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Abstract—In the single-phase voltage source inverter (VSI), the
instantaneous output power pulsates at twice the line frequency,
generating second-harmonic voltage in dc bus. Bulky electrolytic
capacitors or additional auxiliary circuits are used in traditional
methods, which inevitably limit the system lifetime, efficiency,
and power density. In this article, the input-parallel output-series
(IPOS) dual active bridge (DAB) with differentiated-capacitance
design is adopted as the front-end dc-dc stage. The pulsating
power is compensated by the energy gap that the differentiated
output capacitors release. The small-signal model of the [IPOS DAB
fed VSI is built, and based on which, the voltage-complementary
algorithm is proposed. Then, the preferred zone and optimization
scheme of the main circuit parameters are designed according to
the quantitative analysis of the suppressing effect. Furthermore,
a 625-W TPOS DAB fed VSI design example is presented and
tested. The experimental result shows that at least seven times the
capacitance requirements can be reduced without any additional
components, and the power quality of both the input current and
the output voltage is well guaranteed.

Index Terms—Dual active bridge (DAB), parameter
optimization design, second-harmonic suppression, single-phase
inverter.

I. INTRODUCTION

S THE interface between ac and dc, the power electronics
A transformer (PET), consisting of the dual-active-bridge
(DAB) converter and the H-bridge dc/ac converter, is considered
as the contender for line-frequency transformer [1]. The isolated
single-phase inverter or rectifier is the elementary unit of PET,
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which can be classified into single-stage [2]-[6] and two-stage
[71-[9] structures. In comparison, the two-stage structure is more
suitable for applications where the input voltage has a wide
variation range or has a large difference in magnitude with the
output voltage, such as aircraft power systems [10], fuel cells
[11], and photovoltaic cells [12], [13].

In single-phase systems, the instantaneous output power pul-
sates at twice the line frequency, generating the second-harmonic
current (SHC) at the input of VSI. For the dc bus, the SHC
would cause second-harmonic voltage (SHV) and distort the
output waveform of the dc—ac stage, making it hard to meet
the requirements of power quality [14], [15]. For the front-end
dc—dc converter, the SHC causes an increment in current stress
of semiconductors, inductors, and transformers, decreasing the
conversion efficiency [7], [16]. For the dc source, the SHC causes
the fuel cells to overheat [17] and the output power of solar cells
to vibrate near the maximum power point [18].

In traditional design, the very large, electrolytic capacitors
are usually connected in parallel with the dc bus. The lifetime
of an electrolytic capacitor is only 3-6 years (<10 000 h) and
declines by half with every temperature increase of 10 °C [19],
which limits the operational reliability and service life span of
the two-stage inverter. In contrast, the metalized film capacitor
has a life span of 12—15 years, but its price, volume, and weight
are about 10 times the electrolytic capacitor with the same
parameters. Hence, it is urgent and significant to eliminate the
second harmonic in dc bus, front-end converter, and dc source
with smaller main circuit capacitors [20].

In the literature, the methods of reducing the SHC and SHV
in the single-phase system have been reported, among which
can be classified into topology type and control type [21]. The
topology-type methods insert auxiliary circuits to absorb the
second harmonic, including the passive decoupling circuit and
the active decoupling circuit. The passive decoupling circuit
utilizes the L—C filter with a resonant frequency of 2fj to bypass
the SHC [22]. Nevertheless, the magnetic material suffers from
the disadvantage of low power density and additional power loss,
such as magnetic loss and core loss. The active decoupling circuit
inserts nonisolated or isolated power semiconductor circuit to
absorb the second harmonic, which includes the boost type [23]-
[25], buck type [26], [27], H-bridge type [28], [29], flyback type
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Fig. 1. Main circuit of IPOS DAB fed VSL

[30], [31], VSC type [32], [33], etc. However, these additional
circuits inevitably increase the volume, cost, and power loss of
the system.

The control type only modifies the control strategy, keeping
the original topology [21]. To prevent the SHC penetrating
into the front-end stage, an alternative approach is increasing
the output impedance of dc—dc converters through inserting
active damping by virtual-impedance-based control strategy
[34]-[36]. Yet, the existing control schemes can only apply for
the buck-derived or boost-derived front-end dc—dc converters
[37]. Moreover, these approaches still need bulky capacitors to
absorb the second harmonic and stabilize the dc bus voltage. The
repetitive controller (RC) is adopted in [38], but this method has
poor robustness to the frequency fluctuation of the power grid. A
current ripple damping control based on a quasi-z source inverter
has been proposed in [39]. However, the bulky capacitors are still
needed.

To solve the downsides of existing power decoupling tech-
nology, this article proposes an original second-harmonic sup-
pression method based on differentiated-capacitance design and
resolves the conflict between small harmonics and small capac-
itance. The input-parallel output-series (IPOS) DAB is adopted
as the front-end stage as shown in Fig. 1. This structure reduces
the current stress of semiconductors on the primary side and the
voltage stress on the secondary side, which is suitable for fuel
cells and solar cell systems [40].

As can be seen in Fig. 1, the DAB modules’ output capacitors
serve as the dc bus capacitor together. In the traditional design,
these output capacitors have the same value (C; = Cs), indicat-
ing that module 1 (DAB1) and module 2 (DAB2) are working
in the same state. In this article, the differentiated design is
employed in Cy; and Cs. The pulsating power is compensated
by the energy difference that these capacitors release as the
ripple voltages are complementary. Combined with the proposed
ripple-complementary algorithm, the SHV in dc bus can be
reduced to less than 15% of the traditional design under the
same Cq1+C>, and the current ripple of the input source can be
reduced up to 50%.

Section II analyzes the working principle of IPOS DAB fed
VSI and builds the small-signal model. Based on this, Section III
gives a detailed description of the differentiated-capacitance
design, including the physical mechanism and working process.
It also designs the control algorithm, which can realize the
complementarity of capacitors’ voltage ripple. Furthermore,
it points out and analyzes the uncontrollable interval of this
algorithm. This interval makes the algorithm unable to work
throughout the 2w period and influences the suppression effect.
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Fig. 2. Main circuit of submodule DABj (j = 1,2).

Then, Section IV quantitatively analyzes the impact of this
interval and conducts the relationship expressions between the
harmonic suppression effect and the main circuit parameters.
After that, this article gives the preferred zone and optimization
scheme of the main circuit parameters. A 625-W prototype has
been built and tested in Section V. The experimental results are
provided to verify the design method and analysis model of the
differentiated-capacitance design.

II. MATHEMATICAL MODELS OF SECOND HARMONIC IN IPOS
DAB FED SINGLE-PHASE VSI

A. Operation Principle of DAB Modules

In traditional designs, v and v ¢ change synchronously and
evenly distribute the dc bus voltage (vo1 = voe = Vpus/2). The
submodule topology DABj is shown in Fig. 2 (j = 1,2).

The phase-shift modulation is utilized in DAB to satisfy
the power delivery by adjusting the phase-shift angle. In this
article, the single-phase-shift modulation is employed. The
midpoint voltages vap; and vcp; are bipolar high-frequency
square waves, and the phase-shift ratio between them is marked
as d;. When vy p; is ahead of vop;, the phase-shift ratio is
positive (d;>0), and the power flows from the primary side to
the secondary side; when v 4 p; lags behind vcp;, the reverse
applies. According to the working principle of single-phase-shift
modulation, the output power of DABj can be expressed as
follows:

nViwve;ld;|(1 = |d;)
QfSLk

where v¢; is the switching-cycle average of the capacitor’s
voltage, and f; is the switching frequency.

Considering v¢; as a constant during one switching period,
the output current of DABj can be derived from (1) as follows:

Poutj = ey

i Valdg| (A — |dj])
Outj ZfSLk

From (2), iout is only regulated by d; and independent of v ¢;.
Meanwhile, iy, ; has a peak value oyt max under |d;| = 0.5.

Assuming the conversion efficiency is 100%, the input power
and output power of DABj are equal. The input current of the
front-end stage is the sum of #;,,; and ij, 2

2
lin = § linj =
j=1

@

2
nvey|d;|(1 —|d;)
D T ®

j=1
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Fig. 3. Key waveforms of IPOS DAB fed VSI under the traditional design.

B. Power Model of Second Harmonic

For the sake of analysis, supposing that the output voltage and
current of VSI are pure sinusoidal waveforms, and they can be
expressed as follows:

{ Vae = Vi sin(wt)

lae = Iy sin(wt — 0) “)

where 6 is the load impedance angle. # = 0 as VSI is connected

to the grid.
The dc bus current can be derived as follows:
MI
s = ——— cos ) — ™ cos(2wt — 0) = Tpys + bus 2w (5)

where M is the modulation ratio of VSI.

As seen, i}, is composed of two items, namely, the dc current
I,y and the SHC ip,,s 2,,. In the traditional design, the dc bus
capacitors need to be large enough to compensate most of SHC,
and the front-end dc—dc stage only supplies the constant rated
power. On combining the above-mentioned analysis with (2),
the steady state of d; and d» satisfy

2Ibusstk
nVin

Fig. 3 shows the waveforms of v,¢, iac, Vbus, Ibuss foutls lout2s
vei, and veo in the traditional design. As seen, veq and veo
reduce synchronously to compensate the power gap between
input and output as ip,s > Ihys and increase to absorb the power
surplus as ipyus<Ipus. The slewing rate of vy and v can be
expressed as follows:

di(1 = dy) = dp(1 = dy) = (6)

dver - Tows —inus
dt Cy

) 7
dvoe Loz~ 0
dt Cy

where 1 and I,,¢2 are equal to Iy, in the traditional design.
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After making the integration of (7), we have

Vus J\ll'm 1
{Um =3+ 556 oy sin(2wt — 0)

_ : 3
Voo = Vgus + 7%(%1];:02) sin(2wt — 0)

The peak-to-peak value of SHV in dc bus is equal to the sum
of AV and AV g

2M1I,,
w(C’l + CQ) '
Substituting (6) and (8) into (3), the input current of the system
can be obtained as follows:
. %usjbus I2bus
lin =
" Vin Vipwcos O C1 + Cy
As can be seen, the input current also contains SHC due to
the fluctuations of v and v ¢o. From (9) and (10), the only way
to reduce SHV and SHC in the traditional design is to increase

the dc bus capacitances C; and Cs, which brings more cost and
reduces the system reliability.

A‘/bus_con - AVvC,‘l + AVC? = (9)

sin(2wt — 6).  (10)

C. Small-Signal Model of IPOS DAB Fed VSI

In the above-mentioned analysis, the power model of the
second harmonic is built and the relationship between SHYV,
SHC, and the main circuit parameters under the traditional
design is obtained. However, the control ability of d; and d5 to
the second harmonic is still not clear. Therefore, the small-signal
model is built below, and the idea of differentiated-capacitance
design can be derived from it.

After perturbing (2) and (3) about the quiescent operating
point, the first-order linearized expressions of %inj and iomj are
obtained

inj = 275y [CZJ( 2d;)Ve; +d;(1 d])@Cj]
(11)
ZoutJ = 37, Lk [ Vm +d ( d)@m]
Set the constants k1, ko, and k3 as follows
k= (1 - 2d)
ko = —Qf?Lk (1—-d)d (12)
‘/;ﬂ
ks = 2?5Lk (1—2d)

where d is the steady-state value of d; and d».

From (11) and (12), the first-order small-signal circuit of
DABjis shown in Fig. 4. According to (5), VSI can be equivalent
to the parallel of dc load R and ac current sources ipys_2.-
Combining Fig. 4 with VSI's equivalent circuit, the small-signal
model of the IPOS DAB fed VSI can be obtained, which is shown
in Fig. 5.
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Fig. 5. Small-signal model of the IPOS DAB fed VSI.
Applying KCL in nodes N; and No
2 ~
dic; ) D DFERE o B
Cj dtJ = koljy + kad; — JT — Tbus_2w- (13)

Considering Vi, is constant, the result of (13) can be rewritten
in the S-domain

~$RC2bus 20 +k3 [(SRC2+1)31 *dAz]

Vo, =

S2R0102+S(Cl+02)

. I (14)
A —SRclibus,2w+k3[(SR01+1)d2—d1]
Vo, = TR 02 +5(C11C3)

The small-signal expression of dc bus voltage is the sum of
@01 and 7302
k3(Cady + C1da) — (C1 + Ca)ibus 20
sRC1Cy + (01 + CQ)

Upus=0c1 + Oc2 = R
15)
Similarly, the small-signal expression of the system’s input
current can also be derived as follows:
%in = %inl + %inZ
(16)

il ] k3(Cadi+C1ds)—(C1+C2)ibs 2
=k (dl + d2) + ko R A isC1lc§l((C1l-‘rCz2))zh e

From (15) and (16), it is easy to find dpus= 0 and 2, = 0
after d; and d> meet the constraints of (17), which indicates that
the dc bus voltage and input current have no low-frequency ripple
under the perturbation of %bus_gw, and the complete suppression
of the second harmonic can be realized

{ kS(CQCzl + 01(22) —(C1 + Cy)ipys 20 = 0

R R 17
di+dy=0

The solution of (17) is only available under the condition
of C1+#Cs. Thus, the traditional design cannot eliminate the
second harmonic by increasing the dc bus capacitance. And
this is the root reason for the differentiated-capacitance design
proposed in this article. Under this condition, the solution can
be obtained as (18), which is the small-signal expression of the
ripple-complementary control algorithm to be analyzed below

5 (C1+C2)ibes 2w

7 _(C1+Cz)%bus,2w '
da= k3(C1—C2)

(18)

III. CAPACITOR VOLTAGE RIPPLE-COMPLEMENTARY CONTROL

According to the analysis presented in Section II, there is
no second harmonic in dc bus voltage and input current as
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long as cfl and Ciz can track %bus_zw as (18) under differentiated-
capacitance design. Substituting (18) into (14), 91 and v¢o turn
into

_ 25C1CaR+2(C1+C3) | bus 2w

Vo, =

$2RC1C2+s(C1+C2) C1-Co (19)
o — 25C1CoRI2ACITCo) | sy
Cy = s2RC1C2+s(C1+C2) C1—Cs

As canbe seen, 01 and v¢9 fluctuate with ’Zbus_gw but always
satisfy 9c1= — 0¢2. Thus, the control strategy shown in (18)
makes the ripple of v and veo to the complementary state
and then maintains vy,,5 constant. To achieve this in practice, the
charge—discharge of C; and C; need to be accurately controlled.
Since C; and Cy are connected in series, their discharge current
and time are determined by the dc bus. Only by designing
different d; and d- to adjust the charge current, can the ripple
complementarity be achieved. The control algorithm of IPOS
DAB, named ripple-complementary control, would be derived
in this section.

A. Design of Ripple-Complementary Control Algorithm

The ripple-complementary control algorithm needs to meet
two constraints: the ripple of v¢; and vee is complementary,
and the SHC is fully absorbed.

1) Mutual Complementation of vcy’s and vos’s Ripple: The
discharge current of C; and Cs is iy, so the discharged charge

in one switching period T's is
QCl_out = QCz_out = Z.busT‘s~ (20)

In the same way, the charged charge of C; and Cs in T can
be calculated as follows:

{ QC’lfin:ioutl Ts

QCinn:iOuKQTS

1)

The variation of voq and ves in T 18

AUCl _ ch,inngcl,cm

v . (22)
A’UCZ — QCQ_nnngQ_onnl
In ripple-complementary control, the sum of Avq and Av g

needs to be 0 at all times:

Avcy + Aves = 0. (23)

Substituting (20)—(22) into (23), the constraint equation of d
and ds is

di(1—dy1) do(l—da) 2fsLyg . 1 1
Cl + 02 - nV, (Ibus +'Lbus_2w) <C,1 + C’Q)
(24)
2) Full Buffering of SHC: To get the similar properties of the
bulky capacitor, the algorithm also needs to meet the constraint
that all SHC can be compensated by dc bus capacitors. In other
words, the front-end dc—dc converter only outputs the required

dc power to VSI

Poutl + Pout2 = Pac. (25)

From the expression of DAB’s output power, poyt1 and pouge
are directly related to v and veo that are variable with time.
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This time-varying character would make the control algorithm
very complex. Considering AV; and AVo are small, this
time-varying character can be neglected in (25). The impact of
this simplification will be analyzed in the next section. Substi-
tuting (1) into (25), the other constraint equation is

_ 2fsLy Vi Iy, cos @

di(1 —dy)+da(1 —dg)= Vi (26)
in V' bus

Combining (24) and (26), the ripple-complementary control
algorithm can be derived as follows:

2fs Ly . CL+C.
dl(l - dl) = £Vi“k (Ibus — Tbus_2w Cii_cg)

d2(1 - d2) - 2,:st/ﬁk (Ibus + Z.bus_2w gifg;)

27

After perturbing and linearizing (27) about the quiescent
operating point, the result fits with the small-signal expression
in (18). In contrast with the traditional algorithm, the ripple-
complementary algorithm injects ripple component, which is
in-phase or out-of-phase with the SHC in dc bus.

Substituting (27) into (2) yields the following:

. . C1+C.
loutl = Ibus — Tbus_2w Cij—LC';
. . Ci1+C (28)
lout2 = Ibus + Tbus_2w Ci_cj

The output currents of DAB1 and DAB2 are no longer con-
stant as shown in Fig. 3. And this added ripple current is inversely
proportional to the difference between C; and Co. Therefore,
using this algorithm in the traditional design would lead to the
infinite output current of front-end DAB converters, indicating
that the traditional equal-capacitance design does not have the
active power decoupling capability.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 10, OCTOBER 2022
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Fig. 6 shows the typical operating waveforms of the
differentiated-capacitance design using ripple-complementary
control. The working process is analyzed below.

t1—-13(ibus>Thus): The dc bus current is larger than DAB2’s
output current ioute and smaller than DAB1’s output current
iout1- Voo drops, and v rises. Adjusting the phase-shift ratio
to make |Av 1| equals |[Aveo| (Aver + Aves =0), vipus remains
constant during this interval. Meantime, the energy stored in Cy
and Cy decreases to make up for the second-harmonic power as

AEc = AEci + AEcy = (C1 — C2) ViusAver < 0. (29)

t3—t5(ipus <Ipus): Different from the last period, v oo rises and
vy drops during this interval, and the energy stored in C; and
C, increases to absorb the excess energy of input power. Av ¢+
Av o = 0 still holds.

From the view of power flow, the second-harmonic power
in the differentiated-capacitance design is redistributed between
C1 and Cs. The larger capacitor Cy absorbs a little more second-
harmonic power than the VSI generates, but the dc bus voltage
stays constant owing to the active voltage complementation of
C;. Overall, the harmonic power is compensated by the energy
difference that C; and C, release as the ripple voltages remain
complementary. The working principle of the differentiated-
capacitance design is similar to the SHV compensator (SHVC)
[32], [33], both of which adopt waveform control on the dc
bus capacitance. However, it should be noted that the proposed
design method transmits the dc power as the waveform control
works and can be implemented into the original circuit without
adding any other auxiliary unit.

According to the current-based zero-voltage switch (ZVS)
analytical procedure [5], [41], the non-ZVS interval of the
proposed method is shown in Fig. 7. As seen, the ZVS is lost
near the minimum point of the phase-shift ratio, which is caused
by the too-small output current and takes about 10% of the
whole second-harmonic period. These non-ZVS intervals would
certainly reduce the system’s efficiency, but the effect can be
neglected because the current stress and switching loss are the
smallest during these intervals.
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B. Analysis of Uncontrollable Interval

From (2), the allowable variation range of iy,t1 and ioyuso 18

_ioutfmax < ioutl; iout? < ioutﬁmax (30)
where
. W
Lout_max — Sf‘ng .

Considering this limitation, the output current of DABj prob-
ably cannot follow the ripple-complementary control algorithm
in the whole ripple cycle. Substituting (28) into (30), the control-
lable intervals of DAB;j are derived as (31), during which ioy¢;
is within limitations. In the remaining uncontrollable interval,
loutj KEEPS iout_max OF —Iout_max> and ve1 and v oo are not able
to achieve the ripple complementarity. Hence, the input current
and dc bus voltage are left with low-frequency ripple in practice

DABI’s controllable interval: — B < cos(2wt — 0) < A

DAB2’s controllable interval: — A < cos(2wt — 0) < B
31
where

01/0271 .
C1/C2+1 cos

A= — (’Loulfbtuxs)ax + 1)
B — (fspass 1)

From the aforementioned equation, the span of the control-
lable interval is related to parameters A and B. After the rated
dc bus current /s and impedance angle 6 are determined,
A and B are only related to ioyt_max and C;/Cs. Considering
iout_max/Ibus>1 In most situations, A is larger than 1, and the
limitation of A can be automatically met. The limitation of B
will be discussed in the following two cases.

1) B> 1: Controllable Over the Whole Ripple Cycle: In this
case, the complementary-control algorithm remains effective
throughout the whole ripple cycle. The working waveforms are
ideal as shown in Fig. 6. Theoretically, there would be no second
harmonic in dc bus voltage and input current. However, iyt _max

must be large enough as shown in (32), causing an increase in
the semiconductors’ current stress

1 01/02 +1
cos0 Cy/Cy —1°
2) B < I: One Uncontrollable Interval: isus max decreases

with the increment in L;. Parameter B is smaller than 1 after
iout_max reduces to the boundary-value shown in (32). An un-

controlled interval would appear in DAB1’s and DAB2’s control
algorithm. This interval can be calculated as follows:

01/0271
C1/C2+1 cos

Lout_max

2
Tus 2

DABI’s uncontrollable interval: 2wt € {a, 21 — a}

DAB2’s uncontrollable interval: 2wt € {a — 7w, 7 — o}
(33)
where o = arccos(—B).

From the definition of B, o can be also controlled by the
ratio C1/Cy except for ioyt max- Fig. 8 shows the relationship
curve between the span of an uncontrollable interval and C1/Cs.
The smaller the C;/Cy is, the shorter the uncontrollable in-
terval is. Therefore, the effect of the uncontrollable interval
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can be decreased by adjusting C1/Cs. But C1/Csy should be
kept in a reasonable range to limit the switching-frequency
harmonics.

Fig. 9 plots the open-loop working waveforms of IPOS DAB
fed VSI after considering the uncontrollable interval. As can
be seen, i,y1 reaches the limitation I,y max around the peak
of ipys. Vor's rising rate reduces and cannot follow the falling
rate of vgo. After the uncontrollable interval ends in ¢,3, the
dc bus voltage reduces by AVy,s1. Around the bottom of i}y,
lout2 is also limited, causing a decrease in vpus by AVyueo.
Compared with the SHV in the traditional design, AV},s1 and
AV}us2 are quite small if the uncontrollable interval is rationally
designed, which would be quantitatively analyzed in the next
section.
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TABLE I
SLEW RATE OF V1 AND Vo DURING THE CONTROLLABLE AND
UNCONTROLLABLE INTERVAL

T AAAAAAAAAAA
Cirr | H inyt B"g Hreer | =Ciyver (% |
- Module 1(DABI) v °
e 7 bus -
Cirr | H invz E"g H ooz =Covver R4
Module 2(DAB2) | | VSI

[ PWM Generator

i bus 2

Fig. 10. Diagram of the ripple-complementary controller.

C. Design of Ripple-Complementary Controller

From the above-mentioned analysis, the voltage loop is
needed in IPOS DAB to compensate for the decrease Avpygs1
and Avy,,s2 and stabilize the working point. The control block
diagram is shown in Fig. 10. The conventional dual-loop control
scheme is used: the outer voltage loop stabilizes the dc com-
ponent of vy,,s and the inner voltage balance loop makes the
working point of C; and Cy equal. The ripple-complementary
algorithm is introduced as a feed-forward item. In order to only
regulate the steady-state value without affecting the voltage
ripple complementarity, the two-order digital notch filter is
implemented after sampling. Hence, v and 9o is free of
the second-harmonic component. The proportional-integral (PI)
controller G,, corrects the error signal between vy, and Ty, and
generates the common dc value d15. The ripple-complementary
algorithm injects complementary item d,, according to (27).
Finally, the voltage-balance loop G. adds small adjustment
Ady and Ady to the controlled quality by compensating the
voltage difference between C; and Cs. Theoretically, the dc
bus voltage ripple can be eliminated in one switching pe-
riod using the ripple-complementary controller. According to
control theory, the feed-forward link does not affect the con-
ventional control loop structure too much [15], so the de-
sign step of G, and G, is almost identical to the traditional
design.

IV. OPTIMIZATION SCHEME OF THE MAIN CIRCUIT
PARAMETERS

In some high-precision power supplies, the SHV in dc bus
can be fully suppressed by designing the IPOS DAB to work in
B > 1. However, the current stress is given priority in general
applications whose bus voltage ripple coefficient (AVy,ue/Vius)
needs to be within 2%—-5%. From the above-mentioned anal-
ysis, AVyus is caused by the uncontrollable interval and is
related to the main circuit parameters, such as C;/C, and

Controllable interval Uncontrollable interval

dve 2y
dt (C, = C;)cost

nVi,

cosQwt — 0) {m — 1L M}

cost

¢

dve, —2Ups
dt (C, = C;)cost

cosQwt — 0) {gf?k = s

[1—cosQawt— 0)]}

cost

G

L. Due to the approximation of v and vee in (25), the
SHC penetrates into the system’s input current. The quantita-
tive model of these unexcepted ripples would be established
in this section, and an optimal design scheme considering
the second-harmonic suppression effect and current stress is
proposed.

A. Quantitative Model of the SHV Suppression Effect

Assuming the operating points can be maintained through
the ripple-complementary controller, the dc bus voltage rip-
ple is determined by the voltage drop AVyus1 and AViyso.
From (7), the slew rates of vo; and veo during the con-
trollable and uncontrollable intervals are summarized in
Table 1.

1) Calculation of AVyus1 During DABI’s Uncontrollable
Interval [t,o—t,3]: The slew rate of vy is equal to the sum
of dvq/dt and dv oo/dt

dvps  dver | dvea
dt ~—  dt dt
1 nv}n Ibus Cl + C2
—— - 2t —0)] b
o {stLk cos 0 { o o, s )”

(34)

During the uncontrollable interval, the parameter B meets

B= — (Z"“};z:m‘ — 1) % cos 0 > cos(2wt — 6).
(35)

Substituting (35) into (34), duy,s /dt is always negative during
this interval, which corresponds to the analysis shown in Fig. 9.
The reduction of dc bus voltage is the integral of dvpys/dt:

tus
AVioey = / Dous 4y
t

L, dt
1 nv}n Cl +CQ sin «
=0 |7 Ty ) Hliws
wC} [(W @) <8stk b >+ buS 5" Cy cos O
(36)

2) Calculation of AVyuso During DAB2’s Uncontrollable
Interval [t,4—t,5]: Following the same steps, the reduction of
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Fig. 11. Relationship curve between SHV suppression ratio A and
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dc bus voltage during [f,4—t,5] can be obtained as follows:

tus dvy,
AViusa = / = dt
us2 \ dt

‘ud

1 TLVEH C1 +CQ sin «
= - -1 us I us o~ .
wCy [(W @) (stLk ° ‘>+ b C1—C5 cosf
(37)

The contrast of (36) and (37) shows AV o = C1/CoAVius1.
Therefore, AViuso is smaller than AV under Co > Cq, and
the dc bus voltage ripple caused by uncontrollable interval equals
AViust:

AVius_dit = AVpust - (38)

To measure the suppression effect of the proposed method on
SHYV, the voltage ripple suppression ratio is defined as follows:
_ |A‘/bus_dif |

‘A%us_con|

where AVy,us con 18 the voltage ripple of traditional design.
Substituting (9) and (38) into (39), A can be derived as follows:

1+C/Ca [m = a flow max ) _ 1+ Ci/Cp o
4C1/Cs | cos® 1-C1/Cy

A=1 (39)

Ar=1-— -
Lbus

where « can be rewritten as follows:

o = arccos [(lou”mx — 1) cos 901/02_1}
a bus 01/02 +1|°

Fig. 11 shows the relationship curves between C;/Ca,
iout_max/Ibus and A. As can be seen, the differentiated-
capacitance design with appropriate circuit parameters can sup-
press SHV greatly. In the design of iyt max/Tous < 2, the
suppression ratio is up to 60%, but X is not proportional to C1/Cs.
In the design of iout_max/Tbus = 2, the suppression ratio can be
arbitrarily small by reducing C1/Cs. And complete suppression
can be achieved in this case.

B. Quantitative Model of the SHC Suppression Effect

The neglected SHV in (25) multiplies the ripple items in
the ripple-complementary algorithm, generating the fourth-
harmonic current in dc source. The expression of v and veo
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Fig. 12.  Relationship curve between SHC suppression ratio € and C1/Cz .

can be obtained as (41) in the situation of a small uncontrollable
interval

ve, = s —V, o sin(2wt — 0)
ve, = s 4V, o sin(2wt — 6)
where V,,, ¢ is the amplitude of capacitors’ voltage ripple and

can be derived from the integration of dvci/dt and dvco/dt
shown in the left column of Table I

Vindm
2(4)(02 - Cl)‘/bus '
Substituting (41) into the input current expression (3), i;,, can
be derived as follows:
i VousTous Pos  C1+0y
" Vi Vinweos?6 (Cy — Cy)*

(41)

meC —

sin(dwt — 26). (42)

As seen, the fourth-harmonic current appears. The input cur-
rent ripple suppression ratio is defined as follows:

 Ain_gir
AZ.in_con

where Aii, qif is the current ripple in the differentiated-
capacitance design, and Aii, con is the current ripple in tra-
ditional design.

According to (10) and (42), € can be derived as follows:

L (1401
2co80\1—C,/Cs )~

From the above-mentioned equation, ¢ is only related to C1/C»
after the working condition is determined. Fig. 12 shows the
relationship curve between € and C1/C5 under the resistive load.
The maximum of ¢ is 0.5, indicating that the input current
ripple can be reduced up to 50% of the traditional design. The
boundary-value of € > 0 can be calculated as follows:

Cl/CQ < 0.17.

e=1 (43)

(44)

e=1

(45)
Hence, the main circuit’s parameter should meet (45) to get
the suppression effect of ripple current.

C. Parameter Optimization Scheme

From the above-mentioned analysis, the suppression ratio
A and e are both dependent on the main circuit parameters.
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Therefore, a general optimization scheme can be built for the
selection of the main circuit parameters C1/Cy and L.

This scheme should make the best use of the semiconductor’s
current-carrying capacity to suppress the second harmonic. As
can be seen in Fig. 11, the suppression effect close to 100% can
be obtained by increasing ioyt_max to slightly more than twice
the value of I,,s. Therefore, the parameters ought to lie in the
upper right of the yellow curve in Fig. 11. Moreover, C;/Cy must
meet the constraint of (45) for getting a smaller input current
ripple. Apart from the low-frequency ripple, the high-frequency
switching ripple also needs to be considered, which requires
C1/C5 not be too small.

Based on the above-mentioned considerations, the parame-
ters’ preferred zone is summarized and drawn in Fig. 11 with
shadow, which makes a great tradeoff between voltage and
current ripple suppression effect and low-frequency and high-
frequency ripple suppression effect. Furthermore, the parame-
ters’ optimal scheme is designed as follows.

1) First of all, selecting the voltage suppression ratio A be-

tween 70% and 100%.

2) Calculating the sum of dc bus capacitance using the defi-

nition of voltage suppression ratio

2M1I,,

(A%us)
W

(Cl + C2)con_min - (46)

where (AVyys),- is the amplitude of SHV required by the
application.

3) Finding the curve that intersects with the selected 1. The
parameter Lj can be obtained using the iout_max/Ibus Of
this curve

nV;
8f5 (ixy}[;::z|x> Ibus
4) The abscissa corresponding to the intersection is the opti-
mal (C1/Cs3),. C1 and C5 can be calculated as follows:

C,/C:
Cl == (Cl + CZ)con_min%

Ly, = @7)

) (43)
Cy = (01 + C2)c0n_lninm

5) Taking the optimal parameters into (38) and (42) and
calculating the voltage ripple and current ripple. If the
design objectives are not met, decrease A in step (1), and
do steps (2)—(4) again.

V. EXPERIMENT VERIFICATION
A. Prototype Design

To verify the validity of the proposed differentiated-
capacitance design, a 625-W IPOS DAB fed VSI prototype
is built in the lab, as shown in Fig. 13. The design procedure
of the main circuit parameters would be conducted based on
the proposed parameter optimal scheme. The design objective
is shown in Table II. As can be seen, the required dc bus
voltage ripple coefficient (A V},,5/Vius)-- 18 extremely small (2%)
to prove the second-harmonic suppression capability of the
differentiated-capacitance design.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 10, OCTOBER 2022
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Fig. 13.  Experimental setup of the IPOS DAB fed VSI.
TABLE I
DESIGN OBJECTIVE OF THE PROTOTYPE

Parameter Meaning Value
Pac rated power 625W
Vin input voltage 125V
Vius dc bus voltage 250V
Vac output voltage 200Vp

n turns ratio 1:1
fs switching frequency 50kHz

(AVbus/Vibus)r ripple coefficient 2%

1) Selecting the SHV suppression ratio A = 0.85, which means
that the SHV in the differentiated-capacitance design can be
reduced to 15% of the traditional design theoretically.

2) Calculating the minimum dc bus capacitance according to
the required ripple coefficient

(Cl + CQ)conimin =

(49)

3) From Fig. 11, the curves that can intersect with A

= 0.85 in the parameter preferred zone should have

2<iout_max/Tbus<2.12. Selecting ioyut, max/Ibus as 2.08, and
calculating the main circuit parameter Ly,

nV;
8fs (iouf;:ax ) Ibus

From (48), the main circuit parameters C; and Cy can be
calculated as follows:

Ly = ~ 60 pH. (50)

Cy/C
Cl = (Cl + OQ)con_min% ~ 100 ‘LLF (51)

Cy=(C1+ CZ)con_minm ~ 900 puF

4) Taking the design result L, C;, and Cy into (38), the
theoretical result of ripple coefficient is AVhyus/Vius =
1.84%. These optimal parameters can meet the design
objective with a little margin.

B. Experimental Results

The experimental waveforms for the IPOS DAB fed VSI
under differentiated-capacitance design (C; = 100 pF and Co
= 900 pF) is shown in Fig. 14. It can be seen that the voltage
ripple in vy and v is 21.6 'V, which is consistent with the
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- . 5 Teltronix
V1 00V/div] N

R S A —|
\v(v,[SOV/div]

ad !

Time:10ms/div

(b)

Experimental waveforms for the IPOS DAB fed VSI of the traditional design (C7; = 3500 uF and Co = 3500 uF). (a) ac voltage vae, ac current iac,

and dc bus voltage vys. (b) dc bus voltage vy, and capacitor voltages v and veo.

result (19.89 V) calculated from (41). The voltage ripple is
complementary except for the uncontrollable interval, indicating
that the ripple-complementary algorithm works well. The SHV
in dc bus is 4.8 V and satisfies the design objective (5 V). The
quality of VSI's output voltage is great, and the total harmonic
distortion (THD) of it is only 1.8%. The results have proved the
validity of the proposed parameter optimal scheme.

For comparison, the experimental waveforms for the IPOS
DAB fed VSI under the traditional design (C; = 500 pF and Cs
= 500 pF) are shown in Fig. 15. The SHV in dc bus increases

to 34 V, which is seven times larger than the differentiated-
capacitance design. At the same time, the THD of v, increases
t0 6.3%. In fact, there is a positive correlation between the output
distortion of VSI and the dc bus SHYV, so the THD in traditional
design ought to be higher than in the proposed method.

Fig. 16 shows the experimental waveforms for the IPOS DAB
fed VSI under the traditional design (C; = 3500 pF and Co
= 3500 pF) with the same SHV (4.8 V) as the differentiated-
capacitance design. The dc bus capacitance requirement in-
creases to 7 mF. Hence, larger capacitors are required in the
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Dynamic waveforms for the IPOS DAB fed VSI of the traditional design (C; = 500 uF and Co = 500 pF) and the differentiated-capacitance design

(C1 = 100 pF and C2 = 900 pF) under the load step change from 32 (full load) to 64 €2 (50% load). (a) ac voltage v,c, ac current i, and dc bus voltage vi,ys in
the traditional design. (b) ac voltage v,c, ac current iyc, and dc bus voltage vy in the differentiated-capacitance design.
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Dynamic waveforms for the IPOS DAB fed VSI of the traditional design (C1 = 500 uF and C2 = 500 pF) and the differentiated-capacitance design

(C1 = 100 pF and Co = 900 pF) under the load step change from 64 (50% load) to 32 Q2 (full load). (a) ac voltage vac, ac current i,c, and dc bus voltage vpys in
the traditional design. (b) ac voltage v,c, ac current i, and dc bus voltage vpys in the differentiated-capacitance design.

traditional design to achieve low voltage ripple in dc bus. In
addition, although the high-density E-Caps are used at the ex-
pense of lifespan, the decoupling circuit’s volume is still 1.4
times larger than the proposed method.

Fig. 17 shows the dynamic waveforms for [IPOS DAB fed VSI
under the traditional design and the differentiated-capacitance
design when the load is step changed from 32 (full load) to 64 2
(50% load). Fig. 18 shows the dynamic waveforms when the load
is step changed from 64 (50% load) to 32 €2 (full load). As seen,
the SHV in dc bus is greatly suppressed under different loads,
and the dynamic response time of the proposed strategy is almost
the same as the traditional design, indicating that the ripple-
complementary strategy does not affect the traditional control
loop structure too much as mentioned above.

Fig. 19 presents the spectrums of two-stage inverter’s input
current i;;, under the differentiated-capacitance design (C; = 100
uF and Cy = 900 pF) and the traditional design (C; = 500 uF,
Co =500 uF). After the proposed method is adopted, the SHC
in i;, reduces to 13.67%, and there is an eightfold increase in the
fourth-harmonic current, which is consistent with the theoretical
analysis. Considering the output resistance of the dc source,
the harmonic current propagating into the source is derived as
(52). To make the source’s harmonic current equal, the input
capacitance needed by the traditional design is 1.6 times larger
than the proposed method, which demonstrates the advantages

SA— traditional design
5000 differentiated-capacitance design
221.0
2007 144.2
g 1501 '
~ 100
30.2
4 15.9
50 | j == 06 25 -
0+ T T T T T T T "’
OHz(dc) 100Hz(2w) 200Hz(40) 400Hz(8w)
frequency
Fig. 19.  Spectrums of input current with the traditional design (C1 = 500 uF

and Co = 500 pF) and the differentiated-capacitance design (C1 = 100 uF and
Ca =900 pF).

of differentiated-capacitance design again

1
1+ (kw)?R2C,?

|is,kw | = |Z-in,kw | . (52)
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TABLE III
PERFORMANCE COMPARISON OF SOME COMMON POWER DECOUPLING METHODS

Methods L-C filter [22] Buck [27] Half-bridge [29] Full-bridge [32] Proposed method
Fundamental frequency f 50Hz 50Hz 60Hz 50Hz 50Hz
Rated power Py 2.5kW kW 1kW 600W 625W
DC bus capacitor C/ 45uF/380V 100pF/125V
Operating voltage V 200F/400V SO0uF/380V 45uF/380V 220F/450V 900uF/125V
Decoupling capacitor C/ 1400pF/400V
Operating voliage V LSImH/625a  |00MF/360V 180UF/380V 10001E/50V 0
Efficiency loss 0.3% 1.2% 2.3% 2.6% (estimate) 1.4%
Capacitor+ Capacitor+2 switchest  Capacitor+2 switches+  Capacitort+4 switches+
Additional cost
1 inductor 1 inductor 1 inductor 1 inductor
f,E(CV+LE) 80.43 6.34 5.89 14.78 7.85 (adjustable)
Pl?
96 volume, cost, and efficiency loss. Considering the different
1 a roles and working conditions of the decoupling components in
94 1 et " these methods, the volume is compared through the following
P i ° .
. / s ratio [29]:
3921 o
< 2 2
2 fOZCV:ic +LIdc (53)
§ 90 P
Q o
S . . . .
=g where Vg, is the operating voltage of capacitors and g4 is
traditional(calculated) the operating current of inductors, P, is the rated power, and
i —®— traditional(measured) . . . .
86 - o~ differentied-capacitance(calculated) fo is the fundamental line frequenc?f. In facF, this ratio repre-
¢ —®— differentied-capacitance(measured) sents the total energy storage requirement in the whole sys-
84 T T T T T T 1 o o o ’
200 300 400 500 600 700 tem and gives a great view of the decoupling components
output power (W) volume.

Fig. 20. Calculated and measured efficiency of the IPOS DAB fed VSI with
the traditional design (C; = 500 uF and C2 = 500 pF) and the differentiated-
capacitance design (C; = 100 pF and C2 = 900 uF).

The system efficiencies of the proposed and traditional de-
signs are calculated based on the methods proposed in [2]
and [3] considering the conduction loss, turn-OFF loss, trans-
former loss and inductor loss. The calculated result is shown in
Fig. 20 with dashed lines. After the differentiated-capacitance
method is adopted, the peak efficiency reduces by 1.4% due
to the increase in component’s current stress caused by the
modified pulsating output current of DAB modules. The ex-
perimental efficiencies of the proposed and traditional designs
are shown in Fig. 20 with solid lines. The peak efficiency of the
differentiated-capacitance method is 92.8%. The difference with
calculated results is mainly due to the assumption of small
turn-ON loss in the non-ZVS interval.

C. Comparison With Existing Methods

To further demonstrate the effectiveness of the proposed
method, the performance of the differentiated-capacitance de-
sign is compared with the passive method using an L-C res-
onant filter [22] and the active methods using an additional
power semiconductor circuit [27], [29], [32] in component

It should be noted that the proposed method utilizes the DABs’
output capacitors to compensate the low-frequency ripple power
without any other decoupling components. But for the SHCC
and SHVC, the dc bus capacitors are still needed to ensure the
normal operation of the main circuit after the decoupling circuit
is used. Hence, the dc bus capacitors and decoupling capacitors
are both considered in this comparison as shown in Table III.
The total capacitance needed by the proposed method seems to
be slightly larger than the methods proposed in [27] and [29], but
it can be adjusted by the selected suppression ratio in as (46).
The closer A gets to 1, the smaller dc bus capacitance can be
obtained, which gives designers the freedom to make tradeoff
according to their applications. Compared with other methods,
the main contribution of the proposed method is providing an
original idea to compensate the instantaneous power without
any additional components and minimizes the efficiency effect
to original circuit.

VI. CONCLUSION

The pulsating instantaneous output power of the two-stage
single-phase inverter leads to the SHV in dc bus, and the bulky
short-life electrolytic capacitors are needed to stabilize the dc
bus voltage in the traditional design. This article presents an
IPOS DAB under the differentiated-capacitance design as the
front-end dc—dc stage to decouple the pulsating power. The
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ripple-complementary algorithm and controller are derived from
the small-signal model of IPOS DAB fed VSI, which injects
the second-harmonic component into the traditional control
algorithm as a feed-forward item. For the uncontrollable interval
existing in this algorithm, the physical mechanism and quantita-
tive analysis are conducted. Furthermore, the suppression effect
of SHV and SHC is calculated, based on which, the preferred
zone and optimization scheme of the main circuit parameters
are designed. A 625-W IPOS DAB fed VSI design example is
presented. The experimental results show that the capacitance
requirements can be reduced at least seven times without any
additional components, which is meaningful to achieve E-Cap
free in the two-stage inverter system.

The differentiated-capacitance design method can also be
extended to other modular dc—dc converters whose dc bus ca-
pacitors are connected in series. In fact, after changing the IPOS
structure to ISOP, this method is still effective to absorb the
pulsating power generated by the front-end rectifier, which will
be studied in future research work.
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