Test Report: PMP23332

Interleaved and Multiphase Inverting Buck-Boost
Converter Reference Design

Description

i3 TEXAS INSTRUMENTS

Features

This reference design uses the UCD3138064A device + High efficiency above 97.1%

as a digital controller to control inverting buck-boost.
The design is capable of supporting two-phase peak
current mode control or three-phase voltage mode
control. The soft-switching technology is used in this
design to improve the power efficiency. The input
voltage is from —36 V to —62 V. The output voltage
is adjustable from 28 V to 52 V. The default output
voltage is 48 V and the maximum current is 14 A

in two-phase peak current mode control or 21 A in
three-phase voltage mode control.

Top Side

* Interleaved two-phase peak current mode (PCM)
control or three-phase with voltage mode control

» Zero voltage switching of MOSFETs

* Prebias start-up

» Current balancing between phases

* GUI-configurable to design a power supply based
on requirements

Applications

* Macro remote radio unit (RRU)
» Battery backup unit (BBU)
* Merchant DC/DC

Bottom Side
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1 System Specification
1.1 Input Characteristic
Table 1-1 details the input characteristics.
Table 1-1. Input Characteristics
Parameter Symbols Conditions MIN TYP MAX Units
Input Voltage Range VN Normal Operating -62 -36 \%
Minimum Input Voltage V\y minimum | Continuous —65 \Y
VN = :_36 V; VOUT =48V, 29 A
lomax = 21 A
Input Current Iin
VOUT =48V, 0.23 A
Vin =48 V; No Load '
\% V\n Decreasin -34 \%
Undervoltage Lockout OFF N - 9
Von VN Increasing -36 \%
1.2 Output Characteristics
Table 1-2 lists the output characteristics data.
Table 1-2. Output Characteristics
Parameter Symbols Conditions MIN TYPE MAX Unit
Output Voltage Setpoint Vout 19 A on output 28 48 52 \%
; : Vout =48 V; lo = lomax;
Line Regulation Regjine 36 <V, < 62 max 0.5 %
Load Regulation Regioad Vour =48V, Viy =48V, 0.5 %
0 <o < lomax
VOUT =48 V, VIN =48 V,
. . 0 < lp = lomax, Voltage mode 21 mVpp
Ripple and Noise Vi,
VOUT =48 V, VIN =48 V, 54
0 =< lp = lomax, Current mode
VOUT =48V;V|y=48V;
0 =< lp = lomax, Voltage mode 0 21 A
Output Current lo
VOUT =48V, V|N =48V, 0 14 A
0 < lp £ lomax, Current mode
VOUT =48V;V|y=48V; o
lo =21 A, Voltage mode 97.13 Yo
Efficiency n
VOUT=48V;V|N=48V; 91.12 %
lo = 14 A, Current mode ' ¢
VOUT =48 V, VIN =48 V,
BUTS=0Ato21At00A,2.5 +13 %
Load Transient Overshoot and Y Volljtayge mode
Undershoot r
Vour =48 V; VN =48V, lout
=0Ato 14 Ato 0 A 2.5 Alps, +0.65 %
Current mode
Output Rise Time tstart 10% to 90% of Voyut 160 ms
Overshoot at Start-up At start-up 0.5 %
Switching Frequency fs Over V)y and g ranges 200 kHz
Phase Current Sharing Accuracy Ishare 10% to full load -5 5 %
0,
50% to full load, 79 KkHz
) Voltage mode
Loop Bandwidth BW
50% to full load, 78 KkHz
Current mode '
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Table 1-2. Output Characteristics (continued)
Parameter Symbols Conditions MIN TYPE MAX Unit
50% to full load, 45 o
Voltage mode
Loop Phase Margin ®
50% to full load, 60 °
Current mode
Loop Gain Margin G 50% to full load 10 dB
Output Overvoltage Vo ov Restart when Fault is gone Vo +3 \%
Shutdown without delay, 24 A
Voltage mode
Output Over Current lo oc -
- Shutdown without delay,
17 A
Voltage mode

2 Results

2.1 Efficiency Graph, Voltage Mode

The following graph shows the efficiency.

Figure 2-1. Efficiency at Viy =48 V, Vour =48 V, loyr =0 A to 21 A
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2.2 Efficiency Data, Voltage Mode

The following table lists the efficiency data.

Table 2-1. PMP23332 Efficiency Data

Vin (V) Iin (A) Vour (V) lout (A) Pourt (W) Pin (W) Eff (%)
48.408 0.2861 48.141 0.000 13.8495 0.000
48.389 1.2825 48.142 0.999 62.0589 48.0939 77.50
48.370 2.2831 48.142 1.999 110.4335 96.2359 87.14
48.351 3.2849 48.142 2.999 158.8282 144.3779 90.90
48.332 4.2893 48.142 3.999 207.3104 192.5199 92.87
48.313 5.2952 48.141 4.999 255.8270 240.6569 94.07
48.293 6.3038 48.140 5.999 304.4194 288.7919 94.86
48.273 7.3165 48.141 6.999 353.1894 336.9389 95.40
48.253 8.3308 48.140 7.999 401.9861 385.0719 95.79
48.234 9.3468 48.140 8.999 450.8336 433.2119 96.09
48.214 10.363 48.140 9.999 499.6417 481.3519 96.34
48.193 11.387 48.140 10.999 548.7737 529.4919 96.49
48.173 12.408 48.140 11.999 597.7306 577.6319 96.64
48.154 13.430 48.138 12.999 646.7082 625.7459 96.76
48.134 14.456 48.139 13.999 695.8251 673.8979 96.85
48.114 15.484 48.139 14.999 744.9972 722.0369 96.92
48.093 16.511 48.139 15.999 794.0635 770.1759 96.99
48.073 17.543 48.141 16.999 843.3446 818.3489 97.04
48.052 18.575 48.140 17.999 892.5659 866.4719 97.08
48.032 19.609 48.139 18.999 941.8595 914.5929 97.11
48.011 20.648 48.140 19.999 991.3311 962.7519 97.12
47.991 21.687 48.140 20.999 1040.7808 1010.8919 97.13
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2.3 Efficiency Graph, Current Mode
The following graph shows the efficiency data, current mode.
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Figure 2-2. Efficiency Curve at 48 V|\, 48 Voyt, lout=0Ato 14 A
2.4 Efficiency Data, Current Mode
Vin (V) In (A) Vour (V) lout (A) Pin (W) Pout (W) Eff (%)
48.309 0.2109 48.108 0.000 10.1884 0.0000
48.291 1.2063 48.106 0.999 58.2534 48.0579 82.50
48.272 2.2099 48.107 1.999 106.6763 96.1659 90.15
48.254 3.2150 48.106 2.999 155.1366 144.2699 93.00
48.235 4.2219 48.107 3.999 203.6433 192.3799 94.97
48.216 5.2311 48.108 4.999 252.2227 240.4919 95.35
48.197 6.2429 48.108 5.999 300.8891 288.5999 95.92
48.178 7.2573 48.108 6.999 349.6422 336.7079 96.30
48.159 8.2751 48.108 7.999 398.5205 384.8159 96.56
48.140 9.2939 48.108 8.999 447.4083 432.9239 96.76
48.121 10.314 48.107 9.999 496.3200 481.0219 96.92
48.101 11.344 48.108 10.999 545.6577 529.1399 96.97
48.082 12.371 48.107 11.999 594.8224 577.2359 97.04
48.062 13.401 48.108 12.999 644.0789 625.3559 97.09
48.043 14.434 48.107 13.999 693.4527 673.4499 97.12
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2.5 Load Regulation, Voltage Mode
The following image shows the PMP23332 load regulation graph.
Figure 2-3. Load Regulation, Viy =48 V, Vour =48 V, loy1=0Ato 21 A
2.6 Load Regulation, Current Mode
The following image shows the PMP23332 load regulation graph.
48.116
__ 48112
=
&
48.108 —— o~ A~
\\ A~ //"‘ S p S
= . g
— Y OUT
43.104
43.100
0 2 4 6 8 Bii) 12 14 16
lour (A)
Figure 2-4. Load Regulation at Vy =48 V, Voyr =48 V, loyt=0Ato 14 A
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2.7 Line Regulation, Voltage Mode
The following image shows the PMP23332 line regulation graph.

Figure 2-5. Line Regulation, Vo1 =48 V, loy1=21A,V|N=36 Vto 62 V

2.8 Line Regulation, Current Mode

The following image shows the line regulation, current mode graph.
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Figure 2-6. Line Regulation at Vou1 =48 V, Ioytr =14 A, V|y=36 Vto 62 V
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2.9 Thermal Images, Voltage Mode

Figure 2-7 through Figure 2-12 show the thermal images in voltage mode for this reference design.

ro1.9

L2341
®

TA =25.0°C, V|N =48V, VOUT =48V, IOUT =21A TA =25.0°C, V|N =48V, VOUT =48V, IOUT =21A
Figure 2-7. Top Layer Figure 2-8. Bottom Layer
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TA = 25.0°C, VIN =48 V, VOUT =48 V, IOUT =10.5A TA = 25.000, VIN =48 V, VOUT =48 V, IOUT =105A
Figure 2-9. Top Layer Figure 2-10. Bottom Layer

50.4

TA = 25.0°C, VIN =48 V, VOUT =48 V, IOUT =0A TA = 25.000, VIN =48 V, VOUT =48 V, IOUT =0A
Figure 2-11. Top Layer Figure 2-12. Bottom Layer
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2.10 Thermal Image, Current Mode

Figure 2-13 through Figure 2-18 show the thermal images in current mode for this reference design.
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3 Waveforms

3.1 Prebias Start-Up, Voltage Mode

The waveform of prebias start-up at no load are shown in following waveform images.

48.48 V.
41.92vV
A6.560 V

A43.52V

10.0ms "mums/s H @ 7 46.1v“ (@ 800V &
+v—14.9700ms J | 10M points J|

l:s.oMs/s H @
s | 1om points |

v‘
Figure 3-1. Vout = 48 V, Prebias Voltage =42V, Figure 3-2. Voyt =48 V, Prebias Voltage =5V,
No Load CH1: VOUT No Load CH1: VOUT

3.2 Prebias Start-up, Current Mode

The waveform of prebias start-up at no load are shown in the following waveform images.

O -63.70ms 48.48V

® 36.30ms 42.08V

A100.0ms A6.400V
cursors Linked

Cursors Linked

0MS/s. H & 5 461V
M points

(25.0m575 ‘ @ / 461V
s [10M points

Vout = 48V, Prebias voltage = 42 V, no-load CH1: Voyr,

Vout = 48V, Prebias voltage = 5 V, no-load CH1: Vour,
CH2: lout

CH2: lout
Figure 3-3. Prebias Start-up

Figure 3-4. Prebias Start-up
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3.3 Output Voltage Ripple, Voltage Mode

The waveforms of output AC ripples at no load and full load are shown in following images.

—50.00ms 14.60mV.
50.00ms 400.0uV

A100.0ms A14.20mV.

J[10.0ms H 00MS/s H @ 7 I0.0m\,‘}
§+70.00000s _}|10M points

CH1: VOUT
Figure 3-5. Output Voltage Ripple, Viy =48V,
VOUT =48V, IOUT =0A, Vpp =14.2 mV

19.00mv
5.400mv.

50.00ms
A100.0ms A24.40mV

|

CH1: VOUT
Figure 3-7. Output Voltage Ripple, Viy =48 V,
VOUT =48V, IOUT =21A, Vpp =244 mV

14.60mv

5.600mV
A9.000mV.

L
(@ to.omvie | 55
0.000ns_J|10M points

CH1: VOUT
Figure 3-6. Output Voltage Ripple, Viy =48V,
VOUT =48V, IOUT =0A, Vpp =9mV

100.0us v
A200.0us A15.80mV.

5.00GS/s @ ;5 10.0mv
b0000s_JL1oM pelnts H

CH1: VOUT
Figure 3-8. Output Voltage Ripple, V|y =48V,
VOUT =48V, IOUT =21A, Vpp =15.8 mV

GS/s H @ 7 10.0mv
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3.4 Output Voltage Ripple, Current Mode

The waveforms of output AC ripples at no load and full load are shown in the following waveform images

—50.00ms 34.00mv

50.00ms ~20.00mv

A100.0ms A54.00mV
Cursors Linked

I

 CETE

CH1: VOUT! CH2: IOUT
Figure 3-9. Title 1, Viy = 48 V, Vour = 48 V,
IOUT =0A, Vpp =54 mV

ns 32.00mv

50. 18.00mv

A100.0ms A50.00mV
Cursors Linked

2jiouT
1

(@ s0.0mv

e ) @ 7 =

CH1: VOUT! CH2: IOUT
Figure 3-11. Title 3, Vjy = 48 V, Vour = 48 V,
loutr =14 A, Vpp =50 mV

—100.0ps 31.00mv

100.0us ~12.00mv

A200.0us A43.00mV
Cursors Linked

CH1: VOUT» CH2: IOUT
Figure 3-10. Title 2, Viy = 48 V, Voyr = 48 V,
IOUT =0A, Vpp =43 mV

—100.0ps 32.00mv
s.000mv
A40.00mV

ke

0G: @ 7 25.0mv
00000 s H!OM boints H ‘

CH1: VOUTv CH2: IOUT
Figure 3-12. Title 4, Viy = 48 V, Voyr = 48 V,
lout =14 A, Vpp =40 mV
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3.5 Load Transient, Voltage Mode

The waveforms of output AC ripples at load transient are shown in following pictures. The high current level is for
2 ms, the low current level is for 2 ms, with a current slew rate of 2.5 A/ps.

—2.660ms 552.0mv
7.340ms -548.0mv
A10.00ms A1.100V

| 2 {ouT
(@ 200mv v @ 10.0A O ‘ @ 7 szmv} (@ 200mv v @) 10.0A OF [1o0csrs ] @ 7 s7omv
10M points

L ]
s_J10M points

CH1: VOUT! CH2: IOUT CH1: VOUT» CH2: IOUT
Figure 3-13. Viy =48 V, Vour = 48 V, Figure 3-14. Viy = 48 V, Vour = 48 V,
lour=2Ato21Ato2A, Vpp =1.1 mV lour=0Ato21Ato0A, Vpp =1.22 mV

3.6 Load Transient, Current Mode

The waveforms of output AC ripples at load transient are shown in following pictures. The high current level is for
2 ms, the low current level is for 2 ms, with a current slew rate of 2.5 A/ps.

2.640ms 286.0mV i 64 302.0mv

oms —288.0mv + C .36 -308.0mV

ooms A574.0mV I 2 A610.0mV.
Cursors Linked Cursors Linked

| & ° €D _100mv oy @ 100A O r ) @7 o)

[ 10M points

CH1: VOUT! CH2: IOUT CH1: VOUTv CH2: IOUT
Figure 3-15. Load Transient, V|y =48 V, Voyt =48 V, Figure 3-16. Load Transient, V|y =48 V, Vour =48V,
IOUT= 1Ato14Ato1 A, Vpp= 574 mV |0UT=0AtO 14At00A, Vpp=610 mV
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3.7 Line Transient, Voltage Mode

The waveforms of output AC ripples at line transient are shown in following images.

—8.800ms 94.00mV

11.20ms 4.000mv

A20.00ms A90.00mV
Cursors Linked

oams J{1om ponts )|

CH1: VOUT! CH2: IOUT» CH3: VIN

Figure 3-17. Voyr =48 V, loyt = 0 A,
ViN=—40V to-60V, SR=10 V/ims

8.8ms 14.00mv

01.2ms 2.000mv

A400.0ms A16.00mV
Cursors Linked

ONS/S X 500V

M points H

CH1: VOUT! CH2: IOUTv CH3: VIN

Figure 3-19. VOUT =48V, IOUT =0A,
ViN=-60Vto-40V, SR =0.5Vims

94.00mv

s 8.000mV

A20.00ms A86.00mV.
Cursors Linked

500MS/s
So000ms J{Tou points J|

CH1: VOUT» CH2: IOUT1 CH3: VIN

Figure 3-18. Vour =48 V, loyr = 21 A,
Vin =—40 V to —60 V, SR = 10 V/ms

— =
[ i i Di——
| —18.80ms 8.000mv
O 21.20ms
A40.00ms
Cursors Li

CH1: VOUTv CH2: IOUT’ CH3: VIN
Figure 3-20. Voyr =48 V, loyt = 21 A,
Vy =—60 V to —40 V, SR = 7 Vims
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3.8 Line Transient, Current Mode

The waveforms of output AC ripples at line transient are shown in following pictures.

—9.512ms 38.00mv

10.49ms -28.00mv

A20.00ms A66.00mV
Cursors Linked

(@ 100mv Ay @ 10, 2 soomsze ]
s}l 10M points

CH1: VOUT! CH2: IOUT» CH3: VIN
Figure 3-21. Vour =48 V, loyr = 0 A,
V,y =40 V to 60 V, SR = 10 V/ms

14.00mv

01.2ms 2.000mv

A400.0ms A16.00mV
Cursors Linked

ONS/S X 500V

M points H

CH1: VOUT! CH2: IOUTv CH3: VIN
Figure 3-23. Voyr =48 V, lout =0 A,
Vi =—60 V to —40 V, SR = 0.5 V/ms

94.00mv

s 8.000mV

A20.00ms A86.00mV.
Cursors Linked

VIN

210Ut

(@ 10omv vy @

500MS/s
So000ms J{Tou points J|

CH1: VOUT» CH2: IOUT1 CH3: VIN
Figure 3-22. Vour =48 V, loyr = 14 A,
V,y =40 V to —60 V, SR = 10 V/ms

— =
[ i i Di——
| —18.80ms 8.000mv
O 21.20ms
A40.00ms
Cursors Li

CH1: VOUTv CH2: IOUT’ CH3: VIN
Figure 3-24. Voyr =48 V, loyt = 14 A,
V,y =—60 V to —40 V, SR = 4.5 Vims
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3.9 Phase Current Balancing, Voltage Mode

The waveforms of each phase current during normal operation, load transient, and start-up are shown in
following waveform images.

CH1: lout, CH2: Ipyaset, CH3: Ipase2,CH4A: Ipyases CH1: lout, CH2: Ipyaset, CH3: Ipase2,CH4A: Ipnases
Figure 3-25. Viy=48 V,Vou1 =48 V, loyt1=10.5A Figure 3-26. V=48 V, Vout1 =48 V, Ioyt =21 A

CH1: lout, CH2: Ipyaser, CH3: Ipyase2, CH4A: Ipyases CH1: lout, CH2: Ipyaser, CH3: Ipyase2,CH4A: Ipyases
Figure 3-27.V\y=48 V,Vour =48 V, lgytr=0 A Figure 3-28. V|y =48 V, Voyr =48V,
lout=0Ato21 Ato0 A
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Divou
(@ 10.0v

CH1: Vout, CH2: Ipyase1, CH3: Ippase2,CH4: Ippases CH1: Vout, CH2: Ipyase1, CH3: Ippase2,CH4: Ippases
Figure 3-29. VIN =48 V, VOUT =48 V, IOUT =0A Figure 3-30. VIN =48 V, VOUT =48 V, IOUT =21A
Start-Up

3.10 Phase Current Balancing, Current Mode

The waveforms of each phase current during normal operation, load transient, and start-up are shown in
following images.

CH1: VOUT! CH2: IOUT: CH3: IPhaseh CH4: IPhase2 CH1: VOUT! CH2: IOUT! CH3: IPhase1r CH4: IPhase2
Figure 3-31. VIN =-48 V, VOUT =48 V, IOUT =7A Figure 3-32. VIN =48 V, VOUT =48 V, IOUT =14 A
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CH1: VOUT! CH2: IOUTv CH3: IPhaseh CH4: IPhaseZ CH1: VOUTv CH2: IOUT’ CH3: IPhase1s CH4: IPhase2
Figure 3-33. V;y = 48 V, Vour =48 V, Figure 3-34. V;y = 48 V, Voyr =48 V,
lour=0Ato14Ato 0 A lour=0Ato14Ato 0 A

25.0M5/s H o 7
L1om points J|

CH1: VOUT! CH2: IOUTv CH3: IPhaseh CH4: IPhaseZ CH1: VOUTv CH2: IOUT1 CH3: IPhase11 CH4: IPhase2
Figure 3-35. VIN =48 V, VOUT =48 Vv, IOUT =0 A, Figure 3-36. VIN =48 Vv, VOUT =48 V, IOUT =14 A,
Start-up Start-up
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3.11 Loop Response, Voltage Mode

The waveforms of bode plot at half load and full load are shown in following images.

Mag [B/A] (dB) | Phase [B-A] (deg)

53.000 200.000
160.000
120.000

= 80.000

17.000 i 7~— e e = : 40.000
8.000 mﬂT s N ] - L - 0.000
-1.000 Cnll) - 2 _ -40.000

-10.000 1T - B ORI NN R . -80.000
-19.000 i A -120.000
IR -

4y, -160.000

28,000
37.000 -200.000
1k 10k 100k
[ M|
. . - A
el Sebans Sy e
Figure 3-37. Vour =48 V, Vjy = 48 V, oy = 10.5 A
Mag [B/A] (dB) | Phase [B-A] (deg)
53.000 200.000
44.000 160.000
35.000 || 120.000
26.000 LMK b 80.000
17.000 40.000
8.000 0.000
41,000 -40.000
-10.000 -80.000
-19.000 -120.000
-28.000 ' _160.000
-37.000 -200.000

[T I}

Dats [t [m2 [z - w1
‘Frequency 722kHz 3058 kHz B36kHz
-10.079 dB 10.079-

Magnitude -0.000 B 078 -10.078 dB
Phase 45,041 deg 0,001 deg -45.041 degy
Figure 3-38. VOUT =48V, V|N =48V, IOUT =21A
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3.12 Loop Response, Current Mode
The waveforms of bode plot at half load and full load are shown in the following pictures.
Mag [B/A] (dB) I Phase [B-A] (deg)
200.000
160.000
120.000
80.000
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0.000
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-80.000
. -120.000
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NN 1II--- I
1k 10k 100 k
m 1l
B o dem b
- o ool =

Mag [B/A] (dB) | Phase [B-A] (deg)
45.000 200.000
37.000 | {{ffi ‘ ‘ \ 160.000
29.000 120.000

80.000
40.000
0.000

-3.000 = & -40.000
-11.000 T ‘ ‘ ‘ ‘ = | -80.000

-120.000

-27.000 -160.000
asooo I e

[ ]
Data [t [m2 [m2-m1

Frequency B.02 kHz 3338kHz 25.36kHz
Wagnitude 0000 dB -10496 dB 10486 4B
Phase 62011 deg -0.000 deg ~62.011 deg

Figure 3-40. Voyt =52V, lgyt = 4.5 A, Voltage Variation: 7 mV
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