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Abstract—This article proposes a mixed conduction mode
(MCM) control strategy based on a fixed turn-OFF time (FOT) to
address the issues of low light-load efficiency, poor power factor,
and high current stress in the single-mode operation of the totem-
pole power factor correction (PFC) converter. This strategy enables
hybrid operation between discontinuous conduction mode (DCM)
and continuous conduction mode (CCM) within a half-line cycle.
By FOT of the transistor, the switching boundary between DCM
and CCM is clearly defined, enabling adaptive mode switching
in accordance with output power. Furthermore, a DCM/CCM
turn-ON time prediction model has been developed to unify the
DCM/CCM control loops, thereby ensuring stable MCM operation.
Finally, a 1500-W-rated prototype totem-pole PFC converter has
been designed to validate the effectiveness of the control strategy.
The experimental results demonstrate that, compared to the ideal
critical conduction mode operation, the proposed control strategy
effectively reduces the current stress of the converter, and the
peak value of the inductance current is reduced by 16.1% at full
load. In comparison to the traditional CCM control, the proposed
control strategy significantly enhances the light-load performance
of the converter, achieving a maximum improvement of 11.6% in
light-load efficiency, a 0.295 increase in power factor, and 7.1%
decrease in iTHD.

Index Terms—Adaptive switching, fixed turn-OFF time (FOT),
mixed conduction mode (MCM), totem-pole power factor
correction (PFC) converter.

I. INTRODUCTION

HE totem-pole power factor correction (PFC) converter
T is a widely used front-end topology for two-stage ac—dc
converters in various power supply applications, such as auto-
motive power systems and server power supplies, due to the
advantages of fewer components, simpler structures, and lower
electromagnetic interference noise [1], [2], [3], [4].

The totem-pole PFC converter can be classified into con-
tinuous conduction mode (CCM), critical conduction mode
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(CRM), and discontinuous conduction mode (DCM) according
to the continuity of the inductor current. In CCM, the con-
verter experiences lower current stress, making it suitable for
high-power applications. However, under light-load conditions,
the converter may enter DCM, which leads to a decrease in
performance parameters such as efficiency and power factor
[5]. In DCM or CRM, soft switching or valley switching can
be achieved to improve efficiency. However, the current stress
in these modes is high, limiting their suitability to low-power
applications. Additionally, the traditional CRM control strategy
may result in excessively high switching frequencies near the
input voltage zero-crossing point [6], [7]. To address the lim-
itations of single-mode operation, researchers have proposed
the mixed conduction mode (MCM) control strategy, which
combines the advantages of single-mode while compensating
for its shortcomings.

In recent years, there has been less research on the MCM
control strategy for the totem-pole PFC converter. However,
the operating principle of the totem-pole PFC converter can
be viewed as equivalent to that of the traditional boost PFC.
Several MCM control strategies have currently been proposed
for the boost PFC, providing a basis for the totem-pole PFC.
These strategies can be mainly classified into the following two
categories.

The first category does not require additional detection cir-
cuits but focuses on optimizing the control strategy to achieve
MCM operation. As early as 2005, Gusseme et al. [8] pro-
posed a control scheme that combines sampling correction
and duty-cycle feedforward to address input current distortion
under light-load DCM operation in the CCM control strategy,
thereby enabling MCM operation. In this optimization approach,
Lim and Khambadkone [9] proposed a correction factor, and
Wang et al. [10] designed an average current estimation cir-
cuit to correct the inductor current sampling in DCM mode.
Meanwhile, Wang and Tzou [11] addressed the DCM inductor
current sampling error by modifying the sampling logic and
designing a repetitive controller to reduce current loop error, thus
enabling MCM operation. In addition to sampling correction,
several novel control strategies have been proposed to achieve
MCM operation. Wang and Tzou [12] employed a predictive
control strategy that successfully implements MCM operation
by adjusting the control approach according to mode changes.
Similarly, Nair and Narasamma [13] applied predictive control
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concepts to forecast the operating mode of the next cycle,
thereby enabling MCM operation without the need for additional
sensors. However, this control strategy is complex. Chen et al.
[14] compared the output duty cycles in DCM and CCM to
determine the present operating mode, then set the appropriate
duty cycle to achieve MCM operation. While this method is eas-
ier to implement, it is computationally expensive. Meanwhile,
Lai et al. [15] and [16] proposed a strategy to determine the
operating mode by calculating the duty cycle, enabling seamless
mode switching. Additionally, the mode determination process
is simplified through efficient computations.

The above control strategies do not require additional de-
tection circuits, making the hardware design relatively simple.
However, most of these strategies were passive compensations
or corrections to address the inefficiencies and low power factor
problems that occur when traditional CCM control transitions
to DCM operation under light-load, and then proposed MCM
control. However, most of these control strategies suffer from
issues such as complexity, high computational load, and am-
biguous mode switching boundaries.

The second category involves adding hardware detection cir-
cuits to monitor the converter’s present operating mode, thereby
selecting the corresponding control strategy to achieve MCM
operation. Clark et al. [17] proposed a control strategy that
determines the operating mode using a zero-crossing detection
(ZCD) circuit and adjusts the compensation parameters within
an average current control framework to achieve MCM opera-
tion. In contrast, Fernandes and Trescases [ 18] switched between
different control strategies by detecting the peak value of the
inductor current, thereby achieving MCM operation. Min et al.
[19] combined ZCD with a unified pulsewidth cycle control
strategy, enabling MCM operation and valley switching. The
addition of detection circuits reduces the computational com-
plexity of the control strategy. However, these approaches use
different control methods for different operating mode, requiring
multiple control loops, which complicates the overall strategy.

In conclusion, the majority of existing MCM control strategies
suffer from inherent issues, such as control complexity and am-
biguous mode switching boundaries, regardless of the presence
of additional detection circuits. To address the aforementioned
issues, this article proposes an MCM control strategy that en-
ables adaptive mode switching for the totem-pole PFC by fixing
the turn-OFF time (FOT).

Table I shows the existing control strategies for different
modes of the boost PFC and totem-pole PFC. These control
strategies are not entirely independent; some can be combined
to achieve better control performance, such as the combination of
look-up table control and variable ON-time (VOT) control [20].
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Fig. 1.

As shown in Table I, the existing FOT control is primarily used
for single-mode applications, with limited discussion on its use
in MCM operation [21], [22]. By FOT, a DCM/CCM turn-ON
time prediction model is established to unify the CCM and DCM
control loops, thereby simplifying the overall control strategy.
This approach ensures clear and controllable mode-switching
boundaries during MCM operation. By combining the advan-
tages of each operating mode, the proposed strategy improves
converter performance across a wide load range.

The contributions of this article are summarized as follows:

1) A novel FOT based MCM control strategy for totem-pole
PFC converter is proposed, which unifies the control
scheme for both CCM and DCM. This integration sim-
plifies the control loop architecture and reduces real-time
computational burden.

2) The clear mode switching boundaries are analyzed, and
the mode switching can be actively controlled by adjusting
the FOT.

The rest of this article is organized as follows. Section II
analyzes the fundamental principle of adaptive mode switching
based on FOT, establishes the turn-ON time prediction model,
and describes the proposed MCM control. Section III discusses
the constraints of the FOT, including mode-switching power
boundary requirement, peak current limitation, and switching
frequency limitation. Section IV validated the accuracy and
effectiveness of the proposed MCM control strategy through
experiments. Finally, Section V concludes this article.

II. THE PROPOSED MCM CONTROL STRATEGY

Fig. 1 shows the topology of the totem-pole PFC converter.
The converter consists of high-frequency switching IGBTs S
and S, —D1—-Ds as the anti-parallel diodes for the switching
IGBTs S1-S5, the diodes Ds—D,, a power inductor L, and an
output capacitor C,, where v;, is the input voltage, V, is the
output voltage, and iy, is the current through L.

The principle of the totem-pole PFC converter is similar to that
of the boost circuit. Initially, with S; turns OFF and So turns ON,
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Fig. 2. Current waveform of the totem-pole PFC converter. (a) Ideal DCM.
(b) Ideal CCM.

the input voltage v;,, passes through the loop L—S2—D., allowing
the inductor to store energy and increasing the inductor current
ir.. When S5 turns OFF, the energy in vy, and L flows through D,
and D, to supply power to the load, causing the inductor current
to decrease. Repeat the above process until it enters the negative
half-line cycle.

A. Adaptive Mode-Switching By FOT

To simplify the analysis, the effects of parasitic parameters
are ignored and the inductor current rise and fall are both
linear. Fig. 2 shows the current waveform of the totem-pole PFC
converter operating in DCM and CCM. The current rise time is
defined as 7oy, the fall time is 74, and the time when the inductor
current is zero in DCM is t4. CRM is the boundary of CCM
and DCM, which can be regarded as the DCM mode under the
condition of 5 = 0.

The turn-OFF time ¢,y can be expressed as

o {tf, if CCM

tf 4 t4, DCM. M

Once the #rr is fixed, the peak inductor current drop ipk drop
during each half-line cycle in steady state can be expressed as

. Vo — Vin
Upk_drop = OTHtoffV (@)

Comparing the peak inductor current with the i,k _drop, the
current operating mode of the totem-pole PFC can be deter-
mined. For the PFC converter, the phase of the input current
can be approximated to the v;,, then the input current reference
value i,qf is also in phase with the v;y, i.e., iyef = kvin, Where
k is a constant. From the basic power equation, the relationship
between the i,or and vy, as well as other circuit parameters can
be expressed as

lref = Poz'Um (€)]

"Vinrms

where P, is the output power, 7 is the converter efficiency, and
Vinrms 18 the input voltage rms.
In CRM, the peak value of the inductor current ipx crm
should be twice the i..f, it can be expressed as
2P, oVin

Ipk_CRM = 20pef = — “4)
MVinrms
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Fig. 3. Relationship between the ipk_drop and ipk_CRM.

In combination with (2) to (4), the relationship between
the ipk drop and ip_crm during the positive half-line cycle
can be obtained as shown in Fig. 3. There are two cases of
the relationship between the i,k arop and ipx crv With output
power variation. At low output power, the i,k crm is always
smaller than the ip_drop in the half-line cycle. The converter
operates exclusively in DCM. At high output power, the ipx_crm
intersects with the ip_4rop, and the converter operates in MCM.
Ifipx crRM > ipk_drop, the converter operates in CCM; ik crM
<ipk_drop. the converter operates in DCM. This enables adaptive
switching of operating modes for power conversion by FOT.

In conclusion, the power boundaries between single DCM and
MCM of the totem-pole PFC under steady-state conditions can
be clarified by FOT. Furthermore, it can simplify the analysis
of the converter by FOT, and limited the maximum switching
frequency. Thus, the fixed #,:» must be selected judiciously in
accordance with the circuit parameters.

B. Turn-on Time Prediction Model

1) DCM Turn-on Time Prediction: After FOT, based on the
peak current principle, the turn-ON time prediction models for
different modes are established to achieve the PFC function.
Fig. 2(a) shows the waveform of inductor current during a posi-
tive half-line cycle in DCM. The expression for the peak inductor
current i during a single switching cycle are as follows:

Tpk = 2of
‘pk — n
Gy ®)
ok = T Uf

In DCM, the relationship between the i..; and iy can be
expressed as
iP;k ton +tf
2 ton + toff

lref = (6)
In combination with (5) and (6), the expression for the 7oy
during a single switching cycle in DCM is as follows:

ton = M + M? + 2Mt ot (7

where M = Liut _ Liw

2) CCM Turn-on Time Prediction: Fig. 2(b) shows the wave-
form of inductor current during a positive half-line cycle in
CCM. The expression for the peak inductor current i,y during a
single switching cycle is as follows:

Z.pk = 22.ref - ival (8)
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Fig. 4. Current waveforms with ZCD signal.

where the iy, is the valley value of the inductor current during
a single switching cycle.
In combination with (5) and (8), the expression for the 7oy
during a single switching cycle in CCM is as follows:
2L iref - ival
ton = ¥ )

Vin

C. ZCD of the Inductor Current

In order to enhance the accuracy of mode switching, it is
necessary to detect the inductor current ZCD signal within the
fixed 7opr to judge the converter operating mode. Fig. 4 shows
the current waveforms with ZCD signal in different operating
modes. The shaded area represents the FOT stage. If the ZCD
signal is present during the 7,yr, the totem-pole PFC operates
in DCM. In the absence of the ZCD signal, the totem-pole PFC
operates in CCM.

In order to enhance the accuracy of mode switching judgment,
the anti-false touch design is added to the software, judging three
consecutive cycles as the same mode before mode switching,
increasing the reliability of the mode switching process.

D. The Proposed MCM Control Strategy

Fig. 5 shows the proposed MCM control scheme. First, the
reference value of the inductor current i..¢ is obtained by the
voltage loop controller and digital phase-locked loop. Subse-
quently, the ZCD signal is generated by sensing the inductor
current i1,. The ZCD signal is employed to ascertain the present
operating mode, select the corresponding turn-ON time predic-
tion formula, and calculate the switching transistor turn-ON time
tox. The ePWM module of the DSP is used to transform the
aforementioned 7,y and the fixed #,z into a PWM signal for
driving the high-frequency switches S; and S>. In the positive
half-line cycle, Sy is driven by the output PWM signal; in the
negative half-line cycle, S is driven by the output PWM signal.

III. CONSTRAINTS OF THE FOT

A. Mode-Switching Power Boundary

Based on the previous analysis, operating in DCM under
low power conditions can improve the efficiency of the con-
verter, while operating in MCM under high power conditions
can reduce the current stress. The FOT determines the power
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Fig. 5. Proposed MCM control scheme.

boundary for mode switching. Therefore, it is necessary to select
an appropriate o for the converter to realize the efficient
operation of the converter in a wide load range. The boundary
power between single DCM and MCM operation is set as Pget,
when the output power P, < Pgt, the converter operates in
DCM; when the output power P, > Pget, the converter operates
in MCM.

To ensure mode switching occurs at the set boundary power,
the maximum turn-OFF time in CRM at P, = P is selected as
one of the constraints for the 7opr. In combination with (4) and
(5), the turn-OFF time 7, in CRM can be expressed as

et L

Vo — Vin '

In combination with (3) and (10), it can be demonstrated that
the turn-OFF time 7, is positively correlated with the v;,. When
the v;, reaches its maximum value v, max, the fopr also reaches
its maximum value foprmax. In order to ensure that the converter
operates in single DCM below the Py, the constraint #; for the
torr Can be expressed as

toft (10)

2L PyetVinmax
Loff = 11 = foffmax = 2
NVinrms (VO - 'Uinmax)

(11)

B. Switching Frequency Limitation

1) Frequency Inversion: The proposed MCM control is a
type of frequency modulation control strategy. Conventional
frequency modulation control strategies, such as the peak current
control for the totem-pole PFC operating in CRM, suffer from
an uncontrollable switching frequency. The switching frequency
is inversely related to the input voltage amplitude, meaning it
increases as the input voltage decreases. Consequently, near the
zero-crossing points of the input voltage, the converter may
experience excessively high switching frequencies, potentially
impacting system stability. Additionally, the high switching fre-
quency leads to increased switching losses and other associated
issues.
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The proposed MCM control utilizes FOT to limit the switch-
ing frequency of the converter while achieving frequency inver-
sion, where the switching frequency is positively correlated with
the input voltage. Once FOT, the switching period is inevitably
longer than the FOT. This approach effectively addresses the
issue of excessively high switching frequencies that may occur
in traditional frequency modulation control, thereby enhancing
the system’s stability.

Fig. 6 shows a comparison of the switching frequency varia-
tions between the proposed MCM control and traditional CRM
peak current control under the identical conditions. As shown
in Fig. 6, the MCM control with FOT can significantly limit
the switching frequency of the converter, achieving frequency
inversion. In conditions of low input voltage and low power, the
lower switching frequency helps reduce switching losses. As
the load power and input voltage increase, the rising switching
frequency reduces current ripple and current stress, thereby
enhancing the system’s load capability.

2) Switching Frequency Limitation: In combination with (5)
to (9), the expression for the switching frequency fcconm and
fpcowm of the converter in CCM and DCM can be expressed as

Jeem = 74
M+turf*\/m (12)
Joem = i .
The constraints for the switching frequency f; are
fmingfs Sfmax (13)

where fi,.x 1s the upper limit of the switching frequency and
Jfimin 18 the lower limit of the switching frequency.

Take the derivatives of the fconm and fpon in (12) with respect
to the v, and P, respectively. It can be demonstrated that the
focem and fpeom are monotonically increasing functions with
respect to the vy, in the operating range, and the switching
frequency increases with the increase of the vi,. The fpowm 1S
a monotonically decreasing function with respect to the P,, and
the switching frequency decreases with the increase of the output
power. In contrast, the fcc is independent of the P,,. Therefore,
it can be concluded that the maximum switching frequency
and the minimum switching frequency of the converter in the
operating range both occur in DCM. The maximum switching
frequency occurs when the P, is minimum and the v;;, is max-
imum; the minimum switching frequency occurs when the P,
is maximum and the v;, is minimum. Therefore, the switching
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frequency constraints can be expressed as

{fdcm > fminavin =0,P, = Pomax

14
fdcm S fmaxa Vin = Vinmax, Po - Pomin ( )

where the P, i, 1S the minimum output power.
In combination with (12) and (14), the constraints #5 and 3
for the 7, can be expressed as

2L Py min (Vo — Uinmay)
toee > to = 1 omin (Vo —Vinmax
off = 12 fmax f!nax 7]VU ’Ui?u‘ms

2LP,
boe < fo — 1 ZLZZomax
off S 13 = 7~ Fenin 02 s

C. Peak Current Limitation

15)

For the purpose of ensuring the safe operation of the converter,
considering practical parameters such as inductor saturation
current and the current-carrying capacity of the switches, it is
necessary to limit the peak inductor current. In combination
with (2) to (9), the peak inductor current of the totem-pole
PFC converter operating in CCM or DCM under FOT can be
expressed as

+ (Vo —vin) tost

2L 16
+ V' M? + 2Mt ) .

in

{ikaCM = lpef
. V;
ipk_pem = 22 (M

where i,_ccwm is the peak current in CCM and iy pcwm is the
peak current in DCM.

The current limitation for the converter is ipkmax. Then, the
inductor current should satisfy

{ipk_CCM < Z'pkmaXa Py > Py

. 7
Lpk_DCM S Tpkmax s Po S Psel~

Following the analysis method in the previous section for (16)
and (17), it can be concluded that the converter reaches its peak
inductor current at full load, and this peak occurs either when the
input voltage Vi, = Vinmax, Or at the boundary between DCM and
CCM operation. The boundary switching voltage between DCM
and CCM will be introduced in the next section. Consequently,
the constraints 74 and 75 for the 7 can be expressed as

; 2
2 Lipkmax Vi rms — 2L Pomax Vinmax

. <
Lot < t4 szzm(_vammﬂx)
fog < s — omax bpkmax

phanax
2Pomax Vo — 1102, ipkma

(18)

where P, . is the full load power.

D. Selection of the FOT and the Mode Switching Boundary

Combined with the above analysis, the fixed 7, must satisfy
the constraints of the power boundary, peak current, and switch-
ing frequency limitations. In combination with (11), (14), and
(18), the constraints of the 7, can be expressed as

max {t1,to} < torp < min{t3,t4,t5}. (19)

Then the boundary of mode switching for the proposed MCM
control strategy can be clearly defined. In ideal MCM operation,
the converter’s mode-switching boundary voltage is v; in a half-
line cycle. When the v;, < vy, the converter operates in DCM.
Conversely, when the v;;, > vy, the converter operates in CCM.
As the output power increases, the proportion of CCM in a half-
line cycle also increases gradually. In combination with (2) to
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TABLE II
KEY PARAMETERS OF THE TOTEM-POLE PFC PROTOTYPE
Parameters Values
Input voltage vi, 110/220 Vac/50 Hz
Output voltage V, 400 V
Output power P, 100-1500 W
Power inductor L 150 pH
Output capacitance C, 2040 pF
Switching frequency f; 30 kHz-100 kHz
| Qs 1 973 96.8 974 972
930
| 85.4 0.970 0.981 0.987 0.991
0.927
0.839
0.529
—s— Efficiency| ]
—— PF i
iTHD
0 o
0 500 1000 1500
Output Power Py(W)
Fig. 8. Performance with average current control in CCM.

(5), the boundary voltage v; can be expressed as

nUiQnrms Volott
NV mstott + 2P, L

(20)

Vp =

IV. EXPERIMENTAL VERIFICATION

To verify the correctness of the theoretical analysis, an ex-
perimental platform for the totem-pole PFC converter is estab-
lished, as shown in Fig. 7. The output power of the converter is
100-1500 W. The key parameters of the totem-pole PFC con-
verter are shown in Table II.

Fig. 8 shows the performance of efficiency and power factor
of the totem-pole PFC converter with conventional average
current control. As shown in Fig. 8, the efficiency and power
factor will decline significantly when the output power is below
500 W. Consequently, the power boundary between DCM and
MCM is set to Pset = 500 W. The peak current constraint
is set t0 ipkmax = 20 A, with switching frequency limits
Jfmax = 100 kHz and f;,,;, = 30 kHz. Assuming the input voltage
rms value remains constant and the converter efficiency n =

15773

97%. According to (19), the constraint of the forr under the
present circuit parameters is 11.16 us < topp < 15.46 ps.

The value of L is a critical parameter, influencing both the
turn-ON time prediction and the mode-switching boundaries. To
improve the system’s robustness and reduce the impact of L
variations on the controller’s performance, the effect of a 10% L
tolerance on the constraints of the 7 is considered. According
to (19), the revised constraints of the fopp 1S 12.28 s < topr <
14.59 us.

To achieve best converter efficiency, we established a loss
model of the converter under the proposed MCM control strat-
egy. Theoretical losses, including conduction losses Pcond,
switching losses P, inductance losses P, and output capacitor
losses Pgsr, are considered. By consulting the power device
datasheets, the necessary parameters for losses analysis can
be obtained. The proposed MCM control is variable-frequency
control across the whole operating range. The final losses are
derived by integrating the losses of each switching cycle within
a half-line cycle. For example, considering switching losses and
conduction losses:

In DCM, the current at the turn-ON moment is approximately
zero, so the turn-ON losses due to the voltage—current overlap
in DCM can be approximately ignored. Only the capacitive loss
is considered. Considering the worst case, the energy of the
capacitive Cogs loss E. is

1 2
EC = icossvo . (21)

The switching loss Py, ccwm forasingle switch cycle in CCM

is obtained as follows:

FPoncem = Kiipk_comfeem
Pottcem = K2ipk comfeem
FPecem = Ec feem

Poyw cem = Poncem + Posicem + Pecem

(22)

where K; and K5 are the coefficients for the relationship between
the turn-ON and turn-OFF loss energies and current, obtained
from the datasheet of the IGBT, P oxcom is the CCM turn-ON
loss, P opecom is the CCM turn-OFF loss, and Pcoccm is the
CCM capacitive loss.

The switching loss PSW_DCM for a single switch cycle in DCM
is obtained as follows:

Porpem = Kaipk_pem foem

Pcpem = Ecfocm
Py pem = Potinem + Pepem

(23)

where P orrpen is the DCM turn-OFF loss and Pepeyy is the
DCM capacitive loss.

From (20), the switching moment z; between DCM and CCM
is obtained as follows:

arcsin (vp)

ts = (24)

w

where w is the angular frequency of the input voltage.
The switching losses of MCM operation can be expressed as

4 ts _ T/4 —
Psw = T / PswiDCMdt + / PswaCMdt (25)
0 t

s
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During the 7, time, the conduction losses include the conduc-
tion losses of the IGBT S5 and diode D,4. During the ¢ time, the
conduction losses include the diodes D and D,4. The conduction
losses for a single switch cycle in CCM and DCM are obtained
as follows:

Peona_cem = feem
( oV pipdt + [ Vepipdi+2 [ Vpi,;dt>
Peona_pem = foem
(fot(m Vripdt + fgm Vegipdi+2 fotf VFiLdt>

(26)

where Pcond_CCM is the CCM conduction loss, Pcond_DCM is
the DCM conduction loss, V is the parallel diode’s forward
voltage from datasheet, Vg is the collector—emitter voltage of
the IGBT from datasheet, and iy, is the inductor current.

The conduction losses of MCM operation can be expressed
as

4 ts T/4 _
Pcond = T / Pcond_DCMdt + / Pcond_CCMdt . (27)
0 ts

Similarly, the other losses of the converter can be estimated.
The whole loss analysis formulas are too complex to be pre-
sented here, but numerical simulations reveal that the converter
operates with lower switching losses in DCM, while the other
losses show little difference. Therefore, increasing the propor-
tion of DCM operation can achieve higher efficiency. Based on
the previous analysis, the proposed MCM control only changes
the mode switching boundary by altering the 7. Therefore,
under the current circuit parameters, a higher efficiency can
only be achieved by adjusting the #opp. From (20), the value
of topr 1s proportional to the proportion of DCM. Therefore,
to improve the converter efficiency, 7oz should be set to the
maximum value within the constraints. Finally, the selection
FOT is topr = 14.5 pus.

From (12), the switching frequency curved surfaces of the
converter in both CCM and DCM across the entire output range
under the current circuit parameters can be obtained, as shown in
Fig. 9. The red line is the converter’s mode-switching boundary
voltage vy, derived from (20). As shown in Fig. 9, the switching
frequency at the mode boundary is continuous, enabling smooth
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Fig. 10.  Operating waveforms at vi, = 220 V. (a) P, = 100 W. (b) P, = 500
W. (¢) P, = 1000 W. (d) P, = 1500 W.

mode switching. For constant output power, the switching fre-
quency is positively correlated with the input voltage under both
DCM and CCM, achieving frequency reversal. This verifies the
correctness of the theoretical analysis. Under the ideal condi-
tions of the current circuit parameters, the converter’s switching
frequency ranges from a minimum of 31.4 kHz to a maximum
of 66.8 kHz across the full load range, with the power boundary
Pyt = 637.4 W, which satisfies system requirements.

Fig. 10 shows the operating waveforms of the totem-
pole PFC converter under the proposed control strategy at
P, = 100 ~ 1500 W, with v;;, = 220 V. When P, < 500 W,
the converter operates in DCM. As the output power increases,
the converter transitions to MCM, with the proportion of CCM
gradually increasing. As shown in Fig. 10, it can be concluded
that the proposed MCM control strategy, based on the FOT,
can effectively realize the MCM operation of the converter. The
converter operates stably over the full load range, and the output
voltage ripple obtains the maximum value of AV = 7.5V at full
load, which is about 1.875% of the output voltage.

Based on the previous analysis, the converter operating in
DCM or CRM experiences high current stress under high power
conditions. CRM is the critical operating state of DCM and can
be regarded as the DCM with the least current stress. According
to (4), the ideal peak current for the converter operating at
P,=1500 W in CRM is calculated to be 19.28 A. From Fig. 10, it
can be seen that when P, = 1500 W, the actual inductor peak cur-
rent, affected by nonideal factors, is 16.2 A. The MCM control
done in this article reduces the peak inductor current by 16.1%
at P, = 1500 W compared to the ideal CRM control, which
will be better compared to the DCM control. This confirms that
the proposed control strategy can effectively reduce the current
stress of the converter compared to conventional DCM/CRM
control strategy.

Fig. 11 shows the operating waveforms of the totem-pole
PFC converter under the proposed control strategy at P, = 100
~1500 W, with v;;, = 110 V. Under the current parameters, the
boundary power between single DCM and MCM is Pgey = 872
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W. As shown in Fig. 11, the converter achieves stable MCM
operation throughout the entire operating range.

Figs. 12 and 13 show the efficiency, PF, and iTHD test compar-
isons between v;, = 110 V and v;;,, = 220 V. As shown in Figs. 12
and 13, the peak efficiency at v;;, = 110 V and v;, =220 V is
94.9% and 98.3%. The proposed MCM control demonstrates
effective PFC with low iTHD under both voltage conditions.

Fig. 14 illustrates the breakdown of losses at P, = 300 and
1500 W, with vy, = 220 V. The converter operates in single
DCM at 300 W and in MCM at 1500 W. Theoretical efficiencies
at 300 and 1500 W are 97.9% and 98.0%, respectively. The
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Fig. 14.  Breakdown of losses at P, = 300 W and P, = 1500 W.
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Operating waveforms in DCM at P, = 400 W. (a) steady state. (b)

measured efficiencies are 97.7% and 97.6%, with efficiency
errors all remaining below 0.5%.

Fig. 15 shows the inductor current ZCD waveform in DCM.
When the converter operates in DCM, after the inductor current
drops to zero, the parasitic capacitances of the high-frequency
switches resonate with the power inductor, causing the inductor
current to oscillate around zero. As shown in Fig. 15, the ZCD
circuit effectively captures the inductor current ZCD signal.
Each time the inductor current crosses zero, the ZCD circuit
outputs a polarity-reversed signal. By detecting this signal, the
present operating mode can be determined, ensuring the correct
and stable mode switching.

Fig. 16 shows the steady state and detailed waveforms of the
converter single DCM operation at P, = 400 W. The converter
output voltage ripple AV = 2.2 V, and the converter can still
be guaranteed to operate stably in DCM mode at the peak input
voltage. Fig. 16(b) shows the detailed waveform of the converter
DCM operation when the v;;, = 305 V and P, = 400 W. At
this time, the switching frequency f; = 53.8 kHz. From (12),
the theoretical switching frequency f; = 54.5 kHz under the
condition can be obtained, and the theory is basically consistent
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Fig. 17.  Operating waveforms in MCM at P, = 1000 W. (a) steady state. (b)
DCM detail. (c) boundary detail. (d) CCM detail.

with the reality, with an error of about 1.3%. It confirms the
correctness of the analysis in the previous section.

Fig. 17 shows the steady-state and detailed waveforms of the
converter operating in MCM at P, = 1000 W. In this figure,
region (1) represents the converter operating in DCM; region
(2) represents the boundary between CCM and DCM operation;
and region (3) represents the converter operating in CCM. Under
this power condition, the converter can achieve stable operation
in the MCM mode, with smooth and stable transitions between
DCM and CCM. Fig. 17(b) shows the waveform of the con-
verter DCM operation when the v;,, = 208 V. At this time, the
converter switching frequency fs = 42.2 kHz, from (12), the
theoretical switching frequency fs = 42.6 kHz, the switching
frequency error is about 0.9%. Fig. 17(c) shows the waveform
at the CCM/DCM switching boundary. At this time, the input
voltage vi, = 276V, and the switching frequency f; = 45.9 kHz.
In combination with (12) and (20), the theoretical switching
boundary occurs at v;, = 280.5V, fs = 46.4 kHz, and the theory
is basically consistent with the reality, the voltage error is about
1.6%. Fig. 17(d) shows the waveform of the converter CCM
operation when the v;;, = 299 V. At this time, the converter
switching frequency f; = 50.1 kHz, from (12), the theoretical
switching frequency f; = 49.8 kHz, the switching frequency
error is about 0.6%. The theory is basically consistent with the
reality, and verify the validity of the analysis in the previous
section.

Fig. 18 shows the no-load startup waveform of the MCM
control strategy developed in this article. At the 7y moment,
the input voltage v;, is accessible to the loop. The #,—#; stage
represents the precharge stage, during which the input voltage
is charged for the output capacitor through the reverse—parallel
diode. At the #; moment, the precharge is complete, and the
precharge circuit is removed from the loop. The 7,7, stage is the
reserved dead time. At the 7, moment, the closed-loop program
begins execution, and the output voltage increases continuously
until it reaches 430 V at the 3 moment due to the no-load
condition. At the 3 moment, the converter transitions to burst
mode operation, and the output voltage is stabilized at 430 V
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Fig. 18.  Waveform of no-load startup.
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Fig. 19.  Operating waveforms of load switching. (a) DCM to MCM. (b) MCM
to DCM.

between t3 and 4. At the 1, moment, the converter switches to
loaded mode and operates normally.

Fig. 19 shows the load switching test waveforms of the totem-
pole PFC converter. Fig. 19(a) shows the converter switching
from P, = 300 W in single DCM operation to P, = 1000 W
in MCM operation. The dynamic response time of the entire
switching process is about 280 ms, and the converter stabi-
lizes after approximately 14 line cycles. The maximum under-
regulation voltage during the dynamic responseis AV, = 12.5V,
which is 3.125% of the output voltage. The maximum over-
regulation voltage is AVy = 8.4 V, which is 2.1% of the
output voltage. Fig. 19(b) shows the converter switching from
P, = 1000 W in MCM operation to P, = 300 W in single DCM
operation. The dynamic response time of the entire switching
process is about 210 ms, and the converter stabilizes after
approximately 10.5 line cycles. The maximum over-regulation
voltage is AVy = 14.6 V, which is 3.65% of the output voltage.
The maximum under-regulation voltage during the dynamic
response is AV; = 1.4V, which is 0.35% of the output voltage.
These results confirm that the proposed MCM control strat-
egy effectively maintains a stable output voltage during load
switching.
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TABLE III
COMPARISON OF MCM CONTROL METHODS
Proposed MCM [17] [14] [16] [19] [13]
Operating mode DCM/CCM DCM/CCM DCM/CCM DCM/CCM DCM/CRM DCM/CCM
Control strategy FOT based AVGC based AVG(&;E‘; Vot AVGC based UPWC based Predictive based
Power devices IGBT(Si) N/A MOSFET(Si) MOSFET(SIC) GaN N/A
Power range 100-1500W 50-650W 100-850W 300-3000W 30-320W 300W
Switching frequency 30kHz-70kHz 130kHz 65kHz 65kHz 72kHz-100kHz 100kHz
Peak efficiency 98.3% N/A 96.5% 99.28% 97.5% N/A
Light-load efficiency o o o o
(10% load) 97.2% N/A 95.6% 98.75% 93.8% N/A
iTHD(10% load) 6.3% 13% 14% 25.73% 6.2% 4%
Mode-switching Clear and
boundaries controllable No No No No No
Single voltage One voltage loop, One voltage loop, One voltage loop, Single voltage Single voltage
Control loops
loop two current loops One current loop One current loop loop loop
Addltlo_nal hardware Yes Yes No No No No
circuitry
Mode judgment
Computational Single DCM/CCM No additional Both the CCM and | Single duty cycle | Both the CRM and calculation and
complexity calculation calculations DCM calculation calculation DCM calculation single DCM/CCM
calculation

9 0.95
=
Q
8
2
£ 09f —— MCM | ]
= —*— CCM
DCM
0.85
0 500 1000 1500
Output Power P,(W)

Fig. 20. Measured efficiency.
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Figs. 20-22 show the efficiency, power factor, and iTHD
test comparisons among the proposed MCM mode control,
conventional CCM average current control, and VOT control
for DCM, respectively. As shown in Figs. 20 and 21, the peak
efficiency of the MCM control strategy is 98.3%, the converter
efficiency exceeds 97% across the full load range, and the
maximum power factor is 1.000. Compared to the conventional
average current control, the converter’s performance at light
load has significantly improved, with the maximum efficiency
increasing by 11.6% at 100 W, the maximum power factor
rising by 0.295, and the iTHD decreasing by 7.1%. When
P, > 1000 W, the converter begins to enter CCM operation under
VOT control. Compared to the VOT control, the converter’s
performance at heavy load improves significantly, especially in
terms of iTHD, with the iTHD decreasing by 4.6% at 1200 W.
It is confirmed that the proposed control strategy effectively
improves the light-load performance compared to single CCM
control and the heavy-load performance compared to single
DCM control, enabling efficient and stable operation across a
wide load range.

Table III presents a comparison between the proposed MCM
control strategy and other recent MCM control strategies. The
comparison covers several aspects, including control strategy,
power range, efficiency, mode-switching boundary, control loop,
additional circuits, and computational complexity. Compared to
the existing MCM controls, the proposed MCM control uses
silicon-based IGBT devices, which can achieve stable MCM
operation with high efficiency, high power factor, and low iTHD
across a wide output range of 100-1500 W with lower costs. Fur-
thermore, the proposed MCM control requires lower complexity
in both control and computation.

V. CONCLUSION

This article proposes a digital control method for the totem-
pole PFC converter operating in MCM, which combines the
advantages of single-mode operation to achieve improved per-
formance across a wide load range. First, based on the FOT,
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a turn-ON time prediction model for both DCM and CCM
is established to unify the control strategies for these modes.
By incorporating ZCD, adaptive mode switching is achieved,
resolving the complexity issues in existing MCM control strate-
gies. Subsequently, the constraints of the FOT are discussed
in terms of the mode-switching power boundary, peak current
limitation, and switching frequency limitation.

This discussion identifies the optimal FOT value range and
clarifies the mode-switching boundary. Finally, the effectiveness
and accuracy of the proposed control strategy are validated
through prototype testing. The experimental results demonstrate
that the proposed control strategy enables stable MCM operation
in the totem-pole PFC converter. The peak efficiency of the
experimental prototype is 98.3%, with a maximum power factor
of 1.000. Compared to the conventional DCM/CRM control
strategy, the proposed method effectively reduces converter
current stress, with peak inductor current decreased by up to
16.1%. When compared to the conventional CCM control strat-
egy, it significantly enhances light-load performance, improving
efficiency by up to 11.6%, increasing power factor by 0.295 and
the iTHD decreasing by 7.1%.
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