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ABSTRACT

The UCC2891 Current Mode Active Clamp PWM Controller offers a highly integrated
feature set resulting in precision control required for an active clamp forward or flyback
converter. The UCC2891 data sheet contains all the design details necessary for
accurately programming the IC. However, there are significant design considerations and
trade-offs unique to the active clamp power stage that must be defined prior to setting up
the control IC. Using the active clamp forward topology as an example, the clamp, power
stage and control loop compensation is detailed in the following application note, which is
intended to complement the information presented in the UCC2891/2/3/4 data sheet.
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1 INTRODUCTION

The single ended forward converter is a popular choice for single and multiple output power
supplies within the range of 50 W to 500 W. While there are several widely used techniques for
achieving transformer reset, the active clamp approach is by far the best in terms of simplicity
and optimal performance. ZVS (zero voltage switching), lower switch voltage stress, extended
duty cycle range and reduced EMI (electro-magnetic interference) combined with significant
efficiency improvements are just a few of the reasons to consider the active clamp reset
technique.

One of the disadvantages associated with the active clamp is the need for a precise duty clamp.
If not clamped to some maximum value, increased duty cycle can result in transformer
saturation or additional voltage stress on the main switch which can be catastrophic. Another
disadvantage has been the need for an advanced control technique to synchronize delay timing
between the active clamp and main switch gate drive. One of the many features of the UCC2891
is the programmable maximum duty cycle clamp accurate to within £3 percent. The
UCC2891/2/3/4 offers the capability to drive either a P-channel or N-channel clamp switch in
either a high-side or low-side configuration. With a programmable delay time between the main
switch and clamp switch, the disadvantages historically associated with using the active clamp
technique are non-existent when the UCC2891 is used as the control IC.

For any power supply design, the success of meeting a set of given design specifications starts
with a carefully designed power stage, control loop and finally setting up the PWM controller. For
the active clamp forward topology there are some additional considerations that shall be
discussed within the context of the following design example. While the example presented
herein highlights the use of the UCC2891 PWM control IC, the design procedure for the power
stage, active clamp, control loop and PWM set-up as well as the theoretical development
pertaining to ZVS are applicable UCC2891/2/3/4 and UCC2897.

Designing for High Efficiency with the Active Clamp UCC2891 PWM Controller 3



{? TEXAS

SLUA303 INSTRUMENTS

2

2.1

ACTIVE CLAMP SWITCHING FUNDAMENTALS

Before the power stage can be designed, it is important to first understand the basic timing that
is fundamentally unique to the active clamp reset. References [6] and [7] present eight distinct

switching intervals, delving deeply into the active clamp current commutation. Using a low-side
active clamp configuration as an example, a complete switching cycle, t0>t4, can be simplified
and explained by four distinct switching intervals as detailed in Figure 1 through Figure 4.

t0 - t1: Power Transfer

During this state power is transferred to secondary as the main switch, Quan, is conducting and,
under the right conditions, has just turned on under ZVS since its body-diode was previously
conducting (see Figure 4). The primary current is flowing through the channel resistance of Quain
and is made up of the transformer magnetizing current plus the reflected secondary current. On
the secondary side, the forward synchronous rectifier, Qg, is on and carrying the full load current.
In the previous state, the load current was freewheeling through the body-diode of the reverse
synchronous rectifier, Qr, so Qr is subjected to some turn-on loss as it is hard switched.

LO
|_| o O
L 1 +_ —_— gPWR If— - [— —_ N — \ e
(] | 0 v C Y R|_
AUX [ | o _1 \Vi
g c, | PR o, $¥Yo

E_I I_I o = Ny .I—-fl -

Js)

QAUX DAUX I QMAIN

Figure 1. t0 > t1: Power Transfer Interval
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2.2

tl 2> t2: Resonant

This is the first of two resonant states occurring within one full switching cycle. During this state
Quan has turned off under ZVS and the primary current remains continuous as it is diverted
through the body diode, Daux, of the clamp switch, Qaux. Because of the direction of the primary
current flowing through Dayx, Qaux must be a P-channel MOSFET (body-diode pointing down)
for low-side active clamp applications. Since the secondary load current is freewheeling, there is
no reflected primary current, so the only current flowing through Daux is the transformer
magnetizing current. Therefore the body-diode conduction loss of Qaux is minimal and the
conditions are set for Qayx to turn on under ZVS. The delay time between Quan turn-off and
Qaux turn-on, also known as the resonant period, distinguishes the active clamp from other
single ended transformer reset methodologies. On the secondary side Qg has turned off under
hard switching, and the full output load current is now freewheeling through Dg. For high current
applications the body-diode conduction loss of Dg, can be a major contributor to total power loss,
and is often one of the key factors limiting higher frequency operation. However, the conduction
of Dr is also necessary for Qg to turn on under ZVS. Although not possible with self-driven
synchronous rectification, we would prefer to minimize the conduction time of Dy ideally to zero,
but still allow Qg to turn-on under ZVS.

| 1
O
) I — - —
Quan : :|_| |_| + > +
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ol g |
VGS [ [l VIN 4 (—)
) I
o [ 1 T v
Ves & Quix
I | I
Qg Lo I -
Lo I — <
Ves T80 ° 1
I | I
QMAIN : : :
DS [} ] [}
Vel LA
Towr PP IES7
IMAG I [N} [N -
Lt T
VAN I
P 1 ) 1
b I
0t 2 8

Figure 2. tl1 - t2: Resonant Interval
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2.3 t2->t3: Active Clamp

This is the active clamp state where the transformer primary is reset. Although the schematic of
Figure 3 shows an immediate reversal of the primary current, the transition from positive to
negative current flow is actually smooth and had really begun during the previous state when the
magnetizing current had reached its maximum positive peak value. On the primary side, Qaux is
now fully turned-on as the difference between the input voltage, V|n, and the clamp capacitor
voltage is now applied across the transformer primary. Qaux is subject to minimal conduction
loss as only the magnetizing current is flowing through the channel resistance. Conversely, on
the secondary side, Qg is carrying the full load current through its channel resistance and is
experiencing high conduction loss.
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VGS (I : : | f Q/.\Ux yy DF
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VQR Vo : _ ) Quain
Gs ] : o—>= €
Quan E i E -
DS T T
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(N} (N
Towr i
P i
I
2

Figure 3. t2 - t3: Active Clamp Reset Interval

6 Designing for High Efficiency with the Active Clamp UCC2891 PWM Controller



{? TeEXAS
INSTRUMENTS SLUA303

2.4

t3 = t4: Resonant

This is the second of two resonant states occurring within one full switching cycle. During this
state Qaux has turned off under ZVS and the primary current remains continuous as it is diverted
through the body diode, Dyan, of Quan. Again, the primary current is shown flowing negative but
it is during this switching state that the current actually begins to make the transition to reverse
direction. This is supported by the magnetizing current waveform which is shown at its maximum
negative peak value. The body diode of Quan begins to conduct setting up the conditions for
Quman to turn on under ZVS. It should be noted that under certain conditions Quan may not
experience ZVS at turn-on. This shall be further explained in Section 4.4. On the secondary
side, Dg begins to conduct just before Qg turn-off. Therefore Qg turns off under ZVS, but similar
to the t1>12 state also experiences unavoidable power loss due to body-diode conduction. At
the completion of t4, the switching cycle reverts back to the t0>t1 state and the sequence
repeats.

o

N
>

Q

-7 +
R /'<| RL§| o
y 7T

—_— - ——
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Figure 4. t3 - t4: Resonant Interval
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3  DESIGN SPECIFICATIONS

To demonstrate the benefits of the UCC2891 Active Clamp PWM controller, a 100 W forward
converter capable of delivering up to 30 A at 3.3 V output is designed. The converter must
operate from a telecom input voltage of 36 V<V <72 V. Some of the key electrical design
specifications are listed in Table 1. Mechanically, a target of fitting the design within an industry
standard half-brick has also been imposed.

Table 1. UCC2891 Design Example Specifications

Parameter Symbol Min Typ Max Units
Input Voltage Range ViN 31 48 72
Input Turn-On Voltage Von 35 \%
Input Turn-Off Voltage VorF 34
Full Load Efficiency n 85% 90%
Duty Cycle D 0.6
Output Voltage Vo 3.135 3.465 \Y
Output Voltage Ripple AVorip) 33 mVpp
Output Load Current lo 0 30 A
Output Current Limit ILim 32
Switching Frequency Fsw 275 325 KHz
Control Loop Bandwidth BW 5 10
Phase Margin o 30 60 Degrees
Ambient Temperature Ta 25 40 °C

8 Designing for High Efficiency with the Active Clamp UCC2891 PWM Controller
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4

4.1

POWER STAGE DESIGN

A top-level diagram of the critical components that make up the active clamp forward converter
power stage is shown in Figure 5.

Lo
O v Q
+ Towr Qs +
* — Co |
[ = Vo
C H
Vv by Qe
" l & _ 5
e v
QAUXJ ;} Quain :}
i H
G —_—

Figure 5. Active Clamp Forward Converter Power Stage

The active clamp portion of the power stage consists of the auxiliary (AUX) switch, Qaux, and the
clamp capacitor, C¢.. Because Qaux is referenced to the primary side ground, this is referred to
as a low-side clamp configuration. The details of the active clamp components are discussed in
section 4.3.

For a 3.3 V output with 30 A of output current, synchronous rectification is used on the output
side to maintain high efficiency especially at maximum load current. For ease of use and
simplicity, self-driven synchronous rectification is chosen as shown by the forward rectifier, Qr
and the reverse rectifier, Qg.

The power stage design begins with selecting the secondary side output components.

Output Power Stage Design

The maximum duty cycle for a forward converter using a third winding reset scheme is normally
limited to 50 percent. RCD clamp and resonant reset forward converters can slightly exceed 50
percent, but the active clamp reset can easily push the maximum duty cycle to 60 percent and
has even been used as high as 70 percent in some lower voltage applications. For this example
the maximum duty cycle, during normal operation, is limited to 60 percent at 36V input. At 72 V
input the duty cycle is approximately 30 percent.

Designing for High Efficiency with the Active Clamp UCC2891 PWM Controller 9
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The output inductor, Lo, can be calculated by first assuming a maximum allowable inductor
ripple current, Al o.

v

Figure 6. Output Inductor Current Waveform

4.1.1 Output Inductor

Assuming a peak-to-peak inductor ripple current equal to 15 percent of the maximum output
current, Faraday’s Law (1) can be applied to solve for Lo, as given by (2).

VO
= X l—D 1
Lo £0.15><|O(MAX)><FSWJ (=D @)

3.V
= 1-0.3)=1.87,H 2
o (0.15><30A><(275x103H2)jX( )=187 @

Rounding up results in less ripple current through the inductor, while rounding down allows more
ripple current and a smaller inductor value. Bear in mind, that as Al ¢ is allowed to increase, the
RMS ripple current into the output capacitor increases, as does any switching loss experienced
by the output rectifiers. These are the trade-offs that must be looked at when deciding on the
optimal value of Lo. For this design, off the shelf (OTS) planar magnetics are used because of
their low mechanical profile and repeatable design characteristics. The PA0373 from Pulse is a
2 uH planar design rated at 30 Adc, with a saturation current rating of 35 A. The PA0373 also
includes a 1:4 (main to auxiliary) coupled winding that can be used for a primary referenced
bootstrap bias, Vgoor.

Using (3), the actual value of Al o (4) can be back-calculated for the chosen value of Lo equal to

2 uH.
_ Vo _
AILO_[LOXFSWJX(]- DMIN) )
3.3V
Alio _(leo-ﬁH x(275><103HZ))X(1_0'3)_ 425 “)

10 Designing for High Efficiency with the Active Clamp UCC2891 PWM Controller
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41.2

A current of 4.2 App translates to 14 percent of the total load current, which is more than
acceptable in terms of allowable inductor ripple current. Using (5) the maximum RMS inductor
current is calculated as 30.1 Arus, Which is nearly equal to the maximum load current.
Nonetheless, for higher values of Al ¢ this calculation can serve as a design check to assure
that the output inductor is not operating near saturation.

2 2
I orus) = \/Ié "‘AI% = \/30A2 + 4'23A =30.1As (5)

Bootstrap Bias Supply

During the freewheeling period when Qg is conducting, the voltage across the output inductor is
simply the regulated output voltage. And since the PA0373 uses a 1:4 (Ngoot) coupled winding,
an expression can be written relating Voyr to Veoor.

\ Vv
A ><(1— D): oot T Vp(soor) « (l— D) (6)

BOOT

Solving (6) for Voot gives:
VBOOT = (N BOOT ><Vo )_VD(BOOT) (7)

Applying (7) and assuming a Schottky diode drop of 0.5 V for Vpgoor), the approximate value of
Veoot is 12.7 V as given by (8). For different values of Vour and Vgoor, (6) can be rearranged to
solve for a different required turns ratio on the coupled inductor, Lgoor.

Veoor = (4x3.3V)-0.5V =12.7V 8)
The coupled winding technique, shown in Figure 7, works well under normal steady state
conditions, however notice from (7) that the actual value of Voot is dependant upon Vour.
During abnormal operation such as over-current or short circuit current conditions, Voyr is no
longer in regulation causing the converter to operate in a hiccup mode as Vgoor drops below the
undervoltage lockout threshold of the PWM controller. If the PWM must remain fully functional
during fault conditions where Vour drops out of regulation, then a separate regulated bias
voltage must be derived and dedicated to maintaining Vgoor above the UCC2891 undervoltage
lockout threshold.

Designing for High Efficiency with the Active Clamp UCC2891 PWM Controller 11
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JF’} QMAIN N}
H =
O —e

4.1.3

12

Figure 7. UCC2891 Bootstrap Bias Supply

From the UCC2891 data sheet, the minimum start-up voltage is 12.5 V, and the maximum start-
up current is 500 pA. This information can be used to size the bootstrap capacitor according to

(9).

1-Dyy )
C =1 x ( MIN 9
BOOT START { FSW % AV j ( )

Substituting known values into (9) and solving gives:
(1-0.3)
(275x10°Hz)x (12.7v —12.5V)

Caoor =500x10°° Ax[ J = 6.4x10°F ~10nF (10)

Output Capacitor

The output capacitor is chosen based upon many application specific variables such as cost,
size, functionality and availability. This example determines the minimum output capacitance
based upon an allowable output ripple voltage equal to 1 percent of the regulated output voltage,
or roughly 33 mV,,. Having already calculated the inductor ripple current from (4), the minimum
output capacitance is calculated from (11) and is 58 pyF as shown in (12).

Al o

C = 11
O(MIN) 8><FSWxAVo(Rip) (1)

c 4.2A,,
M) 8 (275%10° Hz )x (33x107%V )

= 58uF (12)

The capacitance value given by (12) only affects the capacitive component of the output ripple
voltage, and the final selected value is dominated by Resrour) and transient considerations.
Limiting the output ripple voltage to 33 mVpp, the total Resr(our) Of the output capacitor needs to
be less than (13) as given by (14).

Designing for High Efficiency with the Active Clamp UCC2891 PWM Controller
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AV
RESR(OUT) < % (13)
LO
33x107°V
RESR(OUT) < T =8mQ (14)

If transient response is a design consideration, then the selection of output capacitance can be
derived from examining the transient voltage overshoot, Vs, that can be tolerated during a step
change in output load current. By equating the inductive energy with the capacitive energy, Co
can be derived as shown by (15).

2 2 2

_ Lo X |5TEp _ I-o x (ISTEP(MAX) - ISTEP(MIN))

Co = > = > > (15)
Vos (VOS(MAX) _Vosuqu))

For a load step change from no load to 50 percent of full load and limiting the transient voltage

overshoot to 3 percent of the regulated output voltage, Co is calculated to be 672 pF as shown

in (16).

o _Loxlde (2x10°H )x (15A% —0A?)
° Vg (3.4v2-33v?)

= 672uF (16)

Two 330 pF, 6.3 V POSCAP capacitors are placed in parallel with a 10 yF ceramic capacitor as
a good trade off between transient performance, small size and cost. The 6TPD330M POSCAP
from Sanyo has a maximum Resrour) Of 10 mQ and a maximum ripple current rating of 4.4 Agys.

From (15), notice that C is proportional to Lo, which is also dependant upon Fsy and Al o. As a
side note, this is the reason that interleaved power stages are so popular. The ripple
cancellation effect reduces Al o allowing much higher frequency operation which in turn reduces
Lo. A smaller value of Lo results in a smaller value of Co, which greatly reduces the LoCo time
constant of the power stage allowing for extremely fast transient response. For applications,
such as intermediate bus converters, where transient response may be less of a concern, Co
can be selected solely based upon the result of (12) and (14).

4.1.4 Synchronous Rectifiers

There are many considerations for appropriately choosing MOSFETSs used in self-driven
synchronous rectifier applications. In a self-driven application the MOSFET gate-to-source
voltage is ideally derived directly from the transformer secondary. As a result, the gate drive
voltage is not regulated but instead varies as a function of the input voltage and transformer
reset voltage, divided by the transformer turns ratio. If the input voltage range is wider than two
to one, self driven synchronous rectification may not be an option and a control driven solution
should instead be considered. Therefore, a good starting point is to perform a rough calculation
to determine what the transformer turns ratio needs to be and then based upon the input voltage
range, the variation in synchronous rectifier gate drive voltage can be calculated. By writing an
equation for the volt-seconds balance across the output inductor an equation for the minimum
secondary voltage, Vs, is given by (17).

Designing for High Efficiency with the Active Clamp UCC2891 PWM Controller 13
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Vs = Yo
S(MIN) —
D tR(QMAIN) +tF(QMAIN) + oL ay
MAX — T
SW

(17)

Since the value for the rise and fall time of Quain and the delay time (as shown in Figure 2 and
Figure 4) are not yet known, a worst case value of 3 percent of the minimum total period can
initially be assumed and used to solve (18).

v ~ 3.3V
S(MINY = 109%10°s
06— —— >
3.64x10°s

=5.79V (18)

Knowing the minimum input voltage, the result of (18) can now be used to calculate the primary
to secondary transformer turns ratio as given in (19).
Np _ VIN(MIN) _ 36V

- -6
Ny Vsuqu) 5.79V

2~6 (19)

Rounding (19) down to the next lowest integer results in a turns ratio of 6, assuring that the
minimum secondary voltage is greater than the result determined by (18). As was mentioned
previously, the gate-to-source voltage of the synchronous MOSFETSs is not regulated, so the
next step is to determine how much the Vgs of each MOSFET varies for a turns ratio of 6 over
the full input voltage range.

The Vgs of Qf varies proportionally with the input voltage divided down by the transformer turns
ratio. For 36 V<V\\<72 V, the gate-to-source voltage of Qr varies between 6 V<Vggqr)<12 V,
which is sufficient to fully enhance even a standard MOSFET. For the reverse MOSFET, Qg, the
gate-to-source voltage is derived from the transformer reset voltage divided down by the
transformer turns ratio. Unique to the active clamp topology is the fact that the reset voltage is
non-linear, and this is further discussed in Section 4.3. For 36 V<V\y<72 V, the gate-to-source
voltage of Qg varies between 8 V<Vgg(qr)<6 V.

Selection of appropriate MOSFETSs also depends upon knowing the RMS current and maximum
drain-to-source voltage. From the schematic shown in Figure 5 it is apparent that the Vgs of Qr
is the same as the Vps of Qgr, and the Vgs of Qg is the same as the Vps of Qr. Therefore having
already calculated what the Vgs is for each MOSFET, the Vps is also now known.

Referring back to the inductor current waveform shown in Figure 6, the peak current seen by Qg
and Qg can be calculated by (20).

Al 4.2A
I o) = ouax +%:3OA+T:32.1APK (20)

Qr must be rated to withstand the peak current, as defined by (20) and the RMS current, as
defined by (21), during the power transfer interval.

Lok ams) = Tomax) X/ Duax =30Ax~0.6 =23.24 Az (21)

Conversely, the freewheeling MOSFET, Qgr, must be rated to carry the maximum RMS current,
as defined by (22), during the active clamp reset interval.
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| greams) = logwax) X1 = Dy =30Ax+1-0.3 = 25.1A¢

(22)

Because the duty cycle is close to 0.5, the maximum RMS currents are nearly equal for each

MOSFET, so the same device can be used for Qr and Qg. The calculated parameters for each
MOSFET are summarized in Table 2, and then used to specify the necessary parameters (with
20% margin added).

Table 2. Synchronous Rectifier MOSFET Specifications

PARAMETER | Q- | Qr

CALCULATED PARAMETERS
Vas 6V<Vgs<12V 8V<Vgs<5hV
Vbs 8V<Vps<5V 6V<Vps<12V
Ip (Irms) 23.24A 25.1A
SPECIFIED PARAMETERS
VGS(MAX) 1 5V 15V
VDS(MAX) 15V 15V
Iomax) (Irms) 30A 30A
Rbs(on) Extremely Low Extremely Low
Qg Average Average
Number of MOSFETs' 2 3

Notes: 1. As determined by equations (31) and (36).

During turn-off the synchronous rectifiers of an active clamp forward converter switch at near
zero voltage. During turn-on, Qr experiences some switching loss, but Qg turns-on under ZVS
conditions. Because of the high levels of average current each device must carry, a MOSFET
with extremely low on resistance should be selected. However, Qr may still experience some
switching loss, so it is desirable not to blindly select the absolute lowest Rps(on) device, but still
pay close attention to the gate charge characteristic.

The HAT2165 device from Renesas has an Rpsony and Qg of 2.5 mQ and 80 nC specified at 12
V Vgs. The absolute maximum electrical ratings for the HAT2165 are Vps=30 V, Vss=1£20 V and
Ib=55 A. The device is available in a low profile LFPAK package which is a thermally enhanced
version of an industry standard SO8 package. The junction to ambient thermal impedance is
approximately 60 °C/W when the LFPAK is mounted on a 40 mm x 40 mm, 1 oz copper pad.
Designing for an ambient environment, Ta, of 40 °C, and placing a design limit on the maximum
allowable junction temperature equal to 75 percent of the absolute maximum junction
temperature, the maximum power dissipation that can be tolerated within a single LFPAK can be
estimated by (23).

T =T -c)- 20°
PQF(LIMIT) = J(MA‘;) A = (0'75><150 C) 40°C =1.25W / MOSFET (23)
iA

60°C /W

A quick calculation of the total power dissipated should be done to determine how many parallel
MOSFETs must be used for Qr and Qg, in order to maintain a maximum power dissipation of
1.25 W per MOSFET.

Designing for High Efficiency with the Active Clamp UCC2891 PWM Controller 15



{? TEXAS

SLUA303 INSTRUMENTS

4.1.4.1 Qg Power Loss Calculations

16

All of the following Qg calculations are performed under the worst case operating conditions of
minimum V\y, maximum D and maximum lo. For the switching loss calculation of (26), the rise
time, triar), can be approximated by (24), assuming that the sink resistance between the
transformer winding and the gate of Qr is less than 3 Q, and at minimum Vy, Vgs is equal to 6 V.
From the manufacturer’s data sheet, the gate charge, Qg of the HAT2165 is approximately 80
nC. Since this device turns off under ZVS, the fall time is neglected.

Qs xRoe  80NCx3Q

t ~ 40ns 24
R(QF) Voston Y (24)
Al
VDS(MAX) X['O(MAX) _ZI_OJXtR(QF) x Fgy
PSW(QF) = 2 (25)
5V x [3OA— 4'2ij (40x10?5)x (300x10° Hz)
Pawior) = =837mwW (26)

2

And since the Qr synchronous rectifier is turning off at near ZVS, there is some body-diode
conduction loss at turn-off. For the purpose of loss estimation only, a worst case body-diode
conduction time of 50 ns is a reasonable estimate as applied to (27).

Pancory = Ve X lor sy X Few X tapor, =V x 23.24Ax (300 10° Hz ) (50 x10°s ) = 350mW (27)

The conduction losses due to RMS current flowing through the MOSFET channel resistance are
straight forward as given by (28).

P

_ |2
C(QF) —

2 sy X Roson) = 23.24A% x (2.5x107°Q) =1.35W 28)

There are also some small but additional losses associated with charging and discharging the
MOSFET gate capacitance, but most of this loss is recovered to the output load when self-driven
synchronous rectification is used. For applications using control driven synchronous rectification,
these same losses are dissipated in the MOSFET driver as long as the driver impedance is

much greater than the internal MOSFET impedance. For this example, gate charge losses are
therefore neglected for the purpose of sizing the Qr and Qg MOSFETSs.

The maximum power loss for a single Qg, HAT2165 LFPAK MOSFET is estimated by (30).

Pormax) = Pswor) + Panor) + Peor) (29)
PQF(MAX) =837mW +350mW +1.35W = 2.54W (30)

2.54 W of power dissipation would result in a junction temperature of 192 °C, far exceeding the
150 °C limit. The number of parallel Qe MOSFETSs required maintaining the 112 °C junction
temperature design limit is given by (31).
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PQF(LIMIT) 1.25W

QFum = =2.03~2 (31)

For a higher design safety margin, Qg would ideally be rounded up to the next highest whole
number, but since the result of (31) is only slightly greater than 2, two parallel MOSFETs are
used for Qf. Also, when switching MOSFETSs are connected in parallel, the total on resistance is
reduced, but the required gate charge is increased. Therefore in some cases the total power
dissipated between parallel connected MOSFETs may increase, while the power dissipated per
device should decrease. A more exact solution can be found by recalculating (24) through (30)
for the number of MOSFETSs determined from (31).

4,1.4.2 Qg Power Loss Calculations

All of the following Qg calculations are performed under the worst case operating conditions of
maximum V, minimum D and maximum lo. Since the Qg synchronous rectifier is turning on and
off under ZVS conditions, switching losses are neglected. However, there is greater body-diode
conduction loss than for the Qg case. For the purpose of loss estimation only, a worst case
body-diode conduction time of 150 ns is a reasonable estimate as applied to (32).

Paniory = Ve X longaws) X Fow X taogom =V x 25.1Ax (300x10°Hz )x (150 x10°s) = 1.13W  (32)

The conduction losses due to RMS current flowing through the MOSFET channel resistance are
straight forward as given by (33).

Peiory = | ey X Roscony = 25.1A% x (2.5x10° Q) = 1.58W (33)
The maximum power loss estimate for a single Qg, HAT2165 LFPAK MOSFET is estimated by
(35).

PQR(MAX) = Feoor) T PC(QR) (34)
Porvaxy =1.13W +1.58W = 2.71W (35)

The number of parallel Qg MOSFETSs required maintaining the 112 °C junction temperature
design limit is given by (36).

PQR(MAX) _ 2.71W

QR = =217~3 (36)

PQR(LIMIT) 12

Body-diode conduction losses are the second highest source of power dissipation in a
synchronous rectifier. In a self-driven application, the body-diode conduction time associated
with Qg can vary greatly. Therefore a cautious design approach would be to use three parallel
MOSFETSs for Qr. This allows for the real possibility that the conduction time may increase
under certain conditions, or that the switching frequency increases slightly beyond the nominal
value of 300 kHz, resulting in additional power dissipation in Qg.

Designing for High Efficiency with the Active Clamp UCC2891 PWM Controller 17



{? TEXAS

SLUA303 INSTRUMENTS

4.2

18

Power Transformer Considerations

For simplicity, the PA0810 OTS planar transformer from Pulse was chosen. Rated up to 140 W
and measuring less than 10 mm high, the PA0810 is a good choice for module power
applications requiring low-profile passive components. The PA0810 uses two primary windings
of six turns each, and two single turn secondary windings. As determined from (19), a turns ratio
of six must be maintained by connecting the two primary windings in parallel and the two
secondary windings in parallel. This reduces the dc winding resistance by half, greatly reducing
the I°R conduction losses.

Since the PA0810 is part of a configurable family of planar transformers, its design and
construction may not be optimal for all situations. Many applications might demand more than is
possible from an OTS transformer solution, such as smaller size, fewer windings, increased
primary to secondary isolation or higher efficiency.

At 300 kHz the transformer losses are dominated by core loss, occurring from time varying flux
swing through the transformer’s BH curve and conduction loss, resulting from the RMS current
flowing through the planar windings. The flux swing, AB, is first determined from (37) containing
a constant specific to the effective area of the PA0810 core geometry ((37) is found in the
manufacturer’s data sheet).

o _ 17921146V, uny X Duoe

(37)
FSW(kHz) xNp
AB = 179211.46 x 36V x 0.6 — 2150G (38)
300x6

The result of (38) can now be applied to (39) (also available in the manufacturer’s data sheet) to
determine the core loss.

Peore = 159107 x AB* x FL¢ .. = 159107 x 2150%° x 300"° = 0.98W (39)

The copper losses are a result of RMS currents flowing through the primary and secondary
windings. The average current through the secondary was defined previously by (21) and the
average primary current (42) is made up of the primary magnetizing current (40) and peak
current (41).

| _ VIN(MIN) X Dyyax _ 36V x0.6 _11A (40)
e Faw X Lyac (300 x10° HZ)X (65)(1076 H ) '
|
| ora i) = ( LOI\T’K’ J+ linc = (%) +1.1A = 6.45A,, (41)
I I . .
IPRI(RMS) = QFl(\TMS) + MZAG = 23 §4A + L ;A =4.42A (42)

From the manufacturer’s data sheet, the DC resistances of the transformer primary and
secondary (paralleled windings) are given as 11.25 mQ and 0.875 mQ respectively. These
values can now be used along with the known transformer RMS currents to calculate the
conduction losses as given by (44).
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Peu = (I FZ’RI(RMS) X RDC(PRI) )+ (IéF(RMS) X RDC(SEC)) (43)
Py = (4.42A% x11.25x102Q2)+ (23.24A% x 0.875x10° Q) = 0.69W (44)

4.3

The maximum transformer power loss can now be calculated by (45).
Prpwr)y = Peore + Poy = 0.98W +0.69W =1.67/W (45)

From the temperature curves given in the manufacturer’s data sheet, 1.67 W of total power loss
results in approximately 40 °C rise above ambient temperature. Therefore the maximum
anticipated temperature of the transformer is approximately 80 °C, as given by (46).

Tr owry = ATy pumy + Ta =40°C +40°C =80°C (46)

Active Clamp Circuit

From Figure 5, whenever Qaux, is conducting, the difference between the clamp voltage and the
input voltage is applied across the transformer magnetizing inductance, and this is referred to as
the transformer reset period. Specific to the low-side clamp is the fact that Qaux must be a P-
channel device only because of the direction of the body-diode. It is also worthy to note that
Qaux carries only the transformer magnetizing current, which has a very small average value
compared to the reflected load current. For this reason, specifying a low gate charge MOSFET
should be a primary consideration with low Rpson) being only a secondary concern. Qayx must
also be rated to withstand the full clamp voltage as given by Figure 8. For this application, the
IRF6216 from international Rectifier is chosen.

Neglecting the effect of leakage inductance, the transfer function for the low-side clamp can be
derived by applying the principle of volt-seconds balance across the transformer magnetizing
inductance.

DxV,, =(1-D)xVg ~(L-D)xV, (47)
Simplifying (47) for the clamp voltage, V¢, gives:

1
Ve = (Ej xVyy (48)

It is interesting to note that the transfer function given in (48) is also the same transfer function
for a non-isolated boost converter and this is why the low-side clamp is commonly referred to as
a boost type clamp.

The result of (48) describes the transfer function between the input voltage and the clamp
voltage. However, notice from Figure 1 that whenever Qayx is conducting, the clamp voltage is
applied directly across the drain-to-source junction of Quann, and not the transformer primary
magnetizing inductance. Therefore (48) can be extended and written to include the drain-to-
source voltage stress on Quan.

D
Vs (QMAIN) =V = (Ej xViy (49)

During the transformer reset period, the dot polarity on the transformer primary reverses, so the
voltage applied to the primary is now defined as:
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VRESET :VCL _VIN (50)

If the expression for V¢, from (48) is substituted into (50) and simplified, a transfer function
relating the input voltage to the reset voltage can be shown as:

D
Vieser = (E) xViy (51)

Furthermore, the duty cycle, D, of a single-ended forward converter is defined as the ratio of the
output voltage to the input voltage multiplied by the transformer turns ratio, N.

D= (\\//_OJ x N (52)

IN

Substituting (52) into (49) and (51) and simplifying gives expressions for V¢ and Vgeser in terms
of Vin, Vour and N, as shown in (53) and (54).

VZ
V =V, =—M/MN (53)
DS (QMAIN) cL V,, —NxV,
V, xV,, xN
V =0~ 'INT” " 54
RESET V,, — N xV, (54)

The results of (53) and (54) can now be used to graphically show how the clamp voltage and
transformer reset voltage vary with input voltage for a fixed value of Vour and a fixed transformer
turns ratio, N. Using a value of 4 V for Vour (3.3 V plus some additional voltage drop), the
graphical results of (53) are first plotted in Figure 8. Also shown in Figure 8 is the effect that
varying the transformer turns ratio (varying D) has on the primary MOSFET drain-to-source
voltage stress.

Figure 8 shows a drastic variation in the Quan MOSFET voltage stress during minimum input
voltage (maximum duty cycle, D). For this reason the UCC2891, shown in Figure 10, provides
the capability of precisely clamping the maximum duty cycle. The consequence could be
destructive voltage levels applied to the primary MOSFET or having to over specify the
maximum MOSFET voltage rating. Figure 9 shows that for a typical forward converter operating
over the full telecom input voltage (36 V<V <75 V), a turns ratio of N=6 results in 110 V of
applied drain-to-source voltage at V|y=36 V and V=75 V. The MOSFET voltage shown in
Figure 8 is also the voltage seen by the clamp capacitor, Cc.. As such, the clamp capacitor must
be appropriately chosen to withstand the full clamp voltage plus any additional de-rating voltage.
Having chosen a turns ratio of 6, the transformer reset voltage, Vreser, given by (54) can also be
plotted against varying input voltage and is shown in Figure 9.
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4.3.1 Low-Side Clamp Gate Drive

Since it has already been established that Qaux must be a ground referenced P-channel device,
a negative gate drive voltage is required to fully turn this device on. However, the UCC2891
does not produce output voltage levels below ground reference. Using a gate drive circuit
applied to the low-side clamp, the P-channel MOSFET can be directly driven from the UCC2891
as shown in Figure 10.

36V<V, <72V

UCC2891

v

\4

1-D

v

4

Figure 10. Low-Side Clamp and Gate Drive Circuit

The first time the UCC2891 AUX voltage goes positive, the Schottky diode, Dayx, is forward
biased and the capacitor, Cauy, is charged to —Vaux volts. The capacitor voltage then discharges
through Rayx. If the time constant of Rayx and Caux in (565) is much greater than the PWM period,
then the voltage across Caux remains relatively constant and the resultant gate to source voltage
seen at Qaux is —Vaux With a peak positive value of zero volts. Therefore, Vaux is effectively
shifted below ground and is now adequate for driving the gate of the ground referenced P-
channel MOSFET, Qaux.

100

Raux XCaux = F_ (55)
sw

The value of Cayx is determined by arbitrarily choosing Raux to be 1KQ, and solving (56).
c o 100
AT (1x10°Q)x (300 x10° Hz )

= 0.334F (56)
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4.3.2 Selecting The Clamp Capacitor

The first consideration for sizing the clamp capacitor is to know what the appropriate voltage
rating must be over the full range of V|y (shown in Figure 8).

The value of the clamp capacitor is primarily chosen based on the amount of allowable ripple
voltage that can be tolerated. Also, it is assumed that the value of the capacitor is large enough
to approximate the clamp voltage as a constant voltage source. However, according to (53) V.
changes with input voltage. Whenever a line transient or sudden change in duty cycle is
commanded, it takes some finite amount of time for the clamp voltage, and therefore the
transformer reset voltage, to adapt. Larger capacitor values result in less voltage ripple but also
introduces a transient response limitation. Smaller capacitor values result in faster transient
response, at the cost of higher voltage ripple. Ideally the clamp capacitor should be selected to
allow some voltage ripple, but not so much as to add additional drain-to-source voltage stress to
Quan- Allow approximately 20 percent voltage ripple while paying close attention to Vps of Quan-

A simplified method for approximating Cc, is to solve for Cc. such that the resonant time
constant is much greater than the maximum off-time. While additional factors such as the power
stage time constant and control loop bandwidth also affect transient response, this approach,
stated in (57), assures that transient performance is not compromised, at least from the active
clamp circuit point of view.

2x 7 X \[Lyas X Cer > torr (wax) (57)

By solving for (57) for CcL, and multiplying the result by a factor of 10 to assure that the
inequality of (57) holds true, (57) can be rewritten as (58), expressing C¢_ in terms of known
design parameters:

CeL >10><[ (=D ] (58)

L x(2><7r>< st)2

Once Cg, is calculated by (59), the final design value may vary slightly after the clamp capacitor
ripple voltage is measured in circuit.

10x (1-0.3)’
(65 x10™°H )x (2 X JT X (300 x103 HZ))2

Co > =21.22x10°F ~ 22nF (59)
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Primary MOSFET (Qman) Selection

Since the clamp voltage has already been determined from (53), the drain-to-source voltage
stress of Quan is also known. Figure 8 shows that the maximum voltage stress over the full input
range should be limited to 110 V. Also, the drain current of Quan is known from (41) and (42).
The maximum RMS drain current occurs at minimum input voltage and maximum load current
and is 4.42 A as given by (42). Therefore selecting a MOSFET with a 150 V Vpg rating and an Ip
rating of at least 6.45 A insures a greater than 35 percent design safety margin. The Si7846DP
from Vishay Siliconix is a 150 V, 6.7 A, N-channel MOSFET available in thermally enhanced
SO8 PowerPAK™ package.

From the manufacturer’s data sheet, the total gate charge is approximately 35 nC and the
expected on-resistance is 41 mQ for a 12 V applied gate drive.

Using the lprirms) current from (42), the conduction loss due to primary current flowing through
the channel resistance of Quan is determined from (60).

Pecomany = | 2 sy X Roscomany = 442A% x (41x107° Q)= 0.8W (60)
As explained in Section 4.4.1, Quan always turns off under ZVS, but may still be subject to some
turn-on losses, as represented by (62). Typically ZVS at turn-on is lost at some minimum load

current, estimated to be 40 percent of the maximum load current for this case. Above 12 A (40
percent maximum load), it is assumed that Quan experiences ZVS at turn-on and turn-off.

I
Ve x [0-4 X[IPRI(PK) - N;GD * Fow % Qg qmaim)

PSW(QMAIN) = 2% | (61)
G(QMAIN)
1.1A 3 9
110V x| 0.4 x 6.45A—T x300x10°Hzx35%x10~°C
Pow Qmainy = Sx A = 0.68W (62)

NOTE: If Quain does not turn on under ZVS conditions for a load current greater than 12 A, then
the value of 0.68 W calculated by (62) may increase, possibly resulting in a higher actual
junction temperature. Careful ZVS measurements should be made once the design is built and
tested.

The third contributor to power loss in Quan is due to the charging and discharging of the
MOSFET output capacitance, Cossauain). For lower voltage applications this is sometimes
neglected, however notice from (63) that the power loss is proportional to the square of the
voltage. For the low-side active clamp forward converter, the maximum drain-to-source voltage
(Vc=110 V) is seen at minimum and maximum V5. Because the clamp voltage and the
MOSFET Cossamainy are both non-linear variables, estimating these losses can be difficult. From
the manufacturer’s curves Cossauainy @appears more predictable between 60 V and 120 V, and
so a value of 150 pF is used.

. _ Cossiouamy XV& X Fo _ (150x10F )x110V * x 300x10°Hz _ 0.27W (63)

COSS(QMAIN) — 2 2
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The total losses in Quan can now be calculated by (64)
Pomainmax) = Pecomamy + Psw omamy + Peoss omainy = 0.8W +0.68W +0.27W =1.75W (64)

A quick check of the maximum junction temperature of Quan is calculated to be 131 °C as
shown in (65).

T, = (Rya X Povamauny )+ Ta = (52°C /W x1.75W )+ 40°C =131°C (65)

131 °C is slightly higher than 75 percent (113 °C) of the absolute maximum junction temperature
of 150 °C. Therefore careful attention must be paid to Quan, especially under extreme conditions
such as maximum input voltage, maximum load current, or any operating mode that forces Quan
out of ZVS. When laying out the PCB, placing additional copper area under the drain tab of the
Qumain PowerPAK™ also helps to lower the junction temperature.

4.4.1 Primary MOSFET (Quain) Zvs Considerations

The ability to ZVS Quan is one of the primary motivations for using the active clamp. Detailing
the conditions for ZVS first requires an understanding of the contributing parasitic elements as
shown in Figure 11.

Leyy  1ransformer Lumped Model
|
o—MN— M : o
+ | Like ! R +
. L) L) |
Cw T Lwae 3 !
| ' T
L e e e e e = = ] —_—_— =
vV " TT T
IN ] \%
Ca A —F C 0SS(QF
— J_ — J_ e
Qaux | —|— T Quan i —|— 4
C-) COSS(QAUX) COSS(QMAIN)

Figure 11. Active Clamp Power Stage with Parasitic Elements

The conditions for ZVS are that the drain-to-source voltage must be zero prior to Quan switching
either on or off. This condition is achieved when the voltage at node V,, shown In Figure 12, is
resonantly driven to zero volts within the set time interval shown in Figure 2 (Quan turn-off) or
Figure 4 (Quan turn-on). Therefore, for the purpose of ZVS, the circuit of Figure 11 can be
reduced to a simple resonant circuit as shown in Figure 12.
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Figure 12. Simplified ZVS Resonant Circuit

During the t1->12 interval, Quan has just turned off and Qaux is about to turn on. As Cossamain) IS
charged to V,, the body-diode of Quan is reverse biased and the current that was previously
flowing through the channel resistance of Quan is now diverted to Cossamainy. Some of this
current is also diverted to the output capacitance of Qaux, but more important is the fact that this
current naturally charges in the same direction as the resonant current flowing out of Va.
Because the two currents are additive, Quan always turns off under ZVS regardless of the
amount of current charging Cossamain)-

During the t3->14 interval, Quan is about to turn on and Qaux has just turned off. Notice that the
resonant current, Ires, required to drive V, to zero volts is opposed by the current necessary for
Quain ZVS. Because these two currents are opposed with respect to Va, Quan €xperiences ZVS
only at turn-on under specific operating conditions. Referring to Figure 11 and Figure 12, the
resonant inductance is first defined by (66) and no external inductance, Lext, is initially assumed.
The resonant capacitance is defined by (68).

Lr =Liks + Lwac + Lexr (66)

L, = (190x10°H )+ (65x10°H )+ 0 = 65.194H (67)
4 COSS(QF)

CR = g x COSS(QMAIN) + COSS(QAUX) + NE + CW (68)

Cy = %x ((150 x102F )+ (30x102F )+ 2% (120(3; 10°°F

)J +(90x10™°F)=420pF  (69)

The main limitation for Quann turning on under ZVS is the ability to store enough inductive energy
to fully discharge the resonant capacitor. This requirement can be checked mathematically to
determine if an external inductor added in series with the transformer primary should be
considered.

1 1 1) 1
Ex Lyag X IMAG2 +E>< Lixs X(Woj >EXCR ><(VIN +VCL)2 (70)

As loyt approaches zero, the ZVS turn-on conditions for Quan are entirely dependant upon the

magnetizing current. Therefore, under no load conditions (lour=0 A), (70) can be reduced and
solved for Iyag by (71).
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2
| nc >\/CR ><(VlN +VCL) (71)

I_MAG

Since lyag has already been determined by (40), the result can be used to see if the inequality
given by (71) is met.

L \/(420><10‘12F)><(72V +110V )*
wae 65x10° H

= 0.463A (72)

From (40), Iuac is equal to 1.1 A which is greater than 0.463 A, so we can expect that Quan
should experience ZVS down to near zero load current. If it turned out that there were not
enough magnetizing current to overcome the resonant current required by Cg, then the
transformer design can be reconsidered in an effort to reduce the magnetizing inductance.
Another option would be to solve (74) for Lext, and then add the appropriate external inductance
to meet the ZVS conditions for a given minimum load current.

1 1 LY 1 1LY 1
2 2
Ex Lyac * lwac +§X Like X(Woj +§X Lewr X(Woj > EXCR ><(VIN +VC,_) (73)
2 2
Lo, > Cy ><(VlN +VCL) —Luae Xlwas™ Lo (74)

From the resonant inductance and capacitance, the resonant frequency is determined from (75)
which can then used to calculate the amount of delay time necessary for the ZVS resonant
transition to occur. The delay time calculated from (78) is used to program the UCC2891.

v
L — (75)
" VLg xCy
g = z ~19x10° 224 (76)
J(65.19x10°H )x (42010 F) s
T
LoeLay :m (77)
R
7 -Rad

t = =82.7x107%s ~100ns 78
DEAY o (19 x10°Rad /S) (78)
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Input Capacitance

The active clamp forward converter is a buck derived power topology with a pulsed AC input
current, high in di/dt content, as shown in Figure 13.

IIN

>
e, - YY€N o
+ TPWR Qg Lo +
IC(IN) bri )
Lo, E Jl:} =V,
o o %
v Re ' TiL -
IN SR(IN) [ Q
Qwefay Qo § v
AUX [ MAII\dH-
C H
_ IN
O ——
A
Iy ----- R G N N
0 >
lCUN)\ N |
oy / / /
0 —— — —
VGS(QMNN) QMAIN QMAIN
0 (1-D) _

t- Time
Figure 13. Primary Power Stage Current Waveforms

The input capacitor of Figure 13 is shown along with its equivalent parasitic series resistance
and series inductance, which both can contribute to overall input ripple voltage. Analogous to the
output capacitor, the purpose of the input capacitor is to provide high frequency filtering so that
the input voltage is as close as possible to a pure DC source with low associated voltage ripple
and noise.

The first thing to determine for choosing the input capacitor is the maximum RMS current. The
RMS capacitor current is derived from the Ic(n) waveform shown in Figure 13 and can be
expressed by (79). Unique to the active clamp rest technique is the magnetizing current shown
in the lpr; waveform during the off-time (1-D) of Quan. As can be seen by (79), this has a small
but non-negligible effect on the RMS capacitor current. For a forward converter not using active
clamp reset, this term would not exist since Ipg is clamped to zero during the reset period.
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IC(IN) = \/[(I IN IPRI(RMS))X D]2 + [(I N T IMAG)X(]'_ D)]2 (79)

The only constant term in (79) is Iyac. To express (79) in terms of known values, the maximum
input current, I\, can be estimated by (80), and if the resonant transition delay is neglected, the
duty cycle, D, can be closely approximated by (52).

Vo x|

O(MAX)
IN (80)
nxVy
IO(MAX) Vo xN
IPRI(RMS) :TX\/B = IO(MAX) x (i/— (81)

IN

Therefore (79) can now be rewritten as shown in (82) where all of the variables are now known.

2
Vo X lomax) [ loax) y Vo xN X(VOXN]
nxVy N Vin Vin
C(IN) — ) (82)
N (Vo X IO(MAX) + IMAGJX(]-_VO x N j
nxVy Vin
Using the full load efficiency, n, of 0.85, the result of (82) can now easily be plotted against the
full range of V|y as shown in Figure 14.

I
w/ AN
o/ \\
|/ N
ol | AN

Y. N
| )

1.94

2.10

IC(IN) - Capacitor Current - Ag o

35 40 45 50 55 60 65 70 75

V|y - Input Voltage - Vdc

Figure 14. Input Capacitor Current vs. Input Voltage

Applying a 25 percent design margin, the input capacitance should be rated to handle at least
2.63 Arwus capacitor current.
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For initially choosing the input capacitor it is assumed that the change in ripple voltage is
capacitive dominant, although at higher frequency operation Les. and Resggny can dominate over
Cin- The minimum required input capacitance that would limit the voltage ripple to 5 percent of
the minimum input voltage is given by (83).

C i e—— -
IN (MIN) 0.05xV,, o Fow X(O'O5XV|N)

I|N"'|MAG>< IIN+IMAG X(l—D)

(83)
Substituting (80) into (83) and simplifying gives an expression for Ciywiny in terms of known
design parameters as shown in (84). At minimum V)y, maximum D and maximum Iy, and
adding an additional 25 percent design margin, the minimum required capacitance value is
determined to be 4 pyF as shown in (85).

Vo x IO(MAX) + lyac ><77><V|N(|\/||N)

n XVIN(MIN) x Fgy % (0'05 XVIN(MIN)

_ 1.25%(3.3V x30A+1.1Ax0.85x 36V )
MM 0,85 x 36V x 300 x10° Hz x (0.05x 36V )

CIN(MIN) = )X (1_ Duax ) (84)

x(1-0.6)=4uF (85)

Because the amount of input ripple voltage is large compared to the capacitor ripple current, the
Resrgn) of the input capacitor is less of a concern than for the output capacitor. Nonetheless, the
minimum required Resrny should still be checked by (86).

005xViyguy ___ 0.05x36V 0 6)

RESR(IN) <
| 1.1A
(IPR,(PK)+(M2AG D (6.45A+[2 D

For a maximum V of 72 V, multilayer ceramic is the most viable capacitor choice. Using two or
more parallel ceramic capacitors easily satisfies the Resgrgn) requirement from (86) while also
introducing minimal parasitic inductance. The C4532X7R2A225 is a 2.2 yF, 100 V multilayer
ceramic capacitor from TDK rated for 2.5 Arus at 300 kHz, with an Resgrgny of 4 mQ. Three
parallel capacitors are chosen giving a total input capacitance of 6.6 pF.

Current Sensing

The UCC2891/3 has a current sense threshold of 0.75 V, while the UCC2892/4 has a current
sense threshold of 1.27 V. The goal of current mode control is to modulate the on time of Quan
based upon the error voltage and the current flowing in the output inductor. Because the output
current is so high, current sensing is done on the primary side where the RMS load current is
reduced by the transformer turns ratio. Primary side current sensing can be done using either a
small current sense resistor placed in series with the source of Quan Or a current sense
transformer. When designing for high efficiency, the total losses associated with each approach
should be considered.

The resistive current sensing approach is shown in Figure 15, along with the approximate
voltage waveform seen across the current sense resistor.

Designing for High Efficiency with the Active Clamp UCC2891 PWM Controller



{? TeEXAS
INSTRUMENTS SLUA303

IN QMAII\J

UCC2891 (Pin 7)

Vasamain

0 B

Figure 15. UCC2891 Resistive Current Sensing

From (41), the peak primary current is 6.45 A for loyt=30 A, but for setting the current limit, the
peak primary current is equal to 6.78 A corresponding to I yv=32 A. The value of R¢s is given by
(87).

Vs 075V

R.. = =
- loricL_pk)  6.78A

=0.110 87)

Using the primary RMS current of 4.42 A from (42), the maximum power dissipated in the
nominal current sense resistor is given by (88).

Prcs = lomirus)” % Res = 4.42A% x0.128Q = 2.5W (88)

Dissipating 2.5 W in the current sense resistor would result in an overall efficiency penalty of
2%. The impact of this approach should be compared to using a current sense transformer as
shown in Figure 16.
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Figure 16. Current Sensing with a Current Sense Transformer

Consider the current sense transformer, Tcs, shown in Figure 16. The current flowing through

Rcs is the primary current, lpr|, reduced by the current sense transformer turns ratio. For a

current transformer turns ratio of 100 to 1, Ics during peak current limit is determined by (89).
1 6.78A

| o = | X——=———=67.8mA (89)
CS(CL_ pk) PRI(CL_PK) N 100

And from lcscL_pk), the current sensing resistor is calculated by (90).

Vg 075V
lesc_py  67.8x107°A

Res = (90)

Using the primary RMS current of 4.42 A from (42), the maximum power dissipated in the 11 Q
current sense resistor is given by (91).

| i ’
P :[#j <R :(%} 110 = 21.5mW (o)
N 100

For T¢s, the P8208 100:1 current sense transformer from Pulse is rated to handle up to 10 A of
primary current, and has a maximum height of less than 5 mm. The largest contribution of power
dissipation comes from the primary current flowing through the single turn dc resistance. For the
P8208, the dc resistances are 6 mQ for the single turn primary and 5.5 Q for the 100 turn
secondary. The current sense transformer conduction losses are given by (92) and (93).

Prosionty = o) X Ro = 442A% x6x10°Q =117.2mW/ (92)
| i 4.02AY
PTCS(SEC) = [%J X Rgge = (Wj x550 =10.7mW (93)
CS

The Schottky rectifier used in the sensing circuit of Figure 16, also adds a small amount of
power dissipation as a product of the RMS current and diode voltage drop when the diode is
conducting. Assuming a forward voltage drop, Vg, of 0.6 V, the power dissipated in the diode can
be approximated by (94).
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4.7

| 4.42A
Pes orongy = Ve X| —~L | = 0.6V x(— = 26.5mW (94)
cs 100
The final component to consider is Rg, which is used to reset the current sense transformer
during the off-time. Since Rcs is much smaller than Rg, the secondary RMS current always flows
to Rcs when the diode is conducting. When the current sense diode is non-conducting, Rg is
present to maintain current flowing in the transformer secondary necessary for reset. Therefore
the reset volt-seconds are determined by the value of Rg. Rg should be selected such that the
transformer reset time is shorter than the minimum reset time of the power transformer, Tpyr.
Increasing Rr has the effect of reducing the reset time but increasing the reset voltage, causing
additional voltage stress to the current sensing diode. For minimal voltage stress on the current
sense diode, an approximation for Ry is given by (95).
R — (Vcs +VD)X Duax X Ngs (95)

Q=

(1_ Duax )x YN

R, = (0.75\2;: %Z\Qﬁ.ixloo 1840 (96)
The total power dissipated using the current sense transformer can now be determined by (97).
PTCS =Fres T PTCS(PRI) + PTCS(SEC) + PCS(DIODE) (97)
Pres =21.5mW +117.2mW +10.7mW +26.5mW =175.9mW (98)

Comparing the result of (98) to (88), the power dissipated using the current sense transformer
technique of Figure 16 results in only 175.9 mW of total power dissipation compared to 2.5 W
when a current sense resistor is used in series with the Quan MOSFET source. This is almost
always the case for low input voltage, high current design applications and even for some off-
line applications it may be worthwhile to compare the losses for each of the two current sensing
techniques.

Summary Of Power Stage Losses

The total full load power dissipation (from a 100 W load) in only the power stage is summarized
in Figure 17 and is estimated to be approximately 9.9 W, resulting in an estimated full load
efficiency of 91 percent. The power estimate of Figure 17 neglects the losses in the input and
output capacitors, as well as the loss in the Qaux MOSFET, but these are assumed to be
minimal within the scope of this estimation.
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Figure 17. Power Stage Loss Estimate

OPTOCOUPLER VOLTAGE FEEDBACK

The UCC2891 PWM controller modulates the duty cycle using current mode control (CMC). The
current sense information is derived from the primary side as discussed in the previous section.
However, the dc error signal necessary for the voltage loop portion must be fed back from the
secondary side to the primary side. Crossing the isolation boundary can be accomplished by
using magnetic feedback or optocoupler feedback. Since the output inductor already provides
the primary referenced bootstrap bias, adding a second coupled winding to gather the error
voltage feedback signal is not desirable for this example. Therefore to keep all the component
choices OTS, an optocoupler is used and is configured as shown in Figure 18.
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SFH690BT

TLV431

Figure 18. Optocoupler Feedback and Secondary Side Compensator

The recommended usable voltage at the FB pin of the UCC2891 is within the range of 1.25
V<Ve<4.5 V. When Vg is less then 1.25 V the UCC2891 operates in a pulse skipping mode.
Since the input voltage for this example is only varying over a 2:1 range, it is possible to avoid
the pulse skipping mode, during normal operation, by limiting the minimum Vg to within 1.5 V.
Therefore over the full 2:1 V| range, the FB voltage can be expected to change proportionally
within the range of 1.5 V<Vg<3.0 V. The next consideration is that the reference voltage of the
UCC2891 can only source 5 mA of current. Since Vrer is used as the pull-up voltage for the
optocoupler output, the maximum allowable Igee is design limited to 2 mA.

Vieer = Ves i _ 5v -1.5v

R = =1.75KQ 99
YREE I REF (MAX) 2m ( )
V... =V _
e gy = REF — VFB(MAX) _ 5V -3V _11mA (100
Rymer 1.75KQ

The SFH690BT has a Current Transfer Ratio (CTR) between 100 percent and 300 percent. If
the optocoupler is biased for the minimum CTR of 100 percent, then the current, lopto, should be
equal to the result of (101).
| _ IREF(MIN) ~LlmA
OPTO(MIN) — - -
CTR(M,N) 1

1.1mA (101)

Since the TLV431 can sink up to 25 mA of cathode current, there is plenty of headroom for
driving the optocoupler. In order to minimize the DC gain of the optocoupler, 20 percent of the
maximum TLV431 current is allowed. The optocoupler biasing resistor, Ropro, Can be
determined from (102). Vopro is selected based upon the minimum transformer secondary
voltage of 6 V minus 1.5 V of headroom for a simple series pass regulator design.
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Voro Ve ~Vee 4.5V —1.3V —1.24V
Rormo ==, B 5mA
TLV 431

= 3920 (102)

Based on the selected biasing resistors and the minimum CTR, the minimum gain of the
optocoupler is given by (103).

OPTO R min 3929
OPTO (103)

Once the circuit is built and tested the overall control loop needs to be optimized. Since the gain
of the optocoupler is part of the overall converter gain, the optocoupler biasing resistors may be
adjusted to optimize the PWM feed back voltage.

COMPENSATING THE FEEDBACK LOOP

The overall control loop is shown in Figure 19. The loop consists of five gain blocks denoted by
K, Gcl(s), Gf(s), Ge(s) and Gopto(s). K represents the primary side of the converter and consists
of the current sensing circuit, slope compensation and feedback voltage all used as controlling
inputs to the PWM comparator. The UCC2891 includes slope compensation circuitry that is
internal to the control IC but externally programmable by a single resistor from Rs ope to ground

reference.
Vl lp XNgg K - o Vo
Ni - N Nos=No oo/N
p(cs) s(cs) s P(Cs) ' S(CS) PWM Vref L xN Resrioun
. N=Np/Ns
Co R

I
|
|
|
. |
op [T
|
|
I
I
I

Figure 19. UCC2891 Control Schematic
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Gcl(s) is the second order resonance effect formed between the transformer primary
magnetizing inductance and clamp capacitor. Gf(s) is the secondary side of the power stage
shown with the output inductor removed. Because the output inductor current is one of the
control variables, the double pole effect normally seen in voltage mode controlled converters is
removed thus simplifying the compensation. Gc(s) is the secondary side compensator using a
TLV431 set up in a type 2 configuration. Because of its low cost, the TLV431 is a very popular
choice for use as the error amplifier. Gopto(s) is the optocoupler gain block as described in the
previous section. The varying TLV431 cathode voltage sets the diode current of the optocoupler.
The gain and CTR of the optocoupler determine the emitter current seen on the primary side.
The varying emitter current is then used to set the dc control voltage seen by the UCC2891.
Inside the UCC2891, the feedback voltage is buffered and divided down by 2/5 before appearing
at the inverting input of the PWM comparator.

From the control schematic of Figure 19, a simplified gain block diagram is shown in Figure 20.
With the exception of Gc(s), the components that make up each block are known and can now
be used to define the control to output transfer, Gco(s).

Gceo(s)

K Gel(s) Gf(s)

Gopto(s) = -Ge(s)

Figure 20. UCC2891 Simplified Control Block Diagram

The gain constant K is simplified and defined by (104). The additional voltage placed on the
current sense pin due to slope compensation also has a small negligible effect on K, but it is
omitted here for simplification.

AV, NxR_  NxNgxVg
AV, Res IO(MAX) X Res
Nes

K = (104)

Unique to the active clamp operating in peak CMC, is a double pole resonant effect occurring
between the transformer magnetizing inductance and the clamp capacitor. This can impact the
control loop design in some instances and is discussed in more detail in references [9] and [10].

1

C R
mac < el X +S( W ]+ 1
Lyac Lwac XCer

The transfer function, Gf(s), of the output filter is reduced to a first order system given by (106).

Gel(s) = (105)
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SxCyxR +1

Gf (s) = 0 ESR(OUT) (106)

Sx(R,+ RESR(OUT)) xCo +1

As shown in Figure 20, the control to output gain of the system is given by (108).

Gceo(s) = K x Gcl(s) x Gf (s) (107)

GCO(S):[NXNCS ><voj>< 1 1 )
o(MAX) % Res Lyac X CeL S24 5 x( R ]+ 1 (108)

MAG Luac X Cer

38

SxCq x RESR(OUT) +1
Sx (R, + RESR(OUT)) xCy+1

From (103), the dc gain of the optocoupler, Gopto, has already been calculated as 13 dB.
However the optocoupler also exhibits a single pole roll off occurring at roughly 1 kHz, and can
be combined with Gopto to give (109), which represents the uncompensated feedback. Since
the small signal response of an optocoupler is not specified within the manufacturer’s data sheet
and can vary for a given application, it should be measured in circuit to validate the assumptions
used in the control loop model.

Gopto

Gopto(s) = 1
1+Sx (j

For a forward converter operating in peak CMC, a type 2 compensation network is generally
used and is shown in the Gc(s) section of Figure 19. For the CMC active clamp forward
converter this compensation scheme can be used when the overall crossover frequency is
designed to be at least one decade before the Gcl(s) resonant frequency defined by (110).

1

1
Fo = = = 133kHz (110)
& 2xx Ly xCop  2x 7 x+654H x 22nF
F
Fo <% 111
T (111)

From (111) the crossover frequency, Fy, of the control loop is selected to be 7 kHz. For wider
bandwidth requirements, the single pole roll-off of the optocoupler limits the amount of phase
boost that a type 2 compensation network can provide. In these instances an additional zero
would have to be introduced into the loop, implying a type three compensation network. The
frequency response for each block of the control to output, Geco(s), gain and phase are shown
individually and added together in Figure 21 and Figure 22.
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Figure 21. Open Loop Control to Output Gain
0 . T TTF
L 1] -
20 T ) Tl W
0 \\ o L of(f) |
AT
-60 \“\ s o 'l.:.
: m
o -80 :
g
© -100
[}
ﬁ -120
: t
-140 .
-160 \ .
-180 =
8co(f) 1
-200 |
10 100 1k 10k 100 k 1M

f - Frequency - Hz

Figure 22. Open Loop Control to Output Phase
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By plotting (109) and adding the result to Gco(s), the total closed loop uncompensated gain and
phase are now known and the compensation network that makes up Gc(s) in Figure 19 can now
be designed as follows. From Figure 23, the uncompensated overall gain is about 7.6 dB at Fo=7
kHz. The compensator needs to be designed to have a -7.6 dB gain at the crossover frequency.
The required absolute gain at Fq is given by (112).

~1x[Geo(Fy )+Gopto(Fy)] ~1x(7.6dB)

gc(F,) =10 20 =10 » =0.417 (112)

60
R

48 Geo® + Gopro®

36
24 .\/

12 R

Gain - dB
o

0]

o)

vl

=

N
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Figure 23. Closed Loop Uncompensated Gain
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Figure 24. Closed Loop Uncompensated Phase

If Rx is arbitrarily chosen to be 17.4 KQ, then R, can be calculated from (113). Actual component
values used in the final design are shown to the right of each result.

Vo ~Veer 3.3V —1.25V

R, =Ry = 17.4KQXW = 28.54KQ — 28.7KQ (113)

REF
The feedback resistor, Reg, is chosen to provide the required negative gain at Fy and is
calculated from (114).
Res = 0c(F,) xR, =0.417x28.7KQ =11.96KQ — 10KQ (114)

The pole formed by Rrg and Cp is used to compensate for Resgrout) Of the output capacitor. It is
placed at the highest anticipated Resr(our) Of the output capacitance, which is 6mQ. Cp is then
calculated according to (115).

Co X Resrioumy _ 660uF x6mQ
P Res 10KQ

=396 pF — 330pF
(115)
The zero formed by Regg and Cz is used to provide additional phase boost at Fo, and compensate

for the low frequency pole seen by the output capacitor and load resistance. Cz is determined
from (116).

VoxCo 3.3V x660uF
Res X logumy  L0KQx30A

C, = = 7.2nF —> 82nF (116)

The final component values tested in the actual design were only slightly changed from
calculated values and are shown for completeness in Figure 25.
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Figure 25. Type 2 Compensator (Final Component Design Values Shown)

The calculated gain and phase responses of the compensated TLV431 are shown in Figure 26.
At Fo=7 kHz, the compensator has a gain of -7.6 dB. Also shown in Figure 26, is a dotted line
indicating the maximum gain bandwidth product (GBW) of the open loop TLV431. For this
design, the compensated network is well below the GBW limit, but it should be noted
nonetheless. Figure 26 shows the phase compensator boost of nearly 90 degrees at the

crossover frequency.
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Figure 26. Type 2 Compensator Gain and Phase
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With the circuit of Figure 25 introduced into the design, the calculated total closed loop gain and
phase responses are shown in Figure 27. From the loop gain response of Figure 27, the
crossover frequency of 7 kHz is achieved with about 50 dB of low frequency gain. The double
pole response of the active clamp circuit can also be seen around 133 kHz. The effective phase
boost of the compensator can be seen starting at around 100 Hz. However, due to the effect of
the optocoupler phase shift, the compensator it is unable to fully contribute the amount of phase
shown in Figure 26. The result is a drastic reduction in phase margin and is modeled here to be
about 30 degrees. Normally, the compensation would be revisited in an effort to achieve greater
than 40 degrees of phase margin. In this case the actual phase margin measured in the final
circuit proved to be greater than 45 degrees over the full range of V\y and Ioyt. This indicates
that the optocoupler phase shift was not as close to the crossover frequency as originally

assumed.
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Figure 27. Calculated Total Overall Loop Gain and Phase
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7 PROGRAMMING THE UCC2891 PWM CONTROL IC

Using design information from the power stage, the PWM controller can now be set up. This is
generally the final step in completing the power converter design. The following design
equations are intended to complement the step by step, set up procedure shown in the
application section of references [1] and [2]. Actual component values used in the design are
shown to the right of each result.

RINZ I:zIN1
NV O +Vyy

UCC2891
. RDEL VIN| 16

b
POWERSTAGE

*—

NN OPTOFEEDBACK

(2K)
eS|

Figure 28. UCC2891 Set Up Diagram

7.1 Step 1. Oscillator

The oscillator frequency and maximum duty cycle clamp are set by Ron and Rogr according to
(117) and (118).

CIN - D ____ 005 _sgko »576KQ  (117)
37.33x10  F,, x37.33x10™  300kHzx37.33x10
tor _ 1-Dy _ 1-065

= 72.9KQ — 76.8KQ) (118)

Roge = -
OF T 16x10™  Fy, x16x10™?  300kHz x16x107*2
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7.2

7.3

7.4

Step 2. Soft Start

The soft start capacitor is set according to a desired soft start time applied to (119) below. For
this example a soft start time of 40 ms is arbitrarily chosen.

Cp = 2N X043ty 25V x043x40MS __oyqc o0k (119)

Roy x(4.5V —1.25V)  57.6KQx(4.5V —1.25V)

Step 3. VDD Bypass Requirements

First the high frequency filter capacitor is calculated based on gate charge parameters of Quan
and Qaux. Assuming that the switching frequency ripple should be kept below 100 mV across
Chir, its value can be approximated by (120). From (61), Qgaman) is 35 nC, and from the
IRF6216 AUX MOSFET data sheet, Qgaux) is also 35 nC.

C. - QG(QMAIN) + QG(QAUX) _ 35nC +35nC
" 0.1V 0.1V

= 700nF — 14F (120)

Ceias is determined based upon the amount of energy storage defined by tss and the turn-on
(13.5V) and turn-off (8V) thresholds of the PWM controllers UVLO circuit monitoring the voltage
at pin 14. In addition, the bias current of the PWM controller and RMS gate drive current of Quan
and Qaux must also be known. From the UCC2891 data sheet, the peak driver currents are
given as lgamainy = le@aux) = 2 A and Ippax) = 3 mA. Therefore, the power consumption during
start up can be estimated by (122).

P _ ( I op(max) T Fow X ((IG(QMAIN) X tR(QMAlN))+ (IG(QAUX) XtR(QAUX)))J <\ (121)
R ((QG(QMAIN) + Qg qaux) )X Fsw ) o
3mA + 300kHz x ((2A x 20ns) + (2A x 20ns)) +
BiAS = (((35nc +35nC ) 300kH2) ] x12V =144mW (122)

For the desired soft start time of 40 ms, the minimum value of Cgjas can now be calculated by
(123).

Cops > : 2xPops xtss _ 2>144mW < 40MS _ o o 0147 (123)

135v7-85v2) (1352 -85V ?)

Using 2 parallel 47uF capacitors for Cgias should be close enough weighing a trade off between
soft start time and total required capacitance.

Step 4. Delay Programming

The resistor, RpgL, sets the turn-on delay between both gate drive signals. The delay time is

identical for each switching transition, between OUT (pin13) turning off and AUX (pin14) turning

on as well as between AUX turning off and OUT turning on. Using the tpg ay result from (78), the

value of Rpg_ is given by (124).

Rog, = (togiay —50NS)x 0.87 x10™Q-s™ = (100ns —50ns)x 0.87 x 10" Q- s = 3.33KQ — 8.45KQ
(124)

Designing for High Efficiency with the Active Clamp UCC2891 PWM Controller 45



{? TEXAS

SLUA303 INSTRUMENTS

7.5

7.6

46

Once the design is optimized it is important to remember that increasing tpe ay beyond 100 ns
allows more time to achieve ZVS but results in less available duty cycle, which can effect low
line regulation.

Step 5. Input Voltage Monitoring

The amount of hysteresis current fed back to the LINEUV comparator is first calculated by (125).

e =2 0,05 =2
Roe, 3.33KQ

x 0.05 = 37.5,4A (125)

The amount of hysteresis voltage is specified by the difference between Von and Voerin Table 1,
and is used to calculate Riy¢ from (126).

Vy Vo 35V —34V

Rt = = =26.6KQ — 26.7KQ (126)
Fivst 37.54A
The low-side resistor of the LINEUV divider is now easily calculated from (127).
Ry, = Ry x—2N o5 7kax—2V__ _11KkQ - 1KO (127)
Voee —1.27V 3V -1.27V

Step 6. Current Sense Filtering and Slope Compensation

The UCC2891 PWM controller uses an internal slope compensation scheme that is externally
programmable by appropriately selecting two resistors, Re and Rs ope. The current sense filter
resistor, R, is selected based upon the chosen corner frequency of the low pass filter formed by
Rr and Ce. As a starting point, a general rule of thumb is to select the corner frequency to be 10
times the switching frequency. Also, Cr should be chosen between the recommended limits of
47 pF<Cg=<270 pF. Arbitrarily picking Cr equal to 100 pF, Rr can be determined from (128).

1 1
R = =
© o 2xax(@0xFy,)xCp  2xx(10x300kHz) x 100 pF

= 530Q ~ 5360 — 1.82KQ (128)

A closest standard resistor value of 536 Q is chosen for Rr. The output inductor current slope
must now be defined as it is reflected from the secondary, back to the primary and then
translated to a voltage slope seen across the current sense resistor, Rcs. When a current sense
transformer is used, the voltage equivalent compensation ramp can be determined from (130).

dv, (VIN(MIN) x Ng —Vg x NP)X Ng x Reg

_ (129)
dt Np? x Lx Ngg

v, _ (3ev ><1—23.3\/><6)><l><12.7§2 0027V (130)
dt 6° x2uH x100 US

For applications that do not use a current sense transformer, (129) can still be applied by
making the N¢s term equal to one. Using the calculated values of Rg and dV /dt, Rs ope Can now
be determined from (132).
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R 3 5x 2V xR;
SLOPE —
DMAX X M X dVL
Fsw dt
From (131), all of the variables are now known except for m which is a dimensionless number
indicating the amount of desired slope compensation. Typical values of m are between 0.5=m=<1,
where 0.5 is the minimum amount of slope compensation necessary to assure stability for peak

CMC. As mis increased beyond 1, peak CMC behaves more towards voltage mode control
(VMC). A good starting point is to design for m=0.75.

5x 2V x536Q

RSLOPE =
( 0.65 jx0.75>< 0.027
300kHz IS

(131)

= 122K —> 158KQ) (132)

8 SCHEMATIC and BILL of MATERIAL (BOM)

The schematic diagram for the design example is shown in Figure 29. Component values shown
may differ slightly from calculated values. Also shown in Table 3 is the BOM listing each
manufacturer and component part number corresponding to the schematic shown in Figure 29.
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Figure 29. UCC2891 Design Example Schematic
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Table 3. UCC2891 Design Example List of Materials

RefDes QTY Description SIZE MFR PART NUMBER
81 2, 3 Capacitor, ceramic, 2.2 pF, 100-V, X7R, 20% 1812 TDK C4532X7R2A225M
53’7014’ 3 Capacitor, ceramic, 0.1-uF, 50-V, X7R, 20% 805 Vishay VJ0805Y104MXAA
C5 1 Capacitor, ceramic, 100-pF, 50-V, NPO, 10% 805 Vishay VJO805A101KXAA
Ce, C7 2 Capacitor, ceramic, 0.22-uF, 50-V, X7R, 20% 805 TDK C2012X7R1H224M
Cc8 1 Capacitor, ceramic, 10-nF, 50-V, X7R, 20% 805 Vishay VJ0805Y103MXAA
C9 1 Capacitor, ceramic, 33-nF, 100-V, X7R, 20% 805 Vishay VJ0805Y333MXBA
Cc10, C11 2 Capacitor, tantalum chip, 47-uF, 16V C Vishay 595D476X9016C2T
C12,C18 2 Capacitor, ceramic, 10-uF, 16-V, X5R, 20% 1206 TDK C3216X5R1C106M
C13 1 Capacitor, ceramic, 1.5-pF, 10-V, X5R, 20% 805 TDK C2012X5R1A155M
C15 1 Capacitor, ceramic, 82-nF, 50-V, X7R, 10% 805 Vishay VJO805Y823KXAA
Cc16 1 Capacitor, ceramic, 220-pF, 50-V, NPO, 10% 805 Vishay VJO0805A221KXAA
C19, C20 2 Capacitor, POSCAP, 330-pF, 6.3-V, 20% 7343 (D) Sanyo 6TPD330M
D1, D2,

D3, D4, 6 Diode, schottky, 200-mA, 30-V SOT23 Vishay BAT54

D5, D8

D6 1 Diode, zener, 5.1-V, 350-mW SOT23 Vishay BZX84C5V1

D7 1 Adjustable precision shunt regulator, 0.5% SOT23 ON Semi | TLV431BSN1T1

J1 1 Terminal block, 2-pin, 15-A, 5.1 mm 0.40x0.35 OST ED500/2DS

j?b‘n’ 49, 4 Printed circuit pin, 0.043 Hole, 0.3 Length 0.043 Mill-Max 8(1)%3)2600'15'00_
J8 1 Terminal block, 4-pin, 15-A, 5.1mm 0.80 x 0.35 OST ED500/4DS

L1 1 Inductor, 2 yH, 1 primary, 1 secondary Planar Pulse PA0373

Q1 1 MOSFET, P-channel, 150-V, 2.2-A, 240-mQ SO8 IR IRF6216

Q2 1 | MOSFET, N-channel, 150-V, 6.7-A, 50- mQ chévéec;s Vishay Si7846DP

Q3, Q4,

82 Q7, 5 MOSFET, N-channel, 30-V, 55-A, 2.5- mQ LFPAK Renesas | HAT2165H

Q6 1 Bipolar, NPN, 40-V, 600-mA, 225-mW SOT23 Vishay MMBT2222A

R1 1 Resistor, chip, 8.45K-Q, 1/10W, 1% 805 Vishay CRCW0805-8451-F
R2 1 Resistor, chip, 57.6K-Q, 1/10W, 1% 805 Vishay CRCWO0805-5762-F
R3 1 Resistor, chip, 76.8K-Q, 1/10W, 1% 805 Vishay CRCW0805-7682-F
R4, R10,

R15, R16, . . )

R20 R23. 7 Resistor, chip, 2.21-Q, 1/10W, 1% 805 Vishay CRCWO0805-2R21-F
R24

R5 1 Resistor, chip, 158K-Q, 1/10W, 1% 805 Vishay CRCW0805-1583-F
R6 1 Resistor, chip, 1.82K-Q, 1/10W, 1% 805 Vishay CRCW0805-1821-F
SZ’zRS’ 3 Resistor, chip, 1K-Q, 1/10W, 1% 805 Vishay CRCW0805-1001-F
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RefDes QTY Description SIZE MFR PART NUMBER
R9 1 Resistor, chip, 11.8 Q, 1/10W, 1% 805 Vishay CRCWO0805-11R8-F
R11 1 Resistor, chip, 26.7 kQ, 1/10W, 1% 805 Vishay CRCWO0805-2672-F
R13 1 Resistor, chip, 2 kQ, 1/10W, 1% 805 Vishay CRCWO0805-2001-F
R14 1 Resistor, chip, 10 Q, 1/10W, 1% 805 Vishay CRCWO0805-10R0-F
R17, R18 2 Resistor, chip, 499 Q, 1/10W, 1% 805 Vishay CRCWO0805-4990-F
R19 1 Resistor, chip, 665 Q, 1/10W, 1% 805 Vishay CRCWO0805-6650-F
R21, R22 2 Resistor, chip, 10 kQ, 1/10W, 1% 805 Vishay CRCW0805-1002-F
R25 1 Resistor, chip, 51.1 Q, 1/10W, 1% 805 Vishay CRCWO0805-51R1-F
R26 1 Resistor, chip, 28.7 kQ, 1/10W, 1% 805 Vishay CRCW0805-2872-F
R27 1 Resistor, chip, 12.1 kQ, 1/10W, 1% 805 Vishay CRCWO0805-1212-F
R28 1 Resistor, chip, 4.99 kQ, 1/10W, 1% 805 Vishay CRCWO0805-4991-F

T 1 Transformer, current sense, 10-A, 1:100 SMD Pulse P8208

T2 1 Transformer, high frequency planar Planar Pulse PA0810

U1 1 IC, current mode active clamp PWM controller SO16 Tl UCC2891D
u2 1 IC, phototransistor, CTR 100%-300% SOP4 Vishay SFH690BT
9  UCC2891 DESIGN EXAMPLE PERFORMANCE DATA
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SUGGESTED DESIGN IMPROVEMENTS

Once the design was built and tested, several areas of improvement were noticed and have
been noted below. Component reference designations in the following notes refer to the
schematic of Figure 29.

Main MOSFET ZVS

From Figure 40, the main MOSFET, Q, was shown not to switch at zero voltage as indicated by
the 11ns overlap between Vgs and Vps. Increasing the delay time, adding an external inductor in
series with the transformer primary and adding a saturable reactor in series with the transformer
secondary each had no effect on moving the turn-on voltage closer to ZVS. It is believed that the
forward synchronous MOSFET (Qs, Qq4) is conducting for a portion of the dead-time period when
ZVS should be occurring. During the set delay period, the resonant energy is circulating through
the transformer primary. If the secondary is energized for even a brief portion of the ZVS period,
then the stored resonant inductive energy necessary for discharging the resonant capacitance is
lost as it is inadvertently coupled to the secondary. This seems to be a natural consequence of
using self driven SR in the active clamp forward converter. A possible design improvement might
be to drive both synchronous rectifiers with a control driven solution instead of a transformer
driven approach.
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10.2

10.3

Efficiency - %

Soft Start of Vourt

The output voltage was found to overshoot during initial turn-on only. When power is initially
transferred from the primary to the secondary, there is a brief period of time required for the
converter secondary side to charge the optocoupler biasing circuitry and TLV431 feedback
circuitry. During this time the converter output starts to rise, but since the TLV431 can only sink
current, the PWM is not yet receiving any feedback voltage from the secondary. For low output
voltage designs this is a problem since the converter output rises quickly to the regulation point
(and beyond) before the feedback circuitry is fully operational. To prevent this overshoot it is
necessary to control the rate of rise of the output from the secondary side as well as through the
primary side soft start. Start up performance is improved when the feedback circuitry is pre-
biased but this requires a dedicated secondary side voltage that must be regulating prior to the
UCC2891 converter. The TLV431 is a popular choice for feedback compensation, but it may not
be the best choice for low voltage converters. A better approach may be to use an operational
amplifier with a precision voltage reference. This solution would outperform the TLV431 because
the error amplifier can now source current necessary to drive the optocoupler. Improved
secondary side control during start-up is another advantage since the rise rate of the reference
voltage could also be independently controlled.

Power Stage Efficiency Improvement

Using OTS components has the advantage of simplifying the design procedure. However, when
choices are limited to OTS components only, the design of the power stage may sometimes not
be optimal, particularly in the area of magnetic components. For this example, the transformer
was found to have enough headroom to lower the switching frequency down to about 250kHz
without approaching saturation. The efficiency for this design example operating at 250 kHz is
shown in Figure 45, and compared to 300 kHz operation in Figure 46.
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CONCLUSION

A step by step design procedure of a 3.3 V, 100 W active clamp forward converter operating in
peak CMC has been show. The design example is based upon using the UCC2891 Active
Clamp PWM Current Mode controller, however the power stage design procedure is applicable
to any low-side active clamp forward converter. The concept of ZVS has been explained as it
applies to the active clamp forward topology. The details of the major component losses within
the power stage have also been examined. Although the final design was unable to fully ZVS the
main MOSFET, efficiencies greater than 90 percent over a wide range of V|y and loyr have been
claimed. ZVS design solutions and converter performance improvements have also been
presented.
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