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Abstract—Given the telecom base transceiver station (BTS) load
mission profiles, a mixed conduction mode (MCM) control for a
bridgeless boost PFC converter (IPOS boost) is proposed to mainly
improve its power factor and reduce the input current total har-
monic distortion (THD;) in the light-load conditions. The principle
of the MCM control and the efficiency analysis are introduced.
Then, the experimental verification is performed to show the con-
trol effectiveness and performance improvements. Furthermore, a
mission profile-based reliability assessment for the PFC converter
is presented to analyze the IPOS boost under the classical average
current (AVC) control and the proposed MCM control, along with
its conventional boost counterpart under the AVC control. Consid-
ering the measured efficiency data and BTS typical mission profiles
in a rural area, the analysis results indicate that given 20 years of
operation, the accumulated failure of the IPOS boost under the
AVC controlsis 0.27 %, and is further decreased to 0.24 % by just the
software update with the proposed MCM control. By contrast, the
accumulated failure of the conventional boost counterpart under
the AVC control is 2.06 %, much higher than the IPOS boost.

Index Terms—Base transceiver station (BTS), bridgeless,
mission profile, mixed conduction mode (MCM), power factor
correction (PFC), reliability analysis, wear-out.

I. INTRODUCTION

N THE power distribution system for the telecom network,
I ac—dc power factor correction (PFC) converters are exten-
sively used [1], [2]. With the concerns of increased operation
electricity bills, many efforts in recent decades have been de-
voted to the bridgeless topology-related evaluations [3]-[5],
derivations [5]-[8], and controls [1] for their efficiency superi-
ority over the conventional topology counterparts. Besides, PFC
converter optimization for the high performance in a wide load
range is also meaningful [9]-[15]. This article focuses on one
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Fig. 1. PFC converter in the power distribution system for base transceiver
station (BTS) applications. (a) Typical configurations in rural area. (b) One
typical day power load in a rural area [1] with increased power loads in daytime
and decreased loads in night. (c) Key simulation waveforms of the input-parallel
output-series bridgeless boost (IPOS boost) in a light load.

bridgeless boost topology for its performance improvement by
the control method.

The IPOS boost and input-parallel output-parallel (i.e., dual
boost) bridgeless boost PFC topologies are categorized into two
bridgeless groups [7]. Then, along with the conventional boost
PFC converter (conventional boost), they are compared with the
assumption of being used in the BTS application [see Fig. 1(a)].
The benchmarking results indicate the efficiency superiority of
the IPOS boost among other compared converters [7]. And, the
IPOS boost with the unique dc split structure also triggers further
research interest, as presented in this article.

Given one typical day load mission profile [see Fig. 1(b)]
and the power supply unit (PSU) output power ratings, the
BTS actually operates in the idle mode most of the time. It
means that the PFC converter efficiency, power factor (PF), and
input current total harmonic distortion (THD, ) in 20%—40% load
condition are critical [1]. Unfortunately, the conventional boost
designed in the continuous conduction mode (CCM) operation
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with the classical average current (AVC) control suffers from
the deteriorated PF and THD; in the light-load conditions [16].
This is because that the inductor current enters the discontinuous
conduction mode (DCM) operation near the zero-crossing of the
ac input [see Fig. 1(c)] and it makes the original CCM control
inefficient [17]. This phenomenon is also observed in the IPOS
boost [see Fig. 1(c)]. Various types of mixed conduction mode
(MCM) controls for the conventional boost are proposed [13],
[17]-[22] with the CCM control law applied to the CCM and the
DCM law for the DCM, respectively. From the implementation
perspectives, these MCM controls can be divided into following
two groups, roughly.

1) In the first group, they separately calculate both the DCM

and CCM duty cycles, and based on selection rules, one
of the calculated duty cycles can be employed [18], [19].
Although this control strategy increases the digital signal
processor (DSP) calculations since only one duty cycle is
used finally, the advantage is that the conduction mode
detection circuit or program is spared and there is no
additional material cost.

2) On the contrary, the second group uses conduction mode

detection algorithms to avoid the calculations of both
the DCM and CCM duty cycles [13], [17], [20]-[22].
However, auxiliary sampling circuits [13], [20] or high-
performance controller with internal comparators [21],
[22] have to be used for mode detection. The aforemen-
tioned MCM controls are implemented in the conventional
boost. This article proposes an MCM control for the IPOS
boost and adopts the first group control strategy to avoid
the extra material cost. Moreover, the DCM duty cycle is
fitted to reduce the calculation time.

In the second part of this article, motivated by the high relia-
bility request of the BTS in rural area [23], the [POS boost and
its conventional boost counterpart are targeted for the reliability
assessment. Besides, the question of how much the MCM control
affects the IPOS boost will be revealed. Until now, many PFC
converter reliability-related works [24]-[27] mainly discuss
the aluminum electrolytic capacitors (Al-Caps) annihilation for
the lifetime compatibility with the light-emitting diode. Because
Al-Caps are seen as one of the major fragile parts in power
converters [28]. However, how much the lifetime improvement
for the converter without Al-Caps is actually not explored quan-
titatively. Moreover, although many Al-Cap-targeted reliability
researches are conducted [28]-[31], the detailed PFC converter
level reliability analysis is not seen.

In the other literature [24], [32]-[34], empirical-based com-
ponent reliability models [35] are used to estimate the PFC
converter reliability performance. For example, Ranjbar et al.
[32] and Abdi et al. [33] adopted the fixed failure rates of
components from U.S. Military-Handbook-217F to assess the
lifetime of PFC converters. Although this method is simple, it
suffers from low accuracy [36]. Because these constant failure
rates are only statistic results based on random failures observed
in the useful life region of the bathtub curve [37] (see Fig. 2), and
the component manufacturing technique differences or the real
mission profiles are typically not taken into account [24], [34].
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Fig.2. Classical bathtub curve of a device failure rate F(7) in different regions.

Thus, the PFC converter reliability assessment in the wear-out
region, which relates to different topologies, mission profiles,
and control strategies [37]-[39], is still not covered. Meanwhile,
the shrink of the useful life region, mainly driven by the com-
mercial electronics industry since 1990s [36], has also made
the failure rates in the wear-out phase a key role in design and
reliability prediction [36], [39].

This article presents a mission profile-based approach for the
PFC converter reliability assessment in the wear-out region. The
long-term mission profiles and the built electro—thermal models
are used to derive the time-dependent accumulated failure of
the critical components (i.e., semiconductors and capacitors).
Similar approaches have been used to analyze the reliability
of a dc—dc converter [40], a microinverter [41], and modular
multilevel converters [42]. However, due to the differences in
applications, topologies, and controls, the mission profiles and
electro-thermal models are significantly different from oth-
ers [40]-[42].

The major contributions of this article are summarized as
follows.

1) An MCM-controlled IPOS boost with reduced DSP cal-
culation time is proposed mainly to improve the light load
performance (PF and THD;).

2) The accumulated failure of three targeted converters is
estimated quantitatively by an adapted mission profile-
based reliability analysis method for PFC converters.

The rest of this article is organized as follows. In Section II,
the MCM control for the IPOS boost is introduced, followed by
the power loss analysis. In Section I11, the experimental results of
the prototype are given. The PFC converter reliability analysis
is conducted, and the results are given in Section IV. Finally,
Section V concludes this article.

II. MCM-CONTROLLED IPOS BOOST

Without any hardware modification in the IPOS boost to
increase cost, this part aims to use only the control algorithm
to improve the converter performance. Meanwhile, the PSUs in
the telecom are commonly required to have the online software
update ability, which means that the new control algorithm may
also be accessible by the software update for the deployed PSUs
in the real field.

A. CCM Operation Control Laws

The CCM control law is based on the AVC control and was
introduced in [7]. The CCM operation modes of the IPOS boost
in the positive half-line cycle are shown in Fig. 3. According to
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the operation modes, it can be known that the IPOS boost has the
similar model as the conventional boost presented in [43]. Thus,
the CCM duty-cycle feedforward (DFF) deem g for the IPOS
boost is derived. The average switch voltage vs2 ave across S
in the IPOS boost is

=1 ey

where d.p, is the duty cycle for the CCM and V/, is the output
voltage. Then, to make the compensated average switch voltage
close to the input voltage, dcem g is derived as

dccm,ff =1~ 2Uin‘/o

US2,avg - dccm)‘/o2

2

where vy, is the instantaneous input voltage.

B. DCM Operation Control Laws

The average inductor current 71, ,, is seen as the input current
iin is
Tdecmvln
2L (3)
where dgcm is the inductor charging duty cycle in DCM, dyg
is the discharging duty cycle, and 7y is the switching cycle.
Based on the volt-second balance of the inductor, i.e., Vi, dgem
= (1/2V4—vip)-dog, (3) can be re-expressed as

0. 5TS ddcn12 Vo Vin

Z‘in (t) - ZL avg(t) (ddcm + dof‘f)

L ave = . 4
Lave = 5T 0.5V, — vim) @
Given (4), the instantaneous input power p;, is
. 05TSd ch‘/vo’Uin2
pin(t) - vin(t) : 'LL,avg(t) - d (5)

2L(0.5V0 — Uin)

Then, considering pi, = Vin“iref> ddem 0 (5) is derived as
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where i,¢ i the inductor current reference-generated based on
the AVC control scheme, and it is

(7

. 2
lref = kevevin‘/in,avg

where v, is the output voltage error signal generated from the
outer voltage loop, k. is the constant in the AVC control, and
Vin,avg 1s the average input voltage value.

Replacing ..o in (6) with (7), dgen 1S re-expressed as

Do = Kyve [ Vi sin (wi)| @)
" Vinavg 0.5V,

where K = (2Lk./Ts)" is a constant, V4 is the maximum input
voltage, and w is the line angular frequency. Equation (8) can be
used to implement the DCM control.

Furthermore, (8) can be fitted to avoid the use of the square
root function for the relief of the DSP calculation burden. First,
[1—Vasin(wt)/(0.5V,)]° can be fitted by the Taylor series,
which was also be employed in [44] and [45], and show ef-
fectiveness. The Taylor series use evaluated series at a chosen
expansion point a to fit an equation, which is

£a) = f(a) + D -0 ¢ LD 0 a2
ﬂ%)@—af+~~. ©)

3!

Assume sin(wt) in (8) as the variable x and then (8) is fitted
by the first and second terms of the Taylor series, as

ddem 0 = Ky/ve _ M xo—mi(x_xo)
o Vin,avg 0~5V0 Vo VM Zo
- 0. 5V,
K /T e\ 7/, Va. Vu
= 1— 1M, M
Vinave < 0.5V, a:0> ( v,

To determine x in (10), ignoring the phase shift between v,
and 7;,,, the PF of the IPOS boost determined by the fitted duty
cycle dqem,fo is derived in (11) shown at the bottom of the next
page, where m = Vi/V, and dgy = Do?/(1—2m-x0).

Do 2L(0.5V, — vin)Pin _ 2L(0.5Vy — Vin )iret Based on (11), Fig. 4 shows PF curve with 2y and m as
dem 0.5T5V,vin2 0.575 Vo vin variables. As indicted in Fig. 4, when 2y = 0.865, PF remains
(6) high within the given input voltage range (represented by m).
1 [ (05T, ViPlsinwt® g Vagg Yo n t
pro L _ P _ = Jo | 05Vs Valsinar o (1 — phao — 9 [sinwt|) “Jd(wt)
~ S VinrusTin rums ) 2
- - ™ .5 o Vum|[sinw . 4
%fo {(O 2TLSV ) (0.5VOM—|VM\si?1wt|> df02(1 - ‘%IO - VTIZI sinwt|)" | d(wt)
2 (7 \sinwt| (- “//IZI 107“%[‘Smwt|) sinwt|*(1—-mxzo—m|sin wt
o \/:fo 0. 57—|51nwt\ d \/7f0 | l O 5— m\;)mwl\ D d( ) (11)
T |sinwt\2( “//M O_V7|SIHUJtD \/f |Sant‘ (I—mao— m\51nwt\)4d( t
> 2 d m|sin w w )
\/fo (0. 5——\smwt\) ( ) 0 (0.5-m| tl)
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Thus, dgem,fo is re-expressed as

K/ ve
ﬁ(l —0.865m — Wy |sinwt|V5).

12
Vin,avg‘ ( )

ddcm,fl =

Note that vy, is assumed to be the nominal value in the long-
term operation, and then m is seen as a constant (=0.389). Thus,
ddem, g1 in (12) is further simplified as

K\ /ve . i
Ve (1.1618 L7532V |sm(wt)> (13

in,avg Vo

ddcm,f2 =

Besides, in the digital controller, v, in (13) is a constant in the
steady operation and proportional to the output power (X Zyef),
as indicated in (7). Thus, as shown in Fig. 5, /v, can be fitted
by one linear or piecewise functions Ky p-ve+Chit n in certain
v, ranges. And then, (13) can be re-expressed as

K (Kgtve+Cht)

Vin,avg

ddcm,ﬁt =

(1.1618— 1.7532Vyy [sin(wt) ) .

Vo
(14
It can be seen that by using (14) instead of (8), the DSP cal-
culation burden can be reduced through eliminating the square
root function. Thus, the computation time in each switching
cycle is reduced. Note that the value of v, is affected by the
control parameters, e.g., ke in (7). In our case, v, is around 130 in
100-W load and 460 in 400 W, as observed in the DSP register.
Only one linear equation is used finally with Kgz; = 0.024 and
Cgy = 9.75.

C. Control Blocks

Fig. 6 shows the MCM control diagram for the IPOS boost.
Note that it is identical to that under the AVC control, and thus,
there is no increased cost. However, the input voltage sampling

9677

Power stage DR% Pl
e YT
v | T e
A ARITL LY Vol 13
vy »J C]IJ__I:VCI h
DR KDI

T
k1 Dr1ve circuit t L
Vg nn¢ 3

A
W

—AAA
Wy

MCM | T o

control ' PEM [ lEq.(14) e, it 4
| mode ! i

VTef ' I | Mln'(ddcm,ﬁt . dccm)

OIS, =] T mode ™ [di

+ B |1 |4 Bt Y '

in,n, > I‘ - o2 Pl s '

A - .

: dccm,ff :

|iL,n >

Fig. 6. Control scheme of the MCM controlled IPOS boost with the CCM
control law implemented based on the AVC control principle, along with the
DFF, and the DCM control law achieved by (14).

circuit of the IPOS boost is slightly different compared to the
conventional boost.

Among the MCM control block in Fig. 6, the CCM control
principle is based on the AVC control with the CCM DFF for
the TPOS boost, different from the DFF of the conventional
boost [18]. The DCM control law is (14) oriented, derived
directly from the DCM operation, not as the DCM DFF. Besides,
instead of using a lookup table, auxiliary circuit, or relatively
limited switching frequency, the simplified DCM duty cycle for
the TPOS boost is achieved by the Taylor series [44], [45] to
reduce the DSP calculation time.

In the proposed MCM control, both the dgcm ¢ and deem
are calculated during each switching cycle in the DSP. And, the
minimal one of dgcm f¢ and deerm, Will be chosen finally for the
duty cycle d in the next switching cycle, similar to the other
MCM controls in [18] and [19].

D. Duty Cycle Selection and Power Loss Analysis

To estimate the power loss between the MCM and AVC

controls, for simplifications, assumptions are made as follows.

1) The simplified duty cycle of the MCM control with v, in
(14) is hardly determined, and thus, it is assumed to be
the theoretical DCM duty cycle given in (6) for the power
loss estimation.

2) When the converter under each control method, the cor-
responding duty cycle is assumed to be the theoretical
expressions in the CCM and DCM without concerns of
disturbances.

3) Power losses of the snubber circuits across MOSFETS are
not considered, and the input common-mode (CM) choke
is seen as the pure resistor.
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TABLE I
DESIGN SPECIFICATIONS AND SELECTED COMPONENTS FOR CONVENTIONAL AND IPOS BOOST

Descriptions Parameters Components Topology / Part no. / Quantities
Switching frequency fs 65 kHz Inductors L IPOS: 254* uH, 0077094A7 x1
Line frequency cycle f, 60 Hz (WF € 25% ~ 40%) Conv.: 508* uH, 0077730A7 x 1
RMS input voltage Vi, 110 Vac (90~135 Vac) Switches + Heatsinks IPOS: IPW65R045C7 + SW25-2G (11.4°C/W) x2
Output voltage Vo 400 V (Tea1,s€ 100 £2°C) Conv.: IPW65R045C7 + PA-T21-38E (3.1°C/W) x1
Output power Py 850 W Output capacitors C'x IPOS: LGG2E152MELBS50 (250 V / 1500 pF) x2

Output voltage ripple V5, 1ip < 10V @ 850 W

(Tear,c€ 95 +5°C)

Conv.: LGG2W391MELB40 (450 V / 390 uF) x2

RMS input current [jy,
Ambient temperature T

<10 A @ 850 W with 90 Vac
-20 °C to 65 °C (Tam)

Diodes + Heatsinks
(Teal,p € 100 £2 °C)

IPOS: IDH06G65C5 + SW38-2G (10.2°C/W) x2
Conv.: IDHO6G65CS + SW38-2G (10.2°C/W)x 1

Hold-up time tyo1q
Input CM filter

10 ms @ Vg min =320V
1 mH x1, 2.2* uF x2

Rectifier diodes + Heatsinks
(Teal,pr™ € 135 £2°C)

IPOS: BU2506 + YB32-4G (6.8°C/W) x1
Conv.: PB4006 + PA-T21-38E (3.1°C/W) x1

*Note: 1) Tea1, DR is set to “135 £ 2°C” since DR has higher thermal stress ability. 2) By following the same inductor ripple current factor, the IPOS boost can have smaller
inductance than the conventional one [7]. 3) Additional parallel CM film capacitors are located in the bottom side of the board.

dgem @600 W Selected d @600 W
0.8 { 0.8 @
2 \< oo @400 W 74 o Selected d @400 W
206 < > /1A Lo \ /
2 S 4~ | N ! !
Dg 0.4 ! g 04 : :
0.2 i 0.2 i 7 i
deem || s s
0! i 0! T T
208 417 625 833 2.08 417 625 833
o tms) | T omy
600 W } 600 W]
11,600 12,60 11,600 i B60
400 W 400 W |
{1400 200 1400 faao
Mode DCM ~ CCM  DCM  ModeDCM ~ CCM  DCM
(2) (b)
Fig. 7. Examples of theoretical duty cycles at different power loads for the

IPOS boost under the MCM control in a half-line cycle. (a) dcem and dgem -
(b) Selected duty cycle d. Note: The minimal value of the dgcy, and deem are
selected for the final used d in each Tg and here shows the values of dgcm,
dcem, and d in a half-line cycle in two different loads.

4) The inductance discrepancy of the inductor caused by the
“permeability versus dc bias” curve in the Kool Mp core
is not considered [46].

For power loss estimation, Table I gives the design spec-
ifications and selected components for the IPOS boost and
conventional boost, which follows the same component sizing
criteria. Section III has more details.

In one half-line cycle of the ac input, the time period of the
converter in the DCM and CCM operations should be clarified
for the power loss estimation. In the DCM, the theoretical duty
cycle dgen is given in (6), which is dependent on the power load.
In the CCM, the theoretical duty cycle dccy, is

0.5V0 — Vin
0.5V,

which is also the theoretical duty cycle of the AVC control.
Then, based on the DCM and CCM duty cycle expressions
in (6) and (15), respectively, along with the specific parameters
in Table I, exemplified dcc,, and dqc, in one half-line cycle
are plotted in Fig. 7(a). Meanwhile, according to the “minimal
value” selection criterion, the finally used duty cycle d is shown
in 7(b). It can be seen in Fig. 7(b), dqcn, is only employed near
the zero-crossing of ac input (i.e., near ¢ = 0 or 8.33 ms) where
the inductor current likely becomes DCM operations in the light
loads [see Fig. 1(c)]. In addition, since dq.y, is load-dependent,

5)

dCCm =

s S —Mcmcul. s 8 —Mcmcn.
T 4.5 —AVEEHL = 4.5 t——-AVC Ctrl.
% 3| MOSFET 2 Diode,  _~
g = k) rectifier
515 //</ S 15[ = Cap.
] 0 =" OQutput diode ] 0 //
100 250 400 550 700 850 100 250 400 550 700 850
Output power (W) Output power (W)
- (a) (b)
£ |—McM cul. 0.98 —— MCM Cirl,
\B-/ —__AVC Ctrl. o _——-AVC Ctrl.
% 20 & 0.97 e
2 Total loss __— 1 T 096~
— t 7]
” 10 inductor 2 0.95
" o= 0.94
100 250 400 550 700 850 100 250 400 550 700 850
Output power (W) Output power (W)

(© (d)

Fig. 8. Estimated component power losses of the IPOS boost under different
controls in (a)—(c) and estimated efficiency in (d).

the time instants ¢; and t,, indicating the DCM and CCM
operation periods, also change with power loads.

As shown in Fig. 7, let (6) be equal to (15) (i.e., decem = ddem)
and considering vy, = Vprsin(wt), the time instants ¢; and ¢, for
different power load to distinguish the DCM and CCM periods
in one half-line cycle can be derived as

. (TsVoW® — 2LP,V,
t1 = sin 3
2TV
(16)
.1 (TsVoVa2 — 2LPR,V,
to = m —sin 3 .
2TV

Based on (16), the IPOS boost is considered to operate in
the DCM if ¢; >t >0 or to <t < T1,/2 and in the CCM if
t1 <t <ts(seeFig. 7).

The component power loss calculations in the DCM are given
in the Appendix and the CCM part can be found in [7] and
[47]. Combining ¢; and ¢, in (16), the parameters in Table I and
the power loss calculation equations, Fig. 8 shows the power
loss calculation results. Note that the power loss under the AVC
control is estimated by pure CCM duty cycle. As observed in
Fig. 8, the MCM control can slightly improve the efficiency in
the light-load conditions (max. around 1.0%).

From the control perspective, in the DCM period (near t = 0
or 8.33 ms), the lower dg.,, is employed in the MCM control
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Fig. 9. Criteria-satisfied component combinations for targeted converters.
(a) Conventional boost. (b) IPOS boost.

compared with d.., in the AVC control [see Fig. 7(a)]. Thus, this
efficiency improvement can also be perceived as the lower duty
cycle in the proposed MCM control contributing to the lower
inductor current and power loss. This also explains why this
efficiency improvement is gone in the heavy load; since in the
heavy load, both the MCM and AVC controls employ the CCM
duty cycle. In fact, because the MCM control can lead to low
THD; in the light loads, it means less distorted current flowing
into the converter and it also helps the efficiency improvement
in the light loads [17].

III. EXPERIMENTAL VALIDATIONS AND ANALYSIS

For comparison consistency, by using the same criteria, the
components are selected from the same series of the same manu-
facturers to avoid the manufacturing technique impacts. Table I
gives the selected components based on the built component
database [49] and the component criteria [see “components”
column]. Fig. 9 shows the criteria-satisfied component combi-
nations for the targeted converters and their performances are
estimated by the component-level models.

For each component, key parameters in the datasheet are used
to build its cost, volume, and loss-related models. For example,
in our case, the MOSFET cost is estimated by using the chip area,
as shown in Fig. 10. Then, the chip area can be reflected by
the ON-state drain current I4,, given in the datasheet. Thus,
based on the component-level estimation, the converter-level
cost, volume, and power loss can be evaluated. This article finally
selects the minimal-loss-based component combination for each
prototype.

The considered component series are given as follows.

1) The MOSFETs are from Infineon CoolMOS C7 and CP

series with the TO-247 package.
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2) Output diodes are from Infineon CoolSiC G5 with the
TO-220 package.

3) Heatsinks are from Aavid with straight and unequal type

extruded channel fin and Ohmite P series.

4) Toroidal cores are from Magnetics Kool Mp with the

outside diameter sizes between 2.7 and 5.2 cm.

5) Al-Caps are from Nichicon LGG series.

6) Input rectifier diodes from Vishay New isoCink+ diode

bridges.

Fig. 11 shows the built prototypes based on Table 1. Notably,
in Table I, 650-V C7 series MOSFETS are used in the IPOS boost
instead of the 500-V P7 series. Because the 500-V MOSFETSs have
high ON-state resistance and do not satisfy the selection criteria
(Tea1,5€ 100 £ 2 °C). Similarly, the Al-Caps are not the same
between the converters.

Fig. 12 shows the DSP computation time of using the (8) and
(14) based MCM controls, respectively. It shows that the DCM
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duty cycle fitting can reduce the computation time by 424 ns,
around 63 time clocks of the employed DSP (150 MHz and
6.67 ns for one time clock).

The MCM control is applied to the IPOS boost prototype and
the efficiency, PF, and THD, are measured by the power analyzer
N4L. Figs. 13—15 show the waveforms of the conventional boost
under the AVC control, the IPOS boost under the AVC and the
MCM controls, respectively. It can be seen that the IPOS boost

and conventional boost both under the AVC control have similar
PF and THD; in the different loads. By contrast, the inductor
current 71, and input current ¢;, of the IPOS boost under the
MCM control are more sinusoidal than the IPOS boost under
the AVC control.

Fig. 16 shows the measured experimental data over different
loads, along with the corresponding standard level 1 and level 2
requirements. Meanwhile, Table II gives the specific measured
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TABLE II
MEASURED DATA OF COMPARED CONVERTERS
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Loads Parameters AVC AVC MCM
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o loa Eff. 93.6% 96.4%  96.4%
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Fig. 17. Load transient test of the IPOS boost with output voltage V,,, capacitor
voltages Vo and Voo [100 V/div], input current 4i, [10 A/div], and time
[2 s/div]. (a) 425 to 850 W; and (c) 850 to 425 W test under the AVC control.
(b) 425 to 850 W; and (d) 850 to 425 W test under the MCM control.

data of the compared converters in the critical loads. As shown
in Fig. 16, it indicates that the IPOS boost and the conventional
boost under the AVC control can only satisfy the standard level 2
due to the low PF and poor THD; in the light loads. By contrast,
the IPOS boost under the MCM control with the improved PF
and THD; can meet the stringent standard level 1 requirements
(the top-level). Besides, the MCM control slightly increases the
efficiency in the light loads (maximum around 0.6%). Note that
due to the maximum duty cycle limitation in the reality and
the parasitic resonance losses in the DCM [21], the efficiency
improvement is not as much as the theoretically predicted in
Fig. 8(d). Also, note that due to the biased sampling signals [17],
[18], disturbances caused by the switching behavior, etc., the
practical PF in the experiment is not close to 1 in the light-load
conditions. Fortunately, since it already satisfies the standard
level 1, it is still acceptable.
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Fig. 17 shows the load transient waveforms of the IPOS
boost under the AVC and MCM controls. In the PFC stage,
the stable operation after the load transient is more concerned.
Thus, the waveforms are shown on a large time scale instead
of the switching cycle scale. It can be seen that in both control
methods, the voltage overshoot and response time are almost the
same. However, the input current ¢;,, is different [see Fig. 17(c)
and (d)] in the transient period. It is possibly caused by the
improper duty cycle d, since a smaller maximum duty cycle
limitation (i.e., d < 65%, normally d < 91%) for the transient
period is adopted to suppress V,, overshoot, and it might lead
to d switching inappropriately between DCM and CCM in a
half-line cycle during the transient period. Anyway, the capacitor
voltages Vo1 and V4 are stable and equal to 200 V before and
after the load transient, which means that the automatic balance
of the capacitor voltages is not affected by the MCM control.
Meanwhile, the output voltage V,, and the input current ¢;, are
stable after the load step, and thus, the proposed MCM control
for the IPOS boost is effective.

IV. RELIABILITY ANALYSIS

This section mainly presents a mission profile-based reli-
ability analysis approach for the PFC applications, and this
reliability analysis procedure is shown in Fig. 18. To implement
the analysis, following assumptions are made.

1) A 1-U (=1.75 in) power chassis is assumed in the BTS
and two 850-W PSUs operate in a rural area (load mission
profile: 400-450 W).

2) The load mission profile in one typical day is considered
to repeat within a year.

3) The BTS is assumed in Arizona, USA, and then the one-
year ambient temperature data can be used.

4) The component junction/hotspot temperatures are as-
sumed stable in each hour.

5) The interactive thermal impacts between components are
not considered for simplicity.

6) The input voltage is considered stable in one year.

7) Al-Caps and semiconductors are seen as critical com-
ponents and only the wear-out failures described by the
corresponding component lifetime models [28], [50] are
considered in this article.

A. Mission Profiles and Electro-Thermal Models

Mission profiles and the electro—thermal models are the two
vital parts of this approach. Mission profiles mainly reflect the
applications and operation condition impacts on the converter
reliability. And, the electro—thermal models (details in [7]) reveal
the effects of the topology, component (design), and the control
method. Thus, they also make the reliability analysis presented
in this article different from others [40]-[42]. Note that for
the TPOS boost under the MCM control, the required compo-
nent power loss calculations (needed in Fig. 18 electro—thermal
model) can refer to the Appendix.

Extracted from the mission profiles, the power consumption
data is sent to the electro—thermal models for calculating the
power losses Ploss,x of each critical component. Then, the power
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Fig. 18.

load-dependent efficiency equation 7,(F,) for each topology is
used to evaluate the input power P, and the relative input current
tin =Fo/(1e-Vin). Once iy, is derived, according to the Plogs x
calculation equations [7], [47] and parameters in Table I, Pjosq, x
can be obtained. Afterward, by using the thermal resistant net-
work of the critical component, the calculated junction/hot spot
temperature 7o x is derived. If T, x is close to the assumed
temperature (7,+AT), then it is seen as stable and sent to the
next step for analysis; otherwise, the assumed temperature will
be increased to recalculate the thermal-dependent parameters
and update Plogs x-

B. Annual Damage Calculation

Because the calculated junction/hotspot temperatures over
one year are difficult to be used directly in the existing com-
ponent reliability evaluation models, the rainflow algorithm is
employed to identify the thermal cycles and collect the corre-
sponding cycle information, e.g., cycle number n; for the ith
identified cycle, temperature variation AT¢,; x ; for the ith iden-
tified cycle, etc. Besides, according to [50], a Coffin—Manson
law-based MOSFET lifetime model with critical parameters m
and « fitted by experimental data is used as

Nej=a- (AT x;) " (17)
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where Np; is the cycle-to-failure under the ith cycle condi-
tion. Then, a widely used linear accumulation of the damage
model [50]-[52] is adopted to estimate the accumulative damage
D semi 1n One year, which is expressed by n; and V¢ ; as

Dmg,semi = Z (ni/Nf,i)~ (18)

i

Note that the semiconductors and Al-Caps have different
physical structures, wear-out failure mechanisms, failure cri-
teria, etc. Thus, their lifetime models are not identical [28],
[40], [50]. Thus, as for the Al-Cap, a popular lifetime evaluation
model is used [28] as

To—Ths,i

Lecij=Lco-27 10

(Ve /Vo) ™™ (19)
where L is the lifetime under the temperature 7 and rated
voltage V), L¢; is the estimated capacitor lifetime of the ith
cycle, Tj ;i is the mean hot spot temperature identified in the
ith cycle, V¢ is the applied voltage, and ny is the voltage stress
exponent. Here, ng, typically ranging from 3 to 5 [28], is set to
3, as same to [41]. And then, the accumulative damage D,,g cap
in one year is

Dug.cap = Y, (ALi/Lc ) (20)

i

where AL is the identified cycle range of the ith cycle.

Fig. 19 shows the calculated temperatures of the key compo-
nents and their corresponding annual damages (i.e., damage in
one year). It can be seen that in the considered mission profiles
and the application, the Al-Caps are the weakest part from the
converter reliability perspective of view. Besides, the Al-Caps
of the IPOS boost under the MCM control receive slightly lower
estimated damage than the IPOS boost under the AVC control,
much lower than the conventional boost.

C. Parameter Variations and Converter Failure Probability

Probably due to slight differences in microstructures, vari-
ations are commonly seen in the real world among individual
parameters, test data, measurements, [38], [40], [41], etc. This
means that the time-to-failure probability distributions of large
group samples have more interest than the fixed time-to-failure
of one single sample.

Since the individual parameters, test data, coefficients typ-
ically follow the normal (Gaussian or bell-shaped) distribu-
tion [38], and the normal distribution can be obtained by
specifying the median value and standard deviation. Then, the
probability density function (PDF) of the normal distribution can
be employed to describe the parameter uncertainties. Thus, each
parameter in reliability models in (17) and (19) is updated by
PDF for depicting parameter variations. Before the update, the
equivalent static data, i.e., the equivalent temperature variation
AT a1,X eqv and capacitor hot spot temperature Ths cqv, need to
be determined by the obtained Dy,g semi and Diyg cap. In fact,
Ding semi and Diyg cap derived in Fig. 19(g) can be seen as the
results derived by the equivalent static values. Thus, based on
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(17) and (19), AT¢a1 X, eqv and Thg eqv are

- Dmg,semi %
365

TO — 1010g2 (

A/I‘cal,X,eqv = (21)

8760
Ths,eqv —ng
Dmg,cap ' LCO . (VC/VO)

(22)

where 365 days are considered as 365 cycles in one year with
the corresponding AT¢a) X eqv to fit the derived Dyyg semi and
8760 h in one year are used with Tis gy t0 fit Dypg cap-

The reason that cycles and hours are used to obtain the
equivalent static variables for semiconductors and Al-Caps,
respectively, is that different lifetime models [see (17) and (19)]
are employed for their annual damage calculations. By (21) and
(22), ATeq1,X oqv and Th oqv can be derived, respectively. Then,
given the 5% variations of each parameter, their PDFs can be
obtained as shown in Figs. 20(a) and 21(a).

In addition, the Monte Carlo simulation is conducted to ex-
plore the possible results based on the different input parameters
from 100 000 samples. Then, the obtained data are fitted by the

5%
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MOSFET failure distributions.

0.16 0.08 12
IPOS Conv. IPOS AVC
0.8 { IPOS  / Conv.
Boos| [|"+ Yop | Booa| [VaPof\ | B [MMpNAvC
04l
0 0
200 225 250 400 425 450 32 35 38
Vo &V, (V) Vo &V, (V) Thsequ (°C)
E 0% ©
o -
2 IPOS AVC(CI=C2) A} Caps
8 5 5% [ lhos mem Conv. AVC
a5 Coi=Co2
EEZ10% (C=C) (CopCia)
ST % r
(=3
S .
s LAl
- 0 001 002 003 004 005
Annual damage
b

Fig.21. Reliability analysis of 100 000 Al-Caps in the IPOS under the MCM
and AVC controls, along with the conventional boost under the AVC control. (a)
5% variations considered in parameter PDFs (PDFs of Lg, ng, and T are not
shown here for brevity). (b) Histograms of Al-Caps failure distributions.

SR

Weibull distribution [38], [40]—-[42], which is
] N\ B
) Feompi(t) =1 - ¢ (7)

/37
B (3) L
n\n o)

where [ is the scale parameter, 7 is the shape parameter, and
Feomp,j is the corresponding cumulative distribution function
of the component j. Figs. 20(b) and 21(b) show the 100 000
MOSFETs and Al-Caps annual damage distributions.

Afterward, the converter-level reliability block diagram
(RBD) of the IPOS boost and the conventional boost is shown
in Fig. 22. Note that all components in the prototypes are
considered in series, because if one fails, the design specifi-
cations in Table I cannot be fulfilled. According to the RBD, the
converter-level failure function is

Jeomp,j(t) =

Fconver =1- H[l

j

- Fcomp,j (t)} . (24)

Fig. 23 shows the accumulated failure probability curves of
the compared converters and the corresponding components
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under the investigated mission profiles in the BTS applications.
Note that the Ftomp,j curve shown in Fig. 23 only indicates the
failure probability of one component j. And, if there are dual
components j employed in the converter level, two identical
Feomp,; need to be considered in (24) to estimate Feonyer. AS
observed in Fig. 23, in this study case, the Al-Caps are the major
factors affecting the converter-level accumulated failure in the
wear-out phase. Meanwhile, given 20 years designed lifetime,
the estimated accumulated failure of the IPOS boost under the
MCM control is 0.24%, slightly decreased compared with that
of the IPOS boost under the AVC control (0.27%), and much
lower than that of the conventional boost (2.06%). Based on the
analysis results, there are following two conclusions.

1) IPOS With AVC Versus Conv. With AVC: Given the rel-
atively high maintenance cost in rural area, the IPOS
boost topology with the lower accumulated failure is an
attractive solution compared to the conventional boost.
Even though within the same design, the estimated pay-
back period of using the IPOS boost topology instead of
the conventional one is 3.9 years in rural area [7].
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Fig. 24.  Key waveforms of the IPOS boost operating in the DCM during the
positive half-line period.

2) IPOS With AVC Versus IPOS With MCM: The proposed
MCM controlled TPOS boost not only shows improved
PF and THD; performance but also the reduced accumu-
lated failure. Even though the accumulated failure is only
slightly decreased, it should be noted that it is achieved by
only the software update without extra material cost.

V. CONCLUSION

Combining the BTS load mission profile, an MCM-controlled
IPOS boost was proposed to mainly improve the PF and THD;
performance in the light-load conditions. Further analysis also
indicated the slightly increased efficiency, and then the exper-
iment test verified the control effectiveness and the improved
performance. Besides, based on the typical BTS mission profiles
in a rural area, the mission profile-based reliability analysis for
the PFC converter was presented to analyze the accumulated
wear-out failure of the IPOS boost under the AVC control and
the MCM control, along with the conventional boost under the
AVC control. The results, considering the wear-out failure of
semiconductors and Al-Caps, indicated that within 20 years
of operation, the IPOS boost under the MCM control has the
accumulated failure of 0.24%, slightly lower than the IPOS
boost under the AVC control (0.27%) and much lower than the
conventional boost under the AVC control (2.06%). Although
the MCM-controlled IPOS boost only decreases 0.03% accu-
mulated failure than the IPOS boost with the AVC control, it
requires only software update without additional material cost.
In summary, the MCM-controlled IPOS boost PFC converter can
be a good candidate for the telecom application in rural area.

APPENDIX

This part introduces the power loss calculations of the key
components in the IPOS boost. Fig. 24 shows the key waveforms
in the DCM operation. The switch, inductor, and capacitor rms
currents in one switching cycle, i.e., 152 RMS, 41, RMS» ¢C1,RMS>
and ic2 RMS, are

BT3P o (0-5Vo — via)*/?

Sy, L1/2V,3/?

iS2,RMS = (A.1)
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(A.3)

i%l,RMS = Ig (A4)

where piy, 11, is the theoretical instantaneous input power, i.e.,
Din,th = %in-Vin. The output diode and rectifier diode AVCs in
one switching cycle, i.e., ip avg and ipR2,avg, are

. 2pin, h

1D2,avg — ?t (AS)
. 2 in 05‘/0 — Vin
IDR2,avg — & ’th( ) (A6)

Vovin
Note that (A.1)—(A.6) are the derived results in one switching
cycle, the corresponding rms and AVCs in a half-line cycle can
be further derived as

‘ 1 121
Zg{,RMS,L = /2T, /0 Z%(,RMS(t)dtvx €{L,S,C}
(A7)
‘ 1 121
sl = 737 |, ivan(EY € (D.DR}.

(A.8)
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