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1.Introduction

This design guide describes how to design the 48 V Bus Compatible 1.2 V/100 A Double Step-
Down DC-DC Converter (hereafter referred to as this power supply). Refer to the reference guide
for the specifications, operation check procedure, characteristics, etc. of this power supply.

In recent years, the amount of power consumed by data-centers has been increasing, and
therefore 48 V power supply bus for server equipment is becoming popular in order to reduce
power dissipation. This is a high-efficiency DC-DC converter that takes input power from 48 V bus
lines and delivers 1.2 V, 100 A for powering CPU, GPU, ASIC and other devices on the board.

This power supply has two stages of step-down to achieve an efficient step-down from
50 V (Typ.) to 1.2 V, and the first-stage converts the voltage to 12 V. The power MOSFET
TPH1400ANH is used as a high-side switching device in the first-stage, and the power MOSFET
TPH5R60APL is used as a low-side switching device (synchronous rectification). This step-down
circuit operates in two phases. The power MOSFET TPH8R903NL is used as a high-side switching
device in the second-stage and the power MOSFET TPHR9203PL1 is used as a low-side switching

device (synchronous rectification). This step-down circuit operates in 5 phases. By using these
Toshiba semiconductor devices, we have realized a highly efficient Double step-down DC-DC
converter.

©2024 .. _ 4] 34 2024-02-26
Toshiba Electronic Devices & Storage Corporation Rev.1


https://toshiba.semicon-storage.com/ad/semiconductor/product/mosfets/12v-300v-mosfets/detail.TPH1400ANH.html?utm_source=PDF_RD&utm_medium=content&utm_campaign=rd231dg
https://toshiba.semicon-storage.com/ad/semiconductor/product/mosfets/12v-300v-mosfets/detail.TPH5R60APL.html?utm_source=PDF_RD&utm_medium=content&utm_campaign=rd231dg
https://toshiba.semicon-storage.com/ad/semiconductor/product/mosfets/12v-300v-mosfets/detail.TPH8R903NL.html?utm_source=PDF_RD&utm_medium=content&utm_campaign=rd231dg
https://toshiba.semicon-storage.com/ad/semiconductor/product/mosfets/12v-300v-mosfets/detail.TPHR9203PL1.html?utm_source=PDF_RD&utm_medium=content&utm_campaign=rd231dg

TOSHIBA

RD231-DGUIDE-01

2.Main Components Used

2.1. Power MOSFET TPH1400ANH

The main features of TPH1400ANH are as follows.

Features

Small, thin package

High-speed switching

Small gate charge: Qsw = 9.4 nC (Typ.)

Low drain-source on-resistnance: Rpsiony = 11.3 mQ (Typ.) (Ves = 10 V)
Low leakage current: Ipss = 10 pA (Max.) (Vpbs = 100 V)

Enhancement mode: Vin = 2.0t0 4.0V (Vpos = 10V, Ip = 0.3 mA)

External Appearance and Internal Circuit Configuration Diagram

The power MOSFET TPH1400ANH is used as a high-side switching device on the first-stage.

8 7 5] 5
[T 1T 101
| 1, 2, 3: Source
4: Gate
5,6, 7, 8: Drain
—+—¢ |
HEEREEN
1 2 3 4
SOP Advance
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2.2. Power MOSFET TPH5R60APL

The power MOSFET TPH5R60APL is used as a low-side switching device on the first-stage.
The main features of TPH5R60APL are as follows.

Features
® High-speed switching
® Small gate charge: Qsw = 14 nC (Typ.)
® Small output charge: Qoss = 46 nC (Typ.)
® Low drain-source on-resistnance: Rpsony = 4.7 mQ (Typ.) (Ves = 10 V)
® |Low leakage current: Ipss = 10 pA (Max.) (Vps = 100 V)
® Enhancement mode: Vin = 1.5t0 2.5V (Vbs = 10V, Ip = 0.5 mA)

External Appearance and Internal Circuit Configuration Diagram

|u- % 1, 2, 3: Source
'_' 4: Gate
5,6, 7, 8: Drain
L L L |L|
1 2 3 4
SOP Advance
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2.3. Power MOSFET TPH8R903NL

The power MOSFET TPH8R903NL is used as a high-side switching device on the second-stage.
The main features of TPH8RO903NL are as follows.

Features
® High-speed switching
® Small gate charge: Qsw = 2.5 nC (Typ.)
® |ow drain-source on-resistnance: Rpsony = 10.2 mQ (Typ.) (Ves = 4.5 V)
® |Low leakage current: Ipss = 10 pA (Max.) (Vps = 30V)
® Enhancement mode: Vin = 1.3t0 2.3V (Vbs =10V, Ip = 0.1 mA)

External Appearance and Internal Circuit Configuration Diagram

|u- % 1, 2, 3: Source
'_' 4: Gate
5,6, 7, 8: Drain
—— |
HEEREEN
1 2 3 4
SOP Advance
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2.4. Power MOSFET TPHR9203PL1

The power MOSFET TPHR9203PL1 is used as a low-side switching device on the second-stage.
The main features of TPHR9203PL1 are as follows.

Features
® High-speed switchin
Small gate charge: Qsw = 19 nC (Typ.)
Small output charge: Qoss = 51 nC (Typ.)
Low drain-source on-resistnance: Rpsiony = 0.61 mQ (Typ.) (Ves = 10 V)
Low leakage current: Ipss = 10 pA (Max.) (Vbs = 30V)
Enhancement mode: Vin = 1.1t0 2.1V (Vbs = 10V, Ip = 0.5 mA)

External Appearance and Internal Circuit Configuration Diagram

) 8 7 6 5
(11 [1[]

|!... 1, 2, 3: Source
) 4: Gate
4 5,6,7, 8:Drain
—t—¢ |
HEEREEN
1 1 2 3 4
SOP Advance(N)
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3.Step-Down DC-DC Converter

The step-down DC-DC converter converts the DC-input voltage to a lower DC voltage. Each
electronic device, such as an IC, must have a voltage that matches the operating voltage.

3.1. Step-Down DC-DC Converter Operation
3.1.1. Circuit Operation and Voltage/Current Waveforms

Fig. 3.1 shows the basic circuit and operation of the step-down DC-DC converter. Part (a) shows
the current path when MOSFET Q1 is on. When Q1 is on, the current passes from the input Vin
through the inductor L to charge the output smoothing capacitor Cour and provide the output
current Iout. At this time, energy is stored in L. Part (b) shows the current path when MOSFET Q1
is off. When Q1 is off, the diode-D is on and stored energy in L is discharged to the output-side.

The waveforms of gate voltage of MOSFET Q, the current of inductor L, MOSFET Qi and diode
D, and the voltage across the inductor L are shown in Fig. 3.2. The relation between the input
voltage and the output voltage is determined by the on duty of the MOSFET Q.

O o
A Ql J_ I ) Q
Jﬁ} ? jﬁ lIQ
I Iour I I
= —ouJ N oyt
Cin LYY Cin PO —
— ! —1 TN [ ) J) N—
Vin L c Vin - c
D ouT — D ouT -
1 5 | A
ZSWID Ir 8 Vo a \ID Tr gl |Vour
O O
(a) Current path when MOSFET is on (b) Current path when MOSFET is off
Fig. 3.1 Basic Circuit and Operation of the Step-Down Converter
MOSFET Qq A
gate Voltage(VGS)
>t
A : : | : '
inductor L /\/\/\
current (I,) |
1 1 1 ; ; > t
A | | ’
MOSFET Q, / / /
current (Ip)
! ! ; ; ; >t
i\ | i |
diode D \ \ \
current (Ip) ‘ :
> t
AN
inductor .~ | | Vin=Vour |
voltage (V) >t
—Vour | E—
Fig. 3.2 Step-Down Converter Current and Voltage Waveforms
©2024 9/ 34 2024-02-26

Toshiba Electronic Devices & Storage Corporation Rev.1



TOSHIBA
RD231-DGUIDE-01

3.1.2. Synchronous Rectification Circuit

Fig. 3.3 shows a synchronous rectification method in which a MOSFET is used on the low-side
instead of a diode-rectifier circuit in Fig. 3.1. Basic circuit operation is the same. In synchronous
rectification, Q2 is turned on at the same time when Q1 is turned off. In synchronous rectification,
current flows from the source to the drain of MOSFET Q instead of diode D in diode rectification.
Changing the Diode D to MOSFET Q2 improves efficiency.

O

A

JE}QI

L,
__CIN YY1
-1 A
Vin
CDUT:: §
I—} 2 ol Vour
|
'_

O

Fig. 3.3 Step-Down Converter with Synchronous Rectification Circuit
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3.1.3. Comparison of Diode Rectification and Synchronous Rectification Under
Light Load

As shown in Fig. 3.4 (a), when the load current is 1/2 or more of the inductor current ripple, the
inductor current is equivalent to the synchronous rectification type and the diode rectification type,
and the current is continuous mode. However, the magnitude of the load current is different when
it is less than 1/2 of the ripple current. In the synchronous type, as shown in Fig. 3.4 (b), even if
the inductor current becomes negative, the current continuously flows, because MOSFET Q3 is on.
However, for diode-rectification, as shown in Fig. 3.4 (c), when the inductor current drops to zero,
the current is blocked by the diode D. It is called the discontinuous current mode (DCM).

discontinuous current.

Ju=1nd 1o1onpur

N

(a) Inductor current when the average current is greater than or equal to half of ripple current

g Synchronous rectification circuit wavefon‘n

=3 |

c !

g Light load N | i

o O P ———- Output current is 1/2 or less of ripple current _~Z_________2 e

E 0 ' TN | ~_ : : ; > ¢
= | ] < f : : |

= Negatlve current NS 1 ; ; :

(b) Inductor current of synchronous rectlflcatlon circuit when average current is less than half of ripple current

. /N Diode rectifi catlon circuit waveform

=2

=3 Light load

"Of-"r _ Output current is 1/2 or less of rlpple current
\

- ! No negatlve current

(c) Inductor current of dlode rectification C|rcmt when average current is less than half of rlpple current

Fig. 3.4 Inductor Current Comparison Under Light Load
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3.1.4. Improving Light Load Efficiency of Synchronous Rectification Circuit
Using Reverse Current Prevention Function

In a synchronous rectification circuit, the inductor current flows in reverse when the load current
falls below half of the ripple current. This reverse current flows through the high-side MOSFET,
causing conduction loss. This loss makes efficiency worse. To eliminate this loss, there is a DC-DC
converter with a reverse current prevention function that detects the reverse current and turns off
the low-side MOSFET.

3.1.5. Output Voltage and Inductor

The following relationship exists between the inductance of inductor L and, the voltage and
current.
di

=—I—
v dt

Fig. 3.5 shows the inductor current wave form of DC-DC converter. In Fig. 3.3, the relation
between MOSFET Qi on-period Ton and the voltage/current is expressed by the equation above
as follows. The on-voltage of MOSFET Q1 at this time is used as Vq.

I -1
Vi — VQ1 V= —L % LMAX LMIN
Ton
Vin = Vo1 — Vour) X Ton
Iimax — Iumin = — L

In Fig. 3.3, relation between the voltage and current of MOSFET Qi off-period Torr (MOSFET Q2 is
on) in the circuit is expressed as follows. The on-voltage of MOSFET Q> at this time is used as Vq>.

ILMAX - ILMIN
VQ2 + VOUT = —L XT—
OFF

(Vo2 + Vour) X Topr
Iymax — lomin = — L

From the equations above,
(VIN — Vo1 — VOUT) X Ton = (VQZ + VOUT) X Torr

By the way, the on-duty D can be expressed as follows: T is MOSFET Q1 on/off cycle.

Ton Ton
D = = =T X =1—(T X
T Ton+ToFF ON fSW ( OFF fSW)

Ton, Torr is as follows.
Ton = i Torr = 2
fSW fSW
The equation above gives following equation.

Vo2 + Vour
Vin = Vo1 + Vo2

©2024 .. _ 12 / 34 2024-02-26
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When the output voltage is high, Vqi1 and Vq2 in the equation above have little effect and can be
simplified as shown in following equation.

V
D = our
Vin

The equation of Ton and the equation of D give the following equation.
i _ Vo2 + Vour
fsw  (Vin — Vo1 + Vo) X fow

Ton =

From the equation above,
Vv = Vo1 — Vour) X (Vo2 + Vour)
Now, if Al is Iimax-ILmin, the following equations are given.
_ Vin = Vo1 — Vour) X (Vo2 + Vour)
Vin = Vg1 = Vig2) X L X foy
— VOUT)
fsw X L Vin
_ Vin = Vo1 — Vour) X (Vo2 + Vour)
(Vuv — Vo1 — qu) X fow X 41,
When the output voltage is high, the equation can be simplified as shown in following equation.

_ Vin = Vour) X Vour
Vin X fow X 41,

Iimax — Iimin =

Al

AIL X VOUT X (1 -

L

Replacing the inductor current change Al into the output current and current ripple ratio r gives
the following equation.
_ Al
~ lour
_ Vin — Vour) X Vour
Vin X fsw X1 X Ioyr

r

IOUT ----------------------------------- i— ---------- AII_
l
;

U3 TN 1o e mmmmmmmene R Y.

i |

i< Ton >§< Tore >§ t
1€ T l >

Fig. 3.5 Inductor Current
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3.1.6. Multi-Phase DC-DC Converter

Multi-phase DC-DC converters are used to connect multiple converter circuits sharing some
components, such as output capacitors, these are connected in parallel and operate with a
staggered period. A single converter circuit in parallel is generally referred to as a phase. Fig. 3.6
shows an example of two-phase circuit. The operating frequency is the fundamental frequency
multiplied by the number of phases, which is very high. This also reduces the output current
ripple. Fig. 3.7 shows the ripple waveform of inductor currents I; and I, and the output current
Iout Of the circuit (two-phase DC-DC converter) shown in Fig. 3.6. Multi-phase DC-DC converters
reduce the size of components and the capacitance of output capacitors. Also, the ripple of the
output current is reduced to make the current more uniform.

O
A Ql Q3
— —
J=FT =F
Ly
M
__CIN s L Tour
I LYY E—
Vin 1 R 9
I,
— 2 —Qa — | Vour
Jﬁ} J Cour
O O

Fig. 3.6 Multiphase DC-DC Converter (Example of 2-Phase)

I,. I, ripple frequency
> ?
Loyt ripple frequency

Fig. 3.7 Inductor and Output Current Waveforms
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3.1.7. Multi-Stage Step-Down DC-DC Converter

Some step-down DC-DC converter applications require a high-input voltage to be converted to a
very low-output voltage for a low-voltage, high-current operation, such as LSI like CPU. When the
voltage-difference between the input and output is large, the on-duty D of MOSFET Q1 becomes
very small in the normal circuit shown in Fig. 3.3, as can be seen from the following relation. For
example, when stepping down from the incoming 48 V to the outgoing 1.2 V, the on-duty is
2.5 %.

Vour = DViy

If the on-duty is low, MOSFET Q1 on-time will be very short if the switching frequency is high.
This will result in poor controllability, for example, due to the difficulty of switching, although it will
vary depending on the drive capability.

In addition, a large current must flow during Qi on-time because the power-supplying inductor
has a short time to store energy. When a large peak-to-average current flows, the switching loss of
Q1 increases, causing a drop in efficiency.

A way to solve these problems is to provide the required voltage by multi-step operation. Taking
the case of two stages as an example, the input voltage is once stepped down to the intermediate
voltage in the first-stage, and then stepped down from the intermediate voltage to the final
voltage in the second-stage. Fig. 3.8 shows an example. In this circuit, the voltage of 50 V is
converted to 12 V in the circuit of the first-stage and the voltage of 12 V is converted to 1.2 V in
the circuit of the second-stage.

1st stage
step-down converter
o~
| i — Ql i
= J*} i
i ] i 2nd stage
] L, | step-down converter
i __CIN i ;"/ \\‘.
LT ] i —1Qs i
o o] 93 ;
i Q ilc T O 1.0v
i J': {1 outt J: Q4 Ty
| — o — i ouT
{ i Cour2 !
O ‘\ l" "\ ," O

" i i

Fig. 3.8 Multi-Stage Step-Down DC-DC Converter (Example of 2 Stage Configuration)
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4.Circuit Design of This Power Supply

This section describes the key points of the circuit design of this power supply. Refer to the data
sheet and related documents of the controller IC used for detailed designs of each part.
4.1. Overview

4.1.1. Specifications

This is a step-down DC-DC converter that provides an output of 1.2 V / 100 A to power the
various loads on the board from 48 V power supply line of servers etc. Table 4.1 lists the main
specifications of this power supply.

Table 4.1 Main Specifications of This Power Supply

Parameters Conditions Min. Typ. Max. Unit
External Specifications
Input Voltage 40 50 59.5 \Y,
Output Voltage Vout setting = 1.2V 1.176 1.2 1.224 \%
Output Voltage Variable According to the on-board 0.50 1.60 V
Range DIP setting
Output Current Vout = 1.2V 100 A
Output Ripple Voltage Vout=1.2V 20 mV
Board Size 151 x 198 mm

FR-4, 6 layers, 1.6mm thick

Board Configuration o
Copper foil thickness: Outer layer 35 pum, Inner layer 35 pm

Cooling System Convection cooling

Internal Specifications (First-Stage)

Output Voltage 12 Vv
Switching Frequency 100 kHz
Input Low Voltage Error 35 \Y,
Detection Voltage

Overheat Error Detection IC1 junction temperature 180 C
Temperature

Internal Specifications (Second-Stage)

Input Voltage 12 \%
Switching Frequency 400 kHz
Input Low Voltage Error 10 \%

Detection Voltage
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4.1.2.

Circuit Configuration

Fig. 4.1 shows a block diagram of this power supply. The step-down converter circuit consists of

two stages, the first-stage consists of two phases, and the second-stage consists of five phases.

____________ Phase 1 to 2
’ . Phase 1 to 5
o l TPH1400ANH| | I viiviviivivielviviiviiiviioiieat B
T / i et S
— ' L
Jﬁ} £ TPHSROO3NL | ! !} |
YT 1 |
DCInput _| : JE} TPHR9203PL1| | !
40Vto 595V | ! L | ! — 0
TPHS5R60APL| | —— NN o
| / v+ L DCoOutput
: — : : : ! T 1.2V
It - J:I} P¥as 5
= /o / o=
o T f_ -: N \—‘:_‘I-
1st Stage 2nd Stage
Step-down Converter > Gate Signals Step-down Converter —> Gate Signals
Controller Controller
Fig. 4.1 Block Diagram
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4.2. First-Stage Step-Down DC-DC Converter

Fig. 4.2 shows the first-stage circuit. It is a synchronous step-down DC-DC converter with a two-
phase configuration. The controller uses a LTC7810 made by Analog Devices (hereinafter referred
to as the first-stage controller). The operation of each phase is shifted by 180 degrees.

:' ' Current limiter setting L
D .‘..A.-..-. e mo wrm v iw e

—_— .== - =t === == 4 .." 2 . ,’:' lJ‘
IR
D_ ——F=% .. . [ PR _;_'; )

i @ | Operation start

e ' ' voltage setting -
LI S | Eig==m
b st
b= i E}
/

PR P U, Sy N F Y Sy J i ———
Y 4 ? == F= = ==

I == i

| / -( JESIN ¢ -+ I i
L / . mmmmmomsss T o el 3
Switching mode setting /‘ JH :

Switching frequency setting
Output voltage setting

Fig. 4.2 First-Stage Step-Down DC-DC Converter Circuit
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4.2.1. Circuit Operation

The first step-down DC-DC converter has a two-phase DC-DC converter configuration. Fig. 4.3
shows the block diagram and the waveforms of the switching node voltage (SW1, SW2) for each
phase. The output voltage is determined by the input voltage and the On duty of Qi and Qs. The
frequency of operation in each phase is 100 kHz as can be seen from the wave form. Each phase
operates with a phase difference of 180 dearees.

Phase 1 Phase 2

O . — !

A i Q1= ! Q3i sl
EJﬁ i iJﬁ i SW1 voltage I
ISW1 =n~*:r* s

Vin ClN:: E E ESW2_,«+YY\ O
50V : Pl 5

i & o Q:_ E —— | Vour
i — 1 ! I —_
iJﬁ} i iJﬁ} ! Cour 12V

O — O 20V/div

2.50us/div

Fig. 4.3 First-Stage Block Diagram and Switching Node Waveform
The switching frequency of MOSFET is 100 kHz and one cycle is 10 ps to get the output-voltage
of 12 V. When the input-voltage Vi fluctuates, the on-time of the high-side MOSFET is adjusted,
and the on-duty D is changed to keep the output-voltage Vour constant. The input and output
voltages have the following relationship. Fig. 4.4 shows MOSFET switching waveform when the
input-voltage Vin changes.

Vour = DViy

As the input voltage Vin increases, the on-time of the high-side MOSFET is shortened to keep the
output Vour constant.

Input voltage : 40 V Input voltage : 50 V Input voltage : 60 V
(Output :12 V. 10 A) (Output :12 V. 10 A) (Output :12 V. 10 A)
1 cycle : 10ps (f=100kHz) 1 cycle : 10ps (f=100kHz) 1 cycle : 10ps (f=100kHz)
High side MOSFET on time : 3us High side MOSFET on time : 2.4ps High side MOSFET on time : 2.0ps
High side MOSFET on duty : 0.3 High side MOSFET on duty : 0.24 High side MOSFET on duty : 0.2

High side :
D-Svoltage: |

High side
G-S voltage * : 50V/div
D-S voltage : 20V/div
Low side
G-S voltage : 5V/div
D-S voltage : 20V/div
t : 0.50us/div

* High side gate-source voltage is measured
between gate and circuit GND instead of between gate and source.

Fig. 4.4 MOSFET Switching Waveform of First-Stage Circuit
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4.2.2. Switching Frequency Setting

The switching frequency is set by the resistance of the external resistors (R10, R11) between
FREQ (Pin 6) on the first-stage controller and GND shown in Fig. 4.5. The following equation
calculates the switching frequency fircrs10 from the relation between IC oscillator frequency and
internal resistor.

fircrs1o(kHz) = ((R10 + R11) — 13.5k) X 9

With this power supply, the target value of the switching frequency is set as 100 kHz, and 22 kQ
is selected as the resistance value R10 and 2.7 kQ is selected as the resistance value R11. The
calculated value of this constant is 100.8 kHz.

LTC7810
6
FREQ
15
ITH2
o
=1 x 16
x N TRACK/SS2
4
| PLLIN/SPREAD
9
- o OVLO
4 N
™ 49
SGND
5
SGND

No.49 (SGND) is exposed PAD,
it will be soldered to PCB.

Fig. 4.5 Switching Frequency Setting Circuit

4.2.3. Operation Mode Setting

In the first-stage of this power supply, the switching operation at light load can be changed to
the following three modes by the first-stage controller.
-Forced Continuous Mode

Switching pulses are output even when the inductor current is within the negative range,
independent of the load current. Connect the INTVCC (pin 3) to the MODE (pin 8).
-Pulse Skip Mode

When the inductor current is excessive at light load, the low-side MOSFET turns off if the
inductor current becomes negative. Connect a DC voltage to MODE terminal which is higher than
1.1V, and lower than the INTVCC voltage -1.3 V.
-Burst mode

When the load is light, during the output voltage is kept by only the capacitance of the output
capacitor with keeping the low-side MOSFET off, the high-side MOSFET is also kept off. Connect
MODE terminal to GND or connect 0.5 V to 1.0 V voltage to it.
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As shown in Fig. 4.6, this power supply is set to the burst mode. The level at which the mode
switches from burst mode to continuous mode is approximately 25 % of the current limit value.

H H
: '
i | LTC7810
1 = 1
: 3! 221 vre2
] ™~ =1
b e 3 1 inTvee
| (o
] =1 8
: i MODE
i i 5
' - DRVSET
1 ]
i | 26 4 1th
1 [ ] ?'
' ' REGSD
) ]
i ; 45 | TRACK/SS1
] )
] ]
i i o . & ! Freq
: ' 4 m
a 15
: ; ITH2
P& % 3 X |Le
: [ p— = N TRACK/SS2
| [ it T
: io |y vlg —— 2 1 pLiinysereAD
i O la —1_ &
------------ e Al £ = 2 ovLO
e NEEIR
nNo| a9
SGND
5
SGND
Fig. 4.6 Operation Mode Setting Circuit
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4.2.4. Output Voltage Setting

The output-voltage Vour of the first-stage is set by the external resistors (R24, R25) shown in
Fig. 4.7.

Use the following equation to calculate the Vour:

R24

%w00=10WDX@0+E£>

In this power supply the output-voltage is set to 12 V. As shown in Fig. 2.5, R24 is selected to be
110 kQ and R25 to be 10 kQ.

+12V
Vour
=
3 N
~ O
| ER g ——=%
o« - 2
=
VFB1 -«
|_
zZ
" —L 3
2l B =T 2
3| G
© Z
GND
Fig. 4.7 Output Voltage Setting
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4.2.5. Current Limiter Circuit

The first-stage controller has each phase current-sensing signals input terminals Sensel+
(pin48) /Sensel- (pin 1), Sense2+ (pin 13) /Sense2- (pin 12). By detecting the voltage across the
inductor, the controller applies the current limit. Set the current limiter level Ilimit_1phase (per
phase) with the inductor’s DCR, R18 (R19) located between the Sensel+ (Sense2+) terminal and
Sensel- (Sense2-) terminal, and the resistor R21 (R20) from the switching node.

Let's assume the second-stage efficiency n is 0.80, the maximum output of the first-stage is 144
W. Since the first-stage output is 12 V, the current becomes 144 W + 12 V = 12 A, and the current
limiter for each phase (Ilimit_1phase) is 8 A (Typ.) in the range of 120 % to 150 % (7.2 A t0 9.0
A). Input-voltage Vin (Typ.) is 50V, the first-stage voltage Vout (f) is 12V, fitc7s10 is 100 kHz, L is
22 pH, and DCR is 11.72 mQ. The detect voltage Vsense Of the controller IC is 75 mV (Typ.).

. D = DCR x R18(R19)
sense(equiv) (2) = R21(R20) + R18(R19)
Vour
Al A) = XV X (1 - —)
b aphase (4) fircrsio X L~ 00T Vin typ.

(AIL_1phase is the ripple current per 1 phase.)

VSENSE _ AILLD

Limi 4) =
llmlt_lphase( ) RSENSE(EQUIV) 2

(Ilimit_1phase is the current limiter level per 1 phase.)

The current limiter level corresponding to phase 1 is calculated as 8.61 A based on the above
equation. Therefore, the total current limiter value for first-stage becomes 17.2 A. As shown in
Fig. 4.8, 15 kQ is selected for the resistance R18, R19 and 10 kQ is selected for the resistance
R21, R20.

LTC/810 LTC/810
L1 L2
M YY"
12.5A 22pH 12.5A 22pH
R21 R20
10k 10k
Sensel+ Sense2 +
220pF R18 220pF R19
Cc17 —l_ 15k C18—|_ 15k
Sensel— Sense2 — '

Fig. 4.8 Current Limiter Circuit
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4.2.6. Output Capacitor Settings

Set the capacitance Cour of the output capacitor so that the output ripple Vripple of the multi-
phase circuit is within the required range. The target is 1 % of the +12 V i.e. 120 mV. The ripple
voltage is calculated by the generally used equation, which is shown below.

Here Vour = 12V, L = 22 pH, Vin typ. = 50 V, N = 2, fitc7s10 = 100 kHz. Here, N in the ripple
current calculation formula is the number of phases in the circuit, and the ripple current waveform
of the entire multiphase circuit varies depending on the number of phases and the ratio of the
input and output voltages (duty).

N X Voyr
Al A) = ———— XV, X(l_—>
L.Nphase (4) furcrsio XL~ 00T Vin typ-
1
V.. V) = Al X (ESR )
npple( ) L_Nphase + 8 X Coyr X frrczsio

For AIL nphase (A) = 2.84 A, ESR = 3.9 mQ (x2) + 18 mQ (x2) = 1.6 mQ,
Cout = 10 uF x 2 + 120 uF x 2 = 260 pF, fitcrsi0 = 100 kHz. Consequently, ripple voltage=18.2
mV is calculated.
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4.2.7. Operation Start Voltage

When the terminal voltage of RUN1 (pin 32) exceeds 1.22 V, the first-stage controller starts
operation. Adjust R5, R6, and R2 so that RUN1 terminal voltage becomes 1.22 V, and set the
operation-start-voltage Vyv. The operation-start-voltage Vyv is calculated by the following
equation.

(R5 + R6))

Vor (V) = 1.22 (V) x (1 +——
With this power supply, the operation-start-voltage setting target value is set as 34 V, and
therefore 110 kQ is selected as the resistance value for R5 and R6, and 8.2 kQ is selected as the

resistance value for R2, as shown in Fig. 4.9. The calculated value of Vyv becomes 34.0 V.

VP 50 _VIN R1 LTC/810
0 [ F—vin
22
RS 110k
R6 110k
RUN1
RUN2
c1 R2
—_ 8.2k ITH2
100n TRAK/SS2
PLLIN/SPREAD
OVLO
SGND
0 SGND
LGND

Fig. 4.9 Operation Start Voltage Setting

4.2.8. Overheat Protection

The overheat protection function is built into the first-stage controller. It shuts down when the
junction temperature of controller exceeds 180 °C and recovers when the junction temperature of
controller returns to approximately 160 °C.
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4.3. Second-Stage Step-Down DC-DC Converter

Fig. 4.10 shows the circuit of the second-stage. This stage is a 5-phase synchronous step-down
DC-DC converter. Renesas controller ISL6336D (hereafter, the second-stage controller) is used to
generate 1.2 V from the first-stage output of 12 V.
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Fig. 4.10 Second-Stage Step-Down DC-DC Converter
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4.3.1. Circuit Operation

The second-stage step-down DC-DC converter is a five-phase DC-DC converter. Fig. 4.11 shows
the block diagram and the waveform of the switching node voltage for each phase. The circuit has
5-phase, but only 4-phase waveform is displayed for convenience. The frequency of each phase is

operating at approximately 400 kHz as can be seen from the wave form. Each phase operates with
the phase shift of 72 degrees.

SW1 voltage

Phase 1

Phase 2

Phase 3 .......

L o
Phase 4 10v/div O T Ty
0.5ps/div

Fig. 4.11 Second-Stage Block Diagram and Switch Node Waveforms for Each Phase

The output voltage is 1.2 V, the switching frequency of MOSFET is 400 kHz, and one cycle is
2.5 ps. The input and output voltage have the following relationship.

Vour = DViy

The on-duty of the high-side MOSFET must be 0.1 and the on-time of the high-side MOSFET
must be 0.25 ps in order for the input voltage to be 12 V and the output voltage to be 1.2 V.
Fig. 4.12 shows the high-side and low-side MOSFET gate-to-source voltage waveforms during the
high-side MOSFET on-period.

Input voltage: 12V

(Output voltage : 1.2V)
1 cycle : 2.5us (f=400kHz)
High side MOSFET on time : 0.25ps
High side MOSFET on duty : 0.1

L High: side - - :

|||||||||||||||||||||||||||||||||||||||||||||||||

High side
G-S voltage* : 10V/div
D-S voltage : 5.0V/div

Low side
G-S voltage : 2.0V/div [ ' : : - [ :
D-S voltage : 5.0V/div [EEEEREE RN ST PPN .

t : 50ns/div - o : = :

5
« ol

\ ¥
\J:

* High side gate-source voltage is measured
between gate and circuit GND instead of between gate and source.

Fig. 4.12 MOSFET Switching Waveforms of Second-Stage Circuit
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4.3.2.

Output Voltage Setting

Generates a reference voltage based on the status of VIDO to VID7 terminals (pin 8 to Pin 1) of

the second-stage controller. Fig. 4.13 shows the voltage setting circuit. 0.5 V to 1.6 V can be set in

6.25 mV increments by a combination of high or low. All VID pins do not have an internal pull-up

current source, so a R106 to R113 pull-up resistor is connected from VCC (5 V). The DIP-switch S1
on the board sets VIDO to VID7 parameters.
This power supply has 1.20000 V setting: VIDO: Low, VID1: High, VID2 to 5: Low, VID6: High,

VID7: Low.
VCes ISL6336D
o R&60 100
o7 —— 1 vy
1 S =1 =] =1 E S S R61 100
ERERERERERERERE viDe —  |—— VID6
L1z sLdzldE 1= 12 b
RE62 100
1 O/C 16 viIDo VID5 —| |— VIDS
2l o— 012 VID1 R63 100
3 o0—% :}; vip2 VID4 —l |— VvIiD4
oo 2 VID3 R&4__ 100
2 +o—o112 VID4 VID3 —] F——1 vips3
> o— 0 VID5 R6S
LGND 2 |2 o0 190 VID6  VID2 —|im|— VID2
®, oo VID7 R66___100
VID1 ——] —— viD1
R66 100
VID1 1 VIDO
Fig. 4.13 Output Voltage Setting Circuit
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4.3.3. Switching Frequency Setting

The switching frequency (fisie33s) is set by FS terminal (pin 42) of the second-stage controller
and the resistance RT (R56, R58, R59 connected to GND or Vcc. For the combined resistance of RT
is:

R56 X R59
R56 + R59

Setting R58 to 2.7 k2, R56 to 220 kR, and R59 to 82 k2, makes RT = 62.4 kQ.
fisLe336 IS calculated by the following equation.

RT(Q) = R58 +

2.5 x 1010
RT

Setting RT to 62.4 kQ and makes (fisis336) to be 400.4 kHz.

fisLe336 (Hz) =

ISL6336D
REF
R39
I |— DAC
tk OFS
1=
NOT MOUNT
| '---R37|_| SS
— — & g S—
= | TR R e TCOMP
g | = | |~ "% NOT MOUNT
s = il 12 ] o GND
4 I |®) il |=Z 1 |
I v B o |2
= > o 1 < o
< — N ~ x| |=
=] ] o~ ™
3| Bl | 18 o | 2
el o e 0 | x| |o
e [ [ [=
Fig. 4.14 Switching Frequency Setting Circuit
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4.3.4. Switch Between Single-Phase Operation and Full-Phase Operation

The second-stage circuit can be switched between single-phase operation and full-phase
operation by input signal of PSI# (pin 9) terminal. Shorting both pins (PSI and GND) of the 2-pin
connector CN1 mounted on the board results in single-phase operation. Single-phase operation
only works on converter circuit connected to a PWM1 (pin 31) terminal. Leaving both pins of CN1
connector (PSI and GND) open will make the second-stage controller operates all connected 5-
phase circuits.

vees ISL6336D
vce
____________ ~ [ve]
l T~ ) §
vl ten2] |t x N R60 100
Plont =) ~ o vio7 —f ___—— vID7
: i R61__100
; Pl I vibe —____| VID6
H GND = R62 100
W : VIDs — — }—— VID5
R63 100
VID4 ——] F—— vipa
LGND R52 100
viD3 —__ |—— vID3
R53 100
viD2—  }—— vip2
R54 100
vibi —{  }—— VID1
R55 100
viDi—{_____—— VIDO
R64 re=1--------
L 1 — PSI# !
100 [ R |

Fig. 4.15 Single-Phase or Full-phase Operation Switch Circuit
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4.3.5. Current Limiter of Each Phase

Each phase of the second-stage controller has current-sensing signals input terminals
ISENNn+/ISENN- (n:1 to 6). By detecting the voltage across the inductor, the controller applies the
current limit.

Let’s consider the phase 1 (PWM1) as the example. The limiter level Ilimitl_1phase of phase 1
is set using DCR of the inductor and resistance value of R70 which is connected between ISEN1+
(pin 33) and the output voltage, and the current sense level Isen of the controller i.e. 105 pA. DCR
is 0.37 mQ.

Liimi A)=1 X R X ——
llmLt_lphase( ) SEN ISEN DCR

From the equation above, the current limiter level corresponding to each phase is calculated to be
36.9 A. Since this specification has a maximum 100 A for 5 phases, it is equivalent to 20 A for
each phase and the calculated value is around 185 %. However, considering the variation in DCR
and the variation in the current balance, the value is selected.

ISL6336D
ISEN1 - J_ ISEN1
Risen 2 SE— | S— VP_1R2_VOUTV
70 ] TloonF 200nH
ISEN1+ J_E { b= VP_1R2_VOUTV
N §J—; R76
o 3 '. } ISEN1
—|_200pF Té LGND_2 5.6k
Fig. 4.16 Current Limiter Setting for Each Phase
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4.3.6. Current Limiter for the Entire Output

IMON terminal (Pin 11) of the second-stage controller allows the user to limit the total current of

each phase. The current flowing out of IMON is equal to the mean current of the detected current

Isen. The detected current is given by the following equation.

DCR

ISEN

[gpy = I X

IMON terminal voltage VIMON is proportional to the total resistance value of R68 and R69 and

ISEN.

Assigning Isen in the above equation yields the following equation:
DCR

VIMON = (R68 4+ R69) X I, X

IMON X Ryszn

ISEN

I, =
L™ (R68 + R69) x DCR

The current limiter level Iimit (A) of the entire I of N phases is set using DCR of the Inductor, Risen
(R70) in the first-stage, and the resistors (R68, R69) between IMON and GND. Controller detection
voltage VIMON is 1.11 V (Typ.). N is 5 for the number of phases. DCR is 0.37 mQ.
IMON X N X Rjsgn

Limic (A) =

(R68 + R69) x DCR

The total current limiter level is calculated as 135 A using the above equation, when 11 kQ is
selected for the resistor R68 and 3.3 kQ is selected for R69 as shown in Fig. 4.17.

R42 |
ovp — 1} VCC5
1k
IMON
R43 _ =
VR_FAN—— |+ 2 3
R4L 1k n| |2 =
VR HOT—  +— | |5 2
10k =
(RN E h
ISL6336D L i
1R o F
© = i e 1 I
-1 Y ' I 1
Y= Lo [ e
sL] 3Tz 2 ]
z EIN
| O L
1 ¥ —-I— '
L P, 1
Fig. 4.17 Overall Current Limiter Setting
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4.3.7. Output Capacitor Setting

Set the capacitance Cout of the output capacitor so that the output-voltage ripple Vripple is within
the required range. Required spec is less than 20 mV at + 1.2 V power. It is also assumed to
operate in one phase when the load is light. Since the ripple voltage at one phase is larger than
that at five phases, the ripple voltage at one phase is considered as follows.

The ripple current Al is as follows when the phase number N is considered in the equation.
Al = (Vin =N X Voyr) X Voyr
Vin X L X fow
Ripple voltage is calculated by multiplying ripple current by ESR using the following equation.
Vin = N X Voyr) X Voyr
Vin X L X fow

ESR consist of 42 MLCC (Multi-Layer Ceramic Capacitor) of 3 mQ and 5 conductive polymer
aluminum electrolytic capacitors of 8 mQ with a combined resistor of 1. 3 mQ and Vin = 12V,
N = 1 (1-phase operation), Vout = 1.2V, f 1s16336 = 400 kHz, L = 200 nH.

The resulting ripple-voltage is calculated to be 17.6 mV.

AIL =
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Terms of Use

This terms of use is made between Toshiba Electronic Devices and Storage Corporation (“We") and Customer who
downloads or uses this Reference Design. Customer shall comply with this terms of use. This Reference Design
means all documents and data in order to design electronics applications on which our semiconductor device is
embedded.

Section 1. Restrictions on usage

1. This Reference Design is provided solely as reference data for designing electronics applications. Customer shall
not use this Reference Design for any other purpose, including without limitation, verification of reliability.

2. Customer shall not use this Reference Design for sale, lease or other transfer.

3. Customer shall not use this Reference Design for evaluation in high or low temperature, high humidity, or high
electromagnetic environments.

4. This Reference Design shall not be used for or incorporated into any product or system whose manufacture, use,
or sale is prohibited under any applicable laws or regulations.

Section 2. Limitations

1. We reserve the right to make changes to this Reference Design without notice.

2. This Reference Design should be treated as a reference only. WE ARE NOT RESPONSIBLE FOR ANY INCORRECT
OR INCOMPLETE DATA AND INFORMATION.

3. Semiconductor devices can malfunction or fail. When designing electronics applications by referring to this
Reference Design, Customer is responsible for complying with safety standards and for providing adequate designs
and safeguards for their hardware, software and systems which minimize risk and avoid situations in which a
malfunction or failure of semiconductor devices could cause loss of human life, bodily injury or damage to property,
including data loss or corruption. Customer must also refer to and comply with the latest versions of all relevant
our information, including without limitation, specifications, data sheets and application notes for semiconductor
devices, as well as the precautions and conditions set forth in the "Semiconductor Reliability Handbook".

4. Designing electronics applications by referring to this Reference Design, Customer must evaluate the whole
system sufficiently. Customer is solely responsible for applying this Reference Design to Customer's own product
design or applications. WE ASSUME NO LIABILITY FOR CUSTOMER'S PRODUCT DESIGN OR APPLICATIONS.

5. WE SHALL NOT BE RESPONSIBLE FOR ANY INFRINGEMENT OF PATENTS OR ANY OTHER INTELLECTUAL
PROPERTY RIGHTS OF THIRD PARTIES THAT MAY RESULT FROM THE USE OF THIS REFERENCE DESIGN. NO
LICENSE TO ANY INTELLECTUAL PROPERTY RIGHT IS GRANTED BY THIS TERMS OF USE, WHETHER EXPRESS OR
IMPLIED, BY ESTOPPEL OR OTHERWISE.

6. THIS REFERENCE DESIGN IS PROVIDED "AS IS". WE (a) ASSUME NO LIABILITY WHATSOEVER, INCLUDING
WITHOUT LIMITATION, INDIRECT, CONSEQUENTIAL, SPECIAL, OR INCIDENTAL DAMAGES OR LOSS, INCLUDING
WITHOUT LIMITATION, LOSS OF PROFITS, LOSS OF OPPORTUNITIES, BUSINESS INTERRUPTION AND LOSS OF
DATA, AND (b) DISCLAIM ANY AND ALL EXPRESS OR IMPLIED WARRANTIES AND CONDITIONS RELATED TO THIS
REFERENCE DESIGN, INCLUDING WITHOUT LIMITATION, WARRANTIES OR CONDITIONS OF FUNCTION AND
WORKING, WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, ACCURACY OF
INFORMATION, OR NONINFRINGEMENT.

Section 3. Terms and Termination

It is assumed that Customer agrees to any and all this terms of use if Customer downloads or uses this Reference
Design. We may, at its sole and exclusive discretion, change, alter, modify, add, and/or remove any part of this
terms of use at any time without any prior notice. We may terminate this terms of use at any time and without any
cause. Upon termination of this terms of use, Customer shall eliminate this Reference Design. Furthermore, upon
our request, Customer shall submit to us a written confirmation to prove elimination of this Reference Design.

Section 4. Export Control

Customer shall not use or otherwise make available this Reference Design for any military purposes, including
without limitation, for the design, development, use, stockpiling or manufacturing of nuclear, chemical, or biological
weapons or missile technology products (mass destruction weapons). This Reference Design may be controlled
under the applicable export laws and regulations including, without limitation, the Japanese Foreign Exchange and
Foreign Trade Act and the U.S. Export Administration Regulations. Export and re-export of this Reference Design is
strictly prohibited except in compliance with all applicable export laws and regulations.

Section 5. Governing Laws
This terms of use shall be governed and construed by laws of Japan, without reference to conflict of law principle.

Section 6. Jurisdiction
Unless otherwise specified, Tokyo District Court in Tokyo, Japan shall be exclusively the court of first jurisdiction for
all disputes under this terms of use.
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