses because of phase commutation

During commutation, the motor winding current freewheels through the antiparallel diode of the
complimentary IGBT. For example, if the top IGBT is commutating, then the winding current that was
flowing through the top IGBT is transferred to the antiparallel diode of the lower IGBT. Six commutations
occur in one electrical cycle of the motor current waveform. The commutation period can be defined as the
duration in which the winding current of the commutation phase reduces to zero. The commutation period
depends on the motor inductance and the peak winding current, which means the commutation period
varies from motor to motor.

The BLDC motor used in this design has an approximate commutation time of about 100 ps at the rated
load.

The commutation time, T ymmutation: 1S @PProximately 100 ps.
Equation 24 shows the electrical frequency of the motor winding current for an 8-pole motor running at
3000 RPM:

3000x 8

£ =3009x8 on0H
elec = 470 z (24)

Because six commutations occur in one electrical cycle, the total diode loss because of phase
commutation can be calculated as Equation 25 shows:

Poiobecomm = 6 % Vi x Ig ave % Teommutation % fele

where
e V. is the diode forward voltage drop

* Iy iS the average forward current of the diode during commutation (25)

During commutation, the current in the commutating phase reduces from the peak value to zero. In the
application design, the peak winding current is 2.1 A, from which the user can derive the average forward
current of the diode during commutation using the following Equation 26:

2.1
.. =% -105A
Favg = 5 (26)

From the device datasheet, the V¢, is approximately 1.1 V at a diode junction temperature of 125°C and
at a forward current of 2.1 A.

Substitute the values in Equation 25 to obtain the total diode loss because of phase commutation in
Equation 27:

PD|ODE,COMM ~ 6 X 11 X 105 X 100 HS X 200 HZ = 01386 W (27)
Equation 28 simplifies the total diode loss:
Poiope = (3 x PDIODE,SW)+ Poiobe.comm = 0.57 (28)

Total loss in the three-phase inverter

Equation 29 shows the total loss in the three-phase inverter.
Ploss =3x(PL +Py)+Ppiope

PLOSS = 3 (065 + 081) + 057 ~ 5 W (29)
42.4 Thermal Design for Three-Phase Inverter

The inverter is designed to operate without a heat sink and supports up to 65°C ambient. The selected

IGBTs have a thermal resistance from junction-to-ambient of 62.5°C/W. One switch package has an IGBT

and the antiparallel diode.

From the loss calculation that the previous subsection outlines, calculate the total loss in a high-side IGBT

and antiparallel diode in Equation 30:

P
Total loss in high-side IGBT and antiparallel diode = P + [MJ =0.83 W
6 (30)
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Use the preceding Equation 30 to calculate the temperature rise in the high-side switch in Equation 31:
Temperature rise in high-side switch = 0.83 x 62.5 = 52°C (31)

From the loss calculation that the previous subsection outlines, calculate the total loss in a low-side IGBT
and antiparallel diode in Equation 32:

P
Total loss in low-side IGBT and antiparallel diode = Py + Pyopg, + [M] - 0.81W

(32)
Use the preceding Equation 32 to calculate the temperature rise in the low-side switch in Equation 33:
Temperature rise in low-side switch = 0.81x 62.5 ~ 50°C (33)
4.3 Gate Driver Using UCC27714
The gate driver UCC27714 has the following features that makes the device suitable for this application:
» High-side low-side configuration with independent inputs
» Fully operational up to 600 V (HS pin)
» Floating channel designed for bootstrap operation
» Peak output current capability of a 4-A sink and source at VDD = 15V
» Best-in-class propagation delay (90 ns typically, 125 ns max)
» Best-in-class delay matching (20 ns max)
 TTL and CMOS compatible logic input thresholds Independent of supply voltage with hysteresis
» VDD bias supply range of 10 V to 20 V
» Undervoltage lockout (UVLO) protection feature on the supply circuit blocks between VDD and VSS
pins, as well as between HB and HS pins; the rail-to-rail drive with outputs is held low when inputs are
floating
* Robust operation under negative voltage transients (logic operational up to —8 V on HS pin for
VDD = 12 V); parasitic inductance in the circuit can cause negative voltage at HS relative to COM,
which can cause a logic error on HO if the driver cannot handle the negative voltage of HS
e Separated grounds for logic (VSS) and driver (COM) with the capability to sustain voltage difference
e Optional enable function EN pin
43.1 Gate Drive Circuit Design
Figure 5 shows the circuit diagram for a half-bridge gate drive using the UCC27714 device.
+15V D3
R32 E&}v_”_
) c16®  Ustmar
0.1uF
= = ¢ SDM20U40-7-F
5 AGND U4 ’:B:L D13 R2
. " No |14 | O1uF m
:|:220pF 2:00 He 13
= 2w Ho |12 aves CoTor>
ACND = 4 NCIEN Hs 1 0 EA
AGND 3$20.0k
5 lcom NC 19 PHU ]
9 SDM20U40-7-F
+15V 3o Lo Ne —X D14
T 5,‘3'6 WFT TS 71 vop NG 8¢ o
51 c31 5.11
10F UCC27714D14 R37
]_: \ 4 1‘6‘.‘8 -~ U BOT >
AGND 220.0k
Figure 5. Gate Driver Circuit Using UCC27714
TIDUAR7A—-November 2015—-Revised May 2016 230-V/250-W, Hi-n Sensorless Brushless DC Motor Drive With 30% Reduced 15
Submit Documentation Feedback Bulk Capacitor Reference Design

Copyright © 2015-2016, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUAR7A

13 TEXAS
INSTRUMENTS

System Design Theory www.ti.com

Selecting HI and LI low-pass filter components

To filter the high-frequency noise, the designer must add an RC filter between the PWM controller and the
input pin of the UCC27714 device. The recommended value of the RC filter is R32 = R33 =51 Q and
C24 = C29 = 220 pF.

Selecting bootstrap capacitor (Cgoor)

The bootstrap capacitor must be sized to have more than enough energy to drive the gate of the IGBT
high without depleting the bootstrap capacitor more than 10%. A good guideline is to size Cgoor to be at
least ten times as large as the equivalent IGBT gate capacitance (C).

C, must be calculated based on the voltage driving the high side gate of the IGBT (V) and the gate
charge of the IGBT (Q,). V¢ is approximately the bias voltage supplied to V;, after subtracting the
forward voltage drop of the bootstrap diode D3 (Vpgoor)- In this design example, the estimated V¢ is
approximately 14.4 V, as Equation 34 shows.

VGE zVDD_VDBOOT :15 V—06 V:144 V (34)
The IGBT in this reference design has a specified Q, of 37 nC. The equivalent gate capacitance of the
IGBT can be calculated as Equation 35 shows.

Q
g=—3=3T0C o6nF

Vae 14.4 (35)
After estimating the value for Cy, Czoor must be sized to at least ten times larger than C,, as Equation 36

shows.
CBOOT > 10 X Cg = 26 nF (36)

C

For this reference design, a 100-nF capacitor has been chosen for the bootstrap capacitor, as Equation 37
shows.

CBOOT = C28 = 100 nF (37)

Selecting Vpp bypass holdup capacitor (Cypp), and Rgas

The Vyp capacitor (C,pp) Mmust be chosen to be at least ten times larger than Cgor. For this reference
design, a 1-yF capacitor has been selected (see Equation 38). C31 is the V,, capacitor.

Cvpp 210 x Cgpor =1uF (38)

Tl recommends selecting a 5-Q resistor Ry x5 series with bias supply and V;, pin to increase the Vpp
ramp-up time to larger than 50 ys. The preceding Figure 5 shows how the resistor R36 is used as the
Rgias resistor.

Estimating the bootstrap diode power dissipation (Ppgoor)

Estimate the bootstrap diode power dissipation (Ppgoor) based on the switching frequency, diode forward
voltage drop, and the switching frequency of the gate driver (fg,,). In this reference design, the switching
frequency has been set to 20 KHz. Equation 39 calculates the estimated power loss for the bootstrap
diode.

Selecting the current limiting resistor for the bootstrap diode (Rgoo7)

Select the resistor Rgoor to limit the current in Dgoor and limit the ramp-up slew rate of the voltage across
the HB and HS pin. Tl recommends selecting an Rgoor resistor between 2 Q and 10 Q when using the
UCC27714 gate driver. This TIDA-00472 reference design uses a current-limiting resistor of 3.3 Q. The
peak bootstrap diode current (Ipgoorek) IS limited to approximately 4.36 A (see ).

VDD ~Vpgoor 15V -0.6 V

|pBOOT _PK= R 330 " 4.36 A
BOOT : (40)
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The power dissipation capability of the bootstrap resistor is important. The bootstrap resistor must be able
to withstand the short period of high power dissipation during the initial charging sequence of the boot-
strap capacitor. This energy is equivalent to %2 x Cgoor x V2 This energy is also dissipated during the
charging time of the bootstrap capacitor (approximately 3 X Rgoor X Cgoor)-

The TIDA-00472 reference design uses a 3.3-Q, 0.125-W resistor.
Selecting the bootstrap diode

The voltage that the bootstrap diode encounters is the same as the full DC bus voltage (in this case a
maximum of 375-V DC). The bootstrap diode voltage rating must be greater than the DC bus rail voltage.
The bootstrap diode must be a fast recovery diode to minimize the recovery charge and thereby the
charge that feeds from the bootstrap capacitor to the 15-V VDD supply.

The diode must be able to carry a pulsed peak current of 4.36 A. However, the average current is much
smaller and depends on the switching frequency and the gate charge requirement of the high side IGBT.

This TIDA-00472 reference design uses a 1000-V, 1-A, fast recovery diode.
Selecting the gate resistor R,,c and R o

The gate resistors are sized to reduce the ringing caused by parasitic inductances and capacitances and
to limit the output source and sink current of the gate driver.

From the datasheet of UCC27714 (SLUSBY®6):
LO and HO output pulldown resistance, R, = R o, =1.45Q
LO and HO output pullup resistance, Ryoy = Rion =3.75 Q

The TIDA-00472 reference design uses different gate resistors in the turnon and turnoff path of the IGBT.
The external gate resistors used are listed below. The external gate resistance in the turnon path of the
high side IGBT is R,c on = R34 =10 Q.

The parallel combination of the resistors R2 and R34 form the turn OFF equivalent resistance:

+ The external gate resistance in the turnoff path of the high side IGBT, Ry o = 3.38 Q (10 Q and
5.11 Q in parallel)

» The external gate resistance in the turnon path of the low side IGBT, R oy = R37 =10 Q

* The external gate resistance in the turnoff path of low side IGBT, R, o = 3.38 Q (R3 and R37 in
parallel)

The following Equation 41 calculates the maximum HO drive current (I, pr):
Voo ~Vpeoor 15V -0.6V

lHO DR™= = ~ 105 A
The following Equation 42 calculates the maximum HO sink current (l,,5 s¢):
Voo — VbeooT 15V -06V
Ho_sk = & "Ry 3380+1450 > A
HO_OFF HOL . . (42)
The following Equation 43 calculates the maximum LO drive current (I o pg):
\ 15V
- RLO_ON_RLOH 10 Q+375 Q (43)
The following Equation 44 calculates the maximum LO sink current (I, sx):
Vop 15V
lo_sk =g "R, 3380+1450 oA
LO_OFF LOL . . (44)
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43.2 Estimating UCC27714 Power Losses (PUCC27714)
Estimate the power losses of UCC27714 (Pycco7714) By calculating the losses from several components.
The static power losses because of quiescent current (lopp, loss) are calculated in Equation 45:
Pac = Vo * (laop + lass ) (45)
The power dissipated in the gate driver package during switching (Pgy,,) depends on the following factors:
» Gate charge required for the power device (usually a function of the drive voltage Vg, which is very
close to the input bias supply voltage Vy, because of the low Vg, drop-out)
e Switching frequency
» Use of external gate resistors
To turn on an IGBT, the gate driver must provide the sufficient gate charge. Equation 46 calculates the
energy required to supply the gate charge:
1
Eg =5 * Qe x Ve
where
e Vg is the gate voltage supplied by the gate driver across the gate and emitter of the IGBT (46)
If the IGBT is switching at a frequency fg,, then the gate power supplied by the gate driver when the IGBT
turns on is calculated in Equation 47:
1
P =—xQgxVgg xf
G_ON =5 *™G X VGE *Tsw @7)
The same energy also dissipates when the IGBT turns off; therefore, the total gate power required to turn
on and turn off one IGBT is calculated in the following Equation 48:
Ps =QgxVge xfsw (48)
In the TIDA-00472 reference design, only the upper IGBT is switched using PWM. The lower IGBT
remains on for 120° electrical. Both the upper and lower IGBTs remain on for only one third of the
electrical cycle. Equation 49 calculates the gate power required to turn on and turn off the upper IGBT:
1
Poy ==xQgxVge xf
GH =73 G * VGE *Tsw (49)
The gate power required to turn on and turn off the lower IGBT can be calculated based on the electrical
frequency of the inverter output voltage and current. The lower IGBT switches on and off once during
every electrical frequency. The electrical frequency of the motor winding voltage at 3000 RPM for an
8-pole motor is 200 Hz. Equation 50 shows the calculation of the gate power required to turn on and turn
off the lower IGBT:
PoL =Qg xVgg xfee (50)
Equation 51 calculates the total power loss in a single UCC27714 device:
1
Puccarr1a * (VDD x ('QDD + los ))+ (5 x Qg x Vgg x fsw] +(Qg x Ve * o)
Pucczrria = (15 V x (750 pA + 120 pA)) + (% x 37 nC x 15 V x 20000 sz + (37 nC x 15 V x 200 Hz) = 13.4 mW
(51)
When external resistors are used in the gate drive circuit, a portion of this power loss is incurred on these
external resistors and the power loss in UCC27714 is lower, allowing the device to run at lower
temperatures.
The TIDA-00472 design utilizes three gate drivers, so the total power loss of the gate drive is 40.2 mW.
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4.4

44.1

NOTE: The application schematic in Figure 5 shows 20-kQ resistors across the gate and emitter
terminals of the IGBTSs. These resistors are a safety precaution and are placed across these
nodes to ensure that the IGBTs are not turned on if the UCC27714 device is not in place or
not properly soldered to the circuit board.

If using a shunt resistor between the COM and VSS pins, then bypass this pin to COM with a
1-uF surface mount device (SMD) capacitor. The TIDA-00472 reference design uses C30 (1
pF) for this purpose.

Voltage and Current Feedback

Motor-Winding Voltage Feedback

The motor winding voltages are fed back to the controller for sensorless control implementation. In the
firmware, phase voltages are measured directly from the motor phases instead of a software estimate.
The firmware works on the back electro-motive force (BEMF) integration technique. The algorithm derives
the motor BEMF by sensing the winding voltages of the non-energized phase. The measured winding
voltage overrides on half of the DC bus voltage (Vpc / 2) during the PWM ON time of the energized
phases. Therefore, the BEMF is derived by subtracting (V¢ / 2) from the sensed winding voltages. The
algorithm assumes the same scaling in the winding voltage and DC bus voltage (Vpc) sensing network.
Therefore, maintaining the exact same scaling configuration for the BEMF voltage-sensing circuits and Vp
sensing circuit is important.

The winding voltages switch at a maximum voltage equal to the DC bus voltage, which can be a maximum
of 375 V. Because of this high voltage, a proper scaling network is required before feeding the motor
winding voltage to the controller, as Figure 6 shows.

PHU |
PHV ]
PHW |

+3.3VD +3.3VD
ris *33VD 6

Figure 6. Motor-Winding Voltage Sensing

The maximum voltage that can be fed to the ADC terminals of the MSP430 device is 3.3 V. The maximum
voltage applied to the motor terminals (V) is equal to the maximum available DC bus voltage V¢ yax (S€€
Equation 52)

Vpe max =(230+15%) V x+2 =375 V 2
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With the established value of the maximum available DC bus voltage, consider a one-phase voltage
sensing network. Equation 53 calculates the ADC input voltage to the MSP430 device (Vpc):

Ve e R28
ADC = "M " R9 1 R14 + R19 + R28
R9 +R14 +R19 +R28
Vy =V
M ADC % R28
VM=3.3x150+150+150+3'6=416V
3.6 (53)

Considering a 10% headroom for this value, the maximum voltage input to the system is recommended to

be 416 x 0.9 = 375 V; for a motor with a maximum operating DC voltage of 375 V, this voltage feedback
resistor divider is ideal.

In the circuit shown in Figure 6, the diodes D9, D10, and D11 are used as a protection clamp diode.

4.4.2 DC-Bus Voltage Feedback

Figure 7 shows the DC-bus voltage-sensing circuit. The resistors R8, R13, R18, and R27 have been

selected with high values to reduce the standby current of the board. D12 is used as a protection clamp
diode.

The resistors R8, R13, and R18 are designed to bring down the voltage across R27 to a maximum of
3.3 V when the DC bus voltage is at the maximum, as Section 4.4.1 explains

<+VDC

R8
1 499k

R13 +3.3VD

3 12.Ok]_33pF
[

AGND

Figure 7. DC-Bus Voltage Sensing

The winding and DC-bus voltage lines are externally protected using ESD devices, as Figure 8 shows.
The TPD1E10BO06 diode is used for ESD protection. The TPD1E10BO06 is a single-channel, ESD,
transient-voltage-suppression (TVS) diode, which offers +30-kV contact ESD, +30-kV IEC air-gap

protection, and has an ESD clamp circuit with a back-to-back TVS diode for bipolar or bidirectional signal
support.
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Figure 8. ESD Protection on Voltage Sensing Lines
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4.4.3

4.5

Current Sense Amplifier

The low—power, high-bandwidth OPA374 op amp is used as a differential amplifier with a gain of 20 for
current sensing. Two resistor-capacitor (RC) filters are provided at the output of the OPA374 op amp. The
output of the first RC filter (R52 and C39) is fed to the ADC pin of the MCU to implement any current or
torque control algorithm. The second RC filter (R57 and C42) is fed to the comparator input of the
MSP430 MCU to implement the cycle-by-cycle current limit. The user can set a different cut-off frequency
for torque control or overcurrent protection by changing the corresponding RC values. Figure 9 shows a
schematic of the current sense amplifier using the OPA374 device.

R49

[CsN
1.00k

R52

100 a0
[csp Ro4 1000pF
1.00k
L AGND
1rRss ==c40 =
320.0k | 10pF AGND
R57
;
- 00 ca2
AGND 1000pF
AGND

Figure 9. Current Sense Amplifier Using OPA374

MSP430F5132 Schematic

Figure 10 shows the schematic for configuring the MSP430F5132 MCU. The MSP430 MCU generates a
core supply voltage, which is internally regulated and denoted as VCORE. A suitable decoupling capacitor
must be connected to the VCORE pin. The datasheet recommends using a decoupling capacitor with a
value of 470 nF (SLAS619). A capacitor tolerance of £20% or better is required. The VCORE pin is only
for internal device usage. Do not apply any external DC load or voltage to this pin.

The datasheet specifies a capacitor ratio of 10 between the DVCC (digital power supply) and VCORE
pins. Tl recommends using a 4.7-uF capacitor (minimum) at the DVCC pin. The TIDA-00472 reference
design uses a 10-pF capacitor at the DVCC pin. A 0.1-uF capacitor has been added to obtain the best
performance at a high frequency. The same 10- and 0.1-uF decoupling capacitors are provided at the
digital 10 power supply pin (DVIO) and analog power supply pin (AVCC).

The Timer_D of the MCU is used for PWM generation. The TD1.0 instance of the MCU and the
corresponding pins are mapped to the high-side switch PWM. The TIDA-00472 reference design uses
unipolar, trapezoidal BLDC control with only the high side switches switching at a high frequency. The low
side switches switch at the electrical frequency of the motor current, which is much lower. Gate control of
the lower IGBTs is possible using the general purpose input and output (GPIO) pins of the MCU. All of the
feedback voltages including the DC bus voltage, three winding voltages, current sense amplifier output,
potentiometer voltage, and temperature sensor output are interfaced to the 10-bit successive
approximation (SAR) ADC channels of the MCU. The provision in the schematic is provided for the
universal asynchronous receiver/transmitter (UART) interface, as well (see Figure 10).
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Figure 10. MSP430F5132 Schematic

DC-Bus Ripple Compensation

In the TIDA-00472 reference design, the three-phase inverter is driven by the AC-DC converter working
from the 230-V, 50/60-Hz mains power. The DC bus capacitor has been generally designed to meet the
DC-bus voltage ripple within 5% to 10%. The three-phase inverter requires a stiff DC bus with an ideal
zero voltage ripple to obtain the best performance from the inverter and the motor. Any ripple in the DC
bus voltage can cause distorted current waveforms in the motor winding. The distorted current in the
motor winding generates torque ripple in the motor, which leads to vibration and noise in the motor
including the attached mechanical load and systems. For a stable performance, implement a control
algorithm that is capable of compensating for the DC-bus voltage ripple and providing a stable current to

the motor.

Capacitors that have been designed for 5% or 10% ripple are typically bulky and costly. Reducing the
capacitance value may help to reduce the overall size and cost of the system, but doing so increases the
DC-bus voltage ripple, creates torque ripple, and deteriorates the system performance.

The TIDA-00472 reference design shows the performance of the board with a capacitor value reduced by
30% in comparison to the capacitor required for 10% voltage ripple.

This reference design also shows the implementation of an algorithm for DC-bus ripple compensation to
compensate the voltage ripple and provide a motor winding current that is stable.

The DC bus voltage feedforward control is used in this design to provide ripple voltage compensation.
This control ensures that the voltage applied to the motor is constant at any time. If V(t) is the
instantaneous DC bus voltage and D is the PWM duty cycle, then the effective voltage available to the

motor (Vyoror) IS Calculated in Equation 54
VMoTor =D x Vpc(t)

(54)

When powering with an AC supply, if Ve avc IS the average voltage available at the DC bus, then the
average voltage applied to the motor is calculated in Equation 55:

Vvotor =D x Vpe ave

(55)
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However, the DC bus has ripple over the Vi 6. TO make the voltage applied to the motor constant at
any time, the designer must modulate the duty cycle by a feedforward gain factor so that the product of
the Vpc(t) and duty cycle is a constant (see Equation 56).

Vbc_ave
Vbe(t) (56)
Figure 11 shows the DC-bus voltage ripple compensation using the feedforward control.

Feed forward gain =

D VDC_AVG Dcompensated VmoTor
> > VDC(t) >
Reference Vpc(t) Compensated
Duty Cycle Duty Cycle

Figure 11. DC-Bus Voltage Ripple Compensation

The input D is the duty cycle command from the speed control loop or the reference duty cycle. The
compensated duty cycle, Dympensaea: €N bE €Xpressed as Equation 57 shows.

Vbc_Ave
Dcompensated =D x [ V. _(t)
DC

(57)
From Figure 11, the voltage across motor winding Vo710 Can be expressed as Equation 58.
Vbc_ave
VMmoToR = Dcompensated xVpg(t) =D x (V; x Vpc(t) =D x VDC_AVG
bc(t) (58)

Equation 58 shows that with the compensated duty cycle (at any DC bus voltage V(t)), the voltage
applied across the motor winding is a constant and is equal to the reference duty cycle multiplied by the
average DC bus voltage.

4.7 Overcurrent Protection Using MSP430F5132
The MSP430F5132 MCU has an integrated comparator and timer event control module, which can be
configured to implement the current limit.
4.7.1 Comparator_B
The comparator_B (Comp_B) is an analog voltage comparator and features the following:
* Inverting and non-inverting terminal input multiplexer
» Software-selectable RC filter for the comparator output
e Interrupt capability
» Selectable reference voltage generator, voltage hysteresis generator
» Ultralow-power comparator mode
The comparator compares the analog voltages at the non-inverting (+) and inverting (=) input terminals. If
the non-inverting terminal is more positive than the inverting terminal, the comparator output CBOUT is
high. The comparator can be switched ON or OFF using the control bit CBON.
The output of the comparator can be used with or without internal filtering. When the control bit CBF is set,
the output is filtered with an on-chip RC filter. The delay of the filter can be adjusted in four different steps.
Selecting the output filter can reduce errors associated with comparator oscillation.
The comparator features a high-precision reference voltage level, low offset voltage, and high speed.
The CBRSEL (reference select) bit in the CBCTL2 register can be configured to obtain different
thresholds. The reference voltages available are 1.5 V, 2.0 V, and 2.5 V. Refer to Section 4.2.2 for further
details on the relationship between the overcurrent limit and reference voltage.
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47.2 Timer Event Control Module

The Timer Event Control (TEC) module is the interface between the timer modules and the external
events. The TEC and Timer_D modules are connected through internal signals. The TEC module contains
the control registers to configure the routing between the timer modules. The TEC module also has the
enable register bits, interrupt enable, and interrupt flags for external event inputs.

The TEC module features include:

« Enabling of internal and external clear signals

* Routing of internal signals (between Timer_D instances) and external clear signals

» Support of external fault input signals

* Interrupt vector generation of external fault and clear signals

» Generating feedback signals to the timer capture and compare channels to affect the timer outputs

In the TIDA-00472 reference design, the COMPB module and TEC module are used together for current
limit operation. The output of the current sense amplifier is connected to the non-inverting terminal of the
comparator through the input channel 14 (CB14), as Figure 10 shows. The inverting input of the
comparator is internally connected to the programmable voltage reference. The output of the comparator
CBOUT is externally routed to the external fault event pin TECxFLT1 of the TEC module.

Whenever the current sense amplifier output exceeds the voltage reference of the comparator, the output
CBOUT and TECXFLT1 goes high, which initiates an event in the TEC module. The TEC module is
programmed to disable the Timer_D output PWM during this event. This programmed function means that
CBOUT goes high when the motor hits an overcurrent condition and can disable the Timer_D output (as
Figure 12 shows) if CBOUT is connected to a TECXFLT input pin. When CBOUT goes low, the Timer_D
output is then allowed to resume normal operation.

\
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Timer D:TDCLO- — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — -
\

\
TECEXCLR

\ \ \
t t } (Timer_D: TD2CMB =1,
‘ ‘ ‘ ‘ TECXFLTEN1=1,
H TECXFLTEN2=0,
TECXFLT1 | | | | TECEXCLREN=1)
\ \ \

| ]
Timer_D: OUT2

\
I
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|
\
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\ \
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Output Mode 3: Set/Reset

\ | |
1 EQU2 EQU2 EQU1

e R — |
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Figure 12. External Input Events Reseting Timer_D Output

NOTE: Ensure that the timer is configured in SET/RESET mode, so that during the external event,
the Timer_D resets and causes the PWM output pin to go low.
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4.8

4.9

3.3-V Power Supply Using LDO TLV70433

The ultralow quiescent current LDO TLV70433 is an ideal power-management device for applications
where the lowest standby power consumption must be met. The following Figure 13 shows the schematic
of the LDO circuit.

D8

TP_K24AM
P2 IN5819HW-7-F TP_K24A/M
c TP3
U2 -
- TLV70433DBVR T +3.3VD
+5V} _L 2 N out -2 )y
: ; 1
22 F ==C9 e e C10 ==c11
0.1yF GND 10pF | 0.1uF

AGND

Figure 13. 3.3-V Power Supply Using LDO TLV70433

Heat Sink Temperature Sensor

Figure 14 shows the temperature sensor circuit that can be used to measure the heat sink temperature.
The LMT87 is an analog output temperature sensor. The temperature sensing element comprises a
simple base emitter junction that is forward biased by a current source. The temperature sensing element
is then buffered by an amplifier and provided to the OUT pin. The amplifier has a simple push-pull output
stage, which provides a low-impedance output source. The typical sensor gain is —13.6 mV/°C.

Although the LMT87 is very linear, its response does have a slight umbrella parabolic shape. The output
voltages at different temperatures are given in the datasheet of LMT87 in tabular form (SNIS170). For an
even less accurate linear approximation, a line can easily be calculated over the desired temperature
range using the two-point equation of a line. Using this method of linear approximation, the transfer
function can be approximated for one or more temperature ranges of interest.

+3.3VD us

3 R65

10.0k

2
GND Cc53
0.1uF
LMT87LP

AGND

VDD ouT

c52
0.1pF

-III-«—H—Tf

>
0]
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Figure 14. Heat Sink Temperature Sensor

o

410 Features and Controls Available in Board

4.10.1 Speed Control of Motor

As Figure 15 shows, a potentiometer has been provided to function as an optional speed input.

+3.3VD

R17

»
s 20y @1 Speed el >
c14
0.1fF
R22 § C15
1 1.0Meg To.mF

Figure 15. Potentiometer Connection for Speed Control
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4.10.2 UART Communication

The TIDA-00472 board has a provision for an isolated UART interface. Figure 16 shows the schematic for
this isolated UART interface. The designer can use this interface for communicating with the user interface
(UI) to control the motor speed, turn the motor on and off, and so forth based on the commands received
from the Ul through the UART.

U9
+3.3VD [ UART_R®> g OUTA INA ; RXIN
= INB ouTB TX_OUT> I1SO_VCC
-I 1 {vecer vcez |8
C47 4 5 C48
014F GND1 GND2 0 14F
1SO7421D
AGND ISO_GND

Figure 16. UART Isolated Interface
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5 Getting Started Hardware

5.1 TIDA-00472 Connector Configuration

Figure 17 shows the TIDA-00472 connector configuration, which the following list details:

e Three-pin connector J1: This pin is used to connect the input AC supply. It has the terminals marked
as L (Line), N (Neutral or Return), and PE (Earth).

* Three-pin connector J4: The terminals labeled MU, MV, and MW are used to connect the three-
phase BLDC motor.

» Two-pin connector J6: This connector provides the rectified DC bus voltage. This connector can be
used as an input to the external DC-DC auxiliary power supply board, which can generate the 5- and
15-V power supplies for operation of the TIDA-00472 PCB. The connector terminal labeled +VDC is
the positive DC bus voltage and the return is labeled GND.

» Three-pin connector J2: This is the auxiliary power supply interface. For proper operation of the
board, provide 15 V to pin number 1, 5 V to pin number 2, and ground reference (GND) to pin 3
following the terminal labels in Figure 17.

e Four pin connector J3: This is the programming connector for the MSP430F5132 MCU.
e Four-pin connector J5: This connector is used for the isolated UART interface.

MW
— Motor
0;._‘ . d.
£ = : . ‘ F e MV winding
o Altiag o iRm0 e A U > connector
. 28 MU (J4)
Auxiliary power é;é’ —_—
supply Input -
Connector (J2) -Q;’ Isolated UART Interface (J5)
GND—> @i Speed Reference POT
+Ig¥ ? - Programming
Connector of MSP430 (J3)
N
<
GND -——-j v
E+VDC=== L AC Input
: ; Connector
DC bus connector for PE
powering the auxiliary <
power supply board (J6)"
Figure 17. TIDA-00472 PCB Connectors
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5.2 MSP430™ Programming

To program the MSP430F5132 MCU, the user can use the MSP-FET430UIF programming kit, which
includes the MSP430 USB debugging interface. Programming the MSP430F5132 MCU also requires the
use of TI's Code Composer Studio™ (CCS) software v5.5.

The MSP-FET430UIF flash emulation tool has a 14-pin JTAG connector. The two-wire Spy-Bi-Wire
protocol is used to program the MSP430F5132 MCU. Figure 18 shows the four-pin programming
connector provided in the TIDA-00472 board. The four-pin connector between the MSP-FET430UIF kit
and MSP430F5132 MCU connects as Figure 19 shows.

+3.3VD
IR12
247k
J3
! |+3.3VD
2 TEST |
3 O RST |
4
e l
c57
HEADER_1X4 S5000F
AGND  AGND

Figure 18. Four-Pin Programming Connector Provided in TIDA-00472 Board

JTAG from MSP430F5132
programmer (MSP- programming
FET430UIF) connector, J3
+3.3-VD
>< 2 1 TDO/TDI 1
VCC TARGET 4 3 ><
TEST
X6 51X 2
>e 8 7 TCK
RSTB
— 10 9 |GND 3
X1z uX
AGND
X— 14 13 =X 4

Figure 19. Programming Interface Between the Programmer Kit and MSP430F5132

The following list outlines the steps to program the MSP430F5132 MCU:
1. Switch off the mains input to the TIDA-00472 board. Wait for the DC bus voltage to ramp down to zero.
2. Power on the 5-V supply at connector J2.

3. After turning the 5-V supply on, connect the MSP430F5132 programming connector to the
MSP-FET430UIF programmer.

4. Open the CCS software and then build and debug the code to program the MSP430F5132 MCU.
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5.3 Board Bring-Up and Testing Procedure

The following list details the procedure for board bring-up and testing:

1. Connect the DC auxiliary power supply 15V, 5 V, and GROUND reference of the external power
supply to the connector J2. Ensure that the polarity of the connector is correct.

2. The power supply requirement from the auxiliary power supplies are 50 mA from 15 V and 50 mA from
5V.

3. Turn on the auxiliary power supply and check the 15V, 5V, and 3.3 V generated in the board using a
multimeter. The user can check the 3.3 V at the test point TP3.

4. If the power supply is correct, connect the programmer and program the code to the MCU. Ensure that
the program is properly tuned as per the procedure in Section 6. TI recommends using a current-
limited high-voltage DC source for tuning the software.

5. Turn off the auxiliary power supply and disconnect the programmer.
6. Connect the AC input terminals to J1 and connect the motor terminals to J4.

7. Ensure that the 15- and 5-V supply is off. Then turn on the AC source and slowly increase the input
voltage using an auto transformer and observe the DC voltage. Note that until the software is tuned for
the motor, Tl recommends powering the board using an auto transformer with the necessary fuse
protection or through a current-limited high-voltage DC source.

8. When the DC bus voltage is around 80 V, turn on the 15- and 5-V supplies and wait for the motor spin.
The motor must start spinning within 5 s to 10 s.

9. Make sure the motor is running and then increase the input voltage further.

10. Refer to Section 6.1.1 when tuning the software to obtain the best performance by observing the motor
current.

11. After properly tuning the software, start spinning and loading the motor at higher voltages.
12. Figure 20 shows the assembly of the boards TIDA-00472 and the auxiliary power supply TIDA-00473.

Connector for powering the auxiliary power supply
board with the rectified DC voltage from the mains

A=) _—
I > -
o i -
/ j 1
)
\ o

Auxiliary power
supply Connector

The 250-W mains powered BLDC motor drive Auxiliary power supply board
board (TIDA-00472) (TIDA-00473)

Figure 20. Interfacing TIDA-00472 and TIDA-00473
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6

6.1

Getting Started Firmware

TI's InstaSPIN-BLDC solution is the core of this software implementation. The following subsection
provides details for implementing an instaSPIN-BLDC solution and the subsequent Section 6.2 and
Section 6.3 outline the complete implementation of the software.

InstaSPIN-BLDC

InstaSPIN-BLDC is one of TI's flagship motor control technologies that target cost-sensitive, sensorless
BLDC applications. This sensorless technique uses traditional trapezoidal or 120° commutation and
monitors motor flux by integrating the BEMF of the non-energized phase to determine the commutation
instances. Figure 21 shows the BEMF integration area (red-shaded area). The commutation is done when
the BEMF integrated value reaches the BEMF threshold set in the firmware. The BEMF threshold
depends on the motor parameters (BEMF constant of the motor). Refer to Section 6.3 to understand how
to set the BEMF threshold. For certain equipment types that do not require a fast, dynamic torque
response, such as fans, pumps, blowers, and so forth, the implementation of InstaSPIN-BLDC is a
sufficient option to meet low-cost requirements.
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Figure 21. InstaSPIN-BLDC—BEMF Integration Method to Determine Commutation Instant

During trapezoidal control of a BLDC motor, for each 60° electrical, only two inverter legs are active and
deliver the power to the motor while the third inverter leg is kept in a high-impedance state by switching
OFF both high side and low side switches. In the case of a unipolar two-quadrant drive, PWM is applied
only to the high side switch of one active leg while the low side switch of the other active leg remains ON
continuously for one 60° electrical rotation.

The InstaSPIN-BLDC method requires precise sensing of the BEMF of the motor open phase to determine
the commutation instant. As Figure 22 shows, for the 60° interval, PWM is applied only to the phase-A top
switch. The phase-C bottom switch is continuously ON and the BEMF of open phase B is rising and can
be measured and integrated to determine the commutation instant. During the ON-time of the PWM pulse,
with the top switch of phase A connected to the VDC pin and the bottom switch of phase C connected to
GND, the motor-neutral terminal potential rises to VDC / 2 with respect to the GND. The BEMF of phase B
appears at the VDC / 2 level above GND. The designer can derive the actual value of the motor BEMF by
capturing the absolute value of the voltage between phase B terminal and GND during the PWM ON-pulse
and subtracting by VDC / 2.
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Figure 22. Motor Neutral voltage During PWM On-Period

6.1.1 Motor Tuning With Proper Flux Threshold

As Figure 21 shows, the commutation instance is derived by integrating the BEMF of the non-energized
phase (obtained during each PWM on-pulse) and comparing the integrated value to a predefined
threshold. The threshold is actually equivalent to the total flux of the motor and the total flux of the motor
can be calculated by integrating the BEMF. The value of the flux threshold depends on the motor BEMF
constant; therefore, this value must be tuned for each motor for proper commutation. An oscilloscope is
typically used for the purposes of tuning to see the symmetry of the motor input voltages, motor phase
current, or both. Refer to the following scope shots in Figure 23 and Figure 24 for the different flux
threshold values. The scope shots show the motor input voltage and a current waveform for one phase.
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Figure 23. Typical Waveform for Higher Flux Threshold Figure 24. Typical Waveform for Optimum Flux

Threshold
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6.2 System Features

The TIDA-00472 firmware offers the following features and user controllable parameters:
e Trapezoidal sensorless control of BLDC motor using the BEMF integration method

» Open loop control to accelerate the motor to a certain speed so that there is sufficient BEMF for
sensing and then moving to a closed loop control (which integrates the BEMF to commutate at the

exact position)

» The sensorless control code is customizable based on the target motor
» Overcurrent protection using the internal comparator of the MSP430F5132 MCU

The following Table 3 shows the TIDA-00472 firmware system components.

Table 3. System Components

SYSTEM COMPONENT

SPECIFICATIONS

Development and emulation

TI's Code Composer Studio™ software v5.5

Target controller

MSP430F5132

PWM frequency

20-KHz PWM (default), programmable for higher and lower frequencies

PWM mode

Asymmetrical with no dead band

Interrupts

CPU Timer D1 — Implements 20-KHz ISR execution rate
ADC interrupt

Peripherals used

TIMER D1.0 for motor control PWM

ADC-AO — DC-bus voltage sense

ADC-A2 — Temperature sense

ADC-A3, A4, A5 — Motor Winding voltage sensing (applicable for sensor- less control)
ADC-A8 — Potentiometer voltage sensing for changing speed

ADC-A7 — Current sense amplifier output

COMP_B — Comparator for Current limit Protection (channel CB14)

TECOFLT1 — Overcurrent limit Fault input

6.3 Reference Code Customization

To modify the sensorless code, the end user must have CCS installed as well as the MSP430F5132
configuration files. The following section describes the different user-adjustable parameters and how to
select an optimized value for a specific application.

1. Open CCS and load the reference project “TIDA-00472_sensorless_ BLDC_V1.0". Note that if this
project is in a .zip or .rar compressed format, the user must extract this file.

2. Select the config.h file. Parameters exist at the top of the file that can be optimized and are included as
the configuration variables. The following section of code in Figure 25 shows these parameters,

#define PWM_PERIOD 1251; //((25MHz/PWM Frequency)+1)
#define BEMF_THRESHOLD 300; //Back EMF threshold

#define MAX_DUTYCYCLE 768 ; //relative to PWM_PERIOD

#define MIN_DUTYCYCLE 150 ; //relative to PWM_PERIOD

#define MAX_OPEN_LOOP_FREQ7; //

#define START_UP_DUTY 1; //in percentage

#define START_UP_MAX_DUTY 4; //in percentage

Figure 25. Code Section Showing Parameters
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PWM_PERIOD

The PWM_PERIOD is used to set the value in capture and compare register 0 of Timer_D. Because
Timer_D is used as the PWM generator, Timer_D is initialized to operate at 25 MHz; see the following
Equation 59 for calculating the PWM frequency. The TIMER_D PWM is configured in Up mode.

PWM frequency (Hz) = 25 MHz

(PWM _PERIOD - 1) (59)
For example, a PWM_PERIOD = 1251 results in a PWM frequency as given in Equation 60:
PWM frequency (Hz) = _25 MHz_ = 20 KHz

(1251 - 1) (60)

MAX_DUTYCYCLE

The MAX_DUTY_CYCLE sets the maximum duty cycle available to the user. The duty cycle input
command compares to the MAX_DUTY_CYCLE at every instance. If the duty cycle input command
exceeds the MAX_DUTYCYCLE, the target duty cycle is set to the MAX_DUTYCYCLE. This number is
relative to the PWM period.

MIN_DUTYCYCLE
The MIN_DUTYCYCLE sets the minimum duty cycle that can be applied to the motor.
BEMF_THRESHOLD

The BEMF_THRESHOLD is the only parameter that must be measured on the motor. Follow the below
procedure for calculating this parameter:

1. Verify that the motor is not connected to the board.

2. Use an oscilloscope to capture the differential voltage waveform between any two phases.

3. Measure the amplitude and frequency of the BEMF (see Figure 26)
4

. Calculate the BEMF constant (K,) parameter using the following Equation 61. Note that the BEMF
constant used is the phase to phase value.

Amplitude (V
BEMF constant, K, (lj _ ~mpuce ( )

Hz ) Frequency (Hz)
where
e T =Time period of the BEMF waveform
e Frequency Hz)=1/T (61)
Prevuy g Noise Filter Off
D ¥
O®m =-33.8ms
&a105ms a178 Y
i Amplitude
=89V
<--- T=10.5ms --->
[400ms  -33.3400ms|[@B 102V <10 Hel
(@B S0y ~ | @®Fieq 93.82H:  @Pk-Pk 180V [1g:4855 |
Figure 26. Example BEMF Waveform for Calculating K,
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Figure 27 shows the BEMF integration zones in the motor winding voltage waveform. The center tap
voltage is Vyc / 2. The BEMF integration starts when the winding voltage of the non-switching phase
(measured with respect to GND) crosses the center tap and continues until the integrated value reaches
the BEMF threshold.

Cernter tap FPhase

'

/PN

BEMF integration

Figure 27. Phase Voltage Waveform Showing BEMF Integration Zone

Figure 28 explains how to calculate the BEMF threshold using the BEMF constant of the motor. The
calculations are given in Equation 62 through Equation 69.

BEMF Integration
Area

BEMF Integration Area

tcommutation

2

tCOHI miutation

Figure 28. BEMF Integration Area

In the MCU, the ADC samples every PWM cycle. The PWM time period = (1 / PWM frequency) = 50 ps.

The full-scale output of a 10-bit ADC = 1023.

The full-scale analog input voltage to ADC = 3.3 V.

'II:'herefcg)e, the ADC reading for any motor winding voltage of V,, can be calculated in Equation 62 (refer to
igure 6):

Vi x 36 1023 _ 5 460317 «
450 + 36 33 .

From Figure 28, the maximum phase-to-phase BEMF (BEMF amplitude) can be Vpc. The t. mmutaton 1S the
time period between two commutation instances in Equation 63:

teommutation = T/ 6 (63)
Using Equation 61, calculate the following Equation 64:

t o BEMF constant _ BEMF constant

commutation =g . BEMF amplitude 6 x Vpc (64)

BEMF ADC reading =

From Figure 28, calculate the following Equation 65:

VDC x tcommutation

BEMF int egration area = % X

2 2 (65)
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However, the ADC reads a scaled value of the BEMF, as defined in Equation 62; therefore, calculate the
following Equation 66:

Height of BEMF integration area after scaling = L;C x 2.460317 (66)

The ADC samples the BEMF in every PWM cycle. The PWM frequency is 20 KHz, which means the ADC
is sampling the BEMF every 50 us. The following Equation 67 calculates the number of ADC samples in a
perIOd Of tcommutation / 2:

. . t i t ;
Number of ADC samples in a period of -commutation _ “commutation

2 2 x 50 us (67)
UsingEquation 66 and Equation 67, calculate the following Equation 68:
Scaled software area = - x DC  lcommutation , 5 460317
2 2 2 x 50 ps (68)

Equating the scaled software area to the BEMF_THRESHOLD and substituting Equation 64 in
Equation 68, the BEMF_THRESHOLD can be calculated using Equation 69:

BEMF constant (I—Yj x 2.460317
BEMF _ THRESHOLD = z

6 x 8 x 50 us

BEMF _THRESHOLD = BEMF constant (lj x 1025
Hz (69)

The parameter required in the reference code is a scaled version of the K, expressed in V/Hz. To scale

the K, to the required BEMF_THRESHOLD value, multiply K, by 1025. This value is the threshold of the
integrated BEMF, which is measured from the center-tapped zero crossing by the ADC. If this number is
not correct for the specific motor, the motor may not run as expected.

For phase advance control, this value can be adjusted as a lead angle adjustment. If the value is set lower
than the measured number, the control commutates earlier. If the parameter is set greater than the
calculated threshold, the commutation event is delayed.

NOTE: To further fine tune the BEMF threshold, refer to Section 6.1.1

START_UP_MAX_DUTY

The maximum start-up duty cycle is applied to align the motor to a particular position. During start-up the
duty cycle is gradually increased from 1% to START_UP_DUTY_MAX (%) to complete the alignment of
the motor to the start position. This number is in percentage.

MAX_OPEN_LOOP_FREQ

The MAX_OPEN_LOOP_FREQ value represents the maximum open-loop frequency of the motor before
the motor is driven by the BEMF integration algorithm. A minimum speed is required to ensure the
minimum BEMF for sensorless control using BEMF integration. The motor starts accelerating from zero
speed to a speed indicated by the MAX_OPEN_LOOP_FREQ. Use Equation 70 to calculate the
MAX_OPEN_LOOP_FREQ for a maximum open-loop RPM.

120 x MAX _OPEN_LOOP _FREQUENCY
Number of poles in motor (70)

Maximum open-loop RPM =

NOTE: To change the direction of rotation for the motor, the user may interchange any of the two
motor winding connections to the board.
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Overcurrent limit

The MSP430F5132 has an integrated comparator and timer event control (TEC) module, which can be
configured to implement the overcurrent limit. The CBRSEL (reference select) bits in the CBCTL2 register
of the MSP430F5132 can be configured to obtain different voltage thresholds in the comparator. The
reference voltages settings available are 1.5V, 2.0V, and 2.5 V.

6.4 Running Project in CCS™ Software
To run this project in CCS:
1. Install CCS; the TIDA-00472 design requires the use of CCS v5.5 when using the MSP430F5132.
2. Import the project “TIDA-00472_sensorless_BLDC_V1.0".
3. Refer to Section 6.3 for instructions on how to tune the control for the specific motor.
4. Power up the board with an external supply as Section 5.2 details and connect the MSP-FET430UIF to
the computer and the programming pins of the MSP430F5132 device.
5. Build and debug the modified project to download the code to the MSP430F5132 device.
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7 Test Setup

Figure 29 shows the load setup used in the lab to test the motor. The load is an electrodynamometer type

through which the load torque applied to the motor can be controlled.

Figure 29. Test Setup for Board and Motor

8 Test Results

8.1 UCC27714 Functional Tests

The UCC27714 gate driver receives the PWM signals from the MSP430 MCU and the corresponding gate

drive voltages are generated. Figure 30 shows the low-side and high-side gate drive output from the

UCC27714. In the TIDA-00472 design, only the high side is modulated and is switching at 20 KHz in the

120° ON period. The low side is continuously ON for 120°.
T M Pos: 1.329ms

CURSOR

| it

Source
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1.- Vi |.!|n|‘ aV 146y

L " . E H r ursor 1
. high side
[ IGBT P S el
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red 000V

'l
4
b

CH1 5.00V M 5.00ms CHT ./ 920V
CHA 500V 20-Sep-1518143  <10Hz

Figure 30. High-Side and Low-Side PWM Output From UCC27714
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Figure 31 shows the low-side PWM input of the UCC27714 device and the corresponding low-side output
of the UCC27714 device measured across the gate to the emitter (Vg) of the IGBT. The low-side gate
output from the UCC27714 device swings between ground and VCC (15 V) of the UCC27714.

Figure 32 shows the high-side PWM input of the UCC27714 device and the corresponding high-side
output of the UCC27714 device measured across the gate to the emitter (Vge) of the IGBT. The gate-to-
emitter voltage is equal to VCC of the UCC27714 device minus the drop across the bootstrap diode of the
high-side gate drive circuit. The waveforms show that the V¢ is approximately 14.6 V.

Te . M Pos: 1,329ms CURSOR Tt M Pos: 1.276ms CURSOR
Low side PWM from the MCU Type t High side PWM from the MCU Type
. ' ' = Source E 0 . . I . sssfans Source
s E m r . . N
T L v 1 b o o pr— vt g o e o)
";"' ";"' E '; """"" ~ aV 15.0'9' EIIJIJ: ll':[l.ll'): "':A.I-I.li_I'Ill:'\..l'ltl'rilnl_ Suddnla L 4. A aV 14.6Y
Cursor 1 o : : 4 Cursor 1
15.0V SUUUEY P SRS P SRR D DU P P A B 11T
1 , - .: " ,:,.,., .: " |- . TR U [N — — Cu“o' 2 . E _____
Vgeof low side IGBE 1 0.00v i Ve of high side IGBT ¢ m
CHT 800V CH2 2000 M 10.0ms CHI 79207 CHT By MG CHI J7920V
20~Sep=15 18:35 <10Hz CH4 200V  20-Sep-15 18:55 <10Hz
Figure 31. V. of Low Side IGBT and PWM From MCU Figure 32. V4 of High Side IGBT and PWM From MCU
8.2 Load Testing
8.2.1 Load Tests With DC Input

Tek Prevu

Figure 33 shows the motor winding current and winding voltage measured with respect to DC— when
testing with a 300-V DC input. The winding voltage is switching at 20 KHz. Figure 34 shows the thermal
image of the inverter board at 250 W when operated from 300-V DC. Note that the maximum temperature
on the IGBT is 81.1°C and has been tested at an ambient temperature of 22.9°C.

Ul

: : . [2.00ms 500kS/s © / ] :
L4 ] . D+ ¥32.00000ps 10k points 360mA .

s
Mean

Walue Mean Min Max Std Dev 8 Sep 2015
6 13:49:34

>7.32mV A Clipping pos/negq

Figure 33. Winding Voltage and Winding Current of Figure 34. Thermal Image of Board at 250-W Inverter
Motor at 250-W Inverter Power Power and 300-V DC Input
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8.2.2

Load Tests With AC Input

Figure 35 shows the motor winding current and the DC-bus voltage ripple when tested with a 230-V AC
input and 250-W load on the inverter. Note that the DC-bus peak-to-peak ripple voltage is approximately
54 V (approximately 17% ripple). The use of an algorithm for voltage ripple compensation allows the user
to compensate for the DC bus ripple by modulating the duty cycle, which maintains a stable motor current
waveform. Figure 36 shows the motor current waveform captured over one full cycle of the DC-bus
voltage ripple. Figure 35 and Figure 36 show that the winding current is stable and these waveforms have
the same wave shape as when testing with a pure DC voltage (zero voltage ripple), as the preceding
Figure 33 shows.

Tek  JL M Pos: 5,400ms ___ MEASURE Tek  JL M Pos: 4520ms __ MEASURE
A B SRR PR LS 7 v
DC bus valtage ripple TR TR
- Pk=Pk Pk=Pk
54.4v 54.4v
CH4 CH4
Pk=Pk Pk=Pk
4324 4324
CH4 CH4
- None None
:Mo:tor winding current G o : _ : G
Freq SR Motor winding current Freq
SUUUCTUTIE TUUUETPUUE UL FUUUT PUTIN FUUPE DUPUE PO JULL. 1. SUUTTTUTIETUUUETPUUE FUUUT-FUUOT PUTIR FUUUE PUUE PO JULL. 1.
CH1 50,0V M 2.50ms CH4 ./ 2d0mA CH1 50,0V M 1.00ms CHa /" 2480mA
CH4 200A  18-Sep-15 22:02 <10Hz CH4 1.00A  168-Sep-15 22:05 <10Hz

Figure 35. DC-Bus Voltage Ripple and Winding Current Figure 36. DC-Bus Voltage Ripple and Winding Current

of Motor at 250-W Inverter Power of Motor at 250-W Inverter Power (Zoomed-In to One
Cycle of Voltage Ripple)

Figure 37 shows the thermal image of the inverter board at 250 W when operating from a 230-V AC. Note
that the maximum temperature on the IGBT is 79.1°C and has been tested at an ambient temperature of

21.1°C.

Figure 37. Thermal Image of Board at 250-W Inverter Power

Note that the maximum temperature is observed on the inrush current limiter. The user can select any
other alternate part that has a larger diameter or a lower steady-state resistance. The diode bridge
temperature is approximately 90°C and has been tested at an ambient temperature of 21.1°C without a
heat sink. So without a heatsink on the diode bridge, safe operation can be guaranteed up to 45°C
ambient. TI recommends to use a heat sink for supporting the maximum operating ambient temperature of
65°C. The designer can select a heat sink with a thermal resistance of approximately 20°C/W.
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Figure 38 shows the motor winding current and the DC-bus voltage ripple when testing at a 230-V AC

input and 150-W DC bus power. Note that the DC-bus peak-to-peak ripple voltage is approximately
37.6 V. The use of an algorithm for voltage ripple compensation allows the user to compensate for the DC

bus ripple by modulating the duty cycle, which maintains a proper motor current waveform.

NOTE: For situations that require a board designed for lower power levels (150 W for example), the
DC bus capacitor value can be reduced further. A 82-uF capacitor is sufficient for a full-load

power level of 150 W.
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CH4
vl B pR-PK
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CHA 1004  19-Sep-15 13:54 <10Hz

Figure 38. DC-Bus Voltage Ripple and Winding Current of the Motor at 150 W Inverter Power

Figure 39 shows the thermal image of the inverter board at 150 W when operated from a 230-V AC.
Figure 40 shows the thermal image of the inverter board at 200 W when operating from a 230-V AC. Note
that at 200 W the maximum temperature on the IGBT is 74.4°C while testing at an ambient temperature of
22.8°C. The diode bridge temperature is 78.2°C. The board can work up to a DC bus power of 200 W

without any heatsink up to an ambient temperature of 65°C.

Figure 39. Thermal Image of Board at Figure 40. Thermal Image of Board at
150-W Inverter Power 200-W Inverter Power
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Figure 41 shows the maximum IGBT temperature at the different winding current and input power levels.
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Figure 41. IGBT Temperature at Different Power Levels

8.3 Testing of Current Sense Amplifier

The TIDA-00472 reference design uses an OPA374 device configured as a differential amplifier to amplify
the low-side DC bus current sensed by the sense resistor. In BLDC motors driven by trapezoidal control,
the DC bus current is equivalent to the winding current. This equivalency means that the motor winding
current control can be implemented by sensing the DC bus current. The high bandwidth and high slew
rate of the OPA374 means that it is a suitable choice for motor current sensing and protection
applications.

Figure 42 shows the winding current and the output of the OPA374.

PreVu (T — 1

]

Current sense amplifier output
1

RN
Jul I ltlg il

| WA |
T —
R
(e
L LLERERLCTELRLRL

AAAA AANAN
AANANNANNY ! AANNVAAAAAANANYY
AN L AR
AN
\

Winding Current

( @& soomv &
Value Mean Min
RM 1.160 1.160 60
Frequer iz__No period found

D - 120mA}

20 Sep 2015
19:19:58

Figure 42. Motor Winding Current and Current Sense Amplifier Output
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Figure 43 shows the uncalibrated output error of the current sense amplifier. The output error is plotted
from a minimum DC bus current of 0.3 A to a maximum of 2.75 A, which covers the entire winding current
range for an inverter rating up to 250 W. The maximum output error is less than 2.5%.

Figure 44 shows the output error of the current sense amplifier after offset calibration. The maximum
offset calibrated output error is less than 0.2%, which ensures a precise current control and overcurrent

protection.
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Figure 43. Uncalibrated Output Error of
Current Sense Amplifier

Figure 44. Offset Calibrated Output Error of
Current Sense Amplifier

8.4 Overcurrent Protection

A 60-mQ sense resistor is used to sense the DC bus current. Figure 45 shows the current limit operation
when the comparator reference (Vgee) is set at 1.5V.

The overcurrent limit, loc . iS equal to Vier / (Rspunr X amplifier gain). At Vg =
equal to 1.25 A.

Figure 46 shows the overcurrent limit protection in every PWM cycle where the current sense amplifier
output is higher than the V. The user can observe that the PWM immediately turns off when the
comparator output goes high.

1.5V, the loc it is
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Figure 45. Cycle-By-Cycle Current Limit Using Hardware
Features of MSP430F5132

Figure 46. Cycle-By-Cycle Current Limit—PWM
Shutdown With Comparator Output
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Figure 47 shows the total response time of the cycle-by-cycle current limit action. The comparator
reference voltage (Vgee) is set to 1.5 V. Figure 47 shows that the time between the current sense output is
higher than 1.2 V (a lower voltage as compared to the reference 1.5 V is considered to calculate the
response time, to ensure the worst case) and the PWM shutdown is approximately 356 ns. Therefore, in
any case, the total response time of the current limit action is less than 1 ps.

Figure 48 shows the response time from the comparator output going high to a PWM shutdown event,
which is approximately 100 ns.
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Figure 47. Total Response Time of Cycle-By-Cycle Figure 48. Response Time When Comparator Goes High
Current Limit Protection to PWM Shutdown

8.5 Speed Variation

Figure 49 and Figure 50 show the winding current and winding voltage waveforms at two different speeds
of 1000 RPM and 4000 RPM.
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Figure 49. Winding Voltage and Winding Current of Figure 50. Winding Voltage and Winding Current of
Motor at 1000 RPM Motor at 4000 RPM
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8.6 Effect of Motor Inductance on BEMF Sampling

The motor-winding inductance influences the BEMF sampling. The winding inductance causes oscillations
with any parasitic capacitance in the board. Figure 51 shows the oscillations in the winding voltage
feedback at the ADC input of the non-switching phase for a high inductance motor. For proper execution
of the sensorless control, the BEMF must be sampled at an instant where the oscillations are damped out
completely. From Figure 51, the user can observe that the BEMF can be sampled at the middle point of
the PWM ON period, where the oscillations are not present. At low duty cycles, the sampling point can be
moved towards 75% of the PWM ON period. Figure 52 shows the winding voltage feedback at the ADC
input of the non-switching phase for a low-inductance motor. When the motor inductance is very little, the
oscillations are small and dampen out very soon. So the ADC sampling can be done even at 25% of the
PWM ON period.
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Figure 51. Oscillations in Winding Voltage Feedback for  Figure 52. Oscillations in Winding Voltage Feedback for

a High inductance Motor a Low inductance Motor
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8.7 Conducted Emission Test

The TIDA-00472 reference design has been tested for conducted emission as per EN55022 Class B
(EN55014) limits. The reference design passes EN55022 Class B with more than a 4-dB margin. The
motor has been tested running at full speed (duty cycle = 73%) and without a load on the motor output.
However, the actual test can be performed with a full load on the motor shaft. Figure 53 shows the
conducted emission test results.

dBY
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——————— Average limit — EN55022 Class B
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Figure 53. Conducted Emission Test Results as Per EN55022 Class B—Average and
Quasi-Peak Detector Output

8.8 Surge and EFT Test

Surge and EFT testing is done on the reference design board. Table 4 shows the test conditions and test
results.

Table 4. Surge and EFT Test Results

REQUIREMENTS — RESIDENTIAL,
BASIC STANDARD PORT COMMERCIAL, AND LIGHT- PEggﬁ'é'\R"g}‘\lCE TEST RESULT
INDUSTRIAL ENVIRONMENTS

IEC/EN 61000-4-4: Fast

transients (burst) AC input 1KV, 5 kHz B Passed

IEC/EN 61000-4-5: Surges | AC input =2:kv line-to-earth B Passed
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9.1

9.2

9.3

9.4

9.5

9.6

9.7

10

11

Design Files

Schematics

To download the schematics for each board, see the design files at TIDA-00472.

Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-00472.

Layout Prints
To download the layer plots, see the design files at TIDA-00472.

Altium Project
To download the Altium project files, see the design files at TIDA-00472.

Gerber Files
To download the Gerber files, see the design files at TIDA-00472.

Assembly Drawings
To download the assembly drawings, see the design files at TIDA-00472.

Software Files
To download the software files, see the design files at TIDA-00472.
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3. Texas Instruments, Sensorless Trapezoidal Control of BLDC Motors, Application Report (SPRABQ7)

Terminology
SPIl— Serial peripheral interface

PWM— Pulse width modulation

BLDC— Brushless DC motor

BEMF— Back electro-motive force

MCU— Microcontroller unit

FETs, MOSFETs— Metal-oxide-semiconductor field-effect transistor
IGBT— Insulated gate bipolar transistor

ESD— Electrostatic discharge

RPM— Rotations per minute

RMS— Root mean square
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IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

Texas Instruments Incorporated (‘TI") reference designs are solely intended to assist designers (“Designer(s)”) who are developing systems
that incorporate Tl products. Tl has not conducted any testing other than that specifically described in the published documentation for a
particular reference design.

TI's provision of reference designs and any other technical, applications or design advice, quality characterization, reliability data or other
information or services does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl products, and
no additional obligations or liabilities arise from TI providing such reference designs or other items.

Tl reserves the right to make corrections, enhancements, improvements and other changes to its reference designs and other items.

Designer understands and agrees that Designer remains responsible for using its independent analysis, evaluation and judgment in
designing Designer’s systems and products, and has full and exclusive responsibility to assure the safety of its products and compliance of
its products (and of all Tl products used in or for such Designer’s products) with all applicable regulations, laws and other applicable
requirements. Designer represents that, with respect to its applications, it has all the necessary expertise to create and implement
safeguards that (1) anticipate dangerous consequences of failures, (2) monitor failures and their consequences, and (3) lessen the
likelihood of failures that might cause harm and take appropriate actions. Designer agrees that prior to using or distributing any systems
that include TI products, Designer will thoroughly test such systems and the functionality of such TI products as used in such systems.
Designer may not use any TI products in life-critical medical equipment unless authorized officers of the parties have executed a special
contract specifically governing such use. Life-critical medical equipment is medical equipment where failure of such equipment would cause
serious bodily injury or death (e.g., life support, pacemakers, defibrillators, heart pumps, neurostimulators, and implantables). Such
equipment includes, without limitation, all medical devices identified by the U.S. Food and Drug Administration as Class Il devices and
equivalent classifications outside the U.S.

Designers are authorized to use, copy and modify any individual TI reference design only in connection with the development of end
products that include the TI product(s) identified in that reference design. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY
ESTOPPEL OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR
INTELLECTUAL PROPERTY RIGHT OF Tl OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right,
copyright, mask work right, or other intellectual property right relating to any combination, machine, or process in which Tl products or
services are used. Information published by Tl regarding third-party products or services does not constitute a license to use such products
or services, or a warranty or endorsement thereof. Use of the reference design or other items described above may require a license from a
third party under the patents or other intellectual property of the third party, or a license from TI under the patents or other intellectual
property of TI.

TI REFERENCE DESIGNS AND OTHER ITEMS DESCRIBED ABOVE ARE PROVIDED “AS IS” AND WITH ALL FAULTS. TI DISCLAIMS
ALL OTHER WARRANTIES OR REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING THE REFERENCE DESIGNS OR USE OF
THE REFERENCE DESIGNS, INCLUDING BUT NOT LIMITED TO ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE
WARRANTY AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-
INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL PROPERTY RIGHTS.

TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY DESIGNERS AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS AS
DESCRIBED IN A TI REFERENCE DESIGN OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT,
SPECIAL, COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH
OR ARISING OUT OF THE REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, AND REGARDLESS OF WHETHER TI
HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.

TI's standard terms of sale for semiconductor products (http://www.ti.com/sc/docs/stdterms.htm) apply to the sale of packaged integrated
circuit products. Additional terms may apply to the use or sale of other types of Tl products and services.

Designer will fully indemnify TI and its representatives against any damages, costs, losses, and/or liabilities arising out of Designer’s non-
compliance with the terms and provisions of this Notice.
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