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ABSTRACT This paper presents an improved circuit design of Gallium Nitride (GaN) based phase shifted
full bridge (PSFB) converters along with a new adaptive burst mode control strategy, to achieve high
efficiency over a wide power range, including light loads. The main challenges of PSFB converters addressed
in this paper are: load-dependent zero-voltage switching (ZVS), transformer saturation, and secondary side
ringing. Since switching losses of GaN FETs are dominant at light loads, adaptive burst mode control can
be employed to improve the efficiency at lower output power. By periodically switching output current
between 0 A and minimum ZVS current, adaptive burst mode control can enable both smaller effective
switching frequency and lower switching losses. A correction factor ‘k’ is adopted in the adaptive burst
mode control’s current loop PI calculation so that the output current can switch fast without any overshoot
that increases switches’ current stress. To verify the effectiveness of the proposed circuit and controller
design, a 375 V input, 70 V output, 800 W PSIM simulation model as well as experimental prototype are
developed and tested. The experimental results demonstrate the practical benefits of the proposed adaptive
burst mode control.

INDEX TERMS Phase shifted full bridge (PSFB), zero-voltage switching (ZVS), burst mode control,

Gallium Nitride (GaN) FETs, wide range efficiency improvement.

I. INTRODUCTION

Due to the benefits of zero-voltage switching (ZVS), phase
shifted full bridge (PSFB) isolated converters are widely used
in many modern industrial applications, such as renewable
energy conversion [1], electric vehicle charging [2], [3], and
telecommunication systems’ power supply [4], [5]. PSFB
converter has the benefits of wide gain range and fixed
switching frequency over LLC resonant converter [6], has
lower switch voltage rating compared to active clamp con-
verter [7], and lower complexity than dual active bridge
(DAB) converter [8], for unidirectional power flow.

Using fast Gallium Nitride (GaN) devices, the PSFB con-
verter can operate at higher frequencies, which increases
power density and response speed [9], [10]. However,
a higher switching frequency also makes the PSFB con-
verter’s inherent drawback, load-dependent ZVS, more
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prominent [11]. At high switching frequencies, a smaller
transformer leakage inductance is needed to reduce the duty
loss issue for maintaining sufficient voltage gain, but this
will lead to ZVS failure at light loads. When using GaN
devices at relatively higher voltages and frequencies, since
switching losses are dominant under light load operation due
to the Cyg capacitance [12], the total light load efficiency
becomes very poor under ZVS failure. Several techniques
have been proposed to improve the light load efficiency of
PSFB converters and they can be overall classified into two
types: (i) extending the PSFB converter’s ZVS range and (ii)
reducing equivalent switching frequency at light loads.
Under the first classification, many auxiliary circuits have
been proposed in [13]-[17], but they increase the current
stress of the device and cause extra auxiliary circuit loss.
Meanwhile, several topology variants are proposed to over-
come PSFB’s load-dependent ZVS issue, such as triple
converter with shared leading legs [18], converter adopt-
ing two series-connected transformers [19], [20], and the
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combination of two different PSFB converters [21], [22].
These variants generally have limitations of application sce-
narios and are not widely used in consideration of system
complexity and reliability.

For the second classification, burst mode control is utilized
in [23], [24]. By forcing the converter to switch in a few
large duty cycles by default and then skip some switching
cycles, the burst mode control can effectively reduce the
overall equivalent switching frequency, thereby reducing the
switching losses at light loads. However, this burst mode
can only be applied to very light load conditions, since the
output current is not actively controlled and continuous large
duty cycles may produce high peak currents, damaging the
devices.

This paper proposes an adaptive burst mode control strat-
egy that combines the benefits of the above-mentioned
approaches. The proposed strategy forces the converter to
periodically switch output current between 0 A and the min-
imum ZVS current, but at the same time, the average output
current still matches with the load requirement. The equiv-
alent switching frequency decreases due to the presence of
converter disabled time slots (0 A current) and the converter
maintains the minimum ZVS output current in most switch-
ing cycles. It is noteworthy that not all switching cycles can
achieve ZVS due to the rising time needed by the output
current. To reduce the output current rising time as much
as possible, an adaptive current loop PI calculation is also
adopted in this paper. It can also ensure that no current
overshoot occurs during the output current transients (0 A
to minimum ZVS), which helps to protect the devices from
damage due to over-currents.

The main advantages of the proposed concepts can be
summarized as follows:

« The proposed adaptive burst mode control strategy can
extend PSFB converter’s ZVS range and reduce the
effective switching frequency concurrently at light load;
thereby increasing the light load efficiency drastically.

o The new proposed correction factor ‘k’ can help adap-
tive burst mode controller to switch output current
between 0 A and minimum ZVS current, quickly and
smoothly.

o The developed methods can be extended to other types
of DC-DC converters with current control as well, such
as buck, boost, etc.

This paper is organized as follows. In section II, the circuits
and operating principle of PSFB will be firstly described and
the related reason for light load ZVS failure will be explained.
Then, other practical concerns (such as transformer satura-
tion and secondary side ringing) aggravated by GaN-based
high switching frequency and their corresponding solutions
are discussed. In section III, the proposed adaptive burst
mode control and the internal current loop PI calculation are
designed. Section IV provides the experiment results to con-
firm the mathematical analysis and verify the effectiveness of
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FIGURE 1. Phase shifted full bridge (PSFB) converter schematic.
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FIGURE 2. PSFB converter's main operational waveforms.

the proposed adaptive burst mode control. Section V will be
the conclusion.

Il. GaN-BASED PSFB CONVERTER DESIGN

The schematic of the PSFB converter is shown in Fig. 1.
L is the leakage inductance of the transformer, designed
to achieve an extended ZVS range; this can be a separate
inductor as well if the transformer leakage inductance is
not sufficient. Cy, is the blocking capacitor to prevent DC
current saturating the transformer. It is noteworthy that a GaN
device does not have a parasitic reverse body diode, but itself
can operate similar to a diode when the reverse voltage is
applied [25]. This property is indicated as ‘equivalent’ reverse
diodes in Fig. 1. Cys represent FET output capacitance.

The operating principle of PSFB can be explained with the
main waveforms shown in Fig. 2. Q; and Q; in the leading leg
turn on alternately with fixed 50 % pulse width. The lagging
leg operates the same as the leading leg, but a specific phase
shift is applied between the two legs. By adjusting the phase
shift value, the duty cycle of bipolar square wave Vpgry can
be modified. After the synchronous rectification of secondary
side devices Qs and Qg, Vec With a specific duty cycle can be
applied to achieve the appropriate output voltage regulation.

A. LEAKAGE INDUCTANCE (L;) DESIGN

Once a certain device turns off, the current stored in the
inductor Ly needs to fully discharge two Cgyg in the same
leg within the deadtime, so that the other device can turn on
with ZVS. For leading and lagging legs, the leakage inductor
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currents at switching time can be represented as ip 2 and ip 3,
respectively. As shown in Fig. 2, the leading leg utilizes a
smaller current to achieve ZVS (ip 3 < ip_12). Therefore, Ly
should meet the requirement as in (1).

1, 1 2
ELklPJ?’ z E (Cosst + Coss2) Vin (M

After simplification,

- (Cosst + Coss2) Vl% ~ N2 (Coss1 + Coss2) V,%l )
= 2 ~ 2

l P3 Lout

Ly

where, Vjj, is the input voltage, i,y i the output current and
N is the transformer turns ratio. In the consideration of a
wide load range, Lx should be as large as possible to meet
the requirement of (2) for ZVS. However, large Ly will bring
an obvious duty loss issue to the secondary side since it will
take a longer time for Ly to change the current to the opposite
direction as shown in tp~t; and t3~t4 time slots of Fig. 2. The
duty loss can be defined approximately as in (3) [7].

Dipss ~ M (3)

N - Vin
where, fs is the converter switching frequency. To obtain
sufficient converter voltage gain, the maximum acceptable

duty loss Djogs can be defined as in (4).
N - Vout
Vi
where, D¢l max 1s the maximum duty cycle that can be
achieved by a practical controller, which is related to the
controller’s processing speed. In this paper, Dcg1_max 1S set

as 0.9 to be compatible with various performance processors.
Then, by combining (3) and (4), (5) and (6) can be deduced.

_ N - Vout - 410uthfS

“

Dlossﬁmax = Dctrl?maﬂx -

0.9 > )
Vin N - Vin
After simplification,
N-V; N -V,
Ly < —+- (0.9 —~ 0“’) (6)
410utfs Vi

Therefore, the Ly range can be identified by (2) and (6).
Since GaN based PSFB converters are switching at high
frequencies, the Ly range is becoming increasingly smaller,
limited by (2) and (6). Even if there are multiple Ly values
possible, there will still be a trade-off on choosing relatively
larger or smaller Ly, in which a smaller Ly value leads to a
narrower ZVS load range and a larger Ly value results in more
inductor AC core losses. In this paper, a relatively smaller
Lk value is preferred, and an adaptive burst mode control is
employed to increase the efficiency for the overall load range.

B. BLOCKING CAPACITOR (Cp) DESIGN

The simplified PSFB convert circuit and the corresponding
AC signal model are shown in Fig. 3. If switches are ideally
the same, the bipolar square wave Vpry will be symmetrical
and there will not be any DC component. However, in prac-
tice, the on/off time of every switch can be different due to
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FIGURE 3. Simplified PSFB converter circuit with AC signal model.

the mismatch of the gate driver, gate resistance, and switch
input capacitance. Thus, the waveform may be asymmetrical
as shown in Fig. 3 (a), with a minor DC component that can
saturate the transformer over time. This saturation issue is
more serious in GaN-based PSFB converter due to its higher
switching frequency. Therefore, a blocking capacitor Cy, is
added in series with the transformer to form a high pass filter
that can block the DC components.

Based on Fig. 3 (b), the transfer function from Vpgy to the
transformer can be represented as (7).

sLy || Zsec
& + 5Lk + sLul|Zsec

where, Zsgc is the secondary side impedance and can be
defined as (8).

H(s) = N

2 ng -N 2Rload
Zsgc = SN” Loy + Nzom—z (®)
Comr + N-Rjpad
Then, it can be approximately simplified as (9).
2

Zsgc = SN Lou +

&)

After substituting (9) into (7) and simplifying (7) by ignoring
a ‘large’ Ly, the transfer function can be approximated as
(10).

SCour

N2
SN2L,; + o

&+ L+ SN2 Lo + 2
$*N*Lout CpCour +N*C
N2Cp + Cour + 82 (Lk + NzLout) CoCour
— Nzcb ) 1+ S2L0ut Cour (10)
N2Cp+ Cour | 4 SLANLow) CoCou
N2Cp+Cour
Based on (10), the high pass filter can be represented as (11).
N2C b
N2Cb + Cour
27 /Lo Cout (b

+ 1 Nzcb + Cout
27 (Lk + N2Lout) CpCout

H(s) =

H(0) =

fzero ==

f}mle =
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FIGURE 4. AC sweep results with different Cp, (red- C, = 400nF,
Blue-Cp, = 2 uF, Green-Cp, = 10 uF and Pink-C;, = 0 uF) from simulation.

Thus, to achieve enough attenuation for the DC compo-
nent, Cp, should be as small as possible. However, small Cy
will simplify f,ore as in (12).

1 1
Jpote = 52 \/(Lk + N2Low) Cp 12)

Based on (12), it can be concluded that too small a value for
Cy, will increase pole frequency. When this value gets close to
the switching frequency, it will distort the normal Vpgy signal.
Therefore, Cy, should be designed such that pole frequency is
1/5™ of switching frequency to avoid Vpg; distortion.

The AC sweep results with different C;, values shown in
Fig. 4 verifies the effectiveness of (11) and (12) as frequency
of the ‘zero’ remains the same with different C, values.
Smaller values of Cy lead to lower DC attenuation but lead
to higher pole frequencies.

C. CLAMPING CIRCUIT DESIGN FOR REDUCED RINGING
In PSFB converters, it is common to observe high frequency
ringing and peak overshoot across the switching devices.
However, the ringing issue becomes worse in GaN FET-based
PSFB converters due to the devices’ small Cygs and fast di/dt.
As shown in Fig. 5, when Qg turns off, the sudden voltage
step change across the drain-source of Qg (Vgs Q6) causes
the leakage inductance ‘Li/N?’ to resonate with Cogs6, which
causes ringing/overshoots at the drain of Qg (V4_qge). This
will also appear on Vg _gs when Qs turns off. The ringing
frequency and overvoltage peak can be given by (13) and
(14) [8].

1
fringing = (13)
27.[ /Lklvczoss
Ly di
w= s (14)
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FIGURE 5. The ringing equivalent circuit referred to the secondary side.

It can be noticed that compared to Si devices, GaN devices
have smaller Cyg and faster di/dt, which lead to more frequent
ringing and higher over-voltage peaks. To reduce this ringing,
a diode clamping circuit is adopted as shown in Fig. 6. The
ringing starts at the drain voltages of Qs and Qg and can
be reflected to the primary side by the transformer. Thus,
introducing D; and D, shown in Fig. 6 to clamp the voltage
VT, can reduce the ringing issue. Its performance is shown in
Fig. 7 (b) based on the simulation of a 375 V input, 70 V
output GaN-based PSFB converter. Operating waveforms
without clamping circuits are also included in Fig. 7 (a) as
a reference.

Based on the waveforms shown in Fig. 7 (b), it can be
noticed that diodes D and D; can clamp the voltage after
the external leakage inductor Ly.. However, the transformer’s
integrated leakage inductance Ly; still causes minor ringing,
which requires the secondary side devices to have reasonable
headroom for their voltage ratings. Since the ringing energy
is transferred back to the input source, the power loss here is
primarily due to the conduction loss of D and D5, which are
also presented as [(D1)+xV(D1) and [(D2)%V(D2) in Fig. 7 (b).

RCD clamping methods to directly clamp the voltage on
the secondary side were proposed in [26]. In this research,
this technique was explored analytically and via simulations.
However, since it needs a resistor to release the absorbed
ringing energy, it caused more power loss. Since Tagore Tech-
nology’s 650 V GaN devices were adopted on the secondary
side as well (due to their integrated gate drivers), there was
enough headroom for the voltage and hence the more efficient
method (only the clamping diodes) was chosen. It was also
experimentally verified that the ringing does not affect the
noise performance of the RF system.

Ill. ADAPTIVE BURST MODE DESIGN

The GaN FET devices’ switching losses become an increas-
ingly dominant part of the total power loss when the load
decreases from 100 % to 0 %. However, based on the analysis
in section II (part A), it can be seen that Ly can only achieve
ZN'S when the load is higher than a certain value, say 50 %,
which causes increasingly poor efficiency at lower power.
The main principle of a traditional burst mode control is to
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FIGURE 7. Secondary side main operating waveforms with and without
diode clamping from simulation.

make the converter operate in a larger than desired duty cycle
during the first N switching cycles and skip the next M-N
(M>N) cycles, so that the average output current over M
cycles still matches with the load requirement. Therefore,
switching loss can reduce to N/M. But this technique can only
be applied at no load or very light load (typically 0 % to 20 %
load [24]), otherwise, its uncontrolled default duty ratio will
cause over-currents that can damage the devices. An adaptive
burst mode control is designed in this section to overcome
this issue, so that burst mode can operate in a wider load
range.
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A. CONTROL LOOP DESIGN
The proposed adaptive burst mode control diagram and its
detailed flowchart are shown in Fig. 8 and Fig. 9, respectively.
Vout_FB and Iy pB are the feedback from output voltage and
current, respectively. ZOH blocks represent the zero-order
holds inside the microcontroller for sampling the feedback
signals. The ZOH blocks are set at converter’s switching
frequency, so that the PI values can be calculated and PWM
signals can be updated in every switching cycle. Burst_count
in Fig. 9 is a counter to indicate which number of the cycle is
the current cycle in the single burst mode period.

At the beginning of each cycle, based on the error between
Vou_rB and voltage reference, VRgF, the outer voltage loop
produces a current reference, Irgro that indicates the real
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required output current. Then, N (the number of PWM enable
cycles in a single burst mode period), is calculated by (15)

N -Irgr1 =M - IRero (15)

where, M is the total number of the cycles in a single burst
mode period and Irgr; is the minimum current reference that
can achieve ZVS.

If Irgro is larger than Irgpy, N will be larger than M. Then
Burst_count will always be smaller than N since Burst_count
is smaller than M. Therefore, the controller will operate in
continuous mode and the inner current loop will modify the
PWDM signal to control the output current to follow the current
reference, IRgrg. If IRgFRg is less than Irggy, NV will be less than
M. Then, for the first N cycles, burst mode will be active and
will force the inner current loop to control the output current
as Irgp; indicates. During the rest of the ‘M-N’ cycles, the
current loop PI calculation will be skipped, PWM will be
disabled, and the converter will stop switching.

Since Irgrg is updated by voltage PI every cycle, the burst
mode controller can adaptively calculate the N value such that
the average output current of the whole burst mode period (M
cycles) can match with the real load current.

Since the converter switches for only N cycles in every
M cycles, the switching loss is reduced. Besides, these N
cycles are under current control with the reference Irgri,
so that ZVS can be achieved, and the overcurrent issue can
be avoided.

B. ADAPTIVE CURRENT LOOP PI CALCULATION DESIGN
In adaptive burst mode control, the current loop’s PI calcula-
tion is directly responsible for the control of output current.
Since the current reference always has a step change at the
beginning of every burst mode period, an adaptive current
loop PI calculation is proposed to optimize the step response
of the corresponding PI calculation.

The conventional current loop’s PI calculation and output
current waveform are shown in Fig. 10 (a). The current
reference Irgp can be defined as in (16).

Irer1, 0 <t <N -Tg
Irer = (16)
0, N T, <t<M-Tg

where, Irgr; is the minimum current reference to ensure
ZVS and Tsg is the converter switching period. It needs to be
mentioned that output current frequency is the double of the
converter switching frequency in the PSFB converters.
When the converter starts working in the burst mode, cur-
rent reference Irgr will have a step change at the beginning
of the burst mode period, ty. Then, the conventional current
PI controller needs the tp~t; time slot to increase output
current to the minimum ZVS current that Irgp; indicates,
which results in hard switching at to~t;. After tp, the PI value
is reset to 0 and the same calculation repeats from t3 to ts.
This method loses a lot of ZVS benefits as shown in to~t;
and t3~t4 time slots and increases the N value due to the long
start-up time of conventional PI calculation. The conventional
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current loop PI calculation can be represented as in (17) and
(18).
t
PI, (t) = kp - error(t) + kj - / error(t) -dt (17)
fo
error (t) = IRgr (t) — lour_rB (t) (18)

where the kp is the proportional gain and kj is the integral
gain. Based on (17), it can be noticed that the integration
calculation depends on the accumulation of transient error,
which causes a long start-up time because the integration
value is relatively small at the very beginning, around ty.

To reduce the start-up time of conventional PI calculation,
the integration value at the previous burst mode period can
be added to the beginning of the next burst mode period,
which can shorten the accumulation time of the transient
error. Meanwhile, since the current PI output is stable from t;
to tp as shown in the first burst mode period in Fig. 10 (a), the
error between Irgr and output current feedback Iy Fp can
be assumed to be infinitesimally close to 0 during the stable
state. Here, the current loop PI can be represented as in (19).

t

Pl (t) = k; - f error (t) - dt,

fo

n<t=sn (19)

where, the integration of error(t) is equivalent to Ag; (area of
S1, same naming method for Ag, and Ag3), shown in Fig. 10
(). Thus, (19) can be simplified to (20).

PIy(t) =k -As1, hh<t=<n (20)

By adding the integration value at t; to the second burst
mode period, the fast current loop PI calculation as shown in
Fig. 10 (b) can be represented by (21).

t
PI, (t)=kp - error(t)+k; - [Agl —|—/ error(t) - dt:| 21
3

As1 in (21) helps current PI to output a higher value, which
produces a larger duty cycle after the PWM generator and
causes the output current to increase faster than it was in the
first burst mode period. When the output current increases to
IREF] at t4,, the current PI output is given by (22).

t4a

PI> (t44) =kp-0 + k; - [A51 +/ error(t) - dt:| (22)
3

where, ft”“ error(t) - dt can be equivalent to the area of S2.
Thus, (22) can be simplified to (23).

PI5 (t4q) = ki - (As1 + As2) (23)

However, based on (20), the stable state current PI output
should be k;-Ag . Therefore, the current overshoot will appear
from t4,. When the current recovers to IRgp; at tgp, the current
PI output can be given by (24).

tap

Pl (tap) = kp - |:A51 + As2 +/ error(t) - dt] (24)
14,

a

Since error(t) is negative at the ty,~tqp, slot, ft:‘:’ error(t)-dt
is equivalent to -Ag3. Thus, (24) can be simplified to (25).

PI5 (tap) = ki - (As1 +As2 — As3) (25)
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(c) Adaptive current loop PI calculation (fast output current increasing
and no inherent current overshoot)

FIGURE 10. Ideal output current waveforms of different current loop PI
calculations.

To avoid further under/overshoot, PI,(t4) should be equal
to the stable state current PI output as in (26).

ki -As1 = Pl (tap) = ki - (As1 +As2 —As3)  (26)

Therefore, Agy should be equal to Ag3, which means that
the amplitude of overshoot depends on the area of S2. If the
current overshoot is too large, the GaN device can get dam-
aged due to thermal failure. Thus, Agy should be as small as
possible. The minimum Ag, can be approximated as in (27).

1
Asy = 3 “IReF1 - (t4a — 13)in 27
where, t45-t3 is calculated by (28).
IrEF1
t4a - t3 = Vin Vour
DN'Lnut o (1 - D) m
_ IREF1 (28)
Vin+N'Vou Vau
D ( N'Laut t) - rui

Since input voltage Vj,, transformer turns ratio N, output
inductor Loy, and output voltage Vo are fixed by converter
specifications, only increasing duty cycle D can reduce Agp.
In consideration of duty loss from the primary side to the
secondary side and practical application in digital control,
maximum duty cycle (less than 0.9, which is based on the
discussion in section II, part A) may not sufficiently reduce
t4a-t3 for certain converter specifications. Therefore, the fast
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TABLE 1. Experimental protype - specifications and parameters.

Parameters Values
Input voltage, Vi, 375V
Output voltage, Vou 70V
Output current, Tow 0~12A
Switching frequency, f; 300 kHz

Blocking capacitor, Cy 2 uF

External Leakage inductor, Ly, 33 uH
Output inductor, Loy 10 pH
Output capacitor, Coy 4*68 uF
Primary side GaN devices’ output capacitor, Coss 30 pF
Turns ratio of the transformer, N:1 4:1
Magnetic inductor of the transformer, Ly 245 pH
Internal leakage inductor of the transformer, Ly 0.8 uH
Total number of switching cycles in single burst 15

mode period, M
Minimum current reference to achieve ZVS, Iggr 75 A
Correction factor of adaptive current loop PI

. 0.86
calculation, k
Clamping diodes part number CSDO01060E-TR
Microcontroller part number dsPIC33CHI128M
P208

PI calculation cannot be generally applied to different speci-
fications, without making certain further improvements.

The root cause of failure of fast PI calculation is that it adds
total Agy to the next period’s integration calculation, which
makes overshoot area ‘S3’ inevitable. A correction factor k is
adopted in the adaptive current loop PI calculation as shown
in Fig. 10 (c). k is multiplied to Agy before it is added to the
integration calculation in the second period. Then, (23) in fast
PI calculation can be changed to (29).

PI; (t4) = ky - (k - As1 + As2) (29)

To avoid any overshoot, PI(t4) should be equal to stable
state current PI’s output value, which is given by (30).

ki -As1 = Pl (t4) =k - (k - As1 + As2) (30)
Since there is O error at the stable state, (31) will be true.
ki - As1 = IReri 3D

Then, by combining (27), (28), (30), and (31), k can be
identified as in (32).

1 IReF1 - ki

k=1-~-
2 D (_Vin'HV‘Vom ) _ Vour

(32)
Lout

“Lout

Fig. 11 shows the output current results of different current
loop PI calculations, where k = 0 is equivalent to con-
ventional PI calculation and k = 1 is equivalent to fast PI
calculation. The k = 0.86 in the adaptive current loop PI
calculation is deduced from (32).

It can be further noticed that conventional PI calculation
responds too slowly to the current reference step change.
When M is small enough, output current cannot even rise
to the minimum ZVS current in a single burst mode control
period. (M is chosen based on the condition that f;/M is
>20 kHz to avoid audile noise). Regardless of the type of
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FIGURE 11. Simulation results comparison of different current loop PI
calculations. (k=0: conventional Pl calculation; k=1: fast PI calculation;
k=0.86: adaptive current loop PI calculation)

current loop PI calculation, the proposed burst mode control
can adaptively calculate the N value to meet the average
output current requirement in (15), which further proves its
effectiveness.

IV. EXPERIMENTAL PROTOTYPE, RESULTS AND
DISCUSSION

A PSFB converter prototype has been developed to verify the
proposed design methods and adaptive burst mode control.
The pictures of the hardware and full load thermal image are
shown in Fig. 12 and the specifications of the converter and
system parameters are given in Table 1. The overall board size
is 145 mm x 72 mm and the PCB has 4 layers.

The hardware of the controller and feedback circuits are
shown on the top-right side of Fig. 12 (b), and their main
schematic is shown in Fig. 12 (d). The output current, Loy,
is sensed using a 2.5 mS2 resistor, and a high common-mode
rejection ratio (CMRR) amplifier (AD8274), is adopted to
reduce the common mode voltage from Ioy. Then, the sensed
Tout signal, Iout_sense, s amplified and level-shifted by opera-
tional amplifiers, LT1802, to fit the microcontroller’s input
range (0 to 3.3 V). The output voltage feedback is real-
ized using the resistor divider and the operational amplifier,
LT1802. The microcontroller has 6 PWM outputs, so all GaN
devices (Q;~Q, on primary side and Q5~Qg on secondary
side) have independent PWM signals. All the PWM sig-
nals are inherently synchronized inside the microcontroller.
Since it is placed on the secondary side, a digital isolator,
SI8645BD-B-IS, is adopted to transfer the PWM signals from
the microcontroller to the primary side. The GaN devices are
gate integrated, hence no separate gate drivers were needed.

The microcontroller’s clock frequency is set as 90 MHz.
Since the N value needs to be updated once for every switch-
ing cycle, the N is updated at 300 kHz. To achieve such
a high updating frequency, all data calculations inside the
microcontroller are in integer type.

It is noteworthy that based on (2) and information on
Table 1, the minimum current reference Irgg; to achieve ZVS
is supposed to be calculated as 5.76 A. However, consider-
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FIGURE 12. Hardware photographs, thermal image and partial schematic
of experimental prototype.

ing the effect of the operating temperature on the leakage
inductance and GaN devices’ output capacitor (Coss), a 30 %

9159



IEEE Access

Y. Yao et al.: Improved Circuit Design and Adaptive Burst Mode Control in PSFB Converters for Higher Efficiency

Secondary side switching waveform
150 - -

jaah
o
=
& DRSS
>
B Maximum over
& A
= 100 ., voltage =28.9V ¢
g \','N s
E .
o
o
o0
g
f=9
g
= 50 .
o Vin/N=93.75V
Q
=
@
g
o
g
1)
5]
o
A0 s, ¥ Yo,
-1e-06 0 1e-06 2¢-06
Time(s)

FIGURE 13. Experimental waveform of secondary side clamping point,
Vsec-

margin is adopted to Irgr;. Therefore, the final Irgp; in
Table 1 is listed as 7.5 A. In addition, M is set as 15 in this
prototype controller, otherwise, a larger M value will produce
audible switching noise (300 kHz/15 = 20 kHz, within the
audible range).

Tagore Technology’s 180 mf, 650 V, GaN FETs
(TP44200NM.) are adopted as both primary side and sec-
ondary side switches in this prototype. Integrated driver
reduces the noise on the gate driver and results in smoother
turning on/off. The secondary side switching waveform is
shown in Fig. 13, which proves that diode clamping effec-
tively clamps the Vggc voltage and matches with the simula-
tion result in Fig. 7 (b). The full load operating thermal image
shown in Fig. 12 can visually prove that the diode clamping
does not lead to significant power loss since the hottest point
is only 39 °C under fan cooling.

The steady state operating waveforms with the adaptive
burst mode control strategy for different load conditions are
shown in Fig. 14. Since the output current cannot be directly
probed, the output current I,y (before output capacitor as
shown in Fig. 1) feedback signal Iy rp is used to linearly
reflect the change in output current. The primary side leading
leg’s switch node waveform is also included in Fig. 14 to
indicate the number of switching cycles.

At very light load condition, the waveforms in Fig. 14 (a)
shows that the adaptive burst mode control operates similar
to the conventional burst mode control, since the N value
(number of PWM enabled switching cycles in a single burst
mode period) is too small for the controller to increase the
output current to the minimum ZVS current Irgp; .

At light load condition, the waveforms in Fig. 14 (b) show
that the adaptive burst mode control can control the output
current as Irgr; indicates. Most switching cycles can achieve
ZVS to reduce switching loss which is the dominant power
loss at light loads. A very small current overshoot, caused
by the calculation errors resulting from integer data-type
conversions inside the microcontroller, can be noticed when
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(c) Continuous mode operation with 8 A load current

FIGURE 14. Prototype converter’'s steady state experimental waveforms
by adaptive burst mode control with different load conditions. (7.5 A is
set as minimum ZVS current reference Iggg; to help burst mode operating
to achieve ZVS and correction factor k of adaptive current loop PI
calculation is set as 0.86).

the output current increases. However, this overshoot does not
cause any GaN device failure since it is well within the rating.

In the ideal case assumption that output current’s rising
time is infinitesimally small, N is supposed to be 7 to meet
this 3.5 A load requirement as 7 x 7.5 A = 15 x 3.5 A.
However, in a practical application, the output’s rising time
cannot be ignored. Therefore, N is shown as 9 in Fig. 14 (b),
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FIGURE 15. Prototype converter load transients (3.5 Ato 11 Ato 5 A)
experimental waveforms with adaptive burst mode control. (N waveform
is the real time value calculated in the microcontroller, N = 15 means
prototype operates in continuous mode, 7.5 A is set as minimum ZVS
current reference Iggg; to help burst mode operating to achieve ZVS and
correction factor k of adaptive current loop PI calculation is set as 0.86).

which proves that the N value is adaptively calculated by the
proposed burst mode controller.

At the heavy load condition (over 7.5 A in this prototype),
the converter can achieve ZVS naturally. Adaptive burst mode
control calculates that N>M. Since the control forces the
converter to switch N cycles for every M cycles, N>M can
make it operate in continuous mode. The continuous mode
operating waveforms are shown in Fig. 14 (c).

The prototype converter’s load transient waveforms under
adaptive burst mode control are shown in Fig. 15. It may
be noted that the waveforms shown in Fig. 13, Fig. 15 and
Fig. 16 have been plotted using MATLAB based on exper-
imental data captured using oscilloscopes, to combine with
other real time data such as N value from the microcontroller
to indicate the converter’s real time operation. As shown
in Fig. 15, the proposed burst mode control can adaptively
change the N value based on the different load conditions and
can smoothly switch from burst mode to continuous mode by
increase N to 15 (M’s value). In every burst mode period,
output current (reflected by I,y Fp) can smoothly switch
between 0 A and minimum ZVS current without any over-
current. Less than 1 V output voltage under/overshoots are
achieved during the load transients.

The primary side operating waveforms under adaptive
burst mode control are shown in Fig. 16, which indicates
that the blocking capacitor does not distort the transformer
current and the proposed control strategy does not affect the
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FIGURE 16. Primary side experimental waveforms during burst mode.

normal operating of the PSFB converter. The output voltage
waveform also proves that adaptive burst mode control does
not produce large output voltage ripple.

Fig. 17 compares the efficiency of the prototype converter
with/without adaptive burst mode control under different load
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FIGURE 17. Prototype efficiency with and without adaptive burst mode
control. (DC biasing power loss is 9 W at no load condition).

conditions. From the comparison in Fig. 17, it is obvious to
conclude that adaptive burst mode can effectively increase
the power efficiency when the prototype converter cannot
naturally achieve ZVS (load current less than 7.5 A in this
prototype). A significant efficiency improvement of up to 5 %
is possible when the load current is less than 4.5 A. Moreover,
Fig. 17 also shows that adaptive burst mode control has the
benefit of a wider efficiency-improved load range, compared
to the conventional burst mode control. Conventional burst
mode is typically applied from no load to 20 % load (0 A to
2.4 A in this prototype) to prevent continuous uncontrolled
duty cycle, producing high peak currents that can damage the
devices.

V. CONCLUSION

The main issues faced by GaN-based PSFB converters, such
as load-dependent ZVS, transformer saturation, and sec-
ondary side ringing, were analyzed in detail and solved in
this paper. An adaptive burst mode control was proposed
to improve the power efficiency at light load. This adaptive
burst mode control could achieve both smaller equivalent
switching frequency and smaller single switching loss (ZVS
for most switching cycles) at the light load condition, which
dramatically improved the light load efficiency. A correction
factor ‘k’ was designed in the current loop PI calculation
to ensure that the adaptive burst mode smoothly switches
the output current between 0 A and minimum ZVS current.
A 375V input 70 V output 800 W prototype was built, and the
test results verify the effectiveness of the proposed approach.
The efficiency comparison also shows a big improvement
from 88 % t0 92.5 % at around 3 A load current. The proposed
approach can be very effective in applications such as lab-
oratory power supplies, telecom/server power supplies, etc.,
which usually face a wide range of load conditions.
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