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ABSTRACT Active capacitors with long lifetime film capacitors can be adopted to replace short lifetime
electrolytic capacitors to improve the reliability of the power converter. However, the conventional active
capacitor suffers from the complicated control method or the need for an expensive current sensor. Based
on the derived mathematical equations, a novel Ripple Cancellation Control (RCC) method for the active
capacitor is proposed. The proposed RCC method is simple and can be easily realized by using analog
circuits. Also, it can be applied to active capacitors implemented by different circuit topologies. Besides,
a new approach for developing the mathematical model of the active capacitors implemented by different
circuit topologies are also proposed. The energy storage capability and the impedance analysis by using
the developed mathematical model are presented to verify the performance of the active capacitors with the
proposed RCC method. Computer simulations and the hardware results are presented to validate the accuracy
of the mathematical model as well as the performance of the proposed RCC method.

INDEX TERMS Active capacitors, lifetime, ripple cancellation control, energy storage capability.

I. INTRODUCTION

As the rapid growth of consumer electronics products,
AC-DC power converters with the power factor correc-
tion (PFC) feature are demanded [1], [2]. However, the inher-
ent double-line frequency voltage ripple will appear on the
DC output terminal because of imbalanced input and output
instantaneous power [3]-[5]. To achieve a constant DC out-
put voltage, electrolytic capacitors, which have large capac-
itance, are needed to mitigating the double-line frequency
voltage ripple. However, electrolytic capacitors have been
criticized for their short lifetime, which also lower the relia-
bility of AC-DC converters. Many approaches have been pro-
posed to reduce the required capacitance so film capacitors,
which have a longer lifetime, can be used for AC-DC power
convertors [5]-[33].

Various power decoupling techniques have been proposed
to decouple the double-line frequency input power from the
DC output terminal to reduce the required output capaci-
tance [3]-[33]. There are two types of Power decoupling
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circuits: passive and active. Passive power decoupling circuits
are simple and easy, but low power density and poor perfor-
mance are their main drawbacks [5], [6]. On the other hand,
active power decoupling circuits (APDCs) required addi-
tional circuits with complex control but can achieve higher
performance. Generally speaking, the operation principle of
the APDC is to divert the unbalanced input-output power
into an auxiliary energy storage component so the double-line
frequency ripple voltage at the DC terminal can be mitigated.

In general, the circuit topology of an APDC can be divided
into two parts: the original converter cell and the decoupling
cell [7]-[9]. To minimize the size of power components
and reduce power loss, some of the decoupling cells will
share components with the original converter cell. Usually,
the function of the original AC-DC converter, such as the
power factor correction, will be affected by the decoupling
cell [9]-[18]. On the other hand, the control of the APDC
commonly increases the complexity of the original AC-DC
converter. Therefore, an active capacitor has been proposed
to replace the use of the APDC as well as the electrolytic
capacitor [19]-[33]. Theoretically, the active capacitor can be
applied to all kinds of AC-DC converters to reduce the output
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voltage ripple. Also, the operation of the active capacitor is
independent to the original AC-DC converter.

The active capacitor is formed by a bidirectional converter
and an auxiliary capacitor, which is commonly a long-lifetime
film capacitor. The bidirectional converter can transfer power
between the DC terminal and the auxiliary capacitor so the
ripple voltage on the DC terminal can be mitigated [19]-[33].

Three types of DC-DC converters, buck, buck-boost, and
boost are commonly adopted to realize the bidirectional con-
verter inside the active capacitor [19]-[33]. The buck-type
active capacitor is easy to control, but its energy storage
capability is limited because of the low voltage on the aux-
iliary capacitor [20]-[26]. To increase the energy storage
capacity, the buck-boost type active capacitor has been pro-
posed and operated in the step-up mode with high auxiliary
capacitor voltage [27]. Eventually, the boost type bidirec-
tional converter is commonly used to realize the active
capacitor [28]-[33].

Both open-loop and closed-loop control methods can be
applied to the active capacitors [19]-[33]. Open-loop con-
trol methods can easily realize the steady operation of the
active capacitor, but its voltage and current stress cannot
be controlled [20]. The reliability issue is the main concern
for an active capacitor with open-loop control. To solve
this issue, many closed-loop control methods have been
proposed [21]-[33]. However, a complex control loop and
extra components, including a current sensor, are always
required [19]-[33].

Therefore, a novel and simple control method, Ripple Can-
cellation Control (RCC), which can be applied to all kinds of
active capacitors, is proposed in this paper. The proposed con-
trol method only requires a voltage sensor and can be easily
implemented using the analog circuit. Also, a novel approach
to verify the performance of the active capacitor has been
proposed. Computer simulations and hardware experimental
results are presented to verify the performance of the active
capacitors with the proposed RCC method.

Il. POWER FLOW IN AC-DC CONVERTER
Usually, the ac input voltage and current can be expressed as
sinusoidal functions:

Vin(t) = Vip cos (wt) (D
iin(t) = Iiy cos (wt + 0) (2)

where V;, and [; are the peak values of voltage and current,
respectively, w is the angular line frequency, and 6 is the phase
angle of the ac line current. By assuming that the AC-DC
converter can achieve a very high power factor (PF), the line
current and voltage are in phase (¢ = 0). Eventually, the input
power of the AC-DC converter can be written as:

) 1 1
Pin(®) = vin(®)ijn(t) = EVMI,'” + EV,'nIm cos 2wt
= P, + P, cos Qut) = Py + pcpus(t)
dv,(t)

= Py + vo()icpus(t) = Po + vo(t)Cpus dt )
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where p;,(¢) is the input power, P, is output dc power, and
Pchus(t) 1s the instantaneous power of Cp,s. According to (3),
the input power can be divided into two parts, which are con-
stant power P, and the double line frequency power pcpys(1).
Also, the output voltage v, () of the AC-DC converter can be
divided into two parts, which are the constant output voltage
V, and the ripple voltage v, 4.(t) [24]:

P, .
sin(2wt)

t)y=1YV, —_—
Vo(t) o+ 20CpsV,

1 .
=V, + Vo,ac(l) =V, + EAVO sin(2wt) @)

where AV, is the peak to peak of the output voltage v, ().
From (4), the demanded output capacitance Cp,s of AC-DC
converter can be derived as:

P,
wV,AV )

Cpus = (5)

According to (5), the required output capacitance Cpy; is
inversely proportional to the output voltage ripple for an
AC-DC converter with the specified output power P,, out-
put voltage V,,, and angular line frequency w. For a high
output power, low output voltage, or small output voltage
ripple, the electrolytic capacitor is required to accomplish
the demanded performance. However, the short lifetime of
electrolytic capacitor will affect the reliability of the AC-DC
converter significantly. Therefore, the active capacitor has
been proposed to replace the electrolytic capacitor to improve
the life time of the converter.

The conceptual power flow diagram for an AC-DC con-
verter with an active capacitor is showed in Fig. 1. The
large DC-bus capacitor Cpy;, at the output terminal is always
needed to mitigate the double line frequency voltage ripple
caused by the input power fluctuation. By adding the active
capacitor, the output capacitor C,, which originally has the
same capacitance as Cpyg, can be dramatically reduced. The
active capacitor is realized by a bidirectional converter with
energy storage component, auxiliary capacitor Cg,, to store
and release the fluctuating power.

Pin(1) '

AC-DC converter

] P Chus (l) £L>
fn(U? Rectifier +
in(l
vin(t) Back-end
Converter
or Load

FIGURE 1. The AC-DC converter with an active capacitor.
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1Il. ACTIVE CAPACITOR WITH RCC
In this section, the active capacitor will be introduced briefly
followed by the derivation of the proposed control method.

A. ACTIVE CAPACITOR

The conceptual voltage, current, and power waveforms of the
AC-DC converter with an active capacitor shown in Fig. 1 are
illustrated in Fig. 2. As shown in Fig. 2, because of the
in-phase input voltage v;,(#) and current i;,(¢), the input power
Din(r) 18 a double-line frequency sinusoidal function. Since
the output power Po is constant, so the demanded power to
the output dc bus pcpys(¢) should be a sinusoidal function,
too. Eventually, the output voltage v,(t) has an avoidable
voltage ripple with the magnitude of AV, as expressed in (4).
By assuming the ideal bidirectional converter in the active
capacitor with no power loss, the pcps(¢) can be distributed
into C, and C,, which can be express as:

Pchus(t) = pca(t) + pco(t) (6)

From (3) and (6), the power delivered into the auxiliary
capacitor Cq, pcy(2), in the active capacitor can be expressed
as:

dv,(t)
Pca(t) = Py cos Qwt) — Covy(t) P
(r=om)
=P, — —P, ) cos Rut) (7)
Cbus

in(1)4
"N TN T/

>
N

\ 4

Vo(t) 5&%’:&%—41 V,

PCa(t)
PCo(t)

Va(t) K— —

1/8T,. 3/8T, 5/8T, Tt

FIGURE 2. The conceptual voltage, current, and power waveforms of the
AC-DC converter with an active capacitor.
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where pc,(t) is the power of C,. As shown in Fig. 2 and
the above derived equation (7), the waveforms of the pc,(¢),
pco(t) and pcpys(¢) are all in phase. In addition, the voltage
of the auxiliary capacitor, v,(?), can be obtained by following
the similar derivation steps for (4) with the power expression
shown in (6). Eventually, the following equation for v,(¢) can

be obtained:
P, (1 — %)
2wChusVy
1 .
= Vo +vaac®) =Va+ EAVH sin(2wt) (8)

va(t) =V, + sin(2wt)

where V, is the average voltage, v, 4(t) is the ripple volt-
age, and AV, is the peak to peak voltage amplitude. From
(4) and (8), it can be seen that v,(¢) and v,(¢) are in phase
as illustrated in Fig. 2. However, it should be mentioned
that the derivation of (4) and (8) has ignored the harmonic
components of the dc bus voltage ripple as mentioned in [4].

From (8), it is clear that v,(¢) should be in phase with v,(¢)
to achieve the best fluctuation power absorption at the dc bus.
Therefore, the most important task for the active capacitor is
to control the v,(¢), where the average voltage V, and the
amplitude of the sinusoidal function AV, are two crucial
parameters. To achieve an appropriate v,(¢) control, the elec-
tric energy distribution among various capacitors should be
explored.

As shown in Fig. 2, the instantaneous input power is
higher than the constant output power during the time period
of 3/8T,. to 5/8T,., where T, is the period of ac mains.
The exceed power should be absorbed by the dc bus capaci-
tor Cpys. From (3) and (4), the energy of Cp,s during 3/8T,
to 5/8T,. time period can be expressed as:

STac/8 STac/S
AE = /:;)Tac/g pCb”s(t)=/.;aTaC/8 P, cosRwt)

STac/S
= / Chus@ VoAV, cosCwt) = Cpys Vo AV, (9)
3Ta¢/8

Since the active capacitor will be used to replace the origi-
nal dc bus capacitor, the original energy stored C,,s should be
delivered into the two capacitors, C, and C,, inside the active
capacitor. Similar to (9), the absorbed energy of the active
capacitor can be expressed as:

5T
K
AE = AEcq + AEc, = Pco(t)+pca(t)
3T/8
1 2 2 2 2
= E [CO(V(),max - Vo,min) + Cﬂ(vu,max - Va,min)]
= C,V,AV, + C,V,AV, (10)

From (5), (9) and (10), the output power can be expressed
as:

P, = wAE, = CpyswV,AV, = CoawV,AV, + C,wV,AV,
(11)
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From (11), to minimize the size of capacitors, C, and Cg,
the production of V, and AV, should be maximize, since
parameters P,, V,, AV, and @ are known parameters. Also,
it should be noticed that high V, and AV, values imply high
voltage stress for components.

% Vripple . Vcomr_ l: ”

FIGURE 3. The block diagram of the proposed RCC with typical
waveforms.

B. RIPPLE CANCELLATION CONTROL (RCC)

Based on the derived equations, a novel RCC method for
the active capacitor is proposed. The proposed RCC method
aims to cancel out the voltage ripple v, 4(f) of the dc
bus by controlling the auxiliary capacitor’s voltage v,(?).
Fig. 3 shows the conceptual control block diagram of the
proposed RCC method with corresponding waveforms. The
proposed RCC method is very simple and can be categorized
as a feed-forward control. No conventional controllers, such
as PI or PID compensators, are required.

In Fig. 3, a band-pass filter (BPF) is used to extract the ac
component, Vyjpple, of the output voltage v, (¢), so its pass band
should be located around the double line frequency, 120Hz.
Different types of BPFs can be adopted to fulfill the task.
In this paper, the BPF consists of a high pass filter and a
second-order low pass filter. The high pass filter is designed
to block the dc component but also to maintain sufficient
gain for the double-line frequency. So the cut-off frequency
is chosen to be 12 Hz. On the other hand, the second-order
low pass filter is designed to suppress the 100kHz switching
noise. Various types of second-order low pass filters, such
as the Butterworth filter, can be adopted. In this paper, the
second-order low pass filter consists of two single-pole low
pass filters. The cut-off frequency of the first low pass filter is
chosen to be one tenth of the switching frequency, i.e. 10kHz.
In order to further attenuate the high frequency noise, another
low pass filter with the cut-off frequency placed at around
1kHz is adopted.

Then an appropriate constant value, voger, Which is used
to control the average value of the auxiliary capacitor Cy,,
will be added in the loop to generate the control signal veonsror
for the PWM comparator. Eventually, the gate signal d(¢) of
the bidirectional converter inside the active capacitor will be
generated to control the auxiliary capacitor’s voltage, v,(t).

The main advantage of the proposed RCC method is its
simplicity. Unlike other active capacitors, no current sensors
implementation is needed. Also, it can be applied to different
circuit topologies of active capacitors. Further design analy-
ses will be presented in the following section.
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FIGURE 4. Three possible bidirectional converts for active capacitor
(a) buck type; (b) boost type; (c) buck-boost type.

IV. ACTIVE CAPACITOR ANALYSIS

The objective of the active capacitor is to replace the con-
ventional electrolytic capacitor. Therefore, the size and com-
ponent counts of the bidirectional converter inside the active
capacitor should be considered in the first place. In this paper,
as shown in Fig. 4, only three basic types of bidirectional
converters, which are buck, boost, and buck-boost, will be
analyzed. Two important features of the active capacitor,
power storage capability and impedance, using different types
of bidirectional converters are analyzed.

A. ENERGY STORAGE CAPABILITY

To evaluate the energy storage capability of the active capac-
itor, an important energy storage capability index, Ey, is pro-
posed and defined:

Ey = V,AV,. (12)

In (12), V, can be obtained by the voltage transfer function,
in term of duty ratio D, and the input terminal voltage, V,,
of the bi-directional converters. The following well-known
equations are for buck, boost, and buck-boost converters,
respectively.

V, =DV, (13a)
1

Vi = SVO (13b)
D

Va = EVO (13C)

On the other hand, AV, is the difference between the
possible maximum and minimum values of V,, which is also
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related to the maximum and minimum values of D and V,, as
shown in the following:

1
Dyax = D+ =AD

14

5 (14a)
1

Dyuy =D — EAD (14b)
1

Vomax = Vo + EAVO (14¢)
1

VOrnin = Vo - EAVO (14d)

where AD and AV, are variation quantities of D and V,,
respectively. It should be mentioned that AV, is the peak
to peak value of the double line frequency ripple of the dc
bus voltage. Also, AV, is relatively small by comparing to
the constant dc bus voltage. From (9), to achieve an in-phase
voltage at the auxiliary capacitor, the duty ratio can be
expressed as:

1
d(t) = D+ 5 ADsin 201 (15)

As the control block diagram shown in Fig. 3,
the demanded quantities of D and AD can be achieved by
the design of the BPF voltage gain and the value of vygye;.
By combining (12) through (15), the power index for buck,
boost, and buck-boost type bidirectional converters can be
derived as:

EX,buck = VaAVa
1 1
=DV, |:(D + EAD)(VO + EAVO)
1 1
—(D — EAD)(VU — EAVO)
= DV, (DAV, + V,AD) = V2DAD (16)
EX,boost - VaAVa

1 1
V. Vo + AV,

1 1
- (V,— =AYV,
1—(D—%AD)( 2 )}

1 ADV,
V, -
1-D (1—-D)> — ;AD?

B ADV?
~ (1-D)*—1ADX1-D)
EX,buck—buost

a7

= V,AV,
D (D + 3AD) 1
= o 1 Vo + 5AV,)
1-D " 1-(D+1AD) 2
D — $AD 1
_(—21)(1/0_ —AV,)
1—(D-1AD) 2
_ D V,AD
= o X 1
1-D (1 —D)?> — ;AD?
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FIGURE 5. The energy storage capacity for different types of bidirectional
converters (a) buck;(b) boost;(c) buck-boost.

B DADV}?
~ (1-DP¥—(1-D)iaD?

(18)

Under the same value of V,, the energy storage capac-
ity index can be further normalized by dividing Vé,
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as expressed in the following:
Ey

,nom = 5
Vo

Ex (19)

From (15) through (19), the normalized power storage
capacity index, Ey nom, for different circuit topologies are
determined by the parameters D and AD. Also, it should
be noticed that the duty ratio should meet the following
constrain:

1
0<D:|:(§AD> < 1. (20)

Eventually, the normalized power storage capacity index
for buck, boost, and buck-boost converters under different D
and AD conditions can be illustrated as Fig. 5. It can be seen
that the boost type converter can achieve higher Ey ., than
others and is suitable for active capacitor implementation.

B. IMPEDANCE ANALYSIS

The active capacitor is expected to act like a normal capacitor,
so its frequency (s-domain) analysis is essential. By using the
Laplace transform, the time domain equation of a capacitor’s
voltage and current can be transferred into the impedance
function block Z.,(s), as shown in Fig. 6, where the input is
ico(s) and the output is v, (s).

i(‘,a(t) V()(t)

(,‘o_—[ E \/\ l(,& ZC()(S) — 7 VO(S)

= l

FIGURE 6. The impedance of capacitor calculated by using Laplace
transform.

To analyze the performance of the active capacitor, a novel
impedance model, which consists of the circuit topology with
the controller, is proposed. Fig 7(a) shows the time domain
function block diagram of the active capacitor with the pro-
posed RCC method. The gate signal d(¢) of the bidirectional
converter is produced by the PWM generator with respect to
the ripple voltage veonsori(t) at the dc bus terminal by using
the BPF. It should be mentioned that the auxiliary capacitor
C, is included inside the bidirectional converter.

Similarly, by using the Laplace transform, the s-domain
function block of Fig. 7 (a) can be obtained and shown
in Fig. 7(b). The impedance of the entire active capacitor,
Zcpus(s), 1s the transfer function of the input current icp,s to
the dc bus voltage v,,. Because of the close-loop control of the
bi-directional converter, the input current icp,s actually con-
sists of two elements. One is the steady state current, icpys, ss
produced by the open loop operation of the bidirectional
converter. The other is the compensation current icpys,com
generated by the negative feedback control loop. Since the
ichus.com 15 generated according to the dc bus voltage v,
and the control loop functions of the bi-directional converter,
the s-domain block diagram of the active capacitor can be
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FIGURE 7. The derivation of impedance model (a) the conceptual
diagram of the active capacitor with the proposed RCC; (b) the sdomain
impedance model after Laplace transformation.

ActlYe Vo(t)
Capacitor

\4

Fin [ A(s)

TABLE 1. The impedance Zg;(s) and the duty-to-current G;4(s) transfer
function for different bidirectional converter.

iCblS(S)
types Zpi(s) Gl =45
- v, (5)=0
o\ s s
+—->- 4 DVC,—/———-
Buck 1 [Wn]] OpuWol s 2+ S
DZC,, K Wy Op W,
K
1+
s s 1 w,
— | + —+1 L zl
Boost (I—D)Z(Wgzj OpoWo2 (1-D) 5 V? s
c. S [ j + +1
Woo QBDW02
) S
s s I+—
ek oy (5] gy 2 =
Boost 2 03 BBWo3 (l—D)z 5\ 5 1
D7C, § Wo3 " OB Wo3 "

Note: Detail expressions for parameters in TABLE I are:

L 1
Oy =4 C. R +Re o)

L =D L __1-D
B0 =\[C, R, +Ro(1-D) 88 =\ T, R, 7 R(1-D)

1 1-D

Wor == Wo2 = Wp3 =F——

e, 7 L,
1,(1-D) I

AT ALR] P TC1,4]

drawn as shown in Fig. 7 (b). In Fig. 7 (b), Z(s) is the
equivalent impedance of the bi-directional converter. Because
a necessary small capacitor C, at the dc bus is included in the
impedance model, the value of Z(s) can be determined by the
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bidirectional converter’s impedance, Zp;(s), in parallel with
the small capacitor C,, as shown in (21).

Vo(s) _ 1
iCbus,ss(s) d(s)=0 5Co

Z(s) = //ZBi(s) 21

The derivation of Zg;(s) for different bi-directional convert-
ers can be found in the Appendix.

TABLE 2. Specifications of the active capacitor for computer simulation.

Symbol Quantity Value
L Inductor of active capacitor 3004 H
Ve, Average voltage of AC-DC converter, 208V
D Average Duty of active capacitor 0.5
I Average inductor current of active capacitor 0.02A
C, Auxiliary capacitor SuF
C, Output capacitor 30uF
Fin Peak to peak of v,; 0.8
R ESR of inductor 1.3Q
Rc ESR of capacitor 15mQ

Also, in Fig. 7 (b), A(s), Fm, and Gj4(s) are the
s-domain functions of the BPF, PWM comparator, and
the bi-directional converter’s duty-to-current transfer func-
tion, respectively. It should be mentioned that A(s) and Fp,
remain the same, but Gj;(s) will be different for differ-
ent bi-directional converters. The mathematical derivation
of the Gj,(s) for different circuit topologies is presented in
the Appendix. Table 1 shows the mathematical expressions
of the Zgi(s) and Gj;(s) for buck, boost, and buck-boost
type converters, where Ry, and R¢ are the equivalent series
resistance (ESR) of the inductor and capacitor, respectively.
Eventually, the equivalent impedance of the active capacitor,
Zcpus(s) in s-domain can be expressed as:

Z(s)

ZonsS) = X A®) X G X Bl 1 2

To validate the derivation of the impedance of the proposed
active capacitor, specifications shown in Table 2 will be used
for computer simulations. From (21), Table 1, and Table 2,
the Bode plots, both magnitude and phase, of the impedance
of those active capacitors implemented by buck, boost, and
buck-boost converters can be drawn and shown in Fig. 8.
It can be seen that as the frequency increases, the equivalent
impedance of these active capacitors will decrease which
agrees with the characteristics of a regular capacitor. Because
of the zeros and poles of the bi-directional converters and
their control loop, quick impedance variations exist within a
specific frequency range. Also, because of the double zeros,
the impedance Zp;(s) has the positive slope at the high fre-
quency range. However, because of the parallel connection
with C,, the impedance of Z(s) at high frequency range will
be dominated by C,. On the other hand, both transfer func-
tions A(s) and Gi4(s) have negative slope at high frequency
range. Eventually, at the high frequency range, the impedance
magnitude of Zcpys shown in (22) can be approximated to
Z(s), which is also dominated by C,.
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FIGURE 8. The Bode plots, both magnitude and phase, of the active
capacitor impedance implemented by buck, boost, and buckboost
converters.

As shown in Fig. 8, under the same line frequency,
i.e. 60Hz, the boost type bi-directional converter can achieve
a lower equivalent impedance which implies a higher capaci-
tance with higher energy storage capability. It should be men-
tioned that different parameters in Table 1 and Table 2 will
lead to different equivalent impedance plots. However, with
the same parameters, the boost type bi-directional can always
achieve the highest equivalent capacitance. For instance,
as shown in Fig. 8 and (23), the equivalent capacitances for
the buck, buck-boost, and boost type active capacitors are
S0uF, 134, F, and 176 4F, respectively.

1
0 = 2 % Zeme (@) @

It should be mentioned that the derived impedance model
shown in Fig. 7 (b) can be adopted for stability analysis of
the proposed active capacitor. Conventionally, to obtain the
stability judgment function from the control loop, the feed-
back path of the output voltage, v,(s), will be disconnected
and a disturbing signal, v;,ise(s), should be injected into the
compensated error amplifier. Then, the stability judgment
function, SJ(s)=v,(s)/Vyoise(s), can be obtained. The Bode
plots of SJ(s) function should have sufficient gain margin and
phase margin to ensure the converter’s stability.

Similarly, for the s-domain impedance model of the active
capacitor shown in Fig. 7(b), by breaking the path from
the output voltage, v,(s), but injecting a disturbing sig-
nal, vpise(s), into the BPF, the stability judgment function
STa—cap(s) = Vo(8)/Vpoise(s) can be obtained. It should be
mentioned that the Cpy,s current, icp,,(s), should be set to
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zero. By applying parameters shown in Table 1, Table 2,
and (21), the Bode plots of the stability judgment function
SJa—cap(s) for the active capacitors implemented by various
bi-directional converters are shown in Fig. 9. From Fig. 9,
the gain margins for boost, buck-boost, and buck type active
capacitors are 18dB, 18.8dB, and 30.5dB, respectively. Also,
the negative magnitude values in the whole frequency range
indicate the satisfaction of phase margin. It can be seen that
the presented impedance analysis in this paper is crucial for
stability analysis. From Table 1, Table 2, and (21), the load
value, the auxiliary capacitor C,, and the active capacitor
inductor value can be designed to meet the stability criteria.

Bode Diagram
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@
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FIGURE 9. The Bode plots of the stability judgment functions of the
proposed active capacitors.

V. SIMULATION RESULT

The performance of various active capacitors with the pro-
posed RCC method can be verified by computer simulations.
In this paper, the computer simulation software, Simplis,
is used, and the proposed active capacitor is adopted for the
AC-DC PFC converter application. Since the boost circuit
topology can achieve relatively higher energy storage capac-
ity, the boot-type active capacitor is first used to validate the
correctness of the proposed mathematical model. The specifi-
cations of the PFC converter are: input voltage V;,=110Vrms,
60Hz; output voltage=208Vdc; output power = 110W, while
those ones for the active capacitor are shown in Table 2.

Fig. 10 shows the simulation results of the boost type active
capacitor with the proposed RCC for the PFC converter.
In Fig. 10 (a), the voltage waveform of the auxiliary capacitor
inside the active capacitor is shown on the top and the dc
output voltage of the PFC converter is shown on the bottom.
The average voltage of auxiliary capacitor V, is found to be
416V which agrees with the voltage transfer function of boost
using circuit parameters shown in Table 2. Also, the peak-
to-peak voltage ripple of the auxiliary capacitor AV, is 145V
which meets the value calculated by (11).

On the other hand, by using the bode-plot function with
the inherent ac sweep function build in the Simplis, the input
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FIGURE 10. The simulation results of PFC converter with boost type
active capacitor (a) voltage waveforms (b) the impedance Bode plots of
the boost type active capacitor.
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FIGURE 11. The simulation results of PFC converter with buckboost type
active capacitor (a) voltage waveforms (b) the impedance Bode plots of
the boost type active capacitor.

impedance of the boost type active capacitor in frequency
domain can be obtained and shown in Fig. 10 (b). It can
be seen that the bode plots shown in Fig. 10 (b) agree with
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TABLE 3. Specifications of UCC28189.

Symbol Quantity Value
Vi Input voltage 85~265Vac
Vo Out voltage 208Vdc
Siine Input frequency 47~63Hz
P, Rated power 110W
fsw Switching frequency 120kHz
PF Power factor 0.99
THD Total harmonic distortion 4%

1] Full load efficiency 94.5%

the plots shown in Fig. 8, which are derived by the proposed
mathematical model.

Furthermore, the equivalent impedance at 120 Hz obtained
from Fig. 10 (b) is 17.4 dBS2, which is equivalent to a 176 uF
capacitor operating at 120Hz. On the other hand, the mea-
sured peak to peak output voltage ripple from Fig, 10 (a) is
8.5V, which agree with value obtained from (5) using an
equivalent dc bus capacitor 174uF. On the other hand, the
measured impedance from Fig. 10 (b) is —5.8dB£2, which is
equivalent to a 30 F capacitor operating at 10kHz.

Similar simulation results for the buck-type and buck-boost
type active capacitors are shown in Fig. 11 and Fig. 12.
As shown in Fig. 11 (a), under the same operation condi-
tion, the auxiliary capacitor voltage has an average value
of -208V with a 11.5 V ripple voltage, which agree with
the values calculated by (11). The dc bus voltage ripple is
11.5V, which agrees with the value calculated by (5) for an
equivalent 134 uF Cpys. On the other hand, the impedance

VOLUME 9, 2021

FIGURE 14. The prototype of the boost type active capacitor with the
proposed RCC.

curve shown in Fig. 11 (b) agrees with the one shown in Fig. 8.
Also, the 19.8dB2 at 120Hz indicates that the buck-boost
type active capacitor has an equivalent capacitance value
of 134 uF which agrees with the Simplis simulation wave-
form obtained from Fig. 11(a). For the simulation results
shown in Fig. 12, the equivalent capacitance can be found to
be 55 F, which meets the voltage waveforms and impedance
curve.

VI. EXPERIMENTAL RESULT
The active capacitor with the proposed RCC can be adopted
for various applications. As shown in Fig. 13, an evalua-
tion board, TI UCC28189EVM-573 AC-DC PFC converter,
is adopted to verify the performance of the active capacitor
with the proposed RCC. The specifications of the AC-DC
PFC converter are shown in Table 3. A variable capacitor
bank with manual switches is connected to the output termi-
nal of the AC-DC converter for performance comparisons.
The prototype of the boost type active capacitor is shown
in Fig. 14, while its specifications are shown in Table 2.

The experimental results of the AC-DC converter using
a conventional DC capacitor bus or using the prototype
active capacitor are shown in Fig. 15 (a) and Fig. 15 (b),
respectively. In Fig. 15(a), waveforms from top to the bot-
tom are dc output voltage ripple v, 4(f), input ac voltage
vin(t) and current i;,(¢). The input voltage and current wave-
forms are in phase which implies a very good PFC feature.
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FIGURE 15. The experimental results of the AC-DC PFC converter (a) with
a DC-Bus (b) with the proposed active capacitor.

Vo |,

To observe the voltage ripple clearly, the oscilloscope is setup
at the ac mode. Under the operation condition of P,=110W,
V,=208V, C,=176F, with 60Hz line frequency, the calcu-
lated output voltage ripple from (9) is AV,=8.3V. As shown
in Fig 15 (a), the measured dc bus voltage ripple is 8.5V,
which is very close to the calculated theoretical value.

Then, the output capacitor bank is replaced by the proto-
type active capacitor with the propose RCC method while
the AC-DC converter remains unchanged. The measured
waveforms are shown in Fig. 15(b). The auxiliary capacitor
voltage is shown on the top followed by the waveforms for
Vo,acs Vin, and i;,. The measured voltage ripple is 8.6V which
is about the same for the one using the conventional dc
bus capacitor. The voltage ripple on the auxiliary capacitor
is 145V which agrees with the design procedure presented
in (11) and the simulation result. In other words, the active
capacitor can achieve the equivalent circuit performance of
the conventional capacitor using much smaller capacitor. The
auxiliary capacitor used in the active capacitor is SuF which
is about 35 times smaller than the original dc bus capacitor,
176 uF.

VIi. CONCLUSION
The novel RCC method for active capacitors using different
circuit topologies was proposed in this paper. First, the power
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flow in the ac-dc converter was introduced. Then, the power
flow of the active capacitor was analyzed. Based on these
analyzed power flows, the novel and simple RCC method
for the active capacitor was proposed. The proposed RCC is
simple and can be easily realized by using analog circuits.
The power density of the active capacitor can be improved
since no current sensor is required. Furthermore, the proposed
RCC method can achieve 35 times of the equivalent capaci-
tance of the auxiliary capacitor C,. Also, a new approach for
developing the mathematical model of the active capacitors
implemented by different circuit topologies is also proposed.
The energy storage capability and the impedance analysis
by using the developed mathematical model are presented
to verify the performance of the active capacitors with the
proposed RCC. The accuracy of the derived mathematical
model and the performance of the proposed RCC method for
different types of active capacitors are verified by computer
simulations and hardware experiments.

APPENDIX

The mathematical equations for the boost-type bidirectional
converter is presented in this section to illustrate the transfer
function derivation shown in Table 2. Transfer functions for
buck-boost and buck types of bidirectional converters can be
obtained by using the similar derivation process presented in
this section.

A. STATE-VARIABLE EQUATIONS
The boost-type bidirectional converter, as shown in Fig. 4 (b),
is designed to operate in the continuous-conduction mode.
The state variables, including dc bus voltage v,, auxiliary
capacitor voltage v,, and inductor current i, can be expressed
as a vector x:
Vo
x=1 v (A1)
iL
Based on the status of the switch SWp, either on or off,
the state equations for the two circuit states can be expressed
as:

for0 <t < dTy
fordTy, <t <T

(A2.2)
(A2.b)

X = A1x + Biicpus
X = Azx + Baicpus
where icpys 1s the input of the bidirectional converter and d is

the duty ratio of switch D. The state matrices A1, By, Az, and
B> will be derived as follows.

B 1 N
00 b 00 -
C, 1
Ai=|00 O ; A2=10 O o ;
Ly R 1 1 R.$Re
L L L L I L
-1 1
By = %’) i Ba= %"
L 0 0
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B. AVERAGED STATE VARIABLE EQUATIONS

The averaged state variable equation can be obtained by
combining (A2.a) and (A2.b) with duty ratio as the weighting
factor. It can be expressed as:

X =[A1d +Ax(1 —d)]x + [Bid + Bo(1 — d)]icpus (A3)

C. AC COMPONENTS OF STATE VARIABLES
Each state variable contains a steady-state dc component
X and a small-signal ac component x. Therefore, the state
variables shown in (A1) can be rewritten as:

Vo V, Vo
x=X+x=|ve|l=|Va|+|Va (Ad.a)
i, I, i,

Similarly, the input current icp,s and duty ratio d can be
expressed:

(A4.b)
(Ad.c)

icbus = Icbus + ;Cbus
d=D+d
By combining (A3) and (A4), eliminating the steady-state
dc components, and neglecting those terms containing the
product of X and d, the ac components of state variable can
be expressed as:
¥ =[AID +Ax(1 - D))
+[(A1 —A2) X + (B1 — B2) Icpus| d
+[B1 + B2(1 — D) ichus
= Ax + By (AS)

d

y= [’Ci"”} . A=AD+Ax1 - D);
B = [ B +By(1 — D)

(A1 — A2) X + (B — B2) Icius |

D. STATE VARIABLE EQUATIONS IN S-DOMAIN
By applying the Laplace transformation, the small-signal ac
components can be expressed in s-domain as:

sx(s) = Ax(s) + By(s) (A6)
where
vo(s) ,
0= |ty |t =[G |
ir(s)

In (A6), different circuit topologies have different elements
inside the matrices A and B. By combining (AS5) through
(A6), matrices A and B for the boost-type active capacitor
can be expressed as:

1
0 0 -
1%)
Cq
1 1-D R; 4+ Rc(1 — D)
L L L
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— 0
C,
B=|o _L (A7)
C.
0 V. + RclL
L

E. IMPEDANCE TRANSFER FUNCTION DERIVATION
The derivation of various transfer functions of the
bi-directional converter can be achieved by using the above
developed small signal state variable equations. For instance,
the impedance of active capacitor is defined as the transfer
function of v,(s) to icpys(s) while neglecting the disturbance
of d(s) by setting it to be zero.

From the s-domain state variable equations (A6) and (A7),
the following equations can be obtained:

$vo(s) = —CiOiL (s) + Cioiam(s) (A8.2)
—D
sva(s) = ir(s) (A8.b)
sip(s) = %m(s) - zDva(w - wlan
(A8.¢)

It should be mentioned that (A8.a) is the current equation
for the connecting node of L and C, as shown in Fig. 4(b).
On the other hand, the inductor current will flow into switches
SWp and SW|_p according to the portion of conduction
time, i.e. duty ration D or I-D. Therefore, (A8.b) reveals
the fact that switch SW{_p is connected in series with the
auxiliary capacitor C,. Also, (A8.c) can be obtained directly
by applying the Kirchhoff Voltage Law to the loop of C,, L,
and C,.

From (AS8.a) through (AS8.c) the impedance of the active
capacitor can be obtained:

1
Cy s
wmqiy s
Wo2 OBoWo2 +l1

(A9)

Vo(s)

iChus(s)

Z(s) =

d(s)=0 sCo +

where

1-D 0 L 1-D
2T VLG, % T\ C.RL+Rc(1-D)

By examining (A9), it can be found that the active capacitor
impedance Z(s) is the summation of two parallel connected
impedances, sC, and the equivalent impedance Zp; of the
bidirectional converter. Therefore, (A10) can be rewritten as:

1
ds=0  5Co

Vo(s)

iCbus, s (S )

Z(s) =

1Zpi(s) (A10)

where the impedance of the bidirectional converter is:

2
_(a-Dy (55) + gpos +1

d(s)=0 Ca s

Zpi(s) = i5i(o)

(A11)
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The impedance of buck type and buck-boost type active
capacitor can be derived by using the similar approach. Even-
tually, the equivalent impedance for different types of bidirec-
tional converter shown in Table 1 can be obtained.

F. TRANSFER FUNCTION DERIVATION FOR Gj4(s)

The derivation procedure of Gj4(s) is similar to the one for
Zgi(s). The Gj4(s) is the transfer function of d(s) to icps(s)
while neglecting the disturbance of v,(s) by setting it to be
zero. Similarly, the following equations can be obtained from
(A6) and (A7):

1 1
0= —C_oiL(S) + C_UiCbux(S) (Al3.2)
0= =Liw- L) (A13.b)
Sva(s) = ir(s) — —d(s .
a Ca L Ca
—-D R Rc(1—D
siL(s) = vl — L ECE Dy
V., + Rcl
+ %d(s) (Al3.c)
From (A13), the G,4(s) can be obtained and shown as:
iChus(8) I I+ Wizl
G =740 gmo - T=D1 (2 2
0(5)=0 - s b
o) (WUZ) + OBoWo2 +1
(A14)
where
I;(1—D)

WZI = = 7 5 3
Ca [Vc + ILRC]

The Gj4(s) of buck type and buck-boost type active capac-
itor can be derived by using a similar approach. Eventually,
the parameters are shown in Table 1 can be obtained.
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