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Abstract—This article investigates modeling and control ap-
proaches to optimize the efficiency and power factor for discontin-
uous conduction mode boost power factor correction converters.
First, with detailed consideration of parasitics and GaN HEMT
transients, the input and output charges of the converter are
exactly derived, where the rate forms the comprehensive charge
rate (CCR) model. Second, based on the CCR model, the overall
efficiency is derived. Since the overall efficiency is only related
to the input voltage, output voltage, and switching ON-time, an
optimal ON-time is calculated to achieve the maximum efficiency.
Furthermore, with the optimal ON-time, a maximum efficiency
average current (MEAC) controller is proposed to regulate the
input current while maintaining the maximum efficiency. With the
predefined optimal ON-time, a switching cycle modulation method
is adopted to regulate the input current as sinusoid, which improves
the power factor to unity. Finally, effectiveness of the MEAC control
strategy is verified by simulations and experiments. Compared with
conventional constant ON-time control, it achieves an optimized
efficiency and power factor over a large operation range.

Index Terms—Current control, discontinuous conduction mode
(DCM), efficiency, GaN HEMTs, power converter, power factor
correction (PFC).

I. INTRODUCTION

OWER conversion efficiency is very important in wireless
power transfer systems, plug-in electric vehicles, photo-
voltaic systems, and power factor correction (PFC) converters,
etc. [1]-[5]. For PFC converters, many literatures focus on im-
proving the power factor and inductor current distortion [6]—[8],
whereas the efficiency optimization is less studied. However, as
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new industrial requirements and standards for PFC applications
emerge, the existing techniques are facing more and more chal-
lenges. Specifically, itis rather difficult to optimize the efficiency
over a wide operation range while achieving high power factor
and low current distortion.

Among many active PFC strategies, boost PFC converter
is a well-known scheme. Similar to other switching mode
power converters, the boost PFC converter has different oper-
ation modes, i.e., continuous conduction mode (CCM), critical
conduction mode (CRM), and discontinuous conduction mode
(DCM). Generally, CCM operation is suitable for heavy load
and high power rating, whereas CRM and DCM operations
are usually used in low and medium power applications [9],
[10]. Comparatively, CRM and DCM operations eliminate the
diode reverse recovery problem while the turn-ON loss of power
switch can be reduced through valley switching (VS) or zero
voltage switching (ZVS) [11], [12]. Based on boost converter,
efficiency comparison between CCM and DCM is presented
in [13]. Although DCM suffers from higher inductor loss and
diode loss, it has lower switching loss. Therefore, in some
low power applications, DCM operation can achieve higher
overall efficiency than CCM [14]. Besides, DCM operation has
preferable advantages of simple compensation, high bandwidth,
and compact and low-cost inductor.

Generally, power loss in a converter is mainly induced by
switching and conduction losses. The switching loss increases
significantly with the switching frequency, and it consists turn-
ON loss and turn-OFF loss. For DCM boost PFC converter, the
turn-ON loss is relatively minor, whereas the turn-OFF loss and
conduction loss dominate the overall efficiency. Although the ef-
ficiency of PFC converter can be improved by GaN HEMTs [15],
few studies focus on optimizing the efficiency through control
strategies. For PFC applications, variable ON-time control is
widely used to improve the power factor and current distor-
tion [16], [17]. Furthermore, to improve the efficiency and
ripple, variable ON-time control is modified to tune the switching
frequency in each half line cycle [18]. However, without sinu-
soid input current, this strategy sacrifices the power factor and
current distortion. Besides, the optimization cannot maximize
the efficiency, since it lacks in-depth analysis for the relation-
ship between ON-time control and efficiency. To optimize the
efficiency of a power converter, accurate modeling and analysis
for different losses are consistently required [19], [20]. Both
switching loss and conduction loss need to be comprehensively
studied to carry out the optimization.
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Fig. 1. Boost PFC converter with consideration of parasitics.

In this article, a comprehensive charge rate (CCR) model is
proposed for boost PFC converter operating in DCM, where a
GaN HEMT is used as main power switch. With consideration of
parasitics and GaN HEMT dynamics, both the input and output
charges are accurately calculated. This forms the CCR model,
which is used to derive the overall efficiency under different
input and output voltages. Furthermore, to maximize the effi-
ciency and regulate the input current of boost PFC converter,
a maximum efficiency average current (MEAC) controller is
proposed. Combining the efficiency chart derived from the CCR
model, this controller adaptively regulates the switching-ON
time to achieve maximum efficiency under different inputs and
outputs. While the switching-ON time is tuned to optimize the
efficiency, a variable switching cycle is adopted to regulate the
inductor current average value as sinusoid, which optimizes the
power factor. Finally, simulations and experiments are given to
verify accuracy of the proposed CCR model and effectiveness
of MEAC controller.

The rest of this article is organized as follows. In Section II, the
CCR model for DCM boost PFC converter is derived from the
input and output charges. Section III gives out the MEAC control
strategy and explicit efficiency analyses based on simulations.
Furthermore, experimental results are given in Section IV to
verify accuracy of the proposed CCR model and effectiveness of
MEAC controller. Finally, the conclusion is given in Section V.

II. CCR MODEL FOR DCM B00ST PFC CONVERTER

DCM boost PFC converters are widely used in low power ap-
plications. When operating in DCM, the diode reverse recovery
problem is eliminated. Besides, turn-ON loss of power switch
can be reduced through the well-known VS or ZVS techniques.
However, DCM operation usually suffers from higher conduc-
tion loss owning to the increased current ripple. Moreover, turn-
OFF loss still exists since the inductor current is not zero when
power switch is turned OFF. Both conduction loss and turn-OFF
loss are induced by parasitics, which affect the efficiency of the
converter.

In fact, the overall efficiency of the DCM converter in each
switching cycle is determined by the input and output charges.
Therefore, the CCR model is proposed in the followings, which
is derived with consideration of parasitics and switching dynam-
ics.

A boost PFC converter with consideration of parasitics is
given in Fig. 1, where R, is the equivalent series resistance of
inductor, R4, and R, are the conduction and gate resistances of
the GaN HEMT, respectively, R and vy are forward resistance
and voltage of the diode, respectively, and R is the equivalent
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Fig. 2. Currents and voltages in boost PFC converter.

series resistance of the capacitor. Parasitic capacitances of the
GaN HEMT include Cy,, Cyq, and Cy,.

When the converter operates in DCM, dynamic states in the
converter are given in Fig. 2. Analyses for different stages are
given in the following.

1) 0-ty: In this stage, the GaN HEMT is turned ON, and the

turning-OFF driving signal occurs at time %.

2) to—ty1: This stage is called turn-OFF delay period. The
driving current discharges C until the driving voltage
Vg, drops to a constant value v,,, which is caused by the
well-known Miller effect. In this duration, the GaN HEMT
is still turned ON. The inductor current rises until it reaches
the peak current 7.

3) ti—t2: The driving voltage vys maintains at the Miller
voltage v,,,. Since vy has little change in this duration, a
constant current flows through Cyq. This current is equal
to vy, /Ry, and it charges C'yq until vgs reaches the output
voltage. Besides, the inductor current changes from i,
to ipk2, depending on the voltage-second product of the
inductor.

4) to—t3: In this stage, Cy, is discharged through R,, and
Vg falls from vy, to the threshold voltage v7. Owning to
the decreasing overdrive voltage, the GaN HEMT current
drops from ipks to zero, whereas the SiC diode current
increases from zero to the inductor current.

5) ts—t4: The GaN HEMT is completely turned OFF in this
stage, and the inductor current falls until it reaches zero.

6) t4—: Boththe GaN HEMT and diode are OFF, and v drops
to vg.

In the followings, the inductor current is exactly calculated for
different stages with consideration of the switching transition.
Based on the current expressions, the input and output charges
are derived. Furthermore, expressions for the overall efficiency
and power loss are acquired.

A. Inductor Current During Switching-ON

When the main switch is ON, voltage on the inductor equals
|vin| — 2vp1 — (RL + Ras + 2Rp1)i1(t), where i1 (¢) denotes
the inductor current. Therefore, differential equation of iy, (¢) is
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given by
LU — 4 Reqonis(t
dt y ~ Beaonizlt) -y <t (1)
i2(0)=0
where Vg = ‘U1n| — 2upy; and Req)on = Rp + Rys + 2Rp1.
Furthermore, i, () is derived as

i) = =9 (1 —e "E) st ot <t (2)
eq,on
Substituting t = t; = Ty, + t4 into (2) gives
. v _
ik = = g (1 —e Req,on(Ton+td)/L)' 3)
eq,on

At time %, the driving signal vg g drops to zero. However, the
GaN HEMT is not turned OFF instantly owing to the turn-OFF
delay and Miller effect.

B. GaN HEMT Turn-Off Process

As shown in Fig. 2, the turn-OFF process of the GaN HEMT
begins at time £y and ends at time ¢3. Since the turn-OFF speed
of GaN HEMTs is very fast, the driving voltage during GaN
HEMTS turn-OFF can be considered as a linear change [21].

In the turn-OFF delay period, C,; is discharged through R,.
The driving voltage drops from v 4 to v,,,, and the turn-OFF delay
time is given by

Q gsl Rg
(Vgs + vm) 2
where () 451 represents the corresponding charge during ¢,.

During?; < t < t2,v4s equals the Miller voltage v,,,, which s
nearly constant owing to the Miller effect. Therefore, a constant
driving current v,,,/ R, charges Cq, which makes v, rise from
zero to v,. When vy, rises from zero to v,, the time duration is
given by

tg = 4

_ Qgally

=

where () 4q represents the corresponding charge during ¢,,.
In this duration, the GaN HEMT is saturated, and the drain-

source current can be approximated by the same as MOSFET [22]

Z.ds - ﬂ(vgs - UT)z(]- + )VUds) (6)
where 3 and A are constant. At time ¢ = to, the current equals
ipke While vy rises to v,. Since voltage-second product of the
inductor is given by (vy — v,/2)t,,, the current at ¢ = ¢, is given
by

&)

bm

(Ug — UO/Q)tm @)
-

At time to, Cyq is fully charged, and vq, stops rising. After
to, the GaN HEMT current begins to fall.

During t5 < t < t3, the inductor current is transmitted from
the GaN HEMT to the diode. In this duration, the driving voltage
vgs drops from v, to vy since Cy, is discharged through R.
Furthermore, the time duration and v, are given by (8), where
variation of vy, is seen as linear. This approximation is valid
in most applications with GaN HEMT, since v,,, — v is very
small

ipk? = ipkl +

S ®)

— _ — Qgs?Ry
br =t =t =, 5002
Ugs ~ Um — ter

where () 452 represents the corresponding charge during ..
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Substituting (8) into (6) gives the GaN HEMT current

¢ 2
tds = ﬁ( — 1) (’UT — ’Um)2(1 + )VUds)

ttr

2
= (t = 1) Tpk2- ©))
ttr

After t = t3, the GaN HEMT is completely turned OFF, and
the inductor current flows to the output through the diode.

C. Inductor Current During Switching-OFF

During to < t < tg4, voltage on the inductor is |vi, | —2vp1 —
vp—v,—(Rp+Rp+2Rp1)iy(t). Therefore, differential equa-
tion of i, (t) is given by

{ Ldijit(t) = Veq,off — Req,oftir(t)
ir(tz) = ipk2

where  Veqoff = Vg —VF — Vo and  Req o = R + Rp +
2R 1. Furthermore, iy, (t) is given by

st to<t<ty (10)

Veq,off . Veq,off
S
Req,oﬁ Req,off

Reoq,off
— 42 (t—t2)

in(t) =

X e Stty <t <ty (11)

Attimet = t4, the current falls to zero. Therefore, substituting
ir,(t4) = Ointo (11) derives the duration

L In <1 - Z‘kaI%eol,of'f)
Req,oﬁ Veq,off

Based on the exact inductor current model, the input and
output charges are calculated in the following.

Tr=ty—ty = 12)

D. CCR Model and Overall Efficiency of the Converter

In the followings, overall efficiency of the converter is derived
from the CCR model, which is the rate between the total input
and output charges. The input charge is determined by integra-
tion of 4, (¢) during 0 < ¢ < t4, as shown in the following:

%_A%mwt

tq ty . . ¢
~ / i (t)dt +/ i)t + ot E i)t g
0 t 2
In order to solve the equation, (1) and (10) are integrated,
respectively. The results are given by
ftl ir (t)dt _ Vg (Ton+ta)—ipk1 L
0

eq,on

ty - Veq,off Lp + L1
ft; ip (t)dt = Yool Zs TRz ;;e(:,off pk2

(14)

Furthermore, substituting (14) into (13) gives the input charge

v (Ton + td) - iple
Qun = = +
" Req,on

Ueq,offo + Lipk2
Req,off

(15)
(ipk1 + ipk2)tm
BT E—

The output charge is determined by the diode current, and it
is given by

+

ta
sz/)nmﬁ—% (16)

to
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Fig. 3.  DCM boost PFC converter with MEAC control. (a) Control scheme.
(b) Switching cycle modulation.

where () ; is the charge that flows through the GaN HEMT during
to <t < t3. Based on (9), the charge is given by

b (¢ 2 oot
Qd:im/ (—1) dt:’p“%. (17)
0

ttr
Finally, overall efficiency of the converter is derived with the
input charge, output charge, and 7, through the CCR model,
which is shown in (18), at the bottom of this page. Besides, the
energy loss is given by

VVloss = VVin - Wout- (19)

Both 1 and W) are functions of {v,, |vin|, Ton }- Since |viy|
and v, may change a lot in applications, 7y,, can be adaptively
tuned to maximize the efficiency.

III. MEAC CONTROL FOR DCM B0OST PFC CONVERTER

Based on the CCR model, the MEAC control strategy is
proposed to optimize the efficiency and to achieve average
current control. Scheme of a DCM boost PFC converter with
the proposed control strategy is given in Fig. 3(a). Since overall
power loss and efficiency are functions of {v,, |vin|, Ton }, a suit-
able Ty, is acquired through |vy, | and v,,. Furthermore, switching
cycle modulation is used to generate the pulse signal that drives
the GaN HEMT. The PI compensator is used to compensate the
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TABLE I
SPECIFICATIONS OF THE PROTOTYPE

Input voltage vin 165 VAC ~ 235 VAC / 50 Hz

20 kHz ~ 300 kHz for constant on-time control,

Switching frequency fs 34\ 17 420 KHz for MEAC control

PI gains kp =11, k; =32
Sample gain ksample = 0.0088
Output voltage v, 390 V
Maximum power rating 310 W

Boost inductor
Output capacitor

L =20 pH, Ry, = 200 mS§
C =68 uF, Rc = 30 mQ2

GaN HEMT Ry =59, Rgs = 50 mQ, Qgs1 = 2.2 nC,
Qga =1.8nC, Qgs2 = 1.8 nC, v =1.5V,
vm =3V
SiC diode vp = 1.56 V, Rp = 200 m{2
Rectifier bridge vp1 = 0.98 V, Rp1 = 100 m2
Driving voltage 5.6 V
Ton:0.34us
1 |Vin|:300V
n:0.9775
i |
0.9
0.8
<
07 Ton:0.34us
IVinI:sov

0.6 n:0.8975

0.5

400

9 10
/ 34° 5\
S
(V) 0o ol 2 T on“"
Fig. 4.  Variation of efficiency with |v;, | and T,y when v, = 400 V.

loop, which improves the stability and eliminates steady-state
error in output voltage.

As shown in Fig. 3(b), the switching cycle is calculated and
modulated so that the input current is regulated as i,ef sin(¢p).
Similar to the conventional digital pulsewidth modulation, the
switching cycle modulation adopts a counter and comparator to
carry out modulation. The counter signal rises until it reaches
T, and it is compared to 7T;, to generate the pulse signal.
Average current control is realized by tuning the switching cycle
according to the input charge.

A. Maximum Efficiency Point

Based on (18) and specifications in Table I, the efficiency
is simulated under different conditions. At nominal output, the
efficiency is plotted in Fig. 4.

Wout Vo

Ueq,offo + ikaL - ttripk2Req,off/3

n= f(vov |Uin|;Ton) =

I/Vin - |Uin| [Ug (Ton + td) - Z'ple]Req,off/Req,on + 'Ueq,offo + iple + Req,oﬁ (ipkl + ipk2) tm/2

(18)
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The efficiency is influenced by 7,,,, and itincreases along with
|vin|. Besides, for each level of input voltage, there is a maximum
efficiency point, which can be achieved by a specific T,,,. When
|vin| = 300 V, the maximum efficiency is 97.75%, where T,
equals 0.34 ps. With the same Ty, the efficiency drops to
89.75% when |v;,| = 80 V. For |vi,| = 80V, the efficiency can
be improved to 93.31% by setting T, =1.2 us.

In PFC applications, the input voltage varies a lot in each half
line cycle, which greatly influence the efficiency. Therefore, T,
can be adaptively tuned to maximize the efficiency. The optimal
Ton with different |v;, | and v, is plotted in Fig. 5.

When v,=390 V and |viy| =311 V, the optimal Ty, is
0.292 us. When v,=390 V and |vi,| =50 V, the optimal T,
increases to 1.681 ps. Since the optimal 7;,;, may change a lot in
each half line cycle, the MEAC control strategy is proposed to
maximize the efficiency while to achieve average current control.

B. MEAC Control

For DCM boost PFC converter, the input current average value
can be regulated through switching cycle modulation. Based on
the input charge, the input current is given by

1 [vg(Ton +ta) —ipia L n

. veq,ofFTf + Lipk2
lin = T

Req,off

Req,on
(ipkl + Z.pk2)tm
2

In order to simplify the controller, parasitics are neglected in
calculating the input current, and it gives

(20)

. 1 Ton2vinvo
fin X =5
T 2(vo — |vin]) L
In order to improve the power factor, magnitude of input cur-
rent should be regulated to track the reference current. Therefore,
substituting 7;, = iref Sin(y) into (21) gives the switching cycle
2 : 2
= ) CE e = et (2
Based on (22), the input current is regulated as %, =
iref sin(¢p) through modulating the switching cycle, and this
optimizes the power factor.

2
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C. Efficiency Over a Half Line Cycle

In PEC applications, the input voltage varies from zero to its
peak value V,,, in each half line cycle, as shown in the following:

Vin(p) = Vi sin(p) (23)
where ¢ is the line angle. Based on MEAC controller, both 75,
and T are adaptively tuned to ensure maximum efficiency while

to achieve average current control. The input current is regulated
as (24) to improve the power factor

iin() = Iy, sin(p). (24)
Substituting (24) into (22) gives the switching cycle with
respect to , as shown in the following:
1 Ton?Viv,
T(p) = .
Sy sin(p)
Furthermore, the input and output power rates are given by

(25)

Po(p) = Qin(jf();i)n(@)

Qout(¢)v (26)
Pout (‘P) = %
Finally, the efficiency over a half line cycle is given by
f " P out(QO)dSD
0
MHLC = 70 7 5 7 (27)
Jo Pu(p)de

Based on specifications in Table I, the input power rate and
power loss in a half line cycle are plotted in Fig. 6.

Both power rate and power loss reach their peak value when
p = /2, where vi,(p) = V,,. The maximum power rate is
325.6 W, whereas the maximum power loss is 6.94 W. As the
phase angle increases or decreases, both power rate and power
loss decline. However, since the power rate declines by a faster
rate than the power loss, the efficiency is degraded.

Furthermore, although the efficiency is optimized by tuning
Ton, it still decreases heavily when | — 7/2]| is too high, as
indicated in Fig. 7.

When ¢ = /2, the efficiency reaches its peak value as
97.87% while Ty, is the lowest, i.e., 0.292 us. As the phase
angle increases or decreases, Ty, is enlarged adaptively, whereas
the efficiency is still degraded. The efficiency is lower than 90%
when ¢ < 0.145 or ¢ > 2.995. This indicates that the efficiency
cannot achieve 90% when vy, (¢) < 45 V, no matter how Ty, is
tuned. In order to avoid power loss in this condition, the whole
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converter can be shut down to improve the overall efficiency in
a half line cycle.

IV. EXPERIMENTS

A boost PFC converter operating in DCM is constructed for
experiments, as shown in Fig. 8. All control algorithms are
implemented through an FPGA board (Altera Cyclone IV).

The ac line voltage is rectified by a 600 V/6 A rectifier
bridge GBU6J from ON Semiconductor after the electromag-
netic interference filter. A 470-nF input filter capacitor behind
the rectifier bridge is used to filter switching harmonic. The
650 V/30 A GaN HEMT GS66508T from GaN Systems and
SiC diode STPSC8HO065B from STMicroelectronics are used
for power switch and boost diode, respectively. The GaN HEMT
is driven by the UCC27517 driver chip. A 68-uF capacitor
(NFA500VB68M) and a 0.1-pF bypass capacitor are adopted as
the output capacitor. The core and bobbin of boost inductor are
PQ26/20. Line and output voltages are sampled by two single-
channel 14-b A/D converter chips (LTC2314). To improve the
transient response while reducing the ripple in %..¢, the PI gains
are set as kp = 1.1 and k; = 32. Detailed parameter values of
the components are given in Table 1.

In the following, accuracy of the proposed CCR model is ver-
ified through comparison between the model and the measured
results. Furthermore, the efficiency under MEAC controller is
compared to that of a fixed 75, controller, which also adopts
variable switching cycle to carry out average current control.
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A. Verification of the CCR Model

Based on (18) and (27), the efficiency is estimated by the
proposed model in different operation conditions. Accuracy of
the CCR model is verified by comparison with the measured
efficiency in a half line cycle, as shown in Fig. 9.

The comparison is given under the condition v, =220 Vac,
1,=390 V, and load resistance R=1000 (2. In experimental
verification, the efficiency in a half line cycle is measured using
the power analyzer PASO0OOH. As the results show, the efficiency
calculated by the CCR model increases first with the increase of
Ton, and then gradually flattens. The CCR model highly matches
with that of the measured results.

B. Nominal Inductor Current and Output Voltage Ripple

Nominal inductor current, input current and output voltage
ripple are measured under MEAC control and constant ON-time
control, respectively. The switching ON-time is set as 0.9 us for
constant ON-time control. According to analyses in Section III,
the efficiency cannot achieve 90% when input voltage is lower
than 45 V. Therefore, the PFC converter is shut down when the
input voltage is below 50 V in the experiment. The measured
inductor currents in a line cycle are given in Figs. 10 and 11.

For 165- and 220-Vac inputs, the inductor current peak value
within a line cycle is 6.4 A under MEAC control, and it increases
to 11 and 17.5 A under constant ON-time control, respectively.

As shown in Figs. 12 and 13, input currents under both
controls are regulated as near sinusoid, which improves the
power factor. For MEAC control, the converter is shut down
when the input voltage is below 50 V. With 165- and 220-Vac
inputs, the power factors under constant ON-time control are
0.996 and 0.983, respectively. While the power factors under
MEAC control are 0.995 and 0.990, respectively.

Furthermore, the output voltage ripple is also measured, as
shown in Figs. 14 and 15. With 165-Vac input, the voltage
ripple under MEAC control is 22 V, whereas the ripple under
constant ON-time control is 24 V. Therefore, the voltage ripple
is reduced by 8.3% under MEAC control. Furthermore, when
the input voltage is increased to 220 Vac, the voltage ripple
under constant ON-time control is increased to 24.8 V, whereas
it remains unchanged under MEAC control.
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Fig. 10. Inductor current in a line cycle with 165-Vac input at 150-W output.
(a) MEAC control. (b) Constant ON-time control.
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Fig. 11.  Inductor current in a line cycle with 220-Vac input at 150-W output.
(a) MEAC control. (b) Constant ON-time control.

C. Efficiency and Power Factor Under Different
Operation Conditions

Efficiency of the converter is measured under different control
strategies and operation conditions. The results of the proposed
MEAC controller are compared with that of a constant ON-time
controller. The measured efficiencies under different input volt-
ages at 150-W output are plotted in Fig. 16.

As the measured results show, efficiency under MEAC con-
troller is always the highest among other controllers. For con-
stant ON-time control, the efficiency is highly dependent on
Ton, which is difficult to optimize. Although the efficiency
under T,,, = 0.9 us is higher than that under T;,, = 0.4 us, it
is still lower than that under MEAC control. For example, with
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Fig. 12.  Input current and input voltage in a line cycle with 165-Vac input at
150-W output. (a) MEAC control. (b) Constant ON-time control.
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Fig. 13.  Input current and input voltage in a line cycle with 220-Vac input at
150-W output. (a) MEAC control. (b) Constant ON-time control.
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Fig. 14.  Output voltage ripple in a line cycle with 165-Vac input at 150-W

output. (a) MEAC control. (b) Constant ON-time control.



LI et al.: MAXIMUM EFFICIENCY AVERAGE CURRENT CONTROLLER BASED ON A CCR MODEL FOR DCM BOOST PFC CONVERTER

Vo:[10V/div] Vo:[10V/div]

N 22“'\7\\//—\ . 4-8“"\
............. 2 g

Time:[2ms/div] Time:[2ms/div

(@ (b)

Fig. 15. Output voltage ripple in a line cycle with 220-Vac input at 150-W
output. (a) MEAC control. (b) Constant ON-time control.

7 96.66%-,
0,
96.5 | 96.39%-,
96 [
- 95.31%
S ® “95.78%
;; 95 - % ’rof .
e 95.11% _ ®” 95.38%
2 P
é 94.5 -
w -&
o4 | » - - @ -T,,=0.4us
P , --&- T,,=0.9us
93.5 v —a&— MEAC
165 175 185 195 205 215 225 235

Input voltage (VAC)
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Fig. 17.  Loss breakdown with 220-VAC input at 150-W output under different
control strategies.

235-Vac input, a constant ON-time of 0.9 us achieves an effi-
ciency of 96.00%, which is 0.66% lower than that of MEAC
controller. According to the tested results in Fig. 16, the MEAC
controller improves the overall efficiency by an average of
0.78%.

With 220-Vac input, the loss breakdown under different con-
trol strategies is shown in Fig. 17. Compared with the constant
ON-time control under 75, = 0.4 ps, the total losses of semicon-
ductor devices are reduced by 1 W under 7, = 0.9 us. The
total losses of semiconductor devices under MEAC controller
are lowest among other controllers, which results in the highest
efficiency of 96.39%.
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Fig. 18. Measured efficiency with MEAC and constant ON-time controls under
different power rates.
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Fig. 19. [Infrared photographs under different control strategies at 150-W
output. (a) MEAC control. (b) Constant ON-time control under T, = 0.9 ps.

Furthermore, comparisons are also given under different
power rate, as shown in Fig. 18. The efficiency under MEAC
control is compared with that of constant ON-time control with
Ton=0.9 pus (To, =0.9 us achieves the highest efficiency under
constant ON-time control). Compared with constant ON-time
control, the MEAC control can achieve a higher efficiency within
the entire load range.

Since MEAC control achieves higher efficiency than that of
constant ON-time control, the temperature is improved. Infrared
photos for converters under MEAC control and constant ON-time
control are given in Fig. 19.

As the infrared photographs show, the maximum temperature
under both controls occurs at the boost inductor. The maximum
temperature under MEAC control achieves 55.9 °C, which
is slightly higher than that of constant ON-time control. But,
the temperature of main power stage under MEAC control is
46.3 °C, which is 2 °C lower than that of constant ON-time
control.

The measured power factor and total harmonic distortion
(THD) under different control strategies and operation condi-
tions are given in Figs. 20 and 21. Under constant ON-time
control, Ty, has considerable influence on both power factor and
THD. When the input voltage is 165 Vac, a constant ON-time of
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Ton=0.9 us achieves a power factor and THD of 0.996 and
3.41%, respectively. However, under 7, =0.4 us, the power
factor and THD are degraded to 0.984 and 16.23%, respectively.
Besides, as the input voltage increases to 235 Vac, the power
factor and THD under 7,,=0.9 us are degraded to 0.950
and 10.20%, respectively. In contrast, under MEAC control,
variations of both power factor and THD with input voltage
are significantly reduced.

D. Transient Performance

Fig. 22 gives the transient response under the MEAC control
with 220-Vac input. The MEAC control strategies effectively
stabilize the output voltage when the load steps. For 220-Vac
input, when the load steps from 75 to 150 W and from 150 to
75 W, the response times are 80 and 160 ms, respectively. These
experimental results verify that the proposed MEAC control can
achieve a relatively fast response speed for PFC applications.

All experimental results prove analyses in Sections II and III.
Effectiveness of the proposed MEAC control strategy is verified.

V. CONCLUSION

This article presents a CCR model and MEAC control strategy
for DCM boost PFC converter. The CCR model is established
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Fig. 22.  Transient responses under MEAC control with 220-Vac input when
load steps from 75 to 150 W and from 150 to 75 W.

through the input and output charges of the converter, which
are calculated with consideration of parasitic resistances, ca-
pacitances, and GaN HEMT characteristics. Based on the CCR
model, the overall efficiency is derived with changes of input
voltage, output voltage, and switching ON-time. At each opera-
tion point, there is a specific switching ON-time that maximizes
the efficiency. Therefore, the MEAC controller is proposed,
which adapts the switching ON-time to maximizing the effi-
ciency. Furthermore, the switching cycle is adjusted to regulate
the input current as sinusoidal, which improves the power factor
and THD. Experimental results show that the efficiency under
MEAC controller is improved by an average of 0.78%, compared
to that of constant ON-time controller.
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