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Abstract: DC microgrids have become a prevalent topic in research in part due to the expected
superior efficiency of DC/DC converters compared to their AC/DC counterparts. Although numerous
side-by-side analyses have quantified the efficiency benefits of DC power distribution, these studies all
modeled converter loss based on product data that varied in component quality and operating voltage.
To establish a fair efficiency comparison, this work derives a formulaic loss model of a DC/DC and
an AC/DC PFC boost converter. These converters are modeled with identical components and an
equivalent input and output voltage. Simulated designs with real components show AC/DC boost
converters between 100 W to 500 W having up to 2.5 times more loss than DC/DC boost converters.
Although boost converters represent a fraction of electronics in buildings, these loss models can
eventually work toward establishing a comprehensive model-based full-building analysis.

Keywords: DC power transmission, Power converter, AC-DC power conversion, DC-DC power
conversion, Losses

1. Introduction and Motivation

1.1. AC and DC Converters

DC microgrids have become a hot topic in research with the spread of internally-DC loads, solar
generation, and battery storage. The total system efficiency is expected to improve from eliminating
conversions between AC and DC. Previous works have compared the losses in AC and DC microgrids [1-8].
In typical commercial buildings, the modeled savings with DC varied from 2% [1] to as much as 19% [8],
depending on the modeled converter efficiency and the respective voltage levels. Gerber et al. [3]
conducted a side-by-side AC and DC building simulation with a parametric sweep of solar and storage
capacity. The simulation showed that AC buildings suffer the most loss from low-power AC/DC
converters [3]. For example, AC/DC LED drivers can achieve up to 94% efficiency, whereas DC/DC
LED drivers are typically at least 98% [4].

These previous works all had a major shortcoming: the converter loss models were limited to
efficiency curves or peak efficiencies from product datasheets. Product data varies considerably with
component quality and manufacturer. An accurate study would require a substantial number of
efficiency curves to establish typical operating efficiencies for each class of device. DC products are far
less common than AC, and reliable efficiency data is even more rare. In addition, these works compare
AC and DC systems that have different network voltages (e.g. comparing 120 V,,s AC to 380 V DC).
Since converters are generally more efficient at higher voltage [3], it is unclear whether DC systems are
inherently more efficient or are simply analyzed at a higher voltage.

Submitted to Journal Not Specified, pages 1 — 22 www.mdpi.com/journal /notspecified


http://www.mdpi.com
https://orcid.org/0000-0002-1972-0679
https://orcid.org/0000-0003-4366-6163
https://orcid.org/0000-0002-4219-7214
https://orcid.org/0000-0003-3702-5554
http://www.mdpi.com/journal/notspecified

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

Version May 22, 2021 submitted to Journal Not Specified 2 of 22

This work is part of an effort to improve upon past full-building efficiency studies. It aims to
replace modeled or simulated efficiency curves with a rigorous math-based converter loss model. In
particular, this paper extends [9] to develop a formulaic model that can theoretically compare the
efficiency and losses in equivalent AC (AC/DC PFC) and DC (DC/DC) boost converters. Such a
normalized comparison can improve previous system-level studies and help to quantify the energy
benefits of DC. While boost converters only account for a fraction of power converters in a building,
this work presents a modeling method that can be extended to compare other types of converters,
ultimately allowing a full-building loss analysis. This loss model is entirely equation-based and easy for
engineers to apply in other types of academic and industrial projects.

1.2. Boost Converters

DC boost converters step-up the input DC voltage to a higher output DC voltage. AC boost
converters, shown in Figure 1, step-up the input sinusoid and ensure unity power factor through a
power factor correction (PFC) controller. Today’s standards mandate PFC in most loads [10], and as
such, AC boost converters are now present in many loads including EV charging, HVAC, heat-pump
water heating, refrigeration, and data centers. This work models losses in the following components:
the input inductor (L), the switch (Q), the boost diode (D), and the output capacitor (C'). The AC
boost converter has an additional loss component, the diode bridge (B). The model assumes a converter
with (a) continuous conduction mode operation, (b) an input current that is in-phase with the input
voltage, and (c) no voltage ripple at the output. This work develops two boost converter models: the
simple model, and the model with ripple. The latter accounts for ripple current at the input, making it
more accurate but more complex.

— L > Vour
Vin B &QQJ D Load
% 2]

C

| TIT

Figure 1. The modeled AC boost converter. The DC boost converter does not have a diode bridge
(B).

Previous work derive loss models for DC [11-14] and AC PFC [15-23] boost converters. However,
none of these models establish the necessary analytic framework for a side-by-side AC to DC comparison.
Many previous works use a basic model for switching loss and neglect loss in the input diode bridge and
output capacitor. This is the first work to develop a formulaic loss comparison between converters with
identical components and an equivalent input and output voltage. These models calculate a complete
loss analysis from the input voltage, output voltage, output power, and parasitic values easily found in
component datasheets. DC converters have generally been known to be more efficient, but this work
quantifies the exact difference in loss.

There are two main forms of loss in a converter: conduction loss and switching loss. Conduction
loss models are derived in Sections 2 and 3 and switching loss models are derived in Sections 4 and 5.
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Core loss is not modeled; it can be significant in some types of converters, but is negligable for continuous
conduction boost converters with relatively small ripple [23-26]. Finally, Section 6 describes the model
validation through simulation and experiment, and Section 7 shows how the model can be used to
calculate the loss in AC and DC boost converters. For a quick reference to all the loss model formulae,
see Appendices .1 to .4.

2. Deriving Conduction Loss Models

Conduction loss occurs when the components conduct current, and mostly impacts the converter
efficiency at high power. When the switch turns on, the inductor is charged by a current path through
the bridge, inductor, and switch, shown in Figure 1. When the switch turns off, the inductor discharges
through the bridge, inductor, and boost diode. The output capacitor acts as a filter for the output
power to the load.

For each component X, this work calculates the average conduction loss, Px cond, by solving for
the component’s RMS and average current. For the inductor (11, yms), switch (Ig rms), and capacitor
(Ic,rms), the average resistive loss is

PX,cond = RXI)z(,rms’ (1)

with Ry, as the inductor copper resistance, R as the switch on-state resistance, and R¢ as the capacitor
ESR. The average diode loss of the boost diode (Ip rms; ID,avg) and bridge diodes (IB.rms, IB’M,Q) is
modeled as a constant forward-biased diode drop Vx and a linearized series resistance Rx:

PX,cond = VXIX,aUg + RXIg(,rms' (2)

Sections 2 and 3 derive the model for each Px con4, and the resulting formulae are organized in
Appendix .2.

Each Ix ;ms and Ix qu4 can be calculated with an integration of the component’s current waveform.
For the AC boost converter in Figure 2, these currents are functions of the low-frequency AC angle, 6,
and the high-frequency switching period T'. At the switching time scale, € is approximately constant
as shown in Figure 3. Thus the model presents an independent two-stage integration, first of the
instantaneous current, i(¢,t), from ¢t = 0 to T, and then of the switching-period-RMS, %,,,5,¢(6), from
6 = 0 to w. The total RMS current through component X is

T
i (0) = ,/% /0 i2.(6,1)dt 3)

1 s
IX,rms = \// i%{,rms,t(e)de' (4>
m™Jo

For the DC boost converter, § = 0 is constant, thus Ix rms = ix,rms,t(6)-

As shown in Figure 3, the component currents appear as triangles at the switching timescale, and
the geometric methods shown in Figure 4 can be employed to integrate over the switching period, T
The currents for the inductor and bridge diode appear as a zero-centered bilateral triangle, AZ, whose
average and RMS are:

Afvg,t =0 (5)
A
A?m,s,t(A) = T = (6)

23’
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i(6,t)
lpk Bi 5 (11/2)
1
T
S)
0 /2 T
Figure 2. The inductor current ir(0,t) tracks a reference input current I,cs(0) = Ipgsin(0).

where the triangle’s peak-to-peak height, A, is shown in Figure 4. For the elevated right triangle, A,

AR

avg,t

Aﬁms,t(AvaD) = 2\/\/?% V A% + 1232a (8)

(B,D) = BD (7)

where A is the triangular section’s height, B is the elevation of the triangle’s midpoint, and D is the
fraction of time that the component is active. All of the component currents are derived from either
AB or AP, For the simple model, inductor-current ripple is ignored, thus A = 0.

Finally, some RMS calculations can be simplified by leveraging the orthogonality of waveforms. If
11(t) is orthogonal to i5(t) and i(t) = i1(t) + i2(t), then

Irms = Igms,l + Igms,? (9)
3. Conduction Loss Component Currents

3.1. Input and Duty Cycle

This research establishes a comparison between AC and DC boost converters subject to an
equivalent power and voltage level. Both converters are modeled with an identical constant output
power P, and output voltage V,. The AC and DC input voltage and current is respectively

’Ui}Ac(G) == Vpksin(Q) (10)

) . 2P, .
irer,ac(8) = Lypsin(0) = . sin(6) (11)

p
Vi, DC = Vpk (12)
P,

ire = . 13
£.00 =g (13)

The comparison considers the peak AC input, V,, as an appropriate equivalent DC input since most
application-relevant specifications relate to Vpi, (e.g. switch stress, breakdown voltage, safety, insulation).
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iL(G,t) AiL,pp(e)

\

in(6,t)

: 6a(0)T : op(0)T : 7 t

Figure 3. On the switching timescale, 0 is approximately constant. The inductor current, ir,(6,1),
passes through the switch (green) during dq(6), and the boost diode (orange) during dp(6).

For the DC converter, v; and i,.y are constant and do not depend on §. For the purpose of deriving
component currents, the loss model assumes P;, = P, (i.e. 100% efficiency), which yields simple but
accurate formulae for most boost converters [15,16].

The switching duty cycle for the switch, g, and the boost diode, dp, can be separately expressed
as:

(14)

5p(0) = — (15)

and are useful in calculating (5)—(8).

The following subsections explain the calculations of the RMS and average of each component
current. Final expressions for the simple model are shown in Table A1l. Final expressions for the model
with ripple are shown in Tables A2 and A3.

3.2. Inductor Current

—Simple Model: When ripple is ignored, iy, = iyey, and ¢r ,ms is calculated as the RMS of the
sinusoidal ¢yef.

—Model with Ripple: Inductor ripple is geometrically represented as a bilateral triangle. On the
switching timescale, the peak-to-peak inductor current ripple is

i pp(t) = 200, (16)

The RMS of Air ,,(0) is solved from (4) and (6) as

AZ’L,Tms,t (0) = AB

rms

1 T
ATy s = \/ 1 / 2 (0)ds. (18)
i 0 ’ ’

(A = Airpp(0)) (17)
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“pr— —pT—

Figure 4. On the switching timescale, a bilateral triangle, AP, (left) can model the current through
the inductor and bridge diode. This triangle is not necessarily isosceles. An elevated right triangle,
AR, (right) can model the current through the switch and boost diode.

Figure 2 clearly shows the total inductor current, iz, (6,t), to be the sum of i,.7(0) and Aip(6,t).
Given (14) and (16), these waveforms are orthogonal, and can be combined through (9) as:

ILmes = \/Izef,rms + AI%,rms' (19>

3.8. Diode Bridge Current

—Simple Model: The inductor and diode bridge are in series, thus ig(0,t) = i5(0,t) and Ip yms =
It rms- IB,avg is calculated as the average of the sinusoidal i,.f(f).

—Model with Ripple: A bilateral triangle has an average of zero regardless of the ripple. Thus
I qvg s the average of i,.(6).

3.4. Switch Current

—Simple Model: During d¢g(6), the inductor current flows through the switch. Both the simple and

ripple models integrate AZ

st For the simple model,

1Qrmst(0) = Al (A= 0,B =i (0), D = 5q(0)). (20)
—Model with Ripple: Evaluating (20) with A = Air, ,,(6) accounts for inductor current ripple.

3.5. Boost Diode Current

Both boost diode models can leverage the analysis in Section 3.4 with D = §p(6) to solve the RMS

current. The average current is indifferent to inductor current ripple, and is calculated from A[}fvg,t.
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3.6. Capacitor Current

The boost diode current is split between the capacitor and load, i.e. ip(6,t) =ic(0,t) + %. In
both models, these orthogonal currents combine via (9) as,

P 2
IC,'I‘T)’LS = I%,rms - <V'o> : (21)

4. Switching Loss in the Switch (Q)

Switching loss most impacts a converter’s low-load efficiency and occurs when the switch and
diode toggle state between conducting and blocking. Instantaneous switching loss is determined on the
switching time scale, and expressed as a function Px s yy (9). For average switching loss:

1 T
Px swyy = ;/0 Px sw,yy(0)d0. (22)

This section derives the switching loss models for hard switching, Pg sw,hs, and switch output capacitance,
Py sw,c. The resulting formulae are organized in Appendix .3. Although past works have rigorously
characterized switching loss [27,28], their models rely on complex nonlinear equations and self-measured
parasitics. This section presents a simple but accurate model based on parasitics easily found in
datasheets.

4.1. Hard-Switching Loss

The switch has two states: blocking or conducting, with zero current or zero voltage, respectively.
However, during a transition, the switch briefly experiences a simultaneous non-zero current, ipg, and
voltage drop, vpg, across its drain-source terminals. The overlap of this non-zero voltage and current
causes switching loss.

Figures 5 and 6 show the voltage and current waveforms for the boost converter, which is
characterized by inductive switching as described in [29,30]. When the switch turns on, the ipg must
rise to its final value, Ipg maz, before vpg can fall to zero. When it turns off, vpg must rise to Vps max
before ipg can fall. The overlap between ips and vpg is the energy lost per cycle, which can be
geometrically calculated. Although the overlap can be reduced by snubbing, this work models the
worst-case hard-switched boost converter.

The loss calculation requires knowledge of the rise and fall times of the voltage and current: Ty g,
Tvr, Tir, and Trp. These durations are heavily influenced by the gate drive, gate resistance R¢, and
gate input capacitance Crss. The gate drive is modeled as a step function with amplitude Vs maz-
R includes both the internal device resistance and external drive resistance. Cjgg is defined by the
gate-source (Cgg) and the gate-drain (Cgp) capacitances as:

Crss = Cgs +Cagp = Cgs + Crss. (23)

Calculation of the rise and fall times begins with an understanding of how the gate driver charges
the input capacitances in Figure 7 through the various stages of switching. When the switch turns on:

1. The gate driver charges Css. The gate voltage, vgg, increases to the gate-threshold voltage,

2. The gate driver continues to charge Cgs. vgs continues to increase as ipg rises to Ipg maz-
3. The gate driver now discharges C'op. vgs remains constant at the gate-plateau voltage, Vgp, as

vpg falls to near-zero.
When the switch turns off:

4. The gate driver discharges Cgs. vgs decreases to Vgp.
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VDS ,max

Tl TI R T3

Figure 5. Switch turn-on transient.

131 5. The gate driver charges Cps. vgs remains constant at Vgp as vpg rises to Vps maz-
132 6. The gate driver discharges Cgs. vgs decreases to Vry and ipg falls to near-zero.

The durations of these six phases can each be solved as a simple R-C circuit, following the
appropriate charging paths in Figure 7. During 77 and T3, the gate current charges Cgg, and vgg
follows the typical negative-exponential curve of an R-C circuit. During T3, vgg is constant, thus
injecting a constant current into Cgp and causing Vpg to fall linearly. The turn-on phase timings are:

_ VG’S,maw
Tl B RGCISSIH(VGS,ma:E - VTH) <24>
Ve max
T2 = RGCISSIH(h) (25)
VDS,maw

T3 - TVF - RGCGD VGS,mam - VGP

V max
Qcp,o DS, (26)

~ Rg .
Vbs,o Vasmar — Vapr

Similarly, the gate current discharges Cgg during Ty and Tg, and charges Cap during T5. The turn-off
phase timings are:

_ VGS,max
VD s maz Qcp.o Vbsmaz
Ty =Ty g = RgCap—22m%  Re <GP0 IDSmax 28
5 VR GYGD VGP G VDS,O VGP ( )
Vi
TG = T]F = RGclssln(%). (29)
TH
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VDS ,max

Vps(t)

Figure 6. Switch turn-off transient.

#
N
N
Cep
le—
p Ts —
<

LE Vps

Tl/ TZ
+ Ta, Ts —
— ]
Vs, max v Cos
é °

Figure 7. Parasitics circuit describing the switch switching-loss mechanism.
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Although Figure 7 suggests to calculate T3 and T5 from Cgp, in practice Cgp actually varies considerably
with vpg [29,31,32]. As such, it is recommended instead to express T3 and T5 as a function of the gate
charge, Q¢ p, that is drained from Cgp during T3 and added during T5. The datasheet often lists Qg p
at a specific test point with gate-charge QQgp o corresponding to drain-source voltage Vps o.

As shown in Figures 5 and 6, Tjp =T — T1, Tyr =13, Ty g = T5, and T7r = Ts. In addition, T}
is turn-on delay and T} is the turn-off delay. Expressions for the the rise and fall timings are summarized
in Table A5 (Appendix .3).

The energy lost over the turn-on and turn-off region of overlap is generally calculated as:

1
EQ,sw,hs = §VDS,mazIDS,maxT (30)

where T is either the turn-on time Ton = T7r +Tv F or the turn-off time Torr = Tvr +T1r. VDS max
and Ipg mae depend on the circuit and model. For the simple boost converter model,

Volrer(0
Py sw,ns(0) = %W(TON +Torr), (31)

and for the boost converter model with ripple,

¥ e+ M)TOFF)' (32)

The average hard-switching loss can be derived from Table A5 and (22), (31) and (32). Formulae for
the hard-switching loss models are shown in Table A6 (Appendix .3).

4.2. Output-Capacitance Loss

Every switching cycle, the switch’s parasitic equivalent output capacitance, C,ss, stores charge
and discharges through the on-resistance. This loss is derived from the energy stored on the capacitor
every cycle [24]:

1
PQ,sw,c = icossVon- (33)

5. Switching Loss in the Diode (D)

This section derives the switching loss models for diode reverse recovery, Pp s, and junction
capacitance, Pp sw.. The resulting formulae are organized in Appendix .4.

5.1. Reverse Recovery Loss

The boost diode’s reverse recovery occurs when the diode switches from conducting to blocking.
As the diode becomes reverse biased, the depletion-layer’s charge is injected into the system as the
reverse-recovery current, and causes loss in both the diode and switch. The reverse-recovery current,
shown in Figure 8, is approximated as a triangular function characterized by the peak reverse-recovery
current, I,.., and the reverse-recovery time segments, T, and T3, which sum to the total reverse-recovery

time T, [33-35]. The diode’s reverse-recovery transient is also determined by its forward current, Ir,

dip

42, where

prior to switching, and the slope of its switching current,

dID I’r’r
_— 4
dt T, (34)
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t(s)

Figure 8. Diode reverse-recovery loss waveforms.

In addition, the reverse-recovery charge, Q..., is the area of the triangle and can be approximated as

TT”I"ITT‘

Qrr = 7 (35)

Tables and charts in datasheets will often provide some combination of I, I, Ty, dé—éﬁ and Qp,
but this data is usually constrained to a specific operating point. In order to derive a reverse-recovery
model that holds over a wide operating range, the diode’s intrinsic characteristics must be quantified.
These include the diode’s softness or snappiness factor, S, where

Ty
S=— 36
o (36)
In addition, the forward-biased charge coefficient, K¢, can be approximated as
QF :KQ\/IF erra (37)

since the junction’s stored forward-biased charge, @, is approximately equal to reverse-recovery charge,
Qrr, that is ejected upon switching [33]. As such, S and K¢ can be calculated from a datasheet using
these formulae:
7. dlpo
T

™0 "¢
S=—4——1 38
I’I“’I",O ( )

ITT,OTTT,O
2/Tro

where the "0" indicates that each value is pulled from the datasheet, and has only been measured at a

Kq = (39)

specific operating point.
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The diode model uses S and K¢ to estimate the reverse-recovery characteristics I, Ty, and T3 at
any arbitrary operating point:

dI /
1, = | 2 tevie 10
= TS (40)
I’I‘T
To = 31 (41)
Tdt
Ty = ST,. (42)
dip

These formulae require knowledge of Ir and <32 for the given power converter. For the simple
boost converter model, Ir = i(0,t) = I,.f(f). For the boost converter model with ripple, Ir =

Ier(8) — #, which must be greater than zero in continuous conduction mode. In either case,

dip _ I

St = T
The energy lost per switching cycle is geometrically calculated from Figure 9 as

where Trg is the switch’s current rise time previously defined in Table A5.

ITT ITT
Eq = VDS(7T¢1 + TTZ’) (43)
Ep = VR4IM T (44)
Ppr(0) = (Eq + Ep) f, (45)

where Vpg = Vi = Vp for a boost converter [36]. As it happens, S falls out of the equation, and only
Kg need be solved.

The average reverse-recovery loss power can be derived from (22) and (45). Equation (22) yields
a simple result for the DC boost converter, shown in Table A7. However, the AC boost converter’s
expressions simplify to a non-integrable form, which can be closely approximated by a second-order
taylor series:

(0 —5)*(A+2B)
4vA+B

The AC converter’s reverse-recovery loss model uses (46) to derive the results shown in Table A7
(Appendix .4).

V/Asin(0) + Bsin?(0) ~ VA+ B —

(46)

5.2. Junction-Capacitance Loss

The diode’s parasitic junction capacitance, C';, discharges when the diode switches from blocking
to conducting. This capacitance results from the parallel-plate characteristics of the insulating depletion
layer and the conducting P and N regions. Similar to (33), the capacitive loss is carried by the switch
and is modeled as [24]:

1
Pp swe = 5ijo2 f. (47)

6. Model Validation

This work uses both simulation and experiment to validate the boost converter loss models.

6.1. Simulation Validation

Conduction loss is validated via a PSIM 11.1.5 transient simulation over a single AC cycle. The
modeled ideal boost converter either has an AC PFC or a DC controller, and operates at V,;, = 170 V,
V, = 350 V, and P, = 250 W. The simulated component currents are all within 0.5% of the simple
model and 0.1% of the model with ripple.
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in(t)|

vp(t)

Vos L

t(s)

Vqt)

Figure 9. Diode and switch current and voltage waveforms for the boost converter. Note that for
the boost converter, Vg = Vps = Vo and Ir = Ips = iref — Air pp at the time of transition.

This work uses LTSpice to validate the switching loss in the MOSFET since the PSIM level 2
simulation models do not account for the change in Cpg with Vpg. The STPSNM60 MOSFET is
simulated in LTSpice with and without a 10 € gate-driver resistance. The simulation is run with
Vin = 170V, Vo = 335V, and P, = 775W. Measurements of the rise and fall times are taken from
the 10% to 90% levels. The simulated switching loss is within 9% of the simple model and 15% of the
model with ripple. The discrepancy is mostly from the way in which LTSpice models the hard-switching
overlap.

This work attempted to use the PSIM level 2 diode model to validate the diode reverse-recovery
loss because LTSpice does not properly model T, [37]. Simulations were performed in a standard
inductively-switched 400 V reverse recovery test rig, with dé—f parametrically swept from 200 A /us to
1000 A/ps and I swept from 2 A to 10 A. This work compares the both the model and simulation to
the highly-detailed datasheet curves for a LQA08TC600 and RFNL5TJ6S diode. As it happens, the
model’s estimate of I, and T;.. was actually better than that of the simulation. The modeled diode
calculated I,., with 9-13% error, and T}, with 10-14% error. The simulation calculated I,, with 22-71%
error, and T;.,. with 11-22% error.

6.2. Fxperimental Validation

This work uses the DC boost converter prototype in Figure 10 as an experimental validation. The
converter’s components and lab equipment are listed in Table 1. This work focuses on validating the
full end-to-end efficiency, which extends the previous component current validation [9]. The converter
is operated in DC/DC mode with duty cycle of 50%, input of 24 V, 48 V, and 96 V, and output current
swept from 0-2 A. The results in Figure 11 show a decent consistency between the experiment and
model, with an efficiency difference of at most 3.4%. The model slightly under-estimates the loss at high
current, indicating possible unaccounted resistive parasitics in the PCB and measurement equipment.
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= Oscilloscope,
= - =

Gy s Vieter Power,
M
Waveform Gen

Stabilizing
Load

Figure 10. DC boost converter experimental validation prototype.

Table 1. Components in DC Boost Prototype

Component Identification Number
Inductor Premo PFCA500-8H
Diode Bridge Diodes Inc. GBU804
Switch STMicroelectronics STPINK60Z
Boost Diode Power Integrations LQA08TC600
Capacitor (2x) TDK Electronics B43544A6477M000
DC Power Supply Chroma 62024P-600-8
Electronic Load Chroma 63802
Re];egul\e/zl—iéfde AccuEnergy AcuDC 243-600V-A1-P2-C-D
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Experimental Validation
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Figure 11. Comparison between experiment and model. Duty cycle is 50%.

7. Efficiency Comparison of AC vs. DC

This work compares AC and DC boost converters through a parametric analysis that applies
parasitics from the components in Table 1 to the modeling formulae in Appendices .1 to .4, and sweeps
the output power from 50 W to 500 W and the output voltage from 200 V to 400 V. The resulting
modeled efficiency curves in Figure 12 illustrate how these models allow for a direct converter loss
comparison. The AC boost converter may have up to 2.5 times the loss of its DC equivalent over the
given output power and voltage range. Figure 13 presents a loss analysis that reveals the switch as the
primary source of loss for this particular set of components.

8. Conclusion and Future Work

Past research compares the full-building efficiency between AC and DC systems, but these modeled
systems rarely have equivalent voltage levels and power electronics. This work focuses specifically on
comparing an AC/DC PFC and DC/DC boost converter. It develops a rigorous formulaic loss model,
and validates this model via simulation and experiment. The loss model and simulation were compared
over a range of values, and matched within 0.5% for conduction loss and 15% for switching loss. The
loss model and experiment were compared for a DC/DC boost converter and found to match within
3.4%. A parametric loss analysis of modeled converters in the range of 200 to 400 V and 50 to 500 W
shows AC/DC PFC boost converters to have up to 2.5 times the loss of DC/DC boost converters.

This study is part of a larger research effort to rigorously compare AC and DC buildings. While
this study validates the efficiency benefits of DC/DC boost converters, there are many other types of
power converters that can be developed in future work. A full-building efficiency study should at least
develop two more converter loss models: (a) a flyback converter that represents small loads such as
electronics and lighting, and (b) a half-bridge inverter that represents microgrid equipment such as solar
and battery inverters. Future work would also study the variance in component parasitics to determine
the most representative efficiency curve for each class of converter. An analysis of other methods of
operation such as soft switching and discontinuous conduction mode may also prove valuable. These
improvements can all work toward creating an accurate full-building energy model.
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Efficiency Curves
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Figure 12. These efficiency curves are the result of a parametric analysis of AC and DC boost
converters. The AC converters have slightly higher switching loss and much higher conduction loss
than their DC counterparts.

Loss Analysis
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Figure 13. A loss analysis and itemized loss breakdown. The bar segments represent the percent
loss (loss power divided by input power) that occurs in each component. Each pair of bars compares
the loss in the AC (left) and DC (right) boost converters. The converters were modeled with an
input voltage Vpr = 170 V and an output voltage V, = 250 V
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Appendiz .1 Model Equations

This work models conduction (cond) and switching (sw) losses in the following components: the
input inductor (L), the output capacitor (C'), the switch (Q), and the boost diode (D). The AC boost
converter also has a diode bridge (B). The total converter loss is:

Ploss :PL,cond + PB,cond + PC,cond
+ PQA,cond + PQ,sw,hs + PQ,sw,c
+ PD,cond + PD7S1,U,TT + PD,sw,c (A1>

Appendiz .2 Px, cond: Conduction Loss

The component current formulas are shown in Tables A1 to A3 for the simple model and model
with ripple, respectively. These component currents are used to determine the conduction loss power,
Px cond, as shown in Table A4.

Table Al. Component currents in the simple model

Parameter | AC PFC Model Formula | DC Model Formula
IL,T'ms V2P, Py
1B, rms Vpk Vok
4 Py _
IB,a'ug T Vi
Po _ 16 Py . —
IQ,T"mS Vo Vi 2Vo 3In ‘/pk‘ Vo Vor Vo Vpk
Ip 4 P, P,
,rms /3 /7V0Vpk, VoVor
Py Py
[D,aug A Vo
Io,, Py Ly, v, Po Vo — V,
C,rms Vo\/ij 37 Vo pk Vor/Vor o pk

Appendiz .3 Pg sw.hs and Pg sw.c: Hard switching and output capacitance loss

Switch timings are organized in Table A5. Final formulae for the hard switching loss, Pg sw,hs,
are given in Table A6, noting that Tony = Tir + Tvr and Toppr = Ty g + T7r. A negative-value result
may imply the converter is not in continuous conduction mode. The switch output capcitance loss,
PQ,S’LU,C7 iS:

1
PQ,sw,c = §CossV02f- (A2)



Version May 22, 2021 submitted to Journal Not Specified 20 of 22

Table A2. AC PFC component currents model with ripple

Parameter Model Formula
= Y 5 5
Ir s \/0767TL2P3V02f2+127rV02Vpk —64Vo V3, +0mVS,
[BmmS 12V2/7T LV, Vi f
IB,avg -

28807 L2 P2V3 f2—7680L2 P2V V), f2460m VIV ...
2v/5 6 7
—480V2 V3 +135mV, VS, — 128V,

IQ,Tms 3
12v10V/ALV,? Vpi f
2p2y2£2 2y4 _ 5 6
I \/3840L P2V2f2480V2VE —457V,o V)5 +64V 5,
D,rms 3
12VBTLV,? \/Vpri f
P
[D,a'ug V7::
3840L2P2V2 f2—720m L2 P2V, Vpy f2...
2y,4 5 6
+80VI V=457V, VD, +64V,5,
IC,Tms

3
12VBV/TLV,? \/Vpri f

Table A3. DC component currents model with ripple

Parameter Model Formula
2p2y2 2y 274 2 5 2176
1L rms \/12L PZVZHT2VZVA —2T2V, V5 +T2VS,
IB,rms 2LVOVpk\/§
IB,a'ug -

\/(V,, ~Vpi ) (12L2P2VZHT2VRVE —2T2V, V5 T2V, )

IQ rms
’ 2LVp/3V3
2p2y2 2y2y4 2 5 216
I \/12L PEVZHT2VIVA —2T2V, V5 +T2VS,
rms 2L+/3V3 Vi
P
ID,avg 72

\/(V{,fvpk) (12L2P§VO+T2VOVER—T2V§,€)

IC,rms

2L, /3V3 Vi

Appendiz .4 Pp swhs and Pp sw.c: Diode reverse recovery and junction capacitance loss

Formulae for the boost diode reverse recovery loss, Pp s, are given in Table A7, given that:

L oT,
KQ _ rr,0Lrr,0 ) (AS)
2\/1Iryp
A complex-value result may imply the converter is not in continuous conduction mode. The diode
junction capcitance loss, Pp sw,c, is:

1
Ppswe = 5Ojvo2 f. (A4)
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Table A4. Conduction loss, Px, cond

Parameter Model Formula
Pr cond I7 msRL
PB cond IB,avgVE + 1B rmsRB
Pg cond 13, msRa
Pp cond Ip,avgVD + I/%,rmsRD
P cond 12 ,msRe

Table A5. Switch Rise and Fall Timings

Timing

Formula

Trr

Rchssln(M)

Vas,maz—Var

Tvr

Ro QcD,o Vbs,max
Vps,0 Vas,maz—Vapr

Tvr

QG’D,O VDS,TY‘LQ.’L‘
Vpbs,o  Vep

Trr

Rgcjssln(%)

Table A6. Hard-switching loss, Pg sw,hs

Model

Average Loss Power

AC PFC (simple)

2Po Vo f(Tos p+Ton)
Ve

DC (simple)

PoVof(Toss+Ton)
e

AC PFC (ripple)

(

16LPo Ty Vo FH16LPoTon Vo f+4Topf VoV, ..

— 7T Vi, —4Ton Vo Viy +7Ton Vyy,

)

8w LV

DC (ripple)

2LPoTof Vo f+2LPoTon Vo f+Toff VoV
—Tos 5 Ve =Ton VoV +Ton Vo

)

4LV,
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Table A7. Diode reverse recovery loss, Pp sw,rr

Model Average Loss Power

Kov/PoVo f(48—7?)

AC PFC (simple) TN

. KovVPyV,
DC (simple) Q#oof
Pk
—4x2LP,V, f+192LP,V, f—48V, V7 ...
KoVVoVF : 21,0 3 "
QV¥e 2V, V2 —2m V3 148V

AC PFC (rlpple) 48v2VIL ﬁvpk\/‘lLPoVof*VoVik*’Vsk

KQVVo/T\[2LPoVo f—VoVZ 4V,
V2VI\/Vpi

DC (ripple)
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