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Abstract

This paper presents a pulse-width adjustment (PWA) strategy for a novel bidirectional DC—DC boost converter to improve the
performance of the dynamic inductor current response. This novel converter consists of three main components: a full-bridge
converter (FBC), a high-frequency isolated transformer with large leakage inductance, and a three-level voltage-doubler rectifier
(VDR). A number of scholars have analyzed the principles, such as the soft-switching performance and high-efficiency
characteristic, of this converter based on pulse-width modulation plus phase-shift (PPS) control. It turns out that this converter is
suitable for energy storage applications and exhibits good performance. However, the dynamic inductor current response processes
of control variable adjustment is not analyzed in this converter. In fact, dc component may occur in the inductor current during its
dynamic response process, which can influence the stability and reliability of the converter system. The dynamic responses under
different operating modes of a conventional feedforward control are discussed in this paper. And a PWA strategy is proposed to
enhance the dynamic inductor current response performance of the converter. This paper gives a detailed design and implementation
of the PWA strategy. The proposed strategy is verified through a series of simulation and experimental results.
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I. INTRODUCTION

Energy crisis, the greenhouse effect, and environmental
pollution have recently become important issues worldwide.
Hence, developing a new energy technology has become a
general trend. In this process, energy storage devices play an
important role in new practical energy fields [1]. Bidirectional
DC-DC converters have numerous topology structures that can
be used to fulfill the requirements of different applications [2],
[3]. Many energy storage applications require high step-up
bidirectional DC-DC converters, and numerous researchers
have studied this requirement from various aspects [4]-[7].
Among these converters, a full-bridge converter (FBC)
cascaded with a three-level voltage-doubler rectifier (VDR)
was proposed in [7]. This converter is suitable for energy
storage applications because of its high power density and wide
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voltage variation.

Two FBCs linked with a high-frequency transformer and an
inductor can form an isolated bidirectional dual-active-bridge
(DAB) DC-DC converter. Studies on DAB converters were
discussed in [8], [9]. DAB converters are widely used in energy
storage applications due to their simple implementation and
soft-switching capability. In some control strategies, however,
switches will lose zero-voltage switching (ZVS) operation
under a light load when the voltage transformation ratio is
unequal to one [10]. For example, in single-phase-shift control,
high circulating power and an increase in current stress may
reduce the efficiency of DAB converters [11]. Although
voltage transmission ratio can be increased by adjusting the
turns ratio of a transformer, an increase in turns ratio may also
decrease efficiency and increase hardware requirements. A
VDR is a good circuit configuration for solving the
aforementioned problems; which is equivalent to a voltage
multiplier and can generate the required high voltage through
four high-endurance power switches [12], [13]. In addition, the
use of a VDR on the high-voltage side can increase the voltage
gain of a converter and alleviate the requirements of a
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transformer. With its excellent performance under a wide
voltage range, the circuit structure of an FBC cascaded with a
three-level VDR (FBC—VDR) inherits most of the advantages
of these devices, which deserves further study.

There are few papers have discussed FBC-VDR, and
relevant studies have mainly focused on the soft-switching
conditions of this converter, whereas analyses have been made
based on steady states. However, there are many other issues
should also be considered. Among which, system response
under a load step change, particularly the dynamic inductor
current response, is a highly important aspect. The input and
output currents of FBC—VDR are associated with the inductor
current; hence, the inductor current will also change when
output (or input) power changes. Changes in output voltage
level and output load current can result in changes in output
power. The dynamic response performance of a system during
changes in output voltage level can be enhanced using several
advanced closed-loop control strategies [14]. However, load
step response performance cannot be enhanced by simply using
a series of complex feedback algorithms because a load step
typically occurs when a converter needs to provide larger or
smaller load current but has to maintain a constant DC output
voltage [15]. Changing the control variables of a system can
regulate the magnitude of the inductor current, and thus,
influence output load current. The dynamic inductor current
response is one of the most important load step responses.
Accordingly, this study aims to improve dynamic inductor
current response performance. In a conventional general
feedforward control strategy, sudden changes in system control
variables can cause a sharp change in the inductor current. The
inductor current will then have an extremely high magnitude
within a certain period. One hypothesis for ideal cases is that
stored energy in the energy transfer inductor is constant under
each steady state of FBC—VDR, thereby indicating that no DC
component occurs in the inductor current [5], [7]. However,
during this load step process, the DC component decays in the
inductor current. The inductor current consists of two
components: the transformer magnetizing current and the
leakage inductance current. The magnetizing current is
generally small, and the transformer current is regarded as the
inductor current in an ideal transformer model. The DC
component that appears in this dynamic process may saturate
the inductor and the transformer. Meanwhile, an uncertain and
undesirable dynamic inductor current can affect the reliability
of power switches or devices and even the stability of the
converter system. These problems should not be disregarded.

A number of studies have proposed several methods to
eliminate this type of DC component and enhance the dynamic
inductor current response and load step response performance
based on simple phase-shift controls in other converters
[16]-[18]. The common point of these methods is adjusting the
pulse widths of switching signals during the dynamic response
period. However, few studies have focused on improving the

dynamic inductor current response performance of FBC—VDR.
Therefore, this study aims to evidently improve such
performance in FBC-VDR. To achieve this objective, a
pulse-width adjustment (PWA) strategy is proposed based on
PWM plus phase-shift (PPS) control because the duty ratios
and phase shift angles of switching signals can be adjusted
using PPS control [19]-[21]. Compared with other simple
phase-shift controls, PPS control is more complex but flexible.
It can be extended to a series of similar phase-shift controls.
Thus, PPS control has universal significance, which makes the
proposed PWA worthy of promotion. The proposed PWA
strategy is analyzed through theories, simulations, and
experiments, thereby proving that it is easy to realize in
hardware and software. Moreover, this strategy can effectively
improve the dynamic inductor current response performance in
FBC-VDR.

The remainder of this paper is organized as follows. Section
IT presents the work principles and modes of the proposed
FBC-VDR based on PPS control. Section III discusses the
normal load step response in a conventional feedforward
control strategy. Section IV provides the detailed principles of
the proposed PWA strategy. The involved theoretical equations
and the simulation results are also described to demonstrate the
effects under the PWA strategy. Section IV presents the
experimental results. Finally, Section V concludes the study.

II. 'WORK PRINCIPLES AND MODES OF FBC-VDR
BASED ON PPS CONTROL

Fig. 1 shows the topology of FBC—VDR. The DC voltage V;
is on the low-voltage side, whereas voltage V, is on the
high-voltage side. R, is regarded as the equivalent output
resistor. The output DC voltage across R, should be
maintained at V. i, is the output current of the converter. S;—Sg
are power metal-oxide—semiconductor field-effect transistor
switches. L (including the leakage inductance of a transformer)
is an energy transfer inductor, and i is the inductor current.
The turns ratio of a high-frequency transformer is 1:N. The
equivalent voltage gain of this FBC-VDR is defined as
= Y,

2NV,

PPS control is applied to FBC-VDR. ZVS can be realized
over a wide range for FBC—VDR under PPS control [7]. The
primary side of FBC—VDR is FBC. Diagonal switches, such as
S; and S, will turn on and off simultaneously with 50% duty
cycles. Therefore, the FBC on the primary side generates a
square-wave AC voltage, which is defined as v,,. Meanwhile,
the VDR is on the secondary side, which is cascaded with FBC
through a high-frequency transformer and inductor L. The duty
cycles of Ss—Syg are different from 50%, and the phase-shift
angle between Ssand S¢(or S;and Sg) is 180°. A common
turn-on duration of S;and Sg occurs. Therefore, a zero-voltage
state will be generated. Thus, the VDR side can generate a
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Fig. 1. Topology of FBC—VDR.

three-level square-wave AC voltage, which is defined as v.
Moreover, the amplitude of V, is twice that of v, which
indicates that the voltage stress of the secondary switches can
be significantly smaller. This advantage also allows the
application of FBC—VDR to high step-up situations.

The key work waveforms of FBC-VDR under PPS control
are shown in Fig. 2. Some switching signals are complementary
with each other. For example, the switching signals of S; and
S, are complementary with those of S, and S;, the switching
signal of Ss is complementary with that of S; and the
switching signal of Sg is complementary with that of
Sg.Therefore, only the switching signals of S; and S,, Ss, and S¢
are illustrated in Fig. 2. As shown in Fig. 2(a), the duty ratio of
Vap 18 0.5 and that of v is defined as D,. T is half a switching
period. D, is defined as the equivalent phase-shift ratio between
vep and vy, which indicates the phase shift between the
mid-point of the high-level duration of v, and that of the
high-level duration of v.4. Energy will flow from the primary
side to the secondary side when D, > 0 and vice versa.

FBC-VDR has boost and buck operation modes with the
variation of k£ and D,,. In the forward-boost mode, the voltage
gain is larger than one and D, is larger than zero. In the
backward-buck mode, the voltage gain is smaller than one and
D, is smaller than 0. The analyses are similar under different
operation modes. For simplicity, this paper discusses only the
forward-boost mode and assumes that energy flows from the
primary side to the secondary side.

The forward-boost mode has three typical cases: continuous
conduction mode (CCM) 1, CCM2, and CCM3. The work
waveforms of the three modes are shown in Figs. 2(a) CCM1,
2(b) CCM2, and 2(c) CCM3.

As shown in Fig. 2(a), CCM1 is used as an example to show
the operation principle of FBC—VDR under PPS control. The
inductor voltage vy is vy—Veg, as clearly indicated Fig. 1. Hence,
i;, can be given by the following equation:

i (1) =i (1) + [} -~ )

Six intervals occur in one switching period. S;, S,, S;,and
Sg are on from f, to ¢. V; supplies power to the inductor
through the high-frequency transformer. The inductor current
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Fig. 2. Work waveforms of the three modes in the forward-boost
mode: (a) CCM1, (b) CCM2, and (c) CCM3.
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TABLEI
INDUCTOR CURRENT IN STEADY STATE
M()de IL(tO)/ IM IL(tl)/ IM IL(tz)/ IM
kD +2D —kD,, +2D,
coMi kD, - y T4 y T2
—Dy +Dy
kD, +2D, + kD, +2D
CCM2  k(1-2D,)+1 oo yoe
D,-2 -D,
—kD,, +2D, kD, +2D
—kD. — y (4 y [4
CCM3 'y D, -2 D, 2

will satisfy Equation (2). The value of i at #; is I} (#)).
NV,
IL(to):IL(t0)+2—L’(2D¢+1-Dy)T 2)

Moreover, I;(t)) + I;(#;) = 0 due to the symmetry.
From Figs. 1 and 2(a), the equations for i in the remaining
intervals can be obtained using a similar analysis.

1 (1) = N—Z"(kDy -1)7 3)

Iy (n) == NV, (kD +2D,, = D, )T @)
I(t) = ﬂ(—kDy +2D,+ D, )T )
I (@):%(—kDyH)T (6)

The values of I;(#)-I1(t;) are omitted in this section
because the derivation process is similar to the previous
analysis. To facilitate the subsequent analysis, the inductor
current values for different intervals in CCM1, CCM2, and
CCMS3 are shown in Table I.

The standardization value /; in the table is defined as

NV;

Iy, =—2LT. 7
M= @)

III. DYNAMIC INDUCTOR CURRENT RESPONSE
WITH GENERAL FEEDFORWARD CONTROL

As mentioned earlier, the value of the equivalent resistance
of R, may change in practice to provide an alternative current,
and the voltage across R, should be maintained. Hence, system
control variables, such as Dy and D,, should be adjusted to
increase or decrease the inductor current with a constant
voltage of V.

Fig. 3 presents an example of the dynamic inductor current
response performance with general feedforward control in
CCML1. To implement a step change in the inductor current i,

the duty ratio of v4 should suddenly change from D, to D,"at .

Before #), the waveform of i is nearly completely symmetric
along the zero axis. After #), the waveform of 7 will be
asymmetrical along the zero axis, which indicates that the DC
component /. is contained within 7. Although control
variables Dyand D, are changed, the inductor current or other
circuit performance may not immediately change. The trend of
the inductor current step response is illustrated in Fig. 4(a).

Fig. 3. Simulation waveforms of the dynamic inductor current
response with general feedforward control in CCM1.
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Fig. 4. Trends of the dynamic inductor current response with
general feedforward control in (a) CCM1, (b) CCM2, and (c)
CCM3.



38 Journal of Power Electronics, Vol. 18, No. 1, January 2018

Excessive Current . .
S ¢——Inductor Current Fluctuation——>

i“
0.008 0.0085 0.01 0.0105 0.011
Time (3

Fig. 5. Trends of the dynamic inductor current response with
general feedforward control and with the addition of a blocking
capacitor.

The dynamic response time is evidently long, and a DC
component occurs in i, during this step response. Moreover,
the attendant excessive inductor current may damage the
switches and other devices. Similar step responses in CCM2
and CCM3 are shown in Figs. 4(b) and 4(c), respectively.

The DC component in the inductor current may saturate the
inductor and the transformer. The addition of an appropriate
blocking capacitor in the series with the inductor or the
transformer is a common and effective means to avoid the DC
component problem [22]. The blocking capacitor can make the
waveform of the inductor current symmetric.

However, the buffering speed of the blocking capacitor
exhibits difficulty in meeting the real requirements of the step
response. Therefore, improving the steady-state performance is
necessary.

For example, the DC components in CCM2 (Fig. 4(b)) are
caused by abrupt changes in the control variables. If a blocking
capacitor is added, then a fluctuation occurs in the inductor
current for a certain period and the excessive current is not
removed (Fig. 5), which requires an enhanced method to
improve response performance.

IV. PRINCIPLES AND SIMULATIONS OF THE
PWA STRATEGY

A PWA strategy is proposed in this section to significantly
improve the dynamic inductor current response performance.

Abrupt changes in the control variables can cause unstable
dynamic response. In general feedforward control, to change
Dy to D, and D, to D," within a specific point in time, the
phase shift A;T between two rising edges of vy, (—V; to V)
and vy (—0.5 7, to 0.5 V) must be equal to the specified
value (1/2 + D,"— D,'/2)T, as shown in Fig. 6. In addition, the
duty ratio of v4 will be changed immediately to D,’, such that
the parameters can reach their new design values in the
subsequent periods. This method brings the DC component
over a long period.

Unlike general feedforward control, the PWA strategy will
gradually change D, and D,to D," and D,’, respectively. In
the PWA strategy, the phase shift A,T between the two rising
edges of vy, (—V; to V) and vq (0.5 V, to 0.5 V,) is a flexible

parameter. The duty ratio of v.4 during # to ¢, is defined as A;.
The value of A; must be equal to a specified value to finally
change the duty ratio of vy, to D, A, and A; build a
two-degree-of-freedom control structure to remove the DC
component from # by assuming that the average value of i is
zero in each period after #. Therefore, the DC component
problem can be solved.

The theoretical derivations of the PWA strategy in the
three CCM modes are presented in the remaining parts of this
section.

A. PWA Strategy Applied to CCM1

The work waveforms of the PWA strategy in CCM1 are
shown in Fig. 6. ¢, is selected as the start time to
implement the PWA strategy. As shown in Fig. 4, A, is an
adjustment factor that can reasonably change the control
variables. The DC component in j; can be removed in each
period after #; by adjusting A,.

The time interval values in Fig. 6 are
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t4—t3 :t7_t6:(D¢'+5_Ty)T

ts—ty =ty —t;=D,T

te—ts =1g —(lfD—ny')T
65 =l g =(0—— v

From Table I and Egs. (1) and (8), the inductor current
values can be obtained as follows:

NV,
1. (1)) = Z—L’(kDy -1)7 ©)
NV
I(4)= o7 (kD —1+2A5)T (10)
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To remove the Iy, the average value of i, which is defined

as f, should be zero from #; to #. Hence,

7:]Z?k[sz—4D¢'+4A2—2JT:0. (19)
Therefore,
, 1-D,
Ay =D, + S (20)
In addition,
g2 @

Eq. (20) presents the condition that should be satisfied. This
variable A, depends only on the values of D," and D,. The time
interval values of # to #, are equal to A;7, such that A; is
limited to (D, + D,)/2. A, and A; can be generated by changing
the pulse widths of the switching signals. In the PWA strategy,
the dynamic response speed can be increased by forcibly
making the average value of the inductor current be zero within
a remarkably short period. Hence, the excessive current is also
limited to the new steady-state value.

B. PWA Strategy Applied to CCM?2

The work waveforms of the PWA strategy in CCM2 are
shown in Fig. 7. In this mode, the phase shift between v,, and
Vea 1s assumed to change from D, to D, and the duty ratio of vy
is assumed to change from Dy to Dy,
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Fig. 7. Work waveforms of the PWA strategy in CCM2.

The time interval values in Fig. 5 are illustrated in Eq. (22):

'
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ty —t —(l—D—y,—D'+A )T
27 =G () 2

t3 -ty =(1-Ay)T

= & p, -4r 22
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t5-t4:[8—t7=(1—Dy’)T
tg—ts =t t—(l D’+D—y')T
6~ s =l ==y ¥

AT =ty —t *(D'+D—y+l—A YT
3 4~ » 5 5 %2

The inductor current values can be derived from Egs. (1)
and (22) and Table 1.
NV
Ip(to)y=—

2L

[k(l -2D,)- 1]T (23)

NY;

I; (t))=
L(t) Y

k@D, ~2D,+D,)+2D, + D, ~2|T  (24)

I (tz):%[k(ZD(p' ~2D,+D,)+2A, - 1}7 25)

NV, , ,

1= [k(ZD(p 2D, +D, +2A2—2)+1]T (26)
NV ,

I (tg) = 1[ 2D ~1 +1]T 27

1(tg) oL (2D, -1) 27

To remove the DC component in i;, Eq. (28) should be

satisfied.
= NZ" k[Dy' +24,-2D, - I]T:O (28)
Therefore,
1-D)/
Ay =Dy +— (29)
and
Ay=D)/+D, -D,. (30)
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C. PWA Strategy Applied to CCM3

The inductor current values can be obtained at different
moments according to Table 1 and Egs. (1) and (31).

IL(t0)=]ZZi (~kD,-1)T G1)
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NVi(, .,

It) =" (kDy +1)T (35)

From the previous analysis, the following equation should be
satisfied to remove the DC component in i :

_ NV ,
7 =2—L’k[zp¢ +1-D, -2A2}T=0. (36)
Therefore,
, 1-D,
Ay =Dy +— (37
and
D, +D
Ay=—2 2 > 2 (38)

Eq. (20) is the same as Eq. (36) and Eq. (21) is the same as
Eq. (39), such that the conditions for CCM1 and CCM3 are the
same.

The theoretical analysis and evaluation of the PWA strategy
are simple, and this strategy exhibits the same complexity as
the general feedforward method.

The simulation results of the PWA strategy are presented in
Fig. 9. Compared with the results in Fig. 4, the dynamic
inductor current response time can be significantly shortened
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Fig. 9. Simulation waveforms of the inductor current with the
PWA strategy in (a) CCM1, (b) CCM2, and (c) CCM3.

by using the PWA strategy, /;. becomes zero within a short
time, and the peak value of 7 at the dynamic moments in Fig. 9
is closed to the subsequent steady-state value.

As mentioned earlier, the inductor current ip is closely
related to the output current i,. The PWA strategy also helps
improve output performance. The dynamic responses of the
output current are shown under different cases in Fig. 10.

V. EXPERIMENTAL VERIFICATION

An FBC-VDR prototype is built to verify the validity of the
PWA strategy. The main parameters of the prototype are
provided in Table II. This prototype is implemented on a DSP
development board.
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Fig. 10. Dynamic responses of the output current under different cases: (a) CCM1 with general feedforward control, (b) CCM1 with the
PWA strategy, (c¢) CCM2 with general feedforward control, (d) CCM2 with the PWA strategy, (¢) CCM3 with general feedforward

control, and (f) CCM3 with the PWA strategy.

TABLEII
MAIN CIRCUIT PARAMETERS
Parameter Value
DC voltage V; 25V
DC voltage V, 120 V
Transformer turns ratio 1:N 1:2
Si—S4 IPPO37NO8N
Ss—Sg IRFB4229
Inductor L 48 uH
Switching frequency 100 kHz
Capacitors C;, C,1, and Cy, 470 puF

A simple description of the block diagram of the PWA
strategy is presented in Fig. 11. The controller will change the
switching signals of Ss, S4, S, and Sy according to A, and A;.

Fig. 11. Block diagram of the PWA strategy.

Fig. 12 illustrates the immediate impact of a blocking
capacitor. The DC component problem and excessive current
cannot be removed by adding a blocking capacitor. Fig. 13
shows the experimental trends of the dynamic inductor current
response with general feedforward control in CCM1, CCM2,
and CCM3. A DC component occurs in the inductor current
within a long period.
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Fig. 12. Experimental waveform of i; with the addition of a
blocking capacitor.
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Fig. 13. Experimental trends of the dynamic inductor current

response with general feedforward control in (a) CCMI, (b)
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In Figs. 4,9, 13, and 14, D, is changed from 0.25 to 0.35 and ool w1 o o B
D, is changed from 0.0167 to 0.0833 under CCM1; D, is ‘

changed from 0.2 to 0.2667 and D, is changed from 0.3667 to
0.5667 under CCM2; and D, is changed from 0.2 to 0.4 and D,
is changed from 0.7667 to 0.9333 under CCM3. (b)
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Fig. 14. Experimental waveforms of the inductor current with
the PWA strategy in (a) CCM1, (b) CCM2, and (c) CCM3.

When Fig. 14 is compared with Fig. 13, the experimental
waveforms in the PWA strategy exhibit a faster dynamic
response under all modes. During the first dynamic response
periods, the excessive values of the inductor currents under the
PWA strategy are considerably less than those under general
feedforward control. The experimental results show that the
proposed PWA strategy is suitable for removing the DC
component in inductor currents and increasing dynamic
response speed.

VI. CONCLUSIONS

FBC-VDR is a high step-up DC-DC converter for energy
storage applications. This study focuses on the DC component
problem in inductor and transformer currents and the step
inductor current response performance caused by abrupt
changes in control variables. After conducting theoretical
analysis, a PWA strategy is proposed to address the
aforementioned problems. This effective method is verified
through simulations and experiments. The simulation and
experimental results exhibit good agreement with the theory.
The results prove that the PWA strategy can increase the
dynamic response speed and enhance the step inductor current
response performance in FBC-VDR. Thus, this strategy is
effective for improving the stability and reliability of converter
systems. It can make FBC—VDR suitable for real applications.
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