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Abstract—This article analyzes the dynamic characteristics of
a dual active bridge (DAB) converter with input/output LC filters
connected and power-feedback control applied, and then discusses
an impedance stability criterion about both side LC filters and
the converter. Power control is suitable as a control method for
grid-connected converters because of its affinity with the energy
management system, which is being introduced as a new way to
operate power systems in recent years. In order to provide stable
power supply, it is necessary to ensure the stability of the converter,
and information on dynamic characteristics is essential for the
design and development of converters. Since there are no previous
papers found yet where the impedance stability criterion is applied
when LC filters are connected to both ends of a bidirectional DAB
converter, this article discusses the procedures and key points to be
considered to apply the criterion. Based on the analysis, the design
guidelines of the system will be discussed.

Index Terms—DC microgrid, dual active bridge (DAB)
converter, dynamic characteristics, impedance stability criterion,
LC filter, power-feedback control.

1. INTRODUCTION

HE introduction of renewable energy sources (RES), such
T as photovoltaics are actively promoted as a means of
addressing environmental issues [1]. In order to promote the
use of these renewable energies, microgrid, an independent dis-
tribution system, has become a solution for overcoming power
fluctuations of renewable energy sources [2]. Among them, dc
microgrid (DCMG) becomes attractive since the development of
dc—dc conversion technology and growth of electric dc devices
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[e.g., battery energy storage (BES), photovoltaics, communica-
tion facility, computers] [3].

Dc—dc converters are used for power conversion in dc distribu-
tion system, which utilize fast switching operation by semicon-
ductor devices [4]. Especially, a bidirectional dc—dc converter,
which performs bidirectional power transmission, can be used
to connect to a BES that charges and discharges, or to connect
DCMGs in which distributed power supplies are installed [5].
For an interconnection of DCMGs, dual active bridge (DAB)
converter [6], [7], [8] is suitable as an isolated bidirectional
dc—dc converter and it can achieve high efficiency at a heavy
load.

At the same time, energy management system (EMS) is
another solution of utilizing RES, which monitors the amount
of electricity generated and consumed by each power facility
for optimal operation of the grid by using communications
technology [11], [12]. With increasing social expectations for the
Internet of Things and data analysis technology using artificial
intelligence, it is expected that EMS will become even more
widespread. The control method of dc—dc converters is basically
an output voltage control targeting resistive loads [13]. For
example, not only a typical voltage-feedback [14], but also a
voltage-feedback with output current feedforward compensa-
tion [15] and virtual direct power control [ 16] can be mentioned.
However, these voltage control methods cannot transmit the
desired power when the dc bus voltage is kept constant by BES
or another converter in the DCMG. On the other hand, constant
current control is often used to transmit power to a system
where the voltage is kept constant, such as BES [17], [18],
[19], [20]. One of the concerns with the current control is that
accurate power transmission may not be possible if the dc bus
voltage deviates from the expected value. As an implementing
EMS at interconnected DCMGs, power-feedback control for
grid-connected DAB converter may be the best way to transfer
a desired power to another grid.

A dynamic model of dc—dc converter is mainly concerned to
analyze stability of both converters and DCMGs. The conven-
tional dynamic analysis of DAB converters was mainly based
on a circuit model with a voltage source at the input side and
a load element at the output side [21], [22], [23], [24], [25],
[26], and [27]. But in the situation of dc grid-interconnection, a
converter model which regard the dc grid as an ideal dc voltage
supply may be considerable because BES in grid maintains a
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bus voltage constantly. In the previous research in [28] and [29],
the small-signal model of DAB converter with input/output LC
filters interfacing dc voltage supplies is considered. However, the
analysis in [28] and [29] does not include a feedback system.
There is another previous work which apply the power-feedback
control for DAB converter without LC filters [30], [31], but
the dynamic model of power-controlled DAB converters which
include LC filters has not yet been studied in detail. A study of
the model and characteristics of the system, which has not yet
been examined, will enable more efficient design of the system
for other engineers to use. Therefore, this article considered
the dynamic characteristic of the grid-connected DAB converter
with power-feedback control.

Meanwhile, when implementing the converters to the DCMG,
it is recommended to add LC filters on the input and output side
of the converter to reduce the switching ripple of voltage and
current and improve the quality of the power system [32], [33].
The instability caused by the cascade of dc—dc converter and
input LC filter has been discussed by [34], and the impedance
stability criterion above a single dc bus has been studied [35],
[36], [37], [38], [39], [40], [41], [50], [51]. In addition, sys-
tem design guidelines and stabilization methods based on the
criterion were studied [42], [43], [44]. Cespedes et al. [42]
discussed input LC filter design guidelines for a constant power
load (CPL), and Zhang et al. [44] discussed the LC filter design
guidelines connected to the input side of a load converter.
Zhang et al. [43] deals stabilization methods in the situation
where a source converter is connected to the input stage of a
unidirectional load converter. The impedance criterion with the
input LC filter under unidirectional power transfer were also
considered for a DAB converter [45], [46], [47], [48], and the
previous research [28] analyzes the dynamic model of the power
stage of the DAB converter when input and output LC filters
are connected. However, the abovementioned papers dealing
with impedance stability criterion is limited to the situation of
unidirectional power transmission, and the influence of both side
LC filters on the power-feedback control system is not specifi-
cally studied. Therefore, this article also discusses the effect of
input and output LC filters to the stability of bidirectional power
control system for the DAB converter and the design guidelines
of the converter.

This article is organized as follows. At first, this article reviews
a basic characteristic of the DAB converter in Section II, and
then small signal models and important transfer functions of
the DAB converter with power-feedback control are obtained in
Section III, which connects input/output LC filters. Section IV
discusses a theory and an application procedure of impedance
stability criterion for the DAB converter. In Section V, ex-
perimental results confirm the validity of small-signal model
and the stability analysis results, and Section VI discusses the
system design guidelines of the converter with feedback. Finally,
Section VII concludes this article.

II. BASIC CHARACTERISTIC OF DAB CONVERTER

A schematic without input/output LC filters and a basic
waveform of the DAB converter are shown in Figs. 1 and 2,
respectively. This converter transmits power in both directions
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Fig. 1.  Schematic of DAB converter interfacing dc voltage supplies.
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Fig. 2. Basic waveform of DAB converter.

by the phase shift d7/2 between the square wave voltages
vp and v, generated from the inverter circuits at both ends. To
simplify the stability analysis, DAB converter was assumed to
operate single phase shift (SPS) modulation [9] in this article.
The average current iy, 19, flowing at both ends of the con-
verter and an average transmission power pg;, are expressed in
(1)—(3), respectively, by assuming voltages vy, and vgp and the
phase shift ratio d do not change in time within one cycle, and
there is no power loss in the converter. In addition, the function
f(d) is defined in (4) to improve the prospect of future equations

- 1 [T
i1p 1= ?/ i1y dt = vy f(d) (D
s JO
B 1 Ts
dop 1= ?/ igp dt = vip f(d) (2)
s Jo
1 (%
Pap = ?/ P2y dt = vipvap f(d) (3)
s Jo
f(d) = (1~ |d)). @)
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Fig. 5. Small-signal block diagram of DAB converter.

An approximate form of f(d) is shown in Fig. 3. It can be found
that the primary side average current i, is not dependent on the
primary side voltage v1; from (1), and the secondary side average
current iy, is not dependent on the secondary side voltage vop
from (2). Therefore, an averaging model of DAB converter can
be represented by ideal current sources, as in Fig. 4.

By considering a small-signal perturbation at a dc operating
point in (5) and (6), Aiy;, and Aigy, are derived in (7) and (8),
and a dynamic model of the converter can be expressed in Fig. 5

vy = Vip + Avip, vop — Vay + Avgy, d = D + Ad - (5)

i1 — D1y + DNy, iy — Loy + Aigy, (6)
Aiyp = Gyl Avgy + Gain Ad (7N
Aigy = GyinAvyp + GanAd (8
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Fig. 6. Block diagram of power-feedback control for DAB converter.
where Goi1, Gai1, Gyiip, and Gy are represented in
Gl = f(D) )
Gait = Vau f'(D) (10)
Guip = f(D) (11)
Gaio = Vip f'(D) (12)

and f'(D) is represented in (13) which is the derivative of f(D)
by D. The derivation of f'(D) is described in the Appendix

J(D) = f'(@)l=p = 571~ 2D]).

13)

S

III. SMALL-SIGNAL MODEL OF POWER-FEEDBACK
CONTROLLED DAB CONVERTER

A. Small-Signal Analysis Without LC Filters

The block diagram of power-feedback control for DAB con-
verter is shown in Fig. 6. For simplicity, the controller G. is
assumed to be a PI controller with control delay and the low-pass
filter Gy pr is assumed to be a first-order low-pass filter (1st-LPF)
which are represented as follows:

K; o f;
G, = (K,, + S’) eTr = K, (1 + zf) esTo (14)
w
Grpp = — 15
LPF s+ We ( )

where K; = 27 f; K, w. = 27 f., f. is a cutoff frequency of

GLpr, fi is a corner frequency of the PI controller, and s is the
Laplace operator.

From Fig. 6, the phase shift ratio d is represented as

d = G (Pret — vabiay) - (16)

By considering small-signal perturbation in (17) and (18), Ad
is derived in (19)

d— D+ Ad, Pref — Ref + Apre’f (17)
Vop — ‘/Qb + AUQb,{IQb — Iéb + A%b (18)
Ad = Gc (Apref — VQbAgIQb — IgbA’Ugb) (19)

where I, = Iy, and second-order micro terms is neglected.
By using (7), (8), and (19), a small-signal block diagram
of the DAB converter with the power-feedback control can be
derived, asin Fig. 7. Then, aloop transfer function Tpap, primary
side impedance Zi;, and secondary side impedance Zo;, are



3130

Ava Avlb

l
DAB

Guil
converter !

ELZI Gii | :C\ Ay,
Gz |

\d

Apref—, +jl\ I G, I Adﬂ‘-\ I Gai2 I @ Aiyy,
Aﬁ;b T o Apap
~ DA A
Apap D2p
oL Ay e
S@E— Vop 2b | Gypp
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derived in
Apr /
Toag = ~—— = —GcGrprGanVay = =G Grepf (D)Viy Vo
Apy,
(20)
A 1+ G.GainGLpr V-
Zip = Elb _ + GcGainGLprVap @1)
AT Gy12Gail GLerVar G
Av 1+ G.GainGLpr V-
Ty = — 2020 _ + GcGainGrerVap 22)
Ay, GcGanlap

This article defined Tpap as a transfer function which the input
as Aps, and the output is Apay. In (20), it is found that the order
of Tpap is determined by the controller G and the low-pass
filter G pr because Vi, Vo, and % are proportional gains. The
gain of Tpap mainly depends on the steady-state value of phase
shift ratio D, and the stability and responsiveness of the control
system are affected by D.

B. Small-Signal Analysis With LC Filters

A schematic of the DAB converter with input/output LC filters
are shown in Fig. 8. If the variation of voltage vy, vap per cycle
is sufficiently small, the averaging model of this converter can
be represented, as in Fig. 9.

By solving circuit equations of Fig. 9, transfer functions
Gv1b7 ZLC17 Gva» and ZLC2 are derived as

U1 = Gyivvr + Girplinp (23)
7“@1C18 +1

Gty = 24

1o LlCl 82+(7“L1 +7“Cl)8+1 (24)

rc1L1Cy s? + (rpare1Cr + L) s+ ra
Zici = — 5 (25)
LiCys2+ (rpa +7re1)s+1

Uy = Gyapv2 + Giobiap (26)
1

Gy = rexChs & @7)

LoCYy s2 + (T‘LQ + 7“02) s+1

P re2LaCs 8% + (rparcaCs + La) s + 1o
Loy = : . (28)
LyCy 82+ (rpa+rea)s+1
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And by considering small-signal perturbation in (29) and (30),
A7y, and Ay are derived in (31) and (32), respectively

1y — Vip + Av1p, i1y — T1p + Adgp, v1 — Vi + Avy

(29)

gy — Vap + Agy, oy, — Loy + Aigp, v2 — Va + Avy
(30)
Avyy, = GyinAvy + Zici Ay, (€2))
Aty = Gy Avy + ZicaAigy. (32)

In order to reproduce the same situation as in the previous
section, this article assumes that vy, i, in Fig. 8 are detected
and the transmission power poy, is controlled. The small-signal
model of power-feedback system with LC filters is shown in
Fig. 10 by applying (31) and (32) to the block diagram in Fig. 7.
A loop transfer function 7y; in Fig. 10 and a closed-loop transfer
function G, can be derived as

—G. (I2Giop + V2 Grer) (Gaio+ Gitn GvinGain)

Tan = L?fb =
APy, 1 = GinGvinGion Gyait
(33)
Ap T.
G, = P2b all (34)

B Apref B _]- - Talll

Next, the equations for impedance are derived. Small-signal
circuit models with both side LC filters are shown in Fig. 11.
Zips in Fig. 11(a) is the primary side impedance of the DAB
converter including the secondary side LC filter, which can be
obtained as (35) by deriving the relation for Awy;, and Aiy,
without including the blocks related to the primary side LC filter,
asshowninFig. 12. Similarly, Z; r inFig. 11(b)is the secondary
side impedance of the DAB converter including the primary side
LC filter, which can be obtained as (36) by deriving the relation
for Ay, and Aigy, without including the blocks related to the
primary side LC filter, as shown in Fig. 13.

14+ G Gao(Iop Zico + VapGier)

7 —
1 Gyiin{ Gyt Zicr — GeGait(Ioy Zica + VarGer) }
(35)
1+ G VoG Gan — GuinZic1Ga
any = 2 GLer(Gai 11221c1Gait) 36)

GainlopGe + GyinZici (Gl — GaitlopGe)
And then, primary side, and secondary side impedance Z;
and Z5 can be obtained as
Zlbf (1 —+ rmCl 8)
(re1+ Zipy) Cis+1
Zopf (14 1c2Cs s)
(T‘CQ =+ Zgbf) Cos+1

Zl = L18+7'L1 —+

(37)

Zoy = Los+ 1o+ (38)

IV. THEORY OF IMPEDANCE CRITERION FOR BIDIRECTIONAL
DAB CONVERTER WITH INPUT/OUTPUT LC FILTERS

As mentioned in Section I, the interaction between an input
LC filter and a converter may cause instability, even if the
converter itself is stable. This section arranges the theory of
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ABS, B the relationship between voltage and current from Fig. 15(a)
‘;‘é Ty = Alzb is summarized in Fig. 15(b), where Zy,; includes primary
Aﬁzbo Apy, side LC filter and Zs;, does not include it. From Fig. 15(b),
whr [V A7, 1 the loop transfer functions 7;,,2 and T;,25 can be obtained as
- 26 | | OLPE | (41) and (42). If either of the loop transfer functions (39)—(42)
Fie 10, Smallsienal block di i reedback e satisfies the oscillation condition, the entire system become
ﬁitge;rs. - Small-signal block diagram of the power-feedback system wit unstable even if the DAB converter itself is stable. In (39), for

impedance stability criterion for the input/output LC filters and
bidirectional DAB converter with power control.

Fig. 14(a) shows the primary side equivalent circuit orga-
nized by Thevenin’s theorem for the primary side LC filter in
Fig. 11(a), and the relationship between voltage and current
from Fig. 14(a) is summarized in Fig. 14(b), where Zy;; in-
cludes secondary side LC filter and Z;; does not include it.
From Fig. 14(b), the loop transfer functions 73,1 and T}, ¢ can
be obtained as (39) and (40). Similarly, Fig. 15(a) shows the
secondary side equivalent circuit organized from Fig. 11(b), and

example, if |T},1| > 0 dB when £T,,,; = 0°, it is determined to
be unstable

Zict

Tl = — 39
] 7 (39)
V4
Tonij = — Zjbc; (40)
ZL2
Tppo = — 41
) 7 (41)
7
Tinap = — ZZZ; (42)
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This article applies the impedance criterion by dividing the
power conversion system into three subsystems, as shown in
Fig. 8. At this time, each of the subsystems must be stable
or passive. Therefore, this article applies the stability analysis
procedure, as shown in Fig. 16, which the analysis concept is
based on [50]. At first, Tpap in (20) is used to ensure stability
when power-feedback control is applied to the DAB converter
in Fig. 1. Secondary, the stability of the LC filter connected to
the primary side of the DAB converter is determined using 7,1
in (39). Once T, is determined to be stable, combine the DAB
converter and primary-side LC filter as a subsystem, and finally
determine the stability when the LC filter is connected to the
secondary side using 7,27 in (42). The stability of this entire
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DAB

converter

AVI(

T or Tm] f

(b)

Fig. 14. Relationship of LC filter and DAB converter on primary side.
(a) Equivalent circuit organized by the Thevenin’s theorem. (b) Block diagram.

DAB
converter

(b)

Fig. 15. Relationship of LC filter and DAB converter on secondary side.
(a) Equivalent circuit organized by the Thevenin’s theorem. (b) Block diagram.

system can be guaranteed if it can be determined to be stable
even at Th,a.

The related study [50] discusses stability analysis of multi-
ple loops in the overall system when multiple converters are
connected in parallel on a single dc bus, which the analysis is
focused on total numbers of encirclements of the critical point
at Nyquist diagrams. Although there is an intersection with the
real axis outside the critical point on the Nyquist diagram, the
system becomes stable if the total numbers of clockwise and
counterclockwise encirclements of the critical point are equal
to each other [49], [50], [51]. Meanwhile, this article focuses
on the conventional analysis which is based on bode diagrams
of the impedances in order to obtain design guidelines for the
converter system clearly.

V. EXPERIMENT AND THEORETICAL CALCULATION

This section performs the stability analysis discussed in
Section IV using numerical calculations and confirms the system
behavior through experiment. At the same time, the validity of
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Fig. 16.  Procedure of stability analysis for DAB converter in this article.

TABLE I
EXPERIMENT PARAMETERS OF DAB CONVERTER WITH FEEDBACK SYSTEM

parameters value parameters value
Vi 40V Deadtime 197ns
Vs 40V fe 10kHz
n:l 1:1 K, 0.0004/W
L 453 uH fi 80kHz
fs 100kHz Tp 20 us
TABLE II

EXPERIMENT PARAMETERS OF LC FILTER ON CASE 1

Primary side Secondary side
parameters value parameters value
Ly 1.027mH Ly 1.060mH
rr1 284.3mQ I 268.3mQ
C 86.01uF (@) 85.68uF
rci 415.4mQ re2 432.6mQ
Resonant frequency  535.5Hz | Resonant frequency  528.1Hz
Quality factor 4.938 Quality factor 5.018

the small-signal model shown in Fig. 10 is confirmed by bode
diagrams.

A structure and overview of experimental system are shown
in Figs. 17 and 18. The parameters of the DAB converter and
control system are shown in Table I, and the parameters of the
LC filter are prepared to two cases, as shown in Tables I and III,
respectively, in which Case 1 means the whole system is stable
and Case 2 means the system is at the stability limit.
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Fig. 18.  Overview of experimental system.

This experimental prototype was created by dividing the
circuit into small sections for each inverter boards, trans-
former, power sensing board, and LC filters. MOSFETS
“BSCO093N15NS5” from Infineon were used as the switching
device and bootstrap drive circuits were implemented using an
isolated gate driver IC “ADUM4224” from Analog Devices on
the inverter boards. The transformer was made by using “PC47
PQ40-40” ferrite cores from TDK, and the series inductance L
was set by adding a inductor using “PC40 RM10Z-12” from
TDK in series with the primary side of the transformer. In the
power sensing board, the secondary side voltage v, and current
i9p were detected as analog voltage signals, and the voltage
signal about the transmission power py, was obtained using
analog multiplier “AD633” from Analog Devices. The voltage



3134

TABLE III
EXPERIMENT PARAMETERS OF LC FILTER ON CASE 2

Primary side Secondary side

parameters value parameters value

L 1.027mH Ly 1.060mH

Il 284.3mQ I 268.3mQ

C 9.724uF G 9.574uF

rci 1.283Q rc2 1.401Q

Resonant frequency  1.593kHz | Resonant frequency  1.580kHz

Quality factor 6.557 Quality factor 6.303
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Fig. 19. Bode diagrams of the small-signal characteristics, lines represent
theoretical calculation, and markers represents experimental results at D = 0.4,
(a) Gp. (b) Zy with additional 0.1 €2 resistor in series to L. (c) Z2 with
additional 0.1 € resistor in series to Lo.

signal of poy, was sent to the analog-to-digital conversion (ADC)
terminal of the digital signal processor (DSP) “TMS320F28335”
from Texas Instruments. The gate signals to each switching
device was generated from the feedback calculation in the DSP,
including the deadtime, and the gate signals were input to the
gate driver IC on the inverter boards.

A. Validation of Small-Signal Characteristics

Under the parameters in Tables I and I and D = 0.4, the
validity of the small-signal model of Fig. 10 derived in this article
will be confirmed by experiment. The obtained bode diagram is
shown in Fig. 19, where the black lines represent the theoretical
calculations of (34), (37), and (38), and the markers represent

60 | 76.31deg 1 % 60F 7631deg 1
= ok (D=0.4) / = ol (D=—0.4) Ve
= 40.24 deg 3 40.24 deg
5 60 (D=0.1) & 60 (D=—0.1)
N 1.123k N 1.123k
120 Dl i e 120 L
10 100 1k /IOk 10 100 1k /IOk
f[Hz] 4177k f[Hz] 4177k
(@) ()
Fig. 20. Bode diagrams of Tpap without LC filters obtained by theoretical

calculation. (a) D > 0. (b) D < 0.

the experimental measurement results. In both cases, the char-
acteristics of the theoretical calculations and the experimental
results generally matched, which confirms the validity of the
analysis in this article.

For the measurement, the DSP debugging function was used
to adjust P to set the steady-state operating point D = 0.4
before injecting a small-signal fluctuation. The bode diagram of
the closed-loop transfer function G, [Fig. 19(a)] was measured
by injecting a small-signal voltage into the ADC terminals of the
DSP to internally inject a small-signal fluctuation Apyer into preg
and observing the variation in the detection signal voltage of pay,
that is feedback from the power sensing board to the other ADC
inputs. At that time, the conversion gain from the input voltage
of the ADC terminals to the digital value inside the DSP was
set to be adjusted by Aper and Apgy. The bode diagram of 7
Fig. 19(b) was measured by injecting a small-signal fluctuation
Aw; to the primary side voltage v; and observing a small-signal
variation of primary side inductor current Aiy;. At that time, a
noninductive resistor 0.1 € for current detection is connected in
series to the inductor L; on the experimental prototype, and in
the numerical calculation of Z7, the equivalent series resistance
rr1 was settorp; = 284.3 4+ 100 m€2. The bode diagram of Z,
[Fig. 19(c)] was also measured by connecting a noninductive
resistor 0.1 Q for current detection in series to the inductor Lo,
and applying a small-signal fluctuation Avy to the secondary
side voltage vy and observing a small-signal fluctuation Aiyo
of the secondary side inductor current.

B. Stability Analysis of the DAB Converter With Input/output
LC Filters

Bode diagrams of Tpap at specific parameters in Table I are
shown in Fig. 20, where Vi, =V} =40V, Vg, = Vo =40V.
From Fig. 20, it can be seen that the characteristics of Tpap
depend on |D)|, regardless of the sign of D, and the DAB
converter with power-feedback control is stable in the range of
|D| = 0.1 to 0.4 under the parameters in Table I.

After Tpag was determined to be stable, the stability of
Tin1, Timoy was confirmed under the parameters of Case 1
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Fig. 21. Bode diagrams for impedance criterion on Case 1 at D = 0.4.
(a) Primary side. (b) Secondary side.
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Fig.22.  Experimental measurement of converter’s transient response on Case

1at D = 0.4. (a) Primary side with step variation of +4 V for v; . (b) Secondary
side with step variation of +4 V for va.

(Table II). Fig. 21 shows the bode diagram of T}, )2y in
Case 1 by numerical calculation, where D = 0.4: the converter
transfers power from primary to secondary. The gain margin of
T),11inFig.21(a) was 8.016 dB and that of T}, y in Fig. 21(b) was
58.41 dB, which confirms that the entire system including the
LC filter was determined as stable. Under Case 1 and D = 0.4,
the experimental measurement of the converter’s voltage step
response is shown in Fig. 22, which the voltage variation in the
dc bus is mainly caused by load variations within the connected
power grid. Fig. 22(a) shows the response of p; when a step
variation of +4V was applied to the primary side voltage v,
and Fig. 22(b) shows the response of p, when a step variation of
+4V was applied to the secondary side voltage vo. Although
ringing due to resonance occurred in both cases, p; and pa
converged to certain values by power-feedback control, and it
was confirmed that the system was stable, as determined by
Tm1, Tmay. Similarly, for the reverse transmission (D = —0.4)
in Case 1, the gain margin of 7;,,; was 47.96 dB in Fig. 23(a)
and that of T}, was 7.032 dB in Fig. 23(b), which indicates
that the system was stable. The transient response by voltage
step variations in reverse transmission (24) confirmed that the
system was stable. Also, Fig. 22 confirms that the oscillation of
p1 was more severe than that of the secondary side, and Fig. 24
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Fig. 25. Bode diagrams for impedance criterion on Case 2 at D = 0.1.
(a) Primary side. (b) Secondary side.

confirms that the oscillation of p, was more severe than that of
the primary side.

Next, under the condition that Tpag was stable, the stability
of Tp1, Trmoy was confirmed under Case 2 (Table IIT). Fig. 25
shows the bode diagrams of 7,1, T}, in Case 2 obtained by
numerical calculations, where D = 0.1. From Fig. 25(a), the
gain margin of 7,,,; was as small as 3.241 dB, which indicates
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Fig. 27. Experimental measurement of converter’s steady-state behavior on
Case 2. (a) Primary side at D = 0.1. (b) Secondary side at D = —0.1.

that the system was close to the stability limit. For Case 2 with
reverse transmission (D = —0.1), the gain margin of 7},,; was
25.53 dB from Fig. 26(a), but the gain margin of T),5; was
as small as 2.779 dB from Fig. 26(b), which indicates that the
system was also close to the stability limit as in D = 0.1. The
system’s transient behavior at this time is shown in Fig. 27, with
the power waveform oscillation at the resonant frequency in the
steady state.

VI. DISCUSSION

It is necessary to consider the operating range of the steady-
state phase shift ratio D when designing the power stage and
control system of DAB converter. As described in Sections III-A
and V-B, the stability and responsiveness of the DAB converter
with power-feedback control varies with the steady-state value
of the phase shift ratio D, and the responsiveness of the control
system decreases as |D| increases. In particular, the respon-
siveness of the system decreases around |D| = 0.5, which is
the maximum operation value. The relationship between d and
the transmission power p is described by (3), which means that
the maximum value of the power is determined by the parameters
of the power stage shown in Fig. 1. Therefore, the neighborhood
of the operating point |D| = 0.5 should be avoided in design-
ing the DAB converter by estimate the maximum transmission
power excessively. In contrast, it should be mentioned that the
plant system gain will increase when | D] is close to 0, as shown
in Fig. 20, which means that instability may occur in the DAB
converter with control system at light loads, as described in [48].
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Therefore, it is necessary to design the controller G, so as to
ensure stability and responsiveness within an assumed range of
the operating point D.

In addition, it is important how to isolate the whole system
to some subsystems for impedance stability criterion when LC
filters are connected on both sides. As described in [35], this
method requires that each of the two subsystems should be stable
individually, and if the subsystems themselves are unstable, this
analysis method cannot be applied. The bidirectional system
treated in this article should ensure stability by combining LC
filters and DAB converters one by one, as shown in Fig. 16. Since
the converter performs bidirectional transmission, the input and
output sides are interchanged depending on the direction of
power transmission. Within the power control bandwidth, the
DAB converter from the input side behaves as a CPL, and
the interaction between the LC filter on the input side and
the converter may cause instability, which trend was seen in
Figs. 22 and 24. As summarized in [43], the impedance gain
of the converter itself in the control bandwidth can be approx-
imated as the small signal impedance of the CPL [53]. In this
article, the impedance gains |Z1|, | Z1p |, | Zop|, and | Zap | can
be approximated as (43) and (44) in the control bandwidth based
on [53]. For example, this article assumes V; = Vo =40V
and since D = +0.4 in Case 1, |P;| = | P2| = 42.38 W can be
obtained from (3) under no conversion loss. Therefore, from
(43) and (44), |Zw| = |Zwvs| = | Zop| = | Zapy| = 31.54dBSQ2
can be obtained, which is consistent with the calculation results
within the control bandwidth shown in Figs. 21 and 23. Sim-
ilarly, since D = £0.1 in Case 2, |P| = |P2| = 15.89 W can
be obtained from (3). Therefore, from (43) and (44), | Z1,| =
| Z1vs| = | Zov| = | Zabs| = 40.06 dBS2 can be obtained, which
is consistent with the calculation results within the control
bandwidth shown in Figs. 25 and 26. Of course, the control
bandwidth will be limited up to 1/10 of switching frequency

V2 V2

| Z1p| ~ Fll‘,\zlm ~ ﬁ (43)
V2 V2

| Zap| ~ |722|,|Zzbf\ ~ |P—2‘2| (44)

If the peak gain at the resonance point of the LC filter impedance
Zrco1, Z1oo 1s sufficiently smaller than that of converter itself
shownin (43) and (44), then the system becomes stable. The peak
impedance gain of the primary side LC filter at the resonance
point, |Zrc1r|, can be obtained as (45) by setting s = jw =
j/+/L1Cy. Similarly, the peak impedance gain of the secondary
side LC filter |Zc2,|, can be obtained as (46)

\/(C1TC1TL1 + L1)2 +CiLy (re1 — ?”L1)2
Ci (rp1 +17c)

| Zroir| =
(45)

\/(027‘027‘1:2 + Ly)? + Co Ly (rog — 112)°
Cy (T2 +1e2)

‘ZLC2r| =
(46)
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Fig.28.  Relationships of the frequency-domain assumptions for the simplified
design in this article.

Therefore, it can be said that system stability will be sufficiently
guaranteed if the input/output LC filter is designed to satisfy
the conditions (47), where Py and Py are maximum trans-
mission power of the system at primary and secondary side
designed by users. Also, the resonance frequency of the LC filter
should be set within the control bandwidth so that ringing in the
transient response may be suppressed. The frequency-domain
assumptions for this simplified design can be summarized, as in
Fig. 28

145 Vs
Zrow| < = | Zpoor| < —2—. 47
|Z e o] | Z1cor] Po] 47)

It should be noted that the above equations are theoretical
conditions for stable design, and the parameters in Tables II and
[T used in this stability analysis are only actual measured values.
In practical design, errors in circuit parameters should also be
taken into account. The parameters of capacitors and inductors
used in LC filters may deviate from nominal values up to +20%,
which can significantly affect the results of stability analysis. In
particular, the peak gain of the LC filters (45) and (46) increases
as Ly, L increases and C'y, Cs decreases, and the system tends
to be more unstable. For example, let L; — 1.2L; (L increases
by 20%) and C; — 0.8C (C} decreases by 20%), then | Z 1|
was changed as (48). Similarly, let Lo — 1.2L5 (Lo increases
by 20%) and Cy — 0.8C5 (C decreases by 20%), then | Z1,co,|
was changed as (49), which confirms that the peak gain was
increased compared to (45) and (46). Hence, by using (48) and
(49), the condition (47) becomes more strict, and practical design
with consideration of parameter errors may be possible.

\/(017'017‘L1+1.5L1)2+1.501L1(T'01—7‘L1)2
Ci(rpit+rer)

| Zrowr| = (48)

\/(CQTCQTLQ+1.5L2)2+1.5C2L2(TCQ*TL2)2
Ca(rr2+rez) )

Although this article discusses stability analysis and design
guidelines when LC filters are connected on both sides of the
converter, this discussion can be applied to the case where LC
filters are connected on only one side. For example, if only
the primary LC filter is connected, the analysis method can
be performed by T, in Fig. 16, and the same discussion can
be given for the design guideline in this section by setting
L2 = OH, Lo = 0Qin (46)

The modeling methods, stability analysis, and system design
guidelines discussed in this article can be extended to triple
phase shift (TPS), a more general modulation scheme than SPS
which is applied in this article. TPS is a modulation method

| Zrcor| = (49)
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for DAB converter that performs phase shift operation not only
between inverters but also between legs inside the inverters, and
its optimal operation enables higher efficiency power conversion
than SPS [10], [30]. Other typical DAB converter modulation
methods include extended phase shift (EPS) and dual phase shift
(DPS). SPS, EPS, and DPS can be considered as special cases of
TPS [9]. The averaging model of the DAB converter operating
with TPS modulation can be represented as a current sources
depending on the phase shift ratios and input/output voltage [27],
which is equivalent to the circuit model configuration shown
in Fig. 4. Therefore, the stability analysis method and system
design guideline treated in this article can be applied not only to
SPS but also EPS, DPS, and TPS.

Finally, it can be summarized about the DAB converter design

procedure with SPS modulation as follows.

1) The neighborhood of the maximum operating point | D| =
0.5 should be avoided in designing the power stage of DAB
converter itself.

2) The feedback controller G, should be designed to ensure
stability and responsiveness based on (20), while sweeping
D within the expected range.

3) Input/output LC filters should be designed to satisfy the
conditions (47) and Fig. 28.

4) Stability of the whole power conversion system should be
guaranteed based on the procedure summarized in Fig. 16.

VII. CONCLUSION

This article considers the dynamic model of bidirectional
DAB converter with power-feedback control which input and
output LC filters were connected. Experimental results con-
firmed the validity of the dynamic model considered in this
article. In addition, the procedure of impedance stability cri-
terion and practical design guidelines were discussed for the
bidirectional DAB converter. It should be mentioned that the
analysis target should be separate to “stable” subsystem and
apply the impedance criterion by combining LC filters and DAB
converters one by one. Experimental results also confirmed
that the stability analysis results in this article matched to the
behavior of the prototype system.

APPENDIX

Equation (13) is derived in this Appendix. Since |d| =d
with d > 0, (4) becomes (50), and (51) can be obtained by
differentiating (50) about d

n

fld) = " wd(1 — d) (50)
£(d) = wan(l—Qd). (51)

Similarly, (53) can be obtained through (52) since |d| = —d with
d<0

n

f(d) = ——md(1+d) (52)
J'(d) = (1 +24). (53)
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By combining (51) and (53), f’(d) can be obtained for all d.

n

fi(d) = =5 (1= 21d]). (54)

Finally, (13) can be obtained by considering d = D.
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