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Current Zero-Crossing Prediction-Based
Critical Conduction Mode Control of
Totem-Pole PFC Rectifiers
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Abstract—Critical conduction mode (CRM) is widely used in
totem-pole Boost power factor correction converters due to its com-
patibility with soft-switching and high switching frequency. Con-
ventionally, a current sensor or zero-current detector is required
to realize CRM operation. The system performances highly rely
on the behaviors of peripheral circuits. Additional power loss and
delay are also introduced. Moreover, the inductor current contains
obvious differential mode noise, which brings interferences to the
sensing signals. To address this issue, a novel CRM realization
method is proposed. It utilizes an inductor current estimator model
to estimate the averaged current and to predict the current zero
crossings. The noisy sensing signal is replaced by estimated values.
Therefore, the zero-current detection circuit is removed, which
simplifies the peripheral circuit design. Valley switching and zero-
voltage switching can also be achieved. Operation principles, digital
implementation, and error suppression of the proposed control
are analyzed. The proposed concepts are validated on a 550-W,
150kHz — 1.6MHz, GaN-based prototype. Experimental results
record 98.96 % peak efficiency with a 0.9972 power factor.

Index Terms—-Ceritical conduction mode (CRM), current zero-
crossing prediction, power factor correction (PFC), totem-pole.

1. INTRODUCTION

OWER factor correction (PFC) converters are widely used
P in applications such as telecommunication power supplies
and battery chargers [1]. Boost and its derived topologies dom-
inate in ac/dc PFC converters [2]. Among them, totem-pole
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TABLE I
COMPARISON OF CCM, DCM, AND CRM

Mode  Current Soft Power
stress switching level
CCM Low no High
DCM High ZCS-on Low
CRM  Medium  Valley-switching/ypo iiiim
ZVS-on

Boost topology outperforms with low components count, simple
structure, and bidirectional power flow [3], [4], [5].

In totem-pole Boost converters, continuous conduction mode
(CCM), discontinuous conduction mode (DCM), and critical
conduction mode (CRM) are three major operation modes.
Table I summarizes the features of CCM, DCM, and CRM.
As indicated, CCM provides low conduction loss but suffers
from severe diode reverse recovery and high MOSFET turning-ON
loss. DCM mitigates the diode reverse recovery by zero-current-
switching (ZCS) with simple structure and control [6]. However,
the power rating is limited. It is preferred to be used at light
load when the conduction loss is nondominant. In comparison,
CRM facilitates the MOSFET zero-voltage-switching (ZVS) or
valley-switching turning-ON using quasi-resonant technique [7].
Athigher power levels, CRM is preferred to DCM as its backflow
current is negligible [8], [9]. Therefore, CRM is considered the
optimal solution in medium power applications.

In CRM operation of totem-pole Boost converters, the zero-
current detection (ZCD) circuit is widely employed [10], [11],
[12], [13], [14]. The ZCD circuit locates the inductor current
zero crossings when the switching loss is minimum [10], [11].
As a standing point, many derivative works are investigated to
improve the power factor and efficiency performances. In [12],
two phases are interleaved to mitigate the input filter attenuation
requirement. In [13], by controlling the ON-time of the switch
in the synchronous rectifier (SR), predictive ZVS and limited
switching frequency can be realized. In [14], harmonic injection
is utilized to optimize the switching frequency range. A ZCD
signal is generated by comparing a current sensing signal with
zero. However, few low-cost hall current sensors are available
beyond hundreds of kHz.
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At high frequencies, current shunts and transformers are
commonly used. Current shunt solutions have the advantage of
high current sensing bandwidth [10], [11], [12], [13]. However,
the inductor current shape tends to be distorted by the resistive
shunt. This leads to a degraded total harmonic distortion (THD).
In[15], Shahzad et al. adopt a small sensing resistor to reduce the
negative effect and utilize an op-amp to amplify the current sig-
nal, which requires additional components. In [16], the current
loop is compensated for the resistive part in the plant model of the
converter. Meanwhile, to improve the sensing signal immunity,
a hysteretic comparative window is introduced and generates a
time delay between the ZCD signal and the current zero-crossing
point, which affects the performance [17]. In [18], an auxiliary
winding is coupled with the boost inductor. ZCD signal is cap-
tured when the boost inductor’s voltage commutates to positive.
In [19], the maximum voltage drop on the secondary windings
is limited by a saturable core. The conduction loss is reduced
compared with the shunt solutions. However, the transformer
cores are bulky and the time delay of ZCD still exists.

To overcome the limitations of the ZCD circuits, ZVS-catch
methods are developed in [20] and [21]. It directly senses
the drain—source voltage and detects its zero-crossing point.
However, this method is demanding in the circuit design due
to the switching noise from the drain—source voltage. In [20],
this method is first applied with on-chip design. In [21], the board
stage realization is achieved with a novel diode-clamped circuit.

Increasing the current ripple on the CCM designs can also
achieve CRM operation [22], [23], [24], [25]. In [22], a high-
speed current sensor is utilized in the feedback loop and the
inductor current ripple is directly controlled. In [23], [24],
and [25], a frequency modulation method is used to inject
a programmed current ripple into the boost inductor current.
The performance of these methods relies on the current loop.
However, large differential mode noise exists on the inductor
current sensing signals [26]. This mainly attributes to the CRM
operation. The frequency response of the current sensor also
introduces additional phase offsets at high frequencies.

To avoid the usage of inaccurate current sensing signals, many
predictive current sensorless control methods are developed for
PFC converters [27], [28], [29]. Accordingly, the advantages
of CRM over CCM in terms of high conversion efficiency and
simple control are further highlighted. However, removing both
the current sensor and the ZCD/ZVS catch circuit makes the con-
trol more challenging. Moreover, these reported methods mainly
focus on CCM control under small current ripple assumptions.
In CRM scenarios, large current ripples deteriorate the accuracy
of the averaged inductor current model.

In this article, a current zero-crossing prediction-based CRM
control is proposed for the totem-pole PFC rectifier. The major
research contributions include the following.

1) A novel current estimator is proposed for CRM control.
The behaviors of the estimator considering the nonlinear
output capacitance of switching devices are modeled and
analyzed.

2) The proposed current estimator predicts the inductor’s
current zero-crossing points. Thus, conventional ZCD cir-
cuit is removed. This reduces the component count of the
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Fig. 1. Schematic of the totem pole Boost PFC converter.

peripheral circuits and the resistive losses in the power
circuit. Moreover, to improve the prediction performance,
a disturbance damping control is proposed to mitigate the
variation of inductance and parasitic resistance.

3) Conventional double-loop control scheme is simplified.
The proposed current estimator provides information on
both the instant current and average current. The noisy
CRM current signal is excluded from the control loop.

4) High power factor and high efficiency can be realized
simultaneously. No current sensor, ZCD circuit, or ZVS-
catch circuits are required. Valley switching and zero-
voltage switching are achieved.

5) The proposed concept is naturally compatible with high-
frequency GaN devices.

The rest of this article is organized as follows. Section Il intro-
duces the operating principles of the CRM totem-pole converter.
The proposed current estimator with zero-current prediction is
derived in Section III. The proposed estimator-based CRM con-
trol is detailed in Section I'V. In Section V, experimental results
are demonstrated. Finally, Section VI concludes this article.

II. STEADY-STATE ANALYSIS OF CRM OPERATION

A typical single-phase totem-pole Boost PFC rectifier is il-
lustrated in Fig. 1. It contains two high-frequency switches @1,
@2, two low-frequency switches @3, @4, and a Boost inductor
L. Dg1 and D5 are body diodes of )1 and )2, respectively. i,
is the current of L. v, is the input ac voltage. Cl, is the filtering
capacitor on the dc-link. vy is the dc-link voltage.

The positive half-cycle can be divided into seven operation
states as shown in Fig. 2. The negative half-cycle is similar.
Since the switching frequency is much higher than line fre-
quency, vqc, Vac can be considered as constants over one specific
switching cycle.

According to whether D¢ conducts, the circuit operation
can be divided into two categories, as shown in Figs. 3 and 4. In
the normal power transfer scenario, D¢ conducts. Once Dgq
conducts, there is a positive power flowing into the dc-link. In
the nonpower transfer scenario, only circulating power exists.

A. Normal Power Transfer Scenarios

Typical waveforms of the normal power transfer scenario are
shown in Fig. 3. g, t4, and ¢7 are current zero-crossing instants.

1) State I: tp—t1: During this time interval, the circuit is in
State I. The voltage across L is vy. i1, increases linearly as

ip = %(t—to). (1)
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Fig. 2. Operation states in positive half line cycle. (a) State I. (b) State II. (c)
State III. (d) State I'V. (e) State V. (f) State VI. (g) State VIL.

2) StateIl: t1—t: The circuit is in State II. C\ss of Q1 and Q>
resonates with L. When D¢, conducts at ¢o, this state ends. The
ZVS condition for (), is created. The characteristic impedance
(Z,,) and resonant frequency (w,,) are

L 1
ZTI - sy Wn = .
TRV ToA

Drain-source voltage of Q2 (vgs,g2) and i, yield to the second-
order transient response.

Vds,Q2 = Vac + anL(tl) sin [wn(t — tl)]
— Ve €08 [w, (t — t1)] 2)

i = = in [wn(t —t1)] +ip(t) cos [wa(t —t1)]. (3)

Zn,

3) State III: to—t3: During this time interval, the circuit is in

State III. D¢; conducts with a voltage drop Vp. This state ends
when the gate signal of @), rises. iy, linearly decreases as

Vac — Vde — VD

T (t—ta). @

i =1ir(t2) +
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(a) (b)

Fig. 3. Typical waveforms of gate signals, drain-source voltage, and the
inductor current in CRM operation for normal power transfer scenarios. (a)
ZVS case. (b) Valley-switching case.

i

)

Fig. 4. Typical gate signals, drain—source voltage, and the inductor current in
CRM operation for nonpower transfer scenarios.

4) State IV: t3—t4: When the SR is enabled at ¢3, the circuit
enters into State I'V. (91 is turned ON such that i, flows through
the MOSFET channel. ¢, decreases linearly. Att,, ¢z, crosses zero.

. . Vac — Vdc
ZL:’LL<t3)+Td<t—t3). (5)

5) State V: t4—t5: During this time interval, the circuit is in
State V. iy, flows back to the source v,.. This state ends at 5
when the gate signal of ()1 changes to zero.

. Vac — Vdc
i = —7 d (t —t4) (6)

6) State VI: t5—tg: Cyss resonates with L in State VI. At
L6, Vgs,2 reaches its valley, which creates a ZVS or valley-
switching condition for Q2. In ZVS conditions, this state ends
at g, as shown in Fig. 3(a). For some scenarios, vgs,g2 never hits
zero. Then, this state ends at t7, which corresponds to the valley
point, as demonstrated in Fig. 3(b). vgs,g1 and ¢y, yield

Vds,Q1 = Vde — Vac — (Vde — Vac) €08 [wp (t — t5)]

— Zpir(ts) sin [wy, (t — t5)] (7)
iL = ”Z;”“ sin [wp (t — t5)] + ip(ts) cos [wn (t — t5)]
3)
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ZVS of Q5 can be realized if v, < 0.5v4c. Otherwise the ZVS
condition depends on iy, (t5). If i1,(t5) is close to zero, valley
switching is realized, tg = t7.

The differences between states II and VI mainly lie in the
initial condition and ZVS or valley-switching energy source. In
State II, the ZVS energy comes from the ac source. While in
State VI, the ZVS or valley-switching energy comes from the
dc-link.

7) State VII: tg—t7: During this period, 77, increases linearly.
The circuit is in State VII. Dgo conducts. This state ends at
ty when 77, hits zero. Another switching cycle starts at ¢7. i,
is
Vae + VD

T (t —t¢). C))

i, = iL(tﬁ) =+

B. Nonpower Transfer Scenarios

In some scenarios, the peak ¢y, is insufficient to fully charge
the Cogs of Q1. Therefore, vys, 1 never falls below zero. Hence,
@1 is kept OFF. Then, states III, IV, and V do not exist. The
converter works in nonpower transfer scenarios. Typical wave-
forms in the nonpower transfer scenarios are demonstrated in
Fig. 4.

1) State I tp—t1: The circuit is in State I. ¢;, linearly in-
creases. The state ends at ¢1. iy, is as follows:

i =
L
2) State II: t1—to: The circuit is in State II. Cyg of Q1 and

(2 resonates with L. This state ends when 7, crosses zero at t5.
Vgs,@2 and iy, are derived

(t —to). (10)

Vds, Q2 = Vac + Znir(t1)sin [wy, (t — t1)]
(11)

i = %sin [wn(t —t1)] +ir(t1) coswn(t —t1)]. (12)

n

— Uye €OS |wy, (£ — t1)]

3) State VI: to—t3: The circuit is in State VI. Cog of Q1 and
Q2 resonates with L. This state ends when Dgs conducts at ¢3.
Vgs,@2 and 7y, are derived

. Vac
Uds,Q2 = Vac + Vac SN |:(.4Jn (t - t2) + arctan ZZL(t):|
n 1
+ Z,ip(t1) cos [wn(t — t9) 4 arctan szdc(t)]
ntL\l1
(13)
. Vac Vac
i, = — COS |wp(t — 1) + arctan —————
v n |: ( 2) ZnZL(tl):|
. . Vac
—ir(t1)sin |w,(t —ta) + arctan —————~| .
Lt} sin [t 1) ]
(14)

In States II and VI of nonpower transfer scenario, the time
interval t3 — ¢; is longer than half the resonant period, t3 — t; =
[+ 2arctan(vy /ir (t1)/Zn)]/wn-
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Coss, 01

Fig.5. Equivalent resonant circuit in the deadband with nonlinear capacitance
of Ql and QQ .

4) State VII: t3—t4: The circuit is in State VII. During this
time interval, 77, increases linearly. Dgo conducts. This state
ends at t4 when ¢y, hits zero. Another switching cycle starts at
t4. i1, 1s expressed as

Vae + VD

7 (t —te)-

ir =i (ta) + (15)

III. PROPOSED CURRENT ESTIMATOR MODEL

To avoid the limitations of current sensors and ZCD circuits
in CRM control, an accurate current estimator model is required
to predict the current zero-crossing points. In CRM, the current
ripple is high and resonance may occur in the deadband. This
brings challenges to the modeling of current estimator. In [30],
Coss 1s modeled as a time-related capacitor to calculate iz, in (3)
and (8). The model has satisfied accuracy in estimating the ZVS
or valley-switching time and the peaks or valleys of the current
during the resonance. However, Cyg exhibits high nonlinearity
and brings errors to the current estimation and zero-crossing
prediction [31]. To cope with this issue, we propose a novel
current estimator model. In this model, the charge exchanged
during the deadband is utilized to estimate 77, and the time-
related capacitor is utilized to calculate ZVS or valley-switching
condition.

A. Deadband Resonance Analysis

The accuracy of the current estimator affects the PFC per-
formance. Behaviors of the estimator imitate the 77 model.
Nonlinear s makes the conventional model inaccurate for iy,
estimation in the deadband. Therefore, the deadband resonance
considering the nonlinearity is investigated in this section, as
illustrated in Fig. 5.

In nonpower transfer case, the symmetrical characteristics
of 77 in the deadband have been analyzed in the previous
section. Therefore, this section focuses on the analysis of
7, during normal power transmission. The following model
takes into account the nonlinear characteristics of Clyg, as
shown in Fig. 6. Cys in Fig. 6(a) is extracted from the
datasheet. The stored charge in Fig. 6(b) is obtained by inte-
grating Cogs over vgs. Fig. 6(c) shows the sum of Ey o1 and
Eoss, 2, Where Ei is the stored energy in the corresponding
transistor.
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Fig. 6. Relationship between drain-source voltage vgs,g2 and (a) Coss, (b)
Qoss» and (c) sum of output capacitance energy Eoss, @1 + Eoss,Q2-

1) StateIl'ty ~ to: InState II, Cog 2 is charged and Cogs, 01
is discharged. Qp,r and Quor,; are noted as the charge ex-
changed in Q1 and )2 during this process, respectively.

t
Qtop,f = - / Z‘ds,Qldt
ty
= Qoss (Udc) - Qoss(vdc — Uds,Q2 (t))

t
Qbot,f = / Z'ds,Qth = Qoss('Uds,QQ(t))- (16)

t1
According to energy conservation

1.
iLZ%(tl) + (Qtop,f + Qbot,f)vac + Eoss,Ql(tl) + EOSS,QQ(tl)

1.
= §LZQL (t) + VdeQrop, f + Eoss,Ql(t) + Eoss7Q2(t)-

A7)

8517

Atty, vgs,02 = 0. Attg, V45,02 = vde. According to Fig. 6(c),

Eoss,Ql(tl) + Eoss,Q2 (tl) = Eoss,Ql(tQ) + Eoss,Q2 (t2)~ Hence,
the equation can be rewritten as follows:

%Lz’%(tl) + [Quop, £ (t2) + Qvor, £ (t2)]Vac

1
= §LZ% (t2) + Uchtop,f(t2)~ (18)
At to, 1, is derived as

ir(t2)

= \/iL(t1)2 + % [Qtop,f(tQ)(Uac - Udc) + Qbot,f(tQ)Uac]~
(19)
2) State VI t5 ~ tg: In State VI, Cys 01 is charged and
Closs, @2 is discharged. Qiop,» and Qo are noted as the charge
exchanged in ()1 and ()2 during this process, respectively.

t
— / ids,Qldt
ts

= — Qoss(vdc — Uds,Q2 (t)>
t
Qbot,r = / Z‘ds,QZdt
ts
= Qoss (Uds,Q2 (t)) - Qoss(vdc)-

In the valley-switching case, the current at tg is zero [32].
The remained energy at tg is dissipated in the GaN HEMT
2DEG [33].

In the ZVS case, according to energy conservation

Qtop,r =

(20)

1_.
§LZ% (t5) + (Qtop,r + Qbot,r)vac + Eoss,Ql(t5) + EOSS,QQ (t5)

1.
= §L2% (t) + Uchtop,r + Eoss,Ql(t) + Eoss,Q2 (t)
(21
At t5, V45,02 = Vdc- At tg, V45,02 = 0. According to Fig. 6(c),
Eoss,Ql(t5) + Eoss,Q2 (t5) - Eoss,Ql(tﬁ) + Eoss,QQ (t6)~ Hence,
(21) can be rewritten as

%Li% (t5) + (Qtop,r (t6) + Qborr(t6))vac

1.
= 5L} (t6) + vacQup.r (16). 22)

Considering both ZVS and valley-switching cases, at tg, i1,
is derived as (23) shown at the bottom of next page.

B. Current Zero-Crossing Prediction

The ON-time (7,,) counts from 7, zero-crossing point £, and
endsatt;. To, = t1 — to. The estimated inductor current (¢ 7, ¢
at the end of 15, is
Vac

L

The criteria for entering the nonpower transfer scenario relies
on iy, (t1). iy, variation is estimated following the principle of
energy conservation in the interval ¢; ~ 9. If ()1 can achieve
ZVS turning-ON, the circuit works in normal power transfer
scenario.

Z'L,est(tl) - Ton- (24)
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The following equation holds:

STi%(0) + 2Quvae = 5 T (02) + vaeQ (29)

where Qy is the overall charge flowing through a single
switch (@1 or Q2) when its drain—source voltage rises from 0 to
Ude» Qtot = Qoss(vdc)-

If vae > (Ve — Vac)s (25) holds and i1 (t2) > ip1(t1). i (L2)
is always sufficient to enable the ZVS turning-ON of ();. How-
ever, when % (t1) < —2K1, K1 = Quot(2vac — vac)/L, (25)
does not hold and D never conducts. The circuit works in
nonpower transfer scenario.

Hence, i1, ¢ at to is derived as follows:

i%,est(tl) + 2K, To2n > _2K1L2/U§c

0, T2 < 2K, L*/v2.

(26)
i1 est(t2) are different in normal power transfer scenario and
nonpower transfer scenario, the current estimator runs in differ-
ent cases.

1) Normal Power Transfer Scenario: The charge flow in the
resonance ti ~ to is very fast in the normal power transfer
scenario. The resonant duration T}, 1 = to — ¢; is estimated by
a trapezoid approximation as shown in Fig. 3(a).

4Qlot
iL,est(tQ) + iL,est(tl)

iL,est(tQ) =

Tres,l = (27)

The error between the actual deadtime Tieq 1 ¢ and the ap-
proximated value T 1 at both light-load and full-load condi-
tions are evaluated in Fig. 8. Tie. 1,0 1S achieved from simulation
results considering the nonlinear Cygs — vgs properties.

As shown in Fig. 8(a), the error decreases with the increase
of power. At light load (150 W), the estimated T;.; has a
difference within 40 ns compared with the actual Tie 1 4. The
estimation error decreases with the increase of inductor current.
From Fig. 8(b), due to the minimum DSP EPWM step in the
deadband, the difference between T 1 acc and Tres 1 at full load
condition is within 5 ns. When the average inductor current rises,
the error decreases. Therefore, the accuracy of the trapezoid
approximation in (27) is acceptable.

The inductor current in t3 ~ t5 is decreasing. Ty ; is the
deadband set by the controller after the active switch turns OFF.
T4,y should be longer than Ti ;.

Td’f = (t3 - tl) > Ceres.,l- (28)

Tsr is the SR switch conducting time, Tsg = (5 — ¢3). i1 est(t5)
is calculated as follows:

Vac — Vdc
——Isr
L

— Vge — V]
uacU#(de — Thes1).

Z'L,est(ﬁf)) = iL,est(t2) +

29
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Y

Calculate T, with (27)
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| Calculate | / Input 7, T /
| [\1 = Qh)i(Ql'm' - Url(')/L | :

Output predicted zero
current instant 7y,
with (35)

Output predicted zero
current instant 7,
with (34)

End
Fig. 7. Flowchart of the proposed current zero-crossing prediction algorithm.
Switching zone Actual value T 00
No-switching zone —— Approximated value 7,1
50 30

o
o

2
2

30
25
20

n
Phase ¢ =t
a

Dead band length
5

[DSP EPWM cycles (Sns/unit)]
Dead band length
[DSP EPWM cycles (Sns/unit)]
o

3

o

3
Phase p=wt

(b)

Fig. 8. Comparison between the actual deadtime Tres,1,act and the approxi-
mated deadtime Tres,1 at (a) light load (150 W) and (b) full load.

Since vg. — vue > Vp, (29) can also be approximated as
follows:
Vac — Vdc
L

During t5 ~ tg, L resonates with the nonlinear Cyg. With
energy conservation, the following equation yields:

iL,esl(t5) = iL,est(tQ) + (TSR + Td,f - Tres,l)- (30)

1. 1.
§LZ% (t5) + VaeQuot = §LZ% (tﬁ) + 2Qi0tVac-

When v, < 0.5v4c, ZVS of (5 can be realized with a negative
ir,(ts). Otherwise, the ZVS condition is determined by i, (¢s5).
If (31) does not hold, valley switching is achieved, and ZVS is

(€29

i (t6) _ \/iL (t5)2 + %[Qtop,r(t6)(vac - 'Udc) + Qbot,r(tﬁ)vac]a

)

ZVS case

Valley — switching case.

(23)
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lost. iy, ¢ at tg is derived as

_ /2 oK. 2 ok
Z.L,est(tﬁ) = W’ ZL,est(t5) 1>0

0, 17, es(t5) — 21 < 0.
(32)
Since the inductor current starts or ends near zero, trapezoid
approximation is not accurate to estimate the deadband before
the turning ON of 2. The resonance Tres 2 = tg — t5 in this zone
is calculated via (7) and (8).
iL,esl(jS)Zn + arCtan iL,esl(tG)Z'n,
Vde —Vac Vac

Wn

7 + arctan

res,2 — (33)
During tg ~ t7, a freewheeling current flows through the

equivalent body diode of Qs. iy, follows (9). The deadband

before the switch turning ON is T}; ,.. The zero-current prediction

is achieved by controlling T}y ;..

(34

Td,’r =t7 —ts = _iL,est(t6) + Tres,2~

Ve + VD

2) Nonpower Transfer Scenario: In the nonpower trans-
fer scenario, the inductor resonates with Cos of ()1 and Qo
during t; ~ t3. vgs,02 is the same at t; and ¢3. Therefore,

ir,(t3) = —ir(t1). Time parameters Ty ¢, Tsg, Ty, are derived
as
T+ 2arctan%
Td,f =ty —t] = nLon
wﬂ,
Vac

TsR =0, Ty, =t4 —tz = ————T,. 35
SR dr =14 —t3 oV Lon (35)

The entire process of the current zero-crossing prediction
is illustrated in Fig. 7. With given Toy, Use, and vgc, i1 ese(t1)
and iy, eq(t2) are estimated. Then, if i, ¢ (t2) > 0, the normal
power transfer model is used to predict the zero-current instant.
Otherwise, the nonpower transfer model is utilized.

C. Averaged Inductor Current Estimation

According to Fig. 4, the averaged inductor current ¢, aye in
the nonpower transfer zone is 0.

In the normal power transfer scenario, 77, has two resonance
intervals. Therefore, it is difficult to accurately estimate the
averaged current in real time based on simple calculations. On
the other hand, the transient process is trivial compared with 75,
or Tsg, the triangular approximation can be used to estimate the
averaged inductor current. The peak current is approximated as
ir,(t1). The valley current is derived via (8).

Taking both normal power transfer and nonpower transfer
scenarios into consideration, the estimated averaged inductor
current 4y, ave est 1S derived as

Z'L,avg,est =
T02n < —2K1L2/va2c
T2 > 2K, [2/02.

0, (36)
Vae Ton Zn — L (Ve —Vac)
27,1 )

The error between the averaged inductor current 4z, ayg acc and
the triangular approximated current ¢, 4yg st has been evaluated
at light load and full load in Fig. 9. ir avg act 1S achieved from
simulation results considering the nonlinearity of Cogs — vgs.
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Fig. 9. Comparison between the averaged inductor current %y, ayg act and the
triangular approximated current ¢z, ayg est at (a) light load (150 W) and (b) full
load.

The current waveform comparison of 41, ave act ad 71, ayg est at
light load is shown in Fig. 9(a). The triangular approximation is
higher than the accurate value by 0.1 A at the peak current point.
InFig. 9(b), the triangular approximation is higher than the accu-
rate value by 0.04 A at the peak current point. This error is rela-
tively minor. Meanwhile, the approximation effectively relieves
the computation burden. Indeed, calculating the averaged induc-
tor current in real time is very complicated and time consum-
ing. In the proposed method, triangular approximation achieves
a good compromise between model accuracy and real-time
execution.

The iTHD of i, avgact» and 47 avgest at light load (150 W)
are 7.47% and 1.97%, respectively. The iTHD of i, 4yg act and
i1, avg,est at full load are 4.17% and 1.65%, respectively. The S3 —
S, commutation deadband (green zone) degrades the iTHD of
1L avgest- 1he approximation accuracy in the proposed method
increases with the increase of power.

IV. CURRENT ESTIMATOR-BASED CRM PFC CONTROL
A. Disturbance Damping

In PFC applications, disturbance from the inductance vari-
ation and parasitic resistance may inject distortion to the
estimator, which brings error to the current zero-crossing
prediction.

In Fig. 10, the inductor current waveforms in ideal and dis-
turbed cases are plotted. Fig. 8(a) demonstrates the natural ZVS
case and Fig. 8(b) illustrates the valley-switching case. Fig. 8
8(c) shows the ZVS extension case. The green dashed curve
corresponds to the ideal case.

Ideally, SR should be turned OFF at %y, ideal-

0, v < 0.5v4c
0, vy > 0.5vg. with valley switching
V2K7, v > 0.5v4 with ZVS extension.
(37)
Adding a disturbance A7 on the turning-OFF current gives the
blue curve iy, (n).

Z.val 1,ideal —

Tyai1 () = tyail ideal + A7 (38)
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Fig. 10. Waveform with additional SR conduction time by minimum time
length of DSP. (a) ZVS case. (b) Valley-switching case. (c) ZVS extension case.

In Fig. 10, the disturbance provides additional backflow cur-
rent for ZVS of @)5. During the resonance, the actual inductor
current changes to iyy2(n).

Tyal2 (TL) ~

{_ V —2K5 + isall(n)v
0,

Ky <iZy(n)/2

K > iy ()2 O
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Compared with the ideal current ¢y12 ideal

. -V —2K1, Vae < 0.51}dc
Tval2,ideal =

0, Vae > 0.5 (40)

The ideal peak current is approximated as twice the input
averaged current. Vi rvs is the root-mean-square (rms) of vyc.
205 Pye

Tpk1,ideal = 2

. 41)
ac,RMS

The disturbed current iyy2(n) charges Cogs faster than 4yap igeal-
The time difference is

1 Zn a2 ideal Znvaiz(n
At(n) = — [ arctan ———=== — arctan Znivaiz ()
w?” Uac anC
Znivall n Znivall ideal
+ arctan 7() — arctan ———— | .
Vac — Vdc Vac — Udc

(42)
At the end of T} ., the disturbed current 47, 4;;; may cross zero.
Since the GaN 2DEG is not conducted, the disturbed inductor
current cannot be positive.

. iz (n) + At(n) %,  At(n) < —bazml
1L dist = i (“;L)L 43)
0, At(n) > -2z,
The actual current 4,51 (n + 1) is yielded as
ipk1(n 4+ 1) = —ivanideal + 01,dist (M) + pk1 ideal (44)
ipk.g (7? + 1) is
ipka(n +1) = \/2[(1 + 2, (n+1). 45)
Ideally, ika,ideal is
ipk2,ideal =/ 2[(1 + igzjkrl,ideal' (46)

The SR turning-OFF current by iterative error at the next switch-
ing cycle is

ivall(n41) = Gpk2(1 4 1) — Gpk2ideal + fvall,ideal- 47)

In Fig. 11(a), the ratio of dyy1(n + 1)/iya1(n) is plotted.
The blue zone is the natural ZVS case without SR extended
conduction. The green zone is the ZVS with SR extension. The
yellow zone is ZVS with SR preturning OFF. The red zone is
the valley-switching case. Except for the green zone, the ratio is
below unity, which means that the disturbance will be damped.
In the green zone, the ratio increases to unity as the v, increases.
This indicates that the disturbance damping performance at the
ZVS extension case degrades as the v,. increases. To better
illustrate it, in Flg 11(b), the ratio of ivan(n + 1)/ivall,ideal in
the ZVS extension case is plotted. The ratio is greater than
unity, which means that the disturbance will be accumulated
at the next switching cycles and make iy, ¢ lose tracking of iy,.
On the other hand, in the valley-switching case, the disturbance
damped to zero at the next switching cycle. For the conventional
ZCD-circuit-based design, ZVS extension can achieve full load
range ZVS, and the disturbance will be eliminated with the ZCD
signal. In contrast, for the proposed current estimator-based
control, no ZCD signal is available. For the ZVS extension case,
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Fig. 11. Ratio of (a) iya1(n + 1)/iva1(n) and (b) ZVS extension case

tyai1 (1 + 1) /ivai1 ideal under different loads.

it needs a disturbance observer [34] to eliminate the disturbance
effect, which complicates the design. Valley switching simpli-
fies the control algorithm with dead-beat disturbance-damping
performance.

The proposed disturbance damping control consists of SR
preturning OFF and valley switching. It alternates the SR conduc-
tion time. By preturning off the SR switch at i, . zero-crossing
point, no additional negative current will be injected into the
inductor current. SR is preturned off before ¢y, ¢ zero-crossing
when v, < 0.5vdc. When v, > 0.5, valley switching is re-
alized. Therefore, 7,1 is always zero in the whole line period.

To realize the proposed disturbance damping control, &, is
defined as the conduction ratio of the SR MOSFET turning-ON
time. Tsg is

) to)L
TSR = (ZL,est( 2) - Td,f + Tres,l) kpo~

Ude — Vac

(48)

The SR ON-time is alternated. To keep the switching frequency
unchanged, T}; , should be extended

. Lv/—2K;
res,2 Vae + VD
1-— kpo ]
+Tsr—22,  Kj <0andip eq(ts) >0
Td,r = kpo |
" .
Vac JiCVD 7;0117 K <0andipeq(ta) =0
T + Tsr =, K >0.
n kpo

(49)
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Fig. 12.  Block diagram of the proposed controller.

In summary, with the proposed disturbance damping control,
if a certain negative current is induced by disturbance, preturn-
ing OFF SR near the inductor current zero-crossing point can
suppress the estimator error. Since the inductor current is near
zero, the increased conduction loss is trivial.

B. System Implementation

The block diagram of the proposed controller is illustrated in
Fig. 12. To attenuate the injection of the differential mode iy,
into the grid, an LC filter that consists of C',c and Lpy is added.
There are two interrupt service routines (ISR, ISRs) running
at 10" Hz and 40kHz, respectively. Gating signals for (); and
(- are generated with given time parameters T, Ty, ¢, Tsr, and
T

The signals to be sampled and connected to the peripheral of
the DSP in the proposed methodology includes input voltage v,.
and output voltage vq.. In Fig. 12, v, and vq. are sampled and
fed into the controller with the generated PWM parameters, in-
cluding ON-time, deadband, and SR time. The current estimator
rebuilds the inductor current at the switching transition instants.
Moreover, the inductor’s current zero-crossing point can be pre-
dicted with the current estimator. Therefore, no inductor current
sampling is required. It is also the highlight of the proposed
method.

To send the two voltage signals of the power circuit to the DSP,
a signal acquisition circuit is designed as shown in Fig. 13. First,
the voltage on the power circuit would pass through a voltage
divider with a low pass filter. The low-pass filter is used to filter
the sensing noise. Then, a voltage follower buffers the voltage
signal and sends it to the DSP ADC.

Function blocks of ISRs are presented in Fig. 14.

ISR, is in charge of low bandwidth algorithms, such as the
calculation of the rms of the ac side voltage and PFC voltage-
loop compensation. v,.’s peak voltage is detected. Then, the rms
voltage of the ac side v, rms is obtained. The error between
output voltage Vgcrr and the feedback dc-link voltage v is
fed to the voltage loop of the PI compensator. The compensator
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Ton= T, on
Tondes = (Tondes mod 10ns)
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iL, e_vt(t 1 )

T Current Calculate |7 T = T
= estimator (i (6] Tasie S g s —
(24) (26) ) (28) (35) dfdes = (T fdes
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Fig. 14.  Function details in ISR; and ISRs.

gives the desired input power P,. Dividing P,¢ by vac rms, the
demanded rms current of ac side ir.f Rvs can be obtained.
ISRy is in charge of algorithms such as software phase-lock-
loop (SPLL) [35], estimator-based inner current loop, current
zero-crossing prediction, and the averaged current estimator.
SPLL generates a uniform sinusoidal signal REF;,. that is in
phase with v,c. The product of REFi,e and i rms provides
the reference instantaneous input current ¢,crs. In the inner
current loop, the conventional current sensor is replaced with
the proposed current estimator. Error between éyc rer and 7, g is
fed to a proportional unit. By adding a bias ON-time T, pi,s, the
desired ON-time Top ges 1 determined. Ty, ges leads the average
inductor current to follow the desired waveform %yc ref. Zon bias
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Fig. 15. DSP clock cycles of code computation and execution with the

proposed zero-current predicting algorithm.

is the bias ON-time. The proportional controller is the tradeoff
between the control accuracy and the response speed of Tty ges-
i1,,est 15 DOt equal to 4, rer all the line cycle. There is a round-off
error due to the discrete characteristic of DSP. For example,
Ton.pias May be calculated as 733 ns. However, the DSP can only
generate a PWM waveform with ON-time 730 ns. This means
the actual 75, has a minor deviation (within 10 ns) compared
with the biased ON-time Toy pias. It results that ¢z, ¢ would be
a bit different from 7, rr. Adding a compensator can mitigate
the difference. A PI compensator has good accuracy. However, it
may incur oscillation with improper parameters and increase the
THD. Since the difference is trivial, the proportional controller
with fast response and no oscillation can be used.

Since nonpower transfer scenario does not deliver real power,
Ton.bias 1s derived from the normal power transfer scenario.

2ZnLiac,ref + L(Udc -
VacZn

Vac )

Ton,bias - (50)
where Tip ges 1s a float number, and it may not be integer times
of PWM resolution time (10ns for PWM counter and 5ns for
deadband blocks). Considering the discretizing process of a
digital system, the executed ON-time T, is estimated. Using
the executed ON-time in the current estimator reduces the error
induced by discretizing in digital control. The process is similar
for the desired deadband Ty, 7 ¢es and desired SR ON-time TR des-

Ton = (Tondes mod 10ns)

on,des —
Ta r = Ta,f.des — (T, f,des mod 5ns)

TSR = TSR,des — (TSR,des mod 1ODS). (51)

Also, the process in (51) is to achieve a more accurate Ty, and
T, does not need to do that estimation. Finally, the averaged
inductor current under the given T, vg4c, and v, are estimated.
It will be fed into the current loop in the next execution of ISR5.

Fig. 15 gives the DSP clock cycles of code computation
and execution. At the beginning of an iteration, sampling and
filtering of wv,. and vy, take about 168 clock cycles (Tgk)-
Then, it takes 288 T for SPLL to generate the reference
sinusoidal signal (REFging). With REFging, the state machine
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TABLE I
DESIGN PARAMETERS

Parameters Value
L 30 pnH
Q1,Q2 LMG3410R070
Q3,Q4 IPWG60R 180P7
Rated output voltage vq. 400V
Rated ac input vge 220Vims
Rated power 550W
Chus 1.2mF

Switching frequency range  150kH z-1.6MH z

determines whether to turn ON @03, (04 in 218 Tg. Next, the
current estimator is executed with the previous ON/OFF time in
180 T x. ON-time calculation is alternated with the estimated
averaged inductor currentin 271 T¢. Zero-crossing prediction is
executed in 65 T k. Consequently, PWM parameters are updated
in another 121 T¢jx. The entire control process takes 1311 7¢.
Meanwhile, certain redundancy should be reserved for other
tasks. In our design, 1189 T is reserved for each iteration,
which corresponds to 52% CPU utilization.

In Fig. 16, the relationship between inductor current zero-
crossing and the zero-current prediction between two different
switching cycles is illustrated. The ISRy predicts the inductor
current zero-crossing point every 25 us as shown in Fig. 15.
When the prediction is updated, the flag EPWM Update is
triggered. The shadow register of EPWM module is updated
with Top(n + 1), Ty, (n + 1), Tsr(n + 1), Ty, r(n + 1). At the
next PWM switching cycle, the data in the shadow register is
loaded into the active register. The zero current is predicted on
the turning-ON instant of () for the positive half line cycle and
(21 for the negative half line cycle.

V. EXPERIMENTAL RESULTS

As a proof of concept, a 550-W-rated 220"V to 4007V, totem
pole Boost PFC converter prototype is designed. The key design
parameters are summarized in Table II. The photograph of the
test bench is given in Fig. 17. TMS320F280049 C from Texas
Instruments is used to implement the digital control algorithms.
GaN devices with integrated gate drivers are used for the high-
speed half bridge. The peak switching frequency is 1.6MHz. In
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Fig. 17.  Picture of the laboratory test bench.
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Fig. 18. Key waveforms under 220-V line input and 400-V DC output at full
load. (a) Driving signals of Q1,2, 1., and vgs, Q2. (b) Vac, Vdc, and .

the experimental setup, heat sinks aided by air cooling are used
for cooling.

At full load, the steady-state experimental waveforms are
captured in Fig. 18. Since ()1 » are GaN devices with integrated
gate-drivers, no direct v, can be measured [36]. The time delay
between vy and the driving signal is less than 207 ns. In the
experiment, PWM signals are used to identify the gate driving
signals, PWMg; for vg, g1 and PWMgs for vgg 2. iy, is at the
boundary of DCM/CCM with a small negative current. vy g2 is
measured. The envelope of vgs g2 is clear. Input ac current i,
is in phase with the input ac voltage. Voltage of dc-link v, is
monitored.
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A zoom-in of Fig. 18 at positive v, is captured in Figs. 19
and 20. Fig. 19 demonstrates the ZVS when v, < 0.5vq. Fig. 20
captures the valley switching when v,. > 0.5v4.. Zero-current
prediction is validated in both scenarios. The gating signal of
()1 falls before iy, crosses zero. This validates the effectiveness
of the proposed disturbance-damping control.

In Fig. 21, the steady-state experimental waveforms are cap-
tured at half load. ¢y, is at the boundary of DCM/CCM with a
small negative current. The envelope of vgs 2 is clear. 7, is
in phase with the input ac voltage. The ripple voltage of vqc is
smaller than that in full load condition.

Figs. 22 and 23 capture the zoom-in of Fig. 21 at positive
Vge. Fig. 22 monitored the ZVS when v, < 0.5vg4.. Fig. 23
demonstrates the valley switching when v, > 0.5v4.. In both
scenarios, zero-current prediction is validated. With the pro-
posed disturbance damping control, the gate signal of (), falls
before 7, crosses zero.

Near zero-crossing of v,., the desired average current is rela-
tively small and v,. changes rapidly. Moreover, the converter’s
boost ratio is very high, which brings a large duty cycle and
a small switching period. In this situation, the influence of
control delay on the estimated current becomes significant. This
may lead to a loss of tracking of the estimator and additional
THD. Therefore, both )1 and ()5 remain off in a no-switching
state and the inductor current stays zero when v,. is near zero
crossing. Since the duration of the no-switching zone is short
compared with the whole line cycle (less than 5%), and the
desired averaged current in this zone is also small, the harmonic
components introduced by the no-switching zone are high order,
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Fig.22.  ZVS waveforms when v, < 0.5v4c at half load.

low amplitude. The impact on THD by the no-switching state is
trivial.

The harmonic components of i,. at 550-W output power (full
load) are plotted in Fig. 24. The harmonic components are lower
than 3.6% of the fundamental component.

The input current THD (iTHD) is measured at different output
power. The results are recorded in Fig. 25. The lowest iTHD is
5.4% at 427-W output power.

The power factor correction performance under different load
conditions is presented in Fig. 26. Correspondingly, Fig. 27
demonstrates the efficiency trend. As shown, the designed proto-
type exhibits 98.96% peak efficiency with 0.9972 power factor.
As shown, high efficiency and high power factor are maintained
over a wide load range.



ZHOU et al.: CURRENT ZERO-CROSSING PREDICTION-BASED CCM CONTROL OF TOTEM-POLE PFC RECTIFIERS 8525

Fig. 23.

Fig. 24.

Tekprevu__| 1

MBWMQISVJM(jiv \ \ e
i I s Y o WO e B
PWMy, 5V/div |
b . g/ \‘ |
1 3A/div Ao |/y‘,\’ [
S Sy g )
| N s ] \"’»/‘,’ A
Zero-current predictim,}

Vis,02 250V/div -\
B T [,

\ [
| \ \
Loid g -] - ]
Valley switching/* <7 Lus/div

S00va T00A 750 == |G (@7 owe
points

Waveforms of valley switching when v, > 0.5v4c at half load.

T ; T
| I |
,,,,,,,,,,,,, L,,,,,,},,,,,,L,,,,,A
= i w i
= | ! |
= ! a ‘
CEC N TTTTTT [ [
E | ‘ |
< ! 4 !
- R T T .
El | I |
= | ! I
Ly R H L
< i A; T
) | | |
,,,,, e
) ! - ! |
k) | | |
= I ! I
I ! I
T [ I
i ! |
| I |
p | |
10 15 20
Frequency (kHz)

FFT analysis with 220-V AC input, 400-V DC output, full load (550

‘W) condition.

Fig. 25.

Fig. 26.

N

161

iTHD [%]

250 . 350 . 450 . 55.0
Output Power Level [W]

Measured iTHD versus output power under 220-V AC input.

0.9951-

e
o
%
R

Power Factor
= =l
o o
a ~
n N

0.955[

150 250 350 450 550
Output Power Level [W]

Measured power factor versus output power.

o3l .M

Efficiency [%)]
S

150 250 350 450 550
Output Power Level [W]

Fig. 27. Measured efficiency versus output power.

VI. CONCLUSION

In this article, a novel current sensorless CRM control is
proposed for totem-pole Boost PFC converters. It utilizes an
inductor current estimator model to estimate the averaged cur-
rent and to predict the current zero crossings. Compared with
the conventional methods, the inductor current sensing signal
and the zero-current detecting circuit are no longer required.
The control loop and the peripheral circuit are simplified. The
behavior of the estimator considering switching device Cl
model is analyzed and detailed. A disturbance damping control
is proposed to mitigate the variation of inductance and parasitic
resistance and improve the prediction accuracy. The operation
principles, digital implementation, and estimation error suppres-
sion are discussed.

The proposed concept is verified in a 550-W-rated experi-
mental prototype. With the proposed control scheme, the zero-
crossing point of the inductor current is predicted. Valley-
switching and zero-voltage switching are realized at the pre-
dicted zero-crossing points. The experiment results exhibit
98.96% peak efficiency with 0.9972 power factor. Good power
factor and efficiency performances are achieved over a wide load
range.

REFERENCES

[1] H.Wang and A. Khaligh, “Interleaved SEPIC PFC converter using coupled
inductors in PEV battery charging applications,” in Proc. IEEE Appl.
Power Electron. Conf. Expo., 2015, pp. 586-591.

[2] L. Huber, Y. Jang, and M. M. Jovanovic, “Performance evaluation of
bridgeless PFC boost rectifiers,” IEEE Trans. Power Electron., vol. 23,
no. 3, pp. 1381-1390, May 2008.

[3] Q.Huang and A. Q. Huang, “Review of GaN totem-pole bridgeless PFC,”
CPSS Trans. Power Electron. Appl., vol. 2, no. 3, pp. 187-196, 2017.

[4] K. Zhu, A. Bhalla, and J. Dodge, “Enabling 99.3% efficiency in 3.6 kW
totem-pole PFC using new 750 V Gen 4 SiC FETSs,” IEEE Power Electron.
Mag., vol. 8, no. 4, pp. 30-37, Dec. 2021.

[5] M.Zhou, L. Yu,and H. Wang, ““A SiC-based highly integrated bidirectional
ac/dc converter for PEV charging applications,” in Proc. IEEE Int. Power
Electron. Appl. Symp., 2021, pp. 1-5.

[6] L. Li et al., “Maximum efficiency average current controller based on a
comprehensive charge rate model for DCM boost PFC converter,” IEEE
Trans. Power Electron., vol. 36, no. 5, pp. 6046-6055, May 2021.

[7]1 C.Zhao and X. Wu, “Accurate operating analysis of boundary mode totem-
pole boost PFC converter considering the reverse recovery of MOSFET,”
IEEE Trans. Power Electron.,vol.33,no. 12, pp. 10038-10043, Dec. 2018.



8526

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Y. Jia et al., “Characterization and optimal control of totem-pole PFC
converter with high frequency GaN HEMTs and low frequency Si diodes,”
IEEE Trans. Ind. Electron., vol. 68, no. 11, pp. 10740-10749, Nov. 2021.
R. Min, G. Shen, Q. Tong, Q. Zhang, H. Peng, and X. Zou, “Unified
pulsewidth-cycle control strategy to achieve mixed DCM/CRM operation
and consistent valley switching for boost PFC converter,” IEEE Trans.
Power Electron., vol. 36, no. 11, pp. 13304-13316, Nov. 2021.

B. Su, J. Zhang, and Z. Lu, “Totem-pole boost bridgeless PFC rectifier
with simple zero-current detection and full-range ZVS operating at the
boundary of DCM/CCM,” IEEE Trans. Power Electron., vol. 26, no. 2,
pp. 427435, Feb. 2011.

C. Marxgut, F. Krismer, D. Bortis, and J. W. Kolar, “Ultraflat interleaved
triangular current mode (TCM) single-phase PFC rectifier,” IEEE Trans.
Power Electron., vol. 29, no. 2, pp. 873-882, Feb. 2014.

Z.Liu, Z. Huang, F. C. Lee, and Q. Li, “Digital-based interleaving control
for GaN-based MHz CRM totem-pole PFC,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 4, no. 3, pp. 808-814, Sep. 2016.

Q. Huang, R. Yu, Q. Ma, and A. Q. Huang, “Predictive ZVS control with
improved ZVS time margin and limited variable frequency range fora 99%
efficient, 130-w/in3 MHz GaN totem-pole PFC rectifier,” IEEE Trans.
Power Electron., vol. 34, no. 7, pp. 7079-7091, Jul. 2019.

K. Yao et al., “Optimal switching frequency variation range control for
critical conduction mode boost power factor correction converter,” IEEE
Trans. Power Electron., vol. 68, no. 2, pp. 1197-1209, Feb. 2021.

D. Shahzad, S. Pervaiz, N. A. Zaffar, and K. K. Afridi, “GaN-based
high-power-density AC-DC-AC converter for single-phase transformer-
less online uninterruptible power supply,” IEEE Trans. Power Electron.,
vol. 36, no. 12, pp. 13968-13984, Dec. 2021.

L.Li, Q. Zhang, R. Min, K. Liu, Q. Tong, and D. Lyu, “A current reshaping
strategy to reduce parasitics-induced current distortion in discontinuous
conduction mode boost power factor correction converter,” IEEE Trans.
Ind. Electron., vol. 68, no. 3, pp. 2215-2224, Mar. 2021.

J. Sun, N. N. Strain, D. J. Costinett, and L. M. Tolbert, “Analysis of a
GaN-based CRM totem-pole PFC converter considering current sensing
delay,” in Proc. IEEE Energy Convers. Congr. Expo, 2019, pp. 4421-4428.
X. Ren, Y. Zhou, Z. Guo, Y. Wu, Z. Zhang, and Q. Chen, “Simple analog-
based accurate variable on-time control for critical conduction mode boost
power factor correction converters,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 8, no. 4, pp. 4025-4036, Dec. 2020.

D. Rahman, M. A. Awal, M. S. Islam, W. Yu, and I. Husain, “Low-
latency high-speed saturable transformer based zero-crossing detector for
high-current high-frequency applications,” in Proc. IEEE Energy Convers.
Congr. Expo., 2020, pp. 3266-3272.

G. Schrom, R. S. Vunnam, S. Makala, and A. Lyakhov, “High-speed ZVS-
ZCS soft-switching CMOS bridge drivers for a DC-DC fully integrated
voltage regulator (FIVR) operating at 100-320 MHz on 22 nm process
node,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2019, pp. 2263—
2267.

K. Wang, H. Zhu, J. Wu, X. Yang, and L. Wang, “Adaptive driving scheme
for ZVS and minimizing circulating current in MHz CRM converters,”
1IEEE Trans. Power Electron., vol. 36, no. 4, pp. 3633-3637, Apr. 2021.
M. Torrisi, S. Messina, and M. Cacciato, “Hysteresis current control for a
high efficiency totem pole PFC in zero voltage switching,” in Proc. Eur.
Conf. Power Electron. Appl., 2021, pp. P.1-P.10.

X. Chen, G. Son, F. Jin, and Q. Li, “A microcontroller-based high efficiency
critical conduction mode control for GaN-based totem-pole PFC,” in Proc.
IEEE Workshop Control Model. Power Electron., 2021, pp. 1-7.

J. Chen, W. Tai, B. Xun, C. Gong, and J. Chen, “Improved control strategies
for totem-pole PFC with true full range ZVS operation,” IEEE Trans. Ind.
Electron., vol. 70, no. 3, pp. 2419-2430, Mar. 2023.

H. Xi, L. Li, G. Xu, and M. Su, “SiC-based high-frequency soft-switching
interleaved totem-pole bridgeless PFC converter without ZCD circuits,”
in Proc. IEEE Int. Power Electron. Appl. Symp., 2021, pp. 1-5.

Z. Wang, S. Wang, P. Kong, and F. C. Lee, “DM EMI noise prediction for
constant on-time, critical mode power factor correction converters,” IEEE
Trans. Power Electron., vol. 27, no. 7, pp. 3150-3157, Jul. 2012.

H.-C. Chen, C.-Y. Lu, G.-T. Li, and W.-C. Chen, “Digital current sen-
sorless control for dual-boost half-bridge PFC converter with natural
capacitor voltage balancing,” IEEE Trans. Power Electron., vol. 32, no. 5,
pp. 4074-4083, May 2017.

F. Lopez, V. M. Lopez-Martin, F. J. Azcondo, L. Corradini, and A. Pigazo,
“Current-sensorless power factor correction with predictive controllers,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 7, no. 2, pp. 891-900,
Jun. 2019.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 7, JULY 2023

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

B

A. Chandwani, S. Dey, and A. Mallik, “Parameter variation tolerant robust
current sensorless control of a single-phase boost PFC,” IEEE J. Emerg.
Sel. Topics Ind. Electron, vol. 3, no. 4, pp. 933-945, Oct. 2022.

M. Kasper, R. M. Burkart, G. Deboy, and J. W. Kolar, “ZVS of power
MOSFETS revisited,” IEEE Trans. Power Electron., vol. 31, no. 12,
pp- 8063-8067, Dec. 2016.

D. Costinett, D. Maksimovic, and R. Zane, “Circuit-oriented treatment of
nonlinear capacitances in switched-mode power supplies,” IEEE Trans.
Power Electron., vol. 30, no. 2, pp. 985-995, Feb. 2015.

L. Huber, B. T.Irving, and M. M. Jovanovic, “Effect of valley switching and
switching-frequency limitation on line-current distortions of DCM/CCM
boundary boost PFC converters,” IEEE Trans. Power Electron., vol. 24,
no. 2, pp. 339-347, Feb. 2009.

R. Hou, J. Lu, and D. Chen, “Parasitic capacitance EQOSS loss mecha-
nism, calculation, and measurement in hard-switching for GaN HEMTs,”
in Proc. IEEE Appl. Power Electron. Conf. Expo., 2018, pp. 919-924.
W.-H. Chen, J. Yang, L. Guo, and S. Li, “Disturbance-observer-based
control and related methods—An overview,” IEEE Trans. Ind. Electron.,
vol. 63, no. 2, pp. 1083-1095, Feb. 2016.

F. D. Freijedo, A. G. Yepes, 0. Lépez, P. Fernandez-Comesana, and J.
Doval-Gandoy, “An optimized implementation of phase locked loops
for grid applications,” IEEE Trans. Instrum. Meas., vol. 60, no. 9,
pp- 3110-3119, Sep. 2011.

G. Tang et al., “High-speed, high-reliability GaN power device with
integrated gate driver,” in Proc. IEEE Int. Symp. Power Semicond. Devices
IC’s, 2018, pp. 76-79.

Mingde Zhou (Student Member, IEEE) received the
B.S. degree in automation from Shandong Univer-
sity, Jinan, China, in 2019. He is currently working
toward the Ph.D. degree in electrical engineering with
the School of Information Science and Technology,
ShanghaiTech University, Shanghai, China.

His research interests include ac/dc bidirectional
converters, wide gain range resonant converters, and
bidirectional dc—dc converters.

Chuhan Peng (Student Member, IEEE) received the
B.S. degree in electrical engineering from Zhejiang
University, Hangzhou, China, in 2022. He is currently
working toward the master’s degree in electrical en-
gineering with the School of Information Science
and Technology, Shanghaitech University, Shanghai,
China.

His current research interests include ultrawide
voltage range bidirectional dc—dc converters.

Junrui Liang (Senior Member, IEEE) received the
Ph.D. degree in mechanical and automation engi-
neering from The Chinese University of Hong Kong
(CUHK), Hong Kong, in 2010.

Since November 2013, he has been with the School
of Information Science and Technology, Shang-
haiTech University, Shanghai, China, as an Assistant
Professor. His most significant contribution was that
he extended the impedance modeling and analysis,
which conventionally was only used for linear sys-
tems, to some nonlinear power conversion systems

such as the class-E power amplifier and piezoelectric energy harvesting systems.
His recent research interests include dynamics of nonlinear electromechanical
coupling systems, kinetic energy harvesting and vibration control, electrical
power conversion and utilization research, renewable energy, etc.



ZHOU et al.: CURRENT ZERO-CROSSING PREDICTION-BASED CCM CONTROL OF TOTEM-POLE PFC RECTIFIERS 8527

Minfan Fu (Senior Member, IEEE) received the B.S.,
M.S., and Ph.D. degrees in electrical and computer
engineering from the University of Michigan Shang-
hai Jiao Tong University Joint Institute, Shanghai Jiao
Tong University, Shanghai, China, in 2010, 2013, and
2016, respectively.

From 2016 to 2018, he held a postdoctoral posi-
tion with the Center for Power Electronics Systems
(CPES), Virginia Polytechnic Institute and State Uni-
versity, Blacksburg, VA, USA. He is currently an
Assistant Professor with the School of Information
Science and Technology, ShanghaiTech University, Shanghai, China. He holds
one U.S. patent, seven Chinese patents, and has authored or co-authored more
than 80 papers in prestigious IEEE journals and conferences. His research
interests include megahertz wireless power transfer, high-frequency power
conversion, high-frequency magnetic design, and application of widebandgap
devices.

Haoyu Wang (Senior Member, IEEE) received the
bachelor degree with distinguished honor from Zhe-
jiang University, Hangzhou, China, in 2009, and
the Ph.D. degree from the University of Maryland,
College Park, MD, USA, in 2014, both in electrical
engineering.

In September 2014, he joined the School of Infor-
mation Science and Technology, ShanghaiTech Uni-
versity, Shanghai, China, where he is currently an As-
sociate Professor with tenure. His research interests
include power electronics, plug-in electric and hybrid

electric vehicles, the applications of wide bandgap semiconductors, renewable
energy harvesting, and power management integrated circuits.

Dr. Wang is an Associate Editor for IEEE TRANSACTIONS ON INDUSTRIAL
ELECTRONICS, IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION,
and CPSS Transactions on Power Electronics and Applications.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


