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Design of 30 A Load Current and 93% Peak
Efficiency for Active Clamping Forward
Converter With Complete Protection

Tianyuan Tang ', Ping Luo

and Bo Zhang

Abstract—A chip-level design of 30 A load current and 93 % peak
efficiency for active clamping forward (ACF) converter is presented
in this paper to improve the system performance and compactness
for all load range and different input voltages. The topology of the
low side ACF and self-driven synchronous rectification is adapted to
low output voltage and large load current applications. A homolo-
gous IC controller with proposed technique of adaptive maximum
duty cycle, slope compensation, and optional driver logic is de-
signed. The IC controller is turned into different working states to
cooperate different states of the system and functions for complete
protection of overcurrent protection, over temperature protection,
under voltage lockout, and soft shutdown. The controller chip is
fabricated in 0.18 pm BCD process. The experiment results show
that 30 A full load current with a compact volume of 39 cm?®
and complete protection has been realized. The overshoot and
undershoot of transient response are less than 200 mV at 5 A-25 A
within 120 us and the peak efficiency of 93.0% is achieved.

Index Terms—Active clamp forward (ACF) converter, adaptive
maximum duty cycle, chip-level design, complete protection, self-
driven synchronous rectification.

1. INTRODUCTION

OWADAYS the forward converter has been widely used
N in medium power supply applications, such as server
power, photovoltaic, communication base station because of its
simplicity, and natural galvanic isolation [1], [2], [3], [4], [5].
Especially when the technologies and concept of GPT, 6G, big
data come along, power supply is moving towards miniaturiza-
tion, and high-power density [6], [7], [8]. Traditional topology
of the forward converter is the derivation of buck system, which
includes the transformer, the power switch of primary side, and
buck in the secondary side. Since the transformer needs to be
reset, some demagnetizing techniques has been put forward
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Fig. 1. (a) Block diagram of adopted ACF converter. (b) Key waveforms of
ACF converter during the whole period in CCM.

in [9], [10], [11], and [12]. Conventional methods including
RCD clamping and LC resonant need to be traded OFF among
efficiency, volume, and voltage spikes. The technique of active
clamp has been universally used in isolated power supply such
as flyback and forward converter due to its high performance
[13]. A typical application topology of active clamp forward
converter is shown in Fig. 1. The active clamp technique makes
the main power switch M 4 and active clamping forward (ACF)
switch M p operate in zero voltage switch (ZVS) to reduce the
switching loss and voltage spike [14]. The ACF switch in the
low side of Fig. 1 can also be substituted by ACF switch in the
high side, but an additional bootstrap circuit is required [15].
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Meanwhile, the rectifier circuit of the secondary side is similar
to a buck converter. Considering the reverse recovery current and
voltage drop of free-wheeling diode, great power loss cannot be
ignored.

In previous work, some topologies have been put forward to
solve the problems mentioned previously. The topology of three
port forward converter has been proposed in [1], which has good
bidirectional power flow characteristics. But extra diode and
switch is needed, which means large volume and power loss. In
[2], a self-driven of two-switch forward has been put forward to
reset the transformer. However, a bootstrap driver is needed for
the switch in the high side. Other improved techniques of active
clamp are proposed in [16], [17], [18], and [19] and good perfor-
mance for efficiency has been realized at the expense of volume
or voltage spike. For the secondary side, the lossless-snubber
has been proposed in [20] instead of free-wheeling diode. But
the voltage drop and heat generation of diode cannot be avoided
in large current applications. In [21], a novel resonant forward
converter has been proposed and the number of secondary diodes
has been reduced by one. However, the output inductor has been
transferred to the primary side, which increases the complexity
of the design. To sum up, the previous works focus on the
topology of system and the efficiency has been well optimized.
But some issues have not been mentioned or solved in those
work.

1) The firstissue is the generation of the driver circuits for all
switches. Although the digital PWM controller has been
realized in [22], additional circuits with huge volumes
such as microcontrollers and PFGAs are needed, which
is unrealistic in real application.

2) The second issue is the startup for high input voltage. The
range of the input voltage for forward converter can vary
from tens to hundreds of volts [23]. However, the driving
level of the power transistor is generally within the range
of 5-30 V. Meanwhile, the voltage spikes and switching
stress of power transistor during the high voltage startup is
of great significance in forward converter because break-
down often occurs during the startup period.

3) The third issue is the transient response of the forward
converter. There will be large delay in closed-loop and
bad transient response if the part of control circuits and
part of the system circuits are separated.

4) The fourthissue is the protection in forward converter such
as undervoltage lockout (UVLO), over temperature pro-
tection (OTP), and over current protection (OCP). These
protections have not been introduced in previous work. All
the issues mentioned previously can be solved in chip-level
design proposed in this article.

The rest of this article is organized as follows. The oper-
ation principle of the proposed ACF converter is analyzed in
Section II. The design and implementation of the proposed ACF
converter are introduced and analyzed in detail in Section III.
The analytical modeling and parameter design are built in
Section IV. Verification and experimental results are presented
in Section V to show the great feasibility and performance of the
proposed forward converter. Finally, Section VI concludes this
article.
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II. OPERATION PRINCIPLE OF THE PROPOSED ACTIVE CLAMP
FORWARD CONVERTER

A. Architecture of Proposed Converter

The adopted ACF converter and the homologous key wave-
forms are shown in Fig. 1 Considering the specification and
simplicity of the system, a low side active clamp with p-type
MOSFET is adopted. Besides, the topology of secondary side is
selected as the self-driven synchronous rectification because of
the application of low output voltage and large load current [24].
Furthermore, an essential high voltage startup circuit is designed
to provide a rough level of V¢ when the whole system and
its controller IC are in the startup period. In order to improve
the efficiency of the converter, the high voltage startup circuit
is substituted by auxiliary winding when the output voltage
is set up. An op-coupler and voltage regulator of 71y 431 are
used in the feedback loop to regulate the output voltage. The
type-II compensator is adapted to the closed-loop and peripheral
components of the IC controller are shown in Fig. 1.

B. Operational Principle for ACF Converter

According to the topology of the adopted ACF converter, the
whole process can be divided into four periods. The waveforms
and operation states are shown in Figs. 1 and 2, respectively.

Period 1(Ty <t < Ti):InFig.2(a), M 4 is turned ON and M 5 is
turned OFF. During this interval, the current of primary winding
is increasing linearly. Ignoring the conduction resistance of
M 4, the voltage of Vpg is nearly zero. Simultaneously, the
voltage of Vg3 is increasing through the transformer and can be
derived as

Vass = VinNsp (1)
where Ngp is the turn ratio of the transformer. And M3 is turned
ON and the current transferred from primary winding to second
winding flows into the output terminal. Ignoring the conduction
resistance of M3, the voltage of V4 is nearly zero. In the first
beginning of this period, a large current spike will occur because
of the coupling of the parasitic capacitors [25]. Therefore, a
homologous leading-edge blanking (LEB) circuit is needed to
avoid false trigger under peak current mode control.

Period 2(T, < t < Ts): In Fig. 2(b), M4 and Mg are both
turned OFF. Considering the continuity of the inductive current,
the magnetizing inductance of primary winding Lp and leakage
conductance resonate continuingly with clamp capacitor Cp.
According to the volt second equilibrium theorem, it can be
obtained in CCM

Vin X Toxn = (Vps — Vin) x Torr (2)
where T (y is the turn-ON time and 7 oy is the turn-OFF time. In
order to obtain a more intuitive expression, another expression
can be obtained through the volt second equilibrium theorem of
output inductor

(VinNsp — Vo) Ton = VoTorr. (3)

By simplifying the abovementioned two expressions, it can
be obtained as

4
Vbs = 155 “

{VO = VinNspD
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Fig.2. Operating circuits of the adopted converter for each operational mode.
(a) Mode 1(Tp-T17). (b) Mode 2(T'1-T2). (c) Mode 3(T'2-T3). (d) Mode 4(T'3-Tp).

where D is the duty cycle. Meanwhile, with the voltage of Vpg
increasing to Vi /(1-D), the voltage of V4 is increasing as well
and it can be derived as [26]

DVinyNsp

Vea=—7F"5— ®)
M, is turned ON and M3 is turned OFF. The current of output

inductance L begins to continue flowing through M.

Period 3(Ty < t < T3): In Fig. 2(c), M 4 is turned OFF and
M g is turned ON. Due to the continuity of the capacitive voltage,
the lower plate of Cp capacitor is pulled down to 0 V to avoid
high voltage spikes. Therefore, the peak voltage of Vpg is no
longer increasing and M 4 will not be breakdown. Considering
the driving method of p-type MOSFET, the voltage of the gate
must be negative [27] when Mg is turned ON and the capacitive
driving method is adopted.
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Fig. 3. Block diagram of IC controller for the proposed ACF converter.

Period 4(Ts < t < Ty): In Fig. 2(d), M4 and M p are both
turned OFF. As for the transformer has been reset, the voltage of
Vps starts to decrease. Due to the continuity of the capacitive
voltage, the lower plate of Cp also decreases into negative level.

When Period 4 ends, the adopted converter operation returns
to Period 1 to begin the next switching cycle. In order to prevent
two power transistors M 4 and M g from being directly connected
when they are alternately turned ON, Period 2 and Period 4 cannot
be removed. When voltage of V3 and V¢4 flip from low to high
or flop from high to low, there is a significant power loss during
the overlap time because the conduction resistance is quite large
comparing with complete conduction. An adaptive overlap time
will be introduced in Section III to overcome this problem.

To realize the operations mentioned previously, a dedicated
IC controller is needed for all the periods. The block diagram of
IC controller for the adopted ACF converter is shown in Fig. 3.
The block of OSC and slope compensation provides accurate
frequency of clock signal and the slope compensation when
the duty cycle is larger than 50% in CCM mode. The block of
UVLO and OTP provides the function of under voltage lockout
and overtemperature protection. The block of LDO provides
the stable internal power rails. The block of overlap/dead time
and driver provides the function of adaptive time and phase
mismatch of driving signal. The block of startup, restart and
OCP provides the function of soft startup and restart when the
system is overcurrent. Other detail blocks and circuits will be
illustrated in Section III.

III. DESIGN AND IMPLEMENTATION OF THE PROPOSED ACF
CONVERTER

A. Working State of Proposed ACF Converter

In order to cooperate with the operation of ACF converter
system, there are five working states of the IC controller, which
are respectively shown in Table I. And these working states are
controlled by the signals of V1—V 3 and Vi,1—V 3. When the
ACF converter turns into any abnormal states, it can be detected
through the branch current or node voltage by the IC controller.
Then, a series of actions will be done to avoid any damage or
make the system go back into normal state. In the process of
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TABLE I
STATE AND LOGIC OF CONTROL SIGNAL
Signal State-1 | State-2 | State-3 | State-4 | State-5
Vi 1 1 0/1 0—1 1
Vi 1 1 0/1 0—1 1
Vi 0 1 0 0—1 1
Via 0 0 0 0 1
Vi 1 0 1 1—0 1
Vis 0 0 0 0—1 0
Working | Normal Slow Fast Over UVLO/
State Operation | Startup | Startup | current OTP
I:I M, MZE‘ 1=50) Al:! I1=50pA |t I=1pA
I——I—l l—’| 1—| M, |—| M;
VHl—II:J Vi Vs tl
RES Ms' |y ”77' E‘ ”78' Ss
V11
o Lk
-|- Cres
Fig. 4. Proposed circuits of startup and restart controller.
TABLE IT
CLARIFICATION FOR ENABLE SIGNAL
Signal Function
v The enable signal of maximum duty and low
N level represents MOSFET turns OFF
v The enable signal of counter for overcurrent
N2 state and high level represents adding one
The enable signal of under voltage or over
Vens temperature and low level represents MOSFET
turns OFF

|_ D Q _-D__Dﬁw‘w
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Set Q N
Vene
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(e} Ry
I~ Source Res
Follower

Proposed circuits of PWM Block.

Fig. 5.

adjustment, the system will turn into the period of startup or
restart. And the proposed circuits of startup and restart controller
are shown in Fig. 4. The sink or source current is controlled by
the six control signals and the magnitude of the current will
be determined under different states. Meanwhile, the capacitors
of Crps and Cgg are OFF-chip, which can be changed easily.
And the time of startup and restart are programmable to meet
different practical applications. Besides these six control signals,
there are three enable signals to assist the operation of the all the
states. In Table II, three enable signals and their functions are
demonstrated in detail. In Fig. 5, the proposed circuits of PWM
block are shown in detail. The feedback current containing the
information of output voltage is copied by the current mirror
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first. Then, it is transformed into voltage and divided into low
voltage level to satisfy the common mode input voltage of the
comparator. On the other side, the current of the primary winding
is sensed by the current sensor and it is also transformed into
voltage. Meanwhile, an extra current of slope compensation is
added in the node of CS. Among these, it is of great significance
that the source follower must be designed to be completely
consistent. Finally, the signal of PWM is determined by several
logic gates and three enable signals. Under the peak current
mode control, it is crucial to sample the peak current in every
cycle, but some current spike interference shown in Fig. 1 cannot
be eliminated. The dedicated circuits of LEB and counter for
overcurrent are designed in Fig. 6. M3 is turned ON by the
opposite phase signal of Vpywy. When the main power switch
M 4 is turned ON, the Crgp is charged to high slowly. The time
delay is generated by the voltage of Cr gg. M7 and M5 will not be
turned OFF until the voltage of Cr gp flip to high level. To avoid
the subharmonic oscillations when the duty cycle is greater than
50% in peak current mode, the reasonable slope compensation
is need to add into the voltage of Vg. Then, the signal Vg is
compared with a designed voltage reference Vrgri. When the
voltage of Vg is larger than the voltage of Vrgr1, the control
signal V1 and V1 start to flip and flop to make the capacitor
Cris charged. Besides, the slope of slope compensation can be
changed by adjusting the resistance of R4 (see Fig. 6) and Ro
(see Fig. 6) provides an offset voltage for the comparator shown
in Fig. 5 when both Vcomp and Vg are zero. When the system
is under voltage or over temperature, the enable signal Vg3 is
turned to high level and pull the voltage of Vg to zero to avoid
mis-operation.

B. Complete Protection and Soft Shut Down Circuit

When the system is abnormal and out of work, it is very
crucial that the controller takes the corresponding measures. The
detail working waveforms of the controller is shown in Fig. 7.
When the system is powered on, the capacitor Cgg is charged
by 50 pA current and the voltage level of Vg is sampled every
cycle. Vcowmp is clamped by Vgg, which is shown in Fig. 3 at
the first beginning to generate a series of narrow pulse. When
Vs achieves to a certain voltage, Vcomp is pulled down by
the feedback voltage and the loop control starts to work. When
the load current is larger than the preset, the current of the
primary winding will be increased as well, which is sampled
by the current sensor. And the peak voltage of Vg is larger
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than Vrgri, which makes Mg (see Fig. 4) turned ON and My
(see Fig. 4) turned OFF. The OFF-chip capacitor Crgg starts to
be charged in 50 p1A current and Virgg keeps increasing. When
VrEs is larger than 2.5 V, Vgg is discharged fast to zero, and
Vcowmp is clamped again. Meanwhile, Vi gg is reset to zero and
Cggis charged in 1 pA current very slowly. The controller starts
to work in the slow startup state and both drivers are turned off
during this period. When Vggislarger than 2.5V, Cggis turned to
be charged in 50 ;A current and all the signals restore to normal
level. But if the system is over current and the peak voltage of
Vg is still larger than Vrgri, the Crps is charged and keeps
increasing. The working state returns into overcurrent state. It
should be noted that the fast startup state may be in normal
operation state or in an overcurrent state because the state of
overcurrent must hold on for some time to avoid false trigger.
Besides, it should be also noted that when the system is first
powered ON, the charging current is 50 pA instead of 1 pA.
Hence, the slow startup state after overcurrent is quite different
from the normal startup. To sum up, the action of overcurrent
is detected for duration. But the abnormal state of UVLO and
OTP occur in an instant. There will be unpredictable large EMI
when reducing the 30 A current to O suddenly. Besides, if M 4
and Mp are turned OFF suddenly in the working process, the
high power of output terminal may cause significant resonate
between output inductor and output capacitor, which will make
the IC controller breakdown through the auxiliary winding. A
soft shut down technique is proposed to solve this problem. As
shown in Fig. 4, the control signal V1,5 makes the voltage of Vgg
discharged in 50 pA. Besides, Voomp is clamped by Vgg when
Vsg decrease to make the conduction time shorter and shorter
until the system is completely shut down. The flow chart for
judging the working state of ACF converter is shown in Fig. 8.
To realize the difference between restart after overcurrent and
normal startup, the register is needed in the framework. Besides,
the specific values of the time for slow and fast startup can be
programmable by changing the capacitance of Cg and Crgs.

C. High/Low Side Optional Design of Driver Logic Circuit

In order to adapt to more application scenarios and needs, a
high or low side optional design of driver is proposed in this
section. The proposed circuits of driver current bias and logic is
shown in Fig. 9. The optional resistor R; can be connected to the
power or the ground for high side or low side ACF, respectively.
The current is sampled by the operational amplifier and source
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follower. Taking the low side control for example and R; is
connected to the ground. The negative input of the amplifier is
clamped in 2.5 V so that M3 is turned ON and M is turned OFF.
The lower current mirror is out of work, thus making the inputs
of NOR gate turned to be one high level and one low level. Then,
VriME is turned to be low level. On the contrary, M3 is turned
OFF and M is turned ON when R; is connected to the power. And
the upper current mirror is out of work, thus making the inputs
of NOR gate turned to be both low level. Then, Vg is turned
to be high level. Meanwhile the current bias can be determined
by the resistance of R; which is OFF-chip and it can be easily
trimmed. The proposed circuits of driver logic and its working
waveforms are shown in Fig. 10, respectively. According to
the voltage level of Vg, different charging and discharging
schemes and signal paths are chosen. And different waveforms
of V41 and Vp; are generated by the charging or discharging
current. Comparing with 2.5V, there are four different outputs of
Vp1—Vp4. Finally, the correct driving waveforms for output are
selected by the multiplexer. The proposed driver logic circuits
have offered an alternative and the overlap/dead time can be
changed by the resistor Rty to realize ZVS control.

D. Maximum Duty and Slope Compensation Circuit

According to the expression (4), the voltage between source
and drain of the power transistor is related to the duty cycle and
input voltage. When Vpg is larger than the preset, the power
transistor will be breakdown and it can be even worse because
the ON-resistance is nearly zero when transistor is breakdown.
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TABLE III
DESIGN SPECIFICATIONS
Vee
g . Parameter Symbol Value
= Input voltage Viv 36-78 V
Vo Output voltage Vo 33V
¢ Load current lo 30A
it Ve Primary winding Lp 230 uH
= Secondary winding Ls 6.4 uH
Output inductor Lp 22uH
Output capacitor Co 1000 uF
Clamping capacitor Cp 100 nF
Preset overlap time TR 100 ns
NCEP1520 K
1 — Main MOSFET My (Vps=150 V, Rps=65 mQ,
Vewm l-l ; §VPW;‘|I I.-I .t Coss=T75 pF)
Ve eterminell Vup Ve etermine ll)}‘ N BSP225
#— —p g A i — ACE mosFET Ms | (1ps=250 V, Rps=10 Q)
Vo |14 ¢ Ve ia Synch AGM403
yAL: _ ynchronous
- 57 L — rectifiers MM (Vps=40 V, Rps=3.2 mQ)
41 Ry §§ Al At - At Working frequency fok 230 kHz
VBI | - _ 5; ¥ Bl =!
Vi1 >V 5 ¢Vor >4 . IV. ANALYTICAL MODELING AND PARAMETER DESIGN
7 — =
Vi 44 Vi ot The design specifications of the proposed ACF converter are
‘ 4 - - [ ] shown in Table III. Considering the design parameters, some
Vs >4 5 Z Vs - T . .
— =77 > key indicators must be calculated in detail.
Vs _4¢ Vs >V ! According to the expression (4), it can be derived as
N V=0 T V=1 - VO
Vpg = ———mM—————, 6
(b) DS = A= D) DNep (6)
Fig. 10. (a) Proposed circuits of driver logic. (b) Key waveforms of driver Ignoring the efficiency loss of system, the range of D can be

logic when signal Vrvie = 0.

UVLO R AN

- 4
b VR"IWP
| 0sC

Proposed circuits of adaptive maximum duty cycle and slope com-

Fig. 11.
pensation.

Therefore, an appropriate maximum duty cycle circuit must
be designed to assure the safety. As it is mentioned in Fig. 6,
slope compensation must be required in peak current mode
control with a duty cycle greater than 50%. The proposed circuits
of adaptive maximum duty cycle and slope compensation are
shown in Fig. 11. The voltage of UVLO pin is proportional to
the input voltage and two amplifiers are used to generate the
voltage of Vpuyty, which has an inverse relationship with input
voltage. Besides, a programmable maximum duty cycle can also
be determined by the voltage of DCL for double insurance.
Another amplifier is used to generate the ramp wave current
to inject the current source shown in Fig. 6.

calculated through expression (4)
VinNsp
Therefore, based on the expression (6), the maximum value

of Vpgis 105.6 V when D = 25%

{VGSS,Max = VinMaxNsp = 13V

. 8
Vosimn = 55— = 7.3V ®

Therefore, the main MOSFET is chosen as Vpg = 150 V
because of the possible leakage induced voltage spikes. If the
withstand voltage of MOSFET is too low, it has the risk of damage
and if the withstand voltage of MOSFET is too high, the parasitic
capacitance and conduction impedance are too large to lead to
low efficiency. As for the synchronous rectifiers, the maximum
of Vg3 and Vg4 can be obtained by expression (1) and (5).
So, the MOSFETs of synchronous rectifiers are chosen as Vpg =
40 V because of the possible current, voltage spikes and negative
voltage. In Fig. 11, Vp,4y, can be derived as

(Vi — Vuvio) (Rs + Ra)

D = 25% — 55%. @)

Vbouy = 9
Duty R4 ( )

where Vyyi,o is proportional to Vy and can be expressed as
Vovio = k1Vin. (10

And the maximum duty cycle can be obtained as
(V1 = k1Vin) (B3 + Ra)
VaR4

Dyiax = an
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where V5 is the maximum voltage of Vg anp shown in Fig. 11.
The parameter k1, Vi, Vo, R, and Ry are constant so that Dyjax
has a linear inverse relationship with Vjy. Considering good
performance of transient response for load step, the duty cycle
cannot be restricted too small. As for the ZVS control, the prin-
ciples of when and how ZVS works can be explained by energy
conservation and resonant frequency. The detail waveforms of
ACF converter are shown in Fig. 12. There are three periods
according to the waveforms of Vpg and the diagram of energy
flow are displayed in Fig. 13.

In the first period, the energy stored in the leakage inductor is
transferred into the equivalent output capacitor (Cpgs) of M 4.
Because both M4 and Mp are turned OFF, the energy cannot
be stored in clamping capacitor (Cp). During this period, the
frequency of Vpg can be derived as

f= 1
! 27T vV LK OOSS '

In the second period, Mg is turned ON and the clamping
capacitor Cp is connected to the ground. Then, the excitation
inductor L, clamping capacitor and equivalent output capacitor
starts to resonate. The frequency of Vpg can be obtained as

1
fa= :
2my/La (Coss + Cp)

In the third period, Mg is turned OFF and the clamping
capacitor (Cp) no longer participates in the resonance so the
frequency of Vpg can be obtained as

o= 1
3 27T V LM COSS '

To realize ZVS of M 4, the overlap time can be calculated as
Tr = 1/(4f3) = 207.5 ns, which is greater than the preset of
100 ns. To realize ZVS of M 4, the first method is to increase
the overlap time to make M4 turned OFF until Vpg resonates
near zero. However, this method is not worth because of the
self-driven synchronous rectification in the secondary side. The
longer overlap time is leading to longer time of the conduction
of body diode in the secondary side. As for the 30 A load current,
long conduction of body diode for secondary side will lead to
low efficiency and poor heat dissipation. The second method is
to decrease the conductance of L, which means larger current
primary side and larger current ripple. This will lead to large
conduction losses of primary side and the efficiency may be not
increased in ZVS control. The third method is to decrease the
equivalent output capacitor of M 4. However, tradeoffs are also
needed among the capacitor, the ON-resistance and breakdown
voltage. For the ACF MOSFET (M g), ZVS can be realized easily
because the period of f; is much smaller than the overlap time,
which is shown in Fig. 12.

Besides, limitations shown in Fig. 17 on the extreme ends of
the range or specific applications should be taken into consider-
ation.

All these limitations can be divided into two categories for
discussion. 1) The first category is the circumstance that input
voltage and load current are not in the preset range (marked in
red). For example, when the input voltage is higher or lower than
the normal range, this voltage can be detected by IC controller.
Then, the protection of OVP or UVLO can be triggered and both

(12)

(13)

(14)
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Fig. 13.  Energy flow when M p is turned ON and OFF (period 1 to period 3).
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Fig. 14.  Photograph of the implemented chip.

Rectifier N
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Fig. 15.  Photograph of the fabricated PCB. (a) Front view. (b) Vertical view.
(c) Bottom view.

the power transistors M4, Mp will be turned OFF. Therefore,
all these protections make the ACF converter system to stop
working under abnormal conditions. 2) The second category
is the boundary question (marked in blue). When the system
works in the boundary state, many extreme problems will be
manifested and these problems will be illustrated one by one as
follows. When the input voltage is at the high-voltage boundary,
the issue about the breakdown of transistors must be considered.
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Thus, the selection of process, parameters about OFF-chip design
and component is crucial. When the input voltage is at the
low-voltage boundary, the duty cycle will be very large, which
is shown in Fig. 23. Large duty cycle will lead to subharmonic
oscillation. As a consequence, the slope compensation is needed
in IC controller. When the load current is at the large-current
boundary, the heat dissipation is a tricky problem. PCB board op-
timization and additional cooling measures are required. When
the load current is at the small-current boundary, large output
impedances will result in narrow loop bandwidth, so that the
compensator needs to be properly designed.

V. EXPERIMENTAL RESULTS

The proposed ACF converter with completely protection is
implemented in the 0.18 pm BCD process. Fig. 14 shows a
micrograph of the proposed ACF converter and the area is
1.6 mm x 2 mm. The view from different angles of the designed
PCB is shown in Fig. 15 to evaluate the performance of the
proposed ACF converter. And there are some considerations
about the layout. For instance, the path from secondary winding
to output terminal needs to be covered with a large area of copper
to ensure the current capability and heat dissipation. Besides,
the path of loop control including the signal of Vg, I, IF,
TLV431 and its compensator shown in Fig. 1 in the manuscript
needs to be designed as short as possible. The current sensor and
op-coupler need to be positioned very close to the IC controller
to avoid interference.

Fig. 16 shows the measurement waveforms for overcurrent
protection and restart of the proposed ACF converter, which
is the same as Fig. 7. When the system is overcurrent, Vrgs
is charged by the sink current. And when VRgg is higher than
2.5V, both Vgg and Vg are reset to zero immediately. Then,
Vsg is charged by a little current first during the slow startup
state.
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When Vgg is higher than 2.5V, it is turned to be charged by a
larger current instead of small current and Vi g is charged at the
same time if the system is overcurrent again. The measurement
results show a good performance of overcurrent protection.

Fig. 18 shows the measurement waveforms for the soft shut-
down of the proposed ACF converter when system is in an
undervoltage state. Vgg is discharged with a constant current
and output voltage keeps decreasing. And there are three periods
during the process. When V drops slightly, the loop control is
still in the small signal calibration. And then Vo and Vgg keeps
decreasing but Voowp is still smaller than Vgg so that the loop
control is in the calibration of large signal. Finally, when Vconmp
is larger than Vgg, Vcowmp is clamped by Vgg and the system
is shut down due to the decreasingly smaller duty cycle. The
good performance of the function for soft shut down is verified
according to measurement results.

Fig. 19 shows the measurement waveforms for load step of
the proposed ACF converter. The load current is changed from
5to 25 A within 120 us. The overshoot and undershoot are both
less than 200 mV and output voltage is very stable at 3.3 V,
which demonstrates a good transient response performance and
load regulation. The experiment results of ZVS control for ACF
converter is shown in Fig. 20 and as is illustrated in Section IV,
ZVS control has been realized in ACF MOSFET (M g) rather than
main MOSFET (M 4). To verify the correctness of the derivation,
the working waveforms of primary side and secondary side are
shown in Fig. 21. When V;y =44 V and V = 3.3 V, the duty
cycle is 45%.

V4 and Vg shown in Fig. 21(a) shows the proper overlap time
and the average current of primary winding is 2.5 A when load
current is 15 A. The voltage of Vpg is 80 V, which is the same
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as the expression (6). Vg3 and Vg4 are shown in Fig. 21(b),
which demonstrates the validity of expression (8). Besides, the
ripple of the output is 150 mV because of the high working
frequency.

The measured efficiency versus load current is shown in
Fig. 22. The peak efficiency is 93.0% when V;y = 36 V and
Io = 8 A. And efficiency is larger than 86% when load current
islarger than 6 A in all different V. As for the light load current,
the efficiency is lower because the framework of the secondary
side is self-driven synchronous rectifiers. The system may be
turned into forced CCM mode and the efficiency is much lower
than CCM mode.

Fig. 23 shows the measurement waveforms of proposed ACF
converter when /o = 10 A at different input voltages to verify
the rationality of maximum duty cycle. According to the results,
it can be concluded that the production of Vx and D is nearly

2999
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Fig. 22. Measured efficiency versus load current.
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a constant, which can be calculated as (20.736, 19.8, 19.812,
19.8, 19.72, 19.812). Besides, when the system is in the process
of very slow startup, the input voltage is changed from low to
high level and the Vgg level rises faster than the input voltage.
According to the expression (4), the circumstance of low input
voltage and large conduction time may occur, thus making the
voltage of Vpg exceeded threshold. The problem can be solved
by the circuits of adaptive maximum duty cycle shown in Fig. 11,
which is demonstrated in Fig. 23.

Finally, Table IV summarizes the main features of proposed
ACF converter in comparison with prior arts. Compared with
the previous techniques, the proposed ACF converter provides
a chip-level design technique and the four issues mentioned
in Section I are all solved perfectly. The whole system is
very complete, which including the system and IC controller.
The weight and cost can only be determined by three levels
(light/medium/heavy) or (low/medium/high) of qualitative anal-
ysis according to the system prototype. And the peak efficiency
of 93.0% is nearly the same with the previous work. As for
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TABLE IV
PROPOSED ACTIVE-CLAMP FORWARD CONVERTER PERFORMANCE COMPARED WITH THE CURRENT STATE-OF-THE-ART
Parameter TPE 2019 [20] TPE 2020 [4] TPE 2020 [3] TIE 2020 [6] TIE 2023 [1] This work
Implementation System-level System-level System-level System-level System-level Chip-level
Technology / / / / / 018 yum BCD
Chip area (mm?) / / / / / 1.6 mmX2 mm
Total volume (cm?®) N.A. 4.26(without PCB) N.A. 47.5+35.5=83 N.A. 24+15=39
Con.trol mo‘.le of ACF n High ACF in Low Side Interleaved ACF Double-ended Three Port ACF in Low Side
primary side Side ACF
Control mode of Diode+Lossless- Digital Digital Diod Diod Self-driven Synchronous
secondary side Snubber Control+ MOSFET Control+ MOSFET ode ode Rectificationt+ MOSFET
Resister Resister
Feedback N.A. (Nonisolated) (Nonisolated) N.A. N.A. Op-coupler
Input Voltage(V) 350—400 12/48 36-72 400 1222 Oand 36-78
Output power (W) 480 54 480 400 200 100
Output voltage (V) 48 0.7-1.1 12 12 25/36/48 3.3
Load current (A) 10 60 40 33.33 8/5.6/4.2 30
Turns ratio 62/14 3orl2 4:2 and 10:2 35:2 2.5 6:1
Output inductor (uH) 213 0.1 10 8 300 2.2
Working frequency
(kHz) 65 325 65 75 100 230
Power density
(Wem?) / <12.68 4.82 / 2.56
Weight . . .
(light/medium/heavy) heavy light medium light
Cost low medium medium
(low/medium/high)
Sy 5 I-ﬂ‘;:m\furnw‘
1 N L.ﬂ?,' -,
Prototype : ;
Ditaat
Peak efficiency (%) 94.8% 92.8% 94.1% 93.0%
Consideration of high NA. NA. Self-driven HV Staﬂup + Auxiliary
voltage startup Winding
Transient 0.02A/us 0.17 Alus
response NA. N-A. N-A. 950 mV@3.3-26.6 A N-A. <200 mV@5-25 A

1. N.A.* stands for not available. 2. Total Volume=PCB Volume + Transformer Volume

the transient response, the proposed ACF converter is much
better than the previous work. Because the controller is directly
connected in the system by IC controller rather than any other
digital or PCBs, the time delay of the whole loop becomes much
smaller. The transient ratio is 0.17 A/us, which is 8.5 times
greater than 0.02 A/us in [6], but the overshoot and undershoot
is less than 200 mV, which is much smaller than 950 mV
shown in [6]. Besides, a compact volume of 39 cm? with high
input voltage startup and auxiliary winding power supply has
realized reasonable startup and high-power density comparing
other works.

VI. CONCLUSION

A chip-level design of the ACF converter with complete
protection is proposed and implemented to improve the system
performance and compactness for all load range and different
input voltages. A 30 A load current with a compact volume of
39 cm? has been realized and the peak efficiency is 93.0%. The
good performance of transient response for less than 200 mV
overshoot and undershoot when the load current is changed
from 5 to 25 A within 120 us has been realized. Through
the technique of current sampling and overcurrent counter, the
proposed startup and restart controller in the IC design achieves

excellent overcurrent protection function. The good stability has
been realized by the proposed adaptive maximum duty cycle
and slope compensation. With the cooperation with different
working states of the system, the IC controller is turned into
different working states as well to realize complete protections
and all the issues, which are difficult in system-level design
mentioned in Section I have been well solved.
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