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Abstract—This article evaluates the power conversion efficiency
of the buck three-level dc—dc converter, when operating in un-
balanced bipolar dc microgrids. Bipolar dc¢ microgrids adopt a
positive, neutral, and negative wire to double the power transfer
capability, reduce conduction losses, and provide two voltage levels.
Additional converters are however required to balance the pole-to-
neutral voltages in the presence of unbalanced loading conditions.
Previous work has shown that the buck three-level dc—dc converter
features voltage balancing capability and can serve, at the same
time, as an interface for battery storage and photovoltaic systems
for example. Nevertheless, available conversion loss models are only
valid for balanced loading conditions. Therefore, this article derives
a conversion loss model for a buck three-level dc-dc converter,
also valid in unbalanced conditions. The model is decomposed in
balanced and unbalanced components in order to separate losses
arising in balanced and unbalanced conditions. Furthermore, the
model accounts for nonideal common-mode currents as experi-
mental results will reveal that they have a profound impact on the
conversion efficiency in unbalanced and balanced conditions.

Index Terms—Bipolar dc microgrid, common-mode current, dc—
dc power conversion, energy storage, power distribution.

I. INTRODUCTION

OW-VOLTAGE dc (LLVdc) microgrids provide a valuable
L alternative for ac technology, considering that future power
systems will encompass a high number of distributed energy
resources and energy efficient loads, all grid-interfaced by power
electronic converters. LVdc microgrids are highly compatible
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Fig. 1. Bipolar dc microgrid architecture with the buck three-level dc—dc
converter balancing the pole-to-neutral voltages.

with, for instance, battery energy storage, fuel cells, photo-
voltaic systems, variable speed drives, heat pumps, and LED
lighting [1]. Applications for dc grid architectures range from
data centers [2], commercial buildings [3], [4], industrial facil-
ities [5], [6], electric vehicle charging infrastructure [7], public
lighting [8], to all-electric aircraft [9], and shipboard power dis-
tribution systems [10]. Apart from increased compatibility, LVdc
microgrids enable to transfer more power per unit conductor
cross-section and they are inherently controllable [11]-[13].
Two network configurations of LVdc microgrids exist: the
unipolar, two-wire LVdc configuration; and the bipolar, three-
wire LVdc configuration [14]. This article considers bipolar
LVdc microgrids, applying a positive, neutral, and negative
conductor for power distribution, as depicted in Fig. 1. Typical
voltage levels are =350 and 380 V [15], [16]. On the one hand,
the bipolar LVdc configuration provides two voltage levels: The
positive pole-to-neutral voltage level (350 or 380 V) and the
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positive-to-negative pole-to-pole voltage level (700 or 760 V).
Therefore, devices can be connected at a suited voltage level.
Electric vehicle chargers benefit from the pole-to-pole voltage
level, while the end-use voltage of LED lighting and heatpumps
is lower and therefore benefits from the pole-to-neutral voltage
level. On the other hand, the bipolar LVdc configuration enables
to transfer more power per unit conductor cross section with
less conduction losses as compared to the unipolar configura-
tion [17].

The price to pay for the advantages that bipolar LVdc (b-LVdc)
yield, is the need for (additional) converters stabilizing the two
pole-to-neutral voltage levels instead of a single voltage level in
the unipolar configuration [18]. Although equal load distribution
across the positive and the negative pole should preferably
minimize the level of unbalance, unbalanced conditions may
still arise during transients from one operating point to another
or when a particular device on one pole would fail in opera-
tion. Should the case arise, converters with voltage balancing
capability should actively control the positive and negative
pole-to-neutral voltage by transferring power from the positive
to the negative pole, such that the power infeed and off-take
matches at each pole. If no converters with voltage balancing
capability would be provided, the pole-to-neutral voltages would
start deviating to such an extent that power semiconductors
and passive devices can fail due to overvoltage. To avoid this
situation from occurring, different possibilities exist. The first
possibility is applying two separate voltage source converters
for the positive and the negative pole, respectively [19]. The
second possibility is applying a single voltage source converter
regulating the pole-to-pole voltage, complemented with a half-
bridge voltage balancer [20]. The third possibility is applying
an ac/dc or dc/dc three-level converter, which is the subject of
this article [21]-[24].

The buck three-level dc—dc converter (B-TLC) is a dc—dc con-
verter that can simultaneously interface a dc device (e.g., battery
storage or photovoltaic modules) and balance the pole-to-neutral
voltages of a bipolar LVdc microgrid [25]. It therefore benefits
from the split-capacitor dc front end, as depicted in Fig. 1. By
controlling the four power semiconductor devices S;1—S4, the
B-TLC is able to asymmetrically inject current in either the
positive and the negative pole. Additionally, because power is
directed immediately toward the positive or negative pole, an
additional voltage balancing step becomes obsolete.

The aim of this article is evaluating the power conversion
efficiency and losses of the B-TLC in unbalanced conditions,
for pole-to-neutral voltage balancing in bipolar dc microgrids.
Thus far, available conversion loss models for three-level dc—dc
converters are only valid in balanced conditions [26]. This
article, therefore, proposes a conversion loss model, expressed in
balanced and unbalanced components [25], which decomposes
losses occurring in balanced conditions from losses occurring in
unbalanced conditions. Furthermore, the presented conversion
loss model accounts for common-mode currents which influence
the conversion efficiency as the article will explain theoretically
and prove experimentally. These common-mode currents arise
due to stray capacitances, which, for instance, occur in photo-
voltaic installation between the electrodes and the frame [27],
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[28] and flow through electromagnetic interference (EMI) filter
capacitors that intentionally provide return paths for common-
mode currents [19].

The article starts by revisiting the operation of the B-TLC
in unbalanced conditions, the governing equations and the
decomposition in balanced and unbalanced components. The
decomposition enables to separate loss factor which depend on
the level of unbalance from loss factors that do not. Subsequently
in Section III, the decomposition is used to evaluate the inductor
current waveforms, in which special consideration is given to
common-mode currents that profoundly affect the waveforms
in unbalanced conditions. Section IV subsequently links the
inductor current waveform to the core losses and derives all
remaining loss components systematically as a function of the
balanced and unbalanced duty cycle, yielding the proposed
conversion loss model. That model is eventually validated
by comparing simulation to experimental results of a B-TLC
prototype in unbalanced conditions, presented in Sections V
and VI, respectively. Finally, Section VII concludes this article.

II. OPERATION IN UNBALANCED CONDITIONS

A. Circuit Description

Fig. 1 depicts the B-TLC. As shown in the figure, the B-
TLC constitutes a bidirectional interface between a three-wire,
bipolar LVdc microgrid at the front-end terminals (labeled P,
O, and N) with the dc back end, represented by the voltage
source vs. The dc back-end can for instance be a battery storage
system, a photovoltaic system, or an electric vehicle. The B-TLC
consists of four power semiconductor devices S; to Sy with
antiparallel diodes D; to Dy, two stacked capacitors C), and
C,, at the dc front end and two inductors L, and Lo carrying
inductor current 7. The two front end capacitors stabilize the
pole-to-neutral voltages v, and v,,, respectively. The converter
supplies or withdraws currents 7,, and ¢,, from the bipolar dc
microgrid, as indicated in the figure.

B. Circuit Operation

Power semiconductor devices S; and Sy are turned ON and
OFF complimentary, as well as power semiconductor devices
Ss and S4. The two switch pairs are driven by pulsewidth
modulation signals, characterized by the positive duty cycle
dy for S; and the negative duty cycle d,, for S4. The compli-
mentary switches Sy and S5 are then driven by complimentary
pulsewidth modulation signals with duty cycles d, = 1 — d,, and
d!, =1 — d,, respectively.

In order to understand how the B-TLC is able to balance v,
and v,, when ¢, and 4,, differ, consider Fig. 2 and presume that the
inductor current is controlled at its setpoint value. Fig. 2 shows
the four conversion stages that the B-TLC can attain. Stage O is
the freewheeling stage, where S and S, are both OFF, applying
—uvo across the inductors. In stage 1, S7 is in the ON-state
and S, is in the OFF-state, applying v, — v across the ind-
uctors. In stage 2, Sy is in the OFF-state and .Sy is in the ON-state,
applying v, — v2 across the inductors. In stage 3, S; and Sy
are both in the ON-state and v, 4 v,, — v2 is applied across
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Fig. 2. Operation stages of the B-TLC. (a) Stage 0. (b) Stage 1. (c) Stage 2.
(d) Stage 3.

the inductors. By altering the duration of stage 1 and stage 2
throughout a single switching period, the amount of charge
injected (or withdrawn in case i7, > 0) from the dc front end
by the inductor current is altered. If for example, stage 1 lasts
longer than stage 2, more charge is exchanged with the positive
capacitance (), as compared to the negative capacitance C,.
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Fig. 3. Modulation schemes. (a) Modulation 1. (b) Modulation 2.

This difference in duration is used to balance the dc front end,
connected to the bipolar LVdc microgrid.

The difference in duration is also noticeable from the modu-
lation scheme depicted over time ¢ in Fig. 3(a) for an arbitrary
switching period % of duration 7. As duty cycle d, exceeds
dy,, more charge will be exchanged with C}, as compared to C),.
Typically, d,, and d,, are applied att/Ts = kandt/Ts = k + 0.5
to minimize the inductor current ripple. But alternatively d,, and
d,, can be applied at the start and at the end of a switching cycle,
asin Fig. 3(b), which will be discussed further in the next section.

C. Governing Equations

Expressing the voltage-second balance for the inductors and
the current-second balance for the capacitors, yields the steady-
state (1)—(3), in which D, is the steady-state positive duty
cycle, D, is the steady-state negative duty cycle, I, is the
steady-state inductor current, I, is the steady-state load current
at the positive pole and I,, is the steady-state load current at
the negative pole. Given the loading conditions I, and I,,, and
the duty cycles D), and D, the equations yield the steady-state
operating point V},, V;,, and Iy,

DV, + DV, — Vo =0 (1)
Dyl +1,=0 )
D,Ip+ 1, =0. (3

These equations can subsequently be decomposed in
balanced (b) and unbalanced (u) components in (5)—(7). Not only
Vs Vi, I, and I, but also D,, and D,, have been decomposed
according to (4). This lead to the introduction of the balanced D,
and the unbalanced duty cycle D,,. Note that the balanced duty



BROECK et al.: CONVERSION EFFICIENCY OF THE BUCK THREE-LEVEL DC-DC CONVERTER

D,

9309

D
P
/ ! D,
Dy
0

D,
0 - 0.5 T T T 7
Dy =025 . 2000000000000 5000000000 Dy =0.6
Du:0125‘ | Q S SSSS Du:025 |
T T 2 T
V-V —— & W—Va .
b— V2
= X V, — Vs p——l —
7V2 I_l I_ 3 \ "
-]
: : / > ‘
T T 8 [
E 4 )
—_ (25
I, —§ .............. L
" - 2000050057 / |
| | o5 At - . _—
- - 0 ~ ! T il
+ + % S
w w2 = Balanced duty cysle Dy p o =
t
+ 8
~ [—)n
/T,
15 b, . 1 l I
D,
0 Do 0 P 25 ;
Dy, =0.25 Dy =0.25 D, =0.6
Du:q | Du‘:—0.125 D, =0 |
T T T I
, 2V, — Vp &
vy, vy b 2
VieVE— novrq — - [
v | | | v 1 | b 2
2 2
|
1 1 1
T
: T T
I ——— I I =
vL
e ‘n. o : 2 ‘n. o =2 mQ‘& N
ie - — 3 ie = S
2 s 2 2 S a4 T ¥+ z
+ + T < + + + S e
e ~e ~e ~e 10 Q
9 >
o i +
+ <
t/T,
t/T, t/T, /

Fig. 4. Modulation of the B-TLC in unbalanced conditions.

cycle is solely a function of the input—output voltage ratio and
does not depend on the level of unbalance current 7,,. Hence Dy,
remains constant, regardless of 1,,. The only quantity depending
on I, is the unbalanced duty cycle D,,, related to the ratio of I,
and I. In the remainder of this article, equations will be ex-
pressed in terms of the balanced and unbalanced duty cycle to
distinguish loss components which depend on the level of unbal-
ance and others which do not. A more in-depth discussion about
the decomposition into balanced and unbalanced components
can be found in [25], [29]

Tp = Tp + Ty

Vo € [d,v,i,D,V,I,P]: 4)
Ty = Tp — Ty

Dy = QL‘Z (5)

I = —l% (6)

D, = f% = %Db (7)

Note that, just like the original duty cycles D, and D, the
balanced D; and unbalanced D, duty cycle are limited [25].
The balanced duty cycle are absolutely limited between [0, 1],
meanwhile the limits of the unbalanced duty cycle depend
on the balanced duty cycle D; according to (8). This implies
that the amount of unbalanced current I,,, that the B-TLC can
supply, depends on the magnitude of the inductor current and
the maximum unbalanced duty cycle

|D,| <1— Dy

if Dy, <0.5

8
if Dy > 0.5. ©

III. INDUCTOR CURRENT IN UNBALANCED CONDITIONS

This section will investigate the shape of the inductor current
waveform in unbalanced operating conditions. The inductor
current waveform directly relates to the inductor core losses,
described and evaluated in the next section. Because the con-
verter is intended for bidirectional applications, only continuous
conduction mode is considered.

Fig. 4 depicts the inductor current waveforms (with dc value
I1), as well as the pulsewidth modulation signals with duty
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Fig. 5. Normalized inductor current ripple Ay, as a function of the bal-
anced Dy and unbalanced D,, duty cycle (absolute current ripple Al; =
Aip Vp[(L1 + Lz)fs]’l). (a) Modulation 1. (b) Modulation 2.

cycles D, and D,,, the voltage vy, across Ly and L. It depicts
these waveforms for different operating points of the operating
area defined by (8). Remind that in balanced, steady-state condi-
tions the unbalanced duty cycle equals zero and that the balanced
duty cycle Dj, only depends on the dc back-end voltage V5 and
the balanced voltage Vj,. The modulation scheme commonly
adopted in the literature is modulation scheme 1 of Fig. 3(a) [26],
[30], which is applied in the blue parts of the operating area,
as shown in Fig. 4. In the remaining yellow part, modulation
scheme 2 results in the lowest inductor current ripple, as the sub-
sequent analysis will prove. According to the figure, the inductor
current ripple not only depends on D, but also on the level
of unbalance characterized by D,,.

In order to evaluate the inductor current ripple, consider (9)
and (10). These equations yield the normalized current ripple
Ady, for modulation scheme 1 and 2, respectively. The nor-
malized inductor current ripple is proportional to the absolute
inductor current ripple A7y, according to (11). Based upon these
equations, Fig. 5 depicts the inductor current ripple for modula-
tion scheme 1 and 2 as a function of the balanced and unbalanced
duty cycle. The figure shows that, for modulation scheme 1,
the inductor current ripple increases linearly with D, up to
|D,| = 0.25 where it starts decreasing again. For modulation
scheme 2, the inductor ripple is independent from D,,. The
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Fig. 6. Comparison of the current ripple in case of modulation scheme 1 and
2 for Dy, = 0.5 as a function of D,,.

figure also indicates that modulation scheme 1 features a lower
inductor current ripple as compared to modulation scheme 2 in
certain parts of the operating area and vice versa. This is more
clearly indicated in the yellow area in Fig. 4, where modulation
scheme 2 features a lower ripple magnitude than modulation
scheme 1. Consider for instance the inductor current ripple as
a function of the level of unbalance (D,,) in Fig. 6. The figure
indicates that the normalized inductor current ripple in case of
modulation scheme 2 does not vary with the level of unbalance,
while it does vary in case of modulation scheme 1, yielding
an overall higher inductor current ripple. Therefore, this article
recommends to adopt both modulation scheme 1 and 2 in specific
parts of the operating area where each of them yields the lowest
inductor current ripple

Aip =

Dy + D)) (1 - 2D)
0.5-Dy+|D.l) (2Dy)

( Dy, €10;0.25]
( Dy, €[0.25;0.5]A|D,,| <0.25
(1—Dy—|D.|) (2Dy) Dy, €[0.25;0.5]A|D,,| > 0.25
(Dy+|Dy|—0.5) (2—2Dy) Dy €[0.5;0.75]A|D,, | <0.25
(Dy—|Dy|) (2—2Dy) Dy, €[0.5;0.75|A| D, | > 0.25
(1 =Dy +|Dy|) (1 —2Dy) Dy€[0.75;1]

(€))

Aiy — (1 - 2Db)(2Db) Dy, <0.5ANDy — |Du| >0
"7 Y @D, -1)(2-2D,) Dy>05
(10)

AL = NigViy (L1 + Lo) £ ' (11)

However, the analysis of the inductor current until now does
not consider the presence of common-mode capacitances Cy
between the terminals of the dc back-end v5 and the positive pole
and the negative pole, respectively, as depicted in Fig. 7. These
capacitances represent capacitor’s of electromagnetic interfer-
ence (EMI) filters and stray capacitances, which for instance
occur in photovoltaic installations between the electrodes and
the frame [27], [28]. Due to currents passing by C'y, the inductor
current waveformsiy,1 and ¢z are nolonger equal, although they
share the same dc components I7,.

Accordingly, Fig. 7 indicates the three circuits the dc back-end
is composed of. Apart from the main circuit considered thus far,



BROECK et al.: CONVERSION EFFICIENCY OF THE BUCK THREE-LEVEL DC-DC CONVERTER

ic1
[o % - - - - - - ---- e -

irc

L1

tp ————— +i

+ dp, — S1 JH— Dy
P |_
A.

Cp == p
" — —_—
_ dp = 5 JH_I} D yiL

o Main circuit

e o JE}

B LYY Y

Circuit 1
7 o
L +Vem —

i L2 .

LYY

+ Vem — 1

R — +1

— |
- dy — S4 Jﬁ Dy Circuit 2 2 :;Iz Cy

Fig. 7. B-TLC with common-mode choke and additional capacitances C'y .

circuit 1 and 2 are introduced and governed by (12), (13). The
voltages across C'y is denoted v,; and v, respectively. v.; and
Ve are charged by 7.1 and i.o. L1 and Lo are both equal to L /2.
Furthermore, a common-mode choke is included, inducing a
voltage v.n,. The analysis presumes that the voltage across C'y
does not vary appreciably throughout a switching period, such
that the small-ripple approximation holds [31]

L dir,

EW = Vel — Uem — (]. — dp)’Up (12)
Ldigs

EF —UCQ+Ucm—(1—dn)Un. (13)

Expressing (12) and (13) in terms of the differential-mode
and the common-mode inductor current, as defined in (14) and
(15), leads to (16) and (17)

b = tr1 ttre (14)
2
. ip1 —iL2
cm — 15
i > (s)
didm
L 0 dpvp + dpv, — V2 = 2dyvy + 2dy vy, — V2 (16)
diCIn
L i Vel — Vo2 — 2Uem — (1 — dp)vp + (1 — dp)vy
= Vel — Ve2 — 2Vem — 2(1 - db)vu +2dyvy. (17)

For the sake of completeness, the derivation subsequently
includes a common-mode choke to mitigate common-mode
currents. Because a common-mode choke introduces voltages
of opposite polarity in the main loop, the differential-mode
current remains unaffected by the common-mode choke (16).
The common-mode voltage vy, can in turn be expressed as a
function of the common-mode current 7., and the common-
mode inductance L.,, according to (18). Substituting (18) in
(17), results in (19)

o Lcm diLl Lcm diL2 o dicm
Yo = 75~ "0t 2 dt = Lem dt (18)
d.cm
(L + 2Lew) ;T — Vel — Ve — 204 + 2dpvy + 2dyvp.

(19)
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In steady state, the voltages V,; and V5 across the capaci-
tances then adhere to (20) and (21), respectively

Ver = Vo(1 = Dy — Dy,)
Vea = V(1 — Dy + Dy,).

(20)
21

In balanced conditions, D,, = 0, the capacitances C'y share
the same voltage V3, (1 — Dy), but in unbalanced conditions they
start deviating. In case the unbalanced duty cycle increases, V1
drops and V5 rises, which causes the potentials of the dc back
end to shift toward the positive pole. The opposite happens when
the unbalanced duty cycle D,, is negative.

The common-mode inductor current 4., has tacitly been
assumed to be zero before. However, as Figs. 8 and 9 show for
modulation scheme 1 and 2, the common-mode inductor current
influences inductor currents 77,1 and ¢1,2 and their current ripple.
The figures also show that the inductor current ripple of ¢7,; and
11,2 differs in unbalanced conditions (D,, # 0). In case D,, < 0,
V.o and the inductor current ripple of i1 increases, while the
inductor current ripple of i1, decreases with V.. The opposite
occurs for D, > 0.

To synthesize, this section demonstrated that the inductor
current waveforms 771 and i7o are profoundly altered in the
presence of capacitances C'y, due to EMI capacitors and stray
capacitances. In balanced conditions, they increase the inductor
current ripple up to a factor 2. In unbalanced conditions, they
cause an asymmetry in the inductor current waveforms.

IV. CONVERSION LOSS MODEL IN UNBALANCED CONDITIONS

Building further on the decomposition introduced in
Section II, this section will derive the conversion loss model
of the B-TLC, valid in unbalanced conditions, expressed as a
function of the balanced duty cycle D}, and the unbalanced duty
cycle D,,. This approach enables to distinguish losses which are
unbalance dependent and independent. Furthermore, to evaluate
the inductor core losses, the outcomes of Section III will be
employed.

The conversion loss model of the B-TLC comprises:

1) conduction losses in the power semiconductor devices

P Secs

2) switching losses in the power semiconductor devices Pgy;

3) conduction losses in the antiparallel diodes Pp;

4) dc conduction losses in the inductor windings P qc;

5) ac conduction losses in the inductor windings P ,.;

6) core losses in the inductors Py...

A. Conduction Losses in the Power Semiconductor Devices

The power semiconductor devices S;—S4 conduct current
during part of each switching cycle. S; and S4 conduct for a
duty cycle D, and D,,, respectively, while S5 and S3 conduct
during the complimentary time intervals. As discussed in the
previous section, the duty cycles D,, and D,, vary depending on
the level of unbalance. According to (4), D, = Dy + D, and
D,, = Dy — D,,.

Hereinafter, MOSFETS are selected as power semiconductor
devices. The average conduction losses of MOSFETS depend on
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Inductor current waveforms during a single switching period for varying balanced (Dp) and unbalanced (D,,) duty cycles (modulation scheme 1).

() Dy = 0.29, D,, = —0.21. (b) D, = 0.29, D, = 0. (¢c) Dy = 0.29, D, = 0.21. (d) Dy = 0.57, D,y = —0.34. (¢) Dy = 0.57, Dy, = 0. (f) Dy = 0.57,

D, =0.34.

their ON-state resistance Rgson and the conducted rms cur-
rent, according to (22)—(25) for the four power semiconduc-
tor devices, respectively. In the approximation in the last step
of the equation, the instantaneous currents through the power
semiconductor devices igy (t), ig2(t), is3(t), and ig4(t) can be
approximated as pulse-shaped current waveforms of magnitude
I1,,1in case the additional losses due to the inductor current ripple
are negligible

I )
PScl = RdsAoni/ Z-Sl t)=dt
o [ s
if [
~{Y , s 0 (22)
Rds,on(Db + ‘DU)IL lfIL >0
I
PSc2 - Rds,on? / ZSQ(t)th
s JO
son(l—D *Dulz if 1
~ R on( b )Ll L <0 23)
0 if I, >0
I
PSc3 - Rds,on? / 253(t>2dt
s JO
son(l1—D D, 17 ifI
~ Rd s ( b+ ) L 1 L < 0 (24)
0 if I, >0

1

Ts
PSc4 = Rds,on?/ /L.S4(t)2dt
s JO

if I, <0

0
~ , 25)
Rds,on(Db - D“)IL lfIL > 0.

The total power semiconductor device conduction losses is
given by (26). This equation shows that, in case the inductor
current waveform approximation is valid, they are independent
from the level of unbalance as the unbalanced duty cycle D,,
drops out of the equation. In case the inductor current ripple
needs to be accounted for, the integral formulation in (22)—(25)
should be applied

PSC:P361+PSCQ+PSC3+PSC4
{QRdsanbI% i1, >0

(26)

2Rds,on(1 — Db)I% if I1, <O0.

B. Switching Losses in the Power Semiconductor Devices

Switching losses occur in the power semiconductor devices
during device turn-ON and turn-OFF and are governed by (27)
[32]. The total switching losses are then given by (28). As
two power semiconductor devices conduct current during a
switching period the factor 1/2 drops out of the first term of
the equation. Equation (28) shows that the switching losses do
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Fig. 9.

D, =0.34.

not depend on the level of unbalance, but only on the balanced
voltage V},, the inductor current I, the switching frequency fs,
the device output capacitance C,ss and the device turn-ON and
turn-OFF time t,,, and tog

1
Vi € [1,4] : Pgg = 50055%2fs

27)

1
§Vb|IL|(t0n + toff)fs +

PSS - %‘IL|(tOI] + tof‘f)fs + 20085‘/1)2f8' (28)

C. Conduction Losses in the Antiparallel Diodes

Only two out of four antiparallel diodes D; to Dy, accompa-
nying S to Sy, will conduct according to the direction of the
inductor current. The conduction losses for each diode adhere
to (29)—(32). As the unbalanced duty cycle D, increases, one
diode will conduct for a longer period of time with respect to
the other. However, the total diode conduction losses Pp in (33)
do not depend on the level of unbalance

1 Ts
Ppy = —Vp / ip1(t)dt (29)
0

T

(Dy + Dy)Vp|IL| if I, <0
0 if1;, >0

Inductor current waveforms during a single switching period for varying balanced (Dp) and unbalanced (D,,) duty cycles (modulation scheme 2).
(a) Dy, =0.29, D,, = —0.21. (b) Dy, = 0.29, D,, = 0. (c) Dy = 0.29, D,, = 0.21. (d) Dy, = 0.57,

Dy = —0.34. () Dy = 0.57, Dy, = 0. (f) Dy = 0.57,

1 T
PD2 = T VF/ ’LDQ(t)dt (30)

0 if 1, <0
(1—Dy— D)Vl ifIL >0

1 T
PD3 = T VF/ ’LD3(f)dt (31)

0 iflI;, <0
(].7Db+D )VFIL if I, >0

1
PD4 = T VF/ ’LD4(f)dt

) (D -
1o

Pp = Ppi + Ppa + Pps + Ppy

. 2DbVF|IL‘ if I, <0
201 = Dy)Vp|IL| ifIp >0

D )Vp|I| ifI, <0

32
if Iy, >0 G2

(33)

D. DC Conduction Losses in the Inductor Windings

The dc conduction losses in the inductor are given by
(34), where Ry 4. denotes the inductor dc winding resistance.
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These losses are not a function of the level of unbalance

Prac = Rracl}. (34)

E. Core Losses in the Inductors

The inductor core losses are calculated using the improved
generalized Steinmetz equation (iGSE) [33], [34]. The iGSE
takes into account the switch-mode triangular-shaped inductor
current waveform and further only relies upon the Steinmetz pa-
rameters «, 3, and k, which are commonly provided by inductor
core manufacturers. The inductor core losses per unit volume are
expressed in (35). The equation expresses that the core losses
per unit volume are obtained by integrating the time-derivative
of the magnetic flux density B and the peak-to-peak magnetic
flux density AB over the switching period T. The improved
Steinmetz parameter k; is obtained via (36). The overall inductor
core losses Py are subsequently obtained by multiplying Py,
by the core volume V7. as in (37)

1 [T |dBI|”
Pr, = — ki l—| (AB)?*~dt 35
= / ANENS) (35)
k
ki = 5 (36)
(2m)et [T | cos B]26-dp
PLc — VLCPLv- (37)

The main effort for evaluating (35) lies in calculating the
inductor current waveform, as outlined in the previous section,
which yields the peak-to-peak magnetic flux density A B and the
time-derivative of the magnetic flux density %. The magnetic
flux density is proportional to the inductor current according
to (38), provided the number of windings N and the core
properties: Effective magnetic path length [, and the relative
permeability g,

B= “’"’;ﬂg(t). (38)

F. AC Conduction Losses in the Inductor Windings

The ac conduction losses in the inductor windings are given
by (39) [33]. To evaluate (39), the ac winding resistance needs
to be determined according to (40), using (41), in order to obtain
the skin depth §. The ac rms current I, is given by (42).
All symbols and quantities used in the equations are defined
in Table I

PLac = RLacIiac (39)
Ly
Rpge = 40
r pwri — 7 (T — §)? 40)
1
= 1)
WU/J’Ofs
Lot 2
ILac = ? (ZL(t) - IL) dt. (42)
s JO
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TABLE I
EFFICIENCY ANALYSIS PARAMETERS

Parameter Symbol  Value
Inductor Inductance L 2 x 700 pH
Core volume Ve 51800 mm?
Relative permeability W 60
Permittivity of free-space 1o 47 -1077 TT“‘
Equivalent length le 144 mm
Number of windings N 60
Conductor length lw 5.7m
Steinmetz Parameter « 1.43
Steinmetz Parameter B 1.585
Steinmetz Parameter k 151.44
Resistivity p 1.68-10~8 Qm
Conductivity 1 5.96 - 107 S/m
‘Wire radius Tw 1mm
DC resistance Rrde 30 m2
CM choke  Inductance Lem 6 mH
MOSFET Switching frequency fs 65 kHz
Switching period Ts 15 ps
On-state resistance Rgs.on  120mQ
Turn-on time ton 46 ns
Turn-off time toff 27 ns
Diode Forward voltage drop %2 1.5V

V. SIMULATION RESULTS

In this section, the conversion loss model is applied to the
B-TLC depicted in Fig. 1 with parameters listed in Table I. The
B-TLC balances v, and v,, and controls the voltage level at
vp = v, = 350 V. Therefore, it withdraws an amount of power
P from the dc back-end voltage source vy. At the dc front-end
(referring to the terminals P, O, and N) load currents ¢,, and
i, flow, as depicted in the figure. If the amount of power at
the positive pole P, = v, is equal to the amount of power at
the negative pole P,, = v, i,, the converter operates in balanced
conditions. In case of a difference, the B-TLC needs to asymmet-
rically inject more power in one of the poles relative to the other
in order to maintain the front-end voltages balanced. In that case,
the B-TLC provides an amount of unbalanced power P,,, which
is defined by (43). In the subsequent results, the unbalanced
power will always be normalized to the maximum unbalanced
power P, max that the converter can provide, given by (44)

P, = M (43)
2
. <0
P = { Ve D05 )
’ (1 — Db)IL% if Dy > 0.5

Fig. 10 depicts the simulated power conversion losses of the
B-TLC, without a common-mode choke included (L, = 0).
The figure depicts a loss breakdown of the B-TLC for vary-
ing unbalanced power P, for Vo =200V, V5 =300V, and
V5 =400 V. The figure clearly shows that the losses Ps., Pss,
Pp, and Pr4. are quasi-independent of P,, while the core losses
Pre1 (L1) and Pr.o (Ls) do significantly depend on P,. Note
that the simulation results include the inductor current ripple in
the evaluation of Ps., Psg, and Pp, thereby confirming that the
inductor current ripple can indeed be neglected in this case as
proposed in the previous section. Furthermore, the core losses
of L and Lo differ in unbalanced conditions, because of the
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Fig. 10. Power conversion losses without common-mode choke as a function of the unbalanced power for different back-end voltages Vo (V3 = 350 V,
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(a) Va =200 V. (b) Vo =300 V. (c) Vo =400 V.
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Fig. 12.  Converter prototype and lab setup.

capacitances Cy, included in the simulations. As explained
in the Section III, this loss asymmetry is due to the differing
inductor current ripple arising in unbalanced conditions. Below
Dy < 0.5, the ripple on ir; (i12) increases (decreases) with
D,,, while beyond D, > 0.5 the opposite applies. Remarkably,
the overall core losses reduce in unbalanced conditions, as the
reduction of the core losses in one inductor offsets the increase
in the other inductor. Therefore, the overall conversion losses
decrease in unbalanced conditions, which is counterintuitive.
To mitigate the common-mode inductor currents, a common-
mode (CM) choke Ly,, is added. Introducing a common-mode

Ploss [W]
i
F

s Prge
s Prge

s Prae
w3 Pre

P, u,max

(©

Power conversion losses with common-mode choke as a function of the unbalanced power for different back-end voltages Vo (V;, = 350 V, P> = 1 kW).
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Fig. 13.  Schematic overview of the lab setup.

choke reduces the common-mode currents to almost zero and
the inductor current ripple in iz and ¢z2. Accordingly, i7; and
11,2 are nearly equal and incur the same amount of core losses,
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which in total is lower than without common-mode choke. The
asymmetry in the core losses is therefore no longer visible in
Fig. 11. However, core losses P, 1.y, occur in the common-mode
choke, again calculated using (37) and depicted in Fig. 11. These
core losses depend on the level of unbalance, as recognized in
the figure. Although the overall core losses of L and Lo strongly
decrease with a common-mode choke, the decrease is offset by
additional losses in the common-mode choke. Nevertheless, the
total power conversion losses decrease by including a common-
mode choke.

If the effect of common-mode currents arising due to the C'y
capacitances would not be accounted for, the loss distribution
with common-mode choke would apply, without taking into
account the losses arising in the common-mode choke. Disre-
garding the common-mode choke core losses, the total power
conversion losses would be constant and not depend on the level
of unbalance. Furthermore, the losses would be underestimated
for this particular case by 25—60% if C'y capacitances would
be present in practice, but not simulated.

Finally considering the unbalance independent losses, the
switching losses and the diode conduction losses domi-
nate. These losses remain unaffected by the introduction of
a common-mode choke. The lowest dc back-end voltage
Vo =200 V [Fig. 10(a)], results in the highest conduction and
switching losses.

VI. EXPERIMENTAL RESULTS

In this section, to validate the conversion loss model in
unbalanced conditions, a 1-kW converter prototype has been
realized, as depicted in Fig. 12. The converter prototype printed
circuit board is depicted on the right side and contains the dc
bus capacitors C, and C,, as well as the power semiconductor
devices S1-54 and antiparallel diodes D1-D4. The converter
prototype is part of the lab setup depicted on the left side of
the figure. The converter prototype is controlled by a custom
measurement and control unit which measures the voltages v,
vy, and vy and the inductor current ¢7,. The measurement and
control unit contains a Texas Instruments F28379 Digital Signal
Processor, programmed to control the converter prototype. The

controller adjusts the pulsewidth modulation signals sent to the
converter in order to balance and control the pole-to-neutral
voltages at V3, = 350 V, such that =350 V appears at the front-
end terminals of the converter. At the converter terminals, three
power supplies are connected, as indicated in the schematic
overview in Fig. 13.

e ], powers the positive side of the dc front end and is
connected between terminal P and O. The power supply
operates in constant current mode.

I,, powers the negative side of the dc front end and is
connected between terminal O and N. The power supply
operates in constant current mode.

V5 powers the dc back-end and operates in constant voltage
mode.

Figs. 12 and 13 also depict the power analyzer included in the
setup to measure power conversion losses. The power analyzer
records the power sinked by the dc backend V5 and the power
sourced by I}, and I,,. All signals are collected on the engineering
PC which also sends voltage set-points to the measurement and
control unit.

Fig. 14 depicts the power conversion losses at P, = 1 kW
for Vo =200V, Vo =300 V, and V5 = 400 V, with and with-
out common-mode choke. According to the simulation results,
the experimental results indicate that the power conversion
losses decrease in unbalanced conditions, both with and without
common-mode choke. However, with common-mode choke, the
power conversion losses depend less on the level of unbalance.
Furthermore, the inductor current waveforms iy, and 775 in
Fig. 18 are not equal due to common-mode currents. These
common-mode currents are caused by EMI filters in the dc
back-end power supply. By adding a common-mode choke, the
figure shows that these common-mode currents are mitigated
and that i7,; and ¢, are aligned and feature lower ripple mag-
nitudes. The asymmetry in the inductor core losses furthermore
appears from infrared thermal images of L; and L, presented
in Fig. 15. A clear temperature difference exists in unbalanced
conditions and the average temperature of the inductors de-
creases by 19 °C in unbalanced conditions. If a common-mode
choke is included, as visible on the infrared thermal images in
Fig. 16, the common-mode choke adds to the losses, but the
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Infrared thermal camera images of the inductors L; and Lo in unbalanced conditions without common-mode choke (P> = 1 kW, V5 =200 V).

@) Py/Pymax = —0.7(Tp1 =33°C, T2 =40° C). (0) Pu/Pumax =0 (T1 =57°C, Tpa =54° C). (¢) Pu/Pumax = 0.7 (T1 =39°C, Tpo =

Fig. 15.
33°0).
10:38 ;
2018-11-14  23.5
10:38 ;
2018-11-14; 23.6
()
Fig. 16. Infrared thermal camera images of the inductors Li and Lo

in balanced conditions with the common-mode (CM) choke (P> = 1 kW,
Vo =200V). (a) Py/Pymax =0 (Tp1 =Tpe =27°C, Tom =47 ° C).
() Pu/Pymax =0(Tr1 = Tr2 =27°C, Tey = 47° C).

average temperature of the inductors drops appreciably from
57 to 27 °C (—53%). Finally, Fig. 17 depicts the temperature
of the power semiconductor devices at P, /P, max = 0 and at
P, /Py max = 0.7. These infrared thermal images show that the
power semiconductor device temperatures slightly shift with the
level of unbalance, but remain constant overall with respect to
the level of unbalance.

VII. CONCLUSION

This article derived a conversion loss model for the buck
three-level dc—dc converter, which is valid in both balanced
and unbalanced operating conditions experienced in bipolar dc

= B
PAT. PENDNG A\
BT [}
Ll SN |

(b)

Fig. 17.  Infrared thermal camera images of the power semiconductor devices
without common-mode choke (P> = 1 kW, Vo =200 V). (a) P,/ Py max =
0 (Ts1 =Tg2 =282°C, Tgg =Tgq =27.8°C). (b) Py/Puymax =0.7
(Ts1 =Tgo =27.1°C,Tg3 =Tgy =264°C).

microgrids. In order to study to which extent loss components
depend on the level of unbalance, the conversion loss model has
been decomposed into balanced and unbalanced components.
The decomposition revealed that the conduction and switching
losses occurring in the power semiconductor devices shift as a
function of the level of unbalance, but that they remain constant
overall, in case the losses associated with the inductor current
ripple are minor relative to the losses associated with the average
inductor current. Moreover, the model explicitly accounted for
nonideal common-mode inductor currents, arising due to capac-
itive coupling between the dc back end and the positive and the
negative pole. On the one hand, the theoretical and experimental
analysis revealed that common-mode inductor currents result in
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higher levels of inductor current ripple, which in turn lead to
higher conversion losses. On the other hand, the inductor current
waveforms and the associated core losses became asymmetri-
cal in unbalanced conditions, which was also experimentally
confirmed by the differing core temperatures. This loss asym-
metry remarkably lead to lower overall conversion losses in
unbalanced conditions, confirmed by the model and by experi-
ments performed on a 1-kW converter prototype. Not consider-
ing common-mode inductor currents lead in the studied case to
a loss underestimation of 25—60% and would render the con-
version losses independent of the level of unbalance. Finally, in
order to mitigate the undesired common-mode inductor currents,
a common-mode choke has been included in the model and in
the experimental analysis. Although the common-mode choke
introduced additional conversion losses, the inductor core losses

decreased significantly, yielding overall lower power conversion
losses depending less on the level of unbalance.
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