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1 System Description

The TIDA-01352 enables modular and efficient power scaling capabilities by providing a solution for
digitally programmable power supplies to power ultrasound transmit circuits.

Medical ultrasound imaging is a widely-used diagnostic technique that enables visualization of internal
organs, their size, structure, and blood flow estimation. It uses high-voltage ultrasound signals to actuate
the sensor, transmits those signals inside human body, and receives the echo on the same line. This
needs a high-voltage power supply that is programmable, scalable, and able to drive more number of
channels.

Sonar imaging equipments transmit sound pulses and convert the returning echoes into digital images,
much like a medical ultrasound sonogram. The advantage is that they can "see" what is going on through
dark or turbid (cloudy) water in zero visibility conditions. Because the principle of operation is the same as
ultrasound scanners, the power supply requirements are also similar.

Nondestructive evaluation is a wide group of analysis techniques used in the science and technology
industry to evaluate the properties of a material, component, or system without causing damage.
Ultrasonic testing (UT) is part of the family of non-destructive testing techniques based on the propagation
of ultrasonic waves in the object or material tested. In most common UT applications, very short ultrasonic
pulse-waves with center frequencies ranging from 0.1 to 15 MHz, and occasionally up to 50 MHz, are
transmitted into materials to detect internal flaws or to characterize materials. A common example is
ultrasonic thickness measurement, which tests the thickness of the test object, for example, to monitor
pipework corrosion.
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System Description

1.1 Key System Specifications

7% 1 shows different characteristics and their specifications of TIDA-01352 board.

% 1. Key System Specifications for TIDA-01352

CHARACTERISTICS

SPECIFICATIONS

Input voltage (V)

24V +10%

VMAIN-Positive

50 to 150 V at 100 W nominal

VMAIN-Negative

—50 to —150 V at 100 W nominal

VMID-Positive

2.5t0 50 V at 100 W nominal

VMID-Negative

—2.5to =50 V at 100 W nominal

3.3 V (logic supply for pulser) 33Vat2A
5V (pulser level shifter) 5Vat2A
-5V (pulser level shifter) -5Vat2A
Programming capability Digital
DAC resolution 12 bits
Control voltage range from DAC Oto5V
External clock synchronization Yes

External SYNC frequency range

100 to 500 kHz
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System Overview

Block Diagram

1 shows the TIDA-01352 block diagram. The design has three main sections: push-pull section for +HV
power supply, push-pull section for +LV or MID power supply, and point-of-load (PoL), low-voltage power
supplies.

The HV and LV or MID power supply sections are identical with change in transformers. Both use PWM
controller LM5030 and CSD19506KCS power MOSFETS to implement power supplies for generation of
positive and negative rails to power the TX devices. £HV rails are programmable in terms of voltage from
+50 to £150 V, whereas the LV or MID rails are programmable in terms of voltage from +2.5 to £50 V.
The programmability is implemented using two separate 12-bit, highly-linear DAC60004 devices. The
outputs from DACs are compared and signal processed using op-amps TLVx171 to change the feedback
of the LM5030 circuit. To power the DAC, TPS7A4901 is used to generate 5.3 V. REF5050 generates 5 V
for REFIN of the DAC. The push-pull controller LM5030 requires an input circuit (for VCC generation),
which is implemented using CSD17381 and 11-V Zener diodes.

Each TX device also requires low-voltage PoL power supplies for internal level-shifters and digital circuitry.
The power module LMZ34202 generates a VDD of 3.3 V. The VCC and VEE supplies are generated using
LMZ34202 and LMZ34002 respectively.

All the power supply rails should be synchronized to a master clock, which is implemented using
CDCE937. CDCE937 generates seven SYNC outputs from a single external SYNC clock on the input.
Two TPS7A4901 devices are used to power CDCE937. The entire board is sized in 165-mm x 220-mm
size. The tHV and =LV or MID rails are scalable in terms of power and show modular approach for the
designer to increase the power rails.

4
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1. System Block Diagram for TIDA-01352

2.2 System Design Theory

221

Basic Ultrasound System

In an ultrasound system, the transmitter that generates HV signals to excite a transducer is one of the
critical components in the entire ultrasonic diagnostic system. There are semiconductor devices available,
which can generate HV signals to ensure the penetration depth of ultrasonic signals. A generic system
level block diagram for cart-based ultrasound scanner is shown in [%] 2.

JAJU264—-June 2017

A00W e, R —F7 /b, +2.5~+150V, 7' T A A REZ A E W IR D) 7 7L 5
SRTYPA

TIDUCDS8 iRl — e o> SeBRE £l hitp:/lwww-s.ti.com/sc/techlit/ TIDUCD8

Copyright © 2017, Texas Instruments Incorporated


http://www.tij.co.jp
http://www-s.ti.com/sc/techlit/TIDUCD8.pdf

System Overview

I

TEXAS
INSTRUMENTS

www.tij.co.jp

HV Power Supply
12 V or 24 V Power Bus from Power Supply Unit
| E-Fuse |
CLK
+25Vto+100V [€—
Front-End Power Supply
8 A 4 A
p=}
=}
%]
o
& :
= HV TR Transmitter
2 4| MUX |[4—» Switch L (Pulser or Linear |« TX Beamformer
3 DEMUX Amplifier)
g
=}
N Beamformer
TGC Cireuit Control Unit
Analog Front End
P (AFE) RX Beamformer
~ -
TX/IRX CW Circuit Beam Forming

2. System Level Block Diagram for Cart-Based Ultrasound Scanners (Full Block Diagram Not Shown)

The high-voltage pulses are applied to the piezoelectric crystals in the transducer which generate
ultrasound waves that traverse through the body and the reflected echo consists of information, such as
blood flow, organs, tissues, and so on. These pulses applied are usually bipolar in nature and generated
by transmit devices.

There are two modes in general:

1. Pulse mode (also known as B- or M-mode) where high-voltage pulses (up to —100 V and 100 V
typically) are transmitted for short time only

2. Continuous (CW) mode where low-voltage (2.5 to +10 V typically) pulses are continuously transmitted
by half the piezo elements in the transducer while the other half act as receive

It is important to note that same power supply is used for both the modes meaning the output of power
supply is ranging from £2.5 to £100 V. This powering scheme is typically implemented using a switched
mode power supply (SMPS) followed by regulators as shown in [X| 3. Within pulse mode, there is a special
mode called Elastography mode. The voltages in Elastography modes can go up to £150 V. The current
requirements is huge (sometimes more than >100 A) for a short period of time (may be tens of
microseconds). Delivering such high currents at the high voltages without dropping the output voltage is a
challenge. To cover for the droop in output voltage, a high value of capacitors is also used at the output of
SMPS. The focus of this document is the SMPS only.
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3. Typical Power Supply Scheme in Medical Ultrasound Application

In order to feed the ultrasound transmitter sections, the power supply board must generate, from a 24-V
(or sometimes 12-V) DC input, one positive and one negative HV rail up to 100 V and -100 V,
respectively. These rails should be digitally programmable. Sometimes the TX pulser is operated in
different modes, which require four such rails (referto 2.2.2.1 and 2.2.2.2). The TX devices also require
low-voltage rails: VDD (typically 3.3 V) for internal logic supply, VCC, and VEE for internal level-shifters
(typically 5 V). The power supply should be capable of synchronizing to the ultrasound master or system
clock frequency. Most ultrasound systems use frequency in the range of 100 to 500 kHz.

Before going into design and details of the power supply, it is important to understand some basic
nomenclatures used in the ultrasound scanners.

Pulser and Linear Amplifier

There are two types of transmitter devices available—one is called pulser and other one known as linear
amplifier. Both these devices generate HV signals to drive transducers, but they have specific requirement
on the driving front as well as use case.

A pulser uses a combination of PMOS and NMOS switches and operates with square wave input signals.
When FFT is taken for the output of a pulser, it has higher odd harmonics (because of square wave) and
affects image quality. The advantage is that the pulser is extremely low power as the PMOS and NMOS
switches only operate when there is input square wave (see [X| 4).
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+HV

+HV

-HV
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-HV

4. Pulser—Output Waveform and FFT of Output

Linear amplifier is a simple amplifier which takes approximately 2 Vp-p input signal and generates 180 Vp-
p (or 200 Vp-p depending upon the requirement). The linear amplifier is a pure amplifier, which just
amplifies sine wave and thus will not have harmonics when FFT is taken, which helps in improving the
image quality. The drawback is that this amplifier has higher power consumption because of biasing of the
amplifier while in operation and quiescent power consumption when not operating (see [X| 5).

+HV

2Vp-p 180 to 200Vp-p
-HV

-HV

FFT does not show Odd harmonics

%

5. Linear Amplifier—Output Waveform and FFT of Output

In short, there is trade-off between the two approaches in terms of power consumption and image quality.
In most cases, pulsers are used in low- and medium-end ultrasound systems, whereas linear amplifiers
are used in high-end or premium ultrasound systems. One additional cost drawback with linear amplifiers
is that a DAC is required for driving the input because FPGA beam-former only outputs digital. The DAC
would also consume power, take up space, and require a reference, but there is a way to get rid of the
harmonics even in low- and medium-end ultrasound systems. In case, a pulser is used for the transmit
section, there are two mainly used nomenclatures: three-level and five-level.
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2221 Three-Level Pulser

A pulser, which can generate the output from +HV to 0 to —HV, is called a three-level pulser. The pulser
has only three levels as shown in example [¥] 6.

+HV

-HV
I I
200 ps

6. Three-Level Pulser Output Waveform

2.2.2.2 Five-Level Pulser

A pulser which can generate five levels to get the output waveform more closely to a sine wave is called a
five-level pulser. The pulser has levels as +HV, +MID, 0, -MID, and —HV. An example waveform is shown
in X 7.

+HV
+LV/Mid

m::

-LV/Mid

-HV

| |
I 1
200 ps

7. Five-Level Pulser Output Waveform

2.3 Design Considerations

This section explains the design theory for the topology and component selection for the design.
23.1 Selecting Devices

2.3.1.1  Selecting Topology for HV and LV or MID Power Supply Rails

The power supply for ultrasound pulsers must have variable or programmable outputs for both positive
and negative rails. The power levels for both the rails also vary per the pulser level-types and modes used
in the ultrasound scanners. This requirement needs a topology, which is scalable in terms of power. There
are some modes where power levels can go up to 500 W. Push-pull topology is the most suitable topology
as it is scalable in terms of power. Push-pull topology has both the switches (MOSFETS) referred to
ground, which means there is no high-side switch requiring special treatment (like driver and isolation).
Push-pull topology is a derivative of two forward converters operating 180° out of phase. This
configuration allows operation in the first and third quadrant of the hysteresis loop with better usage of the
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magnetic core of the transformer. The maximum voltage stress of the switching MOSFETSs is twice the
input voltage, which is the same as the forward topology. A current mode PWM converter avoids runaway
of the flux core by monitoring the current of each of the push-pull transistors and forcing alternate current
pulses to have equal amplitude. Also, synchronization to external clock is possible in push-pull topology
and is a mandatory feature required for the power supplies.

2.3.1.2  Selecting Push-Pull Controller and MOSFETs

LM5030 is a high-voltage PWM controller that contains all of the features required to implement push-pull
topology in current-mode control. The device provides two alternating gate driver outputs. The LM5030
includes a high-voltage start-up regulator that operates over a wide input range of 14 to 100 V. The device
has total propagation delays less than 100 ns and a 1-MHz capable single-resistor adjustable oscillator.
The output voltages range from £2.5 to £150 V for the ultrasound pulse power supply, which means the
duty cycle of the controller should be able to take such big dynamic range. LM5030 can support this
dynamic range also. The requirement to choose MOSFETSs for push-pull topology is that they should be
able to handle a stress of 2 X V| = 2 X 26.4 = 52.8 V. CSD19506KCS is 80-V MOSFET with very high
current rating of 100-A peak. The package is able to handle heat using external heat-sink.

2.3.1.3 Selecting DAC, Reference, and Power for DAC

To cover the entire range of output voltages, a DAC is used to change the feedback of the push-pull
controller. The requirements for the DAC are:

* Resolution: 12 bits at least

* Linearity: 1 LSB INL

e Channel count: quad

* Low temperature drift: few pVv/C

DACG60004 is a suitable device for this application. The device accepts reference voltage from 2.2 V to

VDD. The drift for reference is very important. REF5050 is suitable for the device, which can generate 5-V
reference. The power supply for the DAC can be generated using TPS7A4901.

2.3.1.4  Selecting Buck Converters for LV Requirements

While powering a pulser, there are some requirements of 3.3-V, 5-V, and —5-V rails. Each of the rails
should support the following needs:

1. Vy=24V

2. Vgyr = programmable

3. lour = up to 2 A. The ICs should be synchronizable to external clock frequency of 100 kHz to 1 MHz.

LMZ34202 and LMZ34002 devices are suitable for these requirements.

2.3.1.5 Selecting Clock Buffer

The clock buffer should meet the following requirements:

1. Atleast seven outputs (four outputs for four LM5030 devices, one output for 5-V generation, one
output for —5-V generation, one output for 3.3-V generation)

2. Clock frequency range: 100 kHz to 1 MHz (5 2 shows the SYNC frequencies for the devices used in
the design)

3. If possible, divide-by-2 options should be available

10
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Fz 2. SYNC Frequency Range for the Devices Used in TIDA-01352

SYNC SIGNAL CONNECTION DEVICE FRE%YUNECI;\lgbORCAKNGE SYN?.'_?'I?'SSC;(O?_ISNAL
U1 (positive supply for HV output) LM5030 100 kHz to 1 MHz 3.2-V typical
U4 (negative supply for HV output) LM5030 100 kHz to 1 MHz 3.2-V typical
U9 (-5-V generation) LMZ34002 400 kHz to 900 kHz 1.9-V typical
U14 (positive supply for LV or MID output) LM5030 100 kHz to 1 MHz 3.2-V typical
U17 (negative supply for LV or MID output) LM5030 100 kHz to 1 MHz 3.2-V typical
U8 (5-V generation) LMZ34202 200 kHz to 1 MHz 2-V minimum
U7 (3.3-V generation) LMZ34202 200 kHz to 1 MHz 2-V minimum

The input clock for clock buffer is externally available SYNC signal, which is also the master clock signal
in ultrasound systems. The signal synchronizes all the power supply ICs on the board.

% 3. Power Supply for CDCE937

RECOMMENDED OPERATING CONDITIONS

MINIMUM NOMINAL MAXIMUM UNIT
Vob Device supply voltage 1.7 1.8 1.9 \%
° voltage, Vppour CDCEL937 1.7 — 1.9 %

The CDCE937 is a modular, PLL-based, low-cost, high-performance, programmable clock synthesizer,

multiplier, and divider. The device generates up to seven output clocks from a single input frequency.
Each output can be programmed in-system for any clock frequency up to 230 MHz using up to three
independent configurable PLLs. The CDCE937 has separate output supply pins: VDD, which is 1.8 V, and

Vpoour: Which is 2.3 to 3.3 V for CDCE937 (see Z 3). The input accepts an external crystal or LVCMOS

clock signal. If an external crystal is used, an on-chip load capacitor is adequate for most applications. The
value of the load capacitor is programmable from 0 to 20 pF. Additionally, an on-chip VCXO is selectable,

which allows synchronization of the output frequency to an external control signal, that is, PWM signal.

2.3.2

There are four push-pull circuits used—two for generating positive and negative supplies in HV section

Push-Pull Circuit Design

and other two for generating positive and negative supplies for LV or MID power supply.

=

23.21

This section explains the LM5030 circuit for Positive Supply for HV Circuit only, but the circuit

is similar for other three sections except the feedback circuits and transformers.

Input Section and Turnon Mechanism

As shown in [¥] 8, the input voltage for this design is 24-V DC (considering £+10%, the range is from 21.6-V
to 26.4-V DC). The LM5030 contains an internal high-voltage startup regulator. The input pin (VIN) can be
connected directly to line voltages as high as 100 V. Upon power up, the regulator is enabled and sources

current into an external capacitor connected to the VCC pin. In this Tl Design, one 11-V Zener diode is

used to power the VCC pin through a MOSFET CSD17381F4. This will keep the VCC voltage greater than

8 V, which effectively shuts off the internal startup regulator and saving power and reduces the controller
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dissipation. The LM5030 100-V Push-Pull Current Mode PWM Controller[6] recommends a capacitor for
the VCC regulator between 0.1 to 50 pF. This design uses 22 uF in parallel with 0.1 uF. When the voltage
on the VCC pin reaches the regulation point of 7.7 V, the controller outputs are enabled. The outputs will
remain enabled unless VCC falls below 6.1 V, the SS or SHUTDOWN pin is pulled to ground, or an
overtemperature condition occurs.

VIN

’
|_

+C2
470uF

|
@
z
5]

R61
10.0k

1 = 1a3
=1 Fcspi73siF4

VCC-P1

——=C121=—=C110
22uF 0.1uF

cs vee
VIN ouTt 2
out2 (-5

GND COMP —=—
LM5030MM/NOPB

R72
0

fsw =200kHz  tss~2sec
Copyright © 2017, Texas Instruments Incorporated

8. Input Section and Turnon Mechanism for LM5030

2.3.2.2  Oscillator Frequency Setting

The operating frequency of the power supply should be selected to obtain the best balance between
switching losses, total transformer losses, and size and cost of magnetic components and output
capacitors. High-switching frequency reduces the output capacitor value and the inductance of the primary
and secondary windings and therefore, the total size of the transformer. In the same manner, higher-
switching frequency increases the transformer losses and the switching losses of the switching transistor.
These high losses reduce the overall efficiency of the power supply and increase the size of the heat-sink
required to dissipate the heat.

Each output switches at half the oscillator frequency in a push-pull configuration. Assuming fg,, is 100 kHz:
fosc = 2 x fgy = 2 x 100 kHz = 200 kHz. The LM5030 oscillator is set by a single external resistor, which is

connected between the RT pin and the return. To set a desired oscillator frequency, the RT resistor can
be calculated as in = 1.

12
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(;j -172x107°
RT = 5
182 x 10~ (1)
Where:
e f=200kHz

* RT=26.5kQ

The resistor value can also be approximated using the graph in [X| 9, which is taken from the LM5030 100-
V Push-Pull Current Mode PWM Controller[6].

1000

N N
<
>
(@]
4
w
)
o> \
i
[T
L N\
2 \
3 N
O \
¢ \
100
1 10 100
RT (KQ)

9. LM5030 Oscillator Frequency versus RT

2.3.2.3 Synchronizing External Clock

The LM5030 can also be synchronized to an external clock. The external clock must be of higher
frequency than the free running frequency set by the RT resistor. The clock signal should be capacitive
coupled into the RT pin with a 100-pF capacitor. A peak voltage level greater than 3 V with respect to
ground is required for detection of the SYNC pulse. The SYNC pulse width should be set in the 15- to
150-ns range by the external components. The RT resistor is always required, whether the oscillator is
free running or externally synchronized. The voltage at the RT pin is internally regulated to a nominal 2 V.
Locate the RT resistor close to the device and connected directly to the pins of the IC (RT and GND). The
SYNC input pulse width must be between 15 and 150 ns and have amplitude of 1.5 to 3.0 V at the SYNC
pad on the board. The pulses are coupled to the LM5030 through a 100-pF capacitor as specified in the
LM5030 100-V Push-Pull Current Mode PWM Controller[6] datasheet. For TIDA-01352, SYNC option is
available through a test-point as shown in [X] 8. The capacitor C60 is 100 pF as per the recommendation
in the LM5030 100-V Push-Pull Current Mode PWM Controller[6].
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2.3.2.4 Soft Start and Shut Down

The soft-start feature allows the converter to gradually reach the initial steady state operating point, thus
reducing start-up stresses and surges. An internal 10-pA current source and an external capacitor
generate a ramping voltage signal that limits the error amplifier output during start-up. In the event of a
second level current limit fault, the soft-start capacitor will be fully discharged which disables the output
drivers. When the fault condition is no longer present, the soft-start capacitor is released to ramp and
gradually restart the converter. The SS pin can also be used to disable the controller. If the SS pin voltage
is pulled down below 0.45 V (nominal), the controller will disable the outputs and enter a low power state.
Using the standard formula for current in a capacitor Using this equation, and assuming | is 10 YA, tis 1

second, and dV is 1.4 V (VCOMP for LM5030), the result is Cgg = 6.8 pF.

I:C><d—V

dt @

2.3.25 OUT1, OUT2, and Time Delay

The LM5030 provides two alternating outputs, OUT1 and OUT2. The internal gate drivers can each sink
1.5-A peak each. The maximum duty cycle for each output is inherently limited to less than 50%. The
minimum duty cycle is 0%. The typical dead-time between the falling edge of one gate driver output and
the rising edge of the other gate driver output is 135 ns (see [X| 10) .

T1 750343547
1 10

X i
J_‘ — N [V
X

Q2
CSD19506KCS

|
Q1 ~ o
CSD19506KCS
D12 : F_} {_!I :
— i
R67
v g 4 L

Bl

U1 l oW l - L
R68 S
cs vee 4 ® MA Py GND-P11 GND-P11 H16
10.0
VIN ouT1 =2
out2 -8 L L
RT R69 - —
ss VFB a2 GND-P11 1 GND-P11 1
10.0 H15
R70
GND  COMP —3- K 2 2
0
LM5030MM/NOPB V6560X

Copyright © 2017, Texas Instruments Incorporated
X 10. LM5030 Driving MOSFETs

2.3.2.6 Power MOSFETs

The voltage stress on MOSFETS for a push-pull power stage is twice the maximum input voltage (plus
15% margin for transformer leakage).

Voltage Stress on MOSFETSs = 2 x VIN(max) +15% Margin = (2 x 26.4) + (0.15x 2x 26.4) =60.72 V 3)
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The power MOSFETs (CSD19506KCS) are chosen because they have a drain-to-source voltage rating of
80 V and a drain current rating of at least 10 A. There is a provision for snubber circuit to be connected
across the MOSFET to avoid any excess ringing while switching the MOSFETSs.

The maximum voltage drop across the switching MOSFET during the on time is calculated as = 4.

( o(max) xRps on))
(Transformer Efficiency x VlN(min))

VDS(on) = = 87mV

4
2.3.2.7  Current Sensing Using Current Transformer

Monitoring the input current provides a good indication of the circuit's operation. If an overload condition
should exist at the output (a partial overload or a short circuit), the input current would rise above the
nominal value shown in [X| 11. Current transformer, in conjunction with D9, R2, R62, R63, and C55,
provides a voltage to pin 8 on the LM5030 (CS), which is representative of the input current flowing
through its primary. If the voltage at the first current sense comparator exceeds 0.5 V, the LM5030
disables its outputs, and the circuit enters a cycle-by-cycle current limit mode. If the second level threshold

(0.625 V) is exceeded due to a severe overload and transformer saturation, the LM5030 will disable its
outputs and initiate a soft-start sequence.

oo |4
a Z Z 750340744
\CAAN
@Y YY)

0o

zz

Copyright © 2017, Texas Instruments Incorporated

11. Current Sense Circuit

2.3.2.7.1 Selecting Turns Ratio for CT and Sense Resistor

The turns ratio for CT depends upon Ipk (primary) and bleeder resistor. The CS pin voltage should not be
more than 0.5 V, or cycle-by-cycle protection will trigger. Assume CT turns ratio is 1:100, so with Ipk
(primary) at 10 A, the result is = 5.

(0.5 x100)
Rsense = T =5Q

(5)
This Tl Design uses CT from Wurth Elektronik™ (part number 750340744) with turns ratio of 1:100.
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The current sensed through CT and bleeder resistor (R62) is filtered using a low-pass RC filter with cutoff
frequency of 530 kHz. This helps in cleaning the current sense signal before feeding to CS pin of LM5030.
R2 (10 kQ) is used for resetting the core.

& For the £HV sections, the current sense resistor is selected to be 4.02 Q to facilitate
Elastography mode of testing. For LV or MID sections, the current sense resistor is the
same as the calculated value of 5 Q.

2.3.2.7.2 Calculating Turns Ratio for Push-Pull Transformer

The turn ratio for the +HV output is as shown in = 6.

VO(max) _ 155
2 X V|N X D

= =717
o 2x24x0.45 ©)

Nhy =

The selected turns ratio is n,,, = 7.5.

The design uses push-pull transformer (part number 750343547) from Wurth Elektronik. The transformer
can accept 24-V DC at the primary and switch between 100 to 400 kHz. The output is 110 V at 1 A with
operating temperature range of —40°C to 125°C.

The turn ratio for the +LV or MID output is as shown in = 7.
VO(max) 3 55 _o5
2x VN xDpax  2x24x0.45 ' @)

NivorMiD =

The selected turns ratio is N, g = 3-1.

The design uses push-pull transformer (part number 750343548) from Wurth Elektronik. The transformer
can accept 24-V DC at the primary and switch between 100 kHz to 400 kHz. The outputis 55V at 2 A
with operating temperature range of —40°C to 125°C.

Both the transformers are designed to comply with the requirements (basic insulation for a primary circuit
at a working voltage of 150 Vga«) as defined by IEC60601-1.

2.3.2.8  Output Rectifier and Filtering

For each of the HV and LV or MID outputs, the rectifier and output filter circuits are designed as per the
following sections.

Diode stress =2 x V,y xn=2x 24 x 7.5 =360 V.

The design uses diode with reverse voltage rating of 600 V and 10 A of forward current capacity. The
forward voltage drop is 1.3 V at 2 A.

2.3.2.8.1 Calculating Output Inductor

L=(nxVy—Vg) X Dy /(0.2 % 1) x fgy = 338 pH with current rating of 2-A minimum. The design uses
470-pH inductors with 4-A continuous current rating.

2.3.2.8.2 Calculating Output Capacitor

Courguiny = (0.2 X 1) / (8 x fgyy X AVr) = 40-puF minimum with voltage rating of 300 V at least. The design
uses 100-pF capacitors at the output. For stability, it is good to have a smaller value ceramic capacitor (1
UF) in parallel with the bulk capacitor.

16
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2.3.2.8.3 Output Rectifier and Filtering for Positive and Negative Rails

12 and [%¢] 13 show the output rectifier diodes at the secondary of transformers. Note that for positive
and negative outputs only direction of diode is reversed. The values of output inductor (470 uH), output

capacitors (100 pF in parallel with 1-pF ceramic), and transformers remain the same.
H13
GNS—P1 \_< g
1
D2

LXA10T600

3

VOUT-P1

J2
3 VMAIN-Positive
100pF C11 QF

WF =
GND-P1

D10
6 GND-P1_3 1
2 Inc NG |—1— T LXA10T600 GND-P1
4 _Inc NC 2
H14

Copyright © 2017, Texas Instruments Incorporated

12. Output Rectifier and Filtering for Positive Output

H5
GND-N1
1 5/1

T2 750343547 D3
1 10 71 1 3

3 I
LXA10T600
3 8

AT

2GND-N11 3

?

VOUT-N1

VMAIN-Negative

6
2 Ine NG |- I LXA10T600 GND-N1

I NC X H6

1

Copyright © 2017, Texas Instruments Incorporated

13. Output Rectifier and Filtering for Negative Output
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2.3.2.9  Setting Output Using Feedback Circuit

The outputs are set using op-amp based circuits which compare a fraction of output voltage with control
voltage from DAC.

2.3.29.1 Setting Output for Positive Rail for HV Section

The feedback circuit for positive rail uses a comparator based on TLV171 to compare the output voltage
with control voltage set by DAC. The V; for the +HV section varies from 50-V to 150-V DC. The gain is
set to 0.03226 (= 10 k / 310 k). This gain gives the value of control voltage to be well within the maximum
output from DAC, which is 5 V, at VOUT-P1 = 150 V (see [¥] 14). Once the fraction of output VOUT-P1
compared with control voltage VCON-AL, the output of U2 drives the transistor Q4. R76 (47 kQ) and R78
(10 kQ) are used for scaling the output of U2 to drive Q4. The collector of Q4 is used to pull down or pull
up the voltage on COMP (pin 3) of LM5030 (U1) based on the result of comparison between output and
control voltage. R75 (1 kQ) and C62 (1 puF) form compensation network for COMP pin.

— RT
10 ss VFB a2

3

—— GND COMP
LM5030MM/NOPB

VOUT-P1
SR75
21.00k . "
~ FCX493TA Non-Inv input of the op-amp is 0.03226 (=10k/310k) times the VOUT-P1
—C62
1uF )
VOUT-P1 (V) VCON-A1 (V)
50 1.6129
100 3.22581
= = = 150 5
GND GND
VCON-AT |

Copyright © 2017, Texas Instruments Incorporated

14. Feedback Circuit for Positive Rail for HV Section

[%] 15 shows the TINA™ simulation, and [X| 16 shows the waveforms for VOUT-P1 = 50 to 150 V.
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[® 15. TINA Simulation for Feedback Circuit for Positive Rail for HV Section
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16. Simulation Waveform Showing Linearity (+HV Output)

2.3.2.9.2 Setting Output for Negative Rail for HV Section

The feedback circuit for negative rail uses an inverter and a comparator based on TLV2171 to invert and
compare the output voltage with control voltage set by DAC. The V; for the HV section varies from —50-
V to —150-V DC. The gain is set to —0.03226 (= 10 k / 310 k). This gain gives the value of control voltage
to be well within the maximum output from DAC, which is 5 V at VOUT-N1 = —-150 V (refer to [X] 17).
Before comparing the fraction of output VOUT-N1 with control voltage, the fraction is inverted using an
inverting amplifier USB. Once the fraction is inverted, it is compared with control voltage VCON-B1, which
is the output of U5A drives the transistor Q8. R57 (47 kQ2) and R58 (10 kQ) are used for scaling the output
of U5SA to drive Q8. The collector of Q8 is used to pull down or pull up the voltage on COMP (pin 3) of
LM5030 (U4) based on the result of comparison between output and control voltage. R55 (1 kQ) and C50
(1 uF) form compensation network for COMP pin.
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2 RT
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7 |[— 2 VOUT-N1 (V) VCON-B1 (V)
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-150 5
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= <
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N FCX493TA 7|3 TLV2171DR T = R56
; R57 ; 3 GND 300k
{ <yiA |, VCCNT ©
Lo 47.0k T2
1uF i R170
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|
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B 17. Feedback Circuit for Negative Rail for HV Section

18 shows the TINA simulation, and 19 shows the waveforms for VOUT-N1 = -50 to —150 V.

i

= VCOMP (internal to LM5030) 1.4
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18. TINA Simulation for Feedback Circuit for Negative Rail for HV Section
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19. Simulation Waveform Showing Linearity (—HV Output)

2.3.2.9.3 Setting Output for Positive Rail for LV or MID Section

The feedback circuit is exactly same as for HV section except the gain. The Vg for LV- or MID-section
varies from 2.5-V to 50-V DC. The gain is set to 0.09091 (= 1 k/ 11 k). This gain gives the value of control
voltage to be well within the maximum output from DAC, which is 5 V at VOUT-P2 =50 V (refer to [%| 20).
Once the fraction of output VOUT-P2 is compared with control voltage VCON-A2, which is the output of
U15 drives the transistor Q12. R118 (47 kQ2) and R120 (10 kQ) are used for scaling the output of U15 to
drive Q12. The collector of Q12 is used to pull down or pull up the voltage on COMP (pin 3) of LM5030
(U14) based on the result of comparison between output and control voltage. R117 (1 kQ) and C88 (1 uF)
form compensation network for COMP pin.

— RT
10,0 ss VFB (a2
—Z {eND  comp -2
LM5030MM/NOPB
VOUT-P2
R116
SR117 — 100k
1.0k * Q12 GND o
Y FCX493TA u1s
o T 3 TLV171IDBVR Non-Inv input of the op-amp is 0.09091 (=10k/110k) times the
1 1
p 3< v+ 4
——C88 ]
1uF
VCC-P2 *© VOUT-P2 (V) VCON-A2 (V)
< 25 0.22727
C88-—C90
1uF | 0.1uF 15 1.36364
= 50 454545
GND Co1 =
R121
I GND VCON-A2_|

Il 47.0k
Copyright © 2017, Texas Instruments Incorporated

20. Feedback Circuit for Positive Rail for LV or MID Section

[%] 21 shows the TINA simulation, and [X] 22 shows the waveforms for VOUT-P2 = 2.5 to 50 V.
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21. TINA Simulation for Feedback Circuit for Positive Rail for LV or MID Section
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22. Simulation Waveform Showing Linearity (+LV or MID Output)

2.3.29.4 Setting Output for Negative Rail for LV or MID Section

The feedback circuit is exactly same as for HV section except the gain. The Vg for LV- or MID-section
varies from —2.5-V to —50-V DC. The gain is set to —0.09091 (= 1 k/ 11 k). This gain gives the value of
control voltage to be well within the maximum output from DAC, which is 5 V at VOUT-N2 = -50 V (refer
to [¥| 23). Before comparing the fraction of output VOUT-N2 with control voltage, the fraction is inverted
using an inverting amplifier U18B. Once the fraction is inverted, it is compared with control voltage VCON-
B2, which is the output of U18A drives the transistor Q16. R97 (47 kQ) and R98 (10 kQ) are used for
scaling the output of U18A to drive Q16. The collector of Q16 is used to pull down or pull up the voltage
on COMP (pin 3) of LM5030 (U17) based on the result of comparison between output and control voltage.
R95 (1 kQ) and C75 (1 pF) form compensation network for COMP pin.
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23. Feedback Circuit for Negative Rail for LV or MID Section

24 shows the TINA simulation, and [X| 25 shows the waveforms for VOUT-P2 = 0 to =55 V.
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[& 24. TINA Simulation for Feedback Circuit for Negative Rail for LV or MID Section
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& 25. Simulation Waveform Showing Linearity (+LV or MID Output)
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233 DAC60004 Circuit Design

There are two DACs used—one for programming the output voltage for HV power supply and other one

for LV or MID power supply. This section explains the DAC60004 circuit and how it is similar for both the
power supplies.

SDOT
[VvDD_ 5.3V = u11
- 5ohm REVERS VCON-A1 VCON-B1
C25 ==C26 3 [N, spo b8 o
1WF | 0.1,
IbAcT R148 0 LDAC 1
/SYNC SYNC vours 11 Sws== | VCON-BI
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| SCLK SCLK VOUTA Smes== | VCON-A1
VREF_5V 7 | REFIN
6 12 O O
U13A w27 RO’ Gl VCON-C1 VCON-D1
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VDD_5.3V VIN vouT v
_T TRIMINR =2 0 _T_mz —T—cas DACB0004IPW14
?32 S TEMP GND |4 35 10uF uF L
REF5050AID 1pF - GND
] GND
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DNC -2
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L8
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Ll o o ROV S VCON-A2 VCON-B2
€37 ==C38 3 |voo =0 o
1WF | 0.1,
s RT43 0 DAT ;
/SYNC SYNC vouTs S=wes== | VCON-B:
L L ICLR2 —pmre—g—75™ SR voutp 12 Swes=| VCON-D
oo oD SDI o] SON VouTC =w=mw"-| VCON-C
| SCLK SCLK VOUTA —eemtnz— /CON-A2
7 of REFIN
6 12,

= GND
GND

0] ]
POR GND VCON-C2 VCON-D2
VREF 5V
T * DACGO00ATPWIA
C40 C41
10uF TuF

POR set for zero scale
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¥ 26. DAC60004 to set up Outputs for Power Supplies

2.3.3.1  Power Supply Requirements

The DAC60004 can operate within the specified supply voltage range of 2.7 to 5.5 V. The power applied
to VDD should be well-regulated and have low-noise. A 1- to 10-uF capacitor and 0.1-pF bypass capacitor
is recommended in order to further minimize noise from the power supply. Switching power supplies and
DC-DC converters often have high-frequency glitches or spikes riding on the output voltage. In addition,
digital components can create similar high-frequency spikes. This noise can easily couple into the DAC
output voltage through various paths between the power connections and analog output.
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2.3.3.2

233.21

2.3.3.2.2

A
Internal Vref(nom) for ‘

TPS7A4901 = 1.185V VDD_5V3
- DD _5v3
U10
- R18 8 1 R19
VIRt 0 IN-oour ) ? —o—w VDD 5.3V
5 |en es L2 C28  {R20 29
0.01uF$348k 10pF
C30 3
2 Inc
10uF 7] 6 =
DNC NR/SS ® oo
= EP GND
GND C31 $R26
TPS7A4901DGNR  , 0.01uF 2700k

z-||

GND
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27. Power Supply for DAC60004

Reference Requirement for DAC60004

The reference input of DAC60004 is buffered internally using a dedicated reference buffer for each DAC
channel, but it requires an external reference to operate. The REFIN pin drives the input of these buffers.
The integrated reference buffers offer constant impedance of 30 kQ (typical) at the REFIN pin. This
simplifies the external reference drive circuit for the device. It is important to note that there should be
some headroom between the VDD and VREF in order to achieve linearity at near-VDD codes. The
reference input pin has the following input range:

« 22Vto (VDD -0.2)for2.7V<VDD<45V
« 22VtoVDDfor45V<VDD<55V

As shown in [¥] 26, REF5050 is used as reference for DAC60004. The REFIN pin of both the DACs, U1l
and U12, is driven by 5-V reference voltage generated using REF5050.

REF5050 for REFIN of DAC60004

REF5050 (U13in [¥] 27) is very low-noise, low-drift, high-precision, voltage reference. The input for U13 is
connected to the 5.3-V output of U10. C34 (= 1 pF) is supply bypass capacitor for U13. C32 (= 10 pF) and
C33 (= 1 pyF) form output capacitance for U13. The temperature output terminal (TEMP, pin 3) provides a
temperature-dependent voltage output. This pin is left open in this Tl Design. Typical 0.1- to 10-Hz voltage
noise for REF5050 is specified in REF50xx Low-Noise, Very Low Drift, Precision Voltage Reference
datasheet, but additional filtering can be used to improve output noise levels. C35 (= 1 pF) is used on pin
TRIM-NR is for noise reduction purpose. Note that the capacitors at the REF5050 output should have
ESR between 1 and 1.5 Q or else an external resistor is recommended.

Using Supply as Reference for DAC60004

As highlighted in 2.3.3.2,if 4.5V < VDD < 5.5V, the value of reference voltage on REFIN pin can be 2.2
V to VDD. The VDD for U11 and U12 is 5.3 V. There is a bypass resistor for each of the DACs, R21 and
R31, which can be used for this purpose. To isolate any noise coming from the VDD line, the designer can
also use ferrite beads instead of resistors.

JAJU264—-June 2017
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2.3.3.3 Power-on Reset

The DAC60004 contain a power-on-reset (POR) circuit that controls the output voltage during power up.

The POR is useful in applications where it is important to know the state of the output of each DAC while
the device is in the process of powering up. At power up all DAC registers are filled with power-on reset

code. For both the DACs used in this design, POR is set for zero scale by grounding the POR pin.

2.3.34  Programming DAC

The DAC60004 has a four-wire serial interface: SYNC, SCLK, SDIN, and SDO. The SPI shift register is 32
bits wide. The DAC accepts DAC code in straight binary format, and the DAC data is left aligned from
MSB (D19) to LSB (D4: 16 bits, D6: 14 bits, D8: 12 bits). The channel address bits are shown in 5 4.

# 4. Channel Address Bits

CHANNEL ADDRESS BITS
DESCRIPTION
D23 D22 D21 D20
0 0 0 0 Select channel A
0 0 0 1 Select channel B
0 0 1 0 Select channel C
0 0 1 1 Select channel D
1 1 1 1 Select all channels

2.3.34.1 CLR Pin Functionality and Software CLEAR Mode

The CLR pin is an asynchronous input pin to the DAC. When activated, this falling edge sensitive pin
clears the DAC buffers and the DAC latches to zero, mid, full, or user-programmed code depending on the
clear mode register. The default setting for clear operation is clearto 0 V.

2.3.3.4.2 LDAC Pin Functionality

The DAC60004 devices offer both a software and hardware simultaneous update and control function.
The DAC double-buffered architecture has been designed so that new data can be entered for each DAC
without disturbing the analog outputs. Data updates can be performed either in synchronous or in
asynchronous mode.

2.3.35 Potentiometers for Easy Evaluation

Potentiometers are provided for easy evaluation when the DAC is not use in the design. These are DNPs.

R150 R151

5 g
[ VvDD_5.3V 5 § [vbD_5.3V 5 §
= F o >
% Ribie o % Ri7ie o
g 3
§ W B s
E‘ R30 g‘ R39.
§ 1K § 1K
> >
R36
1K R40.
—=C14 " —=C15
T Tohe | Tohe | o [ [TV T Tohe | ToR | Tome | IV
& oo
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28. Potentiometers for Setting Feedback Outputs
26 A00WHEEfE, R —F 7/, +2.5~+150V, ' T A R RE7LH B FEIR DY 7 7L JAJU264-June 2017
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234 Generation of 5-V (VCC) and 3.3-V (VDD) Rails Using LMZ34202

29 and [¥] 30 show schematic captures of the circuit using LMZ34202, which generates 5V and 3.3V,

respectively.
us
R10 . ) 2
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PVIN xgﬂ 15 oo oo I__Js
Tou L 26 inHuvio vour 17 ATF | A=
o vour |18 GND
[CSYNCa ® 8 4ok vouT a3 1 1
aND 25 L ssTR VBSEL 7—_|_ GND  GND
2ot RT SENSE+ QZZ_GTD_
tss = 4.1ms (default) o
10 JRrsEL
PWRGD_PU {21
24 ot VADJ
2 PWRGD 22
fsw = 200kHz PH R160
B py VERSA-COMP |23 VADJ 5V
36 {pH
gz} PH ]
A DNC &
= L 39 pPH DNC |49
GND o1 AcND PGND |—12
2 | AGND PGND |—22
3| AGND PGND |30
4 _{AGND PGND |31
5_{ AGND PGND |32
111 AGND PGND |33
12_{ AGND PGND |41
[MZ34202RVQ
GND oAb

+5V Generation
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29. 5-V Generation Using LMZ34202
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X 30. 3.3-V Generation Using LMZ34202
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2.3.4.1 Input Capacitor Selection

The LMZ34202 requires a ceramic capacitor with a minimum effective input capacitance of 4.7 uF. Use
only high quality ceramic type X5R or X7R capacitors with sufficient voltage rating. The voltage rating of
input capacitors must be greater than the maximum input voltage. At worst case when operating at 50%
duty cycle and maximum load, the combined ripple current rating of the input capacitors must be at least
1.0 Arms.

2.3.4.2  Switching Frequency (RT)

The switching frequency range of the LMZ34202 is 200 kHz to 1 MHz. Not all Py,y, Vour, and loyr
conditions can be set to all of the frequencies in this range. The switching frequency can easily be set one
of three ways. First, leaving the RT pin (pin 9) and RTSEL pin (pin 10) floating (OPEN) allows operation at
the default switching frequency of 500 kHz. Also, connecting the RTSEL pin to AGND while floating the
RT pin sets the switching frequency to 1 MHz. The option is also available to set the switching frequency
to any frequency in the range of 200 kHz to 1 MHz by connecting a resistor (RRT) between the RT pin
and AGND while floating the RTSEL pin. The value of RRT can be calculated using = 8. For fg, = 200
kHz, Rgr = 200.4 kQ.

- 40200 4 6 kq)

"1 Ry (kHz) ®)

2.3.4.3 Synchronization (CLK)

The LMZ34202 switching frequency can also be synchronized to an external clock from 200 kHz to 1
MHz. To implement the synchronization feature, connect a clock signal to the CLK pin with a duty cycle
between 10% and 90%. The clock signal amplitude must transition lower than 0.4 V and higher than 2.0
V. The start of the switching cycle is synchronized to the rising edge of CLK pin. Before the external clock
is present the device operates in RT mode, and the switching frequency is set by Rg+ resistor. Select Ryt
to set the frequency close to the external synchronization frequency. When the external clock is present,
the CLK mode overrides the RT mode. If the external clock is removed or fails at logic high or low, the
LMZ34202 will switch at the frequency programmed by the Rg; resistor after a time-out period.

& Not all P\, Vour, @and loy; conditions can be set to all of the frequencies from 200 kHz to 1
MHz (see % 5).

& 5. Switching Frequency versus Vgur (lour > 1.75 A)

SWITCHING FREQUENCY RANGE (kHz)
RAX&UET W) Pyy =12V Pun =24V Pun =36 V
MIN MAX MIN MAX MIN MAX
251035V 200 450 200 500 200 400
>35t045V 200 500 200 600 200 550
>45t055V 200 500 200 650 200 700
>551t06.5V 300 500 250 700 250 800
>65t075V 300 400 300 750 300 800
28 A00WHEEfE, R —F 7/, +2.5~+150V, ' T A R RE7LH B FEIR DY 7 7L JAJU264-June 2017
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2.3.4.4  Output Capacitor Selection

The minimum required and maximum output capacitance of the LMZ34202 is a function of the output
voltage as shown in & 6. Additionally, the output voltage will determine the VERSA-COMP configuration,
which is also included in the same table. Cqyrgminy Must be comprised of ceramic type capacitors.

& 6. Required Output Capacitance for LMZ34202

Vour (V) bt LA R(ﬁ%UIRED Cour MAXIMUM Cgqyr (UF) VERSA-COMP CONNECTION
2.5 64 350 Leave open
3.3 64 350 Connect to VADJ
5.0 64 350 Connect to VADJ
6.0 64 200 Connect to VADJ
7.5 100 200 Connect to VADJ

2.3.45 VERSA-COMP Pin Configurations

The VERSA-COMP feature of the LMZ34202 allows a simple method to adjust the internal compensation
network to provide the optimized phase and gain margin based on the output voltage. This easy-to-use
feature requires no external components and is implemented by the simple configuration of two adjacent
pins on the module. The VERSA-COMP feature must be configured in one of two ways: VERSA-COMP
pin left OPEN or VERSA-COMP pin tied to VADJ. The output voltage determines the appropriate VERSA-
COMP pin configuration.

2346 Output On-Off Inhibit (INH/UVLO)

The INH/UVLO pin provides on and off control of the device. The INH input provides a precise 2.1-V rising
threshold to allow direct logic drive or connection to a voltage divider from a higher voltage source such as
Py The LMZ34202 device has an internal UVLO circuit which prevents the device from operating until
the P, voltage exceeds the UVLO threshold, [3.2 V (typ)]. The device will begin switching and the output
voltage will begin to rise once P, exceeds the threshold; however, P, must be greater than (V,/0.75)
in order to for Vo to regulate at the set-point voltage.

2.3.4.7  Soft-Start (SS/TR)

Leaving the SS/TR pin open enables the internal slow start time interval of approximately 4.1 ms. Adding
additional capacitance between the SS pin and AGND increases the slow start time. Increasing the slow
start time will reduce inrush current seen by the input source and reduce the current seen by the device

when charging the output capacitors.

2.3.4.8 Other Pin Connections

The SENSE+ pin must be connected to VOUT at the load or at the device pins. Connecting the SENSE+
pin to VOUT at the load improves the load regulation performance of the device by allowing it to
compensate for any I-R voltage drop between its output pins and the load. An I-R drop is caused by the
high output current flowing through the small amount of pin and trace resistance. This should be limited to
a maximum of 300 mV. The VBSEL pin allows the user to select the input source of the internal bias
circuitry to improve efficiency. For output voltages = 4.5V, connect this pin to VOUT. For output voltages

JAJU264—June 2017 400W e, R —F7 /b, +2.5~+150V, 7’07 F.5 A RE/REE & I IR DY 7 7L 29
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< 4.5V, connect this pin to AGND. The PWRGD pin is an open drain output. Once the voltage on the
SENSE+ pin is between 95% and 105% of the set voltage, the PWRGD pin pulldown is released, and the
pin floats. The recommended pullup resistor value is between 10 kQ and 100 kQ to a voltage source that
is 12 V or less. The LMZ34202 has an internal 100 kQ between the PWRGD pin (pin 20) and the
PWRGD_PU pin (pin 21).

235

Generation of -5-V VEE Rail Using LMZ34002

31 shows schematic capture of circuit using LMZ34002, which generates -5 V.
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+5V Generation
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B 31. -5-V Generation Using LMZ34002

2.35.1 Input Capacitor

The LMZ34002 requires a minimum input capacitance of 4.7 uF of ceramic type. The voltage rating of
input capacitors must be greater than the maximum input voltage. The ripple current rating of the capacitor
must be at least 450 MAgys.

2.3.5.2  Output Capacitor

The required output capacitance of the LMZ34002 can be comprised of either all ceramic capacitors, or a
combination of ceramic and bulk capacitors. The required output capacitance must include at least 2 x 47
uF of ceramic type (or 4 x 22 uF). The voltage rating of output capacitors must be greater than the output
voltage.
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2.3.5.3  Adjusting Output Voltage

The LMZ34002 is designed to provide output voltages from —3 to —17 V. The output voltage is determined
by the value of Rgg;, which must be connected between the VADJ pin (pin 36) and GND. = 9 gives Rggr =
52.65 kQ for V,,, = =5 V. The circuit uses standard resistor value of 52.3 kQ.

Modulus of V,
Repr =10 OUT _1 | (kQ
SET X[ 0.798 (kQ)

©

2.3.5.4  UVLO and Output On-Off Inhibit (INH)

At turnon the Vo UVLO threshold determines the input voltage level where the device begins power
conversion. Ry, 0; (R146) and R, o, (R147) set the turnon threshold as shown in [ 31. The following
equations set the value of on voltage for the circuit.

0.5
Ruviol = ——>—— (kQ)
WOl 5 91073 (10)
1.25
RuLvoz = (kQ)
[(VON - 125)} +0.9x107°
Ruvior (11)

For V,,= 4.5V, R146 = 174 kQ, and R147 = 63.4 kQ.

The INH pin provides electrical on-off control of the device. Once the INH pin voltage exceeds the
threshold voltage, the device starts operation. If the INH pin voltage is pulled below the threshold voltage,
the regulator stops switching and enters low quiescent current state.

2.3.5.5 Switching Frequency

The recommended switching frequency of the LMZ34002 is 800 kHz. To operate at the recommended
switching frequency, connect the RT pin (pin 30) to A_VOUT (at pin 32). It is recommended to adjust the
switching frequency in applications with both, higher input voltage (>18 V) and lower output voltage (<-8
V). For such applications, improved operating performance can be obtained by decreasing the operating
frequency to 500 kHz by adding a resistor,. Rg; of 93.1 kQ between the RT pin and A_VOUT as shown in

32.
-17
-15
—~ -13
2
()
8 -11
o
>
*g_ -9
5 -8
© 7
5 500 kHz
-3
5 10 15 18 20 25 30 35 40
Input Voltage (V)
& 32. Recommended Switching Frequency for LMZ34002
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2.3.5.6  Slow-Start Circuit (SS)

Connecting the STSEL pin (pin 29) to A_VOUT while leaving SS pin (pin 28) open enables the internal SS
capacitor with a slow start interval of approximately 10 ms. Adding additional capacitance between the SS
pin and A_VOUT increases the slow-start time.

2.3.5.7 Input to Output Coupling Capacitor

Adding an input-to-output coupling capacitor (CIO) across VIN to VOUT (as shown in [X| 31) can help
reduce output voltage ripple and improve transient response. A typical value for CIO is 2.2-uF ceramic
with a voltage rating greater than the sum of Vy + |Vourl-

2.3.5.8 Synchronization (CLK)

An internal phase locked loop (PLL) allows synchronization to external clock frequency. To implement the
synchronization feature, connect a square wave clock signal to the RT-CLK pin with a duty cycle between
25% to 75%. The clock signal amplitude must transition lower than 0.5 V and higher than 2.2 V. The start
of the switching cycle is synchronized to the falling edge of RT-CLK pin. In applications requiring CLK
mode, configure the device as shown in [¥] 33 (500 kHz).

33V

External Clock
400 kHz to 600 kHz

GND
33. CLK Configuration (500-kHz Typ)

Before the external clock is present, the device works in RT mode where the switching frequency is set by
the RRT resistor. When the external clock is present, the CLK mode overrides the RT mode. The first time
the CLK pin is pulled above the RT-CLK high threshold (2.2 V), the device switches from RT mode to CLK
mode, and the CLK pin becomes high impedance as the PLL starts to lock onto the frequency of the
external clock. It is not recommended to switch from CLK mode back to RT mode because the internal
switching frequency drops to 100 kHz first before returning to the switching frequency set by the RT
resistor.

2.3.6 Clock Synchronization

[X| 34 shows the schematic capture for CDCE937-based clock SYNC circuit. The circuit requires two
different supply voltage values: 1.8 V for VDD and 3.3 V for Vpour- The decoupling capacitors and filtering
using ferrite beads is designed as per recommendations in CDCEx937 Flexible Low Power LVCMOS
Clock Generator With SSC Support For EMI Reduction. There are seven outputs (Y1 to Y7), which are
connected to SYNC signals as the mapping shown in % 7. Note that mapping is done as per the routing
convenience during the layout.
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%% 7. Mapping of SYNC Signals
CDCE937 PIN SYNC SIGNAL SYNC SIGNAL CONNECTION
Y1 SYNC1 U1 (positive supply for HV output)
Y2 SYNC2 U4 (negative supply for HV output)
Y3 SYNC5 U9 (-5-V generation)
Y4 SYNC6 U14 (positive supply for LV or MID output)
Y5 SYNC7 U17 (negative supply for LV or MID output)
Y6 SYNC4 U8 (5-V generation)
Y7 SYNC3 U7 (3.3-V generation)

As shown in [¥] 34, the input accepts an external crystal or LVCMOS clock signal. For TIDA-01352, the
clock input signal (or SYNC signal) is always external hence the crystal (Y1) and load capacitors (C107
and C108) are not mounted.

L9

CLK 1.8V [—]
600 ohm
c11 c12 ==C13
10pF 1uF 0.1pF
= = = u16
GND GND  GND Ri31 o
L1 3 {vop Y1 g A SYNCT
CLK 3.3V [—] 6 Y2 14 R 3.-Av‘v 0 SYNC2
600 ohm VDDOUT Y3 S SYNC5
10 1 vopout Y4 L SYNC6
13 1 vbpout ys 8 RI33, 0 SYNC7 SYNC
1C10'4:1 101'(:)5 C1106F ve [1Z__R13¢,70 S O
Ou H 0.1p 4 fverr y7 1 RIBLL 0 —syNGs
= = o — XIN/CLK s
GND GND  GND 19 S1/spa '[
R138 — 18 of sarscL XouT 20—|_
[ CLK 1.8V M-
0 GND g
GND L
s R142 ,, 0 o oND |16 A
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34. Schematic Capture for CDCE937—Clock SYNC Buffer

2.3.6.1  Power Supply Recommendations

CDCE937 has a power-up control that is connected to the 1.8-V supply. This keeps the whole device
disabled until the 1.8-V supply reaches a sulfficient voltage level. Then the device switches on all internal
components including the outputs. If there is a 3.3-V Vpoyr @vailable before the 1.8-V, the outputs remain
disabled until the 1.8-V supply has reached a certain level. If VCXO pulling functionality is not required,
VCTR pin should be left floating. All other unused inputs should be set to GND. Unused outputs should be
left floating.

2.3.6.2  Frequency Planning

The required range for the SYNC signal is from 100 kHz to 1 MHz. To support this range, the PLL inside
CDCE937 should be bypassed. This condition is highlighted in & 8 (taken from the CDCE937 datasheet).
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% 8. Input Frequency Range for CDCE937®
DESCRIPTION MIN | NOM | MAX | UNIT
. PLL bypass mode 0 — 160
feuk LVCMOS clock input frequency MHz
PLL mode 8 — 160
t ort; Rise and fall time CLK signal (20% to 80%) — — 3 ns
dutyc « Duty cycle CLK at Vpp/2 40% — 60% —

@ Over operating free-air temperature range (unless otherwise noted)

2.3.6.3  Programming Clock

CDCE937 supports non-volatile EEPROM programming for ease-customized application, which is preset
to a factory default configuration. The internal EEPROM of CDCE937 is preconfigured so that the input
frequency is passed through to the output as a default, which allows the device to operate in default mode
without the extra production step of program it. The default setting appears after power is supplied or after
power-down or power-up sequence until it is reprogrammed by the designer to a different application
configuration. It can be reprogrammed to a different application configuration before PCB assembly or
reprogrammed by in-system programming. All device settings are programmable through SDA or SCL
bus, a two-wire serial interface.

2.3.6.4 VDD Supply for CDCE937

The 1.8-V VDD supply for CDCE937 is generated using TPS7A4901. It accepts 24-V input and sets
output at 1.8 V using feedback resistors R129 and R130 as shown in [X] 35.

A
Internal Vref(nom) for ‘ CLK 1V8
TPS7A4901 = 1.185V %
U6 T
R127 8 1 . . R128
VIN1 0 IN ouT I I ® o CLK 1.8V >
Cc7 R129 C8

5 2 S
> EN FB o= To.01sz»51.7k 10uF

C9 3

—— NC —

10uF —Z _{pne NRiss |8 l ® oRD

— EP GND

GND  1ps7A4001DGNR o « I(%%HF IR
GND GND
GND
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X 35. 1.8-V VDD Generation for CDCE937

2.3.6.5  Vypour Supply for CDCE937

The 3.3-V Vppour supply for CDCE937 is generated using TPS7A4901. The device accepts 24-V input and
sets output at 3.3 V using feedback resistors R140 and R141 as shown in [X]| 36.
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“Internal Vref(nom) f ’
nternal Vref(nom) tor
TPS7A4901 = 1.185V CLK 3v3
u3
R1 8 1 T R139
VINT 5 IN ouT i i o o CLK 33V >
5 {en B L2 C1  SR140 C101
> D T0.01pF3'178k 10uF
C102 3
——NC
10pF 7 5 =
——DNC NR/SS 2 GND
— EP GND
C103

GND  1ps7A4901DGNR o < COLF S,
GND GND
GND
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36. 3.3-V Vppour Generation for CDCE937

2.3.7 Programming Connector

37 shows the programming connector for the DACs. The connector is a generic 20-pin connector,
which can be used to connect to any controller or processor based on the requirement.

SCLK SDIN
R122 7 R123
0 1 2 0
= 3 g
GND IBACT 5le ef% IDACZ_ > <
7 8 GND
9 4 10
(ICLR1 o o [CIR2__ >
11 o o 12
13 | 14
[ Sbo1 P le o SDO2
/SYNC } O O SDA
17 lo o] 18 ScL
19 o o 20
VDD 5V3 VDD 5V3
R124 R125
GND GND

Copyright © 2017, Texas Instruments Incorporated

37. Programming Connector

2.3.7.1 Connectors, Fuses, and Test Points on Board

7 9 shows the connectors and test-points used on TIDA-01352. 7% 9 also shows the ratings of each of
the connectors.

% 9. Ratings for Onboard Connectors

RAIL CONNECTOR OR TEST POINT RATING
VIN Jl 300V, 30 A, 6.35-mm pitch, two-position
VMAIN-Positive J2 300V, 13.5 A, 3.81-mm pitch, two-position
VMAIN-Negative J3 300V, 13.5 A, 3.81-mm pitch, two-position
3.3V (logic supply for pulser) J4 150 V, 10 A, 2.54-mm pitch, two-position
5V (pulser level shifter) J5 150 V, 10 A, 2.54-mm pitch, two-position
-5V (pulser level shifter) J6 150 V, 10 A, 2.54-mm pitch, two-position
VMID-Positive J8 300V, 13.5 A,3.81-mm pitch, two-position
JAJU264-June 2017 A00W iHifsE, R —F 7L, 22 5~21650V, 710N A RERABE W BIRDOY 771> 35
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3% 9. Ratings for Onboard Connectors (continued)
RAIL CONNECTOR OR TEST POINT RATING
VMID-Negative J9 300V, 13.5 A, 3.81-mm pitch, two-position
Programming connector J7 N/A
External clock SYNC signal SYNC N/A
Shutdown for push-pull circuits (HV /SD1. N/A
section)
Shutdown for push-pull circuits (LV or MID
section) /Sb2 N/A
5.3-V rail VDD_5V3 N/A
5-V reference for DAC VREF_5V N/A
Control voltages from DAC1 VCON-AL, VCON'BDli VCON-C1, VCON- N/A
Control voltages from DAC2 VCON-A2, VCON_BDZZ’ VCON-C2, VCON- N/A
VDD for CDCE937 CLK_1Vv8 N/A
Vppour for CDCE937 CLK_3V3 N/A

2.4

24.1

2.4.2

2.4.3

244

Highlighted Products

LM5030

The LM5030 is a high-voltage PWM controller containing all of the features needed to implement push-pull
topology in current-mode control. The device provides two alternating gate driver outputs. The LM5030
includes a high-voltage start-up regulator that operates over a wide input range of 14 to 100 V. The device
has total propagation delays less than 100 ns and a 1-MHz, capable, single-resistor, adjustable oscillator.

CSD19506KCS

The CSD19506KCS is a 80-V N-Channel NexFET™ Power MOSFET available in a TO-220 package. The
device has an Rpsony Of 2 mQ, which helps in minimizing losses in power conversion applications.

TLVX171

The 36-V TLVx171 family provides a low-power option for cost-conscious industrial systems requiring an
electromagnetic interference (EMI)-hardened, low-noise, single-supply operational amplifier (op amp) that
operates on supplies ranging from 2.7 V (£1.35 V) to 36 V (£18 V). The single-channel TLV171, dual-
channel TLV2171, and quad-channel TLV4171 provide low offset, drift, quiescent current balanced with
high bandwidth for the power. This series of op amps are rail-to-rail input as well as output.

DAC60004

The DAC60004 is highly-accurate, low-power, voltage-output, quad-channel, 12-bit DAC. The device is
ensured monotonic by design and offer excellent linearity of less than 1 LSB (maximum). The reference
input of the DAC is buffered internally using a dedicated reference buffer. The DAC60004 incorporates a
power-on-reset circuit that ensures the DAC output powers up at zero scale or mid scale depending on
status of the POR pin and remains in this state until a valid code is written to the device. The device uses
a versatile four- or three-wire serial interface that operates at clock rates up to 50 MHz.

36
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245 LMZ34202

The LM34202 power module is an easy-to-use integrated power supply that combines a 2-A, DC-DC
converter with a shielded inductor and passives into a low-profile, QFN package. This total power solution
allows as few as three external components while maintaining an ability to adjust key parameters to meet
specific design requirements.

2.4.6 LMZ34002

The LMZ34002 power module is an easy-to-use, negative output voltage power module that combines a
15-W, DC-DC converter with a shielded inductor and passives into a low-profile QFN package. This total
power solution allows as few as five external components and eliminates the loop compensation and
magnetics part selection process.

247 TPS7A4901

The TPS7A4901 is a positive, high-voltage (36 V), ultra-low-noise (15.4 uWVrys, 72-dB PSRR) linear
regulator that can source a 150-mA load. This regulator is ideal for high-accuracy, high-precision
applications where clean voltage rails are critical to maximize system performance.

2.4.8 REF5050
The REF5050 is a low-noise, low-drift, very high-precision voltage reference. The device has excellent
temperature drift (3 ppm/°C) and high accuracy (0.05%).

2.4.9 CDCE937

The CDCE937 is modular PLL-based, low-cost, high-performance, programmable clock synthesizer,
multiplier, and divider. The device can generate up to seven output clocks from a single input frequency.
Each output can be programmed in-system for any clock frequency up to 230 MHz, using up to three
independent configurable PLLs. The CDCE937 has separate output supply pins, Vppour, Which is 1.8 V.

24.10 CSD17381F4

The CSD17381F4 is a 30-V N-Channel FemtoFET™ MOSFET available in a 1-mm x 0.6-mm package.
The device has an Rpgoyy 0f 110 mEQ, which helps in minimizing losses in power conversion applications.
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3 Hardware, Software, Testing Requirements, and Test Results
3.1 Required Hardware and Software
3.1.1 Hardware

3.11.1 TIDA-01352 Board Picture

38 and [X] 39 show top and bottom views of TIDA-01352 PCB, respectively. The important sections are
highlighted with red boxes and captions.

-LV or MID . -HV Section
+LV or MID Section Section +HV Section ‘
en

-5V for
Pulser VEE

5V for
Powering VCC

- o[ Joms '

3.3V for
Pulser VDD

5.3V for
Powering DAC

Programming
Connector

DAC for HV
sections
DAC for LV or s ‘
MID Sections Sync Clock Buffer
Input Connector
VIN =24V
[¥ 38. TIDA-01352 PCB—Top View
38 A00W e, R —F7 /b, #2.5~*150V, 712" F 4 R GE/RHE H i BIR DY 7 7L JAJU264—June 2017
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1447440C
1447440¢
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-

" : i

2

o 9 E
11-V Zener diodes for VCC generation of LM5030s

REF5050 for
DAC reference

39. TIDA-01352 PCB—Bottom View
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3.1.2 Software
This section shows the flow charts used for programming the DAC60004 and CDCE937 devices on TIDA-
01352.

E: The connector J7 is generic connector and used for the programming. MSP430G2553
LaunchPad™ is used for programming the DAC60004 and CDCE937 devices on TIDA-
01352. The designer can use any controller or processor or FPGA to program these devices.

3.1.2.1 DAC Programming
40 shows the flow chart for programming the DACs.

Get the device out of
Power Down Mode

v

Select the Channel to which code will be
loaded

|

Load the code

I

Measure the output of
selected DAC channel

I

Measure the output of
power supply section,
for which DAC channel
sets the feedback

End

40. Flow Chart for Programming CDCE937

40 4oowgﬁ\ R —F 70, 42 5~+150V, S5 A REAE B IR DY 7 L JAJU264-June 2017
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3.1.2.2  Clock Buffer Programming
41 shows the flow chart for programming the clock buffer CDCE937.

‘ Start )

A 4

Power-up CDCE937
(Vdd = 1.8V and
Vddout = 3.3V)

Connect the external clock signal on SYNC
point with fin = 500kHz

Program CDCE937 with the following:
Pdivl = Pdiv2 = Pdiv4 = Pdiv5 = Pdiv6 = Pdiv7 = %2
Pdiv3 =1

(Pdiv3 corresponds to SYNC5 which goes to LMZ34002)

Measure the SYNC1 to
SYNCY7 outputs

End
41. Flow Chart for Programming CDCE937

Based on this flow chart, [%] 42 shows example programming for synchronization of all the other power
devices to input clock frequency of 500 kHz.
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Vpp 18V GND Vddout 3.3V
O O
Input Clock
) Pdiv1 = 1/2
500 kHz Xin 10-bit
—
27 MHz J—_ VCXO [ —
Crystal — X0 '—:|
LVCMOS PLL1 Pdiv2 =12 (4=
O—— with SSC 7-bit
Xout
[ &
Pdiv3 =1 kl
| EEPROM PLL Bypass 7-bit U )
“1” = outputs enabled S0 Programming | .
“0” = outputs 3-State and

Programming Bus S1/SDA SDA/SCA - ’_:|
2 g S2/SCL Register PLL2 || Pdivd =12 (14

with SSC N

2
| ] I cb-h
PLL Bypass Pd'\ﬁbi—t 12 _J
ol
PLL3 || —H Pdive=1/2 [He j

with SSC 2 + Z-bit L

po)
- )
PLL Bypass 1 Pd"ﬁbﬁ 12 1 j

SYNC1
250 kHz

SYNC2
250 kHz

SYNC5
500 kHz

SYNC6
250 kHz

SYNC7
250 kHz

SYNC4
250 kHz

SYNC3
250 kHz

Copyright © 2017, Texas Instruments Incorporated

42. Clock Programming for Synchronization of All Devices to f,, = 500 kHz

3.2 Testing and Results

3.21 Test Setup
The £HV sections and LV or MID-sections are tested for different imaging modes. The load profile
changes with the imaging mode (see [X| 43 and Z 10).
Total On-time (ton)
< >
Total Off-time (toff)
>
<>
Operating
Frequency of
the prove (f)
No. of Pulses (n)
43. Load Profile for Testing TIDA-01352 in Different Imaging Modes
% 10. Conditions for Different Imaging Modes
MODE ton torr trotaL
B-mode 20 us 180 ps 200 pus
Elastography mode 0.75 ms 14.25 ms 15 ms
42 A00WHEEfE, R —F 7/, +2.5~+150V, ' T A R RE7LH B FEIR DY 7 7L JAJU264-June 2017
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E: The design can support 350 W of peak output power by changing the current sense resistors
for £HV lines.

WARNING

High voltages that may cause injury exist on the TIDA-01352.
Ensure all safety procedures are followed when working on the
TIDA-01352 board. Never leave a powered board unattended.

3.2.2 Test Results

3221 Functional Tests for +HV Section

44 and [¥ 45 show the efficiency graph and load regulation plot for +HV section in B-mode.

100% 120
90% 115 — B-mode (VOUT =100 V)
110 — B-mode (VOUT =80 V)
80% 105
70% 100
95
90
85
80
75
30% 70
20% 65
10% —— B-mode (Vour = 100 V) 60
—— B-mode (VOUT =80 V) 55
0 50
0.00 0.25 0.50 0.75 1.00 1.25 150 1.75 2.00 2.25 2.50 0.00 0.25 0.50 0.75 1.00 1.25 150 1.75 2.00 2.25 2.50
lout (A) lout (A)

44. B-Mode Efficiency (+HV Output) 45. B-Mode Load Regulation (+HV Output)

60%

50%

Efficiency

40%

ANA
Output Voltage (V)

46 and [X| 47 show the efficiency graph and load regulation plot for +HV section in Elastography-mode.

100% 165
90% 150
80% —
B —aa 135
70% / S
> 60% g 120
c S
3 50% S 105
= -
W 40% 2
g 90
30% o
75
20%
10% — Elastography-mode (Voyt = 100 V) 60 — Elastography-mode (Voyt = 100 V)
—— Elastography-mode (Voyt = 150 V) —— Elastography-mode (Voyt = 150 V)
0 45
00 03 06 09 12 15 18 21 24 27 30 00 03 06 09 12 15 18 21 24 27 30
lout (A) lout (A)
46. Elastography Mode Efficiency (+HV Output) 47. Elastography Mode Load Regulation (+HV Output)
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48 and %] 49 show the efficiency graph and load regulation plot for +HV section in full load condition
(Mour =100 V, Igyr=1AatVy=24V).

100% 105
1
80% =T 102
101
0% 2 100
> 60% g 99
3 50% %j 98
2 0 > 97
W 40% 2 9
2 95
30% S o
20% 93
92
10% o1
0 20
01 02 03 04 05 06 07 08 09 10 01 02 03 04 05 06 07 08 09 10
lout lout
48. Full Load Efficiency at Vy =24 V, Vour =100 V, loyr 49. Load Regulation for V,, =24V, Vo,; = 100 V
=1A
50 shows the start-up waveform at the power-up. The waveform shows a soft-start time of around 2
seconds as calculated in 2.3.2.4.
500v/ @ 100v/ @ I 1500s 5008/ Stop £ H 9.00v
A
M
AX = 1.85000s | 1/AX = 540.54mHz AY{2) =117 532V
~  Mode ~  Source X Y X1 X2
Normal | 2 | v | 30.00ms ‘ 1.880s
50. Start-up Waveform for +HV Output
51 shows the stress on the MOSFETS, such as drain-to-source voltages. For both the MOSFETS,
stress is less than 80 V (the absolute maximum rating of the MOSFETS). It also shows the current sense
waveform before the waveform is filtered and given to the CS pin of LM5030 (U1).
44 A00WHEfE, R —F 7/, #2.5~+160V, 'R T L R GE/L & W BIR DY 7 7L JAJU264-June 2017
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¥ 500v/ 5008/ 50.0V/ 0.0s 5008/  Stop £ 52.5V
+

ﬁ” PH_““JW H JJW“ ““H _M“ __H ”’H M

Pk-Pk(2): 74.9V Pk-Pk(4): 71.3V
+d Source I Select: Measure
4

Pk-Pk

X 51. MOSFET Stress VDS for +HV Output

52 shows the output ripple voltage for +HV output. The measured value of peak-to-peak ripple is 110
mV.

I 30.008  5.008/ Stop ¥ H 3.0V

¢

AX = 50.0000us 1/AX = 20.000kHz

AY(2) = 110.00mV
~  Mode - Source X Y

Y1 ‘13 Y2
Normal | 2 ) v | -1250mV_ | 37.50mV

¥ 52. Output Voltage Ripple for +HV Output

3.2.2.2 Functional Tests for —HV Section

53 and [X| 54 show the efficiency graph and load regulation plot for the —HV section in B-mode.

JAJU264-June 2017 400WHEfE, Rr—F7 b, £2.5~+150V, 7’07 ZA 0] ﬁéﬁﬁﬁﬁ%%ﬂ%‘@ﬂifw 45
SRTFYA
TIDUCDS8 iRl — e o> SeBRE £l hitp:/lwww-s.ti.com/sc/techlit/ TIDUCD8
Copyright © 2017, Texas Instruments Incorporated


http://www.tij.co.jp
http://www-s.ti.com/sc/techlit/TIDUCD8.pdf

Hardware, Software, Testing Requirements, and Test Results

TEXAS
INSTRUMENTS

www.tij.co.jp

Efficiency

Efficiency

Efficiency

57. Full Load Efficiency at V,, =24V, Vg ; = —100 V,

100%
90%
80%
—
| —
70%
Nz
60% /
50% l/
40%
30%
20%
10% —— B-mode (VOUT =-100 V)
—— B-mode (Vout =-80 V)
0

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

lout (A)

53. B-Mode Efficiency (-HV Output)

Output Voltage (V)

—— B-mode (VOUT =-100 V)

—— B-mode (VOUT =-80 V)

©
S

©
.;>

-98

-102

-106

-110

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

54. B-Mode Load Regulation (—HV Output)

55 and [¥] 56 show the efficiency graph and load regulation plot for the —HV section in Elastography-

mode
100%
90% —
T
80% = ]
/ L
70%
//
60% |/
50%
40%
30%
20%
10% —— Elastography-mode (Voyt = 100 V)
—— Elastography-mode (Vout = 150 V)
0

00 03 06 09 12 15

lout (A)

1.8 21

24 27

3.0

55. Elastography Mode Efficiency (—HV Output)

Output Voltage (V)

—— Elastography-mode (Voyt = 100 V)

P e g N e ol = =)
CONTBEBDWONNRE,EOOOO
OO ohSnonoadao

—— Elastography-mode (Voyt = 150 V)

-170
00 03 06

24 27 30

56. Elastography Mode Load Regulation (—HV Output)

57 and [¥] 58 show the efficiency graph and load regulation plot for the —HV section in full load

condition (Vo ==100 V, lgyr =1 A at V,y =24 V).
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58. Load Regulation for V,, = 24 V, Vg,; = -100 V

46

A00W e, R —F7 /b, #2.5~+150V, 7' F 1 A GE/R A K IR DY 7 7L

SRTHAL

TIDUCDS iRl — Fr OIFERE L http://www-s.ti.com/sc/techlit/ TIDUCDS

Copyright © 2017, Texas Instruments Incorporated

JAJU264—-June 2017


http://www.tij.co.jp
http://www-s.ti.com/sc/techlit/TIDUCD8.pdf

13 TEXAS
INSTRUMENTS

www.tij.co.jp Hardware, Software, Testing Requirements, and Test Results

59 shows the start-up waveform at the power-up. The waveform shows a soft-start time of around 2
seconds as calculated in 2.3.2.4.

500v/ @ 100v/ @

1830s 5008/ Stop § H 7.00V

AX = 2.20000s 1/AX = 454.55mHz
~  Mode - Source X Y

AY(2) = 117.502V
X1 ISR
2 < 30.00ms 2.230s

Normal

X 59. Start-up Waveform for —HV Output

60 shows the stress on the MOSFETS, such as drain-to-source voltages. For both the MOSFETS,

stress is less than 80 V (the absolute maximum rating of the MOSFETS). It also shows the current sense
waveform before the waveform is filtered and given to the CS pin of LM5030 (U4).

] v, I 0s 008 top
¥ 50.0v/ 500/ 50.0V/ » 0.0 5.008/ S

£ @ 525V

Z.;W‘L_}“\J i _L_}“”_”NM_LJ“_N Wl_WJW‘W’:_J"'

Pk-Pk(2): 77.3V Pk-Pk(4): 69.4V
PY) Sotjrce I : Measure

Pk-Pk

¥ 60. MOSFET Stress VDS for —HV Output

61 shows the output ripple voltage for the —HV output. The measured value of peak-to-peak ripple is 75
mV.
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& 3000y 5008 Stop t H 310V

)

WYATAY YAV aVAY YAV,

AX = 50.0000us | 1/AX = 20.000kHz AY(2) = 75.00mV

~  Mode - Source X Y |Q

Y1 ‘ Y2
Normal | 2 -50.00mV | 25.00mV

61. Output Voltage Ripple for -HV Output

3.2.2.3 Functional Tests for +LV or Mid Section

62 and [¥] 63 show the efficiency graph and load regulation plot for +LV or MID-section in CW-mode.

100% 60
90% — 54
80% e // 48
70% A ~ s 42
/ -~ _VOUT:2-5V_VOUT:20V
5 60% 7 S 36 — Vour=5V  —— Vour=50V
2 50% [—/ // — S 30 — Vour=10V
= -
o 40% — 3 24
"] =
30% ﬁ// = S 18
20% [ — Vour=25V — Vour=20V 12
10% — Vour=5V —— Vour=50V 6
_— VOUT =10V
0 0
00 02 04 06 08 10 12 14 16 18 20 22 00 02 04 06 08 10 12 14 16 18 20
lout (A) lout (A)
62. Efficiency for +LV or MID Section for CW Mode 63. Load Regulation for +LV or MID Section for CW
Mode
64 shows the output ripple voltage for +LV or MID output. The measured value of peak-to-peak ripple is
42.5 mV.
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& 3000y 5008 Stop t H 310V

AX = 50.0000us | 1/AX = 20.000kHz AY(2) = 42.50mV

~  Mode - Source X Y |Q

Y1 ‘ Y2
Normal | 2 -22.50mV | 20.00mV

64. Output Voltage Ripple for +LV or MID Output at Full load

3224 Functional Tests for —LV or Mid-Section

65 and [X] 66 show the efficiency graph and load regulation plot for the —LV or MID-section in CW-

mode.
110 60
100 54
90 48
80 — |
// | — < 42
;\? 70 V4 o — Vour = 25V — Vout = -20V
> 60 // // % % — Vour=-5V —— Vour=-50V
o 3 — Vour=-10V
.5 50 // /| | g 30 our
£ 4 5 24
w40 =
% P — S 18
20 / ~ — Vour =25V — Vour=-50 V 12
10 / — VOUT =5V — VOUT =-50V 6
— VOUT =-20V
0 0
00 02 04 06 08 10 12 14 16 18 20 22 00 02 04 06 08 10 12 14 16 18 20
louT (A) lout (A)
65. Efficiency for —LV or MID Section for CW Mode 66. Load Regulation for —LV or MID Section for CW
Mode
67 shows the output ripple voltage for the —LV or MID output. The measured value of peak-to-peak
ripple is 40 mV.
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& 3000y 5008 Stop t H 310V

AX = 50.0000us | 1/AX = 20.000kHz AY(2) = 40.00mV
~  Mode - Source X Y |
Normal | 2 ) v

Y1 ‘o Y2
-2500mV | 15.00mV |

67. Output Voltage Ripple for —LV or MID Output at Full load

3.2.2.5 DAC Linearity Test

There are two DACs used in this Tl Design. One is to program the output voltage for the +HV section and
other to program the output voltage for the LV or MID-section. The linearity of the DACs are tested.

For DAC60004 (U11), the linearity tested from Vq,; = £50-V to £150-V DC. [X| 68 shows the linearity
curves for the same.

140 | — PHV-Out
120 | = NHV-Out

Output Voltage (V)
o

0 500 1000 1500 2000 2500 3000 3500 4000 4500
DAC Code

[¥ 68. Output Voltage Linearity for U11 With Respect to Digital Input Code

For DAC60004 (U12), the linearity tested from Vg, = £2.5-V to £50-V DC. [X| 69 shows the linearity
curves for the same.
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60

—— PMID-Out
—— NMID-Out

40
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T
~

L
T~

Output Voltage (V)
o

-20

-40

-60

™~

0 500 1000 1500 2000 2500 3000 3500 4000

DAC Code

& 69. Output Voltage Linearity for U12 With Respect to Digital Input Code

3.2.2.6  Designed and Measured Voltage Values

#% 11 shows the designed and measured voltage values for the TIDA-01352 board.

% 11. Designed and Measured Voltage Values

DESIGNED VALUES MEASURED VALUES
3.3-V (logic supply for pulser) 3.3238
5-V (pulser level shifter) 5.0082
—5-V (pulser level shifter) —4.9472
5.3-V rail for DAC 5.2895
5-V reference for DAC 5.0002
VDD for CDCE937 (3.3 V) 3.2858
Vppour for CDCE937 (1.8 V) 1.7949
LM5030 V. for +HV (10.3 V) 10.2354
LM5030 V¢ for —=HV (10.3 V) 10.3235
LM5030 V. for +LV or MID (10.3 V) 10.3503
LM5030 V. for —LV or MID (10.3 V) 10.2269

JAJU264—-June 2017

A00W e, R —F7 /b, +2.5~+150V, 7' T A A REZ A E W IR D) 7 7L 51
SReTA

TIDUCDS iRl — Fr OIFERE L http://www-s.ti.com/sc/techlit/ TIDUCDS
Copyright © 2017, Texas Instruments Incorporated


http://www.tij.co.jp
http://www-s.ti.com/sc/techlit/TIDUCD8.pdf

13 TEXAS
INSTRUMENTS

Hardware, Software, Testing Requirements, and Test Results www.tij.co.jp

3.2.2.7 Thermal Image for tHV Sections

70 shows the thermal image for £HV sections at full load condition.

il

70. Thermal Image for tHV Sections

3.2.2.8 Thermal Image for £LV or Mid Sections

71 shows the thermal image for +LV or MID-sections at full load condition.

NBBREABEETABBE

o

& 71. Thermal Image for +LV or MID Sections

3.2.2.9 Checking Slew Rate for Outputs

While writing the code into the DAC to set the output, it is important to know what the slew rate is going
from a low output to high output. [X| 72 through [X| 79 show different conditions in which the output slew
rates are measured.
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500vV/ @

AX = 24.8000ms

- Mode "A Source
Normal | 2

AX = 22.4000ms

- Mode "A Source
Normal | 2

74. —HV-Out (Turnon) From -50 to —150 V at Full Load

0 2oov/ 200v/ @

W

M

0.0s 20.08/ Stop £ E 360V 0.0s 1.00s/ Stop t 35.9v

| AY(2) =-100.005V AX = 3.36000s

Y1 ‘Q Y2 , -~ Mode
1475V 47.50V _ Normal

2008/ Stop £ @@ 280V 5002/ Stop ¥ @

AX = 3.25000s 1/AX = 307.69mHz
-~ Mode ~ Source X
Normal 2 v

X 75. -HV-Out (Turnoff) From —150 to -50 V) at Full
Load

00s 1008/ Stop £ E 240V 0 2oov/ 200v/ @ & 00s 2008/ Stop t W 240V

W

M

A = 22.6000ms
Mode ~  Source

= 49 9850V

Mormal

76. +LV/Mid-Out (Turnon) From 0 to 50 V at Full Load 77. +LV/Mid-Out (Turnoff) From 50 to 0 V at Full Load
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0 zoov/ 200v/ @ 2008/ Stop § | 240V 0 zoov/ 200v/ @ & 1000¢ 2002/ | Trigd t [} 280V

.
T "

AX = 26.0000ms JAX = 38.462Hz AY[2) = -50.0025V AX = 30.0000ms JAX = 33.333Hz AY[2) = -50.0025V
Mode ~  Source 3 f X

AX
«  Mode ~ Source X ¥ . 2 - ¥ ¥ 5 n
MNormal 34.00ms oA MNormal 30.00ms

78. —LV/Mid-Out (Turnon) From 0 to —50 V at Full Load 79. —LV/Mid-Out (Turnoff) from —50 to 0 V at Full Load

3.2.2.10 Functional Tests for 5-V Generator Circuit Using LMZ34202

This section shows test results for the 5-V generator circuit using LMZ34202. [X] 80 shows peak efficiency
of 88%. [X| 81 shows load regulation of 1.39%.

100% 51
90% 5
L — 4.9
80% [
438
70% S a7
()
? 60% g 46
2 50% S 45
T 40% 3 44
3 43
30% o
42
0,
20% 41
10% 4
0 3.9
0.0 0.2 0.3 04 060809 1.0 1.2 1.3 1.5 1.6 1.8 2.0 2.1 00 02 04 06 08 10 12 14 16 18 20
lout (A) lout (A)
80. Efficiency at V\y, =24V, Vo, =5V, lo,r =2 A 81. Load Regulation at Vy, =24V, Vo, =5V

82 shows the voltage rail for Vo = 5 V. [X] 83 shows start-up waveform with soft-start. The measured
soft-start time is 4 ms, which is default soft-start time for LMZ34202. [¥| 84 shows the switching waveform
and output ripple of 25.6 mV.
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B 2o00v/ @ & 00s 2008/ Stop § B 575V 0 1o.ov/ B 2o00v/ @ & 00s 2008/ Stop § B 575V

AY(1} = 3.7500V

« Coupling Moise Rej HF Reject +) Holdoff
oc L] L]

60.000ns

82. Voyr=5VatVv,=24V 83. Start-up Waveform (for Vo, = 5 V) Showing Soft-
Start Time =4 ms

0 1o.ov/ & 00s 5008 Stop £ W 575V

Pk-Pk(3 ) 25.6mV

Vernier Probe

84. SW Node Waveform and Output Ripple for Vou; =5V, Ig,y =1 A

3.2.2.11 Functional Tests for 3.3-V Generator Circuit Using LMZ34202

This section shows test results for 3.3-V generator circuit using LMZ34202. [X] 85 shows peak efficiency of
85%. [X| 86 shows load regulation of 1.6%.

JAJU264—June 2017 A00W e, R —F7 )b, +2.5~+150V, 712074 Al REIRAE 5 IR DY ;;V 55
R T AL

TIDUCDS8 iRl — e o> SeBRE £l hitp:/lwww-s.ti.com/sc/techlit/ TIDUCD8
Copyright © 2017, Texas Instruments Incorporated


http://www.tij.co.jp
http://www-s.ti.com/sc/techlit/TIDUCD8.pdf

13 TEXAS

INSTRUMENTS
Hardware, Software, Testing Requirements, and Test Results www.tij.co.jp
100% 3.36
3.35
90% 3.34
80% = 3.33
3.32 \\
70% S 331 \
> 60% @ 330 N
g & 329 = ]
g 50% S 328 — .
E 20% 5 3.27
° g 326
30% 8 325
3.24
20% 3.23
o 3.22
10% 3.21
0 3.20
0.0 0.2 0.3 0.4 0.6 0.8 0.9 1.0 1.2 1.3 1.5 1.6 1.8 2.0 2.1 00 02 04 06 08 10 12 14 16 1.8 20
lout (A) 022 lout (A) D023
85. Efficiency at V\y, =24V, Vour =33V, gy =2 A 86. Load Regulation at V,y =24 V, Vo, = 3.3V

87 shows the voltage rail for Vo, = 3.3 V. [X| 88 shows start-up waveform with soft-start. The measured
soft-start time is 4 ms, which is default soft-start time for LMZ34202. [X] 89 shows the switching waveform
and output ripple of 21.3 mV.

B 1oov/ @ & 00s 5008/ Stop § [ 825V g 10.0v/ & 00s 2008/ Stop § B 575V

T

AX = 4.00000ms

Thresholds
5

87.Vour=33VatV,=24V 88. Start-up Waveform (for Vo, = 3.3 V) Showing Soft-
Start Time =4 ms

0 1o.ov/ & 00s 5008/ Stop § [ 825V

Thresholds
5

Me:
Pk

89. SW Node Waveform and Output Ripple for Vo ,; =33V, lgir =1 A
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3.2.2.12 Functional Tests for —5-V Generator Circuit Using LMZ34002

This section shows test results for the —5-V generator circuit using LMZ34002. [X] 90 shows peak
efficiency of 79.7%. [X] 91 shows load regulation of 0.55%.

100% -5.00
90% -4.99
80% — — -4.98
70% [ S 497
> 60% 9 -4.96
g | 8 ——
é 50% S 495 — N
W 40% 3 -4.94 ] I
p}
30% O -493
20% -4.92
10% -4.91
0 -4.90
00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20
lout (A) lout (A)
90. Efficiency at Viy =24 V, Vot =5V, lgyr = -2 A 91. Load Regulation at V\y =24V, Vo ,; =5V

92 shows the voltage rail for Vo, = -5 V. [X] 93 shows start-up waveform with soft-start. The measured
soft-start time is 10 ms, which is default soft-start time for LMZ34002. [X] 94 shows the switching waveform
and output ripple of 31.9 mV.

B 2o00v/ @ & 00s 2008/ Stop § W 100V 10.0v/ g 200v/ @ & 00s 2002/ Stop § || 875V

AX = -10.4000ms | 1/AX = 96.154Hz AY(1) = 5.0025V
X1 X2
-1.600ms | -12.00ms |

Measure Thresholds -~ Mode - Source X Y ‘Q
Avg - Narmal 1 | v

92.Vgur=-5VatV,=24V 93. Start-up Waveform (for Vg = =5 V) Showing Soft-
Start Time = 10.4 ms
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0 10.0v/ 2000/ @ 20086/ Stop £ | 100V

L

Freg(l ). 485kHz | Pk-Pk(3]): 31.8mV

Source | +3 Select: Measure Clear | Thresholds ‘
3 Pk-Pk ] Pk-Pk Meas J ~

94. SW Node Waveform and Output Ripple for Vour =5V, lgyr =1 A

3.2.2.13 Thermal Image for LV Sections (LMZ34202 and LMZ34002)

95 shows the thermal image for LMZ modules at full load condition.

LG

[ 95. Thermal Image for LMZ Modules at Full Load

3.2.2.14 Synchronizing With External Clock Signal

One of the important features of this design is that all the power supplies on board are able to synchronize
to an external clock signal. The design is tested for such clock synchronization and as an example
LM5030 for the +HV section is tested for the same. [X| 96, [¥ 97, and [X] 98 show that the OUT+ and
OUT- signals of LM5030 are synchronized to external clock frequency of 250 kHz, 300 kHz, and 350 kHz,
respectively.
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97. External SYNC Clock = 300 kHz (Channel 3 in
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4 Design Files
4.1 Schematics
To download the schematics, see the design files at TIDA-01352.
4.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-01352.
4.3 PCB Layout Recommendations
Device specific layout guidelines for each individual Tl part used in this Tl Design can be found in the
corresponding datasheets. [X| 38 and [X| 39 show top and bottom views of the TIDA-01352 PCB,
respectively. The important sections are highlighted with arrows and captions.
4.3.1 Ground and Power Planes
99 shows the ground plane on the mid layer 1 (referred to as ground layer), and [X| 100 shows the
power plane on the mid layer 2 (referred to as power layer) on the TIDA-01352 board.
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F‘m:W.IL*FTFLTAi_m oLV

220,00

o L£5. 00

99. Ground Planes
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LE5. 00nmn J
100. Power Planes
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4.3.2 Star Ground Topology

Grounding is a critical portion of good power supply design. There are several signals paths that conduct
fast changing currents or voltages that can interact with stray inductance or parasitic capacitance to
generate noise or degrade the power supplies performance. [X| 101 shows the star ground topology where
all the individual ground planes are terminating at negative of the input bulk capacitor.

101. Star Ground Topology for Power Supply

4.3.3 Layout for CS Pin

Current sensing circuit is critical as it deals with the overcurrent and short-circuit protection of the power
supply. The layout and routing for current sense circuit should not mix with the switching ground planes of
MOSFETSs. [¥] 102 shows the routing for CS pin of LM5030.

Current
Transformer

Current
Sense

Circuit C45 R47

Gate drive Signals

¥ 102. Routing for CS Pin for LM5030
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4.3.4

4.3.5

Layout for LMZ Modules

103 shows the layout for LMZ modules.
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X 103. Layout for LMZ Modules

Layout Prints

To download the layer plots, see the design files at TIDA-01352.

4.4  Altium Project

To download the Altium project files, see the design files at TIDA-01352.
4.5 Gerber Files

To download the Gerber files, see the design files at TIDA-01352.
4.6 Assembly Drawings

To download the assembly drawings, see the design files at TIDA-01352.
5 Related Documentation

1. Texas Instruments, TX517 Dual Channel, 17-Level With RTZ, Integrated Ultrasound Transmitter,
User's Guide (SLOU317)

2. National Center for Biotechnology Information, A 180-Vpp Integrated Linear Amplifier for Ultrasonic
Imaging Applications in a High-Voltage CMOS SOI Technology, Author Manuscript
(https://www.ncbi.nim.nih.gov/pmc/articles/PMC4406254/)

3. Texas Instruments, Switching Power Supply Topology Voltage Mode vs. Current Mode, Design Note
(SLUA119)

4. Texas Instruments, Power Topologies Handbook (SLYUOQ36)

5. Texas Instruments, TINA-TI Simulation Software

6. Texas Instruments, LM5030 100-V Push-Pull Current Mode PWM Controller, LM5030 Datasheet
(SNVS215)
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