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Current Stress Optimization of Dual Active Bridge
Converter in Two-Stage Single-Phase Inverter System
With Second Harmonic Current Shaping

Fei Xiong ", Junchi Li

Abstract—With consideration of double line-frequency instan-
taneous power in two-stage single-phase inverter system, a second
harmonic current shaping (SHCS) method is proposed in this
article to minimize the current stress of front-end dual active bridge
(DAB) dc/dc converter. The current stress of DAB is optimized
by analytical expressions in time domain so that both the low-
frequency fluctuations and inherent high-frequency characteristics
of DAB current are considered. As a result, the current stress of
DAB can be minimized. The analytical expressions of optimized
double line-frequency output current of DAB are derived. An im-
plementation method is presented to combine the traditional single
voltage closed-loop (SVC) control method with the feedforward
compensation of only double line-frequency output current of DAB.
Therefore, the stability and dynamic performance of SVC are not
affected by SHCS method. The parameters design of SHCS method
is the same as that of SVC method. The minimum current stress and
fast dynamic response can be achieved by SHCS method without
any compromise. The performance evaluation indicates that SHCS
method is superior to traditional methods in terms of optimization
effects and implementation method. The experimental results ver-
ify the good performance of SHCS method both in steady state and
dynamic state.

Index Terms—Current stress, double line-frequency, dual active
bridge (DAB), power electronics transformer (PET).

I. INTRODUCTION

OWER electronics transformer (PET) provides galvanic
P isolation by means of medium-frequency transformers in-
stead of conventional line-frequency transformer. Many topolo-
gies of PET have been proposed in different applications [1].
The PET consists of dual active bridge (DAB) dc/dc converter
and H-bridge dc/ac converter is one of the most widely studied
topology [2]. The two-stage single-phase inverter system, con-
sisting of front-end DAB converter and downstream H-bridge
converter, is the elementary unit of this PET, as shown in Fig. 1.
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Fig. 1.

DAB dc—dc converter driving an H-bridge single-phase inverter.

The two-stage inverter system or PET has wide application
prospects in railway traction, MV distribution grid, renewable
energy integration, energy storage, etc. [3]-[6].

The instantaneous power in a single-phase inverter system
will fluctuate at double line-frequency. This fluctuating power
will induce the unwanted low-frequency fluctuations both in
dc-bus voltage and the current in front-end dc/dc converter.

The third harmonic injection method is used to reduce the dou-
ble line-frequency power in downstream single-phase H-bridge
converter and improve the utility ratio of dc voltage. By this way,
both the low-frequency fluctuations in dc voltage and current can
be reduced. In [7], third harmonic voltage is injected to cascaded
H-bridge (CHB) to minimize dc voltage and reduce switching
losses. In [8], third harmonic voltage is injected to CHB to
extend the operation ranges under power imbalance conditions
and reduce the dc-link voltage fluctuation. In [9], third harmonic
voltage is injected to CHB to minimize the current stress in
series-resonant DAB converter. However, the capacity of third
harmonic injection method to reduce double line-frequency
power in ac side is limited by maximum modulation index of
CHB. As aresult, the reduction of low-frequency fluctuations in
system by third harmonic injection may be small.

Many studies focus on eliminating the low-frequency fluc-
tuations in dc-bus voltage. In [10] and [11], an additional ac-
tive filter is equipped to supply the low-frequency fluctuating
power so that the front-end dc/dc converter only provides the dc
power. However, the additional converter adds the cost, losses,
weight, and size to the system. To avoid adding extra devices,
some studies utilize the front-end dc/dc converter to transfer
the low-frequency power from one dc side to the other, so that
the low-frequency fluctuations in intermediate dc-bus voltage
can be eliminated. In [12] and [13], the proportion integration
resonance controller is used in the closed-loop control system.
In [14], the traditional proportional-integral (PI) controller is
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combined with second-order filter to control the fluctuating
power of DAB. In [15], the low-frequency fluctuating power in
intermediate dc-bus is supplied totally by front-end DAB con-
verter with the help of nonlinear disturbance observer. However,
the low-frequency fluctuating power which is totally supplied by
front-end dc/dc converter will induce violent fluctuations in the
current of front-end converter, leading to not only higher current
stress in the power switches but also larger power losses in the
converter.

A large number of literatures discuss the modulation methods
to minimize the current stress or current root-mean-square (rms)
of DAB just in one switching period [16]-[18] but without con-
sidering the double line-frequency fluctuations. Different from
these literatures, some other literatures focus on suppressing the
low-frequency fluctuations in the input/output current of front-
end dc/dc converter caused by double line-frequency power. The
simplest way to suppress the low-frequency current fluctuations
is to cut down the closed-loop bandwidth of front-end dc/dc
converter by reducing control parameters or adding low-pass
filter [19], [20]. However, the system will suffer poor dynamic
performance due to low bandwidth. To solve this problem, the
second-order filter is incorporated into the closed-loop system
to reduce only the double line-frequency components in the
system, so that the dynamic performance can be improved
[21]-[23]. However, the notch filter will bring about negative
phase-shift in the system and the band-pass filter will bring
about a phase rotation of 7, which limits the bandwidth of the
system. Moreover, the parameter design of the control system
with second-order filters is sophisticated. Poor design of the
control parameters and filter parameters may lead to instability
[24].

There are few pieces of literature investigating the method
to suppress the low-frequency current fluctuations especially
in DAB. These methods [19]-[23] are generally designed for
traditional buck/boost derived converter in frequency domain.
In these converters, the high-frequency components in input
or output current have been attenuated significantly by large
filter inductance. Therefore, these methods have no need to
consider the high-frequency components in current. By contrast,
the current in DAB contains considerable high-frequency com-
ponents at switching frequency (leakage inductance current) or
attwice the switching frequency (input/output current), as shown
in Fig. 2. No filter inductances are placed in the input/output
dc side of DAB. The current stress of DAB is affected by
both low-frequency fluctuations and inherent high-frequency
characteristics. As a result, the current stress of DAB still cannot
be minimized, even if the low-frequency fluctuations in the input
or output current of DAB have been eliminated.

In this article, a second harmonic current shaping (SHCS)
method is proposed to minimize the current stress of DAB in
consideration of low-frequency fluctuations caused by double
line-frequency power. Unlike the traditional methods [19]-[23]
in frequency domain, the proposed method is in the view of
time domain. First, the propagation paths of low-frequency
fluctuations in DAB two-stage single-phase inverter system are
analyzed. The analytical expressions in time domain of current
stress are derived in consideration of both the low-frequency
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Fig. 2. Waveforms of DAB current under SPS control. (a) § > 0. (b) § < 0.

fluctuations and inherent high-frequency characteristics of DAB.
Then, the double line-frequency component in the output current
of DAB is optimized for the purpose of minimizing the current
stress of DAB under different dc voltage and power factor. The
analytical expressions of optimized second-harmonic output
current are derived with some approximations and simplifica-
tions. An implementation method is presented to shape the dou-
ble line-frequency output current of DAB by feedforward com-
pensation. Next, the performance evaluation of SHCS method is
provided. The optimization effects and implementation method
of SHCS method are compared to traditional methods. Finally,
the experimental results by a downscaled prototype verify the
good optimization effects of SHCS method.

The rest of this article is organized as follows. In Section II,
operational principles of the DAB are introduced and the prop-
agation paths of low-frequency fluctuations are analyzed. In
Section III , the analytical expressions of current stress are
derived. In Section IV, the second-harmonic output current of
DAB is optimized. In Section V, performance of proposed SHCS
method is evaluated. In Section VI, the feasibility and effective-
ness of proposed SHCS method are verified by experimental
results. Finally, Section VII concludes this article.

II. TWO-STAGE SINGLE-PHASE INVERTER SYSTEM

A. Topology

The two-stage single-phase inverter system is shown in Fig. 1.
The inductance L which is reflected to the primary side denotes
the equivalent leakage inductance of transformer 7. The capac-
itance in intermediate dc-bus is C. vy and vy are the dc-bus
voltage in primary side (input side) and secondary side (output
side), respectively. The current through the leakage inductance
Lis ir. The output current i, of DAB and the load current ijoaq
are also marked in Fig. 1. The turns ratio n of transformer 7 is
set to 1, so that the analysis can be simplified. When n # 1, the
analysis method is similar to the situation when n = 1. vg and i
are the output voltage and current of H-bridge, respectively. The
reference positive direction of voltages and currents has been
marked in Fig. 1.
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Fig.3. DAB leakage current i 7, under (a) single-phase ac load and (b) dc load.

B. Single-Phase-Shift (SPS) Operating Principle

Single phase shift (SPS) is the simplest and most widely used
modulation strategy of DAB. The working waveforms of DAB
converter under SPS are shown in Fig. 2. T is the switching
period of DAB. §-Ty is the phase-shift time between v,;, and
Ved, Where Ty is the half switching period of DAB and § is the
phase-shift ratio between v,}, and v.q.

The average output power of DAB during a switching period
is
U1’U2(5(1 — |5‘)Thb

L

PDAB = loV2 = (1
where i, is the average output current during a switching period
of DAB. v; and v are the average dc voltage during a switching
period of DAB. The switching frequency of DAB is generally
much larger than line-frequency 50 Hz, so i, can be solved by
using (1) regardless of the high-frequency components.

Under steady-state conditions, the values of leakage induc-
tance current at specific switching moments are

when 0
>0 ir(to) = iL(ts) = —’LL(tQ) (“2‘”1)7“55—%26Ths
- ) = —9 (v2—v1) Ths+2v16Ths
iL(ty) = —ip(t3) = b
when §
0 ZL(tO) - ZL(t4) = *ZL(tg) — (- vl)Th5+2vl(75)Ths
= i (ty) = —ip(tg) = L2 T11>2L2U2( 5)Th>.

@)

C. Propagation of Low-Frequency Fluctuations in DAB

There is significant double line-frequency power fluctuation
in single-phase inverter system due to the instantaneous output
power in H-bridge

PHB = Vsis = V2Uy sin(wt) - V21, sin(wt + )

= Ul cos(p) — Ul cos(2wt + ) )

where Ug and I are the rms value of v4 and is. wt is the phase of
Vs. ¢ is the initial phase of i.

This double line-frequency power fluctuation, i.e., 100 Hz
component in this article, will further give rise to the 100 Hz
fluctuation in both dc-bus voltage and DAB current (both i, and
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Fig. 5. Propagation of low-frequency fluctuations in DAB.

ir,). As shown in Fig. 3, the current stress of i;, under single-
phase ac load is almost 2.5 times as high as that under dc load
(with the same average power in a line-frequency period). The
fluctuation of iz, not only deteriorates the work environment of
switching devices but also increases the power losses. Therefore,
the method to suppress the fluctuation of i, is an effective means
to improve the steady-state performance of DAB under single-
phase ac load and steady-state condition.

Assume that the primary side dc-bus is connected to batteries
in energy storage system [4] or connected in three-phase parallel
to constitute a common dc-bus in the primary side of PET [14].
Therefore, the double line-frequency fluctuation in primary side
dc-bus voltage v; under normal operation conditions is much
smaller than that in secondary side dc-bus voltage v5. Only the
double line-frequency fluctuations in vy and iy, have been taken
into consideration in this article.

The single voltage closed-loop (SVC) control method is the
simplest closed-loop control strategy for DAB, as shown in
Fig. 4. G, is the PI controller.

The propagation paths of low-frequency fluctuations in DAB
are shown in Fig. 5. Superscript “~” denotes the low-frequency
fluctuation components in the variable. The fluctuation compo-
nents in i, have effects on v,, while the fluctuation components
in vy have effects on i,,. Therefore, coupling relationship can be
seen between vy and i,. Moreover, both the fluctuation compo-
nents in vo and & have effects on iz,. All of these factors lead
to high complexity when solving low-frequency fluctuations in
analytic.

III. FLUCTUATIONS CHARACTERISTICS
A. Fluctuation Characteristics of DC-Bus Voltage

The double line-frequency components contribute most to
the low-frequency ripple in voltage and current, so that the
components higher than second harmonic will be neglected in
following analysis. Under steady-state conditions, the following
variables can be formulated as follows:
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DC-bus voltage in secondary side:
Vg = Va yer + vor and vo p = Vo ¢ sin(2wt + 6) 4)

where the steady-state dc component is equal to reference
value Vs ;. The double line-frequency fluctuation component
in steady state is v ¢. 0 is the initial phase of vy ¢.

Output current of DAB:

lo = Io.dc +ios and io s = I, ¢ sin(2wt + ) 5)

where I, g = Uslscos()/Va ref 18 the dc component in steady
state, i, ¢ is the double line-frequency fluctuation component in
steady state. +y is the initial phase of i ¢.

The instantaneous power in ac and dc side of H-bridge should
be equal (neglecting the power loss)

) . dv
DPHB = V2iload = Valo — UQCCT;- (6)

Substituting (3) to (5) into (6), the dc voltage fluctuation in

secondary side can be solved out

Voo — UEIE + ‘/22,reflg.,f + 2Uslsv2,reflo,f Sil’l(’)/ - (10)
2 12 + 4w202‘/2?ref

o,dc

(7

where the phase angle 6 of v ¢ can be calculated by

UsII, g sin(p — )
+ 2WC‘V'Q,rervsIs COS(QD - 7) - V2,rero,ro,dc

cos(f — ) =
( PY) ‘/27flg,dc + 4w202‘é%ref‘/é:f
_UsIsIo7dc COS(SD - 7)
) +2wCVa 1ot UsIs sin(p — v) — 2wCVE 1o s
sin(f —~) = : .

Vzvflg,dc + dw?C? Vv22,ref‘/27f

B. Fluctuation Characteristics of Phase-Shift Ratio §

Current stress of DAB can only appear at switching moments,
i.e., 11 or to, as shown in (2). The phase shift ratio ¢ that can be
solved by (1) is a square root function

§=+(3 = 5¢/1+ (=), § 2 0and 0 <4, < Viphe
§=—(3—5\/1+ 5=), 6 <0and — ke <, < 0.

®)

In order to reduce the complexity of deriving the analytical
expression of DAB current stress, 0 should be simplified first.
Equation (8) can be rewritten as the square root function fy =
0.5—0.5(1 + x)"2. The variable x( = £(4Lio)/(v1 Tys)) is in the
range [—1, 0] and the condition that § = 0 when x = 0 should
be satisfied to avoid discontinuous zero-crossing of d or i,,.

Linear fitting method is used to simplify f; into a first-order
function. There is an infinite number of fitting schemes. Only
three of them are given as examples shown in Fig. 6. The relative
fitting errors are shown in Fig. 6(b). It can be seen that when
x is close to —1 or 0, the relative fitting error becomes large.
In general, the maximum power transfer capability of DAB is
designed to be more than twice as the nominal power. As aresult,
0 and i, are usually not very close to their maximum values. That
is to say, the actual operating range of x is smaller than [—1, 0].
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Fig. 6. Linear fitting of phase shift ratio d: (a) linear fitting function and (b)
relative error of fitting.

Based on the analysis above, if the actual operating range of x
is [—0.8, 0], the maximum relative error of these three schemes is
15% (point A), 32% (point B), and 27% (point C), respectively. fi
is the best fitting scheme in Fig. 6. Comparing all possible fitting
schemes, the function in the following equation is selected as the
appropriate fitting function in this article:

7

fo ~ 7ﬂm.

)

The fitting function in (9) covers 80% of the range of x, i.e.,
[—0.8, 0], with maximum relative error 15% or covers 90% of
the range of x, i.e., [—0.9, 0], with maximum relative error 24%.
The operating range of x is wide enough to cover the entire
operation range of DAB with acceptable error under nominal
steady-state condition.

According to (8) and (9), J is proportional to i,

7L .
= o
6Vvl Ths

(10)

Equation (10) indicates that the elimination of the fluctuations
in output current i, is equivalent to the elimination of the
fluctuations in phase-shift ratio 4.

C. Fluctuation Characteristics of DAB Current Stress

Based on (2), the current values of iz, at switching moments
can be concluded into two forms

(1)2 — Vl)Ths + 2V |5‘ Ths i
27 ; UL,p2
(Vi — v2)Ths + 202 |0] Ths

- 2L (1D

iLpl =

where i, ,1 is the current value when § > 0 and r = #; or
when 6 < 0 and t = fg. i, p2 is the current value when § >
0 and t = t, or when ¢ < 0 and ¢ = t3. Equation (11) describes
the high-frequency characteristics of DAB current. It indicates
that the current stress of DAB is affected by the low-frequency
fluctuations both in the phase-shift § and the dc voltage vs.
The operating range of i, can be classified into four different
cases, i-e-a Io,dc > Io,f > Oa Io,f > Io,dc > Oa —lo,f < Io,dc < 07
and I, g < —I, ¢ < 0. Taking I, qc > I, ¢ > 0 as an example, i,
and ¢ are always positive in this case. Substituting (4), (5), (7),
and (10) into (11), neglecting the fourth-order component, it, 1
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TABLE I
CURRENT STRESS OF DAB UNDER DOUBLE LINE-FREQUENCY FLUCTUATION WHEN I pe > Ior > 0

1

Range of dc-bus voltage ‘iL,pl - ‘iL‘pZ o 1 peak
T, 7 T, Vet
S Vs =V +— 1 s Vs = VD) == Lo

vy < TLY, o 2L( et VD) G ode 2L( 2t ~ 1) oy od ‘z‘

2,ref 3 T K o,dc

Lo e

hs

+J47 + B? +24,B cos(6- )

+J4,> + B} +24,B,cos(0 - y)

T, T Vot
7L =V - Vzm) odc (1 _VZ,reI')+ =14 X
V1 - Vz,rer > Flo,dc 2L 2L 6V1 ‘lhpz‘max
b +J47+ B+ 2A‘Bl c0s(0=7)  + 4} + B +24,B,cos(6-7)
T 7 T, TV et
TLV. 2B Vo =V + Lo N V)t L
73T721;Cf1 ode SV =V < ZTLI ode 2L e 2Lt o ov, max(‘iupl 22 )
“5' " +47 + B +24B,cos(0—7)  +[47 + B, + 24,8, cos(0—7)
3.0 3.0 . TABLE 11
i i irpo(?)
2o it peak =L, p2lmag 20 : DAB PARAMETERS
) 8 \\ \ \ il \
i w H
_E: Lo % 1 ‘ ‘ ‘ ‘ H ‘ ‘ ‘ ‘ ‘ Parameters Nominal Value
£ 0 50 ‘ H ‘ ‘ ‘ ‘ Turn Ratio n 1
5 10 510 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ _ Infiuctance L 63uH
Switching Frequency f; 20kHz
20 »’2'0 DC-Bus Capacitance C 400uF
3.0 p o 2% 02 o 06 08 DC Voltage Reference Value V5 ¢ 100V
#(ms) ’ #(ms) ’ ’ DC Voltage 7, 80V~120V
(a) (b) DC Component of Output Current /g 0~4A
Apparent Power Uy 0~400VA
Fig.7. Currentstress of DAB under low-frequency fluctuations: (a) waveforms AC Current Phase ¢ —n/2~+7/2

of i1, and (b) details magnification.

and it 2, when I, gc > I, ¢ > 0 can be derived as

Th s

7
V —
oL 1) +

L pl (t) (VZ ref — 6 Io,dc

0
+ \/A12+Bl2+2A1B1 cos(f—~) sin <2wt+ —;7+u1>

iLp2(t) =

— \/A22+Bg2+2Ang cos(f—y) cos <2wt+0—;Y — /12)
(12)

where A; = ‘“ Vo, Br = *Io £y 1 = afCtan(Al+gl

(9%7)) AQ_( L 6‘7/11 ac)Va g, B2:_m‘/2,reflo,fa/12 =
arctan( Ai+BZ cot( 927 )) As canbe seenin (12), it, p1 and i, p2
oscillate at double line-frequency. The maximum value of |if, ;1|
and |ir, o/, i.e., |ir, p1|max and |ir, p2|max, can be obtained when
the sinusoidal function in (12) is exactly equal to + 1 or —1.
The symbol “| | represents the absolute value. Therefore, the
current stress of DAB under steady-state double line-frequency
fluctuation is the maximum one of |ir, p1|max and |ir, p2|max as
shown in the following:

tan

13)

The waveforms of iz, in DAB are shown in Figs. 3 and 7. In
this case, |ir, p2|max 18 larger than |ir, p1 |max. SO the current stress
i, peak 18 equal to [ir, po|max-

iL,peak = maX(”L’pl'max? |iL7P2|maX)'

The expressions of current stress when I, qc > I, ¢ > 0 have
been derived and summarized in Table I.

Itis worth noting that (11) reflects the inherent high-frequency
characteristics of DAB current, while (4), (5), (7), and (10)
reflect the low-frequency characteristics caused by double
line-frequency power. Therefore, (12) contains both the low-
frequency characteristics and high-frequency characteristics in
DAB.

IV. CURRENT STRESS OPTIMIZATION METHOD BY SECOND
HARMONIC CURRENT SHAPING

Under steady-state conditions, the dc component /,, 4. is deter-
mined by the average power of H-bridge and only the fluctuation
component i, ¢ can be controlled to reduce the current fluctuation
of DAB. Therefore, I,  and +y are the two controllable variables
which can be used to shape the second-harmonic output current
of DAB. The following analysis is based on the parameters in
Table II.

A. Current Stress Optimization When V1 =V g rerand 1, g >
I,b;>0

In general, the dc components of v, and v, are set to match the
turn ratio n of high-frequency transformer T, i.e., Vi = V3 ;¢r in
this article (n = 1). Under the circumstances, the reactive power
in DAB can be reduced and the operation efficiency of DAB can
be increased.

As showninFig. 8, the minimum value of current stress it, peak
exactly locates at the intersections of [ir, p1|max and |ir, p2|max-
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|iL,pl |max .
‘lL,pZ ‘max

Infersection line

2
0 L (A)
y (rad) 2 -40 '

Fig. 8.  ir,p1lmax and |ir, p2|max varied with I, ¢ and v under Vi = Vg ref
=100V, Usls =400 VA, and ¢ = 0°.

The optimal values of I,  and v when Vi = V¢ and I, qc >
I ¢ > 0 are defined as Iyt opto and Yopto- Lof,opto and yopto are
derived as (14) and (15), respectively

a|ZL,P1 |max =0
Lot [iL. 1 max=17L.p2 max
1
= Iof,optO = COS((p)
72
o,dc
) ) L+ 4w2C2V2 .
2072 _ '
Io,dc + 8w?C ‘/2,ref 1 72
1 _|_ o,dc 5
4wzcz(v2,mf+3w2‘f%)
(14)
Vv22 reflgf optOilJSQlSz
N COS(SO - ’YOptO) - 4wCV22rchsIsIof,opm . Io,dC < 0
. 2
sin(ie — Yopto) = /1 — (cos(io —7))? = 0
2 2 272
= = (p — arccos Vz’refIOf’OPtO — UL foac
t0 = P — :
op 4W0Vv227ref-[0f,opt0 UsIs
(15)

where Ay = (Ths? /(4L?) — (TThsIo.ac) [(12LVa ret)) JI2 g +
4w?C?V ). Io.ac is much smaller than 4w>C*Vj ,of® and

4(&)2C2(V2,ref + 49/36/ V27ref/A0)2, so the Taylor’s linear approx-
imation (1 + x)"?~ 1 + 0.5x when x—0 can be used to simplify
(14) to be as follows:

Igdc,N/4 + k1

I USIS Ic2>,dc + kl USIS
of ,opt0 ~ 5 ~
Varet | I5gc + k2 Varet Igdc,N/4 T ko
(16)
where k1 = 8w?C?Va,e’, ko = 8w?C*(Vayer -+

49/36/ ngref/Ao)z. It can be found that I,q. is generally
much smaller than k; and k». Therefore, (16) is not sensitive to
the variation of /, q.. In this article, I, q. in (16) and Ag(i.e., k2)
both are set as a constant exactly to be half of its nominal value,
i.e., Iogc,N/2, to reduce approximation deviation by (16). As a
result, Iofopto becomes a function of Ugl. Substituting (16)
into (15), yopto becomes a function of /, 4.. The computation
complexity can be reduced.
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|iL,p1 |max

_ —

|iL,p|maX(A)

|iL,p|maX(A)
S

N A N0

it phras (A)

&~ O

Fig. 9. |ir,p1lmax and |ir,,p2lmax varied with I, ¢ and v under Vi #V2 ref =
100 V, Ugls = 400 VA, and ¢ = 0°. (a) Case I: V1 = 80 V. (b) Case II: V| =
120 V. (¢) Case III: V1 =90 V.

B. Current Stress Optimization When V ;#V g oy and 1, g0 >
Io;>0

In some cases, Vi may deviate from V, ,..¢ slightly, e.g., the
battery voltage will change with its state of charge. In these
cases, the method in Section IV-A may not be valid anymore.

Actually, the location relationships in three-dimensional
space of the curved surfaces i1, p1|max and [ir, p2lmax can be
classified into three different cases, as shown in Fig. 9:

Case I i, p1|max is larger than [if, pa|lmax at every point.
|it, p1|max and |ir, p2|max have no intersections. The minimum
point of |ir, p1|max is the optimal point, as shown in Fig. 9(a).

Case II: [if, p1|max is smaller than [if, po|max at every point.
lit, p1|max and |ir, p2lmax have no intersections. The minimum
point of |ir, p2|max 18 the optimal point, as shown in Fig. 9(b).

Case III: [if, p1|max and |ir, p2lmax have intersections. The
optimal point locates at the points of intersection, similar to
the case when Vi = V5 ,f, as shown in Fig. 9(c).

In case I, the minimum point of |i1, ;1 |max is the optimal point.
The optimal values of I, ¢ and y in case I are defined as Iof opt1
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and Yopt1- lof,opt1 and Yopt1 can be derived as follows:

OliL,p1lpa Oliv,p1]
5 max — 0 ;Pllmax — 0
oy b Ol
7
I — 21215 USIS
of opt1 7 2, (1 Ths 2
(£WCVa ref) 4+ (§ Lo,de— 552 Vo rer)
=

—TwCVa ret
2
VE0CVa ket (F Losae B Vaer)
simplify {Iof,optl ~ kSUsIs

Yopt1 ~ ¢ — arccos(kq)
3 = 3
\/(%wC‘Vz,ref)2+(T7210dc,N*j;l}f V2 ret)
_%WCVZ,x"ef

2 T 2
\/(%(—UCV2,ref) +( 5 Tode,N— 532 V2 rer)

Yoptl = ( — arccos

ky =

(17)
where Iofopi1 and yope1 are irrelative to Vi. Moreover, I, qc
is much smaller than (371,5V2 ef)/(7L). Equation (17) is not
sensitive to the variation of /, 4. and I, 4. can be set as a constant
exactly to be half of its nominal value. k3 and k4 are constant
coefficients which are calculated offline. In this way, Iof opt1 can
be simplified as a function of Ugls and 7,1 can be simplified
as a function of ¢

|ZL’p1|maX Iu,f:Iof,optla'Y:'Yoptl = |lL’p2|ma‘x Io,f:Iof,opth'Y:'Yuptl
L 7 Ths 7
= Vl,liml = 7% 610f,0pt1 - TVZrcf - éjo,dc
L 7 7 The > 98
+ Fhs 6107dc + 5 fof.opt1 — T‘/Zref _gjoﬁoptl
—_————
part A part B
simplify 7L
—_— VLliml = %,ref — o Iof,optl (18)
3Ths

The boundary condition of case I and case III is the voltage
V1 = V1 1im1 When [i, p1|max is exactly equal to |ir, p2|max at the
minimum point of |i, »1|max- V1,1im1 can be derived as (18).

In (18), part A under the square root is much larger than the
part B. Therefore, (18) can be simplified as a linear function of
Iof,optl .

In case II, the minimum point of |iL,p2 |imax is the optimal point.
Similar to the derivation process in case I, the optimal value of
I, ¢ and +y in case II are defined as Lo opt2 and Yopt2. Lof,opt2 and
Yopt2 can be derived as follows:
a‘iL.g?‘max

Y
= 0, T =0
UsIo (2 Vi— T Lo a0)

Iof,oth = T2
VQ‘ref\/ Vit POV

7
§WCV2,ref

Yopt2 = { — arccos =
Ths
4hj[ff‘/*12_"_%UJ26'2‘/2

2 ref
simplify Iof,opt2 ~ (kSVvl - kGIo,dc)UsIs
Yopt2 ~ p — arccos(kr)
7

]{76 = ]{37 = 2wCV227refk6.

GVZ%ref\/ZT; -‘,—%UJ?CQ
(19)

Assume that V; does not deviate from V5 ;o too much (e.g.,
the deviation between Vi and V3 ;¢ is smaller than £20%), so
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aa Case I Case I Case [T " CaSS 1 Case 111 Case
4 = 9=50°
2.2 Lot opt 9=30
Ttomo__ 4 % b0 0
2.0 =
<18 linear lotope 5 -50
E \ appragimation S |Jom
16 7 1100 ——
14 |
-150 linear
12 : approximation
10 V1 sim1 forawo,  Viim, 200 Vi1 V1 im
80 90 100 110 120 80 90 100 110 120
(V) Vi(V)
(a) (b)
Fig. 10.  Iof,0pt and 7yopt varied with Vi under different ¢, Vo rof = 100 V

and Ugls =400 VA. (a) Iof,0pt varied with V7 under different . (b) yopt varied
with V1 under different .

V1 under the square root can be substituted by Vs ,.¢ to reduce
computation complexity without large error. As a result, the
mathematical operation of square root is removed in (19) and
Yopt2 18 simplified as a function of ¢. k5 to k7 are constant
coefficients which are calculated offline.

The boundary condition of case II and case III is the voltage
V1 = V4 lim2 When [if, po|max is exactly equal to [i1, p1|max at the
minimum point of |if, p2|max- V1,1im2 can be calculated by

1
| L.p2 |n1ax Io t=1Iof, 0pt2,Y="Yopt2

(20)

)
L’pl‘max Io t=1Iof 0pt2:Y="Yopt2

= m,limQ ~ (]- + k6U'sIS)V2,ref

where V1 jim2 is simplified as a function of Usl.

In case III, the optimal point locates at the intersections of
|iL, p1|max and [ir, p2|max. just like the case when Vi = Va yf in
Section IV-A. The optimal value of I, ¢ and v in case III are
defined as Iofopt3 and 7yope3. However, it is too complicated
to derive the analytical expressions of Iof opt3 and Yope3 When
Vl * V2,ref .

Actually, based on the equations in Table I, the optimal values
of I, r and 7, i.e., Iof,opt and 7yop¢, can be solved by numerical
optimization methods with the help of common mathemati-
cal tool software, e.g., MATLAB. In order to achieve online
real-time calculation of Iofopt3 and 7yopt3 based on analytical
expressions rather than high-dimensional lookup table, the value
of Iof,opt and 7y, varied with Vy are plotted first by numerical
optimization method to form curves as shown in Fig. 10. Then,
some approximations and simplifications can be made to derive
the analytical expressions.

As shown in Fig. 10, when Vi < Vi jin,1, DAB works in case
I; when Vi > Vi jim2, DAB works in case II; when V7 jin1 < V3
< Vi1im2, DAB works in case III.

In case I, Iofopt1 and 7yope1 do not change with Vi while
Lot opt1 just slightly changes with I, gc(or ). It validates the
availability and effectiveness of the simplifications in (17).

In case II, Iofopt2 exhibits linear relation with Vi. yope2
just slightly changes with Vj. It validates the availability and
effectiveness of the simplifications in (19).

In case III, I opio just slightly changes with 7, gc(or ¢). It
validates the availability and effectiveness of the simplifications
in (16).

In case III, /o 013 €xhibits good linear relation with Vy in the
tworanges Vi < Vo ot and Vi > Vo 1op, respectively. Therefore,
linear approximation can be made to calculate /¢ o3 in the two
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ranges, respectively. The similar linear approximation can also
be made to calculate 7,3 in the two ranges, respectively. As a
result, Zof opt3 and 7yope3 can be calculated approximately by

When Vl,liml < Vl < Vv2,ref :

Lo, 0pto—Iof opt1 _ .
Iof,optl =+ m(v1 Vl,hml)
Iof opt3 = When V2)ref S ‘/1 S ‘/].Jim2 :
IOf7Opt2|V1:V1,lim‘2
Lot opto— Lot,opt2ly, —v,
’ 1,lim2
V2 ret=Vi lim2 (Vl ‘/l’th)
21a)
When ‘/l,liml << Vé,ref :
Yopt0 ~Yoptl
Yopt1 T 7 iy (V1 = Vilim1) (21b)
Yopt3 = ' ) .
P When V51t < Vi < Vidime :
Yopt0 ~Yopt2 _ .
Yopt2 + 7 s (Vi Viiim )

where Iof,optO('YoptO), Iof,optl(’)/optl), and Iof,oth(’Yoth) can be
calculated by (15)—(20). The high-dimensional lookup table can
be avoided.

C. Current Stress Optimization When ¢ = £90° and 1, § >
Io,dc > 0

When ¢ approaches +90°, the optimal value of I, may
become larger than /, 4. In this case, § will become negative in
part of one double line-frequency period. According to (11), the
values of iy, ;1 and ir, ,» are supposed to be calculated in two
ranges when 6 > 0 and § < 0, respectively, as shown in (22).

Compared to the expressions (12) when I, qc > Ios > O,
two more expressions of iy, ,; and ir, ,» should be considered
to derive the current stress iy, peak When Io¢ > I qc > 0. As
a result, the derivation process of it, peak When I ¢ > I, gc >
0 is much more complicated than the derivation process when
Iy dac > 1,5 > 0.1t is too complicated to solve the extreme value
directly among the four expressions in (22) by analytical method
directly.

Io ,dc

When 6§ > 0 = — arcsin (

Io,dc

Iof

iL,pl (t) — Tm (Vé ref — Vl) + Io dc

+1/A1? 4+ B1% + 24, By cos(0 — ) sin(2wt + H% + 1)

> f2wt+y <7
o,f

+ arcsin (

iL ,p2 (t) = Ths (‘/1 _ VZ ref) 7V2 rol Io dec
A® + Bg +2A9B; cos(f — ”y) cos(2wt + ‘9"’—“’ — 112)
T s 7
Ax - V2 £, B1 = Iy,

6

= arctan A= By tan it}
Hr = A+ By 2

Ths 7 7
Ay = - Vo, B — Vet Do,
2 <2L 6‘/1 odc) 2,f, D2 = 6V1 2,refLo,f
Ay + By

u(13)

o = arctan <A2 B,

2613

5 4 g LaiSha | Dl
2.2
20 linear appr oximation
=
T 18
5
1.6
1.4
| 1oLt ~Plin +@lim i
100 100" =50 0 50 100
¢(deg)
(b)
Lotonluge LispSlose  Tuonloas
50 0
50 linear approximation
B % -100}
g )
£ Z1s0+
200 \__
B ~Plim +0im i
2000 50 0 50 100 27 50 0 50 100
¢(deg) ¢(deg)

© @

Fig. 11.  Iof,0pt and Yopt varied with ¢ under different V1 and Va yer = 100V,
Usls = 400 VA. (a) Iof,opt varied with ¢ under different Vy. (b) Iof,opt varied
with ¢ when Vi = 80 V. (¢) vopt, varied with ¢ under different V1. (d) vopt
varied with ¢ when V; =80 V.

When § < 0 = 7 + arcsin (

— arcsin (Io’dc )
Io,f

iLpr(t) = Lo (Voo — Vi) — 1, 4c
+4/A3? + B3% + 24383 cos(9 ) cos(2wt + LT — i)
inpa(t) = T (Vi = Vaer) = g

A+ B4 + 2A4By cos(f — ) sin(2wt + 6%’ + p4)

TS 7
Ay =2 o Ve Bs = —¢

As + B3
Az — B3

I
Odc) <2wt+v <27
Iof

o,dc

Io,f7

(7))

7 Ths
Ay = | —15 qc Vog, By =
4 (6V1 de + 2L> 2,f, D4 =

Ay — B 0 —
Ha = arctan <Ai+Bj tan( 27>>.

Based on (22), the numerical optimal results reveal that yop¢
is equal to O when ¢ = 4 7/2 and 7, is equal to —7 when

H3 = arctan <

7
7‘/ re Io )
6V, 2 reflo,f

(22)

¢ = —m/2, as shown in Fig. 11(c). Based on the numerical
optimization results, the condition ¢ = + 7/2, yp, = 0 or
= —7/2, Yopt = — is substituted into (22), so the analytical
expressions of current stress ir, peak can be derived as
y TIS
|zLaP1|max =3 (‘/2 ref — Vvl) V1 < Vv2,ref
Tm 2 4972
’ 1/ arz Var T 3660
1L,peak = ) T .
|ZL,p2|max = QhE (Vl - V2,rcf) Vi > ‘/Z,rcf
Ths 2 2
+\/4}L2 V2f + 36\/2‘/2ref o,f?
(23)
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Based on (23), Iof,opta and 7opia are solved as (24) shown
at the bottom of this page, where Iofopta and yopea are the
optimization results of I, ¢ and 7y, When ¢ = £7/2. Lot opta
is a function of Ugly when Vi < Vo ref. Lof,opt4 1s a function of
Vi and Uglg; when Vi > Va 1ef. Yopta 1S constant.

D. Current Stress Optimization When ¢++90° and 1, y >
Io,dc > 0

The values of Iof opt and 7yopy varied with ¢ under different
V, are depicted in Fig. 11 by numerical optimization method.

Under a given value of V1, I opt and 7y, can be divided into
three segments according to @jip, .

When —¢iim < © <+ Qlim, lofopt 18 smaller than I, q.
Iof,0pt and yopt, can be calculated by the method in Section IV-A
and IV-B.

When ¢ < —@lim O ¢ > + @lim, lof,opt 18 larger than /; qe.
The method in Section IV-A and IV-B cannot be valid anymore.
However, Iyt ope and «y,p¢ exhibit good linear relation with (.
Therefore, linear approximation can also be made to calculate
Iof,opt and 7yop¢ in the two segments, respectively.

The key to solve Iof ope and yope When I ¢ > I, qc > 0 is the
value of ©ijy,.

When Vi < Vi 1im1, DAB works in case 1. Set Lot opt1 = Io,dc
in (17) to solve ©iim.

When Vi > V1 1im2, DAB works in case II; Set Iof,opt2 = 1o, dc
in (19) to solve ©iip,.

When Vi jim1 < Vi < Vi lim2, DAB works in case III. Set
Lot opt3 = Io,dc in (21) to solve @i,

Based on (16), (17), (19), and (21), ¢1im can be derived as

When V; < Vl,liml:

Plim = + aI‘CCOS(]C3‘/27ref).
When V; > V1,11m2

kS‘/2,rer1 )

Plim = -+ arccos (1—”{}6(]5[3

When Vi jim1 < Vi < Vo et
Plim —

k 2 k
(2 — k3Vauet)V1 + k3V3 op — 1/ 52 Vi lim1
Vé,rcf - Vl,liml

-+ arccos

When Vo 1or < Vi < Vigime
@lim = -+ arccos

( %*kssvz,rcfvl,nmz) V1+V1,1im2(k5V22,ref* %)

Varet — Vi lim2

(25)
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TABLE III
BOUNDARY VALUES OF ¢ AND V;

Plim
Vi<V jim P = 0.9521
V>V = arccos(M )
e P 1+(3.295¢-04)U 1,
—8.607V, +860.7
Viim<ViSVorer Pim = arccos(7'+ +0.2865)
4 ' U,

VoV Vi O = arceos(2 80 (5 6043, -0.2739)

sts

Viiimi=100-0.0341 Uy V14imy=100+0.0330 U/,

Iot,opt and Yopy, Wwhen I, ¢ > I, 4. > 0 can be solved by linear
approximation as shown in (26) and (27) shown at the bottom
of the next page.

E. Implementation Method

Based on the parameters in Table I1, );,,, can be calculated by
the equations in Table III and the optimal values of I, ¢ and v can
be calculated by the equations in Tables IV and V (on the next
page). It can be seen from Tables III-V that these equations can
be simplified to be functions of Usly, ¢, and V; by substituting
the actual parameters into (14)—(25). The coefficients in these
equations can be regarded as constant during its design lifetime
and can be calculated offline.

The online calculation process of SHCS method is summa-
rized in Fig. 12(a). The first step is to calculate the boundary
values of Vi, i.e., Vi jim1 and Vi jim2. The second step is to
calculate the boundary value of ¢, i.e., ¢y;m. The third step is
to judge the ranges in which V; and ¢ located, then I, o, and
Yopt can be calculated.

Table IV covers most of the range of ¢(|¢| < @11 ), especially
when V7 is close to Vo ot (€.2., @lim = 73° when Vi =V 1op). In
many applications, converters are designed to operate at nearby
the unit power factor, so only the equations in Table IV are
needed to be calculated in these cases. The most complicated
part in the online calculation process of SHCS method is Table V
when || > @lim.

A simplification can be made that /, r is forced to be equal to
I, dc when || > @iin,. As a result, only the operating condition
I qc > It > Ois engaged and Table V is abandoned. In this case,
only ~ should be optimized. It can be derived that the optimized
results of v when I = I, 4. and |¢| > ¢ are the same as
that when || < i Therefore, Table IV is valid both when ||
< ©lim and || > @1, under this simplification Uo,r = Is.dc)-
However, the optimization effects of simplified SHCS method
(SSHCS) are poorer than that of SHCS method when || > ©jim.
The online calculation process of is shown in Fig. 12(b).

Usls

V2, ref _
1+ 1962232L2027 Vl < Vv2,ref7 Y = i% 0 +7T
9T Y =715
Iof,opt4 = % - Yoptd = { 77[_7 _ 7% (24’)
ToovZ ,V12V2,ref,<P=i§ I

o6v2 .
ref 27202

1+ :
2
e;ThSZVl
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TABLE IV
OPTIMAL VALUES OF I » AND ¥ WHEN —p1 1y < @ < + opy

Lofopt

Yopt

Vi<V jim1 1y opn =0.0058U 1
L = ((5.6043e-5)V; —(3.2953¢-4)]

o,dc
Iy opo = 0.0029U I
=0.0058U J

= Solve ;s by (21)

Vi>Vijim2

Vi SViS Vo et

]olloptl

Lo = 0.0029U, 1,

Vet Vi<V jim2 Liope

NN tim2

= Solve Z,,,,,, by (21)

W,

= ((5.6043¢-5)V,., — (3.2953¢-4)1.

Vopu =0 —2.6033

Yopa =0 —0.5949

{yﬂpm = ¢ —arccos(~0.06281, )
Vepn = 9 — 26033

= Solve [, by (21)

U Yoo =@ —0.5949

= Solve I,;,,,, by (21)

o,

{ynpm = ¢ —arccos(-0.0628/_,.)

An implementation method which is combined with conven-
tional SPS modulation method and SVC method is presented
in Fig. 13. G is the PI controller k;, + ki/s. G5 is the function
relation between § and i,, i.e., substituting i, with reference
value i yef in (8). iy ref consists of dc component /o, q¢ ref and ac
fluctuation component iyf vef, i.€., io ref = lode,ref + lof,ret- Gis
is the power model of DAB as shown in (1). Under this control
structure, the output current i, is always equal to its reference
value i, ref.

In order to minimize the current stress and current fluc-
tuations, iofref 1S supposed to be equal to the optimal value
Lot opt-SIN2wt 4 Yopt). However, i, 1o is the output of PI
controller and i, ¢ cannot be controlled as expected just by
tuning the parameters of PI controller. Therefore, a feedforward

compensation method is presented to shape the output current
i, as expected.

Under steady-state condition, iyf ef can be derived as (28)
according to Fig. 13

iof,ref =

R —kp Vor opt sin(2wt + Oopt ) + it (28)
When V] < Vl,liml
I g:illl:: . (Iof,opt4 - Iof,optl) + Iof,opth Plim < @ < g
of,optsh — +®lim
:p%fgloum : (Iof,opt4 - Iof,optl) + Iof,opth _% < ® < —@lim
When V; > VLlile
P—Plim jus
I g7W1i111 ’ (IOf’opt4 - IOf’Opt2|‘P:S01im) + IOf’Opt2|‘P:$01im’ Plim < ¥ S 2
of,opt5 = ©+Plim P
— % +®lim ' (IOf’Opt4 - Iof,optZlgo:_%im) + IOf’Opt2|<P:—<Plim’ T2 S ¢ < —Plim
When Vi jim1 < Vi < Vitim2
P—Plim . us
I fonts = %*Wllixm ’ (IOf,Opt4 - Iof,opt3|¢:¢lim) + IOf70pt3|<P:<p1im’ Plim < 2 é D) (26)
of,optd> — P+ Plim s :
T ¢lim . (Iof,opt4 - Iof,opt3|<p:,<pnm) + Iof,opt3|¢:,wlim7 -3 S 2 < —®lim
When V] < Vl,liml
_ P=Plim i us
Yopts = %]_‘Plim %Pt1|w:saum + %Pt1|sﬂ:¢um’ Plim < P = 3
opto ™ _ _$TPlim _T < (P
-5 +¢lim (7r + ’Y()ptl‘s@:—s@um) + 7°pt1|W:—W1311.’ 2 = ¢ < ~Plim
When V| > V1711m2
__ P—Plim . jus
Yopts = %_flin. %pt2|w:¢um + %pt2|w:¢um’ Plim < P = 3
optsh = § _ “ptonim | T < — o
_%+891i1n (7T + ’YOth‘Sa:_Salim) + ,Yopt2|4P=_4Plim7 2 — 80 < Sohm
When Vi iim1 < Vi < Vitim2
__ $—Plim ) < T
— 5 —Plim VOptgLP:QDlim + ryopt3|90:§01im7 Plim < Y= 2 (27)
Yopts = § _ “o+0lim

— 5 +@lim

' (W + %’pw‘sa:ﬂplim) + ’y°pt3|@:*tplim7 _%
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TABLE V
OPTIMAL VALUES OF I, » AND ¥ WHEN ¢ < —@py OR 0 > + @piy

Lo, opt

Yopt
Loy =0.0031U.1,
Yo| . =%py, —2.6033
Vi<V lim1 Iof.opll =0.0058U Swlfw"" by (27
=
= Solve I,,,,,; by (26) olve 7 by (27)
I — USIS
R T100 + (2.182e6) /1)
I, , =+, —0.5949
Vi>Vijim2 oo L::W‘“‘ o o 7
=((5.6043¢-5)V, ~(3.2953e4) I,.| _, UL, = Solve 7,5 by (27)
= Solve Z,;,,,; by (26)
- ~0.0628
Lo =00030.1 Voo, oy, =i ~arcc0s(-0.0628 L, )
I o0 =0.0029U, 1, Yoy, = Eim —2.6033
I, =0.0058U1
Viim<Vi<V ot o o 7 / Yoroly s,
of.opt0 ~ “ofopt!
IoﬂoplS o—ton = ]of,optl ﬁ(lﬁ =V imt) _ Vopo - ~Yopul oty _
2ref Llim1 Vopti ot V. _y =V im)
= SO]Ve Iof-‘)p‘s by (26) 2,ref 1liml
= Solve 7, by (27)
UQIS
I B B ————
100+ (2.182¢6)/;
15 o = 0.0029U 1 Vopt| ey = *¢y;, —arccos(—0.06281 . wz:m)
e ooz =+¢,. —0.5949
=t Pjim 0=E Pl
=((5.6043e-5)V,,. , —(3.2953e-4) I U I =
Vo ret<Vi<V1 jim2 « €5 iz = ( e o w:mm.) s Topslys,
Logons|, .. =Logopeliripm: + Vopo|,_,, ~Vop|,_,
775 =L Yope|,_. " a};%mi % =, - Viim2)
[ol',opl\) _ Im‘,oplz ot 2ref Llim2
=0 (1 =V, ) = Solve 7,5 by (27)
V:m‘ - Vl.hmz
= Solve I ;s by (26)
© Calculate
9 ~PimSP=<tPlim @<~ Plim OT P>+Plim Vigimt and Vjim 9 ~PimSP=<tPlim @<—Plim OT P>+Plim
v = <Pim Tofopt> Yoptl v, = <Pim Tofoptts Yopt1  Lofop=To.des Yopti
| Vi>Viim Lotopi2s Yop2 Lofoptss Yopts @ Caloulate | Vi>Viim Lofop2s Yopz  Lofopclodes Yopr
Viimi<VisVigime  Lofoptss Yopss Viimi<VisVigime  Lofoptss Yops  Lofopt=odes Yopts

@

Fig. 12.

[TABLE 1V] [ TABLE V]

Feedforward Compensation

Online Calculate
Logoprand yop
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fluctuations.

Control block diagram of SHCS method to suppress current

where Vor opt and 0, are calculated online by (7) when I, ¢ =
Iofopt and ¥ = Yopt. kp is generally much larger than &/(2w),
so the expression of iy ref can be simplified.

Plim

®)

Online calculation process of Iof,opt and yopt by (a) SHCS method and (b) simplified SHCS method (SSHCS).

Setting iof ref = lof,opt-SIN(2WE 4 Yopt ), the feedforward cur-
rent iy can be calculated as follows:

it = Iof optSiN(2wt + Yopt ) + kp Var opt Sin(2wt + Gopt)  (29)

where wt is the phase of ac voltage, and /o ope and 7yope are
calculated online by the method in Fig. 12.

V. PERFORMANCE EVALUATION

A. Deviation Between Nonideal Optimization Effects by SHCS
Method and Ideal Optimization Effects by Numerical Method

As can be seen in the derivation process in Sections III
and IV, many approximations have been made in the proposed
SHCS method to simplify the expressions and to reduce the
computation complexity. As a result, the actual optimization
effects will deviate from the ideal optimization effects.
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Fig. 14. iy peak varied with Vi and ¢ under V3 rer = 100 V, Ugls = 400

VA, and C = 400 pF by SHCS method and numerical optimization method.
(@) iL,peak varied with Vi under different ¢. (b) i1, peak varied with ¢ under
different V.

The ideal optimization effects are obtained with the help of
numerical method based on (11) and (13) directly. The numerical
optimization method will search the optimal points based on the
expressions in time domain directly. No approximations have
been made to these expressions in time domain. Therefore, the
numerical optimization will provide the most accurate optimiza-
tion results as a reference.

Comparing the optimization results of SHCS method to ideal
optimization results, the deviations caused by the approxima-
tions and simplifications can be uncovered. As shown in Fig. 14,
i1, peak by SHCS is always higher than ideal results. In the most
of the range of V1, the optimization deviation is very small and
can be neglected, as shown in Fig. 14. As ¢ approaches O (unity
power factor) and V; deviates away from V5 ., the optimization
deviation becomes larger. In fact, the deviation is closely related
to the value of capacitance C. When C is designed to be 300,
400, 600, and 800 pF, the maximum relative deviations (when
80V < V; <120 V) can be solved as 15%, 11%, 7%, and
5%, respectively. The larger the capacitance C is, the smaller
the optimization deviation is.

In most working conditions, the capacitance C is designed
to be large enough to avoid affecting normal operation of H-
bridge due to the double line-frequency voltage fluctuation on
C. If the double line-frequency voltage fluctuation is limited to
be smaller than 10% of V5 ..f when the double line-frequency
power in (3) is totally absorbed just by capacitance C itself, then
C should be designed to be larger than 640 uF in this article
and the optimization deviation is smaller than 7% in this case.
Moreover, V7 and V, are usually set to match the turn ratio n
of high-frequency transformer T, i.e., Vi = Vj ;¢ in this article
(n = 1), to reduce the reactive power in DAB. Therefore, the
deviation between V; and V5 ¢ is not too large. As a result, the
optimization effects of SHCS method are as good as the ideal
optimization effects in most working conditions.

B. Comparison of Optimization Effects Between SHCS
Method and Traditional Methods

Some traditional methods try to control the double line-
frequency power fluctuations to achieve specific optimization
goals as follows:

Method I: This type of method in [19]-[23] is aimed at sup-
pressing the low-frequency fluctuations in input or output current
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Fig. 15.  ip peak and Vo varied with Vi and ¢ under V3 of = 100 V,

Usls = 400 VA by traditional methods and SHCS method. (a) i1, peak varied
with ¢ under different V; when C = 400 pF. (b) Vo ¢ varied with ¢ under
different V1 when C = 400 pF. (c) ip,peak varied with ¢ under different
V1 when C = 800 pF. (d) iL peax varied with ¢ under different V1 when
C =800 puf.

of front-end converter, i.e., i, s = 0. Equation (10) indicates
that the essence of method I is to eliminate the fluctuations in
phase-shift ratio .

Method II: This type of method in [12]-[15] is aimed at
suppressing the voltage fluctuation of vo by providing the low-
frequency fluctuating power totally by DAB converter, i.e., i, ¢
= —(Usl/ V3 rep)-cosCwt + ).

The voltage fluctuation amplitude V5 ¢ in (4) and the current
stress ir, peak 10 (13) are the two indicators to reveal the opti-
mization effects of traditional methods and SHCS method, as
shown in Fig. 15.

Method II eliminates the voltage fluctuation V5 ¢ at the cost
of high current stress ir, peak. In Fig. 15, the i1, peax by method
IT is almost two times higher than the i, pcax by SHCS method.
Method II not only increases the power losses of DAB but also
increases the risk of devices damage. As a result, method II is
not appropriate for DAB to work efficiently and reliably.

Method I can only suppress the low-frequency fluctuations in
the propagation path from § to i, without considering the high-
frequency characteristics of DAB current in (11). According to
(11), the low-frequency fluctuations can still propagate from vy
to ir,. Therefore, the current stress of DAB cannot be reduced to
its minimum value, even if i, ¢ = 0.

Different from method I, the fluctuations in both vy and 6
have been considered in SHCS method to minimize the current
stress of i, directly rather than i, or i,. As a result, the i1, peak
by method I is still higher than the if, peax by SHCS method, as
shown in Fig. 15. Moreover, the practical optimization effects of
method I will be poorer than that shown in Fig. 15 if the tradeoff
between dynamic performance and reduction of low-frequency
fluctuations has to be made [24].
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Experimental setup: (a) topology and (b) prototype.

The maximum current stress of DAB occurs in the unity
power factor condition. Compared to method II, the i, peak Of
SHCS method decreases by 50%. Compared to method I, the
i1, peak Of SHCS method decreases by 20% and the V5 ¢ of SHCS
method decreases by 15%-35%. SHCS method not only has
better optimization performance than method I in current stress
but also in voltage fluctuations.

As the capacitance C decreases, the deviation of the optimiza-
tion effects between method I and SHCS method becomes larger,
while the optimization effects of method II cannot be affected
by C. The advantages of SHCS method become more obvious
especially when C is not too large and ¢ is close to 0.

C. Comparison of Implementation Method Between SHCS
Method and Traditional Method 1

Method I is the most common method to suppress the low-
frequency fluctuations in DAB. There are two common imple-
mentation methods:

The first-order low-pass filters are usually used to filter out
the double line-frequency fluctuations in closed-loop control
system. However, the closed-loop bandwidth has to be cut down
to be away from the double line-frequency, resulting in the
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Fig. 18.  DAB waveforms of vab, Ved, fin, io, and it,.

slow dynamic response of DAB. The tradeoff between filtering
effect and dynamic performance has to be made, so that the
low-frequency fluctuations in input or output current of DAB
cannot be completely filtered out. As a result, the optimization
effects of method I are much worse in practice than that shown
in Fig. 15.

The second-order filters, e.g., band-pass or notch filter, also
can be inserted into the closed-loop control system through
the feedback paths. Different from the first-order low-pass fil-
ters, only double line-frequency components are filtered out
by second-order filters. However, large negative phase will be
brought into the closed-loop system, leading to a decline in the
stability margin of closed-loop system and increasing the design
complexity of control parameters.

Different from method I, the proposed SHCS method intro-
duces a feedforward compensation to shape the output current
i, as expected. On the one hand, the feedforward branch only
compensates the double line-frequency components, as shown in
Fig. 13. Therefore, the feedforward compensation has little im-
pact on the dynamic performance of DAB. No compromises are
needed to be made between dynamic response and optimization
effects. On the other hand, the feedforward compensation will
not affect the stability margin of closed-loop system. Moreover,
the control parameters design of SHCS method is the same as
that of traditional SVC control. In conclusion, the proposed im-
plementation method of SHCS can overcome the shortcomings
of the implementation methods of traditional control methods.

D. Online Computational Burden of Proposed Method

It is worth noting that not all the equations in Tables IV
and V have to be calculated online in every control period.
The ranges of V; and ¢ will be judged first in every control
period to determine which region is feasible in Tables IV or V.
The maximum computational burden will occur in the region of
Table V when |¢| > @iim and Va yer < Vi < Vi jim2. Only five
(four) equations are needed to be calculated online for solving
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TABLE VI
Var,oprs lor,0p1 Yoprs AND @opr BY SHCS
V=75V V=87V V=100V V=113V V=123V
Vatont 135 13.2 11.6 12.5 12.4
Totont 232 227 1.15 1.93 2.17
yom(rad)  -2.60 2.57 -1.85 -0.68 0.6
Oop(rad) _ 0.45 0.42 -0.09 -0.6 -0.75
TABLE VII
EXPERIMENTAL RESULTS OF IL,PEAK, IL,RMS, onp, IIN"F, AND VQAF
BY SHCS AND SVC
V=75V V=87V V=100V V=113V },=123V
SHCS i peat 11A 9A SA SA 10A
SVC it pea 17A 16A 13A 12A 13A
“’dbl?““m of 35% 45% 39% 33% 23%
L,peak
SHCS i ems 6.5A 5.8A 49A 52A 5.6A
SVC it ms 8.0A 6.9A 57A 54A 57A
red‘;f“‘m of 34% 29% 24% 8% 3%
L,rms
SHCS I,¢ 221A  208A  LI9A 2.07A 227A
SVC L¢ 385A 412A  4.13A 4.08A 4.04A
SHCS I 240A  186A  LI2A 2.28A 2.38A
SVC I¢ 529A  481A  4.18A 3.56A 3124
SHCS Var 135V 132V 117V 12.3V 12.8V
SVC Vi 57V 42V 3.9V 4.0V 3.9V
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Fig.19. Steady-state waveforms of i1, and v by traditional SVC method when
@ V=75V, (b) Vi =87V, (c) Vi =100V, (d) Vi =113 V,and (e) V1 =
123 V.

Lot opt5(Yopt5). Many approximations and simplifications have
been made in these equations. Therefore, the computational
burden has been reduced a lot. Compared to multiplication and
addition operations, the division operations will occupy much
more resources on a digital signal processor. The maximum
computational burden can be estimated in Table V that four
division operations are needed for solving Iofopts and two
division operations are needed for solving 7y,p¢5. The maximum
computational burden of SHCS method can be acceptable, if the
mainstream digital signal processor with floating-point capabil-
ity is used.

In many applications, the converters do not work frequently
under the conditions that the power factor is very low. Under
this circumstance, the SSHCS method can be used. As a result,
the online computational burden can be reduced further. The
deviations of optimization effects between SHCS and SSHCS
are shown Fig. 16. The maximum deviations (when ¢ = £90°)
are 14%, 15%, and 6% when V1 = 100, 120, and 80 V, respec-
tively. The deviations are acceptable in the most engineering
applications.

VI. EXPERIMENTAL RESULTS

The topology of DAB driving an H-bridge single-phase
inverter is shown in Fig. 17. Based on this topology, a small-scale
prototype was built to verify the proposed control method. The
parameters of the prototype are the same as that in Table II. As
can be seen in Figs. 14 and 15, the optimization deviation and
current stress reach its maximum value in the worst operating
condition when ¢ is equal to zero, i.e., unity power factor.
Therefore, the experimental results under the worst operating
condition (unity power factor) are shown as follows.

A. Experimental Results in Steady State

Four capacitors which are placed very close to the four MOS-
FETs in every full bridge are paralleled to dc-bus (input side
and output side), respectively, to absorb the switching spike.
These capacitors are shown in Fig. 17(a) as lumped parameters
Cs1 and Cyo (4 x 4.7 uF). However, these wires in PCB circuit
and external connections bring about stray inductance Lg; and
Lgto (600 nH). Ly and Cg constitute a low-pass filter with
cutoff frequency about 50 kHz. As a result, the high-frequency
components in i, and i, are filtered out and the waveforms
of i, and i, are different from that in theoretical, as shown
in Fig. 2. In spite of this, the low-frequency components, e.g.,



2620

Tek Prevty ;

250V 1004 J[a.00ms 00w £2404 <10Ha ]

(2)

00072404 134540H) )

(b)

250V 1004 J(4.00ms

Tek Prevy

T240h <10 )

>
2

250Y

;m B : I_va <10Hz[‘ ]

(d)

250V 1004 J(4.00ms

Tek prety

<10t )

00 Janoms 0008 72404

(©

B0V

Fig. 20. Steady-state waveforms of ir, and vo by proposed SHCS method.
when (a) V1=75V,(b) V1=87V,(c) V1=100V,(d) V1 =113 V,and (e) V1 =123
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the double line-frequency components, still can be extracted
from the measured waveforms of i;,, and i, without attenuation
and distortion (100 Hz < < 50 kHz). The measured and ideal
waveforms of #;, and i, are shown in Fig. 18.

The steady-state waveforms of ir,, iy, iy, and vy by SHCS
method and traditional SVC method are shown in Fig. 19 based
on the parameters in Table II (Us-I; = 400 VA).

The control structure of traditional SVC is the structure in
Fig. 13 without the feedforward compensation. By designing the
parameters of PI controller, the closed-loop bandwidth of SHCS
and SVC are kept the same to be 400 Hz (k, = 1, k; = 10). Vot ot
Iof.opt» Yopt> and Oop¢ are calculated by the equations in Tables
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IV and V on-chip according to actual operation conditions. The
values of Var opt, Iof,opt> Yopts and Oop under different voltage
are shown in Table VI.

According to the experimental results from Figs. 19-22, the
current stress and rms value of iy, the double line-frequency
fluctuation of i, i,, and vo by SHCS and SVC methods are
concluded in Table VII as follows.

The proposed SHCS method can significantly suppress the
double line-frequency fluctuations in ir,. The current stress of
DAB also can be reduced a lot (23%—45%). For example, the
current stress has been reduced by 45% when V; = 87 V.
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SHCS method cannot only reduce the current stress, but also
reduce the current rms value especially when V; is smaller than
Vo ret. Although SHCS is not aimed at reducing the rms value of
i1, the conduction loss which is almost proportional to iszrms
also can be reduced.

More than that, the double line-frequency fluctuation in i,
and i,, i.e., I, r and [y, r, are also reduced a lot by SHCS method.
The maximum reduction of I, ¢ and /i, ¢y which occurs when
Vi = 100 V is about 70%. Although I, ¢ and I;,  have been
reduced a lot by SHCS method, they are still obviously larger
than 0. It indicates that appropriate double line-frequency fluctu-
ations of input/output current are needed to be injected to dc-bus
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() 80 W.

actively to obtain the best optimal results, instead of simply
controlling I, ¢ or I, ¢ to be 0.

In conclusion, the experimental results verify the good opti-
mization effects of current stress by SHCS method.

As can be seen in Table VII, the V5 ¢ by SHCS is larger than
the V5 ¢ by SVC. The reason is explained as follows.
Va ¢ and i, ¢ by SVC method can be derived as
Usls
v Tode—kp Vo rer) * +402C2V2,

Go,r & Varkp sin(2wt 4+ 0 + )

Vo =

(30)

where 6 can be calculated by
sin(0)= (Varetkp — io,dc) c08(9) 4+ 2wCVa ref sin(p)
\/(Vz,refkp —dode)” + 4w2C2VR
0)= (to,dc — Va,retkp) sin(p) + 2wC'Va ret cos(p) .
\/(‘/27refkp —dode)” + 4w2C2VP

COos

—~

When k, = 1, the theoretical value of Vy¢ is about 4 V.
When ki, is large enough, Vs ¢ and 6 can be approximated to
be Uly/(k, Vo rer) and (¢ + 7/2), respectively, e.g., when k, = 1
(bandwidth is 400 Hz). It indicates that the SVC method tends to
method II as &, increases. When kj, is small enough, Vo gand I, ¢
can be approximated to be Usls/(2wCV3 o) and O, respectively,
e.g., when k, = 0.1(bandwidth is 40 Hz). It indicates that the
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Fig. 24.  Dynamic-state waveforms of i1, and vo by traditional method and

SHCS method when V; = 85 V. (a) SVC bandwidth = 40 Hz. (b) Steady-state
details of (a). (c) SVC bandwidth = 120 Hz. (d) Steady-state details of (c). (e)
SVC bandwidth = 400 Hz. (f) SHCS bandwidth = 400 Hz.

SVC method tends to method I as k;, decreases. As a result, the
SVCmethodinFig. 19 acts like the method Il which can suppress
the voltage fluctuation of v, effectively. Different from this, the
SHCS method is aimed at suppressing the double line-frequency
fluctuation of current stress rather than vo. In fact, as shown in
Fig. 15(b), the V5 ¢ by SHCS method(V3 ¢ = 11-13 V) is larger
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than the V3 ¢ by method II(V ¢ = 0 V) and is smaller than the
Vo ¢ by method I(Vo ¢ = 16 V).

It is worth noting that the top and bottom of the waveform iy,
when V7 = 75 V is flat. This is because the phase-shift ratio §
fluctuates so dramatically that it has been limited to its maximum
value 0.5 and cannot increase more. As a result, the actual V5 ¢
is larger than theoretical value 4 V.

The efficiency curves of DAB under varying voltage and load
have been given in Fig. 23. SHCS method can obviously improve
DAB efficiency especially when V; is smaller than V5. When V;
is larger than Vs, the reduction of power losses is not obvious.
Even under some conditions, the efficiency of SHCS is larger
than that of SVC. This is because the conduction losses are
the main portion of the power losses of the DAB prototype in
this article. The variation tendency of efficiency is almost in
accordance with the variation tendency of current rms, as shown
in Table VIIL.

B. Experimental Results in Dynamic State

Inserting a first-order low-pass filter into the SVC control
system or reducing the control parameters of PI in SVC is the
simplest and the most widely used way to suppress the low-
frequency fluctuations in output current of DAB [19], [20]. The
essence of this method is to cut down the closed-loop bandwidth,
so that the double line-frequency components will be attenuated
in the closed-loop paths. However, this method will deteriorate
the dynamic performance of DAB. Fig. 24 shows the dynamic
state waveforms of ir, and vy under step change of load power
from zero to nominal value 400 W.

As shown in Fig. 24(a)—(e), when the closed-loop bandwidth
is 40, 120, and 400 Hz, the maximum transient voltage dip
is 17.5, 9, and 3 V, respectively, while the current stress is 8§,
11, and 16 A, respectively. It shows that the low-frequency
fluctuations of current increases as the bandwidth increases,
while the transient voltage dip decreases as the bandwidth
increases. To suppress the low-frequency fluctuations in ir,, the
bandwidth 40 Hz is preferable. To suppress the transient voltage
dip, the bandwidth 400 Hz is preferable. It indicates that tradeoff
between the suppression of current fluctuations and fast dynamic
response have to be made. Therefore, the bandwidth 120 Hz may
be a better design for SVC method.

As shown in Fig. 24(f), comparing to SVC method with the
bandwidth 120 Hz, the current stress is reduced by 27% and
the voltage dip is reduced by 55% under SHCS method. It
indicates that SHCS method can reduce the current fluctuations
significantly without compromise in dynamic performance, just
by shaping the double line-frequency fluctuations in the output
current of DAB directly.

The second-order filters also can be used [21] but with large
negative phase or phase rotation brought into the closed-loop
system. It will limit the closed-loop bandwidth, reduce the sta-
bility margin, and increase the complexity of parameter design
[24]. By contrast, the stability margin and dynamic performance
of closed-loop system are not affected by feedforward com-
pensation in SHCS method. Moreover, the design of control



XIONG et al.: CURRENT STRESS OPTIMIZATION OF DUAL ACTIVE BRIDGE CONVERTER IN TWO-STAGE SINGLE-PHASE INVERTER SYSTEM

parameters in SHCS method is the same as that in traditional
SVC method.

The experimental results verify the good performance of
SHCS method both in steady state and dynamic state.

In

VII. CONCLUSION

this article, the current stress of DAB converter in two-

stage single-phase inverter system is minimized by shaping the
double line-frequency component in the output current of DAB.

The

theoretical analysis and experimental results indicate the

following conditions.

1y

2)

3)

[1]

[2]

[3]

[4]

[5]

[6]

[7]

The traditional control methods that are based on the
controller design in frequency domain cannot reflect the
inherent high-frequency characteristics of DAB current.
By contrast, the SHCS method can reduce the current
stress of DAB directly based on the analytical expressions
in time domain so that both the low-frequency and high-
frequency characteristics can be considered. As a result,
the current stress can be minimized by SHCS method.
The stability and dynamic performance are not affected
by the feedforward compensation of only double line-
frequency output current. The parameter design of SHCS
method is as simple as that of traditional SVC method
with just one PI controller. No tradeoff design between
dynamic performance and low-frequency fluctuations re-
duction needs to be made.

The feasibility and effectiveness of proposed SHCS
method are verified by experimental results. Under high
closed-loop bandwidth, the current stress in SHCS method
can be reduced by about 30%-50% when compared with
traditional SVC method.
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