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Abstract: Compared with conventional forward converters, active clamp forward (ACF) converters
have many advantages, including lower voltage stress on the primary power devices, the ability
to switch at zero voltage, reduced EMI and duty cycle operation above 50%. Thus, it has been
the most popular solution for the low bus voltage applications, such as 48 V and 28 V. However,
because of the poor performance of Si MOSFETs, the efficiency of active clamp forward converters
is difficult to further improved. Focusing on the bus voltage of 28 V with 18~36 V voltage range
application, the Gallium Nitride high electron-mobility transistors (GaN HEMT) with ultralow
on-resistance, low parasitic capacitances, and no reverse recovery, is incorporated into active clamp
forward converters for achieving higher efficiency and power density, in this paper. Meanwhile,
the comparative analysis is performed for Si MOSFET and GaN HEMT. In order to demonstrate
the feasibility and validity of the proposed solution and comparative analysis, two 18~36 V input,
120 W/12 V output, synchronous rectification prototype with different power devices are built and
compared in the lab. The experimental results show the GaN version can achieve the efficiency of
95.45%, which is around 1% higher than its counterpart under the whole load condition and the same
power density of 2.2 W/cm?.

Keywords: GaN HEMT; high-efficiency; active clamp forward converter; synchronous rectification

1. Introduction

With the rapid development of information technology and industry, isolated DC-DC converters
are widely used in computers, communications, aerospace, etc. Compared with flyback converters,
the forward converter has been widely employed in the low-to-medium power applications for
simplicity, higher power capacity, and low cost [1-5]. Due to tradeoffs between current/voltage stress
on the power devices, transformer reset, circuit complexity, and the cost, different topologies of forward
converters are presented for various applications [1]. In fact, the performance of the forward converter
is strongly dependent on transformer-reset methods [6]. Generally, it has been established that the
active-clamp reset approach offers better performance than the other reset approaches, including
single-ended reset, two-transistor reset, and RCD clamp reset, because many advantages can be
achieved by the additional auxiliary switch and clamp capacitor, including the lower voltage stress on
the primary power devices, the ability to switch at zero voltage, reduced EMI, bidirectional magnetizing
current, and duty cycle operation above 50 percent [7]. Depending on how the active clamp network is
placed in the converter, two distinct types of clamping are derived, which are the low-side clamp with
the p-channel transistor and the high-side clamp with n-channel transistor [8]. The low-side clamp
with the p-channel transistor is preferred for low input voltage because it can be easily driven by the
pulse-width-modulation (PWM) controller. Correspondingly, the n-channel clamp reduces the voltage
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stress on the clamp capacitor, but requires a floating gate drive. Thus, it is suitable for high input
voltage applications. Similar to [9-13], the low and wide bus voltage case is discussed in this paper.
For low bus power systems, there are two important requirements. First, the system should operate
with a wide range of input voltage to cover the wide battery voltage. Second, the efficiency needs
to be highest at the nominal input voltage where those power systems mostly operate. Furthermore,
in low voltage high current output, the rectification loss of secondary side is the major contributor
to poor efficiency. Thus, the synchronous rectifiers should be employed. Fortunately, active clamp
forward (ACF) converters are easily implemented by a self-driven way to reduce the conduction losses.
Therefore, in this paper, the bus voltage of 28 V, ranging from 18 V to 36 V, are investigated.

On the other hand, since the silicon-based semiconductor devices approach their theoretical
performance limit, the ability to improve the performance of the next generation of power supplies by
optimization of topology, magnetic and power management technique is diminished [14]. The emerging
wideband-gap device, such as enhancement-mode Gallium Nitride high electron-mobility transistors
(GaN HEMTs) will certainly bring out significant incremental efficiency improvement. GaN HEMTs
have a much lower gate charge and output capacitance. Therefore, it can operate at a considerably
higher switching frequency than the Si MOSFET while maintaining high efficiency [15-19]. A review
of the literature shows GaN HEMTs mainly is demonstrated for the active clamp flyback converter
to achieve higher frequency and high efficiency operation, because of the big market of the ac-dc
adapter/charger for consumer electronics [20-25]. However, little attention was directed towards ACF
converters with GaN HEMT. In [26], Bulut et al. made a feasibility study for GaN HEMT applied
in ACF converters. In [27], Zhang et al. studied the optimization of MHz multi-winding planar
transformers for ACF converters. Different from [26,27], this paper focuses on the comparative analysis
between GaN HEMT and Si MOSFET in ACF converters.

Hence, the GaN HEMT is attempted to incorporate into ACF converters for achieving higher
efficiency and power density, in this paper. The operation principle and detailed design consideration
of a GaN-based active clamp forward converter are illustrated. Moreover, the comparative analysis
is performed for Si MOSFET and GaN HEMT. In order to demonstrate the strength of GaN HEMTs,
and the validity of the proposed solution, two 18~36 V input, 120 W/12 V output, synchronous
rectification prototypes are built and compared in the lab. The experimental results show the GaN
version can achieve the efficiency of 95.45%, which is around 1% higher than its counterpart under the
whole load condition and the same power density of 2.2 W/cm3.

2. Operation Principle for GaN-Based Active Clamp Forward Converter

The aforementioned forward converters with high side and low side reset circuit are shown
in Figure 1. It is well-known that the drain-to-source voltage stress on the main switch, and the
transformer reset voltage, are the same for both circuits. The difference one is the voltage V. across the
clamp capacitor, which has a significant effect on the clamp capacitor selection and turns ration of the
transformer. The voltage stress of the high-side clamp V¢ (1s) and the low-side clamp V¢, (1.5), which is
a function of the duty cycle and input voltage, is calculated as Equations (1) and (2), respectively.
According to the input voltage range from 18 V to 36 V, a comparison of the voltage stress across the
clamp capacitor is shown in Figure 2. However, compared to the high-side counterpart, the low-side
clamp with the p-channel transistor is preferred for low input voltage because it can be easily driven
by the PWM controller. Thus, when the input voltage range is two to one or greater, the low-side clamp
is a good candidate, since a higher duty cycle can be tolerated with less variation in clamp voltage.
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Figure 2. Comparison of the clamp capacitor voltage for different clamp circuit.

Figure 3 shows the circuit diagram of an active clamp forward converter with GaN HEMT.

To simplify the analysis, the following assumptions are made.

1)

@)
®)

4)
©)

All power devices, including Q1, Q», Qsr1 and Qsgy, are ideal, except for the output capacitance
of Ql .

The inductance L is large enough, so the current i1 g is roughly constant.

The clamp capacitance C. and output capacitance Cy is large enough so that their voltages can be
considered as the constant during one switching period Ts.

The circuit is operated at steady-state.

The inductance Ly is large enough for achieving ZVS operation of the switch Q;.

Figure 3. Schematic of GaN-based active clamp forward converter.
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The equivalent circuits at different modes are shown in Figure 4. The key operation waveforms
during a switching cycle are shown in Figure 5. The switch Q; and Q, is controlled by driving
signal vgs o1 and —vgs o, respectively. The switch Qsry, Qsgr» are the self-driven synchronous rectifier.
It should be noted that when the level of —vgs @ is positive, Q> is turned on. One switching cycle can
be divided into five modes, and they could be described as follows.

Mode I [ty <t < t1, Figure 4a]: Prior to ¢y, the voltage across the main switch Q; has become zero
level, and the voltage across the magnetizing inductor Ly, is Vi,. Thus, the magnetizing current i,
increases with a constant slope of Vi,/Lm. The secondary side synchronous switch Qgg; is turned on,
and Qgsgy is OFF, the output current Iy flows through synchronous rectifier Qsrj. During this mode,
the power is transferred from the primary side to the secondary side, the primary current i, is the sum
of magnetizing current i ,, and Ip/n, as shown in Figure 4a. This mode ends at time t; when the main
switch Q) is turned off by the control command.

Mode II [t; <t < tp, Figure 4b]: This mode is a resonant mode. During this mode, the energy
stored in the leakage inductance Ly and the magnetizing inductance Ly, charges the junction capacitor
Coss1 Of the switch Q; and discharges the junction capacitor of the switch Q,. The secondary side
current is freewheeling and the body diodes of secondary synchronous switches Qsr; and Qsgry conduct
simultaneously. This mode ends at time t, when the voltage vg; is charged to V..
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Figure 4. Equivalent circuits for different modes. (a) Mode I (fp <t < t1); (b) Mode II (t; < t < tp);
(c) Mode I1I (t; < t < t3); (d) Mode IV (f3 < t < t4); (e) Mode V (t; <t < f5).
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Figure 5. Key operating waveforms during one switching period.

Mode III [t, < t < t3, Figure 4c]: This mode is the active clamp mode, and transformer reset
can be achieved in this mode. At t = t,, the voltage vq, is equal to Vi,/(1 — D), the drain-to-source
voltage of the switch Q, has decreased to zero level, and the body diode of switch Q5 is forward biased.
This deadtime is set for switch Q; being turned on under ZVS. When the current iy, charges the clamp
capacitance C. to V¢, the current i, will equal to i;,. Ignoring the voltage across Ly, the voltage
across L is clamped to (V¢ — Vin), and i, remains equal to ir,, which will decrease linearly together.
It is noted that although the equivalent circuits in Figure 4c shows the immediate reversal of the
magnetizing current, the transition of primary current from positive to negative is actually smooth.
The primary voltage v}, is negative, and the secondary side voltage vs is negative too. Thus, the switch
Qsgry is turned on, and Qgg; is turned off, the secondary load current conducting through the switch
Qsrz. This mode ends at t3 when p-channel MOSFET is turned OFF.

Mode IV [t3 <t < t4, Figure 4d]: When the switch Q, is turned OFF at time t3, the converter
enters into mode IV. Same to mode I, this is a resonant mode. At t = t3, the primary voltage v, is equal
to — DVi,/(1 — D), the secondary side voltage vs remains negative. Thus, the switch Qsgr, continues
conducting, and Qsgrj remains OFF. In this mode, the Ly, L, and Cygs1 resonant together. The junction
capacitance Cog is discharged by the sum of the current ij j and i;, and the voltage vg; starts to
decrease from V.. This process is very important for achieving ZVS operation of the main switch Q;.
Furthermore, since the primary voltage of transformer T decrease, the diode of the secondary side
switch Qsgo will forward-biased simultaneously. This mode ends at t, when the voltage vg; reaches
to zero.

Mode V [ty <t < t5, Figure 4e]: Att = t,, the junction capacitor voltage vq; is equal to zero level.
because the body diodes of Qgr; and Qsg, are still conducting, the secondary side voltage vs = 0.
Correspondingly, the voltage across the leakage inductor Ly is input voltage Vi,. Thus, the primary
current increases with a constant slope from negative value through the two-dimensional electron
gas(2DEG) of GaN HEMT. This condition is set for the switch Q; to turn on under ZVS condition.
This mode ends at t5 and initiate the next switching period.

3. Design Consideration

In order to prove the feasibility and validity of the proposed solution and comparative analysis,
two 18~36V input, 120 W/12 V output prototypes with GaN HEMT and traditional Si MOSFET have
been designed, built, and tested. The design specifications of the ACF converter with self-driven
synchronous rectification are listed in Table 1. The design consideration of key circuit parameters will
be discussed in this section. A review of the literature shows that the operating frequency of several
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reference designs from TI corporation [28-30] and the product from TDK-Lambda [31], are about
200 kHz. Thus, the switching frequency of 200 kHz is an optimal operating frequency for Si MOSFET
active clamp forward converters. In order to make a fair comparison between GaN HEMT and Si
MOSEFET, the switching frequency in our design is chosen as 200 kHz too.

Table 1. Specifications for 120 W Active-Clamp Forward.

Parameter Designator Value
Input voltage Vin 18~36 Vdc
Nominal input voltage Vhom 28 Vdc
Output voltage Vo 12 Vdc
Output Power Py 120 W
Switching frequency fs 200 kHz
Desired efficiency n 95%

3.1. Turn Ratio of Transformer T1 and Output Inductor L

In order to achieve the high conversion efficiency, the maximum duty cycle Dmax is chosen as
0.7 for 18 V input voltage. Thus, the turns ratio of the transformer n can be calculated as

NP Vinfmianax 18 x 0.7

= —_— = = = 1.
n N, Ve T 05 (©)]

In this design, the turn ratio # is set as 1. Accordingly, the Dmax and Dy for 18 V and 36 V input
voltage is 0.67 and 0.33, respectively.

Furthermore, the output inductance Ly is derived based on the design criterion that the magnitude
of the peak-to-peak current ripple is less than x% of the rated current by the inequality.

Vox (1-D)
0= Io X x% X fow

4)
Assuming that an allowable peak-peak output current ripple of 30%, the inductance Ly is not

difficult to obtain based on the worst case of the maximum input voltage.

VoX (1-Dmin)  12%(1-0.33)
IoXx% X fow  10%0.3 %200 x 103

= 13.4pH (5)

Thus, 14 pH inductance with EC20B3 core is employed as the output inductor Ly.

3.2. Clamp Capacitance Cc Design

The clamp capacitance C. is one of the key elements in the ACF converter, since the clamp
capacitor not only helps to reset the flux in the transformer T4, but also absorbs energy from the
leakage inductance Ljx. During the reset interval, the resonant time constant is much greater than the
maximum conducting time of the switch Q; [7].

270X yLm X Cc > 10 X tof(max) 6)

Thus, the clamp capacitance C. can be calculated by (7)

(1 _Dmin)z ]
Lm X (27t X fsw)2

CC>1O><( (7)

In this design, 47 nF ceramic capacitor with 100 V voltage rating is employed.
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3.3. Comparing GaN HEMT and Si MOSFET

According to the voltage stress for this ACF forward converter, the performances of the 80 V
or 100 V state-of-the-art Si MOSFET and GaN FETs are compared in Table 2. In this comparison,
three normalized figure of merits (FOMs) [32] is employed. The smaller the FOM, the better performance
the device is. FOM1 represent the speed of the gate driving. The smaller the FOM1, the faster the gate
drives. For FOM1, GaN HEMTs are much better than Si MOSFETs. Furthermore, the GaN HEMT
EPC2021 is better than the G5-010-120-1-P from GaN systems. This is caused by the higher on-resistance
in the GS-010-120-1-P. FOM2 represents the switching loss for both hard-switching and soft-switching.
The smaller the FOM2, the less the switching loss. Obviously, the same conclusion can be achieved.
Note that the FOM2 of two GaN HEMTs is very close. FOM3 represents the reverse recovery loss.
The smaller the FOM3, the less the reverse recovery loss. The EPC2021 and GS-010-120-1-P from a
different company have zero reverse recovery charge because there are no minority carriers involved
in conduction in an eGaN HEMT [15]. Therefore, this is a significant advantage compared with Si
MOSEFET because there are zero reverse recovery losses in GaN HEMT.

From the FOM1, FOM2, and FOMS3, it is not difficult to conclude that the GaN HEMT with
part number EPC2021 is better than other GaN HEMTs and Si MOSFETs. Furthermore, it is worth
noting that the GaN HEMT has non-avalanche voltage capability because there are no inherent PN
junctions that are connected between the source and drain in GaN HEMTs [15,16,33]. Therefore, in the
specifications of eGaN HEMTs from EPC Corporation, there is also a specification for a transient
voltage capability above the maximum Vpg. The transient voltage data from the EPC2021 datasheet
is shown in Table 3 [34]. Considering the maximum input voltage in our design is 36 V, which is far
away from the maximum ratings and will not affect the operation of GaN HEMT for ACF converter
application. Therefore, in this design, the EPC2021 GaN HEMT is chosen as the primary switch.
The final experimental comparison will be introduced in Section 4.

Table 2. Comparison between Si MOSFET and Gallium Nitride high electron-mobility transistors

(GaN HEMT).
100 V/80 V FETs Part Number \é?:t{rsg)e (mo([)I ) (Cl;;S) (RiIOiVICliss) (%8 (R:‘c:(l\goss) (S(r:,) (an()i\/lén)
Enhencement-Mode EFECPZ((:))Z ! 80 22 1610 3542 72 158.4 0 0
CaN FET (GGSE;(IE g;sztz;ij; 100 5 885 4425 324 162 0 0
Si MOSFET BS?&?;E%)ETSS 100 3.5 5000 17,500 91 318.5 122 427
CSD19532Q5B (T1.) 100 4.0 3700 14,800 128 512 249 996

Table 3. Data from an Efficient Power Conversion EPC2021 datasheet [34].

Maximum Ratings

Drain-to-source voltage (continuous) 80 \Y

Vps
Drain-to-source voltage (up to 10,000 5 ms pulses at 150 °C) 96 \Y

3.4. PCB Layout Consideration of GaN HEMT

In EPC application papers [15,16], the designer should pay attention to the PCB layout because
the parasitic circuit inductances, especially the inductance of gate driver loop will affect the operating
and performances of GaN HEMT. Furthermore, noise coupling from power to drive loop could
lead to erroneous trigger, due to the relatively low turn-on voltage of GaN transistors. So, design
consideration for the gate drive of the GaN HEMT should be the first priority. Figure 6 shows the PCB
layout of the GaN HEMT in ACF converter. In our design, a Kelvin-like connection between source
terminal is used to minimize the noise from power to drive loop. Furthermore, the direction of power
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current is perpendicular to the drive current flow direction, so that the generated magnetic fields are
perpendicular as well, so the noise from power to drive loop is significantly reduced.

Figure 6. PCB layout for driving loop of GaN HEMT.
4. Experimental Verification

Two 18~36V input, 120 W laboratory prototype with GaN HEMT and Si MOSFET are built to
verify the validity of the solution. The photograph of GaN-based prototype is shown in Figure 7.
The size for the two prototypes is both 58.85 mm x 44.84 mm x 22.19 mm (L X W x H). The key
components and parameters for two prototypes are listed in Table 4. Due to the measured waveform
from Si MOSFET ACF converter is similar to GaN version, the only experimental waveforms are given
in the next part.

1

(b)
Figure 7. Photograph for GaN-based prototype with EPC2021: (a) Top view; (b) bottom view.

Table 4. Key components and parameters in two prototypes.

Parameters Value Description
GaN Prototype Si Prototype
Q1 EPC2021 BSC035N10NS5 Main switch
Q2 FDMC86262P Clamp P-MOSFET
Qsr1, Qsr2 BSC035N10NS5 Synchronous rectifier
C. 47 nF 47 nF 100 V/1206 Ceramic capacitor
fs 200 kHz Switching frequency
Lo 14 WH/EC20B3 Output-filter inductor
Co 517 uF/16 V 47 uF/16 V x 11 Ceramic capacitor
Driver IC UCC27611 UCC27524 Low Side Driver
Control IC UCC2897A TI Active Clamp pulse-width-modulation

(PWM) Controller

Figures 8 and 9 illustrate the experimental waveforms of the GaN-based prototype with the
different input voltage. It is worth to note that although the main switch operates under hard-switching
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condition, the high efficiency can be achieved because of low circulation energy. However, the ZVS
feature of the clamp P-MOSFET has been achieved.

—_— [ , T [ , Tt [
Yo 10V/Div Yo:10V/Div ¥,:10V/Div
D D L i
o SADIV b o:SA/Div Be:S5A/DivV
ZVS » ZVS ZVS
7 Vi @2 10V/Div '\./ | Veeulovmiv B B < ¥y 0 10VIDiY
Lo T T ) P T LD T LTl LT
= Vas u:SOV/Div i B Vax q:50V/Div i Vas qu:SOV/Div i
(a) (b) (c)
Figure 8. Measured waveforms of output voltage V), inductor current ity, and MOSFET Q, under
different input voltage: (a) Vi, =18 V; (b) Vi, =28 V; (c) Vi, =36 V.
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Figure 9. Measured waveforms of output voltage V), inductor current it y, and MOSFET Q; under
different input voltage: (a) Vi, =18 V; (b) Vi, =28 V; (c) Vi, =36 V.

The experimental results of the self-driven synchronous rectifiers under normal input voltage
and full load condition are shown in Figure 10. It is not difficult to know that not only the ZVS
operation of synchronous MOSFET Qgr; and Qsgro can be achieved, but also the self-driven function is

well operated.

Tek Prevu L Tek Prevu L L 1
Ves iz3V/Div Ves 1:5V/Div
T B PR, .St S ——
{ [ [ 1
B} L_.., s \ et B | S l SE———
»
Ves 0sr1:10V/Div
Vas osi2:50V/Divy !
H sttt s, IR — e ‘/\w-w-m 5@"""“"“"——‘-]
Ve gsrr:50V/Div dmes:1 Vs 0sx’10V/Div simes:Tus/Di

(a)

(b)

Figure 10. Experimental waveforms of Qgr; and Qsry under input voltage of 28 V: (a) Qsr; and ipg;
(b) Qsrz and irg.

Figure 11 shows the transient response of output voltage with the load step-changing between
0 A and 10 A waveform for different input voltage. The slop of the load current is 2.5 A/us. It can
be seen that the output voltage could quickly go back to the steady-state under each test conditions.
The overshoot and undershoot voltage caused by the load change is less than 0.7 V at Vi, =28 V and
Vin = 36 V. Therefore, the fast-dynamic response can be achieved.
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T e SR
5 A ) Y o A

(a) (b) (c)

Figure 11. Experimental waveforms of dynamic response with the slope of di/dt = 2.5 A/us for different
input voltage: (a) Vi, =18 V; (b) Vi, =28 V; (¢) Vi, =36 V.

Figure 12 depicts the measured efficiency for different loads with the input voltage of 18 V,
28 V, and 36 V. The efficiency of the experimental GaN-based prototype is 1% higher than the Si
MOSEFET-based prototype. For nominal input voltage of 28 V, the efficiency at full load increases from
94.38% to 95.45%. Moreover, the efficiency of the converter is higher than 95% under 7~10 A load
condition. In addition, the efficiency of the proposed GaN-based prototype is near 95% at full load
entire input voltage range.
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Figure 12. Measured efficiency with different output current at different input voltage: (a) Vi, =18 V;
(b) Vi, =28 V; (c) Vi, = 36 V.

Figure 13 illustrates the power loss breakdown and comparison between GaN-based and Si-based
prototype for different input voltage. From Figure 13, it can be concluded that all the switching
loss, gate drive loss, conducting loss and reverse recovery loss in GaN-based prototype is lower
than Si-based prototype due to the lower on-resistance Rgs(on), Qoss, Ciss and zero Qy;. Because of
the aforementioned benefits, the GaN-based prototype could achieve higher efficiency than Si-based
prototype for the whole load range.

= Inductor Loss ® Transformer Loss ® QI Loss

~ SRs Loss ® Others . Si MOSFET . GaN HEMT

Power Loss (W)
Power Loss (W)

(a) (b)

Figure 13. Power loss breakdown and comparison between GaN- and Si-based prototype at full load:
(a) Power loss breakdown; (b) Detailed power loss comparison.
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The efficiency comparison between this work and reference designs from TI corporation and
the product from TDK-Lambda corporation is listed in Table 4. From Table 5, it can be seen that the
typical efficiency is around 93% and the highest efficiency is 94.7% under 24 V input voltage at full
load. Therefore, the achieved efficiency of 95.45% is a high efficiency in our work.

Table 5. The efficiency of the Investigated DC-DC Converters at Full Load.

Part Number Description Switching Efficiency
Frequency

This Work 18V~36V Input, 12 V@10 A Active 200kHz  95.45% @28V
Clamp Forward

PMP6547 (TT) [28] 18 V~60 V Input, 12 V@10 A Active 220 kHz 93.4% @24 V
Clamp Forward

PMP8861 (TT) [29] 1072 VDCInput, 12V @120 W Active Clamp 500111, 9479 @24V

Forward Reference Design
PMP8866 (TI) [30] 19t0 30 Vin 12 V @ 10 A Active Clamp Forward 200 kHz 93.0% @ 24 V

Reference Design

HQA2W120W120V  Isolated Module DC DC Converter 1 Output 12
(TDK-Lambda) [31] V@10 A 9 V~40V Input

270 kHz  89.0% typ. @28 V

From the above experimental results, it is not difficult to conclude that higher efficiency and power
density have been achieved by utilizing GaN HEMT because GaN HEMTs have three advantages
over their Si counterparts: (1) smaller reverse recovery current and reverse recovery time; (2) faster
switching speed; and (3) higher operating frequency [35]. However, compared with Si MOSFET,
the faster switching of GaN HEMT will lead to higher du/dt and di/dt during switching transient.
Therefore, from an EMI perspective, these characteristics will have a negative impact on EMI issue.

The CM noise path of the GaN-based ACF converter is shown in Figure 14. In Figure 14, Cyss1(Cogs2)
is the parasitic capacitance between the drain of Q1(Q7) and Earth. Cpjp, Csr1 and Cggry represent the
parasitic capacitance between the CM voltage pulsation nodes and Earth. As shown in Figure 14,
the CM currents will couple to the Earth through parasitic capacitances of the power converter and
back via the line impedance stabilization network (LISN) [36]. To simplify the CM noise analysis,
the voltage pulsation nodes have been divided into three areas. In GaN-based and Si-based ACF
converter, the Area 2 and Area 3 are same (the same power devices, same layout). Therefore, the CM
noise generated by those areas is the same in two converters. Furthermore, in order to reduce the
ringing voltage to minimize the CM noise in Area 3, the same resistor-capacitor (RC) snubber circuits
are both adopted in two ACF converter. Thus, the major difference of CM noise for two ACF converters
is the main switch Q. In our design, the ZVS operation for GaN HEMT Q; has been achieved, and the
switching frequency is 200 kHz, which is far away from megahertz. Therefore, from a high dv/dt and
di/dt perspective, the EMI noise difference between the GaN HEMT version and Si version should be
very small.

On the other hand, the different transformer structure will also produce large effects on the
common-mode EMI noise. Generally speaking, when the operating frequency is beyond megahertz,
the PCB wingdings planer transformer is extensively adopted, due to its low leakage inductance and
high-power density than conventional wire-wound transformer [36]. However, planar transformers
have a relatively larger interwinding capacitance that provides the dominant path for the CM noise
current travelling from the primary side to the secondary side [37,38]. Fortunately, the transformers
with 200 kHz frequency are both implemented by conventional wire-wound transformers in two ACF
converters. Thus, the impact of transformer on CM noise can be neglected.

In summary, the EMI noise difference between GaN HEMT version and Si version should be
very small.
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Figure 14. CM noise paths of GaN-based active clamp forward (ACF) converter.
5. Conclusions

Compared with flyback converters, forward converters are dominant topology for the
low-to-medium power applications for simplicity, higher power capacity, and low cost. Focusing on
low voltage bus of 28 V, active clamp forward converters with self-driven synchronous rectifiers are
proposed. Furthermore, the GaN HEMT is incorporated into active clamp forward converters for
achieving higher efficiency and power density. In order to demonstrate the feasibility and validity of
the proposed solution and comparative analysis, two 18~36 V input, 120 W/12 V output, prototypes
with different power devices are built and compared in the lab. The experimental results show the
GaN version can achieve the efficiency of 95.45%, which is around 1% higher than its counterpart
under the whole load condition and the same power density of 2.2 W/cm?. On the other hand, from
an EMI perspective, the EMI noise difference between GaN HEMT version and Si version should be
very small in our design, because (1) the GaN HEMT is only used to replace the main power device
Q1 and the ZVS operation for GaN HEMT Q; have been achieved; (2) the switching frequency is
200 kHz, which is far away from megahertz; (3) the transformers are implemented by conventional
wire-wound transformers.

Furthermore, the all-GaN active clamp forward prototype with MHz switching frequency will be
developed to higher efficiency and higher power density, and the EMI issue will be carefully considered
in the MHz GaN-based ACF converter.
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