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Cycle Estimation-Based Deadbeat Interleaving
Method for Critical Mode Totem-Pole Rectifiers
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Abstraci—In totem-pole boost rectifiers, critical mode
(CRM) operation is associated with varying switching fre-
quency and duty ratio. This makes it difficult to precisely
manage the phase shift between interleaved phases. To
address this challenge, we propose a novel interleaving
method based on cycle estimation. The switching cycle
is estimated by predicting the zero-crossing instants. By
analyzing the input current ripple, the relationship among
phase shift, duty ratio, and switching cycle can be de-
rived. Therefore, after frequency transition, the phase shift
and switching cycle can be updated to provide a precise
deadbeat control. Different from conventional methods, the
proposed interleaving methods can dynamically modulate
the phase shift without the usage of high-speed current
sensors. A 1.6 kW, 160-950 kHz GaN-based, two-phase in-
terleaved totem-pole rectifier is designed as the proof of
concept. 98.24% peak efficiency and 0.995 power factor
are captured. Experimental results effectively validate the
interleaving method.

Index Terms—Critical mode (CRM), cycle estimation, in-
terleaving, power factor correction (PFC), totem-pole.

. INTRODUCTION

N power factor correction (PFC) rectifiers, totem-pole boost
I topology stands out for low component count, simple struc-
ture, and bidirectional power flow [1], [2]. Critical mode (CRM)
operation enhances the converter efficiency by achieving zero-
voltage switching or valley switching through the resonance
between MOSFET C,,,, and boost inductor. However, the trian-
gular current results in a high input current ripple. This compro-
mises the heavy load performance [3]. Employing multiphase
interleaving can enhance the power ratings and mitigate the
ripple current [4], [5]. Fig. | shows the schematic of a two-phase
interleaved totem-pole PFC rectifier. There are two mainstream
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Fig. 1. Schematic of a two-phase interleaved totem-pole PFC rectifier.

scenarios for CRM interleaving: fixed switching frequency and
variable switching frequency.

In fixed switching-frequency scenarios, the controller up-
dates either the on-time or boost inductance to regulate the input
current [6], [7], [8], [9]. Since the switching cycle is fixed, the
carrier and modulation waves are fully decoupled. Thus, it is
easy to realize phase interleaving. However, for CRM operation,
large circulating loss occurs at light load [7]. Increasing the
boost inductance can suppress this circulating loss, but at the
cost of an additional magnetizing circuit [8], [9]. In summary,
although phase interleaving at fixed switching frequency is easy
to implement, both efficiency and control remain unsatisfactory.

In variable switching-frequency scenarios, the on-time,
switching cycle, and duty ratio all vary according to the input
current. This is beneficial to suppressing the circulating current.
However, both the carrier and the modulation waves are updated
in real-time, and the phase shift also adjusts simultaneously.
This necessitates additional control efforts to maintain stable in-
terleaving. Generally, there are two types of variable frequency
interleaving methods: 1) closed-loop interleaving; 2) open-loop
interleaving.

Closed-loop interleaving utilizes a phase-locked loop (PLL)
to dynamically control the phase shift and switching cycle
[10], [11], [12], [13], [14], as illustrated in Fig. 2. The acti-
vation of master phase (v4s—ns) and slave phase (vgs—s) is
initiated by the corresponding zero-crossing detection (ZCD)
signals. Upon the arrival of ZCD, the carrier is reset, triggering
Vgs— M- AS Vgs_ s rises, the output of the phase detection flip-
flop (Phgiff,1) also rises. Subsequently, when vgs_g rises,
Phg; sy, resets. The duty ratio of Phg;s,1 is determined using
the enhanced capture module (ECap) in the microcontroller,
indicating the phase shift between the master and slave phases.
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Fig. 3. CRM phase interleaving scheme based on open loop control.

By comparing Phg;r s with the target phase, if the phase dif-
ference exceeds half of the switching cycle (T%/2), the on-time
of the slave phase is decreased while the switching frequency
is increased to reduce the phase difference.

PLL regulates the phase shift through feedback control [12],
[13]. It dynamically adjusts the phase difference when T up-
dates. However, the bandwidth of the phase detection circuit
limits the phase control responses [11]. This may lead to oscil-
lations at high switching frequency [15].

To enable phase interleaving at high switching frequency,
open-loop approaches are investigated. The operating principle
is illustrated in Fig. 3 [15], [16]. vgs— s is triggered by the ZCD
of master phase. vy,_g is triggered by the signal generated by
vgs—r delayed by T/2, which resets the carrier of the slave
phase. The on-times of the master and slave phases are identical.

Open-loop method regulates the phase shift without employ-
ing phase detection feedback. At steady state, the phase shift
is fixed. However, if T varies, a periodically triggered signal
(such as ZCD) needs to be captured by ECap to inform the con-
troller of the latest T and generate the interleaved carrier for the
slave phase [17], [18], [19], [20]. Hence, the delay and accuracy
of ZCD and feedback of ECap affect the interleaving accuracy
(see Fig. 4). The slave phase counter resets as vys_g rises. A
transition cycle T}, pcqp Occurs in the slave phase, Ty, pcap =
[Ts1(n) —=Tsa(n—1)]/24+Ts1(n). If Ts 1 (n) > Ts1(n — 1),

Additional negative current!
affects in the next cycles, :
introducing fluctuations :

Master and slave phase have 180°
interleaving preceding
frequency transient

Delay of ECap
feedback introduces
negative current

Fig. 4. Feedback delay effects on conventional open-loop interleaving
method with ECap when switching cycle updates.

Tir,pcap > Ts,1(n) > Ts1(n—1). Ty poap is much larger
than the CRM state 75, making the inductor current of the slave
phase fluctuate. Since the slave phase has no ZCD signal, the
introduced negative current cannot be eliminated rapidly and
keeps introducing the slave phase in the succeeding cycles. The
magnitude of these fluctuations directly correlated to the dis-
parity between cycles preceding and succeeding the transition.
These effects are obvious when the switching frequency is low.
In [21], the sensing delay is compensated with modified control
model. In [22], a center-aligned carrier is introduced to generate
real-time interleaved signals and avoid using ECap for a two-
phase system. However, for general multiphase interleaving
control, generation of carrier is hard to design.

For both closed-loop and open-loop interleaving, a signif-
icant challenge lies in how to precisely determine 75 of the
master phase. Delays introduced by ECap and ZCD circuits
jeopardize system performance. Predictive control offers a so-
lution to reduce the sensing delay and simplify control loop
[23], [24], [25], [26]. In [23], [24], deadbeat controller predicts
the optimal duty ratio to achieve sinusoidal input current. In
[25], T is estimated by the sensed input current. In [26], [27],
current zero-crossing prediction is proposed to replace the ZCD
circuit. However, these predictive control systems primarily
concentrate on single-phase operation. Investigating predictive
control for the interaction between master and slave phases is
crucial for advancing interleaving performance.

In this article, we propose an optimized interleaving method
for CRM totem pole rectifiers. It utilizes a T estimator based
on zero-current prediction (ZCP). By employing ZCP, the time
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Fig. 5. Relationship among phase shift, duty ratio and input current
ripple when 1,5 (n — 1) < Dy(n — 1)Ts 1(n — 1).

delays associated with ECap can be eliminated, and the advan-
tages can be better leveraged, With the predicted 7%, it can dy-
namically adjust the duty ratio of the slave phase to maintain an
optimized ripple-cancellation through deadbeat control. There-
fore, the proposed interleaving method achieves the dynamical
phase management that is generally regarded as a feature of
PLL in old wisdom. Since no closed-loop is employed in phase
management, oscillations can be eliminated and the proposed
method is naturally as stable as the open-loop solutions.

The remainder of this article is structured as follows. Sec-
tion II outlines the derivation of the switching cycle estimator
and introduces the proposed predictive interleaving phase shift
control. Section [II elaborates on the design considerations.
Section [V presents the experimental verification and discus-
sion. Finally, section V concludes this work.

[I. PROPOSED DEADBEAT INTERLEAVING CONTROL
A. Switching Cycle Estimator

As defined in Fig. 1, the input voltage is v, with line fre-
quency w;. The input current is i,.. The dc-link voltage is
vdc. The dc load current is iqc. Q1,, (2,; are high frequency
switches and @1, Q2 are line frequency switches. In the fol-
lowing analysis, ¢ = 1 for the master phase and 7 =2 for the
slave phase.

Figs. 5 and 6 illustrate the relationship among phase shift,
equivalent duty ratio, and input current ripple in two adjacent
cycles. Fig. 5 is the scenario when 1,s(n — 1) < Dj(n — 1)
Ts1(n—1). Fig. 6 is the scenario when t,s(n — 1) > D
(n — 1)Ts,1(n — 1). Considering the influence of the resonant
process, D;(n) is defined as the ratio of the time duration over
which the inductor current rises from its valley to its peak, rela-
tive to the entirety of the switching cycle 7 ;(n). The inductor
current can be approximated as a triangular waveform in CRM.

Fig. 6. Relationship among phase shift, duty ratio and input current
ripple when ¢,s(n — 1) > Di(n — 1)Ts,1(n — 1).

1ps 1s the phase shift between the turn-on instant of master and
slave phases.

For phase ¢, the critical impedance is Z,.; and the resonant
angular frequency is w,;. Cy; is the time equivalent Cjss of
high-frequency switches. It can be calculated from the method
described in [28]. Equation (1) defines two variables: time-
equivalent critical impedance Z, ; and resonant angular fre-
quency wy.;

L 1 L
_Z'r',i

Zri = ’
’ 20@1‘

=/2C;;L;. (1)

The turnon period of active switch is T, ;. Phase ¢ delivers
the power of P;, where P; =vq4ciqe/n. 1 is the conversion
efficiency

Wr g

ZZr,iLiPivac( ) - Uac(n))

2

When phase i operates in normal power transfer scenario,
13,:(n) > —2K;L; /vy (n), K; = Quori(2vac(n) — vac)/Li.
wa is the stored output charge, which can be derived
from Cyss -vgs curve in the datasheet, Qo ; = Ud“
Coss (Uds)vdsdvd&

tsr,; represents the ON time of the synchronous rectifier
switch (SR). It corresponds to Q) ; when v, > 0 and ()> ; when
Vac < 0. kpo is the disturbance damping coefficient with zero-
current prediction control.

bpoLiy /550 TE,

Vdc — Vac (n)

/ ac,rms (UdC

Ton i =
() Uac(n)Zm.

(n) +2K;

3)

tsr.i(n)

The deadband between the turning-off of active switch and
the turning-on of SR switch is ¢4 ;;. The process that the
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inductor current ascends to its peak value spans approximately
half of the deadtime interval

ta,r,i(n)
UdC(”) Tz

on,i

Zr,z

arccot 1
+ Vde—Vac (1)

(n)+2K;
arctan

Ton (n)w

Wr g

“

The deadband between the turning-off of SR switch and the

turning-on of active switch is t4,;, which is adjusted with

the zero-current prediction flag. The process that the inductor
current decreases from O to its valley value spans 7/2/w;. ;.

1—ky,o Liv/—
tsR.i s
s.4() kpo * UaC(n) K, <0
Zr,ivV—2K; 1=
tara(n)=q | THACM TGy 5)
Wr i '
1—-k
t i 7})07 [ .
wm+ sr,i(n) Foo K;,>0

Equations (2)—(5) show the calculation results of the
four durations in the normal power transfer scenario. When
phase 4 operates in nonpower transfer scenario, T(fm( ) <
—2K,;L?/v2.(n), and tsr ;(n) = 0. Vp is the voltage drop on
the body diode

arctan —A~——
Ton,i i
td,f,i(n) = - (n)w (6)
i
arctan W Vae
t (n) = on,i T + n 7
d,r,z( ) Wr i UaC+VD onz( ) ( )

Ton,istsR,i»td,ri,td,r,: are all derived in [26]. Equations (6)
and (7) are the calculation results of the four durations in the
nonpower transfer scenario

Ts,i(n) = (8)

For phase 7, the estimated switching cycle T ;(n) can be esti-
mated with (8) by summing these four durations. The equivalent
duty ratio D;(n) in Figs. 5 and 6 is (9)

Toni(n) +tari(n) —m/(Rwr;) +tari(n)/2
TSJ(n).

Ton,i(n) +tsr,i(n) +ta fi(n) +tari(n)

€))

B. Predictive Interleaving Phase Shift

When the switching frequency of master phase equals the
switching frequency of slave phase, the phase shift is fixed, as
shown in (10)

Tiar(n—1)=Ts1(n — 1) <= Yps(n) = ps(n —1).

Considering the switching frequency transition, as shown
in Figs. 5 and 6, the master phase changes before the
slave phases. Tso(n —2) =T, 1(n—2), Tsa(n) =Ts,1(n) =
Ts1(n—1). Tso(n — 1) is determined by the transition pro-
cess. The phase ¢ps(n) varied from 1,¢(n — 1) follows:

Yps(n) =Tsa(n = 1) + Pps(n = 1) = Ty i (n — 1).

(10)

(1)

On the other hand, the slave phase will introduce a transition
cycle Tso(n — 1), and T5 »(n — 1) is not equal to T ; (n — 1),
resulting in a change in the phase shift between the master phase
and the slave phase when the transition cycle is generated, as
illustrated in (11).

C. Deadbeat Phase Shift Control for Cycle Transition

When T, ; changes from T 1 (n — 1) to Ty ; (n), it introduces
a transition cycle T}, as T »(n — 1) and transition phase s ¢,
in the slave phase, as shown in Figs. 5 and 6. In such cases, the
duty ratio of the slave phase D,(n — 1) must be adjusted to
preserve the phase difference.

To maintain the phase shift between master phase and slave
phases, the transient caused by T,(n — 1) on i, must be
null, implying i,.(t2) — 4ac(ts) = 0. Pretransient, i,.(t,) equals
iac(to). Posttransient, for deadbeat control, i,.(tg) equals
iac(te). Hence, i,.(tg) equals i,.(tp). Otherwise, the phase
shift gradually increases or decreases, leading to low-frequency
oscillations in 4, and degradation of the input current iTHD.
Beyond tg, the phase remains at 180°. Therefore, to sustain the
phase shift when updating switching cycles, the duty ratio of
the slave phase should update correspondingly. The derivation
of i,c(tg) is in the Appendix A.

With iac(tg) — iac(to) =0, Dz(n — 1) during Ts’z(n — 1)

can be derived in two cases. When ¢,4(n — 1) < D;(n — 1)
Ts.1(n — 1), as shown in Fig. 5
o (1 —DQ(H—Z))TS72(H—2)
Dy(n—1)=1+4 Toa(n—1)
L A= D) T (n) + (1= Di(n = D)) Tar(n = DL
L]TS 2(n— 1)
_ (LA Lo)(Tea () + T 1 (n = 1)) vac(n)
L ng(n 1)vge. (12)

When 1,5(n — 1) > Dy (n —
[L1 + Lo(1 — Dy(n)]Ts1(n)

1)Ts,1(n — 1), as shown in Fig. 6,

Dan—1) = LiTor(n— 1)
L+ L) (T (n) + T (n— 1))vac(n)  Da(n)Ts0(n)
L Tsﬁz( — l)vdc Ts,z(’n— 1)
L (L1 + (1= Di(n—1)L)Ts 1 (n — 1) (13)

L]Ts,g(’n — 1)

Equations (12) and (13) show the calculation results of the
duty cycle in the transition cycle for achieving i, (tg) = iac(to)-
In our proposed interleaving method, the phase is dynami-
cally adjusted using predictive control, resulting in deadbeat
performance.

A. Phase Optimization in Switching Cycle Transition

DESIGN CONSIDERATIONS

Fig. 7 illustrates the operating principle of the proposed
phase optimization method during switching cycle transition
when v,. > 0. The master phase triggers vgs_ s at the midpoint
of switching cycle. The slave phase reset the carrier (counter
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updates.

value) when v,,_ g rises. Therefore, at steady state, the master
and the slave phases exhibit 180° phase shift. This avoids the
failure induced by the counter-compare mechanism [29].

During the switching frequency transition, a transient switch-
ing cycle T, with a transient phase 1)} 1, exists between the
prior switching cycle T »(n — 2) and the new switching cycle
T »(n) in the slave phase. With the feed-forward switching cy-
cle estimator, the switching cycle and duty ratio between master
and slave phases have T;,(n —2) =T 1(n —2) =Ts1(n —
1), TS,Q(TL) = T571(n), DQ(TL - 2) = Dl (7’7, - 2) == Dl(n - 1),
D;(n) = Dy(n). With the interleaved signal generation mech-
anism, 9y ¢ and Ti, can be derived as follows:

T, —1 T,
Tan—1) =, = =G 2l
! I
qups(n — 1) = ET‘;,I(H — l)a d)ps,tr = ETG,I(H)
Dtr:Dz(’l’L—l). (15)

The transient duty ratio at T »(n — 1) can be derived with
(15). This ratio is calculable through the multiplication of vari-
ables Vac, Ve, Ts,1(n — 1), and T »(n). Detailed derivation is
provided in the Appendix B. Hence, the transient slave phase
on-time Toy, 2(n — 1) can be derived as follows:

s
Ton -1 *D rTr
2(n—1) trd tr + e
t -1
- ‘”’2(2” ) tgrtn—1). (6)

Fig. 9. Interleaving mechanism with switching cycle estimator.

Since the magnitude difference between the voltage used
in the operation and the switching cycle is too large, variable
overflow may occur during the calculation. To optimize the
calculation process, the approximation Dy, approx 1 used

Dtr,approx = [Dl(n - 1) + Dl(n)]/z

Fig. 8 compares the differences between the precisely calcu-
lated transient duty ratio (D:,) and the approximate transient
duty ratio (Dy; approx), demonstrating the feasibility of using
Dyr approx instead of Dyi;. Dyr approx approximates Dy, with
higher accuracy at heavy load. The heavier the load is, the
more accurate the approximation becomes. To speed up the
calculation during the frequency change transition, the formula
(17) is used to approximate the slave phase duty ratio during
the frequency change transition.

a7

B. Control System Implementation

Fig. 9 depicts the pulse width signal generating mechanism
of the proposed method. The driving signal for the active switch
in the master phase is vgs— s, corresponding to (21 and Q1
during the positive and negative half line periods, respectively.
Similarly, the driving signal for the active switch in the slave
phase i vgs_g, corresponding to (), and @)1, during the
positive and negative half line periods, respectively. Both vgg_1
and vgs_ g are triggered by their respective ZCP flags.

The cycle estimator predicts the next T ; based on given
circuit parameters, such as v,c, v4c, and iq.. The carriers of
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Fig. 10. Control clocks of the proposed interleaving method.

the master and slave phases are interleaved directly with the
estimated switching cycle. If the next switching cycle is not
matched with the current switching cycle, a transient switching
cycle T, is generated. To achieve deadbeat interleaving during
switching cycle transitions, the duty ratio of the slave phase is
alternated using (12) and (13).

The proposed method mitigates control delay through
feed-forward prediction, capitalizing on the inherently low-
bandwidth nature of the PFC application. This allows for the
preemptive computation of the input current prior to the up-
coming switching event. Specifically, within our approach, the
determination of the switching cycle is expedited by one full
control cycle, thereby intrinsically offsetting the latency inher-
ent to the control process.

Using a 100 MHz DSP (TMS320F280049) as an example,
the control cycles are shown in Fig. 10. The total calculation
algorithms execute in 1497 T (Tck is the DSP clocking
cycle). The 40 kHz control interrupt service routine (ISR) runs
with 60% CPU utilization. The EPWM parameter updates in
EPWM ISR. During the final switching cycle of the EPWM ISR
utilizing step n switching parameters, the step n + 1 parameters
are updated to the shadow register associated with the master
phase, while the transition parameters are concurrently updated
to the slave phase’s shadow register. These updated parameters
are then loaded into the operational registers at the onset of
the subsequent switching cycle. Upon the initial EPWM ISR
execution for step n + 1, the corresponding parameters are
updated to the slave phase’s shadow register. The EPWM update
process consumes 121 7Ty and remains uninterrupted when
fs < 820 kHz. Consequently, the proposed method is viable
with cost-effective microcontrollers as shown in Fig. 10.

Phase shedding is widely used in interleaved systems to im-
prove the performance at light load. The interleaving algorithm
should work above half load per-phase. For instance, a 1600 W
interleaved CRM totem-pole PFC may work in phase shed-
ding mode below 800 W. When the load exceeds 800 W, both
master and slave phases are enabled. Therefore, performance

—— L;=50 uH Li=40 pH L;=30 uH

’E‘ 400 W 1200
% 350 E 1100
= 0 S 1000
g g
S 250, g
= 3
g =

200 [}
= &
%D 150 SD:D
= =
}-',_). 1 £ 50
53 0 T 0 n
7 v Phase @ =yt vB) Vae Phase g =yt

(a) (b)

Fig. 11. Comparison of switching frequency variation range with differ-
ent inductances at: (a) P; =800 W; (b) P; =50 W when vg. =400V,
Vac = 311sin (wit)V.

of the interleaving algorithm above 400 W (1/4 full load) is
important. Since the switching frequency decreases as the load
rate increases in CRM state, the interleaving control perfor-
mance at low switching frequency is more attractive than that
in high switching frequency.

In the proposed predictive control, the switching cycle is
achieved with estimator instead of peripheral circuit. The
switching cycle variation can be predicted. The slave phase can
be dynamically controlled during the switching cycle transition.
Hence, most high-speed sensing circuits can be eliminated.
On the other hand, as described in the introduction, at high
switching frequency, the time delay due to the ECap feedback
also decreases. Compared with open-loop method, the proposed
method can be implemented on MHz prototype without ad-
ditional hardware cost and has better performance at several
hundred kHz switching frequency case.

C. Switching Frequency Range Optimization

The switching frequency of the CRM totem-pole power fac-
tor correction converter relates to the inductance and load.
A larger inductance results in a lower switching frequency. A
lower switching frequency reduces magnetic and copper losses.
However, if the switching frequency is excessively low, both
Vae and vq. fluctuate during the switching cycle, leading to
control errors. Furthermore, under a digital control system, an
excessively low switching frequency increases the execution
delay of input current control and diminishes the effectiveness
of PFC [30]. Conversely, if the switching frequency is too
high, it will induce a significant skin effect and escalate the
copper and magnetic losses of the boost inductor. Therefore, the
switching frequency range and inductance must be optimally
designed.

In the proposed controller, the control interruption frequency
is set at fcon =40 kHz. To achieve a more effective input
current control, the switching frequency needs to satisfy fs >
4fcon =160 kHz.

T, ; is affected by six parts: L;, C j, Qtot,i» Vacs Vde, £ via
(8). To achieve a stable phase interleaving, T ; should be close
to each other. Therefore, inductor consistency should be guar-
anteed, L; = L,. In Fig. 11, vge = 400V, v, = 311sin (w;t)V.
Cti =450 pF, Qor,; = 145 nC.
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AC input

Bus capacitor
20 uF

Fig. 12.  Prototype of designed two-phase interleaved totem pole PFC
converter.

TABLE |
DESIGNED PARAMETERS

Symbol Parameter Value
. 39.021 pH,
Ly, Ly Boost inductor 39.098 uH
%‘]:‘2’7 %2212 High frequency switches LMG3410R070
Qu,1, Q2,1 Line frequency switches ~ IPW60R180P7
Vde DC-link voltage 400 V
Vae AC input voltage 220 Vyms
Chus DC capacitance 1080 pF

Fig. 11(a) illustrates the switching frequency range for a
single-phase 800 W converter with various inductances. It is ev-
ident that when L; < 40 pH, the minimum switching frequency
exceeds 160 kHz, meeting the required switching frequency
range. Fig. 11(b) depicts the switching frequency range for a
single-phase 50 W converter with different inductances. It can
be observed that when L; > 40 pH, the peak switching fre-
quency under light load reaches approximately 1 MHz. Smaller
inductance leads to higher peak switching frequency. Since
circulating power contributes a significant portion at light load,
higher switching frequencies result in increased magnetic and
conduction losses, which affects the system efficiency. There-
fore, the optimal L; should be around 40 pH.

IV. EXPERIMENTAL RESULTS

To validate the concept, a 1.6 kW GaN-based two-phase
interleaved totem pole PFC prototype is designed, as illus-
trated in Fig. 12. The designed parameters are outlined in
Table I. The controller utilized is TMS320F280049 with 100
MHz clock frequency. The switching frequency range of the
prototype spans from 160 to 950 kHz. High-speed GaN de-
vices LMG3410R070 with integrated drivers are employed
as the high-speed switches, while super-junction MOSFETsS,
IPW60R180P7, are selected as the line frequency switches.

The dc bus capacitor employs an electrolytic capacitor array
to suppress the overall equivalent series resistance (ESR) of
the bus capacitor, thereby minimizing the capacitor power loss.
Compared with single-phase configurations, the interleaved
structure reduces input and output current ripples, resulting in
a higher power level with the same bus capacitance.

i, 5 A/div

Vae 100 V/div
20 ms/div

) [20.0ms 1 25.0M5/5 [ @ / 280A
5M points

@ swa

Fig. 13. Input voltage and current waveforms at 1.2 kW.

Tek Stop.

[
PWMg,, 5 V/div

PWMy,, 5 V/div

G e e S
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T00MS/S
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Fig. 14. Inductor current waveforms at 1.2 kW (grid cycle scale).

The prototype incorporates a starting circuit that precharges
the bus capacitor before switching operations, effectively
mitigating surge currents during the boost circuit’s starting pro-
cess. The boost inductors L; and L, are wound using RM14
cores with DMR51W material from DMEG, suitable for oper-
ation below 3 MHz.

Figs. 13 and 14 show the steady-state operating waveforms
of the designed prototype at 1.2 kW. The waveforms of v,. and
Tac are captured in Fig. 13. As shown, v, and ¢, are in phase,
exhibiting a unit power factor.

Figs. 14 and 15 show the interleaved inductor currents and the
corresponding drive signal. In Fig. 14, at line frequency scale,
ir,1 and ¢, » have smooth envelopes. The slave and the master
phases exhibit currents with identical amplitudes. This indicates
an evenly distributed power between phases.

In Fig. 15, at switching scale, iz, and iz, , exhibit trian-
gular waveforms, achieving a 180° phase shift. Through the
proposed control, a precise interleaving is attained. PWMgq;
and PWM, » rises correspondingly when ¢y, ; and iy, » cross
zero, respectively. Notably, the proposed interleaving method
is compatible with zero-current prediction, thereby avoiding
excessive computational burden.

Fig. 16 records the inductor current waveforms under fluc-
tuating switching frequencies when utilizing the conventional
open-loop interleaving method. As the switching cycle shifts
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Fig. 15. Inductor current waveforms at 1.2 kW (switching cycle scale).
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Fig.16. Inductor current waveforms when switching frequency changes
(conventional open-loop interleaving method).
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Fig.17. Inductor current waveforms when switching frequency changes
(proposed method).

from 3.81 to 4.06 us, an extra switching cycle at 4.27 us is su-
perimposed on the slave phase, characterized by the injection of
a negative current. In the followed cycles, this negative current
has an inherent disruptive effect on the slave phase, manifesting
as fluctuations in the current waveform. Meanwhile, the master
phase preserves its CRM state.

Fig. 17 records the inductor current waveforms under fluc-
tuating switching frequencies when utilizing the proposed in-
terleaving method. The master phase switching cycle shifts

-~ Single phase (one phase shedded)
Two phase interleaved (open-loop)

Two phase interleaved
(proposed method)

1.00

bl
o
©
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iTHD [%]
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Output power [W] Output power [W]

(@) (®)

Fig. 18. Test results: (a) power factor; (b) iTHD.
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Fig. 19. Measured efficiency.

from 4.08 to 4.28 us. During the frequency transition, the
slave phase injects an additional switching cycle 4.18 us, and
4.08/2 +4.28/2 =4.18. In the injected cycle, the master phase
current and the slave phase current have 180° phase shifts.

Fig. 18 displays the power factor and input current THD
of the tested prototype. As shown, the proposed interleaving
method demonstrates better THD performance compared with
the conventional open-loop interleaving. In both methods, the
power factor is above 0.995. The proposed method enhances the
interleaving PFC performance, with the prototype achieving a
power factor higher than 0.995 from 20% load to full load. At
1.6 kW, the input current THD is measured at 4.31%.

In Fig. 19, the efficiency of the tested prototype is recorded.
The blue curve represents the efficiency using proposed pre-
dictive interleaving method. The green curve is the results
under conventional open-loop interleaving method. The peak
efficiency reaches 98.24%. Efficiency of the proposed method
and conventional open-loop interleaving are close to each other.

In Fig. 19, the conversion efficiency of the test prototype is
depicted. The blue curve represents the measured efficiency us-
ing proposed predictive interleaving control method. The green
curve is the results under conventional open-loop interleaving
method. The peak efficiency reaches 98.24%. Efficiency of the
proposed method and conventional open-loop interleaving are
close to each other. At light load, the dominant power loss
is magnetic loss. Switching to single-phase mode enhances
the system efficiency. As the load increases, conduction loss
dominates. Switching to interleaving mode is beneficial to
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TABLE I
PERFORMANCE COMPARISON ON INTERLEAVING CONTROL ALGORITHMS

Reference [6] [12] [14] [17] Proposed
Power rating 1600 W 200 W 1000 W 1000 W 1600 W
Conduction mode CCM CRM CRM CRM CRM
Soft switching ZNS ZVS ZNS/ZCS ZNS ZNS/ZCS
f:vrve‘f;gfcgy 200kHz fixed 300kHz—900 kHz 100 kHz—550 kHz 80 kHz—140 kHz 160 kHz—950 kHz
High-speed Master + slave Master + slave ZCD ~ Master + Slave ZCD Master ZCD N/A
current sensing current sensing
High-speed N/A N/A N/A Master + slave ZVD N/A
voltage Sensing
Interleaving method  Fix switching frequency Closed-loop PLL Closed-loop PLL Open-loop Feedforward predictive
Controller DSP DSP+FPGA DSP DSP DSP
Peak efficiency 98.21% 96.9% 97.85% 97.83% 98.24%

system performance. However, at heavy load, the conduction
loss of the line frequency switch (Q;;, @2,;) surpasses that
at light load. Despite the power processed by the master and
slave phases being equivalent to the single-phase power at light
load, the ratio of total loss to input power remains high at
heavy load. Consequently, peak efficiency is achieved at single-
phase mode.

A comparison among the proposed and some recently re-
ported interleaving method is made and summarized in Table I1.
The proposed method is compatible with soft switching per-
formance, wide switching range that is from hundreds kHz to
MHz, low-cost controller without high-speed current/voltage
sensing, and good peak efficiency.

V. CONCLUSION

In this article, we present a deadbeat predictive interleaving
method for totem-pole PFC rectifiers. Through the switching
cycle estimator, the switching cycles of the master and slave
phases are obtained, enabling a direct generation of interleaved
carrier signals. By analyzing the multiphase interleaved input
current ripple, the slave phase duty ratio can be determined dur-
ing frequency transition to dynamically control the master-slave
phase difference. The master and slave phases are triggered
by their respective zero-current prediction flags. The switching
cycle estimator and the zero current prediction method are com-
patible, eliminating the need for high-speed detection circuits
and current sampling units, thereby reducing the computational
burden.

A GaN-based 1.6 kW totem-pole PFC converter prototype is
designed as the proof of concept. The prototype achieves two-
phase interleaving of the master and the slave phases within a
switching frequency range from 160 to 950 kHz. It attains a
power factor exceeding 0.995 from 20% load to full load. The
peak efficiency reaches 98.24%, and at rated power, the THD
of the input current is measured at 4.31%.

APPENDIX A
DERIVATION OF CURRENT RIPPLES
In Figs. 5 and 6, the slope of ¢, is m; during in-
stant ¢;_ —t;, t=1,2,...,8. Fig. 5 is the scenario when

Yps(n —1) < Dy(n— 1)Ts1(n —1). The switching instant
current of 7,. can be derived

tac(t1) =my [hps(n — 1) + Da(n — 2)Ts2(n — 2)
- 872(” = 2)] + dac(to)
lac tz =my [1 — Dz(n — 2)] Ts’z(n — 2) + iac(tl)

1n = DTs1(n = 1) = Yps(n = 1)] + dac(t2)
Di(n — D] Ts,1(n — 1) +dac(t3)
5 [Wps(n) + Do(n — )T, p(n — 1)
= Tsp(n —1)] +dac(ta)

I
3

[D
=m4[1
[

iac<t6) = Mg [1 — Dg(n — ])] TS)Q(TL — 1) + iac(ﬁ5)
iac(t7) = m7 [Di(n)Ts1(n) — tps(n)] + iac(ts)
tac(ts) =mg [l — Di(n)] Ts,1(n) + dac(t7).
The slope is as follows:
_ Uac + Vac Vde — Vac
my == - —
T L L "= Ly
Vac + Vac Vdc Vac + Vac
my=—+—, my=————— + —
3= L] ) 4 L] L2

19)

Fig. 6 is the scenario when ps(n—1)>Dj(n—1)
Ts,1(n—1). The switching instant current of i,, can be
derived.

Z.ac(tl)

ms=1mp, Me="M2, M7 =13, T3 = 14.

= mlDl(n — l)Tsyl(n — 1) -+ iac(t())

Zac(tz) =my [¢ps(n — 1) — D](n - I)Ts’l(n — l)] + iac(tl)
ch(t'g) mqD2(n — I)ng(n — 1) + iac(tz)
Zac(t4) m4[ sl(n_ 1)_wps(n_ 1)

—DQ(TL — l)Tsyz(n — 1)] + iac(t3)

iac t7 == m7D2(n)Ts,2(n) + Z.ac (tﬁ)

- wPS(n) - DZ(”)Ts,Z(n)] + dac(t7)-
(20)

)

t6) = Mg [wps(n) — D (n)Ts,l (n)] + 7:auc(tS)
)
)
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The slope is as follows:

ml:&_vdcfvac7mz:_vdc*vac_vdc*vac
L, L, L, L,
mzz_vdc Vac +%’ m4:_vdc_vac _Udc_vac
) L, L, L, L,
ms =My, Me = M2, M7 =13, 1§ = 14. (21)

APPENDIX B
TRANSITION DUTY CYCLE DERIVATION

The transient duty cycle at Ts,(n — 1) can be derived
with (12), (13), and (14). When ps(n — 1) < Dy(n — 1)T},
(n—1), or Dy(n — 1) > 0.5 for two phase interleaving

Dy =Ds(n—1)=

When 9ps(n—1) > Di(n—1)Ts 1 (n —

1
trUdc

- 2Ts,l (’I’L - 1)”&0 (TL) + T vge + 2Ts,l (Tl - 1)'Udc

*Dl (n)Ts,l (n)vdc - 2D1(TL - I)Ts,l (TL - l)vdc] .
(22)

[—2T5.1(n)vac(n) + Ts.1(n)vac

1), or Di(n—1)<

0.5 for two phase interleaving

(1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

Dt'r = DZ(TL - 1) =

1
trUdc
+ 2TS’1(’I7, — l)vdc — 2D1(n)T5’1(n)vdc

—Di(n —1)T51(n — 1)vge + 215 1(n)vge)

[—4Ts.1(n — 1)vec(n)

(23)
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