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Abstract
Multi-phase Buck is widely used in Voltage Regulator Modules design because of its
low cost and simplicity. But this topology also has a lot of drawbacks. One of the most
fundamental drawback is that it has narrow duty cycles when it operates at high switching
frequency with low output voltage (for example 1V). Narrow duty cycles yield high
switching loss which limits the switching frequency of Buck; making it difficult to design a
Buck based VRM that can achieve high efficiency at a high switching frequency.
In this thesis three new non-isolated full bridge topologies will be introduced to solve
the aforementioned problems of Buck. One is a new non-isolated full bridge topology, this
new topology use a transformer to extend the duty cycle and it capable to achieve zero
voltage switching. Experimental results demonstrate that it has significant advantages over
multi-phase Buck.
In some applications when huge output current is required, several converters are
paralleled to supply the current that is not an optimal solution. Two two-phase non-isolated
full bridge topologies are proposed to solve this problem. They double the output power of
one-phase non-isolated full bridge, and achieve higher efficiency with fewer switches
compared with parallel two non-isolated full bridge converters.
Non-isolated VRM usually is used for personal computers, VRM for servers is called
power pod, and usually isolation is required for power pod due to safety considerations.
Server usually require much more power than personal computers, their power consumption
is around several KW. To provide the power for the server a few power modules will need
to be paralleled, this kind solution is expensive and make current sharing complex. In this
thesis two new two-phase isolated full bridge topologies are proposed. They are capable to
operate at soft switching mode. And they double the output power compared with
i

conventional full bridge converter. Compared with parallel two full bridge converters, they
can achieve higher efficiency with fewer switches.
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Chapter 1

Introduction

1.1 Background Introduction
With the continued improvements in integrated circuit technology, next generation
CPUs will operate at much higher clock frequencies, and consume more power. In the
future to reduce power consumption CPUs will operate at supply voltages below 1V, with
tight voltage tolerance, large current demand (above 100A), and require fast dynamic
response (above 100A/μs) [1]-[3].
To meet these requirements for next generation CPUs, the voltage regulator modules
(VRMs) will need to achieve, 1) high efficiency at high switching frequency, 2) fast
dynamic response and 3) low component cost. The most popular topology for this
application is the multi-phase interleaved Buck. The major obstacle for the multi-phase
Buck to achieve these three goals is its extremely narrow duty cycle for output voltages at
and below 1V. Narrow duty cycles yield high switching loss which limits the Buck
switching frequency; making it difficult to design a Buck based VRM that can achieve high
efficiency at a high switching frequency. Presently, the only solution for the conventional
Buck type VRM is to use up to eight phases in parallel, which is not an optimized economic
solution [4]-[6].
To solve the aforementioned problems several new topologies have been proposed.
The topologies proposed in [4]-[9] are Buck based topologies that use a coupled-inductor to
extend the duty cycle. The major drawback of these topologies is that the voltage stress of
the control MOSFET is higher than the input voltage, so an auxiliary circuit is often
required to limit the voltage stress on the switches. Furthermore, these topologies operate in
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hard switching mode, so switching losses prevent them from being suitable candidates at
very high switching frequencies. In the following sections, some non-isolated topology will
be introduced; their advantages and disadvantages will be discussed.

1.2 Conventional Buck Topology
The topology of multi-phase Buck converter is shown in the Fig 1-1. Multi-phase Buck
topology is widely used in 5V input VRM applications. Nowadays, with the development of
microprocessor technology, CPUs need more power. This trend forces the VRMs to move
to 12V or higher input for the sake of efficiency and dynamic responses [10] [11].
Q1

L1

Q2

Q3

Cout

Load

L2

Vin
Q4

Fig 1-1 Multi-phase Buck topology
The input and output voltage relationship of Buck can be expressed by equation (1-1).
From Fig 1-2 it is observed that Buck’s duty cycle is around 10% when the input voltage is
12V and output voltage is 1V. If the output current is 15A/phase, the peak current through
the high side MOSFETs will be at least 15A. This high current stress will increase the
switching loss of the high side switches, which in turn will limit the applications of Buck
for high-speed and high-density power supplies. Small duty cycle will also reduce the
effectiveness of ripple current cancellation by using phase shift control. Fig 1-3 shows the
effectiveness of ripple current cancellation as a function of duty-cycle [12]. From Fig 1-3 it
2

is observed that with small duty-cycle the ripple cancellation is not as effective as it used to
be in 5V input applications [13]. The duty cycle can be defined by using (1-2), Ton is the
conduction time, and Ts is the switching period.
Vo = Vin D

(1-2)

Ton
Ts

Output Voltage

D=

(1-1)

Fig 1-2 Output voltage gain of multi-phase Buck with 5V and 12V input

Fig 1-3 Effectiveness of ripple current cancellation of four-phase interleaving Buck [12].
3

Finally, the disadvantages of the Buck are summarized as below:
1) Small duty cycle causes high peak current to go through the high side MOSFETs, which will
dramatically increase the switching loss.
2) Small duty cycle degrades the dynamic response, since the adjustable range of the duty cycle
is limited when the load or input voltage steps.
3) Small duty cycle will reduce the effectiveness of the ripple current cancellation by using
interleaved method.
4) Small duty cycle limits the operation frequency of Buck because short turn-on and turn-off
time will require high driving current, which makes the driving circuits expensive and
difficult to design.
5) Finally, it is difficult to sense the current of the high side MOSFET with very short
conduction time.

1.3 Buck Topology with Coupled Inductor
To solve the problem of conventional Buck, a Tapped-Inductor Buck topology is
proposed in [6] [14]. The new topology is shown in Fig 1-4, in this topology a coupled
inductor is used to extend the duty cycle.

Fig 1-4 Tapped-Inductor Buck Topology
4

Equations (1-3)-(1-7) can be used to design the Tapped inductor Buck converter. From
equation (1-4) it is observed that in order to extend the duty cycle n is required as big as
possible. The voltage again of Tapped-Inductor Buck converter vs its duty cycle is shown in
Fig 1-5. (D=Ton/Ts)

N1 + N 2
N1

(1-3)

nVo
Vin + (n − 1)Vo

(1-4)

Vo
D
=
Vin D + n(1 − D)

(1-5)

n=

D=

Fig 1-5 Voltage gain of Tapped-Inductor Buck Converter vs Duty cycle
Equation (1-6) and (1-7) can be used to calculate the voltage across synchronous
MOSFET (Q2) and the current through high side MOSFET (Q1). It is observed that large n
can reduce SR’s voltage stress and the current stress of high side MOSFETs.
V DS 2 =

Vin − Vo
+ Vo
n
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(1-6)

I Q1 =

Vo I o
Vin D

(1-7)

From previous analysis it seems that as long as n is big enough the duty cycle can be
extended, and high efficiency can be achieved. But this topology has it limitations:
1) Gate driving problem: For conventional Buck when Q1 is off and the body diode of
Q2 is on, the Source of Q1 is connected to the ground, so a simple bootstrap driver can turn
on the high side MOSFET Q1 easily. For the Tapped-Inductor Buck when Q2 is free
wheeling , the source voltage of Q1 goes to negative, its source voltage can be calculate by
using (1-8), so large n can also make turn on the high side MOSFET difficult and result in
high switching loss.

VSQ1 = −(n − 1)Vo

(1-8)

2) High Voltage Spike: When the high side MOSFET Q1 is turned off, the energy
stored in the leakage inductance of winding N2 can not be transferred to winding N1. The
leakage current will resonant with the DS capacitor of Q1, and all energy stored in the
leakage energy will be transferred to the Q1’s DS capacitor and generate a huge voltage
spike which will result in high switching loss or even damage the high side MOSFET.

Fig 1-6 Tapped-Inductor Buck Topology with clamp circuit
To solve the problems of Tapped-Inductor Buck, an improved Buck topology is proposed in
[14]. The improved Buck is shown in Fig 1-6, in this topology the position of winding N2 is
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exchanged with Q1, and a lossless clamp circuit is added to limit the voltage stress of Q1.
After make this change following advantages are achieved:
1) A simple bootstrap driver can be used to drive the high side MOSFET.
2) When Q1 is turned off the energy stored in the leakage inductor can be transferred to Cs,
since Cs usually is very large the voltage stress of Q1 is limited.
At steady state the voltage across Cs can be calculated by using (1-9), and the voltage stress
of Q1 can be calculated by using (1-10) if Cs is very large.
VCS = Vo +

Vin − Vo
n

(1-9)

(1-10)
Vin − Vo
n
But this topology also has its limitation, for an ideal Tapped-Inductor Buck, when Q1
V DSQ1 = Vin + Vo +

is turned off the voltage across winding N2 can be calculated by using (1-11). If VL2 is
larger than Vcs a large current will continue to charge and discharge Cs which will result in
high conduction loss. So equation (1-12) must be satisfied in the design. If Vin=12V,
Vo=1V, the maximum n we can select is 4, and the maximum duty cycle is around 0.3.
VL 2 = (n − 1)Vo

(1-11)

Vin
+1
Vo

(1-12)

n≤

1.4 Non-isolated Half Bridge and Transformer Based Buck
In section 1.3 two improved Buck topologies are introduced, those two topologies has
three fundamental limitations: 1) The turn’s ratio of the coupled inductor is limited, 2) The
voltage stress across high side MOSFET is higher than the input voltage, 3) They operate at
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hard switching mode. All those drawbacks limit their switching frequency within 300500KHz range. In this section non-isolated half bridge and transformer based Buck
topologies will be introduced to solve the aforementioned problems.
A non-isolated half bridge is proposed in [15] [16]. In this topology a transformer is
used to extend the duty cycle. The voltage gain of the topology can be calculated by using
(1-13) (n=Np:Ns)
Q1

Q2

T1
C1

Vin

C2

L1

T1

Q3

L2
Q4

Cout

Vo

Fig 1-7 Non-isolated half bridge
(1-13)

Vo
D
=
Vin 4n + D

Fig 1-8 illustrate the voltage gain of the non-isolated half bridge converter, and it is
observed that when the voltage gain is 10% and n=2 is selected, duty cycle 88% can be
achieved, the duty cycle is significantly increased compared with the Tapped inductor Buck
converter which is maximum 30% at 10% voltage gain.
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Fig 1-8 Voltage gain of Non-isolated half bridge converter vs Duty cycle
The voltage stress of the primary side MOSFET can be calculate by using (1-14), and
it is observed that the voltage stress is less than the input voltage. From previous analysis as
we know for the Buck topologies the voltage stress is higher than the input voltage.
VQ1 = Vin −V o

(1-14)

Compared with the two Tapped-Inductor Buck Topologies in section 1.3, the nonisolated half bridge solve two of their limitations:
1) The duty cycle is significantly extended
2) The voltage stress of the high side MOSFET is less than input voltage.
Based on those improvements the non-isolated half bridge is expected to achieve
higher efficiency than Buck. The detailed analysis of this topology is in [15], and higher
efficiency is achieved compared with Buck. But this topology still works in hard switching
mode, so it still can not achieve very high efficiency when operate in MHz frequency range.
A new transformer based Buck topology is proposed in [17], the topology is shown in
Fig 1-9. This topology is developed from conventional full bridge. When it operates in
phase shift mode ZVS turn-on can be achieved for all high side MOSFETs (Q1-Q4). In
9

addition the transformer in the topology the can be used to optimized the duty cycle to
improve efficiency and dynamic response.

Fig 1-9 Transformer based Buck
The detailed analysis of this topology is shown in [17]. It seems that this topology
solves all limitations of Buck. 1) The duty cycle can be extended, 2) Soft switching can be
achieved and high efficiency is expected, 3) The voltage stress across high side switches is
limited to input voltage.

1.5 Background of Isolated VRM Topologies
Most of today’s high end server and workstation use 64-bit CPUs, and 64-bit CPUs
consume much more power than 32-bit CPU. In the server there will be several CPUs works
in parallel, usually their power consumption is around several KW, and the power supply
used for server application usually is called power pod. To meet this high power
consumption requirement, 48V bus voltage has to be used for the power pod design. Since
the 48V bus voltage can reduce the conduction loss, input filter size, and it is more stable
than 12V bus voltage during load transition [18]. In the future in order to reduce the power
consumption, the CPU will need supply voltage below 1V, and require tight voltage
tolerance during load transition. This will push the operation frequency of power supply
into the MHz range.
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When 48V input is used isolation is usually required due to safety considerations.
There are lots of isolated topologies which can be used for power pod design. Such as half
bridge, push-pull ects. The major drawback of those topologies is that they operate in hard
switching mode, so they are not capable to operate at MHz switching frequency range.
For the ZVS full bridge, when the output current required is very high around 100A,
two or more isolated full bridge converters or other converters will need to be paralleled to
supply the output current. This kind solution makes current sharing difficult, and not cost
effective. In following sections some isolated topologies will be introduced, their
advantages and drawbacks will be discussed.

1.6 Active Clamp Forward
The active clamp forward is shown in Fig 1-10. It has very low part cost, there is only
one power switch (Q1) at primary side, Q2 usually is a lower rating MOSFET use to reset
the transformer. This topology is very popular in low power applications (<300W) due to its
low cost. The voltage gain of this topology can be calculated by using (1-15) (n=Np:Ns)
Vo =

(1-15)

DVin
n
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Fig 1-10 Active clamp forward
The disadvantages of this topology are:
1) Its transformer only operates in two quadrants, so the core is not fully used.
2) Q1 operates in hard switching mode.
3) Usually its duty cycle is less than 50% due to high voltage stress across Q1.

1.7 Isolated Half Bridge
The conventional half bridge topology is shown in Fig 1-11. The output gain of this
topology can be calculated by using (1-16). Compared with active clamp forward converter
its transformer operates in four quadrants so the core is fully used, and it capable to handle
more power than active clamp forward converter.
V o = 0. 5

(1-16)

DVin
n
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Fig 1-11 Conventional half Bridge
The advantages are:
1) There is two big capacitors in the topology, when Q1or Q2 is turned off the voltage
across them is clamped to input voltage.
2) The part cost is low, only two switches are needed at primary side.
The disadvantages are:
1) The voltage across the primary side windings is half of the input voltage.
2) The current stress of Q1 and Q2 is high.
3) Operate in hard switching mode.

1.8 ZVS Full Bridge
The full bridge topology is shown in Fig 1-12, compared with half bridge it has two
more switches at primary side, so it will have higher cost. But since the voltage across the
its transformer primary side winding equals the input voltage, so the current stress of its
primary side switches are reduce by half compared with half bridge, and it capable to
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achieve ZVS turn-on for all primary side switches when it operates at phase shift mode. The
voltage gain of full bridge can be calculated by using (1-17).

Fig 1-12 Full bridge topology
Vo =

(1-17)

DVin
n

The advantages are:
1) Capable to achieve ZVS turn on for all primary side switches.
2) Lower primary side current stress compared with half bridge.
3) Voltage stress of Q1-Q4 is clamped to input voltage.

1.9 Thesis Objectives
In previous sections the limitations of some conventional topologies are introduced.
The objectives of this thesis are to propose some solutions to solve those problems. And the
objectives are below:
1)

Propose three novel transformer-based non-isolated full bridge topologies for
VRM application, which can extend the duty cycle, achieve zero voltage
14

switching, double the output powers, and achieve high efficiency at MHz
switching frequency range.
2)

Propose two novel two-phase isolated full bridge topologies for VRM for the
sever application, which can achieve zero voltage switching, achieve higher
efficiency than parallel two FB converters but with fewer components and lower
cost.

3)

Propose a new method to reduce the number of cores needed in two-phase
isolated FB. The proposed method can eliminate the cores for the gate
transformers, by using this method the board size is reduced and power density
can be improved.

The first objective will be accomplished by first investigating some solutions for
extending the duty cycle and output power of the converters presented in recent years. Then
the proposed non-isolated full bridge and non-isolated two-phase full bridge topologies will
be introduced. Steady-state analysis and detailed loss analysis of those new topologies will
be investigated. The objectives will be verified experimentally by building three prototypes
on a 12 layer 2oz copper printed circuit board [19]-[22].
The second objective will be accomplished by first discuss the problems of paralleling
converters to improve the output power. Then the proposed two isolated full bridge
topologies will be introduced. Steady-state analysis and detailed loss analysis of those new
topologies will be investigated. The objective will be verified experimentally by building
two prototypes on a 12 layer 2oz copper printed circuit board [23].
The third objective will be accomplished by first investigating the possibility of
integrate three active windings on an EE core in theory, and a method to integrate three

15

active windings on one EE core and windings layout will be proposed. The objective will be
verified experimentally by building a prototype on a 12 layer 2oz copper printed circuit
board with two integrated transformers.

1.10 Thesis Outline
There are six chapters in this thesis:
Chapter 1 is introduction, in this chapter the present problems for Voltage Regulator
Module are presented, to solve those problems some present solutions are introduced. In
section 1.2-1.4 several non-isolated VRM topologies are introduced; their advantages and
disadvantages are discussed. In section 1.5-1.8 a few isolated topologies are introduced as
candidate for Power Pod design, their advantages and limitations are discussed.
In Chapter 2 a non-isolated full bridge topologies will be introduced to solve the
problems of Buck. The new topology can significantly extend the duty cycle and achieve
ZVS for high side MOSFETs. Steady-state analysis and detailed loss analysis are provided.
Experimental results are also presented for this topology to verify the analysis.
In some applications when huge current is required (above 100A) several VRMs are
paralleled to supply the load current, this kind solution is expensive and makes current
sharing complex. In Chapter 3 two new two-phase NFBs are proposed, it can double the
output current of NFB converter, and achieve better efficiency than parallel two NFB
converters but with fewer switches. Steady-state analysis and detailed loss analysis are
provided. Experimental results are also presented to verify the analysis.
VRMs for sever is called power pod, 48V input is usually used in power pod designs,
and isolation is required for safety considerations. In Chapter 4 two new two-phase isolated
16

full bridge topologies are proposed to increase the output current capacity of conventional
full bridge converter. The new topologies are capable to achieve soft switching and double
the output current compared with conventional isolated full bridge converter; in addition
compared with two full bridge converters in parallel they can use less switches to achieve
higher efficiency. Steady-state analysis and detailed loss analysis are provided.
Experimental results are also presented to verify the analysis.
One drawback for the two-phase isolated full bridge converter is that it needs five
transformers, and magnetic components occupy a lot of board space, this increase the cost
and decrease the power density. In Chapter 5 a new method to integrate two gate
transformers with one power transformer into one EE core is proposed. By using the new
method the cores for the gate transformer are eliminated and power density can be improved.
The method is analyzed in theory and verified by experimental results.
Finally Chapter 6 is the conclusions and future works
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Chapter 2

New Non-isolated Full Bridge

2.1 Introduction
To solve the problems of the conventional Buck and coupled inductor Buck topologies,
in this chapter a new Non-Isolated Full Bridge (NFB) topology is proposed with significant
advantages, including soft-switching, reduced synchronous rectifier voltage stress and
current stress. Compared with the topologies proposed in [17], the NFB has reduced current
stress for the synchronous rectifiers and output inductors since a portion of the energy is
transferred directly to the load, so some of the output current does not need to go through
the output inductors. In [17], the output inductor is connected between the primary side and
secondary side, so all of the output current conducts through the output inductor, which
increases both the copper loss in the inductor and the physical size of the inductor core.
The detailed operation of the proposed topology is presented and analyzed in the
following sections. In section 2.2 the derivation of the non-isolated full bridge and its
operation mode will be presented. Section 2.3 is the key design equations. Section 2.5 is the
zero voltage switching analysis. Section 2.6 is the losses analysis. Section 2.7 is the
experimental results. Finally section 2.8 is the conclusion.

2.2 Derivation and Operation of the Non-Isolated Full Bridge
The conventional full bridge and proposed non-isolated full bridge are shown in Fig
2-1 which illustrates the evolution of the new topology. For the conventional full bridge, the
voltage at points A and C are stable DC voltages. The points B and D are primary and
secondary ground, respectively. Since A and C are stable DC voltages, we can remove the
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connection between point A and B and connect A to C, and B to D, yielding the new nonisolated full bridge topology. There are three significant benefits of these topology changes:
1. The input current conducts directly to the load side, so the current stress on the
synchronous rectifiers and inductors are reduced.
2. A portion of the load energy does not transferred by the transformer, so its
associated losses decrease.
3. When the two primary low side MOSFETs, Q2, Q4, turn off, their gate voltage is Vo, so they can turn off faster reducing turn off loss.
The modes of operation of the NFB operating in phase-shift mode are presented in the
following sub-sections. The key waveforms illustrating the five modes from t0-t5 are
illustrated in Fig 2-2.

Fig 2-1 Evolution of the conventional full bridge to the new non-isolated full bridge
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Vgs3
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t0 t1 t2 t3 t4 t5

Fig 2-2 Key waveforms of the five modes of operation
In Fig 2-2 Q5 and Q6 are driven by using the SR drive method proposed in [26];
further details are explained in chapter 2.6.3. It is also noted that the source of MOSFETs
Q2 and Q4 are directly connected to the output so, they are turned off by -Vo, which allows
them to be turned off faster to reduce switching loss.
1. Mode 1 [t0~t1]
The first mode is illustrated in Fig 2-3. From time t0 to t1, Q1, Q4 and Q6 are on. Q2,
Q3 Q5 are off; the voltage across Q2 and Q3 is Vin-Vo. The current in L1 increases and the
current in L2 decreases. Energy flows from the input to the load. In Fig 2-3 we can see that
the input current goes directly to the load side, and the current stress of the synchronous
rectifier is reduced as a result.
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Fig 2-3 t0-t1
2. Mode 2 [t1~t2]
The second mode is illustrated in Fig 2-4. From time t1 to t2, Q1 is turned off at t1 to
prepare the zero voltage turn-on of Q2. The current reflected from the secondary side
charges C1 and discharges C2. The currents decrease in both L1 and L2. During this time
interval, the voltage at point A decreases from Vin to Vo. When the voltage at point A
decreases to Vo, the voltage across Q2 is zero. If Q2 is turned on at this time, zero voltage
turn-on can be achieved. Q5 also is turned on during this transition, and it begins to share
the load current after the voltage across Q2 is reduced to zero. If the self-driven circuit
proposed in [26] is used, Q5 is turned on before it begins to conduct the inductor current, so
its body diode does not conduct during this transition. During this time interval the current
reflected from the secondary side is used to charge and discharge the output capacitors of
Q1 and Q2, it is easier for Q1 and Q2 to achieve ZVS compared to the lagging leg (Q3 and
Q4).
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Fig 2-4 t1-t2
3. Mode 3 [t2~t3]
The third mode is illustrated in Fig 2-5, for time t2 to t3. After the voltage across Q2
reaches zero, Q2 is turned on at t2. Since at this time the secondary side of the transformer
is shorted, the primary and secondary sides of the transformer are decoupled, and the
current in both inductors decreases. The load energy is provided by the output capacitance
and output inductors.

Fig 2-5 t2-t3
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4. Mode 4 [t3~t4]
The fourth mode is illustrated in Fig 2-6. From time t3 to t4, Q4 is turned off at t4 to
prepare the zero voltage turn on of Q3. The energy stored in the leakage inductance of the
transformer charges C4 and discharges C3, and voltage at point B increases from Vo to Vin.
After the voltage increase to Vin, Q3 can achieve ZVS turn-on. In order to achieve ZVS
turn-on of Q3, the energy stored in the leakage inductance must be sufficient to charge C4
to (Vin-Vo) and discharge C3 to zero volts.

Fig 2-6 t3-t4
5. Mode 5 [t4~t5]
The final mode is illustrated in Fig 2-7. From time t4 to t5, once the voltage across Q3
becomes zero, Q3 is turned on at t4. The primary current can not change direction instantly
due to the transformer leakage inductance. During the interval, the primary current increases
in the opposite direction of Ip, and the current in Q5 begins to increase and current in Q6
begins to decrease. If Q6 is turned off before the primary current changes from Ip to –Ip, its
body diode begins to conduct. After the primary current changes from Ip to –Ip, the primary
side begins to provide energy to the secondary side, and Q5 begins to conduct the full
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current in L1 and L2 and Q6 is turned off. At the end of t5, one switching period is
complete.
Q1

C1
Q3

Q2

A

T1
Ip

Q4
B
C4
L1

T1

Vin

L2
Cout
Q6

Q5

+
Vo

-

Fig 2-7 t4-t5

2.3 Steady-State Equations of the Non-Isolated Full Bridge Converter
In this section the key equations of the Non-Isolated Full Bridge Converter will be
derived, and they can be used to design the NFB converter. The output voltage of the NFB
is derived using the inductor volt-seconds in the steady-state as given by (2-1), where
N=Np/Ns and D is duty cycle (D=Ton/Ts). From (2-1) we can see that after add a
transformer, we can easily adjust the duty cycle, for example when Vin=12V, V =1V, N=3,
D=0.545, compare with Buck the duty cycle increase five times.
Vo =

Vin D
2N + D

(2-1)

Because the input current goes to the load side directly, the average current in the two
output inductors is given by (2-2), where Io is the output current, Iin is the average input
current given by (2-3) (assuming 100% efficiency).The ripple current through the output
inductor is given by (2-4).
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I Lavg =

( I o − I in )
2
Pout
Vin

(2-3)

Vo
(1 − D / 2)Ts
L

(2-4)

I in =
ΔI L =

(2-2)

The voltage stresses of the primary and secondary side MOSFETs are given by (2-5)
and (2-6) respectively. When N=3, Vin=12V, Vo=1V the voltage stress of SR will be 3.7V,
therefore low voltage rating MOSFETs can be used.
V PMOSFET = Vin − Vo
VSR =

(2-5)

(Vin − Vo )
N

(2-6)

Waveforms of the input current and current through high side MOSFET are shown in
Fig 2-8. The RMS current stress of the primary side MOSFETs is given by (2-7) using (2-8).
Equation (2-9) can be used to calculate the RMS current through the synchronous rectifiers
when the inductor ripple current is small.
2

=

( D / 2)(( I1 +

I 1 = I Lavg

ΔI L
1
, ΔI =
N
N

I PMOSFET

_ RMS

I syn _ RMS = (1 − D ) I 2 Lavg +

ΔI 2
)
12

(2-7)

(2-8)

D
( 2 I Lavg ) 2
2
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(2-9)

ΔI

I1

DTs
2

Fig 2-8 Waveforms of current through the high side MOSFET and input current

2.4 Design Example
In this section a design example will be given for a 12V input, 1V/40A power module
by using the equations in section 2.3. The design example will also demonstrate that some
of the energy is transferred from input to the output directly. In the design we assume the
efficiency is 100%, and ripple current is neglected to simplify the analysis.

IL2avg

IL1avg

Fig 2-9 Input current and output current of NFB
By using (2-1), Vin=12V, Vo=1V/40A if we select duty cycle to be around 50%,
Np:Ns=3 is selected, D=0.545. The average input current can be calculated by using (2-3),
and Iinavg=3.33A, the peak input current is Iinpk=Iinavg/D=6.1A. In the design we want
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try to select turn’s ratio as big as possible to reduce the primary side current stress, at the
same time we need to minimize the transformer leakage inductance.
Since the rectifier stage is symmetrical so the currents in the two output inductors are
the same as shown in Fig 2-9. The average inductor current can be calculated by using (2-2).
ILavg=(40-3.33)/2=18.3A. The peak current reflect to primary side is 18.3/3=6.1A=Iinpk.
From this calculation we can see that the output current transfer by the transferm is
2xILave=18.3X2=36.6A, and 3.33A=Iinavg is transfer from input side. So part of the energy
is not transferred by the transformer, this energy is from the input and the current
transferred by the transformer is 2xILave=18.3X2=36.6A.
After we slect the transformer’s turn’s ratio the voltage rating and current rating of the
power MOSFETs can be calculated by using the equations in section 2.3 and the calculated
results can be used to select right MOSFETs. Since this topology is Buck based, its
feedback loop design are the same way as conventional full bridge and will not be discussed
in this thesis.

2.5 Zero Voltage Switching Analysis
In this section, the zero voltage switching requirements for the non-isolated full bridge
are analyzed in detail for the leading and lagging legs.

2.5.1 Leading Leg Transition: Mode 2 [t1-t2]
The transition paths of the leading leg are shown in Fig 2-4. Q1 is turned off to prepare
for the zero voltage turn-on of Q2. The current reflected from the secondary side charges C1
and discharges C2. During this transition the time needed to charge C1 to Vin-Vo and
discharge C2 from Vin-Vo to zero voltage is dependent on the load current. Since this time
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interval is very short we can assume the charge current is constant during the transition.
Equations (2-10) and (2-11) can be used to calculate the voltage across C1 and C2, if
C1=C2, (2-12) can be used to calculate the dead time needed to achieve zero voltage
switching. Equation (2-12) is derived based on the assumption that during the transaction of
the Mode 2 [t1~t2], the current is constant to charge charges C1 and discharges C2.IL1 in
(2-10)-(2-12) is the average current in L1 and can be calculated using (2-2). In Fig 2-10, the
minimum dead time is calculated using (2-12) as a function of load current with Vin=12V,
Np:Ns=3:1,Np:Ns=2:1, C1=250pF. From Fig 2-10 we can observe that heavy load and a
low turn’s ratio can help the NFB achieve ZVS and at 15A load, Td=2.4ns for N=3 and
1.6ns for N=2.

VC1 (t ) =

I L1t
2C1N
I L1t
2C 2 N

(2-11)

2C1(Vin − Vo ) N
I L1

(2-12)

VC 2 (t ) = (Vin − Vo ) −

tdead _ Q12 >

(2-10)

Fig 2-10 Dead time between Q1&Q2 required to achieve ZVS for the leading leg as a function of
load current
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2.5.2 Lagging Leg Transition: Mode 4 [t3-t4]
The transition paths of the lagging leg are shown in Fig 2-6. Initially, Q4 is turned off
to prepare the zero voltage turn on of Q3. If the energy stored in the leakage inductance of
the transformer is sufficient to charge C4 to Vin-Vo and discharge C3 from Vin-Vo to zero,
Q3 can achieve zero voltage turn on.
In this transition the leakage inductance resonates with C3 and C4. The equivalent
circuit is shown in Fig 2-11. If the voltage at point B can be charged to Vin, the body diode
of Q3 will turn on and clamp the voltage to Vin , then the equivalent circuit becomes that
shown in Fig 2-12. In order to achieve ZVS turn on, Q3 must turn on before the current
through the leakage inductance decreases to zero. The voltages across C3 and C4 can be
calculated using (2-13)-(2-16) assuming C3=C4. The leakage current ILeakage in (2-13) is the
current at the instant Q4 is turned on and can be estimated using (2-18), where Ip is the
primary side current. From (2-13) it can be observed that in order to achieve ZVS, (2-17)
must be satisfied. Fig 2-13 shows the minimum dead time between Q3 and Q4 calculated
using (2-17), with Vin=12V, Vo=1V, C3=C4=250pF, LLeakage=30nH. It is clear that it is more
difficult for the lagging leg to achieve zero voltage turn on in comparison to the leading leg.
Form Fig 2-13 we can see that at 15A load Td=3.1ns for N=3 and 1.7ns for N=2.
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Fig 2-11 Equivalent circuit for lagging leg

Fig 2-12 Equivalent circuit for lagging leg after VC3 is zero
VC 3 (t ) = Z o I Leakage sin ωt − (Vin − Vo )

(2-13)

I p (t ) = I Leakage cos ωt

(2-14)

VC 4 (t ) = Z o I Leakage sin ωt

(2-15)

Z o = LLeakage / 2C 3 ω = 1 / 2 LLeakage C 3 t X =

1

ω

sin −1 (

Vin − Vo
)
Zo

⎧Z o I Leakage min > (Vin − Vo )
⎪
( I Leakage LLeakage ) cos ωt X
⎨1
−1 Vin − Vo
) < t dead _ Q 34 <
+ tX
⎪ω sin ( Z I
(Vin − Vo )
o Leakage
⎩
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(2-16)

(2-17)

I Leakage = I Lavg / N

(2-18)

Fig 2-13 Lagging leg dead time between Q3 and Q4

2.6 Loss Analysis and Comparison
In this section, a brief comparison is given between the proposed NFB and the
benchmark two and three phase Buck topologies. Following the comparison, the losses of a
two phase synchronous Buck converter and the NFB are compared. It is demonstrated that
NFB is able to achieve higher efficiency than a two phase Buck. In the comparison the
components used for the two-phase Buck and NFB and their operating conditions are the
same.

2.6.1 Topology Comparison Overview
A comparison of the components count, efficiency and cost is given in Table 2-1 for
the NFB in comparison to a two and three phase Buck.
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Table 2-1 Design comparison between the 2-phase Buck, 3-phase Buck and NFB

Total MOSFETs
Control MOSFETs
SR MOSFETs
Magnetics
Inductors
Transformers
Controllers
Drivers
Efficiency
Cost

2 phase
Buck
4
2
2
2
2
0
1
2
Lowest
Lowest

3 phase
Buck
6
3
3
3
3
0
1
3
Medium
High

NFB
6
4
2
3
2
1
1
2
Highest
High

From Table 2-1, the NFB and three-phase Buck has the same number of MOSFETs,
magnetics and one controller. However, the NFB with self driven synchronous rectification
only requires two gate drivers, while the three-phase Buck requires three drivers. On the
other hand, the two-phase Buck and NFB each have two inductors, two SR MOSFETs and
two drivers.
In terms of cost, the total cost of the NFB and three-phase Buck should be similar. The
NFB has a lower cost for the drivers and MOSFETs since SR MOSFETs are typically more
expensive than control MOSFETs. However, the NFB phase shift controller is more
expensive than the multi-phase Buck controllers available in the market. Depending on the
transformer implementation, the magnetics cost for the NFB and three-phase Buck should
be similar. The component cost of the two-phase Buck is lower than the NFB, but the two
additional control MOSFETs and transformer enable the NFB to achieve improved
efficiency through ZVS which reduces utility costs.
In the analysis that follows, the Non-Isolated Full Bridge is compared to the two-phase
Buck since they both require two synchronous MOSFETs and two power inductors.
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2.6.2 Switching Loss Saved by Zero Voltage Switching and Duty Cycle
Extension
In comparison to the two-phase Buck, the NFB operates with extended duty cycle, so
the primary peak current through the MOSFETs is significantly reduced thereby also
reducing the switching loss. Fig 2-14 illustrates an example with the input voltage at 12V,
output at 1V/40A, output inductor of 100nH and Np:Ns=3:1. From the example, it is clear
that the primary peak current is reduced from 24.5A for the Buck to 7.2A for the NFB.
Furthermore, the voltage stress of the synchronous rectifiers is reduced from 12V for the
Buck to 3.7V for the NFB.

Fig 2-14 Peak current and voltage stress reduced by extend the duty cycle
As previously discussed, when operated in phase shift mode and if the control circuit is
properly designed, the primary MOSFETs of NFB can achieve ZVS at turn on. Another
benefit of the ZVS turn on is that the gate driving loss can be reduced since the Qgd charge
is eliminated. This can reduce the gate loss by at least 30% for the primary MOSFETs. The
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turn on and turn off loss can be calculated by (2-19) and (2-20), where fs represents the
switching frequency, Vds represents the switch voltage, IPKon represents the peak turn on
current, tr represents the rise time, IPKoff represents the peak turn off current and tf represents
the fall time. It is expected that at least 66% of the switching loss energy can be saved in
comparison to the Buck as in [17] [24].

Pon =

1
f sV ds I PKon t r
2

(2-19)

Poff =

1
f sV ds I PKoff t f
2

(2-20)

For example if we assume the turn-on time is 14ns and the turn-off time is 10ns then
the switching loss for a two-phase Buck is 5.527W and 1.584W for the NFB, 3.943W
energy is saved. The calculation is as follows:
PSW_BUCK=0.5(1MHz)(12V)[(15.4A)(14ns)+(24.5A)(10ns)](2)=5.527W
PSW_NFB=0.5(1MHz)(12V-1V)(7.2A)(10ns)(4)=1.584W
However, in real circuits the switching loss can be slightly higher due to the parasitic
source inductance [25], which is neglected in this analysis. However, by using these simple
calculations, it is clear that the NFB can save switching loss energy in comparison to the
interleaved Buck due to the lower peak current and zero voltage turn on with the NFB.
For the synchronous rectifiers, their reverse recovery loss for each switch can be
calculated using (2-21), where Qrr represents the reverse recovery charge. Since the voltage
stress for the synchronous rectifiers in the NFB is significantly reduced compared to the
Buck, the reverse recovery loss is also reduced. For the example previously given, the
reverse recovery losses of the NFB would be approximately 1/3 of those for the Buck, and
the calculated is as below. From calculation, 0.868W can be saved.
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Preverse = QrrVDS f s

(2-21)

PRE_BUCK=(1MHz)(12V)[(52nC)](2)=1.248W
PRE_NFB=(1MHz)(3.7V)(52nC)(2)=0.38W

2.6.3 Synchronous Rectifier Body Diode Loss Savings
With the conventional Buck, a dead time must be added between the primary control
MOSFET and the synchronous MOSFET to prevent a short circuit. For the NFB, when selfdriven synchronous rectification is used, the body diode conduction loss is significantly
reduced since there is no need to add dead time to prevent a short circuit. To drive the
synchronous rectifiers, the self-driven circuit proposed in [26] was used for the NFB. The
transformer windings were interleaved to achieve good coupling between the primary,
secondary and AUX windings as illustrated in Fig 2-15.

Fig 2-15 Transformer winding layer structure illustrating interleaving
In the following sub-sections, the body diode conduction loss of the two-phase Buck
and NFB are compared.
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2.6.4 Leading Leg Transition for Rectification [t1-t2]
The first mode is shown in Fig 2-16 corresponding to the transitions shown in Fig 2-4.
Q1 is turned off at t1 to prepare for the ZVS turn-on of Q2. Synchronous rectifier Q6 is
already on since the voltage across the primary winding is decreasing. The voltage across
the AUX winding also begins to decrease, so the energy stored in C6 begins to charge C5.
After the voltage across the primary winding reaches zero, Q2 is turned on at t2 with ZVS
and the voltage across the AUX wingding is also zero, so Vgs5 equals Vgs6. The transition
time of this interval is determined by the load current and can be calculated by using (2-13).
When the primary winding voltage is zero, the secondary winding voltage is zero and Q5
begins to share the current initially handled by Q6, so the current in Q5 begins to increase,
while the current in Q6 begins to decrease. Since Q5 is turned on before it begins to take
over the current in Q6, its body diode does not conduct during this interval [27].
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Fig 2-16 Leading leg transition for the self-driven synchronous rectifiers

2.6.5 Lagging Leg Transition for Rectification [t3-t5]
The second mode is shown in Fig 2-17. Q4 is turned off to prepare for the ZVS turn on
of Q3. The states of this mode are shown in Fig 2-6 and Fig 2-7. The energy stored in the
leakage inductance of the transformer charges C4 and discharges C3. Since the two
synchronous rectifiers are conducting, the primary windings and secondary windings are
decoupled. After Q3 is turned on, Vgs5 begins to increase and Vgs6 begins to decrease.
Meanwhile, the current in Q5 begins to increase and the current in Q6 begins to decrease
while the primary side current begins to change direction. Before the primary current
changes from Ip to –Ip, Vin-Vo is applied across the leakage inductance reflected to primary.
The body diode of Q6 begins to conduct when its gate voltage is reduced below the
threshold voltage. After the primary side current changes to –Ip, the current in Q6 is reduced
to zero and Q5 begins to conduct the full inductor current.

37

Fig 2-17 Lagging leg transition for the self-driven synchronous rectifiers
To simplify the analysis we will assume the gate voltage of Q5 and Q6 change linearly,
which is valid as long as the synchronous rectifier gate resistances and the leakage
inductance of the AUX winding can be neglected. Based on this assumption, when the
primary side current linear changes from Ip to –Ip, Vgs6, changes linearly from (VinVo)NAUX/2Np to zero. Then, (2-22) can be used to calculate the body diode’s conduction
time.
t body =

2Vth ( I o − I in ) Lleak N s
N AUX (Vin − Vo ) 2
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(2-22)

If a two-phase Buck operates at 1MHz, 1V/40A load, the body diode’s forward voltage
drop is 0.7V and the dead time between top and bottom switch is 20ns, total conduction loss
for the body diode is:
Pdiode_Buck=(20A)(2)(20ns)(0.7V)(1MHz)=0.56W
For the NFB, the threshold voltage is Vth=0.9V, and other parameters are, Lleak=30nH,
Io=40A, Iin=3.4A, Ns=1, NAUX=3, then the conduction time for the body diode is 4.3ns as
calculated by using (2-22).
Pdiode_Buck=(18.35A)(2)(4.3ns)(0.7V)(1MHz)=0.11W
From the above calculation 0.45W energy is saved on the body diode’s conduction loss.
Fig 2-18 illustrates the body diode’s conduction losses as a function of leakage inductance
reflected to primary side. From the figure it is clear that reducing the leakage inductance
and/or the threshold voltage can reduce the body diode’s conduction loss. Leakage
inductance can be minimized by interleaving the transformer windings. However, reducing
the threshold voltage increases susceptibility to MOSFET false triggering due to noise.
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Fig 2-18 Body diode conduction loss as a function of leakage inductance reflected to the primary
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2.6.6 Summary of loss analysis
From the analysis in the previous sub-sections, the major advantages of new topology
are that it can reduce switching loss and body diode’s conduction loss yielding improved
efficiency. Since the duty cycle of the NFB is extended and primary switches can achieve
ZVS turn-on, its switching loss is significantly reduced compared with two-phase Buck.
Shorter body diode’s conduction time and lower voltage stress for the synchronous rectifiers
also help to improve the efficiency.
The efficiencies of the two-phase Buck and NFB have been calculated. The efficiency
curves are shown in Fig 2-19. In the analysis it was assumed that 75% of the turn-on loss
was saved for the NFB. For the NFB the gate voltage of the two low side MOSFETs, Q2 &
Q4, gate voltage is –Vo when turned off, so it is assumed that they can be turned off faster
(8ns turn off and 15ns turn on). In the calculations, IRF7821 [28] was used for the primary
MOSFETs and FDS6162N7 [29] was used for the synchronous rectifiers. The output is
1V/40A. As shown in Fig 2-19, the NFB is able to achieve the same efficiency, 84.6% as a
two phase Buck but at more than double the switching frequency (i.e. 430kHz for the Buck
and 1MHz for the NFB).
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Fig 2-19 Calculated efficiency of a two-phase Buck and NFB at 1V/40A
A loss breakdown comparison is illustrated in Fig 2-20 at 1V/40A load and 1MHz
switching frequency. It is clear that the most significant savings for the NFB come from the
switching loss reduction. The other loss component in Fig 2-20 consists of the MOSFET
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Fig 2-20 Loss breakdown comparison between the two-phase Buck and NFB at 1MHz switching
frequency and 1V/40A load
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2.7 Experimental Results

Fig 2-21 Photo of the prototype; size 1.41”x1.41” (3.6x3.6cm)
Prototypes of the NFB and two-phase synchronous Buck at 12V input 1V/40A output
were designed and built to operate at frequencies between 500kHz and 1MHz. The NFB
prototype was built on a 1.41 inch by 1.41 inch, 12 layer, 2oz copper printed circuit board.
A photo of the prototype is shown in Fig 2-21. In the design, three pairs of RM4 cores were
used. One pair was used for the transformer and the other two pairs were used for the
current doubler inductors. The turn’s ratio, primary to secondary for the transformer is 3:1.
In the steady state the effective duty cycle was 54.5%. Phase shift control was used to
reduce the switching loss at primary side. In order to demonstrate the advantages of this
topology, the efficiency of the new topology is measured at 1V, 500kHz, 700kHz and
1MHz switching frequency.
The high side MOSFETs used in the design were IRF7821 since they have very low
gate charge to minimize switching loss. The synchronous rectifier MOSFETs used were
FDS6162N7 since they have very low on resistance which minimizes conduction loss. The
UCC3895 phase shift controller and two LM5100 drivers were used. The dead time was
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optimized at half load (15A) to 20ns by adding a resistor between pins 9 and 10 of the
UCC3895 Controller.

Fig 2-22 Gate driving signals of the synchronous rectifiers at 1MHz switching frequency
Waveforms of the synchronous rectifier gate signals are shown in Fig 2-22. In Fig 2-22
we can see that when all four primary MOSFETs are turned off, both SRs are turned on as
desired. In Fig 2-22 there is some ringing on the SR gate signals, which is caused by
leakage inductance on the AUX winding. Care must be taken in the transformer design
since large ringing can cause the can false turn off of the SR. In addition, a small gate
resistor can be added to damp the ringing. In order to reduce the leakage inductance on the
driving winding, the AUX winding must have good coupling with the primary winding. The
interleaving method shows in Fig 2-15 was used to achieve this goal.
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Fig 2-23 Drain voltage (top) and gate voltage (bottom); ZVS achieved at turn on for the lagging
leg at 1V/20A load and 1MHz switching frequency

Fig 2-24 Drain voltage (top) and gate voltage (bottom); ZVS achieved at turn on for the lagging
leg at 1V/40A load and 1MHz switching frequency
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Fig 2-25 Drain voltage (top) and gate voltage (bottom); ZVS achieved at turn on for the leading
leg at 1V/20A load and 1MHz

Fig 2-26 Drain voltage (top) and gate voltage (bottom); ZVS achieved at turn on for the leading
leg at 1V/40A load and 1MHz
From the testing results shown in Fig 2-23, Fig 2-24, Fig 2-25 and Fig 2-26, we can see
that both the lagging and leading legs are able to achieve ZVS turn on at 20A and 40A load.
The efficiency as a function of load for the NFB was measured and is illustrated in Fig
2-27 for switching frequencies of 500kHz, 700kHz and 1MHz. In addition, a comparison is
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given in Fig 2-28 for the efficiency as a function of load for the NFB and a two-phase and
three-phase synchronous Buck at 500kHz switching frequency. From the test results shown
in Fig 2-27 and Fig 2-28, it is observed that at 30A load the Non-Isolated Full Bridge can
achieve 82.1% efficiency at 1MHz and 84.4% at 500kHz, but the two phase and three phase
Buck topologies achieve only 79.7% and 82.6%, respectively, at 500kHz. Therefore,
compared to the two phase Buck, at 30A load, a 2.4% efficiency improvement (82.1% for
NFB vs. 79.7% for two phase Buck) is achieved with the NFB at double the switching
frequency.
Compared to the three-phase Buck the efficiency of the NFB converter achieves 82.1%
at full load which is nearly equal to that of the three-phase Buck of 82.6% at double the
switching frequency. This is a very significant improvement. Furthermore, at 500kHz and
30A a 4.7% efficiency improvement (84.4% for NFB vs. 79.7% for two phase Buck) is
achieved compared with two phase Buck and a 1.8% improvement (84.4% for NFB vs.
82.6% for two phase Buck) is achieved compared to the three phase Buck.
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Fig 2-27 NFB efficiency as a function of load at 1V output
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2.8 Conclusions
A new Non-Isolated Full Bridge topology was proposed in this chapter. The primary
side of this topology is derived from the Full Bridge, however the conventional ground
points of the primary side are connected directly to the positive point of the output. This
topology improvement allows the input current to flow directly to the load without going
through the transformer, so the current stress of synchronous rectifiers and filter inductors
are both reduced.
Compared with the traditional multi-phase Buck topology, the switching loss can be
dramatically reduced with the NFB since it operates with extended duty cycle and the peak
current is reduced. Furthermore, with the proposed topology, zero voltage switching can be
achieved when the high side is operated in phase shift mode. These advantages enable the
NFB to achieve higher efficiency than both the two phase and three phase synchronous
Buck topologies. These lower losses can also permit the NFB to operate at much higher
switching frequencies than the Buck. In addition, smaller output inductors and capacitors
can be used to improve the dynamic response and reduce the component cost.
To demonstrate the advantages of this topology, a VRM module has been built and
tested at 12V input and 1V output. At 30A load and 500kHz switching frequency, the NFB
achieves 84.4% efficiency, which is 4.7% higher than that of two phase Buck converter
(79.7%). Furthermore, at 1MHz, the NFB achieves 82.1% efficiency, which is 2.4% higher
than that of two-phase Buck converter operating at 500kHz.
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Chapter 3

New Tow-phase Non-Isolated Full Bridge

3.1 Two-phase Non-isolated Full Bridge
To solve the problems of the conventional Buck and coupled-inductor Buck topologies,
a new single phase non-isolated full bridge topology is proposed in Chapter 2, and it
demonstrates significant advantages over the conventional multi-phase Buck. However, if
80A or more output current is required, we will need to parallel two NFB converters
together; this solution is complex and not cost effective.
In this Chapter a new two-phase Non-Isolated Full Bridge (NFB) topology is proposed
with significant advantages over two paralleled NFB converters, and it can reduce the cost
and double the output current with better efficiency and simplify the current sharing. The
detailed operation of the proposed topology is presented and analyzed in the following
sections. In section 3.2 the derivation of the two-phase non-isolated full bridge will be
presented. Section 3.3 is the operation mode analysis. Section 3.4 is the key design
equations. Section 3.5 is the synchronous MOSFETs driving analysis. Section 3.6 is the
zero voltage switching analysis. Section 3.7 is the losses analysis. Section 3.8 is the
experimental results. Finally section 3.9 is the conclusion.

3.2 Derivation and Operation of the Two-Phase Non-Isolated Full
Bridge
In this section the derivation of the proposed topology will be introduced, and the
advantages of the topology will be presented.
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Fig 3-1 illustrates the evolution of the two-phase non-isolated full bridge from two
paralleled NFB converters. Fig 3-1a) illustrates two one-phase NFB converters in parallel.
Since the conduction loss of the SR is the most significant loss in low voltage high current
applications [30], we simply parallel the two rectifier stages, and this forms the rectifier
stage of the two-phase NFB shown in Fig 4-1b).
When the rectifier stage is in parallel, the primary side should also operate in parallel,
this is illustrated in Fig 3-1b). Since the primary side operates in parallel, point B and D
shown in Fig 3-1b) can be connected together. When the two primary side windings are
connected at B as show in Fig 3-1c), it is observed that QA, Q3 and Q4, QB actually
operates in parallel. Considering the conduction loss at the primary side is usually not large,
four MOSFETs (Q3, Q4, QA and QB) can be combined to two MOSFETs (Q3 and Q4) to
simplify the circuit. After making the aforementioned modifications, a new topology is
created, as shown in Fig 3-2.
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Fig 3-1 Evolution of the two-phase non-isolated full bridge from two paralleled NFB converters
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Fig 3-2 Proposed two-phase NFB with simplified primary side
The primary side windings of T1 and T2 in Fig 3-2 are connected at B, which means
for the secondary side windings there are two points that have the same voltage and can be
connected together. It is observed that the DS voltages of SR1 and SR4 are exactly the same,
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so they can be connected together and SR4 and L4 can be removed. The further simplified
two-phase NFB topology is show in Fig 3-3. This change will result in higher conduction
loss for the rectifier stage, but the total gate loss and cost is reduced.

Fig 3-3 Proposed non-isolated two-phase full bridge with simplified primary side, and further
simplified rectifier stage.
Using the proposed topology some benefits can be achieved; more detail analysis of
those benefits will be shown in the following sections.
1. Components cost is reduced.
2. Better efficiency is achieved because of lower switching loss. More detail analysis
is shown in section 3.7.
3. Current sharing is simplified due to the sharing leg (Q3, Q4) makes two power
stages coupled with each other.
4. Compared with the single phase topology [17], a smaller output capacitor and
inductor can be used to improve dynamic performance.
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5. Since SR1 and SR4 operate in parallel, the number of SRs and inductors can be
reduced from four to three if necessary. The further simplified two-phase FB is
shown in Fig 3-3.

Fig 3-4 Key waveforms of two-phase NFB converter operating in phase shift mode.
Fig 3-4 depicts the key waveforms of the two-phase NFB converter. There are thirteen
operation modes and they will be analyzed in detail in section 3.3. In Fig 3-4 VGSQ1-VGSQ6
are the gate driving signals of corresponding MOSFETs in Fig 3-2, Ip1 and Ip2 represent
the current goes through the primary windings of transformer T1 and T2 shown in Fig 3-2.
The synchronous MOSFET driving signal VGSSR1&SR4, VGSSR2, and VGSSR3 are
generated by the voltages VA, VB, VC from point A, B, C respectively as shown in Fig 3-2.
SR1 and SR4 are driven by the same driver because they operate in parallel. The detailed
analysis of the SR driving circuit will be analyzed in section 3.5. It is also noted that the
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source of MOSFETs Q2, Q4 and Q6 are directly connected to the output, thus they are
turned off by -Vo, which allows them to be turned off faster to reduce switching loss.

3.3 Operation Modes
In this section the operation modes of the new topology are analyzed in detail, and the
impact of transformer’s leakage inductance on the SR body diode conduction time will also
be discussed. There are a total of thirteen operation modes. The thirteen operation modes
are in correspondence with the key waveforms shown in Fig 3-4. In the analysis T1 and T2
represent the two transformers in Fig 3-2, and Ip1 and Ip2 represent the current goes
through the primary windings of transformer T1 and T2, and +/- are used to indicate the
direction of the current in correspondence with the key waveforms shown in Fig 3-4.
1. Mode 1 [t0-t1]
The first state is shown in Fig 3-5 from t0- t1. In this operation mode Q1, Q4, Q5, SR2,
SR3 are on. Q2, Q3, Q6, SR1 and SR4 are off. Energy is transferred by transformer T1 and
T2 from the primary side to the secondary side. Two transformers operate in parallel and the
input current flows to the load side directly. The current stress of the output inductors and
the SRs is reduced as a result. During this time interval the current in Q1 and Q5 both
conduct through Q4 causing the current stress of Q4 to be doubled compared to that of Q1
and Q5, as shown in Fig 3-18.
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Fig 3-5 t0-t1
2. Mode 2 [t1-t2]
The second state t1-t2 is shown in Fig 3-6. In this operation mode Q4 is turned off at t1
to prepare for the zero voltage turn-on of Q3. The load current reflected from the secondary
side begins charging C4 while discharging C3. The voltage at point B(VB) increases linearly
from Vo to Vin. The gate voltage of SR1 and SR4 also begins to increase, and SR1 and SR4
will be turned on after their gate voltage increases above the threshold. However, due to the
leakage inductance, SR1 and SR4 will not conduct the load current after they are turned on.
In this transition, the gate capacitors of SR1 and SR4 are charged by a constant current
source and their gate loss can be reduced. This will be analyzed in section 3.5.
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Fig 3-6 t1-t2
3. Mode 3 [t2-t3]
The third mode t2-t3 is shown in Fig 3-7. When the voltage across Q3 equals zero, Q3
is turned on with ZVS at t2. At this time both the primary windings of T1 and T2 are
shortened, and their primary sides and secondary sides are decoupled. SR1 and SR4 begin
to conduct the load current after Q3 is turned on.
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4. Mode 4 [t3-t4]
The fourth state is shown in Fig 3-8. Q5 is turned off at t3 to prepare for the ZVS turnon of Q6. The energy stored in the leakage inductance of T2 charges C5 and discharges C6.
The voltage at point C (VC) decreases from Vin to Vo. The gate voltage of SR3 also begins
to decrease, and its body diode begins conducting for a short period of time after its gate
voltage reduces below the threshold. This time interval should be as small as possible the
detailed analysis is shown in section 3.5.

Fig 3-8 t3-t4
5. Mode 5 [t4-t5]
The fifth state is shown in Fig 3-9. Q6 is turned on at t4 after the voltage across it
becomes zero. The primary side current of T2 can not change direction instantly after Q6 is
turned on. Thus Vin-Vo is applied across the leakage inductance of T2 before the primary
side current -Ip2 changes to +Ip2. The body diode of SR3 is conducting and will be turned off
after -Ip2 changes to +Ip2.
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Fig 3-9 t4-t5
6. Mode 6 [t5-t6]
The sixth state is shown in Fig 3-10. Q6 is turned off at t5 to prepare for the ZVS turnon of Q5. The load current reflected from secondary side charges C6 and discharges C5. Vc
increases from Vo to Vin. The gate voltage of SR3 also increases. SR3 is turned on after its
gate voltage increases above the threshold; however SR3 will not conduct the load current
immediately after it is turned on due to the leakage inductance.
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Fig 3-10 t5-t6
7. Mode 7 [t6-t7]
The seventh state is shown in Fig 3-11. Q5 is turned on at t6 after the voltage across it
becomes zero. At this time, the primary side and the secondary side of T2 are both
shortened and SR3 begins to conduct the load current.
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8. Mode 8 [t7-t8]
The eighth state is shown in Fig 3-12. Q1 is turned off at t7 to prepare for the ZVS
turn-on of Q2. The energy stored in the leakage inductance of T1 charges C1 and discharges
C2. The voltage at point A (VA) decreases from Vin to Vo. The gate voltage of SR2 also
decreases and its body diode begins to conduct for a very short time after its gate voltage
reduces below the threshold.

Fig 3-12 t7-t8
9. Mode 9 [t8-t9]
The ninth state is shown in Fig 3-13. Q2 is turned on at t8 after VA decreases to Vo.
Due to the leakage inductance the primary current Ip1 can not change direction instantly;
Vin-Vo will be applied across the leakage inductance of T1 before Ip1 completely changes
to –Ip1. After Ip1 changes to –Ip1, SR2 is turned off completely and T1 begins to transfer
energy to the secondary side.
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Fig 3-13 t8-t9
10. Mode 7 [t9-t10]
The tenth state is shown in Fig 3-14. Q2 is turned off at t9 to prepare for the ZVS turnon of Q1, the load current reflected from the secondary side charges C2 and discharges C1.
VA increases from Vo to Vin. The gate voltage of SR2 also begins to increase and SR2 is
turned on after its gate voltage increases above the threshold; However, SR2 will not
conduct the load current after it is turned on due to the leakage inductance.
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Fig 3-14 t9-t10
11. Mode 11 [t10-t11]
The eleventh state is shown in Fig 3-15. Q1 is turned on at t10 after the voltage across
it becomes zero. The primary windings of T1 are shortened, the primary side and secondary
side are decoupled, and SR2 begins to conduct the load current.
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12. Mode 12 [t11-t12]
The twelfth operation state is shown in Fig 3-16. Q3 is turned off at t11 to prepare for
the ZVS turn-on of Q4. The energy stored in the leakage inductance of T1 and T2 charges
C3 and discharges C4. VB decreases from Vin to Vo. The gate voltage of SR1 and SR4 also
begins to decrease, and their body diodes begin to conduct for a very short time after their
gate voltages reduce below the threshold.
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13. Mode 13 [t12-t13]
The thirteenth state is shown in Fig 3-17. After the voltage across Q4 becomes zero,
Q4 is turned on with ZVS at t12. Due to the leakage inductance primary current can not
change its direction instantly, Vin-Vo is applied across the leakage inductance of T1 and T2
and the primary current of T1:-Ip1 changes to +Ip1 and T2: +Ip2 changes to –Ip2. SR1 and
SR4 are turned off completely after the primary currents of T1 and T2 change direction
completely and both transformers T1 and T2 begin to transfer energy to the secondary side.
At this point one cycle is completed. Based on the analysis, the key current waveforms are

63

shown in Fig 3-18, more detailed analysis of major switches’ current stress will be shown in
section 3.4.
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3.4 Steady State Equations of Two-Phase NFB
In this section the key equations of the new topology will be derived. Those equations
can be used to analyze and design the proposed two-phase non-isolated full bridge converter.
1. Output voltage gain
Equation (3-1) is derived using the output inductor volt-seconds in steady-state, D is
duty cycle. Equation (3-2) is derived from (3-1). Equation (3-2) is the voltage gain of the
two-phase NFB. If 12V to 1V is required, Np=3 Ns=1 should be selected and D=0.27 is
calculated by using (3-2). (N=Np/Ns, D=Ton/Ts).
Vo (1 − D)Ts + (Vo − (Vin − Vo )

Ns
) DTs = 0
Np
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(3-1)

Vo
D
=
Vin N + D

(3-2)

2. Voltage stress
The primary MOSFET stress can be calculated by (3-3), and equation (3-4) can be used
to calculate the SR voltage stress.When the input voltage is 12V, output voltage 1V,
Np/Ns=3, the calculated SR voltage stress is 3.6V. This is much less than the input voltage.
Which means low voltage rating SR (such as 8V MOSFETs) can be used to improve
efficiency. As we know for multi-phase Buck the voltage stress of SR equals input volatage,
which means 20V MOSFET has to be used.
V PMOS = Vin − Vo

VSR = (Vin − Vo )

(3-3)

Ns
Np

(3-4)

3. Current stress of the power inductor
Equation (3-5) can be used to calculate the average input current, assuming efficiency
is 100%.
I in =

Pout
Vin

(3-5)

Since the input current goes directly to the load side, the currents through the four
output inductors is Io-Iin, therefore equation (3-6) can be used to calculate the average
inductor current.
I Lavg =

I o − I in
4

(3-6)
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SR will conduct (1-D)Ts, and the output voltage will apply to the output inductor
during this period, then equation (3-7) can be used to calculate the inductor current ripple.
ΔI L =

Vo (1 − D)Ts
L

(3-7)

Equation (3-8) can be used to calculate minimum and maximum inductor current.
I L _ min = I Lavg −

ΔI
ΔI
, I L _ max = I Lavg +
2
2

(3-8)

The RMS current through the output inductor can be calculated by using (3-9).
I Lrms = I 2 Lavg +

ΔI 2
12

(3-9)

4. Current stress of synchronous rectifier Power MOSFET
Fig 3-18 illustrates the current waveforms of SR when the ripple current is neglected.
It is observed from Fig 3-18 that the RMS current of all synchronous MOSFETs are the
same and can be calculated by using (3-10). When calculating the current stress of the SR,
the current ripple is neglected to simplify the calculation. ILavg is the average inductor
current.
I SR _ rms = I 2 Lavg (1 − 2 D) + D(2 I Lavg ) 2
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(3-10)

ΔI
I1

2 ΔI

2I1

Fig 3-18 Current waveforms of major switches in two-phase NFB converter
5. Current stress of the primary power MOSFETs Q1, Q2, Q5, Q6
Fig 3-18 illustrates the current waveform through major switches in the two-phase
NFB converter, the circulating current and ripple current of SRs are neglected to simplified
the analysis. In Fig 3-18 VGSQ1-VGSQ6 represent the gate signal of MOSFETs Q1-Q6 in Fig
3-2, VGSSR1-VGSSR4 represent the gate signal of synchronous MOSFETs SR1-SR4. IQ1-IQ6,
ISR1-ISR4 represent the current through MOSFETs Q1-Q6 and SR1-SR4. I1 is the average
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inductor current reflected to primary side and ΔI is the inductor ripple current reflected to
the primary side. They can be calculated using (3-13).
The circulating current of the primary side is neglected as shown in Fig 3-18, in this
case Q1, Q2 Q5 and Q6 will have the same RMS current stress while Q3 and Q4 will have
higher RMS current stress. The peak turn-on and turn-off current of the primary MOSFETs
Q1, Q2, Q5 and Q6 can be calculated using (3-11). The RMS current through Q1, Q2, Q5
and Q6 can be calculated using (3-12).
I peak _ off = I L _ max

NS
N
I peak _ on = I L _ min S
Np
Np

2

I Q1 _ RMS = D( I 1 +

I 1 = I L _ avg

ΔI 2
)
12

ΔI
1
, ΔI = L , N=Np/Ns
N
N

(3-11)

(3-12)

(3-13)

For example if Vin=12V, Vo=1V, Io=80A, Fs=1MHz, and Inductor=100nH, then
Ipeak_on=4.8A, Ipeak_off=7.2A, IQ1RMS=3.6A. (Q2, Q5 Q6 will have the same RMS
current and peak current stress as Q1).
6. Current stress of Q4
The current stress of Q4 is the highest of the six primary side MOSFETs, since
IQ4=IQ1+IQ5 as shown in Fig 3-18 Q4’s current stress is double as compared with that of Q1,
Q2, Q5 and Q6. Its peak turn-on and turn-off current can be calculated using (3-14). Its
RMS current can be calculated using (3-15). I1 and ΔI can be calculated using (3-13).
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I Q 4 peak _ off = 2 I L _ max

NS
N
I Q 4 peak _ on = 2 I L _ min S
Np
Np

(3-14)

ΔI 2
) = 2 I Q1 _ RMS
12

(3-15)

2

I Q 4 _ RMS = 2 D( I 1 +

For example if Vin=12V, Vo=1V, Io=80A, Fs=1MHz and Inductor=100nH, then
Ipeak_on=9.6A, Ipeak_off=14.5A, IQ4RMS=7.2A.
7. Current stress of Q3
It can be observed from Fig 3-18 that The RMS current stress of Q3 is less than that of
Q4, but higher than that of Q1, Q2, Q5 and Q6. Iq3=Iq2+Iq6, but Iq3 and Iq6 are 120
degrees out of phase with each other as shown in Fig 3-18, so the peak current of Q3 is not
increased, and it can be calculated using (3-11). In addition, Q3 is turned on at t2 and turn
off at t11 only therefore Q3’s switching loss will also be the same as Q1, section 3.7 will
give more detailed analysis. This is one of the benefits of phase shift control, which reduces
the current stress of the shared leg MOSFETs in the two-phase NFB. The RMS current
through Q3 can be calculated using (3-16). I1 and ΔI can be calculated using (3-13).
2

I Q 3 _ RMS = 2 D( I 1 +

ΔI 2
) = 2 I Q1 _ RMS
12

(3-16)

For example if Vin=12V, Vo=1V, Io=80A, Fs=1MHz, Inductor=100nH then
Ipeak_on=4.8A, Ipeak_off=7.2A, IQ3RMS=5.1A.

3.5 Synchronous MOSFET Driving
In this section the synchronous MOSFET driving method proposed in [17] is extended
to use in the proposed topology, the SR turn-on, turn-off transition, and its body diode’s
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conduction time will also be analyzed in detail. Compared with external driver, the selfdriven method reduces the cost, simplify the timing control of SR turn-on, turn-off
transition, in addition it can save some of the gate energy. In this section a new linear
method will be used to analyze the SR turn-on and turn-off transition, and calculate the SR
body diode’s conduction time.

Fig 3-19 Synchronous MOSFETs driving signal connection
It can be observed from Fig 3-4 that voltage VA, VB and VC can be used to drive SR
MOSFETs. For example VA can be used to drive SR2, VB can be used to drive SR1 and
SR4, and VC can be used to drive SR3. Fig 3-19 shows the connection of SR driving signal,
the voltage signal from point A, B, C is connected directly to synchronous MOSFETs gate
through a DC block capacitor. The detailed driving circuit is shown in Fig 3-20.
It is observed from Fig 3-20 that the voltage across Q2 is used to drive SR2. Coss1 and
Coss2 represent the output capacitors of Q1 and Q2 respectively. CSRG2 represents the gate
capacitor of SR2 while C1 represents the DC block capacitor. Rg is the gate resistance of
the synchronous MOSFET.
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Vin
Q1

A
Q2

Coss1
C1

D

Rg

G

SR2

CSRG2

Coss2

S
Fig 3-20 Synchronous MOSFET equivalent driving circuit

3.5.1 Synchronous MOSFET Turn-on Transition Mode 10 [t9-t10]
In this section SR2 is used as an example to analyze the detailed operation of
synchronous rectifiers. SR2 turn-on transition begins at t9 as shown in Fig 3-14, when Q2 is
turned off at t9 to prepare for the ZVS turn-on of Q1. At this point, the synchronous
MOSFET’s gate voltage VGSR2 begins to increase. The load current reflected from the
secondary side charges Coss2+CSRG2 and discharges Coss1. The voltage at point A linearly
increases from Vo to Vin. During the synchronous MOSFETs turn-on transition shown in
Fig 3-14 [t9-t10], SR2 is turned on after its gate voltage increases above the threshold
voltage; however, it will not conduct the load current, this is because that the secondary side
winding of T1 conducts the current of L2 before SR2 is turned on. After Q2 is turned off the
current in the leakage inductance will not change instantly, and SR2 is turned on while L2’s
current continues through the transformer winding. It is noticed that SR2 is turned on before
it begins to conduct any current, its body diode will not conduct any current during the turnon transition. Therefore, the body diode conduction during the turn-on transition is
eliminated.
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3.5.2 Synchronous MOSFET Turn-off Transition Mode 8 [t7-t8]
In this section a linear method is used to analyze the SR turn-off transition, again use
SR2 as an example. The detailed transition waveform is illustrated in Fig 3-21. In order to
simplify the analysis it is assumed that the gate voltage SR2 (VSR2) changes linearly. The
assumption is valid as the synchronous rectifier gate resistances and the leakage inductance
of the power transformer winding are relatively small.

tb1
VGS1

tb2
tbody2

tbody1

VGS2
VSR2 Vin

Vth
tbody

ISR2
Ip
Iprim

-Ip

Td

t7 t8
Fig 3-21 Lagging leg transition of the self-driven synchronous rectifiers
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The lagging leg transition begins when Q1 is turned off at t7 to prepare for the ZVS
turn-on of Q2. After Q1 is turned off, the transformer leakage inductor begins to resonate
with Coss1 and Coss2+CGSR2. VSR2 and ISR2 will begin to decrease. After VSR2 decreases
linearly below the gate threshold voltage at tb1, the body diode of SR2 will begin to
conduct the load current. The SR body diode’s conducting time during this stage is from tb1
to t8 and is equal to tbody1. tbody1 can be calculated using (3-17). (N is the turn’s ratio of the
power transformer Np:Ns, Td is the dead time between Q1 and Q2 , Vth is the gate
threshold voltage of SR2).
t body1 = Td −

4(2Coss + C GSR ) N (Vin − Vth )
Io

(3-17)

After the voltage across Q2 reduces to zero, Q2 is turned on with zero voltage at t8.
Due to the transformer leakage inductance, the primary side current can not change
direction instantly; Vin-Vo is applied across the leakage inductance of the power
transformer and forces the primary side current to change direction linearly. After the
primary side current changes direction completely at tb2, ISR2 reduces to zero, and SR1 will
conduct the load current in L1 and L2. The body diode’s conduction time during this stage
is dependant on the time required for the primary current to change direction. The
conduction time is from t8 to tb2 and is equal to tbody2. tbody2 can be calculated using (3-18),
where N is the transformer turn’s ratio N=Np/Ns.

t body 2 =

I o Lleakage

(3-18)

2 N (Vin − Vo )

t body = t body1 + t body 2

(3-19)
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The total body diode conduction time is equal to tbody1+tbody2 and can be calculated
using (3-19). From equation (3-17) and (3-18) it is clear that reducing the leakage
inductance, threshold voltage, or the dead time can reduce the body diode’s conduction loss.
Leakage inductance can be minimized by interleaving the transformer windings. However,
reducing the dead time could also cause non ZVS turn-on of the lagging legs and increase
the switching loss. Reducing the threshold voltage may increase the susceptibility to
MOSFET false triggering due to noise. From Fig 3-21 it is also observed that we can reduce
the body diode’s conduction time by turning off the SR slower. One way to achieve this is
to add an external gate resistor which will also increase the gate loss.
When Io=40A, Lleakage=30nH, Vth=0.7V, Td=10nS, Csr=5nF, Coss=250pF, N=3 using
(3-17) and (3-18) the calculated body diode’s conduction time is 11nS.
Compared with multi-phase Buck, the SRs’s body diodes in the two-phase NFB only
conduct during the turn-off transition while the SR’s body diodes in the Buck conduct
during both turn-on and turn-off transition [31][32]. Therefore, the body diode’s conduction
loss will be smaller for the two-phase NFB converter.

3.6 Zero voltage Turn-on Transition
From the analysis in the previous sections, it is shown that the Q1, Q3 and Q5 are
leading leg MOSFETs. Q2, Q4 and Q6 are lagging leg MOSFETs. The Drain-Source
capacitors of the lagging leg MOSFETs are discharged by the energy stored in the leakage
inductance, so it is more difficult for them to achieve zero voltage turn-on.
From the previous section it is observed that the SR’s gate capacitor is in parallel with
the output capacitor of Q2, Q4 and Q6. This equivalently enlarges the output capacitors of
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the primary side MOSFETs, and as a result increases the dead time and energy needed to
achieve ZVS turn-on. The detailed analysis will be discussed in this section.

3.6.1 Leading Leg Transition During Mode 10 [t9-t10] (Q1,Q3, Q5)
The transition paths of the leading leg are shown in Fig 3-14. Q2 is turned off at t9 to
prepare for the zero voltage turn-on of Q1. The current reflected from the secondary side
charges C2 and discharges C1. During this transition, the time required charging C2 from
Vo to Vin and discharge C1 from Vin to Vo is dependent on the load current. Since this
time interval is very short, it can be assumed that the charge current is constant during the
transition. Equations (3-20) and (3-21) can be used to calculate the voltage across C1 and
C2, assume C1=C2. (3-22) can be used to calculate the dead time needed to achieve zero
voltage turn-on. Equation (3-22) is derived based on the assumption that during the duration
of [t9~t10], the current is constant to charge C2 and discharge C1.ILavg, in (3-20)-(3-22),
represents the average current in L2 and can be calculated using (3-23).

VC1 (t ) = (Vin − Vo ) −

VC 2 (t ) =

t dead _ Q12 >

I Lavg t

(3-20)

2C 2 N

I Lavg t

(3-21)

2C1N

2C1(Vin − V0 ) N
I Lavg

I Lavg =

( I o − I in )
4

(3-22)

(3-23)

Fig 3-22 shows the minimum dead time required to achieve ZVS turn-on. This figure
is calculated using (3-22) as a function of the load current. The operating parameters are as
follows: Vin=12V, N=3 and N=2, C1=C2=2.5nF(since the SR gate capacitor is in parallel
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with C2, it equivalently increases the value of C1 and C2). From Fig 3-22 it is observed that
a heavy load and a low turn’s ratio can help the NFB achieve ZVS. As shown in Fig 3-22,

Dead TimeQ2&Q1[ns]

for a 50A load, Td=14.4ns for N=3, and Td=9.6ns for N=2.

Fig 3-22 Dead time between Q2&Q1 required for Q1 to achieve ZVS for the leading leg as a
function of load current

3.6.2 Lagging Leg Transition During Mode 8 [t7-t8] (Q2 Q4 Q6)
The transition paths of the lagging leg are shown in Fig 3-12. Initially, Q1 is turned off
at t7 to prepare for the zero voltage turn-on of Q2. If the energy stored in the leakage
inductance of the transformer is sufficient to charge C1 to Vin and discharge C2+CGSR2 from
Vin to Vo, Q2 can achieve zero voltage turn-on.
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Fig 3-23 Lagging leg transition equivalent circuit
In this transition the leakage inductance resonates with C1 and C2+CGSR2. The
equivalent circuit is shown in Fig 3-23. If the voltage at point A can be discharged from Vin
to Vo, the body diode of Q2 will be turned on. Q2 must be turned on before the current
through the leakage inductance decreases to zero. The voltages across C1 and C2 can be
calculated using (3-24)-(3-27). The leakage current ILeakage, in (3-24)-(3-27) represents the
current at the instant Q1 is turned off and can be estimated by using (3-29), where Ip is the
primary side current. From (3-24) it is observed that in order to achieve ZVS turn-on, (3-28)
must be satisfied.
VC 2 (t ) = Z o I Leakage sin ωt − (Vin − Vo )

(3-24)

I p (t ) = I Leakage cos ωt

(3-25)

VC1 (t ) = Z o I Leakage sin ωt

(3-26)

Z o = LLeakage / 2C1 ω = 1 / 2 LLeakage C1 t X =

1

ω
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sin −1 (

Vin − Vo
)
Zo

(3-27)

⎧Z o I Leakage min > (Vin − Vo )
⎪
( I Leakage LLeakage ) cos ωt X
⎨1
−1 Vin − Vo
+ tX
) < t dead _ Q 34 <
⎪ω sin ( Z I
V
V
−
(
)
o
Leakage
in
o
⎩

(3-28)

I Leakage = ( I o − I in ) / 4 N

(3-29)

Fig 3-24 shows the minimum dead time required to achieve ZVS turn-on of the lagging
leg transition between Q1 and Q2 as a function of the load. The curve is calculated using
(3-28) with Vin=12V, Vo=1V, C1=C2=2.5nF (since the SR gate capacitor is paralleled with
C2, it equivalently increases the value of C1 and C2), LLeakage=30nH. Comparing the results
shown in Fig 3-22 with Fig 3-24, it is observed that when the load current is less than 50A,
the lagging leg will loss ZVS turn-on when N=3.
Based on the data shown in Fig 3-24, to achieve ZVS turn-on at 60A load for the

Dead TimeQ2&Q1[ns]

lagging leg, Td=16.8ns for N=3 and Td=8.7ns for N=2.

Fig 3-24 Dead time between Q1&Q2 required for Q2 to achieve ZVS for the lagging
leg as a function of load current

3.7 Loss Comparison
In this section the losses of two paralleled NFB converters and the new proposed twophase NFB converter will be compared. It will demonstrate that the new proposed two-
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phase FB converter has better efficiency. The comparison conditions are: Vin=12V, Vo=1V,
Iout=80A, Fs=1MHz, NP:NS=3:1, primary side MOSFETs IFR7821 [28], SR IRF6619 错
误！未找到引用源。. The output inductor is 100nH.

3.7.1 Switching loss
The switching loss can be calculated using (3-30) and (3-31). In real circuit the
switching can be larger due to parasitic components [25] [36]-[39], but using (3-30) and
(3-31) still can be used to estimate the switching loss.

Pon =

1
f sV ds I PKon t r
2

(3-30)

Poff =

1
f sV ds I PKoff t f
2

(3-31)

Table 3-1 lists the current stress comparison between two paralleled NFB converters
and the two-phase NFB converter (the circulating current is neglected in the calculation).
From the table it is noticed that the current stress of Q4 is doubled compared with other
MOSFETs. For Q3, since Iq3=Iq2+Iq6, and Iq2 and Iq6 are 120 degrees out of phase , Q3
has the same peak current as Q1, Q2 Q5 Q6.
Solely considering switching loss, the two-phase NFB converter saves one primary
side MOSFET compared with two NFB converters in parallel. The total switching loss of
the two-phase NFB converter is 7 times of the switching loss of Q1; for the two parallel
NFB converters, the switching loss is 8 times the switching loss of Q1.
If only four MOSFETs at the primary side and four SRs for the rectifier stage are used,
compared with two paralleled NFB converters, no switching loss could be saved since the
current stress of the MOSFETs at primary side will be doubled.
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Table 3-1 Current stress comparison between two paralleled NFB converters and two-phase NFB
converter
Two-Phase NFB

Q1,Q2,Q5,Q6

Q3

Q4

Q7,Q8

Ipkoff
Ipkon
Vds
Fs

7.2A
4.8A
11V
1MHz

7.2A
4.8A
11V
1MHz

14.5A
9.6A
11V
1MHz

Not needed
Not needed
Not needed
Not needed

Two One-Phase
NFBs in Parallel
Ipkoff
Ipkon
Vds
Fs

Q1,Q2,Q5,Q6

Q3

Q4

Q7,Q8

7.2A
4.8A
11V
1MHz

7.2A
4.8A
11V
1MHz

7.2A
4.8A
11V
1MHz

7.2A
4.8A
11V
1MHz

If we assume: 1) Ton=10nS and Toff=15nS. 2) Lagging leg does no achieve ZVS. 3)
Leading legs can achieve ZVS and recovery 75% of the switching loss. The calculation
results are: Two-phase FB converter switching loss=5.92W, two paralleled NFB converters
switching loss=6.64W.Therefore, 0.72W loss is saved.

3.7.2 Conduction loss
The conduction loss can be calculated using (3-32). Table 3-2 shows the RMS current
comparison between two NFB converters and the two-phase NFB converter. Q4’s RMS
current is doubled compared with Q1. Q3’s RMS current is between Q1 and Q4; this benefit
is achieved by phase shifting the current in Q2 and Q6 120 degrees from each other.

Pcon = I RMS R dson

(3-32)
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Table 3-2 RMS current comparison between two paralleled NFB converters and two-phase NFB
converter
Two-Phase NFB

Q1,Q2,Q5,Q6

Q3

Q4

Q7,Q8

SR

IRMS

3.6A

5.1A

7.2A

Not needed

22.4A

Two One-Phase
NFBs in Parallel
IRMS

Q1,Q2,Q5,Q6

Q3

Q4

Q7,Q8

SR

3.6A

3.6A

3.6A

3.6A

22.4A

At the primary side, the two-phase NFB converter will result in more conduction loss
since it has a higher RMS current. At the secondary side they will have the same conduction
loss. The calculation results are: Two-phase NFB converter conduction loss=4.47W, two
paralleled NFB converters conduction loss=4.24W. Therefore, there is an increase of 0.23W
conduction loss for the two-phase NFB from the primary side.

3.7.3 Gate loss
The gate loss can be calculated using (3-33), assuming 50% of the gate loss from the
SR can be saved as the self-drive circuit used in this design [17] can recover some of the
gate energy. Since the proposed two-phase NFB converter has fewer MOSFETs, it will
have less gate loss. The calculation results are: Two-phase NFB converter gate loss=1.16W,
two paralleled NFB converters conduction loss=1.34W, therefore 0.18W is saved.

Pgate = QgVgS f s

(3-33)

3.7.4 Loss summary
The loss breakdown comparison between the two-phase NFB converter and two
paralleled NFB converters at 1MHz switching frequency is shown in Fig 3-25. It is
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observed that the total loss is reduced form 15.31W(for two paralleled NFB) to 14.63W (for
two-phase NFB), 0.68W loss is saved because of the fewer MOSFETs results in less gate
loss and phase-shift control reduce the switching loss.

18
16

14.63

15.31

14

Two Paralleled NFB
Two-Phase NFB

12
10

Losses(W)
8

6.64
5.92

6

4.47 4.24
4

1.88 1.88

2

1.16 1.34

1.00 1.00
0.20 0.20

0
Conduction

Switching

Magnetic

Driving

Control

Other

Total

Fig 3-25 Losses breakdown comparison between the two-phase NFB converter and two
paralleled NFB converters at 1MHz switching frequency and 1V/80A load

3.8 Experimental Results
To verify the analysis in previous sections, two prototypes were built on a 12 layer 2oz
copper PCB, one with four output inductors, the other with three output inductors. The
primary MOSFETs are IRF7821 [28] and four IRF6619s [33] are used as synchronous
MOSFETs. Fig 3-26 shows the photo of the prototype with four output inductors. The
design parameters are: Vin=12V, Vo=1V, Fs=1MHz, Iout=80A, N=3, Lout is LP02 100nH
SMD inductor (from Ice Components).
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Fig 3-26 Photo of the two-phase NFB prototype with four output inductors
Fig 3-27 illustrates the leading leg transition of Q5 at 10A, 1MHZ, from the testing
waveform it is observed that Vgs rise 16nS after Vds reduces to zero, and ZVS turn-on is
achieved.

Fig 3-27 Zero voltage turn-on of Leading Leg MOSFET Q5 at 10A
Fig 3-28 illustrates the lagging leg transition of Q6 at 50A 1MHz, from the testing
results it is observed that ZVS turn-on is not achieved. The failure of ZVS turn-on is
because that the energy stored in the leakage inductance is limited and SR’s gate capacitor
is paralleled with the output capacitors of lagging leg MOSFETs, which equivalently

83

increase the output capacitors of primary side MOSFETs, and makes fully discharge the
output capacitors more difficult.

Fig 3-28 Lagging leg MOSFET(Q6) switching transition at 50A
Fig 3-29 illustrates the synchronous MOSFETs turn-on and turn-off transition at 80A
load. From the waveform it is observed that during the turn-on transition SR will be turned
on before it begins to conducts the current, and SR’s body diode does not turn on during the
turn-on transition.
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Fig 3-29 Synchronous MOSFETs turn-on and turn-off transition at 80A load
Fig 3-30 shows the gate signal of the synchronous MOSFETs, each phase is 120
degrees shifted from each other so the ripple current of the output inductor can cancel each
other. Therefore, a small output inductor can be used to improve dynamic performance.

Fig 3-30 Gate driving signal of synchronous MOSFETs phase shift 120 degree from each other
Fig 3-31 shows the measured efficiency curve of the two-phase NFB converter and
two parallel NFB converters operating at 1MHZ switching frequency. At full load (1V/80A)
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two-phase NFB converter achieves efficiency of 82.3% compared with 81.8% efficiency of
the two paralleled NFB converters 0.5% improvement is achieved. At light load (1V/10A) a
4% efficiency improvement is achieved.

Two-phase NFB 1V/80A
90.0

80.0
Two-Phase NFB
Two Paralleled NFB

Efficiency[%] 70.0

Two-Phase NFB Three Inductors
60.0

50.0
0

10

20

30

40
50
Output Current [A]

60

70

80

Fig 3-31 Measured efficiency comparison between Two-phase NFB converter and two paralleled
NFB converters operate at 1MHz switching frequency
Another prototype with three inductors was also built and tested. It is observed from
experimental results that when the number of inductors is reduced from four to three at full
load (1V/80A) an efficiency of 82% is achieved. The efficiency is reduced by 0.3% because
of the higher conduction loss from the output inductors, but the 82% efficiency is still better
than two paralleled one-phase NFBs (81.8%).
The experimental results demonstrate that the two-phase NFB converter is able to
achieve better efficiency compared with two paralleled NFB converters, and with a
simplified power train circuit and reduced cost.
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A six-phase 1V/80A 1MHz Buck was also tested and with equivalent power
MOSFETs. The six-phase Buck is used in the comparison because a one-phase Buck
reaches it peak efficiency at around 12A load. If an 80A output is required a six-phase Buck
will reach peak efficiency at around 80A. From the experimental results the six-phase Buck
reaches a peak efficiency of 79.6% at 70A which is 2.7% lower than the peak efficiency of
the two-phase NFB converter.
Table 3-3 compares the number of major parts between the six-phase Buck, two
paralleled NFB converters and the two-phase NFB converter. From the comparison it is
shown that the two-phase NFB converter has the minimum number of components and the
highest efficiency.
Table 3-3 Number of major parts comparison between the two-phase NFB, six-phase Buck and
two one-phase NFBs
6 phase
Buck

Two 1phase NFBs

2-phase
NFB

Total MOSFETs
Control MOSFETs
SR MOSFETs

12
6
6

12
8
4

10
6
4

Magnetics
Inductors
Transformers

6
6
0

6
4
2

6
4
2

Controllers

1

1

1

Drivers

6

4

3

Efficiency
Cost

Lowest
High

Medium
High

Highest
Low

3.9 Conclusion
Two new two-phase non-isolated full bridge converters are proposed as alternatives for
parallel two non-isolated full bridge converters in this chapter as shown in Fig 3-2 and Fig
3-3 respectively. Compared with two paralleled one-phase NFBs, the two-phase NFB can
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handle the same output power. In addition, the number of MOSFETs at the primary side is
reduced from eight to six. The power train is simplified and the cost is reduced. Moreover,
higher efficiency can be achieved because of significant reduction of switching loss. To
further reduce the cost, a further simplified two-phase NFB version also proposed and tested,
from the testing results the efficiency is reduced a little due to higher conduction loss, but
the cost further reduced. The advantages of the new topology are summarized below:
1. Components cost is reduced. At the primary side, two MOSFETs are saved. At the
secondary side, only three MOSFET drivers are needed to drive four SRs.
2. Better efficiency is achieved since fewer MOSFETs and phase shift control result
in less switching loss and gate drive loss. In addition, ZVS turn-on can be
achieved for all MOSFETs when phase-shift control is used.
3. Current sharing is simplified due to the sharing leg (Q3, Q4) makes two power
stages coupled with each other.
4. Compared with the single phase topology [17], a smaller output capacitor and
inductor can be used to improve dynamic performance, since the two-phase NFB
can triple the frequency of the output ripple current. In addition, the output
inductor current of the two-phase NFB has a phase shift 120 degrees from each
other, which also reduces the ripple current.
5. Since SR1 and SR4 operate in parallel, the number of SRs and inductors can be
reduced from four to three to further reduce the components cost with limited
efficiency reduction.
To demonstrate the advantages of this topology, two VRM modules have been built
and tested at 12V input and 1V output with an 80A load and a 1MHz switching frequency.
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The experimental results demonstrate that the two-phase NFB is able to achieve better
efficiency compared with two paralleled one phase NFBs and with a simplified power train
circuit and a reduced cost. The two-phase NFB is also compared with a six-phase Buck, and
the testing result demonstrates that the two-phase NFB can achieve better efficiency than
the six-phase Buck and with less components.
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Chapter 4

New Two-phase Isolated Full Bridge

4.1 Introduction
In Chapter 3 two-phase non-isolated full bridge is introduced. But for some low
voltage and high current applications isolation is required, such as the voltage regulator
module for the server. In the server several CPUs work in parallel, usually their power
consumption is around several KW, and a few power modules are paralleled to supply the
power. This solution makes current sharing difficult, and not cost effective.
In this chapter two new two-phase isolated full bridge topologies are introduced to
solve the aforementioned problem. The new topologies are capable to achieve soft
switching and double the output current; in addition it can achieve higher efficiency than
two FB converters in parallel. In following sections the detail operation of the new
topologies will be analyzed. In section 4.2 the derivation of the two-phase isolated full
bridge topologies will be presented. Section 4.3 is the operation mode analysis. Section 4.4
is the key design equations. Section 4.5 is the synchronous MOSFETs driving analysis.
Section 4.6 is the zero voltage switching analysis. Section 4.7 is the losses analysis. Section
4.8 is the experimental results. Finally section 4.9 is the conclusion.

4.2 Derivation of the Two-Phase-Isolated Full Bridge
In this section the derivation of the proposed topologies will be introduced, and the
advantages of the new topologies will be presented.
Fig 4-1 illustrates the evolution of the two-phase isolated full bridge from two
paralleled full bridge converters. Fig 4-1 a) illustrates two full bridge converters in parallel.
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Since the conduction loss of the SR is the most significant loss in low voltage high current
applications, we simply parallel the two rectifier stages, and this forms the rectifier stage of
the two-phase FB shown in Fig 4-1.
When the rectifier stage is in parallel, the primary side should also operate in parallel,
this is illustrated in Fig 4-1b). Since the primary side operates in parallel, point B and D
shown in Fig 4-1b) can be connected together. When the two primary side windings are
connected at B as show in Fig 4-1c), it is observed that QA, Q3 and Q4, QB actually
operates in parallel. Considering the conduction loss at the primary side is usually not large,
four MOSFETs (Q3, Q4, QA and QB) can be combined to two MOSFETs (Q3 and Q4) to
simplify the circuit. After making the aforementioned modifications, a new topology is
created, as shown in Fig 4-2.
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-
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Fig 4-1 Evolution of the two-phase isolated full bridge from two paralleled FB converters
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Rload

Fig 4-2 Proposed two-phase FB with simplified primary side
The primary side windings of T1 and T2 in Fig 4-2 are connected at B, which means
for the secondary side windings, there are two points that have the same voltage and can be
connected together. It is observed that the DS voltages of SR1 and SR4 are exactly the same,
so they can be connected together and SR4 and L4 can be removed. The further simplified
two-phase FB is show in Fig 4-3. This change will result in higher conduction loss for the
rectifier stage, but the total gate loss and cost is reduced.
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Fig 4-3 Two-phase isolated full bridge with simplified rectifier stage
Using the proposed topology many benefits can be achieved as listed below; a more
detailed analysis of those benefits will be shown in the following sections.
1. Components cost is reduced.
2. Better efficiency is achieved because of lower switching loss. A more detailed
analysis is shown in section 4.7.
3. Current sharing is simplified due to the sharing leg (Q3, Q4) which makes two
power stages coupled with each other.
4. Compared with the single phase topology [18], a smaller output capacitor and
inductor can be used to improve dynamic performance.
5. Compared with the current-tripler dc/dc converter proposed in [34] the new
proposed topology reduces the power transformer from three to two.
6. Since SR1 and SR4 operate in parallel, the number of SRs and inductors can be
reduced from four to three if necessary. The further simplified two-phase FB is
shown in Fig 4-3.
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Fig 4-4 Key waveforms of two-phase isolated FB converter operating in phase shift mode.
Fig 4-4 shows the key waveforms of the two-phase FB converter. There are thirteen
operation modes and they will be analyzed in detail in section 4.3. In Fig 4-4 VGSQ1-VGSQ6
are the gate driving signals of corresponding MOSFETs in Fig 4-2, Ip1 and Ip2 represent
the current goes through the primary windings of transformer T1 and T2 shown in Fig 4-2,
and +/- are used to indicate the direction of the current in correspondence with the key
waveforms shown in Fig 4-4.
The synchronous MOSFET driving signal VGSSR1&SR4, VGSSR2, and VGSSR3 are
generated by the voltages VA VB VC from point A, B, C respectively as shown in Fig 4-2.
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SR1 and SR4 are driven by the same driver because they operate in parallel. The detailed
analysis of the SR driving circuit will be analyzed in section 4.5.

4.3 Operation Modes
In this section the operation modes of two-phase FB will be analyzed in detail, and the
impact of transformer’s leakage inductance on the SR body diode conduction time will also
be discussed. There are a total of thirteen operation modes. The thirteen operation modes
are in correspondence with the key waveforms shown in Fig 4-4. In the analysis T1 and T2
represent the two transformers in Fig 4-2, and Ip1 and Ip2 represent the current goes
through the primary windings of transformer T1 and T2.
1. Mode 1 [t0-t1]
The first state is shown in Fig 4-5 from t0- t1. In this operation mode Q1, Q4, Q5, SR2,
SR3 are on. Q2, Q3, Q6 SR1 and SR4 are off. Energy is transferred by transformer T1 and
T2 from the primary side to the secondary side. Two transformers operate in parallel and the
input current flows to the load side directly. The current stress of the output inductors and
the SRs is reduced as a result. During this time interval the current in Q1 and Q5 both
conduct through Q4 causing the current stress of Q4 to be doubled compared to that of Q1
and Q5, as shown in Fig 4-18.
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Fig 4-5 t0-t1
2. Mode 2 [t1-t2]
The second state t1-t2 is shown in Fig 4-6. In this operation mode Q4 is turned off at t1
to prepare for the zero voltage turn-on of Q3. The load current reflected from the secondary
side begins charging C4 while discharging C3. The voltage at point B(VB) increases linearly
from 0 to Vin. The gate voltage of SR1 and SR4 also begins to increase, and SR1 and SR4
will be turned on after their gate voltage increases above the threshold. However, due to the
leakage inductance, SR1 and SR4 will not conduct the load current after they are turned on.
In this transition, the gate capacitors of SR1 and SR4 are charged by a constant current
source and their gate loss can be reduced. This will be analyzed in section 4.5.
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Fig 4-6 t1-t2
3. Mode 3[t2-t3]
The third mode t2-t3 is shown in Fig 4-7. When the voltage across Q3 equals zero, Q3
is turned on with ZVS at t2. At this time both the primary windings of T1 and T2 are
shortened, and their primary sides and secondary sides are decoupled. SR1 and SR4 begin
to conduct the load current after Q3 is turned on.
Q1

Vin
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Q2
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C2
T1
Q4
B
C4
T2

Q5

C

Q6
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L1
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T1
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Fig 4-7 t2-t3
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L4 Cout
SR4

+
Rload
-

4. Mode 4 [t3-t4]
The fourth state is shown in Fig 4-8. Q5 is turned off at t3 to prepare for the ZVS turnon of Q6. The energy stored in the leakage inductance of T2 charges C5 and discharges C6.
The voltage at point C (VC) decreases from Vin to 0. The gate voltage of SR3 also begins to
decrease, and its body diode begins conducting for a short period of time after its gate
voltage reduces below the threshold. This time interval should be as small as possible the
detailed analysis is shown in section 4.5.

Fig 4-8 t3-t4
5. Mode 5 [t4-t5]
The fifth state is shown in Fig 4-9. Q6 is turned on at t4 after the voltage across it
becomes zero. The primary side current of T2 can not change direction instantly after Q6 is
turned on. Thus Vin is applied across the leakage inductance of T2 before the primary side
current -Ip2 changes to +Ip2. The body diode of SR3 is conducting and will be turned off
after -Ip2 changes to +Ip2.

98

Fig 4-9 t4-t5
6. Mode 6 [t5-t6]
The sixth state is shown in Fig 4-10. Q6 is turned off at t5 to prepare for the ZVS turnon of Q5. The load current reflected from secondary side charges C6 and discharges C5. Vc
increases from 0 to Vin. The gate voltage of SR3 also increases. SR3 is turned on after its
gate voltage increases above the threshold; however SR3 will not conduct the load current
immediately after it is turned on due to the leakage inductance.
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Fig 4-10 t5-t6
7. Mode 7 [t6-t7]
The seventh state is shown in Fig 4-11. Q5 is turned on at t6 after the voltage across it
becomes zero. At this time the primary side and secondary side of T2 are both shortened,
SR3 begins to conduct the load current.

Fig 4-11 t6-t7
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8. Mode 8 [t7-t8]
The eighth state is shown in Fig 4-12. Q1 is turned off at t7 to prepare for the ZVS
turn-on of Q2. The energy stored in the leakage inductance of T1 charges C1 and discharges
C2. The voltage at point A (VA) decreases from Vin to 0. The gate voltage of SR2 also
decreases and its body diode begins to conduct for a very short time after its gate voltage
reduces below the threshold.

Fig 4-12 t7-t8
9. Mode 9 [t8-t9]
The ninth state is shown in Fig 4-9. Q2 is turned on at t8 after VA decreases to 0. Due
to the leakage inductance the primary current Ip1 can not change direction instantly; Vin will
be applied across the leakage inductance of T1 before Ip1 completely changes to –Ip1. After
Ip1 changes to –Ip1, SR2 is turned off completely and T1 begins to transfer energy to the
secondary side.
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Fig 4-13 t8-t9
10. Mode 10 [t9-t10]
The tenth state is shown in Fig 4-14. Q2 is turned off at t9 to prepare for the ZVS turnon of Q1, the load current reflected from the secondary side charges C2 and discharges C1.
VA increases from 0 to Vin. The gate voltage of SR2 also begins to increase and SR2 is
turned on after its gate voltage increases above the threshold; However, SR2 will not
conduct the load current after it is turned on due to the leakage inductance.

102

Fig 4-14 t9-t10
11. Mode 11 [t10-t11]
The eleventh state is shown in Fig 4-15. Q1 is turned on at t10 after the voltage across
it becomes zero. The primary windings of T1 are shortened, the primary side and secondary
side are decoupled, and SR2 begins to conduct the load current.
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Fig 4-15 t10-t11
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12. Mode 12 [t11-t12]
The twelfth operation state is shown in Fig 4-16. Q3 is turned off at t11 to prepare for
the ZVS turn-on of Q4. The energy stored in the leakage inductance of T1 and T2 charges
C3 and discharges C4. VB decreases from Vin to 0. The gate voltage of SR1 and SR4 also
begins to decrease, and their body diodes begin to conduct for a very short time after their
gate voltages reduce below the threshold.

Fig 4-16 t11-t12
13. Mode 13 [t12-t13]
The thirteenth state is shown in Fig 4-17. After the voltage across Q4 becomes zero,
Q4 is turned on with ZVS at t12. Due to the leakage inductance primary current can not
change its direction instantly, Vin is applied across the leakage inductance of T1 and T2 and
the primary current of T1:-Ip1 changes to +Ip1 and T2: +Ip2 changes to –Ip2. SR1 and SR4 are
turned off completely after the primary currents of T1 and T2 change direction completely
and both transformers T1 and T2 begin to transfer energy to the secondary side. At this
point one cycle is completed. Based on the analysis, the key current waveforms are shown
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in Fig 4-18, more detailed analysis of major switches’ current stress will be shown in
section 4.4.

Fig 4-17 t12-t13

4.4 Steady State Equations of Two-Phase FB
In this section the key equations of the new topology will be derived. Those equations
can be used to analyze and design the proposed two-phase isolated full bridge converter.
1. Output voltage gain
Equation is (4-1) derived using the output inductor volt-seconds in the steady-state, D
is duty cycle. Equation (4-2) is derived from (4-1). Equation (4-2) is the voltage gain of the
two-phase FB, if 48V to 1V is required, D=0.25, Np:Ns=12:1. (N=Np/Ns, D=Ton/Ts).
Vo (1 − D)Ts + (Vo − Vin

Ns
) DTs = 0
Np

Vo
N
=D s
Vin
Np

(4-1)

(4-2)
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2. Voltage stress
The primary MOSFET stress can be calculated by (4-3), and equation (4-4) can be
used to calculate the SR voltage stress. When the input voltage is 48V, N=12, the voltage
stress of SR is 4V, so low voltage rating synchronous MOSFETs (such as 8V MOSFETs)
can be used to reduce SR’s conduction loss.
VPMOS = Vin

(4-3)

Ns
Np

(4-4)

VSR = Vin
3. Current stress of the power inductor

Equation (4-5) can be used to calculate the average input current, assuming efficiency
is 100%.
I in =

Pout
Vin

(4-5)

Since four output inductors will share the output load current, Equation (4-6) can be
used to calculate the average inductor current.
I Lavg =

Io
4

(4-6)

SR will conduct (1-D)Ts, and the output voltage will apply to the output inductor
during this period, then equation (4-7) can be used to calculate the inductor current ripple.
ΔI L =

Vo (1 − D)Ts
L

(4-7)

Equation (4-8) can be used to calculate minimum and maximum inductor current.
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I L _ min = I Lavg −

ΔI
ΔI
, I L _ max = I Lavg +
2
2

(4-8)

The RMS current through output inductor can be calculated using (4-9).
I Lrms = I 2 Lavg +

ΔI 2
12

(4-9)

4. Current stress of synchronous rectifier Power MOSFET
Fig 4-18 illustrates the current waveforms of SR when the ripple current is neglected.
It is observed from Fig 4-18 that the RMS current of all synchronous MOSFETs are the
same and can be calculated by using (4-10). When calculating the current stress of the SR,
the current ripple is neglected to simplify the calculation. ILavg is the average inductor
current.
I SR _ rms = I 2 Lavg (1 − 2 D) + D(2 I Lavg ) 2
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(4-10)

ΔI
I1
2 ΔI

2I1

Fig 4-18 Current waveforms of major switches in two-phase FB converter
5. Current stress of primary power MOSFETs Q1, Q2, Q5, Q6
Fig 4-18 illustrates the current waveform through major switches in the two-phase FB
converter, the circulating current and ripple current of SRs are neglected to simplify the
analysis. In Fig 4-18 VGSQ1-VGSQ6 represent the gate signal of MOSFETs Q1-Q6 in Fig 4-2,
VGSSR1-VGSSR4 represent the gate signal of synchronous MOSFETs SR1-SR4. IQ1-IQ6, ISR1ISR4 represent the current through MOSFETs Q1-Q6 and SR1-SR4. I1 is the average

108

inductor current reflected to primary side and ΔI is the inductor ripple current reflected to
the primary side. They can be calculated using (4-13).
When the circulating current is neglected, primary side MOSFETs Q1, Q2, Q5, Q6
will have the same current stress. The peak turn-on and turn-off current of primary
MOSFETs Q1, Q2 Q5 and Q6 can be calculated by using (4-11). And The RMS current
through Q1, Q2 Q5 and Q6 can be calculated by using (4-12).
I peak _ off = I L _ max

NS
N
I peak _ on = I L _ min S
Np
Np

2

I Q1 _ RMS = D( I 1 +

I 1 = I L _ avg
For

example

if

(4-11)

ΔI 2
)
12

(4-12)

ΔI
1
, ΔI = L , N=Np/Ns
N
N

Vin=48V,

Vo=1V,

Io=70A,

(4-13)
Fs=1MHz,

Np:Ns=12:1,and

Inductor=100nH, then Ipeak_on=1.15A, Ipeak_off=1.78A, IQ1RMS=0.88A.
6. Current stress of Q4
The current stress of Q4 is the highest of the six primary side MOSFETs, since
IQ4=IQ1+IQ5 as shown in Fig 4-18, Q4’s current stress is double as compared with Q1, Q2,
Q5, Q6 but at the same time it will be easier for Q4 to achieve ZVS turn on. Its peak turn-on
and turn-off current can be calculated by using (4-14).Its RMS current can be calculated by
using (4-15). I1 and ΔI can be calculated using (4-13).
I Q 4 peak _ off = 2 I L _ max

NS
N
I Q 4 peak _ on = 2 I L _ min S
Np
Np
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(4-14)

2

I Q 4 _ RMS = 2 D( I 1 +

For

example

if

Vin=48V,

ΔI 2
) = 2 I Q1 _ RMS
12

Vo=1V,

Io=70A,

(4-15)
Fs=1MHz,

Np:Ns=12:1,and

Inductor=100nH, then Ipeak_on=2.3A, Ipeak_off=3.54A, IQ4RMS=1.75A
7. Current stress of Q3
It can be observed from Fig 4-18 that the RMS current stress of Q3 is less than that of
Q4, but higher than that of Q1, Q2, Q5 and Q6. Iq3=Iq2+Iq6, but Iq3 and Iq6 are 120
degrees out of phase with each other as shown in Fig 4-18, so the peak current of Q3 is not
increased, and it can be calculated using (4-11). In addition, Q3 is turned on at t2 and turn
off at t11 only so Q3’s switching loss will also be the same as Q1, section 4.7 will give
more detailed analysis. This is one of the benefits of phase shift control, which reduces the
current stress of the shared leg MOSFETs in the two-phase FB. The RMS current through
Q3 can be calculated using (4-16). I1 and ΔI can be calculated using (4-13).
2

I Q 3 _ RMS = 2 D( I 1 +

For

example

if

Vin=48V,

ΔI 2
) = 2 I Q1 _ RMS
12

Vo=1V,

Io=70A,

(4-16)
Fs=1MHz,

Np:Ns=12:1

and

Inductor=100nH, then Ipeak_on=1.15A, Ipeak_off=1.77A, IQ3RMS=1.24A

4.5 Synchronous MOSFETs Driving
In this section the driving circuit for the synchronous MOSFET will be analyzed in
detail. The SR driving circuit proposed in [18] is extended to drive the synchronous
MOSFETs in the proposed two-phase FB topology. Compared with external driver, the selfdriven method reduces the cost, simplify the timing control of the SR turn-on, turn-off
transition, in addition it can recover some of the gate driving energy. In this section a new

110

linear method will be used to analyze the SR turn-on and turn-off transition, and calculate
the SR body diode’s conduction time.
It can be observed from Fig 4-4 that voltage VA, VB and VC can be used to drive SR
MOSFETs. For example VA can be used to drive SR2, VB can be used to drive SR1 and
SR4, and VC can be used to drive SR3. The synchronous MOSFETs driving signal
connection is shown in Fig 4-19. The detailed driving circuit for SR2 is shown in Fig 4-20,
the same circuit can be used to drive SR1, SR4 SR3 after changing the source signal to
point B and point C shown in Fig 4-2.

Fig 4-19 Synchronous MOSFETs driving signal connection
It is observed from Fig 4-20 that the voltage across Q2 is used to drive the SR2. Coss1
and Coss2 represent the output capacitor of Q1 and Q2, CSRG2 represent the gate capacitor
of SR2. C1 and C2 represent DC block capacitor, and at steady state the voltage across C1
and C2 is DC, Rg represents the gate resistor of the synchronous. It is noted that SR1 and
SR4 are driven by the same driver, since they operate in parallel.
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Fig 4-20 Synchronous MOSFET equivalent driving circuit

4.5.1 Synchronous MOSFET Turn-on Transition Mode 10 [t9-t10]
In this section SR2 is used as an example to analyze the detailed operation of
synchronous rectifiers. As observed from Fig 4-14 SR2 turn-on transition begins when Q2
is turned off at t9 to prepare for the ZVS turned-on of Q1, the load current reflected from
the secondary side is charging Coss2 and discharging Coss1. The voltage at point A will
linearly increase from 0 to Vin. During the synchronous MOSFETs turn-on transition
shown in Fig 4-14 [t9-t10], SR2 is turned on after its gate voltage increases above the
threshold, however, it will not conduct the load current, this is because that the secondary
side winding of T1 conducts the current of L2 before SR2 is turned on. After Q2 is turned
off the current in the leakage inductance will not change instantly, and SR2 is turned on
while L2’s current continues through the transformer winding. Since SR2 is turned on
before it begins to conduct any current, its body diode does not conduct any current during
the turn-on transition. Therefore, the body diode conduction during the turn-on transition is
eliminated.
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4.5.2 Synchronous MOSFET Turn-off Transition Mode 8 [t7-t8]
In this section a new linear method is used to calculate the SR’s body diode’s
conduction time, again use SR2 as an example. Due to the leakage inductance of the power
transformer the body diode only conducts during the SR turn-off transition. The detailed
transition is shown in Fig 4-21. In order to simplify the analysis it is assumed that the gate
voltage of SR2 change linearly, the assumption is valid as the synchronous rectifier gate
resistances and the leakage inductance of the gate driving transformer winding are usually
small.

tb1
VGS1

tb2
tbody2

tbody1

VGS2
VSR2 VGS

Vth
tbody

ISR2
Ip

Iprim

-Ip

Td

t7 t8
Fig 4-21 Lagging leg transition for the self-driven synchronous rectifiers
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The lagging leg transition begins when Q1 is turned off at t7 to prepare for the ZVS
turn-on of Q2. After Q1 is turned off, the transformer leakage inductor begins to resonant
with Coss1, Coss2. VSR2 and ISR2 begin to decrease. After VSR2 decreases below the gate
threshold voltage at tb1, the body diode of SR2 will begin to conduct the load current. The
SR body diode’s conducting time during this stage is from tb1 to t8 and is equals to tbody1.
The tbody1 can be calculated by using (4-17). In the equation N is the turn’s ratio of the
power transformer Np:Ns, NG is the turn’s ratio of the gate driving transformer, Td is the
dead time between Q1 and Q2, Vth is the gate threshold voltage of SR2.
2

t body1 = Td −

(8Coss + 4C GSR / N G ) N (Vin − Vth N G )
Io

(4-17)

After the voltage across Q2 reduces to zero, Q2 is turned on at zero voltage at t8. Due
to the transformer leakage inductance the primary side current can not change direction
instantly; Vin is applied across the leakage inductance of the power transformer. After the
primary side current changes direction completely at tb2, ISR2 reduces to zero, and SR1 will
conduct the load current in L1 and L2. The body diode’s conduction time during this stage
is dependant on the time required for the primary current to change direction. The
conduction time is from t8 to tb2, and is equal to tbody2, and tbody2 can be calculated using
(4-18). The total body diode conduction time is tbody1+tbody2 and can be calculated by
using (4-19), From the equation (4-17) and (4-18) it is clear that reducing the leakage
inductance, threshold voltage, or the dead time can reduce the body diode’s conduction loss.
Leakage inductance can be minimized by interleaving the transformer windings. However,
reducing the dead time could cause non ZVS turn-on of the lagging legs and increase the
switching loss. Reducing the threshold voltage can increases susceptibility to MOSFET
false triggering due to noise. From Fig 2-17 it is also observed that we can reduce the body
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diode’s conduction time by turning off the SR slower. One way to achieve this is to add an
external gate resistor which will also increase the gate loss.
t body 2 =

I o Lleacage

(4-18)

2 NVin

t body = t body1 + t body 2

(4-19)

When Io=70A, Lleakage=30nH, Vth=0.7V, Td=50nS, CSR=5nF, Coss=350pF, Ng=10,
N=12 using (4-17) and (4-18) the calculated body diode’s conduction time is 30nS.

4.6 Zero Voltage Turn-on Transition
From the analysis in the previous sections it is shown that the Q1, Q3 and Q5 are
leading leg MOSFETs. Q2, Q4 and Q6 are lagging legs MOSFETs. The Drain-Source
capacitors of the lagging leg MOSFETs are discharged by the energy stored in the leakage
inductance, so it is more difficult for them to achieve zero voltage turn-on. The detail
analysis will be discussed in this section.

4.6.1 Leading Legs Transition Mode 10 [t9-t10]
The transition paths of the leading leg are shown in Fig 4-14, Q2 is turned off at t9 to
prepare for the zero voltage turn on of Q1. The current reflected from the secondary side
charges C2 and discharges C1. During this transition the time required to charge C2 to Vin
and discharge C1 from Vin to zero voltage is dependent on the load current. Since this time
interval is very short, it can be assumed that the charge current is constant during the
transition. Equations (4-20) and (4-21) can be used to calculate the voltage across C1 and
C2, assume C1=C2, (4-22) can be used to calculate the dead time needed to achieve zero
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voltage switching. Equation (4-22) is derived based on the assumption that during the
duration of [t9~t10], the current is constant to charge charges C2 and discharges C1.ILavg in
(4-20)-(4-22) represents the average current in L2 and can be calculated using (4-23).

VC1 (t ) = Vin −

VC 2 (t ) =

t dead _ Q12 >

I Lavg t

(4-20)

2C 2 N

I Lavg t

(4-21)

2C1N

2C1(Vin ) N
I LAVG

I Lavg =

(4-22)

(Io )
4

(4-23)

Fig 4-22 shows the minimum dead time required to achieve ZVS turn-on. This figure
is calculated using (4-22) as a function of load current. The operation parameters are as
follows: Vin=48V, Np:Ns=12:1 and Np:Ns=10:1, C1=350pF. From Fig 4-22 it is observed
that heavy load and a low turn’s ratio can help the two-phase FB to achieve ZVS turn-on
and at 30A load, Td=53ns for N=12 and 44.8ns for N=10.
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2
=1

Dead TimeQ1&Q2[ns]

N

Fig 4-22 Dead time between Q1&Q2 required for Q1 to achieve ZVS for the leading leg as a
function of load current

4.6.2 Lagging Legs Transition During Mode 8 [t7-t8]
The transition paths of the lagging leg are shown in Fig 4-23. Initially, Q1 is turned off
at t7 to prepare for the zero voltage turn on of Q2. If the voltage at point A can be
discharged from Vin to 0, the body diode of Q2 will be turned on, in this case in order to
achieve ZVS turn-on, Q2 must be turned on before the current through the leakage
inductance decreases to zero. The voltages across C1 and C2 can be calculated using (4-24)(4-27) assume C1=C2. The leakage current, ILeakage in (4-24) represent the current at the
instant Q1 is turned off and can be estimated by using (4-29), where Ip is the primary side
current. From (4-24) it is observed that in order to achieve ZVS, (4-28) must be satisfied.
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Fig 4-23 Equivalent circuit for lagging leg ZVS turn-on transition
VC 2 (t ) = Z o I Leakage sin ωt − (Vin )

(4-24)

I p (t ) = I Leakage cos ωt

(4-25)

VC1 (t ) = Z o I Leakage sin ωt

(4-26)

Z o = LLeakage / 2C1 ω = 1 / 2 LLeakage C1 t X =

1

ω

sin −1 (

Vin
)
Zo

(4-27)

⎧Z o I Leakage min > (Vin )
⎪
( I Leakage LLeakage ) cos ωt X
Vin
⎨1
−1
) < t dead _ Q 34 <
+ tX
⎪ω sin ( Z I
(
V
)
o
Leakage
in
⎩

(4-28)

I Leakage = I o / 4 N

(4-29)

Fig 4-24 shows the minimum dead time of the lagging leg transition needed between
Q1 and Q2 calculated by using (4-28) with Vin=48V, Vo=1V, C1=C2=350pF, LLeakage=3uH.
It is clear that it is much more difficult for the lagging leg to achieve zero voltage turn-on in
comparison to the leading leg, and it seems that we need very big leakage inductor (3uH).
Big leakage inductor will cause duty cycle loss and limit the operation frequency of the
converter. In the prototype built in section 4.8 the leakage inductance is around 50nH.
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Based on the calculation data shown in Fig 4-24 to achieve ZVS turn at 50A load, 3uH
leakage inductor is need and Td=35ns for N=12 and 28ns for N=10. So in the real circuit
the lagging leg will be hard switching at most of the load range, since the practical leakage
inductance is around 50nH for the planar transformer. According to the calculation when

Dead TimeQ1&Q2[ns]

leakage inductor=50nH ZVS turn on can not be achieved at full load for lagging leg.

N=
10

N=
12

Fig 4-24 Dead time between Q1&Q2 required for Q2 to achieve ZVS turn-on as a
function of load current

4.7 Loss Comparison between Two Paralleled FB Converters and
Two-phase FB Converter
In this section the losses of two paralleled FB converters and the new proposed twophase FB converter will be compared. It will demonstrate that the new proposed two-phase
FB converter will have better efficiency. In the comparison the conditions are: Vin=48V,
Vo=1V, Iout=70A, Fs=1MHz, Np:Ns=12:1, primary side MOSFETs SI4580 [35], SR
IRF6619 . The output inductor is 100nH.
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4.7.1 Switching loss
The switching loss can be calculated using (4-30) and (4-31). In a real circuit, the
switching loss may be larger due to parasitic components [25] [36]-[39], but (4-30) and
(4-31) can still be used to estimate the switching loss. In the new two-phase FB converter
Q1, Q2 Q5 and Q6 will have the same current stress; Q3 and Q4 have higher current stress.

Pon =

1
f sV ds I PKon t r
2

(4-30)

Poff =

1
f sV ds I PKoff t f
2

(4-31)

Table 4-1 Current stress comparison between two paralleled FB converters and two-phase FB
converter
Two-Phase FB

Q1,Q2,Q5,Q6

Q3

Q4

Q7,Q8

Ipkoff
Ipkon
Vds
Fs

1.78A
1.15A
48V
1MHz

1.78A
1.15A

3.54A
2.29A

48V

48V

1MHz

1MHz

Not needed
Not needed
Not needed
Not needed

Two One-Phase
FB in Parallel
Ipkoff
Ipkon
Vds
Fs

Q1,Q2,Q5,Q6

Q3

Q4

Q7,Q8

1.78A

1.78A

1.78A

1.78A

1.15A

1.15A

1.15A

1.15A

48V

48V

48V

48V

1MHz

1MHz

1MHz

1MHz

Table 4-1 lists the peak current stress comparison between two paralleled FB
converters and the two-phase FB converter (the circulating current is neglected in the
calculation). Form the table it is noticed that the current stress of Q4 is doubled compared
with other MOSFETs. For Q3 since Iq3=Iq2+Iq6, and Iq2 and Iq6 are 120 degree out of
phase from each other, Q3 has the same peak current as Q1, Q2 Q5 Q6.
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Solely considering the switching loss, the two-phase FB converter save one primary
side MOSFETs compared with two FB converters in parallel. Since the total switching loss
of the two-phase FB converter is 7 times of the switching loss of Q1; for the two parallel FB
converters is 8 times the switching loss of Q1.
If only four MOSFETs at the primary side and four SRs for the rectifier stage are used,
compared with two paralleled FB converters no switching loss could be saved since the
current stress of the MOSFETs at primary side will be doubled.
If we assume 1) Ton=10nS and Toff=15nS, 2) Lagging leg does not achieve ZVS 3)
Leading legs can achieve ZVS and recovery 75% of the switching loss. The calculation
results are: Two-phase FB converter switching loss=5.77W, for two paralleled FB converter
switching loss=6.48W, therefore, 0.71W of the switching loss is saved.

4.7.2 Conduction loss
The conduction loss can be calculated using (4-32). Table 4-2 shows the RMS current
comparison between two paralleled FB converters and two-phase FB converter. Q4’s RMS
current is doubled compared with Q1. Q3’s RMS current is between Q1 and Q4; this benefit
is achieved by phase shifting current in Q2 and Q6 120 degree from each other.

Pcon = I RMS R on

(4-32)

121

Table 4-2 RMS current comparison between two paralleled FB converters and two-phase FB
converter
Two-Phase FB

Q1,Q2,Q5,Q6

Q3

Q4

Q7,Q8

SR

IRMS

0.88A

1.24A

1.75A

Not needed

21.4A

Two One-Phase
FB in parallel
IRMS

Q1,Q2,Q5,Q6

Q3

Q4

Q7,Q8

SR

0.88A

0.88A

0.88A

0.88A

21.4A

Compared with two paralleled FB converters at the primary side the two-phase FB
converter will have more conduction loss, at secondary side they will have the same
conduction loss. The calculation results are: Two-phase FB converter conduction
loss=3.17W, two paralleled FB converters conduction loss=3.143W, with only 0.03W
higher for the proposed two-phase FB converter.

4.7.3 Gate loss
The gate loss can be calculated using (4-33), assuming 50% of the gate loss from the
SR can be saved because the self-drive circuit shown in Fig 4-20 can recover some of the
SR’s gate energy. The proposed two-phase FB has fewer MOSFETs it will have less gate
loss. The calculation results of total MOSFETs gate loss are: Two-phase FB converter gate
loss=1.68W, two paralleled FB converter gate loss=2.04W, therefore 0.36W is saved.

Pgate = QgVgS f s

(4-33)

4.7.4 Loss summary
The loss breakdown comparison between the two-phase FB converter and two
paralleled FB converters at 1MHz switching frequency is shown in Fig 4-25, it is observed
that the total loss is reduced from 14.32W (for two paralleled FB) to 13.28W (for two-phase
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FB), 1.04W loss is saved because of the fewer MOSFETs results in less gate loss and phaseshift control reduce the switching loss.
16

14.32
14

13.28

12
10

Two Paralleled FB
Two-Phase FB

Losses(W)8
6.48
5.77

6
4

3.14 3.17
2.04

2

1.471.47

1.68
1.00 1.00
0.20 0.20

0
Conduction

Switching

Magnetic

Driving

Control

Other

Total

Fig 4-25 Losses breakdown comparison between the two-phase FB converter and two paralleled
FB converters at 1MHz and 1V/70A load

4.8 Experimental Results
To verify the analysis in previous sections two prototypes were built on a 12 layers 2oz
copper PCB, one with four output inductors, the other with three output inductors. Primary
MOSFET is SI4850, four IRF6619s [40] are used as synchronous MOSFETs. The design
parameters are: Vin=48V, Vo=1V, Fs=1MHz, Iout=70A, N=12, Lout is LP02 100nH SMD
inductor from Ice Components. A photo of the prototype is shown in Fig 4-26.
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Fig 4-26 Photo of the Two-phase FB prototype with four inductors
Fig 4-27 illustrates the leading leg transition of Q5 at 50A, 1MHZ. It is observed that
Vgs rises after Vds reduces to zero, and ZVS turn-on is achieved.

Fig 4-27 Zero voltage turn-on of Leading Leg MOSFET Q5 at 50A
Fig 4-28 shows the switching transition of the lagging leg at 1V/65A, from the testing
results we can see that lagging leg did not achieve ZVS turn on. The failure of ZVS turn-on
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occurs because at 48V input the input current is very small which limit the energy stored in
the leakage inductance. This is also proved the analysis in section 4.6.

Fig 4-28 Zero voltage turned on of Lagging Leg MOSFET Q6 is not achieved
Fig 4-29 shows the gate signal of the synchronous MOSFETs, it is observed that each
phase is 120 degree shifted from each other so the ripple current of the output inductor can
cancel each other; therefore, small output inductor can be used to improve dynamic
performance.
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Fig 4-29 Gate driving signal of synchronous MOSFETs phase shift 120 degree from each other.
Fig 4-30 illustrates the synchronous MOSFETs turn-on and turn-off transition. From
the waveform it is observed that during the turn-on transition SR will be turned on before it
begins to conducts the current, and SR’s body diode does not turn on during the turn-on
transition. This is also verify the analysis in section 4.5.

Fig 4-30 Synchronous MOSFET turn-on and turn-off transition
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Fig 4-31 depicts the measured efficiency curve of the two-phase FB prototype
operating at 1MHZ switching frequency, from 1V/10A till 1V/70A. From the testing result
we can see that for the prototype with four output inductors 81.3% efficiency is achieved at
full load compared with the two paralleled FB converters 80.4% around 1% improvement is
achieved. At light load 20A around 4% improvement is achieved. This is because two-phase
FB converter has fewer components at primary side and phase shift control results in less
switching loss and gate driving loss.
Efficiency 48V/1V 1MHz

90
85
80

Efficiency[%]

75
70

Two-Phase FB
Two Paralleled FB
Two-Phase FB Three inductors

65
60
55
50
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35
30
0
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60
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80

Output Current[A]

Fig 4-31 Measured efficiency comparison between Two-phase Isolated Full Bridge converter
and two parallel FB converters at 1MHz switching frequency

4.9 Conclusion
Two new two-phase isolated full bridge converters are proposed as alternatives for
parallel two one-phase isolated full bridge converters in this chapter as shown in Fig 4-2
and Fig 4-3 respectively. The new topologies save two MOSFETs at the primary side
compared with two paralleled FB converters. The three legs in the new topologies can phase
shift 120 degree from each other, and ZVS turn-on can be achieved. In addition the number
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of inductor and synchronous can be reduced to three to further simplify the power train
circuit.
The most significant advantages of the new topology is that compared with the two
paralleled traditional full bridge converter, the two-phase full bridge converter can handle
the same power but can achieve better efficiency with less components and lower cost. The
advantages are summarized as below:
1) Components cost is reduced. At the primary side, two MOSFETs are saved. At the
secondary side, only three MOSFET drivers are needed to drive four SRs.
2) Better efficiency is achieved since fewer MOSFETs and phase shift control result in less
switching loss and gate loss. In addition, ZVS turn-on can be achieved for all MOSFETs
when phase-shift control is used.
3) Current sharing is simplified due to the sharing leg (Q3, Q4) makes two power stages
coupled with each other.
4) Compared with the single phase full bridge topology, a smaller output capacitor and inductor
can be used to improve dynamic performance, since the two-phase FB converter can triple
the frequency of the output ripple current. In addition, the output inductor current of the twophase FB converter has a phase shift 120 degrees from each other, which also reduces the
ripple current.
5) Compared with the current-tripler dc/dc converter proposed in [41] the new proposed
topology reduces the power transformer from three to two.
6) Since SR1 and SR4 operate in parallel, the number of SRs and inductors can be reduced
from four to three if necessary this is shown in Fig 4-3.
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To demonstrate the advantages of this topology, two VRM modules were built and
tested at 48V input and 1V output, 70A load and 1MHz switching frequency and 81.3%
efficiency is achieved at full load which is around 1% higher than the two paralleled onephase FB. At light load 20A 4% improvement is achieved.
When the number of inductors are reduced from four to three at full load 1V/70A
80.8% is achieved, and efficiency is reduced by 0.5% because higher conduction loss from
the output inductor. But the efficiency is still higher than two FB converters in parallel.

129

Chapter 5

Tow-phase Isolated Full Bridge with Integrated
Transformers

5.1 Introduction
In Chapter 4 a new two-phase isolated full bridge topology is proposed. The new
topology has two power transformers, three gate transformers and four inductors as shown
in Fig 4-2. Considering magnetic components are the biggest parts in the circuit, in order to
improve power density the number of magnetic component has to be reduced. To solve this
problem a further simplified two-phase FB topology is proposed as shown in Fig 4-3, in Fig
4-3 the number of inductors is reduced from four to three, but the number of core needed for
the gate transformer is still three pairs.
In this chapter a new method is proposed to integrate two gate transformers and one
power transformer into one EE core. By using this method the cores for the gate
transformers are eliminated, then the cost, board size is reduced, and power density is
improved [42] [43].
In following sections the idea of integration the transformers will be presented. In
section 5.2 the method will be presented and analyzed in theory. Section 5.3 is experimental
results. Finally section 5.4 is conclusion.
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5.2 Transformer Integration
The schematic of the gate driving circuit is shown in Fig 5-1, its primary side is
connected with point A, B or C as shown in Fig 4-2 and C1 and C2 are the DC block
capacitors.

Fig 5-1 Gate driving transformers
Fig 5-2a) shows an ideal transformer, its primary side is active windings, and the
secondary side is pass windings. According to Faraday’s law the flux generated by the AC
source at primary side links primary and secondary windings, and the equivalent circuit is
shown in Fig 5-2b). For an ideal transformer the core reluctance (RC) is zero, and this can
be expressed by using equation (5-1).
Φ
V1

V2

RC

n1I1

n2 I 2

Fig 5-2 Conventional power transformer
n1 I 1+ n 2 I 2 = 0

(5-1)

According to Faraday’s law the same flux links primary and secondary side windings,
so equation (5-2) can be derived from (5-1). From equation (5-2) it is observed that the
secondary side winding can also connect to an active source as long as the dΦ
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dt

generated

by V1 and V2 are the same. ( Φ is the total flux passing through the core). When V1 and V2
are both active source, (5-3) must be satisfied if they are linked by the same ideal core.
dΦ V1 V 2
=
=
dt
n1 n2

(5-2)

V
dΦ V1
=
=− 2
dt
n1
n2

(5-3)

Based on previous analysis if we want integrate two gate transformers and one power
transformer into one EE core, there will be three active windings on the E core as shown in
Fig 5-3. The flux generated by the two outer leg windings will be added in the center leg,
and equation (5-5) must be satisfied if no air gap is added in the core. (Where Φ1 represents
flux generated by V1 in the left leg; Φ2 represents flux generated by V2 in the middle leg; Φ3
represents flux generated by V3 in the right leg).

Φ1
V1

Φ2
V2

Φ3
V3

Fig 5-3 Integrate three active windings into one EE core.
dΦ1 V1 dΦ3 V3
= ,
=
dt
n1 dt
n2

(5-4)

dΦ 2 V2 −V 1 − V3
=
=
+
dt
n2
n1
n3

(5-5)
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5.2.1 Phase A and Phase B transformer Integration
In the previous section the basic idea to integrate transformer is presented, when
integrate two gate transformers and one power transformer into one EE core we just need to
find a way to satisfy equation (5-5). To simplify the analysis Phase A is used to represent
the transformer T1 shown in Fig 4-2, and Phase B is used to represent the transformer T2
shown in Fig 4-2.
Fig 5-4 shows the primary windings connections of the Phase A (T1) transformer and
Phase B (T2) transformer, in order to simplify the PCB layout their power windings are on
the two outer legs as shown in Fig 5-4. In Fig 5-4 the circle with a dot represents the flux in
the direction of going out from core, the circle with cross represents flux in the direction of
going into the core. In the following analysis we assume: the flux come out of the core is
negative direction; flux come into the core is positive direction. Since phase A and B
transformer work in the same way, in this chapter only phase A transformer will be
analyzed, phase B transformer can be analyzed using the same method.
PHA(T1)
Vc1
Outer leg1

C

N1
Gate Transformer 1
for SR3

B

Vc2
Center leg

N2

PHB(T2)

C Outer leg2 B

N3

Gate Transformer
Power
2 for SR1&SR4 Transformer(T1)

B Outer leg2 A

N3
Power
Transformer(T2)

Vc2
B
Center leg

A

Vc1
Outer leg1

N2

N1

Gate Transformer
2 for SR1&SR4

Gate Transformer 1
For SR2

Fig 5-4 Arrangement of Phase A and B transformers: Primary side layout
Fig 5-5 shows the primary side connection of the Phase A transformer. Since
VA=VB=VC=48V according to (5-5) N1=N2=N3 must be satisfied in order to integrate three
active windings on a same EE core. In Fig 5-5 C1 and C2 are the DC block capacitors, and
133

Vc1 and Vc2 represent the voltage across them. At steady state the voltages across the DC
block capacitor C1&C2 are fixed and can be calculated by using (5-6) (At steady states
Vc1=Vc2, because the duty cycle is fixed, D=Ton/Ts).
(5-6)

VC 2 =V C1= Vin (1 − D)

Fig 5-5 shows how phase A transformer is built on a EE core. The flux in outer leg1
and outer leg2 as shown in Fig 5-5 can be calculated by using (5-7) and (5-9), and they will
be added in the center leg. The flux in the center leg can be calculated by using (5-8). If the
flux in the two outer legs when they add in the center leg equal to the flux generated by the
winding 2# independently, then winding 1#, 2#, 3# shown in Fig 5-5 can be integrated into
one EE core without add any air gap.

Φ1

Φ2

Φ3

Fig 5-5 EE core layout of the Phase A transformer

134

V − VC 1
dΦ1
=− C
dt
N1

(5-7)

V − VC 2
dΦ 2
=− B
dt
N2

(5-8)

dΦ3 V B − VC
=
dt
N3

(5-9)

In the following section the flux in the integrated transformer will be analyzed, we
assume: N1=N2=N3=N, Vc1=Vc2=Vcp. There are total four operation modes. And the four
modes will cover all possible combinations of VC and VB, so as long as the integrated
transformer can operate properly in all four modes, it can work in any thirteen modes of the
two-phase full bridge.

5.2.2 Mode 1 VC=VB=Vin
The first scenario is shown in Fig 5-6, in this case VC=VB=Vin, the flux in three legs
can be calculated by (5-10).

Φ1

Φ3

Φ2

Fig 5-6 VC=VB=Vin
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V − VCP dΦ3 Vin − Vin
dΦ1 Vin − VCP dΦ2
=
,
= − in
,
=
=0
dt
N
dt
N
dt
N

(5-10)

The flux in the two outer legs will be added in center leg which can be calculated by
using (5-11). And it is observed that the flux generated by winding N2 equals to the sum of
the flux generated by two outer legs N1 and N3 in the center leg.
−

V − VCP dΦ 2
dΦ1 dΦ3
−
= − in
=
dt
dt
N
dt

(5-11)

5.2.3 Mode 2 VC=0, VB=0
The second scenario is shown in Fig 5-7, in this case VC=0, VB=0, the flux in three
legs can be calculated by using (5-12).

Φ1

Φ3

Φ2

Fig 5-7 VC=VB=0
dΦ1 − VCP dΦ2 VCP dΦ3
=
,
=
,
=0
dt
N
dt
N
dt

(5-12)

The flux in the two outer legs will be added in center leg which can be calculated by
using (5-13). And it is observed that the flux generated by winding N2 equals to the sum of
the flux generated by two outer legs N1 and N3 in the center leg.
dΦ1 dΦ3 VCP dΦ 2
−
−
=
=
dt
dt
N
dt

136

(5-13)

5.2.4 Mode 3 VC=Vin, VB=0
The third scenario is shown in Fig 5-8, in this case VC=Vin, VB=0, the flux in three
legs can be calculated by using (5-14).

Φ1

Φ3

Φ2

Fig 5-8 Vc=Vin, VB=0
V
dΦ1 Vin − VCP dΦ2 VCP dΦ3
,
,
= − in
=
=
dt
N
dt
N
dt
N

(5-14)

The flux of in two outer legs will be added in center leg which can be calculated by
using (5-15). And it is observed that the flux generated by winding N2 equals to the sum of
the flux generated by two outer legs N1 and N3 in the center leg.
−

dΦ1 dΦ3 VCP dΦ 2
−
=
=
dt
dt
N
dt

(5-15)

5.2.5 Mode 4 VC=0, VB=Vin
The fourth scenario is shown in Fig 5-9, in this case VC=0, VB=Vin, the flux in three
legs can be calculated by using (5-16).
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Φ1

Φ3

Φ2

Fig 5-9 Vc=0, VB=Vin
V
V − VCP dΦ3 Vin
dΦ1
dΦ2
,
=
= − CP ,
= − in
dt
N
dt
N
dt
N

(5-16)

The flux in the two outer legs will be added in center leg which can be calculated by
using (5-17). And it is observed that the flux generated by winding N2 equals to the sum of
the flux generated by two outer legs N1 and N3 in the center leg.
−

dΦ1 dΦ3 VCP Vin dΦ 2
−
=
−
=
dt
dt
N
N
dt

(5-17)

5.2.6 Summary
The analysis in previous sections demonstrate that in all four operation modes the flux
generated by winding N2 equals to the sum of the flux generated by two outer legs N1 and
N3 in the center leg. So two gate transformers and one power transformer can be integrated
into one EE core without add any air gap. Phase B transformer can be analyzed by using the
similar method, and the phase B transformer layout is shown in Fig 5-10.
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Φ3

Φ1

Φ2

Fig 5-10 EE core layout of the Phase B transformer

5.3 Experimental Results
To verify the previous analysis a prototype was built on a 12 layers 2oz copper PCB.
One power transformer is integrated with two gate transformers on a pair of EE 32/6/5 core,
the phase A(T1) transformer windings layers stack up are shown in Fig 5-11:a) shows the
windings structure on the EE core, b) shows the detailed layer stackup. Interleaving method
is used to improve coupling between primary and secondary side. The connection of the
transformer is shown in Fig 4-19. The prototype photo is shown in Fig 5-12.
On the prototype: Primary MOSFETs are SI4850, four IRF6619s are used as
synchronous MOSFETs, Lout is LP02 100nH SMD inductor from ICE Components, and
two pairs of EE 32/6/5 cores with 3F3 material are used for the transformers. The design
parameters are: Vin=48V, Vo=1V, Fs=1MHz, Iout=70A, Power Transformer: Np:Ns=12:1,
Gate transformer: Np:Ns=12:2.
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Fig 5-11 Phase A (T1) integrated transformer layers stack up

Fig 5-12 Two-phase FB converter with integrated transformer
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Fig 5-13 shows the SR gate waveform of the synchronous rectifiers, from the testing
result it is observed that the driving circuit works properly, and the waveform is the similar
as non-integrated version as shown in Fig 4-29.

Vgs-SR2

Vgs-SR1&SR4

Vgs-SR3

Fig 5-13 Synchronous MOSFETs driving signal at 1MHz
Fig 5-14 illustrates the waveform of the SR gate signal and Vds voltage across SR
when load current is 70A. And it is observed that the signal is similar to the non-integrated
version as shown in Fig 4-30, the SR’s body diode does not turn on during the turn on
transition since the SR turned on before Vds reduced to zero.
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Fig 5-14 Synchronous MOSFETs gate signal and Vds signal at 1MHz, 70A load.
Fig 5-15 shows the measured efficiency curve comparison between two-phase FB
converter, two paralleled FB converters and two-phase FB converter with integrated
transformer. From the measurement results it is observed that in the 30-40A load range the
integrated version has similar efficiency as non-integrated version, but at full load its
efficiency drop 2% compared with the non-integrated version. This is because the integrated
transformer has larger leakage inductance. The turn’s ratio of the integrated SR gate
transformer is Np:Ns=12:2, for the non-integrated version the turn’s ratio of the driving
windings is Np:Ns=6:1, so the integrated transformer double the turns compared with the
non-integrated version. Which means the leakage inductance of the integrated transformer
will increase four times compared with non-integrated version, since the inductance is
proportional to N2. And large leakage inductance will result in longer body diode’s
conduction time.
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Fig 5-15 Efficiency comparison of between Two-phase FB converter, two paralleled FB
converters and Two-phase FB converter with integrated transformer

5.4 Conclusion
In this chapter a new method to integrate two gate transformers and one power
transformer into one EE core for the two-phase FB converter is proposed. By using this
method the number of transformer cores in the two-phase FB converter can be reduced from
five to two. The material cost, board size can be reduced and power density can be
improved. The experimental results verify that the proposed method is feasible.
From the experimental results it is observed that at full load 48V input 1V/70A, 1MHz
switching frequency the prototype achieves 79.1% efficiency, which is 2% lower than that
of the non-integrated version (81.3%). This is because the integrated transformer has larger
leakage inductance, which will result in longer body diode’s conduction time.
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Chapter 6

Conclusions and Future Works

6.1 Introduction
In the previous chapters three new non-siolated full bridge topologies and two new
isolated two-phase full bridge topologies are are proposed to solve the problems of
conventional multi-phase Buck and increase the output power of conventional isolated full
bridge converter. The analysis and experimental results demonstrate that those new
topologies have significant advantages over conventional topologies. In this chapter the
advantages of those new topologies will be summarized and the future possible
improvements of those topologies will be discussed.

6.2 One-phase Non-isolated Full Bridge Converter
A new Non-Isolated Full Bridge topology is proposed in Chapter 2 as shown in Fig 2-1.
It is derived from the conventional Full Bridge, however the conventional ground points of
the primary side are connected directly to the positive point of the output, this modification
allows the input current flow directly to the load without going through the transformer
and output inductors, so the current stress of synchronous rectifiers and filter inductors are
both reduced.
Compared with the traditional multi-phase Buck topology, the switching loss can be
dramatically reduced with the NFB since it operates with significantly extended duty cycle.
Furthermore, with the proposed topology, zero voltage switching can be achieved when the
high side switches are operated in phase shift mode. All those advantages enable the NFB
converter to achieve much higher efficiency than both two-phase and three-phase
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synchronous Buck converter. High efficiency permit the NFB converter to operate at much
higher switching frequencies than the Buck, then smaller output inductors and capacitors
can be used to improve the dynamic response and reduce the component cost.
To demonstrate the advantages of this topology, a VRM module has been built and
tested at 12V input and 1V output. At 30A load and 500kHz switching frequency, the NFB
converter achieves 84.4% efficiency, which is 4.7% higher than that of two phase Buck
converter (79.7%). Furthermore, at 1MHz, the NFB achieves 82.1% efficiency, which is
2.4% higher than that of two-phase Buck converter operating at 500kHz.

6.3 Two-phase Non-Isolated Full Bridge Converter
To increase output power capacity of the NFB topology proposed in Chapter 2, two
new two-phase NFB topologies are proposed in Chapter 3 as shown in Fig 3-2 and Fig 3-3
respectively. The proposed two-phase NFB converter can handle the same power as two
paralleled NFB converters, but they saves two switches at primary side, and only three
drivers are need to drive four synchronous MOSFETs. In addition, they achieve higher
efficiency than two paralleled NFB converters due to less switching loss and MOSFETs
gate driving loss.
To demonstrate the advantages of this topology, two VRM modules have been built
and tested at 12V input and 1V output with an 80A load and at 1MHz switching frequency.
The one with four output inductors version achieves efficiency of 82.3% full load
(1V/80A). Compared with 81.8% efficiency of the two paralleled NFB converters 0.5%
improvement is achieved. At light load (1V/10A) a 4% efficiency improvement is achieved.
The one with three inductors version was also built and tested. It is observed from
experimental results that when the number of inductors is reduced from four to three, at full
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load (1V/80A) an efficiency of 82% is achieved. The efficiency is reduced by 0.3% because
of the higher conduction loss from the output inductors, but the 82% efficiency is still better
than two paralleled NFB converters (81.8%).
A six-phase 1V/80A 1MHz Buck was also tested and with equivalent power
MOSFETs. From the experimental results the six-phase Buck reaches a peak efficiency of
79.6% at 70A 1MHz which is 2.7% lower than the peak efficiency of the two-phase NFB.

6.4 Two-phase Isolated Full Bridge Converter
48V input is used to power the CPUs in the server, and isolation is required due to
safety considerations. In Chapter 4 two new Two-phase isolated FB topologies are proposed
as shown in Fig 4-2 and Fig 4-3 respectively for VRMs for the servers.
The new topologies save two MOSFETs at the primary side compared with two
paralleled FB converters, and only three drivers are needed to drive four synchronous
MOSFETs.
The most significant advantages of the new topologies are that compared with the two
paralleled traditional full bridge converters, the two-phase full bridge converters can handle
the same power but can achieve better efficiency with fewer components and lower cost.
To demonstrate the advantages of those topologies, two VRM modules were built and
tested at 48V input, 1V/70A load and 1MHz switching frequency. Efficiency 81.3% is
achieved at full load for the four inductor version which is around 1% higher than the two
paralleled FB converters. At light load of 20A 4% efficiency improvement is achieved.
When the number of inductors are reduced from four to three at full load 1V/70A,
efficiency of 80.8% is achieved, and efficiency is reduced by 0.5% because higher
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conduction loss from the output inductor. But the efficiency is still higher than two FB
converters in parallel.

6.5 Two-phase Isolated Full Bridge Converter with Integrated
Transformers
To reduce the number of cores in the two-phase isolated full bridge converter a new
method to integrate two driving transforms and one power transformer into one EE core is
proposed in Chapter 5. Using the new method the cores for the gate transformers can be
eliminated and only two pairs of EE cores are needed for five transforms, so the cost and
board size can be reduced and power density can be increased.
To verify this method a prototype was built and tested. The testing result shows that at
full load the power module’s efficiency drop from 81.3% of the non-integrated version to
79.1% of the integrated version. This is because that the integrated transformer has larger
leakage inductance. And large leakage inductance will result in longer body diode’s
conduction time.

6.6 Future Works for One-phase NFB
One possible improvement for the NFB is to improve the SR gate driving signal of this
topology. In the prototype a driving winding is used to drive synchronous MOSFETs, the
drawback of this method is that the signal is trapeziform as shown in Fig 6-1a), when both
SRs are turned on the gate voltage reduced to half of the regular turn on voltage which will
increase the Rds resistance; and no gate energy can be recovered, which will limit the

147

operation frequency of the topology. The SR driving signal can be improved as shown in
Fig 6-1b) to reduce the conduction loss.
Vg
0.5Vg

Vg

Vg

a)

b)
Fig 6-1 Synchronous MOSFET driving signal
There is also some papers discuss how to improve the performance of ZVS full bridge
some ideas can be used in this topology [44]-[50].
It is also possible to integrate the transformers and inductors in the NFB converter into
one EE core. This will reduce the number of cores and reduce the board size. There are
some papers such as [51]-[54] give some ideas of magnetic integration. But after the
magnetic integration the leakage inductance will increase and thermal maybe also become
an issue, some research can be done in this area.

6.7 Future Works for Two-phase NFB&FB Converters
For the two-phase NFB converter to improve the power density, magnetic integration
will be necessary. There are several ways to do the integration 1) Integrate two power
transformers into one EE core; 2) Integrate one power transformer and two inductors into
one EE core. 3) Integrate all magnetic parts into one core.
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V p1

Vp 2

Fig 6-2 Integrate two power transformers into one EE core
Fig 6-2 shows one method to integrate two transformers into one EE core. For
integration one power transformer with two inductors is already discussed in section 6.6.
Integrate all magnetic parts into one core is also possible, Fig 6-3 gives one core shape
which is possible to integrate two transformers and four inductors together.
Core One

Core Two
Fig 6-3 One impossible core shape to integrate two transformer and four inductors
Integration solves some problems, but it will bring new problems such as thermal and
large leakage inductance. Research can be done in those areas [55].
In order to reduce the number of cores needed for the two-phase isolated full bridge
converter. A method is proposed in Chapter 5 to integrate two gate transformers and one
power transformer into one EE core. In the future it is possible that two power inductors can
also be integrated into one EE core, then only two EE core are needed for two-phase
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isolated FB converter. But after the integration the leakage inductance will be significantly
increased, some research can be done to solve this problem [56].
Another way is that in the two-phase non-isolated and isolated full bridge converters
there are four inductors in the circuit, it is possible we can integrate four inductors into one
core. If the inductors are correctly coupled with each other it is possible that the power
density can be increased and the dynamic performance can be improved. Some research can
be done in this area [57]-[62].
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