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Abstract—The matrix-type ac-dc dual-active-bridge (DAB)
converter is a promising topology for single-stage ac-dc power
conversion, recognized for its high power density, reliability, and
efficiency. This converter uses small capacitance for the ac-side
filter, typically in the range of a few microfarads or a dozen
microfarads, to achieve a high power-factor (PF) and optimize
both power density and cost. However, the relatively small ac-side
capacitance can cause noticeable capacitor voltage ripple during
the switching cycle. This article presents a time-domain steady-
state model to accurately characterize the steady-state behavior
of the converter. The analysis reveals that the ac-side capacitor
voltage ripple can substantially impact the performance of the
converter, particularly by causing the front-end cycloconverter
to lose zero voltage switching (ZVS), thereby reducing efficiency
and worsening electromagnetic interference (EMI) issues. The
steady-state model is then used in an optimized modulation
strategy to determine the optimal control variables to ensure ZVS
operation, realize power factor correction (PFC), and enhance
efficiency. Simulation and experimental results demonstrate the
theoretical analysis and validate the findings. Specifically, using
the proposed modulation method, compared to the modulation
method that does not account for the ac-side capacitor voltage
ripple, the efficiency at light-load and heavy-load conditions can
be improved by over 11.21% and 2.66%, respectively.

Index Terms—Single-stage ac-dc converter, dual-active-bridge
(DAB), steady-state model, capacitor voltage ripple, efficiency-
optimized modulation.

I. INTRODUCTION

He isolated single-phase ac-dc converters are widely
utilized in modern power conversion systems, including
electric vehicle charging systems, photovoltaic (PV) systems,
and battery energy storage systems [1]-[6]. Based on the
number of energy conversion stages, these converters can
be categorized into single-stage and two-stage configurations.
Typically, two-stage solutions consist of a front-stage power
factor correction (PFC) unit and a back-stage isolated dc-dc
converter, often linked by an electrolytic capacitor. Compared
to two-stage schemes, single-stage ac-dc converters offer ad-
vantages in efficiency, reliability, power density, and cost [1].
Among the various types of isolated single-stage ac-dc con-
verters, the matrix-type dual-active-bridge (DAB) converters
have recently attracted extensive attention [7]-[15]. The circuit
configuration of the matrix-type DAB converter discussed
in this article is shown in Fig. 1 (a). This converter is
named according to its front-end structure, which features a
matrix configuration with bidirectional switches. It can also be
referred to as a cycloconverter-type DAB converter because
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Fig. 1. Circuit configurations of the single-stage ac-dc DAB converter and
solid-state transformer (SST). (a) DAB converter. (b) SST.

the front-end circuit directly chops the fundamental-frequency
grid voltage into switching-frequency ac pulse voltage. Unlike
the approach in [7] and [8], which uses a full-bridge structure
at the front end, employing a half-bridge configuration at
the front end requires fewer switching devices. This reduces
the cost of the converter and the complexity of the control
algorithms, while maintaining a simpler structure. To interface
with medium voltage level grids and achieve high-power
electric energy conversion, multiple submodules based on the
matrix-type ac-dc DAB converter can be connected in an input-
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series and output-parallel configuration, as shown in Fig. 1 (b),
to develop a solid-state transformer (SST) [9].

Comprehensive analyses and design methodologies for this
single-stage ac-dc DAB converter have been thoroughly ex-
plored in existing literature. Reference [10] initially proposed
a combined phase-shift and frequency modulation method,
where optimal phase-shift angles and switching frequencies
are obtained through offline optimization algorithms. Refer-
ence [11] introduced an analytical modulation method aimed
at achieving zero-voltage-switching (ZVS) operation and min-
imizing the peak current of the transformer. A simplified
modulation method using a single modulation mode is further
presented in [12] to streamline the design and control of the
converter. The cause of grid current distortion is explained in
[13], along with its closed-loop control strategy. References
[14] and [15] provide comprehensive analyses of the operating
modes and multi-objective design principles of the converter.

Although the research presented in the existing literature
has well covered the modulation, design, and modeling of
the converter, one critical issue has not been addressed. As
shown in Fig. 1 (a), the ac-side inductor L,. and capacitors
Cy and Cy form a filter to suppress the switching-frequency
harmonic current injected into the grid. Besides forming the
filter, C; and C5 also support the ac-side input voltage (uqc)
of the converter. Existing studies generally rely on a simplified
steady-state model that assumes the ac-side capacitor voltages,
uc, and uc,, remain constant during each switching cycle.
This assumption underpins the modeling, modulation, and
design of the converter. However, this assumption can be
invalid because the ac-side capacitance of the converter is
relatively small, usually in the range of a few microfarads
or a dozen microfarads, to reduce reactive power introduced
by the capacitors [9]-[15] and to optimize the power density
and cost of the converter. The capacitor voltage ripple can be
more noticeable when the switching frequency is not far from
the resonant frequency of the L,Cy and L,C5 circuits [10]
(where L, is the equivalent inductance formed by the leakage
inductance of the transformer and an auxiliary inductance).
Consequently, the voltage ripple across the ac-side capacitors
requires attention.

To investigate the impact of the ac-side capacitor voltage
ripple on the converter, this article proposes a time-domain
steady-state model. Analysis based on this model reveals that
the capacitor voltage ripple can significantly affect the perfor-
mance of the converter, an issue that has not been previously
addressed in the literature. It is found that ZVS on the front-
end circuit can fail if the modulation strategy is designed based
on a simplified steady-state model that ignores the effects of
the capacitor voltage ripple within one switching cycle. Losing
ZVS operation can worse electromagnetic interference (EMI)
issues and reduce the efficiency of the converter. The capacitor
voltage ripple can also influence the characteristics of the
transmission power and the root mean square (RMS) values
of the transformer primary and secondary currents, thereby
further affecting the overall efficiency of the converter.

Following the analysis of ac-side capacitor voltage ripple,
this article further proposes an optimized modulation method
to mitigate its negative effects. This approach begins by

establishing a power loss model of the converter. Then, using
the proposed steady-state model and a genetic algorithm (GA),
the optimal control variables are determined to achieve unity
power-factor (PF), ensure ZVS in the front-end circuit, and
optimize the power conversion efficiency of the converter.
Experimental results show that, compared to an existing mod-
ulation method that does not consider capacitor voltage ripple,
the proposed method improves the efficiency of the converter
by over 11.21% under light-load conditions and 2.66% under
heavy-load conditions.

The rest of this article is organized as follows. Section
I explains the circuit configuration and operating principle
of the converter. Section III compares the simplified steady-
state model and the proposed steady-state model, without and
with considering the ac-side capacitor voltage ripple. The
effect of the capacitor voltage ripple on the performance of
the converter is revealed in Section IV. Section V presents
the implementation of the optimized modulation method, and
Section VI shows the experimental results that validate the the-
oretical analysis and findings. Finally, Section VII concludes
this article.

II. CIRCUIT CONFIGURATION AND OPERATING PRINCIPLE
A. Circuit Configuration

Fig. 1 (a) illustrates the circuit configuration of the single-
stage ac-dc DAB converter. A cycloconverter with bidirec-
tional switches is employed at the front end, while a full-bridge
circuit is used at the back end. uy and i, represent the grid
voltage and current, respectively, whereas u 4. and i4. denote
the dc-side voltage and current. Components L., C1, and Cs
function as a filter to suppress the switched currents injected
into the grid, as mentioned above. C5 is used for holding
constant dc bus voltage and also provides a low impedance
path for the high-frequency harmonic currents.

The isolation transformer establishes a power transmission
channel, linking the cycloconverter and full bridge circuit with
a turn ratio of 1 : n. L,, is the magnetizing inductance.
The primary and secondary voltages of the transformer are
denoted as u,, and u,, respectively. Similarly, the primary and
secondary currents are represented by i, and i,, respectively.

B. Operating Principle

Fig. 2 illustrates the operating waveforms of the converter
during one switching cycle, with all switching signals set to a
50% duty ratio. (S1as S24), (S16, So2p), (S3, S4) and (S5, Sg)
are four pairs of complementary switches. Therefore, only the
waveforms of Si4, S1p, S3 and S5 are shown in Fig. 2. The
deadtime T; = d;T} is introduced to prevent short circuit in a
half-bridge circuit.

During one half-cycle of the grid voltage, only two switches
at the front end operate at high frequency. When w, is positive,
S1q and Sp, switch at high frequency, while Sy, and Soy
remain ON. Conversely, when u, is negative, Si; and Sop
switch at high frequency, whereas S7, and Ss, remain ON.

Two control variables, D and D, are defined as the ratios
of the switching cycle 75. DT indicates the length of the
back-end clamping interval, while D>T represents the phase
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Fig. 2. Operating waveforms of the converter.

shift between the falling edges of u, and us. Actually, four
modulation modes can be derived based on different sequences
of the rising and falling edges of u, and u, [14]. However,
only the modulation mode shown in Fig. 2 is used in this
article, as it results in smaller peak and RMS values of
the transformer current [14]. Moreover, the converter design
can be simplified by utilizing only one modulation mode
[12]. This article aims to reveal the impact of the ac-side
capacitor voltage ripple on converter performance and propose
an optimized modulation strategy to enhance efficiency. While
this article discusses only one modulation mode, the steady-
state analysis model and optimized modulation idea proposed
in the subsequent sections can be readily extended to other
modulation modes, which are not detailed in this article.
Additionally, although the converter is capable of bidirectional
power transfer, this article focuses solely on the ac-to-dc
operation. All the analysis presented in this article is applicable
to dc-to-ac operation as well.

For the converter, when S, and Sy, are turned on, the pri-
mary side of the transformer with L, connects to C'y, resulting
in u, equaling uc,. Conversely, when S5, and So; are turned
on, the primary side of the transformer with L, connects to Cs,
causing u, to equal uc,. In Fig. 2, u,, is depicted as square-
wave without ripples, based on the assumption that the ac-side
capacitor voltages remain constant within one switching cycle.
This assumption is valid for the dc-side voltage supported by
a large capacitance. However, this assumption can be invalid
for the ac-side due to the relatively small capacitance value.
As analyzed in the next two sections, the ac-side capacitors
actually exhibit noticeable voltage ripple, which can impact
the performance of the converter.

III. STEADY-STATE MODELING

In this section, a time-domain analysis model that accounts
for the ac-side capacitor voltage ripple is developed to analyze
the steady-state characteristics of the ac-dc DAB converter.
Comparisons are then made between the proposed model and
the model used in references [9]-[15]. The results demonstrate

that the proposed model can accurately depict the steady-
state performance of the converter. In contrast, the model
used in the existing literature, which does not consider the
ac-side capacitor voltage ripple, loses accuracy. Section IV
will further explain the impact of the ac-side capacitor voltage
ripple on converter operation, based on the steady-state models
presented in this section.

A. Simplified Model

The waveforms illustrated in Fig. 2 can be divided into two
half cycles: ¢y to t3 and t3 to tg. The first half cycle, from ¢ to
t3, is further subdivided into three modulation stages, labeled
I to III, according to the changes of the switching states.
Due to the symmetry of the modulation method, analyzing the
first half-cycle is enough to determine the waveforms for the
second half-cycle. Therefore, the following analysis provides
only the voltage and current expressions for the first half-cycle.

The existing references [9]-[15] assume that the ac-side
capacitor voltage remains constant throughout one switching
cycle. With this assumption, wu, exhibits a two-level voltage
pattern, and the transformer primary current forms a straight
line in each modulation stage, as shown in Fig. 2. The values
of the transformer primary current at time instants tg, t1, to,
and t3 are given by

. 1
Z;D(tO) = 87’lf T (4udCDl - n|uac|)
. UugeD1 |uac| 1
t1) = -—-—Dy—D
PO =g, Taga, G P
. uchl |uac‘ 1
ty) = — S_D
W) =551, T ogL, 1 P
. 1
Zp(tg) = _W(4ud0Dl — n|um\)

where u,. and ug4. are assumed to be constant values within
one switching cycle. u,. approximates the grid voltage ug.

The average transmission power of the converter during one
switching cycle can be calculated using equation (2) [12],
assuming power losses are negligible.

P /tﬁ up(®)ip(t) 5, _ [tacl taeD1(1 = 2Dy — 4D,)
to

T, n 4nfoLg @

B. Proposed Model Considering the Capacitor Voltage Ripple

To accurately analyze the steady-state performance of the
converter, this subsection proposes a steady-state model that
accounts for the ac-side capacitor voltage ripple. Before devel-
oping the time-domain steady-state model, several assumptions
are made:

1) C; and C5 have the same capacitance and are both

denoted as C.

2) The parasitic parameters of the converter and voltage
drops of the switches are ignored, and the power losses
in the converter are also neglected.

3) The switching dynamics are not considered.

4) The ripple components of the grid current are neglected
in the dynamics of the capacitors, assuming the grid
current remains constant within one switching cycle.
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Fig. 3. Equivalent circuit of the converter in modulation stages I-III. (a) The
equivalent circuit in stages I and III. (b) The equivalent circuit in stage II.

Consequently, the grid current is denoted as i, instead
of i4(t) in the following equations. Similarly, the grid
voltage and dc-side voltage are denoted as ugy and ugqc,
respectively, rather than u, (t) and g, (£).

The equivalent circuits of the converter for each modulation
stage are illustrated in Fig. 3. The equivalent circuit in mod-
ulation stages I and III is shown in Fig. 3 (a), while that for
stage II is shown in Fig. 3 (b). The dynamic equations of the
capacitors C; and Cy remain unchanged during the first half
cycle, and they are expressed as

duc, ()
C%() =iy —ip(t) 3)
duc2(t) .
C o =g “)

The dynamic equations of the transformer primary current
depicted in Fig. 3 (a) and Fig. 3 (b) are respectively given by

dip(t)
L, o uc, (t) (®)]
dip(t) _ Ude
Ly - to (t) — — (6)

According to (3), (5) and (6), the expressions of i, (t) and
uc, (t) during modulation stages I III can be calculated as
shown in (A1) and (A2) in the Appendix.

D; and D5 are the two control variables for the modulation
mode illustrated in Fig. 2. The objective here is to obtain the
current and voltage waveforms of the converter based on given
converter parameters and control variables Dy and Ds. The
first step involves calculating eight unknown variables in (A1)

and (AZ) ip (to), ip (tl), ip (tg), ip (tg), uc, (to), uc, (tl),

ue, (t2) and ue, (t3). These values are essential not only
because they allow for the calculation of 4, (¢) and uc, (t) once
D1 and D, are specified, but also because they are crucial for
evaluating the power losses of the converter.

To determine the eight unknown variables, two additional
equations are needed, which are given as

ip(to) = ~ip(t3) (7)
t3 t3 Ts
| actt) = [ luen®) 4 ue, )= "5 ®)
to to

Equation (7) indicates the modulation symmetry and the
voltage-second balance of the inductor L,. Equation (8)
implies that the average value of w,. over half a switching
cycle equals the grid voltage. According to (4), the expression
of the capacitor voltage uc, can be given by

(VAN
Uc, (t) = gC
where At =t —tg.

According to the equivalent circuits shown in Fig. 3, the
grid current ¢, directly flows through capacitor Cs in the first
half cycle. Actually, it will directly flow through capacitor C
in the second half cycle, according to the modulation mode
illustrated in Fig. 2. Essentially, capacitors C; and Cs just
exchange their waveforms in the two half switching cycles.
Consequently, the following equations hold.

+ uc, (to) )

Ucy (to) = UC, (t3)
10
{ucl (td) = uc, (tO) (10)
Substituting (5), (6), (9) and (10) into (8) yields
C Ts 1 ts Ts2 Ts
Lg[ip(tg)—ip(to)}—kus (ta—t1)+ =< (t3) 8ég _ %ug
(11)

So far, eight equations have been derived: (7), (11), and
the six equations obtained by substituting ¢t = tg, t1, and ¢,
into (A1) and (A2). These can be used to form an equation
set to calculate the eight unknown variables mentioned above.
For specific values of D; and Ds, the time instants ¢, £, t2
and t3 in the equation set can be easily determined, namely:
t1 =tg+ (0.5 — D1 — D9)Ty, to = to + (0.5 — D9)T, and
t3 = to + 0.5Ts. However, the grid current i, remains an
unknown variable. Therefore, one more step further, ¢, can be
calculated as

g =

P 2 /ts Uge(t)ip (1) " (12)

Ug Tsug to n

where P is the average transmission power of the converter
in one switching cycle. Substituting (A1), (A3) and (A4) into
(12) yields (A5) as given in the Appendix. By substituting (A5)
into (11), (Al) and (A2), a final matrix equation is obtained
as shown in (A10). Finally, the eight unknown variables
ip (o), ip (t1), ip (t2), ip (t3), uc, (to). uc, (t1), ue, (t2),
and uc, (t3) can be calculated according to (A10) for given
converter parameters and control variables D; and D>. By
substituting these current and voltage values into (Al) and
(A2), the steady-state waveforms of 4,(¢) and uc, (t) can be
obtained.
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TABLE I
PARAMETERS OF THE AC-DC DAB CONVERTER
Symbol Description Value
Ugrms RMS value of the grid voltage 110 vV
fo Grid voltage frequency 50 Hz
To Grid voltage cycle 20 ms
Ude DC-side voltage 200 V
Prig Rated active power 500 W
n Transformer trun ratio 2
Lo Commutation inductor 14.1 uH
Lm Transformer magnetizing inductance 700 puH
Lac AC-side inductor 200 uH
Cq, C2 AC-side capacitors 8 uF
Cs DC-side capacitor 3740 uF
fs Switching frequency 20 kHz
T; Deadtime 200 ns

To perform a complete steady-state waveform analysis, it
is needed to obtain the expressions of the transformer sec-
ondary current and the magnetizing current. The transformer
secondary current during the first half cycle is written as

is(0) = lip(®) = im (1) (13

The magnetizing current remains unchanged during modu-
lation stages I and III, and it increases in stage II with the
dynamic equation given by

dim(t) Ude

L = 14
m - (14)

Accordingly, the expression of the magnetizing current in
each modulation stage can be obtained as

_ M to <t<t
2nL,,
. ugeD1Ts | uge(t —t1)
im(t) = ¢ — 1<t <t 15
) e el D) yctcn as)
M to<t < t
2nL,, =

The waveform of the secondary current can be readily
derived according to (13), (15) and (Al). At this point, the
waveforms of all converter state variables can be obtained
according to the time-domain steady-state analysis model
presented above.

C. Model Comparisons

The parameters of the converter, as listed in Table I, are
utilized to compare the steady-state models. The capacitance
C is designed to limit the introduced capacitive reactive power
to approximately 5% of the rated active power [16].

Fig. 4 and Fig. 5 illustrate the waveforms obtained from
both the simulation results and the theoretical analysis based
on the two steady-state models discussed in subsections III. A
and III. B. The steady-state waveforms during one switching
cycle are presented, with solid gray lines representing the
simulation results and dotted lines representing the theoretical
analysis results. The control variables D; and D, are equal
to 0.376 and 0.014, respectively. The grid voltage within this

5
u, () = ug, (t) u, (8) = uc, (£)
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Fig. 4. Comparisons between the simulation results and theoretical analysis
results using the proposed steady-state model.
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Fig. 5. Comparisons between the simulation results and theoretical analysis
results using the simplified steady-state model.

switching cycle is 155 V. As shown in Fig. 4, the theoretical
analysis results derived from the proposed steady-state model
match well with the simulation waveforms. In contrast, the
simplified model presented in [9]-[15], which neglects the ac-
side capacitor voltage ripples, is unable to accurately reflect
the steady-state performance of the converter, as shown in Fig.
5. 15 is magnified by 4 times in Fig. 4 for easier observation.

The zoomed-in waveform of 4, shown in Fig. 5 indicates
that the actual or simulated value of i, is negative, whereas
the value calculated by the simplified model is greater than a
positive value Iz, (Iz, is the current value required for ZVS
operation in the front-end circuit, which will be explained in
the next section). This implies that if the simplified steady-
state model is used to determine the control variables, ZVS
will be lost. A more detailed explanation will be provided in
the next section.

IV. EFFECTS OF THE CAPACITOR VOLTAGE RIPPLE

Firstly, the transmission power derived from (2) and the
proposed steady-state model, based on the converter param-
eters listed in Table I, can be plotted for different values of
Dy and Do, as illustrated in Fig. 6. The value of the grid
voltage is 155 V for the analysis. It should be noted that for
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Fig. 6. Transmission power for different values of D1 and Ds.

the modulation mode depicted in Fig. 2, D; and D5 should
satisfy the following constraints.

0< Dy, Dy <0.5
(16)

Dy + Dy <0.5

Fig. 6 reveals that the actual transmission power of the
converter, when considering the ac-side capacitor voltage
ripple, significantly deviates from the values obtained without
accounting for this factor. This conclusion remains valid
for various values of the grid voltage throughout the entire
fundamental cycle.

Subsequently, to further explain the impact of ac-side capac-
itor voltage ripple on the ZVS of the converter, the modulation
methods proposed in [11] and [12] are briefly introduced. With
unity PF, the transmission power of the converter should track
its reference, which is expressed as

Pres(t) = g (t)igres (t)

where U, is the amplitude of the grid voltage, Iy..; is
the amplitude of the grid current reference, and wy is the
fundamental angular frequency of the grid voltage.

To achieve ZVS in both the front-end cycloconverter and
the back-end full-bridge circuit, the currents on the primary
and secondary sides must meet the following constraints

= Uylyrepsin®(wot)  (17)

[Uac| ‘ug|

ip(ts) > Iz, = ~ (18)
me : \/Lfr/oeqf \/LU/Ceqf
. / Ude
is(ty) > Iz, = 7\/# (19)
o eqb
is(th) < —Izy = ———2de (20)

\V4 La/Ceqb

where C.qy and Ceqp represent the equivalent output capaci-
tances of the MOSFETs in the front-end and back-end circuits,
respectively. The currents at switching instants tll, t'2, and t/3
can be determined by substituting these time values into (A1)
(t; =t — d;Ts and r = 1,2,3). The control variables are
calculated according to (21) and (22) to meet the conditions
specified in (18). By approprlately designing the parameters
of the circuit, 44(t;) and i,(t,) can naturally satisfy (19) and
(20), based on the control variables derived from (21) and (22)
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Fig. 7. Converter control variables and transformer primary/secondary cur-
rents over half a cycle of the grid voltage.

[12]. For detailed information on the modulation method, refer

to [11] and [12].

nfug|(1—4d;) — 8nfsLolzp
4udc

nPrerfsLy D 1
Dy = 7f‘f + “1_Z
[ug|tge D1 2 4

Dy =

21

(22)

Using the circuit parameters listed in Table I as an example,
Fig. 7 illustrates the control variables, as well as the trans-
former primary and secondary currents over half a cycle of
the grid voltage. The reference of the active power is S00W.
According to the simplified model, the primary current at t;
satisfies the ZVS condition; however, the actual current value
calculated by the proposed model does not meet this condition.
This analysis indicates that employing the simplified model for
designing the modulation strategy can result in the loss of ZVS
in the front-end cycloconverter. Nevertheless, the back-end
full-bridge circuit still adheres to the ZVS constraints specified
in (19) and (20), as shown in Fig. 7, except for the light-load
range in the gray area, due to the insufficient magnitude of
the primary and secondary currents [12]. The loss of ZVS in
the gray interval leads to negligible switching losses because
of the low transmission power.

V. OPTIMIZED MODULATION METHOD CONSIDERING THE
CAPACITOR VOLTAGE RIPPLE

As analyzed above, the steady-state performance of the con-
verter can be affected by the ac-side capacitor voltage ripple.
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TABLE 11
POWER L0OSS MODEL OF THE AC-DC DAB CONVERTER

Loss Classification Expression
Power switch  Conduction losses Rpson! 12ers
losses Switching losses (EBonM + Eoffm)fs
Transformer Copper losses I 3”,15 Rpri + 12, s Rsec
losses Core losses k1 f?l Bgl Ver
Inductor Copper losses I Zrms Ry,
losses Core losses kr, ngBQQVeL
Capacitor loss Ohmic losses Rcol %Tms

TABLE III
DEFINITIONS OF THE SYMBOLS

Symbols Definitions

Rpson Drain-source on-state resistance of the MOSFET
IDrms RMS value of the MOSFET on-state current
Eonmr Turn-on energy losses in the MOSFET

Eofrm Switch-off energy losses in the MOSFET
Irms RMS value of the transformer primary current
Tsrms RMS value of the transformer secondary current
Rpri Equivalent transformer primary resistance

Rsec Equivalent transformer secondary resistance

k, a, B Steinmetz coefficients

B Peak magnetic flux density

Ve Core volume

Ry, Equivalent resistance of the auxiliary inductor
Rc Equivalent series resistance of the capacitor
Icrms RMS current of the capacitor

The ZVS in the front-end circuit fails when using modulation
methods that do not consider this ripple. The transformer
primary and secondary currents contain ac components at
the resonant frequency of the L,C' circuit, which can also
influence the RMS value of the current. The efficiency of the
converter may not be optimal when using the existing mod-
ulation methods that do not account for the ac-side capacitor
voltage ripple. To optimize the efficiency of the converter and
realize ZVS in the front-end circuit, an optimized modulation
method is proposed in this section.

The optimization algorithm is employed to find the optimal
values of Dy and D, that satisfy the constraints of the
optimization problem. The optimization problem is formulated
as follows

min Py (1, 2) (23)
subject to (16) and (24). z in (23) and (24) equals [D1; D-].
P,.s(t) in (24) is given by (17), facilitating the realization of
unity PF operation. In this article, AP,y in (24) is set to 1W.

P(t,z) € [Pref(t) - Aprefypref(t) + APref] (24)

The overall power losses of the DAB converter, Pjyss,
in (23) primarily consist of four components: power switch
losses, transformer losses, inductor losses, and capacitor losses

0.5 :
D1
0.25 J
wD:
0 .
0 0.25T, 0.57,
20 T —
¥is (tl) > IZs
~~ 7 /\
<5t W< I, @)=l :
0 4
10 < Back end: Non—full ZVS range;
0.25T 0.57,
Fig. 8. Optimization results for an active power level of 500 W.
| Outer loop ] =4
Controller Dy »| Phase EO
Lookup Table . <
D. D D, Shift 35
b2 »|Controller| 5
u;PSOGI-PLL *é
) [0}

Fig. 9. Control block diagram of the ac-dc DAB converter.

[17]-[20]. The power switch losses include conduction losses
and switching losses, while the power losses in the magnetic
components consist of copper losses and core losses. The
calculations for these power losses are summarized in Table
II. The definitions of the symbols in Table II are provided in
Table III.

Generally, in each switching cycle throughout the full period
of the grid voltage, the optimal control variables D; and D,
are derived by minimizing the power losses of the converter.
The proposed steady-state analysis model should be utilized
to calculate the current and voltage values of the converter for
various values of D; and D5. These results are then substituted
into the power loss model to determine the overall power loss
for specific control variables. In this study, a GA is employed
for optimization. As GA is a widely used optimization method
and has been extensively covered in the literature [21]-[24],
detailed explanations are omitted here.

An example of the optimization results using the parameters
listed in Table I is shown in Fig. 8. The active power reference
is 500 W. It can be observed that the converter achieves
ZVS in the front-end circuit over the full cycle of the grid
voltage, indicated by i,(t;) > Iz,. The back-end circuit
does not achieve full ZVS operation under very light-load
conditions, as indicated by the gray range. Specifically, S
and S, lose ZVS at load condition below 7%, and S5 and Sg
lose ZVS at load condition below 3%. The constraints given in
(18)—(20) are not treated as hard constraints for the proposed
modulation and the optimization target is to maximize the
power conversion efficiency. In the power losses calculation,
if one switch realizes ZVS, the turn-on loss of this switch is
zero, otherwise, the turn-on loss is calculated according to the
equation shown in Table II. If ZVS of the power switches is
treated as hard constraint, then power conversion efficiency
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T
Front end

(b)

Fig. 10. Photographs of the prototypes. (a) The single-stage ac-dc DAB
converter. (b) Three-phase SST with two modules in each phase.

will be subjected to ZVS realization.

The overall control block diagram of the ac-dc DAB con-
verter is shown in Fig. 9. A second-order generalized integrator
phase-locked loop (SOGI-PLL) is employed to track the phase
angle of the grid voltage. Lookup tables are utilized to store
the optimal control variables for various operating points. An
outer-loop controller, such as dc-side voltage control or ac-
side power control, can be used to generate the amplitude of
the grid current reference.

VI. EXPERIMENTAL RESULTS

The photograph of the ac-dc DAB converter is shown in
Fig. 10 (a), and the corresponding parameters are listed in
Table 1. For higher voltage and power applications, additional
converter modules can be assembled into a three-phase SST,
as illustrated in Fig. 10 (b). In this configuration, each phase
consists of two submodules, and the connection of these
modules is depicted in Fig. 1(b). The experimental verification
primarily focuses on the performance of a single module. The
main controller used is DSP TMS320C28346, and the power
switches employed are C3M0015065D from Wolfspeed.

The steady-state waveforms of the converter under the same
conditions as those in Fig. 4 are shown in Fig. 11. The solid
gray lines represent the experimental results, while the red
dotted lines depict the theoretical analysis results based on
the proposed steady-state model. It can be observed that they
are well aligned with each other, verifying the correctness and
accuracy of the proposed model.

The steady-state waveforms of the converter, using the
modulation method presented in [12] (without considering the

u, (8) = ue, () u, (1) = uc, (t)

120
60F — ] éru,, (V) _E
0b T A by (Adomnmed
—605[ j
-120
0 0.5T7, T,
220 e ——
110k k irus(V) i
...... : 41, (A)= ...
0 poem- g S, S E— T
~110f i
_990 ) s ———————" :
0 0.5T, T,
Fig. 11. Comparisons between the experimental results and theoretical

analysis results using the proposed steady-state model.

ac-side capacitor voltage ripple) and the proposed modulation
method (which accounts for the voltage ripple), are shown
in Fig. 12. Fig. 12 (a) and (b) depict the waveforms with
500 W output power, while Fig. 12 (c) and (d) illustrate the
waveforms with 200 W output power. Under all conditions, the
PF exceeds 0.99, and the grid current maintains a sinusoidal
waveform with low total harmonic distortion (THD).

Zoomed-in waveforms of the transformer primary voltage
(up) and primary current (¢,) are shown in Fig. 13. The current
values within the red circles indicate whether ZVS is achieved
in the circuit. According to the ZVS constraints discussed in
Section IV, the front-end circuit fails to achieve ZVS when
using the modulation method presented in [12]. In contrast, the
proposed modulation method successfully achieves ZVS for
the front-end cycloconverter. The peak values of the primary
current shown in Fig. 13 (a)—(d) are 36.2 A, 32.2 A, 27.8, and
21.8 A, respectively. Correspondingly, the RMS values over
one switching cycle are 19.8 A, 17.8 A, 14.0 A, and 11.1 A,
respectively. By employing the proposed modulation approach,
both the peak and RMS values of the primary current are
significantly reduced. The switching dynamics of S1, and So,
are shown in Fig. 14. ug, and ug4 are the drain-source voltage
and gating signal, respectively. S, achieves ZVS using the
proposed modulation method, while it loses ZVS with the
modulation method presented in [12].

The efficiency of the converter under various power levels
is shown in Fig. 15. Using the proposed modulation method,
the efficiency is improved by over 2.66% at an active power
of 500 W and by over 11.21% at 100 W. The experimental
results indicate that neglecting the ac-side capacitor voltage
ripple when designing the modulation method can significantly
affect the power conversion efficiency of the converter.

VII. CONCLUSION

The impact of ac-side capacitor voltage ripple on the steady-
state performance of matrix-type single-stage ac-dc DAB
converter has not been thoroughly examined in the existing
literature. This study develops a time-domain steady-state
model that incorporates capacitor voltage ripple to accurately
characterize the operating performance of the converter. The
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Fig. 12. Steady-state waveforms of the ac-dc DAB converter. (a) and (b): 500 W output power. (c) and (d): 200 W output power. (a) and (c): using the
modulation method presented in [12]. (b) and (d): using the proposed modulation method.
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Fig. 13. Zoomed-in waveforms of the transformer primary voltage and current. The power levels and modulation methods in conditions (a)—(d) of Fig. 13
correspond to those shown in Fig. 12 (a)—(d).
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Fig. 14. Zoomed-in waveforms of the switching dynamics. The power levels and modulation methods in conditions (a)—(d) of Fig. 14 correspond to those
shown in Fig. 12 (a)—(d).

96 T T T T T T T the modulation strategy is designed based on a simplified

Proposed method steady-state model that neglects this ripple. Additionally,
o S = o S the capacitor voltage ripple affects the waveforms of the
86 Lol transformer primary and secondary currents, thereby further

influencing the power losses of the converter. An optimized
. modulation method is subsequently proposed to achieve unity
PF, realize ZVS operation, and enhance power conversion
% efficiency. Simulation and experimental results are presented
71T . . . . . : to validate the theoretical analysis. Future research in this
100 150 200 250 300 350 400 450 500 area will focus on the multi-objective design of the converter,
PW) considering the effects of ac-side capacitor voltage ripple. The
g. 15. Efficiency of the converter under various power levels. proposed systematic analysis and optimization scheme can
also be extended to other matrix-type converter families, such
as full-bridge and multi-port ac-dc DAB converters with small
ac-side capacitance [26]-[31].

. Method proposed in [12]

Efficiency (%)

Fi

=

findings indicate that ac-side capacitor voltage ripple can lead
to the failure of ZVS operation in the front-end circuit if
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APPENDIX

Transformer primary current 4,(¢) and capacitor voltage
uc, (t) are expressed as follows

te) .
i () =i (t2) cosleon (t — t)] + ) G (¢ — 1))
oWy
ig{coslwy(t — to)] — 1} — nyL":dw sinfwr (t — t,)]
(A1)
uc, (t) = — Lowyiy(ty) sinfw, (t — t;)] + ue, (tz) coslw, (t—
tz)] + Lowyigsinjw,(t —t;)] — Ylde {cos|w,(t—
ty)] — 1} (A2)
where w, = ,/ﬁ, x and y are given as
0 Modulation stage 1
r=<1 Modulation stage II (A3)
2 Modulation stage III
0 Modulation stages I and III
y= . (A4)
1 Modulation stage 11

The expressions of i,(to), ip(t1), ip(t2), ip(ts), uc, (to),
ue, (t1), ue, (t2) and uc, (t3) can be obtained by substituting
to, t1, to and t3 into (Al) and (A2).

The grid current is expressed as

ig = Q2ip(to) + Qauc, (to) + Qu
where 01, @2, Q3 and @4 are given by

(A5)

Q1 =14 2ae (sinfer(ts — )] = sinfor (b —to)]
Tonug o,
t2 + tl }

2 (A6)

Q2 = @%ﬁ;% {sinfw, (t2 — to)] — sinfw,(t1 — to)]}
2 (A7)
Q3 = Ql[/gwu—gimy {cos|w,(t1 — to)] — cos|w,(ta — to)]}
2 (AB)

2u

04 = T o, (Cosler(t =t =1} (A9)

A matrix equation, denoted as (A10), is formulated to
calculate the current and voltage values for given circuit
parameters and control variables D; and Ds.

Az =b (A10)
where x, b, and A are given by
a! = [ip(to)vip(tl)ﬂip(tQ)ﬂ;p(tS)? . (Al1)
uc, (to), uc, (t1), uc, (t2), uc, (t3)]
b" = [b1,ba, b3, ba, bs, bg, br, bs] " (A12)

where
bl = Q4 {cos[wr(h — to)] — 1},
by = Qu {cos[wy(t2 — to)] — 1} + 7745 sinfw, (f2 — £1)],

b3 = Qa {cosw,(t3 — to)] — 1} + 575
sinfwy,(t3 — t2)]}, by =0,

bs = —QuL,w; sinfw,(t1 —to)],

b = —QaLow, sin[w,(t2 —to)] + “={cos|w, (t2 —t1)] — 1},

by = _Q4La'wr Sil’l[wr(tg - to)] + uz” {Cos[w,«(t;; — tl)]_
cos|wy(ts — t2)]},

{sinfw,(t3 — t1)]—

T

bs = ugTTs N Qggf - udc(t27t1).
n
a11 a2 G613 Q14 4ais Aie A1y G418
21 Q22 A23 A24 A25 (26 (27 (28
aszp Qazz2 asz as4 aAzs aze a3r  a3g
A= a41 Q42 (43 Q44 Q45 Q46 A47 048 (A13)
as51  As2 G453 As4 455 G56 As7 458
ae1 A2 Ae3 Aea  Ae5 A6 Ae7 468
ary Q72 Arz  Arg  Ars  Grg  Qrr Qrg
_081 ag2 Ag3 Ag4 A5 (g AgT a88_
where

ay1 = cos[wy(t1 — to)] + Q2{1 — cos|w,(t; — o)},
b=l 4 Qa{1 — cosfun (t1 — to)]}.

a1 = cos[wy(ta — to)] + Q2{1 — cos|w,(t2 — to)]},

ass = W + Q3{1 — cos[w,(t2 — to)]},

aszy = cos[w,(ts — to)] + Q2{1 — cos|w,(ts — t0)]},

ags = 22eelo=toll 4 Q{1 — cosfw, (t3 — to)]}

as1 = (Q2 — 1) Lyw, sinfw,(t1 — to)],

ass = cos[wy(t1 — to)] + Qs Lowy sinfw,(t1 — to)],

ag1 = (Q2 — 1) Lyw, sinfw,(t2 — to)],

ags = cos|wy(ta — to)] + Q3 Lyw, sinfw, (t2 — to)],

ar = (Q2 — 1) Lyw, sinfw,(t3 — to)],

ars = cos[wy(t3 — to)] + Qs Lowy sinfw, (t3 — to)],

a15 =

_ QoT? _ Qo1?
agy = 8C Lo’; ags = 805 5
(12 = 23 = A34 = 56 = Gg7 = A7y = —1,
T
aq1 = agq = 1,a84 = Ly, a88 = 3,

a1z = ai4 = a1 = a17 = aig = 0,
a2 = Q24 = G26 = 27 = a28 = 0,
aszy = asz = aze = azy = azg = 0,
(42 = Q43 = O45 = Q46 = Gq7 = A48 = 0,
as2 = as3 = G54 = as57 = asg = 0,
ag2 = a3 = agq = ape = ags = 0,
ary = arz = a7q4 = arg = a7y = 0,

agz = ag3z = ags = agy = 0.
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