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1.Introduction

This Design Guide describes how to design power 1.6 kW Server Power Supply (Upgraded)
(hereafter referred to as this power supply). Refer to the reference guide for the specifications,
operation check procedure, characteristics, etc. of this power supply.

This power supply takes input of AC 90 to 264 V and output DC 12 V (Max. 1.6 kW) by using a
semi-bridgeless PFC circuit and a phase-shift full-bridge (Phase Shift Full Bridge: PSFB) circuit. ORing
output-circuit enables redundant operation. It also has a built-in auxiliary power supply circuit that
is required to supply power for the operation of this circuit. Components for mounting on the board
are selected considering the height, and they can be applied to 1U server power supply applications.

The power MOSFET TK125N60Z1 (under development) and SiC schottky barrier diode (SBD)
TRS6E65H are used for semi-bridgeless PFC in this power supply. PSFB circuit uses the high-speed
diode-type power MOSFET TKO95N65Z5 in the primary-side full-bridge section, the power MOSFET
TPH2R408QM in the secondary-side synchronous rectifier section, and the digital isolator
DCL540C01 for isolated gate-signal transmission from the secondary-side controller. In addition, the
power MOSFET TPHR6503PL1 is used in the ORing output-circuit. By using these latest Toshiba
devices, this upgraded power supply has better efficiency and compact size compared to the existing
reference design (1.6kW, 80Plus Platinum Class, High efficiency Server AC-DC Power supply), even

though both of them uses the same circuit topology.

1.1. Outline of This Power Supply

Fig. 1.1 shows a block diagram of this power supply. The circuit consists of AC Input, Semi-
bridgeless PFC, and Phase Shift Full-Bridge (PSFB) converter circuit. To use Toshiba’s latest power
MOSFET, SiC SBD and digital isolater on each portion of this power supply improves the efficiency.

Output Oring
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Fig. 1.1 Block Diagram
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2.Main Components

2.1. Power MOSFET TK125N60Z1 (Under Development)

The power MOSFET TK125N60Z1 is used as a switching device for the semi-bridgeless PFC
circuit. The main features of TK125N60Z1 are as follows.

Features
® Low drain-source on-resistance: Rpsiony = 0.105 Q (Typ.)
® High speed switching properties with lower capacitance.
® Enhancement mode: Vin=3to 4V (Vpos =10V, Ip = 0.73 mA)

External Appearance and Internal Circuit Configuration Diagram

02
1: Gate
10 IS} 2: Drain (heatsink)
3: Source
03
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2.2. Power MOSFET TKO95N6525

The power MOSFET TKO95N65Z5 is used on the primary-side of the PSFB circuit. The main
features of TKO95N65Z5 are as follows.

Features
® Fast reverse recovery time: t = 115 ns (Typ.)
® Low drain-source on-resistance: Rpsiony = 0.079 Q (Typ.)
® High speed switching properties with lower capacitance.
® Enhancement mode: Vin = 3.5t04.5V (Vps =10V, Ip = 1.27 mA)

External Appearance and Internal Circuit Configuration Diagram

Q2
1. Gate
10 IH} 2: Drain (heatsink)
3: Source
03
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2.3. PowerMOSFET TPH2R408QM

The power MOSFET TPH2R408QM is used in the secondary-side synchronous rectifier section of
the PSFB circuit. The main features of TPH2R408QM are as follows.

Features
® High speed switching
® Small gate gate charge: Qsw = 28 nC (Typ.)
® Small output charge: Qoss = 90 nC (Typ.)
® Low drain-source on resistance: Rpsiony = 1.9 mQ (Typ.) (Ves = 10 V)
® Low leakage current: Ipss = 10 pA (Max.) (Vps = 80 V)
® Enhancement mode: Vth = 2.5to 3.5V (Vps = 10V, ID = 1.0 mA)

External Appearance and Internal Circuit Configuration Diagram

8 7 6 5
[T 01 01
u.; % 1, 2, 3: Source
9 4: Gate
—‘ 5,6, 7, 8 Drain
HEN L]
1 2 3 4
SOP Advance
5
s 8 7 6 5
(1010101
|.... 1, 2, 3: Source
' 4: Gate
4 5,6, 7, 8: Drain
—r— |
HEERERN
1 1 2 3 4
SOP Advance(N)
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2.4. Power MOSFET TPHR6503PL1

The power MOSFET TPHR6503PL1 is used in the output Oring circuit. The main features of
TPHR6503PL1 are as follows.

Features
® High speed switching
Small gate charge: Qsw = 30 nC (Typ.)
Small output charge: Qoss = 81.3 nC (Typ.)
Low drain-source on resistance: Rpsoony = 0.41 mQ (Typ.) (Ves = 10 V)
Low leakage current: Ipss = 10 pA (Max.) (Vps = 30 V)
Enhancement mode: Vin = 1.1t0 2.1V (Vbs = 10V, Ip = 1.0 mA)

External Appearance and Internal Circuit Configuration Diagram

8 8 7 6 5
HEEEEEEE
|!... 1, 2, 3: Source
) 4: Gate
4 5,6, 7, 8: Drain
—+—¢ |
HEEREEE
1 1 2 3 4
SOP Advance(N)
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2.5. SiC Schottky Barrier Diode TRS6E65H

The SiC Schottky barrier diode TRS6E65H is used in the boosting section of semi-bridgeless PFC
circuit. The main features of TRS6E65H are as follows.

Features
® Chip design of 3rd generation
® Low forward voltage: VF = 1.2 V (Typ.)
® |ow total capacitance charge: Qc = 17 nC (Typ.)
® Low reverse current: Ir = 1.1 pA (Typ.)

External Appearance and Internal Circuit Configuration Diagram

Heatsink

[

e 1: Cathode
Zk 2: Anode
(o) o)
1 1 2
TO-220-2L
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2.6. Digital Isolator DCL540C01

The 4-channel digital isolator DCL540C01 is used for transferring signal between the primary and

secondary-sides of the PSFB circuit. The main features of DCL540CO01 are as follows.

Features
Data-rate: Up to 150 Mbps
Supply voltage: 2.25Vto 5.5V
Temperature range: -40 °C to 110 °C
Propagation delay: 10.9 ns (Typ.)
Default output: Low
CMTI (Min.): £100 kV/us
Withstand voltage: 5 kVrms
Safety-related certification:
UL : UL1577, File No. E519997
cUL : CSA Component Acceptance Service Notice No. 5A, File No. E519997
VDE : DIN VDE V 0884-11(VDE V 0884-11) Certificate No. 40055132
CQC : GB 4943.1-2022 Certificate No. CQC22001345018

External Appearance and Internal Circuit Configuration Diagram
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3. Circuit Design
This section describes the points of the circuit design of this power supply.

3.1. AC Line Circuit

This section describes how to design AC line Circuit of this power supply. AC line circuit of this
power supply is as follows.

Ic20

VCC12RI

o
-

[ 1 )
F1 Fuse 70
T G5PZ-1A .
13A R79 1pF L1 =
CN1 75 KQ
1_ X Capacitor
égDAV 2 Bleeder e
13 Varistor Ic1 R138
c30 3 6 | —
— —_— L1 L2 L11 L12 L 1
= RVI - T | N 13 mH 1BmH | 100
220 nF
L Ine Ne — hinad €2] [T c33 c6s
4 _Inc NC 8 —_— p— — -
RS0 — N ‘e —YYY 2.2 yF Not mount
HFB1 ]
75 KQ SCF27- ~ SCF27-
101300 101300

- c31 Cé4 Cc63

— |c32 —_
— 2.2nF 22nF

2.2nF “T22nF

Fig. 3.1 AC Line Circuit

Fuse

A fuse (F1) is installed to shut off AC line when abnormally high current flows through the line.
Select a fuse according to the maximum current value of AC line. The rms value of the max. AC
line input current is calculated by the following equation.

max. AC line input current
= max. power + efficiency + power factor + effective input Voltage (Min.)

This power supply is designed to have 1.6 kW output when the input is AC 200 V, and 0.8 kW
output when the input is AC 100 V. If the power-supply efficiency of PFC does not change
according to the input voltage, the maximum AC line input current will be the same regardless of
the input voltage. However, the power supply efficiency of PFC is generally low when the input
voltage is low. Therefore, when calculating the max. AC line current, consider the minimum input
voltage of 90 V for 100 V system.

Assuming that, the input-voltage (Min. rms value) = 90 V, maximum power = 0.8 kW, power
efficiency = 90 %, and power factor = 0.99, AC line-maximum current value of this power supply
is approximately 10 A. Thus, a 15 A fuse is used in this power supply after taking margins into
account. When selecting a fuse, in addition to the above max. current, it is also necessary to
consider the inrush current when AC power supply is turned on, and whether the product meets

the applicable safety standards.

©2024 .. _ 10 / 29 2024-02-20
Toshiba Electronic Devices & Storage Corporation Rev.1



TOSHIBA
RD240-DGUIDE-01

Varistor

A ceramic varistor (RV1) is installed to protect the system when surge voltage is applied to the
AC line due to induced lightning. The varistor is selected based on AC line-voltage used. For this
power supply, the maximum voltage of AC line is 264 V in rms value and 373 V in instantaneous
value. Therefore, considering the margins for these voltages, the maximum allowable circuit
voltage is 350 V (AC) and the varistor of voltage 560 V is used. When selecting a varistor, surge
current tolerance, energy tolerance, etc. must be considered in addition to the above voltage
ratings. In addition, since the varistor failure mode is often a short mode, it is recommended to
install a fuse to the first stage (AC input side) when mounting the varistor.

X Capacitor Discharging IC
When AC input is disconnected, the charges stored in the X capacitors "°* 3 (C30, C33, C52)
must be discharged quickly to avoid the risk of electric shock. In this power supply, a HF81 (IC1) is

mounted as an IC for discharging the X capacitors. This IC cuts off the discharging path when AC
power is supplied, thus realizing power saving. When AC power supply is lost, IC and the external
resistors (R79, R80) of IC make it possible to discharge the X capacitor so that the voltage of the X
capacitor is less than 37 % of the default voltage in one second. Since this power supply is
equipped with an X capacitor of approximately 3 pF, it is equipped with an external resistor (75 kQ
x 2 pieces) required to discharge 3 uF. Note that the external resistor connected to this IC may
need to be changed when changing the X capacitor for noise-suppression. IC can also be changed
to a resistor for discharging to reduce costs. However, when AC is connected, the power
dissipation due to the constantly discharging resistor will occur. Therefore, it is necessary to check
whether the system's power saving requirements are satisfied.

EMI Suppression Components

As a countermeasure against common mode noise, Y capacitors Note 3-1 (C31, C32, C78, C79,
C63, C64) and common mode chokes (L11, L12) are mounted. And X capacitors (C30, C33, C52)
are mounted as a countermeasure against differential noise. The noise level is affected by the
BOARD layout and chassis design. Change, delete, or add the above components as necessary.
Incidentally, increasing the capacitance of the Y capacitor will increase the leakage current, so it is
necessary to check whether the system satisfies the required safety standards.

Note 3-1: Y capacitor, X capacitor

The X capacitor reduces noise by short-circuiting the line at high frequency with the capacitor connected between
the lines of the power supply line. The Y capacitor is connected between the power line and the reference ground.
Prevents noise from flowing toward the power line.
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Inrush Current Suppression Components

A built-in resistor (R138) and a relay (IC20) are installed to suppress inrush current when AC
power is turned on. If this power supply is started in the correct manner, the relay-circuit is off
when AC power supply is turned on, and the current flows through the built-in fuse resistor
(10 Q). Therefore, the inrush current can be suppressed. After AC power is turned on, the relay-
circuit detects the primary 12 V power supplied from the outside and turns on. When the relay
circuit is turned on, the current flows through the relay with lower resistance, thus reducing power
loss during operation. The conditions and timing for turning the relay on and off must be checked

to ensure that the required specifications of the system are met.
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3.2. PFC Circuit
3.2.1 Semi-Bridgeless PFC Circuit

Before explaining this power supply circuit, outline of the operation of the semi-bridgeless PFC
circuit is explained. In a typical power supply circuit, the AC input is rectified and then passed
through a smoothing capacitor to generate DC output. The AC input current flows only when the
voltage is higher than the smoothing capacitor voltage and does not become sinusoidal. PFC circuit
brings the input current closer to the sine wave, and therefore eliminates the phase difference
between the input voltage and current generated by the power supply circuit, and thus brings the
power factor closer to unity. The bridgeless PFC circuit integrates the functions of the bridge diode
section and PFC in order to reduce loss in the bridge diode section which performs full wave
rectification of AC input.

Fig. 3.2 shows the basic configuration of the bridgeless PFC and the current path for each half-
cycle of the AC input. When La side of the AC input is positive half-cycle, Qa switches and D,
performs PFC operation as its output diode. At this time, Qb operates in the synchronous
rectification mode for the half-cycle of this commercial power supply and performs rectification of
the AC input. On the other hand, during the negative half-cycle, Q» and D perform switching
operations, and Qa performs rectification operation.

ﬂp;|_, Q. ON
! Q. OFF ——— | NA QOFF -

Vout L - i ; Vout
' EE Q. |
H C Q. —T — D C
: D a d
& =]k o g a7
D ! ON
Q. ON/OFF b | Q ON < Dy gzN/OFF
(a) Positive half cycle (a) Negative half cycle

Fig. 3.2 Bridgeless PFC Circuit Operation
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Fig. 3.3 shows the operation of the semi-bridgeless PFC circuit adopted by this power supply.
This is a bridgeless PFC with a diode-added on the AC power supply side. The two diodes (Daa and
Dub) connect PFC output ground through Daas and Doy to the input line, and the input line voltage is
not floating but is the normal ground reference. Therefore, the input-voltage of PFC circuit is a
rectified sine wave referenced to ground. Consequently, the above-mentioned bridgeless PFC
circuit can suppress problematic noises.
D and Dqq are inrush diodes for peak-charging the capacitor C during the initial startup. It does
not contribute to the operation after the capacitor is peak charged and the converter begins to
operate. As shown in Fig. 3.3, the current passes through Daa and Des back to the input.

Q. ON

Q. OFF

a
Dep ON/OFF

QaJ E

& e &

Qy, OFF

1|

Fig. 3.3 Operation of Semi-Bridgeless PFC

Vout
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3.2.2 PFC Circuit of This Power Supply

This power supply employs a semi-bridgeless PFC circuit using a controller UCC28070A (IC3
manufactured by Texas Instruments, hereinafter referred to as PFC controller). The basic design of
different parts of the semi-bridgeless PFC of this power supply are described below. For detailed
designs of the controller peripherals, refer to UCC28070A datasheet and related documents.

PFC_VIN 1 g PFC_OUT
%a)
| | R170 1kQ
1
T — ]
o 1kQ ) =
<= R169 — 2 -
2 —
w
I g 2
g R ol |2
E o~ s —

— PWM CONT.
I 1C3

R1
76 || 2.2nF

]

R89
1 MQ

R228

]
VREF_PFC S s 14 | Gpa — 4
T e = 17 |GpB B
= < VAO
=z of v > IVINAC i
= |8 R 9 |een CAOA
5
75 8 lcsB CAOB 1
2 = PN
L Jcor VREF_PFC c
j=3
2 | RDM/SYNC 2
20 {pMAX w " -
c r~
ol & MO VREF o R ey R
2 .3 £ - RSYNTH Y
S| o2 | =2 z 19
o A 2 52| .2 = RT PKLMT . n
Sl o = z o z 18 |gs < I L
8l sl gl = R 2% 3= wl Q] | of & o w
Sh =z~ 5 N g1z 5 15 2 c = g S
1= = = Z |g | ri2o 2 vCe GND - S ~ 3
2| = T.. 1@ _ ® UCC28070A in o Lo S
S| = L o % %Forcurrent ZX] < S 3 2 © 4 b h) 8(: g a
3 o = @ measurement ~No x| x| x> g o
o X
= = =] =3 ) [
& e =3 = o © «Q —
=z
S g‘ § — =3 EE e 2
= & PN g% g PN
Fig. 3.4 PFC Circuit 1 (Around PFC Controller)
Output Voltage

The output voltage PFC_OUT of PFC circuit can be set by the external resistors (R89, R90, R91,
R92, R227). The output voltage is controlled by comparing the sense pin voltage VSENSE
(obtained from the resistors above) with the internal reference voltage (3.0 V) of PFC controller.
The output voltage setting value is calculated by the following formula.

3.0X(R89+R914R92+R90+R227)
(R90+R227)

PFC OUT(V) =

When changing PFC output voltage, R1, R2, R94, R95, R228 resistors for measuring AC line
voltage must also be changed accordingly. PFC circuit is initially set as R90 = R2 = 23.2 kQ,
R227 = R228 = 680 2, and R1 = R89 = R91 = R92 = R94 = R95 =1 MQ, which is approximately
380 V. Change the above resistance value as necessary to set the desired output voltage value.
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Switching Frequency
The switching-frequency fpwm Of PFC circuit can be set using an external resistor R100 connected

to RT terminal of PFC controller. The switching frequency is calculated by the following formula.

7500

frwm(kHz) = —R100(k.(2)

The default switching frequency is set with R100=124 kQ, which is approximately 60 kHz.
Change the resistor value of R100 as needed to set the desired frequency.

Soft Start
The soft-start duration of PFC circuit can be set by an external capacitor C49 connected to SS pin
of PFC controller. The setting value is calculated by the following equation.

2.25(V)

The default soft start time is set with C49 = 470 nF, which is approximately 106 ms. Change the
capacitance of C49 as needed to set the desired soft-start duration. It must be verified that the
current limiter does not operate during the soft-start period and that the output voltage recovers
to the normal range at the restart after the hold-up period.

Current Limiter

The current limiter of the PFC in Fig. 3.5 can be set by the current transformers (T2, T3), the
current sense resistors (R7, R8), and the threshold setting resistors (R96, R97) connected to Vrer
of PFC controller. The sensed value is input to PFC controller's CSA, CSB, and when the current
reaches the threshold, PFC controller disables the gate drive signals (GDA, GDB) input to INA, INB
of the gate driver UCC27524AD. The current limit level is calculated by the following equation.

POUT x V2
ef ficiency,n(%) X VinAC

[ limit = ( + AI) X Margin

The default current limit level is 19.6 A for Vinac = 90 V when Poutr = 800 W, efficiency n = 90 %
and Al = 4.7 A, Margin = 1.2. Change the above values as necessary to set the desired current
value.
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Gate Drive Circuit

Design of gate-drive circuit affects power supply efficiency and EMI noises. Generally, there is a
trade-off between power supply efficiency and EMI noise. Therefore, a balanced design should be
used. For reducing EMI, it is recommended that you change the Gate-Series resistors (R72, R74,
R108, R109) to a larger number to check for noise. The gate-drive circuit of this power supply has
a circuit configuration that allows the turn-on speed and turn-off speed of FET to be individually
adjusted. If the preliminary check shows that the noise source is occurring during the FET turn-on
period or turn-off period, then all resistors need not be changed. Changing R72,R74 if the noise at
turn-on is a problem and R108,R109 if the noise at turn-off is a problem may reduce EMI noise. If
the gate-series resistor is changed to a larger value, the switching speed of FET will be reduced,
which may result in a power supply inefficiency. When changing the gate series resistance, it is
necessary to confirm that the power supply efficiency performance and heat dissipation
performance required for the system are satisfactory. Also, if EMI noise can be suppressed by only
adjusting either of turn-on or turn-off, there is a possibility that the adverse effect on the power
supply efficiency of the system can be reduced compared to adjusting both.

1:200 1:200
D12 155352 T2 D13 155352 T3
csB 1 CSA L
R81 R85
R8 L P009-203 R7 1kQ PO09-203
330 330
c34 C36
47 pF 4.7 pF
GATE DRIVER
1c2 = D39 CUSOL "= p1p9  sa10 o
7 N |
INA OUTA — Y ~
RI08 5.115 ; oL
D37 |4 8 sd1@ Q2 D38 CUSOL R74 -
‘ 036 I\JCUSO‘W 5110 | FB1 :E 5.11Q R73 s
N8 outs |2 e AN =] 032 73 1000 10 k62 3
) o~
ENA cusoL R71 ’ = R87 g
D30 10 kQ o T
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Fig. 3.5 PFC Circuit 2 (Around Power MOSFET)
Bridge diode

The rectifier diode uses a bridge diode (D3). Since this power supply has a semi-bridgeless PFC
circuit, the diode between pinl and pin2, and the diode between pin3 and pin2 of this bridge diode
(D3) contribute only to the rectification operation during the start-up of this power supply and
does not contribute to subsequent operations. This bridge diode (D3) can also be changed to a
half-bridge diode and a surface-mount diode. When using a surface mount diode, it is necessary to
select a product with a rating that can support inrush current.
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Output capacitor
The capacitance of the output capacitors (Ci, Cy) is calculated based on the hold-up time

requirement. The hold-up time Thold is calculated by the equation below, when the capacitance of
the output capacitors is Cout (C1+C7), the output voltage is Vour_PFC, the lower limit of the output
voltage is Vmin.
(Vout_PFC? — Vmin?)
2 X Pout
By default, Cout = 660 WF, Vout prc = 380 V, Vmin = 280 V, Pouwt = 1777 W and the hold-up time is
12.3 ms. Adjust the capacitance of the output capacitor to satisfy the holdup time required for the

Thold = Cout X

system. In addition, when the output ripple specification is required, the capacitance required to
satisfy the output ripple specification must be calculated and compared with the capacitance that
satisfies the hold-up time, and a larger capacitance value must be used. Tolerances and aging
must also be considered when selecting capacitors.

Inductors

To select the inductors (L1, L2) shown in Fig. 3.6, the ripple current of the inductor Al is set to
30% of the peak input current value (ACin_peak) Of AC line. When the input voltage is Vinac, the PFC
output voltage is Vout_PFC, the switching frequency is F, and the efficiency of PFC is n, the
following formula is completed.
Pout x 2
VinAC x 1
Al = ACin_peak X 30%

ACin_peak =

The value of the inductance L is expressed by the maximum voltage applied when the PFC
switching element (MOSFET) is turned on, the on-time (TxD) and current change AI. (T: Switching
period, D: On Duty)

XD
Al

dt T
L=V x—=+v2XVinAC x
di
Here, T is expressed as MOSFET switching frequency F as follows.

T=—
F

In addition, the duty of PFC circuit is expressed by the following equation.

_ Vout_PFC — VinAC
B Vout_PFC

Substituting the formulas of T and D into the formulas of the inductor L, the following formula can

be obtained.
B . (Vout_PFC — VinAC)
L =2 x VinAC x Vout PFC X Al X F
© 2024 18729 et
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In this power supply, if VinAC = 90 V, Vout_PFC = 380 V, F = 60 kHz, Pout = 888 W, n = 90 %,

then L = 344 pH, so 350 pH is used. In addition, the peak current I, peak flowing through the
inductor can be calculated as follows.

Al
IL_peak = ACin_peak + >

Since ACin_peak = 15.7 A, Al = 4.7 A, I peak becomes 18.1 A. Therefore, an inductor that can
allow a current of more than 18.1 A should be selected.

U D1
b - PFC_OUT
230 pH/350 pH -
. TRS8E6SF
D3
GSIB2580 “ 3
330 pF 330 pF
L2 D2
M =
230 pH/350 pH TRSBE6SF
D8 D9 =
PN —
CRGO4 SZ XZ CRGO4
=

Fig. 3.6 PFC Circuit 3 (Around Bridge Diode, Inductor)
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3.3. Phase-Shift Full-Bridge (PSFB) Circuit
3.3.1. PSFB Circuit

Fig. 3.7 shows the block diagram of PSFB circuit. The primary-side of the transformer T is
formed by a full bridge circuit. Qan and QgL are switched with a duty ratio of 50 % and a phase
difference of 180 degrees, respectively. Qch and QoL are similar. The basic operation is to swap the
on/off states of Qan and QgL and then the on/off states of Qcx and QoL with a certain phase delay.
The amount of phase-shift determines the amount of energy transmitted to the secondary by the
amount of overlap between Qax and Qpt, QgL and Qcn that are diagonally positioned. On the
secondary-side, the voltage is output by the current doubler rectifier circuit. The output voltage is
expressed by the following equation. Generally, Qan and QgL legs are called "forward legs" and Qch
and Qp. legs are called "late legs". PSFB circuit can handle greater power because switching losses
can be significantly reduced by the switching elements operating at zero-voltage switching (ZVS).

n;

Vour = —
n

Vin a

Vout: Output voltage [V]

ni: Transformer primary turns
a: Phase shift rate T1/ (T1+T2) Ti: Qan, QoL simultaneous on-time
T2: QgL, QoL simultaneous on-time

Vin: Input voltage [V]
n2: Transformer secondary turns

’O QAH QCH?

e _

o S

ny n2
QL QD'[_ Transformer
] Jm&
'_
O
Fig. 3.7 PSFB Circuit
Tl T2
Qv |
0 =
Switching BL Y I S NI SR ——d
| M
pulse Qe
QoL
Primary
transformer voltage
Fig. 3.8 PSFB Waveform
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3.3.2. PSFB Circuit of This Power Supply

In this power supply, 12 V is generated after the semi-bridgeless PFC circuit. High efficiency is
achieved by using a controller UCC28950 (IC10 manufactured by Texas Instruments that is
capable of Zero Volt Switching (ZVS) operation over a wide range of loads, hereinafter referred to
as PSFB controller). The basic designs of PSFB circuit of this power supply are described below. For
detailed designs around the controller, refer to UCC28950 datasheet and related documents. Refer
to the Reference Guide for the detailed specifications of this power supply.
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Fig. 3.9 PSFB Circuit 1 (Around PSFB controller)

Output Voltage

The output-voltage Vour of PSFB circuit can be set using the external resistors (R42, R43, R44,
R45, R75) shown in Fig. 3.9. The setting is calculated by the following equation based on the
above resistors and the internal voltage (VREF = 5.0 V) used to set the voltage of PSFB controller.

VREF (V) X R45 X (R43 + R42 + R75)
(R44 + R45) x R43

Vour(V) =

The default output-voltage setting for PSFB with R42 = 9.09 kQ, R43 = R44 = R45 = 2.37 kQ,
R75 =49.9 Qis 12.14 V. Change the above resistance value as necessary to set the desired
output voltage value.
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Switching Frequency
The switching-frequency fpwm Of PSFB circuit can be set by the external resistor R57 between RT
and VREF terminals of IC. The switching frequency is calculated by the following formula.

2.5x103

R57(k2)
(m + 1)

frwm(kHz) =

In this equation, the unit of R57 is kQ, VREF is V, and fpwwm is kHz. This equation is an empirical
approximation, and the units are not matched. The default switching frequency with R57 = 100 kQ
is 60.98 kHz. Change the above resistance value as necessary to set the desired frequency.

Soft Start

The soft-start duration of PSFB circuit can be set by an external capacitor C25 connected
between SS/EN pin and ground, and an internal charging current of 25 pA (Typ.). The setting
value can be calculated by the following equation. 0.55 V is SS/EN pin voltage. VNI is EA + pin
voltage.

C25 x (VNI + 0.55)

25 uA
VREF (V) X R45
R44 + R45

25 uA
R44 and R45 are 2.37 kQ, Vrer is 5 V, and the default soft start time is 18.3 ms with C25 =150 nF.
Change the capacitance of C25 as needed to set the desired soft-start duration. It is necessary to
confirm that the current limiter does not operate during the soft-start period.

Tss(s) =

CZSx(

+ 0.55)
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Fig. 3.10 PSFB Circuit 2 (Around Primary MOSFET)
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Current Limiter

The current limiter of PSFB circuit can be set by the current transformer (T4) shown in Fig. 3.10,
the current sense resistor (R185) connected between CS terminal of PSFB controller and GND in
the Fig. 3.9, and the current limit threshold (2 V). When the current reaches the threshold, PSFB
controller restricts MOSFET driving for MOSFET control on the primary-side to prevent abnormal
current from flowing on the secondary-side. The current limit level is calculated by the following
formula.

2.0
R185 X transfomer turns ratio

I_limit =

The default setting of the current limiter with R185 = 20 Q and the number of turns of 100:1, is
10 A. Change the above value as necessary to set the desired current value.

Gate Drive Circuit

Designing gate-drive circuit affects power supply efficiency and EMI noises. Generally, there is a
trade-off between power supply efficiency and EMI noise. Therefore, a balanced design should be
used. Although PSFB has implemented Zero Voltage Switching (ZVS), but if a hard switching
region exists and is the cause of EMI noise, it is recommended to change the gate-series resistors
(R126, R127, R132-R137) of the corresponding MOSFETs (Q3-Q6) to a large number. As with PFC
gate-drive circuits, the circuit configuration allows independent adjustment during turn-on and
turn-off. Therefore, if only one of these adjustments is used for adjustment, then it is possible to
reduce the adverse effects on the power supply efficiency of the system.

Transformer

PSFB2 secondary circuit is shown in Fig. 3.11. The secondary-side synchronous circuit is a two-
parallel circuit with transformer T5 and T6. Fig. 3.11 shows only T6 circuit.

When On Duty of the synchronous rectifier side of PSFB is set to 60 %, and the output-voltage is
12 V, a square wave of about 20 V is required on the secondary-side. Because PFC power supply is
380 V, the transformers (T5, T6) turn ratio should be 20:1:1 (center-tapped). This creates a 19 V
square waveform on the secondary. In addition, it is necessary to fully consider the dielectric
strength between primary and secondary, winding temperature increase, magnetic flux saturation,
core loss, etc. Please refer to BOM for the specifications of the transformer used in this power
supply.

In addition, this power supply uses the transformer leakage inductance to perform Zero Volt
Switching (ZVS). If there is insufficient resonance due to leakage inductance, ZVS cannot be
realized, and problems such as power supply efficiency degradation and increase in EMI noise may
occur. When changing the transformer, it must be ensured that it is ZVS over a wide range of
loading areas. If resonance is insufficient due to change of transformer and ZVS is not carried out,
please mount a L3 additionally for resonance and adjust it to be ZVS over a wide range of loads.
This power supply is initially designed for ZVS due to the transformer leakage inductance and for
terminals for L3 on the PCB are shortened, because a resonant coil is not necessary.
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Fig. 3.11 PSFB Circuit 3 (Around Secondary MOSFET)

Output Capacitor

The output capacitors must be checked to ensure that the output voltage ripple is within the
range required by the system. The output voltage ripple Vripple is a composite waveform including
the ripple current Al generated by switching, and each voltage generated by ESR, capacitance
(Cap), and ESL of the output capacitor. When the voltage of switching is Vsw and the output
voltage is Vout, the switching frequency is F, the voltage generated by ESR, Cap, ESL is calculated
by the following equation.

Vripple_ESR = Al X ESR

, Al
Vripple_Cap = 8 X Cout X F x 2
Vsw X ESL
Vripple_ESL = —

Here,

B (Vsw — Vout) x Vout

Vsw X F X 2 X L X 2(phases)
If Vew = 19V, Vour =12.14 V, F = 60.98 kHz, L = 3.5 pyH, then Al is 20.5 A. The default values of
the output ripple voltage generated by each element are: Vripple_ESR = 82 mV, Vripple_Cap = 2.8
mV, Vripple_ESL = 5.4 mV when Cout = 1500 puF x 5 pcs, ESR = 20 mQ, ESL = 5 nH, L = 3.5 uH.
The voltage generated by Cap is out of phase with the voltage generated by ESR, ESL, so a simple
sum cannot be obtained originally. However, since the voltage generated by Cap is low, a simple
sum can be used as a guideline. Adjust the capacitance of the output capacitor to satisfy the ripple
voltage required for the system. It is also necessary to confirm that the undershoot or overshoot
that occurs in the output when the load changes suddenly is within the specified voltage range,
and that the allowable ripple current of the output capacitor can be maintained.
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3.3.3. Communicaton Between Primary-side and Secondary-side in PSFB

As shown in Fig. 3.12, a 4-channel digital isolator DCL540CO01 is used to isolate the primary-side
and secondary-side transmission signals of PSFB circuit. MOSFET drive signals of the primary-side
full-bridge circuit, which is output from PSFB controller located on the secondary-side, are
transmitted through DCL540C01.

A photocoupler has a light-emitting element (LED) and a light-receiving element in the same
package, electrically insulated by a light-transmitting plastic, and transmits signals by turning LED
on/off. On the other hand, a digital isolator has a chip for modulating and demodulating in the
same package and transmits signals by magnetic field or magnetic coupling.

DCL540C01 uses our proprietary magnetically coupled isolated transmission method to achieve a
high CMTI of Y32 100 kV/us (Min.), which contributes to stable operation of equipment because
it is less likely to malfunction even when affected by noises. In addition, it is suitable for high-
speed communication applications because it realizes low-pulse-width distortion of 3.0 ns (Max.)
and high-speed transmission rate of 150 Mbps (Max.).

PSFB circuit ! PSFB circuit
secondary side ! primary side
VCCSRO_2 i VCCSRO_1
From SLod DCL540C01 c103  To UCC27714DR
UCC28950PWR L 1cl2 100nF (High-Side Low-
(PSFB Controller) 1 1 ' 16 f— Side Gate Driver)
Voo1 ' Vopa |:>
::> 2| GND, | GND, |12
3 : 14
OUTA2 Vg : Vo, - OUTA1
4 [
OoUTB2 . Vi, : Vo = OUTB1
ouTC2 Vi, : Vo, ouTC1
OUTD2 6|y : v |2 ouTD1
7 14 ' 04
—{NC i ne 2
8 ' 9
GND, : GND,
LGND ; PN =

Fig. 3.12 Digital Isolator (TCL540C01)

Note 3-2: Common-mode transient immunity (CMTI)

Common-mode (common-mode) noise is noise that is superimposed on both signal-and GND lines. Current flows in
the same direction. A digital isolator is used to perform signal transmission while electrically isolating circuits driven
by independent power supplies. However, in such a case, if one potential fluctuates, common mode noise is
generated. If this common mode noise causes the displacement current flowing through the coupling capacitance
between the primary-side (input side) and secondary-side (output side) inside the standard digital isolator reaches
a certain level, it will cause malfunction of the digital isolator and eventually the system. Therefore, the immunity
against such common mode noise is important for a stable operation of the system. CMTI demonstrates the
capability to handle the high slew-rate transients that occur between such GND ; the larger CMTI, the more noise-
resistant and suitable it is for applications in which isolation is required.
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3.3.4. Output ORing Circuit

This power supply is equipped with a ORing circuit in 12 V output, so that it can respond to
requirements for N+1 redundant operation. Oring circuit consists of a Texas Instruments controller
TPS2412 (IC8) (hereafter referred to as ORing controller) and on/off MOSFETs (Q15-Q24). If the
output voltage of this power supply is higher than the output voltage of another power supply while
the output of this power supply and other power supplies are connected in parallel, ORing controller
turns on the on/off MOSFET and supplies current to the output. If the output voltage of this power
supply is lower than the output voltage of other power supplies, ORing controller turns off the on/off
MOSFET to prevent current from flowing back to this power supply from other power supplies. Refer
to TPS2412 datasheet and related documentats for detailed designs of ORing circuit of this power
supply. The type and quantity of MOSFET for on/off must be determined so that the power loss due
to voltage-drops and on-resistors is within the tolerance of the system when the max-load (133 A)
is applied. Ten TPHR6503PL1 are mounted in this power supply. Since the on-resistance of MOSFET
rises at high temperatures, components must be selected in consideration of the environmental
temperature supported by the system and the temperature rise of FET at the maximum load.
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Fig.3.13 ORing Circuit
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3.3.5. Auxiliary Power Supply

This upgraded power supply is equipped with an auxiliary power supply for supplying the
necessary power to the controllers and MOSFET drive IC, etc., eliminating the need for external
power input, which was required by the existing power supply, and therefore this operates only
with AC input.

The auxiliary power supply employs a discontinuous current mode (DCM) flyback configuration
with a Texas Instruments Controller UCC28910 (IC80) (hereafter referred to as the auxiliary power
controller) to generate 12 V for the primary-side and 12 V for the secondary-side. Fig. 3.13 shows
the auxiliary power supply circuit.

This section describes the transformer design for the auxiliary power supply circuit. Refer to
UCC28910 datasheet and related documentation for more details about designing the circuit.
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Fig. 3.13 Auxiliary Power Supply Circuit
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Auxiliary Power Transformer Design

The maximum On Duty Dmax Of the flyback converter is calculated using the following equation
with DCM Resonance Time tr (assumed to be 1 / 500 kHz here) and the regulation gain Kcc of the
CC mode, maximum oscillation frequency fswmax) Of the auxiliary power controller.

tr lus
Dipax =1-— <? X fsw(max)) —Kee=1- (T X 115kHz) —0.413 =0.472

Based on the calculated maximum On Duty and minimum bulk-voltage Vsuwminy Of the input
capacitor, the winding ratio (Nps) of the primary-side winding and secondary windings of the
transformer is calculated as follows:

Dimax X Veuik(min) _ 0.472 x 110V
Kec X (Vour + Vepogy) 0413 x (12V +0.71V)

NPS < = 9891

Assuming that the number of windings in the primary-side (Np) is 140 turns, the number of windings
in the secondary-side (Ns) can be calculated by the following equation.

Nes NP _ 140 =14.15
57 Npg  9.891

Therefore, the number of turns Ns of the secondary winding is 15 turns in this power supply.

Next, using the minimum output voltage Vout(min) required for secondary-side control and the stop
voltage VDDorrmax) Of the auxiliary power supply controller, calculate the winding number ratio Npa
of the primary winding and the auxiliary winding using the following equations.

(Vout(min) + VF(D90)) _ 140 y (6.15+ 0.71) _

Np, < Npg X =— =8.30
PA =P VDD oprtmax) + Veauxwsy 15 7 4+0.71

Here, the minimum output voltage Vout(min) is calculated using the minimum operating voltage
6.15 V of PSFB controller, and the turns of the auxiliary winding (Naux) is calculated as follows.

Ny 140

Nayx > — = —— = 16.86
AVX " Np, 830

Therefore, Naux number of windings of the auxiliary winding is set to 17 turns in this power supply.
The primary control voltage is generating a 12 V via LDO (IC81) from the output from auxiliary
winding.
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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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