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Abstract—The bi-directional DC-DC converter (DDC) is com-
monly employed for a battery or supercapacitor (BA/SC) to
accomplish power management flexibility. Current and voltage
control for the DDC is crucial for power management. Focusing
on control of the DDC, this paper first proposes a simple order-
reduction control method for the first-order system, then applies
the proposed control method to current and voltage control of
the SC DDC. The effect of the inner current loop on the outer
DC bus voltage loop is also analyzed. With the proposed simple
order-reduction control method, the dynamic response of the SC
DDC is obviously improved, and robustness to the SC voltage
variation is achieved. The double-line-frequency ripple is also
eliminated through the proposed simple and effective method.
Finally, the effectiveness of the developed control algorithm is
tested by the experiment.

Index Terms—Battery/supercapacitor, DC-DC
order-reduction control, zero-pole cancellation.

converter,

I. INTRODUCTION

ATTERY and/or supercapacitor (SC) energy storage de-

vices are regularly and increasingly utilized in energy
storage systems [1]-[3], electric vehicles [4]-[6], micro-
grids [7], [8], and AC/DC hybrid distribution systems [9].
A DC-DC converter (DDC) is typically employed to connect
the battery/supercapacitor and the DC connection. Then power
conversion and control are accomplished by the DDC. There-
fore, control of the DDC is crucial to accomplishing flexible
power conversion [10].

Generally, a non-isolated DDC adopts a half-bridge struc-
ture to accomplish bi-directional power transmission. Then
power control can be accomplished by controlling the fun-
damental voltage or current of the bi-directional DDC. The
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bi-directional DDC generally employs a conventional double-
loop control. For instance, the battery or SC typically adopts
an inner current loop (ICL) with an outer voltage loop (OVL)
as the control structure [1], [2]. Besides, a proportional-
integral (PI) controller is the most widely used controller
to realize a zero-steady-state-error current and voltage con-
trol [2], [11], [12]. The PI controller provides benefits of clear
physical meaning, easy parameter design, and straightforward
implementation. Consequently, the PI controller receives wide
application in control of DDCs. Recently, to improve control
performance, lots of advanced control methods are also pro-
posed for the DDC, such as model predictive control [13],
[14], sliding-model control [15], [16], optimal control [17],
adaptive control [18], [19], robust control [20], intelligent con-
trol including fuzzy logic controllers [21], and reinforcement
learning [22].

Generally, a fast power response is required for the applica-
tion of the SC. In this condition, current control is important
to achieve a fast-dynamic response, because the current of the
SC should track the current reference at a very fast speed.
To achieve fast dynamic response (DR), a parallel control
structure are proposed [14], [16], [17], [19], [22]. In the
parallel control structure, current is used as a state variable
to damp the system, where the output voltage is controlled
to track the reference, and different advanced design methods
have been proposed. These controllers can achieve good DR;
however, they are not suitable for SC/battery applications,
because current-tracking control is required for charging the
SC/battery. For the dual-loop control structure, the model pre-
dictive control [13], sliding-mode control [15], and type-1I PI
controller [21] are applied to the ICL to realize fast DR. While
in [15], the adaptive control is employed for the OVL and the
linear PI controller is adopted for the inner current loop. These
nonlinear controllers in [13]-[22] achieve good performance
for control of the DDC. However, these nonlinear controllers
usually require greater mathematical understanding, as well
as precise models to design the parameters. Moreover, these
nonlinear controllers are usually complicated for practical
implementation.

In contrast, linear PI controllers are developed simply
based on classical control theory. For instance, a standard PI
controller is intended to produce 4 kHz bandwidth with a 45°
phase margin for inner current regulation in [11]. Nonetheless,
because of the zero created by the PI controller, overshoot
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commonly appears on the current [2]. As stated in [2], the
ICL might be modeled as a second-order system (SOS) with
an extra zero. In this scenario, the SOS is not beneficial
for building the OVL, and the overshoot is also detrimental
to the DR. On the other hand, when the SC is applied
to a grid-connected system, low-frequency elimination is an
important task to address the double-grid-frequency ripple
which is caused by unbalanced power of the grid [11], [23],
[24]. Compensation of the double-grid-frequency ripple has
been well studied. Generally, the elimination of a double-
grid-frequency ripple can be achieved by instantaneous power
control of the AC side. This method will not be discussed
further in this paper. Another method to address the low-
frequency ripple (LFR) is advanced control of the DDC [11],
[23]. In [23], the DDC is used to generate a 180° phase-
shifted second-order ripple to offset the ripple in the DC bus.
This method is an open-loop feedforward method and needs to
estimate the ripple phase, which is not an easy task. Hence, the
authors in [11] designed a closed-loop (CL) control using PI
plus a multi-resonant controller to eliminate the low-frequency
ripple of the DC bus. Furthermore, this method also leads
to the concept of the active capacitor. A similar concept is
also proposed in [25] and [26] with enhanced plug-and-play
ability. Later, the active capacitor is controlled with infinite
capacitance which is called a virtual infinite capacitor [27].
Furthermore, the plug-and-play performance is achieved for
the virtual infinite capacitor in [28]. Control is complicated
for these active capacitor techniques since multiple resonant
controllers or multiple loops are generally needed.

In practice, when the SC is employed by a grid-connected
system, which is a common application, the SC can com-
pensate for the low-frequency ripple of the DC bus [29].
Furthermore, if the capacitance of the SC is always large, then
voltage fluctuation of the supercapacitor is small. This will
be an advantage for the control design. Therefore, this paper
will propose a simple control method to achieve excellent
performance. The following contributions are achieved:

1) a state-space-based (SS-based) control structure for a
general first-order system (FOS) is proposed to reduce the
control system to be a FOS;

2) good DR with zero overshoot and fast settling time is
achieved when the proposed control method is applied to
current and voltage control for the DDC;

3) the double-line-frequency voltage ripple is easily elimi-
nated by a power feedforward.

Finally, the effectiveness of the proposed control approach
is experimentally certified.

II. PROPOSED CONTROL FOR FIRST-ORDER SYSTEM

In this section, we first propose a simple control method for
the first-order control objective that can be described by
dz
—P azy + biue + baug (D
dt
where x, is the state variable and the output variable that
needs to be controlled, u. is the control input, ug is the

2497

disturbance. For the FOS (1), defining the integral controller
with the reference xp,,ef as:
dx,
dt
we can obtain the open-loop system

AT bl e

3)

= Tpref — Tp )

Then, designing the control law
Ue = kpTp + kixe + kqug + krTprer 4)
The system’s CL model is derived as:
d [xp} _ {a + b1k, blk:z} |:$p:|
dt |[zc —1 0 | [z
N [bz +Ob1kd} w4t {bllkr} ot )

From this CL model, the transfer functions (TFs) can be
computed as:

Cox(s)  biko(s 4 ki/ky)

Grc(s) - xpref(s) T g2 — (a + blkp)S + bik;
Ca(s) (by + bikq)s

Gac(s) = ug(s) s> —(a+ bikp)s + bik; ©

Obviously, using the proposed control algorithm, the CL TF
Girc(s) includes two poles that are associated with k,, k;, and
a zero that can be tuned by reference feedforward k... The gain
of Gqc(s) can be tuned by kgy.

To shape the reference-tracking performance, the TF G,.(s)
is expressed in a zero-pole form:

x(s) b1k, (s + 2)

Grc S) = = (7)
) = er® ~ G0+ 52)
where p; > 0, po > 0, z > 0. Then, it has
p1+p2=—(a+bikp)
pip2 = bik; ®)
and
z=ki/k, 9

The poles can be determined k,, and k;, while the location
of the zero can be tuned k,. In addition, k; also affects the
zero. It means the parameters can be designed by placing the
zeros and poles. Generally, we set the poles to be a couple
of conjugate complex values that have a 0.707 damping ratio,
resulting in the best DR. However, the zero usually strengthens
the overshoot and oscillations [30]. Furthermore, the proposed
control has one configurable zero. Therefore, we will place two
real poles, one of which can be canceled by the configurable
zero. As a result, the SOS is transformed to a first-order system
with another pole determining its DR. This is beneficial for
outer DC bus voltage control.

Consequently, once the poles are determined as p; > 0,
p2 > 0, the parameters k, and k; can be expressed as:

_a+p1+pe

kp = b
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_ Dip2

ki = 10
b (10)
where k, is configured by z = ps:
ki ki
fp= =L (11)
z  p2 b

Consequently, the current TF can be derived by the designed
parameters as:

bik, bik; 1 D1

GIS: = =
<(s) s+p1 p2 s+p1 s+pi

It means that G,.(s) is reduced to a standard FOS. The
settling time of (12) can be approximated by

4
lset = —
P1

12)

(13)

For G4c(s), kq can be chosen as —by /by which results
in Gac(s) = 0. This will improve the disturbance-rejection
ability.

III. PROPOSED CONTROL OF SC GRID-CONNECTED
APPLICATIONS

Figure 1 shows the topology of a grid-connected application
for the SC. The SC is connected to the DC bus by a bi-
directional DDC that regulates the DC bus voltage, and then
the DC bus is connected to the grid via a DC-AC converter.
Grid-following or grid-forming control can be adopted for the
DC-AC converter. This paper will focus on the control of the
DDC.

A. Current Control

Figure 2 shows a detailed DDC with a dual-loop control
structure. The inner current controller (CC) implements the
current control with the zero-steady-state error, while the
voltage controller (VC) adjusts the voltage of the DC link to

Pa. - DC-AC So=Po +jq0
Uge = > , T > Grid
U3 y
= It
g
PWM
Y . A
Current |'SCf [DC Voltage :’imf
Control Control

Fig. 1. Grid-connected application for the supercapacitor.
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Fig. 2. The control of half-bridge bi-directional DDC.
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follow the reference. The switch-average voltage of the bridge
middle point v4 is used as the control input to linearize the
DDC to model the DDC as a first-order objective. The duty
cycle can be computed as d = vg/uq., which can decouple the
effect of the DC bus voltage. In this condition, the inductor
current can be modeled in a first-order SS form:

i RmR1 1
a L' ptiTpuse

with « = —R/L, by = —1/L, b = 1/L, z, = i, and
PWM gain Kpwy is considered as one. The transfer function
(TF) is:

(14)

15)

1) Conventional PI Control

The current control loop acts as the inner loop of the voltage
loop; hence, the bandwidth of the current loop should be as
high as possible. When the PI controller is used for the current
inner loop, a small-signal model of the current loop can be
developed, as shown in Fig. 3 [2]. Assuming the PWM is
considered as a unity link, the control CL of the current can
be expressed as:

kp,L'S + kii
LS2 + (R + km)s —|- kii

1= Gcr(s)iref = Tref (16)

Fig. 3.

Small-signal model of the conventional PI control.

The disturbance in the SC voltage can be neglected due to
the large capacitance value. As shown in (16), the reference
tracking gain G..(s) is a second-order transfer function (TF)
with a zero which is not a classical SOS. Supposing the
characteristic equation of the SOS is:

52 4+ 2wns + wfl 17
with poles of
p=—Cw, £jV1-C ((<1) (18)
where
R+ kpz' 2 kii
= = — 1
(o = 572, W2 =~ 19)

If the damping factor ¢ is 0.707, then, the settling time
within 2% of the final value
4.4

set—CTn

Apparently, the PI parameters can be designed by (19) with
desired T.; and (. However, for the SOS with a zero, even if
the damping factor is designed as a critical value of 0.707, the
overshoot is still large, because the zero usually exacerbates
oscillation during the dynamic process [26]. For the OVL, this
is undesirable.

(20)
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2) Proposed Control

The suggested approach in Section II is employed to the
DC-DC current control to improve the DR of the inner current
control, as illustrated in Fig. 4.

Digital control u

Fig. 4. Proposed SS-based current control.

The control law (4) becomes

Uq = kch + kicxc + krciref (21)

where the disturbance gain is omitted because the SC voltage
changes slowly. Then according to (10) and (11), the param-
eters can be computed as:

kpc =R + L(plc + pQC)
kic = _plcp2cL

krc - kic/pQC = *Pch (22)

where pi. and po. are the current loop’s CL poles. Conse-
quently, the designed parameters will result in the TF of the
current control as:

i(S ) Dic

GrC(S) iref(s) S +plc

which means the current inner control will have a superior DR
with the characteristics of a FOS. According to (13), the pole
p1c can be determined by the desirable settling time, while pa.
can be designed smaller to reduce the values of k. and k;, as
well as the smaller parameters will benefit noise suppression.

(23)

B. DC Bus Voltage Control

For the DC bus voltage control, a power-based model of the
DC-link is often adopted to achieve a linear model. With the
capacitor Cyg, the DC bus’s power model can also be expressed
as a FOS:

= Psc — Pd (24)
with @ = 0, by = 2/Cy, and by = —2/Cy, and z, = u3..
The disturbance pg is the output power of the DC bus. The
equivalent loss resistor is ignored so the condition of worst
damping is considered.
1) Conventional PI Control

Generally, DC bus voltage control also adopts a conven-
tional PI controller. Fig. 5 shows the small-signal control
diagram of a conventional PI DC bus control. G, is the CL
of the current control. Generally, the outer loop should have
at least one-fifth of the current loop bandwidth. As a result,
the inner power stage might be regarded as a unity link. Then
CL TF of the DC voltage control is:

Qkpvs + 2k;y 2
u,
Cas? + 2kpys + 2Ky, 0ot

u<2ic = GUT(S)u?icref - (25)
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Fig. 5.

Control block diagram of the DC-link voltage loop.

Sometimes, a resonant controller is also employed in paral-
lel with the PI controller to address the double-line-frequency
ripple (DLFR) at the expense of complicated control imple-
mentation [11]. Similar to (16), (25) is also an SOS with a
zero. According to the characteristic equation of the SOS (17)
and (18), the PI parameters can be designed as:

kpy = CwnCla, kiy = 0.5w2Cy (26)

Then the settling time of the voltage loop within 2% of the
final value is:
Tset v = ﬁ = 44Cd
’ Cwn kpv
2) Proposed DC Voltage Control
When the proposed control is employed to the inner current
control, the DR of the inductor current can be designed very
fast, even lower than 1 ms with zero overshoot within 10—
20 kHz switching frequency. Consequently, the dynamic of the
current loop can be ignored in the design of the DC voltage
control. The proposed control method is first applied to the
DC bus voltage control without considering the current loop.
The effect of the current loop will be analyzed later.
Figure 6 shows the proposed control method for the DC bus
voltage control. The control law is:

27)

) 1
Trof = use (kpvuﬁc + kivTey + k,.vuﬁcref + kdpd) (28)
where x., is the state variable of the integrator
dx 9 9
d;’” = Uqcref — Udc (29)

2
Udcref
Plant model

Fig. 6. Proposed simple control for DC bus voltage control.
Using (10) and (11), it has

kPV = _0'5Cd(p1v +p2v)
kiv = 0-5Odp11)p2'u

krv = kiv/p27j = 0~50dp1v (30)
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Correspondingly, p1, and ps, are the pre-defined CL poles
of the DC bus loop. The resulting reference-output TF is:

2
U Piv
d
Gvr(s) = 27C = T
Udcref ST P

If we design p;1, > p2, Which is feasible, the settling time
can be approximated as:

€29

4 20,
Tset,v = — -
P1iv kpv

Compared with (27), it can be found the same proportional
gain can obtain a faster settling speed with the proposed
method.

Moreover, the disturbance feedforward is designed as kg =
—by /by = 1. For a grid-connected application, the disturbance
power is the instantaneous active power of the DC-AC con-
verter p, which is available to implement the feedforward. In
this condition, the DLFR is expected to be eliminated due to
the high bandwidth of the inner current loop. Nevertheless, for
general application, a DC load that is directly connected to the
DC bus should be considered. However, the DC power distur-
bance is generally not measured; hence, a power estimation is
needed.

Supposing the DC load changes slowly, which means

dpa
dt
We can design the disturbance observer

d ﬁgc — 0 672 a?ic Cl ll 2 n2
dt[ﬁd}_[o 0| [pa) T 0] P8O [1p] (e Bae)

(34)

(32)

=0 (33)

where [43, pa]T are the estimates of [u3. pg)T, and

[l 12)T are observer gains. Defining the error vector as
e=ler et =3, — 43 pa— pa]T, the dynamic error
equations can be derived based on (20), (26) and (27)

il =1 )
dt |ez —ly 0 €2
Therefore, observer gains can be designed directly by the
pole placement.
3) Analysis Including Current Dynamic
Previous DC voltage control design ignores current dynam-

ics to achieve order reduction. To analyze the effect of current
dynamics, the SC power dynamic is considered as:

(35)

psols) g ()= Pie (36)
pSCref(S) S+ Pic
which can be expressed in the SS model
d
IZSC = —P1cPSC + P1ePSCref (37)
Combining (20), (23), and (30), the open-loop system is:
d uflc 0 0 2/Cy uﬁc 0
- | Tew -1 0 0 Tey | + 0 DPSCref
dt
psc 0 0 —pic] [psc Dic
0 —2/Cq
+ |1 Uees + | O | pa (38)
0 0
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Then the control law (22) can be rewritten as:
PSCref = kpvugic + kivxcv + krvuicref + kdpd (39)

Substituting (32) into (31), the CL model is obtained as:

d ugc 0 0 2/Cd uﬁc
— | Zew = -1 0 0 Tew
dt
Psc plckpv plckiv —Pic Ppsc
0 —2/Cy
+ | 1 | Uiae+ | 0 |pa (40)
plckrv plckd

Using (33), we can verify the effect of the inner current
dynamic.

First, two controllers are designed as p1. = 6200, pa. = 50
and p1. = 2300, ps. = 65 for the ICL based on the parameters
shown in Table I. The resulting gains are k,. = —11.18 ,
kpe = 11.22  and ki = 547.72 Q-s7! and k,. = —4.18 ,
kpc =4.25 Q and k;. = 273.85 Q-s71, respectively. The p1. is
selected small to achieve small control gains. Settling time of
the current within 2% steady state error can be approximated
by 4/p1.. Based on the current loop, the DC bus voltage control
is designed to have poles of pi, = 46, ps, = 1 where po, is
cancelled by the feedforward. The resulting gains are k., =
0.1518 S, ky, = —0.1518 S and ki, = 0.1518 S-s~'. The
power feedforward is set as kg = 1.

TABLE I
PARAMETERS OF THE TEST SYSTEM

Symbol  Performance Value

L Inductance of AC filter 1 mH

C Capacitance of AC filter 54 uF

R Inductor resistance 0.05 Q

Lg Grid-side inductance 1.5 mH

Lsc SC-side inductance 1.8 mH

SC Super capacitance 2 F

Cy DC link capacitance 3300 pF

fs Switching frequency 16,000 Hz
AC Voltage RMS/frequency 120 V/60 Hz

Figure 7 shows the zero-pole locations of the designed DC
bus voltage controller. It is verified from Fig. 7 the ICL will
not affect the zero-pole cancellation feature of the DC bus
voltage loop with the proposed control.

IV. VERIFICATION

An experimental platform with the topology of Fig. 1 is built
with a DSP TMS320F28379D (32-bit floating-point) to test
the effectiveness of the proposed control method. Table I lists
the parameters of the experimental platform. The switching
frequency f; is 16 kHz.

A. Current Control

Figure 8 illustrates the experimental results of the current
control with the two designed controllers which are demon-
strated in Section III.B.3. A current step from —10 A to 0 A
is tested for the two controllers. As shown in Fig. 8(a), when
the poles are set as p;. = 2300, p2. = 50, and z = 50, settling
time of the inductor current is 1.5 ms which accords with the
design of p;. = 2300. When p;. is improved to 6200, the



QUAN et al.: SIMPLE-STRUCTURED CONTROL FOR SUPERCAPACITOR DC-DC CONVERTERS FOR GRID-CONNECTED APPLICATIONS

2501

[ 0.999 0.999  0.994
| 0.998  0.97
~ 05+
s 1
5 ol50, 40 30 20 10 N
5
£
& |
E0s}
1
0.999  0.994
. 1 0999 0998 097
-50 —40 -30 -20 -10 0

Real axis (s71)

(2)

¥ 1 11
! 0.04 1 1 1 1 11
~ 0.5} Poleintroduced by the current loop 1
n 1 0.02
e Zoom 1
L 4~
o
%‘ 2.5e+03 2e+03  1.5e+03 let03 500 0 60 SOX 40 30 20 10 2
g
B= 1
& 1 —0.02
E 05 1 1
1 —0.04 1 1 | 1 1 1
0 1 1 1 11 1 -60 —50 —40 —-30 -20 —-10 O
—2500 —2000 -1500 —1000 —500 0
Real axis (s7)
(b)
Fig. 7. Zero-pole location of the DC bus voltage control. (a) Ignoring the inner current loop. (b) Considering the ICL with pi. = 2300.
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Fig. 8. Step responses of the current control. (a) p1. = 2300. (b) p1. = 6200.

current waveform exhibits a very fast DR with 0.4 ms settling
time and a small overshoot. This performance is beneficial for
the outer voltage control.

B. DC Bus Voltage Control

Based on the proposed current control, the designed DC bus
voltage control is also designed and tested. The parameters are
shown in Section III.B.3. Moreover, conventional PI control
is implemented as a comparison. The parameters are kp, =
03137 S, and k;, = 7.4578 S-s~! which leads to 10 Hz
bandwidth and damping of 0.707. According to (27), the
theoretical settling time is 47 ms.

The reference step response is first tested for the proposed
control and the typical PI control. The reference jumps from
400 V to 700 V with a step of 50 V. Fig. 9 shows the
comparative results. As shown in Fig. 9(a), the proposed

control method demonstrates an excellent DR with 80 ms
settling time and zero overshoot. This settling time accords
with the design of p;, = 46. In contrast, Fig. 9(b) shows
the conventional PI control performs about 200 ms settling
time, and the overshoot is large, although the damping is
designed as 0.707. The real settling time and overshoot are
deteriorated by the unconfigurable zero. Moreover, to compare
the overshoot with the same settling time, p1, = 20, p2, = 1.
The experiment result is shown in Fig. 10. It can be seen from
Fig. 10 that the overshoot still disappeared when the settling
time is about 200 ms.

Furthermore, considering the operation range of the SC
voltage is wide, the robustness of the proposed method is also
tested with the condition of 150 V and 400 V SC voltage,
respectively. Fig. 11 shows the experimental result, which
demonstrates good DR of the proposed control method for
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Fig. 9. Step responses of the DC bus voltage control with SC voltage 210 V. (a) Proposed control. (b) Conventional PI control.

Tek Prevu M100s  Zoom Facton 58 Gil0kHz_Moise Filter

T T T T T T T T

: : : ; 650 V:
e bus V(')l'ta;g'e' . ?OO.ms; - :

T & a0y - 1 i i i i
S00Y |z z00ms R A0 He0157

Fig. 10. Step responses of the DC bus voltage with p1, = 20, p2, = 1.
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Fig. 11.  Step responses of the DC bus voltage control with SC voltage (a)
150 V and (b) 400 V for the proposed control.

both 150 V and 400 V SC voltage. The settling time is about
80 ms, and the overshoot is absent. Robustness of the proposed
control method is good. To further evaluate the performance of
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Fig. 12. Step responses of the DC bus voltage for the robust control [20].

the proposed method, robust control [20] is also implemented
as a comparison. As shown in Fig. 12, the robust control [20]
still has the overshoot when the reference steps. The reason is
the zero still exists for the robust control.

C. DC Load Test

To further verify the disturbance-rejection ability, a DC load
step experiment is conducted for three control schemes: (a) a
proposed method with the power feedforward; (b) a proposed
method without the power feedforward; and (c) a conventional
PI control with the power feedforward. DC power is estimated
by the observer designed in Section B.2).

Figure 13 shows the experimental results where the esti-
mated current is obtained by pg/uqc. The estimated current
demonstrates the proposed observer works well, and the
load current is successfully estimated. Moreover, comparing
Fig. 13(a) with (b) shows that, when load steps, the proposed
control method without power feedforward has a slow DR
and big voltage drop due to small pole ps,. However, when
we use the power feedforward to offset the pole ps,, the DR
becomes much better, recovering time is short and the voltage
drop is much smaller. In contrast, although a conventional PI
controller also adopts power feedforward, recovering time and
voltage drop are still large.
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Fig. 13. Performance of DC load step. (a) Proposed method with the power
feedforward. (b) Proposed method without the power feedforward. (c) PI
control with the power feedforward.

D. DLFR

For grid-connected applications, the issue of the DLFR on
the DC bus has to be addressed. When an SC is employed for
grid-connected applications, the SC has a natural advantage
to address the DLFR because of large capacitance. For the
proposed control method, a simple power feedforward control
can eliminate the DLFR due to the high bandwidth of the
current loop. Fig. 14 shows the DLFR test results. Phase B
grid voltage was adjusted to 100 V to generate an unbalanced
power. As shown in Fig. 14(a), when the power feedforward is
not adopted, the SC output direct current and the DC bus man-
ifested a 15 V amplitude DLFR. The double-line-frequency
power is provided by the DC bus capacitor. Nevertheless, as
shown in Fig. 14(b), the SC outputs current with the double-
line-frequency component when the power feedforward is
applied. It means the double-line-frequency power is supplied
by the SC but not the DC bus capacitor; consequently, the
double-line-frequency voltage ripple is eliminated.

V. CONCLUSION

In this paper, a simple and effective control method is
proposed for a SC DC-DC converter (DDC). With the pro-
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Fig. 14. Performance with unbalanced grid. (a) Without the power feedfor-
ward. (b) With the power feedforward.

posed control method, current and voltage control can be
reduced to a standard first-order system (FOS); consequently,
the dynamic responses of the current and voltage control are
improved. High robustness against the SC voltage variation
is also achieved. The double-line-frequency ripple (DLFR) is
well addressed in grid-connected applications by the proposed
simple control method without multiple resonant controllers.
Finally, the effectiveness and robustness of the proposed
simple control method are verified by experimental results.
In the proposed method, the disturbance voltage of the low-
voltage side is considered to be slowly varying, hence the
proposed method is suitable for the SC and battery application.
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