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Output-Impedance Shaping of Bidirectional
DAB DC-DC Converter Using
Double-Proportional-Integral Feedback
for Near-Ripple-Free DC Bus Voltage Regulation
in Renewable Energy Systems
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Abstract—This paper investigates the design and implementa-
tion of virtual-output-impedance shaping on an inverter-loaded,
fuel-cell-battery-powered dc—dc converter system for achieving
near-ripple-free dc bus voltage regulation. The method is based
on the insertion of a second output-voltage feedback loop as can
be inferred from the Mason’s gain formula. Three basic modes of
virtual-output-impedance shaping (proportional, derivative, inte-
gral) are discussed and the closed-loop output-impedance charac-
teristics due to each of them are analyzed in detail and with their
Thévenin equivalent circuits derived. Despite the suitability of in-
tegral feedback for minimizing converter’s output impedance, it
can give rise to an unwanted resonance peak near the converter’s
crossover frequency, thus potentially destabilizing the system. The
solution to the problem using combination of basic virtual-output-
impedance shaping modes and its practical implementation are
discussed. When implemented on a fuel-cell-battery-powered dual-
active-bridge dc—dc converter, the second-harmonic distortion of
dc bus voltage is shown to have been reduced by 85.5% compared
to a conventionally PI-compensated system.

Index Terms—Bidirectional converters, DC-DC converters, dual
active bridge, energy storages, fuel cells, outputimpedance shaping.

1. INTRODUCTION

INGLE-INPUT and multi-input dual-active-bridge (DAB)

dc—dc converter topology has been gaining popularity for
renewable energy system applications due to its bidirectional
power transfer capacity, particularly for interfacing energy stor-
age devices such as batteries and super-capacitors to dc voltage
bus in hybrid energy systems involving slow-response or ripple-
sensitive renewable energy sources. For this converter topol-
ogy and its derivatives, power flow is typically controlled by
phase-shifting transformer’s primary voltage with respect to its
secondary voltage. This bidirectional topology possesses the ad-
vantages of flexible power flow control, zero-voltage-switching
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(ZVS) operation, high efficiency, good modularity, and symmet-
rical (with respect to forward and reverse power flow) structure.
Many variants of DAB dc—dc converter topology have been
proposed, among which full-bridge isolated bidirectional DAB
dc—dc converter is the most studied topology. Besides the basic
phase-shift control [1]-[2], extended-phase-shift [3]-[5], dual-
phase-shift [6], and even triple-phase-shift [7]-[12] control have
been proposed and implemented to improve converter’s effi-
ciency and expand ZVS operating region when transformer’s
primary and secondary voltage amplitudes are not matched.
For medium-power applications, half-bridge topology is ad-
vantageous due to low-component count and simpler control.
Besides the commonly used phase-shift control, asymmetrical
duty-cycle control has also been proposed to extend DAB con-
verter’s soft-switching operating range [13]. A series of further
improvements, including more accurate dynamic models [14]-
[16], improvement of efficiency at light load [17], optimization
of transformer design [18], and advanced magnetic and device
materials [19] have also been reported in the literature.

In previous researches, various multiport converter system
structures have been proposed for renewable energy systems
supported by energy storages. Generally, they can be classi-
fied into three types of structure depending on the interfacing
position of energy storage: 1) high-voltage dc link [20]-[21];
2) low-voltage dc link [22]-[31]; and 3) transformer coupling
[32]-[36]. For structure 1, renewable energy sources and en-
ergy storages are interfaced to the high-voltage dc link through
unidirectional and bidirectional converters, respectively. This
type of modular design approach provides easier maintenance
and better extensibility, although it suffers from the drawbacks
of increased cost, size, and volume. For structure 2, multiport
converter topologies are derived from conventional half-bridge
or full-bridge converter with the provision of a third port (di-
rectly or through switches) for interfacing energy storages to
the low-voltage dc link. A systematic derivation of three-port
converters from half-bridge and full-bridge converter is given in
[29] and [30], respectively, offering the benefits of reduced cost
and higher power density. For these topologies, the control de-
sign for realizing various operating modes and seamless mode
transition are the main challenges [31]. Finally, for structure
3, instead of being tied a common dc link, renewable energy
sources and energy storages are coupled through a common
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multiwinding transformer [32]-[36]. However, the main draw-
back of this approach is that it leads to more complicated control.

Among the various structures discussed above, structure 1
is adopted in our study. The first input, comprising ripple-
sensitive renewable energy source, is controlled as power or
current source and the second input, comprising fast-response
energy storage, is controlled as voltage source for regulating the
dc bus voltage by means of responding to all power changes
that cannot be met by the renewable energy source. Due to
the high-output-impedance nature of the dc—dc converter asso-
ciated with the renewable energy source, the dc—dc converter
associated with the energy storage should introduce ideally a
zero-impedance path to the flow of any transient power not met
by the renewable energy source. Specifically in a renewable en-
ergy system loaded with inverter, the periodically varying load
power at twice the inverter frequency will cause the existence of
second-harmonic component on the system’s dc bus voltage. If
the output impedance of the energy storage branch is inappropri-
ately designed and a significant amount of second-harmonic cur-
rent is drawn from the ripple-sensitive renewable energy source,
it can shorten the lifetime of the energy source. The problem can
be mitigated if large dc-link capacitor is placed across the dc bus,
but minimizing the size of the second-harmonic component for
high-power systems will typically require an excessively large
dc-link capacitor. Solving the problem through the design of
the energy storage branch’s output impedance remains the most
promising and economical solution.

In the authors’ previous work [38], a systematic analysis of
a family of output-impedance shaping methods inferred from
the Mason’s gain formula was presented. Four basic modes
of output-impedance shaping methods, namely feedforward of
load current and feedback of output voltage in three different
forms (proportional, derivative, integral), were derived, ana-
lyzed, and verified experimentally. All other impedance shaping
methods are essentially derivatives or combinations of these four
basic modes. It has been demonstrated in [38] that the utiliza-
tion of load-current feedforward simply introduces a dc offset in
the magnitude of the converter’s closed-loop output impedance
without altering its frequency response, which makes its anal-
ysis and design straightforward. This, unfortunately, is not true
for the other three basic modes based on output-voltage feed-
back. As a second feedback loop is added to the converter’s
control system, it is deemed to interact with the existing feed-
back loop in the original system and give rise to various closed-
loop output-impedance characteristics. The nature of these in-
teractions and the way with which they affect the closed-loop
output-impedance design of the converter are important issues
from the viewpoint of their application in renewable energy sys-
tems involving ripple-sensitive energy sources. While the pre-
vious work [38] formulated the framework of power converter’s
output-impedance shaping methods based on the Mason’s gain
formula, the current study emphasizes on the design-oriented
analysis and application of these methods for practical system
design.

This paper discusses the application of the previously devel-
oped virtual-output-impedance shaping technique in renewable
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Fig. 1. Multi-input bidirectional DAB dc—dc converter with shared secondary
half-bridge cell.

energy system involving ripple-sensitive energy source.
Specifically, it aims to address the problem of second-harmonic
distortion of the dc bus voltage of a fuel cell power condi-
tioning system based on the well-researched and widely used
multi-input bidirectional DAB dc—dc converter architecture,
and its minimization based on the consideration of the output-
impedance design of the energy storage branch. In contrary to
the previous work [38], the output-impedance characteristics re-
sulting from each of the three forms of output-voltage feedback
are discussed from a closed-loop perspective. It will be shown
that, among the three basic modes, integral feedback represents
the most appropriate form of output-impedance shaping for the
stated application, but at the same time it is also found to degrade
the converter’s stability and voltage regulation performance by
creating a virtual inductor that resonates with the converter’s
output capacitor. A feasible and practical solution is reached by
combining multiple basic modes of output-impedance shaping
in appropriate way, as will be discussed later in this paper.

To achieve these objectives, Section II of the paper presents
a brief review of the multi-input bidirectional DAB dc—dc
converter system. This is followed by a thorough closed-loop
output-impedance analysis in Section III focusing on the three
basic modes of output-impedance shaping derived from output-
voltage feedback. Design equations are presented to facilitate
their application in a practical system design. The problem of
resonant peak generated by integral feedback and the method
for damping its effect are also presented here. Section IV dis-
cusses the practical implementation of the solution, which is
verified experimentally in Section V with the presentation and
discussion of converter’s steady-state and dynamic waveforms
and the fast Fourier transform (FFT) analysis of dc bus voltage.
Finally, the paper is concluded in Section VI.

II. MULTI-INPUT BIDIRECTIONAL DAB DC-DC CONVERTER

Fig. 1 shows a multi-input bidirectional DAB dc—dc converter
[37] that employs two separate transformers for achieving inde-
pendent control of each input half-bridge cell, which facilitates
the implementation of various power-flow control strategies for



CAO et al.: OUTPUT-IMPEDANCE SHAPING OF BIDIRECTIONAL DAB DC-DC CONVERTER USING DOUBLE-PROPORTIONAL-INTEGRAL

1

Fig. 2. Control block diagram for the multi-input bidirectional DAB dc—dc
converter shown in Fig. 1.

the fuel cell power conditioning system. Referring to Fig. 1,
vr1 ~ U9, and v, 3 represents the output voltages of the two in-
put half-bridge cells and the shared secondary half-bridge cell,
respectively. The capacitors C; ~ Cy and C% ~ Cf, are assumed
to be sufficiently large that the voltages V; ~ Vj and V; ~ V{
are assumed to be constant. The currents flowing through the
transformer’s leakage inductance of input half-bridge cells 1
and 2 are denoted by ¢,; and 7,2, respectively.

By using phase-shift control, the power flow of each input
half-bridge cell can be controlled by adjusting the phase dif-
ference (¢ or ¢9) between the transformer’s primary and sec-
ondary voltages. According to the control strategies discussed
above, the fuel cell branch always delivers power by controlling
1 to be larger than zero, while the energy storage branch can be
controlled to deliver power (2 > 0), absorb power (2 < 0),
or have no contribution to the load (¢2 = 0) by adjusting the
value of 9. For the two-input converter shown in Fig. 1, the
power delivered by the fuel cell and energy storage, and the total
power delivered by both, is given by (1)—(3), respectively,

Py = fOZﬂ ir1(0)vr1(0)d6 _ @ (m — |p1) ViaVig (1)
! 27 477er1 nq

P, = fOZW ir2 (0)vr2 (6)db _ @2 (7 —|ea]) Vaa Vi (2)
b 2m 47T(,(}L7-2 N9

Fo=Hrth 3)

where Vig = (Vi +Wa), Vay = (V5 + V), and Vi, = (Vi+
V) = V.

On the control strategy for the multi-input converter system,
the fuel cell branch is controlled to deliver a constant current
while the energy storage branch is responsible for regulating
the dc-bus voltage. The full control block diagram is shown in
Fig. 2, where n; is the transformer’s turn ratio, F,, and F; are
the sampling gains of the dc bus voltage and fuel cell’s output
current, respectively, v,.¢ and Lef are the reference signals for
the dc bus voltage and fuel cell’s output current, respectively,
G and Gj, are the compensation network’s gain of the output-
voltage and fuel-cell-current feedback loop, respectively, v, is
the control signal, and F},, is the modulator’s gain. The small-
signal transfer functions of the two-input converter have been
analyzed in detail in [37] and [38]. Specifically, the control-to-
output-current transfer function G, which is frequently used
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Fig. 3. Basic control system of the DAB dc—dc converter associated with the
energy storage branch.

in the following analysis, is repeated here and given by (4).
For a given nominal input voltage Vj,, switching frequency w,
phase difference ¢, and transformer’s leakage inductance L,,
the transfer function can be approximated as being constant.
The designation 4, is used instead of 4} to denote the output
current reflected to the transformer’s primary side

iy Vi
¢ 2nwk,

(7T_2|(P|) :Gicp- “4)

Thus, by making the substitutions Z, = 1/sC, and Z; =
Ry, where C, is the total dec-link capacitor (= n? [CLC§/
(CL + C§) + C!]) and Ry, is the load resistance, both reflected
to the transformer’s primary side, the small-signal open-loop
converter’s output voltage v, is given by (5) in terms of the per-
turbations in phase difference () and load current (i,). Here,
G, represents the converter’s unloaded (Z7, — oc) control-to-
output-voltage transfer function

o = (Zl1Z0) 1 — (Z11 Zo) 1

G4, Z, -
T 142,727 142,071
GL¢ ~ Zo ~
- . 5
1+ 2,)72. 7 1+ 2,/7; " )

III. CLOSED-LOOP OUTPUT-IMPEDANCE ANALYSIS
A. Without Virtual-Output-Impedance Shaping

Fig. 3 shows the basic voltage-loop control system of the
bidirectional DAB dc—dc converter associated with the energy
storage branch. The system can be visualized as having two
inputs, v,.¢ and EO, and one output v,. From Fig. 3, the output
voltage v, produced by the closed-loop system is given by (6),
where L is the converter’s loop gain

Zo
7 G”(’Fm 1+Z /ZL o 1+Z,/Z1, E
= ———— 0 Dref —
o 1+ L re 1+ L 0
= Gvrﬁrcf - Z(—) Z‘0
Gy

L= GrcEn Fvns (6)

1+ 2, / YA '

Consider a typical converter with output voltage regulated us-
ing proportional-integral (PI) controller, the converter’s closed-
loop output impedance Zg can be evaluated by substituting
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Fig. 4. Closed-loop output impedance of DAB dc—dc converter implemented
with PI control.

Gy = K, + K; /s into the second term of (6)
Z

T = —LZelfb
°T TI+L
Zy
— 1+7,/71
N K [
L+ (Kp + 58) Fn Fons yrz7-
_ 1
- KiFy, Fyn,G;
217 + 217 + Ky By FyngGip + —————=
1
- @)
1 1 1 1
Zr + Zeo ¢ + Zo-n + Zo 1
where
ZL = RL
1 1
To o= — = -7,
0=CT 0o  sC,
Z Ro = 1
©-R 0 = K,F, F,nsGi,
s
Zo 7 — sl — — > 3
o-1 = slLe Ky Fon, G, (8

Equation (7) shows that by introducing PI compensation to
the converter’s output-voltage feedback loop, its closed-loop
output impedance has been modified from the parallel combi-
nation of R; and 1/sC, to the parallel combination of R,
Rg, Lo, and Cg. As a result, the output impedance of a PI-
controlled DAB dc—dc converter is inductive (dominated by
Le) at low frequencies, resistive (dominated by Ry ||Re) at
mid-range frequencies, and capacitive (dominated by Cg) at
high frequencies. The lower (f.1) and upper (f.o) corner fre-
quencies are given by (9). As expected, for frequencies below the
converter’s loop gain’s crossover frequency f.o, the converter’s
closed-loop output impedance is always smaller than its open-
loop output impedance since [Rp||Re|| (sLeo) || (1/sCo)] <
[Rr|| (1/sC,)] with Rg > 0 and Lg > 0. The form of closed-
loop output impedance of the DAB dc—dc converter is plotted
in Fig. 4 and its equivalent circuit is shown in Fig. 5

Lo
2m (Ri||Re)
1
2m (RL||Re) Co

fcl =

fc2 = 9
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Equivalent circuit of DAB dc—dc converter implemented with PI

It should be mentioned that, in general, for a reasonably de-
signed power converter, the condition Rg < Ry, should prevail
since any perturbation in load current (i,) should be mainly
compensated by the converter in order to minimize the result-
ing perturbation in output voltage (v,). Thus, based on this
assumption, the corner frequencies f.; and f.o can be closely
approximated by (10). In addition, since the converter’s maxi-
mum output impedance occurs between f.; and f., the virtual-
output-impedance shaping methods presented in the following
parts will be utilized mainly to reduce the converter’s output
impedance in this frequency region. Furthermore, the propor-
tional gain K, dominates over the integral gain |K;/s| in this
frequency region, thus the condition G, ~ K, is assumed

- Lo _ K,
Jer = 21Re 27K
1
feo = m- (10)

B. With Virtual-Output-Impedance Shaping

In [38], it was discussed that the addition of a feedback loop
from the converter’s output voltage v, to its control voltage v,
introduces an equivalent impedance Zy virtually connected in
parallel with the converter’s original output impedance. Since
the presence of Zy naturally modifies the converter’s overall
output impedance, the technique is known as the virtual-output-
impedance shaping technique. Although a systematic deriva-
tion and analysis of the technique has been presented in [38],
it focused only on open-loop analysis and did not consider the
effects of closed-loop operation and, more importantly, con-
troller’s configuration on the overall performance of output-
impedance shaping. Therefore, users mustrely on trial-and-error
approach and repeated circuit simulations in order to determine
the optimum design parameters for meeting the desired perfor-
mance specifications. In this section, a systematic analysis of the
three basic modes of output-impedance shaping method (pro-
portional, derivative, and integral feedback) will be thoroughly
presented from the viewpoint of closed-loop operation. Before
the individual modes are discussed, a general formulation of
the converter’s output impedance in terms of the feedback gain
Hyy,, which can assume any of the three basic forms, is first
presented.

Fig. 6 shows the modified control system (with virtual-output-
impedance shaping) of the DAB dc—dc converter associated with
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Fig. 6. Modified control system (with virtual-output-impedance shaping) of
the DAB dc—dc converter associated with the energy storage branch.

the energy storage branch, where the additional feedback gain
Hyy, and the additional forward-path gain A have been added.
The insertion of A is to ensure that the additional feedback gain
Hy, only modifies the output impedance of the converter with-
out affecting its reference-to-output-voltage transfer function.
By setting A = Ly, = Hyy Fr, Fons Gy, / (1 + Z,/Z1 ), where
Ly is the loop gain of the additional feedback loop, it can be
shown that the converter’s output voltage v, is given by

Gy Z,
5 1+ A)GoeFn 57757, 5o 152,/7; ;
° 1+(1+A)L+Lp " 1+0+AL+Ly°
G,
_ Gchm 1+Zn/ZL 7 _ 1 2
1+ L ref i T % o
- Gﬂr@rcf - Zé—);o (11)
where
1
Zy = (12)

(1 + L) HbeannsGi:p .

Thus, compared to the case with PI compensation only,
the additional feedback loop further reduces the converter’s
output impedance by introducing a parallel-connected virtual
impedance Zy . Besides, it can be seen that, with the insertion of
the forward-path gain A = L, the reference-to-output-voltage
transfer function GG, of the modified system remains the same
as that of the original system shown in Fig. 3. Since the mag-
nitude of Zy is affected by the converter’s loop gain L, which
is > 1 and < 1 for frequencies below and above the crossover
frequency f.o, respectively, the influence of Zy will also be
different in these two frequency regions. In general, it can be
assumed in the subsequent discussions that

1
LHbem IPU’RSGVZ'%c
1
HbemE;nsGip

f < fc?
Zy =~ (13)

f > fc?-

The new equivalent circuit of the DAB dc—dc converter im-
plemented with PI control and virtual-output-impedance shap-
ing is shown in Fig. 7.

1) Proportional Feedback: If the feedback gain Hyy is
chosen to be a pure number X, the converter’s loop gain
L can be computed by considering two frequency regions,
foo < f < feoand f > feo, where L is > 1 and < 1, respec-
tively. For f.1 < f < f.o, we have G, ~ K, hence L can be

2191

Ol

Fig. 7. Equivalent circuit of DAB dc—dc converter implemented with PI con-
trol and virtual-output-impedance shaping.

Fig. 8. Equivalent circuit of DAB dc—dc converter implemented with PI con-
trol and proportional output-voltage feedback.

approximated by (14), assuming that Z, < Zr,, which is typi-
cally true for most converters

Gv ®

- KpEnE:nSGiW
1+ Z,/2; '

L =G, F,Fyn, sC,

(14)

By substituting L from (14) into (13), the virtual impedance
introduced by the feedback gain Hy, = X can be obtained as
given by

sC,
= SL c < < c
Ty~ KPX (FrrLE;n,gGi¢)2 Vp fl f f 2
v R
1
XEnFom Gy, e f> foo.
(15)

The result can be viewed as the modification of the converter’s
original output impedance by the parallel connection of a vir-
tual impedance made up of an inductor Ly,,, and a resistor Ry-,.
For f.. < f < f.a, the virtual impedance shows an inductive
behavior dominated by Ly ,. For f > f.o, it becomes resistive
and is characterized by Ry ,. As depicted in Fig. &, the overall
output impedance of the converter can be viewed as the par-
allel combination of five equivalent circuit elements: Ry, Rg,
Co, Lyp, Ry,. Their values can be computed from (8) and
(15). It should be noted that Lo only becomes dominant at low
frequencies (< f.1) and has been ignored here.

The mathematical expression of the converter’s overall out-
put impedance Zgy including the effects of PI compensation
and virtual impedance is given by (16). Since the design ob-
jective is to reduce the converter’s overall output impedance,
the virtual impedance should contribute to ensure that the maxi-
mum value of the modified converter’s output impedance, which
occurs when Im (Z(; ‘1/) = 0, is smaller than its original value
(Rr||Re ). From (16), it can be concluded that this requirement
is fulfilled for all X > 0 since |Zov |, .. = (RL||Reol||Rvy)

max
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Fig. 9. Closed-loop output impedance of DAB dc—dc converter implemented
with PI control and proportional output-voltage feedback.

must be smaller than (R ||Re)

|Zay| = |Bi' + Rg" +5Co + (sLvy) " + Ry,

1
_ -1 -1 -1 -
_ ‘(RL + Ry JrRVp)Jr](wC’(_)vap)’.
(16)

However, when the modified converter’s output impedance
is required to be smaller than its original value at a given
frequency fi,y below f.o (above f.o the converter’s output
impedance becomes dominated by C,, and cannot be actively
shaped), for example, when it is aimed to minimize the second-
harmonic component on the dc bus voltage of an inverter-
loaded fuel-cell power conditioning system, the inductive part
of the virtual impedance (Ly,) should be selected such that
|sLy,| < (Rr||Re). This requires that the proportional feed-
back gain X fulfills the following criterion:

winvLVp S (RLHR(—)) =X Z 27Tflnvco P

K, (Rr||Re) (Fn FunsGiy)

a7

A typical converter’s closed-loop output impedance shaped
with X that fulfills this criterion is depicted by the red line
plotted in Fig. 9.

2) Derivative Feedback: If the feedback gain Hyy is cho-
sen to be a pure derivative term of the form sX, the virtual
impedance Zy can be computed similarly as before by substi-
tuting L from (14) and Hy, = sX into (13). The result is given
by

Co
=R el < < Je
/e KpX (Fm F“’nSGitp)Q Vd fl f f 9
v~ ) o .
sXFy FynsGip — sCva 2
(18)

Hence, the effect of derivative feedback can be viewed as
the parallel connection of a virtual impedance made up of a
resistor Ry 4 and a capacitor Cy 4. For f.; < f < f.2, the virtual
impedance shows a resistive behavior dominated by Ry ;. For
f > fe2, it becomes capacitive and is characterized by Cy 4. As
depicted in Fig. 10, the overall output impedance of the converter
can be viewed as the parallel combination of five equivalent
circuit elements: Ry, Ro, Co, Ry 4, Cyv 4. Their values can be
computed from (8) and (18). Again, it should be noted that Lg
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Fig. 10. Equivalent circuit of DAB dc—dc converter implemented with PI
control and derivative output-voltage feedback.
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Fig. 11.  Closed-loop output impedance of DAB dc—dc converter implemented
with PI control and derivative output-voltage feedback.

only becomes dominant at low frequencies (< f.1) and has been
ignored here.

The mathematical expression of the converter’s overall out-
put impedance Zgy including the effects of PI compensation
and virtual impedance is given by (19), from which it can be
concluded that the maximum value of the modified converter’s
output impedance is smaller than its original value (R || Re ) for
all X > 0 since |Zov |,,.. = (RL||Re||Ryq) must be smaller
than (R ||Re)

max

|Zov | = |R.' + Rg' + sCo + Ryl + sCyy

= ‘(RZI + R(f)l + R;/}i) + jw (C(—) + CVd)| . (19

However, when the modified converter’s output impedance
is required to be smaller than its original value at a given fre-
quency fi,y below f.o, the resistive part of the virtual impedance
(Ry q) should be selected such that Ry 4 < (Rp||Re ). This re-
quires that the derivative feedback gain s .X fulfills the following
criterion:

sC,
Kp (RL | ‘R(—)) (En E;ns G1p )2
(20)

A typical converter’s closed-loop output impedance shaped
with X that fulfills this criterion is depicted by the red line
plotted in Fig. 11.

3) Integral Feedback: Finally, if the feedback gain Hyy is
chosen to be a pure integration term of the form X /s, the result-
ing virtual impedance Zy takes a more complex form as given by
(21). It consists of a parallel connection of a second-order differ-
entiator Zy; and an inductor Ly ;. The overall output impedance
of the converter, including the effect of PI compensation, can
be viewed as the parallel combination of five equivalent circuit
elements: Ry, Ro, Co, Zy;, Ly, as depicted in Fig. 12. Their
values can be computed from (8) and (21). Again, it should
be noted that Lg only becomes dominant at low frequencies

Ryq < (RL||Re) = sX >
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ZV

Fig. 12.  Equivalent circuit of DAB dc—dc converter implemented with PI
control and integral output-voltage feedback.
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Fig. 13.  Closed-loop output impedance of DAB dc—dc converter implemented
with PI control and integral output-voltage feedback.

(< f1) and has been ignored here
s2C,

Zy ~ | Ko X (B Fon Giy)
= sLy;

s =5"2vi fa <[</feo

f > fr:2~

XFm E,' N Gigo
2D
The mathematical expression of the converter’s overall out-
put impedance Zgy including the effects of PI compen-
sation and virtual impedance is given by (22). The max-
imum value of the modified converter’s output impedance
occurs when Im (Z(g%,) =0, which gives w, = 1/v/Ly;Co
and |Zgv |, .« = Rr. Thus, in contrary to the previous two
cases, the maximum value of the modified converter’s output
impedance is always larger than its original value (R || Re ) for
all X >0

|Zov |

’Rzl + Rg' + sCo + (SQZVZ')71 + (vaz)il‘

_ _ 1 . 1
’(RLl + Rel _ WQZV[)+] (wC(_) . vaj) ‘ .

(22)

By using a similar approach as the previous two cases, when
the modified converter’s output impedance is required to be
smaller than its original value at a given frequency fi,, below
fe2, the second-order differentiator (s?Zy ;) should be selected
such that |s?Zy ;| < (R.||Re). This requires that the integral
feedback gain X /s fulfills the following criterion:
4n? f2 C.

inv 0

X
w? . Zyvi< (Rp||Re)=>=> -
s SKP (RL ||R®) (Fm Fyng Gu,é%:i)

A typical converter’s closed-loop output impedance shaped
with X that fulfills this criterion is depicted by the red line
plotted in Fig. 13.
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In summary, all the three basic modes of virtual-output-
impedance shaping are capable of reducing the converter’s
closed-loop output impedance compared to the original value
obtained with PI compensation only. Among the three modes,
both proportional and derivative feedback result in a smaller
overall converter’s output impedance over the entire frequency
range, since the maximum value of the modified converter’s
output impedance is constantly smaller than its original value,
ie., | Zov|nax < |Z6 /|, .- Onthe contrary, when integral feed-
back is employed, it can give rise to a larger output impedance
at the frequency w, where the output capacitor Co (= C,,) res-
onates with the virtual inductance Ly ;. In particular, it can result
in a strong resonant peak under light-load condition when Rj,
is large, which leads to poor output-voltage regulation. How-
ever, since the second-order differentiator Zy; causes the con-
verter’s closed-loop output impedance to fall at —40 dB/dec
for f.1 < f < feo and —60 dB/dec for f < f.; with decreasing
frequency, it makes integral feedback the most effective mode
of virtual-output-impedance shaping to reduce the converter’s
output impedance and improves its output-voltage regulation
over its bandwidth. For applications involving ripple-sensitive
renewable energy sources, it also makes the converter effective
in absorbing the second-order harmonic component on dc bus
voltage. The main problem that remains to be solved in us-
ing integral feedback is to minimize the effect of the unwanted
resonant peak. This will be discussed next.

4) PI Feedback for Achieving Damped Resonance: The res-
onant peak produced by pure integral feedback can be compen-
sated by introducing damping into the converter’s closed-loop
output impedance in the form of virtual resistance. According
to Fig. 9, a high-frequency virtual resistance 2y, is introduced
when proportional feedback is used. To take advantage of the
overall low output impedance offered by integral feedback and
the damping function of proportional feedback, a complex feed-
back gain in the form of Hy, = X /s +Y is chosen. Since it
has the same transfer function as the PI compensator G, there
are essentially two PI networks in the converter’s feedback loop
(Gyc and Hyy). Hence, for clarity, this feedback configuration
is named as the double-proportional-integral feedback (double-
PI). By substituting H; into (13), the overall virtual impedance
Zy canbe derived and consists of four elements: Zy;, Ly, Ly,
and Ry,

s’ ZyillsLvy  fer < f < fea
7 (24)
5LV11||RVp > Jfe2
where
A Co
vi=
K, X (F, F,n,Gi,)’
L Co
Vp =
K,Y (F, F,n,Gi,)’
1
Lyi= ————
v XFn FynsGiy
1
Ry, = (25)

YFHL Fv s G’itp .
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Fig. 14.  Closed-loop output impedance of DAB dc—dc converter implemented
with double-PI feedback.

With the implementation of double-PI feedback, the con-
verter’s overall output impedance Zgy is depicted in Fig. 14 as
a parallel combination of seven elements: Ry, Rg, Co, Zyi,
Ly;, Ly,, Ry,. The mathematical expression of the overall
output impedance of the converter is given by (26) from which
two observations can be made

‘Z(SH = |R,' + Rg' +5Co + (SQZV’L‘)71 + (sLy;) "

+ (sLv,) + R;;‘

1
— (R;l +Rg' + Ry, — M)

1 1

+7 (wC’@ oLv, vap) ‘ . (26)

First, the resonant frequency has been shifted to a higher
frequency w,q = \/(Lw + Ly,)/(CoLy;Ly,) compared to
the undamped resonant frequency w, resulting from pure in-
tegral feedback only. This has the advantage of shifting the
resonant frequency away from the crossover frequency f.» and
gives better stability margins. Second, the maximum value of
the modified converter’s output impedance, which occurs when

Im (Zgy,) = 0, is reduced due to the contribution of Ry . By

imposing the condition R;; — (wdeVi)A > (, the damped
resonant peak can be suppressed to a value lower than the max-
imum value of the unmodified converter’s output impedance
(Rr||Re). The condition can be met if X and Y fulfill

Y > KpErLFunsGin

X w?,C, '

With the use of PI feedback, the converter’s closed-loop out-
put impedance in the mid-range frequencies (f.; < f < f.2)

is given by (32 Zvil \sLVp), which can be written in the more
compact form given by

27

52 Zvj
14+s(Y/X)
To design the modified converter’s output impedance such
that it is smaller than its original value (with PI compensation
only) at a given frequency fi,v (= winy /27) below f.o, X and
Y should also fulfill the following criterion:

s*Zyil|sLy, = (28)

2 T
Winy &V S (RLHR(_)) - X2 i w?nvyg
1+, (Y/X)
2
wiQHVCO
KP (RLHR(—)) (FrrsznsGi¢)2

(29)
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Fig. 15. Practical implementation of double-PI feedback for virtual-output-
impedance shaping.

IV. PRACTICAL IMPLEMENTATION OF DOUBLE-PI FEEDBACK

Fig. 15 shows the practical implementation of double-PI feed-
back for achieving damped resonance in the closed-loop output
impedance of DAB dc—dc converter. The feedback gain Hy;, =
X/s +Y is implemented using the inverting amplifier contain-
ing Rps, Rp4, Cps, and Cpy, where X = 1/ (Rp4Cps) and
Y = Rps3/Rp4. The feedback capacitor C'py4 is added for at-
tenuating high-frequency noise. In order to avoid the saturation
of the inverting amplifier’s output, the output voltage vy is sam-
pled using a high-pass filter. The presence of the high-pass
filter will not alter the converter’s dynamic response and output
impedance significantly if its 3-dB frequency is < f.;. The ad-
ditional forward-path gain A is implemented using two cascaded
integrators containing Rp1, Rp2, Cp1, and Cps. The overall
transfer function of the cascaded integrators H (s) is given by

1+3RDICD1
2 2 Chs °
(gﬁ;) +8<2R§Lzm) + 5% (Rp1Cpo)?

Recall that the additional forward-path gain A should be set
to the loop gain of the additional feedback loop L ;. Assuming
that Z, < Zp, as usual, A can be approximated by

H(s) = (30)

G X
A= Ly =F,Fon,——=*2__ [Z=4+Y
1o ”1+Z,)/ZL(3+ )
L 1Fs(x)  _1+s(x) a1
S2LV2'CO .

52 C,
XF,FyngGi,

By comparing (30) and (31), the criteria for selecting the
values of Rpi, Cpy, and Cpy can be obtained as given by
(32). Rps is included to avoid the saturation of the integrators’
outputs and should be chosen to be as large as possible > Rp1)
while not saturating the integrators’ outputs

Y
Rp1Cp1 = X
Rp1Cps = /Ly C,. (32)

Figs. 16 and 17 compare four cases of the converter’s loop
gain and closed-loop output impedance with: 1) single-PI (con-
ventional PI); 2) undamped (with Y = 0) double-PI feedback;
3) damped (with Y > 0) double-PI feedback; and 4) practical
implementation of double-PI feedback. It can be seen that, in the
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Fig. 16.  Bode plots of converter’s loop gain with and without virtual-output-impedance shaping.
40 TABLE I
SPECIFICATIONS OF THE TWO-INPUT BIDIRECTIONAL DAB DC-DC
~ i CONVERTER PROTOTYPE
Viith double P
20 lundan p d
Description Parameter Value
@ Fuel cell’s output power Py 160 W
8 01~ ith's PI Fuel cell’s terminal voltage Vie 20V
_§ | \ Transformer’s leakage inductance (fuel cell branch) L.y 4.7 uH
2. /3'”—— With doublg P1 >x\ Transformer’s turn ratio (fuel cell branch) Ny1: Ny 1:10
E / (damped Al ‘%\ Dc-link capacitor for input half-bridge (fuel cell branch) Chi 80 uF
g -2 P a I AN Maximum battery power Pyat 160 W
‘g‘ // Lel=e TN =77 T =7 \ Battery’s terminal voltage Viat 48V
o /7 o / \\\ Transformer’s leakage inductance (battery branch) L, 25.5 uH
/ . X Practical / \.. Transformer’s turn ratio (battery branch) Np2 : Ngo 6:25
-4 pedi rachcy / Dc-link capacitor for input half-bridge (battery branch) Cha 5 pF
i / Dc-link capacitor for secondary half-bridge Cy 100 uF
b7 Output dc bus voltage Ve 400 V
6 // Output de-link capacitor C, 20 uF
0.1 1 10 100 10° 10 Switching frequency fow 52 kHz
S (Hz)
Fig. 17.  Plots of converter’s closed-loop output impedance with and without

virtual-output-impedance shaping.

absence of damping, the resonance between the virtual inductor
generated by integral feedback Ly ; and the output capacitor C,,
causes drastic changes in the converter’ magnitude and phase
responses near the crossover frequency, which potentially leads
to instability or difficulty in compensator design. It also intro-
duces a strong peak in the converter’s output impedance, which
leads to poor output-voltage regulation as discussed. With the
assistance of damping provided by proportional feedback, the
resonance peak is strongly attenuated and both magnitude and
phase responses of the converter change gradually over a wider
frequency range. An additional benefit derived from this is that
the requirement for small virtual inductor in order to shift the
resonance peak to high frequencies (considerably higher than
the crossover frequency), which requires a large X, becomes less
stringent and its value can be selected for achieving a specific
output impedance s? Ly-;, which also depends on X, at a given

frequency fi,v, such as the second-harmonic frequency gener-
ated by inverter load.

V. EXPERIMENTAL VERIFICATION

In this section, the performance of the proposed double-PI
feedback for suppression of second-harmonic component on
dc bus voltage is evaluated. For this purpose, a prototype of
two-input (fuel cell and energy storage) bidirectional DAB dc—
dc converter driving an inverter load is constructed with the
specifications listed in Table I. In the experimental system, the
fuel cell unit is emulated using a dc power supply that de-
livers constant power to the system. To avoid the supply of
second-harmonic current from the fuel cell branch, its closed-
loop bandwidth is designed to be 7 Hz, i.e., < 1/10 of the second-
harmonic frequency at 100 Hz. For the energy storage branch,
a battery bank made of four 12-V, 18-Ah series-connected lead-
acid batteries is used. The closed-loop bandwidth of the battery
branch is designed to be approximately 190 Hz. The inverter is a
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Fig. 18. Nyquist plots of converter with (a) undamped (Y = 0); and (b)

damped (Y > 0) double-PI feedback.

conventional one based on full-bridge topology driven by sinu-
soidal pulse width modulation. Note that a small output dc-link
capacitor (20 uF) is intentionally selected to generate a signifi-
cant amount of second-harmonic component on the dc bus volt-
age so that its suppression by virtual-output-impedance shaping
can be more clearly visualized during experimental measure-
ments.

To evaluate the effectiveness of the damping function of pro-
portional feedback, the virtual inductor Ly-; generated by inte-
gral feedback is intentionally selected to be 165 pH, so that a
strong resonance peak is generated at around 350 Hz in the ab-
sence of damping, as shown in Fig. 16. Due to its proximity to the
crossover frequency (190 Hz), the unsuppressed resonance peak
is expected to have negative impact on the converter’s closed-
loop stability and complicate the compensator design. This is
verified by applying Nyquist stability criterion on an undamped
system using integral feedback only for output-impedance shap-
ing, where the system is found to be unstable [see Fig. 18(a)]. On
the other hand, stability is regained when the system is damped
by using PI feedback [see Fig. 18(b)].

The steady-state waveforms of the DAB converter imple-
mented with single-PI (conventional PI) and double-PI feedback
are shown in Figs. 19 and 20. In Fig. 19, vg. and i is the fuel
cell’s output voltage and output current, respectively, and iy,
is the battery’s output current. It should be apparent that in all
cases no ac current at the second-harmonic frequency is drawn
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Fig. 19.  Static converter waveforms with (a) single-PI (conventional PI); and
(b) double-PI feedback. (vg.: fuel cell’s output voltage; if.: fuel cell’s output
current; iy, : battery’s output current).

from the fuel cell branch due to its very small closed-loop band-
width; hence, second-harmonic current is mainly delivered by
the dc-link capacitor and the battery branch. In Fig. 20, v,(qc) is
the dc bus voltage and 7; is the DAB dc—dc converter’s output
current. For the dc bus voltage, only the ac-coupled waveform
is shown in order to give a magnified and clear view of the
second-harmonic (100-Hz) component.

In comparison to the converter using single-PI feedback only,
the implementation of virtual-output-impedance shaping in the
form of PI feedback has clearly reduced the converter’s closed-
loop output impedance, as shown by the strongly suppressed
second-harmonic component on the dc bus voltage. The quanti-
tative changes in the size of the second-harmonic component can
be more directly visualized from the FFT spectra of the dc bus
voltage waveforms shown in Fig. 21(a) and (b). In comparison
to the case with single-PI feedback, the amplitude of the second-
harmonic component has been reduced by 85.5%. The measured
trend is in very close agreement with the percentage reduc-
tion in the converter’s closed-loop output impedance predicted
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Fig. 20.  Static converter waveforms with (a) single-PI (conventional PI); and Fig. 21.  FFT analysis of the dc bus voltage with (a) single-PI (conventional

(b) double-PI feedback. (v, (4.): de bus voltage; i;,: DAB converter’s output
current).

by theoretical analysis, which gives 85.3% (computed from
the difference between —7.45dB - ) for single-PI feedback
and —24.08dB-Q for double-PI feedback) according to
Fig. 17.

Finally, the dynamic response of the converter implemented
with single-PI feedback and double-PI feedback were tested
and the results are shown in Fig. 22(a) and (b). In both cases,
the inverter’s load was stepped from half-load to full-load. It
can be seen that before the step-load occurred, the average bat-
tery’s current was negative, indicating that the battery bank was
charged by the fuel cell branch. After the step-load occurred,
the average battery’s current became approximately zero as the
fuel cell branch’s output power was balanced by the inverter’s
load power. In comparison to the converter using single-PI feed-
back only, the employment of virtual-output-impedance shap-
ing compensated with additional forward-path gain (A) ensures
that the system is stable and its dynamic response remains un-
changed, that is, it is affected only by the compensator design
(Gy.) of the original system.

PI); and (b) double-PI feedback.

VI. CONCLUSION

In conclusion, a two-input (fuel cell and battery) bidirec-
tional DAB dc—dc converter system employing virtual-output-
impedance shaping for minimizing second-harmonic distortion
on dc bus voltage is presented. Focusing on the energy stor-
age branch which is responsible for dc bus voltage regulation,
the closed-loop output impedance of the converter-interfaced
energy storage is carefully analyzed, both in the absence of
and with the inclusion of virtual-output-impedance shaping.
The three basic modes of output-voltage feedback, i.e., pro-
portional, derivative, integral, are shown to interact differently
with the existing output-voltage feedback loop and give rise to
various output-impedance characteristics. Among them, integral
feedback is shown to be advantageous in minimizing the energy
storage branch’s output impedance for second-harmonic power
absorption due to its—40— —60 dB/dec roll-off within the con-
verter’s bandwidth. It is also shown that the resonant peak that it
generates upon resonance with the converter’s output capacitor
has the potential of destabilizing the system and complicating
compensator design. The damping of the resonant peak by the
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Fig. 22.  Dynamic converter waveforms with (a) single-PI (conventional PI);

and (b) double-PI feedback.

inclusion of proportional feedback provides an effective solution
to mitigating the problem. Thus, in addition to the existing PI
compensator, two PI networks are used for achieving extremely
small closed-loop output impedance of the energy storage. Ex-
perimental results show that the second-harmonic ripple size has
decreased by 85.5% upon the implementation of the proposed
double-PI feedback method.
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