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Introduction

In high-power server applications to meet high-efficiency and green standards some power-supply
designers have found it easier to use a phase-shifted, full-bridge converter. This is because the phase-
shifted, full-bridge converter can obtain zero-voltage switching on the primary side of the converter
reducing switching losses, and EMI and increasing overall efficiency. The purpose of this application
report is to review the design of the 600-W, phase-shifted, full-bridge converter for one of these power
systems, using TI's new UCC28950 Phase-Shifted, Full-Bridge Controller, and was based on typical

values. In a production design the values need to be modified for worst case conditions. Hopefully this
information will aid other power supply designers in their efforts to design an efficient phase-shifted, full-
bridge converter. Also note there is a MathCAD Design Tool, (TI Literature Number SLUC210), that goes

along with this application note as well.

Design Specifications

DESCRIPTION MIN TYP MAX

Input Voltage 370 V (Vinuin) 390 V (V) 410 V (Vinwax)

Output Voltage 114V 12 V (Vour) 126 V

Allowable Output Voltage Transient 600 mV (Vigan)

Load Step, 90%

Output Power 600 W (Pgoyr)

Full Load Efficiency 93% (n)

Inductor (Loyr) Switching Frequency 200 kHz (fs)
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Functional Schematic
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Figure 1. UCC28950 Phase-Shifted, Full-Bridge Functional Schematic

Power Budget
To meet the efficiency goal a power budget needs to be set.

1 _
Pauoeer = Pour % PN 45.2W
n 1)
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Preliminary Transformer Calculations (T1)

Transformer turns ratio (al):

al= Ne
Nq 2
Estimated FET voltage drop (Vrpson):
Vroson = 0.3V 3)

Select transformer turns based on 70% duty cycle (Dyx) at minimum specified input voltage. This will give
some room for dropout if a PFC front end is used.

al= Ne
Ns @
al= (VINMIN —2x Vpson )X Duax ~ 21
Vour * Vkoson ®)

Turns ratio rounded to the nearest whole turn.

al=21 (6)
Calculated typical duty cycle (D+yp) based on average input voltage.
B (VOUT + Voson )X a

Doy = ~ 0.66
(VIN — 2% Vepson ) %
Output inductor ripple current is set to 20% of the output current.
P, .x0.2
Al gy =—UT222 10 A
out (8)

Care needs to be taken in selecting a transformer with the correct amount of magnetizing inductance
(Lmag)- The following equations calculate the minimum magnetizing inductance of the primary of the
transformer (T1) to ensure the converter operates in current-mode control. If Ly,,g IS too small the
magnetizing current could cause the converter to operate in voltage mode control instead of peak-current
mode control. This is because the magnetizing current is too large, it will act as a PWM ramp swamping
out the current sense signal across Rs.

L > \/INX(1_DTYP) ~2.76mH

MAG —
Al oy 0.5 «f
S
al )
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Figure 2 shows T1 primary current (lormary) @and synchronous rectifiers QE (loe) and QF (loe) currents with
respect to the synchronous rectifier gate drive currents. Note that | and I, are also T1's secondary
winding currents as well. Variable D is the converters duty cycle.
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Figure 2. T1 Primary and QE and QF FET Currents
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Calculate T1 secondary RMS current (Isgus):

| _ POUT + AILOUT ~ 55A
PS — ~
Vour (10)
| _ I:)OUT _ AILOUT ~ 45A
MS =\, 5 -
VOUT 2 (11)
Al
sy =lpg — —=UT ~ 50 A
MS2 = Ips 2 (12)
Secondary RMS current (Isgus;) When energy is being delivered to the secondary:
2
D e —1
lsrms1 = | og s + M ~29.6A
2 3
13)
Secondary RMS current (Isgys,) When current is circulating through the transformer when QE and QF are
both on.
2
1-D e —1
lsrus2 = M g X Dy +—( m MSZ) ~20.3A
2 3
(14)
Secondary RMS current (Isgyss) caused by the negative current in the opposing winding during
freewheeling period, please refer to Figure 2.
Al 1-D
lSRMss — LOUT MAX ~ 1 1A
2 2x3 (15)
Total secondary RMS current (lsgys):
2 2 2
lsrus = \/ISRMS1 +lsrus2” +lsruss” *36.0A (16)
Calculate T1 Primary RMS Current (lpgus):
V, xD
AILMAG — __INMIN MAX ~ 047A
Lyne * s 17)
P Al 1
lop =( OUT 4 —Loul ]—+AILMAG ~3.3A
Vorxn 2 )at )
2
| - o gy + PP TR o
prMst = ,|(Dmax )| Ipp xIwp + ——F——— | ~ 2.
19)
Al 1
N —(ﬂj— ~3.0A
2 )al 20)
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T1 Primary RMS (lprys:) current when energy is being delivered to the secondary.

2
lop —1
lbrms1 =, |(Omax )| lpp X Ivp +M ~25A

(21)
T1 Primary RMS (lprys,) Current when the converter is free wheeling.
(IPP B IMP2 )2
lPRMS2 = (1 _DMAX) IPP XIMPZ +T ~1.7A
(22)
Total T1 primary RMS current (lprus)
lPRMS - \/lPRMS1 + lPRMSZ ~3.1A (23)
For this design a Vitec transformer was selected part number 75PR8107 that had the following
specifications.
al=21 (24)
Lyag = 2.8mH 25)
Measure leakage inductance on the Primary:
L =4pH (26)
Transformer Primary DC resistance:
DCR,=0.215Q @n
Transformer Secondary DC resistance:
DCR;=0.58Q 28)
Estimated transform losses (P,) are twice the copper loss.
NOTE: This is just an estimate and the total losses may vary based on magnetic design.
Pry = 2 (logys” *DCRp, +2xlggys” xDCRg )~ 7.0W 9)
Calculate remaining power budget:
PBUDGET = PBUDGET —Pry = 38.1W (30)
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QA, QB, QC, QD FET Selection

In this design to meet efficiency and voltage requirements 20 A, 650 V, CoolMOS FETSs from Infineon
were chosen for QA..QD.

FET drain to source on resistance:
Resioman = 0-220Q

(31)
FET Specified Cgss:
COSS_QA_SPEC = 780pF (32)
Voltage across drain-to-source (Vys0.) Where Coss Was measured, data sheet parameter:
Visan =25V (33)
Calculate average C, [2]:
Coss_aa_ave = Coss_an_spec Vason ~193pF
S S INMAX (34)
QA FET gate charge:
QA,=15nC (35)
Voltage applied to FET gate to activate FET:
Vg =12V (36)
Calculate QA losses (Pq,) based on Ryenoa @and gate charge (QA,):
Poa = lorus des(On)QA+2xQAnggxfESz2.1W -
Recalculate power budget:
Psuocer = Pauper —4%Pas #29.7W (38)
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Selecting Lg

Calculating the shim inductor (Ls) is based on the amount of energy required to achieve zero voltage
switching. This inductor needs to able to deplete the energy from the parasitic capacitance at the switch
node. The following equation selects Lg to achieve ZVS at 100% load down to 50% load based on the
primary FET's average total Co45 at the switch node.

NOTE: There may be more parasitic capacitance than was estimated at the switch node and Lg may
have to be adjusted based on the actual parasitic capacitance in the final design.

V 2
Ls > (2 X COSS_QA_AVG) A — L ~ 26pH
(IPP _ Aloyr j

For this design a 26-pH Vitec inductor was chosen for Lg, part number 60PR964. The shim inductor had
the following specifications.

Ls =26uH “0)
Ls DC Resistance:
DCR s =27mQ 1)
Estimate Ls power loss (P.s) and readjust remaining power budget:
P.s = 2xlogys? XDCR ¢ ~ 0.5W “2)
Pauocer = Psupcer —Pis ®29.2W (43)
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Output Inductor Selection (L)

Inductor Ly was designed for 20% inductor ripple current (Al qyq):

Pour 0.2 600W x0.2

Al ot = ~10A
L =VOUTX(1_DTYP)z2MH
o Al gy x 1

Calculate output inductor RMS current (I, oyt rus):

2 2
P, Al
| = [l | 4| Zur | ~50.3A
LOUT _RMS (VOUT j ( [3 j

A 2-pH inductor from Vitec Electronics Corporation, part number 75PR108, was chosen for this design.

The inductor had the following specifications.
Loyr =21H

Output inductor DC resistance:
DCR o7 = 750uQ

Estimate output inductor losses (P, oyr) and recalculate power budget. Note P o, is an estimate of

inductor losses that is twice the copper loss. Note this may vary based on magnetic manufactures. It is

advisable to double check the magnetic loss with the magnetic manufacture.
2 ~
Pour =2x% ILOUT_RMS xDCR oy #3.8W

(44)

(45)

(46)

(47)

(48)

(49)
PBUDGET = PBUDGET - PLOUT ~25.4W (50)
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Output Capacitance (Cyyy)

The output capacitor is being selected based on holdup and transient (Vgay) l0ad requirements.
Time it takes Lyr to change 90% of its full load current:
Lour XPour X0.9

t, = Vour ~7.5us

Vour (51)

During load transients most of the current will immediately go through the capacitors equivalent series
resistance (ESR.y7)- The following equations are used to select ESR.q,; and Cyr based on a 90% load
step in current. The ESR is selected for 90% of the allowable transient voltage (V.gray), While the output
capacitance (Cqy) is selected for 10% of Vigan-

EsrR. < Virax09 5 0

couT =B %0.9

VOUT (52)
Pour x0.9xt,,,

Vour ~5.6mF
Vigan X 0.1 (53)

COUT a

Before selecting the output capacitance it is also required to calculate the output capacitor RMS current
(ICOUTfRMS)'

Al
I =_—LtoUT ~58A
COUT_RMS \/5 (50

To meet our design requirements five 1500-uF, aluminum electrolytic capacitors were chosen for the
design from United Chemi-Con, part number EKY-160ELL152MJ30S. These capacitors had an ESR of 31
mQ.

Number of output capacitors:
n=>5 (55)

Total output capacitance:
Cour = 1500 uF xn ~ 7500 uF

(56)
Effective output capacitance ESR:
ESR.our = 3IMQ _ 6 oma
n (57)
Calculate output capacitor loss (Pcour):
Peour = ICOUT_RM82 xESRcoyr #0.21W (58)
Recalculate remaining Power Budget:
Pauocer = Pauncer —Peour # 25.2W (59)
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Select FETs QE and QF

Selecting FETSs for a design is always trial and error. To meet the power requirements of this design we
selected 75-V, 120-A FETSs, from Fairchild, part number FDP032N08. These FETs’ had the following

characteristics.
QE, =152nC 0)
Rds(on)QE =3.2mQ (61)

Calculate average FET Cyss (Coss_oe ave) based on the data sheet parameters for Cogss (Coss_spec), and
drain to source voltage where Cqss spec Was measured (Vs gpec), and the maximum drain to source voltage
in the design (Vyoe) that will be applied to the FET in the application.

Voltage across FET QE and QF when they are off:

Vo = % ~19.5V

(62)
Voltage where FET Cqs is specified and tested in the FET data sheet:
Vds_spec = 25 V (63)
Specified output capacitance from FET data sheet:
COSS_SPEC =1810pF (64)
Average QE and QF Cy4s [2]:
Vs QE
COSS_QE_AVG = COSS_SPEC —V > ~1.6nF
ds_spec (65)
QE and QF RMS current:
IQE_RMS = ISRMS =36.0A (66)
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To estimate FET switching loss the V, vs. Q, curve from the FET data sheet needs to be studied. First the
gate charge at the beginning of the miller plateau needs to be determined (QE.ex win) @and the gate
charge at the end of the miller plateau (QE ez max) for the given V.

QE MILLER ~_ MIN b 52 nC
10 T T
Vos =13V
= Ve =375V L
ﬁ" B Ve = B0V — 5/
= Ao
[=]
=
w B N ’//:
E 7
@
1A
] f/"(
= 2 /"’J
o *Mote: Ip = THA

1] 50 100 150 200
Glg, Total Gate Charge [nC]

OF yiier  yax ~ 100 nC

Figure 3. V, vs. Q, for QE and QF FETs

Maximum gate charge at the end of the miller plateau:

QEMILLER_MAX ~100nC 67)
Minimum gate charge at the beginning of the miller plateau:
QEMILLER_MIN ~52nC (68)
NOTE: The FETSs in this design were driven with UCC27324 setup to drive 4-A (l,) of gate drive
current.
b ~4A (©9)

Estimated FET V4 rise and fall time:
100nC-52nC 48nC _

t ~t = 0 = A =~ 24ns
E 7 (70)
Estimate QE and QF FET Losses (Pq):
Pae = IQE_RMS2 X Rds(on)QE + \F;OJ x Visae (tr +1t )%s +2x COSS_QE_AVG X VdsQE2 fES +2x QgQE X VgQE fEs
ouT
(71)
Poe ~9.3W 72
Recalculate the power budget.
PBUDGET = PBUDGET —-2x PQE ~6.5W (73)
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Input Capacitance (C,)

If this converter was designed for a 390-V input, which is generally fed by the output of a PFC boost pre-
regulator. The input capacitance is generally selected based on holdup and ripple requirements.

NOTE: The delay time needed to achieve ZVS can act as a duty cycle clamp (Dgiaup)-

Calculate tank frequency:

fy = L
275\/Ls x(2xCoss_qa_ave) (74)
Estimated delay time:
2
beLay = —— ~314ns
RX (75)

Effective duty cycle clamp (D¢ awp):

1
— — 0,
Detave = [f_ —topiay |Xfs=94%
S (76)
Vorop IS the minimum input voltage where the converter can still maintain output regulation. The
converter’s input voltage would only drop down this low during a brownout or line-drop condition if this
converter was following a PFC pre-regulator.
2xD xV, +alx (Vg +V )
— CLAMP RDSON out RDSON/ | _
Vorop = 2 =276.2V
CLAMP (77)
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C,y Was calculated based on one line cycle of holdup:

1
2x Py X ———
Cp> 02 36apF
(VlN - VDROP ) (78)

Calculate high frequency input capacitor RMS current (Iginrms)-

2
P
lomrus = 4| 2—[—0“ j:1.8A
CINRMS PRMS1 \/|NM|N % a1

(79)
To meet the input capacitance and RMS current requirements for this design we chose a 330-pF capacitor
from Panasonic part number EETHC2W331EA.

C,y = 330uF )

This capacitor had a high frequency (ESR,) of 150 mQ this was measured with an impedance analyzer
at both 120 and 200 kHz.

ESR,,, =0.150Q

(81)
Estimate C,, power dissipation (Pg):
PCIN = IclNRMS2 X ESRCIN =0.5W (82)
Recalculate remaining power budget:
Psuocer = Peupeer —Pon = 6.0W (83)

There is roughly 6.0 W left in the power budget left for the current sensing network, and biasing the control
device and all resistors supporting the control device.

14
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Setting Up the Current Sense Network (CT, Rg, Rge, D,)

The CT chosen for this design had a turn’s ratio (a2) of 100:1
I

a2=+*=100
ls (84)
Calculate nominal peak current (I,) at Vn:
Peak primary current:
| _( POUT + AILOUT ji+ \/INMAX X DMAX ~ 3 3A
P1 — ~ 9.
Vour X1 2 )al Ly * s (85)
The voltage where peak current limit will trip.
V, =2V (86)
Calculate current sense resistor (Rg) and leave 200 mV for slope compensation:
V,-0.2V
Ry =17 ~49.90
PEAK 1.1
a2 (87)
Select a standard resistor for Rq:
Rs =48.70Q @)
Estimate power loss for Rg:
2
I
Pes = (LM“ xRq ~0.03W
a2 (89)
Calculate maximum reverse voltage (Vp,) on Dy
D
_ CLAMP
Vo, =V, —CAP <298V
~—YeLawp (90)
Estimate D, power l0ss (Pp,):
P, x0.6V
P,=—20 """ " ~0.01W
Vinmin X Nx 82 (1)
Calculate Rg reset resistor Rgg:
Resistor Rge is used to reset the current sense transformer CT.
Ree = 100xR, = 4.87kQ ©2)
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Resistor R and capacitor C, form a low pass filter for the current sense signal (Pin 15). For this design
we chose the following values. This filter has a low frequency pole (f rr) at 482 kHz. This should work for
most applications but maybe adjusted to suit individual layouts and EMI present in the design.

R, =1kQ

(93)

C.r =330pF (94)
fep = 1 =482kHz

2nf xR xC ¢ (95)

The UCC28950 VREF output (Pin 1) needs a high frequency bypass capacitor to filter out high frequency
noise. This pin needs at least 1 uF of high frequency bypass capacitance (Cgp,). Please refer to figure 1
for proper placement.

Cgpy =1pF (96)

The voltage amplifier reference voltage (Pin 2, EA +) can be set with a voltage divider (R,, Rg), for this
design example we are going to set the error amplifier reference voltage (V1) to 2.5 V. Select a standard
resistor value for Rg and then calculate resistor value R,.

UCC28950 reference voltage:

VREF =5V

(97)
Set voltage amplifier reference voltage:
V1=25V (98)
Rg =2.37kQ (©9)
R, = &% Veee =V _ 5 3740
V1 (100)

Voltage divider formed by resistor R. and R, are chosen to set the DC output voltage (Vo) at Pin 3 (EA-).

Select a standard resistor for R¢:
R; =2.37kQ

(101)
Calculate R;;
R, x (Voyr — V1)
c ouT
R = ~ 9kQ
V1 (102)
Then choose a standard resistor for R;:
R, x(Vy,; — V1
R, =—¢ (Vour )zg.ong
V1 (103)
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Compensating the feedback loop can be accomplished by properly selecting the feedback components
(R, C; and Cp). These components are placed as close to pin 3 and 4 as possible of the UCC28950.

Calculate load impedance at 10% load (R, oap):

2
VOUT

R =——=24Q

A Py x 0.1 (100

Approximation of control to output transfer function (Go(f)) as a function of frequency:

Gco(f)zAvﬂza'lvaXR'—OAD X£1+27TJ><.fXESRCOUTxCOUTjX 1 2
AV, Rs 1+ 2mjx f xR o0 X Cour . S(f) ) s)
2nxfp | 2mxfyp
(105)
Double pole frequency of G¢o(f):
fp ~ 5 = 50kHz
: (106)

Angular velocity:
S(f)=2nxjxf (107)

Compensate the voltage loop with type 2 feedback network. The following transfer function is the
compensation gain as a function of frequency (G.(f)). Please refer to Figure 1 for component placement.

G.(f) = AV, 2njxf xR xC, +1
C - - .
AV,
U orjxfx(C, +CP)R|[2“JXféCZ ECP *Re +1J
zTLp (108)

Calculate voltage loop feedback resistor (R;) based on crossing the voltage (f.) loop over at a 10" of the
double pole frequency (fp).

i =t _gyhz
10

(109)
R
Re =—4— = 27.9kQ
PP
Geo| 7 |
(110)
Select a standard resistor for R;.
Re = 27.4kQ (111)
Calculate the feedback capacitor (C,) to give added phase at crossover.
1
2xmxRex-&
5 (112)
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Select a standard capacitance value for the design.

C, =5.6nF (113)
Put a pole at two times f..

C, = 1 ~ 580pF

2xxRe xf, x (114)

Select a standard capacitance value for the design.

C, =560pF w1s)
Loop gain as a function of frequency (T,(f)) in dB.

T,dB(f) = 20log (|G, (f) x Geo () ) (116)

Plot theoretical loop gain and phase to graphically check for loop stability (Figure 4). The theoretical loop
gain crossed over at roughly 3.7 kHz with a phase margin of greater than 90 degrees.

NOTE: Itis wise to check your loop stability of your final design with transient testing and/or a
network analyzer and adjust the compensation (G.(f)) feedback as necessary.

Tv(f) Frequency Response
80 - - 180
60 135
a0 T~ < _ - 90
\\ ”—/ \\ @
m 20 ——— S 45 9
S L— ™~ )]
c 0 e — T 2
't_v ] \ [
o T N ®
-20 P45 ©
N £
N o
-40 -90
60 || — TvdB(f) 135
— ?Tv(f)
.80 [ T ] -180
100 1000 10000 100000
Frequency in Hz

Figure 4. Loop Gain (T,dB(f)), Loop Phase (8T,(f))

To limit over shoot during power up the UCC28950 has a soft-start function (SS, Pin 5) which in this
application was set for a soft start time of 15 ms (tg).

t, =15ms (117)
tee X 25 A
oo = S5 2H2 L 103nF
V1+0.55 (118)
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Select a standard capacitor for the design.

Css =150nF (119)
This application note presents a fixed delay approach to achieving ZVS from 100% load down to 50%
load. When the converter is operating below 50% load the converter will be operating in valley switching.
In order to achieve zero voltage switching on switch node of QB,, the turn-on (t,zser) delays of FETs QA
and QB needs to be initially set based on the interaction of Lg and the theoretical switch node
capacitance. The following equations are used to set t,gqer initially.

Equate shim inductance to two times Cyg5 Capacitance:

2nxflg = L

2mx fy x(2x COSS_QA_AVG)

(120)
Calculate tank frequency:

¢ _ 1
R 27T\/LSX(2XCOSS_QA_AVG)

Set initial t,gser delay time and adjust as necessary.

(121)

NOTE: The 2.25 factor of the t,s5r €quation was derived from empirical test data and may vary
based on individual design differences.

tagser = 2.25 ~ 346ns

f x4

(122)

The resistor divider formed by Rp,; and Rp,, programs the tagser tepser delay range of the UCC28950.
Select a standard resistor value for Rp,;.

NOTE: tusser Can be programmed between 30 ns to 1000 ns.

Roa = 8.25kQ 123

The voltage at the ADEL input of the UCC28950 (Ve ) Needs to be set with Rp,, based on the following
conditions.

If tagser > 155 ns set Vupe, = 0.2 V, tagser Can be programmed between 155 ns and 1000 ns:
If tagser < 155 ns set Vo, = 1.8 V, tagser CaN be programmed between 29 ns and 155 ns:
Based on Vg, Selection, calculate Rpp,:

R — Roat % Vaper ~ 3440

DA2 —
SV - VADEL (124)

Select the closest standard resistor value for Rp,,:

Rpa, =348Q (125)
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Recalculate V,pg, based on resistor divider selection:

5V xR
V,pe, = ——2A2_ —0.202V
RDA1 + RDA2 (126)
Resistor Rpg ag Programs tygser:

~ (tagser —5ns)>< (0.15V +V, ., x1.46)x10° y 1

R = — ~30.4kQ
DELAB .
ns 5 1A (127)
Select a standard resistor value for the design:
Roeias = 30.1kQ (128)
NOTE: Once you have a prototype up and running it is recommended you fine tune t,g¢c; at light
load to the peak and valley of the resonance between Lg and the switch node capacitance. In
this design the delay was set at 10% load. Please refer to Figure 5.
Sett ,. 7 atresonant tank Peak and Valley
taeser “ti-tg
l
l
1
|
H
1l
I ™ Miller Plateau Il
1 11
| | T+
I 111
I [N
11 twer =t2-ty [
] 1]
] 11
I 11
I 1t |
B 1l 11 ™\ Miller Plateau
I 1 {1
1 11 11l tuier =ts-ts
l0 t1 t2 t3 t4 t5
Figure 5. t,gser to Achieve Valley Switching at Light Loads
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The initial starting point for the QC and QD turn on delays (t.pser) Should be initially set for the same delay
as the QA and QB turn on delays (Pin 6). The following equations program the QC and QD turn-on delays
(teoser) by properly selecting resistor Rpg cp (Pin 7).

tasser = tepser (129)

Resistor Rpg cp programs tepger:

(taser =5N8)  (0.15V +V, o x1.46)x10° X% 30.4KO

ns S (130)
Select a standard resistor for the design:
Roe cp = 30.1kQ

RDELCD -

(131)

NOTE: Once you have a prototype up and running it is recommended to fine tune t.y¢ at light load.
In this design the CD node was set to valley switch at roughly 10% load. Please refer to
Figure 6. Obtaining ZVS at lighter loads with switch node QD is easier due to the reflected
output current present in the primary of the transformer at FET QD and QC turnoff/on. This is
because there was more peak current available to energize Lg before this transition,
compared to the QA and QB turnoff/on.

Set t at resonant tank Peak and Valley

CDSET

Qc &
9 \ Miller Plateau

tuer =to-ty

Qb ™~ Miller Plateau

tuer =t -ty

t, tt, t

Figure 6. t.pser to Achieve Valley Switching at Light Loads
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There is a programmable delay for the turnoff of FET QF after FET QA turnoff (t\rser) and the turnoff of
FET QE after FET QB turnoff (tgeser). A good place to set these delays is 50% of tagger. This will ensure
that the appropriate synchronous rectifier turns off before the AB ZVS transition. If this delay is too large it
will cause OUTE and OUTF not to overlap correctly and it will create excess body diode conduction on
FETs QE and QF.

tarser = taeser = tagser X 0.9 (132)

The resistor divider formed by Rc,; and Rea, programs the tueqer and tgeqer delay range of the UCC28950.
Select a standard resistor value for R¢,;.

NOTE: tgrser and tgeser can be programmed between 32 ns to 1100 ns.
Reaq = 8.25kQ

(133)

The voltage at the Apg e pin of the UCC28950 (Vpoeer) NEEAS to be set with R4, based on the following
conditions.

If tarser < 170 ns set Vo, = 0.2 V, tagser €aN be programmed between 32 ns and 170 ns:
If tagser > Or = 170 ns set Vpe, = 1.7 V, tagser Can be programmed between 170 ns and 1100 ns:
Based on Vg gr Selection, calculate Rep,:

Rea xV
_ Neat ADELEF _
~ VADELEF (134)
Select the closest standard resistor value for R¢,,:
Reas = 4.22KQ (135)
Recalculate Vpe e based on resistor divider selection:
5V xR
Viperer = ——— A2 =1.692V
Rea, +
CA1 CA2 (136)
The following equation was used to program t,eser and tgeser by properly selecting resistor Rpg ge.
3
— (tarser X0.5-4ns) (2.65V = V,pe g x1.32)x10° 1 KO
DELEF — X x—~14.
ns 5 1A (137)
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A standard resistor was chosen for the design.
R =14kQ

DELEF (138)

Resistor R,y programs the minimum duty cycle on time (t,,,) that the UCC28950 (Pin 9) can demand
before entering burst mode. If the UCC28950 controller tries to demand a duty cycle on time of less than
twn the power supply will go into burst mode operation. Please see the UCC28950 data sheet for details
regarding burst mode. For this design we set the minimum on time to 100 ns.

tun =100nNs (139)

The minimum on time is set by selecting R,y With the following equation.
_ (tyn—15ns)x10°

RTMIN -

~12.9kQ
6.6s (140)

A standard resistor value is then chosen for the design.

Rin = 13KQ (141)

There is a pin that is provided for setting up the converter switching frequency (Pin 10). The frequency can
be selected by adjusting timing resistor R+.

2.5><10697HZ
V Q 3
R; = - v X(VREF—2.5V)><2.5><1O ~ 60kQ
Ts
2 (142)

Select a standard resistor for the design.

R; =61.9kQ 143)
The UCC28950 also provides slope compensation for peak current mode control (Pin 12). This can be set
by setting Rg,y With the following equations. The following equations will calculate the required amount of
slope compensation (Vg ope) that is needed for loop stability.

NOTE: The change in magnetizing current on the primary dIL,,, contributes to slope compensation.

V,(1-D
IN TYP
Al s = Vin (1-Drve) _ 234mA
Lyae xT
MAG ~ s (144)
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To help improve noise immunity Vg e iS Set to have a total slope that will equal 10% of the maximum
current sense signal (0.2 V) over one inductor switching period.

0.04V
Vsioper = 0.2V xfg = ——
us (145)

diLour
—= L _dIL Re xf
alx 2 MAG]X s XlIs

V. mV
SLOPE2 = =
a2x(1-Dryp) us (146)

If Vsiore2 < Vsioper S€t Vsiore = Vsioper

If VSLOPEZ 2 VSLOPEl set VSLOPE = VSLOPEZ

3
R 25Vx10°Q ok 4ka

S =
o VSLOPE B 05 “S (147)

Select a standard resistor for Rg ;.

Reun = 127kQ (148)
To increase efficiency at lighter loads the UCC28950 is programmed (Pin 12, DCM) under light load
conditions to turn off the synchronous FETs on the secondary side of the converter (Qg and Qg). This
threshold is programmed with resistor divider formed by Rg and Rg. This DCM threshold needs to be set
at a level before the inductor current goes discontinues. The following equation sets the synchronous
rectifiers to turnoff at roughly 15% load current.

Pour 015 Aligyr R,
Vour 2
Vis = =0.29V
alxa2 (149)
Select a standard resistor value for Rg.
Rg = 1kQ (150
Calculate resistor value Rg.
Ro (Vier — Vi)
G \VREF RS
R, = ~16.3kQ
RS (151)
Select a standard resistor value for this design
R. =16.9kQ 152
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Figure 7. Daughter Board Schematic

NOTE: Black triangles designate not populated.
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Figure 8. Power Stage Schematic
Copyright © 2010-2011, Texas Instruments Incorporated

It is recommended to use an RCD clamp to protect the output synchronous FETs from over
voltage due to switch node ringing. This RCD clamp is formed by diodes D4, D6 and resistor

R6, R8 and R9 and capacitor C1 in the power stage schematic, .

NOTE:
UCC28950 600-W, Phase-Shifted, Full-Bridge Application Report
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600W UCC28950 Effiency
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Figure 9. 600-W Phase Shifted Full Bridge Efficiency

Full bridge gate drives and primary switch nodes (QB, and QD,) at V,y, =390 V, loyr =5 A.

ek 250MS/§ 139 Acqs
¥
[

1
1

Valley Switching N
/ . A A ..: bD.deli.d. e

Tek HGIER 250MS/§ 261 Acqs .
T
5 1

.. .QB.JQ4 .. . P : -
aB-JQ4 Valley Switching

/;39

QD/Q3 =on

Q4

QB/Q4 = off

: QB/Q4 = on * QD/Q3 = off
[l

E
ov 2 1 ov
QA/Q1 =on j QA/QB = off QC/Q2 =on ] QC/Q2 = off
gﬁ'él 110085 B : M 200ns Chil - 4.4V ?::Enla:r023010 11008$ & M 200ns ChZIJ’ .4.4V ?::r[\]n;\:r026010
—>:|<— — —
21 taeser |« to Slight Delay aftert pgser =1 teoser !‘l_ ty Slight Delay aftert . -
before Miller Plateau before Miller Plateau
Figure 10. Q44 Q44, Viy =390 V, loyr =5 A Figure 11. Q3, Q3,4, Viy =390 V, loyr =5 A
NOTE: The gate drives look slightly different than Figure 5 and Figure 6. This is because they were
driven with 1:2 gate drive transformers instead of 1:1. At 10% load the primary switch nodes
were valley switching
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Full bridge gate drives and switch nodes at V,y, =390 V, Io,r =10 A

Tek ZSOMS/? 1423 Achs ; Tek 250MS/§ 336 A$qs .
T - T - FI =
QB ,/Q4 4 4 . : o Valley Switching . . | / i
/ Qb /a3
Q4 = 2vs a3,
1
1 il
: : . : H
QB/Q4 =off 1 QB/4 = on 4 : QD/Q3=on J
1
= ov 2 i 3 o
- = ]
Qa/a1 =on : QA/QB = off aclazzon i acraz = off
(1]
: i)
EEI 0.0V & M 200ns Chi 7 4.4V 24 mar 2010 Ch2 10.0y & M 200ns Ch2 7 4.4V 24 Mar 2010
chs 100V 1 10:04:17 [C-1s] ”"’}L 10:10:25
—ll : —
(B
1 tasser [+ tp Slight Delay aftert . .. 1 teoser & ty SlightDelay aftert .-
before Miller Plateau before Miller Plateau
Figure 12. Q4, Q4q, Viy =390V, loyr = 10 A Figure 13. Q3; Q3y, Vi =390V, loyr =10 A

NOTE: Switch node QB /Q4, is valley switching and node QD,/Q3, has achieved ZVS. Please refer
to Figure 12 and Figure 13. It is not uncommon for switch node QD,/Q3, to obtain ZVS
before QB,/Q4,. This is because during the QD,/Q3, switch node voltage transition, the
reflected output current provides immediate energy for the LC tanking at the switch node.
Where at the QB,/Q4, switch node transition the primary has been shorted out by the high
side or low side FETSs in the H bridge. This transition is dependent on the energy stored in Lg
and L, to provide energy for the LC tanking at switch node QB,/Q4, making it take longer to
achieve ZVS.

Full bridge gate drives and switch nodes at V,, =390 V, Iyt = 25 A

Tek EIEIH 250MS/s 80 Acqs . Tek EETEH 250MS/s 450 Acgs .
: 1
2ZVS Achieved — :
Qb Q3 H
1
: .
S A J . . ZVS yoo [ L@,
QB/Q4 ='off e - i ! o
QB/Q4 = on QD3 = off ] -QD/Q3 = on
+ { +
2 ; ov 2 ov
QA/@1 =on ! QA/QB = off Qc/z=on /\/E Qc/az = off
i i
S N Bl S A
glé To.0¥ & W 200ns Ch3 7 4.4V 24 Mar 2010 * darz 10.oi &M 200ns Ch2 # 4.4V 24 Mar 2010
¥ ”’"I 10:13:05 ?ﬂ "’Ul 10:11:38
| 1 H f
> tasser | ->) teoser :*—
Figure 14. Q4, Q4y, Viy =390V, loyr =25 A Figure 15. Q3, Q3y, Viy =390 V, loyr = 25 A

NOTE: When the converter is running at 25 A both switch nodes are operating into zero voltage
switching (ZVS). It is also worth mentioning that there is no evidence of the gate miller
plateau during gate driver switching. This makes sense because the voltage across the drain
and source of FETs QA through QD has already transition before the gate drives have
transitioned.
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Full bridge gate drives and switch nodes at V,y =390 V, Io s =50 A

Tek ZSOMS/? 94 A_Eqs
[

v

QB Q4 s

10:05:32

I
3 b P NS UG NS D
S LY e
= =3
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d
I o 1 ov
QA/Q1 =on QA/QB = off
1
I ;
[] M 200ns Ch1 7 4.4V 29 mar 2010
1
1
1

-1 taser -«

Figure 16. Q4, Q4q, Viy =390 V, loyr = 25 A
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. 7
— i
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' l
i ! a3
ZVs 1 I} 9
1
i
1 ! 7
QD/Qs = off ] QD/Q3 = on
1 +
2 ov
Qc/az=on /\/E ‘Qc/Qz = off
' g
|5Pd io.og & M 200ns Ch3 4.4V 24 mar 2010
= ooy 10:12:48
! i
-1 ‘tcoser !4—

Figure 17. Q3, Q3y, Viy =390 V, loyr = 25 A

NOTE: ZVS was maintained from 50% to 100% output power.
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