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Abstract—The demand for a bidirectional dc—dc converter with
a flexible dc bus is driven by the fast development of renewable
energy system, transportation electrification, and microgrid. In
order to accommodate different dc bus, two-stage ac—dc—dc ar-
chitecture has been widely used, and the dc output regulation was
handled by a rear-end dc—dc converter. If the galvanic isolation
is not required, the four-switch buck-boost (FSBB) converter with
quadrangle control is a good candidate because of the bidirectional
noninverting output, step-up/down capability, and zero voltage
switching. However, to achieve the minimum rms current and soft
switching, the calculation of quadrangle control is complicated and
often requires the resource-consuming loop-up tables, or additional
high-frequency current detection circuits. Moreover, due to the un-
balanced circuit topology, the common-mode (CM) noise is another
concern. In this article, a symmetric three-level (3-L) buck—boost
converter was first proposed to suppress the CM noise. To increase
the power density and efficiency, a planar coupled inductor was
designed for this 3-L buck-boost converter with a 30% winding
loss reduction. And then, to realize a simple close-loop output
control, a real-time simplified minimum rms current calculation
for quadrangle modulation was found without look-up tables or
Z.CD circuits. Based on this simplified output control, a decoupled
mid-points balance control for both input and output sides were
also proposed. Finally, the simplified close-loop control, the decou-
pled active balance control, and the CM mode noise reduction were
all verified by a 30 kHz 50 kW 3-L buck-boost converter. Compared
with the typical FSBB converter, the proposed 3-L buck-boost
converter has a up to 25 dB CM noise reduction from 150 kHz to
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30 MHz. This article is accompanied by two videos demonstrating
the effect of decoupled active balance control.

Index Terms—Common-mode (CM) noise reduction, decoupled
active balance control, four- switch buck-boost (FSBB) converter,
planar coupled inductor, quadrangle control, simplified minimum
rms current calculation, three-level (3-L) buck-boost converter,
zero voltage switching (ZVS).

1. INTRODUCTION

N RECENT years, the dc—dc converter with a flexible dc
I output plays a significant role in the energy storage system
(EES) [1], [21, [3], electrical vehicle (EV) charging system [4],
[51, [6], [7], [3], [8], [6], and solid-state transformer (SST)
system [9], [10], [11], [12], [13]. For this demand, as shown
in Fig. 1, a wide range output bidirectional ac—dc converter is
desirable to connect distribution line with different dc loads. For
compatibility with different dc buses, the two-stage ac—dc—dc
architecture shown in Fig. 2 is usually selected.

Since the front-end ac—dc stage has a limited range for the dc
output, a rear-end de—dc converter can be dedicated to dc output
regulation. For instance, the dc bus for a typical photovoltaic
(PV) system is 1 or 1.2 kV, and the dc bus for EV charging
system is 400 or 800 V. For the isolation application, the dual
active bridge (DAB) converter [14] and the LLC/CLLC series
resonant converter [15], [16], [17], [18] are both very popular
topologies. However, if the galvanic isolation is not required,
four-switch buck—boost (FSBB) converter [19], [20], [31] is a
good candidate because of noninverting output, bidirectional
power flow, and step-up/down capability.

Among three soft switching control methods: buck-boost
control [19], [20], [21], two-mode control [22], [23], [24], [25],
and quadrangle control [26], [27], [28], [29], [30], [31], [32],
[33], [34], quadrangle control is more desirable because it has
the minimum inductor current. However, in order to modulate
an optimal quadrangular inductor current, the negative valley
current should be minimized, and the calculation block is very
complicated. The look-up table method [27], [28], [29], [30],
[31], [32], [33] was proposed to avoid the complex real-time
calculation. However, this method was resource-consuming be-
cause all the optimized control variables should be stored as
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Fig. 1. Applications for the bidirectional DC-DC converter.
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Fig. 2. Typical two-stage AC-DC-DC architecture.

look-up table data in advance. Moreover, due to large time
consumption for invoking these data, this method also has a poor
dynamic performance [34]. To obtain a real-time calculation
block, a simplified method [34] has been proposed with an
extra high-frequency (HF) current detection circuit. However,
this additional circuit will increase the cost and decrease the
power density. The HF current detection circuit is very difficult
to implement in high voltage and high voltage applications.
Besides extra circuits, this simplified method requires a variable
switching frequency, which might lead to difficulty for magnet-
ics design.

Apart from the complex calculation, the CM noise is another
concern because the typical FSBB converter is an unbalanced
circuit topology [35]. The symmetric unfolded topologies such
as three-level (3-L) buck converter were usually adopted to
reduce the CM noise because they should have zero CM volt-
age emission theoretically. However, with the consideration of
circuit tolerances such as the propagation delay from the gate
driver [36], the CM noise will still exist in these topologies.
Furthermore, an unfolded topology often requires a mid-point
balance control, which will also have an impact on the CM
noise. Therefore, a quantitative CM noise comparison between
balanced and unbalanced topologies is desirable.

The rest of this article is organized as follows. Section II
proposed a symmetric 3-L. buck—boost converter with the CM
noise reduction. Due to the zero-voltage switching (ZVS) and
the minimum rms inductor current, quadrangle modulation was
selected. Furthermore, considering 30% less winding loss and
higher power density, two separate inductors in 3-L buck—boost
converter were coupled together. The design of this coupled
inductor was also given to cover the full range of voltage
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Fig. 3. (a) Circuit diagram of a typical four-switch buck-boost (FSBB) con-
verter. (b) Corresponding inductor current i;, with a quadrangle control [26],
[27], [28], [29], [301, [31], [32], [33], [34].

and power. In order to realize a real-time calculation without
look-up table or extra HF current detection circuit, Section III
simplified the existing minimum rms current calculation block
with a ZVS factor. An approximate linear relationship between
the ZVS factor and negative ZVS current was found. Thanks
to this simplified minimum rms current calculation, a simple
close-loop output voltage control for 3-L buck—boost converter
was developed. And then, Section IV proposed a decoupled
active balance control to equalize both input and output sides
mid-points voltages. With the introduction of two small vari-
ables, the input and output side balance control can be decoupled,
and the overall output close-loop control will not be affected.
Finally, in Section V,a30kHz 50 kW symmetric 3-L buck—boost
converter with planar coupled inductor was built to verify all the
proposed functionalities, such as the simplified close-loop con-
trol, decoupled active balance control, and CM noise reduction.
In order to obtain a fair quantitative CM noise comparison, a
typical FSBB with the same specifications was implemented.
Compared with typical FSBB, from 150 kHz to 30 MHz, the
proposed 3-L buck—boost converter has a up to 25 dB CM noise
conduction under different output voltage cases.

It should be notated that to visualize the effects of decoupled
active balance control, and close-loop soft start-up, two scope
recording videos are attached to this article. On the other hand,
to explain the details of equation derivation (15)—(19), a Math-
ematica notebook file is also attached to this article.

II. PROPOSED 3-L BUCK-BOOST CONVERTER
A. Quadrangle Modulation for FSBB Converter

The circuit diagram of traditional FSBB was depicted in
Fig. 3(a). Vi, and V4 are the input and output voltages, respec-
tively. The gating signals and corresponding inductor current
iz, are shown in Fig. 3(b). D; and D5 are the duty cycle for
half bridge S; 2 and S3 4, and the phase shift between Dy and
D is . D1, Do, and ¢ are three basic control variables for
FSBB converter, and they can control the shape of iz. Due
to the soft-switching and minimum rms current, quadrangle
modulation has been widely used in FSBB converter [26], [27],
[28], [29], [30], [31], [32], [33], [34]. I; and /5 in Fig. 3(b) are
two peak currents of iy. This modulation has total three merits
as explained in the following.
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Merit 1 is the simple output regulation: due to the volt-second
balance, the voltage gain of a typical FSBB converter can be
easily controlled by D, and Dy

Vou _ Di
Vin D2 .

(1)

Merit 2 is the soft switching with minimum negative current.
To realize the ZVS during the deadtime 7,4, a small negative
current Izyg is required to charge and discharge the device
output capacitance C,4s as shown in Fig. 3(a). The amplitude
of this negative current can be given as follows:

|IZVS| 2 2C'oss‘/out,max (2)
2]

where Viut,max 18 the maximum output voltage.

Merit 3 is the minimum rms value of the inductor current iy,.
To obtain this, the inductor current i;, is controlled as a
quadrangular waveform as shown in Fig. 3(b), the inductance
L in Fig. 3(a) should meet the requirement as follows [27]:

2-Pmax ZVst ( in + V;nvz)ul + oul)

where Py, 7vs is the maximum power that the FSBB converter
could achieve ZVS with minimum rms current.

B. Proposed 3-L Buck—Boost Converter With Coupled
Inductor

Based on the typical FSBB converter with a quadrangle mod-
ulation, a 3-L buck—boost converter was proposed in Fig. 4(a)
to reduce the CM noise. S14, So3, S5s, and Sg7 are four switch
pairs, and each pair has the identical gate signals. For example,
switch S and S, have the same driving signal. Ny and N, are
two mid-points on the input and output side, respectively.

Moreover, to increase the power density and decrease the
winding loss, two separate inductors Ly in Fig. 4(a) can be
integrated as a 1:1 coupled inductor as shown in Fig. 4(b). The L,
and M are the self-inductance and mutual inductance. Fig. 4(c)
depicts the simplified equivalent circuit with the coupled induc-
tor. van1, VBN1, Vone, and v p e are four voltage sources which
are used to replace four half bridges. Due to the symmetrical
modulation, without the consideration of circuit tolerance, the
amplitude of v4 1 and v are exactly equal to vey1, Vo2,
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Proposed 3-L buck—boost converter. (a) With separate inductor. (b) With coupled inductor. (c) Simplified equivalent circuit. (d) DM and CM equivalent
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The influence of the circuit tolerance will be discussed in
Section IV.

Lpy and Loy are DM and CM inductance and can be given
as follows:

Lpy= 2Ls+2M M~L Lpy ~ 4L,
Lovm= (Lz — MQ) /(2L5+2M) — Ley = 0.
(5)

When the coupling coefficient is close to 1, Lpy and Lowm
can be approximated as 4L, and 0. Compared with two separate
inductors design shown in Fig. 4(a), the coupled inductor design
can decrease the turns number from N to +/2/2N with a same
value Lpy. Therefore, the winding loss can be reduced by
30% with a sacrifice of CM inductance. This cost is acceptable
because this proposed symmetric 3-L buck—boost converter can
reduce the CM voltage emission as explained in the following.

The equivalent circuit in Fig. 4(c) can be decomposed into two
DM and CM equivalent circuits as shown in Fig. 4(d). From (4),
two CM voltages sources vy1(2),cm and the total CM voltage
veu can be derived as follows:

vny.em = 0.5 (van, +vBn,) = 0 ©6)
vy em = 0.5 (ven, +vpN,) = 0
UcM = UN,,cM — UnN,,cm = O. @)

From (7), this proposed topology has the zero CM voltage
emission theoretically, which means the coupled inductor is
suitable in this case.

As for the DM equivalent circuit depicted in Fig. 4(d), four
DM voltages va(pep),pm and the total DM voltage vpy can
be given as follows:

{ VA(B),DM = VA(B)N; — UN,,CM )
Vc(D),DM = VC(D)Ny — UN>,CM
vpm = (va,pm — vBpM) — (Vopm — Uppm) - (9)

From (7), the CM current icy; is theoretically equal to 0 and
the inductor should be equal to the DM current.

icm = 0
. . 10
{ZDMZZL. ( )
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Fig. 5. Equivalent circuit diagrams of four basic modes. (a) Mode I (t1—t2). (b) Mode I (t2—t3). (c) Mode I (t3—t4). (d) Mode I (t4—t5).
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C. Operation Principle

With the symmetrical modulation, the operation principle of

the 3-L buck—boost converter is very similar as the typical FSBB.
For example, the voltage gain, the negative ZVS current Izys,
and the inductance requirement can follow (1)-(3).

Fig. 5 shows the equivalent circuit diagrams of four basic
operation modes of 3-L buck-boost converter. And the corre-
sponding current waveforms and driving signals are depicted
in Fig. 6 with three different cases. In order to realize ZVS at
all switches, deadtime 7, is adopted. Each operation mode is
illustrated as follows.

Mode I: As depicted in the Fig. 5(a), four switches S, Sy, S¢, and
S7 are turned ON during #; to t». Since only the input voltage
Vin is applied on the coupled inductor Lpys, the inductor
current {7, will increase linearly with the slope mp as shown
in Fig. 5

m1 = Vin /Lpm. (11)

Mode II: In the Figs. 5(b) and 6, switches S1, S4, S5 and Sg are
in the ON state from 75 to 3. The difference voltage between
Vin and V4 is applied on the coupled inductor Lpy, and the
current slop mpy can be given as follows:

mn = (Via — Vou) /Lom- (12)

Mode 111: In Figs. 5(c) and 6, So, S3, S5, and Sg are conducting

during 3 to #4. Since only the output voltage V. is applied

Corresponding waveforms of 3-L buck—boost converter. (a) Step-down case when Vi, > Viy¢. (b) Unit-gain case when Vi, = Voy¢. (¢) Step-up case

TABLE I
SPECIFICATIONS OF THE PROPOSED 3-L BUCK-BOOST CONVERTER

Variable Value Variable Value
Input voltage V5, 900 V Rating Power P 50 kW
Output voltage V,.. 500 V to 1 kV Switching frequency f 30 kHz

to Lpw, the current slope mpyr can be derived as follows:
mir = —Vou/Lpwm- (13)

Mode IV: In Figs. 5(d) and 6, four switches Ss, Ss, S, and S7 are
turned ON during #4 to 5. The voltage across Lpy is zero, and
the inductor current will free-wheel slope myy can be given
as follows:

my = 0. (14)

Since this free-wheeling mode will increase the rms value of
iz, Mode 1V is not expected and should be avoided at heavy
load. With the combinations of these four operation modes, the
inductor current shape can be controlled as a quadrangle. Three
difference cases: step-down, unit-gain, and step-up cases are
depicted in Fig. 6(a)—(c), respectively. The definition of D1, D5,
and ¢ in Fig. 6 is same as traditional FSBB in Fig. 3.

D. DM Inductor Design and Marginal Power

The specifications of proposed 3-L buck—boost converter are
listed in Table I. The input voltage Vj, is constant as 900 V, and
the output voltage V4 is from 500 V to 1 kV. The rating power
P is 50 kW, and the switching frequency f; is 30 kHz.
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Due to the similar operation principle as FSBB con-
verter explained in Section II-A, the DM inductance Lpy; in
Fig. 4(b) should be determined by requirement (3). With a
fixed Vi, = 900V, Fig. 7(a) depicts the maximum ZVS power
Pryax,zvs With Lpy and V. To achieve the ZVS, Piax zvs
should be larger than the rated power P, which means the re-
quired operating region should be lower than 50 kW. To simplify
the explanation, Fig. 7(b) projects P,ay zvs in Fig. 7(a) to a
two-dimensional (2-D) plane with different V,t. Only when
Lpy is smaller than 50 pH, Pyax zvs with the full Vi, range
can exceed the rating power 50 kW. If Lpy is larger than 50 pH,
Prax,zvs at Voug = 500 V will be smaller than 50 kW, which
means full load range ZVS will lose. On the other hand, a smaller
Lpy will cause a larger current ripple from (11)—(13), which
means the rms current on inductor will also increase. And then,
Fig. 7(c) projects Ppax,zvs to another 2-D plane with different
Lpy. With a similar analysis, in order to achieve whole range
ZV'S and minimum rms current, the optimized value of Lpy; can
be reconfirmed as 50 pH.

With a determined Lpy, Fig. 8 shows the inductance current
i;, waveforms with different load conditions. Under a heavy
load, to obtain a minimum rms current, i;, can be controlled
as a quadrangle without Mode IV. However, if the load becomes
more and more lighter, the current shape will change to triangle
because of the smaller output current. The marginal power is
defined as the power boundary when i, exactly transforms to
a triangle without Mode IV. As for the step-down operation as
shown in Fig. 8(a), the marginal power case only consists of
Modes II and III. As for the unit gain case, marginal power is
equal to zero because i;, always keeps as an isosceles trapezoid
as shown in Fig. 8(b). As for the step-up operation, the marginal
power case is composed of only Modes I and II as shown in
Fig. 8(c). When the operation power is smaller than P,,;, to
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Fig. 8. Inductance current waveforms with different load conditions. (a) Step-
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Fig. 9. Relationship between marginal power Pp, 5y and output voltage Vot .

obtain a smaller output current, Mode IV will occur to fill up
the blank time. With a determined V¢, Vin, fs, and Lpy, the
marginal power Py, can be given as follows:

Pmar — {‘/:)2%“ (VIn - V:)ut) / (2stDMV;n)
V; (%ut - ‘/In) / (QfSLDM%ut)

Vin > Vou
Voo < Vo )

The detailed derivation of (15) can be found in the Appendix.
According to the specifications listed in Table I, Fig. 9 depicts
the relationship between the marginal power Py, ,, and the output
voltage Vous. Region “A” and “B” show the step-up case with
heavy load and light load, respectively. And Region “C” and “D”
depict the step-down case with heavy and light load. As shown
in Fig. 9, the unit gain case is presented by a dashed line (V},, =
Vout) and its marginal power is equal to zero, which means the
shape of i1, keeps as an isosceles trapezoid at the full load range.
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k= 0. (b) When k # 0.

III. SIMPLIFIED CLOSE-LOOP CONTROL
A. Simplified Minimum RMS Current Calculation

As shown in Fig. 3, three basic control variables D, D,
and ¢ can be used to control the current shape and achieve the
three merits: output regulation, soft-switching, and minimum
rms current. Fig. 10(a) shows a typical minimum rms current
calculation block, which has been widely used to determine D1,
Do, and ¢ with four input variables: input and output voltage
reference Vi ref, Vout,ref, OUtput dc current /o, and negative
current Izyg. In order to avoid the complex real-time calculation,
look-up table and extra Izyvg current detection methods have
been adopted. However, an external flash is required to store
huge look-up table data. And an extra high-frequency current
detection circuit is costly and difficult to implement at high
power application.

In order to achieve a real-time calculation without extra
current detection circuit, a simplified minimum rms current
calculation block was proposed as depicted in Fig. 10(b). The
input variable Izyvg has been replaced by a ZVS factor “k.”
This new variable was adopted to simplify the calculation and
describe the amplitude of Izvg. Fig. 11 shows the inductance
current iy, with different ZVS factor “k.” For example, when the
factor kis equal to 0 as shown in Fig. 11(a), the ZVS current Izyg
is also equal to 0. When £ is not equal to 0, the negative ZVS
current Izyg will occur as shown in Fig. 11(b), the relationship
between Izyg and k will be explained in Section III-B. Fig. 12
shows the flowchart of the simplified minimum rms current
calculation. The first step is to determine load condition. If the
output power is larger than marginal power Py, from (15), the
current can be controlled as a quadrangle without Mode 1V, and
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Fig. 12.  Flowchart of the simplified minimum rms current calculation.

three basic control variables D, D5, and ¢ can be derived as
follows:

Vou
D= ‘/inol)tQ
Dy=1—¢

1- \/‘/11?‘/0;5’ —2(1+ k) LowLpmfs - X
p = v (16)
where terms “X” and “Y” can be given as follows:
X = Vio Vol + ViV’ + VidVou!
Y =V Vol + ViV + 1. (17)

Therefore, under the heavy load, Region “A” and “C” in Fig. 9
share a unified (16).

When output power is smaller than the marginal power Py,,;,
the second step is to determine the step-up or step-down case. If
Vin s larger than V4, the derivation for Dy, D5, and ¢ under
Region “B” can be given as follows:

_ \/2LDM (1 + k) Iout‘/;)ut

D,
VE (1 - %) fs
Vin
D =
27 Vou
Dip = 0. (18)

As for step-up case (Vin<Vout), the derivation for Dy, D,
and ¢ under Region “D” can be given as follows:

\/QLDM (]- + k) Iout out

D, =
V; <17%> fs
Vi
Dy = D
T Vou
%2 :D1 —DQ. (19)

It should be noted that the marginal power P, ,, for unit gain
case (Vi = Vout) is zero, which means only (16) will be adopted
for calculation and the inductance current i;, will keep as a
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Fig. 13.  Inductor current i7, with different ZVS factor k. (a) Vin, =900V, Vous
=1kV, P =50kW, and (b) Vi, =900V, Vot =V, P =40.5 kW.
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Fig. 14. Relationship between Iy and k under different load conditions and

output voltages. (a) Before normalization. (b) After normalization.

quadrangle even though under light load condition. The detailed
derivation of (15) can be found in the Appendix.

B. Linearization and Normalization for 15vg and k

The relationship between Izys and ZVS factor “k” will be
discussed in this section. Fig. 13 depicts the simulation results
of inductance current i, with different k. Under a certain load,
adopting different k will obtain different amplitude of Izys.
Fig. 13(a) and (b) show the step-up case (900 V to 1 kV) under 50
kW and unit gain case (900-900 V) under 40.5 kW, respectively.
The dc output current I, in these two cases are equal to
50 and 45 A. As shown in Fig. 13, with a larger ZVS factor
“k,” a larger negative Izyg will be obtained. Fig. 14(a) depicts
the amplitude of Izyg with k under different load conditions
and different output voltages (input voltage keeps constant as
900 V). It can be easily found that Iyg and k are approximately
linear relationship. Since different power levels and different
output voltages will get different output current /,;, as shown
in Fig. 14(b), the amplitude of /7y in Fig. 14(a) are normalized
based on I,,;. After the normalization and linearization, the
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‘ Vout
G Vout,ref
D, Simplified in,ref
D, Min RMS [~ Vi res
” (Fig. 100) | (17, I,

Fig. 15. Close-loop control diagram with simplified minimum rms current
calculation block.

relationship between /7y and k can be approximated as below
especially when £ is close to 0

\Izvs|/ Tow = 1.1k (20)

With a required /s value from (2), the corresponding k can
be obtained from (20). In practice, the value k will be slightly
larger than the calculated value to guarantee the ZVS.

C. Close-Loop Control With Simplified Calculation Block

With a simplified minimum rms current calculation block as
shown in Fig. 10(b), the close-loop control diagram for this
3-L buck—boost converter was plotted in Fig. 15. Based on
Vin ref> Vout, ref> Lout. and k, the open-loop values of three basic
control variables Dy, D3, and ¢ can be obtained. However, if
there is a tolerance on the value of Lpy and measured gt
the actual output voltage V,,+ might have a slightly difference
from the reference value Vi ref. In order to compensate these
tolerances and regulate the output voltage accurately, an extra
“PI” controller was adopted to slightly change D;. From (1),
the output voltage V, is proportional with D;. For instance, if
the measured V. is larger than the reference value Vi ref, the
output of “PI” controller is negative. And then, this close-loop
control will decrease D; to guarantee the actual output voltage
Vous 1s exactly equal to the reference value Vo ret.

IV. DECOUPLED ACTIVE BALANCE CONTROL
A. Proposed AD and AD> for Voltage Balance

As mentioned before, in order to reduce CM voltage, this
proposed 3-L buck—boost converter should have the symmetric
driving gate signal theoretically. Fig. 16 shows the detailed
circuit diagram of this proposed 3-L buck—boost converter. At
the input side, both top and bottom duties D; 7 and D, g should
be equal to D; . As for the output side, both Do 7 and D5 g should
be equal to Do

{ Dy =Dip =D, @1

Dor = Dyp = Do.

The duties D1 and D- could be obtained by the close-loop
control as shown in Fig. 15. As shown in Fig. 16, at the input
side, V,;7 and V, are the voltages across the split top and bottom
capacitors. V,7 and V,p are the voltages across the output
side split capacitors. The relation between total input (output)
voltages and split V;7 and V;5 (V,r and V,p) can be easily
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Fig. 16.  Circuit diagram of the 3-L buck—boost converter with decoupled

balance control.
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Fig. 17.  Corresponding waveforms of the gate signals, inductor current i,
and inductor voltage V..

derived as follows:

22
Voul = VoT + VoB~ ( )

{V;n =Vir +Vip

Due to the tolerance between top and bottom half bridges,
such as the gate driver propagation delay, the split capacitor
voltages imbalance might happen on both input and output side
(Vir #V,p and V,r #V,p). However, four basic operation
modes Modes I-IV in Fig. 5 have no capability to regulate
the balance on either input or output side because both sides
split capacitor currents i i, and i ooyt in Fig. 16 are always 0.
Therefore, the ideal symmetric 3-L buck—boost converter with
only four basic modes might suffer from the imbalance issue on
both input and output side.

In order to decouple the balance control of the input and
output sides, two small duty differences AD; and AD5 have
been introduced as shown in Fig. 17. With these two control
variables, the top side duties D1 (2)T will not equal to the bottom
side D1(2)B anymore, and the new relationship can be given as
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Fig. 18.  Equivalent circuits of four intermediate modes.

follows:

{ Diayr = Dy2) +ADq(2) (23)

Di2)p = D12y — AD1(y).

From (23), the total voltage gain V,,+/Vi, can be still main-
tained as D1/D5 as shown in (24), which means that the mid-
point balancing control will not influence the output regulation

Vou _ Dir+Dip _ D
Vi Dor+Dsp Dy’

(24)

B. Four Intermediate Operation Modes

After introducing AD; and ADs, Fig. 17 shows the gating
signals D1(2), D1(2)7, D1(2)B, and inductor current iz, and
voltage V. The inductor voltage Vi, applied to the coupled
inductor can be expressed as follows:

Vi, =Vac + Vbs. (25)

As shown in Fig. 17, compared with no balancing control,
the current i;, will have two small differences during 7,-1;
and ?.-t4. These two small differences on i; are caused by
different voltages V1, across the coupled inductor. According
to the polarity of AD; and ADs, four possible new intermediate
modes Mode I(a), Mode I(b), Mode II(a), and Mode II(b) will be
introduced as shown in Fig. 18. Each intermediate mode has the
capability to control either the input or output side balancing.
The detailed balancing effects of these four modes are listed in
Table II. Since Mode I(a) and Mode I(b) can only impact the
output side split capacitor current icout, AD1 is dedicated to
controlling the output side balance. As for the output side, AD-
can be adopted to control the input side split capacitor current
LCin-

For example, if AD; and ADy are both positive as shown
in Fig. 17, Mode I(b) and Mode II(a) will be introduced during
tqo-tp and 7.-t4. Based on the balancing effect in Table II, Mode
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TABLE II
BALANCING EFFECT OF FOUR INTERMEDIATE OPERATION MODES
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Mode Side icin and icou Balancing Effect AD, ) polarity
Mode I(a) " icir=0, icou>0 Vorl Vost negative AD,
Mode () *™P" 6,0, icui<0 Vort Vs | positive AD,
Mode II(a) inout icin>0, icou=0 Virl Vig 1 positive AD,
Mode 11() """ i¢,<0, icu=0 Virt Vig| negative AD;

Vir + AD, 4-
L=~} +6<\ Dir(S)
D, from Fig.15
ViB (a) E—— D1B (S4)
Vor — AD, +
L >(X)—{_Pr LX) Dor(S5)
+
+ 4 D, from Fig.15
Vos (b)) — D55 (Ss)
Fig. 19. Decoupled active balance control. (a) Input side. (b) Output side.

1(b) will increase the V, 1 and decrease the V, 5, and Mode I1(a)
will decrease the V,; and increase the V5. Therefore, the input
and output side balance control can be decoupled by AD; and
ADs.

C. Close-Loop Control and Simulation

Since the input and output split capacitor voltages can be
separately controlled by AD; and AD-, the decoupled active
balance was proposed in Fig. 19. By measuring the split capaci-
tor voltages V1, Vi, V, 1, and V, 1, the input and output voltage
differences (V;r -V;p) and (V.5 -Vor) can be feedbacked.
According to the balance mechanism listed in Table II, two “PI”
controller can be adopted to regulate the input and output bal-
ance, respectively. The outputs of these two “PI” controllers are
the AD; and AD,. Based on the total output voltage close-loop
control as shown in Fig. 15, three basic control variables D1,
D», and ¢ can be obtained in advance. With these three basic
variables and AD; (3), from (23), the duties D 7, for the input
side, and Dy () for output side can be determined, respectively.
As shown in Fig. 16 and 19, D1 r(p) are the driving signals for
switches S1(4), and D () are the driving signals for Ss(g).

In order to verify the proposed active decoupled balance
control shown in Fig. 19, a unit gain case from 900 to 900 V
under 45 kW has been simulated as shown in Fig. 20. To create
some imbalance because of the circuit tolerance, the initial value
of the input and output split capacitor voltages V;r, Vip Vor
V,p were set to 500, 400, 400, and 500 V. Before 3 ms, only
output voltage close-loop control shown in Fig. 15 was adopted.
As explained in Section IV-A, this close-loop control has no
capability to control either input or output balance because of
the zero split capacitor currents i ci, and i cout.

At 3 ms, the proposed decoupled active balance control shown
in Fig. 19 was added on both input and output side. After
3 ms, with this decoupled control, the input and output split
capacitor voltages V;7, V;g Vor V, 5 begin to converge toward
the equilibrium value 450 V. After zooming in the inductor

500 — Béla.ncing control started (input)
=<
B
S 450
g I |
~ —ViT
400 — ViB |
1 1 L 1 L 1 L 1 L 1 I
0 315 10, 15 20 25
Time [ms]
! T T T T T T T T T
500 L—>» Balancing control started (output)
=<
3
=450
§
~
=
L 1 1 1 1 1 1 1 1 1
0 3 10 15 20 25
Time[ms]
T T T T T T T T T
60 —> Balancing control started —ilL

o 3 s 10 __ 15 20 25
1 Time[ms]
50 - .
II(a) II I 11 (b) IIT

< 25|
&

0r Zoomed current i, waveform

Fig. 20.  Simulation results for the decoupled active balance control under

45kW unit gain case (900-900 V).

current i;, at 3 ms, intermediate modes Mode I(a) and Mode
II(b) can be seen because V7 is larger than V,p at the input
side, and V,p is smaller than V,p at the output side. More
experimental results for this decoupled active control will be
provided in following Section V.

V. HARDWARE PROTOTYPE AND EXPERIMENTAL RESULTS
A. Prototype Implementation and Hardware Setup

As shown in Fig. 21, a 50 kW 3-L buck-boost converter
with planar coupled inductor was built first. The specifications
have been listed in Table I, and more technical details of this
proposed 3-L buck-boost converter are listed in Table III. In
order to improve the power density and handle large dc bias
flux, planar magnetics was adopted with amorphous AMCC core
from Hitachi. And then, the heavy copper printed circuit board
(PCB) technique has been used for inductor windings to handle
the large current. The turns numbers are 7:7, and the thickness of
the trace is 15 oz. To reduce the fringing effect loss, two-board
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120mm

4 X AMCCO0004

(b)

Fig. 21. 50 kW 3-L buck-boost converter prototype with a planar coupled
inductor. (a) Whole power stage. (b) Heavy copper coupled inductor.

TABLE III
TECHNICAL DETAILS OF 3-L. BUCK-BOOST CONVERTER

Component Parameter Description
core AMCC-0004 x 4 Hitachi amorphous core

E & Pri.turns 7 (two layers parallel)  Heavy copper PCB (15 0z)
oy é Sec. turns 7 (two layers parallel)  Heavy copper PCB (15 0z)
S8 Lpy 50.4 pH Differential mode inductance

Air gap 1.8 mm Ceramic pad for the air gap
- o Cir 20 uF x 10 Split dc bus film capacitor
3 8 C; 20 pF x 10 Split dc bus film capacitor
%E Cor 20 uF x 10 Split dc bus film capacitor
S Cor 20 pF x 10 Split dc bus film capacitor

SiC Module 1.2 kV half bridge x4 GE12047CCA3 4 mQ at 25 °C

E Iﬁi‘;‘;r 24 Vpe (5W)x2  25x 25x20 mm® (10.5 CFM)
2 2 Fan—udul
Sa he;’ts‘i‘ni 24VpeBW)x6  60x60 x25 mm® (5.5 CFM)

design was adopted. Following the design procedure of Lpjs in
Fig. 7, the airgap is designed as 1.8 mm and a coupled inductor
with 50.4 uH Lpy; has been obtained. Due to the low-profile
design, as shown in Fig. 21(b), the power density of this planar
inductor is 3.5 kW/in3. As for the split dc-link capacitors C;,
Cip, Cor, and C,p shown in Fig. 16, ten 20 uF film capacitors
are connected in parallel. Due to the small turn-ON resistance
Ris,on (4 m) at 25 °C), four 1.2 kV SiC half bridge modules
GEI12047CCA3 from GE have been adopted. Finally, two 25
mm fans are used for planar coupled inductor cooling, and six
60 mm fans are used for total four SiC modules cooling.

To verify the CM noise reduction, Fig. 22(a) and (b) show the
testing setups for the proposed 3-L buck—boost converter and
typical FSBB converter, respectively. For both setups, a 50 arms
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Fig. 22. Diagrams of the experimental setups. (a) Proposed 3-L buck—boost
converter. (b) Typical FSBB converter.

line impedance stabilization network was connected at the input
side, and a current transducer (CT) was used to measure the CM
current. The current icT mes 1S the output of the CT. Since the
selected CT has a 30 dB external attenuation, the measured CM
current i can be expressed as follows:

iom = 1017 - ior mes/2- (26)

The experimental results in the next part will only show
the CM current icy after converting. A 900 V dc source was
connected at input side, and the output side adopts a 20 €2
resistance load. As shown in Fig. 22(b), the top half of 3-L
buck—boost converter in Fig. 22(a) was adopted as a typical
FSBB converter, and two mid-points N7 and N, were connected.
To obtain the same inductor current iy, in the typical FSBB
converter (same value of Lpyr), the coupled inductor was con-
nected as shown in Fig. 22(b). It should be noted that no CM
choke was used in these two setups. The following experimental
results for both 3-L buck—boost converter and typical FSBB
will keep the same setup as shown in Fig. 22. Since this 3-L
buck—boost converter was adopted on the rear-end, more details
about the whole grid-interface converter including gate driver
design and communication design can be found in [37], [38], and
[39].

B. Experimental Results for CM Noise Suppression

Fig. 23 shows the experimental results for the 3-L buck—boost
converter with decoupled active balance control. The input volt-
age Vi, is kept as 900 V. With four different output voltages Vo,
the step-up case (Vout = 1 kV), unit gain case (Ve = 900 V),
and step-down cases (Vo = 800V, Vi = 500 V) are depicted
in Fig. 23(a)—(d), respectively. As shown in Fig. 22(a), since the
load is a constant 20 2 resistance, the output powers for these
four cases are 50, 40.5, 32, and 12.5 kW. And the corresponding
output current are 50, 45, 40, and 25 A. As shown in Fig. 23, it
can be easily seen that both the input and output side voltages
Vir, Vi, Vo1, and V,7 have been balanced well, which could
verify the proposed decoupled active balance control.
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Experimental results of the 3-L buck—boost converter with decoupled
balance control. (a) Vout = 1 kV. (b) Vout =900 V. (¢) Voutr = 800 V. (d) Vout
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As for the soft switching, with 300 ns deadtime and 3.2 nF
time-related output capacitance from 0 to 500 V, the required
negative ZVS current Izyg can be calculated as —21.3 A from
(2). According to the approximate relationship between I+ and
I7vs from (20), the ZVS factor k was set as 1.4 with a small
margin. As shown in Fig. 23, under different output currents, 50
A (Vour = 1kV), 45 A (Voue =900 V), 40 A (Vour = 800 V),
and 25 A (Vous = 500 V), the measured Iyg are —22.7, —-19.4,
—16.5, and —12.2 A. With these measured /v g, the approximate
linear relationship in (20) between I, and Izys can also be
verified.

The experimental results without the decoupled active control
were plotted in Fig. 24. Except for the balance control, Fig. 24
keeps the same testing conditions as Fig. 23. As mentioned
before, due to the circuit tolerances, distinguished voltage differ-
ences (up to 92 V) existed at both input and output sides without
a balance control.

Following the setup shown in Figs. 22(b) and 25 shows the
experimental results for a typical FSBB converter. Since the
rating voltage of the SiC module is 1.2 kV, for a safety operation,
only 900, 800, and 500 V output cases have been conducted in
typical FSBB converter. The testing results of these three cases
have been plotted in Fig. 25(a)—(c), respectively. Compared with
results 3-L buck—boost converter shown in Figs. 24 and 25, the
inductance current i;, should be same because the inductance
value Lpyr has been kept same.

Fig. 26 plots all the measured CM current results from
Figs. 23-25 in the frequency domain (150 kHz-30 MHz). The
results of 900, 800, and 500 V output voltages are represented
in Fig. 26(a)—(c), respectively. The results of 3-L buck—boost
converter with balance control, without balance control, and
typical FSBB converter are depicted together with the standard
requirement DO-160.

From 150 to 500 kHz, the amplitude of CM current icy; are
close in all three cases. From 500 kHz to 1 MHz, compared
with typical FSBB, CM current i of 3-L buck—boost with or
without balance control both have up to 15 dB attenuation. After
1 MHz, the merits of 3-L buck—boost are more obvious. From 3
to 30 MHz, the 3-L buck—boost with or without balance control
both have about 15 dB (up to 25 dB) attenuation.

The dynamic experimental results for the soft start-up and
close-loop output voltage regulation have been shown in
Fig. 27(a) and (b), respectively. The load is still a 20 {2 resistance.
During the close-loop soft start-up, the input voltage Vi, has been
pre-charged to 900 V first. To increase the output voltage Vi
from 0 V to 1 kV, a ramp reference volage Vo, ret is adopted in
the close-loop control.

After finishing the start-up procedure, to verify the close-loop
output regulation capability, a triangular output voltage refer-
ence Vout rer from 500 V to 1 kV and back again was given
as shown in Fig. 27(b). With the simplified close-loop control,
the output can be well-regulated because V,,; can follow the
reference Vg, ref-

Remark: In order to visualize the close-loop balance control
and soft start-up shown in Figs. 23, 24, and 27, this article
is accompanied with two additional recordings Video A and
B. Following the same set-up shown in Fig. 22(a), Video A
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Fig. 24.  Testing results of the 3-L buck—boost converter without decoupled
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=500 V.
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and B record the soft start-up with or without balance control,
respectively. The oscilloscope screen shows several waveforms
(from top to bottom): Channel C3 (red) and C4 (green) show
the input side split capacitor voltages V;7 and V;p; Channel C1
(yellow) and C2 (blue green) show the output side split capacitor
voltages V,r and V,5; Channel C5 (brown) shows the voltage
v 1ne across the input and output midpoints Ny and No; Channel
C8 (dark green) shows the drain—source voltage v 4, 51 of switch
S1, Channel C7 (pink) shows the measured current ic T mes from
the CT which has an external 30 dB attenuation, and Channel
C6 (blue) shows the measured inductor current iy, through the
heavy copper planar coupled inductor.

C. Switching Transition Results and 15y With Different “k”

Following the setup shown in Figs. 22(a), 28, and 29 plot
the zoomed waveforms for proposed 3-L buck—boost converter
without or with the balance control. The deadtime 7, has been
changed from 300 to 600 ns in these two cases. In Figs. 28 and 29,
from the top to bottom, eight channels scope was used to record
the waveforms of vy, 52, Vas, 53, (Vds,52- Vds,53)s Vds,S6» Vds,S7
(Vds,S6 - Vds,S7)s ICT,mes» VN1N2, iL. The steady-state values of
Vds,$2s Vds,s3 and vgg g6, Vds,g7 can indicate the split dc cap
voltages on both input and output sides V7, Vg, Vo1, V,p5.
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Fig.26. Measured CM current results under different cases. (a) Vout =900 V.
(b) Vout = 800 V. (¢) Vout = 500 V.

(Vds,52—Vas,s3) and (Vgs, 56 —Vds,s7) are two CM noise sources
in this topology.

As shown in Fig. 28(b) and (c), the falling edges of v4s, g2,
Vds,s3 and the rising edges of v 56, Vds,57 hardly have any
delay. However, due to no balance control, the steady state will
have the difference. After adding the balance control as shown
in Fig. 29(b) and (c), v4s,56 and v4s s7 can match very well in
both switch transition and steady state.
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Fig.27. Dynamic close-loop experimental results. (a) Soft start-up. (b) Output

voltage regulation.
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Fig. 28. Experimental results (Vo = 900 V, P = 45.5 kW t4= 600 ns)
without decoupled active balance control. (a) Large-scale voltage and current
waveforms. (b) Zoomed vgs,2 and vy 3 during hard switching transition.
(c) Zoomed v 45,6 and vy 7 during soft-switching transition.

To verify the approximate linear relationship between “ZVS
factor” k and negative ZVS current Iy g, the experimental results
with different £ under Vo, = 900 V, P = 45 kW, t, = 600
ns are plotted in Fig. 30. When k = 0.2, 0.3, 0.4, 0.5, the
negative current Izyg are equal to —10, —15.6, —20.8, and —26
A, respectively. Therefore, the approximate linear relationship
between Izyg and “k” in (20) can be verified.

D. Thermal Performance and Efficiency

Fig. 31 shows the thermal result of the coupled inductor.
Benefits from 15 oz heavy copper PCB technique, the hot spot
temperature is 47.1 °C under 50 kW, 1 kV output voltage.
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More details about this heavy copper coupled inductor design
and core loss measurement can be found in [40] and [41].

With the consideration of auxiliary losses such as gate driving
losses, controller losses, and cooling fans losses, the conversion
efficiency of the proposed 3-L buck—boost converter and 2-L
FSBB are both shown in Fig. 32. The peak efficiency of the
3-L buck-boost converter is 98.9% and occurs at full load unit
gain case (Vout = 900 V). Compared with the 3-L buck—boost,
2-L FSBB with the same setup has a slightly higher efficiency
because only the top half circuit was used as shown in Fig. 22(b).
Theoretically, 2-L FSBB and 3-L buck—boost should have simi-
lar efficiency because half voltage rating device can be selected
on 3-L buck-boost topology. More discussion on the difference
between 3-L buck—boost and 2-L FSBB will be explained in the
next part.

In addition, the loss breakdown of the proposed 3-L buck—
boost converter at 50 kW is plotted in Fig. 33. Among step-up,
step-down, and unit gain cases, unit-gain case has the lowest
peak current because of a flat trapezoidal current waveform.
Therefore, the conduction loss P.,,,q of the unit case is relatively
small. Due to the ZVS, the switching loss Py, is dominated
by turn-OFF switching loss. With the smallest current ripple,
unit-gain case has the lowest Pg,, among these four cases.

As for the coupled inductor winding loss Pyinq and core loss
Pcore, the results are derived from Q3D finite element analysis
simulation and improved generalized Steinmetz equation calcu-
lation. As for the Poiper it includes the power for all the fans,
controller, gate drivers, voltage and current sensors.

E. Comparison of 3-L Buck—Boost Converter and 2-L FSBB

The comparison between the proposed 3-L buck—boost con-
verter and traditional 2-L FSBB converter is listed in Table IV. It
should be noted that except switch number, gate driver number,
other variables have been normalized based on 2-L. FSBB. For
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(d) k=0.5.

example, if the conventional 2-L FSBB has 1 per unit (p.u.)
voltage stress on each device, the proposed 3-L buck-boost
converter only has 0.5 p.u.

Based on Table IV, the loss comparison can be explained as

follows.

1) Device switching loss: Considering the device number,
device voltage and current stress, the total switching loss
of these two topologies should be very similar with the
same inductor current waveform iy,.
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Fig. 31.  Thermal testing results for the planar coupled inductor under 50 kW
step-up case (900 V to 1 kV).
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Fig. 32. Efficiency of the 3-L buck-boost converter and 2-L FSBB with
different output voltage. The 2-L FSBB cannot run at 1 kV because the device
rating is only 1.2 kV.
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Fig. 33.  Loss breakdown of 3-L buck—boost converter at 50 kw with different

output voltages.

TABLE IV
COMPARISON OF THE PROPOSED 3-L BUCK—BOOST CONVERTER AND 2-L
FSBB
Variable 3-L buck-boost 2-L FSBB
Switch voltage stress (P.U.) 0.5 1
Switch current stress (P.U.) 1 1
Switch number 8 4
Capacitor voltage stress (P.U.) 0.5 1
Capacitor Value (P.U.) 2 1
Inductor voltage stress (P.U.) 1 1
Inductor voltage stress (P.U.) 1 1
Gate driver number 8 4
Mid-points balance control Yes No
CM noise Small Large
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2) Device conduction loss: With the assumption that double
voltage rating device will have double R g (on ), the total
device conduction loss will be similar.

3) Inductor loss: Due to the same voltage and current stress
on the inductor, the conduction loss and core loss of
the inductor should be very similar between these two
topologies.

In addition to the loss comparison, with up to 25 dB CM noise,
the CM filter for the proposed 3-L buck—boost converter will be
smaller than traditional FSBB.

It should be noted that this article focuses on the CM noise
reduction. And thus, the 2-L. FSBB in this article is only for the
purpose of CM noise comparison. With 1.2 kV SiC module, the
output voltage of 2-L FSBB can be pushed up to 900 V. However,
the required maximum Vi, is 1 kV, which means 2-L. FSBB
cannot meet this requirement. If 2-L. FSBB was selected, 1.7 kV
SiC devices should be adopted to meet 1 kV V.. However, the
availability of 1.7 kV SiC modules is a concern when more 1.2
kV commercial SiC modules exist from multiple vendors in the
market. Therefore, there is a tradeoff between device availability
and converter complexity.

VI. CONCLUSION

In this article, a symmetric 3-L buck—boost converter with
coupled inductor is presented for CM noise reduction. The
operation principle of the proposed 3-L buck—boost con-
verter with quadrangle control is illustrated first. In or-
der to realize a real-time close-loop control without look-
up table or extra circuits, a simplified minimum rms cur-
rent calculation block is developed. In addition, a decou-
pled active balance control for both input and output sides is
proposed.

Finally, to verify the CM noise reduction, the simplified
close-loop control, and the decoupled balance control, a 30
kHz 50 kW symmetric 3-L buck-boost converter was built
with a 98.9% peak efficiency. Compared with typical FSBB
converter, the symmetric 3-L buck—boost converter has up to
25 dB CM noise reduction. Thus, this proposed topology with
its related control methods has great potential to improve the
performance of grid-interface converter in PV system, and EV
charging system.

APPENDIX

The derivation details of (15)—(19) will be explained as fol-
lows. (A1) can be easily derived first as the definitions in Fig. 6.
The derivation of (A2) can be found in [27]

Iy — Izvs = Vin/Lowm - (t2 — t1)

In— I = (Vin — Vou) /Lom - (t3 — t2) (Al
Iy — Izys = Vou/Lowm - (ta — t3)
P Vi (A2)

C 2T (I + L) - t3 — (Izys + I2) - ta)

Based on (A1) and (A2), (15)—(19) can all be derived with
different additional limitations. As for (15), the additional condi-
tions for step-down case in Fig. 8(a) and step-up case in Fig. 8(c)
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can be given as (A3) and (A4), respectively

t1=1t=0

tz3 =T, (A3)
Izvs =0

t1 =0

ty =tq =Ty (A4)
Izvs = 0.

Combining (A1)—(A4), the marginal power Py, in (15) can
be derived. And then, three basic control variables D1, D5, and
 can be expressed by #1—14

Dy =ts—t
Dy =t4—to (A5)
Y= tQ 7151.

For the heavy load region “A” and “C” in Fig. 9, the current
shape should be a quadrangle. Therefore, besides (A1) and (A2),
the additional limitations can be given as follows:

t1 =0
ty =Ty (A6)
Iz7vys = 0.

Combining (Al), (A2), (AS), and (A6), D1, D2 and ¢ in
Region “A” and “C” can be derived in (16) and (17). As for the
light load Region “B,” the additional limitations can be given as

follows:
t1 =1t=0

Combining (A1), (A2), (AS), and (A7), (18) can be derived.
Finally, as for the light load Region “B,” the additional limita-
tions can be given as follows:

(A7)

t1 =0
13 =ty (AB)
Izvs = 0.

Combining (A1), (A2), (AS), and (AS8), (19) can be derived.
Remark: In order to explain the derivation of (15)—(19), this
article is accompanied with a Mathematica Notebook file.
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