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Grouped Valley Switching Control to Optimize
Efficiency and THD for DCM Boost PFC Converters
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Abstract—In discontinuous conduction mode boost converters,
the switching-node voltage oscillates after the inductor current
reaches zero, leading to fluctuating power loss. To investigate this,
a circulating energy model is first proposed. Accurate power loss is
analyzed with consideration of oscillation damping effect, reverse
conduction of power switch, and nonlinear capacitance effect. Anal-
ysis shows that the loss can be minimized when the switch is turned
ON at specific switching-node voltage valleys. Therefore, to mini-
mize the power loss, a grouped valley switching (GVS) control is
proposed to count the valleys and turn ON the switch at the optimal
valley. However, dynamic changes in valleys will cause frequency
hopping, resulting in degraded total harmonic distortion (THD) in
input current. To address this issue, the GVS controller turns ON
the switch at constant valleys in a half-line cycle, while adaptively
calculating the ON-time with online tracked oscillation duration.
For efficiency improvement, the optimal valleys are grouped and
tuned based on a comprehensive power loss analysis. Experimental
results validate the effectiveness of the proposed control. Compared
with conventional variable ON-time controls, the proposed control
improves an average efficiency of 0.4% across the entire power
range under 110/220 VAC input. The THD is below 3.1% at 250 W
rated power.

Index Terms—Boost, discontinuous conduction mode (DCM),
efficiency, power factor correction (PFC), total harmonic distortion
(THD), valley switching (VS).

I. INTRODUCTION

OWER factor correction (PFC) converters are required for
P offline devices to meet electromagnetic pollution regula-
tions such as IEC61000-3-2 [1], [2]. Depending on the conti-
nuity of the inductor current, they can operate in discontinuous
conduction mode (DCM), critical conduction mode (CRM), and

Manuscript received 9 October 2023; revised 10 January 2024; accepted 24
February 2024. Date of publication 5 March 2024; date of current version 19
April 2024. This work was supported by the National Natural Science Foun-
dation of China under Grant 62074067 and Grant 62374067. Recommended
for publication by Associate Editor G. Moschopoulos. (Corresponding author:
Qiaoling Tong.)

Wanyang Wang, Run Min, Huangpeng Zhang, Qiaoling Tong, and Xuecheng
Zou are with the School of Integrated Circuit, Huazhong University of Science
and Technology, Wuhan 430074, China (e-mail: eea_stu_wwy@hust.edu.cn;
minrun@hust.edu.cn; d202387049 @hust.edu.cn; tongqgiaoling@hust.edu.cn;
estxczou@gmail.com).

Desheng Zhang is with the School of Automation, Wuhan University of
Technology, Wuhan 430070, China (e-mail: dszhang @whut.edu.cn).

Han Peng is with the School of Electrical and Electronic Engineering,
Huazhong University of Science and Technology, Wuhan 430074, China (e-mail:
pengh@hust.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2024.3373660.

Digital Object Identifier 10.1109/TPEL.2024.3373660

, Member;, IEEE, Desheng Zhang
, Senior Member, IEEE, and Xuecheng Zou

, Huangpeng Zhang ",
, Senior Member, IEEE

continuous conduction mode [3], [4]. Among them, DCM boost
PFC converters are widely employed in low-power applications
due to the eliminated reverse recovery of diode, high bandwidth,
and low-cost implementation [5], [6], [7].

Aiming to improve overall efficiency and reduce heat, nu-
merous studies have been conducted to optimize the power loss
in DCM. Bridgeless PFCs can reduce the conduction loss of
rectifier bridges [8], [9]. Wide bandgap semiconductor devices
feature low conduction resistance and parasitic capacitance, thus
facilitating high-frequency and high-efficiency realization [10],
[11]. Besides topologies and devices, other researches focus on
the development of control strategies. For example, variable
ON-time (VoT) and variable frequency controls are effective
approaches in optimizing efficiency under dynamic operation
conditions [12], [13], [14]. However, these approaches lack
accuracy with conventional DCM model, where the switching-
node oscillation is not considered.

Specifically, in conventional DCM model, the switching-node
voltage is assumed to be equivalent to the input voltage after the
inductor current reaches zero [14], [15], [16], [17]. However,
owing to parasitics, the practical switching-node voltage can
oscillate between zero and the output voltage, leading to energy
circulation in the circuit. With ON-time modulation, the circu-
lating energy is randomly dissipated in the channel of power
switch, causing fluctuating power loss [18], [19]. This power
loss can be reduced by valley switching (VS) technique, which
has been proven to be effective in CRM converters. By turning
ON the switch at the first valley of the switching-node voltage,
the dissipated power loss is greatly reduced [20], [21].

In order to implement VS in DCM, the turn-ON point of
the switch should be dynamically changed to the valley points.
To realize this, a lot of new control strategies are developed,
including programable valley skipping controls [22], [23] and
pulse-width-cycle control [24], [25]. However, switching at
dynamic changing valleys will cause frequency hopping, leading
to considerable current distortion and total harmonic distortion
(THD). To avoid repetitive hopping in dynamic operation, a
valley-locking strategy with valley latch and hysteresis com-
parator is proposed [23]. To offset the hopping induced current
distortion, the switching ON-time should be compensated to
restore the desired current [25]. However, a control strategy
with eliminated hopping and consistent VS is still lacking.
Furthermore, the optimal VS implementation in DCM should
be revealed with analysis of the fluctuating power loss caused
by the switching-node oscillation.
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To address the above issues, this article proposes a circulating
energy model to investigate the fluctuating power loss during the
switching-node oscillation. The energy circulation process is
revealed through analysis considering three important parasitic
effects: oscillation damping effect, reverse conduction of power
switch, and nonlinear capacitance effect. Furthermore, a grouped
valley switching (GVS) control is proposed. This control em-
ploys a zero current detection (ZCD) method to count the voltage
valleys at the switching-node. By initiating the switching cycle
at a specific valley, the fluctuating loss is reduced. To improve
THD, the specified valley number is fixed as constant during
a half-line cycle, thereby eliminating the frequency hopping.
Meanwhile, by tracking the oscillation duration online under
the specified valley number, the switching ON-time is adaptively
tuned for accurate current control. Based on the proposed cir-
culating energy model and GVS control, a comprehensive loss
analysis is provided to explore how the valley numbers affect
the total loss. To further optimize efficiency, the optimal valley
numbers are grouped under different input and load conditions.
Finally, the proposed circulating energy model and GVS control
are validated by experimental comparisons on efficiency, PF, and
THD.

The rest of this article is organized as follows. Section II
introduces the circulating energy model. Section III provides the
GVS control strategy and gives the optimal 7.t groups based on
loss analysis. Section IV presents the experimental results of the
250 W prototype, along with a performance analysis of different
controls. Finally, Section V concludes this article.

II. CIRCULATING ENERGY MODEL TO INVESTIGATE LOSS
FLUCTUATIONS

For boost PFC converters operating in DCM, parasitic res-
onance leads to energy circulation in the circuit, which causes
loss fluctuations among different switching cycles. However,
in current literatures, the modeling and analysis for such loss
fluctuations are still lacking, which hinders the improvement
of the converter efficiency. To address the issue and provide a
theoretical base for GVS control, a circulating energy model is
established in the following.

Fig. 1(a) gives the scheme of a boost PFC converter with con-
sideration of parasitics, where the parasitics include: equivalent
series resistances (ESR) of the inductor and capacitors (Ry,, R;,
R ), the internal resistances (R4s, R, Rp1) and junction capac-
itances (Cj, Cgs, Cgd, Cqs) of the power components, and the
forward voltage drops of diode and diode-bridge rectifier (Vp,
Vr1). The energy circulation occurs when both the main power
switch and diode are turned OFF, and the energy will circulate
between the junction capacitances and the boost inductor.

This circulation process reflected in voltage and current
oscillations is given in Fig. 1(b). To model the circulating
energy, accurate vqs(f) and iz (#) should be solved. However,
the analytical solutions are lacking, since they are influenced
by three important parasitic effects: the oscillation damping
effect, reverse conduction of the power switch, and nonlinear
capacitance effect. To address the issue, the proposed model
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Fig. 1. Boost PFC converter with consideration of parasitics. (a) Circuit
scheme. (b) Waveforms considering parasitics.
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Fig. 2. Equivalent circuit state and dynamics considering damping effect

during the oscillation.

adopts equivalent circuits that account for these parasitic effects
to calculate of vqs(#) and i, (f) during the oscillation.

A. Equivalent Circuits and the Analytical Solutions With
Consideration of Parasitic Effects

1) Oscillation Damping Effect: First, the oscillation damp-
ing effect is considered individually. The equivalent circuit state
and dynamics during the oscillation are depicted in Fig. 2.

In the circuit, R.q represents the ESR of the boost inductor at
the resonant frequency. It should be noted that when the inductor
is designed for low-frequency, R., becomes much larger than R,
due to the increased resonance frequency. Since R; and R - are
much smaller than R, they can be ignored or incorporated into
Req. And as the resonant current passes through the junction
capacitance Cogs (Coss = Cga + Cqs) and Cj, Rgs and R have
no effect on the resonance. Therefore, the resistance of the circuit
is modeled as R..

Based on the equivalent circuit, differential equations are
listed to calculate vys(f) and vqgs(f), which is given by

vas(t) = vy — Regqir,(t) — L‘“ﬁ—f”
( ) Coss dUds t) + C Udg Uo)

According to the initial conditions at time O, the total re-
sponse can be solved. v4s and iz, have time-domain expressions

ey
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Fig. 3. Equivalent circuit state and dynamics with the occurrence of reverse
conduction.
as

{vds(t) =e . K cos(wat + ) + vy )
= e

ir(t) «
where the coefficients «, K1, wg, and ¢ are determined by R,
L, and Co(Ceq = Coss + Cj), as specified in

b g K sin(wgt + @)

Req 1

Wy = —F7——=,Wqg =
2L /LCq’

2
Ky =14/1+ (w%) (vo — vg) , = arctan -

2

o= w2 —

3

Additionally, the system exhibits a resonant cycle 7}q5, which
is derived as

47,/ LC,
Lo = 22— IV o)

i \V 4= ReqCeq - %

With (2), (3), and (4), dynamics during the oscillation are
described. It is observed that v, determines the center value of
Vas(?), Req and L determine the damping exponent, and T
remains constant under the damping effect.

2) Reverse Conduction Effect: The reverse conduction effect
is considered based on the calculations and analysis under the
damping effect. The equivalent circuit state and dynamics may
change when the reverse conduction occurs, as shown in Fig. 3.

For the circuit, V1 is the reverse conduction voltage drop
across the body diode D 7 of the MOSFET. Once v decreases to
—V at the ¢y instant, the diode conducts and clamps the voltage
of Vds-

To identify when the reverse conduction should be considered,
the minimum value of v44 during the resonance is studied. Since
a and w4 are positive, ¢ lies within the range of 0-0.57. Based
on (2) and the reverse conduction voltage drop, Vqs'min 1S given
by

th=—"P (5

Vds_min = max(vds(tv)a 7VT)7 W

Furthermore, by setting vqs(f,) < —V7, the range of v,
where the reverse conduction occurs is derived as [0, —V
—Ki-exp(—at,)-cos(w 4t, + ¢)]. With this criterion, the scenario
of diode D 7 reverse conduction (D 7-ON) and the scenario where
the diode D remains OFF (D p-OFF) are distinguished.

In the Dp-ON scenario, the damping resonance first occurs
during duration 7,. ir(f) and v4s(f) during this duration are
described by (2). T, ends when vqg reaches —Vr.
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Fig. 4. Resonant process with nonlinear Ce capacitance.

To derive T, we first estimate 7', as T, _cst. Considering that
the attenuation within half of the resonant cycle is small, T_cgt iS
calculated by substituting vqs(7_est) = — V7 into (2) and omit-
ting the exponential term e~ “73-°5*, Then, a more accurate T,
is derived by substituting v4s(7,) = —Vr into (2) and adopting
efaTa ~ efaTafest’ given by

1 . vg+Vr
Ty est = > (arccos (—QT> — 99) ©
_ 1 vg+Vr ’
T, = o (arccos (—7{37&“}“1{1) - @)
During T%, iy, rises linearly to zero with a slope equal to v4/L.
Therefore, the current is given by

i () :Z‘L(T,LH%(FTQ). %)

Furthermore, substituting iz(#y) = 0 into (7) derives the
duration

L .
Tb:tl—th—f%L(Ta). (8)
Vg
After Ty, the circuit returns to the resonant state. Equation (1)
remains valid to describe the subsequent i1, (7) and vqs(7). With
conditions at t1, vgs(?), and i (¢) after T}, are solved as

Uds(t) _ efa(t*tl) - K5 cos (Wd (t — tl) + QO) + vy 9)
ip(t) = e 1) g Ky sin (wg (t — t1) + @)
where the new coefficients are derived as
th=T1,+1Tp
(10)

/ 2
K2 = Uy 1 + (ﬁ)

Finally, i7,(f) and v4s(?) are predicted during the entire oscil-
lation duration based on the above analysis.

3) Nonlinear Capacitance Effect: The above equations are
accurate when C.q has a constant value. However, the value of
Ceq varies dramatically with the applied voltage, which leads to
irregular resonant waveforms in actual applications, as shown in
Fig. 4. To overcome this problem, an iterative solving method is
proposed.

Fig. 5(a) illustrates the flowchart of the proposed method.
First, the initial conditions, vqs(0) = v, i(0) = 0, and n. =
0 are provided. The parameter ¢#; is set to 0 and a small step
size AV is selected. Within the selected voltage range AV, Ceq
is considered to have a constant value equal to Ceq(vas(?;))-
Second, vqs(#) and i (f) are solved according to (1). Once vqg(f)
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Fig. 5. Iterative solving method and the linearization method. (a) Flowchart.
(b) Examples.

is solved, the step end-time ., which satisfies vqs(te) = vas(t;) +
sgn(iz(t;))AV, becomes numerically computable. Furthermore,
vas(te) and if(z.) are recorded. When i, crosses zero, the number
of zero-crossing times n, increases by one. Third, the conditions
of the circuit at #; are updated to the conditions at 7.. The same
calculation process for vys(f) and iz (¢) during the next step size
AV begins. Finally, after several iterations, realistic resonant
waveforms are obtained according to the recorded time, voltage,
and current, as indicated by the red lines in Fig. 5(b).

Since the iterative computations are tedious, a linearization
equivalent method is given to simplify the computation. The
linearization method fits the start/end point of the actual resonant
process [see red lines in Fig. 5(b)] with the resonance under fixed
capacitance [see blue lines in Fig. 5(b)], simplifying the iterative
calculation. The desired C, satisfies the relation

Vds (tterm) - efoztmm : Kl (Ceq) COS (wd(ceq)tterm + @(Ceq))
(11)

Under the D p-OFF scenario, the linearized Ceq is obtained by
numerically solving (11). Under D 7-ON scenario, C,, should be

+ vgnem < wi(Ceq)tierm < (ne + 1)7.
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linearized before 7y and after ¢, separately. After ¢, Coq can be
derived from the relation based on (9), given by

UdS(tterm) = g tem—t1) . Ky (Ceq) COs (wd(ceq)
'(tterm - tl) + @(Ceq)) + Vg

Nem < wa(Ceq) * (term — t1) < (ne + 1) (12)

A basic example and a valley switching example are presented
inFig. 5(b). tyerm is determined by n, = 2n,.¢ — 1 when the valley
switching is occurred at “n,¢”-th valley of vgs.

To summarize, the iteration is employed for accurately mod-
eling the resonance, while the linearization method is proposed
to equivalently characterize the resonance through simplified
calculations, thereby facilitating further analysis.

B. Circulating Energy Model to Reveal the Loss Fluctuation

The fluctuating power loss is the focus of the circulating
energy model. In the model, the resonance loss, the parasitic
capacitance loss, and the core loss are considered.

The resonance loss causes the attenuation of the oscillation. To
calculate it, the principle of energy conservation is considered.
Therefore, the loss during the resonance is equivalent to the en-
ergy reduction corresponding to the initial oscillation amplitude
and the final oscillation amplitude, which is derived as

1 1
Eres = 5cqul? - 5ceq(e*wfs1r<’1)2s.t. Dt — OFF (13)
Ers = %Cqulz (1 - 6_20Ta) + 71%(Ta;Requ st. D ON
.t. T — .
+%Cqu22 (1 - e_za(ts_T“_Tb))
(14)

Equation (13) is applicable to the D p-OFF scenario, while (14)
is applicable to the D p-ON scenario when ts > T, + T}. t, is the
end time of the oscillation. Equations for D 7-ON scenario with
smaller ¢, are easy to derive, which is omitted here. Coefficients
a, Ky, K, T, and T}, are already given.

The parasitic capacitance loss primarily causes the loss fluc-
tuation. At the end of the resonance, a portion of the charge
may remain in Cog. This remaining charge varies dramatically
according to vgs(fs) and discharges into the switch channel as
the switching occurs, causing significant loss fluctuation.

Based on the previously derived vys(f), the parasitic capaci-
tance loss is calculated by

1
Eosszicossv(i (ts)~ (15)

The core loss during the oscillation is relatively small due
to the minor resonant current. Since the similarity between the
oscillation waveform and sinusoidal waveform, the core loss can
be estimated based on Steinmetz equation (SE), given by

Ecore:k ' fresa1 : Ban : ‘/e s (16)

where k, oy, B are provided by the core manufacturer, the
resonant frequency fros = 1/Tyes, Ve is the effective core volume
of the inductor, and By, represents the magnetic flux density
corresponding to the peak resonant current. During one reso-
nance cycle, by assuming the peak resonant current equals to
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Fig. 6. Power loss fluctuates with the increase of 7 (under the conditions of

vy =220 V, vy = 400 V, Roq res = 10 Q, Coss = 374 pE, C; = 100 pE, s =
135 kHz, L = 201 pH, core: POCO NPA158026, N = 60).

the positive peak current and neglecting the attenuation, By, is
calculated by

B (t) = b (QTZVL+ %) T) (17)

where N is the turns of the inductor coil and A is the effective
core cross-sectional area. Equation (16) can be segmented and
calculated based on (17).

Assuming the switching frequency is fs, the total power loss
caused by the resonance across the switching cycle is calculated
by

PC - (Eres + Eoss + Ecore) fs~ (18)

Based on (18), the loss fluctuation can be predicted under
given conditions, as illustrated in Fig. 6. It is observed that P~
periodically reaches valleys with the increase in the oscillation
period, and E,sfs dominates P .

Therefore, significant loss reduction can be achieved by con-
trolling the oscillation ends at the valleys. With the proposed
model, P becomes predictable at different valley points.

III. GROUPED VALLEY SWITCHING CONTROL
A. Control Scheme

Fig. 7(a) gives the control scheme of the proposed GVS
control. First, the GVS controller identifies the valleys in each
switching cycle by counting the rising edge of the ZCD signal.
Then, the counted number (n,) is compared with a reference
number (n,.f) to generate the cycle reset signal (rst). With the
reset signal, the ramp counter outputs the ramp signal periodi-
cally. Finally, this ramp is compared with a calculated ON-time
(T oy) to carry out PWM.

The controller incorporates a general PFC sampling and feed-
back structure. The control variable /.t and the amplitude of the
line voltage V,,, are updated at the beginning of each half-line
cycle. nyeris updated according to V,,, Iet, and v,,. The controller
tracks the oscillation duration (7. ) using a timer counter, which
is enabled by the falling edge of the ZCD signal and reset by
the rst signal. Tys plays a significant role in the calculation of
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Fig. 7. GVS control and typical waveforms of the converter. (a) Scheme of
GVS control. (b) Waveforms with valley switching when nyef = 3.

T ox. Fig. 7(b) illustrates the typical waveforms under the GVS
control.

The key to GVS controller is the modulation of T,y and
nyef. The controller calculates T oy at each switching cycle to
achieve low THD, while adjusting n,.¢ at each half-line cycle to
optimize the efficiency. The principle of GVS control is given
in the following.

First, to achieve low THD, the controller should regulate the
input current as a sinusoid, which is expressed as

Yy
ref Vm
where .. is the reference amplitude of the input current (i)
and 6 is the ac angle of the half-line cycle.

With the input filter, the absolute value of the input current is
derived from the average inductor current during the switching
cycle, which is given as

iin| = Liersin(0) = (19)

. - Ton2v Vo
8 2 (v, — vg) LT
where T is expressed as
Vo
Ts = Ton + Tosc- (21)

Vo — Vg

The variables in (20) and (21) belong to the same switch-
ing cycle. According to the circulating energy model, T is
too complex to be predicted online. Therefore, T,y cannot be
directly derived due to T is unknown.

To determine Tyy, T is predefined in conventional fixed
frequency controls. However, actual 7’5 should dynamically vary
to achieve VS. This leads to frequency hopping and reduces
the accuracy of the input current control. The same issue arises
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Fig. 8. Current waveforms of DCM boost PFC. (a) Within a half-line cycle

scale. (b) Within a switching cycle scale, 71 = F1 Tox.

when T,y is predefined and 7 is calculated with varying Tosc.
Moreover, obtaining T's through online detection will always
introduce a one-cycle delay, which is not accurate when T
changes dynamically.

Under the GVS control, Ty is controlled by a constant 7,.q¢
to achieve VS. Therefore, T, of the adjacent cycles are ensured
to be approximately equal, and VS is naturally ensured without
dynamical variation. Based on this, T, is tracked online to
calculate T of the new cycle. Furthermore, T oy of the new
cycle is adaptively calculated.

Substituting (21) and (19) into (20) and eliminating the neg-
ative solution, T oy is solved and given by

By + V2 + 2R FyTog Vo Vin
on Fl FQ s 41 Vo — g s 472 L Iref
(22)

In (22), It is outputted by the PI compensator, and V,, is
outputted by the input monitor. Both /,.f and V,,, are updated
every half-line cycle. F; and F, are determined by the circuit
parameter and the sampled voltage. T, is provided by a time
counter. Therefore, T,y is calculated to make the converter
achieve low THD. As the variables in (21) become approxi-
mately continuous, the frequency hopping problem is avoided.

Second, since Toy and Tosc are regulated by nyef, nper Sig-
nificantly impacts the current waveform and efficiency of the
converter. To achieve high efficiency, optimal n..¢ values are
grouped by the GVS controller for different input (V,,,), output
(vo), and power rating (I ..¢+V,y,) conditions, relying on efficiency
estimations. Thus, a comprehensive loss analysis is conducted
in the following.

B. Comprehensive Loss Analysis Utilizing the Circulating
Model to Give the Optimal N.; Groups

As illustrated in Fig. 8, the current waveforms of the PFC
converter encompass two scales: 1) the half-line cycle scale
and 2) the switching cycle scale. Conventional loss analyses
are typically conducted within the half-line cycle scale, which
lacks accuracy and does not reflect the loss variations with 7,.q¢
regulation. Thus, the comprehensive loss analysis is conducted
within two time-scales to address the issue.

The power loss is estimated by two steps. First, assuming
the low-frequency ac angle 6 is constant throughout a switching
cycle, losses are calculated and averaged over a switching cycle.
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TABLE I
Loss CALCULATIONS WITHIN A SWITCHING CYCLE SCALE
Formulas™”
Loss Type -
Main Formula Supplementary Formula
17,
I, = |—| iy(0,0)dt
Py pse = I)z(.nme o T; IO X( )
Conduction® P v / 1
X Diode — ¥ X Voltage_drop? X av, T,
o e Liae=7 [iv@.0dt
k,: 27 k o
2z)"! JO cose|“ 27~ do
AB 0<t<T,
. 1 ¢, |dB@)|™,, 5
Magnetic® | P,,=—| 'k 0] B dr dB|_|_AB T, <t<T,
oo di | |5-,
0 T,<i<T.
_ Liy
NA,
Resonance | Fo=(E +E +E,)f (H—(17)
Py =06V 1,
Switching* P,

-P . . . .
Py =P +—— (lpk —iy;) Lok € [iggirdgeinn]

o
Tasjir1 ~ lasii

2X represents an unspecified component in the circuit.

b Effective core volume V., effective cross-sectional area 4., coefficients &, a;,
f are provided by the core manufacturer.

¢ Qg is gate electrode charge of the MOSFET. P; (P;= E:f;) is the turn-off loss
measured at current level iy,; based on double pulse test.

Second, switching cycle losses corresponding to 6 are integrated
and averaged over the half-line cycle.

1) Loss Estimation Method: Table I illustrates the loss calcu-
lations within a switching cycle scale. To maintain conciseness
and clarity, we condensed well-known details. Interested readers
can refer to more foundational details in our previous work in
[14].

The conduction loss occurs on components where the current
flows continuously. For the inductor, the power switch, and the
output capacitor, the conduction loss take the form P x gsr(6).
For the power diode and the bridge, the conduction loss takes
the form P x gsr(6) + Px, Diode(6) due to their additional diode
voltage-drop. It should be noticed that the currents of the induc-
tor, the switch, and the diode are treated as zero during [T4, Ts],
because this part of the conduction loss is calculated by Ees
separately.

The magnetic loss includes hysteresis loss, eddy current loss,
and residual loss. For PFC converter with a suitable magnetic
core, the eddy current loss is typically negligible. The residual
loss is generally an order of magnitude smaller than other losses.
Consequently, the calculation of magnetic loss is reduced to the
calculation of hysteresis loss.

To calculate hysteresis loss under the DCM triangular wave-
form excitation, Improved Generalized Steinmetz Equations
(IGSE) are introduced. IGSE approach takes into account hys-
teresis loops caused by the specific waveform excitation, offer-
ing good accuracy [26]. IGSE uses the same parameters as that
used in (16) with SE approach. The excitation during [7, T's]
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TABLE II
TURN-OFF L0OsS BASED ON DOUBLE PULSE TEST

Number i 0 1 2 3 4 5 6
igsi (A) 0 0.5 1 2 3 4 5
Loss E; (1) 0 0.977 | 1.349 | 2.739 | 6.653 | 10.85 | 14.93

TABLE III

SPECIFICATIONS OF THE PROTOTYPE (@ 25 °C)

110 VAC-220 VAC/50 Hz
400 VDC
250 W
Cout=330 uF, Rc=10 mQ
L=201 uH, R;=100 mQ
Vin=4 V, Ras=190 mQ

Input voltage vin
Output voltage vo
Maximum power rate Pmax
Output capacitor
Boost inductor

(Iplga;ﬁlls;%rm) Cos=374 pF, 06=23 nC, g=6
(@ V=12 V, v¢=400 V)
Diode Vr=0.65 V, RrF=125 mQ
(STPSC6HO065) C;=100 pF
Rectifier bridge VF1=0.55 V, Rri=200 mQ

Drive condition Ve=12 V, Ron=5 Q, Rorr=2 Q

is also treated as zero since this part of the magnetic loss is
calculated by E.qe separately.

The switching loss contains the drive loss, the turn-ON loss,
and the turn-OFF loss. As the driver charges and discharges the
gate with rated drive voltage V once a switching cycle, the
drive loss is derived as Pg.ive(f). For turn-ON loss, since the
drain-source current (igs) of the power switch is nearly zero
before and after the turn-ON process, the turn-ON loss is close
to zero as well. For the converter discussed in this article, the
authors simulate the ON loss based on LT-spice model and derive
that the turn-ON loss is less than 0.5 mW. Therefore, the turn-ON
loss is disregarded in the analysis.

For the turn-OFF loss, accurate data can be provided by double
pulse test based on the designed converter. Table II gives an
example of the measured data. The turn-OFF loss measured at
current level iy ; is calculated by P; = E;-fs.

Finally, the loss analysis is finished within a switching cycle
scale. The analysis is easy to be applied when T () and f5(60)
are given. For GVS control, T,y (0) and f(0) are calculated based
on (21) and (22).

By integrating and averaging all the above losses over the
half-line cycle (With frequency fi1), the total loss is calculated
by

Ploss - fhl /Oﬂ- (Z Pcond(e) + Pmag(a) -+ PC(&)

+Pdrive(9) + Poff(a)) do.

2) Simulation Analysis to Give the Optimal Nyc; Groups.:
Based on (23) and specifications in Table III, the total loss is
simulated to carry out the optimal ¢ groups.

As shown in Fig. 9(a), power loss is simulated with different
nyer values under various conditions of input voltage, output
voltage, and output power. An optimal 7,.¢ value corresponding
to the minimal power loss is identified for each condition.
Conventional VoT controls in [25], with VS and different rated

(23)
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Fig. 9. Power loss for different n,q¢. (a) Under different input voltage, output

voltage, and output power conditions. (b) Regarding the changes in parasitic
parameters and inductance deviation.
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Fig. 10.  Optimal nyef groups at 400 V output.

frequencies, are also compared for reference. These loss curves
demonstrate the potential of GVS control to optimize efficiency
under each operating condition by adjusting n,.¢ to its optimal
value.

As shown in Fig. 9(b), power loss variations regarding the
changes in parasitic parameters and inductance deviation are
provided. It is observed that the changes in parasitic parameters
impact the magnitude of the loss curves but have a minor effect
on their shapes. Therefore, the proposed control strategy ac-
commodates the changes in parasitic parameters and inductance
deviation.

Furthermore, the optimal n..¢ values are grouped based on
power loss simulations. Fig. 10 illustrates the optimal n,.¢ values
at400 V output. The output voltage variation is omitted here due
to depicting the n,.; groups alongside three variables would be
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Fig. 11. Switching frequency distributions. (a) Under different controls.

(b) With different nyet.

overly complex and the changes in output voltage are relatively
secondary. In summary, a table will be established according the
simulated optimal n,. map, and it will serve as a reference for
the controller to determine the 7.

For the proposed controller, input information and output
information are obtained by sampling. The output power is
obtained through V), -I,..¢/2. The information is updated at each
half-line cycle. n,¢f is changed after looking up the table accord-
ingly.

The simulated switching frequency distributions across the
half-line cycle are given in Fig. 11. In the simulation, VS under
VoT control is achieved by delaying the cycle to the adjacent
valley point, leading to the reduction of the switching frequency
and frequency hopping. In contrast, the GVS control addresses
the frequency hopping, at the cost of broader operating frequency
range.

Consequently, it is preferable to have a limited permissible
range for n.es. For the converter in this article, n,q is limited
to 8 for two reasons. On the one hand, the optimal value of
nyef 18 larger than 8 only in a few low power ranges. And due
to the upward-opening parabolic shape of the loss curve, the
efficiency improvement becomes tiny as n,f increases beyond
8. On the other hand, when n,.r is limited to 8, the lowest
operating frequency is similar to that of a conventional 67 kHz
PFC. Increasing n,er beyond 8 yields overly broad operating
frequency range for the converter, as shown in Fig. 11(b), making
the design of the input filter difficult.

IV. EXPERIMENTS

An experimental prototype is built to verify the loss analysis
and the GVS control strategy, as shown in Fig. 12. After the
electromagnetic interference filter, the line voltage is rectified
by a 600 V/ 4 A full bridge rectifier GBU806 from Microdiode

Fig. 13.

ZCD subcircuit of the prototype.

Semiconductor. A 1.5 uF capacitor and a 500 pH inductor be-
hind the rectifier bridge are used to filter the switching harmonic.
The magnetic core of the boost inductor is NPA158026 from
POCO. The power switch is IPA65R190C7 from Infineon, and
the power diode is STPSC6HO065B from ST Microelectronics. A
330-uF capacitor (KN331M45030-35A) is adopted as the output
capacitor. The equivalent resistance of the relay and filter circuits
is converted into Ry,

The detailed subcircuit of the ZCD module is given in Fig. 13.
Small low temperature drift, high-precision alloy resistors are
adopted to sample the current to minimize the delay and enhance
accuracy. Their resistances are incorporated into Ry,. Consider-
ing the sampled voltage can be challenging to discern when
the resonant current is small, a prestage differential amplifier is
designed. A large gain-bandwidth product amplifier and a large
amplification factor are selected, which is beneficial for reducing
the offset time caused by the hysteresis of the comparator.
Additionally, to avoid introducing a negative voltage rail,a+2V
bias is provided. To ensure the stability and accuracy of the
bias voltage, both a low dropout regulator and a follower are
designed.

All control algorithms are implemented through an FPGA
board (Xilinx Spantan-7). Two ADC (LTC2314-14) modules are
used to convert the analog values to digital signals. The PI gains
are setas kp =0.03 and k; = 0.015. Detailed parameter values of
the components are given in Table III. Experiments are carried
out on the prototype. The experimental results are measured by
oscilloscope MDO3054 and power analyzer PASOOOH.

The experimental waveforms at 110/220 VAC with different
loads are shown in Fig. 14. As demonstrated by the zoom-in
plots, the GVS control accurately detects the voltage valleys
and adjusts n..¢ according to its optimal value groups, thereby
minimizing the power loss and improving efficiency. Since the
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to 250 W and from 250 W to 125 W. (b) Input step from 170 VAC to 220 VAC.

voltage slope and current slope at the valley points are minor and
the delay is short, the impact of the delay on the valley switching
and the associated loss analysis is negligible.

The transient waveforms under GVS control are presented
in Fig. 15. The proposed strategy exhibits good performance
during both load and input transients. In fact, when there is a
sudden change in the load or input, n,¢s starts to be changed at the
beginning of the subsequent half-line cycle. It may temporarily
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(a) Under the 135 kHz-VoT control. (b) Under the GVS control.

deviate from its optimal value for a few half-line cycles due to
loop adjustments. However, this discrepancy does not impact
the current control or the feedback adjustment of I..¢, ensuring
that the controller stabilizes and returns to a steady state after
several half-line cycles.

Fig. 16 shows the comparison between the simulated loss
data and the measured loss data, which has been normalized to
efficiency. Figs. 18 and 19 show the comparisons of different
control strategies in aspects of PF and THD. And their power
range is also compared in the above figures. A comprehensive
comparison with other controls is given in Table I'V.

In terms of power loss, the proposed GVS control achieves
superior performance at each power rate. When the load is
light, the GVS control employs a large n,¢r to achieve low
switching frequency. As the load becomes heavier, GVS control
gradually decreases n..f to increase the switching frequency,
thereby reducing the peak inductor current.
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TABLE IV
COMPARISON WITH OTHER CONTROLS (@ 220 VAC INPUT)

This paper [14] [21] [22] [24] [25]
Output voltage (VDC) 400 390 400 380 400 400
Rated Power (W) 250 310 160 150 55 320
Efficiency @20%load 97.6 95.9 94.3 N/A 90@40%load 96.0
(%) @100%load 98.2 96.4 98.2 N/A 93 97.5
PF @20%load 98.5 N/A 88.8 N/A 98.4@40%load 94.8
(%) @100%load 99.8 99.0 99.2 N/A 99.1 99.6
THD @20%load 6.1 N/A 13.5 49 13.5@40%]load 45
(%) @100%load 3.1 5.4 2.9 2.7 8 4.7
Operation mode DCM/CRM DCM CRM DCM DCM DCM/CRM
Grouped valley
switchin No valle Adaptive valle L o Compensated
Features No frequefcy switching SSVitching Y Valley skipping Valley switching valleyiwitching
hopping
FOM®® 1218 127 54 221 87 239
* FOM 1 1 1

- (1— Average(Efficiency)) ’ (1— Average(PF)) ) Average(THD)

b Data @40%load is treated as if it were at @20%load. Data marked as N/A is processed by taking the average value in the same row.
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Fig. 18. Comparisons of power factor under different controls and output
powers. (a) At 110 VAC. (b) At 220 VAC.

Compared with VoT control with different frequencies, the
GVS control maintains a lower total loss when operating condi-
tions change. Additionally, a smooth transition to CRM can be
achieved when n,er = 1.

The curves in Fig. 16 demonstrate the loss reduction, which
is particularly evident at low power rates. Despite an overall im-
provement of the efficiency is less than 1% under the experimen-
tal conditions, this improvement is noticeable as the efficiency is
already above 96%. Moreover, the avoided losses are important
for heat dissipation and component life-extending. As shown in
Fig. 17,a10.4 °C temperature reduction is achieved on the power
switch. This benefit can be more pronounced at high frequency
due to full-range VS has been reached. Additionally, because
of the exponential terms in magnetic and conduction losses
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Fig. 19. Comparisons of total harmonic distortion under different controls and

output powers. (a) At 110 VAC. (b) At 220 VAC.

formulas, the proposed strategy may exhibit greater potential
in scenarios with higher designed current.

In the aspect of PF and THD, the GVS control has the highest
PF and lowest THD in the entire load range. As the control
derives accurate cycle time by tracking the resonance duration
within each cycle online, the precise ON-time calculation is
ensured to achieve the sinusoidal input current, resulting in
improved PF and THD.

Figs. 18 and 19 indicate that under the GVS control, the
PF changes from 99.1% to 99.9% at 110 VAC input, while
the average THD is 3.47% across the entire power range. At
220 VAC input, the PF reaches 99.8% at rated power and remains
above 98.5% across most of the power range, with an average
THD of 4.28% over the tested range.
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In the aspect of power range, Fig. 19 shows that both 135 kHz
and 67 kHz VoT controls fail to reach the full operating range.
In contrast, the proposed control achieves full range operation.
Since the switching is always triggered after the oscillation
duration, the frequency is automatically adjusted to avoid PWM
saturation problems under the proposed control. Thus, the oper-
ation range is extended.

V. CONCLUSION

This article proposes a novel GVS control strategy and a
circulating energy model for DCM boost PFC converter, which
aims to optimize efficiency and reduces input current distor-
tion. The proposed strategy achieves consistent VS through
a valley-controlled cycle reset mechanism. Furthermore, con-
stant valley number is employed in a half-line cycle and an
accurate ON-time calculation method is derived accordingly.
They eliminate the frequency hopping and reduce input cur-
rent distortion, albeit with a broader operating frequency. This
trade-OFF proves advantageous when 7,..¢ is reasonably limited.
The proposed circulating energy model takes parasitic effects
into account, quantifying the fluctuating power loss. It allows
comprehensive loss analysis of the GVS control to pregroup
the optimal valley numbers for different operation conditions,
thereby optimizing efficiency. Besides, the proposed strategy
also enables a smooth transition between DCM and CRM and
eliminates PWM saturation, which leads to a wide operation
range. Experimental comparison verifies the effectiveness of the
proposed strategy and model. Superior performance is achieved
in terms of efficiency, PF, THD, and power range compared with
conventional VoT control.
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