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A Virtual RLC Damper to Stabilize DC/DC Converters Having an LC Input
Filter while Improving the Filter Performance

Xin Zhang, Member, IEEE, Qing-Chang Zhong, Senior Member, IEEE, and Wen-Long Ming

Abstract—The LC filter at the input of a dc/dc converter may
cause instability when the converter is controlled as a constant
power load (CPL) and one of the effective solutions is to reduce the
output impedance of the LC input filter with different stabilization
dampers. In this letter, the impact of these dampers on the L C filter
is analyzed with two-port network analysis and it is found that the
existing dampers all degrade the performance of the original LC'
input filter to some extent. In order to overcome this drawback,
an RLC damper is proposed to stabilize the whole system while
improving the performance of the L C input filter. In addition, this
RLC damper is also designed to achieve high robustness against
the parameter variations of the LC input filter. Furthermore, in
order to avoid the power loss when implementing the damper phys-
ically, a control strategy for the CPL is proposed to implement the
RLC damper as a virtual RLC (V RLC') damper. The actual
effectiveness of the VR LC damper and its impact on the CPL are
fully evaluated via two-port network analysis as well. Finally, ex-
perimental results from a 100-W 48-24-V buck converter with an
L C input filter are presented to demonstrate the proposed V RLC
damper.

Index Terms—Constant power load, dynamic, input filter,
robustness, stability, two-port network, virtual RLC damper.

1. INTRODUCTION

OST dc/dc converters in practice are cascaded with an

LC input filter to mitigate the propagation of switching
harmonics back into the source [1]. However, the tightly reg-
ulated dc/dc converters always behave as constant power load
(CPL) and have a negative incremental input resistance within
the bandwidth of its control loop, which reduces the system
damping and may destabilize the system [2], [3].

Since the reduced system damping caused by the CPL is the
root of instability problem in cascaded systems [2], the most
intuitive solution is to increase the system damping by using
dampers [4]-[6]. Three typical dampers are depicted in Fig. 1,
where the elements in the dashed line are used for damping.
They are called the RC' parallel damper [see Fig. 1(a)], the RL
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Fig. 1. Typical dampers and application. (a) RC' parallel damper. (b) RL
parallel damper. (c) RL series damper. (d) Application.

parallel damper [see Fig. 1(b)] and the RL series damper [see
Fig. 1(c)], respectively. For the system shown in Fig. 1(d) with
these dampers, the peak of the output impedance of the LC
input filter can be damped and a total separation between |7, |
and |Z;| can be ensured to fulfil Middlebrook criterion [2].
Here, Z, is the output impedance of the damped LC' input filter
and Z;, is the input impedance of the CPL.

Although these filter dampers can stabilize the cascaded
system, their impact on the LC' input filter is always ignored
and rarely reported. In this letter, their impact is carefully
analyzed via two-port network analysis and it is found that, all
these dampers degrade the original LC' input filter performance
to some extent. To solve this problem, an RLC' damper is
proposed in this letter, which not only can stabilize the system
with improving the performance of the LC' input filter, but
also can achieve high robustness to the parameter variations
of the LC' input filter. By the RLC damper, a virtual RLC
(VRLC') damper is further proposed to avoid the power loss
of the passive components via changing the control block
of the CPL. It should be stressed that, though the VRLC
damper is similar with the PVI control strategy in [7], they
are essentially different. The PVI control strategy stabilizes
the system via shaping the load input impedance without
considering the source performance. However, the V RLC
damper stabilizes the system by shaping the output impedance
of the LC input filter while improving the filter performance.
Finally, the proposed V RLC damper is experimentally verified
by a 100-W buck converter with an LC' input filter.

II. EXISTING DAMPERS AND THEIR IMPACT
ON THE LC INPUT FILTER

A. Review of the Existing Dampers

In this section, the existing dampers are reviewed under the
same design principle: 6-dB(2 system gain margin (GM) [8].

1) RC' Parallel Damper: According to [4], Fig. 1(a) and
6-dBS2 GM stability requirement, the components C; and R; of
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the RC parallel damper can be designed as

), = me (1)

R, —Rof¢<2+m><4+3m>/@n$ (+m)] @
where

Rt = \/Ls/Cp.m = [R?)f/ (ZZ-L/lozﬁo)z)]

-{1+ \/1+4 [(Zwﬂofb)?/fzgf} }

2) RL Parallel Damper: According to [4], Fig. 1(b) and
6-dB{2 GM stability requirement, the components Lo and R5 of
the RL parallel damper can be designed as

Ly = noLy (3)

Ry = Rof\/m) (3+4n2)(1+2n2)/[2(1+4n2)] 4

where ny = 5{\/1 +4[(Zip, /1077)2 JR2] — 1},

3) RL Series Damper: According to [4], Fig. 1(c) and
6-dB{2 GM stability requirement, the components L3 and R3 of
the RL series damper can be designed as

L3 = ngLf (5)
-1
R; = R, 6
3= ot | = B ) (4 4 3my) ©)
where
N2
ng = 1+4 (ZiL/lo;‘O> /Rgf +3

{ (ziL/loz%)Q/Rgf _2}1.

It is known that, all the aforementioned dampers can ensure a
total separation between |Z, | and |Z; | to stabilize the system
[4], [5]. However, their impact on the LC' input filter has not
been analyzed enough in the existing literature. Therefore, the
impact of existing dampers on the LC' input filter is carefully
analyzed by two-port network model in Section II-B and II-C.

B. Generic Two-Port Network Model of the LC' Input Filter
With Different Dampers

In Fig. 2(a), the generic two-port network circuit model of
the LC input filter with different dampers is presented, where
vin and vy are the filter input and output voltage, respectively;
tin and ipyg are the filter input and output current, respectively;
A, (s) and B, (s) represents the impedance of the filter inductor
branch and capacitor branch, respectively. The further descrip-
tion of A, (s) and B, (s) is presented in Table I. In Fig. 2(b),
the two-port block diagram of Fig. 2(a) is given, where Z(s)
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Fig. 2. Generic two-port network model of the LC' input filter with different

dampers. (a) Circuit model. (b) Block diagram.

TABLE I
DEFINITIONS OF A, (s) AND B; (s) IN DIFFERENT DAMPERS

LC input filter A —— B+

Original (x=0) —’Y,?’"‘— — L;—
RC parallel damper (=1)| —~pn— |t F—1e
RL parallel damper (x=2) 7] % _| l"-r_
RL series damper (x=3) ;;.;, 1, — |(,_
Proposed damper (x=4) | — " — m

is the output impedance; 1/Z; (s) is the input voltage to input
current transfer function; Gy (s) is the input to output voltage
transfer function; and G (s) is the load to input current transfer
function. Here, the subscript x = 0 ~ 4 denote the cases with
no damper, RC' parallel damper, RL parallel damper, RL se-
ries damper, and the latter proposed damper, respectively. As
well known, the performance of the LC' input filter can be fully
described by Zoy (s) ~ Gix(s), which can be derived as

_ i) A) B

Zox(s) = on(5) o, o0 () Buls) D
Vuio) = 23 o o Ew ©
Gulo) = 323 A DiEm
Gisls) = ;((SS)) T Aﬂ(gfﬁ%() (10)

C. Impact of Existing Dampers on the LC Input Filter via
Two-port Network Analysis

According to Section II-B, the performance of the LC input
filter can be fully evaluated by two-port network analysis with
four transfer functions: Z (), 1/Zix(s), Gyx(s), and Gix(s),
where Z,(s) reflects the impact of the (load) current ip,s on
the (load) voltage vpus; 1/Zix (s) reflects the impact of (input)
voltage variations of v;, on the (input) current 4;,; Gy () reflects
the impact of (input) voltage variations of vy, on the (load)
voltage vn,s; and Giy (s) reflects the impact of the (load) current
ipys ON the (input) current ¢;,. However, all the existing dampers
are only focused on how to damp | Zox ()| to ensure the system
stability while ignoring their other impact on Zoy (), 1/Zix(s),
Gix(s), and Gy (s). Therefore, in order to analyze the impact of
the existing dampers on the LC input filter, the existing dampers
impact on Zoy (8), 1/Zix(s), Gvx(8), and Gix (s) are thoroughly
analyzed in this section. Moreover, in order to show the results
in a clear way, a specific LC input filter is taken as an example to
facilitate the analysis. The parameters of the example LC' input
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TABLE II
PARAMETERS OF THE EXAMPLE LC' INPUT FILTER WITH DIFFERENT DAMPERS

PARM Value PARM Value PARM Value PARM Value
Vin 48V Cy 50 F Ly 1.5 mH Ly 1.9 mH
Vius 48V R 650 Ry 170 c, 27 uF
Py 100 W 4 60 uF L3 1 mH
Ly 1 mH Ro 6.5Q Ry 11.5Q
= 801 i e ] m S
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Fig. 3. Impact of different dampers on the LC input filter. (a) Zox (s);
() 1/Zix (5): (©) Gyx(s); and Giy (s).

filter and its dampers are given in Table II, where the existing
dampers are designed according to [4] with 6-dB2 system GM.
In addition, For the CPL, its Z;;, is equal to —V{fus /P,, where
P, is the output power of the CPL and its value is also listed in
Table II.

According to (7) and Table I and II, the Bode plots of Z, (s)
with different dampers are depicted in Fig. 3(a). It is shown that,
the peak of | Z (s)| can be damped by all the dampers to ensure
6-dBS) GM stability of the cascaded system. However, the RL
series damper increases | Z,y (s)| at the lower frequency range.
Since a higher | Z,(s)| means a poorer suppression ability of
Vpys to the disturbance of iy, the RL series damper has worse
impact on Z (s).

According to (8) and Table I and I, the Bode plots of 1/ Z;, (s)
with different dampers are presented in Fig. 3(b). Itis shown that,
though the peak of |1/Zi« (s)| can be damped by all the dampers,
the RC parallel and RL parallel dampers increase |1/Zix(s)]
at the lower and higher frequency range, respectively. Since a
higher |1/Z;, (s)| means a worse suppression ability of 4, to the
disturbance of v;,, both RC parallel and RL parallel dampers
have worse impact on 1/Z;(s).

By (9) and (10), since Gy« (s) is same with Giy (s), they are
depicted by the same Bode plots in Fig. 3(c).

For G (s), if it has a higher cutoff frequency, vp,s Will have
a quick dynamic response to vy,. According to Fig. 3(c), the
cutoff frequency of G (s) is increased when adopting the RL
parallel damper, but reduced when adopting the RC' parallel
or RL series dampers. Therefore, the RL parallel damper has
better impact, but the RC parallel and RL series dampers have
worse impact on Gy (s).
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TABLE IIT
IMPACT ON LC' INPUT FILTER WITH DIFFERENT DAMPERS
Damper—mPacl Z,(s) | 1/Z(s) | Guls) | Guls) [System stability
Without damper [Normal|Normal{Normal|Normal|  Unstable
RC PAR. Better | Worse | Worse | Better Stable
RL PAR. Better | Worse | Better | Worse Stable
RL SER. Worse | Better | Worse | Better Stable
Proposed damper| Better | Better | Better | Better Stable

For Giy (s), since it reflects the suppression capability of i,
to the harmonic of 7y, it determines the resistance to electro-
magnetic interference of the LC' input filter [4]. Therefore, the
lower cutoff frequency of Gix(s) and the smaller |Gix (s)|, the
better. By Fig. 3(c), the resonant peak of |G}y (s)| is damped by
all the dampers, the cutoff frequency and amplitude of Giy (s)
is reduced by both RC parallel and RL series dampers. How-
ever, the RL parallel damper increases the cutoff frequency and
amplitude of Gix(s). Hence, both RC parallel and RL series
dampers have better impact, but RL parallel damper has worse
impact on Gix(s).

The impact of the existing dampers on the LC input filter is
finally concluded in Table III. Although all the existing dampers
can realize their stabilization function, they degrade the perfor-
mance of the LC' input filter to some extent. Note that, the
impact of the damper to be proposed later on the LC' input filter
is also included in Table III for comparison.

III. PROPOSED RLC DAMPER

A. Design Principle of the Proposed RLC Damper

To overcome the drawbacks of the existing dampers, an RLC'
damper is proposed, which is added in parallel with the output
of the LC input filter and composed by a resistor Ry, an induc-
tor L4, and a capacitor C'y [see Fig. 4(a)]. The impedance of
this RLC damper is Zrrc(s) = Ry + sLy + (1/sCy), whose
Bode plot is depicted in Fig. 4(b). As seen, the characteris-
tics of Zrr ¢ (s) is similar with a band-stop filter, whose stop
band is (f1, fQ)Z Iff < fl, ZRLC(S) = 1/304;Iff S [f1, fQ],
Zpro(s) =Ry, and If f > f1, Zrpo(s) = sLy. Thus, the
RLC damper only plays its damper function during [f, f2],
in which R, is equivalently added in parallel with Z,,. Here,
fl = 1/(27TR4C4) and fz = R4/(27TL4)

For the CPL and its input LC filter, if their system does not
have enough stability GM, |Z,o(s)| will be intersected with
| Z;1, /10(GM/20)| - Considering Z,(s) = sL;/(s*L;Cy + 1)
and Z;;(s) = —V_2,/P,, the Bode plots of Z,(s) and
Z;1, /10(GM/20) are depicted in Fig. 4(c). As seen, |Z,o(s)]
is intersected with | Z;; /10(GM/20)| at f; and fy, where

P, 105 4V O
fr= —r | (11)
47rCbeus PUZIO T0 Lf
P,10% 4VA Cy
= Lt st ) (12
= G2, P2105T Ly (12)

Since Z,4(8) = Zo0(8) || Zrrco(s) and by Fig. 4(b) and
(c), if the system GM is required to be realized with a min-
imum impact of the RLC damper, three basic design prin-
ciples of the RLC damper should be satisfied: 1) Ry =
|(%%5)/[P010(GM/20)]|; 2) fl = fLmin; and 3) f2 = meax-
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Fig. 4. Proposed RLC damper. (a) Structure. (b) Characteristics. (c) Design
principle.
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Here, frmin is the minimum value of f7, frmax iS the max-
imum value of frn.. Following the aforementioned design
principles, the Bode plot of Z,4(s) is plotted with dashed
lines in Fig. 4(c). As seen, |Z,4(s)| is only changed during
[fi, f»] and always lower than | Z;;, /10(¢M/29)| to ensure the
system GM.

B. Parameters Selection of the RLC' Damper to Achieve High
Robustness Against the Variations of Ly and C

According to Section III-A, the impedance characteristics
of the RLC damper behaves like a band-stop filter shown in
Fig. 4(b), whose stop band is (fi, f2). As discussed before, if
the RLC' damper wants to stabilize the whole system with a
minimum impact on the LC input filter, f; and f; should be
equal to frmin and fgmax, respectively. However, according to
(11) and (12), both fr and fp are affected by Ly and Cy. In
Fig. 5(a) and (b), the curves of L versus LLTrH or CCT’ are
presented, respectively. Here, L p and Cyr are the rated value
of Ly and Cf, respectively, fr g is the value of f; under L;p
and Cyr. As seen, fr is monotonically decreased when Ly or

L C
C increases. Similarly, the curves of fi versus —— or £
L Cf R

are also presented in Fig. 5(c) and (d), respectlvely, Where fur
is the value of fy under Ly and Cyp. It is shown that, fy is
also monotonically decreased when L or Cy increases.
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Fig. 6. Bode plots of Z,4(s): (a) Ly : 0.9 mH — 1.1 mH, Cy = 50 uF;

(b) Ly = 1mH, Cf : 45 uF — 55 pk.

In practice, the value of L; and C'y are not constant but varied
according to different operation conditions, such as working
frequency and temperature. Here, it is assumed that, the value of
Ly or Cy is varied between (ap, Lyr ~ fr Lyg) or (g Cyr ~
Bc Crr), respectively, then according to Fig. 5, the expression
of frmin and frmax can be derived as

P]_ G M C
Fomn = 20 —b“;\, b 1) a3
47‘-0{3%% P210 10 Lﬂ
P,10%" 4V4 C,
= 2 1+ _ Vo Ca +1] @14)
Jormas 4mCoy V2, P20 L,
where Cg = 3cCtr, Lg = frLsr, Co = acCyr,and L, =
aLLfR.
Since fi = frmin and fo = frmax, by Fig. 4(b), (13), and

(14), the parameters of the RLC' damper can be selected as

P,10%" 4V C,
! 4/ 20, V2, F210% oy Ly
(15)
P 1 G M C
C, = 1/ M 1+ b+”ﬂ (16)
208 bug P0210 10 L3
where R, = |V, /[P,10(¢M/20)]|,

To further verify the correctness of the robust design of the
RLC damper, (15) and (16) are substituted into the example
LC input filter of Table II to calculate Ry, L4, and C,; under
the following assumptions: oy, = o = 0.9; B = B¢ = 1.1.
As aresult, Ry = 11.5Q, Ly = 1.9mH, and C; = 27 uF. By
the calculated parameters, the Bode plots of Z,4(s) with the
variations of Ly or C'y are depicted in Fig. 6(a) and (b), respec-
tively. As seen, whether L; or C varies within 0.9 ~ 1.1 of
its rated value, | Z,4(s)| is always lower than | Z;7, /10(¢/20)|
(GM = 6dB) to realize its damping function. Therefore, the
designed RLC damper indeed achieves high robustness against
the variations of Ly and CY.

C. Impact of the RLC Damper on the LC' Input Filter

By (7)-(10) and Table I and II, the Bode plots of Z(s),
1/Zix(8), Gyx(s), and Gix(s) of the LC input filter with the
RLC' damper are also depicted in Fig. 3. It is shown that, com-
pared with the existing dampers, the RLC damper not only has
the same stabilization function, but also has better impact on



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 12, DECEMBER 2016

;bm = x =7k - .o 3
UncOte O e & 580
.wf o+ ]\..;f]\']a’_(..i,, 1% Efu« : %8 — =
=K [[/ydamper L_»ﬁ_)_‘f' S S o Conimee N
g Guor(s) + Ex 0:_90 __.'JI:'ursn_p : '\‘. ¥
: M% S -180L: Backward S
G (s 5 G A5) o 10T10° 10T 107107 10°10°
= — 0710 (_)félolz)o 0°10
(b) (c)

Fig. 7. Control strategy of the V RLC damper. (a) Concept. (b) Digital im-
plementation. (c) Discretization effect of Grr ¢ (s).

all the transfer functions (e.g., Zox(s), 1/Zix(s), Gy« (s), and
Gix(s)) of the LC input filter. The impact of the proposed RLC
damper on the LC input filter is also recorded in Table III as
“proposed damper.” It is shown that, the proposed RLC damper
is better than the existing dampers.

IV. VIRTUAL IMPLEMENTATION OF THE
PROPOSED RLC DAMPER

A. Concept and Implementation of the V RLC Damper

According to Fig. 4(a), since the proposed RLC' damper is
required to be added in parallel with output port of the LC'
input filter, it certainly can be realized by putting a virtual RLC'
(VRLC') damper in parallel with the input port of the CPL via
control method to avoid additional power loss. This is the initial
inspiration of the V RLC damper.

As shown in Fig. 7(a), the small-signal control block of a
typical CPL is presented. Its variables and transfer functions are
also described in Fig. 7(a). Obviously, one intuitive way to real-
ize the V. RLC damper is introducing its admittance 1/Zr ¢ ()
to the control block of the CPL between its input voltage vpys
and input current 75, as shown in the darked dot-dashed lines in
Fig. 7(a). However, this method cannot be achieved by control
directly, thus, the output of 1/Zx ¢ (s) is moved to the output
voltage reference and equivalent adjusts the transfer function to
Grrc(s), as shown with the dashed lines in Fig. 7(a). Fig. 7(a)
fully presents the concept of the V RLC' damper, and Gy ¢ (s)
can be expressed as

B 1 1+ T,(s)
" Zrro(s) Ge(s)Gia(s)Gar (s)

where T, (s) = H;(s)G.(s)Gar(s)Gya(s) is the loop gain of
the voltage closed loop of the CPL.

In practice, the V RLC' damper can be implemented by a
digital control chip, such as a digital signal processor or a mi-
crocontroller unit. In Fig. 7(b), the digital-control-based small-
signal model of the CPL with the V RLC damper is presented.
As seen, the digital control introduces two types of delay to
the control system: the computation delay and the pulsewidth
modulation (PWM) delay [9]. The computation delay is one

Grrc(s) (17)
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sampling period in the commonly used synchronous sampling
scheme, which can be modeled as e~7+*. The PWM delay is
caused by the zero-order hold effect, which can be expressed as
Gu(s) = (1 — e 1:%) /s ~ T,e 0515 Here, T, is the sampling
time of the digital control system.

By Fig. 7(b), the V RLC damper actually only adds Gy ¢ (s)
to the original control system of the CPL. Hence, how to real-
ize Gppo(s) is the key of realizing the V RLC damper. Since
Backward Euler, Forward Euler and Tustin are three typical
discretization methods in digital control, they are all utilized
to convert Grro(s) to Grre(z). In order to compare their
discretization effect clearly, the Bode plots of Grrc(s) and
Grrc(z) with different discretization methods of a specific
CPL are depicted in Fig. 7(c), where the example CPL is cor-
responding to the experimental system in Section V. According
to Fig. 7(c), Grrc(z) with the Tustin discretization method
is closest one to Grrc (s). Therefore, the Tustin discretization
method is selected to convert Gz ¢ (s) to Grrc(2) in the final
digital control system of this letter.

B. Effectiveness Evaluation of the V RLC' Damper

Since the purpose of the VRLC' damper is to mimic the
RLC damper via changing the control block of the C'PL, the
effectiveness of the V RLC damper is evaluated carefully with
the comparison of the RLC' damper in this section.

According to Fig. 7(b), the input impedance of the CPL with
the V RLC damper Z}; (s) can be derived as

ZV(s) = (1/Zip(s)+1/Zvrre(s) ™ (18)
1 1 1 _ Tw(s) P,
Zit(s)  Zior(s) 14+ Tva(s) 14 Tya(s) Vs

(19)

Zyrro(s) = (1+Tva(s)) /Tia(s) (20)

where Tyq(s) = (1/Ty)e s G, (s)Hy (5)Ge (5)Gar (8)Gya (5)
andT}4(s) = (1/Ty)e T G, (s)Grrc (8)Gia(8)Gar (8)Ge ().

By (18), the VRLC damper adds a virtual impedance
Zv rrc(s) in parallel with Z; 1, (s) to mimic Zg ¢ (s) as shown
in Fig. 8(a). Thus, if the effectiveness of the V RLC damper is
required to be evaluated, only one question need to be answered:
whether Zy rrco (s) is equal to Zrpc(s) or not? Thus, (17) is
substituted into (20) and Zy prc (s) is

1.58T
g Toud) +T”(S)) .@

Zyprc(s) = ZRL0(3>< 1+ T, (s)
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Fig. 9. Impact of the V RLC damper on the CPL: (a) Z;1, (s); (b) Zor (s);

(©) Gir(s)and (d) G, ().

By (21),if Ty = 0, Zy rc (s) isequalto Zgy o (s);if Ts # 0,
Zrrc(s)and Zy g o (s) will have difference near the sampling
frequency, and the larger Ty, the bigger difference. In order to
compare Zrrc(s) and Zy rro(s) clearly, the Bode plots of
Zrrc(s)and Zy g o (s) of a specific CPL are further depicted
in Fig. 8(b), where the example CPL is corresponding to the ex-
perimental system in Section V. As seen, the curves of Zr ¢ (s)
and Zy p1¢ (s) are indeed completely coincident when Ty = 0.
Andif Ty # 0, Zrc(s) and Zy p1¢ (s) only become different
near sampling frequency and their difference is bigger with the
increase of 7. The Bode plots in Fig. 8(b) prove the correctness
of (21). Therefore, the effectiveness of the V RLC' damper is
only affected by the time delay of the digital control system and
the smaller time delay the better. In this letter, T is selected
as 10 us. As shown in Fig. 8(b), when T = 10 us, Zy rrc (5)
mimics Zp ¢ (s) very well.

Besides, in order to compare the impact of the RLC' and
VRLC dampers on the LC input filter, the Bode plots of
Zyx(8)~ Gix(s) of the LC input filter with both RLC' and
V RLC dampers are also depicted in Fig. 3. It is shown that,
both RLC and V RLC' dampers can improve the performance
of the LC input filter and their impact are almost the same. By
Fig. 3, it also clearly shows that both RLC and V RLC dampers
have better impact than the existing dampers on the LC' input
filter. Both RLC' and V RLC' dampers are referred to as “pro-
posed damper” and their impact on the LC input filter are also
recorded as “proposed damper” in Table III.

C. Impact of the V RLC Damper on the CPL

As well known, the performance of the CPL can be fully
evaluated by two-port network with four transfer functions [10]:
the closed-loop input impedance Z;y,(s), the closed-loop out-
put impedance 7, (s), the closed-loop load to input current
transfer function G, (s), and the closed-loop input to output
voltage transfer function G, (s). Therefore, to evaluate the
impact of the V RLC damper on the CPL clearly, the Bode
plots of Z;1,(s) ~ Z,1,(s) of a specific CPL with / without the
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Fig. 10.  Experimental system. (a) Main circuit. (b) Steady-state experimental
waveforms at rated conditions without any dampers.
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Fig. 11. Experimental waveforms with different dampers when system input
voltage changed from 80% to 100% rated voltage at full load: (a) with V RLC
damper; (b) with RC' parallel damper; (c) with RL parallel damper; (d) with
RL series damper.

V RLC damper are depicted in Fig. 9. Here, the example CPL
is corresponding to the experimental system in Section V. As
seen, apart from adding Zy rc (s) in parallel with Z;; (s) to
mimic the function of the Zp ¢ (s), the VRLC damper keeps
most of the other performances of the original CPL. Thus, the
V RLC damper is acceptable in practice.

V. EXPERIMENTAL VERIFICATION

In this letter, experimental results from a 100-W cascaded
system are shown to validate the V RLC' damper. The main
circuit and parameters of the cascaded system are presented in
Fig. 10(a), where the parameters of the V RLC' damper are:
R, =115Q, Ly =1.9mH, and C; = 27 uF. If there is no
damper utilized to this system, this system is unstable as shown
in Fig. 10(b).

In Fig. 11, the full load experimental results of the cascaded
system with different dampers when the input voltage chang-
ing from 38.4 to 48 V are given, where %y, Upys, ¢11, and v,
are defined in Fig. 10. As seen, both the existing dampers and
the V RLC damper can stabilize the unstable cascaded sys-
tem and make it work well during input voltage changing.
Besides, compared to the existing dampers, a better dynamic
performance of the LC' input filter is gotten by the VRLC
damper. The dynamic indicators of the LC' input filter with dif-
ferent dampers are also presented in Fig. 12, where, oy, and ¢7,
are the overshoot and regulation time of 4;,, respectively; oy,
and ty,,, are the overshoot and regulation time of vy, respec-
tively. As seen, the dynamic indicators of the LC' input filter
with V RLC damper is indeed better than that with the existing
dampers.
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Fig. 12.  Comparison of o, , tr;,, o1, and ty,  with different dampers
when system input voltage changed from 80% to 100% rated voltage at full
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Fig. 13.  Experimental waveforms with different dampers when system output
power changed from 10 to 100 W at rated input voltage: (a) With VRLC
damper; (b) With RC' parallel damper; (¢c) With RL parallel damper; (d) With
RL series damper.
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Fig. 14.  Comparison of oy, tr,, ov,,. and ty, ~ with different dampers
when system output power changed from 10 to 100 W at rated input voltage:
(@) o35 () Lrys (©) oyyyes (d) Ty -

Similarly, when the output power is changed from 10 to 100 W
under rated input voltage, the experimental results of the cas-
caded system and the dynamic indicators of the LC' input filter
with different dampers are given in Figs. 13 and 14, respectively.
Again, it is verified that, when the load is changing, the V RLC'
damper still has a better dynamic impact on the LC' input filter
than the existing dampers.

The efficiency curves of the experimental system with differ-
ent dampers versus output power and input voltage are measured
and plotted in Fig. 15(a) and (b), respectively. As seen, with the
V RLC' damper, the system efficiency is obviously improved.
Therefore, the V RLC' damper can stabilize the cascaded sys-
tem with better performance of the LC input filter and higher
efficiency compared with the existing dampers.

8023

Fig. 15. System efficiency curves with different dampers. (a) Efficiency versus
po atrated vin. (b) Efficiency versus vin at rated p, .

VI. CONCLUSION

The impact of the existing dampers on the LC input filter
has been first analyzed by the two-port network model in this
letter. It is found that, though the existing dampers can solve
the instability problem of the CPL with its LC input filter, they
degrade the performance of the original LC' input filter to some
extent. To overcome this drawback, an RLC damper has been
proposed in this letter. This damper not only can stabilize the
system with improving the input filter performance, but also is
robust against the parameter variations of the input filter. To
avoid the power loss caused by passive components, the pro-
posed RLC' damper is further virtual implemented by control.
It is proved that, this V RLC damper not only has the same
effectiveness with the RLC' damper, but also improves the effi-
ciency of the whole system compared with the existing dampers.
Finally, the V RLC damper has been experimentally verified on
a 100-W cascaded system.
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