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ABSTRACT

In high-power server applications to meet high-efficiency goals of greater than 92% some power-supply
designers have found it easier to use a phase-shifted full-bridge (PSFB) converter (Figure 2-1). This is because
the PSFB converter can obtain zero-voltage switching on the primary side of the converter reducing switching
losses and increasing overall system efficiency. The purpose of this application note is to review the design of a
600-W, phase-shifted, full-bridge converter , using the UCC28950 or the newer UCC28951 PSFB controller. The
design specifications for this design are presented in Table 1-1. 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 an
Excel Design Tool that goes along with this application note as well to aid in the design process.
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1 Design Specifications

Table 1-1. Design Specifications

Description Min Typ Max

Input Voltage 370 V (Vinmin) 390 V (ViN) 410 V (Vinmax)
Output Voltage (Vour) 1.4V 12V (Vour) 50V
Continuous Output Power (Poyr) 600 W
Allowable Voyt Transient 600 mV ( V1ran)
Full Load Efficiency 93% (n) 94%

Inductor (Loyt) Switching Frequency 200 kHz (fg)

2 Functional Schematic
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Figure 2-1. UCC28950/UCC28951 Phase-Shifted, Full-Bridge Functional Schematic
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3 Power Budget

To reach the efficiency goal in this PSFB design, careful consideration needs to be taken in selecting electrical
components. The devices need to be selected based voltage rating, current rating and power dissipation. The
initial step in this design process is to set a power budget (Pgypcet) which the total losses of the electrical
components selected for the design cannot exceed.

1 —_
PgupGeT = PouT X (Tn) ~ 452 W )

4 Transformer Calculations (T1)

The PSFB uses a transformer to deliver energy from the primary to the secondary. The voltage is stepped up or
down through the transformers turns ratio (a1).

al = 0= = o——
Ns — Vour

Np VN )
Estimated FET voltage drop (Vrpson):
Vrpson = 0.3V 3)

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

Dmax =70 % (4)
(VINMIN = 2 X VRDSON) X DMAX
1= ~ 21
a Vout + VRDSON ©)

Calculated typical duty cycle (Dtvp) based on average input voltage.

(Vour + Vrpson) xal
(VIN = 2 X VRDSON)

Dryp = 0.66 (6)

To keep the RMS current in the output capacitance to a minimum Loyt will be selected so the inductor ripple
current (Al oyt) Will be 20% of the DC output current. Al oyt is needed to calculate transformer peak and RMS
currents

PoyT X 0.2

Vour -~ 10A @)

Alpout =

Care needs to be taken in selecting a transformer with the correct amount of magnetizing inductance (Lyag)-
The following equations calculate the minimum magnetizing inductance of the primary of the transformer (T1) to
ensure the converter operates in peak-current mode control. If Lyag 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.

Lo s VINX (1-Dryp)
MAG = Al oyt X 0.5
— Xf
al S

~ 2.76 mH (8)

Figure 4-1 shows T1 primary current (Iprimary) @nd synchronous rectifiers currents, (QE (Igg) and QF (lgr)), with
respect to the synchronous rectifier gate drive currents. Note that Iog and g are also T1’s secondary winding
currents as well. Variable D is the converters duty cycle.
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Figure 4-1. T1 Primary and QE and QF FET Currents

Calculate T1 secondary RMS current (Isgms):

Pout , AlLouT
Ips=—+——=55A 9
PS = Vout 2 )
Pour _ AlLout
I =g———>5—=45A 10
MS = Vour 2 (10)
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AlLout
IMSZZIPS_TzSOA (11)

Secondary RMS current (Isrpms1) Wwhen energy is being delivered to the secondary:

DmAX (1ps ~ Ius)”
IsprMs1 = (T) Ips X Ips + — 3 | ® 29.6 A (12)

Secondary RMS current (Isrpms2) when current is circulating through the transformer when QE and QF are both
on.

1—Dpax (ips — Ims2)”
IsrMs2 = (T) Ips X Iysz + ———F5——| = 203 A (13)

Secondary RMS current (Isgpmss) caused by the negative current in the opposing winding during freewheeling
period, please refer to Figure 4-1.

Al oyt [(1-Dmax
IsRmMs3 = —3 ( %3 )zl-lA (14)

Total secondary RMS current (Isrms):

2 2 2
IspMs = \/ISRM51 + Ispms2” + Ispms3™ = 36.0 A (15)
Calculate T1 Primary RMS Current (Iprms):

VINMIN X DMAX

Al maG = IEL 0.47 A "
_(_Pour , AlLour)1 N

Ipp = (VOUT xqt—=2 Jar T AlLMag = 3:3A -
_(_Pout AlLoyT) 1 B

fmp = (VOUT xn -2 )at T AluMag ~ 2.8A 8)

T1 Primary RMS (Iprums1) current when energy is being delivered to the secondary.

2
(Ipp — Imp)

Ipp X Ipmp + 3 ~25A (19)

IpRMS1 = \/ (Dmax)

T1 Primary RMS (Iprus2) current when the converter is free wheeling.

AlLouTt) 1
Imp2 = Ipp — ( 2 )ﬁ ~3.0A (20)
(Ipp — Inp2)*
Iprmsz =4|(1 = Dmax)|lpp X Iypz + ———5—— |~ 174 (21)
Total T1 primary RMS current (Iprms)
- 2 2 .
IprMS = \/IPRMSI +IprMs2” = 3.1A (22)

The transformer calculations were given to Vitec a magnetic manufacturer to design a custom transformer to
meet our design requirements. The transformer they designed for this application is part number 75PR8107 and
the transformer has the following specifications.
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al =21 (23)
Lyvag = 2.8 mH (24)
Measured leakage inductance on the Primary:
Lig = 4 uH (25)
Transformer Primary DC resistance:
DCRp = 0.215 Q (26)
Transformer Secondary DC resistance:
DCRg = 0.58 Q (27)
Estimated transform losses (P14) are twice the copper loss.
Note
This is just an estimate and the total losses can vary based on magnetic design.
Pr1 ~ 2 X (Iprms” X DCRp + 2 X Igpys” X DCRg) ~ 7.0 W (28)
Calculate remaining power budget:
PpupGeT = PBUDGET — P11 = 38.1W (29)

5 QA, QB, QC, QD FET Selection

The FETs to drive the HBridge (QA..QD) need to selected based on maximum drain to source voltage
(Vdsaa_max) @and peak drain to source current (lgsqa_max)-

VdsQA_max = ViNmax = 410V (30)
IdsQA_max =1Ipp=33A (31)

The FETs then need to be selected based on efficiency goals and FET power dissipation (Pqa) and is a trial an
error process. Equations 32 through 38 are used to estimate Pqa based on FET data sheet parameters. To meet
our efficiency goals, we selected a 20 A, 650 V, CoolMOS FETs from Infineon that had an estimated Pqa of 2.1
W and would enable us to hit our efficiency goals.

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

FET drain to source on resistance:

Rds(on)qa = 0.220 O (32)
FET Specified Coss:

Coss_qa_spec = 780 pF (33)
Voltage across drain-to-source (Vy4sqa) Where Cpss was measured, data sheet parameter:

Vdsqa = 25V (34)

Calculate average Cygs [2]:
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C =C VdsQA_ _ 1493 5 35
05S_QA_AVG = C0SS_QA_SPEC Vinmax ~ p (35)

QA FET gate charge:

QAg = 15nC (36)
Voltage applied to FET gate to activate FET:

Vg=12V (37)
Calculate QA losses (Pqa) based on Rysonjoa @and gate charge (QA):

Pqa = IprMs® X Ras(on)qa + 2 X QAg X Vg x 5 ~ 2.1 W (38)

Recalculate power budget:
PRupGET = PBUDGET — 4 X Pqa = 29.7 W (39)

6 Selecting Lg

Calculating the shim inductor (Lg) 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 Zero Voltage Switching (ZVS) at 100% load down to 50% load based on
the primary FET’s average total Cpogg at the switch node.

Note

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

2
VINMAX
Lg = (2 X COSS_QA_AVG)W — Lk = 26 uH (40)
(%2 - 7T

For this design Vitec Electronics Corporation designed a customer Lg, part number 60PR964. 60PR964 had a
DC resistance (DCR|g) of 27 mQ.

DCRg = 27 mQ (41)
Estimate Lg power loss (P _s) and readjust remaining power budget:

PLs = 2 X Ipgms? X DCRg ~ 0.5 W (42)

PBUDGET = PBUDGET — PLs ~ 29.2 W (43)

7 Output Inductor Selection (Loyr)

To keep the RMS current in the output capacitance to a minimum Loyt will be designed for and inductor ripple
current (Al oyT) Will be 20% of the DC output current.

_ Pourx02 _ goowx0.2 _
Alour = —Vogr = 12v - ~ 104 (44)
_ Vourx (1 —-Dtyp) _
LOUT = —AILOUT X fS ~ 2 uH (45)

Calculate output inductor RMS current (I.out rms):
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2, (AlLout)?
ILouT_RMS = \/(IOUT) + (T) =50.3A (46)

The Loyt inductor requirements to meet these design specifications was given to Vitec Electronics Corp and
they design a custom inductor for this design that met are design requirements, part number 75PR108. The
75PR108 had a DC resistance (DCR oyT) of 750 pQ

DCR gyt = 750 uQ (47)

Estimate output inductor losses (P_oyt) and recalculate power budget. Note P, gyt is an estimate of the inductor
losses and was estimated to 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
Prout = 2 X Iour_rMS~ X DCRyoyr = 3.8 W (48)
PpupGET = PBUDGET — PLOUT = 254 W (49)

8 Output Capacitance (CoyT)
The output capacitor is being selected based on holdup time (tyy) and load transient requirements.

tyy is the time it takes Loyt to change 90% of its full load current:

Lout % Poyt % 0.9
Vout

VouT =75us (50)

tHy =

During load transients most of the current will immediately go through the capacitors equivalent series resistance
(ESRcouT)- The following equations are used to select ESRcoyt and Coyt based on a 90% load step in current.
The ESR is selected for 90% of the allowable transient voltage (V1ran), While the output capacitance (Coyr) is
selected for 10% of V1ran-

VTRAN X 0.9
ESRcout = PoyT X 09 =12 mQ (51)

VouT

PoyT X 0.9 X tyy
Vout

VTRAN X 0.1 ~ 5.6 mF (52)

Cour 2

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

Al oyt
IcouT_RMS = B 58A (53)

To meet our design requirements five 1500-pyF, aluminum electrolytic capacitors were chosen for the design
from United Chemi-Con, part number EKY-160ELL152MJ30S. These capacitors had an ESR of 31 mQ. The five
capacitors when used in series will have an equivalent ESR of 6.2 mOhm which meets are design requirements.

Number of output capacitors:
n=5 (54)
Total output capacitance:

Coyt = 1500uF X n = 7500 uF (55)

Effective output capacitance ESR:
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ESRcoyr = 2122 = 6.2 mQ (56)

Calculate output capacitor loss (PcouT):

2
Pcout = Icout_RMs™ X ESRcour » 0.21W (57)
Recalculate remaining Power Budget:

PgupGeT = PBUDGET — Pcout = 252 W (58)

9 Select FETs QE and QF

The synchronous FETs are chosen based on current and voltage ratings; as well as, power dissipation to meet
the designs efficiency goals. This can be a trial an error process. We selected an evaluated a 75-V, 120-A FETs,
from Fairchild, part number FDP032N08 to see if they could be used for synchronous FETs QE and QF to hit our
efficiency goals. After estimating the total FET losses and power budget it was determined that these FETs could
be used in this design.

QEg = 152nC (59)
Rds(on)QE = 3-2 mQ (60)

Calculate average FET Coss (Coss_qe_ave) based on the data sheet parameters for Coss (Coss_spec), and
drain to source voltage where Coss spec was measured (Vgs spec), and the maximum drain to source voltage in
the design (Vgsqe) that will be applied to the FET in the application.

Voltage across FET QE and QF when they are off:

2 X VINMAX
VdSQE = a—l ~ 39V (61)

Voltage where FET Cqgg is specified and tested in the FET data sheet:

Vgs_spec = 25V (62)
Specified output capacitance from FET data sheet:

Coss_spEc = 1810 pF (63)

Average QE and QF Cpss [2]:

c =C VasQE_ _ 1 6 nF o
055_QE_AVG = C0S5_SPECY Vg5 spec ~ 161 o

QE and QF RMS current:

Ige_rMs = Isrms = 36.0 A (65)

To estimate FET switching loss the Vg vs. Qq 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 (QEvLer min) @nd the gate charge at the
end of the miller plateau (QEwLLer_max) for the given Vps.
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QEwmiLLEr_mMax =100 nC
Figure 9-1. V4 vs. Qq for QE and QF FETs
Maximum gate charge at the end of the miller plateau:
QEMILLER_MAX = 100 nC (66)
Minimum gate charge at the beginning of the miller plateau:
QEMILLER_MIN = 52 nC (67)

Note
The FETs in this design were driven with UCC27324 setup to drive 4-A (lp) of gate drive current.

Ip ~ 4A (68)

Estimated FET Vg rise and fall time:

font = 100nc1; 52nC _ 42_2c ~ 2415 (69)

2 2

Estimate QE and QF FET Losses (Pqg):

Pop = I ZxR Pout v s axc Vaeor?S + 2 Voops (70
QE = IE_RMS” X Rds(on)QE * vgyp X VasQE(tr +t)5 +2 X Coss_qe_AVG X VdsQe 7 +2 X Qgqe X Vgoez  (70)

PQE ~93W (71)

Recalculate the power budget and check remaining power budget to hit efficency goal.

PRUDGET = PBUDGET — 2 X PQg = 6.5 W (72)
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10 Input Capacitance (Cy)

This design was being fed by a PFC pre-regulator and the input capacitor (Cy) will need to be selected based
on holdup requirements; as well as, ripple current and voltage requirements.

Note

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

Calculate tank frequency:

1

fr = (73)
21T\/Ls X (2 X Coss_QA_AVG)
Estimated delay time:
tDELAY = fRLX‘l- ~ 314ns (74)
Effective duty cycle clamp (D¢ amp):
(1 _ — 940
DcLamp = (fs tDELAy) X fs =94 % (75)

Vprop 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.

2 x DcpaAMP X VRDSON * al X (Vout + VRDSON)
Y = =2762V 76
DROP ( DCLAMP (76)
Cin was calculated based on one line cycle of holdup:
2 X POUT X ﬁ
———2"CE ~ 364 uF (77)

CiN =
N= (VIN2 = VDRoP )

Calculate high frequency input capacitor RMS current (Icinrms)-

Pout

7
VINMIN X al) =184 (78)

_ 2
IcINRMS = \/IPRM51 - (

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

CiN = 330 uF (79)

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

ESRciy = 0.150 O (80)
Estimate Cjy power dissipation (P¢N):
Pin = lcinrMs” X ESReiy = 0.5 W (81)

Recalculate remaining power budget:
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13 TEXAS
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Setting Up the Current Sense (CS) Network (CT, Rs, Rre, Da) www.ti.com
PeupGET = PBUDGET — PcIN = 6.0 W (82)

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.

11 Setting Up the Current Sense (CS) Network (CT, Rs, Rgrg, Da)

The current sense transforer (CT) chosen for this design had a turn’s ratio (a2) of 100:1. This transformer was
selected to attenenuate the T1's primary current for current sensing to reduce power disipation in the current

sense resistor (Rg) improving system efficency.
Ip
a2 = <= 100
S

Calculate nominal peak current (lp4) at Vinmin:

Peak primary current:

Ip1=(vourxn t* =2 )at

The voltage where peak current limit will trip.

Vp =2V

( POUT AILOUT) 1 , VINMAX XDMAX _ 33 A
al LMAGXZXfS =

(83)

(84)

(85)

Calculate current sense resistor (Rg) and leave 200 mV for slope compensation:

Vp—0.2V

IpPEAK
a2

Rg = ~49.9 0

x 1.1

Select a standard resistor for Rg:

Rg = 48.7

Estimate power loss (Prs)for Rs:

I 2
PRs = (%) X Rg ~ 0.03 W

Calculate maximum reverse voltage (Vpa) on Da:

DcLamp
Vpa =Vp X —=—— = 29.8V
DA™ TP 7 T=DcLamp
Estimate Dp power loss (Ppa):
_ Pouyrt % 0.6V N
PpA = vigmivxnxaz ¥ 001 W

Calculate Rg reset resistor Rgg:

Resistor Rig is used to reset the current sense transformer CT.

RRg = 100 X Rg = 4.87 kQ

(86)

(87)

(88)

(89)

(90)

(91)

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_gp) at 482 kHz. This should work for most
applications but maybe adjusted to suit individual layouts and EMI present in the design.
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13 TEXAS

INSTRUMENTS
www.ti.com Voltage Loop and Slope Compensation
Rip=1kQ (92)
CLp = 330 pF (93)

— 1 —
fLFP = JarxRpx oy — 482 kHz (94)

The current sense network dissipated roughly 0.04 W and had very little effect on the power budget.
PeuDGET ~ PBUDGET — PR — Ppa ~ 5.96 W (95)

12 Voltage Loop and Slope Compensation

The UCC28950/1 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 (Cgp1). Please refer to figure 1 for
proper placement.

Cgp1 = 1uF (96)

The voltage amplifier reference voltage (Pin 2, EA +) can be set with a voltage divider (Ra, 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 Ra.

UCC28950/1/1 reference voltage:
VRep =5V (97)
Set voltage amplifier reference voltage:
Vi=25V (98)
Rg = 2.37 kQ (99)

R \% -Vi
Ry = % =237k (100)

Voltage divider formed by resistor R and R, are chosen to set the DC output voltage (Vout) at Pin 3 (EA-).
Select a standard resistor for R¢:

Rc = 2.37 kQ (101)
Calculate R;:

R V -Vi
R[=%z9kﬂ (102)

Then choose a standard resistor for R;:

Ry = 9.09 kQ (103)

Compensating the feedback loop can be accomplished by properly selecting the feedback components (Rg, C»
and Cp). These components are placed as close to pin 3 and 4 as possible of the UCC28950/1.

Calculate load impedance at 10% load (R_oap):

2
_ _Vour® _
RLoAD = Pour x0T = 240 (104)

Approximation of control to output transfer function (G¢o(f)) as a function of frequency:
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- AVout _ RLOAD 1+ 2mj X f X ESRcouT X CouT 1
GCO(f) ~ AV =alXxa2x Rg X ( 1+2mjxfx RroaD X Cout S(f) S(f) 2 (105)
1+ 2n X fpp + (21‘[ X fpp)

Double pole frequency of G¢(f):

fpp ~ & = 50 kHz (106)
Angular velocity:

S(f)=2mxjxf (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 2-1 for component placement.

G _ Ave 2mj X f X RpxCz +1
C) = aVout = ZGXTXCyXCpXRF
Cz+Cp

(108)

2mj X f X (CZ + CP)RI<

(109)

Calculate voltage loop feedback resistor (Rg) based on crossing the voltage (fc) loop over at a 10t of the double
pole frequency (fpp).

f
fc = 1p- = 5 kHz (110)
R
fpp
GCO(W)

Select a standard resistor for Rg.

Rp = ~ 27.9kQ (111)

Rp ~ 27.4 kQ (112)

Calculate the feedback capacitor (C5) to give added phase at crossover.

Cz=——2—— ~58nF (113)

2XmXREX 5

Cz = 5.6nF (114)

Select a standard capacitance value for the design.

Put a pole at two times f.

C ~ 580pF (115)

P= W
Select a standard capacitance value for the design.

Cp = 560pF (116)
Loop gain as a function of frequency (Ty(f)) in dB.

TydB(f) = 20log(|G¢(f) x Geo(f)[) (117)

Plot theoretical loop gain and phase to graphically check for loop stability (Figure 11-1). The theoretical loop gain
crossed over at roughly 3.7 kHz with a phase margin of greater than 90 degrees.

14 UCC28950/UCC28951 600-W, Phase-Shifted, Full-Bridge Application Note SLUA560D — JUNE 2011 — REVISED MARCH 2022
Submit Document Feedback

Copyright © 2022 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/SLUA560
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLUA560D&partnum=

I3 TEXAS
INSTRUMENTS
www.ti.com Voltage Loop and Slope Compensation

Note

It is 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
40 \\"‘h\ /‘f x"“-. 90
- -“-“/ \\ o
0 20 ....---"“><"*--. . 5 8
= 0 _____,..--""' \ \\ o 8
= c
'E "“"'--..,_‘- \\\ é
© 20 N 45 2
NG o
I
-40 =90
—TvdBi(f)
-60 -135
—8Tv(f)
-30 [ [ | -180
100 1000 10000 100000
Frequency in Hz

Figure 12-1. Loop Gain and Loop Phase

To limit over shoot during power up the UCC28950/1 has a soft-start function (SS, Pin 5) which in this application
was set for a soft start time of 15 ms (tgs).

tes = 15ms (118)
tgg X 25uA
Css=mz 123 nF (119)

Select a standard capacitor for the design.

Css = 150 nF (120)

The UCC28950/1 also provides slope compensation for peak current mode control (Pin 12). This can be set by
setting Rgyp with the following equations. The following equations will calculate the required amount of slope
compensation (Vg opg) that is needed for loop stability.

Note

The change in magnetizing current on the primary AlLyyag contributes to slope compensation.

_ Vin(1 = Dyp)

AILMAG = LMAGXfS = 234 mA (121)

To help improve noise immunity Vg opg 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.
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Setting Turn-on Delays to Achieve Zero Voltage Switching (ZVS) www.ti.com
Vsiope1 = 0.2V X fs x O.S;I-V (122)
AlLoyT
( X7 AILMAG) XRs(1=Dryp) xfs o
Vsi,0pE2 = 0.2V X fs — =5 = s (123)
If VsLope2 < VsLope1 Set VsLope = VsLopE1
If VsLope2 2 VsLope1 Set VsLope = VsLorE2
Ry = <23VX 100 _joc 0 (124)
SUM — Vs1,0PE X 0.5us = '
Select a standard resistor for Rgym.
Rgym = 127 kQ (125)

13 Setting Turn-on Delays to Achieve Zero Voltage Switching (ZVS)

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 QBy, the turn-on (tagseT) 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 tagseT initially.

Equate shim inductance to two times Cogs capacitance:

1
21 X fpLg = *
T2 IRLS 2m X fR X (2 X Coss_QA_AVG) o

Calculate tank frequency:

. . (127)
R zn\/LS X (2 X Coss_QA_AVG)

Set initial taogseT delay time and adjust as necessary.

Note

The 2.25 factor of the tagseT equation was derived from empirical test data and may vary based on
individual design differences.

2.25
LABSET = T 7 ~ 346 ns (128)

The resistor divider formed by Rpaq and Rpas programs the tagseT, tcpset delay range of the UCC28950/1.
Select a standard resistor value for Rpa1.

Note

taseT can be programmed between 30 ns to 1000 ns.

Rpa1 = 8.25kQ (129)
The voltage at the ADEL input of the UCC28950/1 (VapgL) needs to be set with Rpao based on the following
conditions.
If tagseT > 155 ns set VppgL = 0.2 V, tagseT can be programmed between 155 ns and 1000 ns:

If tagseT < 155 ns set VapeL = 1.8 V, tagseT can be programmed between 29 ns and 155 ns:

16 UCC28950/UCC28951 600-W, Phase-Shifted, Full-Bridge Application Note SLUA560D — JUNE 2011 — REVISED MARCH 2022
Submit Document Feedback

Copyright © 2022 Texas Instruments Incorporated


http://focus.ti.com/docs/prod/folders/print/ucc28950.html
http://focus.ti.com/docs/prod/folders/print/ucc28950.html
https://www.ti.com
https://www.ti.com/lit/pdf/SLUA560
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLUA560D&partnum=

13 TEXAS
INSTRUMENTS

www.ti.com

Setting Turn-on Delays to Achieve Zero Voltage Switching (ZVS)

Based on Vppg| selection, calculate Rppo:

Rpa1 X VADEL

=~ 344 (Q)
5V — VADEL

Rpaz =

(130)

Select the closest standard resistor value for Rppo:

Rpaz = 348

(131)

Recalculate Vapg, based on resistor divider selection:

5V x Rpa2

VADEL = Rpa1 + Rpaz

Resistor Rpg ag programs tagset:

=0.202V

(132)

RpELAB = s

(taBsET = 5ns) (0.15V + VopEy, x 1.46) x 103

1
- X 5 ~ 30.4kQ (133)

Select a standard resistor value for the design:

RpgLag = 30.1kQ

(134)

Note

Once you have a prototype up and running it is recommended you fine tune tagseT 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.
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Set tasser at resonant tank Peak and Valley

taeser =t1-to

taBser =ta-t3

QBud

™~ Miller Plateau

tmiLLer = t2- t

QBg

r
|
|
|
|
|
|
|
|
|
|
|
|

AN Miller Plateau

. ——— e - ————
* me| e, e, —, e, ———————— -

-
5

tMILLER = t5- t4

o [ gy g gy M gy S S g S S S g gy

3 t4 ts

Figure 13-1. tagset to Achieve Valley Switching at Light Loads

The initial starting point for the QC and QD turn on delays (tcpset) 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 (tcpset)

by properly selecting resistor Rpgcp (Pin 7).
tABSET = tCDSET

Resistor Rpgcp programs tepseT:

(135)

_ Capser—5n5) (0.15V + Vapgy, x 146) x 10%

RpELCcD s 5

Select a standard resistor for the design:

RpgLch = 30.1kQ

X 5 ~ 30.4kQ (136)

(137)
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Note

Once you have a prototype up and running it is recommended to fine tune tcpgser at light load. In this
design the CD node was set to valley switch at roughly 10% load. Obtaining ZVS at lighter loads with
switch node QDy 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 tcoser at resonant tank Peak and Valley

teoser =t1-to tcoser =ta-t3

AN Miller Plateau

tmiLLER = t2- t1

QD N Miller Plateau

tmiLLER = t5-t4

e [ gy g gy M gy U S g S S S g gy

|
|
|
|
|
|
|
|
|
|
|
t

Figure 13-2. tcpset to Achieve Valley Switching at Light Loads

There is a programmable delay for the turnoff of FET QF after FET QA turnoff (tarset) and the turnoff of FET
QE after FET QB turnoff (tgeset)- A good place to set these delays is 50% of tagseT- 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.

tARSET = tBESET = tABSET X 0.5 (138)

The resistor divider formed by Rcaq and Reas programs the tapset and tgeset delay range of the UCC28950/1.
Select a standard resistor value for Rcpq.
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Note
terseT and tgeseT can be programmed between 32 ns to 1100 ns.
Rca1 = 8.25kQ (139)

The voltage at the ApgLer pin of the UCC28950/1 (VapeLer) Needs to be set with Rcao based on the following
conditions.

If taArseT < 170 ns set VapgL = 0.2V, tagseT can be programmed between 32 ns and 170 ns:
If tagseT > or = 170 ns set VapeL = 1.7 V, tagseT can be programmed between 170 ns and 1100 ns:

Based on Vppg eF selection, calculate Rgao:

Rca1 X VADELEF

~ 4.25 kQ
5V — VADELEF (140)

Reaz =

Select the closest standard resistor value for Reao:

Rcaz = 4.22 kQ (141)

Recalculate Vapg g based on resistor divider selection:

5V X Rca2

VADELEF =

The following equation was used to program tarset and tgeset by properly selecting resistor Rpg| f-

3
(tAFSET X 0.5 —4ns)  (2.65V — VADELEF % 1.32) x 10 1
RpELEF = oS x = X 15 ~ 14.1kQ (143)

A standard resistor was chosen for the design.

RpgLer = 14 kQ (144)

Resistor Ry n programs the minimum duty cycle on time (tyn) that the UCC28950/1 (Pin 9) can demand before
entering burst mode. If the UCC28950/1 controller tries to demand a duty cycle on time of less than tyy the
power supply will go into burst mode operation. Please see the UCC28950/1 data sheet for details regarding
burst mode. For this design we set the minimum on time to 100 ns.

tMIN = 100 ns (145)
The minimum on time is set by selecting Rtyyn with the following equation.

Rymin = 12.1kQ (146)

3
tMIN — 15ns) x 10
RTMIN = ( 6.6 ) ~ 12.9 kQ (147)

A standard resistor value is then chosen for the design.

Rrmin = 12.1kQ (148)

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 Rr.
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25x 10042 ;
Rr = e = v | X (VRer — 2.5V) x 2.5 x 10° ~ 60 ki) (149)
2

Select a standard resistor for the design.

Ry = 61.9 kO (150)

14 Turning SR FETs-off Under Light Load Conditions

To increase efficiency at lighter loads the UCC28950/1programmed (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.

<POUT X 0.15 + AlyouT

Vout 2 ) R
Vs = — =0.29V (151)

Rg = 1kQ (152)
Select a standard resistor value for Rg.

RG(VREF — VRS)
Rg = R ~ 163ka (153)

Select a standard resistor value for this design

Rg = 16.9k (154)

15 600 W FSFB Detailed Schematic and Test Data
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Figure 15-1. Daughter Board Schematic
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Note

Black triangles designate not populated.
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Figure 15-2. Power Stage Schematic

Note

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.
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Figure 15-3. 600-W Phase Shifted Full Bridge Efficiency

Full bridge gate drives and primary switch nodes (QB4 and QDg) at Viy =390V, Igyt =5 A.
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Figure 15-4. Q44 Q44, VN =390 V, Ioyt =5 A Figure 15-5. Q35 Q34, ViNn=390 V, loyt =5 A

Full bridge gate drives and switch nodes at V5 =390 V, Ioyr = 10 A
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Figure 15-7. Q3, Q34, VN =390 V, | =10 A
Figure 15-6. Q45 Q44, ViN =390 V, loyr =10 A g g “Yds VIN ouT

Note

Switch node QBy/Q4 is valley switching and node QD4/Q34 has achieved ZVS. It is not uncommon
for switch node QD4/Q34 to obtain ZVS before QB4/Q44. This is because during the QD4/Q34 switch
node voltage transition, the reflected output current provides immediate energy for the LC tanking at
the switch node. Where at the QB4/Q44 switch node transition the primary has been shorted out by
the high side or low side FETs in the H bridge. This transition is dependent on the energy stored in Lg
and Lk to provide energy for the LC tanking at switch node QB4/Q44 making it take longer to achieve
ZVS.

Full bridge gate drives and switch nodes at V=390V, loyt =25 A
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Figure 15-8. Qdq Q4g, Viy = 390 V, loyr =25 A Figure 15-9. Q34 Q3¢, ViN =390 V, loyT =25 A

Note

When the converter is running at 25 A both switch nodes are operating into zero voltage switching
(Z2VS). 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| =390V, loyt =50 A
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Figure 15-10. Q44 Q44, Viy = 390 V, loyr = 25 A Figure 15-11. Q34 Q34, ViN =390 V, loyT =25 A

Note

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