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1 System Description

A variable frequency drive (VFD) is a type of motor controller that drives an electric motor by varying the
frequency and voltage supplied to the electric motor. As the application changes, the motor speed
requirements changes; the VFD can simply increase or reduce the motor speed to meet the speed
requirement. In addition, the VFD can reduce the system’s average energy consumption. &/ 1 shows the
block diagram demonstrating a VFD. The basic components of a VFD are:

» Input section, which draws AC electric power from the utility and converts the AC into DC power

* |nverter section, which converts DC back into a controllable AC waveform

In the inverter section, insulated gate bipolar transistors (IGBTs) can be used as semiconductor switches
to convert the DC bus voltage to AC. IGBTs have advantages such as high input impedance as the gate is
insulated, a rapid response ability, good thermal stability, simple driving circuit, good ability to withstand
high voltage, snubber-less operation, and controllability of switching behavior to provide reliable short-

circuit protection.
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i 1. Block Diagram of VFD
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Although various induction motor control techniques are in practice today, the most popular control
technique is by generating variable frequency supply, which has a constant voltage to frequency ratio.
This technique is popularly known as VF control. VF control is simple to implement and cost effective. The
base speed of the induction motor is directly proportional to the supply frequency and the number of poles
of the motor. Because the number of poles is fixed by design, the best way to vary the speed of the
induction motor is by varying the supply frequency. The torque developed by the induction motor is directly
proportional to the ratio of the applied voltage and the frequency of supply. By varying the voltage and the
frequency, but keeping their ratio constant, the torque developed can be kept constant throughout the
speed range. This is exactly what VF control tries to achieve.
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The three-phase induction motor is connected to a three-phase inverter bridge as shown in ¥ 2.The
power inverter has six switches that are controlled to generate three-phase AC output from the DC bus.
PWM signals generated from the microcontroller (MCU) control these six switches through an isolated
gate driver. The amplitude of phase voltage is determined by the duty cycle of the PWM signals. The
switching produces a rectangular shaped output waveform that is rich in harmonics. The inductive nature
of the motor’s stator windings filters this supplied current to produce a three-phase sine wave with
negligible harmonics.

To prevent the DC bus supply from being shorted, the upper and lower switches of the same half bridge
must not be switched on at the same time. A dead time is given between switching off one switch and
switching on the other. This dead time ensures that both switches are not conductive at the same time as
each one change states. The UCC53xx used in this design supports an interlocking function, thereby
avoiding shoot-through. For more about this feature, see 7 2.3.3.

IEC safety standards mandate to isolate the high-voltage inverter section from the low-voltage controller
section accessible by the operator to protect from electric shock. Depending upon the system architecture
and voltage levels, either basic isolation, reinforced isolation, or a combination of the two are used.
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K 2. Three-Phase Power Stage With Isolated Gate Driver

The isolation between the high-voltage side and the low-voltage side MCU can be either basic or
reinforced. Basic isolation protects against high voltage as long as the barrier is intact. To protect from and
safely withstand high voltage surges that would damage equipment or harm humans, reinforced isolation
is required, which is equivalent to two basic isolation in series. Reinforced isolation by itself is sufficient as
a safety barrier against high voltage. Reinforced isolation requires a creepage of 8 mm whereas the
creepage requirement for basic isolation is 4 mm for systems powered from a 480-V AC grid. A three-
phase AC inverter necessitates the use of six gate drivers and a minimum of two current sensors, whose
space can be optimized by adopting basic isolation. So the overall PCB area reduces in case of basic
isolated gate drivers. To provide a compact and cost-effective solution in the power stage, this reference
design uses basic isolation. Another level of basic isolation can be included in the system to obtain
reinforced isolation.

This reference design consists of a 3¢ power stage using UCC53XXDWV basic isolated gate drivers
intended to drive motors for various industrial applications. As shown in ¥ 3, the UCC53XXDWYV is
available in three versions:
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» The UCC53x0S: This device provides a split output that can be used to control the rise and fall times
of the driver.

 The UCC53x0M: This device connects the gate of the transistor to an internal clamp to prevent false
turnon caused by Miller current.

» The UCC53x0E: This device has its UVLO2 referenced to GND2, which facilitates bipolar supplies.

UCC53208 and UCC53908 D Package

UCC5310M and UCC5350M D Package
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Copyright © 2017, Texas Instruments Incorporated
A 3. Pin Diagram of UCC53xx

This reference design characterizes the Miller clamp and UVLO versions of the gate drivers using the
UCC5350MCD and UCC5390ECD, respectively. The IGBTs used to test these gate drivers are as follows:

*+ UCC5350MCD: CM100TX-24S
* UCC5390ECD: 6MI180VB-120-50
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System Description

1.1

Key System Specifications

#* 1. Key System Specifications

PARAMETER

SPECIFICATIONS

DETAILS

DC link voltage

280- to 900-V DC

900-V DC max to provide margin for motor
regeneration and boost PFC if used. 280- to
680-V DC corresponds to grid voltage of 200-
to 480-V AC

6MBI180VB-120-50, 1200-V DC, 150

6MBI180VB-120-50 is used with UCC5390E

IGBT module A and CM100TX-24S is used with UCC5350M
CM100TX-24S 1200-V DC, 100 A

Isolation Basic —

Clearance 4 mm —

Gate driver package 8 pin SOIC(D) —

Source/sink current rating (Minimum)

UCC5390E: 12 Apk/12 Apk

UCC5350M: 10 Apk/5 Apk

Switching frequency

4to 16 kHz

Dead time(minimum)

25 ns (gate driver max skew) + dead
time for specific IGBT module

Inverter tested with a 1-us deadband; can be
varied as long as there is no overlap between
VGE signals of top and bottom IGBT switches

PCB

4 layer, 1-o0z copper, high Tg FR4, 1.6
mm thick

Primary side supply

5V £ 5%, 500 mA

Secondary side supply

UCC5390E: 15-V / -8 V bipolar

UCC5350M: 15-V unipolar

PCB size 167 mm x 178 mm —
PCB thickness 1.6 mm —
Components selected support the industrial
temperature range of 85°C and the reference
Ambient Temperature 0°C to 55°C design can operate outside the mentioned

temperature range with sufficient derating.
Tested only from 0°C to 55°C

Microcontroller Interface

7 PWM signals, current sense
modulator bit streams for two motor
phases, DC-link voltage sense
modulator bit stream, temperature
sense modulator bit stream, clock
signal, 5 V for the controller board

ZHCU335-September 2017
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2.1

System Overview

The UCC53xx isolated gate driver is available in an 8-pin SOIC (D) package. This package has a
creepage and clearance of 4 mm and can support isolation voltage up to 3 kVgys, Which is good for
applications where basic isolation is needed. The maximum isolation working voltage (V,oww) for the
UCC53xx is 700 Vrys. The UCC53x0 family has lower part-to-part skew, lower propagation delay, higher
operating temperature, and higher common mode transient immunity (CMT]I).

Block Diagram

4 shows the system block diagram of the basic isolated three-phase inverter with in-line precision
phase current sensing with a shunt resistor. The TIDA-01420 reference design is highlighted with a red

dashed box.
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i 4. TIDA-01420 Block Diagram

Copyright © 2017, Texas Instruments Incorporated

The inverter section is composed of a six-pack IGBT module that contains three half bridges. Each IGBT
of the module is driven by a basic isolated gate driver. Two different PCBs are fabricated to characterize
the two versions of the gate driver: the Miller clamp version (UCC5350MCD) and the UVLO version

(UCC5390ECD).
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The UCC5350MCD uses a unipolar 15-V power supply for driving the IGBT gates. The low-side gate
drivers are powered externally using a 15-V supply. The high-side gate drivers are powered up using a
bootstrap supply.

The UCC5390ECD uses a bipolar 15-V and —8-V power supply for driving the gates of the IGBTs. The
low-side gate drivers are powered externally using a 15-V/-8-V single bipolar supply. The standard
method for bootstrapping a positive gate voltage cannot be extended to negative voltages without
increasing the complexity. Therefore, in this reference design, the three high-side gate drivers are
powered externally using three different power supplies.

A primary-side 3.3-V supply is derived from the 5-V input through the LDO regulator TLV1117-33. The
PWM input signals for the gate drivers are routed to a D-SUB 25-pin female connector, which is
connected to the Delfino control card TMDSCNCD28379D through an adapter board. Interlocking is
present as an optional protection feature in this design at the input of the gate driver. When single gate
drivers are used in half-bridge configuration, they usually allow cross conduction instead of preventing it in
case of wrong input signals coming from the controller device. This limitation is due to the fact that each
driver does not have the possibility to know the status of the input signal of the other companion driver in
the same leg. The availability of two input pins with opposite polarity allows implementing an hardware
interlocking that prevents cross conduction even in case of wrong input signals generated by the control
unit. This can be achieved by making connections as shown in & 5.

Microcontroller

Nedati Output of
d e%at_lve both drivers
| eal |meI , iSLOW
P
: ! VCC1 VEE2 ! !
| ! ' i VDC+
Input PWM i I : ! o
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! °
PWM_HIGH : IN- out
i
! L
i GND1 VCC2
. E
i
1
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IN+ CLAMP c
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PWM_LOW

GND1 VCC2

r

Copyright © 2017, Texas Instruments Incorporated

K 5. Hardware Cross-Connection Prevention Using Interlocking

The output of the gate driver is connected to the gate of the IGBT through an external resistor, which can
control the source and sink currents provided by the gate driver.
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2.2 Highlighted Products

221 UCC5350M and UCC5390E

The UCC53xx is a family of compact, single-channel, isolated IGBT, SiC and MOSFET gate drivers with
superior isolation ratings and includes variants for pinout configuration, drive strength, and package. The
UCC53xxMCD option connects the gate to an internal clamp to prevent false turnon caused by Miller
current. The UCC53xXECD option has its UVLO?2 referenced to GNDZ2; it is recommended to connect this
pin to the IGBT emitter. Compared to an optocoupler, the UCC53xx family has superior insulation voltage,
lower power consumption, quiescent current, and CMTI. & 6, 5] 7, and & 8 show the functional block
diagrams of UCC5390ECD and UCC5350MCD. & 2 shows the drive strength capabilities of different gate
drivers.

% 2. Drive Strength Capabilities of Different Versions of UCC53xx

PART NUMBER MINIMUM SOURCE AND SINK CURRENT DESCRIPTION
UCC5310M 24Aand 1.1 A Miller clamp
UCC5320S 24Aand 2.2 A Split output
UCC5320E 24Aand 2.2 A A UVLO with respect to IGBT emitter
UCC5350M 5Aand5A Miller clamp
UCC5390S 10Aand 10 A Split output
UCC5390E 10Aand 10 A A UVLO with respect to IGBT emitter
i |
| |
L | : UVLO2 v
V, UvLO1 1| Vecz
cc1|:J : : _l Vees
| |
- :
i % I
IN | |
+[ : % : Level
| | Shifting 4‘
| ! \ and
! ' J Control
| | Logic
| ! ] out
l .
| |
| z
I 9
IN-[ LS
I o | —
. - []cenp2
|
GND1 : : Veeo
I I —
| | -
K 6. Functional Block Diagram of UCC5320E and UCC5390E
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K 7. Functional Block Diagram of UCC5310M and UCC5350M
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Kl 8. Functional Block Diagram of UCC5320S and UCC5390S

2.3 System Design Theory

23.1 DC to Three-Phase AC Inverter Subsystem

In this reference design, IGBT module CM100TX-24S is used to characterize the UCC5350MCD. The
CM100TX-24S is a 1200-V, 100-A IGBT module that has an internal gate resistance of 0 Q, which allows
direct measurement of the Miller induced gate voltage by measuring the voltage drop across the external
gate resistor. The IGBT module 6MI180VB-120-50 is used with the UCC5390ECD to convert the DC bus
voltage into a three-phase AC. The 6MI180VB-120-50 is a 1200-V, 180-A IGBT with a gate charge of
1500 nC. The typical source/sink currents that can be provided by the UCC5390ECD is 17 A, which can
quickly charge the input capacitance of the IGBT.
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A schematic of the three-phase inverter stage is shown in [ 9.
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9. Schematic of DC to Three-Phase AC Inverter

10
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2.3.2

R20, R32, R112, R12, R38, and R26 are 10-kQ resistors used to ensure that the IGBTs remain off in case
the gate drivers get disconnected due to system malfunction. C72 to C77 are provisions for additional
external gate-to-emitter capacitance. R118 and R120 are shunt resistors used for U- and W-phase current
sensing. Terminal block J8 is the DC bus voltage input connector. C112 and C111 are localized high-
frequency DC bus decoupling capacitors. This reference design uses 3-uF, 1300-V film capacitors. XF2
and XF1 are fuse holders. A 30-A, 1-kV DC cartridge fuse with dimensions of 10.3 mm x 38 mm must be
placed within the fuse holders. To facilitate the discharge, bleeder resistors R45, R48, R49, R50, R51,
R54, and R57 are added across the DC link capacitors. Provision is given to connect brake resistor to the
DC bus. In case of motor regeneration, if the DC bus voltage goes above a specified threshold, the brake
chopper can be initiated. J3 is the terminal block used to connect the braking resistor. D9 is the
freewheeling diode connected across the braking resistor to prevent overshoots at the collector of brake
chopping IGBT power switch Q1.

Gate Driver Power Supply

VCC1 and GNDL1 are the supply pins for the input side of the UCC53xx. The supply voltage at VCC1 can
range from 3 to 15 V with respect to GND1, thus supporting the direct interface to 3.3-V low-power
controllers as well as legacy 5-V controllers. A 4.7-uF bulk capacitor C1 is placed close to the IC power
supply to provide a stable supply to the primary side of the gate driver. VCC2 and VEE2 are the supply
pins for the output side of the UCC5350MCD. A positive Vg of typically 15 V is required to switch the
IGBT well into saturation. In this reference design, VCC2 is fed with external 15 V for the low-side gate
driver to ensure that IGBT is in full saturation. A bootstrap supply is used to power up the high-side gate
driver. [¥/ 10 shows the schematic of the U-phase gate driver, UCC5350MCD.
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K 10. Schematic of Gate Driver UCC5350MCD
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The UCC5390ECD has three power pins on the secondary side: VEE2, VCC2, and GND2. VEEZ2 is the
supply return for the output driver and GND2 is the reference for the logic circuitry. The supply voltage at
VCC2 can range from 13.2 V up to 33 V with respect to VEEZ2. In this reference design, a bipolar supply of
15 V/-8 V is used to power the UCC5390ECD. K 11 shows the schematic of the U-phase gate driver,
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11. Schematic of Gate Driver UCC5390ECD
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2.3.3 Designing IN+/IN— Input Filter and Interlocking

A small input RIN-CIN filter can be used to filter out the ringing introduced by non-ideal layout or long PCB
traces. Such a filter must use an RIN in the range of 0 to 100 Q and a CIN from 10 to 100 pF. In this
reference design, an RIN =50 Q and a CIN = 12 pF are selected. When selecting these components, pay
attention to the trade-off between good noise immunity and propagation delay.

This reference design also features interlocking between the top and the bottom IGBT gate drivers as
shown in & 12, so that the positive deadband at the input is converted into negative deadband at the
output. This safety feature ensures that the high-side and low-side IGBTs do not turn on at the same time.
A parallel RC circuit with R = 10k and C = 100 pF is used at the input pin IN+ and IN- of the gate driver to
avoid the gate driver from going into an unknown state.

U PHASE GATE DRIVE e
C17 ||0.1pF &
C19 ||4.7uF &
us
R143 Il
[ PWM_UT GND * veet vee2 |8
50 Il
2o N+ || cLawe -
=—=C106 3ot IN- 11 out 8-
1 & 120F
R162 C162 41 GND1 Il veez -5
10.0k | 100pF L1
UCC5350MCD

27 |[0.4uF §
C29 ||47uF §
L

GND Il

[ R144 11 veet m VveE2 8-
PWM_UB+
50 INtBU 2. N, || ctawe -
=—=C105

12pF 3ot IN- 11 out &
1 41 GND1 Il veez -

R163 ——=C163 1l

10.0k | 100pF UCC5350MCD

GND

Copyright © 2017, Texas Instruments Incorporated

K 12. Schematic of Interlocking Feature

2.3.4 Source and Sink Currents of Gate Driver

To turn on IGBTs and FETS, an initial source peak current must be injected into the gate (up to several
amps for larger power devices), and then a holding voltage is required to keep the device on. To turn off,
a similar peak sink current opposite the polarity current is required to discharge the gate capacitance, and
then a zero or (preferably) negative holding voltage is required to keep the device off.

The source and sink currents of the gate drivers can be controlled by the external gate resistor as shown

in 230 1
VAV,
Peak Gate Current (Ig )= _G(on) ~ "G(off)
RG + RG(int) "
ZHCU335-September 2017 P T T e S PN —
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3 Hardware, Software, Testing Requirements, and Test Results
3.1 Required Hardware

3.1.1 PCB Overview

K 13 shows the top view of the PCB. The DC bus input connector J8 and the three-phase motor output
connector J4 are indicated. Provision is given to add a connector J3 for connecting an external brake
resistor to the DC bus. J1 is a female 25-pin D-SUB connector for interfacing to the controller. The
primary-side 5-V power supply is connected to J2, and the secondary side isolated 15-V power supply is
connected to J7. For giving bipolar supply as is required for the UCC5390ECD, connectors J5, J6, and
J13 are provided to supply the top three gate drivers with 15 /-8 V and ground connection. For giving a
unipolar supply for the UCC5350MCD, J5, J6, and J13 can be disconnected or left open.

Controller
interface

CAUTION HOT SURFACE

W
A 15V
Gate drivers Vdc-
(4 mm wide)
K 13. Top View of TIDA-01420 Board
14 T IR a8 B2 AR G B = R E D R S F Wit ZHCU335-September 2017
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K] 14 indicates the primary low-voltage side, the secondary high-voltage side, and the basic isolation
barrier in between.

CAUTION HOT SURFACE

HIGH UDLTAGE

s ® " UIGH UOLTAGE
g @ oo

&

Par enshatian sty mas PG mpgravest hor rrassn

_TIDA-01420-E1

i 14. Primary Side, Secondary Side, and Basic Isolation Barrier

ZHCU335-September 2017 HEH T M IR 7819 2 A g 2 20 = B B T R R 3% Wit 15
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K 15 shows the bottom view of the PCB. Provision is given for adding brake chopper IGBT Q1 and
freewheeling diode D9. The pad of the IGBT module must be connected to a heat sink. The thermal
compound must be used between the pad and the heat sink, and the module must be rigidly screwed to
the heat sink. Choose an appropriate heat sink based on the maximum continuous power to be dissipated.

Bleeder
resistor

IGBT
module

orzz1

A s == e
gy 2607

Resistor divider
for DC Bus voltage
sense

& 15. Bottom View of TIDA-01420 Board
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3.1.2 Controller Interface Connector
The Delfino control card is connected to J1 on the TIDA-001420 board through an adaptor PCB as shown
in & 16. A ribbon cable is used to connect the two. The pin functions are described in 3% 3.

Interfaced together with ribbon cable TMDSCNCD28379D Delfino Control Card

A Wi N

Adapter PCB

i 16. Interface of TIDA-01420 Board With Control Card

17
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# 3. Connector Pin Description

PIN NUMBER PIN NAME 1/0 DESCRIPTION
1 5V0 Power 5-V input to the prisrpae;rg side of the power
2 PWM_UB+ 3.3-Vinput Phase U low-side gate driver PWM input
3 PWM_UT+ 3.3-Vinput Phase U high-side gate driver PWM input
4 PWM_VB+ 3.3-Vinput Phase V low-side gate driver PWM input
5 PWM_VT+ 3.3-Vinput Phase V high-side gate driver PWM input
6 PWM_WB+ 3.3-Vinput Phase W low-side gate driver PWM input
7 PWM_WT+ 3.3-Vinput Phase W high-side gate driver PWM input
8 PWM_BRAKE+ 3.3-Vinput PWM input to brake IGBT gate driver
9 NC NA N/A
10 MDATA_U 3.3-V output U phase curreAn; r?n%%sulg?g:ent data from
11 NC NA N/A
12 MDATA_W 3.3-V output W phase curreAnEt rnr;gz;lsjtljarteorrent data from
13 5V0 Power 5-V input to the priSTaagré/ side of the power
14 GND Power Primary-side ground
15 GND Power Primary-side ground
16 GND Power Primary-side ground
17 GND Power Primary-side ground
18 GND Power Primary-side ground
19 GND Power Primary-side ground
20 GND Power Primary-side ground
21 NC NA N/A
29 CLK 3.3-V input Clock input ::%:tlrlzf\(-:(a)?(éjlzo from the
23 MDATA_VDC 3.3-V output DC bus voItagAemeeoadSJJI;(i(r)r:’ent data from
24 MDATA_TMP 3.3-V output Temperature mﬁ]aos;lzlearpoernt data from AX
25 GND Power Primary-side ground

3.2 Testing and Results

3.21 Test Setup

The focus of the tests is to evaluate the functionality and performance of the basic isolated gate drivers
UCC5350MCD and UCC5390ECD. The IGBT used for testing UCC5350MCD is CM100TX-24S whereas
the IGBT used for testing UCC5390ECD is 6MI180VB-120-50.

18 BT ALK a5 ARG B U= R R T F RS F it
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3.2.2 Software
RC
MACRO
TargetValue
SpeedRef E :

This reference design is tested using software modified from the application report Sensorless Field Oriented Control of 3-Phase Permanent

Magnet Synchronous Motors Using TMS320F2833x. The incremental build level 2 shown in & 17 is modified. A switch is added to connect either
the OUT signal coming from the RG MACRO or the angle variable to the sine cos block. Connecting OUT enables the design to pump sinusoidal
current into the motor. Connecting the angle variable, which is made zero, enables driving DC current into the motor

SetPointValue Freq

Graph
Window

Scope

Ds Ta Mfunc_C1 PWM1A/B | 3-Phase
: IPARK SVGEN > = q
VdTesting —————» MACRO Alpha ‘Ua|pha MACRO > > »| Inverter
Switched n;]anua(;ly in CCS Ve Qs > Tb Mfunc_C2 pwM [Pwm| PWM2 AB
watch window estin Em— »- > »
N q 9 Beta Ubeta MACRO[ HW
AN Angle > Tc kMfunc_C?:k PWM3 A/B
R X v ,J > >
Angle Variable —
e
RG Isw=0
MACRO out ﬂ{
u
» » ——> Sine/Cos
Isw =1
Alpha Alpha
PARK a2 | 7P CLARKE as | AdcResulto  ADCIn1 (lu)
MACRO MACRO |« <
ADCIn2 (lw)
A Bs AdcResult1 | SDFM [SDFEM[ "
Beta Beta « < MACRO| HW. | ADCIn3 (Temp)
- N AdcResult3 ADCIn4 (Vdc)
Dlog1
+—
DATALOG Dlog2
+—
Dlog3 _Ta
D E— Vabc
_ Dlog4 PHASE Tb
¢ Valpha VOLT <
MACRO Tc
Vbeta aTaTa <
Y| DeBusvolt
PWMDA AAN g
Low PWMxA MACROC MFuncC1
) Pass PWMxB MFuncC2
: | e unc!

K 17. PWM Control and Current Sense Software
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3.23 Test Results for UCC5350MCD

3.23.1 UVLO Protection

¥l 18 shows the UVLO protection feature of the gate driver. The IGBT is turned off if the secondary side
supply voltage of the UCC5350MCD, VCC2, drops below 11.10 V irrespective of IN+, IN- RST until VCC2
goes above 12.30 V.

ARTRR .| ' LLLLI
|
DPWM_INEE LR EEL T PR T LR P R L LR L L CEIPWM_TN 0 R R R B Ry L1
2 | Bvce
|
| |
D\,;D‘S o
Ln 500V & @ SO0V & J[m,m TO0MS /s 2 BN J {o 500V % @ 5.00) 5 J{ymms 100MS/s

B670.0000us 1M points 114V STl 2017 S DT 1M pohts b5 ”“‘ 7
l Value Mean Min Max Std Dev ] 09:43:19 [ Value Mean Min Max Std Dey J 09:39:26

& 18. UVLO Protection Feature of UCC5350MCD Gate Driver

3.2.3.2 Propagation Delay

K 19 shows the line diagram where the measurements are taken for the propagation delay.

Rg
PWM | |GBT gate
Controller driver AN x C{
Point 1 Point 2

Kl 19. Propagation Delay Measurement Points

20 shows the propagation delays measured for the three low-side gate drivers at rising and falling
edges for the UCC5350MCD. ¥ 4 lists down the propagation delays of the bottom gate drivers. For these
figures, the green waveform is the probing point 1, and the blue waveform is the probing point 2. 3% 4
summarizes the test results of propagation delay.

Z 4. Propagation Delay of Bottom Three Gate Drivers (UCC5350MCD)

PARAMETER u2 u4 U6
Rising edge (turnon) 70 ns 60 ns 70 ns
Falling edge (turnoff) 60 ns 60 ns 50 ns
20 T IR a8 B2 AR G B = R E D R S F Wit ZHCU335-September 2017
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Note that the maximum skew between the propagation delay is 10 ns. Low propagation delay allows the
design to achieve high switching speeds.

F T i F s
[ U 00 u
i —— i
T 1 [DIPWM_, [N i s
. i -
d
[ 3G -& 3 D
(i) ooV % \To0 oos: @7 ) ru 00V % ws: @ ‘
Jgivis 1000 poists __ 5.80V 0] | (T 1000 poiits 580V T
Vale Mean Min Max Std Dev Valy Max Std Dev I__0s:
Ln“s‘luvnw i f — . Ht
. 1 1 & |
= 1 DFwM_IN —t - - — [l
y 1 - e —t—— - - AN
DiPwM_IN po—p - L . Drwm_IN b et i Aottt
{ D 1 |
1 > L& 4 \ 4
" 1 [ A I
[ y 1 ‘ DS |
y | . @ v % T00MS7s o
@ 0oV = f<000s 250MS/s [ 8 | ( 00 poits a | ooV & 0t
( e 100pokts 980V 30T loonpoats 104 (o T G
- — s Vebe Ve Min Mar Std e ! Jewano.000ms 1
Fe Ve Vax Sab ) owiss ) fremeny il period found J rr— o
Shqweicy ] ) [ e — h Ho petiod found

K 20. Propagation Delay of Bottom Gate Drivers (UCC5350MCD)

3.2.3.3 Source/Sink Currents

The source and sink current waveforms have been captured for the bottom IGBTs by measuring the
voltage drop across the gate resistors. ¥ 21 shows the source and sink currents provided by the
UCC5350MCD for charging the gate of the IGBT at DC bus voltage of 565 V. The external gate resistor
used in this case is 12 Q, which is in accordance to the recommendation specified in the IGBT datasheet.

. - N f - N
i 1 1 ; . ; 1 |
[}
7,400V |1 : D -1110V
: O 300.0mv 7 : B 200.0mv
¢ ; A7.100 | Sink Current 1190ps  A1130V
.. .Source Current | 3 i {
Fooy 1 ]
5] T ! :
i) ) : o
[15 (15 ; g '
: 1 .
p,— o : i — — R
&
(] T
@ sHv (2000 s @7 o | N S SR VR S 1Y PNSIEIE (TS R
r Ill'l-"._ 00000n: 10k points 180V ||' 7 Tul :nn] @ 500V & }[:ﬂﬂn; S00MS/s [1 % l 7 Iul :al?}
[ Vilue Mean Min Max Std Dev Il 12:09:39 Wv216.00000 1000 points  -3.20V 12:20:51
No period found

21. Source and Sink Currents With IGBT Module at DC Bus Voltage of 565 V With UCC5350MCD

Voltagedrop across external resistor during IGBT turnon 7.1V

Source Current = - = =0.591A
Value of external resistor 120 2
Sink Current Voltage drop across external re3|stor. during IGBT turnoff _ 113V _ 0.941A
Value of external resistor 120 3)
ZHCU335—September 2017 T AR5 28 19 2 ARG B U = R B D) RS Wit 21
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However, the source and sink capabilities of the device is greater than these specified values. The
UCC5350MCD can easily drive an IGBT of a high-input capacitance value. This has been verified by
replacing the IGBT modules with an external capacitor of 56 nF and measuring the source and sink
currents as shown in & 22. The value of external gate resistor used for making these measurements is 1
Q with the UCC5350MCD. A 4. A3\ 5 shows the sourcing and sinking capability of gate drivers when
the external capacitor is used.

I Y I |
I il 1 —r T - + 4

o]
&
(=
&

Capacitor Charging [ (b) J ] g;’f(aéﬁ?:ea'fc“afgmg
Source Current | b

@
b}

2oms sooMs’s . @D/ J[ 2£JQ|'2017J [0 ey JFobn; SO0MS/s o . J{ 24315\72011

B+¥-292.0000ns 1000 points 2.50¢ 08:19:41 +¥0.0000005 1000 points S.50 08:17:04

K 22. Source and Sink Currents of UCC5350MCD With 56-nF Capacitor

Voltagedrop across external resistor duringIGBTturnon 7V

Source Current = - = =4.67 A
Value of external resistor 150 4)
Sink Current Voltage drop across external reS|stor. during IGBT turnoff _ 8.2V _547A
Value of external resistor 1.5Q (5)

3.2.34 Turn on and Turn off of IGBT

K 23 and K| 24 show the IGBT turnon and turnoff time intervals. A crude estimate of the IGBT charging
and discharging times can be calculated using simplified linear approximations of the gate drive current,
drain current, and drain voltage waveforms during periods 2 and 3 of the switching transitions.

3 6 and A3 7 show the charging times:
Vbrv — 0-5 x Vivitier

Igl+1g2_on=
Tt R_Total ©)

t1+12_on=CISS x Viter
Ig1+1g2 @

3 8 and Ax( 9 show the discharging times:
Ig3_off = Vbrv ~ Viller

R _Total (8)
\/
t3_off = CRSS x —=>2
IgS (g)
22 T IR a8 B2 AR G B = R E D R S F Wit ZHCU335-September 2017
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VDRV
RHI

Kl 23. IGBT Turnon Time Intervals

(e]
pr}
a4

VDRV

24. IGBT Turnoff Time Intervals

Z 5 shows the theoretical values of turnon and turnoff times currents at DC bus voltage of 250 V and 565

V as calculated from Az 6 to A2 9:

23

ENP RS E S

=%

2

& T A IS 7 B ZE A
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% 5. Theoretical Values of Turnon and Turnoff Times for UCC5350MCD

PARAMETER UCC5350MCD (250 V) UCC5350MCD (565 V)
R_external 12Q 12Q
R_internal_igbt 0Q 0Q
R_on_driver 1.36 Q 1.36 Q
R_off_driver 0.26 Q 0.26 Q
IGBT module used CM100TX-24S CM100TX-24S
CISS of IGBT 10 nF 10 nF
CRSS of IGBT 0.1 nF 0.06 nF
Supply voltage VCC2 15V 15V
Turnon current (Ig1l+lg2_on) 0.823 A 0.823 A
Turnoff current (Ig2_off) 0.56 A 0.56 A
Turnon time (t1+t2_on) 98.5 ns 98.5 ns
Turnoff time (t2_off) 44.64 ns 60.53ns

25 and & 26 show the experimental values of the corresponding calculated results for the
UCC5350MCD. The experiment is carried out for two different sets of DC Bus voltages, 250 V and 565 V:

&
Switch Node Voltage
Gate Voltage

= .|

’ u
Switch Node Voltage
Gate Voltage

25 Y J&se o

DOMS/s

1000 points

“ 200ns
[TRCEr

SOOMS/s
1000 points

‘.7\#" 75 Tul 2017

o1
570V | o4:31:07 J

K 25. Turnon and Turnoff Times of IGBT at 250-V Bus Voltage Using IGBT CM100TX-24S
With UCC5350MCD

BTG
Switch Node Voltage
Gate Voltage

i

— S
Switch Node Voltage

Gate Voltage

SO0MS/s

[ & S0V W = ll"oom

[TEREr 1000 points

-

570V

25 Tul !L\l.’i
04:32:33

lii SO0V &

” 200ns
S

SOOMS/3
1000 points

26. Turnon and Turnoff Times of IGBT at 565-V Bus Voltage Using IGBT CM100TX-24S

With UCC5350MCD

% 6 summarizes the experimental results as follows:

Z# 6. Experimental Values of Turnon and Turnoff Times of IGBTs

PARAMETER UCC5350MCD (250 V) UCC5350MCD (565 V)
IGBT used CM100TX-24S CM100TX-24S
Turnon time (t1+t2_on) 128 ns 128 ns
Turnoff time (t2_off) 66 ns 70 ns

24 T TS A8 KA B A=A R R R RS F W
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3.2.3.5  Suppression of Miller Induced Gate Voltage

The UCC5350M features an active Miller-clamp function that prevents false turnon of the power switches
caused by Miller current in applications where unipolar power supply is used. ¥ 27 and ¥ 28 show the
Miller induced gate voltage when the Miller clamp pin of the UCC5350MCD is disconnected from the
circuit.

When dV/dt = 4.79 kV/us, the induced voltage is 3 V. As dV/dt increases to 8.47 kV/us, the corresponding
induced voltage at the gate goes up to 3.8 V.

e Uogee e

&

(O™
BN T T e — ———————————
{a]
@ 1007 & ' 200ns T 500MS/s o 1310 2017
B+¥220,00000s 1000 points 9.0V 07:18:07

K 27. Miller Induced Gate Voltage of 3.0 V at dVv/dt = 4.79 kV/us With Miller Pin Disconnected

E i - =] Trig'd

& =0V & 200ns 500MS/s 1 Wi 131l 2017
@+¥220.0000ns 1000 points 340 V 07:12:32

i 28. Miller Induced Gate Voltage of 3.8 V at dVv/dt = 8.47 kV/us With Miller Pin Disconnected

ZHCU335—September 2017 T AR5 28 19 2 ARG B U = R B D) RS Wit 25
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K 29 and & 30 show the same set of test results when the Miller clamp pin is reconnected to the circuit.
The induced voltage is suppressed as the Miller current sinks through the low impedance path between
the power switch gate terminal and ground, VEE2.

[ e ——————————— " "Trigd
: 00® -34.00ns 6.000V |-
o OO 14.00ns 236.0V |-

: A48.00ns  A230.0V
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv - Fjv:.-7wv.-7wv7vwvrfvv.-7~v.-7vv.-7w—.-7wvr*vv,,w*,*w*,*,v,*vv,*v*
K
T QT - ot o DAS s - VRIE € DASTES - Iata W ¥ CEASD) - VANVt 6 DUSIES o SaM oY DDA ) - AUt & DS ), vava W s DA 1]

o NS ——
@ 1007 & ' 200ns T 500MS/s o 1310 2017

E+¥300,00000s 1000 points 900V 08:00:21

K 29. No Voltage Induced at dV/dt = 4.79 kV/us With Miller Pin Connected

T ~ : ; ] Trig'd
00  -3%.00ms © 1500V ).
------- O 36.00ns () 6250V |-
: £72.00ns A610.0Y |-
{b}
=
& =0V & 200ns S00MS/s 1 Wi 131l 2017
G+¥300.0000ns 1000 points 265V 07:58:40

30. No Voltage Induced at dV/dt = 8.47 kV/us With Miller Pin Connected

% 7 summarizes the test results as follows:

% 7. Summary of Miller Induced Gate Voltages at Different dv/dt

MILLER PIN STATUS dV/dt MILLER INDUCTED (kV/us) GATE VOLTAGE (V)
Disconnected 4.8 3.0
Connected 4.8 0
Disconnected 8.5 3.8
Connected 8.5 0
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3.2.3.6  Power Supply Rail for High-Side Gate Drivers (Bootstrap Supply)

31 shows the ripple on the bootstrap voltage and the switch node voltage. The bus voltage applied

while taking these measurements is 50 V. The bus voltage had to be limited to 50 V during the experiment
due to the constraint put by the common-mode rejection ratio of the oscilloscope. The duty cycle of the
PWM signal is varied to see the variations in the power supply ripple voltage. & 8 summarizes the results.

% 8. Summary of Variation of Bootstrap Ripple Voltage With Duty Cycle

DUTY CYCLE RIPPLE VOLTAGE on POWER SUPPLY (mV)
90% 440
50% 840
10% 1320
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Wi o s iows L . . IR B S TS . . B B I N . Volts/Div
: : e
A A A A A A Aty 5 i b et b Probe Sttty PIRVSITSTIN Probe e Tt Probe
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1-Aug-17 17:41 1-Aug-17 17:40 1=-Aug-17 1743
3 1 M Pos: -34.00,us CURSOR . I M Pos: 0.000s JU M Pos: -3400.us CURSOR
Y £3 Y
: : : Type
Supply. Voltage Ripple Supply Voltage Ripple Supply Voltagé Ripple
Switch Node \/ollageg Switch Node Vo\la%;e Switch Node Vpllage e
5 e S oV 440V
4
oH 0V TR CHi 00V LT CH vy WS
1-Aug-17 17:46 1-Aug-17 17:39 1-Aug-17 17:45

31. Variation of Bootstrap Supply Ripple With Change in Duty Cycle

3.2.3.7 Interlocking Functioning

This experiment is done by applying a negative deadband (setting both high-side and low-side PWM
signals high for a certain time) at the inputs of the gate drivers. ¥ 32 shows that because of interlocking,
the negative dead time at the input is converted into positive dead band at the output of the gate driver.

Thus, this protection feature avoids the possibility of shoot-through.
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PWM IN_Lowside

(@ 100V @ 200V |200ps  25065/s @ \ T 317ul 2017
g (4] W+ ~-160.0000ns__5M points 5.80 V 11:20:48

K] 32. Interlocking Feature of Design

3.2.3.8 Thermal Image

The thermal image of the board is taken by applying the DC bus voltage of 565 V for a time period of 30
minutes. The switching frequency is kept at 16 kHz. For safety purposes, the board to be tested is kept in
a glass chamber and the thermal camera is focused from outside the chamber as shown in & 33. For
more accurate parameters, see the UCC53x0 datasheet (SLLSERS).

HIGH VOLTAGE

K 33. Image of Board Inside High-Voltage Safety Box
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K 34 shows the thermal image of the boards UCC5350MCD respectively and the corresponding
minimum, maximum, and average temperatures. The ambient temperature while making these

measurements is 25°C.

K 34. Thermal Image of Board With Gate Driver UCC5350MCD

3.24 Test Results for UCC5390ECD

3.24.1 UVLO Protection
The UCC5390ECD has an external pin for UVLO measurement, which is referenced to ground rather than
VEE2. As shown in ] 35, IGBT is turned off if the secondary side supply voltage of the UCC5390ECD,

VCC2, drops below 11.09 V irrespective of IN+, IN— until VCC2 goes above 12 V.
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35. UVLO Protection Feature of UCC5390ECD Gate Driver
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3.24.2

Power Consumption by Gate Drivers

In this experiment, the UCC5390ECD is used to drive the IGBT module, 6MI180VB-120-50. The static
power loss, Pgpg includes quiescent power loss on the driver as well as driver self-power consumption
when operating with a certain switching frequency. The power supplied by the gate driver can be
calculated by measuring the average current consumed by it as shown in A5 10.

Pgpq = VCC1xICC1+ VCC2 xICC2~ VCC2 xICC2 (10)

%% 9 shows the power supplied to the gate driver at 8- and 16-kHz switching frequencies:

% 9. Power Supplied to Bottom Gate Drivers

SUPPLY
FREQ POWER SUPPLIED, Pey, |  POWER SUPPLIED, Pego
SWITCHING | SUPPLY CURRENT (ICC2) V?\}-CTCAZG)E (3 DRIVERS) (PER GATE DRIVER)
8 kHz 0.075 A 24V 18W 0.6 W
16 kHz 0.127 A 24V 3.048 W 1.016 W

The power lost to drive the gate of the IGBT, that is the switching operation loss, can be calculated as
follows:
Pesw = QgxVgxfgy (11)

To compare the switching operation loss with the quiescent power loss, Pgg, is calculated for two different
frequencies- (8 kHz and 16 kHz) and is summarized in % 10:

% 10. Power Lost to Gate During Switching

FREQ SWITCHING (fsw) Qg V_g Pesw
8 kHz 2000 nC 24V 0.348 W
16 kHz 2000 nc 24V 0.768 W

3.2.4.3  Propagation Delay

36 shows the propagation delays measured for the three low-side gate drivers at rising and falling
edges for the UCC5390ECD.# 11 lists the propagation delays of the bottom gate drivers.

% 11. Propagation Delay of Bottom Three Gate Drivers (UCC5390ECD)

PARAMETER u2 U4 ué
Rising edge (turnon) 80 ns 80 ns 100 ns
Falling edge (turnoff) 72 ns 90 ns 80 ns
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Also note that the maximum skew between the propagation delay is 20 ns.
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i 36. Propagation Delay of Bottom Gate Drivers (UCC5350ECD)

3.24.4 Source-Sink Currents

As in 77 3.2.3.3, the IGBT module is replaced with an external capacitor of 56 nF and source and sink
currents are measured. The value of external gate resistor used for making these measurements is 0.75
Q. K| 37 shows the sourcing and sinking capability of gate drivers when the external capacitor is used.

o m I | [Trig'd W I | [Trig'd

o] ; 0 0 ; ] L] : ; f ]

06 62.3s 1090y |1 [ ; : [m] 62.42us @ -10.30V |

"[ O 6282 0.000 ¥ L ; : { O 6282 () 300.0mv }

/ £456.0ns 210,90V 5 \ : £400.0ns A1060V ) 1

""""""""""""""""""""""" Filpes g 2ot o inspinsiaasng i et iaaai ; ; 0 = 1

Capacitor Charging : 3 g;ﬁaét?: el:r:;scharglng ! 1

Source Current / d - \ d

/ .
; %
g |
i JCEn A S I ™ |G N
i 37. Source and Sink Currents of UCC5350ECD With 56-nF Capacitor
Voltage drop across external resistor during IGBT turnon 10.9V
Source Current = 9 P - 9 = =14.53 A
Value of external resistor 0.75Q (12)
. Voltagedrop across external resistor during IGBT turnoff 10.6 V
Sink Current = 9 P - 9 = =14.13 A

Value of external resistor 0.75Q (13)
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3.245 Turnon and Turnoff Times of IGBT

Z 12 shows the theoretical values of turnon and turnoff times.

% 12. Theoretical Values of Turnon and Turnoff Times at 565-V Bus Voltage

PARAMETER UCC5350ECD (250 V) UCC5350ECD (565 V)
R_external 0Q 0Q
R_internal_igbt 3.80Q 3.80Q
R_on_driver 0.714 Q 0.714 Q
R_off_driver 0.13Q 0.13Q
IGBT module used 6MI180VB-120-50 6MI180VB-120-50
CISS of IGBT 29 nF 29 nF
CRSS of IGBT 0.8 nF 0.8 nF
Supply voltage, VCC2 15Vv/-8V 15Vv/-8V
Turnon current (Igl+lg2_on) 418 A 418 A
Turnoff current (Ig2_off) 3.51A 351A
Turnon time (t1+t2_on) 95 ns 95 ns
Turnoff time (t2_off) 50.8 ns 128 ns

K] 38 and K] 39 shows the experimental values of the corresponding calculated results for the
UCC5350MCD. The experiment is carried out for two different sets of DC Bus voltages: 250 V and 565 V.

= = i = I 1Trig’d ] I m = 1 1Trig'd

| Gate Voltage

| - Gate Voltage

( J[200n S00MS/5 & 7 - 207wl 2017 ( ) 2000 SO0MS/% &0 \ | 20 3ul zm;‘]
(TR 1000 point 250V 03:51:23

(T Rl n 1000 points 250V I|__06:55:36

K 38. Turnon and Turnoff Times of IGBT at 250-V Bus Voltage Using IGBT 6MI180VB-120-50
With UCC5390ECD

oo 0

Gate Voltage ! o e e ]

S00MS/3 D / 203ul 2017 ( )[200m; S00MS/8 &\ | 2% 2017)
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,l 200ns T
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K] 39. Turnon and Turnoff Times of IGBT at 565-V Bus Voltage Using IGBT 6MI180VB-120-50
With UCC5390ECD
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# 13 summarizes the experimental results as follows:

% 13. Experimental Values of Turnon and Turnoff Times of IGBTs

PARAMETER UCC5390ECD (250 V) UCC5390ECD (565 V)
IGBT used 6MI180VB-120-50 6MI180VB-120-50
Turnon time (t1+t2_on) 88 ns 88 ns
Turnoff time (t2_off) 64 ns 104 ns

3.2.4.6  Thermal Image of Board

40 shows the thermal image of the boards, UCC5390ECD, and the corresponding minimum, maximum,
and average temperatures. The ambient temperature while making these measurements is 25°C.

K 40. Thermal Image of Board With Gate Driver UCC5390ECD
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4

4.1

4.2

4.3

Design Files

Schematics

To download the schematics, see the design files at TIDA-01420 .

Bill of Materials

To download the bill of materials (BOM), see the design files at TIDA-01420.

PCB Layout Recommendations

41 shows the isolation barrier and ground split. The hot-side (high-voltage power side) and the cold-
side (low-voltage controller side) copper tracks are separated from each other by a basic isolation barrier.
The narrow body package of the gate driver is placed across the isolation barrier. A copper-to-copper
creepage spacing of 4 mm is maintained between the hot and cold sides. The low-side gate driver
grounds and DC bus negative are common. To avoid noise due to switching currents in the DC bus
negative from interfering with the gate driver operation, a split is done in the ground plane and they are
connected together at a single point as shown in [&] 41.

Basic isolation
spacing of 4 mm |

Power ground
DC-

Low-side gate
driver ground

Single point
contact

i 41. Basic Isolation Barrier and Ground Split Layout

34

T IR a8 B2 AR G B = R E D R S F Wit ZHCU335-September 2017

TIDUDG6 — http://www-s.ti.com/sc/techlit/ TIDUDG6
Jixkl © 2017, Texas Instruments Incorporated


http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUDG6.pdf
http://www.ti.com/tool/TIDA-00xxX
http://www.ti.com/tool/TIDA-00xxX

13 TEXAS
INSTRUMENTS

www.ti.com.cn Design Files

The shunt resistance of 4 mQ is in the same range as that of the stray parasitic trace resistances. For
accurate shunt-based current sensing, it is important to sense the exact voltage across the shunt resistor
only and avoid measuring the drop across the trace and contact parasitic resistance. This is done by
implementing a Kelvin connection as shown in&| 42. Differential routing is done from the shunt resistor to
the AX modulator. Any noise is common to both the traces and gets cancelled off in the differential input
stage of the modulator.

Differential Kelvin
routing connection

As shown in & 43, the primary- and secondary-side noise-decoupling capacitors must be connected close
to the device between the VCC1 and GND1 pins and between the VCC2 and VEE2 pins to bypass noise
and to support high peak currents when turning on the IGBT. It is essential to limit the high peak currents
that charge and discharge the IGBT gates to a minimal physical area. This limitation decreases the loop
inductance and minimizes noise on the gate terminals of the IGBTs. The gate driver must be placed as
close as possible to the IGBTs. To ensure isolation performance between the primary and secondary side,
avoid placing any PCB traces or copper below the driver device.
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& 43. Low-Side Gate Driver Layout

K 44 shows the DC bus voltage sense circuit. The high-impedance resistor divider network is connected
across the pins of the high-voltage DC-link film capacitor C111. The attenuated voltage is sensed by AX
modulator U12. It is important to sense the voltage across the film capacitor for low-noise measurement.
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4.3.1 Layout Prints

To download the layer plots, see the design files at TIDA-01420.

4.4  Altium Project
To download the Altium project files, see the design files at TIDA-01420.
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45 Gerber Files
To download the Gerber files, see the design files at TIDA-01420.
4.6 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-01420.
5 Related Documentation
1. Texas Instruments, Reinforced Isolated Phase Current Sense Reference Design With Small Delta-
Sigma Modulators, TIDA-00914 Design Guide (TIDUDOQ7)
2. Texas Instruments, Isolated Current Shunt and Voltage Measurement Kit, TIDA-00171 Design Guide
(TIDU499)
3. Texas Instruments, Isolated Current Shunt and Voltage Measurement for Motor Drives Using AM437x,
TIDA-00209 Design Guide (TIDU755)
4. Texas Instruments, Sensorless Field Oriented Control of 3-Phase Permanent Magnet Synchronous
Motors Using TMS320F2833x, Application Report (SPRABQ4)
5. Texas Instruments, Wide-Input Isolated IGBT Gate-Drive Fly-Buck™ Power Supply for Three-Phase
Inverters, TIDA-00199 Design Guide (TIDU670)
6. Texas Instruments, Reference Design for Reinforced Isolation Three-Phase Inverter With Current,
Voltage, and Temp Protection, TIDA-00366 Design Guide (TIDUBX1)
51 ®Htr
Delfino is a trademark of Texas Instruments.
All other trademarks are the property of their respective owners.
6 Terminology
IGBT— Insulated gate bipolar transistor
VFD— Variable frequency drive
PWM— Pulse width modulation
UVLO— Undervoltage lockout
DNP— Do not populate
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