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1 System Description

This reference design presents an HEV, EV traction inverter, single-phase power-stage with three bias-
supply solutions. The supply solutions power a single channel of the IGBT/SIC isolated gate driver, and
could be driven directly from the 12-V car battery with a wide input range of 4.5-V to 42-V DC. The bias
supplies provide +15-V and —8-V isolated rails up to 180-mA output current. The architecture follows:

» Bias supply solution 1: Compact, primary-side regulated (PSR) flyback converter (based on the
LM5180-Q1 device) with integrated switch and internal compensation.

« Bias supply solution 2: Low-cost, primary-side regulated (PSR) flyback converter (based on the
TPS40210-Q1 device) with external switch and external compensation.

» Bias supply solution 3: Two stage approach of using two buck converters in redundancy as the front
stage, and a push-pull transformer driver supply as the following stage (based on the LM46002-Q1 and
SN6505-Q1 devices).

This design targets at powering IGBT/SIC isolated gate drivers implemented in hybrid electric vehicle and

electric vehicle (HEV/EV) systems. & 1 shows a traction inverter reference diagram where the positions of

the TIDA-020014 design are highlighted. The isolated gate drivers galvanically isolate the high-voltage
power switches from the low-voltage control signals. Each isolated gate driver requires a pair of positive-
supply and negative-supply rails to fully turn on and off the IGBT/SIC power modules.
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K 1. HEV/EV Traction Inverter Reference Block Diagram and the Position of TIDA-020014
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Do not leave the device powered when unattended.

High voltage! There are accessible high voltages present on the board. Electric shock is

possible. The board operates at voltages and currents that may cause shock, fire, or injury if not properly
handled. Use the equipment with necessary caution and appropriate safeguards to avoid injury or damage
to property. For safety, use of isolated equipment with overvoltage and overcurrent is highly

recommended. Tl considers it the user's responsibility to confirm that the voltages and isolation

requirements are identified and understood before energizing the board or simulation. When energized, do
not touch the design or components connected to the design.
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Hot surface! Contact may cause burns. Do not touch! Some components may reach high
temperatures > 55°C when the board is powered on. The user must not touch the board at any point
during operation or immediately after operating, as high temperatures may be present.

1.1 Key System Specifications
7 1 details the key system specifications of the bias supplies.
#* 1. Key System Specifications
PARAMETER | COMMENTS ‘ MIN TYP MAX UNIT
System Input
Vin Input voltage Battery voltage range (DC) 4.5 135 42 \
Switching
Fow frequency Solution 1 10 350 350 kHz
Switching
Fow frequency Solution 2 100 kHz
Switching
Fow frequency Solution 3 450 kHz
Output Voltage
Vour1 System output voltage, across load +13 +15 +17 \
Vourz System output voltage, across load -6.5 -8 -8.2 \
Output Current
Maximum output current. Drawing more
than 180 mA is not recommended for
lout thermal reasons. See the Thermal Images 180 mA
testing to see the temperature rise at full
load
4 A 3 1 IGBTISIC i B HIFMEIR T 5 HEVIEV 45| i s IR S 7 8Eit ZHCUB54—April 2019
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2 System Overview
2.1 Block Diagram

211 Bias Supply Solution 1

K 2 shows the system implementation block diagram of the bias supply solution 1. The three-phase
traction inverter requires six IGBT/SIC switches through isolated gate drivers that galvanically isolate the
high-voltage gate driver outputs from the low-voltage PWM signals. Hence six times of this design are
required to power all six gate drivers: each power supply is connected to each and every gate driver,
respectively. The input can be fed directly from a 12-V car battery. The output voltage levels can be
configured to the required voltage levels for driving IGBT or SiC MOSFETSs.

K 2. System Implementation Block Diagram of Bias Supply Solution 1
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2.1.2 Bias Supply Solution 2

3 shows the system implementation block diagram of the bias supply solution 2. A flyback converter
with an external MOSFET and compensation network has been used. The same traction inverter block
diagram is shown.
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K 3. System Implementation Block Diagram of Bias Supply Solution 2
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2.1.3 Bias Supply Solution 3
4 shows the system implementation block diagram of the bias supply solution 3 which is the two-stage
architecture in redundancy for an increased level of safety. Two buck converters are connected in parallel
and convert the 12-V battery input to 5-V output. Then the 5-V rail is fed into the push-pull transformer
driver supply where the isolation is provided. The same traction inverter block diagram is shown.
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12-V Battery

214

K 4. System Implementation Block Diagram of Bias Supply Solution 3
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Inverter Power Stage Block Diagram

The power stage board is designed in a compact form factor. It includes gate drive, bias voltages,
protection, and diagnostic needed for half-bridge SiC MOSFET and Si IGBT power modules housed in
150-mm x 62-mm x 17-mm packages. It consists of the high-side and low-side isolated gate drivers, the
DC bus voltage sensing, the shoot-through protection and fault control, the high voltage input LDO, and
the NTC sensing circuit. The connectors allow for plug-in connection to the gate drivers for easy
evaluation. [¥| 5 shows the power stage board block diagram. The features are listed as follows:

20-A peak split sink and source drive current from external buffer to optimize turn on and turn off
switching time

Robust noise-immune solution with CMTI >100 V/ns

Supports 5 kVgy,s reinforced isolation for input rail up to 1700 V

Programmable short-circuit sensing and soft turn-off protection with the de-saturation circuit
2-A active Miller clamp

Output short-circuit clamp

Fault feedback with reset

NTC temperature and DC bus voltage sensing
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K 5. TIDA-020014 Power Stage Block Diagram
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2.2 Highlighted Products

The TIDA-020014 reference design features the following Texas Instruments devices.

221 LM5180-Q1

The LM5180-Q1 device is a primary-side regulated (PSR) flyback converter with high efficiency over a
wide input voltage range of 4.5 V to 65 V. The isolated output voltage is sampled from the primary-side
flyback voltage, eliminating the need for an optocoupler, voltage reference, or third winding from the
transformer for output voltage regulation. The high level of integration results is a simple, reliable and
high-density design with only one component crossing the isolation barrier. Boundary conduction mode
(BCM) switching enables a compact magnetic solution and better than £1% load regulation and line
regulation performance. An integrated 100-V power MOSFET provides output power up to 7 W with
enhanced headroom for line transients.
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222

2.2.3

224

225

2.2.6

TPS40210-Q1

The TPS40210-Q1 is a peak current-mode control low-side controller with a built in 400-mA gate driver
designed to drive N-channel MOSFETS at a fixed frequency. The frequency is adjustable from 35 kHz to
1000 kHz. A small size combined with complete functionality makes the part both versatile and easy to
use. The controller uses a low-value current-sensing resistor in series with the source connection of the
power MOSFET to detect switching current. When the voltage drop across this resistor exceeds 150 mV,
the part enters a hiccup fault mode with a time period set by the external soft-start capacitor.

LM74700-Q1

The LM74700-Q1 device is an ideal diode controller device that operates in conjunction with an external
N-channel MOSFET as an ideal diode rectifier for low loss reverse polarity protection. The wide supply
input range of 3 to 65 V allows control of many popular DC bus voltages. The device can withstand and
protect the loads from negative supply voltages down to -65 V. With a low Ry, external N-channel
MOSFET, a very low forward voltage drop can be achieved while minimizing the amount of power
dissipated in the MOSFET.

TPS3700-Q1

The TPS3700-Q1 device is a wide-supply voltage window comparator which operates over a 1.8-V to 18-
V range. The device has two high-accuracy comparators with an internal 400-mV reference and two open-
drain outputs rated to 18 V for overvoltage and undervoltage detection. The TPS3700-Q1 device can be
used as a window comparator or as two independent voltage monitors; the monitored voltage can be set
with the use of external resistors.

LM46002-Q1

The LM46002 regulator is an easy to use synchronous step-down DC/DC converter that operates from
3.5-V to 60-V supply voltage. It is capable of delivering up to 2 A DC load current with exceptional
efficiency and thermal performance in a very small solution size. An extended family is available in 0.5-A
and 1.0-A load options in pin-to-pin compatible packages.

Optional features are included for more comprehensive system requirements, including power-good flag,
precision enable, and synchronization to external clock, extendable soft-start time, and output voltage
tracking. These features provide a flexible and easy to use platform for a wide range of applications.
Protection features include over temperature shutdown, VCC undervoltage lockout (UVLO), cycle-by-cycle
current limit, and short-circuit protection with hiccup mode.

SN6505-Q1

The SN6505-Q1 device is a monolithic push-pull transformer driver, specifically designed for small factor,
isolated power supplies. It drives a low profile, center-tapped transformer from a 3.3-V or 5-V DC power
supply. The SN6505x-Q1 consists of an oscillator followed by a gate drive circuit that provides the
complementary output signals to drive ground referenced N-channel power switches. The device includes
two 1-A Power-MOSFET switches to ensure start-up under heavy loads. The internal protection features
include a 1.7-A current limiting, under-voltage lockout, thermal shutdown, and break-before-make circuitry.
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227  TL431-Q1

The TL431-Q1 device is a three-pin adjustable shunt regulator with specified thermal stability over
applicable automotive temperature ranges. The TL431-Q1 can be used as a single voltage reference,
error amplifier, voltage clamp, or comparator with integrated reference. The TL431-Q1 consists of an
internal reference and amplifier that outputs a sink current based on the difference between the reference
pin and the virtual internal pin. The sink current is produced by the internal Darlington pair, which allows
this device to sink a maximum current of 100 mA.

228 1SO58525-Q1
The 1SO5852S-Q1 device is a reinforced, isolated gate driver that is capable of driving a 1200-V IGBT
module with current ratings from 50 A to 200 A. The device offers:
» High isolation ratings in the industry
— 5.7-kVgys isolation voltage
— 8000-Vpk Maximum transient isolation voltage
— 2121-Vpk Maximum transient isolation voltage
e Split outputs
» 2.5-A Peak source and 5-A peak sink currents
* 100-kV/ps Minimum common-mode transient

e The device also includes the Miller clamp, soft turnoff, UVLO, DESAT detect, fault feedback, and
Ready-status feedback features.

2.2.9 AMC1301-Q1

The AMC1301 is a fully-differential, precision, isolated amplifier. The input stage of the device consists of
a fully-differential amplifier that drives a second-order, delta-sigma (AX) modulator. The modulator uses
the internal voltage reference and clock generator to convert the analog input signal to a digital bit stream.
The drivers transfer the output of the modulator across the isolation barrier that separates the high-side
and low-side voltage domains.

2.2.10 AMC1311-Q1

The AMC1311-Q1 is a precision, isolated amplifier with an output separated from the input circuitry by an
isolation barrier that is highly resistant to magnetic interference. This barrier is certified to provide
reinforced galvanic isolation of up to 7 kV peak according to VDE V 0884-11 and UL1577. Used in
conjunction with isolated power supplies, this isolated amplifier separates parts of the system that operate
on different common-mode voltage levels and protects lower-voltage parts from damage. The high-
impedance input of the AMC1311-Q1 is optimized for connection to high-voltage resistive dividers or other
voltage signal sources with high output resistance.

2.2.11 TPS7B8250-Q1

The TPS7B82-Q1 device is a 40-V,,, 300-mA low-dropout linear regulator with ultra-low quiescent current.
This voltage regulator consumes only 3 pA of quiescent current at light load, and is quite suitable for the
automotive always on application. The device operates with a wide input-voltage range from 3 V to 40 V
(45-V load dump protection).
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231

2.3.2

System Design Theory

Reverse Polarity Protection

Reverse battery protection is required in every electronic subsystem of a vehicle, both by OEM standards,
as well as ISO 16750-2, an international standard pertaining to supply quality. The goal is to prevent
reverse-biasing components which are sensitive to polarity, like polarized capacitors and most integrated
circuits.

K 6 shows the reverse polarity protection circuit schematic. It consists of a N-channel MOSFET (Q3)
which is driven by the LM74700-Q1 smart diode controller. The traditional method which implements
blocking diode results in large power dissipation due to the typical 400-700 mV forward-voltage drop. The
smart diode solution decreases the losses as per the Ryg,, of the MOSFET. The LM74700-Q1 controller
provides a gate drive for an external N-Channel MOSFET and a fast response internal comparator to
discharge the MOSFET Gate in the event of reverse polarity. A unique advantage of this scheme is that it
is not referenced to ground and thus has zero |l,. The N channel MOSFET is selected according to the
following criteria:

e Continuous current rating higher than 10 A which is the maximum input current at minimum input
voltage in this design.

» The VGS threshold should be 2.5-V maximum
e Source-to-drain voltage Vg should be at least 0.48 V at2 A

K 6. Reverse Polarity Protection Circuit Schematic
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LM5180-Q1 Flyback Converter

The bias supply solution 1 is the flyback converter based on the LM5180-Q1 device which has integrated
MOSFET and internal compensation. The converter provides isolated output voltages with tight regulation
crossing load. The design specifications are shown in % 2. Highlights of the converter are summarized as:

» Boundary conduction mode (BCM) control architecture provides fast line and load transient response
— Peak current-mode control
— Quasi-resonant switching for reduced power loss
— Internal loop compensation

» Integrated 100-V flyback power MOSFET

— Provides large headroom for input voltage transients
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Cycle-by-cycle overcurrent protection (OCP)

Low transformer primary-to-secondary (inter-winding) capacitance to accommodate high dv/dt
secondary-side common-mode swings.

7 shows the schematic of the converter.

% 2. LM5180-Q1 Based Flyback Converter Specifications

PARAMETER SPECIFICATION
Input voltage (Vi) 4.5 V-65 V DC (For flyback converter only, TVS limits the system input to 26 V DC)
Output voltage (Voyr) +15V, -9V
Output ripple +3%
Maximum output current 180 mA
(lout_max)
Switching frequency < 350 kHz
414 W

Output power (Poutimax)

Efficiency

> 90% peak, 88% at full load

7. LM5180-Q1 Based Flyback Converter Schematic
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2.3.2.1  Modes of Operation and Switching Frequency

The LM5180-Q1 device uses a variable-frequency, peak current-mode (VFPCM) control architecture with
three possible modes of operation as & 8 illustrates.

K 8. Operation Mode of the LM5180-Q1 Flyback Converter
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At high loads, the LM5180-Q1 device operates in Quasi-Resonant Boundary Conduction Mode. The
power MOSFET turns on when the current in the secondary winding reaches zero. The MOSFET turns off
when the peak primary current reaches the level dictated by the output of the internal error amplifier. As
the load is decreased, the peak current decreases and the frequency increases to maintain BCM
operation.

2.3.2.2  Transformer Design

Key parameters to design the transformer include turns ratio, primary side inductance, switching
frequency, saturation current, and so forth.

If ignoring the drop voltage across the switching MOSFET the winding turns ratio is calculated as:
Vin_minX Tor= (Vout+Vp)*Te*Nes

where
*  Viy_un iS the minimum input voltage
e T, is the switch-on time of the switching MOSFET
e T, is the off time of the switching MOSFET
* Ngg is the turns ratio of the transformer

eV, is the output rectification diode (2)
Considering
Ton
D :Ton+Toﬂ

is the duty cycle, and choosing the maximum duty cycle 75% at minimum input voltage, the turns ratio of
the transformer primary winding to the secondary winding is calculated as:
Npg= . utex ;0= 0.65

VourtVp (2)
Select a magnetizing inductance based on the minimum off-time constraint according to:
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LMAGZ (VOUT+VTg:I'ijP:xtOFF,MIN: 26.5 P'H
where
eV, is the forward drop voltage of the output rectification diode
lori_pk 1S the primary winding current when converter operates in frequency fold back mode (1.5 A
according to the data sheet) 3)
The built-in MOSFET of the LM5180-Q1 device is rated at 100 V. In the off cycle, when the secondary

(flyback) diode is on, the voltage on the drain (Vpg) is calculated as:
Vos= Vinwmaxt+VrertVring= 82 V

where
*  Viyuax is the maximum input voltage
* Vg IS the voltage reflected from the secondary side
*  Vane IS the excited spike due to resonance 4)

The voltage across the secondary side diode is calculated as:
V\N MAX
Vbiode= Vourt —Noe +Vspike= 112V

Nps
where
e Vg is the maximum output voltage
* Vg is the excited spike due to resonance 5)

The inductance of the transformer primarily determines the modes of operation in the LM5180-Q1 as the
load is varied from the minimum load to full load. An increase in the magnetic inductance generally leads
to an increase in the leakage inductance of the transformer. The LM5180-Q1 device has a minimum off-
time (Torruiny) Of 500 Nns: the magnetizing current should not decrease to zero in less than 500 ns.
Therefore the minimum primary side inductance is calculated as:

(Vout+ VFWD)XTOFF(MIN)X N2s — 30 pH

=
LPRI Ipri_min* Nps

where
* Vg is the nominal output voltage which is 24 V
*  Torruny is the minimum off time of LM5180-Q1
*  lor wi 1S the minimum peak current flowing at primary side for the LM5180-Q1 device which is 0.27 A
* N is the primary to secondary turns ratio (6)

Thus, the designed transformer should have the minimum primary inductance of 30 pH. 3 3 lists the
specifications of the designed flyback transformer.

% 3. Flyback Transformer Specifications

PARAMETER SPECIFICATION
Power rating 42 W
Input voltage 45V-65V
Maximum output current 180 mA
(lout_max)
Switching frequency < 300 kHz
Maximum duty cycle 75%
Primary side inductance 30 puH £10% at 300 kHz
Leakage inductance < 1% of primary inductance
Parasitic capacitance < 20 pF
primary to secondary
Output voltage and current +15 V and -9 V at 180-mA average current
14 A 3 FIGBTISIC fi & H MR T I HEVIEV 72 5] WA 2 T R 2 il ZHCU654—April 2019
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% 3. Flyback Transformer Specifications (continued)
PARAMETER SPECIFICATION
Turns ratio 1:1:0.52
Peak current Primary 145 A
Secondary 1A
RMS current Primary 1.1A
Secondary 380 mA

TI recommends the flyback transformer UA8916-BL from CoilCraft® for the LM5180-Q1-based flyback
converter. The transformer features parasitic capacitance of 17 pF from the primary to secondary side.

2.3.2.3 Input Capacitors

The input capacitor must supply the input current during the input voltage dip from the 12-V battery. Input
capacitors are essential in limiting the ripple voltage while supplying most of the switch current during the
MOSFET switch on-time.

The input capacitance is calculated as:

_ lprl_pkxDon _ 1.45 Ax0.75 _
Cin= FowXAVippe . 300 kX4.5 VX3% 26.8 uF

™

2.3.2.4  Output Capacitors

The output capacitance ensures the converter has a small transient deviation to a step change of the load

transient. The minimum needed capacitance is calculated as to maintain the output voltage drop less than

3% of the nominal voltage when the output current changes abruptly from the maximum to half (Ie,):
lep= 3" = "%,™ = 90 mA (8)
Varop= Vout X 3% =24 Vx1%=0.24 V ©)

As any forward converters, the Right-Half-Plan-Zero (RHPZ) limits the bandwidth of the flyback. The
frequency of the RHPZ is calculated as:

2
frppz = Reur*ValVod: — 24 g kHZ

Lpgi % 21
where
e  Rgyr is the load impedance
* Lgg is the primary inductance of the transformer (20)

The bandwidth of the system is estimated as 1/5 of the RHPZ:

fbandwidth == % X fRHPZ = % X 24 8 kHZ == 4 .96 kHZ (11)
As the result, the output capacitance at bandwidth frequency is calculated as:
— 1 1 _
COUt—min T 2% X foangwiatn x AVout / Aloagstep— ESRout 12 HF (12)
Therefore a minimum of 12-pF capacitance is required for this design.
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2.3.25 RC Snubber Design

When the MOSFET turns off, a high-voltage spike occurs at the drain (switch node) because of the
resonances between the leakage inductor of the main transformer and the parasitic capacitance in the
circuit. This causes excessive voltage on the drain of the MOSFET which can lead to breakdown and
eventually failure of the device. The parasitic capacitance is composed of 3 components: (1) output
capacitance of the MOSFET, (2) junction capacitance of the output diode which reflects to the primary
side, (3) parasitic capacitance of the transformer winding.

The transformer used in this design has relatively less leakage inductance. A Zener clamp is used in this
reference design as &/ 9 shows, due to ease-of-design and higher light load efficiency than the RCD
snubber.

K] 9. Snubber Circuit Schematic

Vin

D3 R2
DFLZ24-7 100

28y Pri:Sec1:Sec2=1:1:0.52

T1

| 6
L) (d
NC
NC N

YA8916-BL

5005

SW_U

The power dissipated in the snubber can be calculated as:

1/ 2% L% B X Fsw
1— Veek / Vze

Psub -

where
e L, is the leakage inductance of the transformer
e Iy is the primary peak current
e Fgy is the switching frequency
e The Zener diode is selected as 24 V (13)

2.3.2.6  Verification on Input Voltage Range

The LM5180-Q1 device integrates a 100-V power MOSFET with maximum current of 1.5 A. The maximum
drain-to-source voltage (Vs max) is calculated as:

Vs _max = N % 3 % (Vou+ Vi) + Vig_max=102.5 V

where
e nis the safe margin which is normally 1.5 or 2 times of the nominal value.
* N/N,is the turn ratio of the transformer primary winding to the secondary winding.
* Vg is the output voltage
« V,is the forward voltage of the output diode
*  Viy_ma IS the maximum input voltage (24)

Therefore, the selected MOSFET breaking voltage must be larger than 102.5 V.
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2.3.2.7 LM5180-Q1 Settings

10 shows the schematic with components surrounding the LM5180-Q1 device. The UVLO is connected
to V,y directly for the lowest undervoltage lockout. With the designed turns ratio of the transformer and
forward voltage of the secondary diode, the ratio between R20 (Rgg) and R24 (Rgsr) determines the output
voltage. R24 (Rggy) is selected as 12.1 kQ according to the data sheet. The output voltage is 24 V, the
forward voltage drop of the secondary diode is 0.7 V. R4 is calculated as:

V Vep) XN
RFB ( OUTO+1 ;E]),)q Ps — 154 kQ (15)

The LM5180-Q1 device employs a thermal-compensation circuit that adjusts the feedback reference
based on the forward voltage thermal coefficient of the flyback diode. The thermal compensation resistor
value is determined by R21 (Rc) which is calculated as:

Rro = N2 * o, = 301 k@

where
¢ TCp. is the absolute value of the temperature coefficient of the flyback diode (16)

K 10. LM5180-Q1 Settings Schematic
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233 Overvoltage and Undervoltage Detection

The IGBT gate is driven from the 15-V rail to turn on the IGBT. The 15-V rail should not drop below the
minimum gate voltage to properly turn on the IGBT. Driving the IGBT with lower gate voltage causes
excessive power dissipation. Conversely, excessive higher gate voltage will destroy the IGBT.

The overvoltage and undervoltage detection is designed with the window comparator TPS3700-Q1. It has
two high-accuracy comparators with an internal 400-mV reference and two open-drain outputs. & 11
shows the schematic of the detection circuit. The INA+ / INB— implements open-drain output. OUTA is
driven low when the voltage at INA+ is below (V1p — V,ys) (according to the TPS3700-Q1 data sheet). The
output goes high when the sense voltage returns above the respective threshold. OUTB is driven low
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when the voltage at this comparator exceeds V. The output goes high when the sense voltage returns
below the respective threshold. The undervoltage threshold is set as 13 V, and the overvoltage threshold
is set as 17 V for this design. The OR logic is implemented by connecting the two open-drain outputs of
the TPS3700-Q1 device. OUTA and OUTB can merge into one logic signal that goes low if either output is

asserted. The 49.9-kQ pullup resistor is used to hold these lines high when the output goes to high
impedance.

K 11. Overvoltage and Undervoltage Detection Schematic

+15V_lIso_L . . _ —
- UV/OV Monitoring UV=13V OV=17V +15V Iso L
R4 T
49.9k
~
RS _
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100pF
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R13 ——ci18 oo |2 Xsuper Red
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TPS3700QDDCRQL p
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2.3.4 TPS40210-Q1 Flyback Converter

The bias supply solution 2 is the flyback converter based on the TPS40210-Q1 device which implements
external MOSFET and primary side regulation. The procedure and calculations for designing the flyback
converter are discussed in this section. 3£ 4 lists the design specification.

% 4. TPS40210-Q1 Based Flyback Converter Specifications

PARAMETER SPECIFICATION
Input voltage (V) 5V-42 V DC (52-V transient)
Output voltage (Vour) +15V, -9V
Output ripple +3%
Maximum output current (loy max) 180 mA
Switching frequency 100 kHz
Output power (Poyt max) 414 W
Efficiency > 81% peak, 80% at full load
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2.3.4.1  Switching Frequency

The oscillator frequency is determined by a resistor and capacitor connected to the RC pin of TPS40210-
Q1 device. A switching frequency of 100 kHz is selected as a compromise between component size, EMI,
and efficiency. The required resistor for a given oscillator frequency is calculated from:

RT: !

5.8x10 P xFgyxCr+8x10"""xFgp+ 1.4x10 " xFgy-1.5x10"41.7x10 xC;-4x10"°xC+?

where
¢ R;is the timing resistance in kQ
Fsw is the switching frequency in kHz

e C;is the timing capacitance in pF a7

C; and R; are selected as 470 pF and 402 kQ, respectively for the 100-kHz switching frequency.

2.3.4.2 Transformer Design

A transformer is one of the most important elements to ensure the flyback converter operates reliably and
efficiently. A flyback transformer is used as an energy storage device. The energy is stored in the air-gap
of the core. The flyback converter is designed for continuous-conduction mode. In comparison with the
discontinuous mode, the advantages are lower peak currents, lower output voltage spikes, and lower core
losses.

If ignoring the drop voltage across the switching MOSFET, and output rectification diode, the winding turns
ratio is calculated as:
VinminX Ton= Vour*To*Nes

where
* Vi IS the minimum input voltage
e T, is the switch-on time of the switching MOSFET
e T, is the off time of the switching MOSFET

e N is the turn ratio between the primary turns and secondary turns of the transformer. (18)
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Considering:
Ton
D = Ton+Toﬁ

is the duty cycle, and choosing the maximum duty cycle as 70%. Therefore, the turn ratio of the
transformer primary winding to the secondary winding is calculated as:

Nps="u i x-B = 0.49

T VOUT (19)
Hence, N is selected as 1:2. The actual duty cycle (Doy ,) is calculated as:
_ (Vourt Vi) XNps _
DON-aCt_ VlN_min+(Vauf«+VfP)"NPs_ 0.71
where
« V,is the forward drop voltage of the output rectification diode (20)
The turn-off time duty cycle of the MOSFET is calculated as:
Dorr_act= 1-Don_act= 0.29 (21)
The average peak current (s a0 at the transformer secondary side is:
lsec_avgpk= lsec_avg / Dorr_ac= 180 mA / 0.29 = 620 mA 22)
The peak current at the transformer secondary side (I ) is calculated as:
2xlsec_av
Isec-pk: 2—DOFFth: 0.73 A (23)

The average current flowing into the transformer secondary side is 180 mA. Therefore, the RMS current at
the transformer secondary side (ls. ms) iS calculated as:

Isec_rms: Isec_avgpkx\ DOFF_act: 0.39A (24)

The average peak current (l,; a4k at the transformer primary side is calculated as:

_ Isec,avgpk_ 0.73 A_
|pri_avgpk= Nes 05 1.46 A

(25)

The peak current at the transformer primary side (1, ) is calculated as:
lon p= pp=ri= 24— 1.72 A (26)

The RMS current at the transformer primary side (I, .s) is calculated as:
lori.rms=ori_avgpk| Don_acr= 1:46%| 0.71= 1.23 A @7

The RMS current of the bias winding is selected as 50 mA according to the current limit of the internal
regulator. The turn ratio of the transformer bias winding to the secondary winding is selected as 1:1 for
better regulation. As the result, output voltage of the bias winding is Vbias = Vg, = 24 V.

F 7 details the specifications of the designed flyback transformer.

3 5. Flyback Transformer Specifications

PARAMETER SPECIFICATION
Qualification AEC-Q200 Grade 1 qualified
Safety insulation Reinforced
Power rating 42W
Input voltage 45V-42V
Switching frequency 100 kHz
Maximum output current 180 mA
(lout_max)
Maximum duty cycle 71%
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% 5. Flyback Transformer Specifications (continued)
PARAMETER SPECIFICATION
Primary-side inductance 35 puH £10% at 100 kHz
Leakage inductance < 2% of primary inductance
Parasitic capacitance <20 pF
primary to secondary
Output voltage and current 24 V at 180 mA average current
Auxiliary winding output 24 V at 50 mA
Turns ratio (Pri:Sec:Aux) 1:2:2
Peak current Primary 1.72 A
Secondary 0.8 A
RMS current Primary 1.2A
Secondary 350 mA

Tl recommends the automotive grade AEC-Q200 qualified flyback transformer YA9051-AL from CoilCraft
for the TPS40210-Q1-based design. The transformer features parasitic capacitance of 20 pF from primary
to secondary side.

2.3.4.3 Input Capacitors

The input capacitor must supply the input current during the input voltage dip from the 12-V battery. Input
capacitors are essential in limiting the ripple voltage while supplying most of the switch current during the
MOSFET switch on-time.

The input capacitance is calculated from 6-V minimum input voltage with 10% ripple:

pri_pk* D, 1.72 Ax0.75
L — pri_pk on ___ _
Cin= Faw*AVoppe 100 kx6 Vx10% 20 pF

(28)

2.3.4.4  Output Capacitors

The output capacitance ensures the converter have a small transient deviation to a step change of the

load transient. The minimum needed capacitance is calculated as to maintain the output voltage drop less

than 3% of the nominal voltage when the output current changes abruptly from the maximum to half (lg,):
lyep="5'="25""= 90 mA (29)
Varog= Voutx3% = 24 Vx1% = 0.24 V (30)

As any forward converters, the RHPZ limits the bandwidth of the flyback. The frequency of the RHPZ is
calculated as:

frupz= RourVn Ve 94 8 kHz

Lpgix21m
where
e Rgyris the load impedance
e Ly is the primary inductance of the transformer (31)

The bandwidth of the system is estimated as 1/5 of the RHPZ:
fbandwidth:%foHPZ:%x24-8 kHZ = 496 kHZ (32)

As the result, the output capacitance at bandwidth frequency is calculated as:

1 1
_— X =
COUtfm'n 2% Xfpangwidth  AVout / Alioadstep~ESRout 12 HF (33)

Therefore, a minimum of 12-uF capacitance is required for this design.
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2.3.45 RC Snubber Design

When the MOSFET turns off, a high-voltage spike occurs at the drain (switch node) because of the
leakage inductor of the main transformer and the parasitic capacitance in the circuit. The parasitic
capacitance is composed of 3 components: (1) output capacitance of the MOSFET, (2) junction
capacitance of the output diode which reflects to the primary side, (3) parasitic capacitance of the
transformer winding.

As the result, implementation of an RC snubber circuit is very important to avoid MOSFET from avalanche
breakdown and damage. ¥ 13 shows the schematic of the RC snubber circuit.

13. RC Snubber of the TPS40210-Q1 Flyback DC/DC Converter

D11
BAV21W-7-F

Voltage rating of the damping capacitance is calculated as:

Vgn= 3%nxV,,= 3%0.5%x24 V= 36 V (34)
The damping resistance (Rg,) is calculated as:
Rsn= . 2\/5“2 Ve =8.3 kQ
2 x le1 x Iprl_pk x VsN— n X Vout x FSW
where

e L, is the leakage inductance of the primary side
* |, is the peak current flowing into the transformer primary side

* V, is the voltage across the snubber capacitor. It is determined at the minimum input load and full-load
condition.

* Fgy is the switching frequency of the converter
* nis the turns ratio of the transformer primary to the secondary
e Vg is the output voltage (35)

A 5.6-kQ resistor is selected for higher power dissipation. The power rating of the damping resistor is
calculated as:

Pron— 1 xD =Y x0.2 = 0.05 W

Ren T56kQ
where
e Vg, is the voltage across the snubber capacitor. It is determined at the minimum input load and full-load
condition.
* D is the maximum duty cycle of the voltage spike. (36)

The damping capacitance is calculated as:

— Vsn _ 36 V _
CSN_ DVeyXRenXFow — 36 VX15%x5.6 kQx100 kHz — 11 nF (37)

The higher the damping capacitance is, the lower the voltage spike is, and the longer the voltage spike
duration will be.

Current flow through the freewheeling diode (D2) is calculated as:

22
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ip= ConX W= 6.8 nFx42V+05:24V__ 1 A
b SN at 0.3% 55 iz (38)

A Schottky diode with 200-V reverse blocking voltage, 0.2-A average current, and 2.5-A repetitive current
flow is chosen in this design.

2.3.4.6 Selection of MOSFETs

Selection of the MOSFET is very important for a high efficient, size optimized, and thermally enhanced
power supply design. The MOSFET drain-to-source breakdown voltage must be higher than the voltage
imposed on the switch node. The maximum drain-to-source voltage (Vs ma) is calculated as:

Vas_max= My *Vourt Vo Vin max= 66.7 V

where
e nis the safe margin which is normally 1.5 or 2 times of the nominal value
* N/N,is the turn ratio of the transformer primary winding to the secondary winding
e Vg is the output voltage
eV, is the forward voltage of the output diode
* Vi IS the maximum input voltage (39)

Therefore, a MOSFET with maximum drain-to-source voltage rating larger than 66.7 V must be chosen.
Calculations on losses are done at the 12-V nominal input because this is the condition under which the
MOSFET mostly works. Four components must be taken into account when selecting the MOSFET:

* On-state conduction losses
» Gate driver losses
* Switching losses

» Output capacitance losses

The CSD19538Q3A, 100-V, 15-A MOSFET is selected for this reference design. The conduction losses of
the MOSFET (P,,) are calculated as:
Pori= lb**Rpsion*Don= (0.63 AY’x59 mQx46.5% = 0.01 W

where
* |y is the conducting current during the turn-on of the switch
*  Rpsen is the channel resistance when the switch is turned on
e D, is the duty cycle at 12-V input (40)

The gate driver losses (Pg;..) are calculated as:
Parive= Qg*Varver*Fsw= 4.3 NCx8 Vx100 kHz = 0.003 W

where
* Qs the gate charge
* Ve IS the gate driver voltage
+ Fg, is the switching frequency (41)

Switching losses of the MOSFET (Ps,,) are calculated as:
I:)SW:%xFSWX(VDertrx|on+VDSf>(toffx|off) = 0.02wW

where
* Vpg is the drain-to-source voltage when MOSFET is switching at rising edge
e Vg is the drain-to-source voltage when MOSFET is switching at falling edge
e Fq is the switching frequency
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et is the switching rise time
* |, is the current built up level during turn on
* tyis the switching fall time
e | is the current level at the moment of turn off (42)
The output capacitance losses (P, are calculated as:
Peoss = 3 % Cass X Vps” X Fgw=0.003 W
where
* C,. Is the output capacitance of the MOSFET
V,s is the Drain-to-Source voltage when MOSFET is switching
* Fgqy is the switching frequency (43)
Therefore, the total losses in the MOSFET are calculated as:
Piota= PorntPswt Peoss= 0.01 WH+0.02 WH0.003 W= 0.023 W (44)

2.3.5 Buck Converter

The bias supply solution 3 implements a buck converter as the front stage and a push-pull transformer
driver supply as the following stage. The synchronous step-down DC/DC converter LM46002-Q1 with
integrated switch is selected as the front stage. It is capable of driving up to 2 A of load current from an
input voltage ranging from 3.5 V to 60 V.

2351 Switching Frequency

The switching frequency can be programmed by the impedance R, from the RT pin to ground. The
frequency is inversely proportional to the R; resistance. The LM46002-Q1 device is operated at 480-kHz
switching frequency in this design. R; is calculated as:
__ 40200 _ _
R=", ~0.6=83.2kQ (45)

2.3.5.2  Output Inductor

The buck converter inductance is calculated according to the switching frequency. The selected value
compromises between the size of the inductor and the peak-to-peak output ripple current. A higher
inductance gives lower ripple current, which then gives a lower output voltage ripple with the same output
capacitors. An inductance that gives a ripple current of 20% to 40% at the maximum current is a good
starting point. The minimum inductor value is calculated based on input voltage range, output voltage,

maximum output current, and the switching frequency:
(Vin—=Vour)*D o L < (Vin—Vour)xD

0.4 xFgy X loyr min = 0.2 xFgy X lour
where
eV, is the maximum input voltage in 12-V battery hominal condition
e Vg is the output voltage
e Fqy is the switching frequency
e lour is the output current
e D is the duty cycle at 16-V input (46)

Hence, the calculated inductance is between 10pH and 20uH. For this design, 18-uH inductance is
chosen. Besides the inductor size, the rated saturation current needs to be specified as:

— (Vin-Vour)*D
Ripple LxFgy (47)
| ipple
IL—peak: IOUT""% (48)
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Hence, the inductor peak current is calculated as 3.6 A. The MSS1260-183MLB from Coilcraft with 5.22-A
saturation current rating is selected for this design. A good practice is to use an inductor with the
saturation current around 1.5 to 2 times higher than calculated.

In general, it is preferable to choose lower inductance in switching power supplies, because it usually
corresponds to faster transient response, smaller DCR, and reduced size. However, inductance that is too
low leads to high-output voltage ripple with the same output capacitance. It also generates more
conduction loss because the RMS current is slightly higher relative that with a lower current ripple at the
same DC current. As the LM46002-Q1 device implements peak current mode control, it is not
recommended to have too small of an inductor current ripple. Enough of an inductor current ripple
improves the signal-to-noise ratio on the current comparator and makes the control loop more immune to
noise.

2.3.5.3  Output Capacitors

The value of output capacitors are calculated based on the maximum desired output voltage ripple, and
the transient response:

Cour 2 ¢ iy * [igerz X (14 (1= D)+ (1= D) x (14 1)

lout = Alout

where
e Alg; is the load step change
e AVq; is the target output voltage undershoot
e AlL is the inductor ripple current
oy is the output current (49)

As a result, the output capacitance should be larger than 20 pF. Two 22-uF ceramic capacitors are
connected in parallel to meet the requirement. The second requirement is the maximum ESR of the
capacitor, which is calculated from:

ESR< 50— x (125 +0.5)

Fsw*Cour

(50)

The maximum ESR is calculated to meet the required maximum output ripple. The equivalent ESR of the
output capacitors should be lower than 0.288 Q.

2.3.5.4 Loop Compensation

The LM46002-Q1 device is internally compensated with RC = 400 kQ and CC = 50 pF. The internal
compensation is designed such that the loop response is stable over the entire operating frequency and
output voltage range. Depending on the output voltage, the compensation loop phase margin can be low
with all ceramic capacitors. An external feed-forward cap Cg: is recommended to be placed in parallel with
the top resistor divider RFBT for optimum transient performance.

K 14. Feed-Forward Capacitor for Loop Compensation

Vour
Rest ICFF
ﬁ\ Rres
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2.3.6

Cke is chosen such that the phase margin is boosted at the crossover frequency. The crossover frequency
without C.- can be calculated as:

F,—= - Blouor
X ™ 2%xWxAVour X Cour (51)

The C.: should be selected such that the bandwidth of the control loop without the CFF is centered
between the zero and pole frequencies caused by the feedforward capacitor. Therefore:
CFF — 1 X 1

2xmxFy \;RFBTX(RFET [ Regs) (52)

A 100-pF feedforward capacitor is selected for this design.

The LM46002 device needs a bootstrap capacitor between CBOOT and the SW pin. The recommended
bootstrap capacitor is 0.47 pF and rated at 50 V. The bootstrap capacitor must be a high-quality ceramic
type with X7R or X5R grade dielectric for temperature stability.

The VCC pin is the output of an internal LDO for the LM46002 device. The input for this LDO comes from
either V,, or bias. To ensure stability of the part, a minimum of a 2.2-uF, 10-V capacitor is connected from
VCC to ground.

SN6505-Q1 Push-Pull Transformer Driver

The second stage implements a push-pull transformer driver to transfer power from the primary side to the
secondary side. [% 15 shows the converter operation theory.

15. Push-Pull Converter Theory of Operation

VIN

CR1

CR2

VOUT

Ru

VIN

CR1

Vour

Ry

CR2
O O
\‘) Q2 Q1 &7 Q2 j Q1

When Q1 conducts, current is sourced from VIN into the ground through the lower half of the transformer
primary, this creates a potential at the lower half of the primary winding with the primary center tap as the
positive. This voltage transfers to the transformer secondary according to the transformer polarity and
turns ratio. CR1 is now forward-biased and CR2 is reverse-biased, causing a current to flow through the
upper half of the secondary winding. Similarly, when Q2 conducts, the transformer primary and secondary
polarities reverse. CR1 is reverse-biased and CR2 is forward-biased, which causes a current to flow from
the bottom half of the secondary through CR2 into the load. Q1 and Q2 switch alternatively, with
approximately 50% duty cycle to transfer power from the primary to the secondary of the transformer.

Before either switch is turned ON, there must be a short period during which both transistors are high
impedance. This short period, known as break-before-make time, is required to avoid shorting out both
ends of the primary.

26
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The SN6505-Q1 push-pull transformer driver has integrated MOSFET switches. The positive temperature
co-efficient of these switches has a self-correcting effect on the V-t imbalance. During a slightly longer on-
time, the prolonged current flow through a FET gradually heats the MOSFET, which leads to an increase
in Rpsen- The higher resistance then causes the drain-source voltage, VDS, to increase. Because the
voltage at the primary is the difference between the constant input voltage, VIN, and the voltage drop
across the MOSFET is gradually reduced and V-t balance is restored.

2.3.6.1  Power Supply Specification

Specifications of the designed push-pull power supply are summarized in & 6. ¥ 16 shows the designed
schematic. The required external discrete components are: center-tapped transformer, rectifier diodes,
and input and output bulk capacitors.

% 6. Push-Pull Transformer Driver Power Supply Specifications

PARAMETER SPECIFICATION
Input voltage 5V +5%
Output voltage +15V, -8V
Output current 180 mA
Output voltage ripple < 200 mV peak to peak at full load
Output power 414 W

& 16. Push-Pull Transformer Driver Power Supply Schematic

- D27 +15V 170mA Max +15V Iso

2 1 3 12 4 -

vcc D1 @
L > fen 02 3 MBRO540T1G I _L
6 4 2 @ ® 5 R39 0 luF TC

PGND PGND

——c44 D28 cas
10pF

SN6505BQDBVRQ1

-

DG 10pF ) o R722.1k

750342879
MBROS40T1G vz ——cis

= R8 0.1uF
PGND ™TL431QDBZT 10.0K

10pF Tw uF

>—||—<

-8V 170mA Max

2.3.6.2 Transformer Design

The input peak current was calculated from 43 53. The factor 0.97 accounts for typical transformer

power transfer efficiency.

_ Pou_max/n 4.32 W/0.97
Iin_peak— \/lin_mm 4.75 V =882 mA

where
*  Pouma IS the maximum output power
* Vi iS the minimum input voltage (53)

The SN6505-Q1 device switches the internal dual MOSFETs with approximately 50% duty cycle each.
Therefore, the AC current flowing through transformer primary (l,;) can be calculated from:

Im_peak . 882 A .
Ipri: s = % =441 mA (54)

The transformer turns ratio (N,) is calculated from:
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_ Vori _ 5V 4.
NPS_ Vsecjrvf T 23V+035V T 1:4.67
where
* V. is the voltage across the secondary winding
e V,is the forward voltage of the diode
* V,;is the voltage across the primary winding (55)

The V-t product of the transformer must be greater than Vt,,,. Failure to meet these criteria will lead to
transformer core saturation:

Vtmin: VIN_max x Tpoo — Yinomac . 5 VX105 _ 8.75V us

2 2%Fp,  2%x300 kHz
where

* Viy_ma IS the maximum input voltage

e F.n is the minimum switching frequency (56)

The 750342879 transformer from Wurth Electronics is selected for this design. & 7 summarizes the
specifications.

% 7. Push-Pull Transformer Specifications

PARAMETER SPECIFICATION

Turns ratio (6 — 4):(1 - 3) 35:1, 2%

DC resistance (1 — 3) 0.33 Q maximum at 20°C

DC Resistance (6 — 4) 0.75 Q maximum at 20°C

Inductance (1 - 2) 50-pH minimum at 100 kHz, 10 mVac
Dielectric (1 — 6) 5000 Vgys, 1 minute

Operating temperature range -40°C to 125°C

Clearance distance 8 mm

2.3.6.3 Rectifier Diode

To increase the efficiency of the push-pull forward converter, the forward voltage drop of the secondary
side rectifier diodes must be minimized. This design implements the SN6505B version which has the high-
switching frequency and the diodes are subject to excessive reverse recoveries. Schottky diodes are
selected as they meet the requirements of low forward-voltage drop and fast recovery time. The diode
should withstand a reverse voltage of twice the output voltage.

The forward current flowing through the diode is the rated output current which is 180 mA. The reverse
blocking voltage of the diode is calculated as:
Vo= Vou+ Vi x = =36 V

3

(67)

Two 40-V, 500-mA Schottky diodes are chosen for this design.

2.3.6.4  Capacitor Selection

Considering two 22-uF ceramic capacitors being placed at output of the buck converter, one ceramic
bypass capacitor of 100 nF is placed as close as possible to the V. pin for high frequency noise filtering.

The output capacitor is required to filter the output ripple. The output ripple specification is calculated as:
AV=Vy; x10%=23 Vx1%=0.23 V (58)

The required peak current which is delivered to the gate driver is 20 A, according to the isolated gate
driver board. The required capacitance is calculated as:
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Cx =13 |F

(59)

Considering it could also be used to drive SiC MOSFETs with higher total gate charge, a total of two 10-
MUF ceramic capacitors are connected in parallel at the positive and negative supply outputs.

2.3.6.5

Generation of the Negative Supply

The power supply output is separated into the positive rail of +15 V and the negative rail of -8 V through
the TL431-Q1 device which reacts as a shunt regulator. [%| 17 shows the schematic.

K 17. Generation of Negative Voltage Rail Through TL431-Q1 Shunt Reference

+15V_Iso

*R39

lClG

0.1uF

10pF 10pF

L1
T T8

——C45

10pF

~

u2

“ITL431QDBZT

R722.1k

R8

-

[o]}

1SO_(
—c18 Ca6 c19
0.1uF | 10pF 10pF

ND

10.0k

-8V_lso

To program the cathode voltage to a regulated voltage, a resistive bridge is shunted between the cathode
and anode pins with the mid-point tied to the reference pin. The cathode voltage is calculated as:
Vieg= (14 §2) x Vigr= (14 212y x2 5V =8 V

(60)
For this equation to be valid, the TL431-Q1 device must be fully biased so that it has enough open loop
gain to mitigate any gain error. The cathode current is set to:

. Vout_vneg . 23 V—8 V .
R3g 154 kQ T 0.97 mA

Icat -

(61)
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3 Hardware, Testing Requirements, and Test Results

3.1 Required Hardware

18 shows the inverter power stage board and connectors pin description. The placement of
components and corresponding circuits are also described. 4] 19 shows the PCB board image of
LM5180-Q1 based flyback converter from top side and bottom side, respectively. The input and output
connectors are indicated.

18. Power Stage and Connectors Pin Description

High Side Gate Driver DC Bus Voltage Sense

Connectors to
Bias Supply

NTC Temp
Sense

|vcc1 ||TRO_P|Bus_|| FU ” FL || F

|GND1 "TRO_NIBUS_P” RST “INU+ || INL+ |

Low Side Gate Driver

19. LM5180-Q1 Based Flyback PCB Board

Transformer
A "% il %~ Connectors to power stage
LM5180-Q1 TPS3700-Q1 I e - o
= o’ oy 28
= o5 M2t
== % o B
O 08 &'qu
1 LM74700-Q1 2
_/ SW U High Voltage @
0000
. R13 TiDA.020015E1 213
'R23 e ¥
c2
Top Side Bottom Side

20 shows the LM5180-Q1 based flyback PCB board connected to the power stage.
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A 20. LM5180-Q1 Based Bias Supply Connected to the Power Stage

21 shows the PCB board image of TPS40210-Q1 based flyback converter from top side and bottom
side, respectively.

K 21. TPS40210-Q1 Based Flyback PCB Board Image
TPS40210-Q1  Transformer Connectors to power stage

=1
@ @ see vo0

Top side Bottom side

22 shows the PCB board image of buck with push-pull power supply from top side and bottom side,
respectively.

K 22. Buck With Push-Pull Power Supply PCB Board

SNB505-Q1 Transformer Connectors to power stage

LM46002-Q1

Top side Bottom side

23 shows the buck with push-pull converter board implemented on top of the power stage and
connected with the IGBT module.

ZHCUB54—April 2019 HF 3 Fl IGBTISIC & IR T7 RN HEVIEV 52 5] 10 B 8 TR S i 31

TIDUEO7 — http://www-s.ti.com/sc/techlit/TIDUEO7
Jikl © 2019, Texas Instruments Incorporated


http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUEO7.pdf

13 TEXAS

INSTRUMENTS

Hardware, Testing Requirements, and Test Results www.ti.com.cn
B 23. Buck With Push-Pull Bias Supply Connected to the Power Stage
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3.2 Testing and Results

3.21 Low-Voltage Tests on the LM5180-Q1 Flyback Converter

This section presents the experimental results of the bias supply solution 1 which is the flyback converter

based on the LM5180-Q1 device.

3.211 Startup

The start-up waveforms of the flyback converter designed with the LM5180-Q1 device are measured
under 5- and 12-V inputs, respectively. The 15-V and —9-V rails are measured separately.

24. Start-up Waveform of the 15-V Rail With V,y =5 V and no Load
(Bias Supply With LM5180-Q1)

Measure P1:ampl(C3) P2:ampl(C4)
value 5.030Vv 15.262V

status v

2.00 Vidiv| 5.00 Vidiv
0 mV offset -10.300V

P5:- - - P6--- P7:--- P8---

imebase -4.6 mg [Trigger [C3]
5.00 ms/div| Stop 280V
1.00MS 20MS/sjEdge Positive|

From top to bottom: CH3: input voltage 2 V/div, CH4: output voltage 5 V/div, 5 ms/div

ZHCU654-April 2019
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K 25. Start-up Waveform of the —9-V Rail With V,, =5V and no Load
(Bias Supply With LM5180-Q1)

H H &
Measure P1:ampl(C3) P2:ampl(C4) P3freq(C4) P4:min(C4) P5:---
value 5035V 7.689V
status v v

2.00 Vidiv 5.00 Vidiv|
0 mV offsel -5.000 V ofst

P6:--- P7:--- P8:---

imebase -4.6 mg (Trigger [C3])
5.00 ms/div| Stop 280V
100MS 20MS/s|Edge Positive]

From top to bottom: CH3: input voltage 2 V/div, CH4: output voltage 5 V/div, 5 ms/div

26. Start-up Waveform of the 15-V Rail With V,, =12 V and 180-mA Load
(Bias Supply With LM5180-Q1)

A
Measure P1:ampl(C3) P2:ampl(C4) F3freq(C4) P4:min(C4) P5:---
value 12.001V 15.085V
status v v

5.00 V/div| 5.00 Vidiv
0 mV offset] -11.000 V|

P6:--- PT:--- P8:---

base  -4.44 mg [Trigger [C3]
2.00 ms/div] Stop 280V
1.00MS 50 MS/s|Edge  Positive]

From top to bottom: CH3: input voltage 5 V/div, CH4: output voltage 5 V/div, 2 ms/div
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K 27. Start-up Waveform of the —9-V Rail With V,, = 12 V and 180-mA Load
(Bias Supply With LM5180-Q1)

H — H

Measure P1:ampl(C3) P2:ampl(C4) P3freq(C4) P4:min(C4) P5--- P6:--- P7:--- P8:---
value 11.964 V 7891V

status v v

base  -4.60 mg (Trigger [C3])
5.00 V/div| 5.00 Vidiv 2.00 ms/div] Stop 280V
0 mV offset -5.000 V ofst 1.00MS 50 MS/s|Edge Positive]

From top to bottom: CH3: input voltage 5 V/div, CH4: output voltage 5 V/div, 2 ms/div
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3.2.1.2 Power Down

The power-down waveforms of the flyback converter designed with the LM5180-Q1 device are measured
under 5- and 12-V inputs, respectively. The 15-V and —9-V rails are measured separately.

K 28. Power-Down Waveform of the 15-V Rail With V,, = 12 V and no Load

(Bias Supply With LM5180-Q1)

F

Meastire PlampliC3) PZampl(C4)  P3freq(C4)  P4:min(C4) P5--- PB--- PB---
value 12110V 14655

status v v

5.00 Vidiv| 5.00 Vidiv
0 mv orfsel -17.000 V]

From top to bottom: CH3: input voltage 5 V/div, CH4: output voltage 5 V/div, 10 ms/div

K 29. Power-Down Waveform of the —9-V Rail With V,y = 12 V and no Load

(Bias Supply With LM5180-Q1)

12

O

A
Measure P1:ampl(C3) P2:ampl(C4) F3freq(C4) P4:min(C4) P5--- P6:---
value 12124V 7649V
status v v

5.00 Vidiv 5.00 Vidiv|
0 mV offset] -8.100 V of st

From top to bottom: CH3: input voltage 5 V/div, CH4: output voltage 5 V/div, 10 ms/div

base  -19.2 mg [Trigger [C3]
10.0 ms/div| Stop 260V
1.00MS 10 MS/s|Edge Negative
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3.2.1.3 Switch Node and Output Voltage Ripple

The switch node and output voltage ripple of the flyback converter designed with the LM5180-Q1 device

are measured under 5-, 12-, and 18-V inputs, respectively. The +15-V and —9-V rails are measured
separately.

K 30. Switch Node and Output Ripple of the 15-V Rail With V,, =5 V and no Load
(Bias Supply With LM5180-Q1)

12

12

€

Measure P1:ampl(C3) P2:ampl(C4) F3freq(C4) P4:min(C4) P5:--- P6:- - - PT:--- Pg:---
value 2024V 214 mv
status v A

base -4.6000ms (Trigger (8
10.0 Vidiv 10.0 mVidiv| 500 psidiv|Stop 234V
0.00 Voffset -20.00mV/ 250kS 5.0 GS/s|Edge  Positive
From top to bottom: CH3: switch node 10 V/div, CH4: output voltage ripple 10 mV/div, 5 ps/div

K 31. Switch Node and Output Ripple of the 15-V Rail With V,, =5V and 85-mA Load
(Bias Supply With LM5180-Q1)

CE_
A l ! ! l !
Measure P1:ampl(C3) P2ampl(C4)  P3freq(C4)  P4:min(C4) P5:--- P6:--- P7:--- Pg:---
value 508V 104.9 mV
status 3 v

base -4.6000mg [Trigger [C3]
10.0 V/div| 100 mV/div| 10.0 ps/div] Stop 234V
-9.70 V of st -273.0mV)| 500 kS 5.0GS/s|Edge  Positive

From top to bottom: CH3: switch node 10 V/div, CH4: output voltage ripple 100 mV/div, 10 ps/div
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K 32. Switch Node and Output Ripple of the —-9-V Rail With V,, =5 V and no Load
(Bias Supply With LM5180-Q1)

<
Measure FiampliC¥} FZampl{C4) F2:freq(C4; P4:min{C4} P5--- PE:--- P7--- P8---
value 2037V 336mv
status U4 A

From top to bottom: CH3: switch node 10 V/div, CH4: output voltage ripple 20 mV/div, 5 ps/div

K 33. Switch Node and Output Ripple of the —9-V Rail With V,, =5V and 85-mA Load
(Bias Supply With LM5180-Q1)

J i i i
Measure FlampliC3} P2ampl(C4) F3freqiC4y Fa:min(C4} Bhoms Pez-= Piz-= P8---
valle 515V 168 mv
status A, o

10.0 isf
5.0 G55} Edg

From top to bottom: CH3: switch node 10 V/div, CH4: output voltage ripple 100 mV/div, 10 ps/div
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K 34. Switch Node and Output Ripple of the 15-V Rail With V,, =12 V and no Load
(Bias Supply With LM5180-Q1)

E—
= b
c4
d i ]
Measure P1:ampl(C3)  P2:ampl(C4)
value 360V 495 mvV
status A A

10.0 V/div| 20.0 mV/div|
-4.30 V ofst -31.00mV|

P3freq(C4)  P4min(C4) P5--- P6--- P7--- P8:---

base -4.6000m9 (Trigger [C5]
10.0 ps/div] Stop 259V
500 kS 5.0GS/sjEdge  Positive|

From top to bottom: CH3: switch node 10 V/div, CH4: output voltage ripple 20 mV/div, 10 ps/div

35. Switch Node and Output Ripple of the 15-V Rail With V,, =12 V and 180-mA Load
(Bias Supply With LM5180-Q1)

19

P

Measure P1:ampl(C3) P2:ampl(C4)
value 2655V 183 mv
status v A

20.0 V/div| 100 mV/div|
0.00 V offset] -241.0mV

P3:freq(C4) P4:min(C4) P5--- P6:--- P7:--- P8---

base -4.6000 m9 (Trigger [C3]
5.00 ps/div] Stop 234V
250 kS 5.0 GS/s|Edge  Positive

From top to bottom: CH3: switch node 20 V/div, CH4: output voltage ripple 100 mV/div, 5 ps/div

ZHCU654-April 2019
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K 36. Switch Node and Output Ripple of the —=9-V Rail With V,, =12 V and no Load
(Bias Supply With LM5180-Q1)

[x]

-

Measure FP1ampliC¥} FZampl{C4) F2:freq(C4; P4:min{C4} P5--- PE:--- P7---
value 361V 228 mv
status A A

From top to bottom: CH3: switch node 10 V/div, CH4: output voltage ripple 10 mV/div, 5 ps/div

i 37. Switch Node and Output Ripple of the —9-V Rail With V,y, =12 V and 180-mA Load

(Bias Supply With LM5180-Q1)

€

Measure P1:ampl(C3) P2:ampl(C4) F3freq(C4) P4:min(C4) P5:--- P6:--- PT:---
value 2658V 156 mv
status v i

20.0 V/div| 100 mV/div|
-1.00 V ofst] -266.0mV

From top to bottom: CH3: switch node 20 V/div, CH4: output voltage ripple 100 mV/div, 5 ps/div

base -4.6000 m9 (Trigger [C3]
5.00 ps/div] Stop 14.0V
250 kS 5.0 GS/s|Edge  Positive

40
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K 38. Switch Node and Output Ripple of the 15-V Rail With V,, =18 V and no Load
(Bias Supply With LM5180-Q1)

12

P
Measure

value 423V
status A

20.0 V/div| 20.0 mV/div|
0.00 Voffset -43.00 mV|

P1:ampl(C3) P2:ampl(C4)
494 mv

P4:min(C4) P5:--- P6:- - - PT:--- P8---

base -4.6000m9 (Trigger [C5]
5.00 ps/div] Stop 246V
250 kS 5.0GS/sjEdge  Positive|

P3freq(C4)

R

From top to bottom: CH3: switch node 20 V/div, CH4: output voltage ripple 20 mV/div, 5 ps/div

39. Switch Node and Output Ripple of the 15-V Rail With V,, =18 V and 180-mA Load

19

O

s

(Bias Supply With LM5180-Q1)

Measure P1:ampl(C3) P2:ampl(C4) F3freq(C4) P4:min(C4) P5:--- P6:- - - PT:--- P8:---
value 3283V 129 mv
status v E

20.0 V/div| 100 mV/div|
0.00 V offset] -250.0mV

base -4.6000 m9 (Trigger [C3]
5.00 ps/div] Stop 246V
250 kS 5.0 GS/s|Edge  Positive

From top to bottom: CH3: switch node 20 V/div, CH4: output voltage ripple 100 mV/div, 5 ps/div
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K 40. Switch Node and Output Ripple of the —=9-V Rail With V,, =18 V and no Load
(Bias Supply With LM5180-Q1)

18

12

€

Measure P1:ampl(C3) P2:ampl(C4) P3freq(C4) P4:min(C4) P5:--- P6:--- P7:--- P8:---

value 434V 65.0 mv
status A A

base -4.6000mg [Trigger [C3]
20.0 V/div| 20.0 mV/div| 5.00 ps/div] Stop 246V
2.00 Voffset] -46.00 mV| 250 kS 5.0GS/s|Edge  Positive

From top to bottom: CH3: switch node 20 V/div, CH4: output voltage ripple 20 mV/div, 5 ps/div

41. Switch Node and Output Ripple of the —9-V Rail With V,, = 18 V and 180-mA Load

(Bias Supply With LM5180-Q1)

Measure P1ampl(C3} P2:ampl(C4} F2:freq(C4; P4:min{C4} P5--- Pg:--- P?--- P8:---

value 3327V 1421 my
status o A

i 50.0 mVidiv]
“126.00mY

From top to bottom: CH3: switch node 20 V/div, CH4: output voltage ripple 50 mV/div, 2 ps/div

42
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3.214 Efficiency

42 shows the measured efficiency of the flyback converter designed with the LM5180-Q1 device over
the full-load range. As can be seen, around 86% peak efficiency is achieved with the input voltages of 5 V,
12 V, and 18 V, respectively.

42. Measured Efficiency Under Input Voltages of 5V, 12 V, and 18 V

Efficiency (%)

87.5
85
825
80
77.5
75
725
70
67.5
65
62.5
60
575
55

(Bias Supply With LM5180-Q1)

— —

'
/IR

v/

/

/
/ _V|N:12V
/ — Vin=5V
— V|N:18V

0.005 0.025 0.045 0.065 0.085 0.105 0.125 0.145 0.1650.181

3.2.1.5 Load Regulation

Output Current (A)

Load regulation measurements show the % deviation from nominal output voltage as a function of output
current. The measured result of the flyback converter designed with LM5180-Q1 is shown in [¥| 43. The
load regulation is measured with the input voltages of 5 V, 12 V, and 18 V, respectively.

43. Load Regulation Under Input Voltages of 5V, 12 V, and 18 V (Bias Supply With LM5180-Q1)

Output Voltage (V)

23

22.8

22.6

224

22.2

22

21.8

216

—
??\\\
\ \
\ — sy
‘ Y

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Output Current (A)
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3.2.1.6 Load Transients

This section shows the load transient measurements of the flyback converter designed with the LM5180-
Q1 device. The load transient response presents how well a power supply copes with the changes in the
load-current demand. During the test, the load is switching from 0 to full under input voltages of 5V, 12 V,
and 18 V, respectively.

44. Load Transient Response of the 15-V Rail Under V,, =5V and lo,; Switching
Between 0 and 80 mA (Bias Supply With LM5180-Q1)

i
Measure P1:ampl(C3) P2:max(C2) P3:min(C2) P4:min(C4) P5--- PG:--- PT--- P8:---
value 72.33mV 309mv -990 mv
status v v v

Timebase -186 mg [Trigger [C3]
200 mVi/div| 50.0 mV/div 50.0 ms/divfStop  19.0 mV|
390.0mV| -161.00mV| 1.00MS 20MS/sjEdge Negative

From top to bottom: CH2: output voltage 200 mV/div, CH3: load current 500 mA/div, 50 ms/div
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45, Load Transient Response of the —9-V Rail Under V,y =5 V and lo,; Switching
Between 0 and 80 mA (Bias Supply With LM5180-Q1)

18

i
Measure P1:ampl(C3) P2:max(C2) P3:min(C2) P4:min(C4) P5--- P6:--- PT--- P8:---
value 72.05mvV 481 mv -219mvV
status v v v

imebase -186 mg [Trigger [C3]
200 mVidiv 50.0 mVi/div 50.0ms/div|Stop  19.0mV|
180.0mV| -161.00mV 1.00MS 20MS/s|Edge Negative
From top to bottom: CH2: output voltage 200 mV/div, CH3: load current 500 mA/div, 50 ms/div

46. Load Transient Response of the 15-V Rail Under V,, = 12 V and lo,; Switching
Between 0 and 180 mA (Bias Supply With LM5180-Q1)

18
i

A
Measure P1:ampl(C3) P2:max(C2) P3:min(C2) P4:min(C4) P5:--- P6:--- P7:--- P8:---
value 1641 mV 395mv -1.974V
status v v v

imebase -186 mg|[Trigger [C3]
500 mVi/div| 100 mV/div| 50.0 ms/div| Stop 20 mV
1.0900 V| -300.0 mV| 1.00MS 2.0MS/sjEdge Negative

From top to bottom: CH2: output voltage 500 mV/div, CH3: load current 1 A/div, 50 ms/div
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K 47. Load Transient Response of the —9-V Rail Under V,, = 12 V and Iy, Switching
Between 0 and 180 mA (Bias Supply With LM5180-Q1)

AN
-4
i | } }
Measure P1:ampl(C3) P2:max(C2) P3:min(C2) P4:min(C4) P5:--- P6:--- P7:--- P8:---
value 164.6 mv 1.160V -283mv
status v v v

imebase -186 mg [Trigger [C3)
500 mVi/div 100 mVidiy| 50.0msidiv|Stop 33 mV
520.0mV| -300.0mV 1.00MS 20MS/s|Edge Negative
From top to bottom: CH2: output voltage 500 mV/div, CH3: load current 1 A/div, 50 ms/div

48. Load Transient Response of the 15-V Rail Under V,, = 18 V and lo,; Switching
Between 0 and 180 mA (Bias Supply With LM5180-Q1)

1AV
e
A
Measure P1:ampl(C3) P2:max(C2) P3:min(C2) P4:min(C4) P5:--- P6:- - - PT:--- P8:---
value 178.9 mv 1.00V 241V
status v v v

imebase -186 m9 [Trigger [C3]
1.00 Vidiv 100 mV/div| 50.0ms/div|Stop  122mV
1.940 V of st -297.0mV 1.00MS 2.0MS/s|Edge Negative|

From top to bottom: CH2: output voltage 1 V/div, CH3: load current 1 A/div, 50 ms/div
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K 49. Load Transient Response of the —9-V Rail Under V,, = 18 V and Iy, Switching
Between 0 and 180 mA (Bias Supply With LM5180-Q1)

1AV
-
i H H H
Measure P1:ampl(C3) P2:max(C2) P3:min(C2) P4:min(C4) P5--- P6:--- P7:--- P8:---
value 1786 mv 1219V -473mV
status v v v

imebase -186 m9 (Trigger [C3]
500 mVi/div| 100 mVidiv| 50.0 ms/div| Stop 122mV|
440.0mV| -297.0mV/| 1.00MS 20MS/s|Edge Negative

From top to bottom: CH2: output voltage 500 mV/div, CH3: load current 1 A/div, 50 ms/div
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3.2.1.7 Voltage Ripple While Switching IGBT

The flyback converter designed with the LM5180-Q1 device is connected to the isolated gate drivers
(1ISO5852S-Q1) and the 1200-V IGBT module (FF150R12MS4G) for checking the voltage ripple during the
switching transients. The IGBTs are switched at 20- and 50-kHz frequencies, respectively.

K 50. Voltage Ripple of the 15-V Rail While Switching the IGBT Module at 20 kHz
(Bias Supply With LM5180-Q1)

A
Measure P1freq(C2) P2:max(C2) P3:min(C2) P4:ampl(C1) P5:--- P6:- - - P7:--- P8:---
value 20.01593 kHz 150V -89V 185 mv
status v v v R

imebase 0 ps] [Trigger [C2]
100 mVidiv 10.0 Vidiv Stop 3.0V
196.0mv]  -19.90 V ofst 500kS  1.0GS/is|Edge Negative
From top to bottom: CH1: output voltage 100 mV/div, CH2: gate PWM signal 10 V/div, 50 ps/div

K 51. Voltage Ripple of the —9-V Rail While Switching the IGBT Module at 20 kHz
(Bias Supply With LM5180-Q1)

EUNUNINNNINUNN

H H H H i H
Measure P1freq(C2) P2:max(C2) P3:min(C2) P4:ampl(C3) P5--- PG:--- PT--- P8:---
value 20.01875kHz 15.0V -89V 95 mv
status v v v A

imebase 0 ps| [Trigger [C2]
100 mVidiv| 10.0 Vidiv| 50.0 ps/div] Stop 3.0V
145.0 mV| -19.90 V ofst 500 kS 1.0 GS/sjEdge Negative

From top to bottom: CH1: output voltage 100 mV/div, CH2: gate PWM signal 10 V/div, 50 ps/div
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K 52. Voltage Ripple of the 15-V Rail While Switching the IGBT Module at 50 kHz
(Bias Supply With LM5180-Q1)

O
[¥

H H H H i H
Measure P1freq(C2) P2:max(C2) P3:min(C2) P4:ampl(C3) P5--- PG:--- P7:--- P8:---
value 49.94883 kHz 151V -89V 126 mv
status v v v A

imebase -400 ng (Trigger [C2]
100 mV/div| 10.0 Vidiv| 20.0 ps/div] Stop 30V
182.0mV| -19.90 V ofst 100MS 50GS/s|Edge Negative

From top to bottom: CH1: output voltage 100 mV/div, CH2: gate PWM signal 10 V/div, 20 ps/div

53. Voltage Ripple of the —9-V Rail While Switching the IGBT Module at 50 kHz
(Bias Supply With LM5180-Q1)

[
Measure P1freq(C2) P2:max(C2) P3:min(C2) P4:ampl(C3) P5--- P6:- - - P7:--- P8:---
value 4994972 kHz 151V -89V 138 mv
status v v v R

imebase -400 ng [Trigger [C2]
100 mV/div| 10.0 Vidiv| 20.0 ps/div] Stop 30V
182.0mV| -19.90 V ofst 1.00MS 5.0 GS/s|Edge Negative)

From top to bottom: CH1: output voltage 100 mV/div, CH2: gate PWM signal 10 V/div, 20 ps/div
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3.2.1.8 Thermal Image

The thermal of the flyback converter designed with the LM5180-Q1 device is measured under the full-load
conditions. The circuit runs at the room temperature for 30 minutes. A 12-V nominal voltage is applied.
The converter is loaded with 180 mA. |¥| 54 shows the thermal image of the board.

i 54. Thermal Image With V,y = 12 V and Igyr = 180 mA (Bias Supply With LM5180-Q1)
r53.9

-25.6

T1: Flyback transformer, D8 and D5: secondary rectification diode
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3.2.2 Low-Voltage Tests on the TPS40210-Q1 Flyback Converter

This section presents the experimental results of the bias supply solution 2 which is the flyback converter
based on the TPS40210-Q1 device.

3.221 Startup

The startup waveforms of the flyback converter designed with the TPS40210-Q1 device are measured
under 5- and 12-V inputs, respectively. The +15-V and —9-V rails are measured separately.

K 55. Start-up Waveform of the 15-V Rail With V,, =5 V and no Load

(Bias Supply With TPS40210-Q1)

Measure

value
status

2.00 Vidiv 10.0 V/div|
0 mV offset -25.000 V

H ‘4 H
P1.ampl(C4) P2:ampl(C2) P3:min(C2) P4:min(C4) P5--- PG:--- P7.--- Pg---

5156V
v

imebase  -97 mg| [Trigger [C2]
50.0 ms/div| Stop 226V
1.00MS 2.0MS/sjEdge Positive|

From top to bottom: CH2: input voltage 2 V/div, CH4: output voltage 10 V/div, 50 ms/div
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K 56. Start-up Waveform of the —9-V Rail With V,, =5V and no Load
(Bias Supply With TPS40210-Q1)

H i H H I H

Measure P1.ampl(C4) P2:ampl(C2) P3:min(C2) P4:min(C4) P5:--- P6:--- P7:--- P8:---
value 8775V 5145V

status v v

imebase -148 mg (Trigger [C2]
2.00 Vidiv| 5.00 Vidiv 50.0 ms/div| Stop 226V
0 mV offset -5.200 V ofst 100MS 20MS/s|Edge Positive

From top to bottom: CH2: input voltage 2 V/div, CH4: output voltage 5 V/div, 50 ms/div

57. Start-up Waveform of the 15-V Rail With V=12 V and 180-mA Load
(Bias Supply With TPS40210-Q1)

i

Measure P1ampl(C4) P2ampl(C2)  P3min(C2)  P4:min(C4) P5:--- P6:--- P7--- P8---
value 1426V 11878V

status v v

imebase -97 mg [Trigger [C2]
5.00 Vidiv| 10.0 Vidiv| 50.0 ms/div| Stop 225V
200 mV of st -25.000 V 1.00MS 20MS/s|Edge Positive

From top to bottom: CH2: input voltage 5 V/div, CH4: output voltage 10 V/div, 50 ms/div
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Kl 58. Start-up Waveform of the —9-V Rail With V,, = 12 V and 180-mA Load
(Bias Supply With TPS40210-Q1)

i Js
I
i H H
Measure P1.ampl(C4) P2:ampl(C2) P3:min(C2) P4:min(C4) P5--- P6:--- P7:--- P8:---
value 8589V 12.019V
status v v

imebase -148 mg (Trigger [c2]
5.00 Vidiv| 5.00 Vidiv 50.0 ms/div| Stop 225V
0 mV offset -5.200 V ofst 1.00MS 20MS/s|Edge Positive

From top to bottom: CH2: input voltage 5 V/div, CH4: output voltage 5 V/div, 50 ms/div
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3.2.2.2 Power Down

The power down waveforms of the flyback converter designed with the TPS40210-Q1 device are
measured under 5- and 12-V inputs, respectively. The +15-V and —9-V rails are measured separately.

Kl 59. Power-Down Waveform of the 15-V Rail With V,, =12 V and no Loa
(Bias Supply With TPS40210-Q1)

12

H i H H H
Measure P1.ampl(C4) P2:ampl(C2) P3:min(C2) P4:min(C4) P5:--- P6:--- P7:--- P8:---
value 1491V 11.922v
status v v

base -60.0 mg| [Trigger [C2]
5.00 Vidiv| 10.0 Vidiv 200msidiv|Stop 450V
0 mV offset| -30.000 V| 1.00MS 5.0MS/sjEdge Negative
From top to bottom: CH3: input voltage 5 V/div, CH4: output voltage 10 V/div, 20 ms/div

K 60. Power-Down Waveform of the —9-V Rail With V,y, = 12 V and no Load
(Bias Supply With TPS40210-Q1)

H i H H H
Measure P1.ampl(C4) P2:ampl(C2) P3:min(C2) P4:min(C4) P5--- P6:--- P7:--- P8:---
value 8670V 11.926 vV
status v v

base  -60.0 mg [Trigger [C2]
5.00 Vidiv| 5.00 Vidiv 20.0 ms/div] Stop 450V
0 mV offset -8.400 V ofst 100MS 50MS/s|Edge Negative

From top to bottom: CH3: input voltage 5 V/div, CH4: output voltage 5 V/div, 20 ms/div
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3.2.2.3 Switch Node and Output Voltage Ripple

The switch node and output voltage ripple of the flyback converter designed with the TPS40210-Q1 device
are measured under 5-, 12-, and 18-V inputs, respectively. The 15-V and —9-V rails are measured
separately.

K 61. Switch Node and Output Ripple of the 15-V Rail With V,y =5V and no Load
(Bias Supply With TPS40210-Q1)

L .

18

12
‘_ﬁ

A
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4:min(C4) P5--- P6:--- P7:--- P8:---
value 172.5730 kH 18.09V 106.8 mv
status Y v A

imebase 0.0 ps| [Trigger [C2]
10.0 Vidiv| 20.0 mV/div 5.00 ps/div] Stop 64V
9.70 Voffset -31.00mV 500kS 10 GS/s|Edge Negative

From top to bottom: CH2: switch node 10 V/div, CH3: output voltage ripple 20 mV/div, 5 ps/div

K 62. Switch Node and Output Ripple of the 15-V Rail With V,, =5V and 80-mA Load
(Bias Supply With TPS40210-Q1)

-
c2 rap—
H H i H
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4:min(C4) P5--- PG:--- P7:--- P8:---
value 117.0999 kHz 1850V 211.0mv
status i v A

imebase 0.0 ps| (Trigger 2]
10.0 V/div| 100 mV/div| 5.00 ps/div] Stop 64V
600 mV of st -146.00 mV/| 500kS 10 GS/s|Edge Negative

From top to bottom: CH2: switch node 10 V/div, CH3: output voltage ripple 100 mV/div, 5 ps/div
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Kl 63. Switch Node and Output Ripple of the —-9-V Rail With V,, =5 V and no Load
(Bias Supply With TPS40210-Q1)

H H H H i H
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4:min(C4) P5--- P6:--- P7:--- P8:---
value 172.9285 kHz 1859V 522 mvV
status i v A

imebase -100 ng (Trigger [C2]
10.0 V/div| 20.0 mV/div 5.00 ps/div] Stop 60V
800 mV of st -44.00mV 500kS 10 GS/s|Edge Negative

From top to bottom: CH2: switch node 10 V/div, CH3: output voltage ripple 20 mV/div, 5 ps/div

64. Switch Node and Output Ripple of the —9-V Rail With V,, =5V and 80-mA Load
(Bias Supply With TPS40210-Q1)

i
v

A
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4:min(C4) P5:--- P6:- - - PT:--- P8:---
value 117.6310 kHz 1839V 1676 mv
status Y v A

imebase 0.0 ps| [Trigger [C2]
10.0 Vidiv| 50.0 mV/div 10.0 ps/div] Stop 64V
0.00 V offset -113.00 mV/| 1.00MS 10GS/s|Edge Negative

From top to bottom: CH2: switch node 10 V/div, CH3: output voltage ripple 50 mV/div, 10 ps/div
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K 65. Switch Node and Output Ripple of the 15-V Rail With V,, =12 V and no Load

Measure
value
status

10.0 V/div| 50.0 mV/div|
0.00 Voffset -36.00mV|

P1freq(C2) P2:ampl(C2) P3:ampl(C3)
947 8409 kHz

R

(Bias Supply With TPS40210-Q1)

n! :
P4:min(C4) P5:--- P6:- - - PT:--- P8---

imebase -100 ng [Trigger [C2]
5.00 ps/div] Stop 6.4V
500 kS 10 GS/s|Edge Negative

303V

R

117.5mVv

R

From top to bottom: CH2: switch node 10 V/div, CH3: output voltage ripple 50 mV/div, 5 ps/div

66. Switch Node and Output Ripple of the 15-V Rail With V,, =12 V and 180-mA Load

O
¥

18

Measure
value
status

P1:freq(C2)
104.8300 kHz
i

20.0 V/div| 100 mV/div|
0.00 V offset] -202.0mV

(Bias Supply With TPS40210-Q1)

N

A
P2:ampl(C2) P3:ampl(C3)  P4:min(C4) P5:--- P6:--- P7:--- P8:---
2549V 25T mv
v i
imebase 0.0 ps| [Trigger [C2]
10.0 ps/div] Stop 6.4V
1.00MS 10GS/s]Edge Negative,

From top to bottom: CH2: switch node 20 V/div, CH3: output voltage ripple 100 mV/div, 10 ps/div
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K 67. Switch Node and Output Ripple of the —=9-V Rail With V,, =12 V and no Load

(Bias Supply With TPS40210-Q1)

: ; ; : 1 ;
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4:min(C4) P5:--- P6:--- P7:---
value 940.0809 kHz 321V 635 mv
status 4 A A

10.0 V/div| 50.0 mV/div|
-200 mV ofst -73.00mV|

From top to bottom: CH2: switch node 10 V/div, CH3: output voltage ripple 50 mV/div, 10 ps/div

imebase 0.0 ps (Trigger [C2]
10.0 ps/div] Stop 6.0V
1.00MS 10GS/sjEdge MNegative

68. Switch Node and Output Ripple of the —9-V Rail With V,, =12 V and 180-mA Load

(Bias Supply With TPS40210-Q1)

i
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4:min(C4) P5:--- P6:--- P7:---
value 104.8577 kHz 2577V 156 mv
status & v A

20.0 V/div| 100 mV/div|
0.00 V offset] -199.0mV

From top to bottom: CH2: switch node 20 V/div, CH3: output voltage ripple 100 mV/div, 5 ps/div

imebase -100 ng [Trigger [C2]
5.00 ps/div] Stop 6.4V
500 kS 10 GS/s]Edge Negative|
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K 69. Switch Node and Output Ripple of the 15-V Rail With V,, =18 V and no Load
(Bias Supply With TPS40210-Q1)

w
1
1
i |
1

-

H H H H i H
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4:min(C4) P5:--- P6:--- P7:--- P8:---

value 985.1174 kHz 406V 1295 mV
status 4 A A

imebase -100 ng (Trigger 2]
20.0 Vidiv| 20.0 mV/div 5.00 ps/div] Stop 64V
20.00 V of st -52.00mV 500kS 10 GS/s|Edge Negative

From top to bottom: CH2: switch node 20 V/div, CH3: output voltage ripple 20 mV/div, 5 ps/div

70. Switch Node and Output Ripple of the 15-V Rail With V,, =18 V and 180-mA Load
(Bias Supply With TPS40210-Q1)

o

\

A
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4:min(C4) P5:--- P6:- - - PT:--- P8:---
value 182.0778 kHz 3185V 272mv
status Y v A

imebase 0.0 ps| [Trigger [C2]
20.0 Vidiv| 100 mV/div| 10.0 ps/div] Stop 64V
0.00 V offset -202.0mV 1.00MS 10GS/s|Edge Negative

From top to bottom: CH2: switch node 20 V/div, CH3: output voltage ripple 100 mV/div, 10 ps/div
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K 71. Switch Node and Output Ripple of the —=9-V Rail With V,, =18 V and no Load
(Bias Supply With TPS40210-Q1)

H H H i H
P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4:min(C4) P5--- P6:--- P7:--- P8:---

value 380.9377 kHz 394V 655mV
status . kS kS

imebase -100 ng [Trigger [C2]

10.0 V/div| 50.0 mVidiv Stop 64V

0.00 V offset] -99.00 mV| 500 kS 10 GS/s|Edge Negative

From top to bottom: CH2: switch node 10 V/div, CH3: output voltage ripple 50 mV/div, 5 ps/div

Measure

72. Switch Node and Output Ripple of the —-9-V Rail With V,, =18 V and 180-mA Load
(Bias Supply With TPS40210-Q1)

1 i
Measure Pi:freq(C2} P2:aampl{C2} P3:ampliC3} P4:min{C4} P5--- Pg:--- P?--- P8:---
value 236.6079 kHz 3185V 147 m\

status

20,0 Vidiy|
000 Voffsed]

From top to bottom: CH2: switch node 20 V/div, CH3: output voltage ripple 100 mV/div, 5 ps/div

ZHCUB654—April 2019
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3.224 Efficiency

73 shows the measured efficiency of the flyback converter designed with the TPS40210-Q1 device
over the full load range. As can be seen, around 81.5% peak efficiency is achieved with the input voltages
of 5V, 12V, and 18 V, respectively.

i 73. Measured Efficiency Under Input Voltages of 5V, 12 V, and 18 V (Bias Supply With TPS40210-Q1)

Efficiency (%)
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Output Current (A)

3.2.2.5 Load Regulation

0.1 0.12 0.14

0.16 0.18 0.2

Load regulation measurements show the % deviation from nominal output voltage as a function of output
current. ¥ 74 shows the measured result of the flyback converter designed with the TPS40210-Q1
device. The load regulation is measured with the input voltages of 5V, 12 V, and 18 V, respectively.

K 74. Load Regulation Under Input Voltages of 5V, 12 V, and 18 V (Bias Supply With TPS40210-Q1)

Output Voltage (V)

24.8
24.6
24.4
24.2

24
23.8
23.6
234
23.2

23

— V|N:12V
— V|N=5V
\ — V|N:l8V
N
N\
\\

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Output Current (A)
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3.2.2.6 Load Transients

This section shows load transient measurements of the flyback converter designed with the TPS40210-Q1
device. Load transient response presents how well a power supply copes with the changes in the load-
current demand. During the test, the load is switching from O to full, under input voltages of 5 V, 12 V, and
18 V, respectively.

75. Load Transient Response of the 15-V Rail Under V,, =5V and o, Switching
Between 0 and 80 mA (Bias Supply With TPS40210-Q1)

O

A
Measure P1:ampl(C3) P2:max(C2) P3:min(C2) P4:min(C4) P5--- P6:--- PT--- P8:---
value 77.76 mV 119V -1.45V
status v v v

imebase -185mg [Trigger [C3]
1.00 Vidiv 50.0 mV/div| 50.0 ms/div|Stop  19.0 mV
960.0mV| -161.00mV| 1.00MS 20MS/sjEdge Negative

From top to bottom: CH2: output voltage 1 V/div, CH3: load current 500 mA/div, 50 ms/div
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Kl 76. Load Transient Response of the —9-V rail Under V,, =5 V and Iy ; Switching
Between 0 and 80 mA (Bias Supply With TPS40210-Q1)

Measure PlampliC3} PZmax(Cz} P3:min(Cz} Fa:min(C4} Bhoms Pez-= Piz-= P8---
valle 77.56 m\V 184 mv =117 mv
L4 L4

From top to bottom: CH2: output voltage 200 mV/div, CH3: load current 500 mA/div, 50 ms/div

i 77. Load Transient Response of the 15-V Rail Under V,, = 12 V and Iy Switching
Between 0 and 180 mA (Bias Supply With TPS40210-Q1)

12

i
Measure P1ampl(C3) P2max(C2) P3min(C2)  P4:min(C4) P5--- P6--- PT--- P8:---
value 1743 mv 150V 213V
status v v v

imebase -189mg|[Trigger [C3]
1.00 V/div| 100 mV/div| 50.0 ms/div| Stop 19 mV
1.960 V ofst -293.0mV| 1.00MS 2.0MS/sjEdge Negative

From top to bottom: CH2: output voltage 1 V/div, CH3: load current 1 A/div, 50 ms/div
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K 78. Load Transient Response of the —9-V Rail Under V,, = 12 V and Iy, Switching
Between 0 and 180 mA (Bias Supply With TPS40210-Q1)

19

A
Measure P1:ampl(C3) P2:max(C2) P3:min(C2) P4:min(C4) P5--- P6:--- PT--- P8:---
value 1735 mv 453 mv -213mv
status v v v

imebase -185mg [Trigger [C3]
200 mVidiv 100 mV/div| 50.0ms/div|]Stop  19mV|
210.0mV| -293.0mV| 1.00MS 20MS/s|Edge Negative
From top to bottom: CH2: output voltage 200 mV/div, CH3: load current 1 A/div, 50 ms/div

79. Load Transient Response of the 15-V Rail Under V,, = 18 V and Iy Switching
Between 0 and 180 mA (Bias Supply With TPS40210-Q1)

12

i
Measure P1ampl(C3) P2max(C2) P3min(C2)  P4:min(C4) P5--- P6--- PT--- P8:---
value 1738 mv 152V 221V
status v v v

imebase -189mg|[Trigger [C3]
1.00 V/div| 100 mV/div| 50.0 ms/div| Stop 19 mV
1.960 V ofst -293.0mV| 1.00MS 2.0MS/sjEdge Negative

From top to bottom: CH2: output voltage 1 V/div, CH3: load current 1 A/div, 50 ms/div
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K 80. Load Transient Response of the —9-V Rail Under V,, = 18 V and Iy, Switching
Between 0 and 180 mA (Bias Supply With TPS40210-Q1)

18

i
Measure P1:ampl(C3) P2:max(C2) P3:min(C2) P4:min(C4) P5--- P6:--- PT--- P8:---
value 1736 mv 466 mv -240mv
status v v v

imebase -189 mg [Trigger [C3]
200 mVi/div| 100 mV/div| 50.0 ms/div| Stop 19 mV
180.0mV| -293.0mV| 1.00MS 20MS/s|Edge Negative

From top to bottom: CH2: output voltage 200 mV/div, CH3: load current 1 A/div, 50 ms/div
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3.2.2.7 Voltage Ripple While Switching IGBT

The flyback converter designed with the TPS40210-Q1 device is connected to the isolated gate drivers
(1ISO5852S-Q1) and the 1200-V IGBT module (FF150R12MS4G) for checking the voltage ripple during the
switching transients. The IGBTs are switched at 20- and 50-kHz frequencies, respectively.

K 81. Voltage Ripple of the 15-V Rail While Switching the IGBT Module at 20 kHz
(Bias Supply With TPS40210-Q1)

O
¥

A
Measure P1freq(C2) P2:max(C2) P3:min(C2) P4:ampl(C1) P5:--- P6:- - - P7:--- P8:---
value 20.01743kHz 151V 98V 436 mv
status v v v A

imebase 0 ps] [Trigger [C2]
200 mVi/div 10.0 Vidiv Stop 3.0V
3000mv|]  -19.90 Vofst 500kS  1.0GS/is|Edge Negative
From top to bottom: CH1: output voltage 200 mV/div, CH2: gate PWM signal 10 V/div, 50 ps/div

K 82. Voltage Ripple of the —9-V Rail While Switching the IGBT Module at 20 kHz
(Bias Supply With TPS40210-Q1)

H H H H i H
Measure P1freq(C2) P2:max(C2) P3:min(C2) P4:ampl(C1) P5--- PG:--- P7:--- P8:---
value 20.01879kHz 151V 98V 145 mv
status v v v i

imebase 0 ps| [Trigger [C2]
100 mVidivi 10.0 V/div| 50.0 psidiv] Auto 3.0V
97.0 mV ofst -19.90 V ofst 500 kS 1.0GS/sjEdge Negative

From top to bottom: CH1: output voltage 100 mV/div, CH2: gate PWM signal 10 V/div, 50 ps/div
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K 83. Voltage Ripple of the 15-V Rail While Switching the IGBT Module at 50 kHz
(Bias Supply With TPS40210-Q1)

H H H H P H
Measure P1freq(C2) P2:max(C2) P3:min(C2) P4:ampl(C1) P5--- PG:--- P7:--- P8:---
value 49.94138kHz 157V -108V 455 mv
status v v v A

imebase  -5.6 ps| [Trigger [C2]
200 mVidiv| 10.0 Vidiv Stop 30V
300.0mV| -19.90 V ofst 1.00MS 5.0GS/s]Edge Negative
From top to bottom: CH1: output voltage 200 mV/div, CH2: gate PWM signal 10 V/div, 20 ps/div

84. Voltage Ripple of the —9-V Rail While Switching the IGBT Module at 50 kHz
(Bias Supply With TPS40210-Q1)

i
Measure P1freq(C2) P2max(C2) P3min(C2) P4:ampl(C1) P5:--- P6:--- P7--- P8---
value 49.94693 kHz 156V 103V 225mv
status v v v R

imebase 1.2 ps| [Trigger [C2]
100 mV/div| 10.0 Vidiv| 20.0 ps/div] Stop 30V
97.0 mV ofst -19.90 V ofst 1.00MS 5.0 GS/s|Edge Negative)

From top to bottom: CH1: output voltage 100 mV/div, CH2: gate PWM signal 10 V/div, 20 ps/div
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3.2.2.8 Control-Loop Frequency Response

The control loop frequency response represents the stability of the power-supply system. The TPS40210-
Q1-based flyback converter loop frequency response is measured under various loads and input voltages,
respectively. The measurement setup is shown in & 85. The output of the network analyzer is connected
to the injection resistor. The outputs are also connected to the input channel A and channel B,

respectively.
K 85. Control-Loop Frequency Response Measurement Setup
Vin
- = Vour
VBIAS
L]
" ‘
°
:|: TPS40210-Q1
L]
p— = Network Analyzer
- j_ COMP Gate P N
_ aa oooo
|| oo oooog
— 8| coootas
—_— g oo
J— ol o0 oooo
- FOI OO B s+e0
g = AB
0 Q
Injection OLitpm
Transformer -
*—'VVV NN V\/\/l
— Input A
Input A

For TPS40210-Q1 based flyback converter only

The loop frequency response of the buck converter is tested under various conditions. The measured
results are shown from & 86 to [&] 91.
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K 86. Loop Frequency Response With V,, =5V and Iy, = 10 mA (Bias Supply With TPS40210-Q1)

140

o [
ol — TS I
3
40 dB S?’s; m:‘e(ma
iB \\\
1-Gain]———————
£l . ——
 jde i
o R dB
-20 4B \“‘-\\
_\\—"“\A
ol 2
QL
1k Frequency

Crossover frequency: 10.15 kHz, achieved phase margin: 59 deg, achieved gain margin: 15 dB

K 87. Loop Frequency Response With V,, =5V and ly,; = 80 mA (Bias Supply With TPS40210-Q1)

Q

o ]
2. 1]
[1-Phasef=—___| T T
40 dB 1203k Frequency (Hz)
ey Sy
B “—__‘_‘ 106 Siope (20d8idecade)
- T~
=) . —l
= lose L]
V) S—
ol n ‘
3L AN
1k Frequency

Crossover frequency: 12.03 kHz, achieved phase margin: 42.9 deg, achieved gain margin: 10 dB
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88. Loop Frequency Response With V,y =12 V and Iy, = 10 mA (Bias Supply With TPS40210-Q1)

-60

Crossover Frequency: 8.5 kHz, achieved phase

K 89. Loop Frequency Response With V
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-20 dB < ded]
—
*_.‘“\_ -90 deg
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margin: 74.3 deg, achieved gain margin: 18 dB

=12V and loyr = 180 mA (Bias Supply With TPS40210-Q1)

Gain
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L[]

o
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T 1
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—— X in
[~ 135 Siope {20dBidecads)
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100 KM
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-180

1k
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Crossover frequency: 6.1 kHz, achieved phase margin: 69 deg, achieved gain margin: 23 dB
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90. Loop Frequency Response With V,y, =18 V and Iy, = 10 mA (Bias Supply With TPS40210-Q1)

1]

140

o
© ﬁﬂ\

Phase

Gain

-60
-180

1k Frequency 300 k

Crossover frequency: 8.3 kHz, achieved phase margin: 76 deg, achieved gain margin: 23 dB

K 91. Loop Frequency Response With V,, = 18 V and Io,; = 180 mA (Bias Supply With TPS40210-Q1)

o
©|.. . " | g
mt\ 1~
c 1-Gain| %
8 g
) |\\“‘" o
| o
o | [se]
@ | °
1k Frequency 300 k

Crossover frequency: 5.5 kHz, achieved phase margin: 73.4 deg, achieved gain margin: 25 dB

3.2.29 Thermal Image

The thermal of the flyback converter designed with the TPS40210-Q1 device is measured under the full-
load conditions. The circuit runs at the room temperature for 30 minutes. A 12-V nominal voltage is
applied. The converter is loaded with 180 mA. [&| 92 shows the thermal image of the board.
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92. Thermal Image With V=12 V and lo,; = 180 mA (Bias Supply With TPS40210-Q1)

r72.3

-26.6

T2: Flyback transformer, D9: secondary rectification diode, D10: output Zener diode
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3.2.3 Low Voltage Tests on Buck With Push-Pull Transformer Driver Supply

This section presents the experimental results of the bias supply solution 3 which is the buck converter
plus the push-pull transformer driver supply based on the LM46002-Q1 and SN6505-Q1 devices.

3.231 Startup

The start-up waveforms of the buck with push-pull transformer driver supply are measured under 5- and
12-V inputs, respectively. The +15-V and —9-V rails are measured separately.

93. Start-up Waveform of the 15-V Rail With V=5 V and no Load (Bias Supply With Buck and Push

Pull)
-
| | |
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4:freq(C3) P5:--- P6:--- P7:--- P8:---
value 5077V 1.0mv
v A

status

base -18.9 m9 [Trigger [C2)
2.00 Vidiv| 5.00 Vidiv 5.00 ms/div| Stop 240V
200 mV ofst| -15.000 V| 1.00MS 20MS/s|Edge  Positive

From top to bottom: CH2: input voltage 2 V/div, CH4: output voltage 5 V/div, 5 ms/div
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K 94. Start-up Waveform of the —9-V Rail With V,, = 5V and no Load (Bias Supply With Buck and Push
Pull)

— H H H I H
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4 freq(C3) P5--- PG:--- P7:--- P8:---
value 5391V 981 uv
status v A

base  -18.9 mg [Trigger 2]
2.00 Vidiv| 5.00 Vidiv 5.00 ms/div| Stop 240V
0 mV offset -5.100 V ofst 100MS 20MS/s|Edge Positive

From top to bottom: CH2: input voltage 2 V/div, CH4: output voltage 5 V/div, 5 ms/div

95. Start-up Waveform of the 15-V Rail With V, =12 V and 180-mA Load (Bias Supply With Buck and

Push Pull)
-
A
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4 freq(C3) P5:--- P6:- - - PT:--- P8:---
value 12112V 975 v
status v A

base  -18.9 mg [Trigger [C2]
5.00 Vidiv| 5.00 Vidiv 5.00 ms/div| Stop 240V
200 mV of st -15.000 V 1.00MS 20 MS/s|Edge  Positive]

From top to bottom: CH2: input voltage 5 V/div, CH4: output voltage 5 V/div, 5 ms/div
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K 96. Start-up Waveform of the —9-V Rail With V,, = 12 V and 180-mA Load (Bias Supply With Buck and

Push Pull)
-
. . . .
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4:freq(C3) P5:--- P6:--- P7:--- P8:---
value 12197V 10mv
status v A

base  -18.9 mg [Trigger 2]
5.00 Vidiv| 5.00 Vidiv 5.00 ms/div| Stop 240V
0 mV offset -5.100 V ofst 1.00MS 20 MS/s|Edge Positive]

From top to bottom: CH2: input voltage 5 V/div, CH4: output voltage 5 V/div, 5 ms/div
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3.2.3.2 Power Down

The power down waveforms of the buck with push-pull transformer driver supply are measured under 12-
V input. The +15-V and -9-V rails are measured separately.

K 97. Power-Down Waveform of the 15-V Rail With V,, = 12 V and no Load (Bias Supply With Buck and

Push Pull)
-

c2

c4

| — | . i

Measure P1freq(C2) P2:ampl(C2) P3:ampl(C4) P4 freq(C3) P5=--- P6:--- P7:--- P8:---
value 12183V 13.994V

status v v

base  -24.2 mg [Trigger [C2]
5.00 Vidiv| 5.00 Vidiv 10.0 ms/div| Stop 285V
0 mV offset -15.400 V 100MS 10 MS/s|Edge Negative

From top to bottom: CH2: input voltage 5 V/div, CH4: output voltage 5 V/div, 10 ms/div

K 98. Power-Down Waveform of the —9-V Rail With V,, = 12 V and no Load (Bias Supply With Buck and

Push Pull)
-
c2
. . | . 1 .
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4:freq(C3) P5:--- P6:--- P7:--- P8:---
value 12230V 10mv
status v A

base  -20.2 mg [Trigger [C2]
5.00 Vidiv| 5.00 Vidiv 10.0 ms/div| Stop 520V
0 mV offset -5.100 V ofst 100MS 10 MS/s|Edge Negative

From top to bottom: CH2: input voltage 5 V/div, CH4: output voltage 5 V/div, 10 ms/div
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3.2.3.3  Switch Node and Output Voltage Ripple

The switch node of the buck converter and output voltage ripple of the push-pull converter are measured
under 5-, 12-, and 18-V inputs, respectively. The +15-V and —9-V rails are measured separately.

K 99. Switch Node and Output Ripple of the 15-V Rail With V,y, =5V and no Load (Bias Supply With Buck
and Push Pull)

H H i H
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4freq(C3) P5--- PG:--- PT--- Pg---
value 5662V 9.07 mvV
status v H

imebase -120 ng (Trigger 2]
5.00 Vidiv| 5.00 mV/div 1.00 ps/div] Stop 240V
200 mV of st -13.000 mV/| 100kS 10 GS/s|Edge Negative,

From top to bottom: CH2: switch node 5 V/div, CH3: output voltage ripple 5 mV/div, 1 ps/div

K 100. Switch Node and Output Ripple of the 15-V Rail With V,, =5V and 180-mA Load (Bias Supply
With Buck and Push Pull)

19

H H i H
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4freq(C3) P5--- PG:--- PT--- Pg---
value 1489V 178 mVv
status A A

imebase -120 ng [Trigger 2]
5.00 Vidiv| 10.0 mV/div 2.00 ps/div] Stop 240V
200 mV of st -25.00mV 200kS 10 GS/s|Edge Negative

From top to bottom: CH2: switch node 5 V/div, CH3: output voltage ripple 10 mV/div, 2 us/div
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K 101. Switch Node and Output Ripple of the —9-V Rail With V,, =5 V and no Load (Bias Supply With

Buck and Push Pull)

18

: ; ; : . ;
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4:freq(C3) P5:--- P6:---
value 1270V 7.89 mvV
status R A

P7:---

P8:---

imebase -120 ng (Trigger 2]
5.00 Vidiv| 5.00 mV/div 1.00 ps/div] Stop 240V
200 mV of st -12.000 mV/| 100kS  10GS/s|Edge Negative

From top to bottom: CH2: switch node 5 V/div, CH3: output voltage ripple 5 mV/div, 1 ps/div

102. Switch Node and Output Ripple of the —9-V Rail With V,, =5 V and 180-mA Load (Bias Supply

With Buck and Push Pull)

i
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4freq(C3) P5:--- P6:---

value 15.09Vv 11.59 mv
status S A

P7:---

P8:---

imebase -120 ng [Trigger [C2]
5.00 Vidiv| 5.00 mV/div 2.00 ps/div] Stop 240V
200 mV of st -11.000 mV/| 200kS  10GS/s|Edge Negative

From top to bottom: CH2: switch node 5 V/div, CH3: output voltage ripple 5 mV/div, 2 ps/div
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K 103. Switch Node and Output Ripple of the 15-V Rail With V,, = 12 V and no Load (Bias Supply With
Buck and Push Pull)

H H H i H
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4freq(C3) P5--- P6:--- P7:--- P8:---
value 1263V 465 mv
status v H

imebase -120 ng [Trigger 2]
5.00 Vidiv| 5.00 mV/div 2.00 ps/div] Stop 240V
200 mV of st -8.000mV 200kS 10 GS/s|Edge Negative

From top to bottom: CH2: switch node 5 V/div, CH3: output voltage ripple 5 mV/div, 2 ps/div

& 104. Switch Node and Output Ripple of the 15-V Rail With V,, = 12 V and 180-mA Load (Bias Supply
With Buck and Push Pull)

N
- -
i s R I= "

i
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4freq(C3) P5:--- P6:- - - PT:--- P8:---
value 1234V 23.13mv
status v A

imebase -120 ng [Trigger [C2]
10.0 Vidiv| 5.00 mV/div 2.00 ps/div] Stop 24V
200 mV of st -14.000 mV/| 200kS  10GS/s|Edge Negative

From top to bottom: CH2: switch node 10 V/div, CH3: output voltage ripple 5 mV/div, 2 us/div
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K 105. Switch Node and Output Ripple of the —9-V Rail With V,y, = 12 V and no Load (Bias Supply With

Buck and Push Pull)

| } | i }
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4:freq(C3) P5:---
value 1265V 443 mv
status v A

10.0 V/div| 2.00 mV/div|
200 mV of st| -3.900 mV|

P6--- P7--- P8:---

imebase -120 ng [Trigger [C2]
2.00 ps/div] Stop 24V
200 kS 10 GS/s|Edge Negative

From top to bottom: CH2: switch node 10 V/div, CH3: output voltage ripple 2 mV/div, 2 us/div

] 106. Switch Node and Output Ripple of the —9-V Rail With V,, = 12 V and 180-mA Load (Bias Supply

With Buck and Push Pull)

ey P
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4freq(C3) P5---
value 1249V 20.64mv
status v A

10.0 V/div| 5.00 mV/div|
200 mV of st -15.000mV

P6:--- PT:--- P8---

imebase -120 ng [Trigger [C2]
1.00 ps/div] Stop 24V
100 kS 10 GS/s]Edge Negative|

From top to bottom: CH2: switch node 10 V/div, CH3: output voltage ripple 5 mV/div, 1 us/div
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Kl 107. Switch Node and Output Ripple of the 15-V Rail With V,, = 18 V and no Load (Bias Supply With

19

Measure
value
status

10.0 V/div| 5.00 mV/div|
200 mV of st| -13.000 mV|

Buck and Push Pull)

H H H i H
P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4freq(C3) P5--- PG:--- PT--- P8:---

1913V 10.81 mvV
v A

imebase -120 ng [Trigger [C2]
1.00 ps/div] Stop 24V
100 kS 10 GS/s|Edge Negative

From top to bottom: CH2: switch node 10 V/div, CH3: output voltage ripple 5 mV/div, 1 us/div

& 108. Switch Node and Output Ripple of the 15-V Rail With V,, = 18 V and 180-mA Load (Bias Supply

With Buck and Push Pull)

1NN |

A
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4freq(C3) P5:--- P6:- - - PT:--- P8:---
value 1884V 266 mvV
status v A

10.0 V/div| 10.0 mV/div|
200 mV of st -13.00mV

From top to bottom: CH2: switch node 10 V/div, CH3: output voltage ripple 10 mV/div, 1 ps/div

imebase -120 ng [Trigger [C2]
1.00 ps/div] Stop 24V
100 kS 10 GS/s]Edge Negative|
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Kl 109. Switch Node and Output Ripple of the —9-V Rail With V,, = 18 V and no Load (Bias Supply With

Buck and Push Pull)

F F " I F Ly L
H H H H i H
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4freq(C3) P5--- PG:---
value 18.98 Vv 3.90 mv
status v H

10.0 V/div| 2.00 mV/div|
200 mV of st| -2.400mV)|

imebase -120 ng [Trigger [C2]
2.00 ps/div] Stop 24V
200 kS 10 GS/s|Edge Negative

From top to bottom: CH2: switch node 10 V/div, CH3: output voltage ripple 2 mV/div, 2 us/div

] 110. Switch Node and Output Ripple of the —9-V Rail With V,, = 18 V and 180-mA Load (Bias Supply

With Buck and Push Pull)

A
Measure P1freq(C2) P2:ampl(C2) P3:ampl(C3) P4freq(C3) P5:--- P6:---
value 18.80V 1533 mv
status v A

10.0 V/div| 5.00 mV/div|
200 mV of st -8.000mV

imebase -120 ng [Trigger [C2]
1.00 ps/div] Stop 24V
100 kS 10 GS/s]Edge Negative|

From top to bottom: CH2: switch node 10 V/div, CH3: output voltage ripple 5 mV/div, 1 us/div
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3.234 Efficiency

111 shows the measured efficiency of the buck with push-pull transformer driver supply over the full
load range. As can be seen around 80% peak efficiency is achieved with the input voltages of 5V, 12 V,

and 18 V, respectively.

K 111. Measured Efficiency Under Input Voltages of 5V, 12 V, and 18 V (Bias Supply With Buck and

Efficiency (%)

3.2.3.5 Load Regulation

Load regulation measurements show the % deviation from nominal output voltage as a function of output
current. & 112 shows the measured result of the buck with push-pull transformer driver supply. The load

86
82
78
74
70
66
62
58
54
50

Push Pull)

[l

1

- — —_—

/ A/ i
7

— V|N=12V
— V|N=5V

— V|N:18V

0.02 0.04 006 0.08 01 0.12 0.14 0.16 0.18 0.2

Output Current (A)

regulation is measured with the input voltages of 5V, 12 V, and 18 V, respectively.
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Kl 112. Load Regulation Under Input Voltages of 5V, 12 V, and 18 V (Bias Supply With Buck and Push
Pull)

\ —V|N=12V
22.5 . — Vn=5V
~ —- V=18V

22 I~

23

215

~
AR

Output Voltage (V)
N
(=S
/

N
NN
195 \‘
' N

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Output Current (A)

3.2.3.6 Load Transients

This section shows load transient measurements of the buck with push-pull transformer driver supply.
Load transient response presents how well a power supply copes with the changes in the load current

demand. During the test, the load is switching from 0 to full under input voltages of 5V, 12 V, and 18 V,
respectively.

113. Load Transient Response of the 15-V Rail Under V,y, =5 V and Iy, Switching Between 0 and 180
mA (Bias Supply With Buck and Push Pull)

Y
Measure P1:ampl(C3) P2:max(C2) P3:min(C2) P4:min(C4) P5:--- P6:--- P7:--- P8:---
value 1958 mv 347V 271V
status v v v

imebase -155m¢|[Trigger [C3]
2.00 Vidiv| 100 mV/div| 50.0 ms/div| Stop 122mV|
2.000 V ofst -319.0mV| 1.00MS 2.0MS/sjEdge Negative

From top to bottom: CH2: output voltage 2 V/div, CH3: load current 1 A/div, 50 ms/div
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K 114. Load Transient Response of the —9-V Rail Under V,, =5 V and lo,; Switching Between 0 and 180
mA (Bias Supply With Buck and Push Pull)

e}
14

o
I

i H H H H
Measure P1:ampl(C3) P2:max(C2) P3:min(C2) P4:min(C4) P5--- P6:--- P7:--- P8:---
value 187.1mv 150V -237TmvV
status v v v

imebase -202 m (Trigger [C3])
1.00 Vidiv| 100 mVidiv| 50.0 ms/div| Stop 122mV|
90 mV offset] -297.0mV 100MS 20MS/s|Edge Negative

From top to bottom: CH2: output voltage 1 V/div, CH3: load current 1 A/div, 50 ms/div

115. Load Transient Response of the 15-V Rail Under V,, = 12 V and |y, Switching Between 0 and 180
mA (Bias Supply With Buck and Push Pull)

0
I3

1AV
"
'y
Measure P1:ampl(C3) P2:max(C2) P3:min(C2) P4:min(C4) P5:--- P6:--- P7:--- P8:---
value 168.7 mv 281V -1.70V
status v v v

imebase -186 m9 [Trigger [C3]
2.00 Vidiv| 100 mV/div| 50.0 ms/div| Stop 122mV|
2.000 V ofst -297.0mV 1.00MS 20MS/s|Edge Negative

From top to bottom: CH2: output voltage 2 V/div, CH3: load current 1 A/div, 50 ms/div
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K 116. Load Transient Response of the —9-V Rail Under V,, = 12 V and Iy, Switching Between 0 and 180
mA (Bias Supply With Buck and Push Pull)

e}
14

1AV
-
Measure P1:ampl(C3) P2:max(C2) P3:min(C2) P4:min(C4) P5:--- P6:--- P7:--- P8:---
value 186.4 mV 121V -228mvV
status v v v

imebase -202 m (Trigger [C3])
1.00 Vidiv| 100 mVidiv| 50.0 ms/div| Stop 122mV|
90 mV offset] -297.0mV 100MS 20MS/s|Edge Negative

From top to bottom: CH2: output voltage 1 V/div, CH3: load current 1 A/div, 50 ms/div

117. Load Transient Response of the 15-V Rail Under V,, = 18 V and |y, Switching Between 0 and 180
mA (Bias Supply With Buck and Push Pull)

0
I$

1AV
"
'y
Measure P1:ampl(C3) P2:max(C2) P3:min(C2) P4:min(C4) P5:--- P6:--- P7:--- P8:---
value 1842 mv 283V 174V
status v v v

imebase -186 m9 [Trigger [C3]
2.00 Vidiv| 100 mV/div| 50.0 ms/div| Stop 122mV|
2.000 V ofst -297.0mV 1.00MS 20MS/s|Edge Negative

From top to bottom: CH2: output voltage 2 V/div, CH3: load current 1 A/div, 50 ms/div
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K 118. Load Transient Response of the —9-V Rail Under V,, = 18 V and Iy, Switching Between 0 and 180
mA (Bias Supply With Buck and Push Pull)

i H 1
Measure P1:ampl(C3) P2:max(C2)

value 1734 mVv
status v

1.00 V/div| 100 mVidiv|
0 mV offset -297.0mV|

P5--- P6--- P7:--- P8---

imebase -186 ms (Trigger [C3]
50.0 ms/div| Stop 122mV|
1.00MS 20MS/s|Edge Negative

From top to bottom: CH2: output voltage 1 V/div, CH3: load current 1 A/div, 50 ms/div
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3.2.3.7 Voltage Ripple While Switching IGBT

The buck converter with push-pull transformer driver supply is connected to the isolated gate drivers
(1ISO5852S-Q1) and the 1200-V IGBT module (FF150R12MS4G) for checking the voltage ripple during the
switching transients. The IGBTs are switched at 20- and 50-kHz frequencies, respectively.

& 119. Voltage Ripple of the 15-V Rail While Switching the IGBT Module at 20 kHz (Bias Supply With
Buck and Push Pull)

3\

P =

A

s Bl e M -
B EEEE

O
14
A

A
Measure P1freq(C2) P2:max(C2) P3:min(C2) P4:ampl(C1) P5:--- P6:- - - P7:--- P8:---
value 20.01572kHz 139V 90V 57Tmv
status v v v R

imebase 0 ps] [Trigger [C2]
200 mVidiv| 10.0 Vidiv 50.0 psidiv| Auto 3.0V
200.0my|]  -19.90 Vofst 500kS  1.0GS/is|Edge Negative
From top to bottom: CH1: output voltage 200 mV/div, CH2: Gate PWM signal 10 V/div, 50 ps/div

K 120. Voltage Ripple of the —9-V Rail While Switching the IGBT Module at 20 kHz (Bias Supply With
Buck and Push Pull)

) 4
c2|

H H H H i H
Measure P1freq(C2) P2:max(C2) P3:min(C2) P4:ampl(C1) P5--- PG:--- P7:--- P8:---
value 20.01675kHz 14.0V 9.0V 741mv
status v v v i

imebase 0 ps| [Trigger [C2]
200 mVi/div| 10.0 Vidiv| 50.0 ps/div] Auto 3.0V
200.0 mV| -19.90 V ofst 500 kS 1.0GS/sjEdge Negative

From top to bottom: CH1: output voltage 200 mV/div, CH2: Gate PWM signal 10 V/div, 50 us/div
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Kl 121. Voltage Ripple of the 15-V Rail While Switching the IGBT Module at 50 kHz (Bias Supply With
Buck and Push Pull)

p——— [
i i i i n! i
Measure P1freq(C2) P2max(C2) P3min(C2) P4:ampl(C1) P5:--- P6:--- P7:--- Pg:---
value 49.94485kHz 135V 92V 564 mV
status v v v A

imebase -400 ng [Trigger [C2]
200 mVi/div| 10.0 Vidiv| 20.0 ps/div] Auto 3.0V
200.0 mV| -19.90 V ofst 100MS 5.0GS/s]Edge MNegative,

From top to bottom: CH1: output voltage 200 mV/div, CH2: Gate PWM signal 10 V/div, 20 us/div

122. Voltage Ripple of the —9-V Rail While Switching the IGBT Module at 50 kHz (Bias Supply With
Buck and Push Pull)

[
Measure P1freq(C2) P2:max(C2) P3:min(C2) P4:ampl(C1) P5:--- P6:- - - P7:--- P8:---

value 49.94267 kHz 135V 92V 731mv
status v v A

v
imebase -400 ng [Trigger [C2]
200 mVi/div| 10.0 V/div| 20.0 ps/div] Auto 3.0V
200.0mV] -19.90 V ofsi| 1.00MS 5.0 GS/s|Edge Negative|

From top to bottom: CH1: output voltage 200 mV/div, CH2: Gate PWM signal 10 V/div, 20 ps/div
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3.2.3.8 Thermal Image

The thermal of the buck converter with a push-pull transformer driver supply is measured under the full-
load conditions. The circuit runs at the room temperature for 30 minutes. A 12-V nominal voltage is
applied. The converter is loaded with 180 mA. | 123 shows the thermal image of the board.

K 123. Thermal Image With V,, =12 V and I,y = 180 mA (Bias Supply With Buck and Push Pull)

U1: LM46002-Q1, T2: push-pull converter transformer, U5: SN6505-Q1, D27 and D28: secondary rectification diode
of the push-pull converter

3.24 High-Voltage Testing With the IGBT Power Stage

3.24.1 Double Pulse Test

The double pulse test is performed under high voltage to evaluate the switching parameters of the IGBT
and the performance of the gate driver. The test is considered as one periodical snapshot of the system,
and it is done with a purely inductive load. The driver parameters of switching speed, thermal, and
oscillation or no oscillation can be observed.

A 500-V voltage is applied on the DC bus. The pulse train consists of two pulses with a repetition
frequency of about 100 kHz. The widths of two pulses are both 4.5 ps. The delay is set to be 5.5 ps for
the voltage and currents to settle out. The rise and fall time of the pulses are set as 5 ns.
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K 124. Double Pulse Test on the Power Stage

& 100V 4,005 2.5065/ s 18 Feb 2019
€& 15004 250 v 10M points 140V 15:21:03

From top to bottom: CH4: IGBT Vds voltage 250 V/div, CH1: IGBT gate signal, 10 V/div, CH2: PWM signal at
1ISO5852s-Q1 input, 5 V/div, CH3: Inductor current, 50 A/div, 4 ps/div

K 125. Generated dv/dt at the IGBT Vds Voltage Turn-off Transient (6 V/ns)

Lb) : : :
@ 4.913400ps 3200V
QO  4.945400ps 510.0 V
A32.00000ns A190.0 V

—jf*w-"bw “FMQWH_J-.-MWN.\J.@ . A

- — — S \*#e, =3, [oapittg T -, 0 gl e J
[BD |orenst smaminon i v s s et e M P e ekt N O il e

& 100V 100ns 2.5065/s 7 18 Feb 2019
& 15004 250 10M points 140V 15:22:15

CH4: IGBT Vds voltage 250 V/div, 100 ns/div

3.24.2 CMTI Test

This reference design is connected to a high-voltage DC bus for high-voltage dv/dt immunity test.
Common-mode transient immunity (CMTI) is a maximum tolerable rate of rise or fall of the common-mode
voltage applied between two isolated circuits. The unit is normally in kV/us or V/ns. High CMTI means that
the two isolated circuits, both transmitter side and receiver side, function well when striking the insulation
barrier with very high rise (positive) slew rate, or high fall (negative) slew rate. For CMTI testing, the peak
common-mode voltage should not exceed the allowed maximum repetitive working voltage between the
two isolated circuits.
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For CMTI testing, 570-V DC bus voltage is applied on the DC bus (limited by the DC link capacitor). 20-puH
air core inductor is connected between DC bus+ and IGBT half bridge neutral to by pass the high side
IGBT. The DC bus-— terminal is connected to the low-voltage ground at the bias supply primary side. The
low-side IGBT is pulsed twice. Hence, a pulsed high voltage is imposed between the primary and
secondary grounds of the high-side bias supply. The switch node of the high-side bias supply is
measured.

3.24.2.1 LM5180-Q1 Flyback Converter

This section shows the CMTI test with LM5180-Q1 based supply. The bias supply is connected to the
power stage. The IGBT is switched with 570-V DC bus voltage and at 10.8 V/ns speed of dv/dt. ¥ 126
through & 128 illustrate that the supply operates smoothly without interruption.

K 126. CMTI Test on the Bias Supply Solution 1 (Bias Supply With LM5180-Q1)

TR T LU e b e M1 NI

& 200V 100ps 2.5065/s o 20 Feb 2019
250 v 10M points 1.20Y 10:05:55

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 250 V/div, CH2: LM5180-Q1 switch
node voltage, 20 V/div, 100 ps/div
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K 127. CMTI Test Waveform Zoom in (Bias Supply With LM5180-Q1)

& 200V 4,005 2.5065/ s 20 Feb 2019
250 V 10M points 120V 10:06:43

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 250 V/div, CH2: LM5180-Q1 switch
node voltage, 20 V/div, 4 ps/div

K 128. dv/dt Transient of the CMTI -- 10.8 V/ns (Bias Supply With LM5180-Q1)

4700 ¥ .
6000V 4]
Al130.0Y

| i .
\‘\\ fz'f”'t"“-v..h I A
h o " -M“i‘“":m-.m"r
@& 00v 200ns 2.5065/s o 20 Feb 2019
250 ¥ 10M points 1.20% 10:07:29

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 250 V/div, CH2: LM5180-Q1 switch
node voltage, 20 V/div, 200 ns/div

3.2.4.22 TPS40210-Q1 Flyback Converter

This section shows the CMTI test with TPS40210-Q1 based supply. The bias supply is connected to the
power stage. The IGBT is switched with 570 V DC bus voltage and at 9.16 V/ns speed of dv/dt. & 129
through K& 131 show that the supply operates smoothly without interruption.
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K] 129. CMTI Test on the Bias Supply Solution 2 (Bias Supply With TPS40210-Q1)

NI I I N I I I I T N T M T R T R T N T A A T T T T T I Y

B i bt e B
20,0 23 } 100ps 2.5068/s [ 13 20 Feb 2019
250V [ 10M points 120V 09:55:23

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 250 V/div, CH2: TPS40210-Q1 switch
node voltage, 20 V/div, 100 us/div

i 130. CMTI Test Waveform Zoomed in (Bias Supply With TPS40210-Q1)

B
20.0Y o v (400 2.5065/5 & 20 Feb 2019
250 ¥ : 10M points 1.20y 09:55:50

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 250 V/div, CH2: TPS40210-Q1 switch
node voltage, 20 V/div, 4 ps/div
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A 131. dv/dt Transient of the CMTI -- 9.16 V/ns (Bias Supply With TPS40210-Q1)

op : : .
X © 4.705000ps 3900V
717000 500.0 ¥
: : 1 (b) A110.0 ¥
P TR U |
4 |T s ST i s ; i . .
4+ ; ' ' ;
SERRERREREREE ; R
2 e .
[rr s manad Araarareara .a"'i"*t"*:itf"""ﬂﬁ-‘“fv_f;w%. el
T ™, e .
) "\m“.h‘_ . e
' : S :
B - “H-H
& 00V 200ns 2.5065/5 & / 20 Feb 2019
250 10M points 1.20¥ 09:57:52

)

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 250 V/div, CH2: TPS40210-Q1 switch

node voltage, 20 V/div, 200 ns/div
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3.2.4.2.3 SN6505-Q1 Push-Pull Converter

This section shows the CMTI test with SN6505-Q1-based supply. The bias supply is connected to the
power stage. The IGBT is switched with 570 V DC bus voltage and at 10.26 V/ns speed of dv/dt. & 132
through & 134 illustrate that the supply operates smoothly without interruption.

K 132. CMTI Test on the Bias Supply Solution 3 (Bias Supply With Buck and Push Pull)

wit i
f st }) {
|

l

e ':j; I . r
A l,
N i ‘.“ " 4“-“
|

[ St

n‘wﬂﬂl‘m i Mm

20,0V 23] 3 ][40.0p$ 2.5058/5 ﬂf ][ 19 Feb 2019]
€ :ov Thad 10M points 1.20Y 16:10:12

{

FIRR

JW

L ‘\

Y

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 250 V/div, CH2: SN6505-Q1 switch
node voltage, 5 V/div, 40 ps/div

K 133. CMTI Test Waveform Zoomed in (Bias Supply With Buck and Push Pull)

B

20,0V )] 3 ][4.00ps 2.5065/5 & ][ 19 Feb 2019]
250V T R 10M points 1.20v 16:10:28

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 250 V/div, CH2: SN6505-Q1 switch
node voltage, 5 V/div, 4 ps/div

96 HA 3 Fl IGBTISIC s & H WM T7 1 HEVIEV %2 5| 0 A B TR 2% Wi ZHCU654—April 2019

TIDUEO7 — http://www-s.ti.com/sc/techlit/TIDUEO7
Jikl © 2019, Texas Instruments Incorporated



http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUEO7.pdf

13 TEXAS

INSTRUMENTS

www.ti.com.cn

Hardware, Testing Requirements, and Test Results

& 134. dv/dt Transient of the CMTI -- 10.26 V/n

s (Bias Supply With Buck and Push Pull)

3800V
5500

A170.0Y

-1

R L

) : / . :
b . .
. \\ . 1
B R S Y JM_;,-“:\.,‘:,‘\ SE: TR, @W,b:q,&;,,ma’\;,rf- :
@& 200V 200ns 2.5065/5 & 19 Feb 2019
250 v 10M points 1.20v 16:11:45

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 250 V/div, CH2: SN6505-Q1 switch

node voltage, 5 V/div, 200 ns/div
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3.24.3 Short-Circuit Test

The IGBT module is turned on into short to measure the performance of power stage and the immunity of
bias supplies to the high di/dt. The high side IGBT is shorted with low impedance cable. A 500-V DC bus
voltage is applied. The low-side IGBT is pulsed once and turned on into short. Switch node of the high
side bias supplies are measured.

3.24.3.1 LM5180-Q1 Flyback Converter

This section shows the short-circuit test with LM5180-Q1 based supply. The IGBT is switched with 500-V
DC bus voltage and at 4 A/ns speed of di/dt. As can been the supply operates smoothly without
interruption.

K 135. Short-Circuit Test Waveforms (Bias Supply With LM5180-Q1 Flyback)

Tek Prevu [ I—] ]

B ﬁ ﬁ ; ; 1 : ; ; ; ]
E’ 20,0V ][40‘0;5 2.5065/s o ][ 20 Feb 2019]

13:34:04

& 4500 & © 00V 10M points 10.8 Y

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 100 V/div, CH2: LM5180-Q1 switch
node voltage, 20/div, CH3: Load current flowing from drain to source of the IGBT, 500 A/div, 40 us/div
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K 136. di/dt Transient During Short Circuit (Bias Supply With LM5180-Q1 Flyback)

: . . . € £08.000ns 710.0 A
o S 828.000ns 790.0 &
D : fr’ (® A20.0000ns A80.00 A
] Cursors Linked
J H H
B
o | | ; | | : - | |
& 200V 1.00ps 2.5065/5 @ 20 Feb 2019
+500 A 100V 10M points 10.8 ¥V 13:35:55

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 100 V/div, CH2: LM5180-Q1 switch
node voltage, 20/div, CH3: Load current flowing from drain to source of the IGBT, 500 A/div, 1 ps/div
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3.2.4.3.2 TPS40210-Q1 Flyback Converter

This section shows the short-circuit test with TPS40210-Q1 based supply. The bias supply is connected to
the power stage. The IGBT is switched with 500 V DC bus voltage and at 1 A/ns speed of di/dt. i 137
and & 138 illustrate that the supply operates smoothly without interruption.

K 137. Short-Circuit Test Waveforms (Bias Supply With TPS40210-Q1 Flyback)

TekPrevu [ — i [ E— 1

20,0V 40.0ps 2.5065/ @ 20 Feb 2019
& L5004 100 vV - 10M points 10.8 v 14:31:05

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 100 V/div, CH2: LM5180-Q1 switch
node voltage, 20/div, CH3: Load current flowing from drain to source of the IGBT, 500 A/div, 40 ps/div

] 138. di/dt Transient During Short-Circuit (Bias Supply With TPS40210-Q1 Flyback)

€ 250.000ns 240.0 &

390.000ns 380.0 &

(® A140.000ns 51400 4
Cursors Linked

¥

& 200V 1.00ps 2.5065/s o 20 Feb 2019
& 4500 A 100 V 10M points 10.8 Y 14:30:44

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 100 V/div, CH2: TPS40210-Q1 switch
node voltage, 20/div, CH3: Load current flowing from drain to source of the IGBT, 500 A/div, 1 ps/div
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3.2.4.3.3 SN6505-Q1 Push-Pull Converter

This section shows the short-circuit test with SN6505-Q1-based supply. The bias supply is connected to
the power stage. The IGBT is switched with 500-V DC bus voltage and at 0.7 A/ns speed of di/dt. The
waveforms in & 139 and | 140 illustrate that the supply operates smoothly without interruption.

i 139. Short-Circuit Test Waveforms (Bias Supply With Buck and Push Pull)
Tekstp [ o — 1

. o

A T T

20,0V 20.0ps 2.5065/ @ 20 Feb 2019
& L5004 100 v 10M points 10.8 v 14:07:59

9

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 100 V/div, CH2: SN6505-Q1 switch
node voltage, 20/div, CH3: Load current flowing from drain to source of the IGBT, 500 A/div, 20 ps/div

K 140. di/dt Transient During Short Circuit (Bias Supply With Buck and Push Pull)

€ 750.000ns 470.0 &

950.000ns 610.0 &

(® A200.000ns 51400 4
Cursors Linked

A -

& 200V 1.00ps 2.5065/s o 20 Feb 2019
& 4500 A 100 V 10M points 10.8 Y 14:09:23

From top to bottom: CH1: IGBT gate signal, 20 V/div, CH4: IGBT Vds voltage, 100 V/div, CH2: SN6505-Q1 switch
node voltage, 20/div, CH3: Load current flowing from drain to source of the IGBT, 500 A/div, 1 ps/div
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4.1

4.2

4.3

43.1

4.4

4.5

4.6

6.1

6.2

Design Files

Schematics

To download the schematics, see the design files at TIDA-020014.

Bill of Materials

To download the bill of materials (BOM), see the design files at TIDA-020014.
PCB Layout Recommendations

Layout Prints

The power stage of TIDA-020014 implements a 4-layer PCB. All bias supplies of TIDA-020014 implement
2-layer PCBs. To download the layer plots, see the design files at TIDA-020014.

Altium Project

To download the Altium Designer® project files, see the design files at TIDA-020014.

Gerber Files

To download the Gerber files, see the design files at TIDA-020014.

Assembly Drawings

To download the assembly drawings, see the design files at TIDA-020014.

Software Files

To download the software files, see the design files at TIDA-020014.

Related Documentation

1. Texas Instruments, Automotive Wide V,, Front-End Power Reference Design w/Cold Crank Operation
& Transient Protection

2. Texas Instruments, 4.5V to 65V input bias supply with power stage reference design for automotive
IGBT/SIC gate drivers

3. Texas Instruments, 98.6% Efficiency, 6.6-kW Totem-Pole PFC Reference Design for HEV/EV Onboard
Charger

4. Texas Instruments, Automotive Dual Channel SIC MOSFET Gate Driver Reference Design with Two
Level Turn-off Protection

PR

E2E is a trademark of Texas Instruments.

Altium Designer is a registered trademark of Altium LLC or its affiliated companies.
CoilCratft is a registered trademark of Coilcraft Inc..

All other trademarks are the property of their respective owners.

Third-Party Products Disclaimer

TI'S PUBLICATION OF INFORMATION REGARDING THIRD-PARTY PRODUCTS OR SERVICES DOES
NOT CONSTITUTE AN ENDORSEMENT REGARDING THE SUITABILITY OF SUCH PRODUCTS OR
SERVICES OR A WARRANTY, REPRESENTATION OR ENDORSEMENT OF SUCH PRODUCTS OR
SERVICES, EITHER ALONE OR IN COMBINATION WITH ANY Tl PRODUCT OR SERVICE.
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Terminology
AFE— Analog Front End

AEC— Automotive Electronics Council

ESR— Equivalent Series Resistance

EMI— Electromagnetic Interference

EMC— Electromagnetic Compatibility

DM— Differential Mode

CM— Common Mode

UVLO— Undervoltage Lockout

MOSFET— Metal Oxide Semiconductor Field Effect Transistor
CISPR— International Special Committee on Radio Interference
PE— Protective Earth

RMS— Root Mean Square

ISO— International Organization for Standardization

BOM— Bill of Material

OEM— Original Equipment Manufacturer

AN— Artificial Network

LISN— line impedance stabilization network

EUT— Equipment Under Test

PCB— Printed Circuit Board

HEV— Hybrid Electric Vehicle

EV— Electric Vehicle

About the Author

Xun Gong is an Automotive Systems Engineer at Texas Instruments, where he is responsible for
developing reference design solutions for HEV/EV powertrain applications. Xun brings to this role
expertise in the field of onboard charger, DC/DC converter, and traction inverter with IGBT and SiC
(Silicon Carbide) power transistors. Xun achieved his Ph.D. in electrical engineering from Delft University
of Technology in Delft, Netherlands. Xun Gong has more than 10 technical paper publications and he won

the 1st prize paper of the Academic Journal IEEE Transactions on Power Electronics in 2014.

Xiong Li is a systems engineer from the high power drivers team. Xiong is responsible for defining high-
voltage isolated gate drivers for high-power IGBTs and SiC MOSFETSs. Prior joining Tl, Xiong completed
his PhD degree from the University of Texas at Dallas in electrical engineering with focus on power
electronics. Xiong did summer internship with Tesla Motors in 2015 and Emerson Network Power in 2011.
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