Tl Designs: TIDA-01371

Programmable +100-V, High-Current, Floating Linear
Regulator Reference Design for Ultrasound Systems

w3 TeXAS INSTRUMENTS

Description

Ultrasound transmitters require a stable programmable
DC power source to drive high current into piezo
transducers during transmission. This reference design
demonstrates a positive and negative linear regulator
that can provide output voltages varying from +2.5 to
+100 V. The programmability (meant to come from a
DAC) is implemented using external control voltages.
The low-noise performance helps in replacing passive
and active noise filters with off-the-shelf low-noise
positive and negative LDO regulators and a circuit to
float the ground of the regulators. In addition, it uses
external power MOSFETS to scale the current
capability of regulators to support special imaging
modes such as shear wave, or elastography, mode. In
order to provide extremely high currents to the
transducers, large input capacitors can provide high
energy for 1 ms, keeping the average current drawn
from this power supply very low. This design can be
used in conjunction with the TIDA-01352 design, which
is a high-voltage DC-DC boost stage.
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Features

¢ Floating and Tracking Regulator, Replaces Passive
and Active Noise Filters With Off-the-Shelf LDO
Regulators with Better than £1.5% Load Regulation

* Innovative Current Sharing Scheme Uses TI's
Best-in-Class low Rpgon CSD Series Power
MOSFETs and Low Impedance Driver Circuits to
Improve the Transient Response

e Programmable Output Voltage From +2.5 to +100
V Using Control Signals Coming From DAC

e Scalable in Terms of Output Current for 1-ms
Pulses (Tested up to £20 A) to Support Special
Imaging Modes

e Separate and Independent Positive and Negative
Voltage Power Supplies Enables Flexibility in
Powering the Ultrasound Transmit Circuit

Applications

¢ Medical Ultrasound Scanners

* Sonar Imaging Equipment

* Nondestructive Evaluation Equipment
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An IMPORTANT NOTICE at the end of this Tl reference design addresses authorized use, intellectual property matters and other
important disclaimers and information.

1 System Description
Medical ultrasound imaging is a widely-used diagnostic technique that enables visualization of internal
organs, their size, structure, and blood flow estimation. An ultrasound system uses a focal imaging
technigue that involves time shifting, scaling, and intelligently summing the echo energy using an array of
transducers to achieve high imaging performance. When initiating an imaging, a pulse is generated and
transmitted from multiple transducer elements. The pulse, now in the form of mechanical energy,
propagates through the body as sound waves, typically in the frequency range of 1 to 15 MHz.
1.1 Key System Specifications
Table 1 shows the key specifications for this Tl Design.
Table 1. Key System Specifications
PARAMETER SPECIFICATIONS DETAILS
Off-the-shelf regulator TPS7A4701 36V, 1A Section 2.5.1
Positive regulator Voltage scaling Testupto V=120V Section 2.5.1
. Test up to lgyr = 20 A pulsed for 1 ms every 1 -
Current scaling second Section 2.5.1
Off-the-shelf regulator TPS7A3301 -36V,-1A Section 2.5.2
Negative regulator Voltage scaling Testupto V,y =-120 V Section 2.5.2
Current scaling Test up to lgyr = —20 A pulsed for 1 ms every 1 Section 2.5.2
second
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2 System Overview

A medical ultrasound application requires high-voltage pulses to be transmitted inside a human body to
get information about blood, organs, tissues, and so on. These pulses are bipolar in nature and are
transmitted by pulsers.

There are two modes in general:

1. Pulse (Brightness or B) mode where high-voltage pulses (=100 and 100 V) are transmitted for a
particular short time only.

2. Continuous (CW) mode where low-voltage (2.5 to £10 V) pulses are continuously transmitted.

Note that the same power supply is used for both the modes meaning the output of power supply is
ranging from £2.5 to £100 V. Such a powering scheme is typically implemented using a switched mode
power supply (SMPS) followed by regulators as shown in Figure 1. The voltage noise on the output signal
is very important when CW mode is used because the signal amplitudes are low. Within Pulse mode,
there is a special mode called Elastography (or Shear wave) mode. The current requirements are huge
(sometimes more than 100 A) for a short period of time (may be tens of microseconds). Delivering such a
high current at high voltages without dropping the output voltage is a challenge. To cover for the droop in
output voltage, the high value of capacitors is also used at the output of SMPS.

Floating
Vin regulator
12- to 24-V DC 9
Control
Switching power
supply GND
Control ﬁ
Control ———— Floating
J/ regulator
GND
—>
From ————» F/B
EPGA ‘ DAC Control
—> Signals
—>
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Figure 1. Typical Power Supply Scheme in Medical Ultrasound Application

2.1 Example of Power Calculations—Standard Imaging Mode

The following is an example of pulse mode for medical imaging. The standard mode has a driving
waveform as shown in Figure 2.

Assume the following nomenclatures:

» ton = total on-time

» toff = total off-time

» f = operating frequency of the probe

* n = number of pulses

* c = capacitance of the probe at operating frequency f
* N = number of transducers
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Total on-time (ton)
Total off-time (toff)
o -
Operating frequency
of the probe (f)
Number of pulses (n)
Figure 2. Standard Driving Waveform for Ultrasound Transducers
For a 128-channel transducer ultrasound system, N = 128.
For the next example, consider a probe with the following specifications:
« C=470pF
e f=7.5MHz
» Total number of pulses n = 10
» toff = 300 ps
e ton = 1.3 us (calculated using n = 10 and f = 7.5 MHz)
» Voltage for transition is from =100 to O VV or 0 to 100 V
Peak power consumption = 4 x 128 x 470p x 1002 x 7.5M = 18 kW (1)
Peak output current = 18 kW =180 A @
Average power consumption = 18 kW x1.3 =78 W
300 (3)

For a 20-V dip on the output capacitor of SMPS (that is, input capacitor of floating regulators):

lour xton  180x1.3
C > > > 11.7 uF
ouT 20 20 u

“

This means that with an output capacitor of SMPS = 470 uF, the dip on the output voltage (of the SMPS)
is 0.49 V. In such a case, there is no need to use the floating regulator. The output capacitor of the SMPS
is enough to provide the required ability to drive the transducers.

However, there are some special imaging modes like Elastography where the requirements are different.
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2.2

Example of Power Calculations—Special Imaging Mode (Elastography)

The special imaging mode Elastography has a driving waveform as shown in Figure 3. Considering the
same nomenclature as explained in Section 2.1:
« n=5pulses
e ton=55ms
» toff = 2 seconds
1 55

Pavg = Po x - x —>_ = 437 W
AVG = T'C X 447 5055 ®)

Equation 6 shows that average power needed for Elastography is less than the standard imaging mode.

Assuming the same voltage dip of 20 V:
I x ton
ouT >180><1m>9000 uF

V gip 20 ©)
However, this needs to be replenished in time periods of 10 ms between the two 1-ms pulses as shown in
Figure 3.

If the SMPS is a 80-W rated power supply, the system would be current limited to 80/100 = 0.8 A only.

The charging current needed in such case is:
20 x 9000 p
I =—— =18A
charge 10 m 7

Total on-time (ton)

Cour >

A
v

10 ms 10 ms 10 ms Total off-time (toff)

A 4

A
A 4
A 4
A 4
A

<> <> <>
1ms 1ms 1ms

Number of pulses (n)

Figure 3. Elastography—Driving Waveform for Ultrasound Transducers
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2.3 Block Diagram

Figure 4 shows the system level block diagram for the TIDA-01371 design. The design has two sections:
positive regulator and negative regulator. Both the regulators are floating, trackable, and scalable in terms
of output voltage and output current. The positive and negative inputs (10 to +120 V) for this Tl Design
are taken from a standard SMPS.

The positive floating regulator uses an off-the-shelf linear regulator TPS7A4701 from Texas Instruments. It
is a 36-V ultra-low noise (4-uVgys) low-dropout linear regulator capable of sourcing a 1-A load. The ground
of this regulator is floated using a DC amplifier made using the TLV171. The voltage scaling is achieved
using a BJT at the input and current scaling is achieved using external N-channel MOSFETs CSD19533
from Texas Instruments. The design has three stages connected in parallel for the current scaling feature.
More stages can be used for higher current requirements.

The negative floating regulator uses an off-the-shelf linear regulator TPS7A3301 from Texas Instruments.
It is a —36-V ultra-low noise (16-uVgys) low-dropout linear regulator capable of sinking a 1-A load. The
ground of this regulator is floated using a DC amplifier made using the TLV2171. The voltage scaling is
achieved using a BJT at the input and current scaling is achieved using external N-channel MOSFETs
CSD19533 from Texas Instruments. The design has three stages connected in parallel for the current
scaling feature. More stages can be used for higher current requirements.

The DC amplifiers for setting the floating (or virtual) grounds are controlled using control voltages Vcyr )
and Veyr - These signals can come from DACs or external power supplies. Because the transient
response is important for medical ultrasound applications, low-impedance drive circuits using diodes and
NPN-PNP transistors are used for driving the current scaling MOSFETS.

— e - - e - - e —— e —— —— —— — — — — ———
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Figure 4. System Block Diagram
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24.1

2.4.2

243

24.4

Highlighted Products

This design has two sections: one is a positive regulator and other is a negative regulator. Both the
sections use off-the-shelf low dropout (LDO) regulators from Texas Instruments along with N-channel
MOSFETs and op amps.

TPS7A47

The TPS7A47 device is a 36-V ultra-low noise (4-UuVgys) LDO linear regulator capable of sourcing a 1-A
load and providing a positive output voltage. The output voltage for the TPS7A47 can be configured with
external feedback resistors. The device is designed with bipolar technology primarily for high-accuracy,
high-precision applications where clean voltage rails are critical to maximize system performance. This
feature makes it ideal for powering high-performance analog circuitry in critical applications such as
medical. The device is also ideal for post DC-DC converter regulation.

TPS7A33

The TPS7A33 device is a —36-V ultra-low noise (16-UVgys, 72-dB PSRR) LDO linear regulator capable of
sinking a 1-A load and providing a negative output voltage. The output voltage for the TPS7A33 can be
configured with external feedback resistors. The device is designed with bipolar technology primarily for
high-accuracy, high-precision applications where clean voltage rails are critical to maximize system
performance. This feature makes it ideal for powering high-performance analog circuitry in critical
applications such as medical. The device is also ideal for post DC-DC converter regulation.

CSD19533KCS

The CSD19533KCS device is a 100-V, 8.7-mQ, TO-220 NexFET™ power MOSFET. With a pulsed drain
current limit of 207 A (at 25°C) at pulse durations < 100 us and duty cycle <1%, it makes it ideal for the
pulsed current output applications like medical ultrasound.

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.
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2.5 System Design Theory

This section explains the theory, component selection, and design details for both the positive and
negative regulator sections.

25.1 Positive Floating Regulator

The positive regulator section uses a 36-V off-the-shelf positive LDO regulator and floats the ground of
regulator with a DC amplifier (using low-voltage op amp and transistor).

25.1.1 Floating or Virtual Ground for Positive Regulator

The ground of a regulator can be floated using multiple methods and tricks. For this application, the
ground of regulator is floated using a DC amplifier. Any positive regulator has some current flowing into
the GND pin, which is termed as I(GND) in its datasheet. For the TPS7A4701, it is specified as 6.1 mA
typical when the output current is 1 A.

Taking this current as a worst case, the user can put is as current source in the TINA simulation shown in
Figure 5. Regulator I(GND) is the current from the GND pin. This current is divided into two paths: one
through an NPN BJT and other through a resistor voltage divider. Op amp U1 is operated as an integrator
in open-loop configuration and drives the BJT through a series resistance of 2.2 kQ. The op-amp is
supplied with a 12-V supply VCC. The Vs, input decides the value of virtual ground voltage by using

Equation 8.
: 379k + 20k
veo @l LDO [{GND) = 6.1m
L‘H 12 C1-100n e Virtual GND 5981V
I ' ||
1 I(GND) 5.95mA ¥ Diverted Current 149.9uA
a9 o Vopamp 822 32mV e
Yy T Y R222k &
l BJT =t
A &
* L=l CC
VCHTRL I = }
I U1 '
-
[}
(&}
(42}
o
Figure 5. TINA Simulation for DC Amplifier for Floating Regulator Ground (Positive Regulator)
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To understand the relationship between the control voltage and virtual ground signal, the graph shown in
Figure 6 is useful.

500.00u
Diverted Current
0.00
6.10m
I(GND)
5.60m
200.00
Virtual GND
0.00
11.00
Vopamp
B I I I I IR
0.00 2.50 5.00 7.50 10.00

Input voltage (V)

Figure 6. DC Transfer Characteristics: Control Voltage versus Virtual Ground

Based on the TINA circuit simulation, the TLV171 is used as an op amp for generating virtual ground
using control voltage. The schematic for this section is shown in Figure 7.

Virtual-GND-Pos

™ ‘:Rs
3390k
Q5

FMMT497

VCNTRL (+Ve) E

R41

GND 10pF 1.00k

GND

I—H—«
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Figure 7. DC Amplifier to Generate Virtual Ground (Positive Regulator)
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25.1.2 Voltage Scaling Circuit

The scalability in terms of voltage is implemented using voltage sharing circuit at the input of the regulator.
Referring to Figure 9, the resistors R13 and R14 along with BJT Q6 are used for implementing voltage
sharing circuit.

Assuming the input voltage V is 120-V DC and virtual ground (say V) is set at 90 V, the R13 and R14
resistors generate a mid-point voltage = (Vy + Vi) / 2 = (120 + 90) / 2 = 105 V. This signal at the base of
the BJT (= 105 V) keeps the emitter of BJT at 104.3 V approximately (depending on the BJT used; this
can vary). This means the voltage going to the regulator is Vgyrrer — Vvg = 104.5 =90 = 14.5 V. This is
true for any value of V,y and V,¢ (for example, V,y, = 100 V, Vg = 60 V, Vgase = 80 V, Veyirrer = 79.3 V,
and regulator input voltage = 19.3 V).

This functionality helps in keeping a safe voltage at the input of the regulator by setting V,y and V.
Figure 8 shows the TINA simulation for voltage scaling circuit at different V,, and VVG values.

i

%]
i
r

=

+ +
o i £ %vs 1200 o £ ;vs 100° 0y o £
o = I = = I =] =
= o = = = =
— 4 =t {7 [ 48
o = 1 = o
T INPN TR INPN TP INPN
e L ——
VF1 125V VF3 90V VF5 725V
VF2 124 84V VF4  89.85V VF6 7234V
s SRR 3 ' = TR
(%] L} 10}
o % ?Vj % % §V5 o \')
VM1 - 24.84V VM2 - 29.85V VM3 - 27.34V
+ + +
= V1100 =V4 60 =V645

[V1. V4. V6 —= Virtual Ground]

Figure 8. Voltage Scaling Circuit Simulation at Different V,, and V, Values

2.5.1.3 Positive Regulator Circuit Using Virtual Ground

+Ve VIN

Figure 9 shows the positive regulator circuit using the TPS7A4701. The input capacitor C10 and output
capacitor C8 are recommended values from the datasheet of the TPS7A4701. The output of the regulator
with respect to virtual ground is 3.3 V set using feedback resistors R11 and R15.

D9 (36-V TVS) and D7 (20-V Zener diode) are used as protection devices for the regulator. The Zobel
network (R35 and C24) are used to reduce the effect of inductive wires connected at the output.

D7

K AVoul for Regulator is set at
3.3V w.r.t. Virtual-GND-Pos
gg\h]/\AJS%ZB-TP (Internal Vref = 1.4V)

4

15 1 2
. N out . . . . o
16 20 T 1 +Ve VOUT
N out ——c27 LR l HO
330UF “T=330uF —T~330uF] 18 o EN SENSE/FB |2 1.37k o 5 93800102
. ! v L 01F W L
NR o4 A1 GND
i 9 -4 lepav2 ==C8
= = = = 6V 5| Spav2 el R15 o = oo
GND GND  GND  GND o RS NG 8 ==C9  31.00k GND 470F
==C10 8 lipey NG 17 0.01uF
W o] 1Fe CI
= opav NG |2
20t opav , 1
1 _tfopay oND =
12 Joprv PAD |21 GND

TPS7A4701RGWR

Virtual-GND-Pos |
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Figure 9. Positive Regulator Using TPS7A4701 and Virtual Ground
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25.1.4  Current Scaling Using External MOSFETs

The current scalability is implemented using N-channel MOSFETSs as shown in Figure 10. Once current
starts flowing through the input path of the regulator, it generates a voltage drop across 47 Q, which is in
series with the BJT Q6. Because it is placed across the base and emitter of PNP transistor Q4, the
voltage drop across this resistor always remains 0.6 to 0.7 V (depending upon the BJT), limiting the
current flowing through the regulator at 0.7 V/47 Q = 15 mA approximately. Any load current higher than
15 mA passes through the parallel MOSFET paths. Because the transient response is important for the
application, a low-impedance drive circuit using a diode and PNP transistor is used for driving the
MOSFET. The currents flowing through each MOSFET is also equalized by series resistors of 0.47 Q.

H14
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2

0.47

—
1=

CSD19533KCS |

i %W Stage-3
R‘42
L 8 ")
Q1 l__l 047
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R43
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2 [ 3 R2
l _l 0.47

Q2 1
CSD19533KCS

R33 R3 q
47 47 1.00k

2 ® 3 Stage-1

MMBT5401LT1G
y
B1100-13-F
Q4 p
MMBT5401LT1G

3e Virtual-GND-Pos |
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- cs D7
10009 K “Vout for Regulator is set at
3.3V w.rt. Virtual-GND-Pos
Ra7 ggyAJS%ZB—TP (Internal Vref = 1.4V)

43 ¢ )
o1 R10 3 Q6 2 15 |\ ouT 1 . o . _ 2 [5 +V VOUT
+Ve VIN 2 J_ J_ J_ a7 16 ] our [ 28 b SV A l 1o |+Ve
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- L L L 10.0k 10.0k 4 1 gpava 1
G\D GND  GND  GRD e nNe ook T GND Sty
clo ——{3Fv NC ! T4.7uF

Copyright © 2016, Texas Instruments Incorporated

Figure 10. Current Scaling Using N-Channel MOSFETs (Positive Regulator)

The TINA simulation for the current sharing is shown in Figure 11. The output current is set at 6-A DC and
each of the N-channel MOSFETSs shares 2 A. The current flowing through the 47-Q resistor is only 15.68
mA, which is governed by voltage set by PNP transistor. The transient waveforms for the current sharing
are shown in Figure 12.
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Figure 12. Transient Current Sharing (Positive Regulator)

25.2 Negative Floating Regulator

The negative regulator section uses a —36-V off-the-shelf positive LDO regulator and floats the ground of
regulator with a DC amplifier (using two low-voltage op-amps and transistor).
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Floating or Virtual Ground for Negative Regulator

For this section, the ground of regulator is floated using a DC amplifier as shown in Figure 13. Any
negative regulator has a specification termed as I(GND) in the LDO datasheet. For the TPS7A3301, it is
specified as 5 mA typical when the output current is 500 mA. This current is diverted using a PNP BJT.
Two op amps form a DC amplifier. The first stage converts the negative output voltage to a positive value.
The second op amp is an error amplifier and the system has a stable point where the negative Input
becomes equal to the positive input of this second op amp. If the output goes too negative the PNP
transistor (at the output of second op amp) is driven and this shifts the virtual ground towards zero. The
Venr input decides the value of the output voltage by using Equation 9:

VNEG(OUt) ~ 21 X VCNTL (9)
As shown in Figure 13, the output of the first op amp locks at V7, voltage (= 1 V) and sets the negative
output voltage at —21.32 V and virtual ground at —18.02 V. The relationship between the control voltage,
negative output voltage, and virtual ground is shown in Figure 14.

C1-100n
vee L
I
=112
I VF2 816.84mV
i [ R2 1k AM3 202 1uA
i 5
T VCNTRL 1
= T1IPNP
S 20175uA L
VET 1V 1= :
R5 47k bt
R4 MEG
Vout of LDD 3.3 =
e +
S Virtual GND -18.02V
VNEG-Out -21.32V 2
&
<
e V4 100 I
LDO Representation

Figure 13. TINA Simulation for DC Amplifier for Floating Regulator Ground (Negative Regulator)

TIDUCI3A—February 2017 —-Revised July 2017

Submit Documentation Feedback

Programmable £100-V, High-Current, Floating Linear Regulator Reference 13
Design for Ultrasound Systems

Copyright © 2017, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUCI3A

13 TEXAS
INSTRUMENTS

System Overview www.ti.com
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AM3
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5.00—
VF1 _-///_/r
0.00—
20.00—
VF2 3
-10.00
20.00—
VNEG-Out ;\
-100.00—
20.00—
Virtual GND _N
_100'00-""|"'|""|""|"'|""|""|'"'|""|""|

0.00 1.00 2.00 3.00 4.00 5.00
Input voltage (V)

Figure 14. DC Transfer Characteristics: Control Voltage versus Negative Vo, and Virtual Ground

Based on the TINA circuit simulation, the TLV2171 is used as an op amp for generating virtual ground
using control voltage. The schematic of this section is shown in Figure 15.

—

0—011| |0_-P—“
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2
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0|
J5
ol 2 o PRV 2 =
VCNTRL (Ve) | gF— 1 Ty w g R17
= C31 R39 TLV2171IDR
GND 104F 1.00k
<
GND GND GND MMBT5401LT1G
VOUT-NEG R18
47.0k
Viele
R19 c13
1.00M

0.1uFU3B| Virtual-GND-Neg

E TLV2171IDR

390k
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Figure 15. DC Amplifier to Generate Virtual Ground (Negative Regulator)
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2.5.2.2 Voltage Scaling Circuit

Referring to Figure 16, the scalability in terms of voltage is implemented using a voltage sharing circuit at
the input of the regulator. Resistors R27 and R23 along with BJT Q8 are used for implementing voltage
sharing circuit. The operation is similar to the circuit explained in Section 2.5.1.2 for positive regulator
input voltage scaling.

2.5.2.3 Negative Regulator Circuit Using Virtual Ground

Figure 16 shows the negative regulator circuit using the TPS7A3301. Input capacitor C14 and output
capacitor C15 are recommended values from the TPS7A3301 datasheet. The output of the regulator with
respect to virtual ground is 3.3 V set using feedback resistors R21 and R22.

D8 (36-V TVS) and D6 (20-V Zener diode) are used as protection devices for the regulator.

Note that the peak detector circuit is used before feeding the input to the regulator. Capacitor C30 and
diode D5 along with R27 (= 10 kQ) are used as the peak detector circuit. This helps in improving the
output voltage because during the loaded condition, the input voltage across the bulk capacitors (C19,
C20, and C21) will start drooping. The peak detector circuit holds the charge until the time constant value
of 10 ps x 10k = 0.1 seconds.

° ° Virtual-GND-Neg |
c1a D8 AVout fqr Regulator is set at -3.3V
10uF 36V 3SMAJ5932B-TP ‘('}',:t;r:]/;rrl\J,TLfG N 3"1\‘753\/)
20V )
U4A

o
=

NC IN out TIPS 'Y

C17 $1.00k
0.01pF

_|

NC 11 hd 16 1N our 20T
NG |12 C25R21
17 13 3
:g 17 o 1Blen FB 1 80k
NC 19 gR23 GND 2 O1yF
10.0k 14 | \riss oND |21 9 C15
TPS/A3301RGWR 10pF
TPS7A330TRGWR LRo2

@ Virtual-GND-Neg

< 1 Q8
MMBT5401LT1

2R27

£10.0k
J7
2
-Ve VIN |:|— 1
393800102
= C19 C20 Cc21
GND 330uF 330pF 330uF D5

BAV20WS-TP

2
2
2

24—

Copyright © 2016, Texas Instruments Incorporated

Figure 16. Negative Regulator Using TPS7A3301 and Virtual Ground
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25.2.4  Current Scaling Using External MOSFETs

The current scalability is implemented using N-channel MOSFETSs as shown in Figure 17. Once current
starts flowing through the regulator, it generates a voltage drop across 47 Q, which is in series with the
regulator output. The voltage drop across this resistor always remains 0.6 to 0.7 V (depending upon the
BJT), limiting the current flowing through the regulator at 0.7 V/47 Q = 15 mA approximately. Any load
current higher than 15 mA passes through the parallel MOSFET paths. Because the transient response is
important for the application, a low-impedance drive circuit using a buffer (made using NPN and PNP
transistors) is used to drive the MOSFET. The current buffer is decoupled using a 47—Q resistor (R46) and
a 2.2-uF capacitor (C29). The sense signal across R37 generates a current to be flown through R26. The
voltage drop across R26 is used for generating Vgs to drive the MOSFETSs. The currents flowing through
each MOSFET is also equalized by series resistors of 0.47 Q.

Note that the output is always affected by the voltage drop across R37, which can be in the range of 0.6 to
0.7 V (depending on the BJT used). This should be considered while setting up the output voltage,
especially in lower voltage conditions.
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1

hd 2 E -Ve VOUT

393800102

ND

@

|
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MMBT5401LT1G

@
4
=}

.|||_><—o

Stage-1
Stage-2
Stage-3

R0
47

Ra

1R26
224.9¢

47 H13

R25 1 | ]aQto 1 lan 1 | lais
s =] Fcsp19s33Kes 1] Fcsb19533KC! 1] Fcsb19533Kes

| | |

ATS-TI10P-521-C1-R1
|R28 LR29 LR31
20.47 2047 2047

Copyright © 2016, Texas Instruments Incorporated

Figure 17. Current Scaling Using N-Channel MOSFETs (Negative Regulator)
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The TINA simulation for the current sharing is shown in Figure 18. The output current is set at —6-A DC
and each of the N-channel MOSFETSs shares —2 A. The current flowing through the 47-Q resistor is only
—14.24 mA, which is governed by voltage set by the PNP transistor across 47 Q. The transient waveforms

for the current sharing are shown in Figure 19.

Vshunt. -613 28mV

\The Feedback resistors are set for LDO Vout = 3.9V to compensate for voltage drop across 47 UhITIS.‘

R1147

LDP Current - -14.24mA = Q o Inul -BA LDO Output 33V
‘L E: 35 TPSTABOOE;S R1 2.3k l Cout 10u | =
Cin 183 105527 1NESp A NSIENT MODEL ~ R_Load 550m
v 30+T ol co 7T U1 TPSTAI001 TRANS A3 1k To IPNP
- v
L C1.330p
R13 47
WTZ INPN - = £l LIEN
RE 47 il T5
R R
T3 IPNP %EE %Cf E
R8 47 -
R10 47
Figure 18. TINA Simulation for Current Sharing
-2.00—
11 § {_.,——WH,—«_\/\_,—\
-2.00—
-2.00—
-2.00—
-2.00—
-2.00
-6.00
lout W
-6.00
-14.24m
-14.24m
-3.30
LDO Qutput WWW
-3.30
-613.29m
Vshunt L—\,—\_
W
500.00m 750.00m 1.00
Time (s)
Figure 19. Transient Current Sharing (Negative Regulator)
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253 Selecting Power MOSFETSs
The output current delivering ability of the regulator depends on a few parameters.
ide\iver
—>
Cin ~ LOAD
Voltage across the input cap
CIN
A
—4— loov
30V
Y 70v >
< #| time
1ms |
Figure 20. Current Delivering Ability of Input Capacitor
As shown in Figure 20, the deliverable current is calculated as Equation 10:
| _ Vo xCN
DELIVER = ™ (10)

V4, IS dependent on the regulator’'s maximum input to output difference allowable (as mentioned in the
regulator's datasheet). For the TIDA-01371, both regulators have the maximum allowable input to output
difference of 36 V. Also, due to input voltage scaling circuit, that maximum can be doubled. In summary,
the TIDA-01371 can support a voltage dip on input capacitor of 72 V approximately.

Using the example shown in Figure 20, assume the voltage across input capacitor is dropping from 100 V
to 70 V in a time period of 1 ms. Because it is dropping in a linear fashion, the actual voltage seen by the
MOSFETs is an average of the same, which is 15 V.
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Now look at the MOSFET datasheet for the SOA graph. This graph defines the instantaneous V-1 product
of the MOSFET. The SOA graph for CSD19533KCS is shown in Figure 21.

At VDS = 15 V and a pulse of 1 ms, the maximum drain to source current supported by CSD19533KCS is
~ 15 A

As the voltage dip across input capacitor goes bigger, the current capability of the MOSFET (based on the
SOA graph) will reduce.

The MOSFETSs are selected based on the following parameters:
1. Current to be delivered

2. Voltage dip on the input capacitor

3. Pulse duration for which MOSFET is turned on

4. Package of MOSFET

5000

==+ 10us Ims ==+ DC
<1000 | = - 100us = - 10ms
€
g
3 100 < T 5
@ — "”%Eég S e, | s B A
8 h )
3 N [0 N
3 N
5 10 = < 7**"1%?*>”’” E———
< ~ =
s N
i .
2 Single Pulse &
Max Rinetasc = 0.8°C/W i
0.1
0.1 1 10 100 1000
Vps - Drain-to-Source Voltage (V) G001

Figure 21. SOA Graph for CSD19533KCS
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3 Hardware, Testing Requirements, and Test Results
This section explains the test setup required to test the TIDA-01371 design.

3.1 Test Setup

Figure 22 shows the top view of the TIDA-01371 board. Note that heat sinks are not shown in the board
image; however, two heat sinks are required (one for positive current sharing circuit and one for negative
current sharing circuit) to test this circuit.

The board has a total of seven connectors:

* J1 = VCC for virtual ground generation circuit

» J2 = Control voltage for positive regulator

e J3 = Positive input connector (10 to 120 V)

e J4 = Positive output connector (2.5 to 100 V)

« J5 = Control voltage for negative regulator

» J6 = Negative output connector (—2.5 to —100 V)
» J7 = Negative input connector (10 to 120 V)

WARNING

The user must have experience in handling high-voltage circuits
while testing this board.

Positive input
(10 to 150 V)

Positive output

VCNTL(+) —pEil : {- 3 . o (2.5t0 100 V)

VCC = Positive regulator . ! Negative output
) (-2.5to =100 V)

Negative' ré'g'ulato_rl

Negative input
(-10 to —150 V)

Figure 22. Top View of TIDA-01371 Board

20 Programmable £100-V, High-Current, Floating Linear Regulator Reference TIDUCI3A—February 2017—-Revised July 2017

Design for Ultrasound Systems Submit Documentation Feedback
Copyright © 2017, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUCI3A

13 TEXAS
INSTRUMENTS

www.ti.com

Hardware, Testing Requirements, and Test Results

The block diagram shown in Figure 23 highlights the test setup required to test the TIDA-01371 board for
load regulation tests. The load regulation is required to have 1-ms pulses generated for very high currents
(20 A) to be connected at J4 and J6. Also, the current limits typically set by the SMPS circuits is the
average current limit. To see the actual droop across the input bulk capacitors of the TIDA-01371, special
current limit circuits are built and used for testing purposes.

Positive V |y
(10to 120 V)

———»| Current limit circuit f———p»

J3

VCNTL(+) ————»
VCC ———»
VCNTL(-) ————»

Negative V|

(10 to —120 V) — | Current limit circuit ——

J7

Load up to 20 A
J4 |——»| (1-mspulse at

every 1 second)

TIDA-01371

Load up to 20 A
J6 |——»| (1-mspulse at

every 1 second)

Copyright © 2016, Texas Instruments Incorporated

Figure 23. Test Setup
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3.2 Testing and Results
This section shows the test results for the TIDA-01371 design.

3.2.1 Transfer Characteristics

The positive regulator section is operating with respect to a virtual ground. This virtual ground is set using
an external control voltage Vcyr ). Figure 24 shows the transfer characteristics for a positive regulator
with respect to the control voltage.

105

— V(VG)

100 | — VOUT (P)

o5 ?
90 pd

85 ,/
80
e

75 -
70 d
34 36 38 4 42 44 46 48 5

VCNTL (P)
Figure 24. Transfer Characteristics for Positive Regulator (at Input Voltage of 110 V)
The negative regulator section is operating with respect to a virtual ground. This virtual ground and

ultimately the negative output voltage is set using an external control voltage Vcyr . Figure 25 shows the
transfer characteristics for a negative regulator with respect to the control voltage.

-70
— V(VG)
75 \\ — VOUT (N)
\\
-80 <
-85 \

-95 \
D\

-100 NG
-105 >
34 36 38 4 42 44 46 48 5

VCNTL (N)

Figure 25. Transfer Characteristics for Negative Regulator (at Input Voltage of —110 V)
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3.2.2 Load Regulation with Pulsed Load

Figure 26 shows the load regulation waveform for a positive regulator. It shows that the output voltage is
constant during the 19-A load step for a 1-ms period. The voltage across input capacitors is falling by 13.5
V, but the output is constant throughout the pulse.

100V/ B 200A/ @ 100V/ . -10008 5008/ Stop £ Y
+

\_ Voltage droop across input cap

Qutput voltage

[ 19-A current pulse
i) - . 1-ms pulse : : :

| 1/AX = 990.10Hz | AY{2) = -13.5000V
Y1Y2

-~ Mode -~ Source
Normal 2

Figure 26. Load Regulation for Positive Regulator

Figure 27 shows the load regulation waveform for a negative regulator. It shows that the output voltage is
constant during the —20-A load step for a 1-ms period. The voltage across input capacitors is falling by
—15V, but the output is constant throughout the pulse.

100v/ § 200A/ @ 100V/ o -490.08 5008/ Stop £ 6.50V

i _ __rOutput voltage

I"'
IVoltage droop across input cap

! | —20-A current pulse
1-ms pulse I B

<4+——>

AX = 992.000us | 1/AX = 1.0081kHz | AY{2) = -15.0000V

«  Mode -~ Source X if 2 Yl Y2 Y1 Y2
Normal 2 v -33. -48.50V | <

Figure 27. Load Regulation for Negative Regulator
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3.2.3 Load Regulation with Constant Load
Figure 28 shows the load regulation for the positive and negative regulator together.

15
12
9
6
3
0
-3

— Positive Regulator at Viy = 16 V
—— Negative Regulator at Vi =-16 V

Vour (V)

-6

-9

-12

-15
0 005 01 015 0.2 025 03 035 04 045 05
lout (A)

Figure 28. Load Regulation With Constant Load
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3.24 Thermal Performance

The CW mode needs a continuous current flow through both the regulator sections at the same time. The
TIDA-01371 board is tested for thermal performance with the following conditions:

o +V,=15V
e +Vgour =10V at 500 mA
e —Vy=-15V

e —Vgour =-10V at 500 mA

* Ambient temperature = 22°C

e Forced cooling = No

« Time after which thermal image is taken (using thermal camera) = 30 minutes

The thermal image for the TIDA-01371 is shown in Figure 29.

---- 12/14/16 10:16:12 AM T=100%

Figure 29. Thermal Image for TIDA-01371
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4 Design Files

4.1 Schematics
To download the schematics, see the design files at TIDA-01371.

4.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-01371.

4.3 PCB Layout Recommendations

Because the design supports high current and high voltage conditions, it is required to have a proper
layout. The TIDA-01371 board has four layers: Top, GND, PWR, and bottom.

Figure 30 and Figure 31 show the placement of components near to the two regulators TPS7A4701 and
TPS7A3301, respectively. Note the placements of input capacitors, output capacitors, noise rejection
capacitors, and feedback resistors as shown in these layout examples.

R22

5]

c2s

B EE

R21

|

Figure 30. Placements for TPS7A4701 and Figure 31. Placements for TPS7A3301 and
Adjacent Components Adjacent Components
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Figure 32 and Figure 33 show the placement of power MOSFETSs and corresponding components like
gate resistor, current equalization resistors, and clamping Zener diodes.

2K

Figure 32. Placements for MOSFETs and Figure 33. Placements for MOSFETs and
Adjacent Circuits for Positive Regulator Adjacent Circuits for Negative Regulator

Figure 34 and Figure 35 show the direction of current flow and the layout done according to these
directions.

+100U 0C
1AX

i
DANGER HIGH
UOLTAGE

~100V 0C

mAx
DANGER HIGH g,
UOLTAGE

-100u OC

HAX
DANGER HIGH
UOLTAGE

Figure 34. Current Path for Positive Regulator Figure 35. Current Path for Negative Regulator
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Figure 36 shows how positive input voltage (+VIN) is laid as a plane on all four layers.

Figure 36. Layout Showing +VIN Plane

Figure 37 shows how ground is laid as a plane on all four layers.

Figure 37. Layout Showing GND Plane
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Figure 38 shows how negative input voltage (—VIN) is laid as a plane on all four layers.

Figure 38. Layout Showing —VIN Plane

4.3.1 Layout Prints
To download the layer plots, see the design files at TIDA-01371.

4.4  Altium Project
To download the Altium project files, see the design files at TIDA-01371.

4.5 Gerber Files
To download the Gerber files, see the design files at TIDA-01371.

4.6 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-01371.

5 Related Documentation
1. Texas Instruments, TINA Tl Simulation Software (http://www.ti.com/tina-ti)

5.1 Trademarks

NexFET is a trademark of Texas Instruments.
All other trademarks are the property of their respective owners.

TIDUCI3A—February 2017 —-Revised July 2017 Programmable £100-V, High-Current, Floating Linear Regulator Reference 29

Submit Documentation Feedback Design for Ultrasound Systems
Copyright © 2017, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUCI3A
http://www.ti.com/tool/TIDA-01371
http://www.ti.com/tool/TIDA-01371
http://www.ti.com/tool/TIDA-01371
http://www.ti.com/tool/TIDA-01371
http://www.ti.com/tina-ti

13 TEXAS

INSTRUMENTS
Terminology www.ti.com
6 Terminology
DAC— Digital-to-analog converter
LDO— Low dropout
SOA— Safe operating area
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